Influence of Ionic Liquids on the Morphology of Corn Flour/Polyester Mixtures
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Abbreviations:

[Amim][Cl]

1-allyl-3-methylimidazolium chloride

[Bmim][Cl]

1-butyl-3-methylimidazolium chloride

ILs


ionic liquids

NCF


native corn flour

PM1


sample composed of polyester, RF and glycerol/water

PM2


sample composed of polyester, NCF and glycerol/water

PM3


sample composed of polyester, NCF and [Bmim][Cl]

PM4


sample composed of polyester, NCF and [Amim][Cl]

RF


regenerated flour
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Abstract: Polymer mixtures based on native corn flour and synthetic biodegradable polyester were prepared in one processing step. Melt mixing was performed in a laboratory micro-compounder. Starch contained in native corn flour was plasticized either by commonly used glycerol/water mixture or by two types of ionic liquids, 1-allyl-3-methylimidazolium chloride and 1-butyl-3-methylimidazolium chloride. Efficiency of plasticizers on the compatibility of native corn flour with polyester and starch plasticizing ability was evaluated and compared. The structure of mixtures was examined using scanning electron microscopy and wide-angle X-ray scattering. It was found that the plasticizer applied has a crucial effect on the resulting morphology. Both ionic liquids show a better plasticizing effect on starch compared to the traditional glycerol/water plasticizer.
1. Introduction

Natural polymers are widely available and relatively low cost materials. Nowadays they are subjected to intensive research and development because of their potential to be a suitable alternative to synthetic polymers. Starch, a naturally occurring renewable polysaccharide, is one such representative. Corn flour belongs to the main sources of starch. It contains 6–8 % of proteins and up to 87 % of starch [1, 2] in granular structure with a crystallinity of 20–45 % [3, 4]. Since native starch has a melting temperature close to the onset temperature of its degradation (220 °C), it has to be modified in order to be melt processed as thermoplastics.

Simple mixing of the starch with an appropriate plasticizer can result in a significant decrease of the melting temperature thus transforming the starch into a moldable material [3]. The addition of water into the starch is known to have a strong plasticizing effect [5]. However, the material cannot be melt processed with other polymers having a melting temperature higher than 100 °C. For this reason, water is often combined/alternated with less volatile plasticizers, e.g. glycerol, ethylene glycol, urea and sorbitol [6].
The final properties of such systems are then significantly influenced by both the chemical nature of the plasticizer and the starch/plasticizer mixing ratio. In this respect, two main complicating phenomena have to be mentioned: (i) A high amount of plasticizer leads to a better plasticizing effect of starch, but it is often followed by a phase separation [7]. (ii) Plasticized starch has a strong tendency to recrystallize after being stored for a certain period of time; this recrystallization process, generally known as retrogradation, leads to a considerable drop in mechanical flexibility [3, 8].
. Therefore, the development of a plasticizer that creates stable hydrogen bonds with starch represents an important scientific challenge nowadays [9–11]
In this context, ionic liquids (ILs) gained interest. It was shown that poly(vinyl chloride) and poly(methyl methacrylate) can be plasticized by the use of selected ionic liquids [12, 13]. A number of ILs was proved to dissolve carbohydrates effectively [14–17]. They are a new class of solvents made entirely of ions that can be synthesized with tunable properties including non-volatility, non-flammability, low viscosity and chemical stability. Based on recent works, dissolution of starch happens much more readily in hydrophilic ILs with lower viscosity due to the higher mobility of the ions [10, 11, 18–21]. Many works reporting ILs as reaction media [18, 22–26], morphology modifiers [15] and effective plasticizers [10, 19] for various types of starches have also been published. However, the study of the ILs plasticized starch in combination with other polymers is rather scarce, although this approach can significantly broaden the starch-based material portfolio [27–30].
Although there have been some studies on starch plasticized by ILs blended with other polymers, the potential of direct mixing of all components in one processing step needs to be investigated. Additionally, the possibility of the combination of synthetic polymers with native corn flour without prior treatment should be proved. In the present study, corn flour was plasticized by various types of plasticizers including two ILs 1-allyl-3-methylimidazolium chloride [Amim][Cl] and 1-butyl-3-methylimidazolium chloride [Bmim][Cl], water and glycerol. Those components were melt-mixed with polyester that was chosen with respect to its biodegradable nature and suitable thermal properties. The structure of prepared polymer mixtures was studied via scanning electron microscopy and X-ray diffraction. Based on the results, the efficiency of plasticizing agents was evaluated.
2. Materials and Methods
Materials

