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Abstract

:

The development of new materials is currently focused on replacing fossil-based plastics with sustainable materials. Obtaining new bioplastics that are biodegradable and of the greenest possible origin could be a great alternative for the future. However, there are some limitations—such as price, physical properties, and mechanical properties—of these bioplastics. In this sense, the present work aims to explore the potential of lignin present in black liquor from paper pulp production as the main component of a new plastic matrix. For this purpose, we have studied the simple recovery of this lignin using acid precipitation, its thermoplastification with glycerin as a plasticizing agent, the production of blends with poly(caprolactone) (PCL), and finally the development of biocomposite materials reinforcing the blend of thermoplastic lignin and PCL with stone groundwood fibers (SGW). The results obtained show that thermoplastic lignin alone cannot be used as a bioplastic. However, its combination with PCL provided a tensile strength of, e.g., 5.24 MPa in the case of a 50 wt.% blend. In addition, when studying the properties of the composite materials, it was found that the tensile strength of a blend with 20 wt.% PCL increased from 1.7 to 11.2 MPa with 40 wt.% SGW. Finally, it was proven that through these biocomposites it is possible to obtain a correct fiber–blend interface.
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1. Introduction


Research in the area of materials knowledge has classically been based on the development of new materials with better physical–mechanical properties than the materials used at that time. Among the most widely used materials today are plastics, which have great mechanical properties, low cost, durability, and a wide range of different types that allow the production of various products/applications used in daily life [1]. However, the environmental problems arising from the use of non-renewable and mostly fossil-based materials make their production unsustainable [2]. For this reason, research in recent years has focused on the development of bio-based materials and a closed-loop circular economy with maximum waste reduction, recycling, and reuse [3]. As a result of this research, various thermoplastic biopolymers are being used, such as polylactic acid, poly(butylene succinate), poly(3-hydroxybutyrate-co-3-hydroxy valerate), thermoplastic starch, or poly(caprolactone) (PCL) [4]. PCL is a polymer used for a wide variety of applications, especially in the biomedical field [5,6,7,8,9]. This polymer has received a lot of attention as it presents interesting properties for the development of a wide variety of materials. It is a biodegradable/biocompatible polymer that presents high strength and can withstand solvents, chlorine, oil, and water [7]. In addition to all these properties, PCL has a low melting point (ca. 60 °C) that makes it very simple to form blends with other compounds via melting. Moreover, due to its low melting temperature, multiple studies have reported the use of PCL for extrusion-based 3D printing [10,11,12,13,14,15]. The properties of PCL can be tailored by combining it with natural products such as lignin or natural fibers [7]. However, most of these bio-based plastics present high production costs that do not make them industrially competitive [16].



On the other hand, lignin is a naturally occurring and abundant polymer that constitutes between 15% and 40% (dry weight) of wood and most other lignocellulosic biomasses, providing rigidity to the cell walls [17,18,19,20]. It is characterized by its complex polyphenolic structure and its amorphous nature. Lignin is a highly branched biomacromolecule; due to the many significant functional groups such as hydroxyl, methoxyl, carboxyl, and carbonyl groups present it provides special functional properties such as oxidation resistance, stabilization, reinforcement, biodegradability, antifungal and antibiotic activity, or resistance to UV absorption. Moreover, lignin is available as a by-product in large quantities from the pulping industries and lignocellulosic biorefineries. The complex structure of this aromatic macromolecule can vary depending on its botanical origin and on the extraction procedure applied [21,22,23,24]. Usually, the lignin present in black liquor is not used but is sent directly to recovery boilers to generate energy [25]. For lignin valorization, lignin fractionation is currently considered to be a key step [26]. However, traditional solvents (such as dilute acid, alkaline solvents, and organic solvents) are considered to be unsuitable for lignin fractionation [27]. Although there are new methods of lignin valorization using bio-based organic solvents and ionic liquids, the complex synthesis procedures, high toxicity, or low recoverability may not be commercially profitable and restrict their practical applications [28,29]. However, one of the ways to add value to this by-product is its use for the manufacture of thermoplastic lignin-based materials. The modification of lignin by temperature and shear forces in the presence of a plasticizing agent allows the production of a thermoplastic polymer with low mechanical properties [30]. Plasticization of lignin is due to swelling in its structure caused by the plasticizer. The plasticizing agent increases the free volume by spacing the polymer chains and the mobility of the chain segments, resulting in a decrease in Tg and melt viscosity [31]. Lignin plasticization also contributes to improved lignin dispersion in polymeric matrices [32]. However, the addition of lignin for the development and manufacture of these composites may provide interesting features to them, such as antioxidant and antimicrobial properties [17,33,34], resistance to chemical and biological attacks [35], and fire retardance [34,36,37].



Due to its low mechanical properties, thermoplastic lignin is commonly used as a blend or composite with other bio-based and/or biodegradable thermoplastics [38,39]. The production of blends requires obtaining a homogeneous material from the mutual miscibility of both components that interact by interdiffusion [40]. Although lignin blends with many different polymers have been studied, in all of them, lignin is a minority component due to its mechanical properties. Its use as a water resistance agent in starch films has been studied [41]. Other authors have evaluated lignin blends with polyhydroxyalkanoates, where it was observed that the presence of lignin reduced the crystallinity of polyhydroxybutanoate (PHB) and increased its recyclability [35]. Lignin can also be used to improve the flexibility and degradation rate of polylactic acid [42,43] or to improve properties such as UV resistance based on poly(propylene carbonate) [44].



Composite materials, on the other hand, are those that present two or more differentiated phases, with the creation of an interface between them. Research in the field of composite materials mainly focused on the use of synthetic fibers has given way to the use of natural fibers with lower reinforcement capacity but greater sustainability [45]. The use of natural fibers reduces the amount of plastic used in the manufacture of the material, improves mechanical properties, and reduces costs [46,47]. However, at the same time, the use of these materials implies an increase in the density of the material. On the other hand, in most composite materials there is a difficult interaction between the plastic polymer and the natural fibers [48]. Presumably, this difficulty should not exist between lignin and natural fibers since lignin is present in natural fibers. However, the authors are not aware of any literature where thermoplastic lignin-based composites reinforced with natural fibers have been studied. Even so, in the bibliography, some works demonstrate the effectiveness of the presence of lignin as a promoter of bonds between natural fibers and plastics [49,50].



This work studies the use of the lignin present in the black liquor of a hardwood (eucalyptus) kraft cooking process for the production of plastic materials. For this purpose, the lignin obtained by incorporating different glycerin contents (from 10 to 40 wt.%) has been plasticized. Subsequently, the blending properties of the plasticized lignin with poly(caprolactone) (PCL) (from 10 to 30 wt.%) have been evaluated. Finally, natural fibers have been incorporated as reinforcement to the lignin and PCL blends.




2. Materials and Methods


2.1. Materials


Black liquor obtained from a kraft cooking process to obtain bleached eucalyptus hardwood fibers was kindly supplied by LECTA Group, S.A. PCL CAPATM 6500 was obtained from Perstorp Specialty Chemicals AB (Perstorp, Sweden). The PCL used has a melting point between 58 and 60 °C and a melt flow rate (MRF) of 7 g/10 min. The glycerin used for thermoplasticization of the lignin was obtained from Scharlau S.A. (Barcelona, Spain), with 95% purity and a density of 1.26 g/cm3. Stone groundwood (SGW) softwood fibers were kindly provided by Zubialde, S.A. (Aizarnazabal, Spain). All the reagents necessary to obtain the precipitated lignin and characterization of the materials were obtained from Scharlau S.A. at analysis grade and used without further purification.




2.2. Methods


The flow chart shown in Figure 1 illustrates the experimental procedure performed for the study of lignin blends and compounds obtained from kraft black liquor.



2.2.1. Precipitation and Thermoplasticization of Lignin


Precipitation of kraft lignin from black liquor was accomplished by lowering the pH from 12.45 to 2 by the addition of sulfuric acid, a procedure extensively reported in the literature [51,52] that also increases the material yield of the kraft pulp mill [53]. Lignin precipitation was performed on a volume of 10 L of black liquor by adding sulfuric acid with a concentration of 6 M. The acid was incorporated progressively in a system with constant agitation of 300 rpm. Once pH 2 was reached, the agitation was stopped and the suspension was kept at rest for 24 h for sedimentation of the precipitated lignin. Finally, the precipitated lignin was separated and washed by centrifugation and repeated addition of distilled water. The lignin obtained was dried at 90 °C until at constant weight.



