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Abstract

:

The aim of the study was to evaluate possibility of producing a polylactide film with birch tar by the industrial extrusion method and whether the addition of 10% birch tar can ensure adequate biocidal properties of PLA against pathogenic microorganisms (E. coli, S. aureus, P. aeruginosa, A. tumefaciens, X. campestris, P. brassicacearum, P. corrugate and P. syringae) and fungi (A. niger, A. flavus and A. versicolor) while ensuring beneficial functional properties, such as water vapor, nitrogen, oxygen and carbon dioxide permeability, which are of considerable importance in the packaging industry. The main test methods used were ISO 22196, ISO 846, ISO 2556, ASTM F 1927 and ASTM F 2476-20. The obtained results prove the possibility of extruding polymer films with a biocidal additive, i.e., birch tar, and obtaining favorable properties that qualify the produced film for applications in the packaging industry.
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1. Introduction


Growing concerns about the emergence of new strains of microorganisms that exhibit increased drug resistance undoubtedly pose a threat to human health and the environment, thus favoring the development of materials to ensure microbiological safety. According to the literature data, it is estimated that in the coming years, e.g., in connection with the coronavirus pandemic, there will be an intensive increase in the demand for coatings to protect against pathogens [1]. Some strains of microorganisms, such as Staphylococcus, Escherichia and Pseudomonas, are responsible for serious disease infections that affect millions of people around the world [2,3,4,5,6,7,8]. The problem of contamination does not only concern humans or animals but also plants, the growth, development and yield of which are limited due to the influence of pathogens, both bacterial (A. tumefaciens, X. campestris, P. brassicacearum, P. corrugate and P. syringae) [9] and fungal (A. niger, A. flavus and A. versicolor) [10,11]. When deposited on the surface of tissues or objects, many microbes can form a protective matrix made of DNA, proteins and polysaccharides called the exopolysaccharide matrix (EPS). Colonies of microorganisms surrounded by EPS are called biofilms. It is extremely difficult to destroying microorganisms they have created a biofilm [12]. Therefore, polymeric materials are produced containing substances with biofilm-limiting properties. The base matrix can be virtually any type of polymer, regardless of whether it is biodegradable or not [7,13,14,15,16,17,18,19,20,21,22]. Owing to the need to protect the environment and reduce waste, an increasing amount of research and development has been conducted with respect to degradable plastics. In recent studies, we presented test results of a plasticized polylactide film containing tar produced in the laboratory using the solvent method [9,23,24].



Therefore, the aim of the present study was to verify whether and under what conditions it is possible to produce plasticized films containing tar by the method of professional industrial extrusion. We also analyzed the thermal, barrier, antibacterial and antifungal properties of the extruded films in order to determine whether tested material is suitable for commercialization and use in the packaging industry in the future.




2. Materials and Methods


2.1. Biocide


Birch tar (t), a dark, oily solid with a characteristic pungent odor, is a natural product obtained by dry distillation of birch bark (Betula pendula Roth) (Gift of Nature, Grodzisk, Poland).




2.2. Biodegradable Polymer and Plasticizer


Polylactide (PLA) type 2500HP with a melt flow rate (MFR) of 8 g/10 min (2.16 kg, 210 °C), a density of 1.24 g/cm3 and peak crystalline melting point of 165–180 °C was supplied by Nature Works LLC, Minnetonka, MN, USA.



Poly(ethylene glycol) (PEG) with an Mw of 1500 g mol−1 (Sigma-Aldrich Ltd., Poznan, Poland) was used as a plasticizer.




2.3. Sample Preparation


In this phase of the research, we developed a method of producing a PLA concentrate containing an oily substance. Due to the high viscosity of the substance, which made it impossible to directly dose into the hopper of the extruder, with the use of a peristaltic pump, we decided to preheat the substance to about 80 °C and add the appropriate amount of heated substance to the appropriate amount of dried (75 °C, 4 h) PLA granules. This step would not affect the expected performance of the extruded parts. After adding both components to the measuring vessel and thoroughly mixing them, the PLA was encapsulated by the oily substance, which enabled dosing of the mixture into the extruder hopper.



