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SUMMARY 

The present work is focused on the recycling of marine poly(ethylene terephthalate) litter (PET-

m), in order to give a second life to this polluting waste. The marine conditions to which marine 

PET litter is exposed can generate changes in the physicochemical properties of the materials due 

to possible degradation. Therefore, first of all, the characterization of marine PET litter has been 

carried out and compared with urban post-consumer PET waste (PET-u) and other two PET raw 

materials, a virgin PET (PET-v) and a post-condensed PET (PET-ssp), in order to evaluate 

potential degradation caused by marine environment on PET materials. 

After characterizing both waste types and studying the effects of possible degradations on 

physicochemical properties, recycling was carried out by the two most common methods 

employed for PET waste: thermo-mechanical recycling and energy recovery. At present, due to 

the large volume of waste, its high efficiency and its easy transformation, PET urban waste is 

generally thermo-mechanically recycled. However, marine PET litter is not currently recycled in 

a systematic way, probably because it can negatively affect the recycling chain, due to its high 

degradation together with the fact that the management is also a limitation. To analyze the 

viability of the most conventional recycling method, a thermo-mechanical recyclability study has 

been carried out for PET-m and PET-u samples, and also for a PET raw material. Moreover, 

different processing variables were evaluated in order to optimize the thermo-mechanical 

recycling process of marine PET litter. The suitability of energy recovery was also evaluated by 

measuring the calorific value of the above mentioned PET samples. 

After analyzing the critical effect of degraded PET samples on the properties of thermo-

mechanically recycled materials, chemical recycling by glycolysis was studied, with the aim of 

designing an optimal recycling strategy for highly degraded samples such as marine PET litter. 

For this reason, in order to optimize the glycolysis yield and reduce the energy consumption, 

kinetics studies were performed with a raw PET material. Reactions were carried out at short 

times ranging from 10 to 180 min. In the same way, the effect of temperature was studied by 

performing reactions at 180, 200 and 220 °C. Finally, the effect of degradation on the 

depolymerization reaction was analyzed. In this context, glycolysis of different PET samples was 

carried out under previously optimized reaction conditions. The glycolyzed product obtained in 

each reaction was characterized in order to identify the effect of PET degradation on the 

depolymerization. In all cases, the obtained product is mainly formed by bis(2-hydroxyethyl) 

terephthalate (BHET) monomer. 

Then thermoplastic and thermoset polyurethanes were synthesized by employing the BHET 

monomer obtained in the chemical recycling of PET. In this way, new, more environmentally 

friendly materials are obtained, reducing the consumption of fossil resources. In addition, a 



 

biobased macrodiol was used for the synthesis of thermoplastic polyurethane samples, thus 

obtaining materials with more than 30 % of their components coming from renewable and 

recycled sources. In the same way, thermoset polyurethanes were also synthesized, using a 

biobased polyol derived from castor oil, thus developing materials with a renewable/recycled 

content higher than 40 %. The different samples synthesized for both polyurethanes were 

characterized, studying also their recyclability. 

Finally, the environmental impacts of some of the processes developed were evaluated through 

Life Cycle Assessment (LCA). On the one hand, the LCA corresponding to the glycolysis reaction 

of marine PET litter, from collection to the obtention of the final recycled product, was carried 

out. On the other hand, the LCA of the synthesis of biobased thermoplastic polyurethanes, 

incorporating the recycled glycolyzed product, was studied and compared to that of polyurethanes 

synthesized from a commercial chain extender and a petrochemical polyol, respectively. 
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1.  INTRODUCTION 

1.1. Motivation 

Nowadays, we are immersed in a climate emergency related to CO2 emissions, resource depletion, 

waste management, pollution, deforestation, loss of biodiversity and fertile soils, among others, 

which has been increasing over the last decade. In addition, the global health crisis due to COVID-

19 has aggravated the situation and there is a need to act quickly with a policy for reducing the 

impact of the climate emergency [1,2]. Therefore, environmentally friendly materials, together 

with an adequate waste treatment system, are needed to move from a linear economy system to a 

circular one [3]. 

Plastics are one of the most abundant materials used worldwide, and their production is growing 

steadily. As an example, the global production of plastics is estimated to be of around 360 million 

tons per year, Europe producing around 57.9 million tons of plastic in 2019 [4]. This high 

production of plastics leads to the generation of a large amount of wastes. As plastics usually 

present high physical and chemical stability, their natural degradation can last for thousands of 

years [5]. A large amount of plastic waste ends up in the sea, with the consequent danger to the 

marine environment, resulting in one of the biggest environmental problems. It is estimated that 

12.7 million tons of plastics per year end up in the sea. 

Poly(ethylene terephthalate) (PET) is one of the most consumed plastics in the world, being 

therefore very common to find it in the sea or in the ocean [6]. This plastic is a petroleum-derived 

polymer used for bottling water and carbonated beverages, among other applications [7].  

Recycling of urban PET waste is very common, nowadays implemented at industrial scale. It can 

be recycled by thermo-mechanical recycling for PET remanufacturing, by chemical recycling to 

obtain a monomer that can be used for PET synthesis or for the production of other materials and, 

finally, by energy valorization [8]. However, the incorporation of marine PET litter in the 

recycling chain of industries is not widely explored, since the difficulty in managing marine litter 

and the effect of marine degradation could affect the recycling process.  

Therefore, it is necessary to evaluate the physicochemical characteristics of marine PET litter and 

compare them with those of a virgin material, in order to determine the degree of degradation and 

design a recycling system that would give added value to these wastes, by incorporating them into 

the circular economy as raw materials. This would be a step towards a more sustainable and 

environmentally friendly world, reducing the extraction of raw materials, impacts and waste 

generated. 
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1.2. Plastic pollution 

Global plastics production is estimated as 360 million tons per year and continues exponentially 

increasing each year [9]. The unstoppable production and massive use of plastic materials have 

created one of the biggest pollution problems worldwide, creating significant amounts of plastic 

waste that accumulate in landfills and natural environments, including marine and terrestrial 

ecosystems [10]. It is estimated that 33 billion tons of plastic waste will accumulate on Earth by 

2050 [10]. Moreover, with the health crisis caused by COVID-19, the consumption of single-use 

plastic, plastic-packaged food and personal protective equipment has grown considerably, which 

may lead to a new environmental crisis [1,2]. In the same way, it is estimated that around one 

million of plastic bottles become waste every minute, being the trend to double in the next 20 

years [11].  

It has been reported that the main global plastic productions corresponds to high and low density 

polyethylene (HDPE and LDPE respectively), polypropylene (PP), polyvinyl chloride (PVC), 

poly(ethylene terephthalate) (PET), polyurethanes (PU) and polystyrene (PS) [12,13]. The 

percentages of the annual global demand for plastics are shown in Figure 1.1 [14,15]. However, 

PET is the most abundant plastic in textile and packaging industry [9], making it one of the most 

wasteful plastics [11,16]. 

 

Figure 1.1. Global plastic demand. 

According to United Nations Environment Programme (UNEP) statistics, although the proportion 

of recycling depends on the country, the overall proportion is very low: only the 9 % of plastic 

production is recycled, while the 12 % is burnt for energy recovery and around the 79 % is 

disposed of in landfills and natural environments [17,18], with an estimated 66 % accumulating 

in landfills [19]. Due to the large amount of non-recycled plastic waste, it is estimated that a large 

amount of this waste ends up in the sea, generating one of the biggest environmental problems. 

Currently, the dumping of non-biodegradable fossil plastics in marine ecosystems, leading to the 
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formation of floating islands, as well as the production of plastic debris and fragments such as 

microplastics, which affect water and biota, is becoming the main environmental concern that 

deserves international interest and a fast solution [20]. 

It is estimated that between 4.8-2.7 million tons per year are dumped in the oceans [21,22]. In 

addition, 80-85 % of marine litter is composed of plastic [23]. A higher amount of plastics than 

fishes (in weight ratio) is predicted to be found for 2050 in the oceans [24], accumulating 3.5 

trillion tons of macro plastics and 2.5 million tons of microplastics in the marine environment 

[16]. Depending on the size, plastic debris are classified into three groups: macro plastics (≥ 2.5 

cm), mesoplastics (2.5 cm - 5 mm) and microplastics (≤ 5 mm) [25]. The most common plastic 

wastes in marine environment are PP, PE and PET [6]. The composition of the main plastics found 

in the oceans is: bottles, containers and packaging straps from HDPE and PET, plastic bags from 

PE and PP and fibers from nylon or PET of textile industry, among other materials [26]. 

Plastics need long degradation times, due to their stability and high durability, tending to 

accumulate in the environment and becoming a huge problem [27]. It is therefore necessary to 

collect and treat for reuse, recycle or burn for energy recovery. Treatment techniques for marine 

litter are similar to those for urban waste, but for the marine environment solar radiation, sea 

salinity, atmospheric oxygen, temperature changes, and friction with waves and other elements 

such as rocks must be taken into account, which could lead to the degradation of plastics [26,28]. 

1.3. Degradation of polymers 

Degradation is defined as the partial or complete breakdown of a polymer chain [28]. This occurs 

due to several environmental factors such as temperature, humidity, radiation, enzymatic, 

organisms and mechanical stress, among others [20,29]. As a result, the modification of chemical 

structures, the decrease in molar mass with the consequent reduction in mechanical properties, 

thermal stability and morphological alteration can occur[29,30].  

Thus, in extreme conditions such as those of marine environment, plastics undergo greater 

degradation compared to those from urban wastes. As mentioned above, ultraviolet (UV) 

radiation, temperature, oxygen and mechanical friction affect plastic degradation. Five types of 

degradation processes can occur in the marine environment: hydrolytic, thermo-oxidative, 

mechanical, biological and photodegradation [28].  

Structural and crystallinity or chain conformation changes occur in PET due to the degradation 

caused by the marine environment [31–34]. These changes could be related to hydrolytic 

degradation, since polyesters such as PET are sensitive to moisture. This reaction is influenced 

by the permeability of water molecules. This degradation is the reverse reaction of PET 

esterification [27]. Hydrolytic degradation acts on the ester bond of the amorphous region 
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inducing the formation of acidic and alcoholic functional groups and the cleavage of the ester 

bond, together with a decrease in molar mass [20,27], as shown in Figure 1.2. When carboxylic 

end groups are formed, the hydrolysis of PET becomes an autocatalytic reaction [27].  

 

Figure 1.2. PET hydrolytic degradation. 

Another degradation occurring in the marine environment is the thermo-oxidative one in the 

presence of oxygen, which is explained as the Bolland mechanism [20]. This degradation is 

initiated by the extraction of hydrogen by oxygen molecules in the methylene group of the diester 

linkage of the main chain, resulting in the formation of hydroperoxide groups [20,29], as shown 

in Figure 1.3.  

Even if the mechanism is not fully understood, it is thought to begin with the cleavage of these 

hydroperoxides with formation of macroradicals on the main chain and the formation of other 

oxygen-containing species through other radical reactions [20]. The consequences of this 

degradation are an increase in carboxylic amount and a decrease in molar mass [27]. 

 

Figure 1.3. Formation of hydroperoxide groups. 

Another relevant degradation pathway of PET under marine environmental conditions is the 

photodegradation [27]. In this case, the radiation source is UV light, and the literature suggests 

the occurrence of Norrish I, Norrish II and photo-fries reactions [20,35]. UV light rapidly 
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degrades PET materials, with chain cleavage and subsequent formation of carbonyl end-groups 

(Norrish II) and cross-linking points (Norrish I) [20,36]. The proposed photodegradation 

mechanism is shown in Figure 1.4.  

 

Figure 1.4. PET photodegradation scheme. 

In the same way, photodegradation leads to the formation of vinyl esters that could also act as 

cross-links with the formation of polyenes and other conjugated colored species [20,27]. The 

polymers become brittle, yellowish and also develop cracked surfaces [27,29]. Therefore, as the 

main products of photodegradation are the hydroxyl and carboxyl end groups, together with 

carbon dioxide and carbon monoxide, changes in the materials can be observed by Fourier 

transform infrared spectroscopy (FTIR), analyzing the hydroxyl and carboxyl regions [29,36].  

The other two degradation processes that can occur in the marine environment are the 

biodegradation and the mechanical degradation, even if they are not as common as those cited 

above. PET, like most plastics, is very resistant to biodegradation and takes several years to 

complete degradation [20]. This polyester can remain robust in the marine environment for about 

fifteen years [37]. After that there is a decrease in functional ester groups, but in general plastics 
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can last in the sea for hundreds or even thousands of years [28,37], thus increasing the risk of 

hydrosphere accumulation of marine debris [38]. However, during the last decade, the possibility 

of PET and other plastics biodegradation by some specific microorganisms is being studied [39]. 

Besides, polyesters can also undergo a stress-induced degradation reaction when exposed to 

mechanical stress, wave and tidal action and abrasion. This results in mechanical degradation 

leading to various changes, such as reduction in molar mass, discoloration, increased polarity, or 

cross-linking, among others [28,29].  

Finally, another important degradation process for plastics, especially for PET, is the thermo-

mechanical or thermal one. This occurs at high temperatures between 250-350 ºC, and is mainly 

related to the degradation in thermo-mechanical recycling process [20]. Thermal degradation 

consists on the random cleavage of the ester groups of the main chain, resulting in the formation 

of vinyl esters and carboxylic end-groups. Vinyl alcohol is then obtained by transesterification of 

the vinyl ester, which is immediately transformed into acetaldehyde by tautomerization [20,29]. 

The scheme is shown in Figure 1.5. This is a critical issue in the bottled water industry, as the 

release of acetaldehyde can alter the taste of the water [40]. However, thermal degradation results 

in other degradation products, such as ethylene, cyclic aromatic oligomer, benzene, carbon 

dioxide and carbon monoxide, among others [41]. Thus, in addition to the increase in chain end 

groups, such as carboxyl groups, a decrease in molar mass and discoloration can also occur during 

heat treatment at high temperatures [29]. Several degradations processes can also occur together, 

as in thermo-mechanical processing, where increasing the concentration of the carboxyl end-

group also increases the rate of hydrolysis, thus turning the hydrolysis degradation of PET into 

an autocatalytic reaction [42]. 

 
 

Figure 1.5. Thermal degradation of PET. 
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1.4. Circular economy 

Single-use and disposable plastics are the main reason for the increase in plastics production. It 

is based on a linear economy, in which plastics are produced, used and discarded, as shown in 

Figure 1.6 [43].  

 

Figure 1.6. Linear economy flow diagram. 

Plastics production consumes the 4-8 % of the global crude oil annual extraction, so if plastics 

are discarded instead of recycled, those resources are lost [44]. Thus, the best solution to tackle 

plastic pollution is the transition to a circular economy [3]. In the circular economy, it is essential 

to increase resource efficiency and decrease environmental impacts along value chains. This can 

be achieved by applying one or more of the following nine circular economy strategies or 

principles defined as 9R’s: Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, 

Repurpose and Recycle (Figure 1.7) [45,46].  

 

Figure 1.7. Circular economy strategies. 

Current societal knowledge tends to focus research work on the end-of-life phase designed for the 

recovery and recycling of plastic waste [47]. However, the transition to a closed circular economy 

cannot be achieved by changing waste treatment alone, but must be a combination with other 

parts of the value chain, such as the design, production and use phases [48]. Indeed, the EU 
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Strategy for Plastics in the Circular Economy indicates that it is necessary to increase the uptake 

of recycled plastics and contribute to the more sustainable use of plastics [49]. This highlights a 

global need to develop scientific knowledge to improve the transition to a circular economy, 

including recycling as one aspect of an overall strategy among others [48,50].  

1.5. Poly(ethylene terephthalate) (PET) 

Poly(ethylene terephthalate) (PET) is a semi-crystalline thermoplastic polymer, classified as 

aromatic-aliphatic, with an empirical formula of (C10H8O4)n and a molar mass of 192 g/mol per 

repeating unit [51,52]. The chemical structure is shown in Figure 1.8.  

 

Figure 1.8. Chemical structure of PET. 

Presents a density of 1.38 g/cm3 and a intrinsic viscosity (IV) ranging from 0.4 to 0.9 dl/g, 

depending on the type of application (Table 1.1) [53,54]. The glass transition temperature (Tg) of 

PET is around 70-80 ºC and the melting temperature is of about 250-260 ºC [10,53]. The 

percentage of carbon, oxygen, and hydrogen is of about 60, 30, and 4 % by weight, respectively, 

with a negligible amount of ashes [55]. 

PET type 
IV                     

(dl/g) 

Textil 0.4-0.7 

Film grade 0.6-0.7 

Water bottles 0.7-0.8 

Carbonated soft drink grade 0.8-0.9 

Table 1.1. Intrinsic viscosity range depending on PET type and application. 

The production of this polyester is usually performed in two steps; first the prepolymer synthesis, 

mainly bis(2-hydroxyethyl) terephthalate (BHET), followed by a polycondensation step [56]. The 

first synthesis dates back to 1941, in which during a study about phthalic acid, Whinfield J.R. and 

Dickson J.T. obtained the PET [57,58]. Originally, the prepolymer synthesis was a 

transesterification of dimethyl terephthalate (DMT) and ethylene glycol (EG) in a ratio of 1:2.4 

at 200-290 ºC, distilling methanol as the synthesis progressed [56,59]. However, in 1960, pure 

terephthalic acid (TA) with excess EG at 250 ºC began to be [59]. Currently, both methods are 

used, direct esterification with TA and the transesterification reaction with DMT, which 
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transforms one ester into another [55,56,59–61]. Those synthesis reactions are shown in Figure 

1.9 and Figure 1.10, respectively [20,52]. 

 

Figure 1.9. Direct esterification between TA and EG for the synthesis of PET. 

 

 

Figure 1.10. Transesterification reaction between DMT and EG for the synthesis of PET. 
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PET is the fifth most produced plastic in the world, with a production of 70 million tons per year 

[10,14]. This polyester is used in the manufacture of several products such as films, multilayer 

materials and plastic reinforcements [62]. The most common application for PET is the 

manufacture of bottles (51 %) followed by sheets and films (13.8 %), food packaging (9.1 %) and 

also non-food products (6.1 %). In the last two decades PET has been considered as one of the 

most important engineering polymers in the world [63,64], due to the physicochemical stability, 

good mechanical and barrier properties and low gas permeability [62,65–67]. Moreover, the low 

density and high flexibility, together with the low cost, make this polyester as a very attractive 

material for industries [68], nowadays this polyester being the main packaging material for 

mineral water, beverages and oils [65].  

Therefore, PET plastic production has grown exponentially in recent years. In 2000, the global 

demand for this material was of about 6.4 million tons, and in 2010 it almost doubled reaching 

around 12.6 million tons, being currently at 33 million tons per year and expected to increase up 

to around 35.5 million tons by 2024 [55,69]. As a consequence of this high production the volume 

of PET waste is continuously increasing. According to a study conducted by Plastic Recyclers 

Europe, Petcore Europe and European Federation of Bottled Waters, 4.3 million tons of PET 

waste were generated in 2018 in Europe, but only the 45 % (1.9 million tons) were collected [70], 

a high amount of PET ending up in the sea. However, the recycling and management of marine 

debris is more complicated than those for urban waste. Firstly, the collection of these materials is 

laborious, becoming a serious problem for oceans and seas. In addition, due to the higher 

degradation suffered in the marine environment, the quality of the material to be recycled is poor, 

and in some cases not suitable for the most used recycling procedures. 

1.6. Recycling of PET 

Under normal conditions, PET is a non-degradable plastic, with a slow natural decomposition 

rate, since no known organism consumes its relatively large molecule [54]. Therefore, for waste 

disposal, recycling processes are the way to reduce PET waste [71]. Currently, three are the most 

widespread processes for the recovery or recycling of PET waste: thermo-mechanical recycling 

[72], chemical recycling [73] and energy recovery [74]. 

1.6.1. Thermo-mechanical recycling 

Thermo-mechanical recycling is nowadays the most widely employed method for PET waste, due 

to its simplicity and low cost. This method was implemented in 1977 [54]. The process starts with 

the separation, washing, drying, and cutting of the residue, essential steps to obtain a high-quality 

end product [75,76]. The PET flakes thus prepared are then melted at high temperature (250-260 

°C) and mixed in an extruder to obtain a homogeneous material, which is finally granulated. 
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Obtained pellets are then used as a raw material for other plastic products. Figure 1.11 shows a 

scheme of the thermo-mechanical process [76,77].   

 

Figure 1.11. Scheme of the thermo-mechanical recycling process. 

As it has been reported, PET is one of the most favorable packaging polymers for bottle-to-bottle 

recycling because it is easy to separate from other materials and does not need additives, among 

other reasons [78]. Nowadays, several companies around the world recycle post-consumer PET, 

mainly bottles, through thermo-mechanical processing to produce packaging laminates or fibers 

[79]. Among the fibers, the most interesting are those with a diameter between 5 and 150 µm 

(staple grades), while the larger ones are used for stuffing anoraks, sleeping bags and stuffed toys. 

Recycled PET is also used to spin smaller diameter fibers, which are then woven into the "fleece" 

fabric used for sweatshirts, jackets and scarves [79]. Urban PET waste presents rheological, and 

physicochemical properties very close to those of virgin material, which allows a successfully as 

thermo-mechanical process [80]. 

However, as in this process the thermoplastic is exposed to high temperatures, pressures and 

shearing conditions, undesired coloration and various degradations types can occur[81]. In 

reprocessing, the degradation during recycling is the most important problem. The degradation 

processes that occur in thermo-mechanical recycling are thermal, thermo-oxidative, hydrolysis 

and mechanical degradations [82]. As a consequence of degradation, a reduction in viscosity, 

molar mass, mechanical and thermal properties, and coloration, among many other changes, are 

reported [62,76,83,84].  

The constant processing of the material at high temperatures causes degradation, resulting in 

lower quality products. In addition, it should be noted that the complexity and contamination of 

PET waste makes thermo-mechanical recycling difficult [75]. Thus, the purity and quality of the 

waste to be recycled are important factors to take into account. Therefore, it can be concluded that 

thermo-mechanical recycling of PET is a good recycling system but presenting limitations. 

Thermo-mechanical recycling is suitable for low degraded, high purity materials, while for lower 
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purity materials, chemical recycling and energy recovery are recommended [85]. 

1.6.2. Chemical recycling 

Another alternative for the recycling of PET materials is chemical recycling, which allows the 

incorporation of PET with lower purity into materials cycle through depolymerization with high 

successful results [81,85]. However, this alternative needs high temperatures and equipment’s 

that consumes high energy and also the employment of solvents and degrading agents [87]. 

Historically, the methods of chemical recycling of PET are generally classified into glycolysis 

[87-89], methanolysis [90], hydrolysis [91], ammonolysis [92,93] and aminolysis [92,93]. 

1.6.2.1. Methanolysis 

Methanolysis is one of the most widely applied method on a commercial scale, being one of the 

former methods [82,87]. Consists on the decomposition of the thermoplastic by means of 

methanol under high temperature (180-200 ºC) and pressure (20-40 atm) conditions. This leads 

to high purity DMT and EG, which are also the raw materials for PET synthesis [90,94]. Figure 

1.12 depicts the scheme of the methanolysis process. In addition, methanolysis has a relatively 

high tolerance to contaminants allowing the treatment of low-quality raw materials [95]. 

 

Figure 1.12. Methanolysis of PET. 

1.6.2.2. Glycolysis 

Glycolysis has been reported as the oldest method for chemical recycling of polymeric wastes 

[96]. Due to the simplicity and versatility, it is the most established and popular chemical 

recycling method for PET [97,98]. In addition, the lower cost of this method compared to 

methanolysis makes it the most widely employed system for the depolymerization of polymers 

such as polyurethanes and PET [99].  

Glycolysis is a solvolytic degradation of PET that reacts with glycols such as EG, diethylene 

glycol (DEG) or propylene glycol (PG), among others, breaking the ester bonds of the polymer 
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chain and replacing them with hydroxyl groups, obtaining different oligomers, dimer and bis(2-

hydroxyethyl) terephthalate BHET monomer [96,98,100]. Glycolysis is carried out at 180-250 ºC 

in the presence of catalyst for 3-8 h depending on the glycol used [80]. Figure 1.13 shows a 

scheme of PET glycolysis with EG [101]. The obtained BHET monomer can be used in the 

production of PET or for the synthesis of polymers such as unsaturated polyesters, polyurethanes, 

vinyl esters or epoxy resins, among others [89,102]. 

 

Figure 1.13. Glycolysis of PET [101]. 

In order to optimize the reaction rate and yield of BHET monomer production, several authors 

developed different glycolysis processes as shown in Table 1.2  
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Conditions 
Time 

(h) 

Temperature 

(°C) 

Pressure 

(atm) 
Catalyst 

Ratio 

PET:EG  

Yield 

(%) 

Xylene medium 

[103]  
1–3 170–245  - - 

1:0.5–1:3 

Molar ratio 
20 

Microwave  

irradiation [51] 
0.5 180–190 - ZnAc 0.5 % 

1:2,1:4, 1:6 

Molar ratio 
40 

Ionic liquids 

[104] 
5–10 160–195 1 

Ionic liquids 

1–4 L  

1:4 

(w/w) 
78 

Pressure reactor 

[105]  
 235–275 

High 

pressure 
ZnAc 

1:1.3 

(w/w) 
- 

Autoclave 

[106]  
1 260 5  ZnMn2O4 1 % 

5:86 

Molar ratio 
92.2 

Atmospheric 

pressure [107] 
1–2 196 1  

ZnAc 1 % or 

Na₂CO₃ 1% 

1:7.6 

Molar ratio 
70 

Potassium  

nitrate bath 

[108] 

8 
190 

 
- 

ZnAc % 0.5 

CoAc % 0.5 

MnAc % 0.5 

1:4 

Molar ratio  
- 

Atmospheric 

pressure [109] 
1–4 180–190 1  

ZnAc 

 2.35 % 

1:4 

(w/w) 
91.6 

Under pressure 

[110] 
0.5–3 190–240 1-~6 - 

1:1–1:4 

Molar ratio 
- 

Atmospheric 

pressure [111] 
2–10 190 1 

ZnAc  

0.25–0.75 % 

1:4 

Molar ratio 
- 

Supercritical 

[112] 
0.5 450 69-148 - - 93.5 

Table 1.2. Glycolysis procedures reported in the literature. 

A solvent-assisted glycolysis, in which an organic solvent such as xylene is employed as reaction 

medium [103], supercritical glycolysis at 450 °C and 7–15 MPa pressure [112]; microwave-

assisted glycolysis in which a significantly shorter reaction time (30 min) is enough to achieve 

the maximum yield of BHET compared to the conventional heating method of 8-9 h [51]; and 

finally, catalytic glycolysis with ionic liquids as reaction medium in which reaction takes around 

5-10 h at 165-190 °C [104], can be mentioned. Among the advantages of mentioned glycolysis 

methods, several works have reported the zinc derivative catalyzed method as the most efficient 

[105–108]. López-Fonseca et al. obtained a yield of 70 % working with a PET:EG molar ratio of 

1:7.6 in a three-neck glass reactor under atmospheric pressure at 196 °C for 1 h [107]. However, 

it is reported that with reaction times ranging from 1 to 4 h, nearly the 100 % conversion can be 
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achieved [109]. Chen et al. [110,111] analyzed the effect of temperature, PET:EG ratio and 

pressure (between 1-~6 atm) on glycolysis. They confirmed that depolymerization of PET 

materials is temperature and PET:EG ratio dependent, occurring faster under pressure than at 

atmospheric pressure. Besides, Campanelli et al. [113] studied depolymerization in a pressure 

reactor at temperatures above 245 °C, using a PET:EG molar ratio of 1:2, also concluding that 

reaction occurs faster under pressure. Hence, it can be concluded that pressure enhances the 

depolymerization process of PET leading to higher amounts of BHET. Therefore, in order to 

obtain a high yield, several parameters can be modulated, and also the composition of the reaction 

products should be analyzed to define the most useful application or the most suitable polymer 

into which they will be transformed, using optimized reagents and conditions. 

1.6.2.3. Hydrolysis 

Hydrolysis of PET consist on the chain cleavage, obtaining TA and EG. Depolymerization can 

be promoted by acid catalysts such as sulfuric [91] or nitric acid [114], by alkaline catalysts such 

as sodium hydroxide [115] and by at neutral pH hydrolysis [116]. Each bond cleavage in the 

polymer chain during hydrolysis consumes one molecule of water to form carboxyl and hydroxyl 

functional groups. The reaction is carried out at elevated temperature and pressure, values with 

reaction times usually lower than 30 min, producing TA or disodium terephthalate together with 

EG, depending on the pH. Figure 1.14 shows the different PET hydrolysis processes [80].  

 

Figure 1.14. PET hydrolysis processes. 

The alkaline and acidic reaction conditions provide hydronium ions that thermodynamically favor 

ester hydrolysis, by donating protons to the nucleophilic center of the ester group, thus reducing 

the activation energy for water-mediated cleavage [117,118]. However, the use of high 
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concentrations of acidic or basic media present serious problems in terms of high corrosiveness 

and the generation of high amount of strongly acidic/basic wastewater [118]. Moreover, the 

alkaline and acid catalysts used in these reactions are difficult to recover and reuse, increasing the 

cost of production [118,119]. Thus, in recent decades, hydrolysis at neutral pH is gaining interest 

[116]. Compared to glycolysis and methanolysis, this process has not been widely employed in 

the industry due to the high cost of TA purification. However, due to its commercial availability, 

most industries use monomeric TA as a feedstock for PET synthesis. Therefore, hydrolysis is 

becoming and important recycling process [80,116,120]. 

1.6.2.4. Ammonolysis 

Anhydrous ammonia is also used to depolymerize PET to form terephtalamide [92,93]. This could 

be converted to terephthalonitrile and subsequently to para-xylene diamine or l,4-

bis(aminomethyl) cyclohexane [121]. The depolymerization scheme is shown in Figure 1.15. The 

reaction is usually carried out at 120-180 °C for 1-7 h, under a pressure of about 1 MPa. After the 

reaction, the mixture is filtered, rinsed with water and dried at 80 °C to collect the amide. Very 

good results have been reported in the literature, with a purity of 99 % and a yield of over 90 % 

[122]. A method of low-pressure depolymerization with ammonia in EG medium at 70 °C with a 

PET:NH3 ratio of 1:6 was also reported, thus obtaining terephthalamide with a yield of 87 % 

[122].  

 

Figure. 1.15. PET ammonolysis scheme. 

1.6.2.5. Aminolysis 

Finally, the aminolysis process uses primary amines such as methylamine, ethylamine and 

ethanolamine, among others, in the aqueous phase, for the depolymerization of PET, leading to 

the formation of diamides of TA and EG [92]. The formation of N, N’-dimethyl terephthalamide 

is reported by the degradation of PET waste trough aminolysis using aqueous methylamine [93], 

as shown in Figure 1.16. An excess of methylamine is used with a 10:1 methylamine:PET ratio 

at 40 ºC with constant stirring for various reaction times ranking between 3-45 days, obtaining an 
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amine value of about 17 % [93,123]. Although aminolysis could be defined as a green reaction, 

it is not often used on an industrial scale. In most aminolysis processes PET was in the form of 

powder or fiber [112,123]. 

 

Figure 1.16. PET aminolysis scheme. 

Among all cited chemical recycling processes, only methanolysis and glycolysis are used in a 

commercial scale, although recently hydrolysis has also been incorporated. This thesis, is focused 

in optimization of PET glycolysis [124,125]. 

1.6.3. Energy recovery 

The third recycling method, energy recovery, is recommended for low purity plastics, such as 

highly degraded PET recovered from marine environment. This method consists on the 

incineration of PET to take benefit from the heat released during combustion [81]. In this way, 

PET is used as a fuel and burned, taking advantage of its hydrocarbonated nature, obtaining 

carbon dioxide and water, releasing energy in the process [26]. The main advantage of this method 

is the absence of restrictions in PET composition or quality, to be energetically recovered [126]. 

In the literature, lower heating values (LHV) of around 21.9-24.0 MJ/kg are reported for PET 

materials [127–129]. 

However, this recovery method involves atmospheric emissions, of carbon monoxide, acid gases 

and particles, which are not environmentally favorable. Most of the emissions from this recycling 

method are related to the incinerator combustion. However, it should be noted that waste 

collection is the main source of volatile organic compounds due to the transport, and also to the 

fact that the production of reagents for acid gas scrubbing is the main source of heavy metals, 

particulates and HCl [126]. Therefore, when analyzing the environmental impact, all processes 

must be taken into account, not only combustion emissions. Therefore, energy recovery should 

be the alternative for highly degraded plastics when other recycling methods are not suitable, 

becoming the third and last alternative for PET recycling. 
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1.7. BHET 

BHET is the monomer obtained after depolymerization of PET through glycolysis or, in other 

words, it is the ester of terephthalic acid and ethylene glycol, the intermediate monomer in the 

production of PET [96]. The molecular formula of BHET is C12H14O6 with a molar mass of 254 

g/mol [51,130]. The chemical structure can be seen in Figure 1. 17.  

