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Biodegradable thermoplastic starch (TPS) composites with isometric titanium dioxide nanoparticles (TiO2; diameter ~100 nm) and elongated titanate nanotubes (TiNT; diameter ~20 nm and aspect ratio >50) were prepared from wheat and tapioca starch. The preparation was based on our recently developed two-step procedure consisting of the solution casting (SC) followed by the melt mixing (MM), which had been shown to yield highly homogeneous TPS in our previous study. In this work we demonstrated that the type of the TPS matrix and the type of the filler had significant impact on the morphology and the properties of the final composites. Multiple microscopic techniques (LM, SEM, and TEM) evidenced that the TPS/TiO2 composites exhibited a very homogeneous dispersion of the filler, while the TPS/TiNT composites contained micrometer-size agglomerates of TiNT. Moreover, all composites with the wheat starch matrix [TPS(w)] showed a higher filler agglomeration than the corresponding composites with the tapioca starch matrix [TPS(t)]. Rheological experiments showed that the TiO2 and TiNT fillers had quite small impact on the viscosity of the TPS(w) matrix, probably due to slightly higher agglomeration, poorer dispersion, and weaker matrix-particle interactions. On the other hand, the TPS(t) matrix was influenced by both fillers significantly: the TiO2 nanoparticles with almost ideal dispersion formed a physical network in the TPS(t) matrix, which significantly increased the viscosity of the composite, whereas the TiNT nanotubes seemed to destruct the TPS(t) matrix partially, resulting in decreased viscosity of the composite. DMTA results confirmed the rheological measurements: Storage moduli (G') showed that TPS(t) and its composites with TiO2 were stiffer than the corresponding TPS(w) samples, while the TPS(t)/TiNT composites were less stiff than TPS(w)/TiNT. Also loss moduli (G“) confirmed the difference between tapioca starch and wheat starch composites, which differed by their glass transition temperatures [Tg of TPS(w) < Tg of TPS(t)]. The rheological and DMTA results were supplemented and supported by IR, XRD, and TGA measurements.
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INTRODUCTION

Starch is one of the cheapest and the most abundant natural polymers. On this account, starch-based materials are employed in many applications, for example, in household, agriculture, textile, pharmacy, or medicine (Bertolini, 2010; Sarka et al., 2011, 2012; Saiah et al., 2012; Xie et al., 2013; Ghavimi et al., 2015; Campos-Requena et al., 2017; Javanbakht and Namazi, 2017; Kuswandi, 2017; Liu et al., 2017a,b). However, the biggest drawback of native granular starch is processing. The semicrystalline granular starch itself decomposes before melting when processed in classic devices (Biliaderis, 2009). In most applications, the semicrystalline granular starch is transformed into an almost amorphous thermoplastic starch (TPS) matrix by addition of low molecular weight compounds such as water, glycerol, citric acid etc. (Biliaderis, 2009; Bertolini, 2010; Visakh et al., 2012). The starch plasticization is influenced by many factors, mostly: the starch source (wheat, tapioca, corn etc.; Ao and Jane, 2007; Biliaderis, 2009; Bertolini, 2010; Liu et al., 2010), the plasticizer type and amount (Dai et al., 2008; Pushpadass et al., 2008), and the plasticization method and conditions (Altskar et al., 2008; Liu et al., 2013; Xie et al., 2013).

The botanic origin of starch determines the size and shape of starch granules as well as the range of the amylose/amylopectin content (Ao and Jane, 2007; Jane, 2009; Perez et al., 2009; Bertolini, 2010; Liu et al., 2010). In this work we selected two widely used types of starch: wheat starch from the grains of triticum aestivum (common wheat) and tapioca starch from the roots of manihot esculenta (aka cassava, manioc). Wheat starch has two types of the granules with the sizes ranging from 1 to 45 μm: A-granules (a lenticular shape, large: mean diameter 15 μm) and B-granules (a spherical shape, small: mean diameter 4 μm), and it is normally composed of 75% of amylopectin and 25% of amylose (Maningat et al., 2009). It tends to form an opaque and non-cohesive paste, with a medium resistance to shear and a high retrogradation (Biliaderis, 2009; Bertolini, 2010). Tapioca starch has the granules from 4 to 35 μm which are smooth and irregular spheres, and it is composed of amylopectin containing 17–20% amylose with a higher molecular weight than other types of starch (Breuninger et al., 2009). It forms a transparent and cohesive gel, with a low resistance to shear and a lower retrogradation (Biliaderis, 2009; Bertolini, 2010; Zhu, 2015). As just described, the wheat and tapioca starches vary not only in the size and the shape of their granules, but also in the chemical composition (the amylose/amylopectin ratio; the molecular weight of amylose), which results in the different behavior and properties of final thermoplastic starches.