2.3.1. Materials Composition


In the second step, two types of composites were produced using the same extruder. First, a PLA/PEG sample was extruded. To this end, appropriate amounts of both components were measured, premixed in a measuring cup and placed in a volumetric dispenser. The extrusion process was carried out under the same conditions as for the production of the concentrate. As a result, 2 kg of PLA/PEG granules was obtained (control symbol: L). In the next step, the second type of composite was produced. For this purpose, an appropriately weighed amount of PLA and an appropriately weighed amount of PEG were added to the appropriately measured mass of the obtained concentrate in such a way as to obtain a recipe with the following composition: PLA, 5 wt.% PEG and 10 wt.% oily substance (sample symbol: Lt5). After all the ingredients were premixed, the obtained mixture was introduced into a volumetric feeder and dosed into the hopper of the extruder. The extrusion process was carried out under the same conditions as for the concentrate extrusion. Ultimately, 2 kg of PLA/PEG/BT was obtained.




2.3.2. Extrusion Technology


The process of extrusion of PLA with an oily substance was carried out using a co-rotating twin-screw extruder type BTSK 20/40D (Bühler, Germany) equipped with screws with a diameter of 20 mm and L/D = 40. The extrusion process was carried out with one free degassing. The twin-screw extruder had a nominal torque of 32 Nm. A two-hole angular head was used for technological tests. The extrudate was extruded on a conveyor belt with intensive cooling, then granulated on a granulator. The extrusion process was carried out at the temperature profile of the cylinder and the head with the following values: 170/175/180/180 °C (cylinder) and 180 °C (head). The rotation speed of the screws was constant at 200 rpm.




2.3.3. Film Extrusion


From the two obtained composites, flat films with a width of between 10 and 12 cm were extruded. The process of extrusion of each of the films was carried out in the same way using a Brabender Lab-Station single-screw extruder equipped with a screw with a diameter of 19 mm, L/D = 25 and a compression ratio of 3:1, in addition to a mixing tip. A flat-slot angular head with a mouthpiece width of 170 mm was used for technological trials. The films were extruded on calendering rolls thermostated at about 50 °C. The extrusion process was carried out at the temperature profile of the cylinder and the head with the following values: 175/180/180 °C (cylinder) and 180 °C (head). The rotation speed of the screws was constant at 130 rpm. Two types of foil were obtained, each about 0.1 mm thick and several meters long.





2.4. Strains of Microorganisms


The bactericidal properties of the extruded L and Lt5 films were determined for pathogenic microorganisms from the American Type Culture Collection (ATCC) (E. coli (ATCC 8739), S. aureus (ATCC 6538P) and P. aeruginosa (ATCC 13388)) and pathogens isolated from the environment (A. tumefaciens, X. campestris, P. brassicacearum, P. corrugate and P. syringae). The abovementioned strains were cultured on nutrient agar (Difco, Baltimore, MD, USA) for 1 day at 35 °C (±1 °C) according to ISO 22196:2011 [25]. Fungicidal properties were evaluated against the following strains: A. niger, A. flavus and A. versicolor, which were cultured on potato dextrose agar (Difco, Baltimore, MD, USA) for 5 days at 29 °C (±1 °C).




2.5. Barrier Properties


Gas permeation through the films was analyzed for water vapor, oxygen, carbon dioxide and nitrogen. Measurements were performed under stable conditions of 23 °C and 50% RH (for each gas except water vapor).



2.5.1. Permeability of Water Vapor


The permeability of water vapor (Pv) was determined in accordance with the standard (PN-EN ISO 15106-1:2007) using an L80-5000 type apparatus (PBI Dansensor). This test consists of determining the amount (g) of water vapor that can permeate through a given sample surface of per unit of time and at a constant temperature. Five measurements were performed for each sample, and the arithmetic mean of these measurements was taken as the test result. The test was carried out at a temperature of 38 °C [26].




