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Abstract

:

Natural polymers, such as starch, and polymers derived from renewable resources, such as vegetable oils, have been considered as alternatives to petroleum-based plastics during recent decades, due to environmental concerns. Indeed, these materials can offer a variety of advantages, such as low cost, wide availability, carbon neutrality, elevated thermal stability, and easily tunable mechanical properties. However, some of these polymers alone exhibit poor mechanical properties, making them not suitable for some applications. Hence, the reinforcement of these bio-based polymers with other materials is often considered to overcome this challenge. In this work, thermosetting composites based on tung and linseed oil resins were prepared using starch as reinforcement. Analyses from Soxhlet extractions showed that the higher the concentration of tung oil in comparison to linseed oil in the resins, the lower the mass of unreacted material, leading to an optimum resin entirely based on tung oil. Dielectric analysis (DEA), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) indicated that the polymerization was completed in 3 h 20 min, at 140 °C, and that the composites were thermally stable until 270 °C. Finally, dynamic mechanical analysis (DMA) confirmed that the addition of starch to the resins increased the room temperature storage modulus (E′25) from 94 MPa to 893 MPa. Composites prepared with a resin formulation that did not contain a compatibilizer exhibited E′25 of 441 MPa. The composites investigated in this work are promising candidates for applications that require improved mechanical properties.
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1. Introduction


Environmental concerns related to the continued manufacturing of petroleum-based plastics have prompted an emerging demand for bio-based materials. In this context, the development of bio-based resins and composites has gained considerable attention over the course of the last decades [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Recent works have utilized a plethora of natural resources, such as flavonoids [2,3], essential oils [4], aminoacids [5], and vegetable oils to produce resins [6,7,8,9,10,11,12,13,14,15], their curing agents, and composites.



Vegetable oils are particularly interesting for the production of polymers, since they are abundant worldwide and have relatively low cost. From an environmental perspective, the fabrication of materials from vegetable oils leads to a neutral carbon footprint. Indeed, the oils are synthesized by plants, using carbon captured in the form of CO2 from the atmosphere. Therefore, vegetable oil-based polymers that display properties equivalent to their non-renewable counterparts represent a great environmental benefit. From a chemical standpoint, the versatile structure of triglycerides offers a great number of reactive sites per molecule, allowing various chemical pathways for converting a renewable resource into polymeric materials that can be employed as coatings, structural thermosets, or binding agents for particle boards [16]. More specifically, the carbon–carbon double bonds of unsaturated oils can be modified by a great variety of traditional addition reactions, leading to new functional groups capable of participating in polymerization reactions [16]. These carbon–carbon double bonds can also undergo direct free radical or cationic co-polymerization, leading to polymers with interesting thermal and mechanical properties that can be tuned by the choice and content of co-polymers to match or supersede their non-renewable counterparts [16]. Finally, hydrolysis or transesterification of triglycerides leads to free fatty acids and esters, respectively, which can also be used as monomers for the preparation of bio-based polymers [16].



In fact, the utilization of vegetable oils for industrial purposes, including the production of polymers, had an increase of 64.5% from 2009 to 2019 [17]. Tung oil, composed of approximately 80% of α-eleostearic acid (Figure 1a) [18], and linseed oil, composed of mainly unsaturated fatty acids—linolenic acid (55%), linoleic acid (17%), and oleic acid (18%) (Figure 1b–d) [19]—are particularly interesting raw materials for the synthesis of bio-based polymeric resins. The presence of multiple carbon–carbon double bonds in their chemical structures make them ideal for cationic, thermal, or free radical polymerizations, leading to crosslinked materials [20,21,22,23].



Despite all their advantages, tung and linseed oil resins exhibit poor mechanical properties, making them uncompetitive with traditional petroleum-based polymers [24,25,26,27,28,29]. Thus, it is imperative to reinforce them with a proper material to widen their application prospects. In the context of bio-based resins, it is desirable to use renewable materials as reinforcements in order to produce fully bio-based composites [24,25,26,30]. Starch, a natural polymer, consisting of amylose and amylopectin (Figure 1), is a promising candidate for the reinforcement of vegetable oil-based resins, as well demonstrated in the literature [1,31]. Despite having low mechanical properties [32], starch presents advantages such as low cost and biodegradability, and it has been used in the production of composites with other bio-based polymers, such as polylactic acid (PLA) [33,34], and polycaprolactone (PCL) [35,36,37]. Additionally, it is known that the presence of moisture leads to considerable negative impacts on the mechanical properties of starch [34]. Hence, its mechanical properties can be significantly enhanced simply by drying it [31].



