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Abstract

The recycling of poly (ethylene terephthalate) (PET) waste bottles to preparing RPUFs (rigid polyurethane foams) by using propylene glycol (PG) in different glycol/polymer molar ratios. The glycolysis products were characterized, and then they reacted with PMDI in the presence of blowing, co-blowing and second blowing agents, respectively, to produce the RPUFs.  The prepared foams were characterized and compared to foam that is produced by original polyol.  It was resulted that, the glycolysis products have a lower molecular weight and viscosities than pure PET that degraded; in addition, they have possibility for the fabrication of RPUFs with a proper properties. RPUFs depend on the blowing agent type, density and have the similar thermal stability compared to that one produced by original polyol. This may provide an advantage in future planning for recycling of PET bottles for PU enhancement in mechanical and thermal properties. 
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1. Introduction

Poly (ethylene terephthalate) (PET) is a thermoplastic polyester widely used in manufacturing of high-strength fibers, photographic films and soft drink bottles [12[8]. It is suggested that the most attractive method is chemical glycolysis into the corresponding monomers or raw chemicals that could be reused for the production of plastics or other advanced materials [9]. The glycolysis method makes it possible to employ very low amounts of reactants as well as application of lower temperatures and pressures  in contrast with other methods such as supercritical methanol and thermal degradation [3-7], while hydrolysis under acidic or basic conditions may cause corrosion and pollution problems [10, 11]. Glycolysis involves the insertion of olefin-glycol within PET chains to synthesis bis (2-hydroxyolefin) terephthalate, which is a substrate for PET synthesis. The glycols usually used for PET glycolysis are ethylene glycol (EG), diethylene glycol (DEG), propylene glycol (PG) and dipropylene glycol (DPG). However, EG has been reported as the most reactive olefin-glycol for PET glycolysis [1

].  With increasing PET consumption as packaging material, the effective utilization of PET wastes has received wide attention for the preservation of resources and protection of the environment [2]. Since PET wastes do not create hazards to the environment, their volume and cost of landfilling is very high.  However, several methods have been proposed for recycling waste PET [3-7].  Generally, different methods for the chemical recycling of PET could be categorized in five main branches including: 1) glycolysis, 2) methanolysis, 3) hydrolysis, 4) ammonolysis and 5) aminolysis , 13

]. The glycolysis product can be used in the synthesis of unsaturated polyester resins, urethane oils [14], dimethacrylated oligoesters, epoxy resins [15], polymer concretes [16, 17] and rigid polyurethane foams [18]. RPUFs are commonly available heat insulation materials with the lowest thermal conductivity among foamed polymers used commercially [1, 19]. These foams are used for example for outer wall insulation of apartment houses, factory shops, office rooms, cold stores and pipelines [20]. The broad application is the result of their very good heat insulation properties, low density and relative ease of specific properties modification depending on the use as well as on adjusting technology of production and application in the place of use. Isocyanates, polyols, foaming and auxiliary agents are the main components for polyurethane foams synthesis. Polyester polyols are an important raw material for the production of insulation panels [21]. These foams derive their excellent flammability performance from the high content of aromatic groups which results from high aromaticity polyester polyols. In some regions, polyester polyols' applications are increasing for the same reason as well as for their relatively low cost. The latter is ultimately connected to the origin of aromatic polyester polyols which are produced from recycled PET bottles, fibers, and x-ray film sheets, or DMT process waste. Azim et al. glycolyzed PET wastes using trimethylol propane and pentaerytheriol to produce hydroxyoligomers for RPUFs with a density of range 55-65 kg/m3 [22]. This work, primarily discusses a potential use of the recycled PET products in preparation of RPUFs. The amount of glycols to PET on PET glycolysis process was studied. The glycolysis products are characterized using GPC, FTIR and viscometry analysis methods.  The characteristics of RPUFs were examined by FTIR, SEM, TGA, thermal conductivity coefficient and compressive strength, moreover, their density. The properties of foams were compared with that foam made with original polyol.
2. Experimental