Many researchers recently studied the properties of wheat thermoplastic starch (Sarka et al., 2011; Kelnar et al., 2013; Mahieu et al., 2015; Schmitt et al., 2015; Song et al., 2018) as well as tapioca thermoplastic starch (Chang et al., 2006; Garcia et al., 2009; Teixeira et al., 2009, 2012; Ajiya et al., 2017; Bergel et al., 2017; Campos et al., 2017, 2018; Gonzalez-Seligra et al., 2017; Guz et al., 2017; Kargarzadeh et al., 2017; Lopez-Cordoba et al., 2017; Genovese et al., 2018; Liu et al., 2018; Valencia-Sullca et al., 2018). It is worth noting that the greatest amount of the thermoplastic starches has been prepared exclusively by a melt mixing (Teixeira et al., 2009, 2012; Sarka et al., 2011; Mahieu et al., 2015; Schmitt et al., 2015; Gonzalez-Seligra et al., 2017; Campos et al., 2018; Genovese et al., 2018; Liu et al., 2018; Song et al., 2018) or exclusively by a solution casting (Chang et al., 2006; Garcia et al., 2009; Kelnar et al., 2013; Ajiya et al., 2017; Bergel et al., 2017; Campos et al., 2017; Guz et al., 2017; Kargarzadeh et al., 2017; Lopez-Cordoba et al., 2017; Valencia-Sullca et al., 2018). Even though the TPS materials prepared by the mentioned single-method procedures were homogeneous at macroscopic level, they still contained non-fully plasticized starch granules and/or inhomogeneities at microscopic level. For example, Teixeira et al. (2012) found some partially destroyed starch granules in cassava TPS prepared by extrusion and Schmitt et al. (2015) found starch granules in continuous phase of wheat TPS prepared by extrusion as well. Gonzalez-Seligra et al. (2017) found that some of cassava TPS's prepared by an extrusion (processed at three different screw speeds) contained broken starch granules. They obtained one TPS with a homogenous surface and two TPS's with the presence of starch granules. Therefore, in our previous paper (Ostafinska et al., 2017) we developed a two-step method of the starch plasticization, consisting of a solution casting (SC), which was followed by a melt-mixing (MM). The two-step SC + MM procedure was shown to be reliable and reproducible method for preparation of homogeneous wheat TPS matrix with well-dispersed TiO2. Surprisingly, there are not so many studies dealing with TPS/TiO2 composites. Oleyaei et al. (2016a,b) and Razali et al. (2016) studied similar TPS/TiO2 systems, but with different types of starches and different plasticization procedures. Moreover, just a few of the publications compared the properties of thermoplastic obtained from different starch sources. For example, Omotoso et al. (2015) studied cassava, corn, potato, and yam TPS prepared by solution casting. Bergel et al. (2017) prepared TPS foams from potato, cassava, and corn starches by solution casting followed by compression molding. Genovese et al. (2018) prepared TPS from wheat, potato, and corn starches by melt-mixing. Song et al. (2018) and Zuo et al. (2017) studied TPS prepared by the solution casting of wheat and corn starch mixture. To the best of authors' knowledge, there are no papers concerning wheat and tapioca thermoplastic starches prepared in the same way, which would compare the properties of both types of TPS that seems to differ significantly.

Due to the above, we focused our attention on the comparison of the systems prepared by our two-step procedure (SC + MM), using two types of starches (wheat and tapioca) and two types of TiO2-based particles (isometric TiO2 nanoparticles and high aspect ratio TiNT nanotubes). Titanium-based particles were chosen for our research because they were expected to modify the properties of TPS, while maintaining or even increasing the biocompatibility of the final composites. The TiX-particles were shown to be compatible with both soft tissues and bone cells (Webster et al., 2000; Sengottuvelan et al., 2017). The TPS/TiX composites with tunable properties could be suitable for broader range of medical applications. The morphology, structure, rheology, and thermomechanical properties of wheat and tapioca TPS/TiX composites were studied in order to: (i) verify if SC + MM is the universal method of TPS starch preparation, which yields homogeneous dispersion of filler regardless of source starch type; (ii) to find possible differences among TPS composites prepared by SC + MM method from different starch types; and (iii) to assess if SC + MM method yields homogeneous dispersion of the filler also at increased concentrations (up to 6 wt.%).