 

Figure 1.17. Chemical structure of BHET. 

This monomer could be used in the synthesis of various polymers, obtaining a wide range of 

materials with very different properties. 

1.7.1. BHET as raw material for PET production 

It is common to use recycled BHET from PET depolymerization for PET production, so it can be 

considered as a reversible reaction. The synthesis of PET using BHET obtained from urban PET 

waste by glycolysis has been reported in the literature [131]. The BHET obtained by glycolysis 

and EG are added to a batch polycondensation reactor, at 230 ºC for 2 h. Then it is heated to 260-

280 °C at a pressure of 100 Pa and with a stirring of 10 rpm, in order to start the polycondensation 

reaction. When the reaction stops, N2 gas at 230 ºC is used to remove the excess of EG, and 

thereafter the regenerated PET is dried for 24 h in an oven at 90 ºC. 

1.7.2. BHET as raw material for new polymers 

The BHET molecule has also been used in the production of new polymers [98], such as, 

unsaturated polyesters [132], vinyl esters [133], epoxy resins [134] and polyurethanes [135], 

among others. 

In recent years, several studies employed PET glycolysis products as raw material for the 

synthesis of unsaturated polyester (UP) [136]. UPs are obtained by polyesterification of the 

glycolyzed PET product with unsaturated diacids and the subsequent cross-linking of this 

polyester with styrene monomer [132]. Physicochemical properties, such as gel time and degree 

of polymerization, can be controlled by changing the nature of the polyester chain and the styrene-

polyester ratio [136]. Duque-Ingunza et al. have synthetized a UP using BHET obtained from the 

glycolysis of PET as raw material for the synthesis of an unsaturated diacid with maleic anhydride 

(MA), at a constant molar ratio BHET (-OH groups):MA (-COOH groups) of 1.1:1.0 [132]. 

Several polyesterification reactions were performed by changing the temperature (135, 150 and 
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180 ºC) and time (1, 4, 6 and 8 h), concluding that the viscosity of the synthesized UPs is 

proportional to the temperature and time, becoming higher at long times and at high temperatures. 

Besides, Atta et al. have worked on the synthesis of epoxy resin and vinyl ester using glycolyzed 

PET products [137]. The epoxy resin was prepared by reacting epichlorohydrin and with 

glycolysis products of PET. For the reaction, 0.17 mol of depolymerized PET were placed in the 

reactor at 40 °C and 0.7 mol of epichlorohydrin were added gradually over 2 h. After complete 

addition of epichlorohydrin, temperature was increased to 60 °C from 30 min and 0.35 mol NaOH 

were added. Then, the synthesized epoxy was used for the production of vinyl esters. The epoxy 

resin containing terminal epoxy groups was reacted with acrylic or methacrylic acid. In this way, 

ester resins with acrylic or methacrylic groups at chain ends were prepared, which were 

subsequently used to synthesize UPs [98].  

Finally, several works related to the synthesis of polyurethanes (PU) using BHET, either 

commercial or produced by different recycling routes, are reported in the literature. Mafi et al. 

synthesized thermoplastic PUs using commercial BHET and polycaprolactone (PCL) as diols in 

various ratios, to which BHET was added up to a 20 wt.% [135], becoming a potential raw 

material for PU synthesis. In recent years, BHET recovered from municipal PET waste has been 

widely used to develop PUs for various applications. For example, Cevher and Sürdem [138] 

synthesized cross-linked PU adhesives using BHET recovered from PET bottle waste by 

glycolysis together with castor oil and commercial aromatic methylene diphenyl diisocyanate 

(MDI), in different ratios.  

The best adhesion performance was obtained with a formulation containing approximately 20 wt 

% of BHET and 40 wt % of castor oil. Jamdar et al. [139] synthesized an environmentally friendly 

polyol based on linseed oil and BHET derived from recycled PET by electron beam irradiation, 

and then reacted with various polyisocyanate cross-linkers to produce thermoset PU coatings with 

good performance. In addition, Li et al. [140] synthesized a water-based PU using BHET 

recovered from PET waste by alcoholysis as a chain extender, with significantly improved 

mechanical properties, adhesive properties and thermal stability, and reduced water absorption. 

BHET recycled from textile waste by glycolysis has also been used to synthesize PU rigid foams 

using polymeric methylene diphenyl diisocyanate (pMDI) [141].  

On the other hand, the use of recycled BHET from municipal PET waste as a diol for the synthesis 

of PU-alginate nanoparticles was reported in several works by Bhattacharyya et al. [142,143], 

which were employed for the encapsulation and delivery of insulin [144].  

Therefore, the incorporation of glycolyzed PET monomer or BHET for the synthesis of various 

materials is confirmed. Among them, PU production is the most interesting and widespread, since 

due to its versatility different types of material can be obtained. Nevertheless, despite the intensive 
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research on the incorporation of recycled BHET in the chemistry of PUs, to the best of our 

knowledge, there are no research studies in which BHET obtained from the chemical recycling 

of marine PET litter has been used to synthesize PUs. 

1.8. Polyurethanes 

Polyurethanes (PU) are one of the most abundant plastics in the world, ranking, with a global 

production of 27 million tons per year, [16] seventh in the world in terms of production [14]. Due 

to the wide range of reagents available for their synthesis, materials with very different structures 

and properties can be synthesized [145–147]. PU can thus be used in a wide variety of 

applications, such as biomedicine, packaging, construction, textiles, automotive, thermal and 

acoustic insulation [148–151]. In addition, PUs can be chemically recycled into their monomers 

or segments, or into new ones, which can then be used for the synthesis of new polymers [152–

155]. Moreover, reprocessing is also possible for thermoplastic PUs.  

PUs are characterized by urethane functional group formed from the addition reaction between 

an isocyanate and a hydroxyl group, as shown in Figure 1.18a. Typically, polyols are used as 

hydroxyl groups supplier. In the case of PU-ureas, in addition to urethane group, urea group 

formed by the reaction of isocyanate and amine groups is also present, as shown in Figure 1.18b. 

a) 

 
b) 

 

Figure 1.18. Addition reaction for a) urethane and b) urea groups formation. 

Different reagents can be used in the synthesis of PU, differing in chemical structure, thus 

resulting in different properties. 

1.8.1. Reagents 

The main reagents used for the synthesis of PUs are polyol, isocyanate and chain extender. 

1.8.1.1. Polyols 

Polyols are low molar mass components containing hydroxyl functional groups. For PU synthesis 

the most common polyols are polyester and polyether. They present a molar mass between 500-

8000 g/mol and a functionality of 2-8. The diverse choice of polyols allows the synthesis of PUs 

with different characteristics, since molar mass, structure, crystallinity and functionality have an 

important impact on the final PU. Using a bifunctional polyol, thermoplastic PUs with a high 

molar mass and linear structure can be synthesized. By increasing the functionality to 3, a network 

with few cross-links will be formed, producing flexible polyurethane elastomers. In contrast, 
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using low molar mass polyols of 400-1000 g/mol and functionality between 3-8, thermoset PUs 

are synthesized, presenting a highly cross-linked network [156]. Figure 1.19 shows the different 

polymer structures. 

 

Figure 1.19. Molecular structure of thermoplastic, elastomer and thermoset PUs [157]. 

In recent years, due to the environmental concern, there has been a growing interest in the use of 

polyols from renewable sources, such as soybean oil, castor oil and other vegetable oils [156,158–

160]. Analyzing the Life Cycle Assessment, replacing conventional polyols with polyols obtained 

from vegetable oils is an economic and environmentally friendly option [161]. 

1.8.1.2. Isocyanates 

The selection of the isocyanate among many types available in the market, will depend on the 

final properties expected [148,162]. For the synthesis of thermoplastic PU and elastomers with 

low cross-linking, aromatic diisocyanates are popular, the most commonly used being methylene 

diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI). However, aliphatic diisocyanates 

such as HDI are also being used for the synthesis of PUs [143,144], as they present higher 

biocompatibility, higher hydrolytic and thermal stability, and, above all, lower toxicity compared 

to aromatics [163,164].   

Besides, the functionality of the isocyanate also influences the cross-linking of PUs. Thus, to 

obtain a thermoplastic PU it is necessary to employ a diisocyanate, while polymeric isocyanates 

can be employed for thermoset PUs. Similarly, the nature of the isocyanate is also related to the 

material stiffness, since when isocyanates with high aromaticity are used, the stiffness of the 

material increases due to the steric hindrance and mobility restrictions of the polymeric chain. 

1.8.1.3. Chain extender 

The chain extenders most employed for the synthesis of thermoplastic PUs or elastomers are low 

molar mass diols that react with the isocyanate terminated prepolymer and the isocyanate in 

excess to extend the polymer chain through urethane groups [165]. In this way, segments with 

high urethane density are formed, which constitute the hard segment of the polymer chain. 

Moreover, urethane groups of adjacent chains can interact by hydrogen bonding interactions 

leading to the formation of high melting temperature crystalline domains (Figure 1.20). Although 
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chain extenders are added in small amounts, they have a strong impact on the final properties of 

the polyurethanes [166]. 

 

Figure 1.20. Hard segment and hydrogen bonding interactions between urethane groups 

in a PU. 

1.8.2. Thermoplastic polyurethanes (TPU) 

TPUs are very versatile block copolymers composed of soft (SS) and hard segments (HS). As 

explained above, the HS is generated by the reaction of the isocyanate and the chain extender, 

although the SS consists of a high molar mass macrodiol. At low temperatures, the properties are 

controlled by the soft segment while at high temperatures by the hard segment. The synthesis of 

TPUs can be performed in one or two-step. The general scheme of a two steps reaction is shown 

in Figure 1.21. 

In the first step, the macrodiol is usually reacted with an excess of isocyanate, obtaining a 

prepolymer with isocyanate groups at the end of the chain. In the second step, the chain extender 

is added to the homogeneous prepolymer mixture. In this way, the chain extender reacts with the 

isocyanate groups left in the previous step, joining the prepolymer chains and obtaining a high 

molar mass polymer. 

TPU usually shows a phase-separated microstructure with SS-rich and HS-rich domains. This 

separation depends on several factors such as reagent structure, segment length, segment affinity, 

crystallinity and hydrogen bonding [168].  

The hard domain acts as physical cross-linking, and are generated by hydrogen bonding 

interactions between the N-H and C=O groups of adjacent chains, as shown in Figure 1.20. Thus, 

HS can arrange in semicrystalline structures acting as reinforcement.  

On the other hand, the SS is responsible for extensibility, ductility and recovery [168]. SS can be 

amorphous or semicrystalline. Figure 1.22. shows a scheme of the phase separated hard and soft 

segments and domains formation.   
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Figure 1.21. General scheme of two-step TPU synthesis reaction. 

 

Figure 1.22. Schematic representation of HS and SS domains in TPU. 

1.8.3. Thermoset polyurethanes (thermoset PU) 

Thermoset PUs are cross-linked polymers that undergo a chemical reaction (curing) in which are 

transformed from liquid to solid state. An activating source, such as heat, is necessary to initiate 

chemical reaction. Comparing to TPUs, the polyol used presents higher functionality, while a 

polyisocyanate is usually used [169]. The reaction takes place in a single step and is initiated once 

the components, polyol and isocyanate, are mixed. In the uncured form, the material has no or 

only few urethane linkages, whereas the density of urethane groups is high for cured systems. The 
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degree of cross-linking of PUs depends on the reagents; higher cross-linking density is obtained 

by using high functionality polyols and/or polymeric isocyanates such as pMDI [170]. The cross-

linking density can also be enhanced by using additional materials such as cross-linkers, which 

are short molecules with more than two hydroxyl groups, such as glycerol or triethanolamine 

[171]. The general scheme of the structure of a thermoset is shown in Figure 1.23. 

 

Figure 1.23. Overall molecular structure of thermoset PU. 

1.9. General objectives 

The main objective of this work has been the valorization of marine PET litter, a waste that 

nowadays is not systematically recycled in the industry. Several recycling methods and 

valorization strategies have been studied for the production of new, more environmentally 

friendly materials, with the aim of reducing impacts and raw materials, supporting the circular 

economy. 

After the introduction in Chapter 1 and the presentation of materials and methods used in Chapter 

2, this thesis is divided into the following chapters: 

• In Chapter 3, different PET samples, such as virgin and post-condensed PET raw 

materials and post-consumer urban PET waste and marine PET litter have been studied. 

The effect of degradation on waste has been analyzed by an extensive characterization of 

the materials. 

• In Chapter 4, the valorization of marine PET litter has been carried out using the most 

conventional methods: thermo-mechanical recycling and energy recovery. The 

degradations that occur during thermo-mechanical recycling were also studied. 

• In Chapter 5, the chemical recycling of marine PET litter has been studied as the best 
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alternative for highly degraded PET, such as that found in the marine environment. In 

order to carry out the chemical recycling, the glycolysis reaction was optimized first in a 

closed reactor, obtaining great yields for a very low reaction times. After the chemical 

recycling of the marine PET litter, obtained product has been characterized. 

• In Chapter 6, the synthesis of different biobased/recycled TPU has been carried out using 

a biobased macrodiol, the recycled BHET obtained in Chapter 5 and HDI. The 

characterization of the synthesized PUs has been performed comparing them with PUs 

synthesized using commercial BHET. Finally, a preliminary study of both thermo-

mechanical and chemical recyclability, of the synthesized TPUs has also been conducted. 

• In Chapter 7, thermoset biobased/recycled PUs have been synthesized using different 

ratios of a polyol derived from castor oil, the recycled BHET obtained in Chapter 5 and 

a pMDI. The objective of this chapter is to synthesize thermoset PUs with a high 

percentage of renewable/recycled componets, giving added value to the recycled BHET 

obtained from marine PET litter. Likewise, the characterization of the synthesized 

thermoset PUs has been carried out, together with a preliminary study of their chemical 

recyclability. 

• In Chapter 8, a quantitative analysis of some processes of this thesis has been performed 

by a Life Cycle Assessment study. The impact of chemical recycling of marine PET litter 

for the recovery of BHET in Chapter 5 has been analyzed. In addition, the impacts of one 

of the PUs synthesized in this thesis, specifically of the TPUs synthesized in Chapter 6, 

have been studied by comparing them with PUs synthesized with commercial BHET and 

a petrochemical-based TPU. 

• In Chapter 9, the general conclusions, publications and future works related with this 

thesis are presented. 
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2. MATERIALS AND METHODS 

2.1 Content 

This chapter introduces the different PET samples studied in the thesis, as well as the materials 

used for their characterization and chemical recycling. The materials for the synthesis of PUs, 

both thermoplastics and thermosets, are also described. This chapter also describes the 

characterization techniques and conditions used for the analysis of physicochemical, thermal, 

mechanical, morphological and surface properties. 

In addition, for Life Cycle Assessment (LCA), certain criteria were assumed. Therefore, the inputs 

not available in the database of Ecoinvent v3.5 of the SimaPro program were also modeled, 

explaining their scheme whit all inputs and outputs. Similarly, the inputs/outputs inventory was 

also represented. 

2.2 Materials 

2.2.1. PET samples 

In this work, four different PET samples were used and characterized. Virgin PET pellets (PET-

v) supplied by Plastiverd (Barcelona, Spain), a transparent and amorphous PET with a viscosity 

of 0.58 ± 0.04 dl/g. Post-condensed PET pellets (PET-ssp) supplied by Indorama (Cádiz, Spain), 

a commercial post-condensed virgin PET, an opaque crystalline sample with a viscosity of 0.78 

± 0.05 dl/g from the supplier. Since for bottle production PET should present viscosity values 

between 0.78-0.80 dl/g, virgin PET is post-condensed. Urban post-consumer PET waste (PET-u) 

provided by Eko-Rec company (Andoain, Spain), obtained from beverage bottles recovered from 

municipal wastes and milled into flakes. For comparative purposes, commercial PET bottles were 

used (PET-bottle) provided by Nestlé, Aquarel. PET-v and PET-ssp pellets and PET-u flakes were 

used as received. Marine post-consumer PET litter (PET-m) was directly collected from the coast 

of the Basque Country, in the flysch zone between Deba and Zumaia (Gipuzkoa, Spain). Collected 

bottle (shown in Figure 2.1) were washed with tap water, dried for 3 h at 60 °C in a vacuum oven 

and milled into flakes in a grinder for obtaining 1-1.5 cm size pellets. It is important to point out 

that both urban flakes and marine bottles showed a wide variety of colors.  

Since humidity can interfere in the characterization or could also provoke hydrolytic degradation 

during thermo-mechanical processing [1], all samples were conditioned for 1 h at 65 °C in a 

vacuum oven before any characterization or treatment. Figure 2.2 shows different PET materials 

studied in this work. 
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Figure 2.1. PET bottles recovered from the sea.  

 

Figure 2.2. Digital images of different PET materials analyzed.  

2.2.2. Materials for the chemical recycling  

For the glycolysis process of PET and also for the chemical recycling of thermoplastic and 

thermoset PUs, employed materials were the same. In the depolymerization reactions carried out 

in a closed reactor, EG was used as reagent and chemically pure zinc acetate as catalyst, both 

supplied by Sigma-Aldrich (USA). The structure of reagents used in all depolymerization 

reactions is shown in Figure 2.3. 

Ethylene glycol: EG Zinc acetate: ZnAc 

  

Figure 2.3. Structure of reagents used in the chemical recycling reactions.  

2.2.3. Materials for the synthesis of TPUs 

In the synthesis of thermoplastic polyurethanes (TPU), a macrodiol coming from renewable 

sources with 38 % of renewable carbon content, Priplast 3192® (Mw 2000 g/mol) purchased from 

Croda (Snaith, UK), was used as SS. On the other hand, hexamethylene diisocyanate (HDI, 

Desmodur H) from Covestro (Germany) was used as component of the HS. The macrodiol was 
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dried under vacuum at 65 ºC for 4 h before use. In the Figure 2.4 the chemical structure of the 

reagents employed are represented. BHET obtained in Chapter 5 from the glycolysis of marine 

PET litter was used as chain extender and component of the HS as well. In addition, for 

comparison purposes, TPUs have also been synthesized using a commercial BHET from Sigma-

Aldrich (San Luis, Missouri, USA). 

Priplast 3192®: macrodiol 

 
Hexamethylene diisocyanate: HDI 

 

Figure 2.4. Structure of reagents used in the synthesis of TPUs. 

2.2.4. Materials for the synthesis of thermoset PUs 

For the synthesis of thermoset polyurethanes (PU), a castor oil derived polyol with an 80 % of 

renewable carbon content purchased from Vertellus (Denham Springs, USA) (Polycin 12, 

functionality = 4, hydroxyl index (IOH) = 330 mg KOH/g and viscosity = 300 mPa s), was used. 

The IOH value was determined according to the procedure explained at section 2.3.5. On the other 

hand, as isocyanate a commercial aromatic polymeric pMDI supplied by Covestro (Germany) 

(Desmodur 44 V, NCO equivalent weight = 131.3 g/eq and viscosity = 160-240 mPa s) was use 

(Figure 2.5). The polyol was dried under vacuum at 65 ºC for 4 h before used. The BHET obtained 

from the chemical recycling of marine PET litter in Chapter 5 was employed to partially replace 

the biobased polyol. 

Polymeric methylene diphenyl diisocyanate: pMDI 

 

 

Figure 2.5. Structure of isocyanate used in the synthesis of thermoset PUs.  
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2.3 Physicochemical characterization 

2.3.1. Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra of samples were obtained by Fourier transform infrared spectroscopy using 

a Nicolet Nexus spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

provided with a MKII Golden Gate accessory (Specac) with a diamond crystal with a nominal 

incidence angle of 45° and ZnSe lens. Spectra were recorded in attenuated total reflection (ATR) 

mode between 4000 and 650 cm−1, performing 64 scans with a resolution of 8 cm−1. In this 

technique, the sample is irradiated by an infrared light source of different frequencies and the 

amount absorbed by each beam is measured. 

2.3.2. Gel permeation chromatography (GPC) 

The weight and number average molar masses, Mw and Mn, respectively, were determined by gel 

permeation chromatography (GPC) using a Thermo Scientific chromatograph (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) equipped with an isocratic Dionex UltiMate 3000 

pump and a RefractoMax 521 refractive index detector. The separation was carried out at 30 °C 

within four Phenogel GPC columns from Phenomenex with 5 µm particle size and porosities of 

105, 103, 100, and 50 Å, located in an UltiMate 3000 thermostated column compartment. 

Tetrahydrofuran (THF) was used as mobile phase at a flow rate of 1 mL/min. Samples were 

prepared solving the materials into THF at 1 wt.% and filtering with 2 µm pore size nylon filters. 

Mw and Mn were reported as weight average based on the calibration curve with monodisperse 

polystyrene standards. THF used in this technique was provided by Macron Fine Chemicals™ 

(Avantor, Gliwice, Poland). 

2.3.3. Elemental analysis (EA) 

EA was performed in order to determine the changes in composition of the PET samples. Euro 

EA3000 Elemental Analyzer (EuroVector S.p.A., Milan, Italy) was used to determine the 

percentage of C, N, O and S elements. In this technique, the sample is combusted and the resultant 

products are analyzed in a chromatographic column, where a thermal conductivity detector 

provides a signal of each element. 

2.3.4.  Proton nuclear magnetic resonance (1H NMR) 

 1H NMR spectra of the glycolyzed BHET samples were recorded on an Avance Bruker 500 

(Billerica, Massachusetts, USA) spectrometer equipped with a Z axis gradient BBO probe. The 

1H NMR spectra were recorded using sequence zg from Bruker’s library at 500.13 MHz a time 

domain of 64k, and a spectral width of 10000 Hz. The number of scans was 16, with a delay of 1 
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s and an acquisition time of 3.2 s. Samples were solved in deuterated dimethyl sulfoxide (DMSO-

d6) from measurements. 

2.3.5.  IOH 

The hydroxyl value of the glycolyzed samples was determined by titration according to ASTM D 

4274-05 [2]. The hydroxyl index was calculated following the Equation 2.1. 

𝐼𝑂𝐻 =
(𝑉𝐵−𝑉𝑀)·𝑁𝑁𝑎𝑂𝐻·56,1

𝑔
𝑒𝑞⁄

𝑚𝑀
                                (Equation 2.1) 

VB and VM are the volume in mL of NaOH required for titration of the blank and for the sample, 

respectively. NNaOH is the normality of NaOH and mM refers to the mass of the sample. 

Therefore, the polymer equivalent weight (Meq) was calculated using the Equation 2.2  

𝑀𝑒𝑞 =
56,1

𝑔
𝑒𝑞⁄  

𝐼𝑂𝐻
· 1000                                       (Equation 2.2) 

The molar mass of obtained BHET-m was determined as 248 g/mol considering its functionality 

2. 

2.3.6. pH 

The pH of the glycolyzed polyol from the synthetized thermoplastic and thermoset PUs was 

measured using a pH meter pH8 +DHS of LabProcess, which was calibrated with pH 4.00 and 

7.00 buffer solution standards. 

2.4 Thermal characterization 

2.4.1. Differential scanning calorimetry (DSC) 

Thermal properties of the different samples were determined by DSC using a Mettler Toledo 

DSC3+ equipment (Columbus, Ohio, USA) provided with a robotic arm and an electric 

intracooler as refrigerator unit.  

Between 5 and 10 mg of sample were encapsulated in aluminum pans. The analysis was carried 

out under nitrogen atmosphere with heating and cooling rates of 10 °C/min.  

In this way, from the obtained thermograms, glass transition (Tg), crystallization (Tc) and melting 

(Tm) temperatures were determined. The Tg was ascribed to the inflexion point of the heat 

capacity. The exothermic peak minimum and endothermic peak maximum were taken as Tc and 

Tm, respectively. The area of each peak was considered as the crystallization and melting enthalpy, 

∆Hc and ∆Hm, respectively.  
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Thermal properties of PET samples were analyzed from three consecutive scans: a first heating 

scan from 25 °C up to 300 °C, followed by a cooling scan from 300 to 25 °C and a second heating 

scan up to 300 °C. The degree of crystallinity (Xc) was calculated by the following Equation 2.3 

[3]. 

                  𝑋𝑐 = [
∆𝐻𝑚−∆𝐻𝑐

∆𝐻0
] · 100 (Equation 2.3) 

Where term ∆H0 is a reference value corresponding to the melting enthalpy of a 100 % crystalline 

PET (135.8 J/g) [4]. Taking into account the sample variability among PET-u and PET-m, three 

samples were analyzed for each of them, estimating the mean value and the standard deviation. 

However, for the analysis of the thermal properties of glycolyzed products and synthetized PUs, 

both thermoplastics and thermosets, only one scan was performed. In the case of glycolyzed 

product, the sample was subjected to a heating scan from 25 ºC to 170 ºC, while the PUs were 

subjected to a heating scan from -85 ºC to 200 ºC. 

2.4.2. Thermogravimetric analysis (TGA) 

The thermal stability of PET samples, glycolyzed samples and synthesized polyurethanes was 

analyzed by TGA using a TGA/SDTA851 Mettler Toledo (Columbus, Ohio, USA) equipment. 

Samples were heated from room temperature to 800 °C at a heating rate of 10 °C/min under 

nitrogen atmosphere.  

From the weight evolution and its first derivative curves the different degradation temperatures, 

weight loss percentage and the final residue were determined. For the test, samples of 5-10 mg 

were employed. 

2.4.3. Dynamic mechanical analysis (DMA) 

The dynamic mechanical behavior of TPUs was analyzed by DMA in tensile mode on an Eplexor 

Gabo 100 N analyzer from Netzsch (Selb, Bavaria, Germany), using a static strain of 0.50 %, a 

contact force of 0.5 N and a fixed operating frequency of 1 Hz. The temperature was varied from 

-85 to 175 °C at a heating rate of 2 °C/min. Samples were cut into strips of 25 mm x 5 mm x 1.5 

mm (length x width x thickness).  

However, the dynamic mechanical behavior of the thermoset PUs was analyzed in bending mode 

using the same analyzer. A contact force of 0.8 N, a bending distance of 20 mm and a frequency 

of 1 Hz were used. The temperature was varied between -80 ºC and 200 ºC at a heating rate of 2 

°C/min. For thermoset PUs, the cross-linking density was calculated from the value of storage 

modulus in the rubbery region according to de Equation 2.4 [5]. 

𝑣(𝑚𝑜𝑙/𝑚3) =
𝐸′

𝑇𝛼+50

3 𝑅 (𝑇𝛼+50)
                                        (Equation 2.4) 



Materials and Methods 

 

53 

Where E’T+50 is the storage modulus in the rubbery region (taken at T + 50 ºC), R is the universal 

constant of gases (8.314 J/mol ·K) and T is the Tg in Kelvin taken as the maximum of tan .  

2.4.4. Calorimetry 

To measure the heat capacity of PET samples during the combustion, the energy value was 

measured using an IKA C 200 calorimeter. The measurement was performed following the ISO 

1815:2018 standard [6]. For each test, 1 ± 0.01 g of PET sample was used, repeating 

measurements three times to obtain average values. The results obtained from the equipment refer 

to the higher heating value (HHV). The lower heating value (LHV) was determined according to 

Equation 2.5 [7].   

𝐿𝐻𝑉 = 𝐻𝐻𝑉 − 24.54(𝑊 + 9𝐻)                                (Equation 2.5) 

Where W is the moisture content of the sample determined by weight difference before and after 

drying the samples at 60 ºC for 3 h under vacuum, and H is the hydrogen content analyzed in the 

EA. 

2.4.5. Ashes percentages 

The ash study was carried out for different PET samples. For this purpose, about 2 g of PET were 

placed in a crucible and introduced in an oven at 420 ºC for 5 h to perform the combustion, then 

leaving the samples to cool to room temperature. After cooling, the crucibles were weighed and 

the ash percentage was determined by weight difference. 

2.5 Mechanical characterization 

2.5.1. Tensile tests 

Mechanical tensile testing was carried out at room temperature using an Instron 5697 equipment 

(Instron, Norwood, MA, USA) provided by a load cell of 500 N. Samples were cut into 25 mm 

long, 5 mm wide and 1.5 mm thickness specimens and tested at a crosshead speed of 20 mm/min 

with a distance between clamps of 16 mm. Tensile modulus (E), stress at yield (σy), stress at break 

(σb) and elongation at break (εb) were averaged from stress-strain curves of five specimens of 

each serie.  

2.5.2. Flexural tests 

Mechanical flexural testing was carried out at room temperature using an Instron 5697 equipment 

(Instron, Norwood, MA, USA) provided by a load cell of 30 kN. Samples were cut into 30 mm 

long, 10 mm wide and 1.5 mm thickness specimens and tested at 3 point bending device with a 

separation between supports of 20 mm. Flexural modulus (E), flexural strength (σ) and strain (ε) 
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were determined from stress-strain curves. In order to determine an average value, five different 

tests were carried out for each sample.  

2.6 Rheological characterization: melt flow index (MFI), intrinsic viscosity 

(IV) and molar mass 

MFI value of PET and thermo-mechanically recycled PET (RPET) samples was measured by 

using the HAAKE MeltflowLT analyzer (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA). In this technique, the sample is placed in the barrel previously heated at 280 °C. According 

to DIN ISO 1133 standard, 7 g of sample were placed in the analyzer, measuring the time taken 

by the sample for falling between the established scales, weighting the mass that flew in that time. 

The MFI value was determined by averaging the values obtained in five tests. As reported, there 

is a relationship between intrinsic viscosity (IV) and MFI value [8]. Therefore, to determinate the 

IV values of PET samples, a calibration straight was created from MFI and IV values, using 

different standard samples, obtaining the following relationship (Equation 2.6). 

 [IV]  =  1.7956 · 𝑀𝐹𝐼−0.245 (Equation 2.6) 

Moreover, weight and number average molar mass values, Mw and Mn, were calculated from IV 

values, from the following Equations 2.7 and 2.8 [8]. 

[IV] = 3.72 · 10−4 · 𝑀𝑛
0.73 (Equation 2.7) 

[IV] = 4.68 · 10−4 · 𝑀𝑤
0.68 (Equation 2.8) 

2.7 Morphological characterization 

The morphology of the synthetized TPUs was analyzed by atomic force microscopy (AFM) using 

a Bruker Dimension ICON scanning probe microscope equipped with a Nanoscope V controller. 

To that end TESP-V2 type silicon tips having a nominal resonance frequency of 320 kHz and a 

cantilever spring constant of 42 N/m were employed. 

2.8 Surface hydrophilicity 

The surface hydrophilicity of samples was measured at room temperature by static water contact 

angle (WCA) using the SEO Phoenix Series P-300 equipment (Kromtek Sdn Bhd, Selangor, 

Malaysia). In this technique, a deionized water drop is deposited on the sample surface to measure 

the value of the contact angle formed by the water drop, which depends on the chemical 

interactions between water and the surface. In the case of hydrophilic materials, the contact angle 

is low, increasing with hydrophobicity. For this purpose, a water drop of 2 μL was deposited on 
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the surface of the material using a 0.4 mm diameter syringe. The contact angle was measured ten 

seconds after drop deposition. For original PET samples and thermo-mechanically recycled PET 

samples, prior to the measurements, pellets and flakes were compressed using a Santec 30 

hydraulic press at 58 bar and 270 °C for 10 minutes, obtaining a plaque. WCA values of five 

drops of water deposited on the plaque were averaged for each sample. 

2.9 Spectrophotometry 

The color parameters of different samples such as recycled PET and synthetized thermoplastic 

and thermoset PUs were measured by X-rite 962 spectrophotometer (Grand Rapids, Michigan, 

USA). L* (lightness-darkness), a* (red-green), b* (yellow-blue) were calculated as an average of 

five different tests. Materials were placed on white standard to perform the measurement. The 

color differences between samples and white standard (ΔE*) and also whiteness index (WI) were 

calculated following the Equations 2.9 and 2.10 [9]. 

∆𝐸∗ = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2                                (Equation 2.9) 

𝑊𝐼 = 100 − √(100 − 𝐿∗)2 + 𝑎∗2 + 𝑏∗2
                           (Equation 2.10) 

2.10 Life Cycle Assessment (LCA)  

Life Cycle Assessment was performed following the ISO 14040 and ISO 14044 guidelines. For 

the study, the SimaPro 9.0 developed by Ecoinvent v3.5 software was used to create LCA model 

and perform the impact assessment calculations.  

For the analysis, the ReCiPe 2016 Midpoint (H) method was used, because in the analysis of a 

biobased polyester the midpoint is a significant category to be analyzed [10,11]. The LCA studies 

are conducted with a special focus on the global warming potential, also called climate footprint 

or climate change [12]. In this case, the “cut-off” rule was followed, which distinguishes the first 

life and the second life as separate systems [13]. 

