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Abstract

:

The massive production of Polyurethane foam from various products generates an extensive amount of waste, mostly in the form of dust that is emitted while cutting, trimming, or grinding the foam. In this research, the polyurethane dust (PUD) waste is incorporated into unsaturated polyester resin (UPR) to fabricate a heat insulation composite material to be used in construction. Filler percentages ranging from 10% to 50% were used to make the UPR-PUD composite materials. The thermal and mechanical properties of the material were studied in order to evaluate the ability of the composites for this type of application. Thermogravimetric Analysis and Differential Scanning Calorimeter tests were applied to determine the thermal stability of the material. In addition, the microstructure of the prepared composites and the incorporation of PUD filler into the polyester matrix were investigated by Scanning Electron Microscopy, X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) analysis. The FTIR and XRD analyses suggested that adding PUD improved the curing process of unsaturated polyester and enhanced its crystalline structure. The experimental results showed promising thermal insulation capability, with low thermal conductivity in the range of 0.076 to 0.10   W /   m · K     and low water retention. Moreover, the composites exhibited compression strength between 56 and 100 MPa and tensile strength between 10.3 and 28 MPa, much higher than traditional thermal insulators and many building materials.
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1. Introduction


Polyurethanes (PUs) are polymeric materials with a vast range of types and applications due to their characterization and properties. It was first developed by the German professor Otto Bayer in 1947 [1]. These types include rigid polyurethane foams, flexible polyurethane foams, and thermoplastic polyurethanes [2]. Each of these types has several applications and usages. For example, rigid polyurethane is used for thermal and noise insulation. Flexible polyurethane is used in packaging, interior parts of cars, and furniture. Thermoplastic polyurethane is used extensively in electronic parts, sports tools and medical devices [2]. Moreover, a very common usage for polyurethane and its subclasses is in coating applications [3]. The coating classifications of polyurethanes include moisture-cured PU-urea, PU-imide, and waterborne PU, all of which are heavily used in construction and automotive coatings [3].



The global demand for polyurethane products rose to about 22 million tons in 2020, making it the sixth most used polymer in the world [4]. Rigid PU foam is the most consumed type of PU product. In China, PU foam represents 60% of total PU production [5]. Flexible polyurethane foam accounts for about 30 percent of the entire North American polyurethane market, and is largely used for bedding, furniture and in the automotive industry. Rigid polyurethane foams have relatively low density, good mechanical behavior, low thermal conductivity, and show good resistant to weather conditions [6]. Nevertheless, 15% of total produced rigid PU foam becomes waste. In 2011, 675,000 tons out of the 7.5 million tons of rigid PU foam produced were dumped as waste [5]. Polymer waste is a major issue, as 93% of the 34 million tons of plastic generated annually worldwide is disposed of in landfills and oceans [7].



The first type of waste generated during the fabrication process, whether for polymers or any other material, is Post-Industrial waste (PI). This results from the different production processes such as injection molding, cutting, and grinding [8]. An advantage in dealing with this waste is that its composition is known, as it did not engage in any form of chemical reaction that could change its structure. Moreover, it is not contaminated by any other material, which ensures its purity [8].



A common method of PU foam manipulation is shaping through sanding or grinding. This process generates large amounts of PU dust [9]. The generated dust represents a potential respiratory and combustible hazard [10].



Because of its very resistant and strong urethane bonding, polyurethane is commonly employed in long-term applications. However, because of its widespread use, PU remains a solid waste stream in the environment, mostly in the form of abandoned consumer and industrial products [11]. The protection of our environment has received a great deal of attention in recent years. Both industry and households generate a lot of waste, which is linked to the deterioration of our environment, and significant efforts are being made to reuse, recycle, and decrease such waste [12].



Although chemical (hydrolysis, glycolysis, alcoholics) and thermal–chemical (pyrolysis, gasification) polyurethane recycling processes have been established, they are still evolving [13], and it is very difficult to apply them in all types of PU waste recycling. The high cost and investment risks of recycling are one explanation for this difficulty. Furthermore, the foregoing technologies must successfully be used in practice; any type of product arising from these facilities’ recycling technologies must satisfactorily mimic the distinctive qualities of polyurethane [14]. The main recycling route that does exist for thermosets is to grind down moldings to a fine powder and use it as filler in new molding compounds. Physical recycling methods, due to their simple operation and relatively active application, are an effective means in the short term. Therefore, utilization of UP dust in composite manufacturing can be a practical solution in thermoset waste recycling. The presence of UP waste in very small sizes, such as dust, facilitates this recycling option [15].