MATERIALS AND METHODS


Materials

Wheat (w; A-granules) and tapioca (t) starches were supplied by Škrobárny Pelhrimov, a.s., Czech Republic. Glycerol anhydrous (G; min. 99%) and sodium bromide (reagent grade) were obtained from Lachner, Czech Republic. Commercial titanium dioxide (TiO2; anatase, particle size 50–200 nm) was delivered by Sigma-Aldrich, USA. Titanate nanotubes (TiNT) with the low diameter (~20 nm) and the high aspect ratio (AR = length of the nanotube/diameter of the nanotube >50) were prepared by the hydrothermal synthesis from TiO2 as described in our previous work (Kralova et al., 2010).



Preparation of TPS/TiX Composites

All samples (Table 1) were prepared by our recently developed two-step method: the solution casting (SC) followed by the melt mixing (MM), according to the recipe described in our previous paper (Ostafinska et al., 2017). Briefly, we used SC with a ratio of starch/glycerol = 70/30 (wt.%) and a ratio of starch/water = 1/6 (wt.%) for all samples. In the first step, the TiX particles (TiX = either TiO2 particles or TiNT nanotubes described above in Section Materials) were dispersed in water using ultrasonic bath for 1 min and then glycerol was added and sonicated for 2 min. The pre-mixed water suspension (starch/glycerol/TiX: 30 min, room temperature) was mixed at the elevated temperature until the viscosity significantly increased (at least 10 min at temperature above 65°C) and then until the mixture became visually homogenous (when temperature increased to 60–70°C for at least 10 min, the starch gelatinized, which resulted in the disruption of the insoluble granules, loss of the molecular organization and an increase in its viscosity Bertolini, 2010). The solution was casted onto thin foils and dried at ambient temperature for 2–3 days, followed by 4 days in a desiccator with saturated solution of sodium bromide (relative humidity = RH = 57%). The dried SC samples were processed by MM as follows: they were melt-mixed (8 min, 110°C, 100 rpm) in micro-extruder (μ-processing DSM; Netherlands) and then compression molded (SC + MM samples) at 120°C (4 min, 50 kN + 2 min, 150 kN) by hydraulic press (Fontijne Grotnes, Netherlands). As the properties of TPS samples are very sensitive to the humidity, all samples were stored in a desiccator with saturated solution of sodium bromide (RH = 57%); the samples were closed in the desiccator immediately after the preparation and kept there in between all experiments.


Table 1. List of prepared TPS-based composites.
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Characterization of TPS /TiX Composites
 
Light Microscopy

The overall homogeneity of the filler dispersion at lower magnifications was checked with a light microscope Nikon Eclipse 80i (Nikon, Japan) equipped with a digital camera ProgRes CT3 (Jenoptik, Germany). Thin sections (~40 μm) were cut with a rotary microtome RM 2155 (Leica, Germany), put in oil between the support and cover glasses and observed with transmitted light using the bright field imaging.



Scanning Electron Microscopy

The morphology of the TPS matrix and the TPS/TiX composites at higher magnifications was visualized with a high resolution field-emission gun scanning electron microscope (SEM; microscope MAIA3, Tescan, Czech Republic) using a secondary electron imaging (SEM/SE) and a backscattered electron imaging (SEM/BSE) at 10 kV. The homogeneity of the TPS matrix was visualized as follows: the samples were broken in liquid nitrogen (below the glass transition temperature of TPS), the specimens were fixed on a metallic support using silver paste (Leitsilber G302, Christine Groepl, Austria), the fracture surfaces were covered with a thin Pt layer (~8 nm; vacuum sputter coater, SCD 050, Balzers, Liechtenstein) and observed with a SE detector, which yielded mostly topographic contrast. The dispersion of TiX fillers in composites was observed using BSE detector that yielded mostly material contrast. The samples for BSE imaging were covered just by thin carbon layer (~5 nm; vacuum evaporation device JEE-4C; JEOL, Japan) in order to maintain high compositional contrast between the TiX filler and the TPS matrix.