2.5.2. Permeability of Oxygen


Oxygen permeability (PO) was determined according to the ASTM F 1927-98 standard test method for determination of oxygen gas transmission rate, permeability and permeance with controlled relative humidity through barrier materials using a coulometric detector and a MultiPerm O2-CO2 DC test stand (PermTech; serial no. B02Y0). Three measurements were performed for each sample, and the arithmetic mean of the three measurements was taken as the test result. The tests were carried out with a 2.01 cm2 mask-measuring area. The obtained measurement result relates to the thickness of the tested samples [27].




2.5.3. Permeability of Carbon Dioxide


Carbon dioxide permeability (PD) was determined according to the ASTM F2476-20 standard test method for the determination of carbon dioxide gas transmission rate (CO2TR) through barrier materials using an infrared detector and a MultiPerm O2-CO2 DC test stand (PermTech; serial no. B02Y0). The obtained measurement results refer to the thickness of the tested samples [28].




2.5.4. Permeability of Nitrogen


Nitrogen permeability (PA) was determined in accordance with EN ISO 2556:2002 standard for determination of gas permeability through films and thin plates under atmospheric pressure manometric method using a LYSSY L 100-5000 test stand. The obtained measurement results are related to the thickness of the tested samples [29].





2.6. DSC


Thermal properties were determined by differential scanning calorimetry (DSC type DSC 1 STARe System (Mettler Toledo, Swiss Company, Greifensee, Switzerland)) in a temperature range of 0 to 200 °C. The samples were successively heated from 0 to 200 °C at 10 °C/min, annealed at 200 °C for 3 min, cooled to 0 °C at 10 °C/min and reheated to 200 °C at a rate of 10 °C/min. DSC measurements were performed under nitrogen [30,31,32].




2.7. Study of Bactericidal Properties


Following the guidelines of ISO 22196:2011, analyses were carried out to determine the bactericidal properties of the test films.



A volume of 0.4. mL of bacterial suspension with a concentration of 6 × 105 CFU/mL was centrally applied to a 50 mm × 50 mm (±1 mm) film. The whole sample was covered with a 40 mm × 40 mm (±1 mm) polyethylene film and incubated at 35 °C (±1 °C) for 24 h. Antimicrobial activity was denoted by R, which indicates the decimal logarithm of the reduction in CFU/cm2 on the test film relative to the control film sample [25].




2.8. Study of Fungicidal and Fungistatic Properties


The antifungal and fungistatic properties of the films were tested according to the guidelines in section B of ISO 846:2019. The concentration of microorganisms indicated in Section 2.4 was 106 spores/mL [33]. The experiment was conducted for 28 days, at a temperature of 29 ± 1 °C. Visual assessment was performed on the basis of photos taken with an aCOLyte3 automatic colony counter (Synbiosis, Pegasus Court, Frederick, MD, USA). A Leica stereoscopic microscope (Leica, Wetzlar, Germany, UE) was used for microscopic observations at 40× magnification of the sample image with a Leica camera (Leica, Wetzlar, Germany, UE).





3. Results and Discussion


3.1. Permeability of Water Vapor and Gases


The results of the research on the permeability of water vapor (Pv), oxygen (Po), carbon dioxide (PD) and nitrogen (PA) are presented in the Table 1.



The water vapor permeability of Lt5 was 24.5% lower than that of polylactide. The permeability of oxygen, carbon dioxide and nitrogen through the foil was 24, 37 and 34% lower, respectively, in relation to PLA. These results show that the 10% addition of an oily substance in the form of tar significantly changed the barrier properties, resulting in the possibility of using the obtained films. Richert et al. [9] presented the results of water vapor permeability tests for a PLA sample with 10% tar content; however, the tested foil was obtained by the laboratory solvent method, with a difference of 1.5% between their reported results and those obtained in the present study.