Untreated banana fiber and fiber treated with maleic anhydride were combined with waste polyurethane foam by El-Meligy et al. [16] to produce composites. Treated banana fiber reduced swelling and improved strength and dielectric properties. Wood waste and polyols derived from chemically recycled poly(ethylene terephthalate) (PET) and commercial polyols were used to make polyurethane/wood-based composites [17]. FTIR and SEM studies revealed that the wood adhered to the polymer matrix. This was corroborated by the composites’ relative Young’s modulus and relative tensile strength, suggesting effective load transfer from the matrix to the dispersion phase. There was no discernible improvement in the composites’ thermal stability.



Several polyurethane and natural fiber hybrid composites were produced by Otto et al. [18]. Composites were fabricated by replacing up to 20% w/w of the polyethylene glycol present in conventional polyurethane foams with a mixture of one of three natural fibers: sugarcane bagasse, sisal, and rice husk. Hybrid composites with up to 32 percent resilience, 0.1 GPa elastic modulus, and 7.32 percent permanent deformation were obtained. Due to its demonstrated strong resilience and elastic modulus, the produced composite has significant potential for applications in shock absorption and cushioning materials.



The properties of plaster mortar compressed PU foam waste were studied by Santamaria Vicario et al. [19]. Porous and lighter mortars were made by using PU waste foam and showed improved resistance to water vapor permeability, although with lower mechanical strength. Nonetheless, appropriate mechanical strengths were reached, resulting in a novel material that meets construction industry criteria. In a recent study, PU foam waste from vehicle shredder residue was utilized in the manufacture of plywood [20]. The powdered PU waste was combined with polymeric diphenyl methane diisocyanate resin at various weight ratios (2.5–10%) and the plywood binder was tested. The addition of PU powder to the polymer resin boosted adhesive viscosity and efficiency; according to the findings, utilizing PU powder in plywood manufacture offers a promising technique for recycling PU foam waste while increasing or preserving plywood performance.



Calvo-Correas et al. [21] developed hybrid biobased polyurethane flexible foam composites with PU powder from surf industry waste as a filler and graphite or graphene residue as a reinforcement. The addition of PU powder at low concentrations did not significantly alter the final properties, while it did increase the capacity of the foams to retain the carbonaceous fillers. The addition of graphite and graphene had no effect on the compressive performance of the hybrid foams. Zhang et al. [22] investigated the modification of bitumen with a PU/UPR mixture. When compared to the pure UPR modified bituminous binder, the PU/UPR modified bituminous binder had greater tensile strength and low-temperature performance, and somewhat inferior high-temperature stability. Recently, the structure and insulation properties of flexible PU/waste tire rubber composite foams were investigated by Hejna et al. [23], who found that prepared composite foams showed similar insulation properties compared to the neat matrix.



Because PU is utilized for thermal insulation in its rigid state and has outstanding qualities, the goal of this research was to employ PU dust waste as a filler material in a polyester matrix in order to generate composite materials with improved construction and thermal insulation properties. The produced composites were then evaluated in terms of their structure, thermal, physical, and mechanical properties. Utilization of waste materials in thermal insulation development will reduce costs and protect the environment.




2. Materials and Methods


2.1. Materials


This work used unsaturated polyester resin (UPR) and Polyurethane dust (PUD) to form composite materials. The polyester used in synthesizing the composites in this research was obtained from Reichhold Inc., Dubai (United Arab Emirates). The polyester resin is known commercially as Polylite 721-800E, and has a styrene content of 44–46% and a viscosity of 280–330 mPa.s. Unsaturated polyester resins are widely used in construction applications; it was chosen in this work because of its ease of handling, low water absorption values, low cost, and rapid curing with no gases evolved. Moreover, it has relatively low thermal conductivity. To overcome the low degree of crosslinking in polyester, methyl ethyl ketone peroxide was added as a cross-linker. Polyurethane dust was supplied by a local company in Dubai (United Arab Emirates).




