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 ÉÚÛÙÈÊÛ 

Additives are always employed in polymer formulation to preserve properties, conferring, 

or enhancing functionalities. However, in non -appropriate conditions they could cause or 

contribute to polymer degradation phenomena, especially encountered in commerc ial 

products, significantly shortening their life time contributing to environmental pollution 

due to the necessity to dispose failed product and replace them with new ones; for this 

reason understanding the causes of the degradation has primary importance  in a circular 

economy perspective in order to prevent product failures, which is translated into a lower 

environmental impact.  

In collaboration with iGuzzini -illuminazione S.p.A.  of Recanati (Italy), part of the Swedish 

Fagerhult Group,  the first chapter of this thesis, is focused on the investigation of an 

illumination product -in service yellowing phenomenon. Afterwards, it is evaluated the 

compatibility of two different coating systems onto a BPA -polycarbonate substrate focusing 

on the migration of small molecules and their implications when in intimate contact with 

polymer systems. 

In the second chapter three different polymer functionalization procedure are proposed and 

developed in order to minimi ze the environmental impact by exploiting bio -based resources 

such as vanillic acid as viable starting material for polyurea synthesis , PET upcycling 

through aminolysis reaction to provide new diols employed in poly(urethane acrylate)s 

preparation , and valorising  PET waste by functionalization through glycolysis reaction to 

confer antioxidant properties.  
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CHAPTER I  

Small Molecules Migration in Industrial Products  

 

1. The role of additives in polymer matrix materials  

Over the years a huge variety of polymer matrix materials have been developed mainly  for 

our daily ÓÐÝÌÚɀ occurrence or industrial applications; however, polymeric matrix by itself,  

often w ill not  satisfy the desired requirements due to a lack of properties during 

manufacture steps, storge conditions, transports, and in service application. 

In practical applications most of these polymers  contain other chemicals, known as 

additives, usually incorporated in the matrix  in small amount, to preserve the properties of 

the polymer , conferring new functionalities , and improve functionalities . Accordin g to the 

ËÌÍÐÕÐÛÐÖÕɯ ÎÐÝÌÕɯÉàɯ ÛÏÌɯ$ÜÙÖ×ÌÈÕɯ "ÖÔÔÜÕÐÛàȮɯ ÈÕɯ ÈËËÐÛÐÝÌɯ ÐÚɯ ɁÈɯ ÚÜÉÚÛÈÕÊÌɯ ÞÏÐÊÏɯ Ðs 

incorporated into plastic to achieve a technical effect in the finished product and is intended 

ÛÖɯÉÌɯÈÕɯÌÚÚÌÕÛÐÈÓɯ×ÈÙÛɯÖÍɯÛÏÌɯÍÐÕÐÚÏÌËɯÈÙÛÐÊÓÌɂ.1 

Additives can dramatically affect polymer properties ; for example, crude natural rubber-

despite possess elasticity, plasticity, strength, and electrical insulator properties, has some 

drawbacks due to its poor resistance toward solvents and limited applications due to its 

relatively low T g values. Charles Goodyear then discovered that the addition of elemental 

sulphur  (vulcanisation  process), improved natural rubber's chemical, physical and 

mechanical properties, transforming it into a valuable product .2 

Another well -known case that emphasises the impact that additives  can have on polymer is 

described by Bockhorn et al., where it is shown that polypropylene and other polyolefins , in 

 

 

1 V. Marturano, P. Cerruti, V. Ambrogi, Phys. Sci. Rev. 2017, 2, 20160130. 
2 M. Raue, M. Wamback, S. Glögger, D. Grefen, R. Kaufmann, C. Abetz, P. Georgopanos, U. A. Handge, T. Mang, B. 

Blümich, V. Abetz, Macromol. Chem. Phys. 2014, 215, 245. 
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general, are quite susceptible to thermal degradation processes leading to failures in  a few 

weeks, meaning that these polymers require additives to be employed in a vast range of 

applications.3  

Plastic additives are characterised by a diversity  of chemical structures, compositions, 

molecular weight s (MW)  and shapes; it is thus convenient to classify additives  by their 

general function such as mechanical properties modification, electrical properties 

modification, flame retardancy, improving processing , optical properties modification and 

bulk/surface modification .4  

 

1.1 Additives in polymers  

A wide  range of additives has been developed, offering improvements toward polymers' 

processability, functionality and stability .  

The most common categories of additives used in polymer matrix materials are  summarized 

below: 

¶ Thermal and Photochemical stabilizers : these types of additives are required for the 

stabilization toward the entire lifespan of the polymer (processing, fabrication, storage, 

application, and end -life). Weathering is one of the most common causes of discoloration 

and losses of mechanical properties, mainly due to oxidative degradation reactions , 

often enhanced by the variations of parameters such as temperature, humidity, oxygen, 

and pollution .5 The additive's  mechanism of action will differ depending on th e polymer 

structure's degradation  due to their uses. Antioxidants (primary and secondary AOs) 

are therefore selected depending on the polymer's oxidation mechanism,  mainly due to 

oxygen and sunlight during outdoor applications. In Scheme 1 It is shown that the 

autoxidation process (auto-accelerated radical chain mechanism) starts from forming the 

 

 

3 H. Bockhorn, A. Hornung, U. Hornung, D. Schawaller, J. Anal. Appl. Pyrolysis 1999, 48, 93. 
4 L. Mascia, M. Xanthos, Adv. Polym. Technol. 1992, 11, 4, 237. 
5 D. Kockott, Polym. Degrad. Stab. 1989, 25, 181. 
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radical specie (1) by homolytic scission of a carbon-carbon bond or by hydrogen 

abstraction in the polymer matrix. There are several species capable of reacting with 

polymers and promoting the radical degradation of the latter. In our atmosphere the 

oxygen is not the only oxidant present, and there are other more reactive species such as 

O3, HOOѿ, HOѿ, and NOѿ. They are present in low but nonetheless significant 

concentrations thus, we can believe that the radical 1 can react irreversibly with 

molecular oxygen (2) to form the new radical specie (3), which can abstract a hydrogen 

atom from the polymer chain 4a to form the polymer hydroperoxide ( 5). This specie 

splits to form hydroxyl and alkoxy radicals ( 6) and (7), respectively in Scheme 1, leading 

to the degradation of the polymer chain , thus the loss of physical and mechanical 

properties.6  

However , these hydrogen transfer reactions with polymer chains are 

thermodynamically favoured  for the allylic hydrogens in polymers containing 

unsaturated moieties but are strongly disfavoured for fully saturated chains. For this 

reason, alternatives have been proposed, one of which is the formation of peroxyl groups 

by hydrogen transfer between HOO ѿ specie. 

 

 

 

6 L. M. Smith, H. M. Aitken, L. M. Coote, Acc. Chem. Res. 2018, 51, 2006. 
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Scheme 1. Mechanism of oxidation in polymers  by peroxyl termination or alternative propagation by HOO ѿ 

radical 

1. Primary antioxidants:  

These antioxidants, also known as free-radical scavengers, can react with radicals 

formed during the autoxidation process, terminating the degradation reactions. 

Primary antioxidants  are vital  hydrogen donors able to convert the hydroxy and 

alkoxy (6 and 7 in Scheme 1) radicals into alcohols and water, inhibiting the polymer 

autoxidation .7  

 

 

7 S. Fujisawa, Y. Kadoma, I. Yokoe, Chem. Phys. Lipids, 2004, 130, 189. 
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The most common species used as a primary antioxidant are hindered phenols , 

sterically hindered amines, and aromatic amines, which convert the peroxyl radical 

into hydroperoxide ( Scheme 2).8  

 

Scheme 2. Scavenging mechanism of BHT 

This scheme briefly shows  the scavenging mechanism of 2,6-di -tert-butyl -4-

methylphenol, BHT ( 10) toward peroxyl radicals. Two main patterns follow  the 

abstraction of BHT hydrogen from peroxyl radical ( 3). The oxytoluene radical species 

(11) formed can undergo or recombination reaction to produce ( 12) and react with 

another peroxyl radical to form the stilbenquinone  specie (13), or another possible 

route is the reaction of the oxytoluene radical (14) with a second peroxyl radical to 

form the specie (15) which eventually decompose to  para-quinone (16).  

It is also known that phenolic antioxidants  may cause colour change effect in 

polyolefins due to the formation of conjugated diene compounds .9  

 

 

 

 

 

8 F. Shahidi, P.P Janitha, P.D. Wanasundara, Food Sci. Nutr . 1992, 32, 67. 
9 J. Pospisil, W. D. Habicher, J. Pilar, S. Nespurek, J. Kuthan, G. O. Piringer, H. Zweifel, Polym. Degrad. Stab. 2002, 77, 531. 
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2. Secondary antioxidants: 

These species react with hydroperoxides leading to the formation of non -radical 

products ; for this reason, are also frequently called hydroperoxide decomposers. 

Secondary AOs are generally organophosphites (17), thioethers (18), or sulfoxides 

(19) which can decompose hydroperoxides (5) into thermally stable pr oducts (21, 22 

and 23), inhibiting the formation of alkoxy and hydroxyl  reactive radical species 

(Scheme 3); they are often used in combination with primary antioxidant to benefit 

from the synergistic stabilization effects. 10 

 

Scheme 3. Hydroperoxide decomposition  

¶ Light stabilizers and U V absorbers: these types of additives  are also explicitly used  

when polymers can undergo degradation reactions due to the presence of 

environmental factors such as sunlight, UV radiation, heat, along with  oxygen. 

Polymers most common light stabilizers are hindered amine light stabilizers (HALS) , 

while  benzotriazoles, benzophenones, and inorganic  compounds are frequently used 

as Ultraviolet Light absorbers (UVA) . 

 

 

 

10 K. Schwetlick, Pure Appl. Chem. 1983, 55, 1629. 



11 

 

1. Hindered Amine Light Stabilizers  (HALS) : 

They are mainly  used as stabilizers for polyolefins, and instead of absorbing the UV 

radiation, the ir nitroxide radical derivatives react with the radical species preventing 

polymer degradation .11 Scheme 4 shows the simplified mechanism where the HALS 

24 is oxidized  to its nitroxide radical  TEMPO (25), and the subsequent reaction with 

a radical specie (1) allow the formation of the amine derivative ( 26) that can be 

oxidized by a peroxyl radical ( 3) to form the non-radical species (27) and regenerating 

the HALS specie. 

 

Scheme 4. Polymer degradation inhibition from HALS  

2. Organic Ultraviolet Light Absorbers (UVA) : 

These additives can avoid or  slow down the polymeric photodegradation  process by 

absorbing the radiation  before reaching the chromophore group  in the polymer 

matrix  and converting it  typically  into heat.12 In Scheme 5 is shown the mechanism of 

 

 

11 J. L. Hodgson, M. L. Coote, Macromolecules, 2010, 43, 4573. 
12 P. Sundell, F. Sundholm, J. Appl. Polym. Sci. 2004, 92, 1413. 



12 

 

dissipation of energy for a UV absorber (benzophenone derivative) with an 

intramolecular hydrogen bond; the molecule  28 in the excited state (S1), undergoes 

an intramolecular proton transfer,  producing a specie 29 in the excited singlet state 

(Sɀ1). The latter loses its energy by a non-radiative decay process as thermal energy 

into a ground -level singlet state (Sɀ0). The original UV absorber (31) is regenerated by 

a reverse proton transfer mechanism.13  UV absorbers usually are incorporated into a 

polymer matrix together with HALS and the synergistic combination of preventing 

the formation and removing the reactive radical species, improved the material 

photo-stability .14  

 

Scheme 5. Light absorption  mechanism of a benzophenone derivative 

 

 

13 P.G. Parejo, M. Zayat, D. Levy, J. Mater. Chem. 2006, 16, 2165. 
14 T. Kurumada, H. Ohsawa, T. Yamazaki, Polym. Degrad. Stab. 1987, 19, 263. 
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3. Inorganic UV Filters:  

They are also called physical UV filters since they work mainly by reflecting a nd 

scattering UV radiation. These species are principally metallic oxides such as TiO2 

and ZnO; despite the inorganic filters  providing  higher protection against photo -

oxidation compared to the organic UVA , they are less used because of the difficulty 

in formulations, can provoke emulsions, can lead to discoloration,  and have higher 

price. The mode of action of the inorganic UV filter  is shown in Figure 1, where the 

incident UV radiation is absorbed, scattered, or reflected, depending mainly on the 

nature of the filter, particle size, and concentration, thus protecting the polymer 

matrix from photo -degradation processes.15 

 

 

Figure 1. Inorganic UV filter mechanism of action  

¶ Plasticizers : These additives are generally small molecules incorporated into the 

polymer matrix to modify properties such as plasticity, flexibility, tensile strength, 

 

 

15 O. P. Egambaram, S. K. Pillai, S. S. Ray, Photochem. Photobiol., 2019, 96, 779. 
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hardness, and processability.16 Plasticizers decrease the viscosity of the polymer melt, 

the glass transition temperature (Tg), the melting temperature (T m), and the elastic 

modulus of the material without compromising  the chemical nature of the polymer 

matrix. The most widely plasticized polymer is polyvinyl chloride  (PVC), making it 

suitable for various applications such as the automotive industry, building and 

construction sector, electronics and electrical equipment, and medical devices. 

Plasticizers are commonly classified based on their chemical structure; some 

examples are phthalates, terephthalates, benzoates, citrates, acid esters, and 

phosphates, and it is possible to tune physical and chemical properties based on the 

chemical structure of this additive . There are two main methods for plasticization: 

Internal and External Plasticization. In the first case, properties like flexibility can be 

increased by chemically modifying the polymeric structure or involving the 

copolymerization of a monomer with a plasticizer like vinyl acetate or vinylidene 

chloride  thereby Tg of the final polymer can be modulated. However,  this technique 

is limited due to longer react ion time and increased cost. Furthermore, these 

materials could be unstable at high temperatures. The second case, external 

plasticization, is the most used method because of the low -cost plasticizer allows a 

variety of formulations  of products ; additives used for this purpose can be divided 

into two groups: primary and secondary external plasticizers. In the first case, 

depending on the mechanism of action, the plasticizer improves  the elongation and 

softness of the polymer; secondary external plasticizers, also known as extenders, are 

used to enhance the performances of primary plasticizers and do not bring benefit to 

the pristine  new polymer . 

 

 

16 B. Bouchoul, M. T. Benaniba, V. Massardier, Polimeros, 2017, 27, 237. 
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There are four general theories to explain the mechanism of action of the external 

plasticizers, all of them are discussed and illustrated in Figure 2 below and provide 

an understanding of plasticization action .17 

1. The Lubrication Theory:  

When the plasticizer is incorporated into the polymer matrix , the rigidity of the 

polymer network is decreased; upon heating, the frictional forces between polymer 

chains are weakened, allowing the plasticizer molecules to diffuse into the matrix, 

reducing  the energy required for molecular motion.  