The black liquor and the extracted lignin were both characterized. In both cases, the ash content was analyzed according to the TAPPI T211 standard. The content of extractives present was also evaluated via ethanol-benzene extraction according to TAPPI T204 cm-97 and the content of Klason lignin according to TAPPI T22 om-98 in the extractives-free sample. In the black liquor, the presence of total monosaccharides present was also evaluated following TAPPI T249. Additionally, the precipitated lignin was characterized by thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR). A Mettler Toledo SDTA 851 thermobalance (Mettler Toledo, L’Hospitalet de Llobregat, Spain) was used for the TGA, working in a range of temperatures from 30 to 700 °C with a heating rate of 10 °C/min in an inert atmosphere (N2). FTIR analysis was performed by Matson Satellite FTIR and using the analysis software WinFirstTlite.



Once the lignin was obtained, it was plasticized with different percentages of glycerin (between 10 and 40 wt.%) using a Brabender W 50 EHT (Brabender GmbH & Co. KG, Duisburg, Germany). The conditions used for thermoplasticization of the lignin were in all cases 130 °C and 80 rpm for 13 min. Once the mixing time elapsed, the thermoplastic lignin (TPL) was removed from the equipment and cooled at room temperature. Once the thermoplastic lignin was solidified, it was pelletized in a knife mill (Restsch Cutting Mill SM-100, Retsch GmbH, Haan, Germany) and stored at a temperature of 80 °C until use to avoid moisture absorption.




2.2.2. Development of Lignin and PCL Blends and Their Composites Reinforced with Natural Fibers


The preparation of the thermoplastic lignin and PCL blends was carried out by adding between 0 and 100 wt.% PCL at 10 wt.% intervals, as summarized in Table 1. For this purpose, the Brabender was used again at 130 °C and 80 rpm for 13 min. The blends obtained were pelleted and processed via injection after being previously dried for 24 h at 80 °C. Moreover, final composite materials were produced by adding between 10 and 40 wt.% of SGW fibers to the Brabender equipment. Initially, the blend of lignin and PCL was preheated to 130 °C. Once the blend was completely melted, the fibers were incorporated at 80 rpm for 10 min to ensure their correct dispersion. As with the previous materials, the composites obtained were pelletized and stored at 80 °C until processing.



Standard specimens were obtained by injection molding with an Arburg 220M 350-90U injection molding machine (Arburg, Lossburg, Germany). Specimens of 115 mm length with narrow grips, thickness 3.2 mm, and 13 mm gauge width were produced. The injection conditions were a temperature profile of 120, 130, 140, and 150 °C, with the first pressure of 120 kg/cm2 and the second pressure of 37.5 kg/cm2. The obtained composites were conditioned at 23 °C and 50% relative humidity for 48 h in a climatic chamber (Dycometal CCK-30/1000, Dycometal Inc., Viladecans, Spain) before characterization, following ASTM D618.




2.2.3. Materials Characterization


The physical properties of the composite materials obtained were determined by characterizing their density. The density was determined using a solid pycnometer according to ISO 1183-3. By determining the densities of the composite and the matrix it is possible to calculate the volume fraction of the composites according to the expression


   V F  =    w F  ·  w m     w m  ·  ρ F  +  w F  ·  ρ m     



(1)




where    w F    and    w m    are the mass fractions of the natural fiber and plastic matrix used for composite production,    ρ m    the matrix density, and    ρ F    the fiber density calculated from the composite density    ρ C    obtained experimentally according to the following eq:


   ρ F  =    ρ C  −  ρ m  ·  w m     w F     



(2)







The characterization of the mechanical properties was carried out on standard specimens obtained by injection molding. All tests were performed on a minimum of 10 specimens.



The tensile test was used to determine the maximum tensile strength, Young’s modulus, and the tensile deformation of the material. In this sense, the test consisted of measuring the force required to deform the standardized specimens when they were subjected to stretching at a constant speed using a TM 1122 universal testing machine (Instron, United States). A load cell of 5 kN, a constant testing speed of 2 mm/min, a distance between grips of 11.5 cm, and an extensometer MFA2 (Metrotec, Spain) for more precise strain measurements according to ASTM D3039 were used for these tests.



As is widely known, the force required to deform a material depends, among other characteristics, on its dimensions. In this sense, the tensile strength is expressed as nominal stress (MPa), obtaining the tensile strength of the material without the influence of the section of the specimen measured (thickness and width) for each of the specimens tested. For the determination of Young’s modulus, values between 0.05 and 0.25% of deformation were used. Young’s modulus is used to evaluate the stiffness of the material or the difficulty of deforming a material.



On the other hand, the bending test allows for determining the bending strength, the elastic modulus in the elastic region, and the maximum bending deformation. As with the tensile test, it was performed using a TM 1122 universal testing machine (Instron, United States) at a constant speed of 2 mm/min according to ASTM D790.



The maximum flexural strength was calculated according to the following equation:


   σ F  =   3 · F · L   2 · w ·  h 2     



(3)




where    σ F    is the maximum bending strength,  F  the maximum test force,  L  the distance between the two support points, w the specimen width, and  h  the thickness.



The elastic modulus was obtained in the elastic region of the test curve according to the following equation:


   E F  =    L 3  · F   4 · w ·  h 3  · δ    



(4)




where    E F    is the elastic modulus and δ is the deflection of the standard specimen.






3. Results and Discussion


3.1. Black Liquor and Lignin Characterization


The main characteristics of the black liquor as well as the chemical composition and density of the extracted lignin are presented in Table 2.



The black liquor, with a pH of 12.45, had a density of 1.176 g/mL. Values of pH higher than 10 are usual for black liquor coming from kraft-type digestion, as it is well-known that kraft processes are carried out by means of a strong alkaline solution (pH~14) [54,55]. On the other hand, the density presented by the black liquor is slightly higher than the values reported by Cardoso et al. [56], very close to 1 g/mL. Moreover, other authors reported similar black liquor density values for black liquor coming from eucalyptus kraft cooks [57,58]. The solids content contained in the black liquor was 28.8 g/L, a similar value to those reported in the literature, which is between 25 and 35 g/L [58,59]. Precipitation of kraft lignin from black liquor was performed by decreasing the pH from 12.45 to 2 by adding 290 mL of 6 M sulfuric acid per liter of black liquor. The amount of lignin precipitated depends largely on the acid used for its precipitation, the acid concentration, the final pH, and the addition rate, as reported by Domínguez-Robles et al. [59]. In this study, by using the conditions defined previously, 15.3 g of lignin were obtained per liter of black liquor.



On the other hand, the purity and chemical composition of the resulting lignin is directly related to the type of lignocellulosic biomass used as raw material, the cooking process and its conditions, and the precipitation and/or purification method applied. The extracted lignin fraction in this study exhibited a relatively low Klason lignin content (44.72%), as well as relatively high ash content (13.12%). Kraft pulping is well-known for producing significant lignin depolymerization due to its severe cooking conditions [60,61]. This may explain the lower value obtained for Klason lignin. The acid-soluble lignin (ASL) content is undoubtedly high. ASL is mainly composed of low-molecular weight degradation products and hydrophilic derivatives of this aromatic polymer [60]. Indeed, reaching such low pH values (pH 2 was reached in this study) can also lead to the presence of lignin with a lower molecular weight [26]. Additionally, the elevated ash content found in the extracted lignin sample may be explained by the NaOH used in the kraft process, which seems to contribute the bulk of the ash. Moreover, lignin obtained in this study possessed a density of 1.384 g/L.



Thermogravimetric analysis (TGA) of the lignin obtained (Figure 2A) was performed to determine the weight loss as a function of thermal degradation temperature (TG) as well as the weight loss ratio (DTG). The TG curve (solid line) shown in Figure 2A exhibited an initial weight loss between 25 and 100 °C, which is due to the water loss. After this step, the second stage in which the weight loss became more apparent was between 150 °C and 400 °C. This weight loss can be attributed to the lignin content [62]. Moreover, the broad range of temperature is due to the complexity of its structure. The weight loss in this second stage started slightly earlier (150 °C) in comparison with the values reported in the literature for other types of lignin samples (200–230 °C) [60,63]. These differences can be explained by the lower percentage of Klason lignin (44.72%), and thus most likely the high contents of ASL and/or carbohydrates provided a lower Tonset value for the extracted sample, which also corroborates the above discussion. Finally, the degradation experienced above 400 °C is attributed to the decomposition of aromatic rings [62,64]. The content of residues present after thermogravimetric analysis was less than 10%. Additionally, the DTG curve (dashed line) in Figure 2A clearly shows the three degradation peaks mentioned above. The DTG analysis presented unusual peaks at about 400 °C. This could be a consequence of the impurities present in the sample due to the non-post-treatment of the sample after precipitation.