During the synthesis of composites, the reinforcement must be able to disperse into the matrix in order to yield a homogeneous material. However, vegetable oils are hydrophobic, while carbohydrates, such as cellulose and starch, bearing multiple hydroxyl groups, are notoriously known for being highly hydrophilic [38]. Indeed, as discussed in more detail below, pure starch contains approximately 10 wt.% of moisture. Dried starch promptly absorbs moisture from the atmosphere immediately after drying, as observed on the DSC and TGA curves of pure starch. Therefore, starch and vegetable oil-based resins are inherently incompatible with one another. Previous works addressing this challenge have been reported in the literature [27,28]. Asolectin from soybean oil (Figure 1g), a mixture of natural polyunsaturated phospholipids, was proven to be an effective compatibilizer agent between a tung oil resin and α-cellulose [28]. Therefore, it is believed that asolectin could also promote a good compatibilization between vegetable oil resin and starch, due to the chemical similarities between the latter and cellulose.



In this study, starch-reinforced composites from tung and linseed oils were prepared via free radical initiation and thermal polymerization, using asolectin as a compatibilizer. The thermosetting resin composition was defined by previous studies, and the ideal filler load was assessed by preliminary tests. Soxhlet extraction was performed to determine the optimal composite composition. The cure schedule was evaluated by dielectric analysis (DEA). The thermal properties of the composites were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Dynamic mechanical analysis (DMA) experiments were performed to assess the thermo-mechanical properties of the composites and analyze the effects of asolectin and the drying treatment of starch prior to its incorporation in the matrix. The novelty of the current work lies in the optimization of a primarily bio-based composite, using renewable resources (tung oil, starch, asolectin) without any further chemical modification, for the preparation of materials with good thermal stability and thermo-mechanical behavior.




2. Experimental


2.1. Materials


Starch, asolectin (ASO), tung oil (TO), linseed oil (LO), n-butyl methacrylate (BMA), and di-tert butyl peroxide (DTBP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Divinylbenzene (DVB) was acquired from TCI America (Portland, OR, USA). All commercial grade reagents were used as received, without any further purification.




2.2. Synthesis of Starch-Reinforced/Plant Oil Composite


In a 20 mL scintillation vial, 0.6 g of BMA, 0.4 g of DVB, 8.0 g of starch, and selected amounts of plant oil (tung and/or linseed oils) and ASO (as indicated in Table 1) were added. After capping the vial, the components were vortexed for 30 s, leading to a homogeneous mixture. Then, 0.1 g of the free radical initiator DTBP was then added to the vial, and the mixture was vortexed again for an additional 30 s. The vial was then placed in a convection oven and heated at 120–140 °C over a period of up to 24 h, as indicated in Table 2. The amount of free radical initiator used was sufficient to consume the inhibitor originally present in DVB and trigger the co-polymerization of all co-monomers. As presented in Table 1, starch was either added without previous treatment, or dried by heating it for 24 h, at 70 °C, in a vacuum oven. Figure 2 provides a schematic for the preparation of the composites in this work.




2.3. Characterization


In order to determine the extent of monomer incorporation into the final composite, approximately 2.0 g of each sample prepared was submitted to Soxhlet extraction for 24 h with dichloromethane. After the extraction, dichloromethane was removed from the recovered extracts through rotary evaporation. Finally, soluble and insoluble recovered materials were dried, at 70 °C, in a vacuum oven for 24 h.



Dielectric analysis (DEA) was performed on an Epsilon DEA 230/1 cure monitor (Netzsch Instruments North America LLC, Burlington, MA, USA) with frequencies ranging from 10.0 Hz to 10,000.0 Hz to evaluate the cure behavior of the resins in the presence of starch. A flexible probe was immersed in approximately 15.0 g of the crude mixture for the duration of the cure schedule under investigation (Table 2). The permittivity and loss factor of the composites were measured as a function of time. The results are presented in a plot of ion viscosity (Ohm cm) versus time.



