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Abstract

:

Bio-based plasticizers derived from renewable resources represent a sustainable replacement for petrochemical-based plasticizers. Vegetable oils are widely available, non-toxic and biodegradable, resistant to evaporation, mostly colorless and stable to light and heat, and are a suitable alternative for phthalate plasticizers. Plasticized poly(lactic acid) (PLA) materials containing 5 wt%, 10 wt%, 15 wt% and 20 wt% natural castor oil (R) were prepared by melt blending to improve the ductility of PLA. Three castor oil adducts with maleic anhydride (MA), methyl nadic anhydride (methyl-5-norbornene-2,3-dicarboxylic anhydride) (NA) and hexahydro-4-methylphthalic anhydride (HA), previously synthesized, were incorporated in a concentration of 15 wt% each in PLA and compared with PLA plasticized with natural R. The physico-chemical properties of PLA/R blends were investigated by means of processability, chemical structure, surface wettability, mechanical, rheological and thermal characteristics. The addition of natural and modified R significantly improved the melt processing by decreasing the melt viscosity by ~95%, increased the surface hydrophobicity, enhanced the flexibility by ~14 times in the case of PLA/20R blend and ~11 times in the case of PLA/15R-MA blend as compared with neat PLA. The TG/DTG results showed that the natural R used up to 20 wt% could significantly improve the thermal stability of PLA, similar to the maleic anhydride-modified R. Based on the obtained results, up to 20 wt% natural R and 15 wt% MA-, HA- or NA-modified R might be used as environmentally friendly plasticizers that can improve the overall properties of PLA, depending on the intended food packaging applications.
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1. Introduction


Environmentally friendly plasticizers derived from renewable resources are considered sustainable substitutes for petrochemical-based plasticizers. The use of vegetable oils as an alternative to fossil raw materials for preparing chemical products is regarded as a modern challenge from both an environmental and economic point of view. Due to their wide availability, non-toxicity and biodegradability, resistance to evaporation, and being mostly colorless and stable to light and heat, vegetable oils are a suitable alternative for phthalate plasticizers [1,2].



Castor oil, also known as ricinum oil (R), produced by pressing from castor (Ricinus communis) beans, is a multipurpose vegetable oil used since ancient times, considered a vegetable oil due to the high amount of monounsaturated fatty acid and bioactive compounds. The fatty acid profile comprises mainly ricinoleic acid and other minor acids such as stearic, oleic, and palmitic acid. Triricinolein constitutes the predominant triglyceride component in the oil. Minor biological compounds that confer oxidation stability, anti-inflammatory, and antioxidant properties to R include carotenoid, tocopherol, tocotrienol, phospholipid, phytosterol, phytochemical, and phenolic compounds [3].



Castor oil has long been considered medicinal oil, especially for its purgative or laxative properties as a remedy for constipation [4]. Castor oil is classified as non-edible oil due to its nauseant properties [5]. Therefore, food-grade castor oil is only found in applications in the food industry in food additives, flavorings, and candy. The high value of castor oil is given by the high content of ricinoleic acid, thus finding multiple versatile application possibilities in the chemical industry. Hence, castor oil cannot compete with food sources due to its utilization as a plasticizer. Castor oil is compatible with many natural and synthetic resins, polymers, and waxes [6]. The European Union approves it for food contact use without any restrictions. R has found applications as a raw material for a variety of polymers such as polyamides (i.e., Nylon-11), [7] polyurethanes [8,9] or interpenetrating networks [10,11]. The hydrogenated R derived from 12-hydroxystearic castor oil, glycerin and acetic acid was used as plasticizer for poly(vinyl chloride) processing [12,13]. R is unique because it carries a special ricinoleic acid, which has an 18-carbon backbone with a hydroxy group on the 12-carbon atom and a cis double bond between carbons 9 and 10 (Scheme 1).



The hydroxyl in the R molecule can undergo esterification to obtain more polar groups to improve its compatibility with polar materials such as PVC and nitrile rubber (NBR) [15]. In another study, unmodified and modified R were employed to increase the reactivity towards diphenylmethane diisocyanate (MDI), a component used to process bio-based polyurethanes [16]. The pyrolysis process of R led to the valuable synthesized carbon nanorods (CNR), which has application for detecting volatile biomarkers [17].



Poly(lactic acid) (PLA) is a thermoplastic polymer obtained from renewable resources showing several benefits such as biodegradability, biocompatibility and compostability. The Food and Drug Administration has authorized this environmentally friendly polymer for human use in biomedical and food-contact applications. PLA and its blends and composites have been extensively used in food packaging [1,18,19], medical applications [20,21,22], and environmental protection [23,24]. Although PLA shows good processability, high tensile strength and stiffness, it has poor thermal, flexibility, impact strength and barrier properties that limit PLA end-use application [25]. In order to overcome the limitations associated with PLA, strategies like blending of PLA with different plasticizers such as acetyl tri-n-butyl citrate (ATBC), poly(ethylene glycol) (PEG) [26,27], acetyl tris(2-ethylhexyl) citrate, tris(2-ethylhexyl) citrate, and poly(ethylene glycol)bis(2-ethylhexanoate) [28] or other polymers [29,30,31,32] or incorporation of functional filler agents [25,33] in the PLA matrix are proposed.



More attention is being paid to environmental, biodegradable and low-toxic vegetable oil-based plasticizers used in polyesters. Literature data revealed few studies relating to modifying PLA properties with R. For example, PLA, talc and 1% R were used to prepare dental mouth mirror products by injection molding technology [34]. It was found that the R helps to increase the impact strength up to 56% due to the improved adhesion between the PLA and talc. In another paper, unmodified R was used for covering PLA pellets, which were further combined with lignin with an application for the healthcare field by 3D printing [35]. The results showed that the R did not influence the contact angle values of the materials. Robertson et al. [36] mentioned that the addition of 5 wt% R to poly(L-lactide) (PLLA) showed no plasticization of the PLLA, although it significantly enhances the overall tensile toughness. The authors synthesized poly(ricinoleic acid)-PLLA diblock copolymers and used them as compatibilizers for the PLLA/R blends [36].



The novelty of the current work lies in investigating the melt processing, structural modifications, surface wettability, dynamic melt rheology, and mechanical and thermal stability of PLA blended with 5, 10, 15 and 20 wt% natural R. We compared it with PLA containing 15 wt% R adducts with maleic anhydride (MA), methyl nadic anhydride (methyl-5-norbornene-2,3-dicarboxylic anhydride) (NA) and hexahydro-4-methylphthalic anhydride (HA), respectively, previously synthesized and characterized by two of the co-authors. This approach has not been documented earlier to the best of our knowledge. The modified castor oils were used as a strategy to enhance the hydrophobic character and overall mechanical properties related to the same amount of natural castor oil and to evaluate the differences between the types of cyclic anhydrides on the rheological, mechanical and thermal performance of PLA/modified castor oil materials.




2. Materials and Methods


2.1. Materials


PLA IngeoTM Biopolymer 2003D supplied by NatureWorks LLC (Minnetonka, MN, USA), having a specific gravity of 1.25 g·cm−3, Mw of 1.43 × 105 g·mol−1, Mn of 7.54 × 104 g·mol−1 and dispersity index (ĐM) of 1.88 was used in this study.



Castor (Ricinus communis) oil (R) is a commercial product containing 90% ricinoleic acid, with a density of 950 kg m−3, iodine value of 83 g I2 100 g−1, a hydroxyl value of 161 mg g−1, purchased from the local market (Herbavit, Romania).



Castor oil, a triglyceride ester of ricinoleic acid containing up to 2.7 hydroxyl groups per molecule, was converted with three cyclic anhydrides into esters with carboxyl in their structures by Mustata and Tudorachi [37]. Three castor oil adducts with maleic anhydride (MA) (R-MA), methyl nadic anhydride (methyl-5-norbornene-2,3-dicarboxylic anhydride) (NA) (R-NA) and hexahydro-4-methylphthalic anhydride (HA) (R-HA) (Scheme 2) were synthesized in the presence of stannous octoate as a catalyst, at a molar ratio 1/2.7 (oil/anhydride), reaching conversions greater than 99 wt% in medium temperature conditions. The modified vegetable oils were further characterized, the acid values being 130 mg g− 1 for R-MA, 132 mg g− 1 for R-NA and 134 mg g− 1 for R-HA.