Fourier transform infrared (FTIR) analysis of lignin obtained in the region of 4000 to 400 cm−1 is shown in Figure 2B. The lignin sample exhibited a characteristic broad peak within the range between 3600 and 3400 cm−1 corresponding to both aromatic and aliphatic hydroxyl groups present in lignin. The band observed at around 2900 cm−1 may be indicating the presence of methyl and methylene groups. Bands located at 1600, 1510, and 1420 cm−1 can be attributed to the vibration of the aromatic rings of the lignin. Moreover, the band located at 1450 cm−1 is assigned to the asymmetric deformation of C-H stretching [51]. Additionally, more bands were identified in the kraft lignin spectra. For instance, a band located at 1210 cm−1 can be related to the vibrations of guaiacyl rings. On the other hand, the band located at 1030 cm−1 is associated with the deformation vibrations of C-H bonds in the aromatic rings and deformation vibrations of C-O bonds in primary alcohols [51,60]. The bands located at 830 and 780 cm−1 are related to the vibration of the C-H bonds in the aromatic rings. Finally, the peak observed at around 615 cm−1 can be attributed to the presence of C-S bonds coming from the sulfuric acid used for lignin precipitation [59].




3.2. Thermoplastic Lignin Characterization


Table 3 shows the glycerin contents used to produce different thermoplastic lignins, the volume fraction of glycerin, and the density of the resulting thermoplastic lignin.



As shown in Table 3, all the lignin obtained had a density higher than 1.3 g/mL. This means that the production of bioplastics from lignin represents a notable increase in density concerning fossil plastics with densities usually below 1 g/mL. On the other hand, as expected, the incorporation of a higher glycerin content with a density lower than that of lignin causes a gradual decrease in the density of thermoplastic lignin. In this sense, the plasticizing effect of the glycerin is corroborated, which together with the shear forces and the temperature increase produced during the mixing in the plastograph generated the modification of the lignin structure, incorporating the glycerin and giving rise to a continuous material as was observed by means of the SEM images presented in Figure 3.



In the images in Figure 3 it can be seen how the plasticization of the lignin has been carried out, effectively resulting in a uniform material. However, some unplasticized lignin granules can be observed after this first pass of the material through the Brabender. No significant differences were observed between the microscopy images for the different percentages of glycerin studied, demonstrating that low glycerin content allows the lignin to be thermoplasticized correctly.



Table 4 shows the tensile strength, Young’s modulus, and elongation at break as well as flexural strength, flexural modulus, and elongation results for the different thermoplastic lignins obtained.



The thermoplastic lignin samples with 40 wt.% glycerin could not be tested due to their brittleness. On the other hand, as can be seen in Table 4, the tensile strength of the thermoplastic lignin obtained is practically 0. As can be seen, the higher presence of glycerin decreases the tensile strength, although the differences cannot be considered significant due to the low values presented and their standard deviations. On the other hand, the presence of a higher plasticizing agent (glycerin) leads to a decrease in Young’s modulus. It is known that the presence of a plasticizing agent allows us to decrease the stiffness of the material, but at the same time an excess of it can cause phase separation. In this case, free glycerol is present, and the intermolecular interactions are so low that the lignin simply slides away [65,66]. In the same sense, bending properties decrease with increasing glycerin content.



Therefore, although lignin alone cannot be considered for use as a bioplastic, its characteristics of compatibility with cellulose, antimicrobial properties, and bio-based and biodegradable character make it very interesting for its combination as a blend with plastics and as a compatibilizer for the incorporation of natural fibers.




3.3. Blends


Thermoplastic lignin and PCL were combined and analyzed. The results of the blends between the three types of thermoplastic lignin obtained and PCL with additions between 0 and 100 wt.% are presented below. As shown in Table 5, the higher presence of glycerin in the thermoplastic lignin and therefore its lower density caused a slight difference in the volume fraction of PCL added for the same weight addition. This, however, does not represent a significant difference in the density of the resulting mixture for the same weight addition. However, this difference in the volume fraction present in the different blends must be considered for the assessment of their mechanical properties.



On the other hand, the lower density of PCL led to a substantial decrease in blend density when the PCL was increased.



Figure 4 shows the mechanical properties of the different blends obtained. Traditionally, lignin or thermoplastic lignin has been incorporated in low proportions into plastic materials to give them special properties [67,68]. In this case, the whole spectrum of possibilities was evaluated to use as much of this recovered material as possible. Although studies can be found in the literature showing that the incorporation of lignin in biodegradable plastic matrices [69], in most cases causes a decrease in mechanical strength [70].



The comparative values for the tensile strength, Young’s modulus, and elongation at break of the different blend compositions are reported in Figure 4a,b. In general, it is observed that the incorporation of low PCL content has a significant impact on tensile strength. The addition of 10 wt.% PCL increases the tensile strength from 0.112 to 1.122 MPa in the case of thermoplastic lignin with 10% glycerin. In the graph in Figure 3a, it can be seen how in the three cases of lignin with 10, 20, and 30 wt.% glycerin, the evolution in the tensile strength of the blend presents two different slopes. The two slopes can be divided between 0–40 wt.% and 50–100 wt.% of PCL; this is because the higher presence of PCL constitutes the thermoplastic lignin as a discontinuous phase and not as a matrix. The difference in properties between the different lignins evaluated is also remarkable. As observed, the presence of a lower glycerol content in the thermoplastic lignin leads to a blend with higher properties. This fact seems to indicate that the suitable glycerin content for the manufacture of thermoplastic lignin is around 10 wt.%. In the same sense, the incorporation of a higher PCL content with Young’s modulus value of 560 MPa compared to 215 MPa of lignin with 10 wt.% glycerin generates a progressive increase in Young’s modulus as well as in elongation at break. Although the incorporation of PCL permits obtaining a notable improvement in tensile properties, the blend obtained with 50 wt.% only presents 5.24 MPa of tensile strength, with Young’s modulus of 0.4 GPa and an elongation at break of 6.5%. If we compare these results with previous works with other biopolymers such as thermoplastic starch, we can see how they are lower than the 12 MPa of a blend of thermoplastic starch with 50 wt.% poly (butylene adipate-co-terephthalate) [71].



As for the flexural strength of the different blends, as shown in Figure 4c, the trend observed is similar to that presented in the tensile strength. However, in this case there is a smaller difference in behavior between the different thermoplastic lignins. Therefore, the glycerin content does not have a relevant effect on the flexural strength of the blend obtained. In general terms, a blend with 50 wt.% presented a bending strength of 6.8 MPa, higher than a thermoplastic starch that can present a bending strength of about 2 MPa [72] but still much lower than the more than 20 MPa of polyethylene [73]. As for the flexural modulus and deformation (Figure 4d), it can be observed that both increase with increasing PCL content, as expected.




3.4. Composites


Given the results obtained and to use of as much recovered lignin as possible, it was decided to continue with the incorporation of fibers using the blend with 20 wt.% PCL and the thermoplastic lignin prepared with 10% glycerin. The results of the study of the manufacture of TPL/PCL blend composites reinforced with natural fibers are presented below.



Table 6 shows the volume fraction of reinforcement for each composite, the density of the resulting composite, and the evolution of the fiber dimensions inside the composite as a function of the amount of composite.



One of the main limitations when incorporating natural fibers in a polymeric matrix is the modification of density. It is known that natural fibers with a higher density than most polymers of fossil origin, between 1.35 and 1.45 g/cm3, cause an increase in the density of the composite material by increasing the reinforcement content [74,75]. However, in this study the blend used as a matrix for the composite material presents a density similar to that of the fibers and therefore the density remains practically constant. In this sense, the incorporation of natural fibers as reinforcement of a TPL/PCL matrix is not limited by the increase in weight.