2.2. Composite Fabrication


Composite materials with different PU dust concentrations ranging from 0 vol.% to 50 vol.% were prepared. The specified amount of filler was added gradually to the polyester under mixing conditions for three minutes. For the curing process, methyl ethyl ketone peroxide was added as an initiator with a concentration of 3 vol.% under manual mixing for 30 min. All composite samples were prepared at room temperature and atmospheric pressure. The mixture of UPR-PUD was poured directly into stainless-steel molds, which were prepared in different sizes and shapes according to the sample test requirements. The interior surfaces of the molds were coated with paraffin wax and polyvinyl acetate to ensure easy release of the composites from the mold. The molds were placed inside the glass incubator hood and the composites were cured for 24 h, and removed from the mold when the crosslinking had reached a satisfactory level. More details on the composite fabrication process can be found in Abu-Jdayil et al. [24] and Adi et al. [25]. Figure 1 shows the different shapes of the prepared composites. The following format was used to label the developed composites: <volume content of the filler> <name of the filler>. For example, “30-PUD sample” means a composite that contains 30 vol.% of PUD.




2.3. Composite Characterization and Testing


2.3.1. Scanning Electron Microscopy (SEM)


The morphology of the composite samples was investigated by scanning electron microscopy (SEM) provided by NeoScope, JEOL USA, Inc., Peabody, MA, USA. The obtained microphotographs show the arrangement of the PUD particles and the morphology of the neat polyester and UPR-PUD composites. The samples were mounted on aluminum stubs and coated with a gold layer to avoid electrostatic charges and ensure the maximum magnification of the textural and morphological characteristics of the composite sample. The micrograph SEM images were taken at resolutions of (10, 50, 100) µm for all composite samples.




2.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR spectroscopy was used to determine the functional groups present in the fabricated composite materials and whether a chemical reaction occurred due to the addition of the filler. This test was carried out with a Thermo Nicolet-Nexus 470 device, GMI, Ramsey, MN, USA. The filler was pelletized using 200 mg of potassium bromide with pure polyester; the UPR-PUD composites were scanned in a wavenumber between 500 to 4000     cm   − 1     at a resolution of 4     cm   − 1    .




2.3.3. X-ray Diffraction (XRD)


The crystallinity of the samples was determined using the X-ray diffraction method, which involves uniform x-ray exposure. The angle at which the peak occurs and how intense it is specifies which type of crystallinity is present. The test was performed using an Xpert3 X-ray diffractometer, Malvern Panalytical Ltd., Malvern, UK. The XRD data were taken throughout a diffraction angle (2θ) with range 5° ≤ 2θ ≤ 70° for the samples in powder form.




2.3.4. Bulk Density


The bulk density of the UPR-PUD composites was determined using cylindrical specimens with a diameter of 25 mm and a length of 60 mm. Bulk density is defined as total mass per unit volume. Each sample was weighed to an accuracy of 0.1 mg using an analytical balance, with the average of triplicate samples presented.




2.3.5. Thermal Conductivity Test


The thermal conductivity of the fabricated composites was measured using a Laser Comp heat flow meter instrument as thermal conductivity testing equipment. The test was carried out in accordance with ASTM C1045-19 (Standard Practice for Calculating Thermal Transmission Properties under Steady-State Conditions, STANDARD by ASTM International, 4 January 2019). Specimens with dimensions of 110 mm × 110 mm × 6 mm were prepared based on the standard size required by the equipment. A temperature gradient was produced over the thickness of the material by sandwiching samples between two plates in the test stack (closed chamber). Thermal conductivity is determined directly from the proportionality between heat flow and an applied temperature difference using steady-state methods (Fourier Law). When the thermal state of a tested material reaches total equilibrium, the steady-state approach records a measurement. When the temperature of the specimen remains consistent and does not change over time, it is said to be in a steady state. The thermal conductivity of composites ( k ) were measured in triplicate at 25 °C, and the average value is presented.




2.3.6. Differential Scanning Calorimeter (DSC)


The specific heat capacity (   C p   ), the glass transition temperature (   T g   ) and the curing temperature of UPR-PUD composites with different filler concentrations was measured using Differential Scanning Calorimetry (DSC 25) from TA Instruments, New Castle, DE, USA. The weight of the tested samples was between 6–8 mg. The measurements were performed in three stages: in the first heating cycle, the sample was heated from room temperature to 200 °C at a rate of 10 °C/min and then equilibrated at 200 °C for 2 min. Next, the sample was cooled down to 25 °C at the same rate (10 °C/min) and maintained for 2 min. The samples were then heated for a second time at a rate of 10 °C/min from 25 °C to 200 °C. The test was carried out with a nitrogen flow rate of 50 mL/min.