Transmission Electron Microscopy

The dispersion of the individual TiO2 nanoparticles in the TPS matrix at the highest magnifications was visualized with a transmission electron microscope (TEM; microscope Tecnai G2 Spirit, FEI, Czech Republic). The ultrathin sections were prepared by a dry cryo-ultramicrotomy (ultramicrotome Ultracut EM UC7; Leica, Austria; cutting conditions: knife temperature = −50°C, sample temperature = −80°C, and dry cutting = sections collected directly from the knife face, without using water trough, onto a standard carbon-coated TEM grids). The dried samples were observed in the TEM microscope at 120 kV using bright field imaging.



Wide-Angle X-Ray Diffraction (WAXD)

Diffraction patterns were obtained using a high resolution diffractometer Explorer (GNR Analytical Instruments, Italy). The instrument is equipped with a one-dimensional silicon strip detector Mythen 1K (Dectris, Switzerland). Samples were measured in a reflection mode. The radiation CuKα (wavelength λ = 1.54 Å) monochromatized with Ni foil (β filter) was used for diffraction. The measurement was done in range 2Θ = 10–40° with step 0.1°. The exposure time at each step was 10 s. The peak deconvolution procedure was made using Fityk software (Wojdyr, 2010).



Attenuated Total Reflectance Infrared Spectroscopy

The infrared spectra of TPS and TPS/TiX composites were acquired using a Golden Gate single reflection attenuated total reflectance cell (ATR; Specac, Ltd., Orpington, Kent, UK) using a Fourier-transform infrared spectrometer (FTIR) Thermo Nicolet Nexus 870 (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) purged with dry air. The spectrometer was equipped with a liquid nitrogen cooled MCT (mercury cadmium telluride) detector, and the ATR cell employed a diamond internal reflection element. ATR FTIR spectra were recorded with a resolution of 4 cm−1; 256 scans were averaged per spectrum. After the subtraction of the spectrum of the ambient atmosphere, the baselines were corrected (linear base-line correction) and an advanced ATR correction was applied (the correction is defined and recommended within the control FTIR software OMNIC).



Rheometry

The rheological properties of the TPS matrices and the TPS/TiX composites were studied in oscillatory shear flow using a Physica MCR 501 rheometer (Anton Paar GmbH, Austria). A special anti-slipping parallel-plate geometry of 25 mm diameter plates was used. The sample thickness was around 1 mm. The experiments were performed at 120°C in the linear viscoelastic range (LVE range), confirmed from a strain sweep tests at the frequency of 1 Hz. Dynamic frequency sweeps test were carried out over the frequency range of 10−1-102 rad/s at a strain of 0.02%.



Dynamic Mechanical Analysis

The mechanical properties of the TPS/TiX composites were tested by a dynamic-mechanical analysis (DMA). The linear viscoelastic characteristics—the absolute value of complex modulus |G*|, storage modulus G', loss modulus G”, and loss factor tan(δ)—were measured in the rectangular torsion using a Physica MCR 501 rheometer (Anton Paar GmbH, Austria). The strain amplitude sweep tests (at −90°C and + 120°C) were conducted at the frequency 1 Hz in order to determine the linear viscoelastic range of all TPS/TiX composites. The temperature sweep measurements were carried out in the temperature range −90°C to 120°C (with heating rate 3°C /min), at a strain of 0.05% (in the linear viscoelastic range), and frequency 1 Hz.



Thermal Gravimetric Analysis

The thermal gravimetric analysis (TGA) of TPS/TiX samples (4–7 mg) was performed on a Perkin Elmer Pyris 1 TGA in the temperature range from 30 to 600°C at a rate of 10°C/min. The nitrogen purge gas flow rate was fixed at 25 ml/min of nitrogen.