On the other hand, as seen in previous works, the increase in the volume fraction of reinforcement causes a greater generation of shear forces during the processing of the material, both in the kinetic mixer and in the injection of the piece, which causes a decrease in the length of the fiber and its diameter [75]. The fibers used initially have an arithmetic length of 259 µm, a weight-weighted length of 1659 µm, and a diameter of 34.1 µm, resulting in an aspect ratio of 7.6. The further reduction in the length but not in the diameter of the fibers due to processing of the composite material results in a decrease in the aspect ratio as the fiber content increases, a factor that must be taken into account for the development of the mechanical properties of the composite material.



Table 7 shows the results of the tensile and flexural properties of the composite materials. As can be observed, the evolution of Young’s modulus presented in Table 7 is linear. This indicates a correct distribution of the fibers in the material itself since the increase in Young’s modulus as a function of the amount of reinforcement is not a function of the quality of the fiber–matrix interface [76,77]. On the other hand, the increase in Young’s modulus also represented a notable decrease in the elongation at the break of the material.



The tensile strength of the composites increased significantly with increasing fiber content, reaching 11.2 MPa with 40 wt.% of fibers. This increase indicates that the interaction between fibers and blend is correct. However, to evaluate the theoretical strength of the interface, the simplest micromechanical model, known as the modified rule of mixtures (Equation (5)) was applied:


   σ t C  =  f c  ×  σ t F  ·  V F  +  (  1 −  V F   )  ×  σ t   m *    ,  



(5)







The modified mixture rule indicates that the tensile strength of the composite depends, in a simplified form, on three factors: (i) the intrinsic properties of the fibers, represented by the intrinsic fiber strength (   σ t F   ) and the volume fraction of fibers in the composite (   V F   ); (ii) the intrinsic properties of the matrix, represented by the matrix strength at the point of maximum deformation of the composite material (   σ t   m *     ); and (iii) the efficiency factor (   f c   ). However, the equation has two unknowns, and therefore, to calculate the efficiency factor, it is necessary to know the intrinsic fiber strength. In the case of short fibers, the impossibility of experimentally determining the intrinsic resistance of the fibers through a single fiber test implies the application of different assumptions.



As a first assumption, the intrinsic strength of stone groundwood fibers is estimated to be about 250 MPa, as reported in the literature for polypropylene composite materials reinforced with these fibers without a coupling agent [78]. On the other hand, in the second assumption, an efficiency factor value for a compound with a strong interface, estimated at 0.18, was considered. The results obtained in both assumptions are shown in Table 8 [79].



In the initial assumption, the application of the rule of mixtures considering an intrinsic resistance of the fibers resulted in an efficiency factor in all cases close to 0.1, while in the second assumption considering a strong interface value the intrinsic resistance obtained was approximately 145 MPa. These results seem to indicate that the incorporation of stone groundwood fibers in a matrix consisting of a blend of thermoplastic lignin and PCL—although not ideal—is not weak, and therefore there is a certain level of anchorage of the fibers. This phenomenon was corroborated by scanning electron microscopy, as shown in Figure 5.



In the images of Figure 5a,b, taken in the fracture zone cryogenically treated with liquid nitrogen, it can be seen how the fibers are bonded to the matrix and how they have not slipped when subjected to stress. On the contrary, in Figure 5c,d, the blend without fibers is seen where the presence of the two polymers can be observed with relative cocontinuity. The achievement of high cocontinuity is reflected in improved mechanical properties due to the correct transfer of stresses between the two polymers. It can therefore be assumed that the interaction between the lignin present as the major component of the matrix and the fiber surface with a high lignin content (approximately 75% [80]) allows correct interphase.



The addition of SGW fibers and TPL to lignin has mainly been evaluated in this work by focusing on the mechanical properties. However, it is important to take into account that additives could bring added properties to the final material. In this case, the presence of lignin in the final material could provide antimicrobial and antioxidant properties to the final material [36,81,82,83,84]. This will contribute added value to the material.





4. Conclusions


This work has demonstrated the feasibility of using the lignin present in the black liquor of kraft digestion for the preparation of a biopolymer.



By precipitation at pH2 with 6M sulfuric acid, a high level of lignin recovery of 15.3 g/L in the black liquor was achieved. The chemical composition of the lignin obtained showed a high amount of extractives, which indicates that the lignin obtained has impurities due to the extraction process.



Through the study of obtaining lignin with glycerin as a plasticizing agent, the low mechanical properties of this material were observed, as well as how these properties decrease when the plasticizer content is increased. These properties were significantly improved by incorporating PCL for the production of a blend. The thermoplastic lignin with 10% glycerin showed the greatest aptitude to increase its properties, although it was observed that at high PCL contents the mechanical properties improved. However, it was found that to obtain acceptable mechanical properties using the highest amount of lignin, it is necessary to incorporate a reinforcement. The production of composite materials from a blend with 80% thermoplastic lignin demonstrated the possibility of obtaining lignin-based biocomposites with acceptable mechanical properties. In this sense, the simplified study of the micromechanics of the composites allowed the generation of a correct interface between the stone groundwood fibers and the TPL/PCL blend. Precipitated lignin has a brown coloration and, when thermoplasticized, it becomes darker, while composite materials have a black coloration. These materials do not present properties that allow them to be used in structural applications but they could be used in semi-structural ones, such as electrical household appliance casings, decorative parts in the automotive industry, etc.







Author Contributions


Investigation—methodology, R.A., J.D.-R. and Q.T.; data curation—review, E.L. and M.D.-A.; conceptualization—original draft preparation, J.D.-R. and Q.T.; writing—review and editing, R.A.; supervision—project administration, E.L. and M.D.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Marc Delgado-Aguilar and Quim Tarrés are Serra Húnter Fellows.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Rosato, D. Plastics Engineered Product Design; Elsevier: Oxford, UK, 2003. [Google Scholar]

	



Shogren, R.; Wood, D.; Orts, W.; Glenn, G. Plant-Based Materials and Transitioning to a Circular Economy. Sustain. Prod. Consum. 2019, 19, 194–215. [Google Scholar] [CrossRef]

	



Soares, C.T.; de Mello Soares, C.T.; Ek, M.; Östmark, E.; Gällstedt, M.; Karlsson, S. Recycling of Multi-Material Multilayer Plastic Packaging: Current Trends and Future Scenarios. Resour. Conserv. Recycl. 2022, 176, 105905. [Google Scholar] [CrossRef]

	



Philp, J.C.; Ritchie, R.J.; Guy, K. Biobased Plastics in a Bioeconomy. Trends Biotechnol. 2013, 31, 65–67. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, S.A.; Domínguez-Robles, J.; Utomo, E.; Picco, C.J.; Corduas, F.; Mancuso, E.; Amir, M.N.; Bahar, M.A.; Sumarheni, S.; Donnelly, R.F.; et al. Poly(Caprolactone)-Based Subcutaneous Implant for Sustained Delivery of Levothyroxine. Int. J. Pharm. 2021, 607, 121011. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, S.A.; Domínguez-Robles, J.; McIlorum, V.J.; Gonzalez, Z.; Utomo, E.; Mancuso, E.; Lamprou, D.A.; Donnelly, R.F.; Larrañeta, E. Poly(Caprolactone)-Based Coatings on 3D-Printed Biodegradable Implants: A Novel Strategy to Prolong Delivery of Hydrophilic Drugs. Mol. Pharm. 2020, 17, 3487–3500. [Google Scholar] [CrossRef] [PubMed]

	



Ilyas, R.A.; Zuhri, M.Y.M.; Norrrahim, M.N.F.; Misenan, M.S.M.; Jenol, M.A.; Samsudin, S.A.; Nurazzi, N.M.; Asyraf, M.R.M.; Supian, A.B.M.; Bangar, S.P.; et al. Natural Fiber-Reinforced Polycaprolactone Green and Hybrid Biocomposites for Various Advanced Applications. Polymers 2022, 14, 182. [Google Scholar] [CrossRef]

	



Utomo, E.; Domínguez-Robles, J.; Moreno-Castellanos, N.; Stewart, S.A.; Picco, C.J.; Anjani, Q.K.; Simón, J.A.; Peñuelas, I.; Donnelly, R.F.; Larrañeta, E. Development of Intranasal Implantable Devices for Schizophrenia Treatment. Int. J. Pharm. 2022, 624, 122061. [Google Scholar] [CrossRef]

	



