

  Assessment on the Effects of ZnO and Coated ZnO Particles on iPP and PLA Properties for Application in Food Packaging




Assessment on the Effects of ZnO and Coated ZnO Particles on iPP and PLA Properties for Application in Food Packaging







Coatings 2017, 7(2), 29; doi:10.3390/coatings7020029




Article



Assessment on the Effects of ZnO and Coated ZnO Particles on iPP and PLA Properties for Application in Food Packaging



Antonella Marra *, Gennaro Rollo, Sossio Cimmino and Clara Silvestre





Institute of Polymers, Composites and Biomaterials (IPCB), Consiglio Nazionale delle Ricerche (CNR), Via Campi Flegrei 34, Pozzuoli (Na) 80078, Italy









*



Correspondence: Tel.: +39-081-867-5203; Fax: +39-081-867-5230







Academic Editor: Stefano Farris



Received: 15 November 2016 / Accepted: 8 February 2017 / Published: 17 February 2017



Abstract:



This paper compares the properties of iPP based composites and PLA based biocomposites using 5% of ZnO particles or ZnO particles coated with stearic acid as filler. In particular, the effect of coating on the UV stability, thermostability, mechanical, barrier, and antibacterial properties of the polymer matrix were compared and related to the dispersion and distribution of the loads in the polymer matrix and the strength of the adhesion between the matrix and the particles. This survey demonstrated that, among the reported systems, iPP/5%ZnOc and PLA/5%ZnO films are the most suitable active materials for potential application in the active food packaging field.
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1. Introduction


Nano- and micro-technologies are applicable in food packaging to improve packaging performance such as gas, moisture, UV and volatile barriers, mechanical strength, heat resistance, flame retardancy, etc. [1,2,3,4,5,6,7]. Application of these technologies in food packaging is, therefore, considered highly promising since these technologies could also improve safety and quality of food and the research is oriented not only to materials with increased mechanical properties and reduced permeability but also those having antimicrobial properties [8,9,10,11,12,13,14,15,16,17]. It has been shown that the use of active agents, incorporated in the polymeric material for packaging, increases the shelf-life of the packaged product (life duration of a foodstuff before its consumption), acting on those mechanisms of degradation that cause food deterioration and reducing/inhibiting the growth of pathogens [18,19,20]. Particles of metals and metal oxides at sub-micrometric and/or nanometric size are the most used particles to develop antimicrobial activity [21]. Silver particles are already found in many commercial products. In literature, it is reported that Ag exerts antibacterial and fungicidal effects on about 150 different types of bacteria when the metal particles have nanoscale size [22,23,24,25].



Among metal oxides, zinc oxide (ZnO) is known to act as an antibacterial agent in addition to its ability to block UV radiation [26]. Recent studies confirm the efficacy of ZnO particles as antimicrobial agents when used in thermoplastic polymers [27,28,29,30]. From these studies emerged important results: ZnO particles exhibit antimicrobial activity against bacteria that are resistant to high temperatures and pressures; the antibacterial activity is dependent on the surface area and concentration, while the crystalline structure and shape of the particles have little influence; the treatment of the ZnO particles at higher temperature has a significant effect on the antibacterial activity. Despite this, the mechanism of antimicrobial activity is not fully clarified: according to Sawai et al. [27], the formation of hydrogen peroxide is able to destroy the cell membrane; according to Stoimenov et al. [31] ZnO particles link through chemical bonds to the bacterial membrane and cause the formation of electrostatic forces that damage the cell membrane itself. Anyway, the most creditable hypothesis is the formation of reactive oxygen species even if it is not yet entirely clear how these species are produced [32]. ZnO is currently listed as a generally recognized as safe (GRAS) material by the Food and Drug Administration and is used as food additive [33]. It must also be underlined that, for a complete application of these technologies, release of these particles from the packaging to food needs to be assessed in order to assure the safety of the new materials [6,34].



This paper reports the results obtained using 5% of ZnO particles and of ZnO particles coated (ZnOc) with stearic acid in order to modify the characteristics of two polymers, one derived by oil, isotactic polypropylene (iPP), and the other derived from renewable resources, polylactide acid (PLA), largely used in the field of food packaging [8,9,10,35,36,37]. Considering our previous studies [8,9,10], it is believed that 5% is the best amount to use, in order to improve the characteristics of composites, especially for the antibacterial properties. To have a complete pattern of the two systems additional analysis have been performed and unpublished results will be presented. In particular, we analyze how the distribution and dispersion of the ZnO particles, coated or not, and their adhesion to the two different matrices (iPP and PLA) affect the UV stability; thermostability; and mechanical, barrier, and antibacterial properties.