Shogren [34] analyzed changes in the same parameters for PLA under varying temperature conditions: 6, 25 and 49 °C. At a temperature of 6 °C, the water vapor permeability of PLA was 54 g/m2*24 h, with a water vapor permeability of 177 g/m2*24 h at a temperature of 25 °C for the same sample. For PLA samples, the values were two times higher than those obtained in the present study. Plackett [35] analyzed the water vapor permeability of PLA (at 23 °C and 0–50% RH), as well as the oxygen and carbon dioxide permeabilities (at 23–38 °C and 50–90% RH) [35]. The obtained results differed from those presented in this paper, but all the results were expressed in a unit other than that indicated by the standard [26,27,28,29], i.e., the documents according to which the water vapor permeability analyses were conducted and presented in the present study. Even after conversion of the units, the values were not consistent with those obtained in the present study. This difference could also be the result of the thickness of the tested films. Moreover, Plackett [35] clearly indicated that the obtained PV, PO and PD values should be treated only as indicative, pointing out that the results of water vapor or gas permeability depend on various factors, such as the molecular weight of the polymer, crystallinity and test conditions.



The inclusion of additive to the polylactide may increase resistance to water vapor and gas penetration, thereby changing the barrier properties of the material [9,19,20].




3.2. DSC Results


Table 2 and Figure 1 show the results of DSC analyses.



The first-run analysis (first heating) (Figure 1A) provides information about the thermal history of the investigated material. As shown in Figure 1A, both samples exhibit a glass transition, cold crystallization, melting of the crystalline phase and a small exothermic peak before melting. However, the temperature values of these phase transitions differ. Importantly, after adding tar, the glass transition temperature (Tg), cold crystallization temperature (Tcc) and melting point (Tm) decreased significantly, so the highly flexible area was shifted toward lower temperatures. Moreover, assuming that the processing conditions for both samples were the same, it can also be concluded that tar promotes the formation of finer crystalline structures during extrusion but in smaller amount than in the case of PLA. Because the Lt5 shows a lower cold crystallization temperature and the same enthalpy (ΔHcc) compared to sample L, as well as slightly lower degree of crystallinity than in PLA, these finer crystalline structures arose in a small amount. The formation of crystallites observed in the DSC investigation proves that during the casting of the film on the rolls, they did not form in sufficiently large amounts (the degree of crystallinity the films is only 12.4 and 10.8 for PLA and Lt5, respectively). For example, for PLA, the degree of crystallinity should be at least two times higher (as it results from the second heating cycle). The slightly lower degree of Lt5 crystallinity relative to that of PLA also indicates that tar does not favor the formation of crystal structures in the extrusion process, possibly because after the addition of the tar, the cooling rollers cooled the material more easily, and the macromolecules were frozen quickly, resulting in limited rotational movement of the macromolecules.



In the second heating (Figure 1B), the shape of both curves was similar to that in the first heating. However, in this case, we investigated the characteristics of the material and not its thermal history. After the addition of tar, the glass transition temperature slightly decreased, proving the plasticization of the polymer. The melting point of the crystalline phase also decreased, partly due to plasticization. In both samples, two exothermic peaks were visible (similar to the first heating), which may indicate two areas of cold crystallization of macromolecules (the second peak before melting may result from recrystallization). Other researchers encountered a similar situation [36,37], suggesting that it may be related to the formation of a metastable state as a result of, for example, the orientation of PLA macromolecules or a metastable state with incomplete crystallite formation. As a result of further annealing (and increasing temperature), macromolecules can change from this metastable state to another metastable state; that is, they can recrystallize to form crystallites with a different crystallographic structure. Therefore, there is often a second exothermic peak just before melting.