The energy consumption for each step depends on the time, so the energy was estimated by the 

following equation (Equation 2.11), where Q is the energy consumption in kWh, P is the power 

of the machinery and t is the time spend. 

𝑄(𝑘𝑊ℎ) = 𝑃 · 𝑡                                             (Equation 2.11) 

For the recollection of marine PET litter, PET kilograms (30 kg) and the distance from the 

recollection point to the laboratory (31.3 km) were taken into account. Transport was carried out 

with a lorry and the tkm (weight per distance) of the transport was calculated. 
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The zinc acetate catalyst is not found in the Ecoinvent v3.5 databased, so it was modeled 

considering the reaction shown in Figure 2.6 [11]. The schema of the modeled ZnAc is shown in 

Figure 2.7 and the corresponding inventory in Table 2.1. The column entitled Remarks refers to 

the name that the SimaPro program gives to the input used. 

 

Figure 2.6. Zinc acetate synthesis reaction. 

Zinc acetate: ZnAc 

Inputs Amount Unit Remarks 

Zinc oxide 1.3 kg Zinc oxide {GLO}| market for| APOS, U 

Acetic acid 1.9 kg 
Acetic acid, without water, in 98% solution state {GLO}| 

market for| APOS, U 

Water 250 mL 
Water, deionized {Europe without Switzerland}| market 

for water, deionized | APOS, U 

Outputs Amount Unit Remarks 

ZnAc 3.2 kg  

Table 2.1. Inventory of modeled zinc acetate. 

 

Figure 2.7. Scheme of the modeled zinc acetate. 

Similarly, commercial BHET (BHET-ref) is not found in the Ecoinvent v3.5 databased, so it was 

also modeled using the PET depolymerization reaction, whose inventory is shown in Table 2.2 

for BHET-ref. The modeling was carried out based on several models reported in the literature 

[14,15]. The recovery of EG [13] and a yield of 80 % [16] was assumed. 

For the synthesis of TPUs all inputs were taken from Ecoinvent v3.5, except for the cases in which 

the inputs are not included, so they were modeled separately. This is the case of the macrodiol, 

Priplast 3192, used for the synthesis, which is not in data and the suppliers do not give enough 

information to model it from the beginning.  

Therefore, taking into account that Priplast is a biobased polyol, with a renewable content of 38 

%, with a footprint about 3.5 kg CO2 eq, an estimation of this bio-polyol was done based on the 
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model of Fridrihsone et al. [11]. The modeled macrodiol was named as bio-polyol and the scheme 

for LCA is depicted in Figure 2.8. 

 

BHET-ref: commercial BHET 

Inputs Amount Unit Remarks 

Ethylene 

glycol 
3.75 kg Ethylene glycol {GLO}| market | APOS, U 

Poly(ethylene 

terephthalate) 
1.25 kg 

Polyethylene terephthalate, granulate, amorphous {Europe 

without Switzerland}| polyethylene terephthalate, granulate, 

amorphous, recycled to generic market for amorphous PET 

granulate | APOS, U 

Zinc acetate* 50 g Modeled* 

Electricity 73.1 kWh Electricity, medium voltage {ES}| market for | APOS, U 

Outputs Amount Unit Remarks 

BHET 1 kg  

Recovered 

Ethylene 

glycol 

2 kg  

Solvent waste 3.2 kg 
Spent solvent mixture {CH}| market for spent solvent mixture 

| APOS, U 

Wastewater 0.1524 L 
Wastewater, average {Europe without Switzerland}| market 

for wastewater, average | APOS, U 

Table 2.2. Inventory of modeled commercial BHET.  

 

Figure 2.8. Scheme of the modeled bio-polyol. 

The inventory table with all the inputs and outputs for the production of 1 kg of bio-polyol is 

summarized in Table 2.3. Neither HDI is included in the Ecoinvent v3.5 database. HDI is 

produced by the reaction of hexamethylenediamine (HMDA) and phosgene giving rise to HDI 
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and hydrochloric acid as by-product, resulting in the reaction shown in Figure 2.9. 

However, as HMDA is not included in the database, it was also modeled from a previous work of 

Dros et al [17]. The model is more complex than the previous ones, the HMDA inventory table 

and the subsequent HDI are shown in Tables 2.4 and 2.5, respectively, and the scheme in Figure 

2.10, the acronym ADN referring to adiponitrile. 

 

Bio-polyol 

Inputs Amount Unit Remarks 

Rapessed oil 0.951 kg 
Rape oil, crude {RoW}| rape oil mill 

operation | APOS, U 

Triethanolamine 0.469 kg 
Triethanolamine {GLO}| market for | 

APOS, U 

Zinc acetate* 2.13 g Modeled* 

Inert gas 25 g 
Nitrogen, liquid {RER}| market for | 

APOS, U 

Electricity 0.682 kWh 
Electricity, medium voltage {GLO}| 

market group for | APOS, U 

Transport 20 t, 

truck 
0.781 kWh 

Transport, truck 10-20t, EURO5, 

100%LF, default/GLO Mass 

Transport 3.5-

7.5 t, truck 
0.0469 tkm 

Transport, truck <10t, EURO4, 100%LF, 

default/GLO Mass 

Outputs Amount Unit Remarks 

Bio-polyol 1 kg  

Table 2.3. Inventory of modeled bio-polyol. 

 

Figure 2.9. HDI synthesis reaction. 
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Hexamethylenediamine: HMDA 

Inputs Amount Unit Remarks 

Natural gas, fuel 8.86 kWh 
Heat, district or industrial, natural gas {RER}| market 

group for | APOS, U 

Ammonia 0.409 Kg Ammonia E 

Electricity 0.46 kWh 
Electricity, medium voltage {GLO}| market group for | 

APOS, U 

Steam 8.99 kg 
Steam, in chemical industry {RER}| market for steam, 

in chemical industry | APOS, U 

Phosphoric acid 5 g 
Phosphoric acid, industrial grade, without water, in 

85% solution state {GLO}| market for | APOS, U 

Cooling water 0.67 m3 
Water, decarbonised {RoW}| market for water, 

decarbonised | APOS, U 

Process water 1.44 L 
Water, deionised {RoW}| market for water, deionised | 

APOS, U 

Natural gas, fuel 0.05 kWh 
Heat, district or industrial, natural gas {RER}| market 

group for | APOS, U 

Inert gas 0.01 L 
Carbon dioxide, in chemical industry {GLO}| market 

for carbon dioxide, in chemical industry | APOS, U 

Hydrogen 0.067 kg 
Hydrogen, gaseous {GLO}| market for hydrogen, 

gaseous | APOS, U 

Sodium hydrogen 

sulfite 
0.109 kg Sodium hydrogen sulfite {GLO}| market for | APOS, U 

Sodium sulfite 0.067 kg Sodium sulfite {GLO}| market for | APOS, U 

Butadiene 0.545 kg Butadiene {RER}| market for butadiene | APOS, U 

Fe-cat 6 g Iron pellet {GLO}| market for | APOS, U 

By-products Amount Unit Remarks 

Amine 0.013 kg  

Imine 0.004 kg  

Outputs Amount Unit Remarks 

HMDA 1 kg  

Carbon dioxide, waste 

fossil 
0.616 kg Carbon dioxide, fossil 

Table 2.4. Inventory of modeled HMDA.  

Hexamethylene diisocyanate: HDI 

Inputs Amount Unit Remarks 

HMDA* 690.8 g Modeled* 

Phosgene 588.6 g Phosgene {GLO}| market for | APOS, U 

Electricity 0.1999 kWh 
Electricity, medium voltage {RER}| market group for | 

APOS, U 

Heat, steam 3.149 MJ 
Heat, from steam, in chemical industry {RER}| market 

for heat, from steam, in chemical industry | APOS, U 

By-products Amount Unit Remarks 

Hydrochloric acid 0.868 kg  

Outputs Amount Unit Remarks 

HDI 1 kg  

Table 2.5. Inventory of modeled HDI.  
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3. CHARACTERIZATION OF POLY(ETHYLENE 

TEREPHTHALATE) SAMPLES FROM DIFFERENT SOURCES  

3.1. Aim of the chapter 

In this chapter, PET samples of different origins are chemically and physically characterized to 

assess the effect of degradation on PET waste. For this purpose, four samples of pellets and bottles 

were used. Two of them were raw materials and the other two post-consumer PET. Degradation 

due to the environmental conditions such as the marine environment to which PET has been 

exposed could affect the physicochemical properties of PET waste.  

In order to analyze the properties of mentioned PET materials, both raw and wastes, different 

characterization techniques were employed, such as FTIR, DSC, TGA, viscosity and molar mass 

determination, among others. 

3.2. Characterization of PET samples from different sources 

In this work four different PET samples were selected: virgin PET pellets (PET-v), post-

condensed PET pellets (PET-ssp), post-consumer urban PET waste (PET-u) and post-consumer 

marine PET litter (PET-m). Samples were characterized in order to study the effect of the 

degradation on urban waste and marine litter.  

3.2.1. Determination of viscosity, molar mass and ash percentages 

As the viscosity of PET products is a key parameter for their processing, the IV of samples was 

determined according to the method explained in Chapter 2, using the MFI values. The MFI 

values, the corresponding IV and the Mn and Mw values are summarized in Table 3.1. PET-u and 

PET-m have shown higher MFI values comparing to the starting PET-ssp and, therefore, they 

present lower viscosity and molar mass values.  

The experimentally obtained results for PET-v and PET-ssp were in the range of those provided 

by the supplier. The IV value decreased considerably for PET-m compared to starting PET-ssp, 

as can be seen in Table 3.1. Moreover, Mn and Mw values determined according to equations 2.7 

and 2.8 confirmed that PET residues showed a lower molar mass. As can be seen, PET-ssp has 

higher viscosity and molar mass when compared to PET-v, due to the post-condensation process 

performed during industrial production.  

Regarding MFI values, it is well known that high values could be related with some degradation 

[1]. As PET-m sample has shown the highest value, it seems to be the most degraded sample, as 
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will be later confirmed.  

Samples 
MFI 

(g/10 min) 

IV    

(dl/g) 

Mn  

(g/mol) 

Mw  

(g/mol) 

PET-v 97 ± 32 0.60 ± 0.05 28228 ± 3998 37281 ± 6444 

PET-ssp 39 ± 13 0.74 ± 0.08 33116 ± 6912 50833 ± 11377 

PET-u 89 ± 14  0.60 ± 0.02 24780 ± 1600 37206 ± 2578 

PET-m 126 ± 15 0.55 ± 0.02 21997 ± 1549 32740 ± 2475 

Table 3.1. Measured MFI values, together with the corresponding IV and Mn and Mw 

values for different PET samples. 

On the other hand, the ashes of the different PET samples were also determined. The ashes 

obtained after the calcination are shown in Figure 3.1. As it can be seen, for PET-v and PET-ssp 

raw samples no ashes were observed.  

The ash content values are summarized in the Table 3.2, confirming that more degraded samples, 

PET-u and PET-m, showed a higher ash percentage of ashes, attributed to impurities in the case 

of marine PET litter.  

 

Figure 3.1. Ashes for PET-v, PET-ssp, PET-bottle, PET-m and PET-u from left to right. 

Samples 
Ashes 

(%) 

PET-v 0.00 

PET-ssp 0.00 

PET-bottle 0.02 

PET-u 0.05 

PET-m 0.15 

Table 3.2. Ash content values of the different PET samples. 
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3.2.2. Physicochemical characterization 

The functional groups of PET samples were analyzed through FTIR, a very sensitive technique 

to identify structural changes [2]. Changes in crystallinity or chain conformation in PET samples 

due to environmental degradation were extensively studied in several works [2–4]. 

The main bands of PET samples can be seen in the spectra of Figure 3.2a, normalized with respect 

to the in-plane C-H bending band of the benzene ring at 1410 cm-1, since this band was reported 

as insensitive to conformational changes [5,6]. The band around 1712 cm-1, attributed to the C=O 

stretching vibration, and those around 1240 and 1090 cm-1, corresponding to the asymmetric and 

symmetric C-O stretching vibrations, respectively, confirmed the presence of the ester group [7]. 

Moreover, the band around 1500 cm-1, attributed to the C=C stretching vibration in aromatic rings 

and those at 870 and 720 cm-1, both attributed to the out-of plane C-H bending in benzene ring, 

confirmed the presence of the para-substituted aromatic structure of PET [2,4].  

Regarding to PET-v and PET-ssp raw materials, the observed differences may come from their 

different molar mass and crystallinity. It is well known that PET should present a minimal 

viscosity, melt resistance, and proper mechanical properties for being injection processed for 

bottle production. For this reason, PET-v is post-condensed into PET-ssp, in order to increase the 

molar mass and achieve the rheological properties required for injection, resulting into 

crystallinity differences between them [8]. FTIR spectra of amorphous and semicrystalline PET 

show differences at the -CH2- wagging region, in which bands around 1370 and 1340 cm-1, 

associated with gauche (amorphous) and trans (crystalline) conformations, respectively, can be 

seen [9]. Figure 3.2b shows the FTIR spectra of PET-v and PET-ssp at the 1450-1300 cm-1 

interval, for a better visualization. 
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Figure 3.2. FTIR spectra of: a) PET-v, PET-ssp, PET-u and PET-m samples and b) PET-

v and PET-ssp at the 1450-1300 cm-1 interval. 
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As can be observed in the PET-v spectrum, the band related with the amorphous structure prevails, 

whereas for PET-ssp the most intense band is the related to the crystalline structure.  

Comparing the spectra of PET-m and PET-u wastes with that of PET-ssp (used for beverage bottle 

fabrication), changes related with hydrolytic degradation could be expected, since hydrolysis is 

the main process occurring at low temperatures [10]. Hydrolysis is a breakdown of water-

activated ester bonds with the formation of carboxylic and hydroxyl end groups [3,4], which 

causes the cleavage of polymer chains, decreasing the molar mass. Furthermore, under marine 

environmental conditions, in addition to hydrolytic degradation, UV-induced photo-oxidation is 

also a relevant degradation pathway [11]. In fact, the ester groups in terephthalate moiety as well 

as -CH2- groups are strongly involved in the photodegradation of PET [12]. Photodegradation 

leads to the cleavage of the ester bond forming as a result carboxylic acid end groups [11,13]. As 

it has been reported several times in the literature, the hydrolysis and photo-oxidative 

degradations have similar degradation pathways [11,12]. Therefore, both photo-oxidative and 

hydrolysis can cause changes in the FTIR spectrum at the vibration stretching intervals of -OH 

and C=O groups, together with those of C-O of ester group and -CH2- (Figure 3.3). 

At the interval where the stretching vibration of hydroxyl group can be observed (Figure 3.3a), in 

addition to the band at around 3450 cm-1 related with -OH stretching vibration of ethylene glycol 

end groups [4], PET-m showed a broad band around 3260 cm-1 associated to hydrogen-bonded -

OH groups from carboxylic and alcoholic end groups [3]. As it has been reported in the literature, 

this band broadens with degradation suggesting the presence of carboxylic acids [14]. Among 

PET wastes, the intensity of this band is higher for PET-m sample, suggesting that this sample 

could be more degraded due to the higher hydrolytic and photodegradation aggressiveness of 

marine environment. At this interval, some other bands related with aromatic and aliphatic C-H 

stretching vibrations around 3060 cm-1 and 2970 cm-1 wavenumbers, respectively, can be 

observed. At the interval corresponding to the stretching vibration of carbonyl groups (Figure 

3.3b), the intensity of the carbonyl band of the ester group at 1712 cm-1 decreased in PET-u and 

PET-m samples compared to that of PET-ssp. Furthermore, this band widens towards lower 

wavenumbers, which is usually attributed to the stretching vibration of the carbonyl group of the 

carboxylic acid [2]. At the third interval (Figure 3.3c), the intensity of the ester group C-O band 

at 1240 cm-1 decreased in PET-u and PET-ssp. PET-ssp sample shows a shoulder at 1120 cm-1, 

which has been attributed to trans (crystalline) ethylene glycol [2,15]. This shoulder is missing 

for PET-u and PET-m, agreeing with their lower crystallinity when compared to PET-ssp. 

Moreover, the band attributed to the in plane bending of C-H in benzene ring at 1015 cm-1, which 

was found to increase with crystallinity as consequence of annealing or drawing  [5,15], decreased 

in PET-u and PET-m samples. 
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Figure 3.3. FTIR spectra of PET-ssp, PET-u and PET-m at different intervals: a) 3500-

2700 cm-1, b) 1800-1600 cm-1, c) 1600-1000 cm-1, and d) spectra of PET-ssp, PET-u and 

PET-m samples and PET-bottle for comparison, at the interval corresponding to the -

CH2- wagging region (1450-1300 cm-1). 

As it was previously discussed, the -CH2- wagging region is useful to analyze PET crystallinity. 

As can be seen in FTIR spectra of Figure 3.3d, corresponding to that region, the ratio between 

intensities of the trans (crystalline) band around 1340 cm-1 and the band at 1410 cm-1 taken as 

reference, I1340/I1410, decreased for both PET-u and PET-m, in agreement with previous results. 

Despite the bands related with hydroxyl, carboxylic acid and ester carbonyls suggested that higher 

chain excision occurred in PET-m, its crystallinity seems to be lower than that of PET-u. 

However, it should be taken into account that after the fabrication of beverage bottles by injection 

molding from PET-ssp, the fast-cooling process applied results into lower crystallinity. Figure 

3.3d also shows the FTIR spectra of a piece taken from a bottle of PET (PET-bottle) for 

comparative purposes. As can be observed the I1340/I1410 ratio of PET-bottle is considerably lower 

than that of PET-ssp. Therefore, the lower I1340/I1410 ratio observed in PET-u and PET-m residues 

coming from bottles comparing to PET-ssp can be mainly related to the processing. 
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So, it can be deduced that more degraded PET-u and PET-m samples showed lower crystallinity 

than PET-ssp, but quite similar to PET-bottle, as it was shown by FTIR analysis. On the other 

hand, EA of the PET samples was performed (Table 3.3). The results, in agreement to those 

reported in the literature [16], indicated that the carbon content decreased slightly in the processed 

and waste samples. However, the sulfur content increased considerably in PET-u (300 %) and 

PET-m (150 %) compared to PET-v, probably due to the impurities present in these samples.  

Samples N % C % H % O % S % 

PET-v <0.1 67.4 4.2 33.2 0.2 

PET-bottle <0.1 62.5 4.2 33.5 0.0 

PET-u <0.1 62.8 4.3 33.0 0.8 

PET-m <0.1 62.5 4.3 33.0 0.5 

Table 3.3. EA results of PET samples from different sources.  

3.2.3. Thermal characterization 

Thermal properties of post-consumer urban PET waste and marine PET litter may change when 

compared to those of PET-ssp and PET-v, due to hydrolytic degradation [17–20]. Figure 3.4 

shows the most representative DSC thermograms of different PET samples, corresponding to the 

first heating, cooling and second heating scans. The thermal properties obtained from them are 

summarized in Table 3.4. The results for PET residues (PET-u and PET-m) correspond to the 

mean obtained from 3 different samples, due to the heterogeneity of the residues. 
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Figure 3.4. DSC thermograms of the different PET samples. First heating scan (⎯⎯), 

cooling scan (------) and second heating scan (--·--·). 
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  PET-v PET-ssp PET-u PET-m PET-bottle 

1st heating 

scan 

Tg (°C) 70 81 82 ± 3 77 ± 3 80 

Tc (°C) 126 - - - 99 

Hc 

(J/g) 
25 - - - 1 

Tm (°C) 253 237, 252 250 ± 2 250 ± 1 247 

Hm 

(J/g) 
36 46 37 ± 6 39 ± 4 37 

Xc (%) 8 34 27 ± 7 29 ± 4 27 

Cooling 

scan 

Tg (°C) - 76 - - - 

Tc (°C) 191 161 188 ± 13 185 ± 12 178 

Hc 

(J/g) 
30 13 38 ± 3 38 ± 4 9 

Xc (%) 22 10 28 ± 3 28 ± 4 7 

2nd heating 

scan 

Tg (°C) 75 81 80 ± 1 80 ± 1 80 

Tc (°C) 153 160 - - - 

Hc 

(J/g) 
1 10 - - - 

Tm (°C) 249 248 248 ± 1 248 ± 0 243 

Hm 

(J/g) 
34 31 35 ± 4 34 ± 5 30 

Xc (%) 24 23 26 ± 4 25 ± 6 22 

Table 3.4. Main thermal parameters obtained from DSC thermograms of PET-v, PET-

ssp, PET-u, PET-m, and PET-bottle during the 1st heating scan, cooling and 2nd heating 

scan.  

During the first heating scan, a Tg at 70 °C, an exothermic crystallization peak (Tc) at 126 °C and 

an endothermic melting peak (Tm) at 252 °C were detected for PET-v sample, whereas for PET-

ssp one no exothermic crystallization peak was observed, thus confirming full crystallization after 

post-condensation [21]. These results agree with those observed by FTIR analysis. Moreover, 

PET-ssp shows a Tg at 81 °C, slightly higher than that observed for PET-v, due to the mobility 

restrictions imposed by the higher crystallinity. The two melting peaks observed in PET-ssp at 

237 and 252 °C, suggest different crystalline structures, probably formed during post-

condensation [22–24]. Even if PET-v can crystallize during heating, the melting enthalpy value 

is lower than that of PET-ssp, which confirmed the higher crystallinity. 

PET-u and PET-m showed a Tg at 82 and 77 °C, respectively, in the range of that observed for 

PET-ssp, as well as the absence of any exothermic crystallization. Regarding the crystallinity of 

both PET-u and PET-m, they presented lower melting enthalpy than PET-ssp, and therefore a 
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slight lower crystallinity degree comparing with PET-ssp, in agreement with FTIR results. 

Moreover, both have shown a single melting peak at higher temperature, suggesting a different 

polymer chain arrangement. In the same way than for FTIR analysis, a piece taken from a PET 

bottle was analyzed by DSC for comparative purposes. Thermal transition values are summarized 

in Table 3.4. Results have confirmed that the differences in crystallinity among PET-u and PET-

m and PET-ssp, in addition to hydrolytic degradation, would also be influenced by processing. 

In the cooling scan, all PET samples, with the exception of PET-ssp, showed a pronounced sharp 

exothermic peak attributed to the crystallization process of PET. Comparing non degraded PET-

v and PET-ssp, the higher crystallization temperature and exothermic enthalpy values observed 

for PET-v, suggests a faster crystallization kinetics, which could be attributed to its lower molar 

mass. Regarding cooling thermograms of PET-u and PET-m wastes, both crystallization 

temperature and crystallization enthalpy are higher than those for PET-ssp, being also higher than 

PET-bottle, due to the higher mobility of chains that favored the crystallization process. 

Moreover, only PET-ssp has shown a clear Tg around 76 °C, related to the presence of amorphous 

fractions of PET due to its slower crystallization kinetics. 

Finally, comparing the second heating scans with the first ones, the main difference was found 

for PET-v and PET-ssp samples. The crystallization peak observed in the first scan for PET-v is 

hardly appreciated in the second one, suggesting that PET-v almost fully crystallized during the 

cooling scan, while in the case of PET-ssp a crystallization peak is observed at 160 °C, absent in 

the first scan, thus corroborating its semicrystalline state.  

Besides, the PET-ssp sample showed a single melting peak, because, neither in the cooling scan 

nor during the second heating scan, the sample was not able to develop the same crystalline 

structure achieved in the post-condensation process. PET-bottle also showed slightly lower 

crystallinity in the second scan. However, comparing the melting enthalpies and crystallization 

degrees of PET-u and PET-m with those of PET-bottle, slightly higher values were measured for 

PET-u and PET-m once the thermal history was erased.  

The thermal stability of different PET samples was also studied. Weight evolution curves obtained 

from TGA are presented in Figure 3.5. The main parameters are summarized in Table 3.5. A 

single weight loss around 438 °C (Td) was observed for all samples, with a loss of around 80 %. 

This weight loss can be attributed to PET polymer degradation, in which the scission of ester links 

in the main chain could be done resulting in the formation of different oligomers [25]. Figure 3.5 

shows that the onset of the weight loss of PET-m sample starts at a slightly lower temperature 

than that observed for the PET-u. As verified by MFI and confirmed by FTIR and DSC results, 

the PET-m sample seems to present shorter polymer chains due to degradation [26]. The 

percentage of final char is around 19 % for all samples. 
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Figure 3.5. Weight evolution curves of PET-ssp, PET-v, PET-u and PET-m samples. 

Samples 
Td 

(°C) 

Residue 

(%) 

PET-v 438 16 

PET-ssp 438 16 

PET-u 438 16 

PET-m 438 15 

Table 3.5. TGA results of the different PET samples. 

3.2.4. Surface characterization 

The surface properties of the different materials were evaluated on plaques obtained by thermal 

compression processing (Figure 3.6). As can be observed, PET-u and PET-m presented a different 

appearance compared to PET-v and PET-ssp. Moreover, PET-m showed an intense brown color, 

suggesting severe thermo-oxidative degradation during compression [18]. The yellowing or 

discoloration of PET samples is attributed in the literature to several degradation processes 

including thermo-oxidation [27], hydrolytic degradation [11] and photo-oxidation [11,28]. 

According to Gewert et al. [11] photodegradation leads to the cleavage of the ester bond forming 

a carboxylic acid end group and a vinyl end group directly, or radicals, which finally lead to the 

formation of a carboxylic acid end group. These act as promoter of thermo-oxidative degradation, 

as occurred in PET-m sample. Then, the higher degradation of PET-m sample is confirmed, in 

good agreement with FTIR analysis. 
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Figure 3.6. Images of PET samples obtained by compression molding. From left to right: 

PET-ssp, PET-v, PET-u and PET-m. 

The influence of degradation on the surface hydrophilicity was analyzed by WCA. Obtained 

values, together with the images corresponding to the water drop over samples are shown in Table 

3.6. A contact angle of 72° was obtained for PET-v, while PET-ssp one presented a value of 77°. 

The post-condensation process increases the molar mass, thus decreasing hydrophilicity and 

resulting in a higher WCA [29].  

PET-v PET-ssp PET-u PET-m 

Water contact angle (°) 

72 ± 3 77 ± 3 71 ± 2 66 ± 3 

    

Table 3.6. Contact angle values for different PET samples, together with the 

corresponding image of water drop over each sample. 

Regarding PET wastes, it can be observed that the higher the degradation of PET, the lower the 

contact angle, especially for PET-m, showing higher hydrophilicity. This observation is in 

agreement with the conclusions about degradation obtained from FTIR analysis.  

In fact, hydrolytic and photo-oxidative degradation, as well thermo-oxidative degradation that 

compression molded samples could suffered, resulted into the breaking of chains, thus increasing 

the content of hydrophilic -COOH and -OH groups. As WCA results suggest, those functional 

groups could also be present at the surface and, consequently, interact with water decreasing the 

contact angle values. 

FTIR, DSC, WCA, and MFI results could suggest that PET-u and PET-m samples have undergone 

some degradation producing chain cleavage, increasing crystallinity and hydrophilicity, and 

decreasing IV and the molar mass. Therefore, PET-u and PET-m samples analyzed could not 

present suitable properties to be used as raw material in common PET applications. 
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3.3. Conclusions 

Different PET samples were characterized in order to evaluate the effect of degradation on their 

physicochemical properties. The photodegradation and hydrolysis seem to be the main 

degradation processes suffered by samples, causing the cleavage of the ester group at the polymer 

chain, leading to the formation of chain end groups, as corroborated by FTIR analysis. It was 

confirmed by FTIR and DSC that the crystallinity was similar for wastes and PET-bottle samples. 

In contrast, post-condensed PET sample presented a higher degree of crystallinity, also shown a 

double melting peak at the DSC thermogram due to different crystal structures.  

The MFI values showed that the more degraded PET-m and PET-u samples presented higher MFI 

values and, therefore, lower viscosity and molar mass values compared to PET-ssp and PET-v. 

TGA also confirmed the higher degradation level for PET-m sample, since, due to the shorter 

polymer chains present, it started to degrade at a slightly lower temperature than the rest of 

samples. 

The results confirm that the more aggressive environmental conditions of the marine environment 

cause a more severe degradation in marine PET that in urban PET waste. Once the level of 

degradation of different PET samples is analyzed, recycling strategies for marine PET are studied 

in the following chapters. 
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4. STUDY OF THE VALORIZATION OF MARINE PET LITTER BY 

CONVENTIONAL METHODS 

4.1. Aim of the chapter 

Municipal PET waste is industrially recycled through a thermo-mechanical process due to the 

high residue volume, and to the high efficiency and easy transformation of the recycling process. 

However, marine PET litter is not currently being systematically recycled. This could be due to 

the difficulty in managing marine litter. In addition, further degradation could have a negative 

impact on the industrial recycling chain. Therefore, the usual end for this waste is landfill or 

incineration. However, these methods are not environmentally friendly processes, so it is 

necessary to evaluate recycling alternatives for marine litter. 

The aim of this chapter was to analyze, the suitability of two most conventional PET waste 

valorization processes in the industry, that is thermo-mechanical recycling and energy recovery 

by incineration, for marine PET litter recycling, comparing to those for urban PET waste and 

post-condensed PET.  

For thermo-mechanical recycling, three different PET samples were used: urban PET waste and 

marine PET litter, PET-u and PET-m, respectively, and the virgin pellets used for the manufacture 

of PET bottles (PET-ssp), for comparative purposes. As it was already studied in the previous 

chapter, PET-m especially showed some signs of degradation, so in this chapter, the effect of this 

degradation on the quality of the recycled product was evaluated. Moreover, different processing 

variables were evaluated in order to optimize the thermo-mechanical recycling process.  

Finally, the suitability of energy recovery was evaluated measuring the calorific value obtained. 

4.2. Thermo-mechanical recycling of PET samples 

Thermo-mechanical recycling is the most common and widespread method to recycle PET 

materials. In this work, it was carried out for PET-u and PET-m in a twin-screw extruder (Haake 

PolyLab QC model, Thermo Scientific). For comparative purposes, PET-ssp material was also 

extruded. In order to ensure a good mixing in the extruder, PET samples from marine environment 

were flaked in a shredder into pellets of 1-1.5 cm in size, prior to recycling. After size conditioning 

of samples, materials were dried at 65 °C in a vacuum oven for 1 h. All samples were then kept 

at room temperature in a vacuum desiccator to prevent moisture absorption prior to extrusion. 

Figure. 4.1 shows the PET samples used. 
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a) b) c) 

Figure 4.1. Digital images of conditioned samples before the thermo-mechanical 

recycling, a) PET-ssp, b) PET-u and c) PET-m samples. 

The melting point of PET materials, as studied in Chapter 3, is around 250 °C. Therefore, the 

selected extrusion temperature profile was 255, 260, 265 and 270 °C, from feed to nozzle. For 

sample extrusion, intensive mixing screws were used, with a maximum torque of 10 Nm and a 

screw speed of 60-75 rpm. The thermo-mechanically recycled PET (RPET) was cooled to room 

temperature and subsequently shredded and sieved using a 0.4 mm light sieve. RPET-ssp, RPET-

u and RPET-m samples are shown in the Figure 4.2.  

 

Figure 4.2. Samples shredded after thermo-mechanical recycling from left to right: 

RPET-ssp, RPET-u and RPET-m. 

As it can be seen, RPET-m sample shows a brownish color, probably related to the thermo-

oxidative degradation that occurs during the thermo-mechanical recycling process [1]. This 

degradation pathway has been pointed out as the main cause for the discoloration of melt-

processed PET [2].  

However, despite of the fact that all three samples were subjected to the same thermo-mechanical 

recycling, the discoloration is only noticeable for RPET-m sample. As reported in the literature, 

contamination, impurities and previous degradations in PET samples can also contribute to further 

degradations and coloration [3,4]. Thus, the previous degradation of original PET-m sample 

together with the exposure to high temperatures in thermo-mechanical recycling could be the 

trigger for the brown color of RPET-m sample. 
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4.3. Characterization of recycled PET samples 

4.3.1. Spectrophotometry 

For a more accurate color analysis, samples were analyzed by a spectrophotometer. Results are 

summarized in Table 4.1. Regarding the light-darkness (L*) values, a significant decrease is 

observed for the RPET-m sample, attributed to the degradation suffered [5,6]. Similarly, the 

increase observed for b* parameter can also be attributed to thermal degradation [6]. The color 

differences (ΔE*) between investigated materials and the white standard (L* = 90.18, a* = -0.45 

and b* = 1.56), as well as the whiteness index (WI), were calculated by Equations 2.9 and 2.10 

from Chapter 2. A gradual increase in ΔE* is observed as the degradation of PET samples 

increases, being considerably higher for RPET-m sample. As mentioned before, the darker color 

is an indicator of degradation, probably due to thermo-oxidative degradation during processing 

or to previous degradation of samples [1,3].  