2. Experimental


2.1. Materials and Sample Preparation


The materials object of this assessment are: (1) isotactic polypropylene (iPP, Moplen X30S), in pellets, kindly supplied by Basell (Ferrara, Italy), with melt flow index = 9 dg·min−1 (2.16 kg, 230 °C), Mw = 3.5 × 105 and Mn = 4.7 × 104; (2) polylactic acid (PLA 4032D), in pellets, acquired from Nature Works LLC with d = 1.24 g/cm3 and Mw = 2.1 × 105 (g/mol), Mn = 1.3 × 105 (g/mol), polydispersity = 1.6, Mw/Mn determined by GPC-150C Waters Chromatography instrument (Milford, MA, USA) GPC at IPCB-CNR; (3) Zinc oxide powder, (Pylote SAS, in Dremil-Lafage, France). The procedures to obtain and/or to coat the ZnO were reported in details in references [14,15,38,39,40,41]. In particular ZnO particles were synthesized using a preindustrial spray scale pyrolysis platform the Pylote in Toulouse, France, in order to have high purity of the obtained powders, more uniform chemical composition, narrow size distribution, better regularity in shape, and the ability to synthesize multicomponent materials [38,39,40,41]. The coating of the ZnO particles was performed by preparing a solution of stearic acid and ZnO (1:10) in isopropanol under stirring for 12 h. The final product contains 9% of stearic acid linked to the surface of the particles as evaluated through thermogravimetric analysis as reported in details in Silvestre et al. [10]. In this reference [10], it is also reported that the coating process does not alter the crystalline structure of the particles, whereas it causes an increase of the dimension of the particle (the size of the ZnO particles ranges between 250 to 500 nm while that of the particles of ZnOc varies between 1 to 1.2 µm), and a change in the shape of the particles (hexagonal for the uncoated particles to spherical shape in the case of ZnOc particles). The composites were produced in a twin-screw extruder, Collin ZK25 (Ebersberg, Germany) with the D = 25 mm and L/D = 56, at the following temperatures from the hopper to the die: 180/200/200/190/180 °C for iPP based composites, and 150/170/170/170/160 °C for PLA based composites; the speed of the extruder screws was 25 rpm. In this review, the properties of the following system will be compared: iPP; iPP/5%ZnO; iPP/5%ZnOc; PLA; PLA/5%ZnO; PLA/5%ZnOc.




2.2. Characterization Methodologies


2.2.1. Scanning Electron Microscopy (SEM)


The morphology of the fractured surfaces of the composites were determined by the scanning electron microscope (SEM). The model used is a Fei Quanta 200 SEM Feg, Hillsboro, OR, USA.



The scanning electron microscope is an instrument characterized by a high resolving power, of the order of 200–300 Å, and provides three-dimensional images of the surfaces observed. The samples were then fixed on a support and metallized with a gold-palladium alloy to ensure better conductivity and prevent the formation of electrostatic charges.




2.2.2. Antibacterial Activity


The antimicrobial activity of the biocomposites was evaluated by using E. coli DSM 498T (DSMZ, Braunschweig, Germany) as test microorganisms. The evaluation was performed using the ASTM Standard Test Method E 2149-10 preparation of the bacterial inoculum required to grow a fresh 18 h shake culture of E. Coli DSM 498 in a sterile nutrient broth (composition for 1 L: 10 g of tryptone, 5 g of yeast extract and 10 g of sodium chloride) [42]. The colonies were maintained according to good microbiological practice and examined for purity by creating a streak plate.