Biodegradable polyester Ecoflex® (BASF, Germany) was chosen for the preparation of starch-based polymer mixtures. Native corn flour (NCF) with an equilibrium humidity of 9 % and a starch content of 82 % in dry material was supplied by Limagrain Céréales Ingrédients, (France). As minor components, proteins (6 %) and lipids (3 %) are present in the flour.
Plasticizers used were a common glycerol/deionized water mixture (glycerol was provided by Limagrain Céréales Ingrédients, (France), with a guaranteed purity of 99.5 %) and two type of ILs ([Amim][Cl] and [Bmim][Cl] obtained from Solvionic, (France), with a stated purity of 98 %). Their chemical structures are depicted in Figure 1. Despite its unsaturated chemical structure, [Amim][Cl] exhibits good thermal stability with onset decomposition temperature of 273 °C and a relatively low melting temperature of 17 °C. In comparison with [Amim][Cl],  [Bmim][Cl] is characterized by a slightly lower decomposition and higher melting temperatures of  254 °C and 65 °C, respectively [31].
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Figure 1. Chemical structure of [Bmim][Cl] (left) and [Amim][Cl] (right).
Regeneration of Flour 
The regeneration of NCF was carried out in the [Bmim][Cl] with a weight ratio of 1:1 (NCF/[Bmim][Cl]). NCF was dispersed in [Bmim][Cl] and heated up to a temperature of 100 °C. The mixture was treated at this temperature for 4 hours without stirring. Then, the mixture was cooled down to room temperature, stirred in ethanol for 3 days and ground to fine powder. A white precipitate of regenerated flour (RF) was filtered, washed with ethanol, and dried to a constant weight under vacuum at 40 °C.
This RF was then mixed with a polyester matrix to evaluate the effect of the regeneration process on the plasticizing ability of starch and phase structure of polymer mixtures.
Polymer Mixture Preparation
Polyester pellets were melt-mixed with various amounts of additives, according to the formulation in Table 1. The same ratio between the total amount of plasticizer and NCF was kept in all samples. The melt-mixing process was performed via HAAKE MiniLab II micro-compounder (Thermo Scientific, Germany) at 140 °C and 100 rpm over a period of 5 mins. (including 2 mins. of material feeding into the device). At the end, the bypass valve was opened and the sample was extruded as a strand.
Table 1. Composition of prepared polymer mixtures.
	Composite

Label
	Mixing Ratio

	
	Ecoflex®
	NCF
	RF
	Water
	Glycerol
	[Bmim][Cl]
	[Amim][Cl]

	C1
	65
	
	25
	4
	6
	-
	-

	C2
	65
	25
	-
	4
	6
	-
	-

	C3
	65
	25
	-
	-
	-
	10
	-

	C4
	65
	25
	-
	-
	-
	-
	10


Scanning Electron Microscopy

A Zeiss SUPRA 55VP scanning electron microscope (Germany) was used to provide images of both the cross-section morphology of the prepared polymer mixtures and the pristine powders (NCF and RF). Samples were broken in liquid nitrogen and sputter coated with gold prior to the scanning electron microscopy (SEM) experiments. Imaging was carried out at an accelerating voltage of 5.0 kV.

Nuclear Magnetic Resonance
In order to follow any eventual changes in the primary structure of the starch, nuclear magnetic resonance (NMR) was employed and 1H NMR spectra of NCF and RF were measured and compared. Spectra were recorded in Fourier Transform mode with Bruker Avance 400 spectrometer, using DMSO-d6 as a solvent. The solvent signal was used as a reference. Data are reported as chemical shifts (δ) in parts per million (ppm). The signal at δ = 2.50 ppm is assigned to DMSO and at δ = 3.35 ppm to water (H2O+HOD).

Wide-Angle X-Ray Scattering

Wide-angle X-ray scattering was applied in order to determine the changes in crystallinity of starch during the mixing process. For the characterization of starch present in the polymer mixtures, the polyester phase was extracted by chloroform via Soxhlet extraction, since polyester has its reflection peaks (2θ = 17.6°, 20.5°, 23.2°, 24.8°) in the same range as starch. It was verified that this treatment does not affect the crystallinity. Isolated starch was dried under vacuum at room temperature.

Scanning was performed in reflection mode using a Philips X'Pert Pro Diffractometer (PANanalytical, Netherlands), operating with Cu-Kα monochromatic radiation. Radial scans of intensity vs. diffraction angle 2θ were recorded in the range of 5–35º by steps of 0.05º and with a step scan interval of 50 s at room temperature.