Samples L* a* b* ΔE* WI 

RPET-ssp 77.3 0.1 4.7 13.3 76.8 

RPET-u 77.5 0.1 7.7 14.2 76.2 

RPET-m 52.5 1.8 10.2 38.7 51.4 

Table 4.1. Values of different color parameters for RPET samples. 

4.3.2. MFI, IV and molar mass 

Intrinsic viscosity is a critical parameter when considering thermo-mechanical recycling of PET, 

as a minimum viscosity is required for the manufacture of new PET material [7]. The MFI values 

obtained for RPET samples were measured and the corresponding viscosity calculated as 

explained in Chapter 2 (Equation 2.6). Moreover, Mw and Mn, respectively, were calculated from 

IV values with Equation 2.7 and 2.8 as described in Chapter 2. Obtained values are summarized 

in Table 4.2, together with those obtained for raw PET samples (Chapter 3). As it can be seen, the 

viscosity and molar masses decrease considerably for recycled samples comparing with those of 

raw PET ones. 

As reported in the literature, thermo-mechanical recycling leads to a high predominance of chain 

scission in the process, resulting in an increase of the MFI and in the consequent decrease of the 

intrinsic viscosity and Mw and Mn values [8]. Chain scission usually generates polymeric radicals 

with hydroxyl and carboxyl end groups [1] that convert PET degradation into an autocatalytic 

reaction [9–11].  
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Samples 
MFI 

(g/10min) 

IV 

(dl/g) 

Mn  

(g/mol) 

Mw  

(g/mol) 

PET-ssp 39 ± 13 0.74 ± 0.08 33116 ± 6912 50833 ± 11377 

PET-u 89 ± 14  0.60 ± 0.02 24780 ± 1600 37206 ± 2578 

PET-m 126 ± 15 0.55 ± 0.02 21997 ± 1549 32740 ± 2475 

RPET-ssp 119 ± 7 0.56 ± 0.01 22396 ± 662 33376 ± 1059 

RPET-u 133 ± 12 0.54 ± 0.02 21589 ± 939 32086 ± 1499 

RPET-m 178 ± 12 0.50 ± 0.01 19567 ± 606 28872 ± 960 

Table 4.2. MFI, IV, Mn and Mw values of raw PET and recycled RPET samples. 

As it can be seen, recycled samples do not present the viscosity needed for the manufacture of 

bottles, being lower for RPET-u and RPET-m samples, obtained from the most degraded PET-u 

and PET-m samples.   

4.3.3. FTIR 

FTIR spectra of three recycled RPET samples are shown in Figure 4.3. The spectra were 

normalized with respect to the benzene ring band at 1410 cm-1 [12,13]. In Figure 4.3a the spectra 

of RPET samples can be seen, showing the main characteristic bands of PET described in Chapter 

3.  

The major difference between the spectra of raw (Figure 3.2a of Chapter 3) and the recycled PET 

samples is observed in the stretching vibration of the hydroxyl group (Figure 4.3b). As observed, 

the intensity of the band around 3430 cm-1 related to the -OH stretching vibration of the ethylene 

glycol end groups [14,15] is higher for RPET-m sample compared to the RPET-ssp and RPET-u 

ones, which are quite similar among them. Analyzing the absorption band at 1712 cm-1 related 

with ester carbonyl group (Figure 4.3c), RPET-m sample shows an increased intensity. In Chapter 

3, nevertheless, a reduction in the intensity of this peak was observed for PET-m, related to the 

breakdown of the ester group. However, in thermo-mechanically recycled PET samples the 

intensity of the C=O band depends on both the disappearance of the ester group and the formation 

of acid groups. These two factors cause opposite effects, but in RPET-m the process is accelerated 

and the formation of acid groups could prevail over the broken esters, so there is an increase in 

intensity for recycled samples, related to the thermo-oxidative degradation [16].  

The bands related to C-O ester group at 1238 cm-1 and 1091 cm-1 [17] increased for RPET-u and 

RPET-m samples, as is observed in Figure 4.3d. However, a shoulder at 1120 cm-1 is clearly 

shown for RPET-m sample, attributed to trans (crystalline) ethylene glycol [18,19]. This shoulder 

is barely observed for RPET-u and RPET-ssp, so it can be deduced that RPET-m presents the 
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highest crystallinity, since chains have higher mobility to generate crystalline structures due to 

the breakage formed during degradation.  
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Figure 4.3. FTIR spectra of RPET samples at different intervals: a) 4000-700 cm-1, b) 

3500-2700 cm-1, c) 1800-1600 cm-1 and d) 1600-1000 cm-1. 

The band attributed to bending in the C-H plane in the benzene ring at 1015 cm-1 to increases with 

crystallinity [19,20]. As observed in Figure 4.3d, this band slightly increased for RPET-u and 

RPET-m samples comparing with RPET-ssp one. In addition, the bands in the -CH2- wagging 

region, around 1370 and 1340 cm-1, are associated with gauche (amorphous) and trans 

(crystalline) conformations, respectively [21]. The intensity of the trans (crystalline) band was 

measured by the ratio between the band at 1340 cm-1 and the reference band at 1410 cm-1, I1340/I1410 

[12]. This ratio increased considerably for RPET-m sample compared to other two samples, 

because the degradation of PET can favor the ordering of the molecular structure leading to a 

higher crystallinity [22]. 

Therefore, a higher amount of carboxyl and hydroxyl groups is observed for RPET-m sample 

comparing with RPET-u and RPET-ssp ones. Thus, it is suggested that the carboxyl and hydroxyl 

groups of degraded PET could act as catalysts to promote further degradation, such as the thermo-
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oxidative degradation that the samples undergo when are subjected to high temperatures in 

thermo-mechanical recycling [1,23,24]. 

Finally, the FTIR spectra of raw and recycled PET waste samples were analyzed together, Figure 

4.4a. As can be seen in the stretching vibration interval of the hydroxyl band, Figure 4.4b, the 

intensity of the band at 3430 cm-1 increases for RPET-m sample with respect to PET-m one, while 

in the case of the PET-u and RPET-u samples it appears very similar.  
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Figure 4.4. Comparative FTIR spectra of original samples before (PET) and after 

thermo-mechanical recycling (RPET) at: a) 4000-700 cm-1 and b) 3500-2700 cm-1 

intervals. 

In addition, RPET-m sample shows a clear peak at 3270 cm-1, which can be related to the formed 

-OH end groups, indicating a higher degradation degree [25]. Therefore, thermo-oxidative 

degradation during the recycling process and its consequent transformation into hydroxyl and 

carboxyl groups only occurs for the PET-m sample and not for the RPET-u sample. This fact is 

related to the catalytic reactions of the degraded marine PET litter sample. 

The PET-m sample, therefore, seemed to be sensitive to degradation during thermo-mechanical 

processing. Under temperature and torque conditions generated in the extrusion, chain scission 

resulted in polymer radicals with hydroxyl and carboxyl groups [1]. In the same way, as observed 

by FTIR, crystallinity increases for degraded samples, as chain cleavage seems to favor the 

ordering of the molecular structure [22]. 

4.3.4. DSC 

The thermal behavior of the recycled PET samples was studied by DSC, evaluating transition 

temperatures (Tg, Tm) and the degree of crystallinity. Figure 4.5 shows the thermograms for all 

samples. 
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Figure 4.5. DSC thermograms of RPET-ssp, RPET-u and RPET-m samples. First heating 

scan (⎯⎯), cooling scan (------) and second heating scan (--·--·). 

The values obtained from DSC analysis are summarized in Table 4.3. As it can be seen in the first 

heating scan, the Tm for RPET-ssp and RPET-u samples is around 254 ºC, while for RPET-m is 

sligthly lower. In general, as the viscosity and molar mass decrease due to chain scission, the Tm 

decreases [26].  

  RPET-ssp RPET-u RPET-m 

1st heating scan 

Tg (°C) 73 82 73 

Tm (°C) 254 254 252 

Hm (J/g) 42 37 39 

Xc (%) 31 27 29 

Cooling scan 

Tc (°C) 200 203 201 

Hc (J/g) 50 39 53 

Xc (%) 37 29 39 

2nd heating scan 

Tg (°C) 78 79 78 

Tm (°C) 248 250 249 

Hm (J/g) 38 36 46 

Xc (%) 28 26 34 

Table 4.3. DSC results of RPET samples. 

On the other hand, analyzing crystallinity values, RPET-m sample shows slightly higher 

crystallinity than RPET-u, but lower than RPET-ssp sample. More degraded PET samples may 
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present a higher crystallinity, as the thermal process provokes chain excision and increases 

crystallinity [27], so degraded samples may have a faster crystallization rate and a more perfect 

crystalline structure [26].  

Furthermore, comparing cooling and second heating scans with the first one, an increase in the 

crystallinity value of RPET-m is observed, while the other two samples show lower value. As 

mentioned above, this could be related to the faster autocatalytic degradation of the marine sample 

occurring during DSC analysis study [1,9,11]. As the samples are subjected to elevated 

temperatures, degradation of materials may occur, generating a greater chain scission, which will 

increase their mobility and therefore, crystallinity [16]. 

So, it was confirmed that the degradation occurring during the thermo-mechanical processing and 

during DSC analysis also affected the crystallinity, since due to the chain scission the mobility is 

higher, leading to a faster rearrangement that increases the crystalline fraction [16,28]. 

4.3.5. TGA 

The thermal stability of recycled samples was also analyzed. Figure 4.6 shows the weight 

evolution with temperature and DTG curves. A main weigh loss attributed to the degradation of 

PET polymer, that can be seen at the minimum of the peak (Td), is observed at 434 °C for all 

samples, with a 76 % loss [29].  

As shown in Figure 4.6b, RPET-m samples started to degrade at a slightly lower temperature. 

Therefore, the lower thermal stability observed for RPET-m could be attributed to the shorter 

polymeric chains created by degradation [30]. Moreover, a small second weight loss, of less than 

5 %, is observed for all the samples and could be related to the decomposition of unstable char 

[31]. 
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Figure 4.6. Weight evolution a) and DTG b) curves for RPET samples. 
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4.3.6. WCA 

WCA values are related with the hydrophilicity of a sample, and can be useful in the study of 

sample degradation during thermo-mechanical recycling. To perform this analysis, each sample 

was compressed with a Santec 30 hydraulic press at 58 bar and 270 °C for 10 min. Figure 4.7 

shows digital images of the thermo-mechanically recycled samples together with the samples 

obtained after compression. As it can be seen, RPET-m samples, both pellets and compressed, 

show a browner color compared to the other two samples. Yellowing is also shown for RPET-u 

samples. This could be related to the thermo-oxidative degradation that samples may have 

undergone during compression at 270 °C [1], as this degradation pathway is the main responsible 

for the discoloration during melt-processing [2]. As concluded in Chapter 3, PET-m and PET-u 

samples are more degraded than PET-ssp samples, making them proner to degradation due to 

catalytic reaction [1,23,24]. 

 

Figure 4.7. From left to right digital images of the compressed (at the top) and thermo-

mechanically processed RPET-ssp, RPET-u and RPET-m samples. 

The WCA values obtained, together with the images corresponding to the water drop on the 

samples, are shown in Table 4.4. Similar values were measured for RPET-ssp and RPET-u, 72 ° 

and 71 °, respectively. However, RPET-m sample shows a significantly lower WCA value of 56 

º. Comparing with that of PET-m shown in Chapter 3, the WCA value of RPET-m is 10 º lower. 

As previously discussed, the -OH and –COOH groups generated during degradation increased the 

hydrophilicity, decreasing the contact angle [32]. Therefore, the lower value measured for RPET-

m samples corroborated the higher degradation that marine PET litter suffered during the thermo-

mechanical processing, in agreement with previous FTIR and DSC results.  
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RPET-ssp RPET-u RPET-m 

Water contact angle (°) 

72 ± 2 71 ± 2 56 ± 3 

   

Table 4.4. Water contact angle values for the different RPET samples, together with the 

corresponding images of water drop over the samples. 

Therefore, the characterization performed on the RPET samples confirmed that PET wastes 

underwent some degradation during the thermo-mechanical processing, especially the PET-m. 

The higher degradation observed in RPET-m sample is attributed to the chain end groups present 

at PET-m catalyzing the degradation reactions during processing. Therefore, the obtained RPET-

m recycled material obtained presents low quality to be used at industrial level in the manufacture 

of new PET products. 

4.4. Optimization of thermo-mechanical recycling 

As it has been observed, RPET-u and RPET-m samples are degraded during the thermo-

mechanical processing, specially RPET-m one. However, RPET-u still shows IV values suitable 

for some application such as textile. For this reason, some parameters or alternatives, such as the 

temperature control and the development of extrusion of PET-u/PET-m blends have been 

analyzed, for the valorization of PET-m. 

4.4.1. Temperature control 

High temperature is a critical parameter for thermal degradation [1,33], so the effect of 

temperature on the degradation of PET-ssp, PET-u and PET-m samples was studied. Thus, 

according to the extrusion temperature profile of 255/260/265/270 °C employed, samples were 

maintained at 250, 260 and 270 °C for 10 and 20 minutes in an oven. Samples were characterized 

from the viscosity evolution point of view according to values obtained from MFI measurements. 

Figure 4.8 shows the viscosity determined at different temperatures and times.  
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Figure 4.8. Viscosity evolution for PET-ssp, PET-u and PET-m samples with temperature 

after maintaining 10 (------) and 20 (⎯⎯) minutes at each ones. 

As it can be seen, viscosity decreased with temperature. In addition, the viscosity decreased more 

as the exposure time increased. Therefore, the observed decrease in viscosity, confirmed further 

degradation of the sample as the temperature and exposure time increased [34]. 

Since in thermo-mechanical processing the degradation rate increases with temperature [35], the 

samples were processed at the lowest temperature that ensures melting in the extrusion. According 

to the melting temperatures determined in Chapter 3, a constant temperature of 255 °C was 

selected. The RPTE samples obtained were characterized, being results summarized in Table 4.5. 

No significant variations were observed when compared to values reported in Table 4.2. The 

slight increase in viscosity observed cannot be considered significative.  

Samples 
MFI 

(g/10min) 

IV 

(dl/g) 

Mn  

(g/mol) 

Mw  

(g/mol) 

RPET-u 101 0.58 23649 35383 

RPET-m 146 0.53 20902 30990 

Table 4.5. MFI, IV and Mn and Mw values of RPET samples processed at a constant 

temperature of 255 ºC. 

Therefore, even if temperature may be a key factor in PET degradation, it does not seem enough 

to adjust the processing temperature to reduce the thermal degradation and obtain suitable 

viscosities. 
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4.4.2. Recycling by extrusion of PET-u/PET-m blends  

Blends with different compositions of PET-u and PET-m were prepared: 90u/10m, 80u/20m and 

70u/30m (u refers to PET-u and m to PET-m) at 255 ºC. The aim is to process as much PET-m as 

possible in the blends, for obtaining a material that fulfills industrial requirements. Figure 4.9 

shows different recycled RPET formulations. 

 

Figure 4.9. RPET blends with different compositions, from left to right 90u/10m, 80u/20m 

and 70u/30m. 

As it can be seen, the color of samples becomes browner as PET-m content increases. As PET-m 

is the most degraded waste, during processing is further degraded, coloring the recycled sample 

as mentioned above [1,3], and as confirmed by spectrophotometry analysis. Table 4.6 summarizes 

the obtained color parameters. As it can be seen, the L* (light-darkness) value decreases as the 

marine PET litter content in the extruded samples increases. The color differences (ΔE*) and 

whiteness index (WI) increase and decrease, respectively, for samples with higher PET-m content.  

Samples L* a* b* ΔE* WI 

RPET 

90u/10m 69.2 1.5 11.5 23.3  67.1  

80u/20m 64.0 1.8 11.7 28.2   62.1  

70u/30m 58.6 1.5 15.5 34.6   55.8  

Table 4.6. Color parameter values of RPET blends with different compositions. 

The MFI and intrinsic viscosity values obtained along with Mn and Mw ones are summarized in 

Table 4.7. It is observed that the incorporation of PET-m to the blend decreases considerably the 

viscosity value for all samples when compared to RPET-u one in Table 4.5, and, as it was 

previously reported, could be attributed to the autocatalytic degradation of PET-m sample [23,24]. 

However, unexpectedly, a higher viscosity is observed for RPET 80u/20m sample compared to 

the rest. Comparing with the results for RPET-u and RPET-m in Table 4.5, a considerable 

decrease is observed for blend samples, due to the incorporation of a more degraded PET-m. 
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Samples 
MFI 

(g/10min) 

IV 

(dl/g) 

Mn  

(g/mol) 

Mw  

(g/mol) 

90u/10m 163 ± 12 0.52 ± 0.01 20139 ± 722 29779 ± 1146 

80u/20m 130 ± 13 0.55 ± 0.02 21779 ± 1013 32389 ± 1617 

70u/30m 176 ± 6 0.51 ± 0.01 19602 ± 338 28927 ± 535 

Table 4.7. MFI, IV, Mn and Mw values of RPET blends with different compositions. 

Similarly, the FTIR study shows that the intensity of -OH groups is higher for RPET 70u/30m 

sample (Figure 4.10a), attributed to the chain scission caused by the thermo-oxidative 

degradation.  
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Figure 4.10. FTIR spectra for different formulations of RPET blends with different 

intervals: a) 3500-270 cm-1 and b) 1600-1000 cm-1. 

Finally, in Figure 4.10.b can be seen that bands at 1238 cm-1 and 1091 cm-1 related to ester C-O 

considerably increased for the sample with highest PET-m content, RPET 70u/30m. However, all 

RPET samples show a shoulder at 1120 cm-1, which was attributed to trans (crystalline) EG 

[18,19]. This shoulder appeared after PET-m recycling as already seen in Figure 4.3d, so it seems 

reasonable to appear in extruded samples with different composition of marine and urban samples. 

In addition, the band attributed to in-plane bending of C-H bond in the benzene ring at 1015 cm-

1, increases slightly for RPET 70u/30m comparing with the other two blends. This band was found 

to increase with crystallinity [19,20], so it can be deduced that the sample with the highest content 

of marine PET litter is the most degraded one, due the shorter chains of PET-m that favor the 

ordering of the molecular structure [22].  

Finally, degradation and formation of -OH and -COOH groups were confirmed by surface 

hydrophilicity. For this purpose, plaques of the samples were prepared as described at 4.3.6 

section and the contact angle was measured at several points. According to the previous results, 
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WCA values decrease with degradation, the angle decreasing with PET-m content, as it can be 

seen in Table 4.8. The higher the content of -OH and -COOH groups, the lower the contact angle, 

as the sample becomes more hydrophilic [32]. Comparing the results of WCA value of the blend 

with those of RPET-u and RPET-m samples in Table 4.4, a drastic reduction is observed. Only 

with 10 % of PET-m the WCA decreases from 71º (RPET-u) to 64º, as -OH and -COOH groups 

acted as catalyst promoting further degradations [23,24].  

90u/10m  80u/20m  70u/30m  

Water contact angle (°) 

64±4 58±3 54±3 

   

Table 4.8. WCA results of RPET blends with different compositions. 

Thermo-mechanical recycling through extrusion induces thermo-oxidative degradation with 

chain scission, increasing fluidity and reducing viscosity and molar mass drastically. In addition, 

highly degraded materials present faster crystallization rate and higher crystallinity, because chain 

mobility could promote chain ordering [27,28]. In the same way, the functional groups generated 

by chain scission, -OH and -COOH, increase the hydrophilicity of samples. Moreover, the 

presence of these functional groups is the cause of the autocatalytic degradation of PET, i.e., the 

samples degrade more easily in the presence of PET-m because it presents a higher amount of -

OH and -COOH groups, as discussed previously in Chapter 3 [23,24]. Therefore, it can be 

concluded that thermo-mechanical recycling is not a viable option for highly degraded materials 

as PET-m. 

4.5. Energy recovery 

Once thermo-mechanical treatment of marine PET litter was discarded, the alternative 

conventional recycling method for highly degraded and low purity samples is energy recovery 

[36]. Energy generation by combustion is carried out with PET as fuel, taking advantage of its 

hydrocarbonated nature, obtaining carbon dioxide and water as products, releasing energy in the 

process [37]. The main advantage of this method is the absence of compositional or quality 

restrictions of the employed PET [38]. 

To determine the energy that PET samples can release, it was measured using calorimetry and 

higher heating values (HHV) are obtained. To determine the lower heating value (LHV), Equation 

4.1 was used, based on the literature [39]. The HHV and LHV values are summarized in Table 

4.9, along with the weight percent moisture (W) and weight of hydrogen in the samples (H), 
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employed in Equation 4.1. In the literature, LHV values around 22.1 MJ/kg are reported for 

commercial PET in agreement with the values obtained for PET-ssp samples [40]. As it can be 

concluded, all samples present similar calorific values. Therefore, it cannot be confirmed that 

degradation affects the energy obtained from the combustion of the PET samples. All LHV values 

are in the range of values found in the literature [41,42].  

𝐿𝐻𝑉 = 𝐻𝐻𝑉 − 24.54(𝑊 + 9𝐻)                                (Equation 4.1) 

Samples HHV  

(MJ/kg) 

W 

(%) 

H 

(%) 

LHV  

(MJ/kg) 

PET-ssp 23.1 ± 0.4 1.03 4.2 22.2 ± 0.5 

PET-u 22.9 ± 0.1 1.05 4.3 21.9 ± 0.2 

PET-m 22.8 ± 0.0 1.08 4.3 21.8 ± 0.1 

Table 4.9. Values of heat combustion of PET samples. 

Therefore, it could be concluded that energy recovery could be an alternative way for highly 

degraded PET samples such as marine PET litter. 

4.6. Conclusion 

It has been found that thermo-mechanical recycling is not suitable for degraded samples such as 

PET-m. The high extrusion temperature leads to a faster degradation of the material, due to the 

autocatalytic reactions occurring during processing of PET-m [23,24]. It was seen that the 

extruded PET-m samples underwent some degradation during processing as a browner color 

related to thermo-oxidative degradation was appreciated. This color difference was analyzed with 

spectrophotometry, confirming that L* and WI parameters, related with lightness-darkness and 

whiteness index respectively, decreased significantly, making these samples less reflective and 

darker. The molar mass and viscosity values obtained for the RPET-m samples are not enough 

for using as raw material in industry. In addition, it was confirmed by FTIR that during thermo-

mechanical recycling the RPET-m sample suffered degradation, as the band of the stretching 

vibration attributed to -OH groups increased, indicating that chain scission occurred and a higher 

amount of end groups were formed due to degradation [14,25]. Furthermore, the presence of -

COOH and -OH end groups was also confirmed by the WCA, as marine samples present higher 

hydrophilicity as a result of these functional groups, considerably reducing the WCA. 

Besides, FTIR and DSC confirmed that degradation also affected the crystallinity, as due to chain 

scission the mobility is higher, leading to a chain rearrangement that increases the crystalline 

fraction in RPET-m samples [12,16,28]. Moreover, the shorter polymer chain of the degraded 
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samples is confirmed by TGA, where the weight loss started at lower temperatures for the RPET-

m samples [30]. 

Taking into account that temperature affects the degradation of the product, the extrusion 

temperature was lowered. However, no significant differences were observed. Although different 

PET-u/PET-m blends were studied for thermo-mechanical recycling, the desired results were not 

obtained. It was clearly observed that as PET-m content increases in blends, the product darkened 

considerably due to thermo-oxidative degradation [1,2]. The presence of -COOH and -OH groups 

in the RPTE samples obtained from PET-u and PET-m blend was also confirmed by both FTIR 

and WCA, corroborating the autocatalytic reactions of samples in the presence of PET-m. 

Once thermo-mechanical recycling was ruled out for the highly degraded samples, the other 

conventional valorization method of energy recovery was analyzed. Obtained values are in the 

range of those found in the literature, so this method could be suitable for PET-m sample. Even 

so, combustion of PET seems not to be the best option from an environmental and ecological 

point of view, so a more environmentally friendly recycling route, chemical recycling, is studied 

in the next chapter. 

4.7. References 

[1] F. Masmoudi, F. Fenouillot, A. Mehri, M. Jaziri, E. Ammar, Characterization and quality 

assessment of recycled post-consumption poly(ethylene terephthalate) (PET), Environ Sci 

Pollut Res. 25 (2018) 23307–23314. https://doi.org/10.1007/s11356-018-2390-7. 

[2] C.F.L. Ciolacu, N. Roy Choudhury, N.K. Dutta, Colour formation in poly(ethylene 

terephthalate) during melt processing, Polym Degrad Stab. 91 (2006) 875–885. 

https://doi.org/10.1016/j.polymdegradstab.2005.06.021. 

[3] D. Berg, K. Schaefer, A. Koerner, R. Kaufmann, W. Tillmann, M. Moeller, Reasons for 

the discoloration of postconsumer poly(ethylene terephthalate) during reprocessing, 

Macromol Mater Eng. 301 (2016) 1454–1467. https://doi.org/10.1002/mame.201600313. 

[4] T.E. Long, J. Scheirs, Modern polyesters: chemistry and technology of polyesters and 

copolyesters, John Wiley & Sons., 2005. 

[5] U.K. Thiele, The current status of catalysis and catalyst development for the industrial 

process of poly(ethylene terephthalate) polycondensation, Int J Polym Mater. 50 (2001) 

387–394. https://doi.org/10.1080/00914030108035115. 

[6] S. Altun, Y. Ulcay, Improvement of waste recycling in PET fiber production, Express 

Polym Lett. 10 (2016) 559–586. https://doi.org/DOI: 10.3144/expresspolymlett.2016.53. 



Study of the valorization of marine PET litter by conventional methods 

 

97 

[7] F. Welle, Twenty years of PET bottle to bottle recycling - An overview, Resour Conserv 

Recycl. 55 (2011) 865–875. https://doi.org/10.1016/j.resconrec.2011.04.009. 

[8] L.K. Nait-Ali, X. Colin, A. Bergeret, Kinetic analysis and modelling of PET 

macromolecular changes during its mechanical recycling by extrusion, Polym Degrad 

Stab. 96 (2011) 236–246. https://doi.org/10.1016/j.polymdegradstab.2010.11.004. 

[9] H. Zimmerman, N.T. Kim, Investigations on thermal and hydrolytic degradation of 

poly(ethyIeneterephthalate), Polym Eng Sci. 20 (1980) 680–683. 

https://doi.org/10.1002/pen.760201008 

[10] B. Gewert, M.M. Plassmann, M. Macleod, Pathways for degradation of plastic polymers 

floating in the marine environment, Environ Sci Process Impacts. 17 (2015) 1513–1521. 

https://doi.org/10.1039/c5em00207a. 

[11] H. Zhang, I.M. Ward, Kinetics of hydrolytic degradation of poly(ethylene naphthalene-

2,6-dicarboxylate), Macromolecules. 28 (1995) 7622-7629. 

https://doi.org/10.1021/ma00127a006 

[12] I. Donelli, P. Taddei, P.F. Smet, D. Poelman, V.A. Nierstrasz, G. Freddi, Enzymatic 

surface modification and functionalization of PET: A water contact angle, FTIR, and 

fluorescence spectroscopy study, Biotechnol Bioeng. 103 (2009) 845–856. 

https://doi.org/10.1002/bit.22316. 

[13] K.C. Cole, J. Guevremont, A. Ajji, M.M. Dumoulin, Characterization of surface 

orientation in poly(ethylene terephthalate) by front-surface reflection infrared 

spectroscopy, Appl Spectrosc. 48 (1994) 1513–1521. https://doi.org/0003-7028/94/4812-

151352.0. 

[14] B.J. Holland, J.N. Hay, The thermal degradation of PET and analogous polyesters 

measured by thermal analysis–Fourier transform infrared spectroscopy, Polymer (Guildf). 

43 (2002) 1835–1847. https://doi.org/10.1016/S0032-3861(01)00775-3. 

[15] M. Edge, R. Wiles, N.S. Allen, W.A. Mcdonald, S. v Mortlock, Characterisation of the 

species responsible for yellowing in melt degraded aromatic polyesters—I: Yellowing of 

poly(ethylene terephthalate), Polym Degrad Stab. 53 (1996) 141–151. 

[16] A. Ruvolo-Filho, P.S. Curti, PET recycled and processed from flakes with different 

amount of water uptake: characterization by DSC, TG, and FTIR-ATR, J Mater Sci. 43 

(2008) 1406–1420. https://doi.org/10.1007/s10853-007-2282-6. 

[17] C. Ioakeimidis, K.N. Fotopoulou, H.K. Karapanagioti, M. Geraga, C. Zeri, E. 

Papathanassiou, F. Galgani, G. Papatheodorou, The degradation potential of PET bottles 



Chapter 4 

 
 

98 

in the marine environment: An ATR-FTIR based approach, Sci Rep. 6 (2016) 1–8. 

https://doi.org/10.1038/srep23501. 

[18] F. Dubelley, E. Planes, C. Bas, E. Pons, B. Yrieix, L. Flandin, The hygrothermal 

degradation of PET in laminated multilayer, Eur Polym J. 87 (2017) 1–13. 

https://doi.org/10.1016/J.EURPOLYMJ.2016.12.004. 

[19] K.C. Cole, A. Ajji, É. Pellerin, New insights into the development of ordered structure in 

poly(ethylene terephthalate). Results from external reflection infrared spectroscopy, 

Macromolecules. 35 (2002) 770–784. https://doi.org/10.1021/ma011492i. 

[20] M. Bertoldo, M. Labardi, C. Rotella, S. Capaccioli, Enhanced crystallization kinetics in 

poly(ethylene terephthalate) thin films evidenced by infrared spectroscopy, Polymer 

(Guildf). 51 (2010) 3660–3668. https://doi.org/10.1016/J.POLYMER.2010.05.040. 

[21] F. Dieval, F. Khoffi, R. Mir, W. Chaouch, D. le Nouen, N. Chakfe, B. Durand, Long-term 

biostability of PET vascular prostheses, Int J Polym Sci. 2012 (2012) 1–14. 

https://doi.org/10.1155/2012/646578. 

[22] M. Abbasi, M.R.M. Mojtahedi, A. Khosroshahi, Effect of spinning speed on the structure 

and physical properties of filament yarns produced from used PET bottles, J Appl Polym 

Sci. 103 (2007) 3972–3975. https://doi.org/10.1002/app.25369. 

[23] H. Fashandi, A. Zadhoush, M. Haghighat, Effect of orientation and crystallinity on the 

photodegradation of poly(ethylene terephthalate) fibers, Polym Eng Sci. 48 (2008) 949–

956. https://doi.org/10.1002/pen.21043. 

[24] G.J.M. Fechine, M.S. Rabello, R.M. Souto Maior, L.H. Catalani, Surface characterization 

of photodegraded poly(ethylene terephthalate). The effect of ultraviolet absorbers, 

Polymer (Guildf). 45 (2004) 2303–2308. https://doi.org/10.1016/j.polymer.2004.02.003. 

[25] C. Sammon, J. Yarwood, N. Everall, An FT–IR study of the effect of hydrolytic 

degradation on the structure of thin PET films, Polym Degrad Stab. 67 (2000) 149–158. 

https://doi.org/10.1016/S0141-3910(99)00104-4. 

[26] F. Awaja, D. Pavel, Recycling of PET, Eur Polym J. 41 (2005) 1453–1477. 

https://doi.org/10.1016/j.eurpolymj.2005.02.005. 

[27] A. Oromiehie, A. Mamizadeh, Recycling PET beverage bottles and improving properties, 

Polym Int. 53 (2004) 728–732. https://doi.org/10.1002/pi.1389. 

[28] D.-M. Fann, S.K. Huanc, J.-Y. Lee, Kinetics and thermal crystallinity of recycled PET. II. 

topographic study on thermal crystallinity of the injection-molded recycled PET, J Appl 



Study of the valorization of marine PET litter by conventional methods 

 

99 

Polym Sci. 61 (1996) 261–271. https://doi.org/https://doi.org/10.1002/(SICI)1097-

4628(19960711)61:2<261::AID-APP8>3.0.CO;2-N. 

[29] N. Dimitrov, L. Kratofil Krehula, A. Ptiček Siročić, Z. Hrnjak-Murgić, Analysis of 

recycled PET bottles products by pyrolysis-gas chromatography, Polym Degrad Stab. 98 

(2013) 972–979. https://doi.org/10.1016/j.polymdegradstab.2013.02.013. 

[30] E.J. Velásquez, L. Garrido, A. Guarda, M.J. Galotto, C. López de Dicastillo, Increasing 

the incorporation of recycled PET on polymeric blends through the reinforcement with 

commercial nanoclays, Appl Clay Sci. 180 (2019) 105185–10593. 

https://doi.org/10.1016/j.clay.2019.105185. 