RESULTS AND DISCUSSION


Morphology of TPS Composites

All TPS/TiO2 and TPS/TiNT composites (Table 1) after the solution casting (SC) and its combination with the melt mixing (SC + MM) were visualized by LM (Figure 1). Lower magnification LM micrographs evidenced that the agglomerates of TiO2 particles formed after SC (Figures 1A–F) were destroyed after SC + MM (Figures 1G–L). The LM micrographs also proved that the TPS(t)/TiX composites (Figures 1D–F, J–L) had a better TiX particles dispersion than the TPS(w)/TiX composites (Figures 1A–C,G–I), both after SC and after SC + MM. Both wheat and tapioca TPS/TiNT composites contained large agglomerates of TiNT after SC and also after SC+MM, but TPS(t)/TiNT composites exhibited less coarse morphology with slightly smaller agglomerates. The large agglomerates of TiNT dominated the morphology of all TPS/TiNT composites, being clearly visible even at low-magnification LM micrographs. Therefore, a morphological study of TPS/TiNT composites at higher magnifications was not necessary. In contrast, the fine morphology of TPS/TiO2 composites was studied in more detail using SEM and TEM. Higher magnification SEM (Figure 2) micrographs showed that the TiO2 particles tended to envelope plasticized, but not-fully-merged starch granules after SC (Figures 2A,C), while the following MM step resulted in complete merging of starch granules and very homogeneous distribution of TiO2 nanoparticles (Figures 2B,D). The highest magnification TEM micrographs confirmed that tapioca TPS/TiO2 composites had better dispersion of the fillers in nanoscale (Figure 3), which was not evident from SEM micrographs due to their limited resolution (higher magnification in SEM was impossible due to electron beam damage of the specimens). All three microscopic methods indicated that: (i) the two-step preparation (SC + MM) was necessary to get fully plasticized starch with homogeneous filler dispersion, which was in agreement with our previous study (Ostafinska et al., 2017) and that (ii) the two-step SC + MM method was quite universal, applicable not only to one particular wheat starch matrix, but also to different starch types.


[image: Figure 1]
FIGURE 1. LM micrographs showing the dispersion of filler in TPS/TiX composites: (A–C) wheat starch composites after solution casting, (D–F) tapioca starch composites after solution casting, (G–I) wheat starch composites after solution casting and melt-mixing, and (J–L) tapioca starch composites after solution casting and melt mixing.



[image: Figure 2]
FIGURE 2. SEM/BSE micrographs showing TPS/TiO2(6%) composites: (A,B) wheat starch composite TPS(w)/TiO2 (6%) and (C,D) tapioca starch composite TPS(t)/TiO2 (6%); left column (A,C) shows composites after solution casting and right column (B,D) shows composites after solution casting and melt mixing.



[image: Figure 3]
FIGURE 3. TEM micrographs showing selected TPS/TiO2 (6%) composites after solution casting and melt mixing: (A) wheat starch composite TPS(w)/TiO2 (6%) and (B) tapioca starch composite TPS(t)/TiO2 (6%).




XRD and IR Characterization

The structural changes of native wheat starch during its plasticization by our two-step preparation method (SC + MM) were studied in detail in our previous paper (Ostafinska et al., 2017). The paper dealt with wheat starch composites with low filler concentrations (up to 3%). In this paper we added characterization of the composites with different TPS matrices (tapioca starch and wheat starch from a different supplier) and the higher concentration of the fillers (up to 6 wt.%).

The XRD patterns of the samples containing wheat starch are present on Figure 4A and the tapioca-based samples are shown on Figure 4B. Almost identical diffraction peaks were observed in native wheat and native tapioca starches. Those characteristic diffraction peaks of native starches (Zeng et al., 2011) disappeared in the plasticized samples, which proved the destruction of the original crystalline structure. Evidently, a retrogradation was taking place similarly to what was shown by Ostafinska et al. (2017). Two strong peaks at 2Θ = 12.9° and 19.8° were visible in the case of wheat starch [TPS(w)], indicating molecule rearrangement into VH crystal lattice (van Soest et al., 1996). For the plasticized tapioca starch [TPS(t)] both peaks were present as well, but their intensity was lower. We have not observed presence of the other two known processing-induced crystal structures of TPS (VA and EH), which were described elsewhere (van Soest et al., 1996). For the samples with TiO2, intense sharp peak at 2Θ = 25.3° corresponded to (101) diffraction of the TiO2 anatase phase. The peak height was proportional to the content of TiO2. For the samples with TiNT, no specific peaks corresponding to titanate nanotubes were detected, probably due to their low intensity; this was in agreement with analogous systems studied in our previous work (Ostafinska et al., 2017). Nevertheless, both composites with titanate nanotubes exhibited low-intensity broad residual crystallinity shoulder at 17.6°.


[image: Figure 4]
FIGURE 4. X-ray diffraction patterns of wheat (A) and tapioca (B) TPS/TiX composites.