2.1. Materials 

Post consumer PET beverage bottles were crushed to small pieces after washing with acetone and methanol and removing of adhesive and other materials. PG and zinc acetate were obtained from Panreac Co. The required material to produce RPUFs such as PMDI, activators and the surfactant agent were commercial grades and were used as received. But with respect to cyclopentane and dichloroethane, 1, 1-dichloro-1-fluoroethane (CH3CCl2F), HCFC-141B, and all materials for analysis, was purchased from Merck Co., they were used as received without further purification.   FMHC and FMR11 foams were produced by Urethane Co. and, were used for comparison. FMHC and FMR11, have HCFC-141B and R11 as blowing agents, respectively.  Also, URONOLE 210R, and URONOLE 220W are used as polyols, respectively that include additives.  PMDI is used with an amount of 32% NCO.
2.2. Method
Glycolysis of PET wastes 

PET wastes were initially immersed in 1% (w/v) sodium hydroxide solution for 1 h to remove surface impurities and subsequently rinsed with water and dried in an oven at 80ºC.  The pre-washed PET and the propylene glycol PG, at different molar ratios of PG/PET, including: 1/1, 2/1 and 2.52/1 respectively, in the presence of 0.5% (w/w) zinc acetate were glycolysed. The glycolysis reactions were conducted in a 1 liter three-necked reactor equipped with a reflux condenser, a thermometer and a mechanical steel stirrer in an oil bath in nitrogen gas atmosphere for 15 min. in initial time of the reaction, at 200-210 °C for about 4 hours. Upon completion of the reaction, the glycolysed products were allowed to cool down to the room temperature under nitrogen atmosphere, Table 1.  A schematic of used procedure for the glycolysis of waste PET is depicted in Scheme 1.

Preparation of RPUFs

RPUFs were produced in a two-step process. First, the prepared polyol was mixed with triethyl amine (TEA) and dibutyltin dilaurate (DBTDL) as catalysts as well as silicone surfactant and the blowing agent. The prepared mixture was allowed to mix for about one minute at a stirring rate of 2000 rpm to obtain a homogenous resin. Afterward, PMDI was added to the prepared polyol mixture and the mixture was allowed to stir with a constant stirring rate of 2000 rpm for about 10 seconds. Subsequently, the prepared mixture was discharged into an open mold (15×15×7 cm3) for free-rise foam preparation process. The foam was removed after 30 min and allowed to condition at room temperature for 16 h before further characterization. About 10 weight% of PMDI more than Stoichiometries ratio was used for the completion of the reaction. The basic formulation used for the synthesis of RPUF is presented in Table 2.  And, simultaneous with expanding the reaction time and after two weeks the core density of foam was determined. 

3. Characterizations 

The structures of the products were confirmed by using a Nicolet IR-100 FTIR spectrometer. The specimens were prepared in the form of KBr pellet.  The hydroxyl number (OH Number) of the glycolysis products was measured in terms of mg KOH/g. The measurement method was as follows: 0.5 g of the prepared sample was accurately weighted and added to 10 ml of pyridine and acetic anhydride solution (pyridine/acetic anhydride = 88/12: volume ratios) in a round bottom flask. The flask was equipped with a vertical reflux condenser. The flask was stirred and remained at the boiling point of water for about 2 hours. The mixture was then cooled to the room temperature and hydrolyzed by 100 ml of chilled water. The resulting solution was titrated against 0.5 N KOH using phenolphthalein as the indicator. The hydroxyl number of samples was calculated from the difference between the KOH consumed amount of the sample and the control sample according to the following equation:
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OH number =