[31] Y. Fang, X. Liu, X. Tao, Intumescent flame retardant and anti-dripping of PET fabrics 

through layer-by-layer assembly of chitosan and ammonium polyphosphate, Prog Org 

Coat. 134 (2019) 162–168. https://doi.org/10.1016/j.porgcoat.2019.05.010. 

[32] H.R. Kim, W.S. Song, Lipase treatment of polyester fabrics, Fibers Polym. 7 (2006) 339–

343. https://doi.org/10.1007/BF02875764. 

[33] M. Dzie, J. Trzeszczyn, Studies of temperature influence on volatile thermal degradation 

products of poly(ethylene terephthalate), J Appl Polym Sci. 69 (1998), 2377-2381. 

https://doi.org/10.1002/(SICI)1097-4628(19980919)69:12<2377::AID-APP9>3.0.CO;2-

5. 

[34] S. Tate, H. Narusawa, Thermal degradation and melt viscosity of ultra-high-molecular-

weight poly(ethylene terephthalate), 1996. 

[35] E. Pirzadeh, A. Zadhoush, M. Haghighat, Hydrolytic and thermal degradation of PET 

fibers and PET granule: The effects of crystallization, temperature, and humidity, J Appl 

Polym Sci. 106 (2007) 1544–1549. https://doi.org/10.1002/app.26788. 

[36] R. Nisticò, Polyethylene terephthalate (PET) in the packaging industry, Polym Test. 90 

(2020) 106707–10625. https://doi.org/10.1016/j.polymertesting.2020.106707. 

[37] C. Peña-Rodriguez, G. Mondragon, A. Mendoza, E. Mendiburu-Valor, A. Eceiza, G. 

Kortaberria, Recycling of marine plastic debris, in: Recent Developments in Plastic 

Recycling. Springer, 2021: pp. 121–141. https://doi.org/10.1007/978-981-16-3627-1_6. 

[38] T. Chilton, S. Burnley, S. Nesaratnam, A life cycle assessment of the closed-loop recycling 

and thermal recovery of post-consumer PET, Resour Conserv Recycl. 54 (2010) 1241–

1249. https://doi.org/10.1016/j.resconrec.2010.04.002. 



Chapter 4 

 
 

100 

[39] U.S. Environmental Protection Agency, Methodology for thermal efficiency and energy 

input calculations and analysis of biomass cogeneration unit characteristics, (2007). 

https://www3.epa.gov/ttn/atw/utility/fnl_biomass_cogen_TSD_04_19_07.pdf (accessed 

June 30, 2022). 

[40] P. Kannan, A. al Shoaibi, C. Srinivasakannan, Energy recovery from co-gasification of 

waste polyethylene and polyethylene terephthalate blends, Comput Fluids. 88 (2013) 38–

42. https://doi.org/10.1016/j.compfluid.2013.09.004. 

[41] L. Zhao, A. Giannis, W.Y. Lam, S.X. Lin, K. Yin, G.A. Yuan, J.Y. Wang, Characterization 

of Singapore RDF resources and analysis of their heating value, Sustainable Environ Res. 

26 (2016) 51–54. https://doi.org/10.1016/j.serj.2015.09.003. 

[42] J. Chattopadhyay, T.S. Pathak, R. Srivastava, A.C. Singh, Catalytic co-pyrolysis of paper 

biomass and plastic mixtures HDPE (high density polyethylene), PP (polypropylene) and 

PET (polyethylene terephthalate)) and product analysis, Energy. 103 (2016) 513–521. 

https://doi.org/10.1016/j.energy.2016.03.015. 

 



 

 
 

 
 
 
Chapter 5 

 

CHEMICAL RECYCLING 

 

 

  



 

 
 

 



Chemical recycling 

103 

5. CHEMICAL RECYCLING 

5.1.  Aim of the chapter 

The critical effect of waste degradation on the properties of materials recycled by thermo-

mechanical processing was discussed in Chapter 4. In the present chapter, the chemical recycling 

of PET samples by glycolysis is evaluated, as it could be a good alternative for recycling degraded 

PET waste, such as marine litter.   

For this study, virgin PET (PET-v) was employed as reference sample in the glycolysis reaction 

using EG as a reagent in a PET:EG ratio of 1:3. The glycolysis reaction was carried out at 220 °C 

for 3 h and the final product was characterized by different techniques such as FTIR, DSC, TGA 

and GPC. In addition, in order to optimize the glycolysis yield and to reduce the energy 

consumption of the process, kinetics studies were performed. The glycolyzed product obtained at 

different reaction times of 10, 20, 30, 40, 50, 60, 90 and 180 min was characterized.  

Similarly, the effect of the glycolysis reaction temperature was analyzed. For this purpose, the 

glycolysis was carried out in a closed reactor at different temperatures (180, 220 and 220 °C) and 

times (30, 60, 90 and 180 min). The glycolyzed product obtained in each reaction was 

characterized by FTIR, DSC, TGA and GPC. 

Finally, the effect of raw PET degradation on the depolymerization reaction was analyzed. In this 

context, glycolysis of different PET samples was carried out under the previously optimized 

reaction conditions. Concretely, the commercial PET-v and PET-ssp virgin samples and the 

municipal PET waste, PET-u, and marine PET litter, PET-m, characterized in Chapter 3 were 

selected. The composition of glycolyzed products obtained after each reaction was characterized 

in order to identify the effect of PET degradation on the depolymerization reaction. 

5.2. Glycolysis reaction 

The glycolysis reactions were carried out in a closed mini reactor (Parr 5500 HPCL reactor) 

equipped with a thermometer, a manometer and a mechanical stirrer, at 220 °C. Mechanical 

stirring was kept constant at 1000-1200 rpm. A PET:EG weight ratio of 1:3 (40 g PET, 120 g EG) 

was used, with 1% mass of zinc acetate as catalyst. The working volume was approximately of 

160 mL. The pre-heating time was variable between 30-45 min, and after that the reaction was 

carried out for 3 h. During reaction, a pressure of 3 bar was kept inside the reactor. The reactor 

used in this work is shown in Figure 5.1. 
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Figure 5.1. Closed mini reactor used for the glycolysis. 

At the end of each reaction, the obtained liquid mixture was identified as the glycolysis reaction 

product (GRP). The unreacted PET and high molar mass oligomers are insoluble in THF 

(insoluble fraction, IF) and were separated from THF soluble BHET monomer, dimers or low 

molar mass oligomers of BHET and glycols by filtration in THF. On the other hand, the 

glycolyzed product (G) was also recovered by filtration. For this purpose, an excess of hot water 

(heated in a microwave) was added to GRP to solve BHET monomer, dimer and oligomers [1]. 

Then samples were cooled to room temperature and left for 24 h, for being then stored in a 

refrigerator for 15 min at 4 °C to induce the precipitation of white crystals of BHET monomer 

and other oligomeric fractions [2]. Both the insoluble fraction (IF) and the glycolyzed fractions 

(G) were isolated by vacuum filtration using glass micro-fiber filters with pore diameters of 0.7 

and 1.2 µm, respectively. Finally, filtered products were dried under vacuum at 50 °C for 24 h. 

The process is summarized in Figure 5.2, with two distinct steps, glycolysis and purification. 

 

Figure 5.2. PET glycolysis reaction and products purification before characterization. 
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The yield (ƞ) for BHET was calculated by weight difference, as shown in the following equation: 

ɳ(%) =
WBHET.f/MWBHET

WPET.0/MWPET
× 100                              (Equation 5.1) 

where WPET.0 refers to the initial PET weight and WBHET.f to the BHET weight obtained at the end 

of the process. MwBHET and MwPET are the molar mass of BHET (254 g/mol) and PET (192 g/mol) 

repeating units, respectively [1,3]. 

5.2.1. Characterization of depolymerized BHET 

Depolymerization of PET by glycolysis is the reverse of the polycondensation reaction for PET 

synthesis shown in Chapter 1, Figure 1.13. As a result, the product of glycolysis is a 

heterogeneous mixture of BHET, dimers and other oligomers. The insoluble fraction (IF) and 

yield (ƞ) for the PET depolymerization reaction at 220 °C for 3 h were of about 6 and 58 %, 

respectively. Obtained BHET fraction was characterized by FTIR and GPC (Figure 5.3.). 
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Figure 5.3. a) FTIR spectra of G180, commercial BHET and PET and b) GPC traces of 

G180 and commercial BHET. 

In Figure 5.3a the FTIR spectra of obtained G180 sample, commercial PET and commercial 

BHET are compared. As can be seen, the spectrum of G180 sample matches with that of BHET. 

In both spectra, at the 3600-3200 cm-1 interval, a clear absorption band related to the formation 

of hydroxyl groups is observed. In addition, the absorption band corresponding to the stretching 

vibration of ester carbonyl group at 1712 cm-1 shows a double peak in both G180 and BHET 

samples, while PET sample shows a single peak. On the other hand, the study performed by GPC 

clearly indicates that G180 sample is mostly BHET monomer.  

GPC traces of G180 and commercial BHET show three peaks. The main peak observed, O1, 

presents a elution time of 39 min, corresponding to a molar mass of 160-171 g/mol (Mw), and is 

related to BHET monomer [4,5]. O2 and O3 are smaller peaks appearing around 36-38 min, 

related to BHET oligomers with 2-3 repeating units. O2 fraction corresponds to a molar mass of 



Chapter 5 

 

 
106 

362-384 g/mol (Mw), while O3 corresponds to a molar mass of 559-600 g/mol (Mw) [4,5]. Molar 

mass values are referred to polystyrene standards. Table 5.1 summarizes the content of each 

fraction. Thus, it can be deduced that after glycolysis reaction and purification the product 

obtained is almost BHET. 

Samples 

O1 

Mn = 155–167 g/mol 

Mw = 160–171 g/mol 

(%) 

O2 

Mn = 358–379 g/mol 

Mw = 362–384 g/mol 

(%) 

O3 

Mn = 556–595 g/mol 

Mw = 559–600 g/mol 

(%) 

BHET 87 12 1 

G180 86 13 1 

Table 5.1. GPC results of commercial BHET and G180. 

After confirming that after 3 h of reaction the glycolyzed product obtained is BHET, the reaction 

kinetics was analyzed by modifying the reaction time and temperature. The objective is to reduce 

the energy consumption of the process, in order to obtain a more environmentally sustainable 

process. 

5.3. Reaction kinetics 

5.3.1. Effect of reaction time on glycolysis 

The kinetics of the glycolysis reaction at 220 °C was studied. The reaction products obtained at 8 

different reaction times ranging from 10 to180 min (10, 20, 30, 40, 50, 60, 90 and 180 min) were 

characterized, following the procedure explained in section 5.2.  

Firstly, reagents were added in the reactor in 1:3 ratio (PET:EG) and heated up to the specific 

temperature, and thereafter the reaction time was quantified. For each reaction time, the reaction 

was carried out in duplicate and three samples of each reaction product were taken. The insoluble 

fraction and the average value of the yield were determined and summarized in Table 5.2. 

As it can be seen, the obtained IF and yield values do not follow a regular pattern. Similar values 

were obtained for all reaction times. However, it is worth to note that after only 10 min BHET 

with a yield of 55 % is obtained. The yield increases during 30 min, obtaining an average yield 

of 68 %, then decreasing and increasing up to maximum yield at 90 minutes of reaction. 

Final product composition was determined by FTIR, DSC, GPC and TGA. Figure 5.4 shows the 

FTIR spectra of glycolyzed products (G fraction) obtained at different reaction times, as well as 

those for reference PET and BHET. 
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Samples IF 

(%) 

ƞ 

(%) 

G10 5.8 55 ± 10 

G20 8.0 60 ± 14 

G30 7.4 68 ± 9 

G40 5.1 58 ± 4 

650 5.5 63 ± 6 

G60 5.9 63 ± 3 

690 4.0 71 ± 9 

G180 6.4 58 ± 6 

Table 5.2. Insoluble fraction and yield values obtained at 220 °C for different reaction 

times. 

As it can be seen in Figure 5.4a, spectra obtained for different glycolysis times agree with that of 

BHET. PET depolymerization leads to the formation of -OH groups, as shown in the 3600–3200 

cm−1 interval, in which a band is also observed for commercial BHET [6]. No significant changes 

are observed between different materials, inferring that for all reaction times the final product 

obtained is mainly BHET.  

From FTIR spectra at higher magnification, the most representative bands related to the 

characteristic functional groups are shown (Figure 5.4b). In the 3100-2800 cm-1 range, two peaks 

corresponding to aliphatic (-CH2-) are found for the G samples, whereas only a single peak is 

detected at PET spectrum. The presence of the double peak is related to the BHET monomer, 

while the single peak is related to the presence of BHET oligomers [5], only present for PET 

samples.  

In the same way, the band related to the ester carbonyl group at 1712 cm−1 is found for PET as a 

single peak, while a double peak is detected for the rest of the samples (Figure 5.4c). This second 

peak is observed at lower wavenumbers and is related to the BHET monomer moiety, while the 

peak at a higher wavenumbers is related to the oligomers [7]. For this reason, the single peak only 

appears in PET samples. 
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Figure 5.4. FTIR spectra of PET and glycolysis reaction products: a) FTIR spectra of 

products obtained at different reaction times together with that of the reference BHET; b) 

PET, BHET and G products spectra at 3100-2800 cm-1; c) PET, BHET and G products 

spectra at 1800-1600 cm-1. 

The thermal behavior of G samples was studied by DSC. The thermograms of the products 

obtained at different reaction times can be seen in Figure 5.5, corresponding to a heating scan 

from 25 to 170 °C at a heating rate of 10 °C/min.  

All thermograms show the maximum of the peak corresponding to the melting temperature at 

around 100-110 °C, agreeing with that found for BHET in the literature [4], thus meaning that the 

product obtained for all reaction times is mainly BHET. 
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Figure 5.5. DSC thermograms corresponding to the products obtained at different 

reaction times, together with that of BHET-ref. 

The molar mass values for obtained products were measured by GPC. Figure 5.6 shows the GPC 

traces obtained at different reaction times, together with that corresponding to BHET.  
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Figure 5.6. GPC results for products obtained at different reaction times: a) traces for G 

samples, together with that of BHET and b) evolution of BHET, dimer and oligomer 

fractions. 

The peaks observed at elution times of around 39, 37 and 36 min, denoted as O1, O2 and O3, 

respectively, are attributed to BHET monomer, dimer and oligomer fractions, respectively [4]. 
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The content of O1, O2 and O3 fractions, determined by integrating the area under the peak, and 

their corresponding Mw and Mn are summarized in Table 5.3. 

Samples 

O1 

Mn = 155–167 g/mol 

Mw = 160–171 g/mol 

(%) 

O2 

Mn = 358–379 g/mol 

Mw = 362–384 g/mol 

(%) 

O3 

Mn = 556–595 g/mol 

Mw = 559–600 g/mol 

(%) 

G10 86 ± 3 13 ± 2 1 ± 0 

G20  87 ± 0 12 ± 0 1 ± 0 

G30  88 ± 6 11 ± 6 1 ± 1 

G40  87 ± 5 12 ± 4 1 ± 1 

G50  84 ± 3 14 ± 2 1 ± 0 

G60  84 ± 7 14 ± 8 1 ± 1 

G90  81 ± 1 17 ± 1 2 ± 0 

G180  86 ± 2 13 ± 2 1 ± 0 

Table 5.3. BHET, dimer and oligomer content (%), together with Mw and Mn values, as 

obtained by GPC. 

For all G samples analyzed, the band corresponding to BHET monomer presents the biggest area, 

while area of peaks for dimer and oligomer fractions change depending on the samples. However, 

when the fractions obtained for each reaction time are plotted (Figure 5.6b), it can be seen that 

the dimer content seems to be quite constant between 10 and 20 % while oligomer fraction is 

residual. From Table 5.3 can be seen, that the highest amount of BHET monomer is obtained at 

30 min of reaction, even though the error is within the values obtained for other reaction times. 

The fractions obtained for BHET monomers and dimers do not follow a regular trend. As 

mentioned before, this is probably related to the fact that PET glycolysis is a reversible reaction, 

as shown in Figure 5.7 [4]. It seems that PET depolymerization into dimer occurs in a relatively 

short time interval, depolymerization rate of dimer into BHET constituting an important 

parameter [4]. 

 

Figure 5.7. Reversible PET glycolysis reaction. 

Regarding the thermogravimetric analysis of the different glycolyzed fractions, Figure 5.8 shows 

weight evolution and DTG curves for samples analyzed, while the main parameters are 

summarized in Table 5.4.  
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Figure 5.8. Weight evolution a) and DTG b) curves for samples obtained at different 

reaction times. 

Two main weight losses are observed for all samples (Figure 5.8a). The most important weight 

loss occurs around 430 °C, constituting about the 65 % of weight loss. This is related to the 

thermal degradation of PET produced during the thermogravimetric analysis, due to thermal 

polymerization of BHET [8]. The first weight loss, which constitutes around the 21–27 %, is 

related to the thermal degradation of monomer and oligomer fractions [8]. As can be observed in 

Figure 5.8b, G30 and G180 start to degrade at lower temperature than G60 and G90. This fact 

could be attributed to the evolution of low molar mass dimers or oligomers, as G60 and G90 

presented higher dimer fractions as observed in GPC results. Therefore, thermal degradation 

above 200 °C could be attributed to dimers and low molar mass oligomers, while that at lower 

temperatures it is related to the monomer [5,6,9].  

Samples 

1. Step 2. Step 

Td1 

(°C) 

Weight loss  

(%) 

Td2  

(°C) 

Weight oss 

(%) 

G30 183 23 432 70 

G60 271 27 434 64 

G90 267 27 433 65 

G180 198 24 433 67 

Table 5.4. Main parameters obtained by thermogravimetric analysis. 

Therefore, from samples characterization it can be concluded that for all the reaction times 

analyzed between 10 and 180 min, obtained glycolyzed product is mostly BHET monomer. It is 

also confirmed that the fraction of dimers obtained in the glycolyzed product depends on the 

reaction conditions, since it is a fast and reversible reaction. 
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5.3.2. Effect of temperature on the glycolysis reaction 

The effect of temperature on glycolysis reaction was also analyzed. Depolymerization reactions 

were carried out at 180, 200 and 220 °C for 30, 60, 90 and 180 min. Reaction conditions were the 

same as those explained above. Yields and insoluble fractions for glycolyzed products at different 

temperatures and reaction times are shown in Figure 5.9.  
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Figure 5.9. a) Reaction yield and b) insoluble fraction values vs. reaction time at 180, 

200 and 220 °C. 

A low yield of around 10-25 % was obtained at 180 ºC (Figure 5.9a), while for higher 

temperatures yield increases up to range of 55-70 %. Furthermore, the insoluble fraction is found 

to be higher than 30 % for all reaction times at low temperatures, while at 200 and 220 °C it does 

not exceed the 10 % (Figure 5.9b). 

As pointed by several authors, at 220 ºC the diffusion of glycol through PET is favored, increasing 

the reaction rate when compared to reactions at lower temperatures [10,11]. Above 30 min BHET 

yield do not follow a clear trend, as polycondensation reactions are reversible [4]. In fact, the 

concentrations of monomers, oligomers and polymers reach equilibrium values. 

The distribution of reaction products was analyzed by GPC (Figure 5.10). After 60 min at 180 

and 200 ºC, the dimer fraction, O2, increases while the monomer content, O1, decreases. On the 

other hand, after 90 min, it decreases up to 10 % at 200 ºC and increases smoothly at 180 ºC.  

The behavior is different at 220 ºC, in which the maximum value of the O2 (around 17 %) is 

obtained after 60 min and the minimum (12 %) at 180 min. Therefore, it can be stated that during 

glycolysis reaction, polymerization reaction also takes place [4]. It can be also confirmed that for 

samples at 180 °C, almost pure BHET is obtained, with a negligible dimer fraction at 30 and 60 

min. 
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Figure 5.10. BHET monomer (⎯⎯) and dimer (------) fraction values of reaction 

products at different reaction temperatures and times, as obtained by GPC. 

From GPC analysis, it can be also concluded that at 180 ºC, for lower reaction times, a single 

peak is observed at 39 min (Figure 5.11), related with the monomer of BHET sample. As reaction 

progresses, the dimer fraction (at 37.5 min in chromatogram) is higher, confirming that 

polymerization reactions take place as discussed above.  
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Figure 5.11. GPC results of depolymerization at 180 °C for different reaction times. 
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5.4. Influence of PET sample degradation on glycolysis 

Once the influence of time and temperature variables was studied, the effect of PET raw material 

degradation on glycolysis kinetics was evaluated. For that purpose, PET depolymerization was 

carried out for 4 PET samples: two commercial samples (PET-v and PET-ssp) and two wastes, 

PET-u and PET-m. Those materials were already characterized in Chapter 3. 

The glycolysis reaction was carried out in a closed reactor at 220 °C for 30 min, according to 

results previously obtained. The same amount of sample and the same weight ratio employed in 

section 5.2 (PET:EG 1:3 and 1 wt.% zinc acetate) were used. After placing all the reagents into 

the reactor, the 30 min start once the reactor reaches the 220 °C.  

Figure 5.12 shows the appearance of glycolysis products after reaction. It can be seen that the 

most degraded PET-u and PET-m samples presented a darker color, attributed to the coloration 

observed in PET flakes.  

 

Figure 5.12. Digital image of the glycolysis products obtained from the depolymerization 

reactions of PET-v, PET-ssp, PET-u and PET-m (from the left to the right). 

5.4.1. Characterization of the glycolyzed product obtained from different PET samples  

The final glycolyzed product (G) was obtained after purification, following the same procedure 

described in section 5.2. Reactions were carried out in duplicate, analyzing three samples for each 

reaction product. The mean value of yield and standard deviation were obtained for each reaction. 

The product G-m obtained from the depolymerization of PET-m is shown in Figure 5.13. In the 

purification step by filtration, most of the fractions responsible of the dark color (Figure 5.12) 

were washed out with the water and removed together with the EG. 

https://www.sciencedirect.com/topics/engineering/colouration
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Figure 5.13. Glycolyzed G-m fraction after purification step.  

Yield and insoluble fraction values obtained for different reactions are summarized in Table 5.5. 

The yield values are similar for all cases. This could indicate that degradation of raw material is 

not affecting the production of monomers and low molar mass oligomers. However, a higher 

content of insoluble fraction was determined PET-m sample (G-m). 

Samples 
IF  

(%) 

ƞ  

(%) 

G-v 3.2 68 ± 9 

G-ssp 3.6 65 ± 11 

G-u 2.9 55 ± 13 

G-m 4.2 63 ± 10 

Table 5.5. Insoluble fraction in THF and yield value of glycolysis products obtained from 

different PET samples.  

Purified glycolysis products obtained after the filtration and drying processes were characterized 

by FTIR, DSC and GPC. The FTIR spectra of G samples, with those of PET-v and BHET as 

reference, are shown in Figure 5.14. As can be seen, the spectrum of BHET monomer shows an 

absorption band around 3442 cm-1, related to the -OH group stretching vibration. This band is 

also observed for glycolyzed products, while it is not appreciated for PET-v sample [6].  

Moreover, a double band related to the carbonyl stretching vibration of the ester group at 1712 

cm-1 is observed in the spectra of reference BHET and glycolyzed products, while PET sample 

shows a single peak [7]. From Figure 5.14, it can be stated that after 30 min of glycolysis all 

glycolyzed fractions are constituted by BHET. 
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Figure 5.14. FTIR spectra of the glycolyzed products obtained from the depolymerization 

reaction of different PET samples, together with those corresponding to PET-v and 

commercial BHET. 

DSC thermograms for glycolyzed products (G) obtained from different PET samples are shown 

in Figure 5.15.  
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Figure 5.15. DSC thermograms corresponding to first heating scan of glycolyzed 

products obtained from different PET samples. 
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All samples present a single melting peak at around 100-110 °C, related with the Tm of BHET 

monomer [5]. Melting temperatures and enthalpies obtained from DSC study are summarized in 

Table 5.6. As can been seen, all samples show very similar values, suggesting that glycolyzed 

products obtained from all glycolysis reactions are practically BHET monomer. 

 G-v G-ssp G-u G-m 

Tm (°C) 111 110 112 111 

Hm (J/g) 111 110 105 106 

Table 5.6. Melting temperature and enthalpies obtained from DSC for glycolyzed from 

different PET samples. 

The molar mass distribution of glycolysis products was analyzed by GPC. Figure 5.16a shows the 

GPC traces of glycolysis products as well as those for BHET monomer. Three different peaks can 

be seen, denoted as O1, O2 and O3, corresponding to the monomer, dimer and oligomer fractions 

of BHET, respectively, with elution times of 38, 37 and 36 min, respectively [5,12].   

Figure 5.16b represents the composition of glycolyzed products. As it can be seen, the O1 

component, with a Mw of 160- 171 g/mol referred to polystyrene standards, is the most significant 

one, attributed to BHET monomer [12]. Peaks of lower intensity appear at around 36-38 min, 

related to BHET oligomers of 2-3 repeating units: O2 with a Mw of 358-379 g/mol, and O3 with 

a Mw of 559-600 g/mol, both referred to polystyrene standards. Therefore, BHET is the main 

product obtained from glycolysis. Moreover, the most degraded PET-u and PET-m samples 

present a lower fraction of O2 dimer, which could be related to the fact that promotes chain 

scission into lower molar mass oligomers. 
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Figure 5.16. GPC results comparing reference BHET and fractions obtained from the 

depolymerization of different PET samples: a) GPC traces and b) BHET monomer, dimer 

and oligomer fraction values. 
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Table 5.7 summarizes the fractions corresponding to BHET monomer, dimer and oligomer, 

obtained from the glycolysis of different PET samples at 30 min of reaction. By analyzing the 

results, it can be concluded that G-ssp, G-u and G-m present higher BHET content in the 

glycolyzed product, comparing to G-v and commercial BHET. Similarly, G-ssp and their residues 

(G-u and G-m) show a similar composition, being the BHET content 2 % higher for the most 

degraded PET-m and PET-u samples. However, comparing G-u and G-m compositions with G-

v, the BHET content is 13 % higher. Therefore, for undegraded PET samples, the percentage of 

BHET monomer in G-ssp is almost 11 % higher than in G-v, which could be related to the 

different structure of PET-v and PET-ssp. As analyzed in Chapter 3, PET-ssp sample presents 

two melting peaks due to the different crystalline structures generated by the post-condensation 

process [13]. The lower Tm may favor the depolymerization of PET to BHET, being able to start 

the reaction earlier, obtaining a higher BHET content after 30 min of reaction. However, it should 

be noted that the depolymerization reaction of PET to BHET monomer and dimer is reversible.  

In addition, in the presence of EG, the amount of monomer and dimer changes in few minutes, as 

it was analyzed above. These results indicate that PET life cycle can be optimized by designing 

the glycolysis depolymerization reaction, not only by controlling the parameters but also the raw 

materials, in order to obtain tailor made molecules for next resin production. 

Samples 

O1 

Mn = 155-167 g/mol 

Mw = 160- 171 g/mol 

(%) 

O2 

Mn = 358-379 g/mol 

Mw = 362-384 g/mol 

(%) 

O3 

Mn = 556-595 g/mol 

Mw = 559-600 g/mol 

(%) 

BHET 88 11 1 

G-v 84 14 2 

G-ssp 95 5 1 

G-u 97 3 0 

G-m 97 3 0 

Table 5.7. Oligomers content (%) and Mw and Mn values, as obtained by GPC. 

5.5. Comparing commercial BHET and recycled BHET from marine PET 

litter 

In this section, the product obtained from highly degraded marine PET litter, G-m sample, and 

the commercial BHET are compared. As already seen by FTIR, DSC and GPC, G-m shows 

similar characteristics to those of BHET. Figure 5.17 compares the FTIR spectra of G-m and 

commercial BHET-ref samples. The GPC result of G-m and BHET-ref are analyzed together with 

DSC, weight evolution and DTG results in Figure 5.18. As can be observed in Figure 5.17, both 
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show a similar FTIR spectra, denoting that both present the same characteristic functional groups, 

as it was previously studied.  
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Figure 5.17. FTIR spectra of G-m and BHET-ref samples. 

Regarding GPC (Figure 5.18a), both samples show only two peaks, O2 and O1, ascribed to BHET 

dimer and monomer respectively, whereas O3 ascribed to BHET oligomer is almost negligible. 

Both samples consist mainly on the monomer, even if for BHET-ref a higher amount of dimer is 

found (11 % and 3 % of O2 for BHET-ref and G-m, respectively). Regarding thermal properties 

(Figure 5.18b), both samples show a prominent melting peak around 100 °C, attributed to BHET 

monomer.  

The main difference is that G-m presents a melting enthalpy centered at 213 °C, whereas in the 

case of BHET-ref the endothermic peak is centered at higher temperature (278 °C), suggesting 

the presence of crystalline structures formed by BHET oligomers with longer chain length. This 

fact can also be related to the higher thermal stability of BHET-ref observed in TGA (Figure 

5.18c, d).  

The first weight loss is related to the degradation of monomers and oligomers, while the second, 

centered at 433 °C, is related to the degradation of PET formed during thermogravimetric analysis 

[8]. Analyzing the thermal behavior of both samples, it can be concluded that, since the amount 

of dimer and oligomer is slightly higher for BHET-ref, it can form crystalline structures with 

higher Tm, close to that of PET, which delays the onset of degradation. 
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Figure 5.18. a) GPC traces, b) DSC thermograms, c) weight evolution and d) DTG plots 

for G-m and BHET-ref samples.  

Their chemical structure was also analysed in terms of 1H NMR, as shown in Figure 5.19.  
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Figure 5.19. 1H NMR spectra of BHET-ref and G-m samples. 

Peaks labelled for BHET as 1, 2, 3 and 4, are assigned to protons of the aromatic ring (δH = 8.1 

ppm, s, 4H), hydroxyl groups (δH = 4.95 ppm, t, 2H), methylene groups (-CH2-) adjacent to the -

OH groups (δH = 3.73 ppm, m, 4H), and methylene groups (-CH2-) adjacent to the -COO groups 

(δH = 4.33 ppm, t, 4H), respectively. The peak around 2.5 ppm belongs to DMSO-d6 solvent and 

peak at 3.3 can be attributed to residual H2O [14,15].  

Therefore, after a deep analysis of G-m and BHET-ref samples, it can be confirmed that G-m 

sample corresponds to BHET, and will be referred to as BHET-m hereafter.  

5.6. Conclusions 

PET depolymerization process is temperature and time dependent, so these parameters must be 

adjusted to optimize the process. It was shown that after 10 min of reaction at 220 °C under 

pressure, the final product obtained was mostly BHET. However, as reaction time increased, 

dimers and low molar mass oligomers were also generated in the polymerization process, due to 

the reversibility of the depolymerization reaction of PET into BHET. 

On the other hand, pure BHET was also obtained in a closed reactor at 180 °C and reaction times 

of 30 and 60 min, implying that depolymerization can also occur at lower temperatures. For longer 

reaction times, BHET yield increases but the purity is lower, as the fraction of dimers and 

oligomers also increases. It was found that there is a direct relationship between the BHET yield, 

the amount of dimers and monomers analyzed by GPC and degradation temperatures. A higher 

fraction of dimers in the final product translates into a higher degradation temperature.  

Furthermore, glycolysis of marine PET litter was successfully carried out, obtaining very good 

results, demonstrating that chemical recycling is an option for degraded materials, obtaining 

BHET at very short reaction times. In addition, it was observed that the degradation of the 

materials can modify the properties of PET, increasing in this case in BHET monomer content at 

glycolyzed products, reducing of dimer and oligomer amount.  

The variables for PET waste depolymerization reaction are of crucial importance, since products 

with different compositions and potential applications can be obtained. According to the 

literature, glycolysis of unpressurized PET can take long reaction times, between 3-8 h, as 

reported in Chapter 1. The use of a pressurized reactor allows working at lower temperatures and 

shorter reaction times, reducing the energy consumed during the process and consequently, the 

environmental impacts of chemical recycling. Regarding PET origin, results obtained suggest that 

the BHET monomer content is highly dependent on the selected raw materials. Furthermore, it 

was confirmed that the glycolyzed product obtained after the reaction is BHET, as it was also 
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proved by comparing the 1H NMR spectrum with that of reference BHET. Therefore, the final 

product obtained from the chemical recycling of marine PET litter will be named as BHET-m 

from now on. 
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6. SYNTHESIS OF NEW THERMOPLASTIC POLYURETHANES 

BASED ON RECYCLED BHET 

6.1. Aim of the chapter 

The aim of this chapter was to produce new materials based on the recycled BHET obtained from 

marine PET litter. Thermoplastic polyurethanes (TPU) were synthetized using BHET-m as a 

chain extender, thus reducing the consumption of commercial chain extenders from petrochemical 

origin. Furthermore, in order to produce more environmentally friendly materials, the new PUs 

were synthetized using a biobased macrodiol. 

