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Abstract

:

Microcellular nanocomposite foams functionalized with cinnamaldehyde (Ci) were obtained through two-step supercritical foaming and impregnation processing. PLA nanocomposite foams with different C30B concentrations (1, 2, and 3 wt.%) were obtained by foaming with scCO2 at 25 MPa and 135 °C and impregnated with Ci at 12 MPa and 40 °C. The effect of the C30B content and Ci incorporation on the morphological, structural, thermal, and release properties of the developed foams were investigated. The incorporation of Ci was not influenced by C30B’s addition. The presence of C30B and Ci incorporation reduced the average pore diameter slightly and the crystallinity degree of the foams extensively. Simultaneously, the experimental and theoretical characterization of the Ci release from the PLA nanocomposite foams in EtOH 50% was analyzed. The mechanism of Ci release from the foams was defined as a quasi-Fickian diffusion process that could be successfully described using the Korsmeyer–Peppas model. The active PLA foams presented a higher potential of migration and faster release when compared with that reported in commonly used PLA films, showing that biopolymeric foams could be potentially used as active food packaging to improve the migration of active compounds with low migration potentials in order to improve their biological activity in foods.
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1. Introduction


The concept of active packaging has emerged in the last few decades as an innovative strategy to increase the shelf-life and safety and enhance the sensory properties of minimally processed foods while preserving their quality. Among the different kinds of active packaging, those that possess the ability to release antimicrobial agents have gained great attention. Plant extracts, essential oils, and their derivatives have been extensively incorporated to afford antimicrobial activities in polymers for food packaging due to their recognition as being safe for human consumption and the wide antimicrobial spectrum [1,2]. In particular, cinnamaldehyde (Ci), which is the main compound presented in the essential oil of the genus Cinnamomun, has been widely used to develop antimicrobial structures for food packaging by using different processing techniques thanks to its great activity against bacteria, yeast, and filamentous fungi [3,4].



The term polymeric foam (or porous polymer) is defined as a gas–polymer two-phase system [5]. Polymeric foams can be defined as (1) open foams, when the gas phase is continuous and cells are connected with each other, and (2) closed cell foams, when the gas phase is dispersed in the polymer, and therefore, foam cells are isolated from each other, and cavities are surrounded by complete cell walls. Moreover, polymeric foams can be defined with respect to their hierarchical organization structure (cell size of the foam) at four successive levels, such as macrocellular (>100 µm), microcellular (1–100 µm), ultramicrocellular (0.1–1 µm) and nanocellular (0.1–100 nm) [5]. This wide window of foam morphologies has opened great possibilities in the last decade for the development of delivery polymer matrices with tailored mass transport properties as a function of the foam morphology. This opportunity has been exploited to date mainly to develop polymer drug delivery systems with tailored drug release characteristics according to the release profile requirements [6]. Macroporous open foams were used to increase the paclitaxel release rate from polylactic-co-glycolic acid (PLGA) foams. In this case, the interconnectivity between pores enhanced the water penetration, and the shorter diffusion path in the polymer increased the release rate of paclitaxel compared with its release from a compressed PLGA disk [7]. In another work, Löbmann et al. (2017) reported that the release of indomethacin was tuned from fast- to slow-release mode by changing the hierarchical structure of the cellulose nanofibers from a paper to a closed-cell macrofoam structure. This slow-release rate in the macro closed-cell foam was mainly due to an extended drug diffusion path, because the drug can only diffuse through the cell walls of the foam and not through the voids formed for each foam cell filled with air [8].



Among the different foaming agents proposed to develop polymeric foams, supercritical fluids (SCFs) are considered one of the most promising [9]. A pure component is at the SCF state if its temperature and pressure values are higher than its critical values [10]. Above these conditions, the fluid shows diffusivity values comparable to the gas phase and solvating properties like those in the liquid phase, and both parameters are easily adjustable by changing the temperature or pressure or using co-solvents. These properties of the supercritical fluids have encouraged its use in different fields such as particle generation [11], adsorption of natural extracts [12], extraction [13], and others. In most of these applications, carbon dioxide (CO2) has been the most-used fluid due to its characterization as a green solvent, because it is non-toxic, non-flammable, and it is inexpensive because it is a byproduct in ethanol and ammonia industrial production. CO2 has a critical point that is easy to reach (pressure (P) > critical pressure (Pc) = 7.38 MPa and temperature (T) > critical temperature (Tc) = 304.15 K), allowing one to carry out polymer processing at near-ambient temperature, thus avoiding the thermal degradation of organic compounds such as drugs, antimicrobials, or antioxidants [14,15]. These advantages have encouraged the use of supercritical carbon dioxide (scCO2) to impregnate polymers with active substances for different applications, such as drug delivery [14] and active packaging systems [15]. Polymer foaming is also one of the most prominent applications of scCO2 [16]. Polymer foaming using scCO2 can be carried out either at lab scale (batch foaming) for preliminary studies or at pilot scale using supercritical continuous extrusion foaming. Regardless of the foam processing method, the main stages of the process can be summarized as follows: (1) saturation of the polymer with scCO2; (2) cell nucleation due to the generation of thermodynamic instability (sudden decrease in pressure or temperature); and (3) cell growth as CO2 diffuses from the saturated polymer [17].



