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Abstract

:

Eco-sustainability and the reuse of materials are highly topical issues. In fact, in recent years, much study and research has been developed on this aspect, making the eco-sustainability of materials a real need. Polylaminate containers, more commonly called Tetra Pak containers, represent the most used packaging in the world. This work proposes a new strategy for the reuse of discarded polylaminate containers in order to create panels that can be used in construction and in particular as insulating panels. The proposed thermal method has been optimized in terms of operating variables such as time, temperature, pressure, number of polylaminate sheets. The results obtained show that the proposed thermal method is suitable for obtaining panels with characteristics suitable for use in green building. The advantage of the thermal method is that it does not use chemical or other binders and moreover uses only and exclusively sheets of recycled polylaminate.
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1. Introduction


Numerous studies have confirmed that our systems of consumption and production are simply unsustainable [1]. Environmental eco-sustainability is closely linked to the problem of pollution [2,3,4,5]. The latter involves many aspects and researchers have aimed at counteracting it by acting synergistically on several fronts, for example through the study of new techniques and processes [6,7,8,9,10,11] with the aid of innovative materials that can be advantageously used for waste treatment [12,13,14,15,16,17]. Another important research front that aims to prevent pollution is the production of environmentally friendly materials with a low environmental impact deriving from their use of natural raw materials [18,19,20,21,22,23,24]. In fact, in recent years, much study and research has been developed on this aspect, making the eco-sustainability of materials a real need, in search of multifunctional materials that, in addition to their classic functions, are able to reduce pollutants in the environment [25,26,27,28,29]. Environmental protection also includes the recycling of materials [30,31,32,33,34,35,36,37]. The linear economic model, which consists in transforming raw materials into products which, after their use or consumption, are directly eliminated, determines not only an increase in pollution and in the production of waste, but also in the global competition for natural resources [38,39,40,41,42,43].



One of the most active sectors in the research of new materials is certainly that of construction. The construction sector, in particular, is of great importance is the construction of panels that are used in different ways such as for interspaces, in thermal and acoustic insulation, etc.



Many natural materials have been extensively investigated for the production of insulating panels such as: pine bark, bamboo fibers, hemp etc. The data reported in the literature confirm the possibility of using natural materials, with satisfactory thermal insulation characteristics and above all the advantage of obtaining products mainly of natural origin [44,45,46,47].



The literature also reports numerous studies on the use of waste materials for the preparation of panels with the advantage of contributing to environmental sustainability. [48,49,50,51].



Polylaminate containers, more commonly known as Tetra Pak containers, represent the most used packaging in the world [52,53,54]. Their number, which is around 200 billion units produced per year, means that the global disposal of these containers is no longer negligible [55,56]. The polylaminate container is one of the most popular containers in the world for its countless possibilities of use and for its cost-effectiveness.



There are two main types of polylaminate containers and they are distinguished by the presence or absence of aluminum [57]. The first type consists of two layers of polyethylene and one of cardboard. The polyethylene serves to isolate the container from external agents and allows a greater preservation of the contents. The cardboard gives a consistency to the containers. A second type is made up of six layers: four layers of polyethylene, one of cardboard and one of aluminum. In this case, the aluminum layer makes it possible to carry out a UHT treatment on the content, prolonging its conservation. The presence of aluminum improves insulation from the outside. The polylaminate containers can have different shapes (parallelepipeds, prisms, cubes, etc.) and also countless uses. This is mainly due to the possibility of hosting ready meals, sauces, etc. in addition to milk and water. They are therefore multifunctional containers. Polyethylene acts as a waterproofer, protecting the container and contents from external moisture and as a binder for various materials. Paper and aluminum act as barriers against the effects of light, oxygen and gases and provide stability [58]. Multi-laminate container companies have started incorporating recycled wood into their carton production system and are also trying to recycle the containers placed on the market by making rolls of paper and aluminum with a naturally lower quality than the original. However, the main problem with polylaminate containers remains their disposal and recycling. In fact, there are few useful systems for the complete recycling of the container [57]. In most cases, the containers are disposed of with non-recyclable waste. Few studies propose the reuse of Tetra Pak containers [59]. In 2013 Rogari proposed the use of Tetra Pak containers for the insulation of walls, wherein the containers are simply joined and placed side by side.