In this work, five different TPU compositions were synthesized by increasing the content of the 

segment formed by isocyanate and BHET-m, i.e. the content of the HS. Thus, TPUs were 

synthesized with more than 40 % of their components coming from renewable and recycled 

materials, reaching up to a 30 % of recycled marine BHET. In this way, PUs with a lower carbon 

footprint were synthesized, promoting their circular economy. For comparative purposes, PUs 

were also synthesized with commercial BHET (BHET-ref). 

The synthesis was performed following a two-step synthesis procedure. In the first step, the 

prepolymer was formed, while in the second one the chain extension was carried out in a 

compression press, once the reaction mixture was casted into a rectangular mold to obtain TPU 

plaques, which were subsequently employed in the TPU characterization. The chemical structure 

of TPUs was studied by FTIR, while color differences were analyzed by spectrophotometry. 

Thermal transitions and stability, as well as thermo-mechanical and mechanical properties, were 

analyzed by DSC, TGA, DMA and mechanical tensile testing, respectively. The surface 

hydrophilicity of plaques was studied by WCA. 

Finally, the recyclability study of new TPUs was carried out through thermo-mechanical 

recycling by injection molding and chemical recycling by glycolysis. Recycled products were 

also characterized. 

6.2. Reactants and synthesis of TPUs 

TPUs were synthesized using a macrodiol derived from vegetable oil (Priplast 3192®) as the SS. 

HDI (Desmodur H) was used as isocyanate component in HS. The PUs were synthesized in bulk 

without organic solvents or catalysts, in order to follow an environmentally friendly procedure. 

The synthesis was carried out by a two-step procedure in a 250 mL five-necked round bottom 
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flask equipped with a mechanical stirrer and a dry nitrogen inlet. In the first step, macrodiol and 

HDI were reacted at 110 °C for 2 h. In the second step, BHET was added to the mixture and 

stirred vigorously until a homogeneous mixture was obtained, which was poured between two 

Teflon-coated metal plates with a separation of 1.5 mm and pressed in a hot plate press at 100 °C 

and 50 bar for 10 h, and finally allowed to cool to room temperature in the press. The molar ratio 

between the NCO and OH groups was kept constant and equal to 1.0. Different polyurethanes 

were synthesized by varying the molar ratio of macrodiol:HDI:BHET-m, as well as pure HS, 

HDI:BHET-m. For reference, PUs were also synthesized with BHET-ref (with the minimum and 

maximum molar ratios employed for BHET-m) and pure HS, HDI:BHET-ref, as well. 

Synthesized TPU compositions together with BHET percentage employed are summarized in 

Table 6.1. Samples are designated by the type of BHET (BHET-m or BHET-ref) and the molar 

ratio of components. 

Sample code 
Molar ratio 

Macrodiol:HDI:BHET 

HS 

(%) 

BHET 

(%) 

HDI:BHET-m 0:1:1 100 60 

BHET-m 1:2:1 1:2:1 23 10 

BHET-m 1:3:2 1:3:2 33 17 

BHET-m 1:4:3 1:4:3 42 22 

BHET-m 1:5:4 1:5:4 48 26 

BHET-m 1:6:5 1:6:5 53 30 

HDI:BHET-ref 0:1:1 100 60 

BHET-ref 1:2:1 1:2:1 23 10 

BHET-ref 1:6:5 1:6:5 53 30 

Table 6.1. Designation, composition and HS and BHET content of different TPU samples 

synthesized. 

6.3. Characterization of synthesized TPUs 

6.3.1. Spectrophotometry 

Firstly, the effect chain extender nature, BHET-m or BHET-ref, and reactants ratio on the 

appearance of obtained TPU samples was analyzed. As can be seen in Figure 6.1, in which a 

digital image of prepared TPUs is shown, regardless the nature of BHET, the opacity of TPU 

increases as the HS content increases. On the other hand, the color of TPUs with BHET derived 

from recycled PET is more brownish, more intense as the BHET-m content in the TPU 

formulation increases. The effect of increasing HS content on the opacity and color of the samples 

was further studied by analyzing the color parameters by spectrophotometry (Table 6.2). As for 
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the L* values related to lightness-darkness, a decrease was observed as the HS content increased, 

which corroborated the trend observed BY naked eye. Regarding a* and b* values, no clear tende 

is observed, whereas WI value decreases as BHET-m content increases, AS samples deviate from 

the standard white sample. As for the ΔE* values related to color changes, a gradual increase was 

observed with increasing HS content. However, these variations were more pronounced in the 

case of the PUs synthesized with BHET-m chain extender, probably due to the darker color of 

this recycled BHET. 

 

Figure 6.1. Digital image PUs synthesized using BHET-m (top) and BHET-ref (down) as 

chain extender. 

Sample L* a* b* ΔE* WI 

BHET-m 1:2:1 78.4 1.2 20.8 23.9 70.0 

BHET-m 1:3:2 58.9 3.4 22.2 41.3 53.1 

BHET-m 1:4:3 53.9 4.3 18.3 44.6 50.2 

BHET-m 1:5:4 52.0 4.6 16.0 45.8 49.2 

BHET-m 1:6:5 48.3 4.2 13.1 48.8 46.5 

BHET-ref 1:2:1 85.1 0.1 10.4 12.3 81.8 

BHET-ref 1:6:5 80.5 -2.4 1.7 15.5 80.3 

Table 6.2. L*, a*, b*, and ΔE* color values, together with WI ones, for TPU samples. 

6.3.2. FTIR 

The influence of increasing HS content on the chemical structure of PUs synthesized with BHET 

from marine litter was analyzed by FTIR. In Figure 6.2a, the FTIR spectra of synthesized PUs 

together with those biobased macrodiol and BHET-m are shown. 

 As it can be seen, synthesized PUs does not show the characteristic band of NCO groups centered 

at 2270 cm-1, nor the -OH stretching band observed for BHET-m at 3342 cm-1, denoting that 

polymerization reaction was finished [1–3]. All of them show a band centered at 3317 cm-1 

ascribed to N-H bond of urethane group [1,4], which increases with HS content increases, and 

thus, with the amount of urethane groups. 

As it can be seen in the amide I region (1750-1600 cm-1) (Figure 6.2b), while the macrodiol shows 

a single band at 1727 cm-1 attributed to carbonyl (C=O) groups, PUs present two bands. It is well 

known that for TPUs C=O groups of the urethane can be free or hydrogen bonded. The non-
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hydrogen-bonded (free) C=O groups can be observed around 1730-1718 cm-1, while the 

hydrogen-bonded ones appear around 1700-1680 cm-1 [5,6]. In the case of synthetized PUs, the 

band at higher wavenumber encompasses the C=O of the macrodiol as well as the free urethane 

C=O group. This band shifts slightly to a lower wavenumber as HS content increases, displacing 

from 1727 to 1721 cm-1, in agreement with the higher content of urethane group in the polymer, 

whose intensity prevails over that of the C=O groups of the macrodiol. In addition, a band 

attributed to the hydrogen bonded C=O in the urethane group can be observed at 1689 cm-1, which 

also increases with HS content.  
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Figure 6.2. a) FTIR spectra of PUs synthetized with BHET-m. b) Amide I + amide II 

region from 1800-1500 cm-1. c) FTIR spectra PUs synthetized with BHET-ref. 
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Furthermore, all TPUs show a band in amide II region (1600-1500 cm-1) at 1535 cm-1, related to 

the bending vibration of N-H combined with stretching vibration of C-N [6,7]. This band becomes 

more intense with increasing HS, due to the increased contribution of urethane groups. The bands 

between 1250 and 1110 cm-1 are related to the CO-O-C asymmetric and symmetric stretching 

vibration [8,9]. Moreover, at 728 cm-1 the characteristic band related to C-H linkages in the 

aromatic groups can be observed [10]. The intensity of this band increases with HS content, due 

to the increased presence of BHET, which presents an aromatic ring in the structure. Figure 6.2c 

shows the spectra of the TPUs synthesized with BHET-ref. Comparing both TPU systems, the 

lower and the higher molar ratio, it can be concluded that there is no relevant difference between 

the spectra of the both TPUs derived from BHET-m and the commercial one. 

6.3.3. DSC 

Thermal properties of synthesized TPUs were analyzed in terms of DSC. The thermograms of 

TPUs from BHET-m and, as reference, the employed biobased macrodiol and pure HS 

(HDI:BHET-m) are depicted in Figure 6.3a. In addition, thermal transitions are listed in Table 

6.3.  
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Figure 6.3. a) DSC thermograms of TPUs synthesized with BHET-m, together with those 

of neat macrodiol and HDI:BHET-m segment. b) DSC thermograms of TPUs synthesized 

with BHET-ref, together with those of neat macrodiol and HDI:BHET-ref segment. 

On one side, Tg is observed around -50 °C, also present for the macrodiol, which corresponds to 

the SS-rich domain (Tg SS) and an endothermic peak, also detected in the macrodiol, associated 

with the melting enthalpy of the SS-rich domain (Hm SS), centered in temperatures ranging from 

12 to 23 °C.  

Despite HS content increases Tg SS value remains almost constant, whereas Tm SS and Hm SS 

decrease according to the lower amount of crystallizable macrodiol. On the other hand, at higher 
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temperatures, the Tg observed in the neat HDI:BHET-m ascribed to HS-rich domain (Tg HS), and 

a second endothermic peak also observed in neat HDI:BHET-m, related to the melting enthalpy 

of the HS-rich domain (Hm HS), can be seen. In opposition to the abovementioned thermal 

behavior of the SS rich domain, the Tg HS and the Tm HS and melting enthalpy of the HS-rich domain 

increase with HS content. This fact is related, as already mentioned, to the amount of 

crystallizable segment in the TPU formulation. That is, the greater the amount of crystallizable 

SS or HS in the TPU, the higher the probability for SS or HS chains to pack together to form 

crystals. This is due to the formation of longer chains and, therefore, the greater capacity to 

associate through interurethane interactions [11].  

Thus, as the HS content increases, the amount of macrodiol is lower, whereas the amount of 

diisocyanate and BHET is higher, hence, Tm HS and Hm HS increase, while Tm SS and Hm SS 

decrease. These results are in accordance with the increase of hydrogen bonded C=O band 

observed in FTIR spectra. Finally, the presence of differentiated transitions ascribed to HS and 

SS in the TPUs suggests a microphase separated morphology. 

Comparing the thermograms of TPUs obtained from BHET-m with those using commercial 

BHET (Figure 6.3b), no significant differences are observed, denoting that the thermal properties 

of the material are not compromised when recycled BHET from marine PET litter is used in the 

formulation of TPUs.   

Sample 
Tg SS      

(°C) 

Tm SS 

(°C) 
Hm SS 

(J/g) 

Tg HS 

(°C) 

Tm HS   

(°C) 

Hm HS 

(J/g) 

Macrodiol -62, -24 28, 46 40 - - - 

 HDI:BHET-m - - - 50 118, 147 68 

BHET-m 1:2:1 -49 23 10 52 116 3 

BHET-m 1:3:2 -50 21 7 52 122, 138 18 

BHET-m 1:4:3 -49 17 5 57 135, 144 20 

BHET-m 1:5:4 -50 16 4 56 134, 144 23 

BHET-m 1:6:5 -50 12 2 62 145 30 

HDI:BHET-ref  - - - 52 111, 154 70 

BHET-ref 1:2:1 -49 21 8 53 118 5 

BHET-ref 1:6:5 -51 16 5 60 132, 153 24 

Table 6.3. Thermal properties measured by DSC for all the samples. 

6.3.4. AFM 

The morphology of the TPUs synthesized with BHET-m was analyzed by AFM (Figure 6.4). As 

it can be seen, different domains can be distinguished, denoting that the synthesized TPUs present 

a microphase separated microstructure. 
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Figure 6.4. AFM phase images of TPUs synthesized from BHET-m with 1:2:1, 1:4:3 and 

1:6:5 molar ratios, from left to right (scale bar 200 nm). 

The darker regions are attributed to amorphous domains, while the lighter ones are related to 

crystalline domains. The frequency and size of the lighter regions increase with HS content, 

corroborating that the addition of BHET increases the ability of the chains to pack together 

forming interurethane interactions, in agreement with the DSC results, leading to larger crystalline 

domains. 

6.3.5. TGA 

The thermal stability of synthesized TPUs, as well as that of pure components, was analyzed by 

TGA. The weight evolution and their corresponding derivative curves are plotted in Figure 6.5.  

As it can be seen, the degradation profiles change as HS content increases, being more appreciable 

in the derivative curve (Figure 6.5b). All TPU samples show a degradation step centered at 420 

C (Td1), also observed in the macrodiol, related to the breaking of ester bonds in the SS macrodiol 

[12,13]. For TPUs with a high HS content (i.e., 1:6:5 and 1:5:4), the degradation peak observed 

at 316 °C in pure HS (Td2), related to the degradation of the urethane group, is clearly observed. 

As the HS content decreases, the intensity of this peak decreases and shifts to higher temperatures, 

becoming a shoulder for TPUs with lower HS content. This shift to higher temperatures, which 

results in an overlap with the macrodiol degradation peak, is attributed to a greater dispersion of 

the small-sized hard segments in the macrodiol-rich phase, as has already been observed by AFM.  

In addition, a third degradation step (Td3) related to the degradation of the residue formed at higher 

temperature is observed [14], which is more noticeable as HS content increases agreeing with the 

trend observed for neat HS. Comparing the thermal degradation behavior of synthesized from 

BHET-m and BHET-ref in Figure 6.5c and d, a similar behavior is observed, denoting that the 

origin of employed BHET is not interfering interfere in the degradation profile of the TPU.  

TGA results of all TPUs synthetized with BHET-m and BHET-ref samples are summarized in 

Table 6.4. In the same way, the results of HS pure segment and macrodiol are also represented. 
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Figure 6.5. a) Weight evolution and b) DTG curves of TPUs synthesized from BHET-m 

and neat HDI:BHET-m and macrodiol. c) Weight evolution and d) DTG curves of TPUs 

synthesized with BHET-ref and neat HDI:BHET-ref and macrodiol. 

Sample 
Td1 

(°C) 

Td2  

(°C) 

Td3  

(°C) 

Residue 

(%) 

HDI:BHET-m 313, 380 - 469 8 

BHET-m 1:2:1 - 413 - 5 

BHET-m 1:3:2 340 416 - 6 

BHET-m 1:4:3 345 415 - 5 

BHET-m 1:5:4 341 413 460 5 

BHET-m 1:6:5 335 413 461 7 

Macrodiol - 420 - 0 

HDI:BHET-ref 318, 379 - 469 8 

BHET-ref 1:2:1 - 418 - 4 

BHET-ref 1:6:5 333 412 463 5 

Table 6.4. TGA results of synthetized thermoplastic TPUs. 
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6.3.6. DMA 

The dynamic mechanical behavior of TPU samples synthesized with recycled BHET-m has been 

analyzed by DMA. The temperature dependence of the storage modulus (E') and loss factor (tan 

δ) is plotted in Figure 6.6. At low temperatures, all synthesized TPUs show a similar storage 

modulus and, for all cases, a drop is observed around -52 °C, being more pronounced for samples 

with higher SS content.  

Moreover, the tan δ peak shows a maximum in the same temperature interval, corresponding to 

 relaxation from SS that can be related to the Tg of the SS domain (Tg SS) [1,6,7]. The magnitude 

of this peak decreases with HS content, since the height of the tan δ peak is related to the amount 

of amorphous material, which is higher for the samples with higher SS content [15].  

In addition, for samples with higher HS content, tan  shows a second transition around 25 °C 

corresponding to the  relaxation of HS, which can be associated with the TgHS. At higher 

temperatures, the storage modulus curve reaches a quasi-plateau for all samples, related with the 

interconnectivity of HS domains. Higher storage modulus values are observed in this interval as 

the HS content of the TPU increases, due to crystallizable and microphase separated HS domains, 

in agreement with the DSC results.  

Moreover, this plateau extends to higher temperatures with HS content, providing higher thermo-

mechanical stability to the TPU samples, and starting to decrease with the onset of the melting of 

previously observed crystals. Thus, this terminal temperature (Tt) is close to the HS melting 

temperature measured by DSC. The same behavior is observed for the samples synthesized from 

BHET-ref in Figure 6.6b. 
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Figure 6.6. Storage modulus (E’) and loss factor (tan δ) for TPUs synthesized with: a) 

BHET-m and b) BHET-ref. 
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6.3.7. Mechanical properties 

The mechanical behavior of synthesized TPUs was also analyzed by tensile tests. The average 

values of tensile modulus, yield stress, stress at break and elongation at break for BHET-m and 

BHET-ref systems are summarized in Table 6.5, while the stress-strain curves of BHET-m 

systems are shown in Figure 6.7. 
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Figure 6.7. Stress-strain curves of TPUs synthetized with BHET-m as chain extender. 

As HS content increases, higher values of tensile modulus, yield stress and stress at break are 

obtained, because, as mentioned above, the crystallizable HS domains act as reinforcement in the 

TPU [16]. However, the HS content decreases the strain at break, in accordance with the higher 

crystallinity of the material, which could act as breaking stress concentration points. It can be 

deduced that the increasing of HS content makes the material stiffer, due to the higher crystallinity 

observed by DSC and due to the present of the aromatic ring at BHET monomer. TPUs 

synthesized with BHET from the chemical recycling of marine PET bottles show similar 

properties than those synthesized with commercial BHET used as reference, thus corroborating 

that they can be a suitable alternative to raw materials from fossil sources. Moreover, the 

synthesized TPUs present properties in the range of those obtained for TPUs synthesized using 

polycaprolactone diol as SS and commercial BHET and HDI as HS [2,17]. However, by 

comparing them with TPUs synthesized with aliphatic chain extenders like 1,4-butanediol or 1,3-

propanediol, and both aliphatic or aromatic diisocyanates, in general stiffer polyurethanes with 

higher modulus are obtained due to the aromatic structure of BHET [18,19].  
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Sample 
E 

(MPa) 

εb 

(%) 

σy 

(MPa) 

σb 

(MPa) 

BHET-m 1:2:1 28 ± 3 176 ± 29 0.7 ± 0.2 4.1 ± 0.2 

BHET-m 1:3:2 39 ± 2 191 ± 19 1.3 ± 0.3 5.6 ± 0.3 

BHET-m 1:4:3 66 ± 3 89 ± 5 1.5 ± 0.0 7.0 ± 0.2 

BHET-m 1:5:4 82 ± 3 40 ± 3 1.6 ± 0.2 7.0 ± 0.4 

BHET-m 1:6:5 107 ± 1 45 ± 1 1.6 ± 0.3 8.4 ± 0.1 

BHET-ref 1:2:1 29 ± 3 182 ± 22 0.9 ± 0.1 4.2 ± 0.2 

BHET-ref 1:6:5 143 ± 11 16 ± 3 2.4 ± 0.2 7.8 ± 0.4 

Table 6.5. Mechanical properties of synthetized thermoplastic polyurethanes.   

6.3.8. WCA 

Finally, the WCA of the synthesized TPU plaques was measured. The results are summarized in 

Table 6.6. 

Water contact angle (°) 

 1:2:1 1:3:2 1:4:3 1:5:4 1:6:5 

BHET-m 79 ± 4 75 ± 4 75 ± 1 79 ± 1 79 ± 3 

BHET-ref 79 ± 1 - - - 80 ± 1 

Table 6.6. WCA results of the synthetized TPU plaques. 

 There is no a significant trend or change when HS content is increased. With HS content the 

urethane and BHET content increases. This leads to an increase in dipole-forming urethane 

groups, which should lead to a decrease in WCA [20,21], but in the same way, to an increase of 

the aromatic hydrophobic content present at BHET-m [22]. It seems that, both effects are 

compensated and no variation in WCA is observed. 

6.4. Recycling of synthetized TPUs 

TPUs are characterized by their versatility, being one of the most produced polymers in the world. 

Moreover, it was reported that TPUs can be mechanically and chemically recycled [23–26], 

becoming these materials interesting from the point of view of circular economy. In this section, 

thermo-mechanical recycling by injection molding and chemical recycling by glycolysis of 

previous synthetized and characterized TPU samples were performed. 

6.4.1. Thermo-mechanical recycling of synthetized TPUs 

Different samples of previously synthesized and characterized TPU (in particular BHET-m 1:4:5, 

BHET-m 1:5:4 and BHET-m 1:6:5) were cut in small pieces, and obtained mixture was used for 
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performing injection tests in order to evaluate the feasibility of thermo-mechanical recyclability. 

The dog bone shape samples shown in Figure 6.8 were prepared by injection (RTPU). This 

recycled samples were compared to the previously synthesized TPUs with higher BHET-m 

content, BHET-m 1:6:5. 

 

Figure 6.8. Injected RTPU sample obtained by thermo-mechanical recycling. 

Firstly, FTIR and DSC characterization of RTPU sample was performed to ensure that no 

reactions that generating new functional groups take place during the thermo-mechanical 

recycling.  

Figure 6.9 shows the FTIR spectra of RTPU sample together with that of BHET-m 1:6:5 sample. 

Both samples present the same spectra, with no changes in bands wavenumbers or new bands 

observed after the thermo-mechanical recycling. The characteristic absorption bands of urethane 

group are detected in both spectra. However, a slight decrease of the intensity of urethane 

characteristic bands, N-H, C=O, N-H+C-N and CO-O-C, is observed for RTPU sample 

comparing with BHET-m 1:6:5 one. This can be due to the lower urethane content that can be 

expected for BHET-m 1:4:5, BHET-m 1:5:4 and BHET-m 1:6:5 mixtures, comparing with 

BHET-m 1:6:5 one. 
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Figure 6.9. FTIR spectra of RTPU and previously synthetized BHET-m 1:6:5 TPUs. 
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On the other hand, the DSC thermograms shown in Figure 6.10 confirm the same thermal 

behavior. Thermal properties are summarized in Table 6.7.  
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Figure 6.10. DSC thermograms of RTPU and BHET-m 1:6:5 TPUs. 

Sample 
Tg SS      

(°C) 

Tm SS 

(°C) 
Hm SS 

(J/g) 

Tg HS 

(°C) 

Tm HS  

(°C) 

Hm HS 

(J/g) 

RTPU -51 10 2 59 148 17 

BHET-m 1:6:5  -50 12 2 62 145 30 

Table 6.7. DSC results of RTPU and BHET-m 1:6:5 polyurethanes. 

Both PUs shows the same thermal transitions, those related with SS- and HS-rich domains. In the 

same way, Hm HS value also decreases, attributed to the HS domain content present in RTPU, as 

already observed by FTIR. 

Finally, RTPU samples were mechanically characterized. The stress-strain curves for RTPU and 

BHET-m 1:6:5 samples are represented in Figure 6.11. Moreover, the obtained mechanical 

properties, together with those obtained for BHET-m 1:6:5, are summarized in Table 6.8.  

Tensile modulus, yield stress, stress at break and strain at break values for RTPU decrease 

compared to TPU sample. However, in addition to the lower urethane content of the RTPU 

sample, it is worth noting that the injected samples are air-cooled while synthesized TPU plaques 

are slowly cooled in the press, the thermal history of samples could be affecting the mechanical 

results. The BHET-m 1:6:5 polymer chains were able to pack into a more ordered structure, 

resulting in a stiffer and stronger material [25] compared to the reprocessed and air-cooled 

samples. Moreover, as it is well known, the thermo-mechanical recycling of polymers could lead 
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to thermo-oxidative degradation due the high injection temperature. This could promote chain 

excision during the, resulting in a more brittle material. 
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Figure 6.11. Stress-strain curves of RTPU and BHET-m 1:6:5 polyurethane. 

Sample 
E 

(MPa) 

εb 

(%) 

σy 

(MPa) 

σb 

(MPa) 

RTPU 63 ± 6 36 ± 2 1.1 ± 0.1 5.4 ± 0.4 

BHET-m 1:6:5 102 ± 6 61 ± 13 1.6 ± 0.3 8.5 ± 0.3 

Table 6.8. Mechanical properties of RTPU and BHET-m 1:6:5 polyurethane. 

Therefore, it can be deduced that thermo-mechanical recycling is a valid option for the recycling 

of synthesized TPUs containing BHET, since no significant changes on physicochemical, 

mechanical and thermal properties were observed between the RTPU and TPU samples. 

However, comparisons should be made with caution, since in addition to the ratio of segments, 

both soft and hard, the final properties are also affected by the thermal history. 

6.4.2. Chemical recycling of synthetized low molar mass TPUs by glycolysis 

Chemical recycling processes allow to obtain basic hydrocarbon, monomers, dimers or oligomers, 

products with high added value. The two most successful methods of chemical recycling are 

glycolysis and hydrolysis, where exchange reactions are used to recover hydroxylated compounds 

[27].  

Regarding PUs, glycolysis has been reported to be the most widely employed chemical recycling 

process [28]. Glycolysis involves a urethane exchange reaction, in which the C-O attached to the 
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carbonyl of urethane group is exchanged by the hydroxyl group of a glycol, as shown in Figure 

6.12. 

 

Figure 6.12. Main glycolysis reaction of polyurethanes. 

In the case of the synthesized TPUs samples, as shown in Figure 6.13, the urethane group 

connected to with both the macrodiol and BHET. Therefore, exchange may result in the 

attachment of hydroxyl groups to BHET- or macrodiol-rich components, as shown in Figures 

6.13a and 6.13b. 

 

 

 

Figure 6.13. Graphical scheme and reactions that can take place in the glycolysis of 

synthesized TPUs.  

The chemical recycling of a mixture of composed by all synthetized TPUs (BHET-m 1:2:1, 

BHET-m 1:3:2, BHET-m 1:4:3, BHET-m 1:5:4 and BHET-m 1:6:5) was performed by a 

glycolysis reaction. The reaction was carried out in a closed reactor placing 30 g of the mixture 

and EG in a weight ratio of 4:1 (TPU:EG). The glycolysis reaction was carried out at 180 °C for 

2 h, using potassium acetate as a catalyst in a 0.4 wt%. After reaction, obtained mixture (TPU-

Gly) was collected and cooled to room temperature. The next day, a few drops of phosphoric acid 

were added after heating the TPU-Gly to 80 °C, in order to prevent side reactions occurring when 

a)

) 

b)

) 
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the glycolyzed polyol is reused for other syntheses, obtaining a pH of 5.82. Figure 6.14 shows a 

digital image of obtained TPU-Gly. 

 

Figure 6.14. TPU-Gly obtained from the glycolysis reaction of TPUs. 

6.4.2.1. GPC 

The weight distribution and molar mass of TPU-Gly were analyzed by GPC. Obtained 

chromatogram is represented in Figure 6.15 together with those of the macrodiol and BHET 

employed. Different peaks are observed for the glycolyzed sample, while only one significant 

peak is observed for the macrodiol. For this reason, two intervals have been differentiated in the 

chromatogram of the glycolyzed product, named as A and B.  
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Figure 6.15. GPC chromatogram of the glycolyzed polyol, BHET-m and commercial 

macrodiol. 
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As seen in Figure 6.13, the zone A can be related with the macrodiol-based hydroxylated 

component, as the TPU-Gly shows a main peak with a elution time of 29 min (Mn = 3316 g/mol 

and Mw = 10394 g/mol, referred to PS standards) quite similar to that observed for the macrodiol 

at 30 min (Mn = 2626 g/mol and Mw = 6306 g/mol, referred to PS). The slightly higher molar mass 

measured for TPU-Gly could be attributed to the presence of slightly longer polymer chain after 

depolymerization reaction.  

On the other hand, the B interval showed two peaks at 37 min (Mn = 430 g/mol and Mw = 442 

g/mol) and 39 min (Mn = 178 g/mol and Mw = 187 g/mol) that seem to match quite well with the 

peaks observed for BHET-m at 37.5 min (Mn = 393 g/mol and Mw = 398 g/mol) and 39.1 min (Mn 

= 168 g/mol and Mw = 174 g/mol). Therefore, component B of the TPU-Gly sample can be 

attributed to BHET-based hydroxylated components [29,30]. Therefore, the area between 26 and 

37 min (contribution A) is attributed to macrodiol-rich fraction, while that between 37 and 40 min 

(contribution B), is attributed to BHET-based products. Moreover, macrodiol and BHET fractions 

of 81 % and 19 %, respectively, were calculated integrating the area under the peak. The BHET 

fraction obtained was in the order of the average BHET content for all samples used in glycolysis, 

agreeing the scheme proposed in Figure 6.13. 

6.4.2.2. FTIR 

The FTIR spectrum of the TPU-Gly is represented in Figure 6.15a together with those of 

macrodiol and TPU synthetized with the highest BHET content (BHET-m 1:6:5).  

Comparing TPU-Gly with the TPU, the former presents a wider band at around 3350-330 cm-, as 

shown in Figure 6.16b. This band encompasses the band corresponding to the stretching vibration 

of the -OH group characteristic of the glycolyzed product and the stretching vibration of N-H 

bond of urethane groups still present in the glycolyzed product (Figure 6.16b) [26]. Furthermore, 

the presence of -OH group in the TPU-Gly sample is also confirmed by the bands around 1100-

1000 cm -1, corresponding to primary alcohols [31].  

At amide I and amide II region (1750-1500 cm-1) shown in Figure 6.16c, is observed that BHET-

m 1:6:5 TPU sample and the glycolyzed product present two bands related to the non-hydrogen 

bonded and hydrogen bonded C=O of the urethane group at 1730-1718 cm-1 and 1700-1680 cm-1 

intervals, respectively [5,6]. The intensity of these bands decreases slightly for TPU-Gly 

compared to BHET-m 1:6:5 TPU, probably due to the lower overall urethane content in the 

glycolyzed TPU mixture compared to BHET-m 1:6:5 TPU.  

Furthermore, at the amide II band interval, the spectrum of TPU-Gly also shows a lower intensity 

for the band located at 1535 cm-1, related to the N-H bending vibration combined with C-N 

stretching vibration [6,7], probably due to the lower urethane content. 
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Figure 6.16. FTIR of TPU-Gly, macrodiol, and synthetized BHET-m 1:6:5 a) at 4000-700 

cm-1, b) at 3700-3100 cm-1 and c) at amide I and amide II region from 1800-1500 cm-1. 

6.4.2.3. DSC 

Thermal properties of the glycolyzed product were analyzed by DSC. Figure 6.17 shows the 

thermograms of TPU-Gly, macrodiol and the BHET-m 1:6:5. The DSC results are summarized 

in Table 6.9.  
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Figure 6.17. DSC thermograms for TPU-Gly, macrodiol and TPU BHET-m 1.6:5. 

TPU-Gly shows several thermal transitions also observed for BHET-m 1:6:5 TPU, that would be 

related to SS and HS domains of synthesized TPUs. The observed transitions are the Tg at -53°C 

and the ΔHm at 30-45 °C, related to the macrodiol rich domain and the melting enthalpies at 73 

and 150 ºC related to the HDI-BHET-rich domain. These transitions suggest that TPU-Gly is 

composed of low molar mass fractions, as already seen by GPC, consisting of either macrodiol or 

HDI:BHET-m rich segments, or even both. 

Samples 
Tg SS 

(°C) 

Tm SS 

(°C) 
Hm SS 

(J/g) 

Tg HS 

(°C) 

Tm HS  

(°C) 

Hm HS 

(J/g) 

Macrodiol -62 28, 46 40 - - - 

TPU-Gly -53 30 10 - 73, 150 33 

BHET-m 1:6:5 -50 1 2 62 145 30 

Table 6.9. DSC results of TPU-Gly, macrodiol and TPU BHET-m 1:6:5. 

6.4.2.4. TGA 

The thermal stability of glycolyzed product was analyzed by TGA and compared with that of pure 

macrodiol and BHET-m 1:6:5 TPU. The thermograms and their corresponding derivative curves 

are plotted in Figure 6.18. As it can be seen, the TPU-Gly present three weight loss steps and 

lower thermal stability, as it starts to lose weight earlier.  

The first weight loss at around 100-180 °C (corresponding to around 8 %) may be associated with 

the EG not consumed in the glycolysis [32], recovered in the glycolyzed product since glycolysis 
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was carried out in a single phase. The other two peaks at 320 and 420 °C, also observed in the 

BHET-m 1:6:5, are attributed to the degradation of BHET and urethane groups, and macrodiol, 

respectively. The degradation peak observed around 320-340 °C is broader in the TPU-Gly 

sample comparing with that of BHET-m 1:6:5. This fact may be related to the degradation of 

BHET, residual urethane and by-products presented in the TPU-Gly [26].  
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Figure 6.18. a) Weight evolution and b) DTG curves of TPU-Gly, macrodiol and BHET-

m 1:6:5. 

6.5. Conclusions 

In this chapter, sustainable TPUs were successfully synthesized using chemically recycled BHET 

from marine PET litter and a macrodiol derived from renewable sources. In this way, TPU 

formulations containing up to 30 % recycled BHET were obtained. In all cases, the renewable 

and/or recycled content is higher than 40 %. 