2.2. Sample Preparation


Before processing, PLA pellets were dried at 60 °C for 24 h in a vacuum oven to remove moisture that might lead to degradation of macromolecular chains (moisture content < 200 ppm). The melt processing of the PLA with natural R and modified R (R-MA, R-NA and R-HA) was realized during melt mixing for 8 min at a temperature of 175 ± 5 °C using a Thermo Scientific PolyLab QC mixer provided with a mixing chamber of 50 cm3, the screws speed of counter-rotating rotors being of 60 rotations/minute. The homogenized melted mixtures were hot-pressed at 175 °C on a laboratory LabTech LP-20B hydraulic press (LabTech, Samut Prakan, Thailand) using a preheating for 5 min at 100 bar and a pressing step for 3 min, at a pressure of 147 bar, followed by cooling in order to obtain thin homogeneous plates with dimensions of 150 × 150 × 1 mm. Specimens were prepared from these plates for testing of tensile (‘dog bone’ shape), Fourier transform-infrared spectroscopy (FT-IR), contact angle, differential scanning calorimetry (DSC), thermogravimetry (TG), and dynamic rheology. The compositions, visual aspects of 1 mm thickness samples and labeling of the resulting materials based on PLA and plasticizers are presented in Table 1. All obtained materials were homogeneous and transparent, with a very low tendency of opacity for PLA-based materials containing modified R but no yellowness due to the thermal degradation during processing and pressing steps. A white paper with a black line was used as the background to observe the transparency better.




2.3. Investigation Methods


2.3.1. Melt Processability


The processing behavior of neat PLA and PLA samples containing modified and unmodified R was evaluated by monitoring the processing characteristics from the torque-time curves recorded during blending in the Thermo Scientific PolyLab QC mixer for 8 min. Since the torque is proportional to the shear stress (SI unit: Pa or N m−2), and the rotor speed is proportional to the shear rate (SI unit: s−1), the ratio between torque to the rotor speed was the approximate melt viscosity (SI unit: N·s m−2 or Pa·s or kg·m−1·s−1), which was calculated from the ratio of torque recorded at 8 min, expressed in Nm to the fixed rotor speed of 60 rpm, according to Equation (1) [38]. The power consumption (P) is calculated by the multiplication of torque at the end of mixing (TQfin) with rotor speed—Equation (2) [38].


η = K(TQfin/S) (Pa·s)



(1)






P = TQfin × 2πS/60 (W)



(2)




where: K is a constant dependent on temperature, TQfin is the torque at the end of processing time (N·m), and S refers to the rotor speed (rotations/minute, rpm).




2.3.2. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)


The infrared spectra were recorded in ATR mode using a Brucker ALPHA (Platinum ATR) FTIR spectrometer (Bruker Optics, Ettlingen, Germany) equipped with a diamond crystal in the 3050–3600 cm−1 region, with a resolution of 4 cm−1 using air as background, all spectra representing the average of 20 scans. Three recordings were performed for each sample, and the evaluation was made on the average spectrum obtained from these recordings. The processing of the spectra has been done with OPUS 7.5 program. Prior to each test, a background spectrum was obtained to compensate for the humidity effect and the presence of carbon dioxide by spectra subtraction.




2.3.3. Water Contact Angle Measurements


Water contact angle (WCA) measurements were used to determine the influence of R incorporation over the hydrophobicity of the PLA surface. The wettability of surfaces was determined by static contact angle measurements performed on a CAM-200 goniometer (KSV Instruments Ltd., Helsinki, Finland). The water contact angle was determined by the sessile drop method, at room temperature and controlled humidity, within 5 s after placing 1 µL drops of liquid on the sample’s surface. A video camera recorded the evolution of the droplet shape, and image analysis software was used to determine the contact angle values. At least 10 measurements were performed on a sample, and results from three different samples were considered for statistical determination of the final average value of a material.




2.3.4. Stress-Strain Measurements


Tensile properties such as tensile strength, elongation at break and Young’s modulus were determined according to EN ISO 527-2:2011 using the Lloyd LR10K machine (Lloyd. Instruments Ltd., Bognor Regis, UK) on “dog bone” specimens of 1 mm thickness and 40 mm length taken from plates obtained by hot-pressing. The stretching of the samples took place using a load cell of a maximum of 500 N at a crosshead speed of 10 mm min−1. At least seven specimens were measured for each composition, and the average value was reported. The specimens were conditioned under the same conditions for 24 h before testing. All mechanical tests took place at 50% relative humidity and 23 °C.




2.3.5. Dynamic Rheology


Oscillatory frequency tests were performed in melt state at 175 °C using an Anton Paar rheometer (MCR301, Graz, Austria) equipped with CTD450 in parallel-plate geometry (diameter of 25 mm). The oscillatory frequency sweeps ranged from 0.05 to 500 rad/s, with a constant strain of 10% (falling in the linear domain of viscoelasticity). The gap between the parallel plates used during testing has been set to 1 mm.




2.3.6. Differential Scanning Calorimetry (DSC)


The thermal properties of the neat and plasticized PLA samples were determined using a TA Instruments Q20 differential scanning calorimeter (New Castle, DE, USA) under a nitrogen atmosphere. The samples were firstly heated at a rate of 10 °C min−1 from 25 °C to 200 °C, held for 2 min, and then cooled down to 25 °C with a cooling rate of 5 °C min−1. This was followed by the second heating run from 25 °C to 200 °C at a heating rate of 10 °C min−1. Nitrogen was used as a furnace purge gas. A sample mass of ~7 mg of each material was tested; triplicate samples were analyzed by DSC. Thermal parameters such as the glass transition temperature (Tg), melt temperature (Tm), cold crystallization temperature (Tcc), and enthalpy of melting (ΔHm) were determined from DSC spectra.



The crystallinity of the studied materials was calculated by applying Equation (3) [39], where ΔHm refers to the enthalpy of melting, ΔHcc is the enthalpy of cold crystallization, wPLA is the weight percentage of PLA in the samples and   Δ  H m 0    is the enthalpy of melting for 100% crystalline PLA, with a value of 93.7 J/g [40].


   χ c  =   Δ   H  m  − Δ   H   cc        Δ H   m 0  ∗  w  PLA     ∗ 100 %  



(3)








2.3.7. Thermogravimetric Analysis (TG/DTG)


The thermal degradation was evaluated using a thermogravimetric balance model STA 449 F1 Jupiter (Netzsch, Selb, Germany). Temperature and sensitivity calibration was performed with standard metals (In, Sn, Bi, Zn, Al). Sample weights in the 7 to 10 mg range were placed in Al2O3 crucibles and heated from 25 °C to 700 °C with a heating rate of 10 °C min−1, Al2O3 being considered reference material. The nitrogen (99.999% purity) was used as a purge and protective gas with a flow rate of 40 mL min−1. Data collection was carried out with Proteus® software.






3. Results and Discussions


The incorporation of 5 to 20 wt% of natural castor oil in PLA aims to improve the melt flow of the semicrystalline matrix, with a benefit on the melt processing of the resulting materials, together with the enhancing effect on the flexibility and thermal stability of brittle PLA, thus expanding its use in specific food packaging applications. Due to possible physical interaction between the PLA matrix and anhydride-containing plasticizers, we expect the modified castor oils to improve the hydrophobicity and overall mechanical properties, both regarding elongation but also inducing a reinforcement effect compared with PLA/natural R, with a different result over the thermal stability and decomposition of blended materials function of the used anhydride.



3.1. Evaluation of the Melt Processing


The influence of R amounts incorporated into PLA over the melt processability has been evaluated by following the maxim torque (TQmax), torque after one minute (TQ1min) and five minutes of mixing (TQ5min), the final torque at the end of mixing (TQfin), melt viscosity (η) and power consumption (P) (Table 2). The torque versus processing time curves were inserted in the Supplementary Materials (Figure S1). As already known, the neat PLA has a semicrystalline structure that represses the polymer chain motion. Therefore, high torques, melt viscosity and power values are recorded for the pristine PLA [18].



A constant value of torque was reached between 4 and 5 min of mixing for most of the samples, being related to the complete melting of the PLA matrix and the homogeneous mixing with the vegetal oil. The torques values of PLA/R samples obviously decreased compared with neat PLA due to the plasticizer action of incorporated R that enhances the chain mobility. By increasing the amount of R from 5 wt% to 20 wt%, an exponential decrease in processing characteristics was observed as the frictional resistance is reduced due to much easier deformation of the PLA chains, improving melt flow and, consequently, melt processability. As expected, PLA containing 20 wt% R presented a lower melt viscosity for PLA/unmodified R sample due to the low viscosity index of R [41]. A rise in the torques values after 5 min and at the end of mixing and respectively, melt viscosity and power consumed for processing has been observed for PLA/15R-MA and PLA/15R-HA when compared with PLA/15R possible due to the physical interaction between the PLA matrix and anhydride-containing plasticizers.



The melt processing behavior showed no occurrence of phase separation, indicating that unmodified and modified R are miscible with PLA, the melted material being easily removed from the rotors.




3.2. ATR-FTIR Results


The FTIR spectra were analyzed to describe the structural changes in the PLA materials before and after plasticization and determine the crystallinity indices.