This work aims to study a new strategy, called the thermal method, for the reuse of disused polylaminate containers for the construction of panels that can be used in construction and in particular as insulating panels. This method is proposed primarily in order to establish a way to use only recycled material, without the addition of chemical or other binders.




2. Materials and Methods


The experimentation was developed through three main consecutive phases:




	
Procurement and processing of disused polylaminate containers



	
Application and optimization of the thermal method



	
Analysis of the characteristics of the product obtained








2.1. Procurement and Processing of Disused Polylaminate Containers


The disused polylaminate containers (Tetra Pak), necessary for the experimentation, were found in catering companies and local canteens. Particular attention was paid to the choice of containers in order to obtain a mostly homogeneous sample with similar characteristics. For this reason, only containers intended for storing milk were used. These containers belong to the type that contains 6 layers: 4 of polyethylene, 1 of cardboard and 1 of aluminum. Once the containers were found, they were processed with the aim of obtaining an easily usable material from the point of view of assembly. In particular, they were washed with running water, opened, their upper and lower parts eliminated, and they were cut out in order to have sheets of 5 × 5 cm size. Finally, these sheets were washed again with a common degreaser and dried at room temperature (Figure 1).




2.2. Application and Optimization of the Thermal Method


The specimens were obtained by assembling a programmed number of polylaminate sheets using a new thermal method illustrated below.



	-

	
Initially, different 5 × 5 cm polylaminate sheets were superimposed so that the aluminum face of the upper layer always overlapped the cardboard face of the lower layer (Figure 2a).




	-

	
All the sheets were initially blocked, to avoid slipping between them, by wrapping them in common baking paper (Figure 2b).




	-

	
The block of polylaminate sheets was placed in a thermo-ventilated oven at a predetermined temperature and time and subjected to different pressure by applying weights to it (Figure 2c).




	-

	
After the heat treatment, the specimens were removed from the oven and the weights were kept on them until cooling. After cooling, the parchment baking paper with which they were kept compact, was removed.







In order to identify the best experimental conditions, parameters such as number of sheets, temperature, time and pressure were made to vary. Table 1 shows the different values of each parameter (such as time, temperature, pressure, number of sheets) that were used to find the best experimental conditions for the preparation of the specimens.




2.3. Analysis of the Characteristics of the Product Obtained


The specimens obtained were subsequently characterized on three main characteristics considered important for the purposes of the product to be made. The characteristics investigated were thermal conductivity, fire resistance and water resistance. The detailed tests are provided in the following paragraphs for better discursive continuity.





3. Results


3.1. Preliminary Tests: Feasibility of the Thermal Method


The first tests were carried out in more drastic conditions in order to test the feasibility of the thermal method. In particular, each specimen was characterized by 45 superimposed polylaminate sheets, subjected to a temperature of 220 °C, to a pressure of 16.09 × 104 N/m2 and for a time of 30 min.



The thermal method, used for the preparation of prototypes of panels for construction, immediately proved to be encouraging. The samples obtained showed a high availability for assembly and the different sheets were well adhered to each other. A decrease in thickness after heat treatment, of about 13.5%, due to good compaction and also a decrease in weight of about 54.76% due to the loss of moisture present in the sheets before treatment, were highlighted. The results obtained show that this method is very effective especially because it does not require the use of a binder, which is very important both from an economic and an environmental point of view. As is known, Tetra Packs have polyethylene coatings on their external surfaces and it is precisely these polyethylene films that allow self-gluing of the Tetra Pack sheets with heat only and pressure. The polyethylene softens and acquires adhesive capacity at the temperature used. Finally, the pressure optimizes the adhesion and compaction of the different sheets.




3.2. Optimization of the Thermal Method


Once the feasibility of the method was verified, the next step was to optimize it. The goal was both to identify the optimal operating conditions to obtain a material with characteristics and properties suitable for its use, and to reduce costs by trying to reconcile a lowering of temperature and times. The quality of the sample was determined by its degree of compaction, this being a fundamental and decisive characteristic for a predetermined use of the final material.