Where, Vs, Vb, N and W are the volume of KOH used for the sample (ml), the volume of KOH used for the control sample (ml), the normalized of KOH solution and the weight of the sample, respectively. The intrinsic viscosity of glycolysis products was calculated without purification in the presence of dichloro acetic acid at 25 °C. In this research, GPC was used to determine average molecular weight and molecular weight distribution of glycolyzed product. The used instrument was Agillent 1100 which was included a Refractometer Index Detector (RID) and a set of three high resolution PL gel 10μm Agillent columns (500,103,104Å). THF was used as the solvent with a flow rate of 1ml/min, while monodisperse polystyrene was used as the reference. Also, the densities of the RPUFs were measured according to ASTM D-1622. The size of the specimen used for density calculations was 30 × 30 × 30 mm3. To normalize the density results, the density of five specimens per each of the foam was calculated and the results were averaged. The morphology of the RPUF samples was studied with an AIS 2100 SEM was made by Seron. The samples were cut parallel to the rise direction of foams and gold coated before scanning. Compressive strength in 10% deformation test was performed according to ASTM D 1621 by device of Galdabini 1890. The size of the specimen was 30 × 30 × 30 mm3, and the speed of crosshead movement was 3.00 mm/min.  TGA of the samples under Air atmosphere were carried out on a TA Instruments (Thermal Analysis 2000). The rate of temperature increase was 10 oC/ min.  The apparent thermal conductivities were determined using an ANACON model 88. The size of the specimen was 100 × 100 with thickness 15-30 mm.
4. Results and discussion