Synthesis and characterization of R modified with three anhydrides used in this study were published in previous work [37].



Modification of PLA with R revealed changes in the 2700–3050 cm−1 region, assigned to the CH stretching vibrations, and in the “fingerprint” 600–1900 cm−1 region of the FTIR spectra, which corresponds to stretching or deformation vibrations of different groups (Figure 1 and Figure 2).



FTIR spectra of neat PLA displayed two bands at 2995 and 2943 cm−1 (corresponding to the asymmetric stretching vibration of C–H from CH3 and CH2, respectively); a strong absorbance band at 1746 cm−1 (attributed to the stretching vibrations of amorphous C=O groups); bands at 1452 cm−1 and 1382 cm−1, 1359 cm−1 characteristic for asymmetric and symmetric bending vibration of C–H from CH3); strong absorbance bands at 1180 cm−1 (asymmetrical valence vibrations of C–O–C of the aliphatic chain) and 1080 cm−1 (symmetrical valence vibrations of C–O–C of the aliphatic chain). The band at 868 cm−1 can be assigned to the amorphous phase, while the band at 755 cm−1 to the crystalline phase [42,43].



In the case of PLA/R blends with different concentrations of R, a slight increase of the signal from 2943 cm−1, assigned to the CH2 group, asymmetric stretching vibration can be observed, while a new signal was detected at about 2855 cm−1 corresponding to the CH2 group, symmetric stretching vibration, from the main chain of ricinoleic acid (~90%), the main component from R (Figure 1a). Moreover, an increase in band intensity due to the overlapped vibration bands of PLA and R was recorded at 1746 cm−1 (C=O group, stretching vibrations). A decrease in intensity for bands from 1452 cm−1 and 1382 cm−1, 1358 cm−1 that corresponds to asymmetric and symmetric bending vibration of C–H from CH3 due to the decrease of CH3 moieties in PLA/R blends compared to neat PLA was observed (Figure 1b). Based on these results, the greatest changes were observed for PLA/15R, the blending efficiency being higher for PLA with 15 wt% R. In this sense, 15 wt% loading of R modified with different anhydrides was used for incorporation into the PLA matrix.



The effect of incorporation of R modified with anhydrides on FTIR spectra of PLA is noticed in Figure 2. An increase of the signal from 2926 cm−1, assigned to the CH2 group, asymmetric stretching vibration, and a new signal at about 2855 cm−1 corresponding to the CH2 group, symmetric stretching vibration, was observed (Figure 2a). Moreover, a decrease in band intensity and a small shift from 954 cm−1 for PLA to 957 cm−1 PLA/15R-anhydrides (corresponding to the O-H vibration of carboxylic acid) is notable. This can be due to the Van der Waals interactions between PLA’s and anhydrides modified castor oil’s functional groups, which result in a hydrogen bridge connecting hydrogen from the hydroxyl group in PLA and oxygen from the carboxyl group of anhydrides modified R [44].



The ratio between the normalized intensities of bands at 755 cm−1 and 868 cm−1 is proportional to the crystallinity index, and the corresponding values for studied samples are given in Figure 3.



Although the variations in the Icrystalline/Iamorphous ratio calculated from the FTIR spectra are small, they provide insight into the crystallinity indices calculated more precisely from DSC thermograms. A slight increase of the Icrystalline/Iamorphous ratio from 0.988 in PLA up to 1.00 in PLA/15R is evident in the case of PLA/unmodified R blends. This indicates a modification in the structure of the systems containing plasticizers due to the increase in chain mobility. Similar findings have been reported in the literature [45,46,47].



The crystallinity indices of PLA/anhydrides modified R slightly decreased compared to PLA/R, from 1.00 in PLA/15R to 0.994 in PLA/15R-MA (Figure 3). The variation in the modification corresponds with the composition of modified R. It appears that the plasticization efficiency was higher for the sample containing HA- and NA- modified R, which recorded the highest crystallinity index values among the modified R.




3.3. Water Contact Angle (WCA)


Water contact angle measurements evaluated the wettability of the developed materials on the surfaces of 1 mm thickness plates. If the contact angle of water is larger than 90°, the surface is considered hydrophobic, while for contact angles smaller than 90°, the surfaces are categorized as hydrophilic. The hydrophilic/hydrophobic balance influences the applications of PLA blends, such as films for food packaging [31] or medical fields involving drug delivery and tissue engineering scaffolds, where increased hydrophilicity is needed [48].



Figure 4a,b presents the WCA of PLA mixtures with natural and modified R. Pristine PLA sample presented a WCA of 72.94°.



By blending PLA with natural R, an increase in WCA up to 81.29° was observed for the highest amount of incorporated R. Thus, by adding R as plasticizer up to 20 wt%, the hydrophobic character of the PLA was significantly enhanced. The hydrophobicity is attributed to the presence of ricinoleic acid, the major component of R (~90%) [49].



Furthermore, the WCA for PLA/anhydrides modified R samples was slightly higher compared with PLA/R samples (Figure 4). Using the modified R in PLA blends, the WCA increased from 79.89° in PLA/15R to 86.48° in PLA/15R-HA. This can be explained by the interactions that occur between the polar functional groups of the main component from R (e.g., hydroxyl) and different anhydrides [37], leading to fewer available groups at the top surface of PLA/modified R samples to interact with water, thus obtaining materials with lower surface wettability. The water contact angle values for samples containing R-HA and R-NA were slightly higher than those containing R-MA. This effect is likely due to the ability of longer side chains to create more intermolecular bonds, causing the decrease of the hydrophilic functional groups available on the surface of PLA blends [50]. A contrary effect of decreasing the hydrophobicity was reported in the case of the introduction of the poly(ethylene glycol) (PEG) plasticizer into PLA/PEG systems [27] due to its solubility in water. Another study [51] reported the increased hydrophobicity of food packaging materials by using modified cellulose. Hydrophobicity was known to ensure an improved water barrier, lower permeability to moisture, and mechanical durability of food packaging material [51].




3.4. Stress-Strain Results


The results of the tensile tests for the neat PLA and PLA plasticized with different contents of unmodified R and 15 wt% anhydride–modified R are summarized in Figure 5. PLA is characterized by a high Young modulus and brittleness, limiting its use in specific applications. The aim of incorporating plasticizers in the PLA matrix is to reduce brittleness and enhance flexibility.



The PLA samples containing natural R display ~14 times increase of elongation at break, from a value of 4.7% for neat PLA up to 67% for PLA/15R and 70% for PLA/20R. A 10 times increase in elongation at break was reached even at 5 wt% natural R incorporated in the PLA matrix, while a relatively similar increment was observed for the highest amounts of unmodified R, 15 wt% and 20 wt%. This flexibility enhancement is associated with a gradual decrease of the tensile strength at break and Young modulus. The highest values of elongation at break recorded for PLA/15R and PLA/20R denoted good compatibility between PLA and R at these elevated loadings. The flexibility enhancement appeared because R increased the chain’s mobility by filling the space between the polymer chains, disrupting the intermolecular bonds between PLA chains (polymer-polymer interaction), followed by substitution with hydrogen bonds formed between plasticizer and polymer chains (plasticizer-polymer interaction).



One can observe that incorporating R-MA in the PLA matrix led to the development of a more flexible material among the used cyclic anhydride—modified R, reporting a more than 11-fold increase of elongation at break related to neat PLA and almost double improvement when compared with R-NA. However, the mechanical results demonstrated a reinforcing effect of PLA blended with modified R in relation to PLA containing 15 wt% natural R, both strength at break and Young modulus values increasing. Overall, all obtained tensile properties recommend using PLA plasticized with unmodified R for flexible film packaging, while those containing modified R for semi-rigid food packaging. Lower values for elongation at break in the case of PLA/vegetal oils were reported in the literature. The incorporation of up to 20 wt% epoxidized sunflower oil (ESO) in PLA led to a slight increase of elongation to values of 9% for PLA/ESO 5.5%, to 16% for PLA/ESO 6.5%, and 34% for and PLA/commercial epoxidized soya bean oil [42]. Similar results to our findings for mechanical properties were published for other plasticized polyesters. Tensile tests of 3D printed samples (dogbones) measured for non-plasticized PHB-PLA blend (reference) and PLA/PHB blends plasticized with acetyl tris(2-ethylhexyl) citrate, tris(2-ethylhexyl) citrate, and poly(ethylene glycol)bis(2-ethylhexanoate) showed an increase of elongation at break from 10% (reference) to 32% for plasticized blends in the form of printed dogbones [28]. A significant increase in elongation at break was reported by Mencik et al. [30] in the case of plasticizing PHB/PLA with commercial esters of citric acid for Three-Dimensional (3D) print: from 5% in the case of reference to 187% for the printed dogbones of PHB/PLA/plasticizer blends.