The bacterial inoculum was diluted using a sterile buffer solution (composition for one liter: 0.150 g of potassium chloride, 2.25 g of sodium chloride, 0.05 g of sodium bicarbonate, 0.12 g of calcium chloride hexahydrate and at pH = 7.0) until the solution reached an absorbance of 0.30 ± 0.01 at 600 nm, as measured spectrophotometrically. This solution, with concentration of 1.5 × 108–3.0 × 108 colony forming units (CFU/mL), was diluted with the buffer solution to obtain a final concentration of 1.5 × 106–3.0 × 106 CFU/mL and it was the working bacterial dilution. The experiments were performed in 50 mL sterilized flasks. One gram of the film was maintained in contact with 10 mL of the working bacterial dilution. After 2 min, 100 mL of the working bacterial dilution was transferred to a test tube, which was followed by serial dilution and plating out on Petri dishes (10 mm × 90 mm) in which the culture media was previously poured. The Petri dishes were incubated at 35 °C for 24 h. These dishes represented the T0 contact time. The flasks were then placed on a wrist-action shaker for 0 h and 48 h. The bacterial concentration in the solutions at these two fixed times was evaluated by performing again serial dilutions and standard plate counting techniques. Three experiments were performed for each composition. The number of colonies in the Petri dish after incubation was converted into the number of colonies that form a unit per milliliter (CFU/mL). The percentage reduction was calculated using the following formula:


% Reduction (CFU/mL) = [(B−A)/B] × 100



(1)




where A = CFU/mL for the flask containing the sample after the specific contact time and B = CFU/mL at T0.




2.2.3. UV-Visible Spectrophotometry


UV-Visible spectra were monitored with Jasco V-570 spectrophotometer, Columbia, MA, USA. The spectra were recorded by using films in transmission mode.




2.2.4. Thermogravimetric Analysis (TGA)


The thermal stability of the samples was studied by TGA. The instrument used was a Perkin Elmer Diamond, Massachusetts, USA. Thermogravimetry consists in recording the variation of mass of a sample as a function of time and/or temperature in a controlled atmosphere.



The measurements were conducted at a heating rate of 20 °C/min from 30 to 800 °C, using about 1.5/2.0 mg of the sample in alumina pan. The experiments were done in an oxygen atmosphere at flow rate of 200 mL/min. From thermograms it is determined that the temperature at which the degradation process is at 50%.




2.2.5. Mechanical Properties (Tensile)


The tensile properties were determined by using a dynamometer Instron 4505, Torino, Italy, with appropriate software for data processing. The tests were carried out at ambient temperature and at a speed of the moving crosshead of 2 mm/min. At least 20 tests were performed for each film composition.




2.2.6. Percentage Variation of Oxygen Permeability


The apparatus used is PermeO2 Extra Solution Instrument, Lucca, Italy. The test consists in determining the amount of oxygen that passes through the surface (50 cm2) of the film, in 24 h, with precise relative humidity condition H = 0% and temperature at 23 °C.



The permeability is obtained, multiplying the Oxygen Transmission Rate (OTR) [cm3/(m2 × 24 h)], obtained by the measurement, for the film thickness (cm) and dividing by the difference of partial pressure (bar) present in the two chambers


Permeability = OTR × (thickness/ΔP) = [cm3/(m2 × 24 h)] × (cm/bar)



(2)







The percentage variation of O2 permeability of composite systems, ΔO2 Permeability (%), is calculated using the following formula:


ΔO2 Permeability (%) = [(Pc − Pp)/Pp] × 100



(3)




where Pc is the oxygen permeability of the composite film and Pp is the oxygen permeability of the plain film.






3. Results and Discussion


3.1. Overall Morphology


For the systems under examination, the dispersion of the particles on the polymeric matrix depends on the coating process and on the kind of matrix used. Figure 1 shows the SEM images of all systems composites based on iPP and PLA matrix.


Figure 1. Scanning electron micrographs of iPP (a), iPP/ZnO (b), iPP/ZnOc (c), PLA (d), PLA/ZnO (e), and PLA/ZnOc (f) films fractured in liquid nitrogen.
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The iPP/ZnO samples are characterized by a not homogeneous distribution of the particles with the presence of agglomerates, Figure 1b. It should be noted that the ZnO particles are well embedded in the iPP matrix. For the iPP system, the coating of the ZnO with stearic acid (Figure 1c) promotes a better dispersion and distribution of the particles and prevents the formation of agglomerates [10]. Using the same particles, in PLA matrix it is possible to note an opposite behavior: whereas for the system PLA/ZnO, Figure 1e, the distribution of the uncoated particles in the sample is homogenous, with the particles well embedded in the matrix, for the PLA/ZnOc system, Figure 1f, agglomerations of particles are present. Moreover, the presence of holes left during the fracture with liquid nitrogen indicates a poor adhesion between matrix and particles.