The thermal stability of the composites was determined by themogravimetric analysis (TGA) using a Q50 TGA instrument (TA Instruments, New Castle, DE, USA). Samples of approximately 10.0 mg were heated at a heating rate of 20 °C min−1, from room temperature to 650 °C, under air atmosphere with a flow rate of 20 mL min−1. Differential scanning calorimetry (DSC) analysis was performed in a Q20 DSC calorimeter (TA Instruments, New Castle, DE, USA). Samples of approximately 10.0 mg were heated under a N2 flow of 40 mL min−1, at a heating rate of 10 °C min−1, from −20 °C to 200 °C. The DSC curves presented in this article correspond to a single heating cycle.



Dynamic mechanical analysis (DMA) was conducted on a Q800 DMA instrument (TA Instruments, New Castle, DE, USA) with a tension fixture. Samples were cut into 8.0 mm × 5.0 mm × 2.5 mm (length × width × thickness) specimens. The DMA experiments were conducted from −60 °C to 150 °C at a heating rate of 3 °C min−1, in iso-strain mode, with a frequency of 1 Hz and amplitude of 14 μm.





3. Results and Discussion


3.1. Resin Composition


According to previous studies with tung oil thermosetting resins [26,28], a combination of 30 wt.% of BMA, 20 wt.% of DVB, and 50 wt.% of plant oil is necessary to obtain fully cured polymers with interesting thermo-mechanical properties. The use of less toxic crosslinkers, such as dicyclopentadiene, has been investigated in the past [39], but non-aromatic crosslinkers exhibit significantly lower reactivity than DVB towards free radical polymerization, resulting in lower conversion and overall lower thermo-mechanical properties [39]. In this work, a bio-based resin composition that had been extensively studied, with promising properties [26,27,28], was selected as matrix. Additionally, it has been demonstrated that in order to maximize the mechanical performance of composites reinforced with natural fibers, matrix-reinforcement compatibilizers can be added to the resin formulation [25,26,28,29]. The use of asolectin (ASO), a natural surfactant obtained from soybeans and consisting of unsaturated phospholipids, has proven particularly interesting in recent studies with tung oil resins [26,28]. In preliminary trials, a resin composition of 30 wt.% of BMA, 20 wt.% of DVB, 40 wt.% of tung oil, and 10 wt.% of ASO was used to prepare composites with varying loads of starch. These composites were cured at 120 °C for 170 min, then at 140 °C for 230 min to ensure full cure of the resin. These preliminary experiments indicated that, for starch loads of less than 80 wt.%, the starch settled to the bottom of the vial during cure, resulting in two distinct regions in the sample prepared. One region contained all of the starch, and there was a layer of unreinforced cured resin on the top of the sample. When the starch load was higher than 80 wt.%, the materials obtained were extremely brittle and easily crumbled upon handling. Therefore, an ideal starch loading of 80 wt.% was established for the composites investigated in this work.



In order to determine the ideal content of tung and linseed oils in the resin composition, and to investigate the effects of asolectin and starch drying on monomer conversion, Soxhlet extraction was performed on composites prepared with varying amounts of tung oil, linseed oil and asolectin, and reinforced with dry and not dry starch, according to the compositions displayed in Table 1. These composites were cured at 120 °C for 170 min, followed by 140 °C for 230 min.



The Soxhlet extraction results provided in Table 1 indicate that increasing the amount of asolectin in the composites leads to more unreacted material. This suggests that tung oil is more reactive than asolectin, which could be explained by the fact that the major fatty acid chain present in tung oil has three conjugated carbon–carbon double bonds, while asolectin has only non-conjugated carbon–carbon double bonds, with the former being more susceptible to the free radical polymerization reaction. Hence, the higher the asolectin/tung oil ratio in the reaction mixture, the more unreacted material was obtained after the cure. Nonetheless, it has been shown that the addition of 10 wt.% of asolectin to a tung oil-based resin yields a composite with good compatibility between the hydrophobic matrix and the hydrophilic reinforcement [28]. Therefore, 10 wt.% was defined as the optimum amount of asolectin for the starch composites prepared in this work, and all further experiments were performed using this percentage.