It was observed that the increase of recycled BHET leads to materials with high thermo-

mechanical stability, since the segments formed by aromatic BHET and HDI isocyanate were able 

to form interurethane interactions between adjacent chain segments, giving rise to crystalline 

structures with high melting temperature. Moreover, these structures, dispersed in the macrodiol 

matrix as observed by AFM, act as reinforcement and provide stiffness to the material. Increasing 

the content of HS results in stiffer and more brittle materials. Furthermore, the physicochemical, 

thermal and mechanical properties of TPUs synthesized from recycled BHET were comparable 

to those of polyurethanes synthesized from commercial fossil-derived BHET, as both BHETs 

showed similar characteristics.  

Therefore, it can be concluded that the use of recycled BHET from marine PET litter as a chain 

extender for the production of segmented TPUs is a suitable alternative to valorize highly 
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degraded PET waste. In addition, using biobased components, such as macrodiols derived from 

renewable vegetable oils, TPUs with a high content of recycled and/or renewable components can 

be synthesized. Environmentally friendly synthesis strategies can also be followed, without 

solvents or organic catalysts. All this contributes to the development of sustainable TPUs in line 

with the circular economy model. 

On the other hand, to demonstrate the recyclability of synthesized TPUs, their thermo-mechanical 

and chemical recycling were performed. It was observed that thermo-mechanical recycling has 

no significant effect on the RTPUs chemical structure. However, regarding thermal and 

mechanical properties, it must be taken into account that properties may vary due to slight changes 

in composition, as is the case of HS and SS content, but also due to thermal history. It should also 

be taken into account that during thermo-mechanical recycling, chain cleavage may occur, which 

may affect the final properties. 

Finally, chemical recycling by glycolysis with EG was performed. Obtained product showed a 

wide size distribution pattern with two main contributions, one representing the 81%, related with 

macrodiol-rich components and, second, representing the 19%, related with BHET-rich 

components. Moreover, TGA results suggested that unreacted EG could remain in the glycolyzed 

mixture, as glycolysis was performed in a single step. 
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7. SYNTHESIS OF NEW THERMOSET POLYURETHANES BASED 

ON RECYCLED BHET 

7.1. Aim of the chapter 

In this chapter, BHET-m recycled from marine PET litter was used for the synthesis of new 

thermoset PUs. Thermoset polymers present higher thermal and thermo-mechanical stability and 

mechanical properties, being more suitable for structural applications than thermoplastic ones. 

The objective of this chapter was to incorporate recycled monomers in the formulation of 

thermoset PUs characterizing their final properties and evaluate their suitability as high 

performance polyurethanes, thus evaluating another alternative to the BHET-m already used in 

the synthesis of thermoplastic polyurethanes. To carry out the synthesis of thermoset PUs, a 

biobased polyol derived from castor oil and a polymeric methylene diphenyl diisocyanate (pMDI) 

were used together with BHET-m obtained and characterized in Chapter 5. 

In this work, five different thermoset PU compositions were synthetized varying the proportion 

of biobased polyol and BHET-m. More than 40 % of the components used in the synthesis were 

from renewable/recycled origin, with a recycled BHET-m content being up to 20 %. In this way, 

PUs were synthetized with a lower carbon footprint promoting the circular economy of these 

materials. 

The different thermoset PUs resins were processed by compression molding to obtain compact 

plaques. The transparency and color parameters of plaques were analyzed by spectrophotometry 

and the presence of characteristic functional groups by FTIR. The thermal, thermo-mechanical 

and mechanical properties were analyzed by DSC, TGA, DMA and mechanical flexural tests. 

Finally, the surface hydrophilicity of the plaques was studied using the WCA. 

In addition, the recyclability of synthesized thermoset PUs was evaluated by chemical recycling 

through glycolysis reaction. The glycolyzed product was characterized and compared with the 

polyol and BHET used for the synthesis of thermoset PUs. 

7.2. Reactants and synthesis of thermoset PUs 

A commercial biobased polyol derived from castor oil (Polycin 12, Vertellus, Denham Sprins, 

USA), BHET-m monomer obtained from the glycolysis reaction of marine PET litter in Chapter 

5 and a commercial a pMDI (Desmodur 44 V, Covestro, Germany) were used for the synthesis 

of the thermoset PUs. PUs with different Polyol:BHET ratios were synthesized and characterized 

in order to analyze the effect of BHET-m on the final properties. PUs with a BHET-m content up 
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to 20 wt% were synthesized. In all cases, an isocyanate index of 1.1 was used. Designation, 

components molar ratio and content of components (%) employed in the synthesis together with 

the biobased content, are summarized in Table 7.1. Samples were named as PU and the 

Polyol:BHET molar ratio, since the ratio of pMDI remains constant for all samples.  

Sample code 
Molar ratio 

Polyol:BHET:pMDI 

Polyol 

(%) 

BHET-m 

(%) 

pMDI 

(%) 

Biobased content  

(%) 

PU 1:0 1-0-1.1 54 0 46 43 

PU 0.8:0.2 0.8-0.2-1.1 45 8 47 36 

PU 0.7:0.3 0.7-0.3-1.1 40 12 48 32 

PU 0.6:0.4 0.6-0.4-1.1 34 17 49 27 

PU 0.5:0.5 0.5-0.5-1.1 29 21 50 23 

Table 7.1. Designation, components molar ratio, percentage of components and biobased 

content of the different thermoset polyurethanes. 

Thermoset PUs were synthesized by an one-step bulk polymerization process. First, pMDI and 

BHET-m were mixed at room temperature in a 250 mL round-bottom flask equipped with a 

mechanical stirrer for around 15-20 min, until a homogeneous mixture was observed. Then, the 

previously dried polyol was added to the mixture and stirred vigorously for 5-10 min until a 

homogeneous mixture was obtained. It is worth noting that longer mixing times were required for 

systems containing the highest BHET-m. Subsequently, the reaction mixture was casted between 

two Teflon coated metal plates separated by 1.5 mm and pressed under 50 bar, first at 120 °C for 

2 h, and then at 140 °C for 2 h. A fraction of the mixture was separated to analyze the curing 

reaction by DSC. Figure 7.1 shows a digital image of the synthesized thermoset PUs. 

 

Figure 7.1. Thermoset PUs with increasing BHET-m content, from left to right. 

7.3. Characterization of synthesized thermoset PUs 

7.3.1. DSC 

The curing reaction of the PU mixture was analyzed by dynamic DSC (Figure 7.2). A clear Tg 

is observed for all mixtures around -40 ºC, associated with the neat polyol, which increases 

with BHET-m content, probably due to some reaction occurring during mixing. In addition, an 

exothermic peak is observed around 100 ºC, attributed to the curing reaction between pMDI 
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and polyol, and a second peak around 110 ºC, attributed to the curing reaction of the remaining 

isocyanate groups with BHET-m, which becomes clearer as BHET-m content increases. 
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Figure 7.2. Dynamic DSC first (⎯⎯) and second scan (------) thermograms for the 

different PU systems. 

The total enthalpy of curing reaction and the Tg, those before and after curing, are summarized 

in Table 7.2. It can be seen that the enthalpy of cure remains almost constant for the systems 

containing low BHET-m contents. However, although the isocyanate content was similar for 

all systems and a similar enthalpy of cure could be expected, a lower enthalpy of cure was 

measured for system containing the highest BHET-m content. The higher Tg measured for 

systems with the higher BHET-m content and the lower enthalpy shown by the PU 0.5:0:5 

could be attributed to part of the curing reaction taking place during the mixing of the 

components, prior to the DSC test, being this effect more pronounced for higher BHET-m 

contents. In addition, all samples were subjected to a subsequent dynamic DSC scan to confirm 

the reaction completion (Figure 7.2), finding that none of the systems showed any trace of 

residual exothermic heat. Similar Tg values were obtained for all cured systems. 

  PU 1:0 PU 0.8:0.2 PU 0.7:0.3 PU 0.6:0.4 PU 0.5:0.5 

1st 

scan 

Tg (°C) -41 -48 -46 -41 -34 

Hcur (J/g) 116 118 127 118 90 

2nd 

scan 
Tg (°C) 80 85 85 89 83 

Table 7.2. DSC results obtained in the 1st and 2nd dynamic scans for different PUs.  
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7.3.2. Spectrophotometry 

The color parameters of synthesized thermoset PUs were analyzed by spectrophotometry. As it 

can be seen in Figure 7.1, the samples became browner in color as BHET-m content increased. 

The changes in color were further studied by analyzing the color parameters by spectrophotometry 

(Table 7.3) taking as a white sample a Whatman® filter paper (L*=93.03 a*=-0.34 and b*=2.53). 

Regarding the L* values related to light-darkness, a decrease is observed with BHET-m content, 

corroborating the browning trend observed. Analyzing the a* parameter related to red-green, an 

increasing trend is observed, indicating a shift of the red-green coordinates towards green. 

Similarly, with increasing of BHET-m content, an increase in ΔE* is also observed, moving away 

from the parameters of the white sample. Regarding the WI values related to the whiteness index, 

a gradual decrease is observed with BHET-m content, due to the fact that these samples move 

away from the white color and are less reflective. 

Samples L* a* b* ΔE* WI 

PU 1:0 69.8 1.5 63.4 65.2 29.8 

PU 0.8:0:2 64.3 2.7 56.4 61.1 33.2 

PU 0.7:0:3 62.8 4.9 58.2 63.6 30.8 

PU 0.6:0:4 62.0 7.0 62.6 68.0 26.4 

PU 0.5:0:5 60.9 7.1 61.0 67.2 27.1 

Table 7.3. L*, a*, b*, and ΔE* color values and whiteness index of the thermoset PU 

samples. 

7.3.3. FTIR 

FTIR spectra of synthesized thermoset PUs, together with those of the polyol and BHET-m are 

presented in Figure 7.3.  

A residual band characteristic of the isocyanate stretching vibration is observed around 2270 cm-

1, which can be attributed to the excess of isocyanate (NCO:OH = 1.1) employed in the synthesis 

[1,2]. However, none of the synthesized PUs showed the characteristic -OH stretching vibration 

band observed for BHET-m and polyol at 3342 cm-1 [3], denoting that the polymerization was 

completed, in agreement with DSC results. In addition, all PU samples showed characteristic 

bands of urethane group, as the band centered at 3317 cm-1, ascribed to the stretching vibration of 

N-H bond [4], that remained constant for all samples due to the similar isocyanate content (Table 

7.1). The bands in the 2930 and 2850 cm-1 range are related with the absorption band of –CH- 

and -CH2- groups [5]. The band at 1712 cm-1, attributed to the stretching vibration of carbonyl 

group, encompassed the stretching vibration of carbonyl group in urethane, and also the carbonyl 

of ester observed in the polyol at 1724 cm-1 and in BHET-m at 1708 cm-1 [6]. Furthermore, a new 
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absorption band is observed for all PUs in the amide II region (1600-1500 cm-1) at 1523 cm-1 

related to the bending vibration of N-H combined with the stretching vibration of C-N, 

characteristics of the urethane group [7,8].  

Bands appearing between 1250 and 1050 cm-1 are related to the CO-O-C asymmetric and 

symmetric stretching vibrations [9,10] and remain constant for the synthesized PUs. Finally, the 

characteristic band at 725 cm-1 attributed to the C-H bond in the aromatic group of BHET-m is 

also observed [11]. The band intensity increases with the increase of BHET-m content in the 

thermoset PU. 
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Figure 7.3. FTIR spectra of the synthetized thermoset polyurethane samples, polyol and 

BHET-m. 

7.3.4. TGA 

The thermal stability of synthetized Pus was analyzed in terms of TGA. The thermograms and the 

corresponding derivative curves are represented in Figure 7.4, while thermal degradation 

temperatures are summarized in Table 7.4. For comparative purposes, the thermogram of polyol 

and its derivative are also represented in Figure 7.4.  

The thermal degradation of the polyol was observed between 250-474 ºC, with a two-step weight 

loss, specifically at 393 and 470 ºC. It has been reported in the literature that vegetable castor oil-

based polyols usually show a double weight loss [12,13]. Thermal degradation of PU 1:0, without 

BHET-m, showed two weight losses, one between 300 and 330 ºC, related to the degradation of 

urethane groups, Td1, and the second around 470 ºC, related to polyol degradation, Td2 [14–16]. 

Concerning the PUs containing BHET-m, it was observed that as the BHET-m content increased, 
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the first degradation temperature shifted to lower temperatures, which could be attributed to the 

lower thermal stability of BHET-m, which depending on the monomer, dimer and oligomer 

percentages shows a degradation temperature at the 180-280 ºC interval.  

Similarly, as summarized in Table 7.4, the thermoset PU samples containing BHET-m presented 

a higher residue with BHET-m content. This fact could be due to the incorporation of an aromatic 

component such as BHET-m, which generates char during combustion [17]. 
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Figure 7.4. a) Weight evolution and b) DTG curves of synthetized thermoset PUs. 

Sample 
Td1 

(°C) 

Td2  

(°C) 

Residue 

(%) 

PU 1:0 333 470 9 

PU 0.8:0.2 317 471 13 

PU 0.7:0.3 305 472 18 

PU 0.6:0.4 300 468 20 

PU 0.5:0.5 298 465 21 

Table 7.4. Thermal degradation temperatures and residue content of for synthetized 

thermoset PUs. 

7.3.5. DMA 

The dynamic mechanical behavior of synthesized thermoset PUs was analyzed in flexural mode. 

Figure 7.5 shows the temperature dependence of the storage modulus (E') and loss factor (tan δ). 

The peak of tan δ corresponds to the α relaxation and is related with the Tg of thermoset PUs [18].  

The Tg values obtained by DMA, together with the values of E' at room temperature and in the 

rubbery plateau region (at Tα+50 ºC), are summarized in Table 7.5, together with the cross-linking 

density values calculated with the Equation 2.4. 
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Figure 7.5. DMA results of synthesized thermoset PUs. 

Samples 
Tg °C 

(tanδ max) 

E’ (MPa) 

(25 °C) 

E’ (MPa) 

(T+50) 

υ 

 (mol /m3) 

PU 1:0 107 1773 43 4036 

PU 0.8:0.2 111 1882 32 2982 

PU 0.7:0.3 112 1760 34 3085 

PU 0.6:0.4 131 2041 32 2820 

PU 0.5:0.5 122 2166 25 2272 

Table 7.5. Tg, storage modulus at 25 ºC and in the rubbery region and cross-linking 

density for different PUs. 

At temperatures below Tg, all systems showed a similar storage modulus, presenting at 25 ºC, a 

value around 1.8 GPa for the PU 1:0 and, values between 1.8-2.2 GPa for systems containing 

BHET-m. However, above Tg, in the rubbery plateau region, lower storage modulus values were 

measured as BHET-m content increased. Regarding cross-linking density, a decrease was 

observed with the addition of BHET-m, due to replacement of a polyol with functionality higher 

than 2 by BHET-m with a functionality of 2. In general, although the cross-linking density 

decreased with BHET-m content, an increase of the Tg values was observed, with the exception 

of PU 0.5:0.5 sample, for which a lower value was observed. Therefore, it seems that with 

increasing BHET-m content, there was higher restriction to chain mobility and, consequently, Tg 

increased. The observed trend agrees with the Tg values previously obtained by DSC. Regarding 

the difference in Tg values obtained by both techniques, lower Tg values by DSC have been 

reported in the literature [19]. The mechanical test is much more sensitive than DSC to the 
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changes occurring at Tg, that is the reason for employing the maximum of tan δ peak to determine 

the Tg [20,21].  

7.3.6. Mechanical properties 

The mechanical properties of synthesized thermoset PUs were measured by flexural tests. A 

representative stress-strain curve of each PU is shown in Figure 7.6. Table 7.6 summarizes the 

average value of flexural modulus (E), flexural strength (σ) and flexural strain (ε) obtained. 
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Figure 7.6. Mechanical properties of synthesized thermoset PUs. 

It was clearly observed BHET-m addition increased flexural modulus, even if lower flexural strain 

was obtained. The aromatic structure of BHET-m provided stiffness to the system [21], but the 

incorporation of a difunctional monomer like BHET-m instead of polyol (f = 4) resulted in a lower 

cross-linking density as already observed in DMA, resulting in lower strength and faster breakage 

of the material, hence lower flexural strain. 

Samples 
E 

(MPa) 

σ 

 (MPa) 

 ε 

(%) 

PU 1:0 1942 ± 25 89 ± 1 8.2 ± 0.0 

PU 0.8:0.2 2323 ± 64 103 ± 2 5.9 ± 0.3 

PU 0.7:0.3 2769 ± 28 94 ± 3 4.1 ± 0.2 

PU 0.6:0.4 3103 ± 41  101 ± 3 3.5 ± 0.5 

PU 0.5:0.5 2945 ± 18 88 ± 3 3.6 ± 0.2 

Table 7.6. Mechanical properties of synthetized thermoset PUs.  
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7.3.7. WCA 

Finally, the effect of the incorporation of BHET-m on the hydrophilicity of synthesized PUs was 

also analyzed. In the synthetized thermoset PU, the density of hydrophilic dipole-forming 

urethane groups [22,23] remains almost constant (Table 7.1), and therefore the only effect would 

come from the increase in BHET-m content.  

In this context, as shown in Table 7.7, an increase in the WCA values was observed with BHET-

m content, which can be attributed to the increase in the hydrophobic aromatic content present at 

BHET [24]. Hydrophobic surfaces with WCA values of almost 90º were obtained at high BHET 

contents.  

PU 1:0 PU 0.8:0.2 PU 0.7:0.3 PU 0.6:0.4 PU 0.5:0.5 

Water contact angle (°) 

63 ± 3 60 ± 3 68 ± 5 84 ± 6 86 ± 4 

     

Table 7.7. WCA results of synthetized thermoset PUs. 

7.4. Chemical recycling of synthetized thermoset PUs 

TPUs can be mechanically and chemically recycled, but thermoset PUs cannot be reprocessed 

again because they cannot be melted, the chemical recycling being the only possible way [25,26]. 

As already discussed in Chapter 6, glycolysis is the most commonly used chemical recycling 

process for PU wastes. Glycolysis of synthesized thermoset PUs could result in the obtention of 

both polyol-based hydroxylated component and BHET-based hydroxylated component, Figure 

7.7.  

The glycolysis reaction was carried out in a closed reactor by placing 30 g pellets of all 

synthesized thermoset PUs containing BHET-m (milled samples from PU 0.8:0.2 to PU 0.5:0.5) 

and EG in a weight ratio of 4:1 (PU:EG). Potassium acetate was used as a catalyst (0.4 wt.%) and 

the reactor was heated at 180 °C for 2 h. It should be noted that a single-phase was observed after 

the glycolysis process, which mainly consist on a mixture of the polyol-based and BHET-based 

hydroxylated components and the unreacted diol used in the glycolysis.  

After reaction, the single-phase glycolyzed mixture product was collected and cooled down to 

room temperature. Then, phosphoric acid was added at 80 °C until the pH was in the range 

between 5 and 6.5 to avoid side reactions taking place when the glycolyzed product is reused in 
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further synthesis. The glycolyzed mixture product (PU-Gly) with a pH of 5.76 was then 

characterized.  

 

  

 

Figure 7.7. Graphical scheme and reactions that can take place in the glycolysis of 

synthesized thermoset PUs.  

A digital image of the obtained PU-Gly is shown in Figure 7.8. As it could be observed the product 

obtained was a dark brown viscous liquid. 

 

Figure 7.8. Glycolyzed mixture product obtained after the glycolysis of the synthesized 

thermoset PUs. 

7.4.1. GPC 

Firstly, the molar mass values and the polydispersity were measured by GPC. Figure 7.9 shows 

GPC chromatograms obtained for PU-Gly and for the commercial polyol and the BHET-m used 

in the synthesis of the thermoset PUs. The glycolyzed mixture product shows several peaks 
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between 30 and 41 min suggesting a broad size distribution, which encompass the distribution 

observed for polyol and BHET-m. That is why two intervals A and B, have been differentiated in 

the glycolyzed product. 

30 32 34 36 38 40

 Polyol

 PU-Gly 

 BHET-m

Elution time (min)

A B

 

Figure 7.9. GPC traces of PU-Gly, and polyol and BHET-m employed in the synthesized 

thermoset PUs. 

As seen in Figure 7.7, B interval could be attributed to the glycolysis fraction containing BHET-

rich monomers, dimers or other alcohols, since the peak observed at 39 min is related to BHET-

m and the polyol does not present peaks at longer elution times. 

 On the other hand, A interval could be mainly attributed to the polyol-rich hydroxylated 

components. Therefore, the weight and number average molar mass (based on calibration curve 

with monodisperse PS standards) between 30.0 and 37.6 min attributed to polyol-rich fraction 

would be Mw= 1475 g/mol and Mn= 936 g/mol respectively, while between 37.6 and 40.5, min 

attributed to BHET-rich fraction, would be Mw= 196 g/mol and Mn= 167 g/mol, respectively. 

These values are in the range of those measured in Figure 9a for polyol (Mw= 1379 g/mol and 

Mn= 1054 g/mol) and for BHET-m (at 37.5 min, Mn= 393 g/mol and Mw= 398 g/mol and at 39.1 

min Mn= 168 g/mol and Mw= 174 g/mol). It should be remarked that values measured for BHET-

m agree with those previously reported [27,28]. However, it is important to note that the 

contribution of both polyol-rich and BHET-rich fractions could overlap in the interval between 

36.8 and 37.9 min. Therefore, the polyol-rich and BHET-rich fractions, calculated by integrating 

the area under the peak in each interval, were of 72 and 28 %, respectively. The BHET-m fraction 
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obtained was close to the BHET-m content average used in the thermoset PU samples, 

corroborating the scheme proposed in Figure 7.7. 

7.4.2. FTIR 

The evolution of functional groups in PU-Gly with respect to the thermoset PUs synthesized was 

analyzed by FTIR. Figure 7.10 shows the spectra of one of the synthesized PUs, the polyol used 

in the synthesis and the glycolyzed product. PU-Gly showed a band at 3342 cm-1, which appeared 

between the absorption band observed for the polyol at 3429 cm-1, characteristic of the -OH 

stretching vibration, and the absorption band observed in the PU at 3317 cm-1, characteristic of 

the N-H stretching vibration of the urethane group. Therefore, the absorption band observed for 

the glycolyzed product suggests that, in addition to the newly formed hydroxyl groups, urethane 

groups remained in the mixture after the glycolysis [29]. The formation of -OH groups during 

glycolysis was also confirmed by the new absorption bands around 1100-1000 cm-1, not present 

in the PU, characteristic of the absorption of C-OH stretching vibration of primary alcohols [30]. 

On the other hand, the rest of the bands such as that related to the stretching vibration of carbonyl 

groups of esters and urethanes at around 1720-1710 cm-1, combined with the C-N stretching and 

the N-H bending bands at 1523 cm-1, the C-O stretching vibration at 1220 cm-1 and band related 

to aromatic C-H bonds at 725 cm-1, were also observed in the PU. All spectra showed bands 

related to -CH2- groups around 2950-2850 cm-1 [30]. 
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Figure 7.10. FTIR spectra of glycolyzed product, polyol employed in the synthesis of PU 

and thermoset PU. 
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7.4.3. DSC 

Thermal properties of glycolyzed product were analyzed in terms of DSC. The thermograms of 

PU-Gly, polyol and synthetized PU 0.7:0.3 samples are shown in Figure 7.11.  
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Figure 7.11. DSC thermograms of PU-Gly, polyol and synthesized thermoset PU. 

As it can be observed, PU-Gly sample showed a Tg higher than that of the original polyol, but 

lower than that of the synthesized PU (Table 7.8). This is attributed to the fact that in the 

depolymerization process the breakage of the three-dimensional structure occurs randomly, 

resulting in shorter chains and lower molar mass, which due to the higher mobility of chains 

compared to those of the thermoset PU, leads to a lower Tg. However, the Tg is higher than that 

of the starting polyol because the network breakage is not complete, and the chains have higher 

mobility restriction when compared to the polyol.  

 Polyol PU 0.7:0.3 PU-Gly 

Tg (°C) -58 85 -19 

Table 7.8. DSC results of PU-Gly, polyol and PU 0.7:0.3. 

7.4.4. TGA 

The PU-Gly obtained in the glycolysis of the thermoset PU was also analyzed by TGA. Figure 

7.12 shows the TG and DTG curves of glycolyzed product, polyol used in the synthesis of 

thermoset PU and the PU. Different weight loss steps were observed in the glycolyzed product. 

The first one, around 140-180 ºC, with a loss of around 4 %, could be associated with the EG used 

in the glycolysis process [31], probably due to the unreacted residual EG remaining in the single-



Chapter 7 

 
166 

phase PU-Gly. The second significant weight loss occurs at around 300 ºC and it was also 

observed in the thermoset PU sample. This step could be related to the degradation of urethane 

groups [14,15], as they were previously observed by FTIR.  

Moreover, a shoulder is observed at lower temperature, around 250 °C, which may be related to 

the degradation of BHET-rich components obtained in the glycolyzed product, according to 

previous TGA results reported in Chapter 5. At higher temperatures, two weight losses were 

observed, also observed for the polyol at around 350 and 470 °C. It could be concluded that the 

glycolyzed product is a mixture of different components, some of which are constituted by several 

functional groups with different thermal stability such as the urethane group or chains derived 

from vegetable oils, and BHET-m as well.  

Furthermore, it was observed that the PU-Gly had a significantly high residue of around 22 %. 

This value is higher than that of PU 0.7:0.3 sample, and may be due to the fact that all synthesized 

PU samples were used in the glycolysis, including those with higher BHET-m content, such as 

PU 0.6:0.4 and PU 0.5:0.5. These samples present higher BHET-m content comparing with PU 

0.7:0.3, which can generate more char by combustion [17]. 
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Figure 7.12. a) Weight evolution and b) DTG curves of polyol, synthetized thermoset PU 

and glycolyzed product.  

7.5. Conclusions 

In this chapter, biobased and recycled thermoset PUs were synthetized using a castor oil derived 

polyol and BHET-m recycled from marine PET litter, producing more environmentally friendly 

materials. Five different thermoset PUs were synthesized by varying the ratio of polyol and 

BHET-m, and deeply characterized to understand their influence on the final properties. 
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Results showed that marine BHET-m could be a good alternative for the synthesis of high 

performance thermoset PUs. DSC results indicated a higher Tg as the amount of BHET increased. 

DMA results confirmed that the crosslinking density decreased with the addition of difunctional 

BHET-m, but Tg increased due to the aromatic structure of BHET-m, that restricts the chain 

mobility. Furthermore, flexural test results demonstrated that BHET-m increases the flexural 

modulus, resulting in a stiffer material, due to the aromatic structure of BHET-m. 

On the other hand, in order to demonstrate the recyclability of synthesized thermoset PUs, 

glycolysis was carried out, obtaining a single-phase viscous liquid. Obtained PU-Gly was 

characterized with several techniques, finding that glycolysis resulted in depolymerization, 

obtaining fractions with similar molar mass than raw components. 
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8. LIFE CYCLE ASSESSMENT OF THE DIFFERENT PROCESSES 

AND MATERIALS DEVELOPED 

8.1. Aim of the chapter 

In previous chapters, the optimization of PET glycolysis obtaining high purity BHET-m from 

marine PET litter, employed in the synthesis of PUs was performed. This chapter focuses on the 

evaluation of the environmental impacts for all those processes. Whit this aim, a quantitative 

analysis by the Life Cycle Assessment (LCA) of environmental impacts is developed in the 

present chapter.  

With this objective, three LCA groups were evaluated. Firstly, the LCA corresponding to the 

glycolysis reaction of PET litter, defined in Chapter 5, is presented, from the collection of marine 

PET litter to the final purification of BHET monomer, taking into account all steps, materials and 

energy consumption of the process.  

Secondly, the LCA of the TPU synthesis process, developed in Chapter 6, was performed. In 

order to analyze the effect of recycled BHET-m addition on the synthesis of TPUs, a LCA study 

of TPUs synthesized with a commercial BHET-m was also carried out. Finally, the LCA 

corresponding to a TPUs obtained from petrochemical polyol was analyzed. Thus, the 

environmental impacts of the synthesis of biobased and BHET-m containing TPUs were analyzed 

and compared with those of a fossil-based one. 

8.2. Life Cycle Assessment for the chemical recycling of marine PET litter   

The environmental impacts of chemical recycling of PET are lower than those resulting for 

incineration and landfilling [1]. However, thermo-mechanical recycling, compared to chemical 

one, shows the best results for all plastics in terms of impact on global warming [2]. Thermo-

mechanical recycling is therefore preferred from an environmental point of view, if the chemical 

and physical characteristics of wastes allow it. In contrast, chemical recycling for monomer 

production also offers a positive environmental impact for residues not suitable for thermo-

mechanical recycling.  

The LCA of the chemical recycling of marine PET litter was carried out from the collection of 

wastes at the sea, to the final purification of BHET-m, including the transport to the laboratory, 

the cleaning and preparation of materials and the recycling reaction. In addition, all necessary 

reagents and energy consumption for the process of obtaining the final BHET-m product, were 

taken into account. PET recycling scheme, with all the inputs and outputs of the process, is 

presented in Figure 8.1. 
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It is important to note that the input marine PET litter was created excluding its previous 

production impacts as it refers to a waste. For the recycling of marine PET, three different steps 

were distinguished: the first one, the collection, transport and preparation of PET-m waste; the 

second one, the glycolysis of PET-m; and, the last one the purification of the BHET-m from 

glycolyzed product (GPR). Quantification was performed with the values corresponding to the 

process carried out in the laboratory, described in Chapter 5.  

Inputs for the modelling of LCA study were taken from Ecoinvent v3.5 database. However, as 

the zinc acetate catalyst was not included in this database, it was modelled separately. Table 8.1 

shows the inventory with all the inputs and outputs of each unit of PET-m. Inputs marked with an 

asterisk (*) indicate that they have been previously modelled, in Chapter 2. It is important to note 

that the column labeled Remarks refers to the input used in SimaPro, as it is named in the program. 

Preparation of PET-m: collection, transport and conditioning 

Inputs Amount Unit Remarks 

Marine PET litter 30 kg  

Transport lorry 939 kgkm 
Transport, lorry {RER}| transport all sizes 

EURO6 to generic market for | APOS, U 

Water for cleaning 12 kg Tap water {RER}| market for | APOS, U 

Drying system (oven 24 h,      

50 °C) 
2.4 kWh 

Electricity, low voltage {ES}| market for | 

APOS, U 

Grinder energy (3 h) 0.225 kWh 
Electricity, low voltage {ES}| market for | 

APOS, U 

Outputs Amount Unit Remarks 

PET-m 30 kg  

Wastewater for treatment 11 L 
Wastewater, average {Europe without 

Switzerland}| market for wastewater, 

average | APOS, U 

Table 8.1. Inventory of marine PET litter collection and preparation. Main outputs are 

identified in bold. 

Similarly, Table 8.2. shows the inventory with all the inputs and outputs of each unit of the system 

for the chemical recycling of PET-m and the purification process of BHET monomer.   

The total global warming impact of the process for obtaining 34 g BHET-m through chemical 

recycling of PET-m was of about 0.713 kg CO2 eq. This impact was selected as an environmental 

indicator as it is the most reliable data available [3]. However, more impacts were analyzed in 

LCA studies. The main contributors and environmental impacts during BHET-m monomer 

production (above 10 % contribution) are presented in the tree diagram Figure 8.2.  
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Glycolysis: obtaining GPR 

Inputs Amount Unit Remarks 

PET-m 40 g  

Ethylene glycol 120 g Ethylene glycol {GLO}| market for | APOS, U 

Zinc acetate* 1.6 g Modeled* in Chapter 2 

Energy reactor 0.173 kWh Electricity, low voltage {ES}| market for | APOS, U 

Stirring (1000 rpm,     

30 min) 
0.00156 kWh Electricity, low voltage {ES}| market for | APOS, U 

Outputs Amount Unit Remarks 

Glycolyzed product 

(GPR) 
160 g  

Purification: obtaining BHET-m 

Inputs Amount Unit Remarks 

Glycolyzed product 

(GPR) 
160 g  

Water 1 kg Tap water {RER}| market for | APOS, U 

Microwave (warm up 

water 4 min) 
0.00267 kWh Electricity, low voltage {ES}| market for | APOS, U 

Vacuum pump filtrate 

(2 h, 3 bar) 
0.058 kWh Electricity, low voltage {ES}| market for | APOS, U 

Drying in vacuum oven 

(24 h, 50 °C) 
0.648 kWh Electricity, low voltage {ES}| market for | APOS, U 

Pump of vacuum drying 0.0001 kWh Electricity, low voltage {ES}| market for | APOS, U 

Outputs Amount Unit Remarks 

BHET-m 34 g  

Wastewater 900 cm3 
Wastewater, average {Europe without Switzerland}| 

market for wastewater, average | APOS, U 

Ethylene glycol waste 100 g 
Spent solvent mixture {Europe without 

Switzerland}| market for spent solvent mixture| 

APOS, U 

Table 8.2. Inventory for the chemical recycling of PET-m for obtaining BHET-m, 

considering three different steps. Outputs are identified in bold. 