Malikmammadov, E.; Tanir, T.E.; Kiziltay, A.; Hasirci, V.; Hasirci, N. PCL and PCL-Based Materials in Biomedical Applications. J. Biomater. Sci. Polym. Ed. 2018, 29, 863–893. [Google Scholar] [CrossRef]

	



Domínguez-Robles, J.; Diaz-Gomez, L.; Utomo, E.; Shen, T.; Picco, C.J.; Alvarez-Lorenzo, C.; Concheiro, A.; Donnelly, R.F.; Larrañeta, E. Use of 3D Printing for the Development of Biodegradable Antiplatelet Materials for Cardiovascular Applications. Pharmaceuticals 2021, 14, 921. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Vyas, C.; Poologasundarampillai, G.; Pape, I.; Hinduja, S.; Mirihanage, W.; Bartolo, P. Structural Evolution of PCL during Melt Extrusion 3D Printing. Macromol. Mater. Eng. 2018, 303, 1700494. [Google Scholar] [CrossRef]

	



Seyedsalehi, A.; Daneshmandi, L.; Barajaa, M.; Riordan, J.; Laurencin, C.T. Fabrication and Characterization of Mechanically Competent 3D Printed Polycaprolactone-Reduced Graphene Oxide Scaffolds. Sci. Rep. 2020, 10, 22210. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez-Robles, J.; Shen, T.; Cornelius, V.A.; Corduas, F.; Mancuso, E.; Donnelly, R.F.; Margariti, A.; Lamprou, D.A.; Larrañeta, E. Development of Drug Loaded Cardiovascular Prosthesis for Thrombosis Prevention Using 3D Printing. Mater. Sci. Eng. C 2021, 129, 112375. [Google Scholar] [CrossRef]

	



Yang, X.; Wang, Y.; Zhou, Y.; Chen, J.; Wan, Q. The Application of Polycaprolactone in Three-Dimensional Printing Scaffolds for Bone Tissue Engineering. Polymers 2021, 13, 2754. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, Z.; Luo, B.; Xiang, S.; Ma, H.; Yu, Y.; Yang, W. 3D Printing of HA/PCL Composite Tissue Engineering Scaffolds. Adv. Ind. Eng. Polym. Res. 2019, 2, 196–202. [Google Scholar] [CrossRef]

	



Melchor-Martínez, E.M.; Macías-Garbett, R.; Alvarado-Ramírez, L.; Araújo, R.G.; Sosa-Hernández, J.E.; Ramírez-Gamboa, D.; Parra-Arroyo, L.; Alvarez, A.G.; Monteverde, R.P.B.; Cazares, K.A.S.; et al. Towards a Circular Economy of Plastics: An Evaluation of the Systematic Transition to a New Generation of Bioplastics. Polymers 2022, 14, 1203. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez-Robles, J.; Cárcamo-Martínez, Á.; Stewart, S.A.; Donnelly, R.F.; Larrañeta, E.; Borrega, M. Lignin for Pharmaceutical and Biomedical Applications–Could This Become a Reality? Sustain. Chem. Pharm. 2020, 18, 100320. [Google Scholar] [CrossRef]

	



Jääskeläinen, A.S.; Liitiä, T.; Mikkelson, A.; Tamminen, T. Aqueous Organic Solvent Fractionation as Means to Improve Lignin Homogeneity and Purity. Ind. Crops Prod. 2017, 103, 51–58. [Google Scholar] [CrossRef]

	



Ragauskas, A.J.; Beckham, G.T.; Biddy, M.J.; Chandra, R.; Chen, F.; Davis, M.F.; Davison, B.H.; Dixon, R.A.; Gilna, P.; Keller, M.; et al. Lignin Valorization: Improving Lignin Processing in the Biorefinery. Science 2014, 344, 1246843. [Google Scholar] [CrossRef]

	



Barros, J.; Serk, H.; Granlund, I.; Pesquet, E. The Cell Biology of Lignification in Higher Plants. Ann. Bot. 2015, 115, 1053–1074. [Google Scholar] [CrossRef]

	



Chokshi, S.; Parmar, V.; Gohil, P.; Chaudhary, V. Chemical Composition and Mechanical Properties of Natural Fibers. J. Nat. Fibers 2020, 19, 3942–3953. [Google Scholar] [CrossRef]

	



Sjöström, E.; Westermark, U. Chemical Composition of Wood and Pulps: Basic Constituents and Their Distribution. In Analytical Methods in Wood Chemistry, Pulping, and Papermaking; Springer: Berlin/Heidelberg, Germany, 1999; pp. 1–19. [Google Scholar]

	



Marques, G.; Rencoret, J.; Gutiérrez, A.; del Río, J.C. Evaluation of the Chemical Composition of Different Non-Woody Plant Fibers Used for Pulp and Paper Manufacturing. Open Agric. J. 2014, 4, 93–101. [Google Scholar] [CrossRef]

	



Thakur, V.K.; Thakur, M.K. Recent Advances in Green Hydrogels from Lignin: A Review. Int. J. Biol. Macromol. 2015, 72, 834–847. [Google Scholar] [CrossRef] [PubMed]

	



Lora, J.H.; Glasser, W.G. Recent Industrial Applications of Lignin: A Sustainable Alternative to Nonrenewable Materials. J. Polym. Environ. 2002, 10, 39–48. [Google Scholar] [CrossRef]

	



Bouajila, J.; Dole, P.; Joly, C.; Limare, A. Some Laws of a Lignin Plasticization. J. Appl. Polym. Sci. 2006, 102, 1445–1451. [Google Scholar] [CrossRef]

	



Domínguez-Robles, J.; Stewart, S.A.; Rendl, A.; González, Z.; Donnelly, R.F.; Larrañeta, E. Lignin and Cellulose Blends as Pharmaceutical Excipient for Tablet Manufacturing via Direct Compression. Biomolecules 2019, 9, 423. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez-robles, J.; Larrañeta, E.; Leon, M.; Martin, N.K.; Irwin, N.J.; Mutjé, P.; Tarrés, Q.; Delgado-aguilar, M. Lignin/Poly (Butylene Succinate) Composites with Antioxidant and Antibacterial Properties for Potential Biomedical Applications. Int. J. Biol. Macromol. 2020, 145, 92–99. [Google Scholar] [CrossRef] [PubMed]

	



Doherty, W.O.S.; Mousavioun, P.; Fellows, C.M. Value-Adding to Cellulosic Ethanol: Lignin Polymers. Ind. Crops Prod. 2011, 33, 259–276. [Google Scholar] [CrossRef]

	



Dong, X.; Dong, M.; Lu, Y.; Turley, A.; Jin, T.; Wu, C. Antimicrobial and Antioxidant Activities of Lignin from Residue of Corn Stover to Ethanol Production. Ind. Crops Prod. 2011, 34, 1629–1634. [Google Scholar] [CrossRef]

	



Dai, P.; Liang, M.; Ma, X.; Luo, Y.; He, M.; Gu, X.; Gu, Q.; Hussain, I.; Luo, Z. Highly Efficient, Environmentally Friendly Lignin-Based Flame Retardant Used in Epoxy Resin. ACS Omega 2020, 5, 32084–32093. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.H.; Kim, J.H.; Lee, S.Y.; Jang, S.K.; Kwak, H.W.; Kim, H.; Choi, I.G. Thermoplasticity Reinforcement of Ethanol Organosolv Lignin to Improve Compatibility in PLA-Based Ligno-Bioplastics: Focusing on the Structural Characteristics of Lignin. Int. J. Biol. Macromol. 2022, 209, 1638–1647. [Google Scholar] [CrossRef] [PubMed]

	



Parit, M.; Jiang, Z. Towards Lignin Derived Thermoplastic Polymers. Int. J. Biol. Macromol. 2020, 165, 3180–3197. [Google Scholar] [CrossRef] [PubMed]

	



Kammer, H.-W. Surface and Interfacial Tension of Polymer Melts—Thermodynamic Theory of the Interface between Immiscible Polymers. Z. Phys. Chem. 1977, 258, 1149–1161. [Google Scholar] [CrossRef]

	



Baumberger, S. Starch-Lignin Films. In Chemical Modification, Properties, and Usage of Lignin; Springer: Boston, MA, USA, 2002; pp. 1–19. [Google Scholar]

	