Polylactic acid (PLA) foams have recently arisen as the most promising new material alternative for sustainable packaging over the conventional polymer foams based in polyolefins such as polystyrene, due to the inherent renewable carbon content and optional end of life compostability of PLA foams [18]. Nevertheless, a handicap associated with the supercritical fluid foaming of PLA is that their lower melting strength avoids the formation of PLA nanocellular foams [19]. One of the solutions for facing this problem has arisen from nanotechnology thorough the use of nanoclays in order to increase the melting strength of the polymer (superior viscoelastic behavior). Several studies have found that these long aspect ratio platelet-shaped nanoparticles can act as heterogeneous cell nucleating agents, allowing the formation, in most of cases, of stable closed-cell structures [20]. Particularly, PLA presents high affinity toward the organo-modified montmorillonite Cloisite® 30B nanoclay (C30B), which allows for obtaining nanocomposite materials with intercalated or exfoliated structures [21]. This fact allows the modification of the cell size in PLA foams from microcellular to nanocellular sizes in terms of C30B nanoclay loading [18]. Recently, the feasibility of antibacterial biopolymeric foams based on the commercial biodegradable polymer Mater-Bi® (MB) and carvacrol as an antibacterial agent for food packaging applications were investigated [22,23].



This work was focused on the application of scCO2 technology toward the development of PLA nanocomposite foams and their functionalization with Ci. The impregnated PLA nanocomposite foams were obtained by two-step supercritical processing involving the foaming with scCO2 of PLA samples with different concentrations of the organo-modified montmorillonite C30B® and the subsequent CO2-assisted impregnation of these samples with Ci. This work includes the experimental and theoretical description of the release process of Ci from the PLA nanocomposite foams to a fatty food simulant, which was analyzed and explained in terms of the results obtained from the thermal and structural characterization of the PLA nanocomposite foams. To our knowledge, this is the first study on the supercritical foaming of PLA and impregnation with Ci and its kinetic release assessment for application in food packaging.




2. Materials and Chemicals


2.1. Materials and PLA Nanocomposite Preparation


Polylactic acid (PLA) 2003D (specific gravity ¼ 1.24; MFR g/10 min (210 °C, 2.16 kg)) was purchased from Natureworks® Co., (Minnetonka, MN, USA). Absolute ethanol and methanol (99.9% HPLC grade) were supplied by Merck (Darmstadt, Germany). Cinnamaldehyde (Ci) (≥99.5%) was purchased from Aldrich® Chemistry (St. Louis, MO, USA). The commercial organo-modified montmorillonite Cloisite® 30B nanoclay (C30B) (100 meq/100 g) was provided by Southern Clay Products (Austin, TX, USA). The C30B presented a plate-like geometry with typical particle sizes (less than 10%: 2 μm; less than 50%: 6 μm; less than 90%: 13 μm). Carbon dioxide was supplied by Linde (Santiago, Chile).




2.2. Foaming with scCO2 and Impregnation with Ci of PLA Foams


The PLA foams were prepared as follows. First, PLA nanocomposite films without additives and with different concentrations of C30B nanoclay (1, 2, and 3 wt.%) were obtained by means of extrusion using a LabTech LTE20 twin-screw extruder (Samutprakarn, Thailand). Both the PLA powder and C30B were previously dried in a vacuum at 60 °C for 24 h. The temperature profile in the extruder was between 175 and 200 °C with a screw speed of 30 rpm, and the films were collected in a Scientific Labtech LBCR-150 chill roll attachment (Samutprakarn, Thailand) at 1.8 rpm. The nanocomposite films were stored in a desiccator until they were submitted to the supercritical processing. The average thickness of the nanocomposite films was measured by a Mitutoyo ID-C112 digital micrometer.



Figure 1 shows the set-up used for the supercritical foaming of PLA nanocomposites. PLA nanocomposite films (1.5-cm2 film sample, ~600 µm thickness) were placed inside a 100-mL high-pressure cell, and CO2 was loaded into the cell by means of a Teledyne ISCO 500D high-pressure pump, which was operated at a constant pressure regime during supercritical foaming runs. The temperature of the high-pressure cell was controlled using a thermostatic electric resistance around the cell. In this work, the temperature and pressure were kept constant for all the foaming runs at 135 °C and 25 MPa, respectively. The samples were kept under these conditions for the temperature and pressure for 35 min. Subsequently, CO2 was released by depressurization of the system (within 2 s). The resulting foams were stored into a desiccator until their use in the supercritical impregnation process. The average thickness of the PLA nanocomposite foams was measured by a Mitutoyo ID-C112 digital micrometer.