3. Results and Discussion

The compatibility of starch with the polyester used and the resulting structure of the mixtures are influenced significantly by the initial morphology of flour grains. Therefore, the structure of NCF was compared with the flour that was regenerated from the NCF/[Bmim][Cl] mixture. As evident in Figure 2, the regeneration process of NCF clearly altered the grain structure. While the NCF powder consists mainly of smooth grains, RF powder shows a more complex shape with a much higher specific surface. This change in the microstructure of the grains would indicate that some of the native minor components of corn flour (e.g. proteins and lipids) were selectively removed by the process of dissolution in [Bmim][Cl]. During the mixing process the particles with this morphology are in contact with the polyester phase and other additives with a larger surface area that enables more effective absorption of plasticizers and improves the plasticization process of starch.
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Figure 2. SEM pictures of NCF powder (left) and RF powder (right).
A comparison of the NMR spectra of NCF and RF is shown in Figure 3. As can be seen, the regeneration of the NCF did not lead to modification of the primary structure of the starch. Nevertheless, the treatment with [Bmim][Cl] caused a removal of proteins and lipids from the NCF. Proteins dissolve well in [Bmim][Cl] [18]; and consequently their signals at δ = 2–3 ppm completely disappeared. The content of lipids decreased to about 30% of the original content as it is seen from their signals at δ ≈ 1 ppm. Also, the traces (≈ 1%) of [Bmim][Cl] are visible in the spectrum. It indicates that the solubility of native components of corn flour differs significantly in the [Bmim][Cl] and overall composition of RF differs from NCF, as a consequence of the regeneration process.
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Figure 3. 1H NMR spectra of NCF and RF in DMSO-d6.
Figure 4 shows the morphology of the cross-section area of prepared polymer mixtures. In the upper part, the micrographs depict samples containing a glycerol/water mixture as a plasticizer. By comparing their structure, the influence of the regeneration process on the phase behavior of polymer mixtures can be assessed. Obviously, in the case of sample PM1 a rather co-continuous structure can be distinguished. The evidence of the co-continuous structure of the sample was proven experimentally by selective dissolution of RF in water. After a 1-hour treatment in boiling water, the structure of the PM1 sample changed from compact to spongy, consisting of a water-insoluble polyester. The co-continuous phase structure reflects good plasticization process of starch, which is an essential prerequisite for effective phase synergism and desirable final properties of the material. However, the cross-section area has a porous appearance, which is probably caused by the evaporation of water upon processing. This fact excludes the utilization of a glycerol/water mixture as a plasticizer in the melt processing of a starch/polyester mixture in one step.

In sample PM2 the glycerol/water plasticizer was not efficient, since the micrograph displays a coarse grainy structure with a non-uniform size distribution of the original starch granules (ranging from approx. 8 to 17 µm) and poor phase adhesion between starch and polyester.

The bottom part of Figure 4 depicts the structure of polymer mixtures containing ILs as plasticizers. The strong ability of ILs to interact with starch molecules after pre-mixing and several hours of temperature treatment prior to the thermoplastic processing was already described [27]. However, the direct melt processing of all components has not been tested yet. From figure 4 it is evident that, selected processing conditions (mixing time and temperature) were sufficient to achieve a relatively homogeneous structure with both the ILs, the original grain structure of the NCF entirely disappeared. During the mixing process ILs weaken the inter- and intra-molecular hydrogen bonds of starch that leads to the disintegration of starch grains into a finer phase structure. In this respect, the most promising results were observed in the case of the PM3 sample containing the [Bmim][Cl] as a plasticizer. In the polymer mixture PM4 with [Amim][Cl] a slight coarsening of the structure is observed.

[image: image4]
Figure 4. Fracture surface of the polymer mixtures.

A comparison of X-ray diffraction patterns of pristine NCF and RF is shown in Figure 5. The successful regeneration of NCF was confirmed by the significant changes in the crystalline form and crystallinity of the RF powder. Generally, the starch can crystallize into several crystalline structures. Native A-, B-, C-type of the crystalline phase and several processing-induced V-type structures have been already reported [3, 32, 33]. Native A- and B- crystal lattices consist of double, six-folded helices. The C-type is thought to be an intermediate structure of A- and B-type. Compared to the double helical A- and B- type lattice, the processing-induced V-type lattices have a relatively large cavity with a different packing mode of the single helices in the unit cell and various content of water [32]. In Figure 5, reflections at 2Ɵ = 14.8°, 16.6°, 17.7°, 22.6° and 26.3° can be seen in a diffractogram of NCF, which is evidence of the presence of a native A-type of crystalline phase [34]. During the regeneration process, the A-type of crystalline modification was transformed into the V-type lattice (reflections at 2Ɵ = 13.5° and 20° in RF diffractogram) and overall crystallinity generally decreased. However, a certain V-type of crystalline modification cannot be unambiguously ascribed, since the measured reflections lie in the area where both anhydrous Va structure and hydrated Vh lattice possess their diffraction maxima [32].
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Figure 5. X-ray powder diffraction of NCF and RF powders.