3.5. Dynamic Rheology


The dynamic rheological parameters recorded at 175 °C are representative of the variation of viscoelastic properties function of angular frequency (ω) for the neat PLA and the studied blends, namely storage modulus (G′), loss modulus (G″) and dynamic viscosity (η*) are shown in Figure 6 and Figure 7.



The neat and plasticized PLA predominantly shows viscous behavior (G″ > G′) over all tested ω regions. G′ and G″ dependence on deformation frequency presents the same trend, with obvious differences being observed for the highest loadings of natural R.



As the storage modulus is linked to the solid-like character of a polymer, the semicrystalline PLA registered the highest G′ values, explaining also the highest melt viscosity and required power for melt processing. The shear rate is very low at lowest frequencies, with the capacity of retaining the original strength of materials being high. G′ rises with frequency because the shear rate increases as well, which also increments the amount of energy input to the polymer chains [52].



It is noticeable in Figure 6a that the slopes of G′ (ω) and G″ (ω) for PLA blended with the lowest amounts (5 and 10 wt%) of pure R were slightly lower than the values of neat PLA, while the highest pure R loadings of 15 and 20 wt% considerably changed the shapes of the slopes. In this latter case, both dynamic moduli, G′ and G″, present a slightly sinusoidal shape explained by a change in the material elasticity. Higher G′ values compared to neat PLA were found at low ω, up to 1 s−1, followed by a small “rubbery” plateau with independent G′ values function of ω and further increase of G′ values at high ω. Similar behavior has been reported for incorporating 15 wt% epoxidized soybean oil (USE) into the PLA matrix [43].



The addition of all studied amounts of natural R that act as plasticizers improved the melt flow when applying external forces, with the decrease of complex viscosity observed in Figure 6b. This behavior indicates that the PLA chains are easily deformed, decreasing their frictional resistance.



Neat PLA and PLA samples containing 5 wt% and 10 wt% natural R showed a Newtonian behavior in the frequency region up to 10 s−1, where the complex viscosity remains constant, followed by a shear-thinning effect to the end of testing. At high R loadings, a “full rheological flow curve” was found for PLA/15R and PLA/20R, like the PLA/USE material reported in another study [43]. At high ω, viscosity increases due to a thickening effect for high R amounts added to the PLA matrix.



When modified R was incorporated into PLA, the resulting materials’ viscoelastic characteristics changed the different functions of applied frequencies, as plotted in Figure 7a. The amplitude sweep (AS) test results for PLA were inserted in the Supplementary Materials (Figure S2). At higher ω (over 20 s−1), the G′ of the PLA/R-MA and PLA/R-HA samples are slightly higher than that of the PLA/natural R. In these cases; increased toughness was observed related to PLA material containing unmodified R. This is attributed to the stiff anhydrides groups of the modified R incorporated into the polymer chain.



In the case of modified R, the Newtonian plateau is larger for PLA/R-MA and R-NA, while the sample PLA/R-HA also showed another plateau at higher ω (Figure 7b). The intermolecular interactions that occurred during blending melt led to macromolecular chains’ stabilization, and resistance to deformation could justify the plateau at higher oscillation frequencies [53].



The low values of complex viscosity for PLA/R-NA material could be explained by the low molecular mass of NA-modified R that improves PLA melt flow. This behavior is correlated with melt processing results (Table 2), where PLA/R-NA showed the lowest torques and power values.




3.6. DSC Results


The thermal behavior of PLA and PLA containing modified and unmodified R has been assessed from the DSC curves recorded during the second heating, after cooling from the melt state (Figure 8), since the thermal history produced during processing was erased during the first heating. The thermograms recorded during the first run and cooling (Figure S3) are inserted in the Supplementary Materials.



The samples’ glass transition (Tg) is clearly observed both on cooling following the first heating and on the second heating scans. At a first observation of the second heating DSC scans, it is clear that Tg values of PLA/R blends decrease with the addition of different amounts of R in the PLA, as compared with Tg of neat PLA. One can assume this thermal behavior is due to a plasticization effect induced by R molecules on the PLA matrix, R having a much low molecular weight compared with PLA. Castor oil contains triglycerides with long aliphatic chains that can diffuse easily among the PLA molecular chains, increasing, thus, the free volume. This behavior has been similarly observed in other studies, where PLA has been blended with various plasticizers [39,43,54,55,56,57,58].



Considering the relationship between Tg and crystallinity for a neat semicrystalline polymer, it is well-known that the crystalline regions in semicrystalline polymers constrain the amorphous phase, resulting in a reduced relaxation that implies relatively higher Tg values for the sample with higher Xc. Therefore, we consider this plasticization effect more important than the constraint effect imposed by the crystallinity on amorphous phase relaxation. When a fraction of 15 wt% maleinized R (15R-MA) is added to the PLA matrix, a further decrease of Tg value (to 48.94 °C) is noted, most likely occurring due to an additional increase of the free volume of PLA induced by MA molecule (the space is bigger than that occupied by aliphatic chains from unmodified R), that might lead to an increase of plasticization effect (Table 3). PLA containing R modified with NA or HA does not show any measurable glass transition or melting process during second heating in DSC curves. However, both transitions were evident in the first run (see Figure S3a in Supplementary Materials). The absence of the melting peak for PLA/15R-NA and PLA/15R-HA samples on the second heating DSC curves could be assigned to a strong crystallizability reduction of PLA chains due to the molecular structure of NA and HA that imbedded the PLA chain packing and might require more time to complete the crystallization process.



The cold crystallization is usually denoted in a DSC curve by a clear exothermic process with a sharp shape, limited to a narrower range. In the case of our samples, the cold crystallization process is clearly observed for neat PLA, but no such thermal event is recorded when R is added, regardless of content. We assume that even if a weak but extended exotherm over a wide temperature range is slightly noticeable in the DSC curves of PLA/R samples in Figure 8, it cannot be attributed to cold crystallization. The absence of a cold crystallization could be explained by a dramatic change in PLA viscosity when R is added.



Regarding the melting process of PLA-based samples, it can be observed that DSC curves show only a clear endothermic process without any shoulder or some noticeable modification in the shape. The melting temperatures in Table 3 indicate slight increasing values for PLA samples containing R with the same Tm, regardless of content. The less sharpened DSC melting endotherms alongside the slightly higher Tm values compared with neat PLA denote an improvement of PLA chain mobility through R diffusion. This increased mobility causes an interruption of PLA chain packing, resulting in a less number of crystals with lower dimensions but slightly more thermodynamically stable. The melting enthalpy usually results from two crystal types: one type obtained after the sample processing that crystallizes on cooling, and a second type achieved during the cold crystallization process during reheating. According to Equation (3), the crystallinity degree (Xc) is evaluated after subtracting the cold crystallization enthalpy from the melting enthalpy value. The resulting value is representative only of the crystal fraction developed during melting. According to the data in Table 3, one can mention that the overall crystallinity index increases with R content, related to neat PLA, supporting thus the plasticization effect induced by R incorporated in PLA. These results agree with the Icrystalline/Iamorphous ratio of PLA/R blends from Figure 3.



The plasticization of PLA by R-MA incorporation seems to have a different effect on chain mobility. DSC curves record a strong cold crystallization process of PLA/15R-MA sample at lower temperatures. This behavior denotes that PLA chains are arranged into a more packed (ordered) structure at this temperature. Still, the crystallinity index decreases when 15 wt% of R-MA is added, compared with PLA containing 15 wt% unmodified R [59]. R likely becomes a more rigid molecule through maleinization, thus proving its role in nucleation and facilitating PLA chain packing at lower temperatures.



Regarding the PLA/15R-MA melting, one can notice that a double endotherm represents this process, usually ascribed to the mechanism of the sample’s melting, crystallization and re-melting behavior. Other studies have also reported this behavior, which is explained by the different sizes and perfection of crystallites as a consequence of lamellar rearrangements during PLA crystallization [60,61,62]. The melt temperature of the second endotherm DSC peak is higher (with 4 °C) than even of neat PLA. This result further demonstrates that the R-MA acted as a nucleating agent in addition to the plasticizer role for PLA, leading to more perfect PLA crystals but fewer in number.




3.7. Thermal Stability and Degradation


To acquire the characteristics of a plasticizer for PLA, the candidates should exhibit low volatility and be thermally stable at or slightly above the PLA melting temperature, conditions imposed by processing. The thermal degradation behavior of neat PLA and its blends with R unmodified and modified with anhydrides were investigated by thermogravimetric analysis, and the results are shown in Figure 9 and Figure 10.