Then, a scale to distinguish the different degrees of compaction was used as shown in Table 2.



In particular, to optimize the method, four operational variables were taken into consideration such as time, temperature, pressure and number of sheets. The investigation was carried out in a systematic way taking into consideration the specimens with the number of sheets equal to 12, 24 and 36. On each of this set of samples the times and the temperature were made to vary, maintaining from time to time a value of constant pressure equal to 1.96, 3.97, 7.85 and 11.77 [×104 N/m2]. All the specimens that showed a good compaction (green dot) underwent a decrease, compared with the specimen before the heat treatment, of the thickness of about 13/14%, and a weight loss of about 55/60%.



3.2.1. Test Samples with Twelve Sheets of Polylaminate


The following Figure 3, show the degree of compaction relative to specimens made up of 12 sheets of polylaminate as a function of time, pression and temperature.



In particular, at a temperature of 100 °C, regardless of the times and pressure values, the specimens composed of 12 sheets exhibit a red behavior, i.e., the sheets are not able to bind together, and therefore the treatment at this temperature is always ineffective to obtain an adequate compaction. The green behavior zone, i.e., sheets perfectly connected to each other, extends linearly increasing time and temperature. Above a pressure value of 7.85 × 104 N/m2 there are no more variations, making it clear that the pressure action has reached its maximum. The ideal sample, consisting of 12 sheets, was obtained under the following experimental conditions: T = 180 °C; t = 10 min; p = 7.84 × 104 N/m2, which presents a compromise between an excellent degree of compaction and optimized temperatures and times.




3.2.2. Specimens with Twenty-Four Sheets of Polylaminate


Figure 4 shows the degree of compaction of specimens prepared with 24 sheets of polylaminate.



By increasing the number of sheets it is possible to see how the yellow zone begins to grow while remaining a detachment zone between the red zone and the green zone. Compared with the previous test it can clearly be seen that the green area decreases at the expense of the growth of the yellow and red areas. As the sheets grow, the trend is that of an increase in the red zone and a decrease in the green zone. Also, in this case no variations are observed for pressure values higher than 7.85 × 104 N/m2. The ideal sample, consisting of 24 sheets, was obtained under the following experimental conditions: T = 180 °C; t = 15 min; p = 7.84 × 104 N/m2, which presents a compromise between an excellent degree of compaction and optimized temperatures and times.




3.2.3. Specimens with Thirty-Six Sheets of Polylaminate


Figure 5 shows the degree of compaction of specimens prepared with 36 sheets.



The latest test confirms the trend already seen in the previous tests that, as the number of sheets increases, independently of the other experimental variables, there is a reduction in the green area, replaced, in fact, with a red zone. A greater thickness presupposes higher times and temperatures so that the innermost layers of polyethylene can soften and lead to sufficient adhesion of the sheets. Also, in the latter case there is no variation above the pressure value of 7.85 × 104 N/m2.



The ideal specimen consisting of 36 sheets was identified at a higher temperature and pressure than in the previous cases, although these more drastic conditions allow for lower times.



In particular, the ideal sample, consisting of 36 sheets, was obtained under the following experimental conditions: T = 200 °C; t = 15 min; p = 7.85 × 104 N/m2





3.3. Characterization of the Material


After the optimization of the thermal method, as a function of parameters such as temperature, time, pressure and number of sheets, the best specimens obtained were characterized.



3.3.1. Thermal Conductivity


The thermal conductivity was measured by building and using a system consisting of two thermally insulated chambers and interposing the material to be tested between them. To better isolate the internal environment from the external one, the two chambers were internally lined with heat-reflecting panels. A heating system was placed in chamber 2. Both chambers were equipped with a thermometer in order to record the variations in temperature and therefore the transmission of heat through the material undergoing characterization (Figure 6).



The tests were conducted not only on the polylaminate panel but also on two other materials, such as chipboard and polyethylene panel. The aim was to be able to compare the characteristics of the prepared polylaminate panel with those of other materials known for their insulating characteristics.