Structures and material forms of glycolysis products

Material forms and appearance of glycolysis products were different from solid to liquid, according to molar ratio of glycol /PET, as clear in Table 3.  Wherever, by using the PG/PET ratios, the products (PG2.52m, PG2m and PG1m) were transparent with a light brown-green color, turned into a milky viscous material over a period of time.  And, the product turns into a solid material over cooling down to the room temperature with respect to 1/1 molar ratio of PG/PET. As a result of increasing the PG/PET ratio, the molecular weight was decreased with increasing in the OH number. It is necessary to mention that, after the glycolysis reaction performed, the free glycols were not separated for decreasing viscosity of glycolyzed products since viscosity is an important factor to produce foam. Due to the presence of free glycols in the final product, hydroxyl value of glycolyzed products were higher than hydroxyl value of glycolyzed products in the literature, but in accordance with the literature, hydroxyl value of products is increasing with the increase of ratio of the glycol/PET. For all of the glycolysis products, the hydroxyl numbers increased as the glycol/PET molar ratios increased, but by decreasing the viscosity and molecular weight of them as a result of increasing in the depolymerization of PET. The presence of un-reacted glycols leads to lower viscosity of glycolyzed products.  The viscosity of glycolyzed products has been depicted in Figure 1, and  revealed that the PG1m product sample could not be used for the production of RPUFs, unsaturated polyester resin or other final products due to high viscosity and solidify in the room temperature. Only, PG2m and PG2.52m were used in the production of RPUFs. Molecular weights and OH numbers of the diester of terephthalic acid which could be produced using PG are calculated and presented in Table 4, according to the procedure described in the literature. It should be mentioned that results in Table 4 are for N= 1, 2 and 3 in scheme 1. Clearly, the OH numbers of glycolysis products, increase as the molecular weights of the products decreased. It should be mentioned that the main purpose of this study was to produce RPUFs, so, the polyol viscosity is an important factor in this process.  According to Tables 3 and 4, the hydroxyl values of glycolysis products were greater than calculated OH numbers of terphthalic acid’s diesters due to the presence of free glycols in the mixture.  It was notified that the glycolysis of PET under high pressure conditions resulted in shorter melting time of PET flakes and formation of homogenous liquid. However, these conditions also resulted in an increase in the amounts of side reactions compared to atmospheric conditions [22].  Therefore, the glycolysis of PET in a sealed reactor resulted in a PET melting time reduction and formation of a homogenous liquid compared to the reactor under atmospheric conditions. For example, the dissolution time of PG2m reduced from 80 min to about 35min in a sealed reactor. It should be mentioned that the pressure of glass reactor was about 0.1bar that is a low pressure for PET glycolysis under pressure. This condition was selected to a large reduction of PET dissolution time as well as side reactions, compared to PET glycolysis under common conditions with under high pressure.  On the other hand, it was observed that the glycolysis products synthesized using PG in the molar ratio of 2.52 in about 4 hours had the same weight and number-average molecular weights, Table 5, compared to the reported glycolysis products in the same conditions synthesized in about 5 hours and in the atmospheric pressure [23].  Moreover, glycolysis of PET in a sealed reactor resulted in a more reduced molecular weight product compared to products obtained in the atmospheric pressure. Also,  the reactor pressure was higher in the early stages of the glycolysis process due to the evaporation of glycols. After this step, the reactor pressure decreased and reached to a stable pressure. FTIR spectroscopy was used to confirm the depolymerization of PET, the formation of oligoesters and formation the RPUFs.  Also, it was used to study of the difference between the structures of foam prepared from PET and that was made of original polyol. The molecular structures of glycolyzed PET were estimated by FTIR spectroscopy.  Figure 3 (a, b), show the comparative FTIR spectra of glycolysis products obtained by glycolysis with PG2m and PG2.52m, respectively. Bands from –C=O stretching and stretching vibration of C-O which appears at 1720 cm-1 and 1275 cm-1 respectively, are  a key band that confirmed ester bond formation during the glycolysis of PET. This can be compared with used glycols FT-IR spectra which does not contain any band around 1750 cm-1 or 1275 cm-1. Band around 3400 cm-1 is due to the free hydroxyl group presents in glycolyzed PET oligoesters. The presence of this peak confirms the successful glycolysis of PET because the FTIR spectra of PET do not have such a peak.  Also, the characteristic C-O vibrations and stretching vibration of C-O bands at1000 to 1300 cm-1 were related to ether and ester groups respectively. The peaks around 2950 and 2880 cm-1, were assigned to the stretching vibrations of C-H bands in the structure of methyl and methylene groups.  FT-IR spectra show the bands around 1375 and 1455 cm-1 of bending vibration of methylene groups in the polyol chains. Furthermore, peaks at 1124 and 1078 cm-1 correspond to a C-O group of ether primary and secondary-hydroxyl end-groups in the structure of PG. The different types of the RPUFs samples : FP2.52CyDc (a) and FMHC(b) were shown in the FT-spectra,  Figure 4(a-b). The functional groups in polyurethane can be detected through the existence of the amide (-NH) stretching vibration around  3500 cm-1, urethane carbonyl (C=O) at 1722cm-1, -CH2 around 2927 cm-1, -CNH around 1523 cm-1 and C-O-C around  1218 cm-1. Other characteristic bands, the NH deformation signal around 1523 cm-1 of isocyanurate (resulting from reactions between isocyanate and urethane groups [24], aromatic ester stretching at 1216 and 1064 cm-1 and CH deformations of aromatic groups in the range of 800 to 600 cm-1 are also noted in the spectrum. The presence of a large signal at 2258 cm-1 indicates that residual (unreacted) isocyanate still exists in the system [25], which was expected since an isocyanate index equal to 1.10 was used in the foam formulation. The production foams from PG2m and PG2.52m, were used cyclopentane, dichloroethane and water as a main, secondary and co-blowing agents, respectively. We use other blowing agent for enhanced of low compressive strength properties of producing foams. Also, the isocyanates index was used higher than in the primary index for FP2.52Cy.  The density and reaction times of foams (RPUFs) using different blowing agent and polyols mixed with PMDI were reported in table 6. The time stages for forming the foaming without a catalyst for polyol and in the presence of cyclopentane were shown in Figure 5. Foams made from PG2.52m have shorter reaction times than that of the PG2m, due to lower viscosity and molecular weight since, they enhanced the flow ability and also increase the reactivity. These reaction times decreased, by adding the catalysts, as shown in Figure 5. It was found that, the density of FP2.52Cy1.25 is higher than of the FP2.52Cy, since PMDI increased with the same amount of cyclopentane. While, the increase in the amount of PMDI in FP2.52CyW, make its density is lower than of the FP2.52Cy1.25 and is nearly similar to FP2.52Cy one. This was attributed to producing of CO2 gas as a result of the reaction of water with PMDI. The density of foam with cyclopentane was increasing with adding of dichloroethane because of, the boiling point of dichloroethane is higher than those of the cyclopentane and water. As a result, the reaction times for foam with dichloroethane are shorter than that of others, while these times for foam with water are shorter; where the reaction of water with PMDI was produced a heat caused reduced for these times. The densities of foams made PG2m are higher than those of the foams with PG2.52m, due to higher viscosity and lower free PG in comparison with the PG2.52m. 
Compressive strength of foams (RPUFs)