Li, J.; Chua, C.S. Transductive Inference for Color-Based Particle Filter Tracking. IEEE Int. Conf. Image Process. 2003, 3, 949–952. [Google Scholar] [CrossRef]

	



Zhou, M.; Fakayode, O.A.; Ahmed Yagoub, A.E.G.; Ji, Q.; Zhou, C. Lignin Fractionation from Lignocellulosic Biomass Using Deep Eutectic Solvents and Its Valorization. Renew. Sustain. Energy Rev. 2022, 156, 111986. [Google Scholar] [CrossRef]

	



Hong, S.; Shen, X.J.; Xue, Z.; Sun, Z.; Yuan, T.Q. Structure-Function Relationships of Deep Eutectic Solvents for Lignin Extraction and Chemical Transformation. Green Chem. 2020, 22, 7219–7232. [Google Scholar] [CrossRef]

	



Cheah, W.Y.; Sankaran, R.; Show, P.L.; Ibrahim, T.N.B.T.; Chew, K.W.; Culaba, A.; Chang, J.S. Pretreatment Methods for Lignocellulosic Biofuels Production: Current Advances, Challenges and Future Prospects. Biofuel Res. J. 2020, 7, 1115–1127. [Google Scholar] [CrossRef]

	



Wang, G.; Liu, X.; Yang, B.; Si, C.; Parvez, A.M.; Jang, J.; Ni, Y. Using Green γ-Valerolactone/Water Solvent to Decrease Lignin Heterogeneity by Gradient Precipitation. ACS Sustain. Chem. Eng. 2019, 7, 10112–10120. [Google Scholar] [CrossRef]

	



Reixach, R.; Espinach, F.X.; Arbat, G.; Julián, F.; Delgado-Aguilar, M.; Puig, J.; Mutjé, P. Tensile Properties of Polypropylene Composites Reinforced with Mechanical, Thermomechanical, and Chemi-Thermomechanical Pulps from Orange Pruning. Bioresources 2015, 10, 4544–4556. [Google Scholar] [CrossRef]

	



Shah, N.; Fehrenbach, J.; Ulven, C.A. Hybridization of Hemp Fiber and Recycled-Carbon Fiber in Polypropylene Composites. Sustainability 2019, 11, 3163. [Google Scholar] [CrossRef]

	



Serra, A.; Tarrés, Q.; Llop, M.; Reixach, R.; Mutjé, P.; Espinach, F.X. Recycling Dyed Cotton Textile Byproduct Fibers as Polypropylene Reinforcement. Text. Res. J. 2019, 89, 2113–2125. [Google Scholar] [CrossRef]

	



Pickering, K.L.; Efendy, M.G.A.; Le, T.M. A Review of Recent Developments in Natural Fibre Composites and Their Mechanical Performance. Compos. Part A Appl. Sci. Manuf. 2016, 83, 98–112. [Google Scholar] [CrossRef]

	



Graupner, N. Application of Lignin as Natural Adhesion Promoter in Cotton Fibre-Reinforced Poly(Lactic Acid) (PLA) Composites. J. Mater. Sci. 2008, 43, 5222–5229. [Google Scholar] [CrossRef]

	



Wang, C.; Kelley, S.S.; Venditti, R.A. Lignin-Based Thermoplastic Materials. ChemSusChem 2016, 9, 770–783. [Google Scholar] [CrossRef]

	



Park, C.-W.; Youe, J.; Namgung, H.-W.; Han, S.-Y.; Seo, P.-N.; Chae, H.-M.; Lee, S.-H. Effect of Lignocellulose Nanofibril and Polymeric Methylene Diphenyl Diisocyanate Addition on Plasticized Lignin/Polycaprolactone Composites. BioResources 2018, 13, 6802–6817. [Google Scholar] [CrossRef]

	



Chihaoui, B.; Tarrés, Q.; Delgado-Aguilar, M.; Mutjé, P.; Boufi, S. Lignin-Containing Cellulose Fibrils as Reinforcement of Plasticized PLA Biocomposites Produced by Melt Processing Using PEG as a Carrier. Ind. Crops Prod. 2022, 175, 114287. [Google Scholar] [CrossRef]

	



Alekhina, M.; Ershova, O.; Ebert, A.; Heikkinen, S.; Sixta, H. Softwood Kraft Lignin for Value-Added Applications: Fractionation and Structural Characterization. Ind. Crops Prod. 2015, 66, 220–228. [Google Scholar] [CrossRef]

	



García, A.; Toledano, A.; Serrano, L.; Egüés, I.; González, M.; Marín, F.; Labidi, J. Characterization of Lignins Obtained by Selective Precipitation. Sep. Purif. Technol. 2009, 68, 193–198. [Google Scholar] [CrossRef]

	



Sewring, T.; Theliander, H. Acid Precipitation of Kraft Lignin from Aqueous Solutions: The Influence of Anionic Specificity and Concentration Level of the Salt. Holzforschung 2019, 73, 937–945. [Google Scholar] [CrossRef]

	



Faustino, H.; Gil, N.; Baptista, C.; Duarte, A.P. Antioxidant Activity of Lignin Phenolic Compounds Extracted from Kraft and Sulphite Black Liquors. Molecules 2010, 15, 9308–9322. [Google Scholar] [CrossRef]

	



Stoklosa, R.J.; Velez, J.; Kelkar, S.; Saffron, C.M.; Thies, M.C.; Hodge, D.B. Correlating Lignin Structural Features to Phase Partitioning Behavior in a Novel Aqueous Fractionation of Softwood Kraft Black Liquor. Green Chem. 2013, 15, 2904–2912. [Google Scholar] [CrossRef]

	



Cardoso, M.; de Oliveira, É.D.; Passos, M.L. Chemical Composition and Physical Properties of Black Liquors and Their Effects on Liquor Recovery Operation in Brazilian Pulp Mills. Fuel 2009, 88, 756–763. [Google Scholar] [CrossRef]

	



Andreuccetti, M.T.; Santos Leite, B.; D’angelo, J.V.H. Eucalyptus Black Liquor-Density, Viscosity, Solids and Sodium Sulfate Contents Revisited. O Pap. 2011, 72, 52–57. [Google Scholar]

	



Oliveira, R.C.P.; Mateus, M.; Santos, D.M.F. Chronoamperometric and Chronopotentiometric Investigation of Kraft Black Liquor. Int. J. Hydrogen Energy 2018, 43, 16817–16823. [Google Scholar] [CrossRef]

	



Domínguez-Robles, J.; Espinosa, E.; Savy, D.; Rosal, A.; Rodríguez, A. Biorefinery Process Combining Specel Process and Selective Lignin Precipitation Using Mineral Acids. BioResources 2016, 11, 7061–7077. [Google Scholar] [CrossRef]

	



Domínguez-robles, J.; Sánchez, R.; Díaz-carrasco, P.; Espinosa, E.; García-domínguez, M.T.; Rodríguez, A. Isolation and Characterization of Lignins from Wheat Straw: Application as Binder in Lithium Batteries. Int. J. Biol. Macromol. 2017, 104, 909–918. [Google Scholar] [CrossRef] [PubMed]

	



Domínguez-Robles, J.; Tamminen, T.; Liitiä, T.; Peresin, M.S.; Rodríguez, A.; Jääskeläinen, A.S. Aqueous Acetone Fractionation of Kraft, Organosolv and Soda Lignins. Int. J. Biol. Macromol. 2018, 106, 979–987. [Google Scholar] [CrossRef] [PubMed]

	



Cao, X.; Huang, J.; He, Y.; Hu, C.; Zhang, Q.; Yin, X.; Wu, W.; Li, R.K.Y. Biodegradable and Renewable UV-Shielding Polylactide Composites Containing Hierarchical Structured POSS Functionalized Lignin. Int. J. Biol. Macromol. 2021, 188, 323–332. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Liu, T.; Deng, X.; Sun, Q.; Cao, X.; Feng, Y.; Wang, B.; Roy, V.A.L.; Li, R.K.Y. Ecofriendly UV-Protective Films Based on Poly(Propylene Carbonate) Biocomposites Filled with TiO2 Decorated Lignin. Int. J. Biol. Macromol. 2019, 126, 1030–1036. [Google Scholar] [CrossRef]

	



Domínguez, J.C.; Oliet, M.; Alonso, M.V.; Gilarranz, M.A.; Rodríguez, F. Thermal Stability and Pyrolysis Kinetics of Organosolv Lignins Obtained from Eucalyptus Globulus. Ind. Crops Prod. 2008, 27, 150–156. [Google Scholar] [CrossRef]