3.2. Antibacterial Activity


In Figure 2, the antimicrobial effect against E. coli is presented for iPP and PLA based systems. Plain polymers exhibit no bactericidal activity. When ZnO or ZnOc particles are present in both matrices after 48 h the composites show a reduction of 99.99% of E. coli, indicating that the mixing of the particles with the two matrices and the coating process do not reduce the antibacterial activity of the plain ZnO particles.


Figure 2. CFU/mL versus contact time for iPP (a) and PLA (b) based systems.
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3.3. Photostability and Thermostability


Figure 3 shows the UV-Visible spectra of iPP and PLA based composites. The two plain polymers, in agreement with literature [10,35], do not have a high photostability (Figure 3). In the case of iPP, UV-Vis analysis shows an absorption band at 280 nm due to the presence of some stabilizer in the commercial iPP used. The PLA transmittance starts to decrease at about 382 nm and becomes 0 at 225 nm, this saturation of the spectra at 225 nm is due to the absorbance of PLA ester groups [9,43]. In the presence of both ZnO and ZnOc for both polymers, an absorption band in the region around 385 nm—as indicated by arrows—is observed [10]. As reported in the literature, this band is due to the inherent capacity of the ZnO particles to absorb the UV light [43,44]. This result indicates that both ZnO and ZnOc particles are able to absorb UV light and to extend the UV absorption area of plain polymers.


Figure 3. UV-visible spectra of iPP (a) and PLA (b) based composites.
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In Figure 4 the thermostability curves of iPP and PLA based composites are presented. The presence of the ZnO and ZnOc increases or decreases the thermal stability depending on the type of the polymer into consideration. For the iPP/ZnO and iPP/ZnOc systems, there is a delay in the temperature of starting degradation, compared to iPP, and a consistent increase of the temperature at which the weight of the sample is reduced of the 50% (T50%) (see Table 1).


Figure 4. Thermostability curve of iPP (a) and PLA (b) based composites.
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Table 1. Temperature at which the degradation process is at 50%.







	
Sample

	
T50% (°C)






	
iPP

	
315 ± 1




	
iPP/5%ZnO

	
347 ± 1




	
iPP/5%ZnOc

	
355 ± 1




	
PLA

	
315 ± 1




	
PLA/5%ZnO

	
299 ± 1




	
PLA/5%ZnOc

	
280 ± 1










The presence of uncoated ZnO (5 wt %) has consistent influence on the thermostability of iPP, which increases when the ZnO particles are coated by the stearic acid, as seen in Figure 4a. The degradation of the stearic acid, as it was reported in a previous paper [10], starts before the degradation of iPP, acting as a barrier for the degradation of the matrix also slowing the diffusion of the degradation products of iPP in the sample, causing an increase of the thermal stability of iPP/ZnOc.



When the same particles are added to PLA the behavior is completely different, as it is possible to observe in the Figure 4b. Both PLA based composites degrade faster than the plain polymer. Comparing the two composites, the PLA filled with ZnOc degrades faster that the PLA containg the uncoated particles. It is reported in the literature that ZnO particles catalyze the depolymerization [9]. Moreover, these results confirm that the ZnOc increases the PLA degradation process, because of the presence of voids that creates a preferential path for the degradation products to easily leave the sample, and does not permit to the degradation products of the stearic acid to act as a barrier for the degradation of the matrix.




3.4. Mechanical Properties


Figure 5 shows the stress-strain curves of composites, whereas Table 2 and Table 3 report the values of mechanical parameters, Young modulus (E), stress and strain at the yield point (σy, ɛy), and at break (σb, ɛb).


Figure 5. Stress-strain curve of iPP (a) and PLA (b) based systems.
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Table 2. Stress–strain parameters of iPP, iPP/5%ZnO, and iPP/5%ZnOc composites.







	
Sample

	
E (MPa)

	
σy (MPa)

	
ɛy (%)

	
σb (MPa)

	
ɛb (%)






	
iPP

	
1350 ± 100

	
19 ± 3

	
7 ± 2

	
30 ± 3

	
890 ± 65




	
iPP/5%ZnO

	
1430 ± 166

	
19 ± 2

	
6 ± 1

	
16 ± 4

	
500 ± 120




	
iPP/5%ZnOc

	
1515 ± 79

	
26 ± 1

	
7 ± 1

	
28 ± 3

	
605 ± 76










Table 3. Stress–strain parameters of PLA, PLA/5%ZnO, and PLA/5%ZnOc composites.