Compressive strength and modulus in parallel to and perpendicular to the rise direction of foam at 10% compression were measured and reported in Table 7. The most important factor has an effect on the compressive strength is the density, where, it increased with increasing in density in the same formulations. Therefore, the foams were prepared with polyol at PG/PET molar ratio of 2/1, have a higher compressive and modulus with a  same blowing agent. By comparing FP2.52Cy1.25 with FP2.52CyW, it was shown that, they have a different density, although, they have the same strength. FP2.52CyW has a lower density as a result of formation of CO2 gas, but it has the same strength causing the formation of urea linkage at reacting of water with PMDI. It was appeared from Table 7, with adding dichloroethane and water or with changed isocyanate index, compressive strength and modulus of foams increased than that of the foam was prepared by using cyclopentane. Foams were prepared by using dichloroethane have a high density due to their higher boiling point and molecular weight than cyclopentane.  And so, this high density increased the strength and modulus in two directions.  Also, the modulus and compressive strength, parallel to the rise direction, have higher values than those, perpendicular to, due to the cell orientations in the foam rise direction. It is necessary to mention that lower compressive strength values of FP2.52Cy or FP2Cy may be causing a plasticizer effect for cyclopentane to tend to be soluble in the polyurethane matrix that with adding other blowing agent.  This defect was treated.

Thermal conductive coefficient

Table 8, shows the K-factor and mean cell size in the perpendicular to the rise direction of foam. This Table shows that the FP2.52Cy1.25 has a lower K-factor than that of the FP2.52Cy, because of the FP2.52Cy1.25 has a lower cell dimension and high cell structure isotropy in comparison with those of the  FP2.52Cy, as clear in Figure 6 (a, b). Also, a lower K-factor of FP2.52Cy1.25 than that of the FMR11 is due to the lower of its cell size and cell uniform that leads to radiative contribution to heat transfer and produce lower K-factor, in accordance with Table 8, and Figure 6 (a, b).  Nevertheless, FP2CyW has a lower cell size than that of FMR11; it has a higher K-factor.  Since, the higher thermal diffusivity coefficient of CO2 it was substituted with air that, has a higher K-factor than that of the CO2.  From the Table 8, it was observed that, the cell size was increased with the decreased in the density of foam in the same formulation. This is due to the FP2 foams have a higher density, with a lower cell size that, leads to decrease in K-factor. But, it was noticed that, in Figure 6b, in, despite decreased of cell size in FP2CyDc with a comparison to that of the FP2.52CyDc, they have the nearly same K-factor. This may be due to relatively uniform cell dimensions or high cell structure isotropy and higher of closed cell content in FP2.52CyDc with respect to FP2CyDc in addition, lower viscosity of FP2.52CyDc than that of the FP2CyDc, causing to the better process ability. Although it was expected that, the foams were blowing with cyclopentane (FP2.52Cy and FP2Cy) have a low of K-factor because highly non-uniform cell dimensions; they have a higher K-factor in comparison to other foams, Figure 6 (a, b).

     The thermal stability of a material reflected the ability of its chemical structure to resist chain termination and chain movement which were caused by heating. One of the important variables which control the thermal stabilization of a polymer is the basic material which made up the foam that is the polyol and isocyanate. TGA was used to analysis decomposition behavior of producing foams FP2.52Cy1.25, FP2.52CyW, and FMHC, synthesized with glycolyzed products obtained from PET waste, Figure 7, and Table 9. It was proposed that the thermal degradation of RPUFs is primarily a degradation process, which starts at about (190-205) °C, and the second decomposition was started at (370-390) °C, is related to burn of remain ash. Where, these experiments were done in air atmosphere. During the burning, oxygen reacts with carbon’s ash and produce CO2 gas that it caused a decrease in the weight of the sample. If the temperature had increased the amount of remain ash would be reached lower than 2 % or near 0% that 2% is related to the groups with high thermal stability like allophanate, urea, biurea and so on.  Because of the reaction occurred in the room temperature and lack of active catalyst for isocyanate termination, the second decomposition, was not related to isocyanurate decomposition. According to the Table 9, the most percent weight of ash is related to FP2.52CyW, due to its high presence of the  aromatic group in both polyol and isocyanate and being short carbon chain (PG). TGA results were summarized in Table 9, which presents the degradation temperatures of RPUFs influenced by the variation of oligoester polyols. Also, the produced foams, especially FP2.52CyW, have the same thermal stability compared with the sample that is produced by Urethane Co. 