scCO2 fluid impregnation of Ci in the developed PLA nanocomposite foams with different concentrations of C30B (1, 2, and 3 wt.%) was carried out using the apparatus schematically described in Figure 1. This process was carried out using the same 100-mL high-pressure cell. Ci (0.5 mL) was placed at the bottom of the vessel in a glass container. PLA foam and PLA nanocomposite foams (25-cm2 foam sample with a 1477.9 ± 127 µm average thickness) were placed into the high-pressure cell. Next, scCO2 was loaded in the system by means of an ISCO 500D syringe pump operated at a constant pressure rate during the impregnation runs. The impregnation experiments were carried out for 3 h under a constant pressure (12 MPa), depressurization rate (1 MPa min−1), and temperature (40 °C). Previous works developed by our research group have already shown that the conditions used in this work optimized the impregnation yield of cinnamaldehyde in PLA [21,24]. The supercritical batch impregnation process could be divided in three stages. Briefly, in the first stage, the dissolution of the compounds to be impregnated in the polymer takes place. The following stage considers the sorption of the mixture (active compound and CO2) in the polymer. In this stage, the molecular diffusion of the active compound is improved due to the polymer’s swelling and plasticization caused by the high-pressure CO2. The final stage of the process involves the depressurization of the system, which allows for obtaining a solvent-free impregnated polymer [15].



The amount of Ci impregnated into the PLA foam samples was determined by a method of dissolution and precipitation of the polymer and subsequent HPLC quantification. The procedure is explained in detail in Section 2.3.4.




2.3. Characterization of PLA Nanocomposite Foams


2.3.1. Morphological Analysis


The morphologies of the neat PLA foam, PLA nanocomposite foams, and PLA nanocomposite foams impregnated with Ci were studied using a VEGAN3 TESCAN scanning electron microscope (SEM) with the accelerating voltage at 10 kV. The cross-sections of the nitrogen-fractured samples were coated with gold palladium using a Hummer 6.2 sputtering system. Image J image processing software was used to determine the average values of the pore diameter and cell density of the foams using Equations (1) and (2) [25,26]:
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where   i   corresponds to the number of pores with a pore size of     d i    , and n, M, and A correspond to the number of cells in the SEM image, magnification, and area of the micrograph, respectively.




2.3.2. Structural Analysis through Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy


Fourier-transform infrared (FTIR) spectroscopy was used to characterize the presence of specific chemical groups in the materials. The FTIR spectra were found in attenuated total reflection (ATR) mode with a Bruker IFS 66V spectrometer. The spectra were the results of 64 co-added interferograms at 4 cm−1 and resolutions in the wavenumber range from 4000 to 400 cm−1. The spectra analyses were performed using OPUS Software Version 7.




2.3.3. Thermal Properties


Differential scanning calorimetry (DSC) analyses were carried out with a Mettler-Toledo model STAR 822e (Schwerzenbach, Switzerland) coupled to a HAAKE EK 90/MT cooling unit (Newtington, CT, USA). Samples of 6–8 mg each were subjected to heating from 0 to 250 °C, cooling from 250 to 0 °C, and a second round of heating from 0 to 250 °C at a constant speed of 10 °C min−1 under a nitrogen atmosphere. The parameters reported were the melting temperature (Tm), cold crystallization temperature (Tcc), melting enthalpy (ΔHm), and cold crystallization enthalpy (ΔHcc). The crystallinity was calculated by following Equation (3):


    X C  = %   c r y s t a l l i n i t y = 100 ·  [   (    Δ  H m  − Δ  H  c c     Δ  H m 0     )   ]    



(3)




where ΔHm is the specific melting enthalpy of the sample (J g−1), ΔHcc is the specific cold crystallization enthalpy of the sample (J g−1), and    Δ  H m 0     is the specific melting enthalpy of a wholly crystalline PLA (93 J g−1) [27].



Thermogravimetric analysis (TGA) was performed using a Mettler Toledo Gas Controller GC20 Stare System TGA/DCS (Schwerzenbach, Switzerland). Approximately 7 mg of each sample was deposited in porcelain capsules which were subjected to a temperature scan from 30 to 600 °C at a 10 °C min−1 heating rate under a nitrogen atmosphere (flow rate: 50 mL min−1). an onset temperature of decomposition (Tonset) corresponding to 2.5 wt.% of mass loss and temperature at the maximum degradation rate (Td) were reported.




