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Abstract

:

This study describes the elaboration and characterization of plasticized starch composites based on lignocellulosic fibers. The transformation of native to plasticized starch (TPS) and the preparation of TPS blends were performed with a new lab-scale mixer based on an original concept. Firstly, the morphology and chemical composition of flax shives were analyzed to better understand the intrinsic properties of these natural fillers. Then, the impact of the processing parameters (temperature, speed screw) on the quality and the structural properties of plasticized starch were examined by SEM and DRX. After that, we focused on the elaboration of various formulations based on plasticized starch matrix by varying TPS formulation and filler content (from 10 to 30%). The viscoelastic and rheological properties of TPS/flax blends have been analyzed by TGA, SEM, and DMTA.
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1. Introduction


Due to environmental concerns and the scarcity of fossil resources, particular interest has been devoted to biobased and biodegradable materials given their multiple advantages over conventional composites [1,2]. This growing interest considers their abundance, low cost, low density and ecological benefits. In particular, natural and biodegradable resources are of interest for the production of biodegradable plastics [3,4]. Among the biodegradable plastics currently on the market, starches and their derivatives (Mater bi, etc.) are gaining attention as raw materials in the production of biodegradable plastics. Several studies have been conducted based on natural green polymers, e.g., starch-based plastics [5,6,7,8,9]. Starch is widely produced throughout the world and is considered a low-cost source. However, its application is limited due to several limitations, including poor processability and low moisture resistance [10,11]. To overcome these issues, different thermomechanical energy and plasticizers such as glycerol [12,13], citric acid [13], sorbitol [14], and soybean oil [15] can be used to convert it to a thermoplastic starch (TPS) that can be extruded or injected. These plasticizers reduce the intermolecular force between starch molecules, improving their mobility.



However, plasticized starch exhibits poor mechanical properties and very brittle behavior resulting from rapid retrogradation [16,17,18]. Nevertheless, the brittle behavior of TPS can be converted into ductile behavior, with the development of suitable formulations and the understanding of their thermomechanical and rheological properties. Indeed, several authors have recommended the association of starch with other compounds in order to improve the performance of the final product. Dammak et al. [19] and Palai et al. [20] highlighted that coupling agent contributes effectively to improve the interfacial adhesion of TPS to other polymers and consequently their mechanical behavior.



Although, it was reported that the inclusion of nanofillers to TPS phase might be a suitable alternative to overcome their weakness behavior (mechanical and water sensitivity) without compromising its biodegradability. Dang et al. [21] reported the development of a TPS/PBAT nano-biocomposite using sepiolite nanoclay. These nanoclays improved the dynamic mechanical and water uptake properties of TPS nano-biocomposites. In another research study, the same group prepared a nano-biocomposite by inclusion of halloysite clay nanotubes (HNTs) in the TPS phase. The addition of 5 wt% of HNTs had a notable effect on both tensile strength and Young’s modulus. Furthermore, the formulation and characterization of TPS loaded with cellulosic fibers has been studied [22,23,24,25] and most authors have found marked improvements in the properties (tensile and impact resistance test) of TPS products. Curvelo et al. [25] used short cellulosic fibers from Eucalyptus pulp as reinforcement for thermoplastic starch. The TPS composite showed an increase in 100% in tensile strength and more than 50% in modulus with respect to non-reinforced thermoplastic starch.



Despite these efforts, the performance of TPS-based materials remains poor and requires further optimization for the design of high-performance biocomposite materials. However, the development of starch-based materials often comes up against the difficulty of effectively dispersing the various constituents of a multiphase system. This situation corresponds to powerful differences in density between the two constituents and the thermal and rheological properties of starch. To overcome these problems, devices other than conventional mixers (single-screw or twin-screw extruders) have recently been described in the literature [26,27]. Their principle favors elongational flow and strongly contributes to increasing the efficiency of the dispersion mechanisms.