2. The Gel Theory: 

Plasticizers are considered to break the polymer -polymer interactions in the three-

dimensional network  by getting in between the polymer chains, preventing the re -

formation of the rigid structure.  

3. The Free Volume Theory: 

Decreasing the polymer's glass transition temperature by adding a plasti cizer allows 

the molecular motion of the polymer chains, thus  increasing the empty internal 

spaces in the polymer network. 

 

Figure 2. External plasticizers theories 

 

 

17 S. S. Moubom, A.  M. S. Umar, B. Adu-Poku, S. Yoon, Int. Res. J. Eng. Technol., 2020, 9, 1138. 
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¶ Impact Modifiers:  

Many different polymeric materials show excessi ve brittleness at room temperature, 

such as PVC and polystyrene (PS), or at low temperatures such as polyamides and 

polyolefins; for these reasons, the introduction of compounds able to improve impact 

strength and flexibility is a requirement to design a material for specific applications. 

The principle is to introduce a component  that must be elastomeric in nature, able to 

absorb or dissipate the energy, avoiding the degradation of the polymer .  

The impact modifier and the polymeric matrix can be  naturally compatible like 

polypropylene and ethylene -propylene -diene terpolymer (EPDM) , but more often, 

they must be compatibilized to guarantee a homogeneous dispersion of the additive. 

The grafting  technique is one of the most used in such a sense; polymer like styrene-

acrylonitrile  (SAN) can be grafted to EPDM rubber to allow compatibility , or the 

impact modifiers can be grafted with maleic anhydride to produce a copolymer  

suitable for polar polymer s such as polyamides and polyesters.18 

The toughening of polymers by rubber particles can be divided into  two mechanisms: 

1. Crazing: 

The dispersed impact modifiers into the polymer matrix  induce multiple crazes, 

preventing the growth of larger fevers due to their elastomeric nature. (Figure 3). 

2. Shear Yielding: 

Impact modifiers act as stress concentrators where shear bands are initiated due to 

the difference in modulus between the dispersed phase and the matrix. In this way , 

the stress is concentrated around the rubbery particles , able to absorb the 

deformation energy  (Figure 3).19 

 

 

 

18 A. Hassan, N. Othman, M. U. Wahit, L.  J. Wei, A. R. Rahmat, Z. A. M. Ishak, Macromol. Symp. 2006, 239, 182. 
19 A. Hassan, B. Haworth, J. Mater. Process. Technol. 2006, 172, 341. 
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Figure 3.  Impact modifiers mechanism of action  

¶ Antistatic agents:  

These additives also referred to as antistats, are used to reduce or prevent to 

accumulation  of the electrostatic charge on the material surface due to the nature of 

polymers to be non-conductive materials . Usually, they can be applied to the 

polymer during the compounding process (internal antistats) , where the migrati on 

on the surface can be controlled, or directly applied on the surface of the polymer by 

spraying, wiping,  or dipping to form a  coating (external antistats). Typically, they 

exhibit an amphiphilic behavior where the hydrophobic moiety interacts with the 

surface of the polymer, while the hydrophilic portion can absorb the water creating 

a layer to disperse the electrostatic charge. This prevents to accumulate dust during 

the application and avoid transportation and storage issues (Figure 4). 

 

Figure 4.  Antistatic agents mechanism of action 
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Antistatic agents can be divided into ionic (cationic and anionic) , such as quaternary 

ammonium compounds (QACs) , nonionic, such as fatty acid esters, fatty amines, and 

fatty alcohols and amphoteric such as alkyl betaines.20 In chemistry, a fatty amine (or 

alcohol) is loosely defined as any amine (or alcohol) possessing a mostly linear 

hydrocarbon chain of eight or more carbon atoms. 

¶ Heat Stabilizers:  

They protect polymers principally from thermal stress during polymerization 

processes and in-service application s. PVC is the most sensitive to thermal 

decomposition among the major commercial plastics because it is thermally unstable 

at processing temperatures. The autocatalytic dehydrochlorination of PVC leads to 

produce the polyu nsaturated material , which result in discoloration and  loss of the 

physical and mechanical properties; for this reason, different heat stabilizers have 

been developed, such as organotin compounds and metal stabilizers. 

1. HCl scavengers: 

Usually are used organotin mercaptides  (32), fatty epoxides (33), organophosphites 

(34), and metallic soap or salts (35) acting as HCl (36) scavengers (Scheme 6) which 

are developed during the degradation of PVC , blocking thus the polymer 

degradation and potential corrosion of processing equipment .21  

 

 

 

20 2ȭɯ*ÖÚÐĘÚÒÐȮɯ(ȭɯ1àÒÖÞÚÒÈȮɯ,ȭɯ&ÖÕÐÚÖÙȮɯ/ȭɯ*ÙáàŊÈÕÖÞÚÒÐȮɯPolym. Test. 2022, 112, 107649. 
21 G. Scott, Polym. Degrad. Stab. 1995, 48, 315. 
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Scheme 6. HCl scavenging mechanism of different species 

¶ Flame retardants: 

One of the biggest concerns related to all polymeric materials is their inflammability; 

as for all organic materials, polymers in appropriate conditions of oxygen and heat 

can be combusted. 

A variety of flame retardancy additives (FRs) have been developed over the years 

with the purpose of mitigating  the combustibility of polymeric materials (natural and 

synthetic) after the ignition process to reduce fire hazard during application which 

could lead to catastrophic results.22 

During the combustion stage, thermop lastic materials tend to drip and flow under 

fire conditions, promoting the spread of flames; thermoset materials produce 

pyrolysis gas from the surface into the condensed phase. 

 

 

22 D.J. Irvine, J.A. McCluskey, I.M. Robinson, Polym. Degrad. Stab. 2000, 67, 383. 
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Flame retardants can be divided into five major  classes based on their chemical 

structure and mechanism of action:23 

1. Halogen-based: 

As the name suggests, these additives are molecules containing halogens, mainly 

used organochlorine and organobromine  due to their cost efficiency in both chemical 

synthesis and usefulness in a variety of different polymers . They can prevent 

×ÖÓàÔÌÙɯÐÎÕÐÛÐÖÕɯÖÙɯÛÏÌɯÍÓÈÔÌɀÚɯÚ×ÙÌÈËÚɯsince the carbon-halogen bond is enough 

stable in environmental condition whereas the linkage can be break upon heat (fire 

conditions) releasing the halogen in vapor phase inhibiting the free radical reactions  

that occur during polymer thermal degradations . The Scheme 7 shows the mechanism 

of the development of hydrogen  (44) and hydroxyl radical  (6), major reactive species 

during combustion, and how the halogen ( 49) radicals act as scavengers toward them 

to break down the degradation chain mechanism. Antimony species ( 51) also play an 

essential synergistic role in enhancing the activity of halogen -based flame retardants 

which are often used in polymer formulations .24 Halogen-based FR is constantly 

subjected to strict regulations because of the concern regarding these chemicals' 

persistence, bioaccumulation toxicity (PBT).  

 

 

23 L. Chen, Y.Z. Wang, Polym. Adv. Technol. 2010, 21, 1. 
24 A.B. Morgan, J.W. Gilman, Fire Mater. 2012, 37, 259. 
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Scheme 7. Radicals scavenging mechanisms 

The fact that they are generally small molecules (Figure 5) physically dispersed into 

the polymer matrix, could lead to a migration of additives into the environment over 

time where causing the bioaccumulation of these materials and fire safety issues. For 

these reasons, recent studies are more focused on the development of FRs that can be 

covalently bounded to the polymer matrix or polymeric FRs that are le likely to be 

leached from the matrix and dispersed into the environment. 25   

 

 

 

25 K. Ashberger, I. Campia, L. Pesudo, A. Radovnikovic, V. Reina, Environ. Int. 2017, 101, 27. 
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Figure 5. Common halogen-based flame retardant 

2. Phosphorus-based: 

Also referred as non-halogenated flame retardants are molecules containing 

phosphorous in the molecular structure and can be organic or inorganic in nature  

(Figure 6); due to continuous change in regulations relative to the wider used 

halogenated FRs, these additives are becoming more common used. Based on their 

molecular structure and interaction with the polymer they can exhibit flame 

retardancy behavior in vapor phase, mostly with poor -heteroatoms polymer matrix 

such as styrenic and olefinic, or condensed phase (intumescence mechanism) with 

oxygen and/or nitrogen rich polymers .  

 

 

Figure 6. Different non -halogenated flame retardant 

They share one issue with the halogenated FRs since they can leach out from the 

polymer where they are dispersed, for this reason, a polymeric phosphorus -based 

flame retardant that can be chemically bounded with the matrix has been recently 
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developed.26 A simplified version of the  mechanism in vapor phase is Shown in 

Scheme 8. 

 

 

Scheme 8. Phosphorous-based FRs mechanism of action 

3. Inorganic -based: 

This class of FRs encloses all the materials with a wide range of chemical structures, 

mostly inorganic in nature , able to exhibit flame retardancy behavior in both vapor 

and condensed phases. They are usually combined with other FRs to enhance the 

performances, however even if less subject to regulations, they found commercially 

fewer applications due to their effect  in a select few polymers. Over the years have 

been developed a variety of compounds such as metal oxides, hydroxides, silicon 

oxides, silicones, and borates.27,28 Among them , the most important are magnesium 

hydroxide and aluminum hydroxide because of their low toxicity, anti -corrosion 

properties, low cost, and low emission of smoke. The endothermic decomposition of 

the aluminum  hydroxide  (59) in the vapor phase into its relative oxide (69) which can 

absorb the thermal energy, and water, is shown in Scheme 9. 

 

 

26 J. Alongi, R.A. Carletto, A. Di Blassio, F. Carosio, F. Bosco, G. Malucelli, J. Mater. Chem. 2013, 1, 4779. 
27 V. Benin, S. Durganala, A. Morgan, J. Mater. Chem. 2012, 22, 1180. 
28 A. B. Morgan, J. M. Tour, J. Appl. Polym. Sci. 2000, 76, 1257. 
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Scheme 9. Thermal decomposition aluminum hydroxide  

1.1.2 Flame retardants in polyurethanes  

Polyurethanes (PU) (63) are mainly a group of versatile thermoset polymers with unique 

characteristics such as lightweight, water absorption resistance, and electric and thermal 

insulator; due to these properties, over the years, they covered a wide range of different 

applications from the automotive industry,  building construction, coatings, biomedical, 

electronics, transport and marine.29 They are typically synthesized via a reaction between 

diols (62) and di isocyanates (61), giving the urethane linkage which is the main repeating 

group of their  structure (Scheme 10). 

 

Scheme 10. General synthesis of polyurethanes 

The nature of the two starting components determines the properties of the product, it is 

therefore the reason why it is possible to design polyurethanes with a variety of 

applications. Depending on the chemical structure of polyols, they are classified ma inly into 

polyether polyols or polyester polyols both referred to as the soft segments (long and 

flexible chains) in the polyurethane ; on the other hand, isocyanates and usually chain 

extenders are referred to as hard segment (short and rigid chains)  in th e polymeric structure 

of the product  (Figure 7).30 

 

 

 

29 A. Das, P. Mahanwar, Adv. Ind. Eng. Polym. Res. 2020, 3, 93. 
30 U. Sebenik, M. Krajnc, Int. J. Adhesion Adhes. 2007, 27, 527. 
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Figure 7. Representation of polyurethane polymeric chains  

One of the major drawbacks, due to the organic nature of these polymers, is the high 

flammability also  considering the amount of PUs used in different applications . Flame 

retardants are required to slow down or inhibit the undesired process , so they must be 

included in the final formulation of these products. There are three different ways to 

enhance the fire retardancy of polyurethanes; the first one is to add the FRs into the polymer 

matrix by simple mechanical mixing during the compound formation  without chemically 

binding  the flame retardants to the chemical structure of the polyurethane, the second is to 

form a coating on the polymeric surface with fire -resistant materials and last, to bond 

chemically FRs, also referred as reactive flame retardants, to the backbone of the PU 

structure.31 

¶ Halogen -based flame retardants:  

They are often derivatives of brominated and/or chlorinated compounds  (Figure 8) 

that can be used as reactive (chemically bonded to the polymer structure)  or 

nonreactive types of flame retardants. 

 

 

 

31 H. Singh, A. K. Jain, J. Appl. Polym. Sci. 2009, 111, 1115. 
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Figure 8. Typical halogenated FRs used in polyurethane formulations  

 

Usually,  they are liquid and volatile chemicals that tend to bleed over the time 

causing a gradual loss during the aging process and the synergistic combination of 

these FRs with metal oxides, metal salts, and phosphorous compounds usually 

promotes the overall flame retardancy effect. Despite the large use in the 

polyurethane industry, especially chlorinated FRs, they present various drawbacks 

such as toxic and corrosive combustion products, is needed a large amount of 

additive to achieve good flame retardancy properties  often lowering the thermal 

stability of the polyurethane  and can be susceptible to hydrolysis making difficult 

the process to produce them.32,33  

¶ Non -halogenated flame retardants:  

 

 

32 H. M., Stapleton, S. Klosterhaus, A. Keller, P. L. Ferguson, S. van Bergen, E. Cooper, T. F. Webster, A. Blum, Environ. Sci. 