2.3.7. Thermal Gravity Analysis (TGA)


The TGA test provides definitive data for material and product design and aging stability information with short test times. This technique is effective in studying chemical and physical phenomena as a function of temperature, as it measures the weight change versus temperature. This test was carried out using a thermal gravimetric analyzer (Q50 TGA) from TA instruments, New Castle, DE, USA. The mass of the tested samples was between 5–10 mg. The samples were heated from 30 to 800 °C at a rate of 10 °C/min and under a nitrogen atmosphere with a 20 mL/min flow rate.




2.3.8. Water Retention


Two water retention tests were performed on the cylindrical specimens of the UPR-PUD composites. The specimens were fully immersed in distillate water at room temperature, and the percentage of water absorption was measured by periodically weighing samples after removing them from the water and drying their surfaces. The same procedure was followed in the second test, where the composite specimens were placed in a hot water bath at 50 °C to observe the effect of temperature on the water retention.




2.3.9. Compressive and Tensile Strength Tests


The compressive strength test was carried out using the universal testing machine CTM300 provided by Zhejiang Chenxin Machine Equipments Co., Ltd., Shaoxing, China. The cylindrical samples in this test had dimensions of 60 mm in length and 25 mm in diameter. In the compression test, the specimens were held between two platforms of the machine and the load was applied over the 25 mm span of the sample at a constant strain rate. Tensile tests were conducted on the UPR-PUD composites using a Universal Testing Machine provided by Jinan Precision Testing Equipment Co., Ltd., Jinan, China. The samples tested were dog-bone shaped, with 20 mm nick height, 12 mm width, and 4 mm thickness. The modulus of elasticity was calculated as the slope of the initial linear portion (elastic region) of the stress–strain curve. An average of 3–5 tests was reported for each mechanical property.






3. Results and Discussion


3.1. Scanning Electron Microscopy (SEM) Analysis


The morphology of pure cured polyester, 10-PUD, 30-PUD and 50-PUD composites is presented in Figure 2. The SEM images showed a notable number of air voids in the dust-free polyester; see Figure 2a. Presence of voids inside the matrix leads to a reduction in thermal conductivity because the presence of voids inhibits the transmission of heat. Figure 2b presents the micrograph of a 10-PUD sample, which shows a lower number of voids compared to the neat polymer. Moreover, the 30-PDU composite’s micrograph displayed in Figure 2c shows fewer voids, indicating higher cross-linking/bonding between PU dust and the unsaturated polyester. This structure results in higher values of both thermal conductivity and mechanical strength, as will be discussed in the following sections. On the other hand, Figure 2d presents the micrograph of a 50-PUD sample, showing a surface with irregular voids and cracks that can be attributed to the high-volume fraction of filler compared to other composites. This reduces the mechanical strength, although it develops suitable insulation properties as well.




3.2. FTIR Analysis


FTIR spectroscopy of the cured pure polyester, pure PU dust and UPR-PUD composites is illustrated in Figure 3. The pure polyester has mean peaks at around 1000 cm−1, and at 3700     cm   − 1    , which correspond to C-O, and O-H functional groups, respectively. In addition, two peaks with less intensity for O=C=O and C-H functional groups appear at around 2300     cm   − 1    , and 2900     cm   − 1    , respectively. In the UPR-PUD composites, the placement of these bands did not change; however, their intensity declined significantly, except for the C-H band where the intensity was higher in composites with high PUD content. Moreover, the FTIR analysis for composite samples introduced a new main peak at 1700     cm   − 1     which corresponds to C=O functional groups. This peak appears in the FTIR spectroscopy of pure PU dust; see Figure 3b. The 30-PUD composites exhibited stronger absorption at 1700     cm   − 1     than the 10-PUD and 50-PUD samples for C=O functional groups, indicating a higher crosslinking degree. The FTIR analysis suggested that adding PUD improved the curing process of unsaturated polyester. When the PU prepolymer is combined with UPR and cured, Cherian et al. [26] found that two reactions can occur. First, the prepolymer’s -NCO end groups can react with the UPR polyester’s -OH and -COOH functionalities at the chain ends, resulting in new urethane groups and chain extension. Second, short polystyrene chains can be grafted onto unsaturated locations. Due to the latter reaction, crosslinking between polyester chains and polyester and PU chains can occur. The disappearing of both functional groups N-H (which appeared in pure PUD) and O-H (which appeared in UPR and PUD) from the FTIR of the developed UPR-PUD composites supports the possibility of these reactions; see Figure 3a,b.