	



Domínguez-Robles, J.; Sánchez, R.; Espinosa, E.; Savy, D.; Mazzei, P.; Piccolo, A.; Rodríguez, A. Isolation and Characterization of Gramineae and Fabaceae Soda Lignins. Int. J. Mol. Sci. 2017, 18, 327. [Google Scholar] [CrossRef] [PubMed]

	



Sun, R.; Tomkinson, J.; Lloyd Jones, G. Fractional Characterization of Ash-AQ Lignin by Successive Extraction with Organic Solvents from Oil Palm EFB fibre. Polym. Degrad. Stab. 2000, 68, 111–119. [Google Scholar] [CrossRef]

	



Mikus, P.Y.; Alix, S.; Soulestin, J.; Lacrampe, M.F.; Krawczak, P.; Coqueret, X.; Dole, P. Deformation Mechanisms of Plasticized Starch Materials. Carbohydr. Polym. 2014, 114, 450–457. [Google Scholar] [CrossRef]

	



Alonso-González, M.; Felix, M.; Romero, A. Influence of the Plasticizer on Rice Bran-Based Eco-Friendly Bioplastics Obtained by Injection Moulding. Ind. Crops Prod. 2022, 180, 114767. [Google Scholar] [CrossRef]

	



Upton, B.M.; Kasko, A.M. Strategies for the Conversion of Lignin to High-Value Polymeric Materials: Review and Perspective. Chem. Rev. 2016, 116, 2275–2306. [Google Scholar] [CrossRef] [PubMed]

	



Yu, O.; Kim, K.H. Lignin to Materials: A Focused Review on Recent Novel Lignin Applications. Appl. Sci. 2020, 10, 4626. [Google Scholar] [CrossRef]

	



Kaewtatip, K.; Thongmee, J. Effect of Kraft Lignin and Esterified Lignin on the Properties of Thermoplastic Starch. Mater. Des. 2013, 49, 701–704. [Google Scholar] [CrossRef]

	



Hu, L.; Stevanovic, T.; Rodrigue, D. Compatibilization of Kraft Lignin-Polyethylene Composites Using Unreactive Compatibilizers. J. Appl. Polym. Sci. 2014, 131. [Google Scholar] [CrossRef]

	



Dammak, M.; Fourati, Y.; Tarrés, Q.; Delgado-Aguilar, M.; Mutjé, P.; Boufi, S. Blends of PBAT with Plasticized Starch for Packaging Applications: Mechanical Properties, Rheological Behaviour and Biodegradability. Ind. Crops Prod. 2020, 144, 112061. [Google Scholar] [CrossRef]

	



Jumaidin, R.; Khiruddin, M.A.A.; Asyul Sutan Saidi, Z.; Salit, M.S.; Ilyas, R.A. Effect of Cogon Grass Fibre on the Thermal, Mechanical and Biodegradation Properties of Thermoplastic Cassava Starch Biocomposite. Int. J. Biol. Macromol. 2020, 146, 746–755. [Google Scholar] [CrossRef]

	



Serra-Parareda, F.; Julián, F.; Espinosa, E.; Rodríguez, A.; Espinach, F.X.; Vilaseca, F. Feasibility of Barley Straw Fibers as Reinforcement in Fully Biobased Polyethylene Composites: Macro and Micro Mechanics of the Flexural Strength. Molecules 2020, 25, 2242. [Google Scholar] [CrossRef]

	



Serra-Parareda, F.; Tarrés, Q.; Espinach, F.X.; Vilaseca, F.; Mutjé, P.; Delgado-Aguilar, M. Influence of Lignin Content on the Intrinsic Modulus of Natural Fibers and on the Stiffness of Composite Materials. Int. J. Biol. Macromol. 2020, 155, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Aguado, R.; Espinach, F.X.; Vilaseca, F.; Tarrés, Q.; Mutjé, P.; Delgado-Aguilar, M. Approaching a Zero-Waste Strategy in Rapeseed (Brassica napus) Exploitation: Sustainably Approaching Bio-Based Polyethylene Composites. Sustainability 2022, 14, 7942. [Google Scholar] [CrossRef]

	



Kakou, C.A.; Arrakhiz, F.Z.; Trokourey, A.; Bouhfid, R.; Qaiss, A.; Rodrigue, D. Influence of Coupling Agent Content on the Properties of High Density Polyethylene Composites Reinforced with Oil Palm Fibers. Mater. Des. 2014, 63, 641–649. [Google Scholar] [CrossRef]

	



Mulinari, D.R.; Voorwald, H.J.C.; Cioffi, M.O.H.; da Silva, M.L.C.P.; da Cruz, T.G.; Saron, C. Sugarcane Bagasse Cellulose/HDPE Composites Obtained by Extrusion. Compos. Sci. Technol. 2009, 69, 214–219. [Google Scholar] [CrossRef]

	



López, J.P.; Méndez, J.A.; el Mansouri, N.-E.; Mutjé, P.; Vilaseca, F. Mean Intrinsic Tensile Properties of Stone Groundwood Fibers from Softwood. Bioresources 2011, 6, 5037–5049. [Google Scholar] [CrossRef]

	



Serra-Parareda, F.; Tarrés, Q.; Delgado-Aguilar, M.; Espinach, F.X.; Mutjé, P.; Vilaseca, F. Biobased Composites from Biobased-Polyethylene and Barley Thermomechanical Fibers: Micromechanics of Composites. Materials 2019, 12, 4182. [Google Scholar] [CrossRef] [PubMed]

	



Sundholm, J. Mechanical Pulping; Fapet Oy: Dublin, OH, USA, 1999; Volume 5, ISBN 9525216055. [Google Scholar]

	



Alzagameem, A.; Klein, S.E.; Bergs, M.; Do, X.T.; Korte, I.; Dohlen, S.; Hüwe, C.; Kreyenschmidt, J.; Kamm, B.; Larkins, M.; et al. Antimicrobial Activity of Lignin and Lignin-Derived Cellulose and Chitosan Composites against Selected Pathogenic and Spoilage Microorganisms. Polymers 2019, 11, 670. [Google Scholar] [CrossRef]

	



Yun, J.; Wei, L.; Li, W.; Gong, D.; Qin, H.; Feng, X.; Li, G.; Ling, Z.; Wang, P.; Yin, B. Isolating High Antimicrobial Ability Lignin from Bamboo Kraft Lignin by Organosolv Fractionation. Front. Bioeng. Biotechnol. 2021, 9, 683796. [Google Scholar] [CrossRef]

	



Lourençon, T.V.; de Lima, G.G.; Ribeiro, C.S.P.; Hansel, F.A.; Maciel, G.M.; da Silva, K.; Winnischofer, S.M.B.; de Muniz, G.I.B.; Magalhães, W.L.E. Antioxidant, Antibacterial and Antitumoural Activities of Kraft Lignin from Hardwood Fractionated by Acid Precipitation. Int. J. Biol. Macromol. 2021, 166, 1535–1542. [Google Scholar] [CrossRef]

	



Luzi, F.; Yang, W.; Ma, P.; Torre, L.; Puglia, D. Lignin-Based Materials with Antioxidant and Antimicrobial Properties. In Lignin-Based Materials for Biomedical Applications; Elsevier: Amsterdam, The Netherlands, 2021; pp. 291–326. [Google Scholar]








[image: Polymers 14 05178 g001 550] 





Figure 1. Flowchart diagram of the experimental procedure. 






Figure 1. Flowchart diagram of the experimental procedure.



[image: Polymers 14 05178 g001]







[image: Polymers 14 05178 g002 550] 





Figure 2. TGA and DTGA curves (A) and FTIR spectra (B) of the obtained kraft lignin. 
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Figure 3. Scanning electron microscopy images of 90% lignin + 10% glycerin thermoplastic lignin: (a) magnification at 30 µm; (b) magnification at 6 µm. 






Figure 3. Scanning electron microscopy images of 90% lignin + 10% glycerin thermoplastic lignin: (a) magnification at 30 µm; (b) magnification at 6 µm.