Technol. 2011, 45, 5323. 
33 A. J. Papa, Ind. Eng. Chem. Prod. Res. Develop. 1970, 9, 478. 
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The necessity in the development of these types of FRs raised in the last decades 

principally due to the new regulations and restrictions toward the halogenated 

additives due to their high toxicity and environmental issues.34 The tendency for 

using these types of additives is the low toxicity and good performance in preventing 

fire propagation . Furthermore , polyurethanes treated with non -halogenated FRs are 

environmentally friendly and less toxic compared to their  halogenated 

counterparts.35 There are two main classes of non-halogenated FRs used for 

polyurethanes: 

1. Organophosphorous-based flame retardant : 

They have been developed as an acceptable alternative to the halogenated FRs 

system in the industry; phosphorus FRs (Figure 9) can be added as both reactive 

during the polymerization and non -reactive species to improve fire performances for 

both thermoset and thermoplastic polyurethanes (TPU). The mechanism of action 

depends mainly on the interaction between the chemical structure of these FRs and 

the polymer under fire conditions . They can act in both condensed and vapour 

phases.28,36  

 

Figure 9. Organophosphorous FRs used in polyuethane formulations  

 

 

34 M. Rakotomalala, S. Wanger, M. Doring, Materials, 2010, 3, 4300. 
35 R. Sutton, D. Chen, J. Sun, J. Greig, Y. Wu, Sci. Total Environ. 2019, 652, 212. 
27 A. B. Morgan, J. M. Tour, J. Appl. Polym. Sci. 2000, 76, 1257. 
36 N. Levinta, Z. Vuluga, M. Teodorescu, M. C. Corobea, SN Appl. Sci. 2019, 1, 422. 
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Their action in the condensed phase promotes the formation of the char . This carbon 

layer is formed during the thermal decomposition reactions of carbon-based 

materials that protect the polymer surface from being  further ignit ed and lower the 

heat transfer from the ignition source to the condensed phase, slowing down the rate 

of polymer decomposition. In the gas phase a non-flammable gas such as water and 

carbon dioxide are formed during the combustion  process, diluting the oxygen and 

other flammables. Furthermore, the phosphorus FRs breaks down into small 

fragments able to quench the hydroxyl and hydrogen free -radical responsible for the 

polymer thermal degradation. 37 

Phosphorous-modified  polyols  as active flame retardants for PU rigid foams 

preparation exhibit higher stability toward aging the polyurethanes containing FRs 

as additives.31 

2. Nitrogen -based flame retardant: 

As for phosphorous FRs, these additives have been developed to satisfy the 

environmental  requirements for low toxicity compared to the halogenated FRs. They 

can be incorporated as additives  or used as reactive for the synthesis of thermoplastic 

polyurethane since they can be molded  or extruded without losing mechanical 

properties and fire resistance. The main compounds used for this purpose are 

melamine (64) and its derivatives (poly) phosphate (MPP) (66) and cyanurate (MC) 

(65) (Figure 10). 

 

 

37 X. Wang, Y. Hu, L. Song, W. Xing, H. Lu, P. Lv, G. Jie, Polymer, 2010, 51, 2435. 
30 H. Singh, A. K. Jain, J. Appl. Polym. Sci. 2009, 111, 1115. 
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Figure 10. Nitrogen -based flame retardant used for polyurethane formulations.  

 

Melamine is used as a non-reactive additive. During the ignition, it can absorb the 

heat and eliminate ammonia in the gas phase, diluting the other combustible 

molecules of gas like oxygen and forming a highly  stable condensation product (char 

layer) on the surface of polyurethane, suppressing the smoke level. Melamine can 

also be used in combinat ion with acids to form higher thermal stable salts during 

combustion compared to melamine or in combination with organophosphates and 

phosphorous-halogen additives to reduce the amount of melamine necessary or 

achieve good fire retardancy properties.38 Melamine cyanurate (MC) has also been 

applied as FRs mostly in synergism with other phosphorus-based additives ; due to 

the high amount necessary to achieve satisfactory flame retardancy effect, it can have 

a detrimental effect on the mechanical properties on polyurethane matrix if used 

alone.39 When applied in a ternary system composed of MC, MPP, and aluminium 

diethyl phosphinate  (10/15/5 ratio by weight), have been shown that the combination 

of the different mechanisms of action, protective layer from MPP, g as dilution due to 

 

 

38 M. C. Hawkins, B. O. Toole, D. Jackovich, J. Cell. Plast. 2005, 41, 267. 
39 D. Tabuani, F. Bellucci, A. Terenzi, G. Camino, Polym. Degrad. Stabil. 2012, 2594. 
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MC and the flame inhibition ( Figure 11) provide the best benefits in terms of fire 

behavior and mechanical properties of PU matrix. 40 

 

Figure 11. Synergistic effect of MPP, MC and AlPi 

 

1.2 Polymer degradation  

Polymer degradation is the set of processes that lead to a loss of the original chemical, 

physical and mechanical properties such as molecular weight, color change, shape, and 

tensile strength; the majority of factors that resulted in being detrimental for these properties 

are environmental factors like UV light, heat and chemicals  exposure. Changes in properties 

are mostly related to the variation in the chemical and physical structure of the ×ÖÓàÔÌÙɀÚ 

chains, and thus depending on the nature of the polymers, different reaction mechanisms 

 

 

40 A. Stut, E. Metzsch-Zilligen, M. Grobhauser, R. Pfaendner, B. Schartel, Polym. Test. 2019, 196. 
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will affect the material's overall composition. Degradation phenomena mainly  take part 

during the production process, storage, or in service life (weathering) ; the understanding of 

the mechanism involved during these steps can not only facilitate the design of materials 

able to satisfy the desired application but can also be helpful  to the environmental point of 

view, to prevent and reduce plastic waste and assist the reuse/recycling processes. 

1. Thermal Degradation:  

Polymer failures associated with relatively high temperatures can appear during 

both processing and application conditions; usually, the higher the temperature , the 

faster is the change in material properties and vice versa. Four general chemical 

mechanisms are involved in the thermal degradation of polymers ( Figure 12), two of 

those involved mainly radical reactions related to the atoms of the polymer main 

chain, and the others are oriented to the side groups; Typically, thermoplastic 

material thermal degradation reactions are categorized by the chain scission of the 

main chain that can take place at a random position of the main chain or the end 

(unzipping process) , leading to the formation of oligomers, monomers and other 

chemical species or promote cross-linking between adjacent polymer chains. The 

thermal degradation reaction of side groups is generally an elimination reaction of 

the substituents that usually produce  volatile compounds or cyclization reaction s 

between adjacent side groups to form cyclic structures.41,42 

 

 

41 I. Chrysafi, N. M. Ainali, D. N. Bikiaris, Polymers, 2021, 13, 1365. 
42 E. Esmizadeh, C. Tzoganakis, T. H. Mekonnen, Polymers, 2020, 12, 1627. 
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Figure 12. Thermal degradation mechanisms of polymers  

 

2. Photochemical degradation: 

This degradation process is related to the polymer chemical structure modification 

principally due to the exposure to UV light radiation, which  can lead to a drastic loss 

of properties such as cracking and color changes. Chromophore-containing polymers 

are naturally subjected to this phenomenon, also referred to as photodegradation; 

however, it may occur in all industrially produced polymers  that contain impurities, 

additives,  residual catalysts, and photoinitiators that can absorb the sunlight during 

weathering. 43 Outdoor  exposures primarily  affect photodegradation reactions,  the 

 

 

43 Q. Y. Lee, H. Li, Micromachines, 2021, 12, 907. 
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combination of light irradiation, oxygen, and temperature can promote chain scission 

processes, cross-linking , and oxidative  reactions resulting in photooxidative 

degradation  of the polymer.  There are two main mechanisms responsible for 

photooxidation ; the first one proceeds via the formation of singlet oxygen reactive 

species (1O2) (70) from suitabl e sensitizer (3S) (67) that can further react with the 

polymer (73) promoting chain scission and formation on carbonyl groups  (74) 

(Scheme 11).44 

 

 

Scheme 11. Mechanisms for polymer photooxidation  

 

The second one involves the production of free radicals (1) during the  initiation  step; 

the chromophore species absorb the UV radiation  and can break the C-C and C-H 

bonds of the polymer  chains. Subsequent reactions with oxygen  (2) generate further 

free radicals, hydroxyl -OH, and carbonyl C=O groups (propagation step) in the 

 

 

44 J. Rabek, B. Ranby, J. Polym. Sci. 1974, 12, 273. 
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polymer structure . The free radical mechanism of oxidation is summarized in  Scheme 

12. 45,46 

 

 

Scheme 12. Free radical mechanism of oxidation 

Carbonyl groups can be formed during the propagation step by the photolysis of 

hydroperoxides, contributing to the overall photodegradation of the poly mer, 

proceeding through Norrish type I and II reactions ( Scheme 13).47 

 

 

45 B. Singh, N. Sharma, Polym. Degrad. Stab. 2008, 93, 561. 
46 S. S. Ali, T. Elsamahy, E. Koutra, Sci. Total Environ. 2021, 771, 144719. 
47 E. Yousif, R. Haddad, SpringerPlus, 2013, 2, 398. 
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Scheme 13. Norrish type I and II photodegradation reactions  

 

3. Mechanochemical degradation 

The mechano-degradation phenomenon is a multi -stage degradation process 

resulting in changes in the material properties , such as reducing the molecular 

weight  by scission of covalent bonds in the polymer backbone, applying external 

mechanical forces (Figure 13).48 

 

 

 

48 C. V. Opera, Mekhanika Polimerov. 1979, 6, 977. 
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Figure 13. polymer mechano-degradation 

ɁMasticationɂ of rubber is a process that exploits this type of degradation during the 

production process, often in the presence of air and adequate temperatures, reducing 

the viscosity or elasticity of the polymer , allowing a suitable compounding due to the 

lower energy required for mixing the ingredients .49 The thermo-oxidative 

degradation is observed when mechanical forces breakdown the polymer chains at 

high temperatures as illustrated in Scheme 14; radicals (1) are formed during 

mastication, and the subsequent reactions with oxygen (2) allow the formation of 

peroxyl radicals  (3) producing lower molecular weight hydroperoxy terminated 

polymer chains (5).50 

 

 

49 F. Dimier, B. Vergnes, M. Vincent, Rheol. Acta, 2004, 43, 196. 
50 H. Fries, R. R. Pandit, K. Voigtlander, Int. Polym. Sci. 1985, 12, 19. 
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Scheme 14. Polymer thermo -oxidative degradation  

A similar degradation process is also observed under an inert atmosphere when are used 

additives in the polymer matrix, such as stabilizers, able to trap radicals formed after 

mechanically breaking polymer bonds; however, in the absence of these additives, no 

degradation occurs due to the fast recombination of mechanically produced radicals. 51 

Thermoplastic materials such as PVC, LDPE, and PP can be affected by 

mechanochemical degradation during production processes even when a little amount 

of oxygen is present, generating oxygen-containing functional groups that are 

detrimental for in-service life products ; depending on the chemical structure, different 

mechanisms will lead to the cleavage of polymer  chains, resulting in other degradation 

reaction products  such as polyconjugated systems and crosslinks.52 More recently, we 

have tried to exploit the mechanochemical degradation by controlling the mechanical 

input -chemical output focusing on specific functions, materials, and devices.53 

4. Biological degradation:  

Polymeric materials, both natural and synthetic, can be subjected to biodegradation 

processes performed by microorganism activity  that modifies chemical, physical and 

 

 

51 G. Scott, Polym. Eng. Sci. 1984, 24, 1007. 
52 G. Scott, Polym. Plast. Technol. Eng., 1978, 11, 1. 
53 S. Akbulatov, R. Boulatov, ChemPhysChem, 2017, 18, 1422. 
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mechanical properties of materials; as a general rule, biologically synthesized 

polymers are more susceptible to biodegradation in natural conditions  compared to 

synthetic polymers  such as PE, PP, PU and PET that instead shown nor or little 

changes of properties over the time.54 Polymer biodegradability depends mainly on 

their molecular weight and crystallinity where, in general, the higher the molecular 

weight , the lower the biodegradability due to lower solubility of long polymer chains 

compared to oligomers making unfavorable conditions for ÔÐÊÙÖÖÙÎÈÕÐÚÔɀÚɯ

enzymatic attack, and on environmental conditions such as aerobic, anaerobic 

atmosphere, presence of pollutants and humidity that could promote the growth and 

colonization of specific microorganisms .55 The bio-depolymerization process that 

leads to the production of small fr agments (dimer, trimer, and oligomers) from the 

original polymer can  occur under aerobic or anaerobic conditions, resulting in the 

complete degradation  of the polymer producing microbial biomass and small 

molecules such as CO2, H 2O, CH4, organic and inorganic acids (Figure 14).56  

 

Figure 14. Polymer bio -depolymerization  

Different biodegradation processes have been recently developed to enhance the 

biodegradability of conventional synthetic  polymers that would otherwise require 

 

 

54 J. D. Gu, Int . Biodeterior. Biodegrad., 2003, 52, 69. 
55  ȭɯ+ÜÎÈÜÚÒÈÚȮɯ+ȭɯ+ÌÝÐÕÚÒÈÐÛȮɯ#ȭɯ/ÌðÐÓÜÓàÛȮɯInt. Biodeterior. Biodegrad., 2003, 52, 233. 
56 A. Samir, F. H. Ashour, A. A. Abdel Hakim, M. Bassyouni, NPJ Mater. Degrad., 2022, 6, 68. 
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centuries of natural weathering for these materials to degrade, offering a new 

possibility for future polymer recycle technology .  

 

1.2.1 Polymer Discolouration  Phenomenon 

One of the most polymer -related problems duri ng formulation, production processes , and 

life-in-service issues is related to discoloration s phenomenaȮɯÖÍÛÌÕɯÈÚÊÙÐÉÌËɯÈÚɯɁàÌÓÓÖÞÐÕÎȭɂ 

Nature of the polymer and physico-chemical parameters are the key factors that influence 

the type of discoloration; well  established are the discoloration mechanisms of aromatic 

polymer structures commonly found  for polyesters, polyurethanes, polycarbonates, 

polystyrene , and epoxy-amines, however specific additives contained into polymers may 

significantly contribute to the  yellowing phenomenon.  Discoloration due to polymer 

chemical structure modifications and additive degradations not only affects the aesthetic 

appearance of the material, which can be unacceptable for some applications such as 

colorless films, bottles , and optical purposes but can lead to a loss in chemical, physical, and 

mechanical properties.  

 

¶ Additives -induced  yellowing:  

Antiox idants and stabilizers are widely used in polymer formulations to inhibit or 

slow oxidation (see section 1.1). However , by-products  derived from the oxidation of 

these additives can cause polymer discoloration. 

1. Phenolic antioxidant:  

One of the most common categories of antioxidants (AOs) is BHT-related structure 

compounds, which are also responsible for turning  yellow polymers  like olefine s 

during weathering.  Irreversible oxidation of these additives (Scheme 15) can cause the 
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formation of stilbenequinones ( 13) or diphenoquinone  (84), which are common 

causes of polymer discolorations.57 

 

Scheme 15. BHT oxidation  

2. Aromatic amine antioxidants:  

Similarly  to phenolic antioxidants , these additives have been used as chain-breaking 

antioxidants and heat stabilizers; however, due to known oxidation  processes 

leading to the formation of colored species, mainly quinone imines and condensation 

products  (Figure 15), they find applications principally  as a stabilizer in carbon black 

containing in rubber ; moreover, recently their use has been limited especially in food-

related application due to leaching and toxicity issues .  

 

 

Figure 15 Aromatic amine stabilizers  

 

 

57 T. J. Henman, Text. Prog. 1987, 15, 25. 
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3. Impurities:  

Traces of transition metal such as iron, chromium , and titanium  ions used as catalysts 

during polymer manufacture , additives, or residues from process equipment can 

contribute to the discoloration phenomenon  by promoting the photocatalytic 

oxidation of antioxidant additives or producing unsaturation in the polymer 

backbone.58 Inorganic titanium compounds used as a catalyst in polymer synthesis 

or as a pigment , such as TiO2 (85), may produce hydroxyl radicals  (6) and singlet 

oxygen reactive species (70) in the presence of water (50) and oxygen (2), causing the 

over-oxidation of antioxidants resulting in chromophores species ( Scheme 16). 