This study describes the development of biocomposites based on starch and lignocellulosic aggregates using a new RMX mixer (Elongational flow Reactor and MiXer, SCAMEX, France, Crosne). This device is based on an original concept consisting of mixing the material continuously in a very tight system. Compared with existing laboratory mixers, the flow in the mixture is characterized by a strong contribution from the elongated flows and the ability to directly measure the evolution of the rheological properties of the mixtures. First of all, an understanding of the intrinsic properties of natural flax shives in terms of morphological and biochemical character was necessary. After that, the impact of the process parameters (temperature and screw speed) on the processability of the different formulations were examined.



Then, we developed different biocomposite TPS/flax shives mixtures and examined the evolution of their physico-chemical, rheological, and thermomechanical properties.




2. Materials and Methods


Wheat starch was supplied by Roquette (France, Lestrem). In terms of mass composition and depending on the supplier, starch consists of 25% amylose, 74.8% amylopectin, and 0.2% protein.



Glycerol (>98% purity—Sigma-Aldrich), was also used as a plasticizer. It is incorporated up to 20% by mass in all the formulations. Several authors have shown that 20% glycerol is the optimal level that can act as a plasticizer in starch [28,29,30].



Linseed shives supplied by Terre de Lin (France, Saint Pierre Le Viger) were also used for the formulation of biocomposite mixtures. These vegetable reinforcements (Figure 1) were ground (RETSH SM100 device, 4 mm grid) and sieved (RETSH, sieve diameter 0.7 and 1 mm) to obtain very homogeneous fractions (diameter between 0.7 and 1 mm).



2.1. Description of the Reactor-MiXer (RMX) Process


The RMX process, developed by the company Scamex, is an original concept for mixing multiphase products. This device can also promote chemical reactions evolving towards high viscosities, including the presence of very volatile reagents, and therefore operate as a polymerization reactor. Its principle (Figure 2) is based on alternating flow of liquids, mixed through a static mixing element [31]. As shown in Figure 2, a mixing unit consists of an extrusion screw (L/d = 300/20), two cylindrical chambers (Φ = 32 mm) separated by the static mixing element (L = 20 mm, Φ = 3 mm). Two pistons push (hydraulically) the material alternately from chamber to chamber through the mixing element. The operating conditions are then defined by the number of cycles (piston back and forth), the pressure exerted by the pistons on the material in the chambers, and the diameter of the material outlet.




2.2. Preparation of Plasticized Starch/Flax Shives Mixtures


First, the starch is plasticized with glycerol (20% by mass) using a turbo-mixer at room temperature. The starch/glycerol mixture is stirred at high speed (1000 rpm) to obtain a homogeneous dispersion. At the end of this step, the resulting mixture is heated up to 170 °C for 45 min to facilitate the diffusion of glycerol into the starch granules and improve its plasticization. Secondly, the plasticized starch is extruded (100 °C at 50 rpm) through a single screw extruder (L/D = 250/32) and granulated. In a third step, the plasticized starch granules are mixed with different fractions of flax shives (10, 15, 20 and 30%) in the RMX mixer (cycle number = 5 and piston speed = 50%). The extrudate obtained is molded directly and thermo-compressed in a hot plate press (200 bars, at 100 °C for 10 min).




2.3. Scanning Elecron Microscopy


SEM analysis was performed with a JEOL-JSM100 Scanning Electron Microscope. The tests were conducted under 15 kV with magnification ranging from ×37 to ×200. No coating was applied to either material. Three specimens, placed on a carbon adhesive tape, were analyzed.




2.4. Chemical Composition


Chemical composition of flax shives, content of ash, lignin, cellulose, hemicellulose, and soluble compounds in neutral detergent was determined following the Van Soest method [27] employing an adapted machine (FibertcTR 8000, Foss). To carry out this measurement all samples were previously dried until constant weight at 40 °C using an oven (Memmert, Germany). All measurements were carried out at least in triplicate.




2.5. X-ray Diffraction Analysis


The analyses were carried out at the SMS Laboratory (University of Rouen) using a D8 diffractometer from Bruker (Germany), equipped with a monochromatic radiation source (λ = 1.541 Å). The experiments were carried out over an angular range 2q from 10° to 50°, in steps of 0.05° with a scanning speed of 0.5°/s. Two specimens were tested for each type of material.