3.3. X-ray Diffraction Analysis (XRD)


The XRD diffractograms obtained from pure polyester, PU dust, and their composites are shown in Figure 4. The UPR and composites exhibited two characteristic peaks. The first peak of the 10-PUD, 30-PUD, 50-PUD, and UPR was observed at 2θ = 19.7°, 19.85°, 20.16°, and 20.4°, respectively, and the second at 2θ = 8.7°, 10°, 10.5° and 9.66°, respectively. On the other hand, the PU dust exhibited only one peak, at 2θ = 20°. The wide peaks at a 20° angle were observed for pure polyurethane by Dias et al. [27] as well, and is the typical peak for materials with a semi-crystalline structure. Segal’s approach was used to calculate the degree of crystallinity (   X c   ) of the samples by evaluating the XRD intensity of the amorphous and crystalline phases:


   X c  =    I c     I c  +  I A    × 100  



(1)




where    I c    is the integrated intensity of the sharp peak of the crystalline part and    I A    is the intensity of the broad peak of the amorphous part. The calculated degree of crystallinity was 52.0%, 52.7%. 52.4%, 56.0%, and 53.8% for PU dust, neat polymer, 10-PUD, 30-PUD, and 50-PUD samples, respectively. When PU dust was added to the UPR matrix, the degree of crystallinity increased to its maximum at a PU dust content of 30 vol.%. This can be attributed to the ability of PUD to pack in the UPR matrix and form a crystal region. However, the crystallinity of the resulting 50 -PUD composite decreased due to insufficient interaction between the excess PUD and the polymeric matrix; the PUD restricted the polymer chain movement, which reduced the crystallinity. These findings are in accordance with the results of the FTIR, which showed that the 30-PUD composites had a larger absorption of C=O functional groups at 1700     cm   − 1    , indicating a higher degree of crosslinking.




3.4. Composite Density


The density of pure polyester and pure PU dust was measured to be 1144 and 190   kg /  m 3  .   Figure 5 shows that the filler content has a marginal effect on the composite’s density, as it increased from 1151   kg /  m 3      for 10-UPD composite to reach the maximum of 1181   kg /  m 3    at 30-UPD composite and then decreased to 1155   kg /  m 3    at 50-UPD composite. The highest density was reported for the 30-UPD composite, which exhibited the highest degree of crystalline structure as retrieved from the XRD measurements. However, the theoretical density was calculated for the prepared samples using the following linear mixing rule:


   ρ  c o m p     =  ∅  f i l l e r    ρ  f i l l e r     +  ∅  U P R    ρ  U P R    



(2)




where    ρ  c o m p      ,    ρ  f i l l e r      , and    ρ  U P R     are the density of composite, PU dust and UPR, respectively, and    ∅  f i l l e r     and    ∅  U P R     are the volume fraction of PU dust and UPR, respectively. As Figure 5 depicts, the presence of PUD filler within the polymeric matrix enhanced the formation of the crystalline structure due to the chemical interactions during the curing. Consequently, the deviation between the experimental and theoretical density is significant. It is worth mentioning that the shrinkage of the composites during the curing process contributes to this deviation. During and after curing in the liquid and semi-solid phases, shrinkage of thermoset polymers is followed by the rearrangement and reorientation of polymer chains [28].



The developed composites have a lower density than UPR-based composites such as UPR-banana (1350 kg/m3), UPR-sisal (1450 kg/m3) [29], and UPR-bauxite residue (1500 kg/m3) [30], and are close to the density range of UPR-corn straw fiber (1218–1150 kg/m3) [31] and UPR-date seed (1099–1950 kg/m3) [32].




3.5. Thermal Insulation Properties


Composites of UPR-PUD with varying filler content ranging from 0 to 50 vol.% of PU dust were tested to determine their thermal conductivity. The thermal conductivity values for the composites at 25 °C are shown in Figure 6a. The results show that the thermal conductivity coefficient ( k ) increased from 0.073   W /   m · K     for pure polyester to 0.0993   W /   m · K     for 30 vol.% filler content composites. However, the thermal conductivity values dropped to 0.0847   W /   m · K     at 40 vol.%, and decreased further to 0.0787   W /   m · K     at 50 vol.%. The thermal conductivity of UPR-PUD composites can be directly correlated with the composite density and degree of crystallinity. The XRD analysis shown in Figure 6a illustrates that the 30-PUD composite achieved the highest crystallinity, which corresponds to the thermal conductivity trend where it achieved the highest value of thermal conductivity.