Comparing the Soxhlet extraction results for compositions 2 and 4–8 (Table 1), it is possible to observe that regardless of whether starch is previously dry or not, the introduction of linseed oil at the expense of tung oil in the resin composition consistently results in a higher content of unreacted material. The differences in the structures of the oils could also explain such trend. While tung oil has many reactive conjugated carbon–carbon double bonds in its structure, linseed oil has only less reactive, non-conjugated carbon–carbon double bonds. Indeed, previous works have used highly conjugated linseed oil to overcome this issue [23,24,25,40].



When starch is dried prior to composite preparation, significantly less unreacted material is recovered from Soxhlet extraction (Table 1, compositions 2, and 4–8). This may be attributed to the decreased amount of moisture in dried starch, resulting in less quenching of free radicals during the free radical polymerization [41]. In conclusion, Soxhlet extraction results indicated that the ideal composition of the resins was 40 wt.% of tung oil, 10 wt.% of azolectin, and no linseed oil. It was also concluded that drying starch prior to its incorporation into the crude resin is beneficial to the system. This ideal composition was used for all of the upcoming characterization techniques presented in this work.




3.2. Cure Schedule


DEA experiments were performed to determine the ideal cure schedule for composition 8 (Table 1), established as the optimum composition for starch composites. Three different cure schedules (Table 2) were investigated, and the results are presented in Figure 3. The initial decrease in ion viscosity observed in the three curves can be associated with an increase in ion mobility during initial heating of the monomer mixture and before polymerization starts. After that, the polymerization reaction begins, and a steady increase in ion viscosity is observed until full cure is reached and the ion viscosity stays constant. The results clearly show that all three schedules were able to reach total cure within 8 h. As expected, higher temperatures led to a fully cured polymer in less time. Therefore, schedule II, which required 3 h and 20 min to reach a plateau, was selected as the ideal cure schedule for the starch composites. It is worth noting that the ion viscosity decreases slightly at 300 min for cure schedule I due to the programmed increase in temperature from 120 °C to 140 °C.



In order to confirm polymerization completion, DSC experiments were performed on composites cured at 140 °C for 3 h 20 min, and for 18 h (Figure 4). During the DSC experiments, any residual curing generates an exothermic peak, as previously discussed in the literature [33]. The absence of exothermic peaks on the DSC curves of composites cured at 140 °C for 3 h and 20 min, and for 18 h, indicate that both cure times result in completely cured materials. Therefore, it can be concluded that 3 h and 20 min, at 140 °C, is sufficient to achieve total cure. The cured composites, as well as pure starch, also exhibit a large endothermic peak at approximately 100 °C, attributed to the evaporation of residual water absorbed from air by starch. It is believed that all thermal history of starch is lost upon drying in the vacuum oven. Indeed, preliminary heat–cool–heat experiments did not show any differences between the first and the second heating, with the exception of the water desorption peak. For the thermosetting composites, heating can potentially start inflicting structural and irreversible changes to the system. Therefore, the DSC curves presented in this article correspond to a single heating cycle.



The large endothermic peak, centered at approximately 100 °C and clearly observed on the DSC curves of lignocellulosic materials, has been attributed to water desorption in the literature [29,39,42], and has been extensively documented as a common feature of these materials. Because starch is dried under vacuum prior to the preparation of composites, any other volatiles potentially present in starch would have already been removed. It is firmly believed that starch adsorbs moisture from air during composite preparation. The temperature for the endothermic peak (100–110 °C) does not match the boiling point of any other resin components. It is also worth noting that there is a clear shift in the water desorption peak for the composite cured for 18 h, when compared to pure starch and the composite cured for 3 h and 20 min. Although beyond the scope of the current work, it is possible that the extended heating undergone by the composite cured for 18 h resulted in structural changes in starch, which led to easier water desorption at a lower temperature. The unreinforced resin, cured at 140 °C for 3 h and 20 min, exhibited no significant peaks, suggesting that its polymerization is also completed, and that it is thermally stable under the studied temperature range. Therefore, 3 h and 20 min, at 140 °C, will henceforth be established as the ideal cure schedule for the composites under study.