2.6. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) consists of measuring the variation in the mass of a sample as a function of temperature. The measurements were carried out on a NETZCH TG209 thermobalance. The samples of 10 to 15 mg were placed in an alumina crucible and the temperature varied from 25 to 800 °C at a rate of 10 °C/min, under an inert atmosphere (argon) with a start of 20 mL/min. Three specimens were tested for each type of material.




2.7. Thermomechanical Analysis


The viscoelastic properties, namely the modulus of storage, E′, the modulus of loss E″, and the mechanical loss factor tan δ = E″/E′, were characterized as a function of temperature. For this, the DMA analysis was performed with Netzsch equipment (DMA 242) at IFTS (University of Reims). Rectangular specimens (60 × 10 × 4 mm3) were fixed on a Dual cantilever assembly. The temperature of the analysis varied from 25 to 110 °C, at a heating rate of 3 °C/min. The amplitude and frequency were set at 7.5 and 1 Hz, respectively. Three specimens were tested for each type of material.





3. Results and Discussion


3.1. Morphological Aspect of Flax Shives


From a microstructural scale, flax shives show a cellular structure with a diameter ranging from 10 to 28 µm as shown by MEB analysis (Figure 3). From a macro scale, samples show a regular size distrubution ranging from 0.8 to 1mm, according to the particle size analyzer (not presented here).



In terms of chemical composition, Table 1 presents the chemical composition of flax shive particles, which is quite similar to reported results in literature [32,33]. We notice mainly the presence of cellulose, lignin, hemicellulose, soluble, and ash fractions.



Furthermore, we pushed the chemical study to an Infrared analysis (FTIR) in order to identifiy the different chemical links. From the FTIR spectrogram (Figure 4), we observe:




	-

	
The peak at 3347 cm−1 corresponds to the O-H group whose characteristic vibration is the elongation of the hydrogen bond of the hydroxyl group in polysaccharides;




	-

	
The peaks at (2917 cm−1, 2850 cm−1) are suitable for the C-H bond in the characteristic vibration is the elongation of CH and CH2 in cellulose and hemicellulose;




	-

	
A low intensity peak at around 1500 cm−1 is associated with the C=C bond which corresponds to the elongation of the aromatic ring in lignin;




	-

	
The peak around 1240 cm−1 is due to the stretching vibration of the C-O bonds of the acetyl group in the lignin. The intense peak at 1033 cm−1 can be attributed to the elongation vibration C-O and O-H which belong to polysaccharide in cellulose.










3.2. Processability of Starch-Based Mixtures in RMX


The TPS/flax shive biocomposite blends were prepared by RMX and several parameters, including temperature and extrusion screw speed, were optimized to facilitate the processability of starch products. For this, the pressure of the hydraulic pump and the speed of the extrusion screw were kept at 100% and 50% of their maximum power, respectively.



For temperatures ranging from 100 to 130 °C, it has been found to be almost impossible to entrain material through the extrusion screw into the mixing chamber. Under these conditions, the TPS granules remain almost intact, and no sign of material softening is observed (the granules become stuck in the feed zone). Beyond 135 °C, the material begins, very slowly, to soften and it shows good processability at 145 °C (fusion zone and compression zone). At this temperature, the TPS obtained appears very clear and transparent (Figure 5a). Above 145 °C, TPS shows good processability and becomes increasingly brownish, a sign of thermal degradation of the starch (Figure 5b).



Regarding the speed of the extrusion screw (Table 2), the speed range was varied from 50 to 100%. It should be mentioned that for a speed lower than 50%, the torque supplied does not allow material to be driven, whereas, for a speed of 50 to 80%, the material is driven to the mixing chamber without any particular problem. Above 80%, the drive torque reaches its operating threshold and causes the RMX stop.



In conclusion, and for the rest of our work, we chose to use an extrusion screw speed set at 50% and a temperature of 145 °C, for the formulation of starch-based mixtures.