The thermal degradation parameters such as Tonset (starting temperature of decomposition), T5% and T30% (the temperatures corresponding to 5 wt% and respectively 30 wt% mass losses) from the TG curve, as well as Tmax (the temperature at which the degradation rate is maximum) from the DTG curve obtained for neat PLA and its respective blends, were summarized in Table 4, that also included parameters for R modified with MA, NA and HA, previously determined by Mustata and Tudorachi from the TG curve as well as Tmax (the temperature at which maximum degradation occurs) from the DTG curve obtained for neat PLA and its respective blends were summarized in Table 4, that also included parameters for R modified with MA, NA and HA, previously determined by Mustata and Tudorachi [37].



The heat-resistant index (Ts), which indicates the overall thermal stability of PLA blends, has been calculated by using Equation (4) [63]. Hafiezal et al. refer to the heat-resistance index as the temperature of the polymer in the physical heat tolerance limit [64].


Ts = 0.49 [T5% + 0.6(T30% − T5%)]



(4)







DTG curve of natural R (Figure 9b) showed three partially overlapped steps of mass loss assigned to decomposition and/or volatilization of different compounds in various temperature ranges. R thermally decomposed in three consecutive stages; in the first one, several highly volatile and unstable compounds (oxygenated compounds, hydroperoxides, and polyunsaturated fatty acids) undergo decomposition, according to other results [65]. The second phase refers to the decompositions of ricinoleic acid (monounsaturated fatty acid), while the decomposition of saturated fatty acids takes place in the third stage.



Thermal decomposition of PLA matrix involved the cleavage of functional groups, including C-C, C-O, and C=O bonds. The weight loss for PLA is recorded between 265–380 °C, being attributed to the thermal degradation due to the trans-esterification reaction that cleaves the PLA backbone structure [66].



It can be seen both from the TG/DTG curves plotted in Figure 9 and the data shown in Table 4, respectively, that natural R is more thermally stable than PLA-containing ester groups. Therefore, the shifts to higher values of Tonset (Figure 9a, inserted graph), Tmax, and Ts show the improvement of the thermal stability of PLA/5R and especially PLA/10R sample, compared to neat PLA. This enhancement in thermal stability was also recorded for higher R fractions incorporated in the PLA matrix (PLA/15R, PLA/20R), with slightly lower thermal parameters related to PLA/10R. However, a higher thermal resistance when compared with PLA. The explanation of this behavior could be provided by R decomposition, which in the second stage of its mechanism involves an increase in ricinoleic acid degradation rate, leading to PLA matrix degradation. Moreover, this behavior is clearly noticeable in Figure 9b, where the second stage of the R decomposition mechanism becomes more evident for PLA matrix decomposition in samples PLA/15R and PLA/20R. As shown in Table 4, the mass loss value assigned to each second or third-stage decomposition mechanism for these samples is not negligible, which further supports our assumption. The DTG curves (Figure 9b) show that the sample containing 10 wt% R proves the highest thermal stability. But for this content of R and lower one (5 wt%), the rate of the degradation mechanism of PLA matrix slightly increases, a maximum mass loss being recorded.



The obtained results regarding the R decomposition are similar to the ones reported by Mustata and Tudorachi in their work [37], where thermal degradation of R modified with three types of anhydrides has been investigated. According to the reported thermal degradation kinetic parameters, the order of thermal stability of R modified with cyclic anhydrides is R-HA > R-NA > R-MA. By melt blending of PLA with each of this modified R in a fraction of 15 wt%, the thermal stability of all samples decreased compared to the PLA blended with the same fraction of unmodified R (Figure 10).



According to Figure 10a and data presented in Table 4, the thermal stability decreases more for PLA/15R-NA but seems to be the only sample containing modified R with such behavior. One can say that a different diffusion of molecules/radicals resulting during degradation (water, alcohols, saturated and unsaturated hydrocarbons, carbon monoxide and dioxide, and carbonyl compounds) could affect the rate of the overall mechanism. Based on the DTG curves shown in Figure 10b, it can be noted that the decomposition mechanism for PLA blended with modified oils occurs at a slightly slower rate compared to pure PLA or PLA containing 15 wt% unmodified R.



As shown by the data obtained by Mustata and Tudorachi [37], the most important percentage of mass loss during the degradation of R resulted in the first step when the aliphatic chains were broken (C-C bonds). Analyzing the data obtained in this study, it can be seen that R shows the lowest percentage of residue after the degradation mechanism compared to the blended samples. Although R increases the thermal stability of the PLA matrix (increasing the Tonset value), the overall degradation process becomes more dynamic with increasing of natural R content. The intermediate compounds resulting between the degradation steps (II and III) led to an acceleration of the degradation mechanism. This hypothesis is clear in the results from the percentage of residues at the end of the degradation process, as shown in Table 4. In contrast, PLA samples containing modified R show a reduction in the residue values, indicating a higher degradation mechanism intensity.





4. Conclusions


Castor oil unmodified (up to 20 wt% of the total blend) or modified with three cyclic anhydrides (15 wt% of the total blend) could be fully incorporated into the PLA matrix to improve the melt processing, mechanical, thermal, and rheological properties of neat PLA.



An exponential decrease of processing parameters was observed when increasing the amount of natural R in PLA from 5 to 20 wt%, as the frictional resistance is reduced due to much easier deformation of the PLA chains, improving melt flow and consequently melt processability. A rise in the processing parameters has been recorded for PLA/15R-MA and PLA/15R-HA when compared with PLA/15R, possibly due to the physical interaction between the PLA matrix and anhydride-containing plasticizers.



Both natural and modified R blended with PLA lowered the surface wettability of the resulting materials, increasing their surface hydrophobicity.



The mechanical testing results demonstrated enhanced flexibility for PLA/natural R materials and a reinforcing effect for PLA blended with modified R in relation to PLA containing 15 wt% pure R, with both strength at break and Young modulus values increasing. Among the PLA/modified R blends, incorporating R-MA offered the best tensile properties for the respective PLA blend.



The samples containing unmodified R showed increased thermal stability, while those containing modified R changed the dynamic of the overall degradation mechanism, PLA/15R-MA showing the best onset thermal stability from all modified R.



Based on the obtained data, plasticized PLA with natural R could be recommended for the manufacturing of flexible films, while those containing anhydride-modified R could be used for semi-rigid food packaging.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym14173608/s1, Figure S1: Torque-time curves for the neat PLA and PLA plasticized with natural and modified castor oil. Figure S2: Amplitude sweep test results for PLA; Figure S3: DSC curves (exo up) from the first heating (a) and cooling (b) for neat PLA and PLA plasticized with natural and modified castor oil.





Author Contributions


Conceptualization, R.N.D.-N.; Investigation, R.N.D.-N., A.I. (Anamaria Irimia), V.C.G., F.M., N.T., J.L. and A.I. (Andrzej Iwanczuk); Methodology, M.R., J.L. and A.I. (Andrzej Iwanczuk); Resources, R.N.D.-N. and F.M.; Software, R.N.D.-N., A.I. (Anamaria Irimia) and V.C.G.; Validation, R.N.D.-N. and M.R.; Visualization, N.T.; Writing—original draft, R.N.D.-N., A.I. (Anamaria Irimia), V.C.G. and M.R.; Writing—review & editing, R.N.D.-N. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors acknowledge Elena Stoleru for offering PLA pellets and Carmen-Mihaela Popescu for access to ATR-FTIR device, both affiliated to “Petru Poni” Institute of Macromolecular Chemistry, Iasi, Romania.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Boey, J.Y.; Mohamad, L.; Khok, Y.S.; Tay, G.S.; Baidurah, S. A Review of the Applications and Biodegradation of Polyhydroxyalkanoates and Poly(lactic acid) and Its Composites. Polymers 2021, 13, 1544. [Google Scholar] [CrossRef] [PubMed]

	



Roy, K.; Poompiew, N.; Pongwisuthiruchte, A.; Potiyaraj, P. Application of Different Vegetable Oils as Processing Aids in Industrial Rubber Composites: A Sustainable Approach. Acs Omega 2021, 6, 31384–31389. [Google Scholar] [CrossRef] [PubMed]

	



Yeboah, A.; Ying, S.; Lu, J.N.; Xie, Y.; Amoanimaa-Dede, H.; Boateng, K.G.A.; Chen, M.; Yin, X.G. Castor oil (Ricinus communis): A review on the chemical composition and physicochemical properties. Food Sci. Technol. 2021, 41, 399–413. [Google Scholar] [CrossRef]

	



Nitbani, F.O.; Tjitda, P.J.P.; Wogo, H.E.; Detha, A.I.R. Preparation of Ricinoleic Acid from Castor Oil: A Review. J. Oleo Sci. 2022, 71, 781–793. [Google Scholar] [CrossRef]

	