3.3. Thermal Stability


TGA experiments were carried out in order to assess the thermal stability of the composites and compare it with the unreinforced resin and pure starch. The TGA results indicate that the curves of composites cured at 140 °C for 3 h and 20 min, and for 18 h, are very similar to the curve of neat starch (Figure 5). Aside from a slight loss of mass at approximately 100 °C, possibly associated with the release of adsorbed water and also observed on DSC (Figure 4), the two composites and pure starch remained thermally stable until approximately 270 °C, when a steep decrease in mass was observed. It has been reported in the literature that this step corresponds to the thermal degradation of starch chains [43]. The TGA profiles displayed in Figure 5 are in agreement with literature data for the thermal degradation of starch samples [43]. The unreinforced resin displayed a different behavior, retaining good thermal stability until approximately 290 °C. This suggests that the addition of starch to the resin decreases its overall thermal stability. Indeed, since starch starts degrading at a temperature lower than that of the resin, when both resin and reinforcement are combined, the overall thermal stability of the resulting composite is naturally between those of the individual components. In that sense, it is logical that the beginning of the thermal degradation of the composite occurs at a lower temperature than the unreinforced resin. The onset is drawn to a lower temperature due to the presence of starch, which starts degrading at a lower temperature.




3.4. Thermo-Mechanical Properties


To evaluate the thermo-mechanical behavior of the resin and composites, DMA experiments were performed. All the samples were cured at the established optimal curing schedule (3 h and 20 min, at 140 °C). The glass transition temperatures (Tgs) were measured by determining the maximum value of the peaks in the tan delta curves, and the results are displayed in Table 3, alongside the storage moduli at room temperature (25 °C) and at Tg + 50 °C. All composites exhibited two noticeable peaks in the tan delta curves, indicating two distinct Tgs. Figure 6 shows a comparison between the tan delta curves of the unreinforced resin and one composite. The storage modulus curves are shown in Figure 7.



Overall, it is noticeable that the addition of starch to the resin, even when asolectin is present, results in a composite with two different phases, characterized by the presence of two distinct Tgs (Table 3, experiments 1 and 2 and Figure 6). Tg1 for the composite prepared with dry starch (Table 3, experiment 2) is close to the Tg for the unreinforced resin (Table 3, experiment 1), while Tg2 appears at a higher temperature (65 °C—Table 3, experiment 2). Figure 6 clearly illustrates the effect of adding starch to the resin on tan delta and Tg. As expected, significant increases in the storage modulus are observed at 25 °C and at Tg1 + 50 °C with the addition of starch (Table 3, experiments 1 and 2), confirming its role as reinforcement in the composites prepared. When comparing experiments 2 and 3 (Table 3), it is clear that the presence of water in starch has a negative effect on the material’s properties, reducing both Tgs and E′ at 25 °C and at Tg1 + 50 °C considerably. The previous drying of starch not only yields less unreacted material, but also results in a composite with improved mechanical properties. As mentioned earlier in the text, water is known to quench free radicals during polymerization, which could result in a system where not all components are fully incorporated into the final polymer network [41]. Although beyond the scope of the current work, it is hypothesized that free radicals formed during polymerization can abstract hydrogens from water, significantly limiting chain growth, and compromising composites’ properties.



When comparing experiments 2 and 4 (Table 3), it is noticed that the absence of asolectin also results in considerably lower Tgs and storage moduli (Figure 7), despite the increase observed in unreacted material (Table 1). These observations suggest that an improved interfacial adhesion between the hydrophobic resin and hydrophilic starch chains is obtained when asolectin is incorporated into the resin composition.