2.3.4. Study of the Release Kinetics


The Ci release kinetics were characterized through specific experimental migration assays using an EtOH 50% (v/v) solution as a fatty food simulant in order to describe the mass transfer of Ci from the PLA nanocomposite foams. Migration assays were carried out in duplicate following the European Committee for Standardization guidelines and according to EU regulations [28]. The PLA nanocomposite foams impregnated with Ci (25 cm2) were immersed into glass tubes filled with 50 mL of food simulant. These tubes were placed in an oven at 40 °C for at least 4 days. The detection and quantification of the Ci which migrated to the food simulant was carried out through high-performance liquid chromatography (HPLC). Chromatographic analysis was performed in an HPLC (Hitachi LaChrom Elite, Dallas, TX, USA) equipped with a Hitachi L-2455 diode array detector and a Hitachi L-2200 autosampler. The chromatographic column used was an Inertsil ODS-3 C18 (5 μm, 4.6 × 250 mm). The mobile phase consisted of a mixture of acetonitrile and distilled water (40:60) at a flow rate of 2 mL min−1 with an injection volume of 5 μL. The oven temperature was constant at 40 °C. The detection of Ci was performed at 275 nm. The calibration curve was constructed for the peak area against the Ci concentration of standard solutions from 6 to 340 mg kg−1 (ppm), with three samples for each Ci concentration. The same HPLC method was used to determine the amount of Ci impregnated in the different PLA nanocomposite foams. This analysis was carried out by a dissolution and polymer precipitation method, where 0.1 g of the impregnated foams was dissolved with 20 mL of chloroform at room temperature into a centrifuge tube. Subsequently, 30 mL of methanol was added to produce the precipitation of the polymer. Finally, the phase separation was carried out by centrifugation (4500 rpm for 10 min), and the liquid phase was analyzed by HPCL-UV.



Release assays were performed until equilibrium was reached (i.e., when the Ci concentration in the food simulant was maintained as constant over time in at least two continuous consecutive measurements). This thermodynamical equilibrium condition was characterized by the dimensionless distribution coefficient of Ci between the PLA nanocomposite foams and food simulant (KP/FS), represented by the ratio of the Ci concentrations at the interphase between the polymer and food simulant, as Equation (4) shows:


   K =    C  C i  P     C  C i   F S       



(4)







This coefficient was estimated through a mass balance from the results of the Ci release experiments at the equilibrium conditions, where     C  C i  P     is the concentration of Ci at equilibrium in the PLA nanocomposite foams and     C  C i   F S      corresponds to their values in the PLA nanocomposite foams. Moreover, the analysis of the release mechanism of Ci from the impregnated PLA nanocomposite foams was performed by following the Higuchi and Korsmeyer–Peppas kinetic models, as Equations (5) and (6) represent, respectively [29,30,31]:
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where     M t       is the amount of Ci released in any time t,     M t     is the amount of Ci released in infinite time (initial Ci concentration in the PLA foams), k is the release rate constant, and n is the diffusional exponent which suggests the nature of the release mechanism.






3. Results and Discussion


3.1. Relation between Nanoclay Content, Ci Incorporation, and PLA Nanocomposite Foam Morphology


PLA films with C30B at 1, 2, and 3 wt.% were submitted to foaming with scCO2 as described in Section 2.2. The scCO2 saturation pressure, temperature and time were fixed at 25 MPa, 135 °C, and 35 min, respectively. The expansion ratio of the PLA nanocomposite foams was not drastically affected by the presence of C30B nanoclay or the subsequent impregnation with Ci. Thus, the resulting samples presented a volume approximately 14-fold higher than the non-foamed PLA films, with densities ranging between 0.126 and 0.139 g cm−3. These density values were lower than the reported densities for PLA foams obtained by chemical foaming [32] and by CO2-assisted extrusion foaming [33], which was related to the obtaining of PLA foams with lower pore sizes. Representative scanning electron microscopy (SEM) images of the neat PLA foam, PLA nanocomposite foams with different concentrations of the nanoclay C30B, as well the images of the impregnated PLA nanocomposite foams presented homogeneous microcellular closed-cell structures with average diameters ranging between 20.1 and 23.4 µm (shown in Table 1 and Figure 2). The neat PLA foam presented smooth cells with a pore average diameter (23.4 µm) considerably lower than the value reported for the PLA foams obtained in other studies of foaming with scCO2. Morlin et al. (2021) developed PLA foams by scCO2-assisted extrusion with 88-fold higher pore average diameters (approx. 2060 µm) [33]. This fact could be related to the scCO2 transfer from the mixer cavity into gas bubbles formed inside the PLA during the cell growth stage. This phenomenon increases the mass of scCO2 inside the bubble, promoting the generation of larger pores until the scCO2 concentration inside the bubbles equals that of the outside or the melt is frozen [34]. On the contrary, this phenomenon was avoided in the batch foaming with scCO2 due to the supersaturation with scCO2 of the PLA films during the thermodynamic instability caused by the sudden decrease in pressure upon depressurization to atmospheric pressure.



Using batch foaming with scCO2 at 10 MPa and 40 °C, Milovanovic et al. (2019) also reported the production of PLA foams with a higher pore average diameter (68.6 µm) and lower cell density (10.5 × 1012 pores cm−3). These results are very interesting because the sorption of CO2 in PLA at these conditions (~24.50 wt.%) [25] was higher than that expected for our foaming conditions (~17.51 wt.%) [35]. This fact should translate to a higher nucleation rate in PLA. Nevertheless, in our study, the PLA film reached a molten viscous state due to the use of a saturation temperature near the PLA melting temperature (154 °C), which could dramatically decrease the viscosity of PLA and enhance cell nucleation [36,37]. Moreover, the differences in the pore average diameter should mainly be a consequence of the different scCO2 densities and pressure drop used in each study. Particularly, the higher scCO2 density at the conditions used by Milovanovic (0.71776 g mL−1) and lower pressure drop (0.5 MPa min−1) could have resulted in lower scCO2 diffusion rates through the structure of the PLA during the cell growth stage compared with the CO2 diffusion rates established in our system, which probably implied a higher scCO2 residence period in the gas bubbles, promoting the formation of larger pores.