3.3. Evolution of the Rheology of Bio-Based Mixtures


The rheological properties of starch-based mixtures are greatly influenced by several factors (temperature, humidity, shear rate, etc.). Using the RMX Reactor-Mixer, it is possible to measure the apparent viscosity of molten mixtures. Indeed, from the measured pressures and the flow rate of the material, it is possible to measure:


The apparent viscosity ηapp = τapp/γapp,










The shear rate γapp = 4 Q/πr3










The shear stress: τapp = r ДP/2L








where Q is the volume flow rate of the material, P the pressure variation between the two mixing compartments, L the length of the mixing element, and r the radius of the mixing element.



3.3.1. Effect of Cycle Number


Figure 6 shows the variation in the apparent viscosity of plasticized starch as a function of the number of mixing cycles. It should be mentioned that the measurement of this characteristic was carried out at 145 °C while keeping the other parameters constant: pump pressure = 100%, screw extrusion speed = 50%, piston speed = 20 mm/s.



From this graph we observe that after the first two cycles, the apparent viscosity of the TPS is very high. Beyond two mixing cycles, the apparent viscosity tends to gradually decrease, and the mixture becomes more fluid and homogeneous. These observations are all the more confirmed when the flax shives are added in different proportions (10 to 40%). The higher the fiber content, the greater the viscosity. It is also noted that the more the number of mixing cycles increases, the more the viscosity tends to decrease and stabilize after six mixing cycles. This tendency is probably due to a reorganization of the macromolecular chains in situ, generated by the elongational shear and which would also lead to better dispersion of the flax byproducts.




3.3.2. Effect of Shear Rate


Figure 7 shows the effect of shear rate on the viscosity of starch-based blends. Note that at low speed (<40%) the mixtures are very viscous. The higher the content of flax byproducts, the higher the viscosity [4]. Beyond 40%, the viscosity of the mixtures decreases considerably, which reflects good homogeneity, better dispersion of flax shives and probably good reorientation of the macromolecular chains. However, the addition of flax byproducts gradually results in a considerable increase in the viscosity of the blends. This is mainly due to the restriction of the mobility of the TPS channels.



We also note that above 40% speed, the viscosity tends to drop very quickly up to 15% flax and very slowly for 20% and 30% flax. This difference in flow properties is strongly dependent on the state of dispersion of the flax shives and obviously, increasing the aggregate content limits the mobility of macromolecular chains and decreases the free volume, which explains the result. In order to properly homogenize the mixtures, it would be wise to act on the number of mixing cycles to homogenize the mixtures and ensure good dispersion of the plant additives while ensuring the non-degradation of the polymer. Indeed, we noticed that a partial degradation of the mixture can take place mainly at high mixing cycles (from 12 cycles).



From these findings, we decided to use an extrusion screw speed set at 50% and a cycle number set at five for the formulation of starch-based mixtures.





3.4. Evolution of the Microstructure of Biobased Mixtures


Figure 8 shows the XRD spectrum of native starch and plasticized starch. For native starch, we note that the main diffraction peaks appear at different positions (2θ = 15.2°, 17.2°, 18.1°, 20.1°, and 23.1°). Therefore, and according to Kawabata [18], we can deduce that the native starch has a type A crystal structure. This result seems quite logical since it is a starch of the cereal type. For the TPS, it can also be observed that, under the combined action of the thermomechanical treatment and the plasticizer, the profile of the diffractogram is completely different from that obtained for the native starch. We mainly note the appearance of new diffraction peaks, (2θ = 7°, 12°, 13.5°, and 18.5°) and consequently, an evolution of the type A crystal structure for native starch to an Eh/Vh type structure for plasticized starch. This confirms that the destructuring of the starch took place due to the strong shear exerted by the pistons of the RMX on the material. It should be noted that the Eh structure is slightly stable and is likely to evolve over time to transform into a type Vh structure [27].



However, the addition of flax fibers, especially in high proportions, seems to affect the microstructure of the plasticized starch (Figure 9). Indeed, it seems that the intensity of the peaks (2θ = 15.2°, 17.2°, 18.1°, and 20.1°) tends to increase. These variations may be indicative of a change in the crystalline microstructure of plasticized starch-based biocomposites. Similar observations have been reported for plasticized starch based on cellulose fibers [18] and based on jute and kapok fibers [20] and the crystallinity of these mixtures markedly increased. However, for TPS-10Flax, the DRX spectrum appears to be unchanged and hence the crystallinity of the plasticized starch as well.