4. Conclusions


In this work, bio-based composites consisting of a thermosetting plant oil-based resin, resulting from the free radical co-polymerization of tung and linseed oils, DVB, BMA, and ASO, reinforced with starch, were successfully synthesized and analyzed. It was shown that the addition of 10 wt.% of ASO in the resin composition promotes a better interaction between the hydrophobic resin and hydrophilic starch, resulting in improved thermo-mechanical properties. It was also concluded that drying starch prior to its incorporation into the matrix leads to less unreacted material. Additionally, resins including linseed oil yielded more unreacted material than those prepared exclusively with tung oil. It was concluded that a cure schedule of 3 h and 20 min, at 140 °C, was adequate to achieve full polymerization. TGA experiments concluded that starch is less thermally stable than the resin, and therefore, its incorporation into the matrix leads to a composite that is thermally stable until approximately 270 °C. DMA analysis proved that the incorporation of starch indeed led to a stronger material, increasing the storage modulus at 25 °C from 95 MPa to 893 MPa. It also revealed that drying starch prior to its use indeed improves its mechanical properties. Overall, this study showed that starch can be applied as a bio-based reinforcement for the preparation of bio-based thermosetting materials. The results described herein are encouraging, and the materials prepared in this work show promise for structural applications in the construction and furniture industries.
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Figure 1. Chemical structures of (a) α-eleostearic acid, (b) linolenic acid, (c) linoleic acid, (d) oleic acid, (e) amylose, (f) amylopectin, and (g) a generic chemical representation of asolectin from soybeans. 
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Figure 2. Schematic of composites preparation. 
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Figure 3. DEA curves of starch composites with composition 8, cured at 2 h 50 min at 120 °C, 21 h at 140 °C (Schedule I), 24 h at 140 °C (Schedule II), and 24 h at 120°C (Schedule III). 
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Figure 4. DSC curves of neat starch, unreinforced resin, and starch composites with composition 8, cured at 140 °C for 3 h 20 min, and 18 h. 
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Figure 5. TGA curves of neat starch, unreinforced resin, and starch composites with composition 8, cured at 140 °C for 3 h 20 min, and 18 h. 
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Figure 6. Tan delta vs. temperature curves of selected samples: unreinforced resin, and starch composite with composition 8. The resin contained 30 wt.% of BMA, 20 wt.% of DVB, 40 wt.% of tung oil, and 10 wt.% of asolectin, and was cured at 140 °C for 3 h and 20 min. Premature yielding of the sample is indicated with the symbol “X”. 
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Figure 7. Storage modulus vs. temperature of the unreinforced resin, and starch composites prepared with dry and not dry starch, and with or without asolectin. The resin contained 30 wt.% of BMA, 20 wt.% of DVB, 40 wt.% of tung oil, and 10 wt.% of asolectin, and was cured at 140 °C for 3 h and 20 min. Premature yielding of the samples is indicated with the symbol “X”. 
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Table 1. Composite formulations investigated and corresponding Soxhlet extraction results. All composites were cured at 120 °C for 170 min, followed by 140 °C for 230 min.
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	Composition
	Tung Oil (g)
	Linseed Oil (g)
	Asolectin (g)
	Starch
	wt.% Extracted





	1
	1.0
	-
	-
	not dry
	4.0



	2
	0.8
	-
	0.2
	not dry
	6.5



	3
	0.6
	-
	0.4
	not dry
	10.4



	4
	0.2
	0.6
	0.2
	not dry
	12.7



	5
	0.6
	0.2
	0.2
	not dry
	8.5



	6
	0.2
	0.6
	0.2
	dry
	8.9



	7
	0.6
	0.2
	0.2
	dry
	6.9



	8
	0.8
	-
	0.2
	dry
	5.4
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Table 2. Heating schedules investigated.
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	Cure Schedule
	120 °C
	140 °C





	I
	2 h 50 min
	21 h



	II
	-
	24 h



	III
	24 h
	-
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Table 3. DMA results of unreinforced resin and composites prepared with dry and not dry starch, and with or without asolectin. DVB and BMA content was kept consistent at 20 wt.% and 30 wt.%, respectively.
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	Experiment
	Tung Oil (wt.%)
	Asolectin (wt.%)
	Starch
	Tg1 (°C)
	Tg2 (°C)
	E′ at 25 °C (MPa)
	E′ at Tg1 + 50 °C (MPa)





	1
	40
	10
	-
	22
	-
	95
	11



	2
	40
	10
	Dry
	26
	65
	893
	588



	3
	40
	10
	Non dry
	−8
	31
	417
	345



	4
	50
	-
	Dry
	−4
	40
	441
	357
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