The ATR FTIR spectra of pure plasticized wheat starch [TPS(w)] and tapioca starch [TPS(t)] were not significantly different. Similarly, the spectra of the composites with TiX did not show significant changes compared to the original pure starch. The only region indicating some structural changes of TPS matrix is shown in Figure 5. In order to emphasize the subtle changes in the spectra of the composites, we subtracted the spectrum of pure plasticized starch from the spectrum of the composite with such a subtraction factor that no counter-peaks appeared in the resulting difference spectrum (Figure 5). Relevant changes were detected in the region 1,100–950 cm−1 with bands corresponding to C-O, C-C stretching, and C-O-H bending vibrations. The bands at 1,045 and 1,000 cm−1 are assigned to crystalline and the band at 1,025 cm−1 to amorphous phase of starch. In the spectra of tapioca [TPS(t)/TiO2] composites, the decrease in band intensity at 1,045 cm−1 indicated a decrease in crystallinity and a shift of the amorphous band from 1,025 cm−1 to higher wavenumbers suggested a strong interaction of the TiO2 particles with the amorphous part of TPS(t) matrix. It can be seen in the spectra that the addition of TiNT resulted in a much stronger interaction and matrix destruction which is supported by a new band at 1,057 cm−1 and a decrease of the band around 1,080 cm−1 (C-O-H bending). On the other hand, in wheat composites [TPS(w)/TiX], the interactions between TiX fillers and the matrix were negligible. The addition of TiO2 seemed to increase the crystallinity of the composites, while TiNT had no clear effect on the composites.


[image: Figure 5]
FIGURE 5. IR spectra of plasticized tapioca and wheat starch and difference spectra of the TPS/TiX composites. From the spectra of all TPS/TiX composites, the spectra of the corresponding pure plasticized starches [TPS(t) or TPS(w)] were partially subtracted in order to emphasize difference peaks, as described in section XRD and IR characterization.




Rheological Properties

The rheological properties of the TPS/TiX composites in the oscillatory shear at 120°C are shown in Figures 6, 7. The logarithmic dependence of the complex viscosity (|η*|) on angular frequency (ω) for the wheat composites [TPS(w)/TiX] showed a linear decrease almost in the whole range 0.1–100 rad/s, whereas for the tapioca composites [TPS(t)/TiX] it showed the significant curvature down for the lowest ω (region ω = 0.1–0.4 rad/s; Figure 6). The values of the complex viscosity (|η*|) of the TPS(t)/TiO2 composites were higher in the whole range of frequencies than that of all TPS(w)/TiX composites. Influence of 3 wt.% TiX particles on the complex viscosity of wheat TPS was low, which accorded with our previous work (Ostafinska et al., 2017). The TPS(t)/TiX composites showed different rheological behavior. Firstly, the addition of TiO2 to the TPS(t) matrix increased the complex viscosity with a slight further increase for the composites with 3 and 6 wt.% of TiO2 particles. Secondly, the addition of TiNT to the TPS(t) matrix decreased the complex viscosity. This was in agreement with the LM, SEM, TEM, and IR results described above: (i) all microscopic methods confirmed the finer dispersion of the TiO2 particles in TPS(t) composites in comparison with the TPS(w) composites (Figures 1–3) and (ii) the IR spectroscopy results suggested the stronger interactions of the TiO2 particles with the TPS(t) matrix in comparison with the TPS(w) matrix (Figure 5 and its discussion in the previous section). Therefore, the very homogeneously dispersed TiO2 particles, which strongly interacted with the TPS(t) matrix, formed a relatively strong physical network and increased the |η*| values of the TPS(t)/TiO2 composites. Moreover, the IR spectra suggested that TiNT partially destroyed the internal structure of the TPS(t) matrix, which decreased the |η*| values of TPS(t)/TiNT composites. Finally, the IR spectra of TPS(w) composites indicated negligible interactions of all TiX fillers with the TPS(w) matrix, which resulted in just a small increase in the viscosity of TPS(w)/TiX composites, corresponding to the fact that we added a small amount of the hard inorganic filler into the soft polymer matrix.


[image: Figure 6]
FIGURE 6. The absolute values of complex viscosities of wheat (A) and tapioca (B) TPS/TiX composites at 120°C and strain 0.02%: the comparison of the frequency sweeps and their fitting with power-law model (dotted lines; description of the model in Ostafinska et al. (2017).