As it can be seen in Figure 8.2, the main environmental impact was attributed to the energy 

consumption (electricity) for the depolymerization reaction, followed by the production of the EG 

required for the reaction. Energy consumption was the dominant factor in the LCA, so it must be 

calculated with high accuracy [4]. However, the treatment of EG waste also present a high impact, 

of around 21 %. This contribution could be reduced by designing a system for separation and 

reuse of this glycol. Some models assume full recovery of EG in the chemical recycling of PET 
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[5], but in this work EG was not recovered. The energy consumption and therefore the impact of 

EG could be reduced transferring this process to an optimized industrial scale, due to the larger 

amounts obtained. This would require suitable management of marine litter. Management 

constitutes the first step towards recycling. 

 

Figure 8.2. Tree diagram of the main contributions (above 10 %) to environmental 

impacts in BHET-m production. 
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The production of BHET-m by the depolymerization reaction of PET-m was compared with the 

production of commercial BHET (BHET-ref) obtained by the glycolysis reaction of PET [4,5]. 

BHET-ref production was modelled in Chapter 2 and the impacts contributions are shown in the 

Figure 8.3.  

 

Figure 8.3. Tree diagram of the main environmental contributions for BHET-ref. 

As it can be observed, the main contribution was the electricity needed, being the most 

denominated input, followed by the impact of EG, with a contribution of 11 %.  

The different environmental impacts for the production of 1 kg of BHET-m and BHET-ref are 

compared in Table 8.3. Ten different normalized impacts were analyzed by ReCiPe 2016 

Midpoint (H) methodology. The impacts are listed in the table in order of importance. It can be 
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stated that the effect on global warming was higher for BHET-ref samples, due to both the high 

energy consumption required for glycolysis and the consumption of EG [6]. 

Impact 

No. 

impact 

category 

BHET-m BHET-ref Unit 

Global warming 1 19.82 21.64 kg CO2 eq 

Stratospheric ozone 

depletion 
2 6.49·10-6 7.87·10-6 kg CFC11 eq 

Ionizing radiation 3 0.41 0.20 kBq Co-60 eq 

Ozone formation 4 8.9·10-2 8.5·10-2 kg NOx eq 

Terrestrial acidification 5 7.3·10-2 6.4·10-2 kg SO2 eq 

Terrestrial ecotoxicity 6 10.6 11.0 kg 1,4-DCB 

Freshwater ecotoxicity 7 5.9·10-3 7.3·10-3 kg 1,4-DCB 

Land use 8 0.90 0.50 m2 crop eq 

Human toxicity 9 3.15 3.25 kg 1,4-DCB 

Water consumption 10 5.4·10-3 2.0·10-3 m3 

Table 8.3. LCA results of impact categories for the production of 1kg of BHET-m and 

BHET-ref. 

Figure 8.4 represents the ten impacts analyzed after normalization. According to ISO 14044 

standard on Life Cycle Assessment (LCA), normalization relates the results of category indicators 

of the product under study to those of a reference system [7,8]. In this case, it was normalized 

respect to ReCiPe 2016 Midpoint (H) method with the SimaPro software. 

It could be observed that the highest contribution to the impact was human toxicity, being higher 

for BHET-ref process, probably due to the chemicals released into the environment in the 

manufacturing process [9]. Furthermore, it has been reported that PET production is the plastic 

production with the highest impact on human toxicity [10], so human toxicity could be attributed 

to the production of BHET-ref in which PET was used. Similarly, the impacts of BHET-ref were 

also higher when analyzing the categories of global warming, stratospheric ozone depletion, 

terrestrial ecotoxicity, freshwater ecotoxicity and water consumption. However, impacts were 

higher for BHET-m in the cases of ionizing radiation, ozone formation, land acidification and 

land use. In 6 of the 10 impact categories studied, the performance of BHET-m was better than 

that of BHET-ref, with lower human toxicity and global warming. In addition, it should be noted 

that the BHET-m process could be optimized by recovering EG as in the production of 

commercial BHET.  

Comparing the results of the glycolysis for BHET-m production with those reported in the 

literature, it can be concluded that the model followed in this work presents a greater impact 
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associated with higher energy consumption. Specifically, the study of Shen et al. [5] indicated 

that the production of 1 kg of BHET by glycolysis has an impact of 2.6 kg CO2 eq, based on data 

received from Far Eastern New Century (FENC) in a small-scale production. In contrast, in the 

model employed in this work, the impact was of 19.8 kg CO2 eq. As shown in Figure 8.2, the 

energy required is 92.4 MJ/kg, in contrast to the 39 MJ/kg reported by Shen et al.  

This difference could be attributed to the higher energy consumption of the laboratory equipment 

compared to data obtained from FENC. On the other hand, if the full recovery of EG was included 

in the model, as reported in the literature [5], the overall warming impact obtained for the model 

followed in this work would be of 3.6 kg CO2 eq, which is similar to that reported in the literature.  

1 2 3 4 5 6 7 8 9 10
0

2x10
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4x10
-3

6x10
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8x10
-3

P
t

No. Impact category

 BHET-m
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Figure 8.4. Normalized representation of different impacts for BHET-m and BHET-ref 

production. 

8.3. LCA of synthetized TPUs 

Once BHET-m was produced from the chemical recycling of PET-m, thermoplastic TPUs were 

synthesized with the incorporation of BHET-m as chain extender (Chapter 6). The LCA of the 

whole process up to the final production of the TPU samples was developed. 

As described in Chapter 6, five different TPU compositions were synthesized by varying the 

macrodiol:isocyanate:BHET-m ratio. TPU samples shown in Table 8.4 were analyzed in the LCA 

in order to evaluate the effect of using different amounts of BHET-m. TPU samples have been 

denoted as TPU-m 1:x:y, being x and y the molar ratio of isocyanate (HDI) and BHET-m. 
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Sample code 
Molar ratio 

Macrodiol:HDI:BHET 

BHET-m 

(%) 

TPU-m 1:2:1 1:2:1 10 

TPU-m 1:3:2 1:3:2 17 

TPU-m 1:4:3 1:4:3 22 

TPU-m 1:5:4 1:5:4 26 

TPU-m 1:6:5 1:6:5 30 

Table 8.4. TPUs studied by LCA. 

The overall process for the synthesis of TPUs containing BHET-m is summarized in Figure 8.5. 

Two different steps were defined: the first one, related to the preparation of the waste to obtain 

PET-m for the subsequent production of BHET-m suitable for the second step, constituted bythe 

synthesis of biobased PUs using castor oil derived macrodiol, and BHET-m as chain extender.  

As for PET-m recycling and BHET-m production, LCA inputs were taken from the Ecoinvent 

v3.5 database. However, inputs not included in the database were modelled separately, such as 

macrodiol and HDI (Chapter 2). The macrodiol used for the synthesis, Priplast 3192, was a castor 

oil derived biobased polyol with a 38 % of renewable content and a footprint of 3.5 kg CO2. In 

order to model it, the work of Fridrihsone et al., in wich bio-polyols were modelled [11], was 

taken as reference. Therefore, in this LCA study, the name of macrodiol was replaced by bio-

polyol, as it would not be accurate to named it as macrodiol, the information not corresponding 

to the production of Priplast 3192. 

The inventory of the TPU-m 1:2:1 synthesis process is detailed in Table 8.5 from the BHET-m 

obtained above. The modelling of inputs marked with * were presented in Chapter 2. 
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TPU synthesis 

Inputs Amount Unit Remarks 

BHET-m* 2.88 g Modeled* in the previous step 

Bio-polyol* 23.22 g  Modeled* in Chapter 2 

HDI* 3.90 g  Modeled* in Chapter 2 

Atmospheric nitrogen 3.0 L Nitrogen, liquid {RER}| market for | APOS, U 

Energy oil bath 110 °C 3 h 0.1 kWh Electricity, low voltage {ES}| market for | APOS, U 

Stirring reactor 300 rpm 2 h 0.005 kWh Electricity, low voltage {ES}| market for | APOS, U 

Press 100 °C, 50 bar, 10 h  0.625 kWh Electricity, low voltage {ES}| market for | APOS, U 

Press 25 °C, 50 bar, 3 h  0.2 kWh Electricity, low voltage {ES}| market for | APOS, U 

Outputs Amount Unit Remarks 

TPU-m 30 g   

Table 8.5. Inventory for TPU-m 1:2:1 sample.  

Concerning the synthesis of TPU-m 1:3:2, TPU-m 1:4:3, TPU-m 1:5:4 and TPU-m 1:6:5, the only 

variation is the amount of BHET-m, bio-polyol and HDI. Table 8.6 shows the amount used for 

each reaction and also the global warming impact (GWP) for the laboratory scale synthesis of 30 

g of each TPU. 

Sample code 
Bio-polyol 

(g) 

HDI 

(g) 

BHET-m 

(g) 

GWP 

(kg CO2 eq) 

TPU-m 1:2:1 23.22 3.90 2.88 0.511 

TPU-m 1:3:2 20.00 5.04 4.96 0.552 

TPU-m 1:4:3 17.56 5.90 6.53 0.583 

TPU-m 1:5:4 15.66 6.58 7.77 0.607 

TPU-m 1:6:5 14.12 7.12 8.76 0.626 

Table 8.6. Bio-polyol, HDI and BHET-m amounts for the synthesis of each TPU together 

with the GWP impact.  

The tree diagram shown in Figure 8.6 summarizes the main contributions for TPU-m 1:2:1 

sample. As it can be seen, the largest contribution is from energy consumption, followed by bio-

polyol production. Table 8.7 shows the contributions to the environmental impacts for each TPU 

synthesized.  
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Figure 8.6. Tree diagram of the main environmental contributions TPU-m 1:2:1 sample. 

Sample code 
Energy  

(%) 

Bio-polyol 

(%) 

BHET-m  

(%) 

HDI 

(%) 

TPU-m 1:2:1 70.8 15.9 11.2 7.2 

TPU-m 1:3:2 69.0 12.6 17.8 8.6 

TPU-m 1:4:3 67.8 10.5 22.2 9.5 

TPU-m 1:5:4 66.9 9.0 25.4 10.2 

TPU-m 1:6:5 66.3 7.9 27.7 10.7 

Table 8.7. Main contributions to environmental impacts for synthetized TPUs. 
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As it can be seen, the energy contribution was the largest impact in all cases. This result may be 

related to the fact that the LCA was carried out at laboratory scale, in which the energy 

consumption is overestimated being it contribution to the impacts higher [4]. However, it can be 

observed that as BHET-m content increases, the second largest contribution was for BHET-m, 

due to the greater impact of BHET-m production. It should be noted that the LCA performed with 

BHET-m included all impacts. In contrast, in the case of isocyanate and bio-polymer, modelling 

was performed despising several factors comparing with BHET-m, which could lead to lower 

environmental impacts. 

The results for the production of 1 kg of the five synthesized TPUs, are summarized in Table 8.8. 

Ten impact categories were analyzed in Table 8.3. 

No. 

impact 

category 

TPU-m 

1:2:1 

TPU-m 

1:3:2 

TPU-m 

1:4:3 

TPU-m 

1:5:4 

TPU-m 

1:6:5 
Unit 

1 17.04 18.39 19.42 20.23 20.87 kg CO2 eq 

2 2.85·10-5 2.59·10-5 2.40·10-5 2.26·10-5 2.14·10-5 kg CFC11 eq 

3 0.54 0.57 0.59 0.61 0.62 kBq Co-60 eq 

4 9.97·10-2 1.05·10-1 1.10·10-1 1.13·10-1 1.16·10-1 kg NOx eq 

5 1.02·10-1 1.05·10-1 1.07·10-1 1.08·10-1 1.10·10-1 kg SO2 eq 

6 11.91 12.71 13.31 13.79 14.16 kg 1,4-DCB 

7 1.14·10-2 1.10·10-2 1.07·10-2 1.04·10-2 1.02·10-2 kg 1,4-DCB 

8 5.82 5.26 4.84 4.52 4.25 m2 crop eq 

9 7.81 7.44 7.16 6.94 6.76 kg 1,4-DCB 

10 0.25 0.27 0.29 0.30 0.31 m3 

Table 8.8. LCA results of impact categories for 1 kg of synthetized TPU samples. 

As it can be seen from the impacts analysis, the production of BHET-m was one of the main 

contributors. As BHET-m content increased, the impacts of global warming, ionizing radiation, 

ozone formation, terrestrial acidification, terrestrial ecotoxicity, human toxicity and water 

consumption were higher, as can be observed in Figure 8.7.  

This is because increasing the HS content decreases that of SS (bio-polyol), an input that presents 

a lower environmental impact than BHET-m. However, the impacts of stratospheric ozone 

depletion, freshwater ecotoxicity and land use decreased for samples with higher BHET-m 

content. These impacts are related to bio-polyol production including those related to the 

cultivation of vegetable oil needed for bio-polyol synthesis [11,12]. Therefore, as bio-polyol 

content increased, impacts related to land use, ozone depletion and ecotoxicity impacts on 
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freshwater increased. It should be noted that the synthesis of PU was carried out employing a bio-

polyol with a relatively low food footprint, this input not having high impact. 
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4x10
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6x10
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No. Impact category

 TPU -m 1:2:1

 TPU -m 1:3:2

 TPU -m 1:4:3

 TPU -m 1:5:4

 TPU -m 1:6:5

 

Figure 8.7. Impact categories of TPU-m samples. 

8.3.1. Comparative of LCA between TPU-m and TPU-ref 

In the LCA performed up to this point, the synthesis of TPUs with recycled BHET-m as chain 

extender was analyzed. To compare the impacts of BHET-m with those of BHET-ref, the LCA 

study of TPU synthesis using commercial BHET-ref as chain extender was performed. The 

scheme of synthesis is shown in Figure 8.8. The inventory table for TPU-ref synthesis was the 

same as for TPU-m one (Table 8.3).  

Figure 8.9 shows the contribution of impacts of each process for TPU-ref 1:2:1 sample, energy 

consumption being the largest, as explained above. In addition, the impacts of bio-polyol and 

commercial BHET-ref were also relevant. As can be seen, the production of bio-polyol has a 

greater impact on the synthesis of TPU-ref 1:2:1 than the production of commercial BHET-ref.  

However, as the content of BHET-ref increased in the synthesized TPUs, the impact of BHET-

ref increased, decreasing the contribution of bio-polyols to the impacts, as shown in Table 8.9. 

The contribution of BHET-ref production in the TPU-ref 1:6:5 to the impacts is significant, which 

was close to 30 %, while the impact of bio-polyol is of 7.6 % and that of HDI production of 10.3 

%.  
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Figure 8.9. Network tree for the environmental contributions of TPU-ref 1:2:1 sample. 

Sample code 
Energy  

(%) 

Bio-polyol 

(%) 

BHET-ref  

(%) 

HDI 

(%) 

TPU-ref 1:2:1 64.9 15.6 12.2 4.2 

TPU-ref 1:3:2 59.7 12.4 19.4 8.4 

TPU-ref 1:4:3 56.3 10.2 24.1 9.3 

TPU-ref 1:5:4 53.9 8.7 27.3 9.9 

TPU-ref 1:6:5 52.1 7.6 28.9 10.3 

Table 8.9. Main contributions to environmental impacts for synthesized TPU-ref samples. 

Results obtained for the different TPUs synthesized with BHET-ref and BHET-m are summarized 

in Table 8.10. 
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As it can be seen, the synthesis of TPU-ref samples results in a higher GWP impact than for those 

synthetized with recycled BHET-m. Comparing both syntheses, it can be concluded that no 

important changes were observed for the impact categories studied. Categories No. 2, 5, 6, 7, 8 

and 10 have been assumed to be the same for both systems, since the same bio-polyol was used, 

leading in the same impacts in several categories such as land use or acidification, which are 

closely related to bio-polyol production [11]. However, according to GWP, stratospheric ozone 

depletion and freshwater ecotoxicity show greater impact for TPU-m samples. These categories 

are related with the use of fossil combustible or chemical manufacturing that give rise to 

greenhouse gas emissions of and ozone-depleting substances such as CFC (chlorofluorocarbon) 

and other halocarbon emissions [13]. The normalized graph of the most significant impacts is 

represented in Figure 8.10, where the trend of each impact is observed to increase with BHET 

content for all of the samples.  

1:2:1 1:3:2 1:4:3 1:5:4 1:6:5
0

1x10
-3

2x10
-3

7x10
-3

8x10
-3

9x10
-3

P
t

PU composition

 TPU-m

 TPU-ref

No.1

No.3

No.4

No.9

 

Figure 8.10. Normalized graph of relevant impact categories on TPU-m and TPU-ref 

samples. 

As it can be seen, as the BHET content increased, the ozone formation (No. 4) and human toxicity 

(No. 9) impacts increased in both TPU systems (Figure 8.10). This could be related to the process 

of BHET production, whose feedstocks may contribute to the emission of greenhouse and harmful 

gases. Furthermore, these impacts were higher for the TPU-ref system, in agreement with the 

previous LCA study, in which higher impacts were obtained for commercial BHET-ref. The 

global warming impact (No. 1) also increased with BHET content and was higher for the TPU-

ref samples as well. On the other hand, the ionization impact (No. 3) slightly increased with 

BHET, presenting lower impact on samples synthesized with commercial BHET. 
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8.3.2. Comparative analysis between TPU-m and a TPU synthetized with a commercial 

polyol  

The study of BHET-m containing TPU synthesis was completed with the study of the influence 

of the polyol origin on the impacts evaluated by LCA. Therefore, the impacts of the synthesis of 

a TPU based on a bio-polyol, synthesized in Chapter 6, and another TPU prepared with a polyol 

of fossil origin were determined. In this context, the LCA study for TPU-m sample was compared 

with that of a PU synthesized with a commercial polyol (TPU-petropolyol) from the Ecoinvent 

v3.5 database and BHET-ref as chain extender. In both cases, the same synthesis conditions and 

molar ratios were considered. The modeling of petropolyol was made taking into account a CO2 

footprint value between 4-6 kg CO2 eq, as reported in the literature [14]. 

Therefore, the polyol used in the SimaPro model as petropolyol has an impact of around 4.8 kg 

CO2 eq. The TPU-petropolyol was compared to TPU-m 1:4:3 sample. In addition to the ten impact 

categories discussed above, the midpoint impact of fossil resource scarcity was studied, as it is 

relevant when comparing a bio-polyol with a petrochemical polyol [11,12]. In the same way, the 

human carcinogenic toxicity was analyzed. The twelve midpoint impacts are summarized in Table 

8.11 and represented in a normalized graph in Figure 8.11, for comparison. 

Impact 

No. 

impact 

category 

TPU-m TPU-petropolyol Unit 

Global warming 1 19.42 20.60 kg CO2 eq 

Ozone depletion 2 2.40·10-5 7.87·10-6 kg CFC11 eq 

Ionizing radiation 3 0.59 0.532 kBq Co-60 eq 

Ozone formation 4 1.10·10-1 1.09·10-1 kg NOx eq 

Terrestrial acidification 5 1.07·10-1 9.48·10-2 kg SO2 eq 

Terrestrial ecotoxicity 6 13.31 12.10 kg 1,4-DCB 

Freshwater ecotoxicity 7 1.07·10-2 8.38·10-3 kg 1,4-DCB 

Land use 8 4.84 1.26 m2 crop eq 

Human non-carcinogenic 9 7.16 3.85 kg 1,4-DCB 

Water consumption 10 0.29 0.32 m3 

Fossil resource scarcity 11 5.69 6.16 kg oil eq 

Human carcinogenic 12 0.08 0.10 kg 1,4-DCB 

Table 8.11. LCA results of impact categories for synthetized TPU-m and TPU-

petropolyol samples. 

As it can be seen, the impact category with the highest contribution is the human carcinogenic 

toxicity (No. 12), being considerably higher for the TPU-petropolyol sample. This impact 
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reflected the potential damage in one unit of chemical discharged into the environment, usually 

evaluated in terms of benzene equivalence (carcinogenic) [9]. Therefore, in general terms it can 

be said that the impact of human toxicity increases with fuel or energy use, as for TPU-petropolyol 

sample. However, the impact of biobased TPU is also considerable, as it is related to pesticides, 

fertilizers and water employed in the agricultural sector [15]. Therefore, a reduction in the impact 

of fossil resources was observed for the TPU-m sample (No. 11), despite the fact that the 

consumption of EG in this sample was linear because its recovery was not taken into account.  
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Figure 8.11. Normalized graph of different impact categories for TPU-m and TPU-

petropolyol samples. 

In general, the use of a biobased polyol results in significant savings of fossil resources [11]. Patel 

et al. have reported [16] that a good practice goal for biobased polymers to be environmentally 

friendly is to avoid at least 1 kg of CO2 per kg of polymer obtained. As shown in Table 8.10. more 

than 1 kg CO2 eq was saved in the case of TPU-m, confirming that it is a propped biobased PU 

from an environmental point of view. Moreover, the water consumption impact was similar for 

both polyols, the biobased and the petrochemical [11,17].  

In contrast, some important midpoint impacts, such as ionizing radiation (No. 3), terrestrial 

acidification (No. 5), terrestrial ecotoxicity (No .6) and land use (No. 8) performed worse for the 

biobased TPU sample, being in agreement with the literature [11,17]. Acidification, ecotoxicity 

and land use are impact categories directly related to agricultural production. The biggest 
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difference was observed in land use, which increases considerably in the case of biobased polyol 

employed in TPU-m, due to cultivated land [12,17].  

8.4. Conclusions 

In this chapter, the environmental impact of BHET-m, BHET-ref, TPU-m, TPU-ref, and TPU-

petropolyol were evaluated using a LCA model. From the analysis of 10 impact categories, it 

could be concluded that the recycling of PET-m for the production of BHET-m monomer is more 

environmentally friendly than commercial BHET. In addition, the overall warming impact for 

BHET-m sample was lower than that modeled for the commercial BHET. Besides, the human 

toxicity is relatively higher for BHET-ref than for BHET-m. This was because for the production 

of BHET-ref, PET, which is the plastic with the highest impact of human toxicity in production, 

was used as an input [10], while for the BHET-m sample, an input of marine litter with no previous 

impacts was created. 

From the LCA study of TPU-m and TPU-ref samples, no relevant differences were obtained since 

the only variation was the BHET used. Even so, for the different samples synthesized, higher 

environmental impacts were observed with increasing BHET content (or with decreasing bio-

polyol), due to the higher impacts of BHET compared to bio-polyol. In addition, TPU-ref samples 

present in all cases higher impacts than TPU-m samples, due to the fact that BHET-m is more 

environmentally friendly than BHET-ref. 

Furthermore, it is confirmed that the use of a biobased polyol for the synthesis of TPUs is 

generally advantageous according to the LCA study. Although impacts related to the agricultural 

sector, are higher for the biobased PU, these impacts are less negative than the others [11,12]. 

Moreover, synthesized TPUs are environmentally friendly biobased materials, as they avoid at 

least 1 kg of CO2 per kg of polymer obtained [16].  

Therefore, the LCA studies confirm that all the processes developed in this research present lower 

environmental impact than conventional processes. The use of a biobased polyol and recycled 

BHET-m from PET-m for the synthesis of PUs has been shown to be an environmentally friendly 

alternative. Compared to TPU-petropolyol, a greater decrease in the impact categories of human 

carcinogenesis and fossil resource scarcity was obtained, along with a lower carbon footprint. 

However, although the modeled bio-polyol is better than petropolyol from an environmental point 

of view, their footprint impact is not that different, 3.5 and 4.8 kg CO2 eq, respectively. In the 

supplier's data other Pripast-type polyols with lower footprint can be found [14], of around 0 and 

1 kg CO2, so if a biobased polyol with higher renewable content was used, the environmental 

impacts would be lower and the results compared to TPU-petropolyol much more significant. 
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The highest impact in all cases is attributed to energy consumption. However, it is important to 

mention that the modeled processes are oversized in terms of energy consumption, since they 

have been performed at a laboratory scale. In order to obtain better results, an exhaustive study 

of the net energy consumption of the processes should be carried out, using energy meters on all 

the machinery used. Furthermore, it should be noted that an EG recovery system in the 

depolymerization stage would improve already obtained positive results. These facts will be taken 

into account in future works. 
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9. GENERAL CONCLUSIONS, FUTURE WORKS AND 

PUBLICATIONS 

9.1. General conclusions 

The aim of this work was to analyze the valorization opportunities of highly degraded PET 

residues as marine PET litter, that nowadays are not systematically recycled in the industry. For 

this purpose, different PET samples were characterized, raw PET (PET-v and PET-ssp) and 

wastes (PET-u and PET-m), in order to study the effect of degradation on their physicochemical 

properties. The main degradation process undergone by the samples appeared to be 

photodegradation and hydrolysis, resulting in the formation of -COOH and -OH end groups due 

to chain scission. This fact was corroborated by FTIR and also by WCA, and it was seen that the 

cleavage of the ester group in the polymer chain results in the formation of carboxyl and hydroxyl 

groups, increasing the hydrophilicity of the PET-u and PET-m samples and reducing the contact 

angle considerably. Moreover, the degradation of PET-u and PET-m was also confirmed by MFI 

and IV results, with an important decrease in molar mass. In addition, it was confirmed that as 

consequence of UV radiation and seawater, PET from the marine environment suffered higher 

degradation than of urban PET waste. 

For this reason, several methods for the valorization of PET-m were studied in order to produce 

new, more environmentally friendly materials, and thus reduce the impacts and consumption of 

raw materials, towards circular economy. Regarding thermo-mechanical recycling, it was 

confirmed that it was not a suitable alternative for previously degraded samples, such as PET-m, 

since the samples, due to the high temperature, degrade fastly under extrusion conditions. Several 

evidences, such as the noticeably brown color related to thermo-oxidative degradation or the 

decrease of molar mass and viscosity values in the recycled PET-m samples, corroborated the 

degradation. Moreover, the chain scission and the formation of -COOH and -OH groups in the 

recycling process were also confirmed by TGA, FTIR and WCA, increasing hydrophilicity of 

samples. Similarly, the formation of -COOH groups in the RPET samples confirmed the 

autocatalytic degradation experienced by RPET samples. That is the reason for the thermo-

mechanical recycling of these highly degraded materials to be discarded and the second 

conventional method, energy recovery, was studied. In this case, even if for degraded samples the 

energy values were lower, results obtained are in the range found in the literature. 

Even so, as the combustion of PET was not the best option from the environmental and ecological 

point of view, the chemical recycling of PET samples was analyzed as alternative. The 
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depolymerization reaction depends on reaction time and temperature. Very good results were 

obtained for short reaction times. In the same way, pure BHET was also obtained at 180 ºC for 

30 min. For PET-m glycolysis reaction in a close reactor, yield values of 63 ± 10 % for 30 min of 

reaction were obtained, demonstrating that chemical recycling was a valid option for degraded 

materials. It was confirmed that physical and chemical properties of raw material are an important 

factor to be taking into account in depolymerisation, since degradation can help the 

depolymerization of the material, increasing the monomer content in the glycolyzed product. 

Thus, chemical recycling is confirmed as a good alternative for PET-m and highly degraded PET 

samples. 

Moreover, different composition of thermoplastic and thermoset PUs were synthetized with 

obtained BHET-m. The thermoplastic samples obtained were compared with PUs synthesized 

with commercial BHET, obtaining very close properties. Therefore, it can be concluded that 

BHET-m recycled from PET-m could be a suitable alternative to fossil derived BHET for the 

production of TPUs. Similarly, it was confirmed that marine BHET was a good alternative for the 

synthesis of high-performance thermoset PUs. Stiff materials were obtained due to the aromatic 

structure of BHET. Moreover, the recyclability of both polyurethanes, reprocessing and chemical 

recycling for TPUs and chemical recycling for thermoset PUs, were confirmed, involving these 

products in the circular economy. 

Finally, the Life Cycle Assessment (LCA) studies performed for the chemical recycling PET-m 

and for the synthesis of TPU-m showed favorable results compared to the production of 

commercial BHET-ref and synthesis of PUs with commercial BHET. Furthermore, greater 

differences were observed when comparing TPU-m with a PU synthetized with a polyol derived 

from fossil sources, obtaining lower environmental impacts for TPU-m samples. Therefore, it can 

be concluded that recycled BHET-m from PET-m is a suitable alternative for the synthesis of 

biobased and recycled PUs, considerably decreasing environmental impacts. In this way, 

emphasis has been placed on the circular economy and sustainability, very necessary nowadays. 

9.2. Future works 

From the results obtained in this thesis and following research line, different proposals for future 

work are shown, with the aim completing this work as well as for being able to give rise to new 

research lines. 

• To further optimize the chemical recycling of PET, by varying the PET:EG ratio. In this 

way, we intend study the glycolysis and BHET conversion by consuming the lowest 

amount of EG as possible. 
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• To further optimize PU synthesis, eco-isocyanates and biopolyols with a lower footprint 

of kg CO2 eq could be used. In this way, the footprint of the synthesis could decrease 

considerably. 

• Recover the EG used in the chemical recycling to further reduce LCA impacts. 

• Finally, in order to carry out a more accurate Life Cycle Assessment study, it is proposed 

to place energy meters on the equipment used in order to know the exact consumption 

and avoid energy oversize 
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ANNEXE III- List of abbreviations 

1H NMR Proton nuclear magnetic resonance 

ADN Adiponitrile 

AFM Atomic force microscopy 

BHET Bis(2-hydroxyethyl) terephthalate 

DEG Diethylene glycol 

DMA Dynamic mechanical analysis 

DMSO Dimethyl sulfoxide 

DMT Dimethyl terephthalate 

DSC Differential scanning calorimetry 

EG Ethylene glycol 

FTIR Fourier transform infrared spectroscopy 

G Glycolyzed fraction 

GPC Gel permeation chromatography 

GPR Glycolyzed reaction product 

HDI Hexamethylene diisocyanate 

HDPE High density polyethylene 

HHV Higher heating value 

HMDA Hexamethylenediamine 

HS Hard segment 

IF Insoluble fraction 

IV Intrinsic viscosity 

LCA Life Cycle Assessment 

LDPE Low density polyethylene 

LHV Lower heating value 

MA Maleic anhydride 

MDA Methylenedianiline 

MDI Methylene diphenyl diisocyanate 

MFI Melt flow index 

PCL Polycaprolactone 

PET Poly(ethylene terephthalate) 

pMDI Polymeric methylene diphenyl diisocyanate  

PG Propylene glycol 

PS Polystyrene 
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PU Polyurethane 

PU-Gly Glycolyzed thermoset polyurethane 

PVC Polyvinyl chloride 

RPET Recycled poly(ethylene terephthalate) 

rpm Revolutions per minute 

RTPU Recycled themoplastic polyurethane 

SS Soft segment 

TA Terephthalic acid 

TDI Toluene diisocyanate 

TEG Triethylene glycol 

TGA Thermogravimetry analysis 

THF Tetrahydrofuran 

TPU Thermoplastic polyurethane 

TPU-Gly Glycolyzed thermoplastic polyurethane 

UP Unsaturated polyester 

UV Ultraviolet 

UNEP United Nations environment programme 

VOC Volatile organic compound 

WCA Water contact angle 

  



Annexes 

 

221 

ANNEXE IV- List of symbols 

a* Red-green spectrophotometry parameter 

b* Yellow-blue spectrophotometry parameter 

E Tensile/Flexural modulus 

E’ Storage modulus 

E’T+50 Storage modulus in the rubbery region 

H Hydrogen weight 

IOH Hydroxyl index 

L* Lightness-darkness spectrophotometry parameter 

Meq Equivalent weight 

Mn Number molar mass 

Mw Weight molar mass 

P Potency 

Pt Point 

Q Energy consumption 

T Temperature 

t Time 

tan δ Tangent of phase angle 

Td Maximum degradation temperature 

Tg Glass transition temperature 

tkm Weight per distance unit (tone per kilometers) 

Tm Melting temperature 

Tt Terminal temperature 

W Moisture weight 

WI Whiteness index 

Xc Degree of crystallinity 

α Relaxation of DMA 

ΔE* Color differences between samples and white standard in spectrophotometry 

∆H0 Melting enthalpy of a 100 % crystalline polymer 

∆Hm  Melting enthalpy 

ε Strain 

εb Elongation at break 

ɳ Yield 

σ Flexural strength 

σb Stress at break 
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σy Stress at yield 

υ Cross-linking density 

  



 

 

  



 

  

 