Conclusions

Waste PET flakes were depolymerized by using different molar ratio of PG/PET to produce oligomers with low molecular weight reacted with PMDI in presence blowing agent to produce different types of PU foams with high thermal stability and high compressive strength and modulus. The effects of the different molar ratios of glycol/PET on glycolyzed products have been described. GPC results showed that a high portion of oligomers (monomer, dimmer and trimmer), and lower portion of oligomers had a higher molecular weight. The viscosity of glycolyzed products decreased with an increase in the ratio of glycol/PET in glycolysis processes. Moreover, the PET glycolysis reaction in a sealed reactor led to a reduction of PET flakes dissolution time and increase in the degree of PET depolymerization. The densities, compressive strength and modulus, thermal stability and the thermal conductivity coefficient of foams were affected by the molar ratio of glycol/PET and blowing agent. So, it was found that the possibility of using glycolysis products of waste PET in the production of rigid polyurethane foams with proper properties similar to that produced by the foams with original polyol.
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Scheme 1. Schematic of Waste PET glycolysis process using PG as glycols.

Fig. 1. Viscosity of glycolysis products.

Fig.2. GPC spectra of glycolysis products prepared using PG; (a) PG1m and (b) PG2.52m.

Fig. 3. FTIR spectra of glycolysis products; PG2.52m (a) and (b) PG2m.

Fig. 4. FTIR spectra of the produced foam samples: FP2.52CyDc  (a) and FMHC (b). 
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Fig. 6a: SEM micrographs of RPUF samples blown with cyclopentane.

Fig. 6b. SEM micrographs of RPUF samples blown with cyclopentane and dichloroethane                            (FP2.52CyDc, FP2CyDc) and foam made Urethane Co. (FMR11).

Fig. 7. TGA of FP2.52CyW (a), FMHC (b) and FP2.52Cy1.25 (c) foams. 

Table 1. List of PET glycolysis products

	Product code
	Glycol type
	Glycol/PET molar ratio
	Glycol/PET weight ratio
	Catalyst
	Catalyst/PET weight ratio
	Temperature (°C)

	PG2.52m
	PG
	2.52
	1
	Zn(O2CCH3)2
	0.5
	200-210

	PG2m
	PG
	2
	0.79
	Zn(O2CCH3)2
	0.5
	200-210

	PG1m
	PG
	1
	0.396
	Zn(O2CCH3)2
	0.5
	200-210


Table 2. Chemical formulation used for the synthesis of  RPUFs

	Ingredients
	Amount (parts by weight)

	Polyester polyol
	100

	Cyclopentane
	20

	Silicon surfactant
	3

	DBTDL
	0.4

	TEA
	0.4

	Dichloroethane
	50% w/w of cyclopentane

	Water
	12% w/w of cyclopentane

	PMDI
	Stoichiometric + 10%


Table 3. Material forms and structural characteristics of glycolysis products

	Product name
	Form
	OH Number (mgKOH/g)
	Intrinsic Viscosity (dl/g)

	PG2.52m
	Viscous liquid
	600
	0.082

	PG2m
	Pasty
	570
	0.092

	PG1m
	Solid
	327.9
	0.115


Table 4. Calculated characteristics of terephthalic acid diesters

	Products
	Products synthesized from PG

	Properties
	OH Number (mgKOH/g)
	Molecular weight (g/mol)

	Monomer
	397.9
	282

	Dimer
	236.7
	474

	Trimer
	168.5
	666


Table 5. Molecular weights and PDI of glycolysis products
	Product name
	Mn (g/mol)
	Mw (g/mol)
	PDI