[image: Figure 7]
FIGURE 7. The values of storage modulus (G′) (A,C) and loss modulus (G″) (B,D) of wheat (A,B) and tapioca (C,D) TPS/TiX composites at 120°C and strain 0.02%.


The storage modulus (G') was larger than the loss modulus (G“) in the whole range of angular frequencies for both wheat and tapioca TPS/TiX composites (Figure 7), which is typical of crosslinked and high-molecular weight polymers. In the case of TPS(w) and TPS(w)/TiX composites, G' increased almost linearly for ω > 0.4 rad/s in logarithmic plot. In the case of the TPS(t) and TPS(t)/TiX composites, the almost-linear growth of G' started at higher frequencies [for TPS(t) at ω > 30 rad/s, for TPS(t)/TiNT at ω > 40 rad/s, and for TPS(t)/TiO2 at ω > 15 rad/s]. The curving down of the G' value with the decreasing ω is typical of non-crosslinked polymers (Mezger, 2014). Surprisingly enough, this effect was observed for the higher-viscosity TPS(t) composites and not for the lower-viscosity TPS(w) composites. The higher values of G', G”, and |G*| for TPS(t)/TiO2 composites in comparison with the TPS(t) matrix (Figures 7, 8) confirmed our assumption that the TiO2 nanoparticles in TPS(t) matrix formed a physical network due to their almost ideal dispersion. The lower values G', G“, and |G*| for TPS(t)/TiNT composites in comparison with neat TPS(t) can be explained as follows: Basic features of TPS in flow are typical of thermoplastic materials but the structure of TPS is more complex in comparison with simple polymer melts. We even detected two glass transition temperatures (see section Thermomechanical Properties below) related to the two-phase structure of TPS. Moreover, all phases of TPS have their own complex supramolecular structures due to multiple hydrogen bond-based interactions. The supramolecular structures obviously affect rheological properties (rheological response of ordered structures is similar to temporary crosslinks). The assumption that TiNT partially destroyed the original structure of TPS(t) matrix is the most probable explanation of observed decrease in viscosity and modulus. Further changes of supramolecular structure could occur due to possible TiNT-induced scissions of amylose and amylopectin chains. For all prepared composites, the G' and G” were more-or-less parallel lines and the absolute value of complex moduli |G*| (Figure 8) were almost as high as G', which was in agreement with solid-like, crosslinked structure of TPS-based materials (Mezger, 2014). It should be mentioned that the solid-like behavior of TPS and its composites is not a consequence of chemical networks but of long-living entanglements between extremely long starch chains and/or aggregates kept by non-covalent interactions. Similar behavior of TPS matrix was observed in our previous study dealing with TPS(w)/TiX composites with lower concentration of fillers (Ostafinska et al., 2017). Complex rheological behavior of TPS matrices, including two glass transition temperatures, was observed by other research groups (Viguie et al., 2007; Sessini et al., 2017, 2018); this is discussed also in the following section dealing with DMTA results. Strong hydrogen bond interactions between TPS matrix and TiO2 nanoparticles were observed also in the recent study of (Xiong et al., 2019).


[image: Figure 8]
FIGURE 8. The absolute values of complex modulus (|G*|) of wheat (A) and tapioca (B) TPS/TiX composites at 120°C and strain 0.02%.