 

Scheme 16. Chromophore specie formation  

¶ Polymer structure -related yellowing : 

The irreversible degradation of the polymer chemical structure that causes 

discoloration, mainly yellowing, is predominantly caused by thermooxidation and 

photooxidation processes; the generated free radicals can subsequently react with the 

polymer to form chromophores, resulting in color changes. These reactions can occur 

during production , storage, service life or after disposal. Especially during outdoor 

appli cations, polymer -based product can experience degradations under the 

influence of one or more environmental factors such as heat, solar radiation,  oxygen, 

and chemicals such as acids and alkalis. The mechanism for the formation of 

chromophore species in several polymers forming chromophore species in several 

 

 

58 E. Epacher, J. Toléth, C. Krohnke, B. Pukànszky, Polymer, 2000, 41, 8401. 
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polymers has been clarified and well -documented.59,60 The results mostly had to take 

into account more than one cause for specific yellowing polymers such as 

polycarbonate, polystyrene, polyurethanes, and PVC.  

1. Polycarbonate yellowing:  

As reported by Rivaton et al., BPA-based polycarbonate (86), when exposed to light 

radiation , undergoes different photodegradation paths ( Scheme 17) depending on the 

wavelength that triggers the reactions; photo-Fries and photooxidation  are the 

primary  mechanisms that results in discoloration, resulting in the formation of 

yellow -colored species such as dihydroxybenophenone (89), diphenoquinone (90) 

and polyconju gated species (92, 93 and 94). During weathering  accelerated 

conditions,  have also been not only observed that these degradations co-occur and 

related to each other, but humidity and oxygen can further promote the 

photooxidation process.61,62 

 

 

59 K. Ahn, S. Zaccaron, N. S. Zwirchmayr, H. Hettegger, A. Hofinger, M. Bacher, U. Henniges, T. Hosoya, A. Potthast, T. 

Rosenau, Cellulose, 2019, 26, 429. 
60 M. Qi, L. Zheng, C. Li, Y. Xiao, J. Liu, S. Wu, B. Zhang, J. Appl. Polym. Sci. 2020, 139, 49986. 
61 A. Rivaton,  Polym. Degrad. Stab. 1995, 49, 163. 
62 A. S. Swinarew, B. Swinarew, T. Flak, H. Okla, M. Lenartowicz-Klik, A. Barylski, M. Popczyk, J. Gabor, A. Stanula, 

Polymers, 2021, 13, 3572. 
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Scheme 17. Polycarbonate photo-yellowing  

 

2. Polyurethane yellowing:  

These materials, especially aromatic isocyanate-based, are susceptible to UV 

radiation, leading to significant structural changes , forming  chromophore groups , 
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and deterioration of physical , chemical, and mechanical properties.63 The yellowing 

of aromatic polyurethane  (95), polyester, and polyether -based, have been 

demonstrated to undergo two separate paths (Scheme 18) depending on the incident 

radiation wavelength; in both cases, yellow -coloured species (96 and 98) will  be 

produced.64 

 

 

Scheme 18. Polyurethane photo -yellowing  

 

 

 

 

 

63 D. Rosu, L. Rosu, C. N. Cascaval, Polym. Degrad. Stab. 2009, 94, 591. 
64 J. Lemaire, J. Gardette, A. Rivaton, A. Roger, Polym. Degrad. Stab. 1986, 15, 1. 
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3. Polyvinyl chloride yellowing:  

This polymer's poor thermal and light stability are the leading causes of discoloration 

phenomenon that can occur mainly during weathering where the polymer is exposed 

to sunlight irradiation  or during its molding  where high temperature is required . 

These degradation processes lead to the formation of yellow -coloured 

polyconjugated species (100) (Scheme 19) from the beginning of the reaction, namely 

the dehydrochlorination process, and could also result in a drastic loss of physical 

properties.65  

 

 

Scheme 19. Polyvinyl chloride photo -yellowing  

 

4. Polystyrene yellowing:  

Photolysis degradation has been attributed to be the leading cause of discoloration 

of polystyrene  (101). Outdoor applications expose the polymer to UV radiation 

leading to the formation of conjugated carbon -carbon bonds in the polymer backbone 

(102) (Scheme 20). It has been observed that oxidation degradation reactions are not 

the cause of yellowing for this polymer since the coloration  occur whether  oxygen is 

present.66 

 

 

 

65 E. Yousif, A. Hasan, J. Taibah Univ. Sci. 2014, 9, 421. 
66 N. Grassie, N. A. Weir, J. Appl. Polym. Sci. 1965, 9, 999. 
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Scheme 20. Polystyrene photo-yellowing  

 

5. Polyethylene terephthalate yellowing:  

The partial  yellowing phenomenon mainly  occurs during  melt processing and 

reprocessing of recycled PET (103) due to the formation of hydroxylated aromatic 

ring  (104), quinones (105), and stilbene quinones (106) mainly  produced by  thermal 

and thermoxidative degradation (Scheme 21); the presence of other substances such 

as titanium -based catalyst, foreign polymers like polyamides and impurities could 

also contribute to thermoyellow ing discoloration.  

 

 

Scheme 21. Polyethylene terephthalate photo -yellowing  
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1.3 Small molecules  migration in polymers  

As discussed in the previous section, additives play a fundamental role, especially for 

industrial products, where a variety of small molecules are incorporated into polymers 

conferring all the properties needed for specific applicat ions. 

The selection of specific additives (such as antioxidants, plasticizers, and stabilizers) not 

only depends on the chemical properties of both additive and polymer matrix but also on 

physical parameters, mainly solubility and diffusion. 67 Blooming effect (Figure 16) is defined 

ÈÊÊÖÙËÐÕÎɯÛÖɯ(4/ "ɯȹ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ4ÕÐÖÕɯÖÍɯ/ÜÙÌɯÈÕËɯ ××ÓÐÌËɯ"ÏÌÔÐÚÛÙàȺɯÈÚɯɁÛÏÌɯ×ÙÖÊÌÚÚɯ

in which one component of the polymer mixture, usually not a polymer, undergoes phase 

separation and migration to an external surface of the mixtureȭɂ 

 

Figure 16. Blooming phenomenon 

Several factors can influence the blooming effect, from the processing step, where additives 

and the polymer are melted together to ensure a homogeneous dispersion before the 

extrusion or molding of the material resulting in poor compatibility after cooling down, or 

during application where conditions , mainly weathering, can be detrimental for the 

integrity of the material , or during recycling and recovery processes, causing not only the 

loss of chemical, physical and mechanical properties but also the undesirable migration can 

be potentially harmful to human health. 68 

 

 

67 E. Földes, Polym. Degrad. Stab. 1995, 49, 57. 
68 M. Nounman, J. Saunier, E. Jubeli, N. Yagoubi, Polym. Degrad. Stab. 2017, 143, 239. 
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1. Solubility parameter dependence: 

This thermodynamic parameter can be helpful to  at least qualitatively predict if the 

blooming phenomenon can occur. The stability of a poly mer can be maintained over 

time is the additives have high solubility in the polymer matrix, especially at room 

temperature. Many studies reported the very low solubility of different antioxidants  

used in polyolefins  and this parameter can be enhanced by raising the temperature 

for example during the processing step However, cannot be helpful  to estimate their 

solubility at room temperature. Other parameters besides the temperature and 

melting point can influence solubility , such as the nature (e.g., chemical structure) 

and the molecular weight of the polymeric phase . Generally, the higher the molecular 

weight , the lower the solubility of an additive.  

The solubility parameter follows  Equation 1, which is useful for qualitative 

predictions:  
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                                                                                      Equation 1 

Where ɮ corresponds to the solubility of the additive, T m, ɝὌ , and V1 are 

respectively its melting point , the heat of fusion, and molar volume. V 2 is the molar 

volume of the polymer , and ʔ is the parameter that describes the interaction between 

polymer and additive. 69 

2. Diffusion parameter dependence: 

Several factors influence the diffusion rate of an additive to disperse into a polymer 

matrix , such as the size/shape of the additive, concentration, temperature molecular 

weight (MW) , and crystallinity of the polymer matrix .70 Generally, increasing the 

 

 

69 N.C. Billingham, P.D. Calvert, Polym. Degrad. Stab. 1991, 31, 23. 
70 N. E. Schlotter, P. Y. Furlan, Polymer, 1992, 33, 3323. 
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temperature increases the diffusion rate since the internal empty spaces in the 

polymer matrix become more available for the additive to move; increasing the 

concentration in the bulk of the additive also increases the diffusion rate and , thus, 

the migration of the small molecule. Crystalline polymers reduce the diffu sion rate 

of small molecules due to their less mobility between the matrix chains than the 

amorphous phase, where the higher free volume allows a central diffusion rate .71,72 

Most of the literature links  the polymer and the additives with the blooming 

phenomenon; additives can be incorporated in polymeric formulation with the intent 

to migrate onto the polymer surface to exhibit their specific functions , such as 

enhancing wettability or as leveling  agents.73 Mold  release agents, for example, can 

be incorporated into a polymer with the purpose of migrating  to the surface of the 

material to provide antistatic properties , or the release of specific drugs from their 

polymer matrix can be controlled to provide a particular  dosage. 

However, in most  cases, the migration of small molecules from polymer formulations 

is an unwanted phenomenon that could not only lead to a deterioration of the 

material's chemical, physical and mechanical properties,74 but also can be detrimental 

for other materials in contact with it and be environmentally unfriendly and 

hazardous for human health .75,76,77,78 

The migration phenomenon  involves  small molecules like additives but compounds 

with low molecular weight , such as oligomers and degradation products (derived 

from both additives and polymer) , can be subjected to the same fate (see next section). 

 

 

71 M. Botros, J. Plast. Film. Sheeting, 1995, 11, 326. 
72 D. McCall, W. Slichter, J. Am. Chem. Soc., 1958, 80, 1861. 
73 M. Horgnies, E. Daraque-Ceretti, R. Combarieu, Prog. Org. Coat. 2003, 47, 154. 
74 T. Wang, R. Li, J. J. Segura, E. Graversen, C. E. Weinell, K. Dam-Johansen, S. Kiil, Prog. Org. Coat. 2021, 151, 106083. 
75 L. Wang, X. Pan, F. Wang, L. Yang, L. Liu, Dyes Pigm. 2008, 76, 636. 
76 O. A. Adegoke, J. K. Kyu, A. Mukherjee, Food Chem. Toxicol. 2012, 50, 936. 
77 A. Mittal, V. Thakur, V. Gajbe, Environm. Sci. Pollut. R. 2013, 20, 260. 
78 J. Saunier, J. M. Herry, C. Marliére, M. Renault, M. N. Bellon-Fontaine, N. Yagoubi, Mater. Sci. Eng. 2015, 56, 522. 
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1.3.1 Migration of small molecules -related issues 

Migration of small molecules in some cases can be exploited in controlled processes such as 

erucamide, oleamide, stearamide, and behenamide can be used during the manufacture of 

screw caps as slip-agents with the intent to migrate to the polymer su rface to reduce friction 

ÉÌÛÞÌÌÕɯÊÈ×ɀÚɯÊÓÖÚÜÙÌɯÈÕËɯÊÖÕÛÈÐÕÌÙȭɯ3ÏÌÐÙɯÐÕÊÖÔ×ÈÛÐÉÐÓÐÛàɯÞÐÛÏɯ×ÖÓàÖÓÌÍÐÕÚɯÚÜÊÏɯÈÚɯ'#/$Ȯɯ

LDPE, and PP allows the migration of the additives and the onto the polymer surface . 

Depending on both properties of the polymer , such as crystallinity and cross -linking and 

additive such as molar mass, shape concentration, and branching will result in different 

migration rate and distribution leading to modifications of the closure performances. 79 

However, most of the time, is discussed as an unwanted phenomenon, especially in food 

and medical-related applications.  

Concentration gradients and incompatibility issues in formulations of solvent -based 

organic coatings between small molecules such as pigments and additives with polymer 

matrix is are often the cause of migration of some of these low molecular weight 

compounds.80 Residual solvent migration from coating systems such as toluene, ethanol, 

acetone, and other volatile organic compounds (VOCs) during the last decades received 

deep concern, especially for food -related applications and indoor environments due to the 

exposure to these chemicals and thus, potential risk of for human health. 81 Several studies 

have reported where residual solvent migration from a coating system can occur , 

influencin g the properties of other polymers in intimate contact with them. The migration 

rate depends mostly on molecular size and chemical structure, polymer matrix morphology 

and properties and exposure conditions.82 

 

 

79 N. Dulal, R. Shanks, T. Gengenbach, H. Gill, D. Chalmers, B. Adhikari, I. P. Martinez, J. Colloid Interface Sci. 2017, 505, 

537. 
80 P. A. Sørensen, S. Kiil, K. Dam-Johansen, C. E. Weinell, J. Coatings Technol. Res. 2009, 6, 135. 
81 L. Liu, P. F. Silva, G. W. Curtzwiler, K. L. Vorst, Cleaner Eng. Technol. 2021, 4, 100129. 
82 K. Du, G. Yang, Z. Yuan, W. Xu, X. Liang, J. Appl. Polym. Sci. 2014, 131, 1. 
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Below is summarized the most common typology o f small molecules migration from 

polymeric matrix materials : 

¶ Migration of additives : 

This phenomenon occurs when a material is in contact with another media, liquid -

solid or gaseous; the main fields of study are related to food applications purposes 

such as packaging and in medi cal devices such as catheters, where intensive research 

is still ongoing  because of the potential risk for human health. 83,84,85  

1. Migration of Plasticizers:  

As mentioned before, most of the literatur e is focused on releasing this type of 

additive for  food and medical-related applications; 86 due to the migration limit 

settled from by European Commission for the different types of plasticizers, many 

other experiments have been conducted taking into account various parameters such 

as the food composition, contacting phase, the concentration of migrant specie, 

temperature e exposure time.87,88 Migration of plasticizer between two different 

polymers, from PVC to polyethylene films, in intimate contact has been studied, 

showing a loss in properties for both materials when dioctyl phthalate (DOP) 

plasticizer migrates from the PVC material into PE film. This allows us to understand 

the mechanisms involved in such a migration, making a suitable choice of which 

plasticizer to use for specific purposes.89 Replacing plasticizer to avoid their 

migration can be a viable alternative when the properties of the material during the 

application are at least retained; the aging resistance of PVC blends can be improved 

by replacing the plasticizer DOP with rubbery m aterial such as nitrile rubber (NBR) 

 

 

83 K. Bhunia, S. S. SablaniJ. Tang, B. Rasco, Food Sci. Food Saf. 2013, 12, 523. 
84 G. Gillet, O. Vitrac, S. Desobry, Ind. Eng. Chem. Res. 2010, 49, 7263. 
85 R. F. Storey, K. A. Mauritz, B. D. Cox, Macromolecules, 1989, 22, 289. 
86 M. Hakkarainen, Adv. Polym. Sci. 2008, 211, 159. 
87 E. Fasano, F. Bono-Blay, T. Cirillo, P. Montuori, S. Lacorte, Food Control, 2012, 27, 132. 
88 Q. Xu, X. Yin, M. Wang, H. Wang, N. Zhang, Y. Shen, S. Xu, L. Zhang, Z. Gu, J. Agric. Food Chem. 2012, 58, 11311. 
89 V. V Guzeyev, L. K. Belyakova, M. M. Khokhlova, T.  A. Fomina, V. P. Lebedev., Plast. Massy, 1969, 9, 53. 
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or ethylene-ÝÐÕàÓɯÈÊÌÛÈÛÌɯȹ$5 ȺɯÈÓÛÏÖÜÎÏɯÛÏÌÚÌɯ×ÖÓàÔÌÙÚɯËÖÕɀÛɯÈÍÍÌÊÛɯÛÏÌɯ3ÎɯÝÈÓÜÌɯÖÍɯ

the PVC blend at the expense of its processability.90 

2. Migration of antioxidants:  

In this case, most of the literature is related to th e migration of these types of additives  

from polyolefins such as polypropylene (PP) and low -density polyethylene (LDPE). 91 

Different kinds  of food or food simulants in other conditions have been used to 

evaluate the migration of antioxidants and their degradation products over time. 