On the other hand, the incorporation of C30B nanoclays did not change the cell morphology but reduced the average pore diameter of the foams slightly as their content increased (Table 1 and Figure 2). This fact could be explained by the improvement of the PLA heat resistance due to the intercalation of C30B nanoclays, which decreased the bubble growth during the free expansion of the polymer [38]. The cell density of the PLA foams also increased with the nanoclay addition, probably due to the promotion of the heterogeneous nucleation of the polymeric structure, which enhanced cell nucleation by decreasing the energy barrier [39]. In this way, the PLA nanocomposite foam containing C30B at 3 wt.% presented the lowest average pore diameter size (21.87 µm) and, consequently, the highest cell density value (173.4 × 10−12 pores cm−3).



Ci was incorporated in the PLA nanocomposite foams by impregnation with scCO2 according to the experimental procedure described in Section 2.2. Impregnation runs were developed while maintaining a constant temperature, pressure, and time (40 °C, 12 MPa, and 3 h). The Ci impregnation yield obtained for the neat PLA foam agreed with the value reported for common PLA films scCO2 impregnated at the same processing conditions (11 wt.%) [21,24]. This result highlighted that although the physical structure of the PLA was modified from a high- (film) to low-density structure (foam), the availability of their functional groups, owing to the interaction with Ci, were not affected. Moreover, as was already expected, the presence of C30B had no impact on the Ci impregnation yield, and all the PLA nanocomposite foams presented an impregnation yield similar to the value obtained for the neat PLA foam (11 wt.%). This effect from C30B on the impregnation yield of Ci has been reported by Villegas et al. (2019) for impregnated PLA films obtained using scCO2 at 12 MPa and 40 °C [21]. SEM images (Figure 2) revealed that the scCO2-assisted Ci incorporation slightly decreased the average pore diameter of the active PLA nanocomposite foams, increasing their cell density. This fact could be attributed to the reduction of the foam viscosity during supercritical impregnation due to the well-known plasticizing effect of Ci on PLA [24], which increased the polymer chain mobility of the foams, allowing the generation of new pores of lower sizes during the depressurization of the system. This phenomenon has been also observed for starch foams loaded with carvacrol [22,23].




3.2. Structural Properties of PLA Nanocomposite Foams


FTIR analysis provides information regarding the chemical interactions in systems with two or more components. In this case, the possible interactions between the polymeric matrix and the active compound and nanoclay were studied. Figure 3 shows the FTIR spectra of the control and active PLA foams containing nanoclays and the active agent in order to observe if the incorporation of Ci and C30B nanoclay entailed the appearance of new peaks or the displacements of some bands.



The FTIR spectra clearly evidenced that all foam systems presented the characteristic peaks of PLA without displacements, where peaks at 1747, 1080, 1127, and 1180 cm−1 (peaks a,e–g) were attributed to carbonyl stretching and C=O and C-O symmetric and asymmetric stretching, respectively. Bands at 1450, 1381, and 1360 cm−1 (peaks b–d) were assigned to the bending of CH3 and symmetric and asymmetric vibrational deformations of the CH bond present in CH2, and finally, bands at 867 and 754 cm−1 (peaks h and i) were assigned to the PLA amorphous and crystalline phases, respectively [40,41].



As Figure 3 shows, the incorporation of Ci in the active PLA foams was also clearly evidenced. The active PLA foams presented new characteristic bands near 1600–1700 cm-1 associated with the vibrations of the aromatic ring and the aldehyde group of Ci, and a new peak at 690 cm−1 was attributed to the phenyl group of this active compound, specifically the CH=CH bending out of plane in alkenes [42,43]. The FTIR spectra of all active PLA nanocomposites confirmed that the incorporation of the active compound in the polymeric matrix occurred at similar concentrations, which was explained in Section 3.1.




3.3. Thermal Characterization of the PLA Nanocomposite Foams


The DSC parameters of the PLA nanocomposite foams and the neat PLA foam are shown in Table 2. The neat PLA foam was highly crystalline (56%) with a single melting temperature (Tm) at 154 °C, similar to the Tm value reported for the highly porous PLA foams obtained by scCO2-assisted extrusion [44]. However, the neat PLA foam had a higher crystallinity than that reported for the extruded neat PLA film (4.4%) due to the strain-induced crystallization (biaxial stretching) that took place in the foam expansion process of the PLA, considering that a slight plasticizer effect of the sCO2 on the non-foamed neat PLA has been reported [24]. That aside, the PLA crystals formed by foaming with scCO2 melted at a similar temperature (154 °C) to the crystals formed by cast extrusion PLA (152 °C) [24], indicating that the crystalline structures formed by both processes had similar thermodynamical stability.