The X-ray patterns of starch samples extracted from polyester mixtures were compared and evaluated. As can be seen in Figure 6, the individual spectra of all samples significantly differ. This fact confirms that, not only processing, but also the certain type of plasticizer used has an essential influence on the development of starch crystalline structure in the polymer mixture. 
The A-type crystal structure of starch was found in PM2 (reflections at 2Ɵ = 17.7° and 22.6°) sample, accompanied by a processing-induced crystalline structure Va (reflection at 2Ɵ = 20.9°). The coexistence of both native and processing-induced types of crystalline structures indicates that utilization of glycerol/water plasticizer does not lead to an extensive transformation of the native structure during the melt-mixing process under the conditions used. The most pronounced crystalline structure modification (from the native double helical A-type to single helical V- type) can be observed in the samples PM1 and PM3. In the case of PM1, the transformation is a consequence of the regeneration process of corn flour, which preceded the melt mixing with polyester, as manifested by similar diffractograms of RF and PM1. While in the case of PM1 only Va modification was observed (reflections at 2Ɵ = 13.6° and 20.9°), in sample PM3 Vh crystalline lattice (reflections at 2Ɵ = 12.7° and 19.8°) prevails [32]. These results confirmed the strong plasticization effect of [Bmim][Cl] on starch, as was already published [10]. A similar ability to transform the starch supermolecular structure was proven with [Amim][Cl] in the sample PM4. On the bases of obtained data this sample shows a presence of both Va and Vh types of crystalline structures. It is important to note that the transformation of native crystal form to processing-induced structures of starch in corn flour was achieved in PM3 and PM4 during one-step melt-mixing with polyester. Consequently, both ionic liquids, [Bmim][Cl] and [Amim][Cl], can be pronounced as plasticizers with a very high efficiency.
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Figure 6. X-ray patterns of starch recovered from the polymer mixtures.
4. Conclusion
In this work, polyester was melt mixed with NCF and RF in order to obtain starch-based polymer mixtures in one processing step. Two types of ILs were employed as plasticizers and dispersing agents for corn flour in the polyester phase. The materials obtained were compared with mixtures containing common plasticizers (glycerol/water mixtures).
SEM analysis proved that a relatively uniform distribution of NCF and RF was achieved during the melt mixing process. The resulting phase morphology strongly depends on the plasticizer type and the structure of the initial flour used. Generally, both ILs manifest high plasticizing efficiency for NCF even without prior chemical treatment. Regarding the co-continuity of phase morphology, promising results were observed in mixtures based on flour regenerated by [Bmim][Cl].

Wide-angle X-ray scattering revealed that [Bmim][Cl] treatment of NCF prior to processing leads to significant changes in crystallinity and crystalline modification. The crystalline structure of the starch in the polymer mixtures differs depending on the plasticizer and crystalline structure of initial flour. However, the most pronounced crystalline structure modification was achieved by utilization of [Bmim][Cl] as a plasticizer.
For the further study in this field, it will be important to succeed in a scale-up of the processing; it has been demonstrated that the processing is a crucial step in the phase morphology development. Therefore a study of the processing in a laboratory mixer with a total volume of 50 cm3 and larger is needed and will follow the present study. This approach will allow prediction of the processing behavior of prepared materials in a pilot-plant scale. At the same time, the evaluation of the mechanical properties of prepared mixtures is worth performing.
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Figure Legends
Figure 1. Chemical structure of [Bmim][Cl] (left) and [Amim][Cl] (right).
Figure 2. SEM pictures of NCF powder (left) and RF powder (right).

Figure 3. 1H NMR spectra of NCF and RF in DMSO-d6.

Figure 4. Fracture surface of the polymer mixtures.

Figure 5. X-ray powder diffraction of NCF and RF powders.

Figure 6. X-ray patterns of starch recovered from the polymer mixtures.
Table 1. Composition of prepared polymer mixtures.

	Mixture

Label
	Mixing Ratio (wt. %)

	
	Polyester
	NCF
	RF
	Water
	Glycerol
	[Bmim][Cl]
	[Amim][Cl]

	PM1
	65
	
	25
	4
	6
	-
	-

	PM2
	65
	25
	-
	4
	6
	-
	-

	PM3
	65
	25
	-
	-
	-
	10
	-

	PM4
	65
	25
	-
	-
	-
	-
	10


10
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