Fourier-transform infrared spectroscopy (FTIR) can be used to investigate the 

migration of additives from polymers , as shown by Atek et. Al, wher e the release of 

organic stabilizers and stabilizers from a PVC substrate in different conditions. 92 The 

release of small molecules stabilizers, namely BHT and benzophenone (BP), can be 

detected and quantified from the complex matrix using gas chromatography-mass 

spectrometry (GC-MS) analysis as a suitable analytical technique to separate, identify 

and quantify the interested analytes.93  In another example, amine stabilizers can be 

used in the rubber industry, specifically for the reduction of tires, and are subjected 

to migration phenomena; depending on the polymer structure, molar mass of the 

additive , and temperature, the stabilizer can migrate due to diffusion process leading 

to a change in the additive distribution resulting in a loss in adhesion and 

antidegradation properties .94 

 

 

3. Migration of fire retardant : 

 

 

90 J. R. Pena, M. Hidallgo, C. Mijangos, J. Appl. Polym. Sci. 2000, 75, 1303. 
91 D. Jeon, G. Park, I. Kwak, K. Lee, H. Park, LWT-Food Sci. Technol. 2007, 40, 151. 
92 D. Atek, N. Belhaneche-Bensemra, Eur. Polym. J. 2005, 41, 707. 
93 L. Valverde-Som, C. Reguera, A. Herrero, L. A. Sarabia, M. C. Ortiz, Food Packag. Shelf Life, 2021, 28, 100664. 
94 D. F. Parra, M. T. De A. Freie, M. A. De Paoli, J. Appl. Polym. Sci. 2000, 75, 670. 
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Migration of these additives blended in a polymer such as a system like PP/TBAB 

(tetrabromobisphenol A bis(2,3-dibromopropyl ether)) has been studied, showing 

that blooming of this additive can no t only change the appearance of the final product 

but also reduces the flame resistant properties of the polymeric material .95  

3ÏÌɯÌÍÍÌÊÛɯÖÕɯ×ÜÉÓÐÊɯÏÌÈÓÛÏɯÖÍɯÍÓÈÔÌɯÙÌÛÈÙËÈÕÛɀÚɯÙÌÓÌÈÚÌɯÍÙÖÔɯÜ×ÏÖÓÚÛÌÙÌËɯÍÜÙÕÐÛÜÙÌɯ

has been evaluated considering the nature of the polymer, additive , and the 

technique utilized to combine the matrix/FR system , such as simple addition, coating, 

or graftin g. The results shown that some phosphorous FRs can be released into the 

air, with the potential risk of exposure by inhalation . Moreover it has been pointed 

out that it cannot identify  an inert FR additive in terms of emission and migration 

since the migration experiments for all the substances analyzed suggest adverse 

effects on human health and the environment .96 

 

 

¶ Migration of monomers and oligomers:  

Many studies are focused on the migration of styrene and bisphenol A (BPA), as 

residual monomers, respectively , from polystyrene (PS) and polycarbonate (PC) 

since they are extensively used for food packaging applications and is well known 

the adverse effect of these small molecules toward human health.97,98 Migration 

studies of oligomers from polyamide 6 (PA6 ) and polyethylene terephthalate (PET) 

have been conducted, always related to the food applications since these plastic 

 

 

95 X. Li, R. Yang, J. Appl. Polym. Sci. 2006, 101, 1, 20. 
96 M. Lounis, S. Leconte, C. Rousselle, L. Belzunces, V. Desauziers, J. M. Lopez-Cuesta, J. M. Julien, D. Guenot, D. Bourgeois, 

J. Hazard Mat. 2019, 366, 556. 
97 I. S. Arvanitoyannis, L. Bosnea, Crit. Rev. Food Sci. Nutr. 2004, 44, 63. 
98 S. Kitamura, T. Suzuki, S. Sanoh, R. Kohta, N. Jinno, K. Sugihara, S. I. Yoshihira, N. Fujimoto, H. Watanabe, S. Ohta, 

Toxicol. Sci. 2005, 84, 249. 
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materials are used as food containers in different conditions to assess the quality and 

the quantity of migrants .99,100 

 

1.4 Results and Discussion  

Yellowing degradation process and molecules migration are common phenomena for 

polymers, especially during outdoor exposure. Understanding these processes and the 

capability to identify the potential risk of polymer degradation are e ssential aspects for the 

longevity of the life of service products, resulting in cost and time saving, resource 

preservation, and environmental protection.  

Most of the yellowing -inducing degradation and migration of chemicals among materials 

are wake-up calls concerning the risk of polymers reducing/loss of mechanical, physical , 

and chemical properties due to the formation of potential risk factors for human health and 

environment pollution.  

This work aimed  to study the causes of yellowing of a principally polydimethylsiloxanes -

made commercial product during outdoor exposure and evaluate the potential degradation 

of the coating system on BPA-polycarbonate substrate. 

Systematic chemical characterization of the yellowed component of the product was first 

conducted to rule out all the possible causes of the unwanted phenomenon, afterward  the 

attention was focused on the other ingredients , and it was possible to evaluate the potential  

the cause of the discoloration. Accelerated weathering and double-check test were also 

performed with a UV -lamp to reproduce the yellowing phenomenon to assess the cause 

systematically. FTIR, NMR, GC-MS analysis performed the characterizations. 

Afterward , the focus was on a different product and the potential risk of migration of 

residual cyclohexanone molecules derived from a polymeric coating  on a BPA-based 

polycarbonate substrate. Two other painting system were applied on polycarbonate and 

 

 

99 M. Hoppe, R. Fornari, P. de Voogt, R. Franz, Food Add. Contam. Part A, 2017, 34, 1251. 
100 M. Heimrich, H. Nickl, M. Bonsch, T. J. Simat, Packag. Technol. Sci. 2014, 28, 123. 
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then characterized by FTIR and SPME-GC-MS analysis to assess the suitability of the layers 

on the PC substrate. 

 

1.4.1 Yellowing of industrial product  

The causes of in service-yellowing of a commercial illumination product, principally made 

of polysiloxanes, were studied  to limit or  avoid that the same unwanted phenomenon in 

future applications.  In Figure 17 is shown a picture of an unaged product (UP) and a 

naturally aged product (NAP) . As discussed before in Section 1.2, the yellowing 

phenomenon is relative to all polymer matrix materials, due to a variety of degradation 

reactions following the breaking of covalent bonds from the polymer backbone or due to 

the presence of additives and impurities that can cause the discoloration. Thermo and 

photooxidation are irreversible reactions meaning that is not possible to restore the original 

colour since the material has degraded permanently.  

 

 

Figure 17. UP on the right side and NAP on the left side  

It was excluded the surface phenomenon since the change in colour was not only visible on 

top of the colourless surface of the silicone screen component, but it occurs homogeneously 

also in the bulk of the polymer. Polysiloxanes -yellowing is a known process and numerous 
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attempts have been made to prevent or reduce this unwanted colour, it is also known that 

the phenomenon can depend on several factor able to influence the intensity of the colour. 

For all these reasons, in first place, chemical characterizations were conducted on silicone 

materials (four different) of which the product is mainly made up.  In particular, yellowing 

was visible in a spot-like way on the originally colourless silicone extruded component of 

the product, so initially analysis were conducted on this material.  

 

¶ FTIR polysiloxanes  characterization:  

The first technique used for the characterizations was FTIR (Fourier-transform 

infrared spectroscopy) to see any difference in the chemical bond structures by 

comparing the UP with a NAP (Figure 18). 

 

 

Figure 18. Overlap spectra of UP (red line) and NAP (black line)  

TIn both cases of UP and NAP, the signals provided are the characteristic bands of 

silicone materials; the intense band at 1000 cm-1 is due to the stretching vibration of 

the Si-O-Si bond. 

However , from the spectrum of the NAP, represented by the black line, it is possible 

to notice low intensity signals that are not present for UP, represented by the red line. 

In the region at around 3300 and 3400 cm-1 and about 1600 cm-1 there are signals which 

can be assigned to the presence of hydrogen covalently bonded to heteroatoms such 
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as nitrogen and oxygen (water). This suggests that nitrogen -residual compounds, 

such as amines, can cause or influence discoloration through photooxidation of the 

amino group.  

Aminosilanes are the most popular coupling agent in sealant formu lations, used in 

the product to join the silicone extruded with the wiring components due to their 

ÙÌÈÊÛÐÝÐÛàɯÞÐÛÏɯÈɯÝÈÙÐÌÛàɯÖÍɯ×ÖÓàÔÌÙɯÔÈÛÙÐßÌÚɯÈÕËɯÊÈ×ÈÊÐÛàɯÛÖɯɁÊÖÜ×ÓÌɂɯÞÐÛÏɯËÐÍÍÌÙÌÕÛɯ

surfaces. However,  they will  turn yellow  after oxidation reactions. The formation of 

secondary amine after curing can be oxidized by NO x, especially during outdoor 

exposure, to form nitrosamines , and chromophore groups (Scheme 22).101  

 

Scheme 22. Oxidation of secondary amine due to impurities  

Despite this possibility, it would not explain the trend of spot-like shape yellowing.  

 

¶ GC-MS polysiloxanes characterization:  

Consequently, in specific cases with aromatics, silicone degradation was 

hypothesized to lead to the formation (degradation products) of molecules that can 

present chromophores groups in the molecular structure resulting in  coloured. 

To investigate the possible degradation of silicone, it was decided to use coupled gas 

chromatography to a mass spectrometer. At first, a treatment with an organic solvent, 

CHCl 3 for 24 h, allowed to extract the yellow component from the silicone material, 

which returned to its original transparency, thus passing from solid silicone to the 

solvent. This made it possible to prepare a liquid sample suitable for GC-MS 

qualitative analysis.  

 

 

101 J. N. Pitts Jr., D. Grosjean, K. Van Cauwenberghe, J. P. Schmid, D. R. Fitz, Environ. Sci. Technol. 1978, 12, 946. 
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The results (Figure 19) show the presence of cyclic oligomers, mainly trimer and 

tetramer likely due to the thermal degradation of the polydimethylsiloxane (PDMS) 

(Scheme 23).102  

 

 

Figure 19. Chromatogram of PDMS degradation product derived from NAP  

 

Scheme 23. Thermal degradation of PDMS 

The blank analysis was also conducted (Figure 20) by using a portion of a UP.  

The GC-MS results have shown the signals due to cyclic siloxanes, thus these species 

ÊÖÜÓËÕɀÛɯÉÌɯÛÏÌɯÊÈÜÚÌɯÖÍɯÛÏÌɯÜÕÞÈÕÛÌËɯàÌÓÓÖÞÐÕÎȮɯÈÓÚÖɯÉÌÊÈÜÚÌɯÛÏÌàɯÈÙÌɯcolorless 

compounds. 

 

 

 

102 G. Camino, S. M. Lomakin, M. Lageard, Polymer, 2002, 43, 2011. 
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Figure 20. Chromatogram of PDMS degradation product derived from UP  

 

¶ FTIR polyurethane  characterization:  

To deepen the study, the product was carefully inspected, showing that the yellow 

spots always appeared in the direction of the power cables of the illumination 

product. So, the attention was focused on the nature of these components and their 

possible influence on the yellowing promotion.  

The chemical nature of the cable sheaths was determined by FTIR (Figure 21), 

showing the characteristic signals of an aromatic polyurethane. The absorption band 

at 3385 cm-1 is associated with the -NH group s stretching, peaks at 2923 and 2856     

cm-1 are associated with CH2 stretching, 1728 cm-1 narrow peak corresponds to the 

stretching of the C=O groups of polyurethane, 1531 cm-1 is the deformation of -NH of 

amide moiety, and C-O single bond stretching is referred to the peak at 1221 cm-1 of 

ester groups. 

In addition, the signals at 1594 cm-1 are typical of C=C groups, 1441 and 1306 cm-1 can 

be associated with  the stretching of a phenyl ring structure.  
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Figure 21. PU cable sheaths FTIR spectrum 

As discussed in Section 2.1, the aromatic nature of the material has an important role  

in yellowing phenomena. Some of the signals could be attributed to the presence of 

other species probably utilized as additives in the manufacture of the cable sheaths. 

Melamine cyanurate should present two signals at a wavenumber greater that 3000 

cm-1 due to the symmetric stretching of NH 2 groups of the triazine core. 

These could be attributed  to the signals at 3228 and 3385 cm-1, the latter masked under 

the signal of the polyurethane. One more signal to confirm the presence of NH 2 

groups is at 1681 cm-1 as bending of the amino group. 

The signal at 1782 cm-1 is the confirmation  of the melamine cyanurate as stretching of 

the C=O group and the deformation of the cyanuric acid -NH group could be at 2856 

cm-1, overlapped with one of the signals of polyurethane . 

The presence of peaks around 1330 cm-1 could be relative to the presence of -P=O 

group and at 1400 and 960 cm-1 associated with -P-OH groups, these signals can 

indicate the presence of melamine (poly)phosphate. 