The incorporation of Ci in PLA reduced the crystallinity of the polymer due to the well-known plasticizing effect of the active compound [24,45,46], and therefore, the cold crystallization at 115 °C was promoted as well as the formation of two types of crystals which melted at lower temperatures (143 and 148 °C) than the crystalline structures in the neat PLA foam. This melting behavior regarding the formation of two types of crystals—low ordered α’ crystals, and α crystals that are thermodynamically more stable—has been previously reported for PLA foams [44]. The plasticizer effect of essential oils has also been observed in foams of Mater-Bi biodegradable polymer/sodium bicarbonate/carvacrol as a viscosity reduction [22], ductility increase [23], and as a Tg decrease in poly lactic-co-glycolic acid/thymol foams [25].
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Table 2. DSC and TGA parameters of PLA nanocomposite foams impregnated with cinnamaldehyde.
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	Sample
	Tcc

(°C)
	ΔHcc

(J g−1)
	Tm1

(°C)
	Tm2

(°C)
	ΔHm

(J g1)
	Xc

(%)
	Tonset

(°C)
	Td1

(°C)
	Td2

(°C)





	PLAf
	-
	-
	154
	-
	52.4
	56
	326
	-
	367



	PLAf.Ci
	115
	8.4
	143
	148
	20.7
	15
	167
	173
	366



	PLAf.1C30B
	-
	-
	154
	-
	44.4
	48
	330
	-
	366



	PLAf.2C30B
	-
	-
	151
	161
	35.2
	39
	323
	-
	365



	PLAf.3C30B
	-
	-
	150
	162
	39.4
	44
	328
	-
	365



	PLAf.1C30B.Ci
	117
	6.3
	142
	150
	27.7
	27
	148
	153
	366



	PLAf.2C30B.Ci
	-
	-
	143
	153
	17.1
	21
	154
	187
	366



	PLAf.3C30B.Ci
	-
	-
	143
	149
	23.8
	30
	165
	172
	366








Here, - means the sample did not present a thermal transition or peak related to the parameter reported in the corresponding column.



On the other hand, the addition of C30B to PLA promoted the formation of foam structures with less crystallinity than the neat PLA foam. This fact could be related to a nanoclay restriction effect on the mobility of the polymer chains due to the PLA nanoparticle chemical interactions and the intercalation of the polymer chains between the clay platelets. This effect of the nanoclays seem to prevail over their reported nucleating effect in the polymeric structure and tend to be more significant as the clay concentration increased [47]. The chemical interactions could occur between the functional groups of PLA and C30B, as has been reported for PLA nanocomposites containing C30B nanoclays [21,47]. Mainly, chemical interactions occur between the carbonyl and hydroxyl terminal groups of PLA and the hydroxyl groups of the organic modifier of C30B (two OH groups per C30B molecule) [48]. Moreover, two melting peaks associated with the formation of two types of crystals in the PLA nanocomposite foams with C30B at 2 and 3 wt.% were observed. For these PLA nanocomposite foams, crystals with lower chain ordering that melted at 150 °C and other more stable crystals than those observed in PLAf.1C30B that melted near 160 °C were formed due to the nucleating properties of C30B. This phenomenon was also evidenced by Di et al. (2005) for PLA foams with C30B at 5 wt.% prepared by melt mixing and using a compressed mix of CO2 and N2 as a blowing agent [47]. Meanwhile, the PLA nanocomposite foams impregnated with Ci had higher crystallinity and slightly higher Tm2 values than the PLAf.Ci foam, which could be associated with the nucleating effect of C30B. Nonetheless, when the impregnated PLA nanocomposite foams were compared with those without Ci, a decrease in the melting temperatures and crystallinity was observed due to the plasticizing effect of Ci on PLA [21] without a clear trend regarding the clay concentration. Aside from that, a cold crystallization peak was detected only for the PLAf.1C30B.Ci sample because nucleation and molecular mobility during heating were favored at lower concentrations of nanofiller.



Table 2 also shows the TGA parameters of the PLA nanocomposite foams and the neat PLA foam. The Tonset and Td of the neat PLA foams were 326 and 367 °C, respectively [49,50]. Meanwhile, two temperatures at the maximum degradation rate—173 and 366 °C—were recorded for the PLA foam impregnated with Ci associated with the weight loss stages of Ci and PLA, respectively. These temperatures agreed with the thermal degradation of the extruded PLA films impregnated with Ci [24]. The thermal degradation of PLA could be related to hydrolysis, lactide reformation, oxidative main chain cleavage, and inter- or intramolecular transesterification reactions [51]. Meanwhile, Ci could lose weight by evaporation of water and its volatilization from 125 °C with a maximum rate of weight loss temperature around 200 °C [46,52,53,54].