The UPR-PUD composites achieved a promising result in the thermal conductivity test and showed high potential for use in insulation for buildings. The obtained values are relatively close to the thermal conductivity of commercial heat insulators. The developed composites had lower thermal conductivity than numerous other UPR-based composites, including UPR-bauxite residue (0.082–0.149   W /   m · K    ) [30], UPR-red shale (0.135–0.218   W /   m · K    ) [33] and UPR-glass fiber (0.190 and 0.207   W /   m · K    ) [34].



The measured specific heat capacity (   C p   ) of UPR-PUD composites at different filler concentrations is illustrated in Figure 6b. The    C p    of the UPR-PUD composites decreased with filler content from 1132   J /   kg · K     for pure polyester to 769   J /   kg · K     for 30-PUD composite, then increased to 1102   J /   kg · K     for 50-PUD composite. Again, the 30-PUD composite, with the highest degree of crystallization, exhibited the lowest value of heat capacity as well. Nonetheless, the developed composites with 50 vol.% PUD exhibited a heat capacity similar to that of the commercial heat insulators such as expanded polystyrene (1200–1450   J /   kg · K    ), Rockwool (1000   J /   kg · K    ) and fiberglass (830   J /   kg · K    ) [35].



Using the measured values of specific heat capacity (   C p   ), thermal conductivity ( k ), and bulk density ( ρ ), the thermal diffusivity ( α ) of the developed UPR-PUD composites was determined according to the following equation:


  α =  k  ρ  C p     



(3)







Another crucial property for heat insulation is the thermal diffusivity, which measures how quickly heat moves from a hotter to a cooler area of a material. Figure 6b shows that the thermal diffusivity increased with PUD content to reach its maximum in the 30-PUD composite, then reduced with filler content until the minimum was reached in the 50-PUD composite. The developed UPR-PUD composites obtained a lower range of values (0.0618–0.109     mm  2  / s  ) compared to commercial heat insulators such as extruded (α = 0.544–0.638     mm  2  / s  ) and expanded polystyrene (α = 0.385–0467     mm  2  / s  ) [35]. The obtained low values for thermal diffusivity indicate that the developed UPR-PUD composites possess a great advantage. In terms of thermal insulation properties, the 50-PUD composites which utilized the maximum amount of PU dust exhibited the best thermal insulation performance, with the lowest thermal conductivity, the lowest thermal diffusivity, and the highest heat capacity.




3.6. DSC Analysis


The thermal profile of the UPR-PUD composites for the first and second heating cycle is shown in Figure 7a,b, respectively. In the first heating cycle, both endothermic and exothermic peaks developed. In both the pure UPR and composite thermograms, an exothermic peak formed, indicating that polymer curing occurred even at high temperatures. The curing temperature varied between 105.7 °C and 110.7 °C. The maximum curing temperature was reported for 30-PUD composites, which have the highest degree of crystallization, while the minimum curing temperature was reported by 10-PUD and 50-PUD composites. The glass transition temperature    T g    found in the first heating cycle reflected the degree of crystallization, as the 30-PUD composites showed the highest value of    T g   . However, the addition of PUD filler induced some plasticizing effect in the polymer matrix, which led to a reduced glass transition temperature. The same behavior has been reported in other UPR-based composites [32].



On the other hand, Figure 7b shows the DSC thermogram of the second heating cycle, which only shows the endothermic peaks (   T g   ) and not the curing peak. This implies that the polymer matrix was completely cured during the first heating cycle. In comparison to the first cycle, the    T g    of the second heating cycle moved to a higher range, from 92 °C to 108 °C. The fully cured system in first heating cycle and resulting restriction of polymer chain mobility can justify this increase in the glass transition temperature.




3.7. TGA Analysis


Another critical property for the prospective use of UPR-PUD composite in construction applications is thermal stability. TGA analysis was used to examine the thermal stability of the produced composites in the temperature range of 20–800 °C. The TGA/DTG curves for pure materials and UPR-PUD composites with various filler contents are shown in Figure 8. The summary of TGA profiles is presented in Table 1. The degradation of the pure materials and UPR-PUD composites took place in three stages. The first stage occurred because of the evaporation of moisture, which was more pronounced in the PU dust. The pure polyester first degraded at around 319 °C with minimal weight loss of 5%, followed by 50% weight loss at 413 °C and near-complete mass loss of 96.5%. The major mass loss of UPR can be attributed mainly to the degradation of the polymer network and the production of volatile oligomers, which yielded a small amount of residual char. Alternatively, the pure filler (PU dust) degraded slightly, with 5% weight loss at 206 °C followed by a major degradation of 50% weight loss at 385 °C. The degradation of the PU dust within the range of 200–400 °C is primarily due to the depolycondensation reaction of polyurethane, which produces precursors including polyols and isocyanates. These precursors are then dimerized to produce carbodiimides. In addition, carbon dioxide, alcohol, amines and other components are byproducts generated by this process [36]. The aforementioned stage is followed by a second decomposition stage between 400–800 °C, which is mainly the degradation of substitutes produced from the reaction of carbodiimide with alcohol or water. However, the PUD showed a smaller peak on the DTG curve compared to the pure polyester; see Figure 8b. Moreover, at 800 °C the PUD had a residual weight of 23%, much higher than the pure polyester. In the presence of PUD, the T5% of the UPR-PUD shifted slightly to a lower value compared with pure polyester, while the T50% was not affected by the loading of PUD. In addition, the char yield of the composites increased with increasing PUD content.