 

¶ NMR polyurethane characterization : 

A portion of polyurethane from the NAP was treated with DMSO-d6 for 24 h, in order 

to prepare a suitable sample for 1H NMR and 13C NMR analysis. 
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The results from 1H NMR ( Figure 22) showed the presence of the signal at around 6 

ppm, which i s typically absent in aromatic polyurethane , thus it did not derive from 

the original PU polymeric chain.  

 

Figure 22. PU degradation product derived from NAP 1H NMR  (DMSO-d6) spectrum 

 

This signal, highlighted in Figure 22, could be attributed to the proton of the 

intermediate specie during the central methylene group photo-oxidation  (Scheme 24).  
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Scheme 24. Photooxidation mechanism of aromatic polyurethanes 

 It is, therefore, likely that the degradation process at the time of the analysis in is 

progress and that the formed products can migrate from the polyurethane to the 

polysiloxane material, presenting a yellow colour, clearly not visible on the cable 

sheath itself. 

To confirm the aromaticity of the system and thus the possible photochemical 

degradation, 13C NMR analysis was performed (Figure 23). 
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Figure 23. PU degradation product derived from NAP 13C NMR (DMSO-d6) spectrum 

 

The signal between 115 and 135 ppm are related to sp2 hybridized carbons, belonging 

to conjugated double bonds in the polymer backbone. From FTIR and NMR results 

the cause of the product yellowing could be attributed to the additives contained in 

the cable sheath formulation and mostly from the degradation product of the 

aromatic polyurethane.  

 

¶ Comparison FTIR polyurethane UP and NAP:  

A deeper investigation has been conducted with the aim of understanding why, in 

most cases, the unwanted yellowing was present toward only one of the wiring 

components (two in total per product).  

FTIR comparison analysis of the polyurethanes derived from NA P without 

yellowing  and NAP  that experienced yellowing  were performed to evidence any 

differences (Figure 24). 
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Figure 24. PU split FTIR spectra of NAP without yellow spo t (above) and NAP with yellow spot  (bottom) 

The only significant difference was identified at 96 4 cm-1. It was possible to see that 

from the spectrum relative to the NA P without yellowing, the peak at this 

wavelength is present, on the contrary, the spectrum relative to the yellowed NAP 

did not show the abovementioned signal.  

This difference was highlighte d for all the products . The signal around 960 cm-1 could 

be attributed to the presence of phosphate groups, in particular P=O bond. It has been 

recently reported that additives such as melamine cyanurate and polyphosphate can 

be incorporated into a polyure thane matrix . They synergize the final formulation 

properties when added in appropriate ratios. The primary  function of these 

chemicals is to increase the thermal stability of the polyurethane matrix since the 

latter is highly sensitive toward thermal decomposition at relatively  low 

temperature. 

Too high a concentration of a single additive could lead to a loss of mechanical 

properties, conversely low concentrations could not be sufficient to perform the 

desired benefits. 
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For these reasons the choice to implement a multicomponent system, with two or 

more additives, can lead a synergistic effect without exceeding the concentration of 

a single component.103 

The absence of the signal at around 960 cm-1 in the polyurethane spectra of NAP 

could be due to the low concentration of lack of melamine polyphosphate. The 

ÚàÚÛÌÔɯÛÏÜÚɯËÐËÕɀÛɯÉÌÕÌÍÐÛɯÈÕàÔÖÙÌɯfrom  the synergistic effect of the additives, 

promoting the polyurethane degradation, resulting in the visible yellow spots.  

FTIR characterization was also conducted on polyurethane cable sheaths from UP; 

from analysis of a total of fifteen cable sheath, only two did not show  the 

characteristic signal of melamine phosphate (Figure 25). 

 

Figure 25. PU overlap FTIR spectra of two different  UPs  

 

 

103 V. Sangeetha, N. Kanagathara, R. Sumathi, N. Sivakumar, J. Mater., 2013, 1, 7. 
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The possibility that heterogeneous systems are generated during the production of 

the sheaths could cause the absence of an adequate amount of polyphosphate 

melamine, resulting in faster degradation of the polyurethane matrix.  

¶ Accelerated weathering tests:  

The UP was subjected to an accelerated test using a UV-lamp to promote the 

photodegradation , up to ten days in continuous exposure; it resulted in the yellowing 

spot, in the direction of cable sheath, visible on the surface of the transparent silicone 

extrusion (Figure 26). 

 

 

Figure 26. UP above and yellowed product after accelerated aging test 

The cable sheath resulted from the accelerated weathering test was then analysed by 

FTIR (Figure 27). 
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Figure 27. PU FTIR spectrum of product after accelerated aging test 

Also in this case was not possible to observe the signal in the region at around 960 

cm-1. 

With the aim to systematically reproduce the yellowing phenomenon, it was 

prepared a sample composed by the silicone extruded component with at one side a 

cable with a sheath that did not present the peak at 960 cm-1 and on the other side a 

cable that instead shown the signal, like how the actual product is assembled (Figure 

28).  

 

 

Figure 28. Assembled product  

This sample was then exposed to the UV radiation of the lamp previously used, 

repeating the accelerated test (Figure 29). 
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Figure 29. PU FTIR spectra and the relative portion of the sample.  

It was clearly observed from the visual inspection of the sample after 10 days of 

continuous exposure to UV light, that only the side assembled with the cable sheath 

that did not show the signal at 960 cm-1 from IR spectroscopy was spot-like  yellowed 

onto the surface of the extruded silicone component in the direction of the cable joint. 

 

¶ Double check tests:  

Different typologies of cable sheaths used to assembly the illumination products  

were sent to the company supplier  (table 1) to be analysed to evaluate the difference 

previously highlighted from FTIR spectra. 

 

Sample Typology  Aging condition  FTIR 960 cm-1 
Visual 

inspection  

A1 Natural aging  Present Colourless 

A2 Natural aging  Absent Yellow spot  

B1 Non-aged absent - 

B2 Non-aged present - 

table 1.  Typology of PU cable sheaths 

The results obtained from the double check FTIR analysis matched with the results 

obtained in laboratory, showing that presence/absence of the 960 cm-1 peak in the 

spectra for the different typology of samples ( Figure 30). 
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Figure 30. PU FTIR spectrum of the different cable sheaths. Green, yellow, red and blue lines correspond 

respectively to A1, A2, B1 and B2 samples of table 1 

 

1.4.2 Potential migration from  coating systems 

Volatile and semi -volatile components of two different industrial paint system s, P1 and P2, 

were evaluated after coating a polycarbonate substrate (PC), to assess compatibility between 

the two different components . In particular, e nvironmental stress cracking (ESC) is known 

to be a critical problem especially for amorphous polymers such as polycarbonate (PC), 

poly(methyl methacrylate) (PMMA) or polystyrene (PS) . Organic solvent such as acetone 

can act as ECS agent when came in contact with glassy polymers like polycarbonate even 

without any externally applied stress .104 The evaluation of the presence of chemicals able to 

promote the ESC phenomenon in the coating systems was performed by HS-SPME/GC-MS 

(Head space-solid phase microextraction/gas chromatography -mass spectrometry) method. 

 

 

104 L. M. Robeson, Polym. Eng. Sci., 2013, 53, 453. 
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This technique allows to analyse volatile and semi-volatile substances by means of a 

polysiloxane fibre which  can adsorb and absorb the analytes, mainly utilized for solid 

samples. The SPME unit consist of a small segment of fused silica fibre coated with a 

polymeric material (stationary phase) mixed with an absorbent solid. The fibre is attached 

to a stainless-steel piston, by a protective sheath for the needle, being very flexible and thin, 

all forming a syringe system ( Figure 31). 

 

 

Figure 31. SPME unit 

The analysis is carried out by placing a portion of the solid sample (substrate + coating) 

inside a glass vial and the temperature is raised to 70 °C. The sample is subjected to a first 

balancing phase, to ensure that the whole volume is full of components to be analysed, and 

to a second exposure phase in which the analytes are exposed to the fibre to allow the 

absorption of the volatile and semi -volatile substances. After this time has elapsed, the 

plunger is retracted and pushed inside the injection chamber of the chromatograph where 

it was left for the entire the duration of the chrom atography run in order to minimize the 

error (Figure 32) 
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Figure 32. SPME desorption procedure 

 

¶ FTIR characterization:  

In Figure 33 is shown the P1 painted polycarbonate systems; on the upper side the P1 

was applied on both surfaces of the PC frame, on the bottom side the P1 was applied 

only on the external surface of the cap component. 

 

Figure 33. P1 painted polycarbonate frame (above) and cap (bottom) 
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FTIR characterization of the polymer substrate was initially performed to assess the 

nature of the material (Figure 34). 

 

Figure 34. PC substrate FTIR spectrum 

The signal in Figure 34 is consistent with those found in literature, corresponding to 

the BPA-based polycarbonate; in particular, the signal at 1770 cm-1 is attributed to the 

C=O stretching of the carbonate group, the signals around 2965 cm-1 are typically 

associated with  the methyl symmetric and asymmetric stretching of isopropylidene 

group . The aromatic structure was confirmed by the weak signals at a wavelength 

above 3000 cm-1 due to the stretching of the C-H bonds with  sp2 carbons. In addition, 

the presence of the bands at 1502 and 1015 cm-1 demonstrates the presence of the 

aromatic C=C bonds stretching and the intense band at 823 cm-1 confirms the 1,4 

substitution of the aromatic ring. Finally, the intense signals at 1219, 1183, and 1155 

cm-1 are characteristic of C-O stretching aryl -O-aryl types. 

Next, FTIR analysis was performed to verify the nature of the two coatings, P1 and 

P2 formulations , that have been applied onto the substrate. Similarly,  to the previous 

P2 was used to paint both surfaces of the frame-shape polycarbonate substrate and 

only on one side of the frame component (Figure 35). 



73 

 

 

 

Figure 35. P1 painted polycarbonate frame (above) and cap (bottom) 

 

For both the golden coloured P1 and grey coloured P2, were observed the 

characteristic peaks of acrylic coatings (Figure 36). 

 

 

Figure 36. P1 (black line) and P2 (red line) split FTIR spectra 

The four absorption peaks in the region between 2850 and 3000 cm-1 are attributed to 

the symmetric and asymmetric stretching of aliphatic -CH 2 and -CH3 aliphatic 

carbons; the intense band at 1726 cm-1 corresponds the carbonyl group stretching of 
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the acrylate carboxyl moiety, the symmetric stretching of -CH3 groups are associated 

at 1680 cm-1, at 1450 cm-1 are associated the symmetric bending vibrations of -C-H 

and methyl asymmetric bonds . The peaks between 1100 and 1250 cm-1 correspond to 

the -C-O and -C-O-C stretching of the ester.105 

 

¶ HS-SPME/GC-MS analysis : 

In the first place, a portion of unpainted poly carbonate was analyzed to evaluate the 

presence of any volatile and semi-volatile substances; a sample of 1x1 cm2 of PC was 

introduced inside an 8 mL volume glass vial, closed with a Teflon septum cap to 

allow the subsequent SPME needle access. The sample was heated up to 70 °C for 24 

h, and successively the SPME fiber  was introduced in the headspace of the vial for 1h 

at the same temperature to absorb the analytes. The latter were then analysed by GC-

MS (Figure 37). 
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Figure 37. Volatile and semi-volatile PC substances chromatogram 

 

 

105 A. Couglet, P. Blanchet, V. Landry, Coatings, 2019, 9, 121. 
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The chromatogram relative to the PC did not show any substance released by the 

fib re able to affect the polymer properties.  

The same procedure was carried out for a sample taken from the frame of the product 

(both surfaces painted with P1); the chromatogram from GC-MS analysis (Figure 38) 

shown a variety of different peaks, but one was attributed to  the cyclohexanone with 

a retention time at 5.8 min (Figure 39).106 This specie can be used as solvent or co-

solvent in acrylic paint formulation and thus, residual cyclohexanone could be 

remained trapped in the polymeric coating even after the drying process.  

 

Figure 38. Volatile and semi-volatile P1 (both surfaces) substances chromatogram 

It is known that small organic molecules could cause embrittlement of polycarbonate 

materials; the internal stress resulting from the moulding production process of the 

PC panel combined with a sensitizing environment could be sufficient to originate 

the ESC. 

 

 

106 R. Radhakrishnan, R. Puttaswamy, Catal. Lett., 2017, 147, 1392. 
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The microscopic surface defects of PC where the active medium interacts can locally 

weakened during the exposure time allowing  the crack spreads. Cyclohexanone 

molecules can enter the crazes and penetrates between the molecular chains, giving 

rise to a swelling of the structure  and could resulting after in macroscopic fractures 

of the material.  

 

Figure 39. MS spectrum of cyclohexanone 

This substance was observed also in the chromatogram (Figure 40) of the sample 

prepared by taking a portion of the cap component of the panel , where P1 was 

applied only on one surface of PC. The same analysis procedure was conducted as 

previously.  
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Figure 40. Volatile and semi-volatile P1 (one surface) substances chromatogram 

Despite the painting layer was only applied on one side of the component was still 

possible to clearly observe the presence of cyclohexanone. A comparison between PC 

and PC painted with P 1 volatile and semi-volatile compounds chromatograms is 

shown (Figure 41) to confirm that the presence of cyclohexanone is only  observed 

when P1 is applied on the substrate. 
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Figure 41. Overlap of PC (blue line) and P1 painted PC (green line) chromatograms 

Next, the same procedure was performed to analyse the PC substrate with the P2 

(Figure 42). 

Similarly, to the previous case, the polycarbonate frame component (upper side of 

Figure 35) was painted on both surfaces with P2, instead only on the external surface 

of the cap component was painted with P2 (bottom side of Figure 35).  

The HS-SPME/GC-MS analysis were performed in the same conditions as P1 coated 

poly carbonate, for both the frame and cap components, the results of the are given 

below (Figure 42). 
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Figure 42. Volatile and semi-volatile P2 (both surfaces) substances chromatogram 

The chromatogram relative to frame P2 sample not only did not show the presence 

of cyclohexanone at 5.5 min but it can also be observed that the number of peaks is 

substantially lower than the chromatogram relative to P1 polycarbonate samples; this 

means that there are overall less volatile and semi-volatile compounds released by 

P2 which is a good indication of the higher quality of this paint formulation . 

Below is given the result obtained from analysis of the cap P2 sample (Figure 43). 

 

Figure 43. Volatile and semi-volatile P2 (one surface) substances chromatogram 
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Also in this case the presence of cyclohexanone was not observed, showing a 

chromatogram analogous to the previous one. 

 

1.5 Experimental section  

 

1.5.1 Materials and methods  

 

The extruded polysiloxanes materials and polyurethane  cable sheaths together with the two 

different paints applied on polycarbonate substrate  were provided by iGuzzini 

Illuminazione s.p.a.  