Mutlu, H.; Meier, M.A.R. Castor oil as a renewable resource for the chemical industry. Eur. J. Lipid Sci. Technol. 2010, 112, 10–30. [Google Scholar] [CrossRef]

	



Karak, N. Vegetable oils and their derivatives. In Vegetable Oil-Based Polymers; Karak, N., Ed.; Woodhead Publishing: Shaston, UK, 2012; pp. 54–95. [Google Scholar]

	



Nayak, P.L. Natural oil-based polymers: Opportunities and challenges. J. Macromol. Sci. Rev. Macromol. Chem. Phys. 2000, 40, 1–21. [Google Scholar] [CrossRef]

	



Petrovic, Z.S.; Cvetkovic, I.; Hong, D.; Wan, X.; Zhang, W.; Abraham, T.; Malsam, J. Polyester polyols and polyurethanes from ricinoleic acid. J. Appl. Polym. Sci. 2008, 108, 1184–1190. [Google Scholar] [CrossRef]

	



Choi, K.K.; Park, S.H.; Oh, K.W.; Kim, S.H. Effect of castor oil/polycaprolactone hybrid polyols on the properties of biopolyurethane. Macromol. Res. 2015, 23, 333–340. [Google Scholar] [CrossRef]

	



Ramaiah, K.P.; Mishra, K.; Atkar, A.; Sridhar, S. Pervaporation separation of chlorinated environmental pollutants from aqueous solutions by castor oil based composite interpenetrating network membranes. Chem. Eng. J. 2020, 387, 124050. [Google Scholar] [CrossRef]

	



Zhao, X.H.; Qi, X.; Chen, Q.L.; Ao, X.Q.; Guo, Y. Sulfur-Modified Coated Slow-Release Fertilizer Based on Castor Oil: Synthesis and a Controlled-Release Model. Acs Sustain. Chem. Eng. 2020, 8, 18044–18053. [Google Scholar] [CrossRef]

	



Brostow, W.; Lu, X.Y.; Osmanson, A.T. Nontoxic bio-plasticizers for PVC as replacements for conventional toxic plasticizers. Polym. Test. 2018, 69, 63–70. [Google Scholar] [CrossRef]

	



Jia, P.; Zhang, M.; Hu, L.; Feng, G.; Bo, C.; Zhou, Y. Synthesis and Application of Environmental Castor Oil Based Polyol Ester. Plasticizers for Poly(vinyl chloride). Acs Sustain. Chem. Eng. 2015, 3, 2187–2193. [Google Scholar] [CrossRef]

	



Castor oil (Main Component Structural Formulae) V2.svg. (2022, August 11). Wikimedia Commons, the Free Media Repository. Available online: https://commons.wikimedia.org/w/index.php?title=File:Castor_oil_(Main_Component_Structural_Formulae)_V2.svg&oldid=681682598 (accessed on 27 August 2022).

	



Fu, Q.; Tan, J.; Wang, F.; Zhu, X. Study on the Synthesis of Castor Oil-Based Plasticizer and the Properties of Plasticized Nitrile Rubber. Polymers 2020, 12, 2584. [Google Scholar] [CrossRef] [PubMed]

	



Tavares, L.B.; Boas, C.V.; Schleder, G.R.; Nacas, A.M.; Rosa, D.S.; Santos, D.J. Bio-based polyurethane prepared from Kraft lignin and modified castor oil. Express Polym. Lett. 2016, 10, 927–940. [Google Scholar] [CrossRef]

	



Tripathi, K.M.; Sachan, A.; Castro, M.; Choudhary, V.; Sonkar, S.K.; Feller, J.F. Green carbon nanostructured quantum resistive sensors to detect volatile biomarkers. Sustain. Mater. Technol. 2018, 16, 1–11. [Google Scholar] [CrossRef]

	



Darie-Nita, R.N.; Rapa, M.; Sivertsvik, M.; Rosnes, J.T.; Popa, E.E.; Dumitriu, R.P.; Marincas, O.; Matei, E.; Predescu, C.; Vasile, C. PLA-Based Materials Containing Bio-Plasticizers and Chitosan Modified with Rosehip Seed Oil for Ecological Packaging. Polymers 2021, 13, 1610. [Google Scholar] [CrossRef]

	



Ingrao, C.; Gigli, M.; Siracusa, V. An attributional Life Cycle Assessment application experience to highlight environmental hotspots in the production of foamy polylactic acid trays for fresh-food packaging usage. J. Clean. Prod. 2017, 150, 93–103. [Google Scholar] [CrossRef]

	



Luchian-Lupu, A.M.; Zaharescu, T.; Lungulescu, E.M.; Rapa, M.; Iovu, H. Availability of PLA/SIS blends for packaging and medical applications. Radiat. Phys. Chem. 2020, 172, 108696. [Google Scholar] [CrossRef]

	



Rapa, M.; Stefan, L.M.; Preda, P.; Darie-Nita, R.N.; Gaspar-Pintiliescu, A.; Seciu, A.M.; Vasile, C.; Matei, E.; Predescu, A.M. Effect of hydrolyzed collagen on thermal, mechanical and biological properties of poly(lactic acid) bionanocomposites. Iran. Polym. J. 2019, 28, 271–282. [Google Scholar] [CrossRef]

	



Tyler, B.; Gullotti, D.; Mangraviti, A.; Utsuki, T.; Brem, H. Polylactic acid (PLA) controlled delivery carriers for biomedical applications. Adv. Drug Deliv. Rev. 2016, 107, 163–175. [Google Scholar] [CrossRef]

	



Bobirica, C.; Bobirica, L.; Rapa, M.; Matei, E.; Predescu, A.M.; Orbeci, C. Photocatalytic Degradation of Ampicillin Using PLA/TiO2 Hybrid Nanofibers Coated on Different Types of Fiberglass. Water 2020, 12, 176. [Google Scholar] [CrossRef]

	



Vatanpour, V.; Dehqan, A.; Paziresh, S.; Zinadini, S.; Zinatizadeh, A.A.; Koyuncu, I. Polylactic acid in the fabrication of separation membranes: A review. Sep. Purif. Technol. 2022, 296, 121433. [Google Scholar] [CrossRef]

	



Notta-Cuvier, D.; Odent, J.; Delille, R.; Murariu, M.; Lauro, F.; Raquez, J.M.; Bennani, B.; Dubois, P. Tailoring polylactide (PLA) properties for automotive applications: Effect of addition of designed additives on main mechanical properties. Polym. Test. 2014, 36, 1–9. [Google Scholar] [CrossRef]

	



Baiardo, M.; Frisoni, G.; Scandola, M.; Rimelen, M.; Lips, D.; Ruffieux, K.; Wintermantel, E. Thermal and mechanical properties of plasticized poly(L-lactic acid). J. Appl. Polym. Sci. 2003, 90, 1731–1738. [Google Scholar] [CrossRef]

	



Guo, Y.J.; Ma, J.; Lv, Z.R.; Zhao, N.; Wang, L.X.; Li, Q. The effect of plasticizer on the shape memory properties of poly(lactide acid)/poly(ethylene glycol) blends. J. Mater. Res. 2018, 33, 4101–4112. [Google Scholar] [CrossRef]

	



Kontarova, S.; Prikryl, R.; Melcova, V.; Mencik, P.; Horalek, M.; Figalla, S.; Plavec, R.; Feranc, J.; Sadilek, J.; Pospisilova, A. Printability, Mechanical and Thermal Properties of Poly(3-Hydroxybutyrate)-Poly(Lactic Acid)-Plasticizer Blends for Three-Dimensional (3D) Printing. Materials 2020, 13, 4736. [Google Scholar] [CrossRef] [PubMed]

	



Chaikeaw, C.; Srikulkit, K. Preparation and Properties of Poly(lactic Acid)/PLA-g-ABS Blends. Fibers Polym. 2018, 19, 2016–2022. [Google Scholar] [CrossRef]

	



Mencik, P.; Prikryl, R.; Stehnova, I.; Melcova, V.; Kontarova, S.; Figalla, S.; Alexy, P.; Bockaj, J. Effect of Selected Commercial Plasticizers on Mechanical, Thermal, and Morphological Properties of Poly(3-hydroxybutyrate)/Poly(lactic acid)/Plasticizer Biodegradable Blends for Three-Dimensional (3D) Print. Materials 2018, 11, 1893. [Google Scholar] [CrossRef]

	



Ortega-Toro, R.; Lopez-Cordoba, A.; Avalos-Belmontes, F. Epoxidised sesame oil as a biobased coupling agent and plasticiser in polylactic acid/thermoplastic yam starch blends. Heliyon 2021, 7, e06176. [Google Scholar] [CrossRef]

	