3.5. Evaluation of Thermogravimetric Properties


Figure 10 shows the mass change profile of native starch and plasticized starch. We can clearly identify two phases of mass loss. The first phase is attributed to the evaporation of water and glycerol [18,19] which starts from 100 °C. In this phase, the percentage of mass loss is 11% and depends, generally, on the moisture content present in the samples. The second phase of mass loss represents the thermal decomposition of starch, which begins at around Tonset = 240 °C before being fully decomposed at 300 °C. From these thermograms, it appears that the mixing process (RMX) has no direct effect on the degradation temperature of the plasticized starch.



For biocomposite materials and more particularly those with low proportions of flax (10 and 15%), the profile of the mass loss thermograms (Figure 11) is similar to that obtained for the TPS and the decomposition temperature remains almost unchanged. On the other hand, at high proportions of flax (20 and 30%), there is a slight increase in the decomposition temperature (inflection point) of the plasticized starch/linseed shives mixtures and consequently the thermal stability of the biocomposite TPS/flax shives is improved. This result can be explained by the presence of lignin which is characterized by excellent thermal properties (lignin degradation temperature of around 450 °C).




3.6. Assessment of Viscoelastic Properties


Thermomechanical analysis is widely used to determine the variation in mechanical properties with temperature. The elastic modulus E′ is representative of the stiffness of materials and the tan δ factor provides us information on the relaxations of the polymer [34].



Figure 12 shows the variation in the storage modulus (E′) of plasticized starch (TPS) and TPS/flax shives as a function of temperature. On this graph, there are three zones: glassy zone (20 to 45 °C), glass transition zone (40 to 80 °C), and the rubbery zone (above 80 °C). Note that the storage modulus (E′) of TPS gradually decreases with increasing temperature. However, the addition of flax shives contributes to improving the viscoelastic behavior in the glassy domain; therefore, the stiffness of the biocomposite mixtures is higher than that of TPS. The positive effect of flax shives is clearly identified in the vitreous region (20 to 80 °C). Above 80 °C, the contribution of flax shives is less visible and the storage modulus (E′) of the biocomposites are greatly influenced by the softening of the polymer.



We also note, for the TPS, a main relaxation at T = 82 °C which corresponds to the glass transition temperature (Figure 13). Similar observations have also been reported [35,36,37]. However, the addition of flax shives causes a decrease in the intensity of the tan δ peak and a very slight shift of the glass transition temperature towards higher values. This is even more observed with high proportions of flax shives (30%).



These observations can be explained by the reduction in polymer chain mobility caused by the intermolecular interactions between flax aggregates and TPS. Indeed, these interactions can be explained by a nucleating effect which promotes the rapid crystallization of TPS. It can be also attributed to a slight lamellar sliding and rotation in the crystalline zone of the TPS. We note a shift in the band of the peak tan δ, at 30% flax shives, which can correspond to a lamellar movement of the crystalline zone, which is more affected by the presence of flax shives.





4. Discussion


The formulation of TPS starch filled with flax shives is mainly governed by the RMX parameters process, particularly the number of cycle mixing and internal shearing.