1. FTIR spectra were recorded with a Perkin -Elmer FT-IR spectrometer Spectrum Two 

UATR, equipped with ZnSe crystal. The measurements were performed in a 400-

4000 cm-1 range at 2 cm-1 resolution, 4 scans and processed by a Perkin-Elmer data 

manager (Spectrum). 

2. 1H and 13C NMR spectra were recorded with on a Varian Mercury 400 (400 MHz or 

100 MHz respectively). Chemical shifts are quoted in ppm and are referenced to 

residual protons in t he deuterated solvent as the internal standard; dimethyl 

sulfoxide -d6 (DMSO-d6, 2.5 ppm for 1H and 39.5 ppm for 13C). 

3. Accelerated aging test were performed under UV -lamp, VL -215.G-2.15W with a 

characteristic wavelength at 254 nm, filter size 495x120 mm and power [W]: 2x15. 

4. GC-MS were recorded using Helwett -Packard GC 6850A series coupled with a MS 

6890N (energy ionization 70 eV) using a capillary column of HP5-MS (5% 

phenylmethylpolysiloxane, long 30 m, inner diameter of 0.25 mm and thick film of 

ƔȭƖƙɯϟÔȺȭ 

5. 3ÏÌɯÊÖÔÔÌÙÊÐÈÓɯ2/,$ɯÍÐÉÙÌɯƙƔɤƗƔɯϟÔɯ#5!ɤ" 1ɤPDMS, Stableflex 24Ga, Manual 

Holder, 3pk (Gray) was obtained from Supelco, USA.  
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¶ Yellowing industrial product:  

1. Polysiloxane extruded material:  

FTIR (neat, cm-1): 2964, 2907, 1414, 1259, 1070, 1007, 865, 787. 

 

 

 

2. Polyurethane cable sheaths: 

FTIR (neat, cm-1): 3388, 3230, 2939, 2854, 1781, 1732, 1704, 1661, 1448, 1413, 

1364, 1310, 1222, 1104, 1080, 1011, 960, 917, 806, 765, 669. The 960 cm-1 signal is 

not observed in sample taken from yellowed product.  

¶ Migration coa ting system : 

1. Polycarbonate substrate: 

FTIR (neat cm-1): 3125, 2965, 1770, 1502, 1219, 1183, 1155, 1015, 823. 

2. Acrylic paint (P1):  

FTIR (neat cm-1): 3287, 2988, 2952, 2920, 2851, 1724, 1435, 1380, 1233, 1188, 1143, 

1079. 

3. Acrylic paint (P2):  

FTIR (neat cm-1): 3322, 2953, 2927, 2877, 2856, 1726, 1553, 1449, 1238, 1176, 1146. 

GC-MS (70eV; EI): 98 (M.+), 83, 69, 55 (100), 42. 

 

1.6 Conclusions  

 

Over the years, polymer additives offered the possibility to design valuable materials to 

satisfy a multitude of applic ations, however due to the complexity of these systems, the 

correct choice of components that constitute commercial products has a huge impact on the 

performance during production steps, storage and in service uses. 

This study involved the systematic chara cterization of a polysiloxanes-made illumination 

product ÞÏÖɀÚ occasionally shown yellowing phenomenon during application ; 
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furthermore , the compatibility of two different industrial coating systems w as evaluated 

with a BPA -based polycarbonate substrate. 

The process who leads to the discoloration phenomenon during application was attributed 

to the polyurethane cable sheaths degradation product migration  and scarce homogeneity 

during storage and application . The yellowing  phenomenon was mainly due to 

polyurethane photodegradation reactions . It was reproduced by accelerated aging 

experiments, showing that only a few cable sheaths undergo degradation  in a short period , 

compared to most cable sheaths utilized to assemble the illumination product . FTIR spectra 

signal showed a significant  difference in the polyurethane materials that degraded much 

faster. This was attributed to the lack of phosphate -based flame retardant, usually used in 

synergy with ÖÛÏÌÙɯÍÓÈÔÌɯÙÌÛÈÙËÈÕÛÚȭɯ3ÏÜÚȮɯÛÏÌɯÚàÚÛÌÔɯËÖÌÚÕɀÛɯÉÌÕÌÍÐÛɯÛhe stability of UV 

radiation, causing unwanted yellowing.  

The compatibility between the acrylic painting systems and the polycarbonate substrate was 

assessed, considering the volatile and semi-volatile components of the cured coatings. HS-

SPME/GC-MS revealed the presence of cyclohexanone in one painting system, usually used 

as a solvent in painting formulations, which could promote environmental stress cracking 

of different materials . On the other hand, the second system, did not show any hazardous 

substances for polycarbonate in service life. 
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CHAPTER I I  

Polymer Functionalization  

 

2.1 Circular Economy: Overview  

(ÕɯÙÌÊÌÕÛɯàÌÈÙÚȮɯÛÏÌɯÛÌÙÔɯɁ"ÐÙÊÜÓÈÙɯ$ÊÖÕÖÔàɂɯȹ"$ȺɯÏÈÚɯÎÈÐÕÌËɯÔÖÙÌɯÈÕËɯÔÖÙÌɯÈÛÛÌÕÛÐÖÕɯÐÕɯ

the scientific literature, 107 due to the variety of topics that covers, such as sustainability, 

industrial ecology, eco-design, ecological loops, closed economy, and many more.108 

 

Figure 44. Circular economy topics 

Due to the world population growing, the inc reasing gap between demand and finite 

resources, moreover dependency from fossil-based resource, the increasing waste 

 

 

107 J. Kirchherr, D. Reike, M. Hekkert, Resour. Conserv. Recycl. 2017, 127, 221. 
108 G. D. Araujo Galvao, J. de Nadae, D. H. Clemente, G. Chinen, M. Monteiro de Carvalho, Procedia CIRP, 2018, 73, 79. 
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accumulation in landfills brought to a negative environmental impact, prompted 

researchers to focus the attention on the more sustainable circular economy approach.109 

Nowadays, the CE concept is promoted by the European Union (EU), by several national 

governments (including China, Japan, UK, France, Canada, The Netherlands, Sweden, and 

Finland) as well as by several organizations around the world, such as Ellen MacArthur 

Foundation (EMF) and the World Economic Forum.  

A variety of different definitions can be found based on what is wanted to highlight, 110 

however the most used was coined by Ellen Macarthur Foundation which aims to keep the 

materials and products at their highest utility and value at all times, represented in the two -

cycle diagram (Figure 45); the biological cycle within at the centre has the consumer while 

the technical one has at the centre the user.111 

 

Figure 45. Circular economy diagram112 

 

 

109 S. Geisendorf, F. Pietrulla, Thunderbird Int. Bus. Rev. 2018, 60, 771. 
110 J. Camacho-Otero, C. Boks, I. N. Pettersen, Sustainability, 2018, 10, 2758. 
111 F. Zhijun, Y. Nailing, Sustain. Sci. 2007, 2, 95. 
112 R. Balany, A. Halog, Recycling, 2016, 1, 219. 
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The traditional extract -produce-use-dispose material and energy flow model of the modern 

economic system has dominated the overall development causing serious environmental 

issues, thus the necessity to adopt this new concept arise from the unsustainability of the 

currently linear economy. Unlike traditional recycling and practical policy and business 

oriented circular economy approach emphasizes product, component and material reuse, 

remanufacturing, refurbish ment, repair, cascading and upgrading as well as solar, wind, 

biomass and waste-derived energy utilization throughout the product value chain and 

cradle-to-cradle life cycle.113 

 

2.1.1 From Linear Economy to Circular Economy  

Nowadays one of the most fundamental challenges is related to the foundations, design, 

and principles of the economy; our economy system is not suited to meet the current and 

future needs of mankind. The necessity to adopt a new economic model can save hundreds 

of billions of US dollars and reduce the environmental negative impact of the traditional 

economic system.114 

To face the challenge and replace the unidirectional economic model, the most reliable 

alternative is the circular economy concept. 

¶ Linear Economy:  

Mankind has utilized the linear model of production and consumption since the 

industrial revolution, increasing significantly every year the necessity of global 

material extraction to be transformed into goods and afterward sold, used, and 

eventually discarded as waste into landfills or incinerated, generating environmental 

important issues. The traditional linear economy model turns natural resources into 

base materials and products for sale through a series of value-adding steps, at the 

 

 

 
113 J. Korhonen, A. Kendall, H. Deng, Renew. Sustain. Energy Rev. 2017, 68, 825. 
114 M. Lewandowski, Sustainability, 2016, 8, 43. 
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point of sale, ownership, and liability for risks and waste pass to the buyer (who is 

now the owner and user). The owner decides whether old stuff will be reused, 

ÙÌÊàÊÓÌËȮɯÖÙɯËÜÔ×ÌËȭɯ3ÏÌɯÓÐÕÌÈÙɯÌÊÖÕÖÔàɯÐÚɯËÙÐÝÌÕɯÉàɯÛÏÌɯɁÉÐÎÎÌÙ-better-faster-

ÚÈÍÌÙɂɯÚàÕËÙÖÔÌɯɬ in other words, fashion, emotion, and progress. According to the 

EMF, this currently prevailing economic design has its roots in the historically 

uneven distribution of wealth by geographic region. As the consumers of resources 

have been largely concentrated in the most developed region (i.e. in western 

societies), and the material inputs have been sourced increasingly from the global 

arena, the industrial nations have experienced an abundance of material resources 

and energy. In this arrangement, the materials have been cheap compared to the cost 

of human labour, so the producers have been motivated to adopt business models 

that rely on extensive use of materials neglecting recycling, reusing, and putting 

much emphasis on waste.115 The upshot of this economic blueprint is the linear 

economy (Figure 46); its essence is generally summarized as take-make-dispose, so 

take the resources you need, make the goods to be sold and make a profit and dispose 

of everything you do not need, including at the end of its lifecycle. The value is thus 

oÕÓàɯÊÙÌÈÛÌËɯÉàɯÛÏÌɯÔÈÚÚɯ×ÙÖËÜÊÛÐÖÕɯÈÕËɯÚÌÓÓÐÕÎɯÖÍɯ×ÙÖËÜÊÛÚɯÐÕɯÈÕɯɁÖ×ÌÕɯÊàÊÓÌɂɯ

system.  

 

 

Figure 46. Linear economy model 

 

 

115 F. Sarialti, Visegr. J. Bioeconom. Sustain. Dev. 2017, 6, 31. 
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This mindset has been highly successful in generating material wealth up to the 20th 

century, but it has demonstrated weakness in the new millennium. The cause is 

ÙÌÓÈÛÌËɯÛÖɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯÛÏÌɯÓÐÕÌÈÙɯÔÖËÌÓɯÛÏÈÛɀÚɯËÌÛÙÐÔÌÕÛÈÓɯÛÖɯÛÏÌɯÌÕÝÐÙÖÕÔÌÕÛɯ

and cannot supply the growing populace of our plant with essential services.  

For this reason, the current linear economy model is giving way to the circular 

ÌÊÖÕÖÔàɯÔÖËÌÓȭɯ3ÏÌɯ"$ɯÊÖÙÌɯËÌÍÐÕÐÕÎɯÌÓÌÔÌÕÛɯÐÚɯÛÏÌɯɁÙÌÚÛÖÙÈÛÐÝÌɯÜÚÌɂɯÖÍɯÙÌÚÖÜÙÊÌÚȭɯ

Indeed, it mainly promotes virgin material minimization and espousal of clean 

technologies. 

¶ Circular Economy:  

The circular economy involves the creation of a closed-loop ecosystem for the 

effective consumption and utilization of resources. This implies reconfiguring the 

material flows from a linear approach (resource -product -waste) toward a closed-loop 

system (resources-product -waste-new resource). The new reconfiguration model 

creates a resilient and waste-free ecosystem owing to the adoption of reduce, reuse, 

and recycle paradigms.116 

3ÏÐÚɯÈ××ÙÖÈÊÏɯÙÌ×ÓÈÊÌÚɯÛÏÌɯɁÖÕÌ-of-ÓÐÍÌɂɯÊÖÕÊÌ×ÛɯÞÐÛÏɯÙÌÚÛÖÙÈÛÐÖÕȮɯÚÏÐÍÛɯÛÖÞÈÙËÚ the 

use of renewable energy, eliminate the use of toxic chemical, which impair reuse, and 

aim for the elimination of waste through the superior design of materials, products, 

system, and, within this, business model (Figure 47).117 The CE is often interpreted as 

a new business model for a sustainable economy and healthy society that 

incorporated aspects of sustainable development through its implementation at the 

micro (enterprises), meso (economic agent integrated into symbiosis), and macro 

(city, region, and governments) levels.118 

 

 

 

116 S. Goyal, M. Esposito, A. Kapoor, Thunderbird Int. Bus. Rev. 2018, 60, 732. 
117 J. Kirchherr, D. Reike, M. Hekkert, Resour. Conserv. Recycl. 2017, 127, 224. 
118 V. Prieto-Sandoval, C. Jaca, M. Ormazabal, J. Clean. Prod. 2018, 179, 610 
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Figure 47. Circular economy business model 

 

2.1.2 Circular Economy Benefits  

The core approach of the CE could be summarized using the concept of sustainable design 

strategies (SDS) and the main principles of 3Rs (Reduce, Reuse and Recycle), or the 

correlated implementation of this principle: 4Rs (Reduce, Reuse, Recycle and Recover); 6Rs 

(Reuse, Recycle, Redesign, Remanufacture, Repurpose, Reduce and Recover); 9Rs (Refuse, 

Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, Repurpose, Recycle and 

Recover). 

3ÏÌɯ2#2ɯÐÚɯÚÌÌÕɯÈÚɯÛÏÌɯɁÖÍÍÐÊÐÈÓɂɯ"$ɯ×ÙÐÕÊÐ×ÓÌÚȭɯ3ÏÌɯÛÏÙÌÌɯÔÖÚÛɯ×Ö×ÜÓÈÙɯ2#2ɯÈÙÌȯɯÌÊÖ-design 

guided by the life cycle assessment (LCA) of a product, nature-inspired design strategies 

(NIDS) and the cradle-to-cradle (C2C) tenets. The most common and frequently mentioned 

group of principles, considered a guideline to implement the CE in practice, are the 3Rs 

(Figure 48): 

1. Reduce:  

3ÏÌɯÍÐÙÚÛɯ1ɯÚÛÈÕËÚɯÍÖÙɯɁÙÌËÜÊÛÐÖÕɂȭɯThis aspect implies the adoption of the reduce 

paradigm that involves undertaking the product, process, or business model 

innovation to replace the consumption of non -renewable and toxic raw materials 
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with  biodegradable, renewable, or recyclable resources while creating new products. 

This approach enables the conservation of non-renewable natural resources and 

recycling of natural wastes into eco-friendly and sustainable product offerings.  