	
Samples

	
E (MPa)

	
σy (MPa)

	
ɛy (%)

	
σb (MPa)

	
ɛb (%)






	
PLA

	
3470 ± 189

	
44 ± 2

	
2 ± 1

	
38 ± 2

	
26 ± 5




	
PLA/5%ZnO

	
3853 ± 107

	
48 ± 3

	
2 ± 1

	
40 ± 3

	
17 ± 6




	
PLA/5%ZnOc

	
3492 ± 184

	
37 ± 3

	
3 ± 1

	
41 ± 3

	
2 ± 1










For the iPP based systems, it can be seen that all the samples have the typical behavior of a semi-crystalline polyolefin, with the phenomenon of yield strength, cold drawing, fiber elongation, and final break of the fibers, as seen in Figure 5a. From the values shown in the Table 2, it can be observed that compared with plain iPP the two composite films present improved Young modulus and this improvement is more evident for the system containing the coated particles. These samples present also an improvement in stress at the yield point and comparable values of stress at the break with plain polymer. In conclusion, the sample iPP/ZnOc presents values of mechanical properties higher than those of the iPP/ZnO composite.



Different behavior is found for the PLA based systems. From Figure 5b it is clear that the PLA shows a poor plastic behavior, differently from petroleum-based plastics, however it is possible to observe yielding, drawing, and final rupture of the sample. In particular, it is possible to note, with respect to plain PLA, that when the ZnO particles are present in the PLA matrix there is:

	
A slight increase in the modulus and in the stress at the yield point;



	
No consistent variation in ɛy and σb;



	
A decrease in the elongation at the break;



	
A strong decrease of the elongation at the break mainly for the PLA/ZnOc system.








The different behavior of the mechanical properties observed in the case of iPP and PLA based systems can be related to the different morphology that is present in the systems. The more homogeneous distribution of the ZnOc particles inside the matrix of iPP causes the improvement in the mechanical properties with respect to the iPP/ZnO system where agglomeration phenomena are present. For the PLA/ZnOc system, not only the agglomeration phenomena, but mainly the poor adhesion between the phases is certainly responsible of the low value of elongation at break, because the fracture can easily propagate through the voids.




3.5. Percentage Variation of Oxygen Permeability


The oxygen permeability of plain iPP is 5.50 [(cm3/(m2 × 24 h)] × (cm/bar) and for PLA is 2.23 [(cm3/(m2 × 24 h)] × (cm/bar). Table 4 shows the percentage variation of oxygen permeability of the composite films respect the plain iPP and PLA films. For iPP composite films, the permeability is almost the same as that of plain iPP. In the case of PLA based systems, there is a significant decrease of oxygen permeability for PLA/5% ZnO film (18%). With respect to the plain PLA film, this is due to the homogeneous distribution of the ZnO particles in the PLA matrix which makes the path of the oxygen molecules more tortuous [9]; whereas no variation for the PLA system with ZnOc is found.



Table 4. Percentage variation of O2 permeability of composite systems respect to plain iPP and PLA at 23 °C and 0% HR.







	
Sample

	
ΔO2 Permeability (%)






	
iPP/5%ZnO

	
+2%




	
iPP/5%ZnOc

	
−3%




	
PLA/5%ZnO

	
−18%




	
PLA/5%ZnOc

	
+1%












4. Conclusions


The work confirms that the main factors in defining the properties of a composite are the overall morphology (dispersion and distribution of the loads in the polymers matrix), as well as the strength of the adhesion between the matrix and the particles.



In particular, SEM analysis shows homogeneous dispersion and distribution of ZnOc particles in the iPP matrix and of ZnO in the PLA matrix. Consequentially, there is an improvement of the tensile properties for the iPP/ZnOc and PLA/ZnO systems.



It has also to be underlined that the ZnOc particles have a shielding effect to UV radiation as ZnO particles as reported in the literature.



The coated particles influence the thermostability. In particular, when the ZnOc particles are present in the iPP matrix there is an improvement of the thermal stability respect the plain iPP contrary in the PLA matrix. The principal achievements are regarding oxygen permeability where the PLA/ZnO system shows a significant decrease and also about antibacterial activity against E. coli where those novel composites show—after 48 h—strong bacterial reduction. This assessment demonstrated that among the reported systems, iPP/5%ZnOc films and PLA/5%ZnO, are the most suitable active materials for potential application in the active packaging field.
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