Furthermore, the data presented in Figure 1B show that both crystallization peaks of the Lt5 sample have a higher crystallization temperature compared to that of PLA. Contrary to the first heating (after the addition of tar, the crystallization temperature decreased), crystallite formation was more difficult during the second heating. To explain this, the cooling curves (Figure 1C) need to be discussed. As shown in Figure 1C, there was a plateau during cooling for sample Lt5, and no crystallites were formed. As crystallites did not form during walking, they were formed mainly during heating (cold crystallization; enthalpy of approx. 32 J/g), with almost twice as many as in the PLA sample after the cold crystallization process, although in this case, some of the PLA crystallites were formed earlier during cooling (enthalpy (ΔHc), 12 J/g); the rest crystallized during heating (enthalpy (ΔHcc), 22 J/g).



As shown in Figure 1B, the degree of crystallinity of PLA is 24% (including both exothermic peaks), and that of Lt5 samples is 5%. The latter material formed few crystallites, which is consistent with crystallization during cooling, during which the Lt5 sample did not contain crystallites, as some were formed only in PLA (approx. 12 J/g). The main conclusion drawn from the DSC results is that the addition of tar (excluding the first heating, i.e., the thermal history) causes the degree of crystallinity to decrease, resulting in polymer that is mainly amorphous in structure.




3.3. Bacterial and Fungistatic Results


According to the guidelines of ISO 22196:2011, the film has bacteriophilic properties when R ≥ 2.0, with “-” indicating no activity. The results shown in Table 3 satisfy the validation conditions of the standard [25].



The fungistatic properties of the PLA/BT materials were determined using method B according to ISO 846:2019 [33], with the use of fungus strains. Any inhibition of fungal growth, both on the surface of the polymeric material sample and around it (inhibition zone), indicates the fungistatic activity of the polymeric material.



In accordance with the standard, samples were divided into three lots: (a) lot 0: control samples stored at a standardized temperature and relative humidity; (b) lot I: samples inoculated with microorganisms and incubated at 24 ± 1 °C; and (c) lot S: unvaccinated samples stored under the same conditions as lot I.



Visual assessment was carried out in accordance with the scale included in the standard (Table 4).



Table 5 presents photos of fungal mixture growth on the surface of the tested films.



The results show that the analyzed film containing tar exhibits bactericidal and antifungal properties. Compared to the results for films with the same birch tar content but obtained with the solvent method, the data are similar [9,23]. The strongest effect of the film on microorganisms was noted for the bacterial strain A. tumefaciens and the fungi A. niger and A. flavus.





4. Conclusions


The obtained results show that, apart from the solvent method, it is possible to obtain a polylactide film with the addition of 10% tar by extrusion, resulting in very high activity against bacterial and fungal pathogens of plants, animals and humans. In addition, this additive changes the physicochemical, thermal and barrier properties of the film, which extends the possibilities of their application in the packaging industry. The addition of tar to polymers is an innovative, cost-effective and safe solution for the use of materials effective against a wide range of Gram-negative bacteria and microscopic fungi.




5. Patents


Richert, A., Dąbrowska, G.B., Dąbrowski, H.P., 2020. Bactericidal polylactide film and the method of its preparation. Patent Application P.433979 (in Polish).



Richert, A., Dąbrowska, G.B., 2022. A method of obtaining a biodegradable film from biodegradable polymers and a biodegradable film containing biodegradable polymers. Patent Application P.442284 (in Polish).
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Figure 1. DSC results of plasticizer PLA (L) and plasticizer PLA with birch tar (Lt5) analysis. (A) First-run analysis (first heating), (B) second-gear analysis (second heating), (C) cooling analysis. 
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Table 1. Results of permeability of water vapor and gases through films without (L) and with birch tar (Lt5).
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Permeability