In particular, the specimens of the three different materials: chipboard panel, polystyrene panel and polylaminate panel have a size of 21 × 13 cm and a thickness of 2, 3 and 1 cm respectively. The difference in thickness is due to having wanted to consider the comparison with panels with typical commercial characteristics used as insulators. During the test, the temperatures in chamber 1 were measured as the heating in chamber 2 increased, as a function of time. In particular, in the first 30 min the temperature was brought to the maximum value of 70 °C and kept at this temperature for another 30 min with a subsequent cooling phase of a further 30 min. Figure 7 shows the temperatures recorded in the two chambers as the material interposed between the two chambers varies and as a function of time.



From the previous graph it is clear that the material under study, the polylaminate panel, shows a high insulating behavior that is comparable with the usual materials recognized as insulating. The temperatures reached in chamber 1 of the device, thanks to the transmission of heat from chamber 2 through the three different materials, are very similar and are, though with small differences, also in favor of the polylaminate panel despite the thickness of the latter being lower. Taking into consideration the ratio R, given by the temperature difference between the two chambers with respect to the thickness of the panel (R=ΔTchamber2-Tchamber1/panel thickness), it is possible to have a comparison parameter between the materials considered, all conditions being equal. The higher this parameter, the higher the insulating action of the panel. Taking as a reference, 30 min of heating, in which the maximum temperature in chamber 2 is reached, the corresponding values of this ratio for the three materials analyzed are 17.3, 24.95 and 52.6 [°C/cm] respectively for the chipboard, polystyrene and polylaminate. The results obtained show, with respect to the same thickness, an R value of the polylaminate panel of about double that of polyethylene and about three times that of chipboard.




3.3.2. Fire Resistance Tests


For the fire test, a panel obtained from 24 sheets of polylaminate was used at a temperature of 180 °C, a time of 15 min and a pressure of 7.84 × 104 N/m2. The dimensions of the specimen for this test were necessarily increased and were 10 × 20 cm. The test was inspired by the UNI 8457 standard.



In particular, through the use of refractory bricks, a container was built (Figure 8a), inside which a small piece of wood was placed (Figure 8b) and the panel was placed on the upper part of the container (Figure 8c).



Subsequently, the panel was subjected to the action of a blowtorch placed at a distance of 10 cm, with an inclination of about 45° with respect to the panel. After 5 min the flames were extinguished and the state of the panel and the stub inside the container was assessed to assess any expansion of the flames.



Figure 9 shows the images of the specimen subjected to fire resistance tests after different exposure times.



From the images above it can be seen that the panel has excellent flame resistance. In fact, it resisted the spread of the flame well, preventing it from rapidly spreading inside. As can be seen from Figure 10a, after 300 s of flame exposure only the part subject to direct contact with the flame burned while the rest remained in a normal state (Figure 10b).



The material also proved to be very resistant to vertical flame propagation, the trunk inside the brick container did not undergo any changes, while the panel inside was not even very hot to the touch.



The polylaminate panel therefore shows a high resistance to flame (RF) and after 300 sec of exposure it is only superficially altered.



This result is certainly satisfactory when compared with polystyrene or chipboard which, as is known, have a flame resistance (RF) of a few seconds [60,61].



In conclusion, it can be safely stated that the material has excellent flame resistance due to the aluminum sheets which, during the exposure phase, act as barriers preventing propagation by creating a sort of protective layer that slows the propagation of the flame. Furthermore, the flame resistance is also favored by the high compaction of the material which, unlike for example other materials such as chipboard, being instead very porous, favor the spread of flames.




3.3.3. Resistance to Water


The water resistance was conducted by immersing the samples completely in water at room temperatures for programmed time intervals. After each time interval, three specimens were removed from the water and left to dry for 72 h at room temperature. Subsequently the samples were observed to verify the alterations suffered during the wet–dry cycle.



To carry out the test, three 5 × 5 × 1 cm specimens were used, which were made following the characteristics of the ideal specimen, identified in the previous phases. In particular, the specimens used were prepared with 24 sheets and under the following experimental conditions: T = 180 °C; t = 15 min; p = 7.84 × 104 N/m2.