3.8. Water Retention


Figure 9 shows the results of water retention tests performed on the UPR-PUD composites after continuous immersion in distillate water for 48 h at two different temperatures, 25 °C and 50 °C. The water retention percentage (  W R %  ) was calculated using Equation (4):


  W R % =    weight   of   equilibrated   sample  −  weight   of   dry   sample    weight   of   dry   sample    



(4)







Water absorption increased with prolonged immersion time for all the composite specimens at all immersion temperatures. Generally, the water retention percentage (  W R %  ) of the developed composites was relatively low, with the highest observed percent of water absorption 0.32% and 0.87% at of 25 °C and 50 °C, respectively. The measured water retention of the developed composites is comparable to that of commercial insulators [37]. Figure 9 shows that the water retention of composites increased with increasing PU dust content in both test conditions. For instance, the 30-PUD composites exhibited the lowest   W R %   because of their high degree of crystallinity. However, the effect of PUD content on water retention was minimal when the fiber loading was below 40 vol.%. It is believed that the cross-linking process was efficient in the tested conditions, resulting in fewer voids within the composites, and thus less water absorption. Increasing the temperature of the water to 50 °C led to an increase in water retention. A higher temperature enhances the mobility of molecules, thereby increasing the amount of water retained inside the solid matrix, which was noticeable when the temperature was increased to 50 °C.



It should be noted that UPR-PUD composites have lower water retention than other UPR-based composites such as UPR-bauxite residue [30] and UPR-date seed [32]. The hydrophobic nature of UPR and the substantially cross-linked structure of the UPR-PUD matrix are regarded as advantages of UPR-PUD composites. The hydrophobic characteristic of UPR and the highly crosslinked structure of the UPR-PUD matrix are responsible for UPR-PUD composites.




3.9. Mechanical Behavior of Composites


The effect of PUD volume percentage on the compression strength of the UPR-PUD composites is shown in Figure 10. The compressive strength decreased slightly upon adding small amounts of PUD (10 vol.%), as at this level the filler reduced the degree of crosslinking in the composite. However, increasing the PUD content resulted in an increase in the compressive strength of the composite, reaching a maximum value of 99.4 MPa for 30-PUD composites, which had the highest degree of crystallinity. Further increasing the PUD content to 50 vol.% reduced the compressive strength to 72.1 MPa, with the increase in porosity and voids the main reason for this reduction. Recalling the degree of crystallinity predicted by the XRD measurements, a direct relationship can be established between the compressive strength of the composites and their crystalline structure. The developed UPR-PUD composites attained higher compressive strength than that of other UPR-based composites such as UPR-rubber [24] and UPR-date seed [32], and were comparable with the compressive strength of UPR-bauxite residue composite [25] and UPR-calcined kaolin clay [38], with an advantage for the current composites in that they have a lower density. Furthermore, the proposed UPR-PUD composites achieved greater compressive strength than several lightweight insulation materials, with a compressive strength ranging from 2.4 to 3.3 MPa [39], as well as mineral wool and sisal fiber-reinforced building materials, with a strength of 3–4.5 MPa [40].