[image: Polymers 14 05178 g003]







[image: Polymers 14 05178 g004 550] 





Figure 4. Mechanical properties of different TPL/PCL blends: (a) tensile strength; (b) Young’s modulus and elongation at break; (c) flexural strength; (d) flexural modulus and elongation. 
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Figure 5. Scanning electron microscopy images of: (a,b) TPL/PCL blend reinforced with 30 wt.% SGW fibers, and (c,d) TPL/PCL blend. 
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Table 1. TPL and PCL blends and SGW composite compositions.






Table 1. TPL and PCL blends and SGW composite compositions.





	
Thermoplastic Lignin and Poly(Caprolactone) Blends




	
Sample

	
Thermoplastic Lignin Content

(wt.%)

	
PCL Content

(wt.%)

	
SGW Content

(wt.%)






	
TPL

	
100

	
0

	
-




	
90TPL/10PCL

	
90

	
10

	
-




	
80TPL/20PCL

	
80

	
20

	
-




	
70TPL/30PCL

	
70

	
30

	
-




	
60TPL/40PCL

	
60

	
40

	
-




	
50TPL/50PCL

	
50

	
50

	
-




	
40TPL/60PCL

	
40

	
60

	
-




	
30TPL/70PCL

	
30

	
70

	
-




	
20TPL/80PCL

	
20

	
80

	
-




	
10TPL/90PCL

	
10

	
90

	
-




	
PCL

	
0

	
100

	
-




	
Composites with SGW




	
Sample

	
TPL/PCL Blend Content

(wt.%)

	
SGW Content

(wt.%)




	
80TPL/20PCL + 10SGW

	
90

	
10




	
80TPL/20PCL + 20SGW

	
80

	
20




	
80TPL/20PCL + 30SGW

	
70

	
30




	
80TPL/20PCL + 40SGW

	
60

	
40
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Table 2. Black liquor physical data and lignin chemical composition.






Table 2. Black liquor physical data and lignin chemical composition.





	
Black Liquor




	
Density

(g/mL)

	
Total Dry Solids

(g/L)

	
Acid spent

(mL/L BL)

	
Lignin Extraction

(g/L)






	
1.176

	
28.8

	
290

	
15.3




	
Lignin




	
Density

(g/mL)

	
Ash

(%)

	
Klason Lignin

(%)

	
Acid-Soluble Lignin

(%)




	
1.384

	
13.12

	
44.72

	
6.93
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Table 3. Glycerin conditions, the volume fraction of glycerin (VG), and density of the resulting thermoplastic lignin.
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	Glycerin

(wt.%)
	VG
	Density

(g/mL)





	10
	0.109
	1.37 ± 0.01



	20
	0.215
	1.36 ± 0.01



	30
	0.320
	1.34 ± 0.02



	40
	0.423
	1.33 ± 0.01
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Table 4. Mechanical properties of different thermoplastic lignins (tensile and flexural).






Table 4. Mechanical properties of different thermoplastic lignins (tensile and flexural).





	
Glycerin

(wt.%)

	
Tensile Properties

	
Flexural Properties




	
Tensile Strength

(MPa)

	
Young’s Modulus

(MPa)

	
Elongation at Break

(%)

	
Flexural Strength

(MPa)

	
Flexural Modulus

(MPa)

	
Elongation

(%)






	
10

	
0.112 ± 0.536

	
215 ± 36

	
3.945 ± 1.126

	
1.874 ± 0.784

	
39 ± 12

	
1.322 ± 0.742




	
20

	
0.084 ± 0.697

	
119 ± 21

	
0.719 ± 0.542

	
0.682 ± 0.587

	
14 ± 16

	
0.466 ± 0.312




	
30

	
0.035 ± 0.342

	
21 ± 19

	
0.077 ± 0.345

	
0.123 ± 0.421

	
2 ± 7

	
0.081 ± 0.154




	
40

	
-

	
-

	
-

	
-

	
-

	
-
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Table 5. Physical properties of thermoplastic lignin and PCL blends (TPL/PCL).






Table 5. Physical properties of thermoplastic lignin and PCL blends (TPL/PCL).





	
Thermoplastic Lignin

	
PCL

(wt.%)

	
VPCL

	
Density

(g/mL)






	
90% lignin + 10% glycerin

	
10

	
0.108

	
1.36 ± 0.01




	
20

	
0.214

	
1.35 ± 0.01




	
30

	
0.318

	
1.33 ± 0.01




	
40

	
0.420

	
1.32 ± 0.01




	
50

	
0.521

	
1.31 ± 0.02




	
60

	
0.620

	
1.30 ± 0.01




	
70

	
0.717

	
1.29 ± 0.01




	
80

	
0.813

	
1.28 ± 0.01




	
90

	
0.907

	
1.27 ± 0.02




	
100

	
1.000

	
1.26 ± 0.01




	
80% lignin + 20% glycerin

	
10

	
0.107

	
1.36 ± 0.01




	
20

	
0.212

	
1.34 ± 0.01




	
30

	
0.316

	
1.33 ± 0.02




	
40

	
0.418

	
1.32 ± 0.01




	
50

	
0.518

	
1.31 ± 0.01




	
60

	
0.617

	
1.30 ± 0.01




	
70

	
0.715

	
1.29 ± 0.01




	
80

	
0.811

	
1.27 ± 0.01




	
90

	
0.906

	
1.27 ± 0.01




	
100

	
1.000

	
1.26 ± 0.01




	
70% lignin + 30% glycerin

	
10

	
0.106

	
1.36 ± 0.01




	
20

	
0.210

	
1.34 ± 0.01




	
30

	
0.313

	
1.33 ± 0.01




	
40

	
0.415

	
1.32 ± 0.01




	
50

	
0.516

	
1.31 ± 0.01




	
60

	
0.615

	
1.30 ± 0.01




	
70

	
0.713

	
1.29 ± 0.01




	
80

	
0.810

	
1.27 ± 0.01




	
90

	
0.906

	
1.27 ± 0.01




	
100

	
1.000

	
1.26 ± 0.01
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Table 6. Physical properties of composites and morphological analysis of extracted fibers.
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	SGW Fibers

(wt.%)
	VF
	Density

(g/mL)
	     l a F   ( µ m )    
	     l w F   ( µ m )    
	Width

(µm)
	Aspect Ratio 1





	0
	0.100
	1.345 ± 0.06
	-
	-
	-
	-



	10
	0.100
	1.345 ± 0.04
	205
	953
	33.6
	6.1



	20
	0.199
	1.346 ± 0.07
	195
	859
	33.4
	5.8



	30
	0.299
	1.346 ± 0.05
	182
	727
	32.2
	5.7



	40
	0.399
	1.347 ± 0.05
	172
	627
	30.3
	5.7







1 Calculated as fiber length (   l a F   ) divided by fiber width.
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Table 7. Mechanical properties of composite materials of TPL/PCL and SGW.
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	SGW Fibers

(wt.%)
	Tensile Strength

(MPa)
	Young’s Modulus

(MPa)
	Elongation at Break

(%)
	Flexural Strength

(MPa)
	Flexural Modulus (MPa)
	Elongation

(%)





	0
	1.679 ± 0.543
	282 ± 36
	4.79 ± 1.05
	2.669 ± 0.743
	61 ± 12
	2.048 ± 0.912



	10
	3.762 ± 0.875
	642 ± 79
	3.59 ± 0.87
	8.008 ± 1.103
	325 ± 34
	1.568 ± 0.423



	20
	6.245 ± 0.674
	1174 ± 46
	2.32 ± 0.92
	15.34 ± 1.546
	529 ± 29
	1.175 ± 0.687



	30
	8.269 ± 1.279
	1567 ± 87
	1.65 ± 0.63
	22.47 ± 1.429
	734 ± 41
	1.010 ± 0.443



	40
	11.217 ± 1.875
	1872 ± 64
	1.24 ± 0.57
	26.84 ± 2.061
	1083 ± 63
	0.880 ± 0.162
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Table 8. Results of the application of the modified rule of mixtures under two assumptions.
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SGW Fibers

(wt.%)

	
     σ t   m *     ( MPa )    

	
First Assumption

	
Second Assumption




	
     σ t F   ( MPa )    

	
     f c     

	
     σ t F   ( MPa )    

	
     f c     






	
10

	
1.55

	
250

	
0.09

	
132

	
0.18




	
20

	
1.20

	
250

	
0.11

	
147

	
0.18




	
30

	
0.92

	
250

	
0.10

	
142

	
0.18




	
40

	
0.73

	
250

	
0.11

	
150

	
0.18
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