Table 3 shows the characteristics of the specimens, observed as a function of the immersion time in water.



As can be seen from the observation notes shown in Table 3, the polylaminate panel remains unchanged after immersion in water for one hour. This means that the infiltration of water, despite the presence of cardboard layers, is not very fast. After one hour of immersion, the specimens begin to show small swellings at the corners that become increasingly greater as the hours of immersion increase, although despite this, they retain their shape after 12 h (Figure 11).



It can therefore be deduced, in the light of the results obtained, that in its upper and lower faces the specimen is waterproof while on its contour the specimen is more vulnerable to infiltration by liquids, in particular water in this case. Once exposed for long periods exceeding six hours, the specimen begins to have losses also in the mechanical characteristics of compactness. A solution to overcome this problem could be to coat and waterproof the lateral contours, where the material is not protected, by polyethylene film.






4. Conclusions


The results obtained allow us to draw the following conclusions:



The thermal method studied in this research proved to be feasible for the preparation of insulating panels from polylaminate sheets obtained from recycled packing. The method does not involve the use of chemical additives but takes advantage of the presence of polyethylene films present on the surface of the recycled polylaminate sheets. The latter during the treatment phases, following high temperatures, soften and subsequently cool, allowing the adhesion of the sheets which is also favored by the combination with pressure.



The main characteristics and qualities of the produced panels are:




	
Insulating properties: the material has been shown to have low thermal conductivity. With the same thickness of the panels, the results obtained show that the thermal insulation of the polylaminate is approximately double that of polyethylene and triple that of chipboard.



	
Reaction to fire: the panel, even if placed in contact with an open flame, did not catch fire and did not disintegrate quickly but ignited slowly and only in correspondence with the flame contact area. This highlights the fact that, despite the high presence of cardboard inside the panel, the spread of the flame is not rapid.








Compared with other materials such as polyethylene or chipboard for which a low flame resistance of a few seconds is known, the polylaminate panel showed a high resistance to flame and in fact did not burn and remained almost intact even after 300 s of expose to flame.



	
Water resistance: the polylaminate panel remains unchanged after immersion in water for a time of one hour. This means that the infiltration of water, despite the presence of cardboard sheets, is not very fast. However, this property can be easily improved by applying a waterproofing layer to the product.






Since the polylaminate sheets obtained from recycled packing could generally have a maximum size of 20 × 30 cm, the production of a panel of larger dimensions, that is with dimensions typical of an insulating panel used for construction, presupposes two important aspects to take into consideration: the overlapping of the sheets and the areas of surface discontinuity between the sheets.



The first aspect, that is the overlapping of the sheets, should be carried out simply by overlapping the different sheets one on top of the other in a staggered way. This would not lead to particular variations.



The other aspect is the areas of discontinuity between the juxtaposition of one sheet and another, which would be generated on the front and rear surfaces and which could represent areas of weakness with respect to any infiltration of water. All this could be easily overcome by using any waterproofing material that would prevent any infiltration of water in the areas of discontinuity, that is, both on the surfaces and on the edges. A water-proofer, for example, could be a common resin. Another option could be the application of a superficial thin aluminum or PVC film over the entire panel which would also increase the appearance of the panel from an aesthetic point of view. However, it is necessary to emphasize that the waterproofing of the panel is not always essential, bearing in mind that, from the results obtained, the panels show an acceptable resistance to water infiltration. Furthermore, for an assumed use as insulating panels, their most probable location should be in the cavities between walls, where there is hardly any contact with water.