The average tensile characteristics of the UPR-PUD composites for various filler loadings are shown in Figure 11. The tensile strength of the developed composites declined as the filler content increased, starting from around 28 MPa for pure polyester and 10-PUD samples and dropping to around 10.3 Mpa for the 50-PUD composites. A similar trend was observed for the strain values, where the highest elongation of 1% was obtained for pure polyester and around 0.5% minimum elongation was exhibited by the 50-PUD samples. Moreover, Figure 11 shows that the tensile modulus of the prepared composites was enhanced slightly by the addition of PUD filler, reaching the maximum in the 30-PUD composites with a value of 4.17 GPa and decreasing to around 3.14 GPa for the 50-PUD samples. The formed crystalline structure could have possibly caused brittleness in the material which reduced the tensile properties of the UPR-PUD composites. Compared to other UPR based composites, the UPR-PUD composites demonstrate higher tensile strengths than UPR-date seed (7.7–37.6 MPa) [32] and UPR-bauxite residue (4.0–19.3 MPa) [25], and are very close to the tensile strength of UPR-red shale (20–40 MPa) [41], UPR-carbon nanotube–graphene (26–42 MPa) [42], UPR- non-metallic fractions (28–36 MPa) [43], and UPR-jute (37–43 MPa) [44]





4. Conclusions


The UPR-PUD composite presented here is a revolutionary solution for lowering landfill ratios. Because of its improved qualities, UPR-PUD composites can be employed as an alternative heat insulator. The use of PU dust lowers the cost of insulation materials while providing a viable solution to the problem of thermoset recycling and municipal waste management. Furthermore, due to their better qualities, UPR-PUD composites result in lower heating/cooling energy costs in buildings. As a result, the proposed composites for the building insulation business adhere to the circular economy’s three R’s: reduction, reuse, and recovery. The use of PU dust waste in the manufacture of thermal insulation composites with filler content varying from 0 to 50 percent volume was investigated in this work. According to the observed physical, thermal, and mechanical properties, these new UPR-PUD composites can replace traditional thermal insulation composites in the construction sector. The values for thermal conductivity and diffusivity were significantly low, and comparable with traditional insulators. Furthermore, the produced composite samples have high mechanical strength, which makes them usable for building materials alongside typical construction blocks. Low thermal conductivity (0.078   W /   m · K    ), low thermal diffusivity (0.0618     mm  2  / s  ), low water retention (0.34 percent), and strong compressive (72.1 MPa) and tensile (10.3 MPa) strength were found in 50-PUD composites, which contained the most PUD. Furthermore, the thermal stability of polyester was enhanced slightly upon adding the PUD. Not only does the proposed unique technology allow for the recycling of PU dust, it minimizes the use of polymer-based thermal insulators. The utilization of the created composite in the building and construction industry will reduce polyurethane dust in landfills, carbon emissions from polymer manufacturing, and the other risks of PU dust.
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Figure 1. UPR-PUD composite samples for (a) Tensile test, (b) compression and water retention tests, (c) flexural test and (d) thermal conductivity test. 
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Figure 2. SEM images of (a) pure polyester, (b) 10-PUD, (c) 30-PUD (d) and 50-PUD composites. 
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Figure 3. FTIR analysis for (a) UPR, 10PUD, 30-PUD and 50-PUD composites; (b) pure UPR and PUD. 
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Figure 4. XRD analysis for pure polyester, PU dust, 10-PUD, 30-PUD and 50-PUD composites. 
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Figure 5. Experimental and theoretical density versus PU dust content. 
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Figure 6. (a) Thermal conductivity and (b) heat capacity and thermal diffusivity of UPR-PUD composites. 
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Figure 7. DSC thermal profile of UPR-PUD composites: (a) first and (b) second heating cycle. 






Figure 7. DSC thermal profile of UPR-PUD composites: (a) first and (b) second heating cycle.



[image: Buildings 12 00126 g007a][image: Buildings 12 00126 g007b]







[image: Buildings 12 00126 g008a 550][image: Buildings 12 00126 g008b 550] 





Figure 8. Thermograms of UPR, PUD and UPR-PUD composites: (a) TGA and (b) DTG. 
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Figure 9. Water retention for UPR-PUD composites (a) at room temperature and (b) at 50 °C. 






Figure 9. Water retention for UPR-PUD composites (a) at room temperature and (b) at 50 °C.



[image: Buildings 12 00126 g009]







[image: Buildings 12 00126 g010 550] 





Figure 10. Effect of PU Dust content on the compressive strength of developed composites. 
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Figure 11. Tensile strength properties of UPR-PUD composites. 
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Table 1. TGA results of UPR-PUD composites.






Table 1. TGA results of UPR-PUD composites.





	Samples
	T50
	Final Mass Residue %





	PU Dust
	385
	23.1



	50 vol.% polyurethane
	414
	6.2



	30 vol.% polyurethane
	413
	5.1



	10 vol.% polyurethane
	409
	3.8



	Pure polyester
	413
	3.4839
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