Wang, S.S.; Daelemans, L.; Fiorio, R.; Gou, M.L.; D’Hooge, D.R.; De Clerck, K.; Cardon, L. Improving Mechanical Properties for Extrusion-Based Additive Manufacturing of Poly(Lactic Acid) by Annealing and Blending with Poly(3-Hydroxybutyrate). Polymers 2019, 11, 1529. [Google Scholar] [CrossRef]

	



Roy, S.; Rhim, J.W. Preparation of bioactive functional poly(lactic acid)/curcumin composite film for food packaging application. Int. J. Biol. Macromol. 2020, 162, 1780–1789. [Google Scholar] [CrossRef] [PubMed]

	



Saravana, S.; Girija, B.; Kandaswamy, R. Fabrication and characterization of dental mirror product using polylactic acid biocomposites. Int. J. Polym. Mater. Polym. Biomater. 2017, 66, 679–685. [Google Scholar] [CrossRef]

	



Dominguez-Robles, J.; Martin, N.K.; Fong, M.L.; Stewart, S.A.; Irwin, N.J.; Rial-Hermida, M.I.; Donnelly, R.F.; Larraneta, E. Antioxidant PLA Composites Containing Lignin for 3D Printing Applications: A Potential Material for Healthcare Applications. Pharmaceutics 2019, 11, 165. [Google Scholar] [CrossRef] [PubMed]

	



Robertson, M.L.; Paxton, J.M.; Hillmyer, M.A. Tough Blends of Polylactide and Castor Oil. Acs Appl. Mater. Interfaces 2011, 3, 3402–3410. [Google Scholar] [CrossRef]

	



Mustata, F.; Tudorachi, N. Synthesis and thermal characterization of some hardeners for epoxy resins based on castor oil and cyclic anhydrides. Ind. Crops Prod. 2021, 159, 113087. [Google Scholar] [CrossRef]

	



Menon, A.R.R. Melt-rheology of natural rubber modified with phosphorylated cashew nut shell liquid prepolymer—A comparative study with spindle oil. Iran. Polym. J. 1999, 8, 167–173. [Google Scholar]

	



Xuan, W.; Odelius, K.; Hakkarainen, M. Tailoring Oligomeric Plasticizers for Polylactide through Structural Control. Acs Omega 2022, 7, 14305–14316. [Google Scholar] [CrossRef]

	



Liu, H.J.; Hsieh, C.T.; Hu, D.S.G. Solute diffusion through degradable semicrystalline polyethylene-glycol poly(l-lactide) copolymers. Polym. Bull. 1994, 32, 463–470. [Google Scholar] [CrossRef]

	



Zeng, Q. The lubrication performance and viscosity behavior of castor oil under high temperature. Green Mater. 2021, 10, 51–58. [Google Scholar] [CrossRef]

	



Bouti, M.; Irinislimane, R.; Belhaneche-Bensemra, N. Properties Investigation of Epoxidized Sunflower Oil as Bioplasticizer for Poly(Lactic Acid). J. Polym. Environ. 2022, 30, 232–245. [Google Scholar] [CrossRef]

	



Darie-Nita, R.N.; Vasile, C.; Irimia, A.; Lipsa, R.; Rapa, M. Evaluation of some eco-friendly plasticizers for PLA films processing. J. Appl. Polym. Sci. 2016, 133. [Google Scholar] [CrossRef]

	



Masturi; Sunarno. Estimation of Van Der Waals Interaction Using FTIR Spectroscopy. Adv. Mater. Res. 2015, 1123, 61–64. [Google Scholar] [CrossRef]

	



Auras, R.; Harte, B.; Selke, S. An overview of polylactides as packaging materials. Macromol. Biosci. 2004, 4, 835–864. [Google Scholar] [CrossRef] [PubMed]

	



Ristic, I.S.; Tanasic, L.; Nikolic, L.B.; Cakic, S.M.; Ilic, O.Z.; Radicevic, R.Z.; Budinski-Simendic, J.K. The Properties of Poly(l-Lactide) Prepared by Different Synthesis Procedure. J. Polym. Environ. 2011, 19, 419–430. [Google Scholar] [CrossRef]

	



Stoleru, E.; Munteanu, B.S.; Darie-Nita, R.N.; Pricope, G.M.; Lungu, M.; Irimia, A.; Rapa, M.; Lipsa, R.D.; Vasile, C. Complex poly(lactic acid)-based biomaterial for urinary catheters: II. Biocompatibility. Bioinspired Biomim. Nanobiomater. 2016, 5, 152–166. [Google Scholar] [CrossRef]

	



Hendrick, E.; Frey, M. Increasing Surface Hydrophilicity in Poly(Lactic Acid) Electrospun Fibers by Addition of Pla-b-Peg Co-Polymers. J. Eng. Fibers Fabr. 2014, 9, 153–164. [Google Scholar] [CrossRef]

	



Amorim, F.V.; Padilha, R.J.R.; Vinhas, G.M.; Luiz, M.R.; de Souza, N.C.; de Almeida, Y.M.B. Development of hydrophobic polyurethane/castor oil biocomposites with agroindustrial residues for sorption of oils and organic solvents. J. Colloid Interface Sci. 2021, 581, 442–454. [Google Scholar] [CrossRef]

	



Bhasney, S.M.; Patwa, R.; Kumar, A.; Katiyar, V. Plasticizing effect of coconut oil on morphological, mechanical, thermal, rheological, barrier, and optical properties of poly(lactic acid): A promising candidate for food packaging. J. Appl. Polym. Sci. 2017, 134, 45390. [Google Scholar] [CrossRef]

	



Asim, N.; Badiei, M.; Mohammad, M. Recent advances in cellulose-based hydrophobic food packaging. Emergent Mater. 2022, 5, 703–718. [Google Scholar] [CrossRef]

	



Ansari, I.A.; Gupta, G.A.; Ramkumar, J.; Kar, K.K. Fly ash-mixed polymeric media for abrasive flow machining process. In Handbook of Fly Ash; Kar, K.K., Ed.; Butterworth-Heinemann: Oxford, UK, 2021; pp. 681–713. [Google Scholar]

	



Xu, Y.; You, M.; Qu, J. Melt rheology of poly (lactic acid) plasticized by epoxidized soybean oil. Wuhan Univ. J. Nat. Sci. 2009, 14, 349–354. [Google Scholar] [CrossRef]

	



Dominguez-Candela, I.; Ferri, J.M.; Cardona, S.C.; Lora, J.; Fombuena, V. Dual Plasticizer/Thermal Stabilizer Effect of Epoxidized Chia Seed Oil (Salvia hispanica L.) to Improve Ductility and Thermal Properties of Poly(Lactic Acid). Polymers 2021, 13, 1283. [Google Scholar] [CrossRef]

	



He, W.D.; Huang, H.W.; Xie, L.J.; Wang, C.H.; Yu, J.; Lu, S.J.; Fan, H.S. The influence of self-crosslinked epoxidized castor oil on the properties of Poly(lactic acid) via dynamic vulcanization: Toughening effect, thermal properties and structures. Colloids Surf. A Physicochem. Eng. Asp. 2021, 630, 127517. [Google Scholar] [CrossRef]

	



Carbonell-Verdu, A.; Samper, M.D.; Garcia-Garcia, D.; Sanchez-Nacher, L.; Balart, R. Plasticization effect of epoxidized cottonseed oil (ECSO) on poly(lactic acid). Ind. Crops Prod. 2017, 104, 278–286. [Google Scholar] [CrossRef]

	



Kang, H.L.; Li, Y.S.; Gong, M.; Guo, Y.L.; Guo, Z.; Fang, Q.H.; Li, X. An environmentally sustainable plasticizer toughened polylactide. RSC Adv. 2018, 8, 11643–11651. [Google Scholar] [CrossRef] [PubMed]

	



Rapa, M.; Nita, R.N.D.; Vasile, C. Influence of Plasticizers Over Some Physico-chemical Properties of PLA. Mater. Plast. 2017, 54, 73–78. [Google Scholar] [CrossRef]

	



Orue, A.; Eceiza, A.; Arbelaiz, A. Preparation and characterization of poly(lactic acid) plasticized with vegetable oils and reinforced with sisal fibers. Ind. Crops Prod. 2018, 112, 170–180. [Google Scholar] [CrossRef]

	



Ali, F.; Chang, Y.W.; Kang, S.C.; Yoon, J.Y. Thermal, mechanical and rheological properties of poly(lactic acid)/epoxidized soybean oil blends. Polym. Bull. 2009, 62, 91–98. [Google Scholar] [CrossRef]

	



Xing, C.; Matuana, L.M. Epoxidized soybean oil-plasticized poly(lactic acid) films performance as impacted by storage. J. Appl. Polym. Sci. 2016, 133, 43201. [Google Scholar] [CrossRef]

	