The apparent viscosity of molten mixtures decreased significantly as the shearing phenomenon is more pronounced. Six mixing cycles is the optimal compromise for a stable apparent viscosity. This also reflected a better homogeneity of the different fraction’s synonyms of the suitable processability of the different mixtures. The shearing rate (piston speed) significantly affected the rheological behavior. A good compromise was found at a speed rate of 50% and allows a good processability and rearrangement of the different internal fraction. We should mention that at a low or high-speed rate, we can rush the thermal degradation of TPS mixtures. As reported, TPS is very sensitive to humidity and temperature and its internal structure can weaken if the transformation conditions are not well-chosen. The addition of flax shives contributes to improving the viscoelastic behavior in the glassy domain (Tg near 90°), the biocomposites stiffness is higher in this glassy region. However, for higher temperature the softening of TPS dominated the whole viscoelastic behavior od TPS/flax mixtures and the reinforcement effect of flaw is attenuated. From a microstructural point of view, the findings show that the starch TPS exhibits crystal structures of Eh and Vh types compared with a crystal structure of type A, for native starch, which is predominantly amorphous. The evolution of starch crystallinity can come from a new macromolecular rearrangement and probably the formation of amylose and lipid complexes due to elongational flow, high shear, and the presence of flax shives which can favor the formation of crystalline spherulites at the TPS/flax shives interface. Furthermore, the thermal stability of TPS is more improved by the addition of flax shives, probably attributed to the lignin fraction present in flax shives, which has excellent thermal properties.




5. Conclusions


The objective of this study is potentially to better formulate biobased starch-based mixtures. The RMX thermomechanical mixer was used as an innovative concept which favors elongational flow. It contributes greatly to increasing the efficiency of the dispersion mechanisms of multiphase mixtures and allows the development and the direct measurement of their rheological properties. According to our methodology, a shearing rate of (50%) and cycle mixing number (6) are the suitable parameters to mix a TPS/flax mixture. The rheological and viscoelastic analysis were carried out and show a direct effect of the last parameters on the processability of these mixtures. High stiffness behavior of TPS was observed in the glassy region, as well as a good dispersion of both phase (TPS) and flax. The crystalline phase of TPS was affected according to both by RMX shearing and flax addition. Furthermore, the thermal stability of TPS was improved by the addition of flax shives. Other experiments should be performed on the mechanical performance, humidity adsorption, and biodegradability of TPS/flax-based materials.
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Figure 1. Crushed and sifted flax shives. 
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Figure 2. Shematic principle of RMX [31]. 
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Figure 3. SEM picture of flax shives showing a cellular morphology. 
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Figure 4. FTIR spectogram of flax shives coproducts. 






Figure 4. FTIR spectogram of flax shives coproducts.



[image: Jcs 06 00375 g004]







[image: Jcs 06 00375 g005 550] 





Figure 5. Visual appearance of the plasticized starch (TPS) obtained by RMX: (a) 145 °C, (b) 160 °C. 






Figure 5. Visual appearance of the plasticized starch (TPS) obtained by RMX: (a) 145 °C, (b) 160 °C.



[image: Jcs 06 00375 g005]







[image: Jcs 06 00375 g006 550] 





Figure 6. Variation in the apparent viscosity of the TPS mixtures (% percentage) flax shives as a function of the number of cycles (temperature 145 °C). 
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Figure 7. Variation in the apparent viscosity of the TPS/flax shives mixtures (% percentage) as a function of the shear rate (temperature 145 °C). 
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Figure 8. Standardized XRD spectrum of native starch and TPS plasticized starch. 
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Figure 9. Normalized DRX spectrum of TPS/(% percentage) shives of flax mixtures. 
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Figure 10. Thermogravimetry analysis (TGA) for native starch and TPS. 
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Figure 11. Thermograms (ATG) of mass loss of plasticized starch mixtures (TPS)/(% percentage) flax shives. 
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Figure 12. Evolution of the storage modulus E′ for TPS and TPS/(% percentage) shives of flax as a function of temperature. 
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Figure 13. Evolution of the tan δ factor for TPS and TPS/(% percentage) shives of flax as a function of temperature. 
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Table 1. Chemical composition of flax shives.
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	Soluble (% d. b.)
	Hemicellulose (% d.b.)
	Cellulose (% d.b.)
	Lignin (% d.b.)
	Ash (% d.b.)





	Chemical composition
	8.2 ± 1.4
	19.7 ± 1.6
	40.2 ± 1.9
	27.7 ± 2.1
	4.2 ± 0.9
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Table 2. Mixture processability parameters starch-based materials in the RMX.
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	Parameters
	Process Conditions
	Optimized Parameters





	Temperature
	>145 °C
	145 °C



	Screw speed
	50 to 80%
	50%
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