	
Sample

	
Pv, g/m2*24 h

	
Po, mL/m2*24 h

	
PD, mL/m2*24 h

	
PA, mL/m2*24 h






	
L

	
90.24 ± 0.54

	
176.56 ± 0.29

	
855.88 ± 3.91

	
28.24 ± 2.32




	
Lt5

	
68.00 ± 0.87

	
134.03 ± 0.64

	
540.16 ± 3.62

	
18.63 ± 3.15
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Table 2. Thermal property test results determined by the DSC method; all symbols are explained in the text.
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Sample

	
Heating 1

	
Cooling

	
Heating 2




	

	
Tm, °C

	
ΔHm, J/g

	
Tg, °C

	
Tcc, °C

	
ΔHcc, J/g

	
Tc, °C

	
ΔHc, J/g

	
Tm, °C

	
ΔHm, J/g

	
Tg, °C

	
Tcc, °C

	
ΔHcc, J/g






	
L

	
174.45

	
43.60

	
53.61

	
96.74

	
32.22

	
93.06

	
11.77

	
173.95

	
43.78

	
49.27

	
94.53

	
22.37




	
Lt5

	
168.51

	
37.88

	
46.63

	
86.87

	
27.79

	
-

	
-

	
168.52

	
36.40

	
45.88

	
99.56

	
31.88
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Table 3. Antimicrobial activity of PLA film with birch tar (Lt5) with reference to the control sample —PLA film (L) against pathogen strains.
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Microbial Strain

	
Sample Description

	
R

	
% Reduction

	
Antimicrobial Efficacy






	
E. coli

	
L

	
-

	
-

	
-




	
Lt5

	
2.2

	
>99.9

	
very high




	
S. aureus

	
L

	
-

	
-

	
-




	
Lt5

	
2.9

	
>99.9

	
very high




	
P. aeruginosa

	
L

	
-

	
-

	
-




	
Lt5

	
3.5

	
>99.9

	
very high




	
A. tumefaciens

	
L

	
-

	
-

	
-




	
Lt5

	
5.2

	
>99.9

	
very high




	
X. campestris

	
L

	
-

	
-

	
-




	
Lt5

	
4.1

	
>99.9

	
very high




	
P. brassicacearum

	
L

	
-

	
-

	
-




	
Lt5

	
3.5

	
>99.9

	
very high




	
P. corrugata

	
L

	
-

	
-

	
-




	
Lt5

	
3.3

	
>99.9

	
very high




	
P. syringae

	
L

	
-

	
-

	
-




	
Lt5

	
2.5

	
>99.9

	
very high




	
A. niger

	
L

	
-

	
-

	
-




	
Lt5

	
3.2

	
>99.9

	
very high




	
A. flavus

	
L

	
-

	
-

	
-




	
Lt5

	
3.1

	
>99.9

	
very high




	
A. versicolor

	
L

	
-

	
-

	
-




	
Lt5

	
2.3

	
>99.9

	
very high
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Table 4. Fungistatic properties of polymer samples in accordance with ISO 846:2019 [33].
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	Sample
	Growth of Fungi mixture

(A. niger, A. flavus and A. versicolor)





	Control mixture of fungi
	4



	L
	3



	Lt5
	0







Abbreviations: Control mixture of fungi (without birch tar); 0: no visible growth under the microscope; 1: growth invisible to the naked eye but clearly visible under the microscope; 3: increase of ≤50% of the tested area; 4: increase >50% of the tested area [33].
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Table 5. Growth of fungi mix on the surface films without (L) and with birchtar (Lt5). Abbreviations: a—agar with fungi, l—line (between agar with fungi and the film), f—film.






Table 5. Growth of fungi mix on the surface films without (L) and with birchtar (Lt5). Abbreviations: a—agar with fungi, l—line (between agar with fungi and the film), f—film.





	
Growth of Fungi (Mixture of A. niger, A. flavus and A. versicolor)

	
Medium-Control

	
 [image: Materials 15 07382 i001]




	
L

	
 [image: Materials 15 07382 i002]




	
Lt5
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