Finally, C30B’s addition to PLA did not cause significant changes in the Tonset or in the Td regarding the values obtained for the neat PLA foam, even considering that the pristine C30B initiated its decomposition at 267 °C and presented two temperatures for the maximum degradation rate (299 and 404 °C), according to the report by Velásquez et al. (2021) [55]. These thermal results and the DSC evidence suggested that chemical interactions between C30B, PLA, and its degradation products formed a thermally stable network similar to that observed for fibrillar microcomposites containing PLA, PCL, and C30B [48]. Meanwhile, the PLA nanocomposite foams impregnated with Ci showed two temperatures for the maximum degradation rate Td1 and Td2, corresponding to the degradation stages of Ci and the nanocomposite, respectively. The differences between Tonset and Td1 for the PLA nanocomposite foams impregnated with Ci could be related to differences in the degree of Ci confinement between the polymer chains and clay platelets.




3.4. Study of the Cinnamaldehyde Release Kinetics


Ci’s release from the PLA nanocomposite foams was studied following the standard specific migration procedure described in Section 2.3.4. Ci’s migration into EtOH 50% was determined through HPCL and expressed as a Ci percentage release regarding the initial amount of Ci in the PLA foam samples. The equilibrium condition was expressed in terms of the partition coefficient of Ci (KP/FS), which is a thermodynamic parameter that corresponds to the ratio between the concentration of the Ci in the polymer (P) and the food simulant (FS). Meanwhile, the Ci release mechanism in the PLA nanocomposite foams was investigated by mathematical modeling using the Korsmeyer–Peppas and Higuchi kinetic models. The experimental partition coefficients of Ci, regression coefficients (R2), release rate constants k, and n parameter of the Korsmeyer–Peppas and Higuchi kinetic models are shown in Table 3.



Figure 4a shows the Ci release profiles from the different PLA nanocomposite foams. The regression coefficient (R2) values for the Higuchi and Korsmeyer–Peppas models were obtained by plotting the cumulative amount of Ci released into the food simulant as a function of the square root of time (Figure 4b) and the log of time (Figure 4c), respectively. The R2 values obtained by the correlation of the experimental Ci release data with the Korsmeyer–Peppas model were higher than those obtained by the Higuchi model. Thus, the release mechanism involved in the delivery of Ci from the PLA foams was unveiled, obtaining the “n” parameter of the Korsmeyer–Peppas equation, which corresponded to the diffusional exponent that classified the release mechanism as follows: Fickian diffusion (n = 0.5), anomalous transport (n > 0.5), and quasi-Fickian diffusion (n < 0.5) [56,57,58]. The values of the “n” parameter were calculated from the slopes of the plots shown in Figure 4c and ranged between 0.20 and 0.27. In this way, the release of Ci from the PLA foams could be considered a quasi-Fickian diffusion process, indicating that the relaxation of the polymeric matrix in contact with the food simulant was not coupled to the Ci release process. The quasi-Fickian diffusion mechanism has been also reported for other compounds in porous polymeric matrices, such as oregano essential oil polyphenols in starch foams, with the “n” values of the Korsmeyer–Peppas model ranging between 0.18 and 0.49, and chloramphenicol in chitosan-based foams, with diffusional exponent (n) values in the range of 0.14–0.34 [59].



Table 3 summarizes the distribution coefficient (KP/FS) and the constant rate of diffusion (k) that characterize the thermodynamical equilibrium and the kinetic process of Ci from the developed PLA nanocomposite foams. Both parameters were highly influenced by changing the hierarchical structure of PLA from a high- (film) to low-density structure (foam). The porous structuration of PLA seemed to be the main factor related to the 2.4-fold decrease in the Ci KP/FS values (Table 3) when compared with the values previously reported for the release of Ci from extruded PLA films using the same release conditions (EtOH 50% and 40 °C) [60]. In particular, the high porosity of the PLA samples prepared in our study was related to their low densities, ranging from 126 to 139 kg m−3, probably favoring the higher accessibility of food simulant throughout the porous structure of PLA compared with that obtained in the dense PLA film (1200 kg m−3), which probably negatively affected the chemical interaction between the Ci and foamed PLA, contributing to a higher Ci migration potential. This factor could also be related with the notable decrease in the time required to reach the thermodynamical equilibrium regarding the values reported by Villegas et al. (2021). The resulting k parameters were similar for all the foam samples, with values ranging between 0.38 and 0.49. This trend was expected due to the different PLA foam samples developed in this study presenting similar pore average diameters (Table 1), and this parameter has been included among the main factors that influences the release of active compounds from polymer foam structures [31,61,62].





4. Conclusions


PLA nanocomposite foams functionalized with Ci were successfully developed by two-step supercritical foaming and impregnation processing. The presence of C30B in the PLA foams had no impact on the Ci incorporation, and all the samples presented a similar impregnation yield (11 wt.%), which was confirmed by the FTIR results. The developed PLA foam samples presented homogenous microcellular closed-cell structures with average diameters ranging between 20.1 and 23.4 µm. C30B’s presence in PLA and Ci incorporation reduced the average pore diameter slightly and increased the cell density of the foams. The effect of C30B on these properties was related to the improvement in PLA heat resistance as its content increased due to the intercalation of the PLA chains on the C30B structure. Meanwhile, the effect of Ci was related to the reduction in the foam viscosity during the supercritical impregnation process due to its well-known plasticizing effect on PLA. These factors also explained the lower crystallinities of the different nanocomposite (from 39 to 48%) and PLA foams impregnated with Ci (from 15 to 30%) with respect to the values obtained for the neat PLA foam (56%).