	PG2.52m
	521.8
	647.2
	1.24

	PG2m
	576.6
	887.3
	1.54

	PG1m
	677.7
	1000.8
	1.48


Table 6. Characterization of RPUFs with different blowing agent

	Name of RPUFs
	Density (Kg/m3)
	Mixed time (s)
	Cream time (s)
	Gel time (s)
	Tack free time (s)

	FP2.52Cy
	22.24
	8
	36
	70
	94

	FP2.52Cy1.25
	29.67
	8
	25
	45
	70

	FP2.52CyDc
	34.4
	8
	27
	55
	75

	FP2.52CyW
	23.88
	8
	23
	40
	65

	FP2Cy
	33.2
	8
	32
	92
	124

	FP2CyW
	30.7
	8
	29
	80
	120

	FP2CyDc
	40.7
	8
	38
	106
	130

	FMR11
	24-26
	-
	-
	-
	-


F: foam,  P: propylene glycol,  2.52 and 2: molar ratios of PG/PET, Cy: cyclopentane, Dc: dichloroethane,  W: water,  1.25: isocyanate index 

Table 7. Modulus and compressive strength of foams (RPUFs)

	Name of RPUFs
	Density (Kg/m3)
	Compressive strength (MPa)
	Modulus (MPa)
	Compressive strength (MPa)
	Modulus (MPa)

	
	
	Parallel to the rise direction
	perpendicular to the rise direction

	FP2.52Cy
	22.24
	0.08
	1.12
	0.05
	0.66

	FP2.52Cy1.25
	29.67
	0.11
	2
	0.06
	0.67

	FP2.52CyDc
	34.4
	0.15
	2.82
	0.08
	1.06

	FP2.52CyW
	23.88
	0.11
	1.86
	0.07
	0.77

	FP2Cy
	33.2
	0.1
	1.89
	0.68
	1.22

	FP2CyW
	30.7
	0.134
	2.04
	0.08
	1.02

	FP2CyDc
	40.7
	0.176
	2.69
	0.14
	1.96

	FMR11
	24-26
	0.12
	1.86
	0.09
	0.55


Table 8.  K-factor and cell dimension of foams (RPUFs)

	Name of RPUFs
	Density (Kg/m3)
	K-factor (W/m. K)
	Mean cell size (µm)

	FP2.52Cy
	22.24
	0.0296
	303.6

	FP2.52Cy1.25
	29.67
	0.0199
	242.6

	FP2.52CyDc
	34.4
	0.0223
	414.4

	FP2.52CyW
	23.88
	0.0297
	400.6

	FP2Cy
	33.2
	0.0283
	272.7

	FP2CyDc
	40.7
	0.0231
	271.2

	FP2CyW
	30.7
	0.0263
	247.2

	FMR11
	24-26
	0.0212
	384.2


Table 9. The thermal behavior of producing foams
	Remain percent weight
	W2(%)
	T2(oC)
	W1(%)
	T1(oC)
	material

	25
	37
	510
	38
	255
	FP2.52CyW

	12
	49
	511
	39
	248
	FP2.52Cy1.25

	31
	31
	530
	38
	250
	FMHC
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Scheme 1. Schematic of Waste PET glycolysis process using PG as glycols.
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Fig. 1. Viscosity of glycolysis products.
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Fig.2. GPC spectra of glycolysis products prepared using PG; a) PG1m and b) PG2.52m.
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Fig. 3. FTIR spectra of glycolysis products ; PG2.52m a) and b) PG2m.
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Fig. 4. FTIR spectra of the produced foam samples: FP2.52CyDc (a) and FMHC (b).
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Fig. 5. The foaming times in the presence of cyclopentane for both polyols and without

catalyst.
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Fig. 6a. SEM micrographs of RPUF samples blown with cyclopentane.
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Fig. 6b. SEM micrographs of RPUF samples blown with cyclopentane and dichloroethane                            (FP2.52CyDc, FP2CyDc) and foam made Urethane Co.  (FMR11).
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Fig. 7. TGA of FP2.52CyW (a), FMHC (b) and FP2.52Cy1.25 (c) foams.
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