Piorkowska, E.; Kulinski, Z.; Galeski, A.; Masirek, R. Plasticization of semicrystalline poly(L-lactide) with poly(propylene glycol). Polymer 2006, 47, 7178–7188. [Google Scholar] [CrossRef]

	



Lehrle, R.S.; Williams, R.J. Thermal-degradation of bacterial poly(hydroxybutyric acid): Mechanisms from the dependence of pyrolysis yields on sample thickness. Macromolecules 1994, 27, 3782–3789. [Google Scholar] [CrossRef]

	



Hafiezal, M.R.M.; Khalina, A.; Zurina, Z.A.; Azaman, M.D.M.; Hanafee, Z.M. Thermal and Flammability Characteristics of Blended Jatropha Bio-Epoxy as Matrix in Carbon Fiber-Reinforced Polymer. J. Compos. Sci. 2019, 3, 6. [Google Scholar] [CrossRef]

	



Borugadda, V.B.; Goud, V.V. Comparative studies of thermal, oxidative and low temperature properties of waste cooking oil and castor oil. J. Renew. Sustain. Energy 2013, 5, 063104. [Google Scholar] [CrossRef]

	



Kopinke, F.D.; Remmler, M.; Mackenzie, K.; Moder, M.; Wachsen, O. Thermal decomposition of biodegradable polyesters—II. Poly(lactic acid). Polym. Degrad. Stab. 1996, 53, 329–342. [Google Scholar] [CrossRef]








[image: Polymers 14 03608 sch001 550] 





Scheme 1. Structure of the major component of castor oil: triester of glycerol and ricinoleic acid [14]. 
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Scheme 2. The chemical structures of (a) R-MA, (b) R-NA, and (c) R-HA. 
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Figure 1. Normalized ATR-FTIR spectra of PLA/R samples compared with neat PLA and R: (a) 2750–3050 cm−1 and (b) 600–1900 cm−1 spectral range. 
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Figure 2. Normalized ATR-FTIR spectra of PLA/modified R samples compared with neat PLA and PLA/15R samples: (a) 2750–3050 cm−1 and (b) 600–1900 cm−1 spectral range. 






Figure 2. Normalized ATR-FTIR spectra of PLA/modified R samples compared with neat PLA and PLA/15R samples: (a) 2750–3050 cm−1 and (b) 600–1900 cm−1 spectral range.



[image: Polymers 14 03608 g002]







[image: Polymers 14 03608 g003 550] 





Figure 3. Icrystalline/Iamorpous ratio derived from FTIR data. 
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Figure 4. Water contact angle of (a) neat PLA and PLA-based materials containing pure castor oil; (b) PLA-based materials containing anhydrides modified castor oil. 
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Figure 5. Mechanical properties for neat and plasticized PLA: (a) elongation at break, (b) tensile strength at break, (c) Young modulus. 






Figure 5. Mechanical properties for neat and plasticized PLA: (a) elongation at break, (b) tensile strength at break, (c) Young modulus.



[image: Polymers 14 03608 g005]







[image: Polymers 14 03608 g006a 550][image: Polymers 14 03608 g006b 550] 





Figure 6. Variation of (a) dynamic moduli (storage moduli and loss moduli) and (b) complex viscosity function of angular frequency for neat PLA and blends plasticized with natural castor oil. 
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Figure 7. Variation of (a) dynamic moduli (storage moduli and loss moduli) and (b) complex viscosity function of angular frequency for neat PLA and blends plasticized with modified castor oil. 
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Figure 8. DSC curves (exo up) from the second heating for neat PLA and PLA plasticized with natural and modified castor oil. 
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Figure 9. TG (a) and DTG (b) thermograms of castor oil (R), neat PLA and PLA/R blends. 
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Figure 10. TG (a) and DTG (b) thermograms of neat PLA and PLA containing 15 wt% modified castor oil. 
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Table 1. Labeling, composition and visual aspects of neat PLA and PLA-based materials containing unmodified and modified castor oil.
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	Sample
	PLA

(wt%)
	Natural Castor Oil (wt%)
	Modified Castor Oil (wt%)
	Visual Aspect





	PLA
	100
	0
	0
	 [image: Polymers 14 03608 i001]



	PLA/5R
	95
	5
	0
	 [image: Polymers 14 03608 i002]



	PLA/10R
	90
	10
	0
	 [image: Polymers 14 03608 i003]



	PLA/15R
	85
	15
	0
	 [image: Polymers 14 03608 i004]



	PLA/20R
	80
	20
	0
	 [image: Polymers 14 03608 i005]



	PLA/15R-MA
	85
	0
	15
	 [image: Polymers 14 03608 i006]



	PLA/15R-NA
	85
	0
	15
	 [image: Polymers 14 03608 i007]



	PLA/15R-HA
	85
	0
	15
	 [image: Polymers 14 03608 i008]
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Table 2. Processing characteristics for neat and plasticized PLA.
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	Sample
	TQmax

(Nm)
	TQ1min

(Nm)
	TQ5min

(Nm)
	TQfin

(Nm)
	Melt Viscosity

(Pa·s)
	Power

(kW)





	PLA
	70
	65
	37
	28
	0.467
	0.176



	PLA/5R
	28.9
	7.1
	6.9
	5.8
	0.097
	0.036



	PLA/10R
	18.7
	6.2
	5.3
	4.8
	0.080
	0.030



	PLA/15R
	13.9
	4.1
	2.2
	2.1
	0.035
	0.013



	PLA/20R
	12.7
	2.8
	1.4
	1.4
	0.023
	0.009



	PLA/15R-MA
	10.7
	3.7
	3.1
	2.5
	0.042
	0.016



	PLA/15R-NA
	12.1
	3.4
	2.3
	1.1
	0.018
	0.007



	PLA/15R-HA
	10.3
	2.6
	2.4
	2.3
	0.038
	0.014
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Table 3. Thermal parameters resulted from the second heating DSC scans of neat and plasticized PLA.
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	Sample
	Tg (°C)
	Tcc (°C)
	∆Hcc (J/g)
	Tm (°C)
	∆Hm (J/g)
	Xc (%)





	PLA
	59.82
	118.48
	17.66
	147.43
	19.65
	2.12



	PLA/5R
	57.60
	-
	-
	150.42
	2.101
	2.37



	PLA/10R
	56.93
	-
	-
	150.08
	3.376
	4.00



	PLA/15R
	56.71
	-
	-
	149.84
	3.274
	4.11



	PLA/20R
	56.26
	-
	-
	149.91
	5.161
	6.88



	PLA/15R-MA
	48.94
	108.42
	25.21
	141.96; 151.48
	27.98
	3.48
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Table 4. Thermogravimetric data of neat PLA and PLA/R blends.
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Sample

	
Tonset

(°C)

	
Tmax

(°C)

	
∆Wstep (%)

	
Residue

(%)

	
T5%

(°C)

	
T30%

(°C)

	
Ts

(°C)




	
I

	
II

	
III






	
PLA

	
264.56

	
316.15

	
98.46

	
-

	
-

	
1.54

	
273.50

	
301.00

	
142.10




	
PLA/5R

	
281.41

	
324.00

	
98.53

	
-

	
-

	
1.47

	
286.40

	
305.80

	
146.04




	
PLA/10R

	
303.56

	
338.80

	
98.41

	
-

	
-

	
1.60

	
305.12

	
327.20

	
156.00




	
PLA/15R

	
285.86

	
335.20

	
91.15

	
3.93

	
5.53

	
0.62

	
299.80

	
324.60

	
154.19




	
PLA/20R

	
298.11

	
328.90

	
85.91

	
7.29

	
5.74

	
1.12

	
302.70

	
322.50

	
154.14




	
R

	
344.33

	
388.00

	
57.09

	
31.17

	
11.97

	
0.23

	
351.60

	
385.70

	
182.30




	
MA *

	

	
426(III)

	
14.61

	
21.15

	
61.51

	
3.15

	
166.00

	
438.00

	
161.00




	
NA *

	

	
434(III)

	
14.79

	
28.84

	
54.8

	
0.62

	
184.00

	
425.00

	
161.00




	
HA *

	

	
423(III)

	
5.73

	
35.83

	
57.15

	
1.29

	
213.00

	
425.00

	
167.00




	
PLA/15R-MA

	
271.40

	
327.00

	
91.74

	
3.50

	
3.79

	
0.97

	
256.70

	
286.70

	
134.60




	
PLA/15R-NA

	
250.68

	
300.30

	
88.76

	
5.03

	
5.54

	
0.68

	
283.20

	
306.20

	
145.53




	
PLA/15R-HA

	
260.93

	
294.20

	
94.55

	
6.13

	
-

	
0.75

	
270.50

	
290.30

	
138.37








* Reprinted with permission from Ref. [37]. 2022, Elsevier.
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