Experimental and theoretical characterization of Ci’s release from the neat PLA foam and PLA nanocomposite foams with different C30B contents (1, 2, and 3 wt.%) in EtOH 50% was analyzed. The R2 values obtained using the Korsmeyer–Peppas model were higher than those obtained by the Higuchi model. The “n” values of the Korsmeyer–Peppas model were observed to be in the range of 0.20–0.27. Thus, the release of cinnamaldehyde from the different PLA foams corresponded to a quasi-Fickian diffusion process. Meanwhile, the distribution coefficient (KP/FS) and the rate constant of diffusion (k) for cinnamaldehyde in the different samples were observed to be between 46 and 57 and 0.38 and 0.49, respectively, showing that the release process of Ci was drastically influenced by the change of the hierarchical structure of PLA from a high- (film) to low-density structure (foam). In particular, a higher potential of migration and a higher kinetic release were observed for Ci in the PLA foam samples developed in this study compared with the results reported in common PLA films. This fact could be related to the higher porosity of the foams, which probably favored a higher accessibility of the food simulant throughout the porous structure, which probably negatively affected the chemical interaction between Ci and the matrix of PLA, also increasing Ci’s diffusion through the structure. Finally, this work shows that biopolymeric foams could potentially be used in active food packaging applications to improve the mass transfer of active compounds with low migration potential in order to stimulate their preferential partitions toward the food instead of the polymer phase improving their biological activity in the food product.
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Figure 1. Outline of the experimental set-up for the foaming with scCO2 and impregnation of the PLA nanocomposite foams [15]. 






Figure 1. Outline of the experimental set-up for the foaming with scCO2 and impregnation of the PLA nanocomposite foams [15].



[image: Processes 10 00376 g001]







[image: Processes 10 00376 g002 550] 





Figure 2. SEM micrographs of developed PLA foams obtained by foaming with scCO2 and impregnation. 
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Figure 3. FTIR spectra of foams, including nanoclays, control foams (dark lines), and foams containing cinnamaldehyde (bright lines). From bottom to top: PLAf.1C30B, PLAf.1C30.Ci, PLAf.2C30B, PLAf.2C30.Ci, PLAf.3C30B, and PLAf.3C30.Ci. 
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Figure 4. (a) Cinnamaldehyde release profiles in 50% EtOH at 40 °C and correlation of the cinnamaldehyde release process (dashed lines) from the PLA foams using (b) Higuchi and (c) Korsmeyer–Peppas kinetic models. Figures represent the experimental cinnamaldehyde release values from the following: ■ = PLAf.Ci; ◆ = PLAf.1C30B.Ci; ● = PLAf.2C30B.Ci and ▲ = PLAf.3C30B.Ci. 
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Table 1. Pore diameters (d) and cell densities (ρc) of the PLA nanocomposite foams.
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	Sample
	C30B Content (wt.%)
	dmin (µm)
	dmax (µm)
	daver (µm)
	ρc (1012 Pores cm−3)





	PLAf
	0
	13.9
	30.9
	23.4 ± 4.0
	74.0



	PLAf.1C30B
	1
	14.1
	32.4
	22.7 ± 6.9
	140.7



	PLAf.1C30B.Ci
	1
	14.1
	34.8
	21.9 ± 7.3
	169.6



	PLAf.2C30B
	2
	18.3
	30.2
	22.1 ± 5.6
	141.8



	PLAf.2C30B.Ci
	2
	17.5
	28.1
	21.0 ± 6.7
	171.3



	PLAf.3C30B
	3
	16.9
	27.2
	21.9 ± 3.9
	143.9



	PLAf.3C30B.Ci
	3
	15.6
	26.1
	20.1 ± 4.1
	173.4
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Table 3. Distribution coefficient (KP/FS), regression coefficient (R2), release rate constant (k), and the parameter n of the Korsmeyer–Peppas and Higuchi kinetic models.
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Kinetic Release Models

	
Higuchi

	
Korsmeyer–Peppas




	
Sample

	
KP/FS

	
R2

	
n

	
k

	
R2

	
n

	
k






	
PLAf.Ci

	
57 ± 3

	
0.985

	
0.5

	
0.33

	
0.989

	
0.20

	
0.43




	
PLAf.1C30B.Ci

	
46 ± 3

	
0.893

	
0.5

	
0.39

	
0.919

	
0.27

	
0.49




	
PLAf.2C30B.Ci

	
51 ± 3

	
0.895

	
0.5

	
0.30

	
0.920

	
0.24

	
0.38




	
PLAf.3C30B.Ci

	
57 ± 1

	
0.946

	
0.5

	
0.35

	
0.974

	
0.23

	
0.45
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