Thermomechanical Properties

The dynamic mechanical thermal analysis (DMTA) of wheat and tapioca TPS/TiX composites was carried out in order to characterize the difference between the two starch types and the influence of the TiX particles on the phase changes of the TPS-based composites (Figure 9). The TPS(t) matrix and TPS(t)/TiO2 composites were stiffer than the corresponding TPS(w) samples [G' of TPS(t) samples > G' of TPS(w) samples]. As expected, the G'-curves of all systems decreased with the increasing temperature (Figure 9A). G' was higher than G“ for most studied systems in the whole range of temperatures, which confirmed the gel-like structure and the physical stability of all systems (Ross-Murphy, 1995). In the case of TPS(t)/TiO2 composites, the G' became equal to G” at 90°C and then G“ became slightly higher than G'. This indicated a dominating viscous behavior of TPS(t) composites at elevated temperatures. The TPS(t)/TiNT composite showed low G' in the whole range of temperatures. Moreover, the TPS(t)/TiNT composites exhibited G' = G” at 73°C. These facts supported our assumption from IR and rheological measurements (sections XRD and IR Characterization and Rheological Properties) that the original structure TPS(t) was partially destroyed due to the addition of TiNT. The loss modulus (G″) and the damping factor [tan(δ)] curves (Figures 9B,C) showed two local maxima which corresponded to the two glass transition temperatures (Tg) of TPS matrices: “glycerol-rich phase” (below 0°C) and “amylopectin-rich phase” (above 0°C) as described elsewhere (Viguie et al., 2007; Sessini et al., 2017, 2018). Figures 9B,C show that the Tg value of the “glycerol-rich phase” was the same for both tapioca and wheat TPS and their composites, whereas the Tg values of “amylopectin-rich phase” differed [Tg of TPS(w) < Tg of TPS(t)]. This was attributed to different chain domains of the high-molecular weight branched amylopectin molecules in particular starches. Namely, this indicated a decreased mobility of “starch-rich phase” in TPS(t) systems in comparison to TPS(w) (Viguie et al., 2007; Sessini et al., 2018).


[image: Figure 9]
FIGURE 9. Dynamic mechanical thermal analysis of wheat (w) and tapioca (t) TPS/TiX composites at angular frequency 1 Hz and strain 0.05%: (A) storage modulus (G′), (B) loss modulus (G″), and (C) damping factor [tan (δ)].




Thermal Stability

Figure 10 shows the thermal stability of the TPS(t) and TPS(w) composites. Table 2 summarizes selected TGA parameters. The first step of thermal degradation between 30 and 120°C was connected with the release of absorbed water. The TGA curves suggested that all systems contained similar amount of water and that they were quite stable until ~250°C. The important exception was the TPS(t)/TiNT composite, which started to degrade around 200°C. Also the TPS(w)/TiNT composite exhibited slightly lower thermal stability in comparison with the other samples. The second stage of thermal degradation was pyrolysis of starch and glycerol. The lower thermal stability of the TPS(t)/TiNT and TPS(w)/TiNT composites during the second stage of thermal degradation might indicate partial destruction of the TPS matrix structure. At temperatures above 400°C under nitrogen atmosphere, carbon black started to form. This was the reason of quite high weight residue at 500°C, which was approximately the same for all samples.


[image: Figure 10]
FIGURE 10. TGA curves of TPS/TiX composites.



Table 2. TGA Results: Weight losses and weight residue (wt.%) of starch samples during thermal degradation under nitrogen atmosphere and heating rate 10°C/min.
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CONCLUSIONS

This paper was focused on the comparison of wheat and tapioca thermoplastic starches (TPS) and their composites with TiO2-based nanoparticles (isometric TiO2 nanoparticles and high aspect ratio TiNT nanotubes). The TPS composites were prepared by our recently developed two-step method that combines a solution casting and melt-mixing (SC + MM).

Main conclusions of our study can be summarized as follows: (i) The SC + MM procedure can be considered as the universal method for preparation of TPS composites with very homogeneous dispersion of the filler, regardless of the starch source and type. (ii) The type of TPS matrix (wheat or tapioca) has a significant impact on the properties of the final composite. (iii) The isometric TiO2 nanoparticles exhibited very good filler dispersion in both TPS(w) and TPS(t) matrices, while TiNT nanotubes tended to form micrometer-sized agglomerates.

For all studied systems, the tapioca TPS [TPS(t)] composites showed somewhat better dispersion of the filler (as proved by three independent microscopic techniques—LM, SEM, and TEM), stronger interactions of the filler with the matrix (as indicated by IR) and, consequently, a higher impact of the filler on the final properties (as documented by the rheological and thermomechanical measurements). In the TPS(t)/TiO2 composites, the dominating effect was the formation of the physical network of the well-dispersed filler particles, resulting in a significant increase in the final value of the complex viscosity, |η*|. In the TPS(t)/TiNT composites, the dominating effect was the partial destruction of the TPS matrix, resulting in a decrease in |η*|. In wheat TPS [TPS(w)] composites, all matrix-filler interactions were weak and so all TPS(w)/TiO2 and TPS(w)/TiNT composites exhibited just a slight increase in |η*| due to the fact that we added a stiff inorganic filler into a soft polymer matrix. The above-described complex viscosity changes correlated with other rheological and thermomechanical properties.
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