Therefore, the preliminarily tested method is promising and above all simple, economical and does not use chemicals that act as binders. Furthermore, the insulating panels that can be made could be destined for green building, thus contributing to the circular economy and environmental sustainability. Discarded polylaminate containers that in most cases are destined for landfill could have a new life.
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Figure 1. (a) Polylaminate containers (Tetra Pack); (b–d) opening and squaring of 5 × 5 cm sheets. 
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Figure 2. (a) Block of polylaminate sheets; (b) block of sheets wrapped in baking paper; (c) schematic of the block of sheets in the stove and under pressure. 
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Figure 3. Degree of compaction for specimens containing 12 sheets of polylaminate as a function of the temperature and time of heat treatment and for different pressure values: (a) 1.96 × 104 N/m2; (b) 3.92 × 104 N/m2; (c) 7.85 × 104 N/m2; (d) 11.77 × 104 N/m2.  [image: Sustainability 14 06858 i001] Insufficient;  [image: Sustainability 14 06858 i002] Partial;  [image: Sustainability 14 06858 i003] Total. 
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Figure 4. Degree of compaction for specimens containing 24 sheets of polylaminate as a function of the temperature and time of heat treatment and for different pressure values: (a) 1.96 × 104 N/m2; (b) 3.92 × 104 N/m2; (c) 7.85 × 104 N/m2; (d) 11.77 × 104 N/m2.  [image: Sustainability 14 06858 i001] Insufficient;  [image: Sustainability 14 06858 i002] Partial;  [image: Sustainability 14 06858 i003] Total. 
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Figure 5. Degree of compaction for specimens containing 36 sheets of polylaminate as a function of the temperature and time of heat treatment and for different pressure values: (a) 1.96 × 104 N/m2; (b) 3.92 × 104 N/m2; (c) 7.85 × 104 N/m2; (d) 11.77 × 104 N/m2.  [image: Sustainability 14 06858 i001] Insufficient;  [image: Sustainability 14 06858 i002] Partial;  [image: Sustainability 14 06858 i003] Total. 
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Figure 6. System for determining thermal conductivity: (a) thermometers; (b) thermostat; (c) material to be characterized. 
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Figure 7. Temperatures reached in chamber 1, due to the transmission of heat through the three different materials (polylaminate, chipboard, polystyrene) as the temperature in chamber 2 increases and as a function of time. 
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Figure 8. Fire resistance test: (a) refractory brick container; (b) log of wood in the refractory brick container; (c) final panel test. 
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Figure 9. Images of the panel subjected to the fire resistance test after different times. 
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Figure 10. Images of the specimen after the flame resistance test subjected for 300 s: (a) face of the specimen in direct contact with the flame; (b) face of the specimen not subjected to direct flame contact. 
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Figure 11. Specimens after immersion in water for: (a) 3 h; (b) 6 h; (c) 12 h. 






Figure 11. Specimens after immersion in water for: (a) 3 h; (b) 6 h; (c) 12 h.



[image: Sustainability 14 06858 g011]







[image: Table] 





Table 1. Variation of experimental parameters.
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	Number of polylaminate sheets
	12
	24
	36
	45
	



	Pressure [N/m2 × 104]
	1.96
	3.92
	7.85
	11.77
	16.09



	Cooking time [min]
	2.5
	5
	10
	15
	30



	Cooking temperature [°C]
	100
	150
	180
	200
	220
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Table 2. Degrees of compaction of products after heat treatment.






Table 2. Degrees of compaction of products after heat treatment.





	Description
	Symbol





	Insufficient. All the sheets are completely unrelated to each other.
	 [image: Sustainability 14 06858 i001]



	Partial. The sheets are partially linked together.
	 [image: Sustainability 14 06858 i002]



	Total. The sheets are all bonded and adhered perfectly to each other
	 [image: Sustainability 14 06858 i003]
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Table 3. Characteristics of the specimens, observed as a function of the immersion time in water.






Table 3. Characteristics of the specimens, observed as a function of the immersion time in water.





	Time [h]
	Notes—Characteristics of the Specimens





	0.5
	No changes from the initial state



	1
	No changes from the initial state



	2
	The specimens begin to have small bulges in the corners



	3
	The specimens have bulges in the corners and also on the sides



	4
	No changes from the previous state



	5
	No changes from the previous state



	6
	The specimens did not change in volume but their resistance in the contours became much lower



	9
	No changes from the previous state



	12
	The specimens did not vary markedly with respect to the specimens at 6 h. The angles, however, lost strength and this happened on a wider contour than the 6 h specimen
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