2. Reuse: 

3ÏÌɯÚÌÊÖÕËɯ1ɯÚÛÈÕËÚɯÍÖÙɯȿÙÌÜÚÐÕÎȭɀ This characteristic involves the adoption of the 

reuse paradigm, which means extending the product's functional life as long as 

possible, thereby channelling the unused or disposed material into something that  

fulfils  the basic need and provides economic value to another segment of society. 

This approach focuses on creating a parallel economy based on a share-reuse-prolong 

model that enables keeping the essential resources and materials out of the landfill 

while creating new revenue streams. 

3. Recycle: 

The tÏÐÙËɯ1ɯÚÛÈÕËÚɯÍÖÙɯȿÙÌÊàÊÓÐÕÎɀȭɯ3ÏÐÚɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯÐÕÝÖÓÝÌÚɯÛÏÌɯÈËÖ×ÛÐÖÕɯÖÍɯÛÏÌɯ

recycle paradigm that implies the active reduction of waste by translating waste 

products into new resources thereby creating a balance between the production and 

the consumption of resources. This approach focuses on recovering and reusing 

waste to develop new products in order to minimize material leakage and maximize 

economic value. Recycling comprises closed-loop and open-loop recycling. Closed-

loop recycling involves using waste to make new products without changing the 

material's inherent properties . Open-loop recycling involves creating lower -value 

products from recovered materials . 

 

Figure 48. Reduce, reuse and recycle icons 
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The adoption of the CE model would offer a series of advantages, mainly focused on 

economic, environmental, and social benefits. 

 

¶ Environmental benefits:  

Several aspects related to the CE impacts on the environment have been reported in 

the literature 119 mainly highlighting the reduction of greenhouse gases (GHG), which 

most of those derived from food production, product use and manufacturing .120 The 

reduction of waste could also increase economic growth by creating new industries, 

121and the reduction of r esource consumption, avoiding depending on virgin 

resources for the manufacturing process and relying more on reuse, recycling and 

repair practices.122 

¶ Economic benefits:  

The primary positive financial outcomes that bring value creation are reducing 

product ion costs by the more productive utilization of inputs, reducing waste 

disposal and lowering environmental taxes. 123,124 Moreover, the transition toward a 

closed-loop economy can create more jobs considering the necessity of increasing 

product quality, recyc ling activities and remanufacturing.  

¶ Social benefits:  

 ÓÛÏÖÜÎÏɯÛÏÌɯÛÌÙÔɯɁÚÖÊÐÈÓɂɯÐÚɯÖÕÌɯÖÍɯÛÏÌɯÛÏÙÌÌɯ×ÐÓÓÈÙÚɯÖÍɯÚÜÚÛÈÐÕÈÉÐÓÐÛàȮɯÛÏÌÙÌɯÐÚɯÈɯÓÈÊÒɯ

of literature that considers this aspect, and in most cases, the social benefits are side-

effect rather than intended.125 However, improvements for human health derived 

from lower pollution and the symbiosis between firms and industry could lead to 

 

 

119 S. Sehenem, D. Vazquez-Brust, S. C. F. Pereira, L. M. S. Campos, Int. J. Supply Chain Manag. 2019, 24, 784. 
120 K. Govindan, P. C. Jha, K. Grag, Int. J. Prod. Res. Research, 2015, 54, 1463. 
121 M. Linder, M. Williander, Bus. Strategy Environ. 2015, 26, 182. 
122 Y. He, Int. J. Prod. Econ. 163, 5, 48. 
123 D. Liu, H. Li, W. Wang, Y. Dong, Int . J. Prod. Econ. 2012, 140, 341. 
124 A. Anctil, D. Le Blanc, J. Sustain. Tour. 2015, 24, 783. 
125 A. Murray, K. Skene, K. Hayne, J. Bus. Ethics, 2015, 140, 369. 
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more transparent communities, employment creation, food security, and safer 

condition for workers. 126 

 

 

2.1.3 Circular Economy Limits  

The vision of the CE concept, despite its potential benefits and the reliable alternative to the 

actual linear model unsustainability, is mainly developed by practitioners such as 

policymakers, business consultants and business foundations.127 All the sustainability -

related concepts such as industrial ecology, industrial symbioses, cleaner production, eco-

efficiency, performance economy, zero emission and many others, are mostly idealized 

visions barely supported by scientific research and the popular concept of CE remained 

unclear difficult to understand.  

From a scientific perspective, some several aspects and challenges still need to be faced for 

a feasible, sustainable development. For example, the idea of a closed-loop system that relies 

100 % on renewable energy and the recovery (reuse, remanufacturing, recycling) of the 

materials is not realistic.  

1. Thermodynamics limits:  

Even in theory, it is physically impossible to achieve complete recycling due to the 

second thermodynamics law, meaning that any energy-using process such as 

recycling, reuse, and remanufacturing will always require energy, and generate 

pollution and waste, leading to source depletion. However, besides this limit the 

current linear economy needs improvements, achievable by cyclical models. Even if 

the closed-loop system does not always guarantee sustainable outcomes, reuse, 

 

 

126 F. Sgarbossa, I. Russo, Int. J. Prod. Res. 2017, 183, 596. 
127 J. Korhonen, A. Honkasalo, J. Seppälä, Ecol. Econ. 2018, 143, 37. 
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remanufacturing, and refurbishment should be preferred instead of recycling for 

new materials, combustion for energy recovery or landfill disposal. 128 

2. Spatial and temporal limits:  

From the temporal limits related -effects point of view, the materials and energy 

fluxes utilized by the human economy, will affect the environment differently (short 

or long-term). Furthermore, difficulties might arise by prolonging products' 

durability and sustainability, due to the unknown human impact on nature, 

especially in long-term predictions.  

The purpose of CE is to achieve a net sustainability goal. However, there are many 

examples where a product life cycle presents environmental and social benefits 

through supply chains but result in other location issues, such as the poor developing 

countries.129 

2.2 Procedures for polymer functionalization  

There are several strategies to introduce functional groups into polymers , generally 

different from those in the backbone chains, in order to give specific chemical, physical, 

biological, or mechanical properties.130 In the past few decades, functionalized polymers 

have been applied in many fields, where conventional polymers ca nnot fulfil  the desired 

requirements, such as drug delivery, tissue engineering, medical devices, food packaging, 

batteries, etc.131,132,133  

Functional groups (FG) can be introduced by the direct polymerization of functional 

monomer when the FG does not interfere with the polymerization mechanism, or when 

more the one functionality has desired a copolymerization of different monomers each of 

 

 

128 J. M. Cullen, J. Ind. Ecol. 2017, 21, 483. 
129 J. Korhonen, J. P. Snäkin, Ecol. Econ. 2005, 52, 169. 
130 Y. Zhang, A. Broekhuis, M. C. Stuart, F. Picchioni, J. Appl. Polym. Sci. 2008, 107, 262. 
131 Y. K. Sung, S. W. Kim, Biomater. Res. 2020, 24, 12. 
132 J. Seppälä, B. van Bochove, A. Lendlein, Biomacromolecules, 2020, 21, 273. 
133 H. San, Y. Laorenza, E. Behzadfar, Y. Sonchaeng, K. Wadaugsorn, J. Sodsai, T. Kaewpetch, K. Promhuad, A. Srisa, P. 

Wongphan, N. Harnkarnsujarit, Polymers, 2022, 14, 3793. 
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those containing the FG can be performed. Functionalization by electrostatic interactions, 

covalently binding (e.g., gr afting functionalization), or physical adsorption are also viable 

methods to modify the polymer surfaces in order to confer new properties, desirable for 

certain applications such as food packaging, drug delivery, antimicrobial textiles, and many 

others (Figure 49).134 Surface functionalization by covalently binding chemical groups into 

polymer chain end groups or along the backbone structure has attract interest in research in 

the last decades due to the advantages of using this strategy, such as higher stability and 

durability .135 This strategy has been applied to modify various type of polymers such as 

polyester and halogen-containing polymers like polyvinyl chloride to provide a convenient 

synthetic tool to improve or modify physicochemical and mechanical properties of such 

materials.136,137 

 

 

134 P. Makvandi, S. Ifterkhar, F. Pizzetti, A. Zarepour, E.N. Zare, M. Ashrafizadeh, T. Agarwal, V. V. T. Padil, R. 

Mohammadinejad, M. Sillanpaa, T. K. Maiti, G. Perale, A. Zarrabi, F. Rossi, Environ. Chem. Lett., 2021, 19, 583. 
135 I. S. Alferiev, J. M. Connol ly, S. J. Stachelek, A. Ottey, L. Rauova, R. J. Levy, Biomacromolecules, 2006, 7, 317. 
136 V. K. Vlakh, I. Averianov, E. Sinitsyna, Y. Nashchekina, D. Polyakov, I. Guryanov, A. Lavrentieva, L. Raddatz, E. K. 

Vlakh, T. Scheper, T. Tennikova, Polymers, 2018, 10, 1299. 
137 R. Arslan, M. A. Tasdelen, M. Arslan, Eur. Polym. J. 2022, 177, 111475. 
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Figure 49. Polymer functionalization strategies 
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2.2.1 Vanillin derivatives in polymer synthesis  

A straightforward method to incorporate functionalities in the polymer backbone is through 

polymerization of pre -functionalized monomer(s), where at least one of its functionalities is 

not reacted to originate polymer main chain chemical bonds; this strategy offers the 

possibility of a high degr ee of functionalities in the polymer structure, and a viable 

alternative to the post-polymerization modifications. The monomer functionality that is 

wanted to retain in the relative polymeric form must not interfere with the polymerization 

process or causes side reaction to occur, not to compromise the close polymer properties 

such as polydispersity, composition, and structure.  

The functional group (FG) can be part of the repeating unit of the polymer structure, or it 

may be directly attached to the polymer  backbone (Figure 50).  

 

Figure 50. Functional group position in the polymer structure 

(ÕɯÏÖÔÖ×ÖÓàÔÌÙÚɀɯÚàÕÛÏÌÚÐÚȮɯÚÛÈÙÛÐÕÎɯÍÙÖÔɯÈɯÔÖËÐÍÐÌËɯÔÖÕÖÔÌÙȮɯÛÏÌɯ%&ɯÐÚɯÈÛÛÈÊÏÌËɯÛÖɯÌÝÌÙàɯ

repeating unit, while  in copolymers, the FG can have an alternate or random distribution.  

When applied to produce copolymers, the direct polymerization of functional monomers 

strategy can control the degree of functionality of the relative product depending on the 

ratio of mon omers used. 
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Several bio-based polymers can be synthesized, exploiting the diverse functional groups 

already present in renewable raw materials.138 Particularly interesting are those sources of 

polymeric materials with various functional groups, such as fatt y acid and vanillin 

derivatives. 139 

Vanillin ( 107) has been mainly used as aromatic flavor compounds for food, beverage, 

perfume, and pharmaceutical applications. 140 Due to its versatility and functional groups, it 

recently gained attention for synthesizing bio -based polymers; it also represents an essential 

source of renewable feedstock material that can be produced both from lignin and 

petroleum sources.141 

 

 

Figure 51. Vanillin structure 

Among the different routes to obtaining vanillin from renewable resources, two important 

ones are the natural extraction methods and the biosynthesis.140 

¶ Natural extraction:   

Vanillin can be extracted from bean pods or by exploiting the plant tissue culture to 

produce it through immobilization technology, however severe limitations due to 

low quantities, high energy required, and carbon emissions provided only little 

benefits in the early stages of this process over the synthesis from petroleum-based 

resources. 

 

 

138 R. M. Cywar, N. A. Rorrer, C. B. Hoyt, Nat. Rev. Mater. 2021, 7, 83. 
139 M. Firdaus, M. A. R. Meier, Eur. Polym. J. 2013, 49, 156. 
140 H. Priefert, J. Rabenhorst, A. Steinbüchel, Appl. Microbiol. Biotechnol. 2001, 56, 296. 
141 A. Gandini, Green Chem. 2011, 13, 1061. 
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¶ Biosynthesis:  

Biotransformation of different substrates such as lignin, ferulic acid, eugenol, and 

aromatic amino acids can produce vanillin and its derivatives (vanillic acid and 

vanillyl alcohol) in relatively high amounts using bacteria and enzymes as an 

alternative strategy to non -renewable sources. As a significant downside, 

environmental issues due to the generation of carbon emissions have a negative 

impact on ecosystem structure and material cycle. 

 

Several studies are reported in literature where vanillin derivatives have been applied in 

poly mer synthesis due to the possibility of tailoring its rigid aromatic core to produce viable 

building blocks. 142 

Some examples of polymer synthesis with different features such as high thermal stability, 

storage modulus, glass transition temperature, and microbial application are reported in 

Scheme 25 showing interesting thermal and mechanical properties, making vanillin a reliable 

precursor to generate useful monomers.143,144,145  

 

 

142 J. F. Stanzione, J. M. Sadler, J. J. La Scala, Wool Green Chem. 2012, 14, 2346. 
143 L. Mialon, A. G. Pemba, S. A. Miller, Green Chem. 2010, 12, 1704. 
144 H. A. Meylemans, B. G. Harvey, J. T. Reams, A. J. Guenthner, L. R. Cambrea, T. J. Groshens, L. C. Baldwin, M. D. 

Garrison, J. M. Mabry, Biomacromolecules, 2013, 14, 771. 
145 R. J. Patel, Z. H. Patel, B. C. Patel, B. P. Dave, Der Pharma Chem. 2013, 5, 63. 
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Scheme 25. Vanillin as  polymer precursor  

Vanillin is  one of the few aromatics compounds derived from renewable resource  that can 

be considered with not a high toxicity, and it shall not be classified as hazardous to the 

aquatic environmentȭɯ3ÏÜÚȮɯÐÛɯÐÚɯÈɯ×ÖÛÌÕÛÐÈÓɯɁÕÌÞɂɯÉÐÖÙÌÚÖÜÙÊÌɯÍÖÙɯÚÌÝÌÙÈÓɯÔÖÕÖÔÌÙÚɯ

production due to its versatility in many functionalization possibiliti es, making it a suitable 

candidate for the future preparation of both thermoset and thermoplastic polymers. 146 

2.2.2 Vanillin -based polymers  

Due to the limited availability of fossil -based resources and potential high toxicity for 

humans and the environment , attention has been focused on renewable feedstock materials, 

mainly cashew nutshell liquid, to answer the increasingly high demand for aromatic -based 

 

 

146 M. Fache, B. Boutevin, S. Caillol, Eur. Polym. J. 2015, 68, 488. 
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compounds for polymer synthesis of polyphenols, and lignin. In particular, lignin is the 

principal avail able resource since it is the most abundant one, however despite the 

researcher's efforts there are no industrial efficient ways to recover valuable chemicals such 

as vanillin, in fact, nowadays its production is mainly conducted by petroleum -based 

processes (85%) compared to alternative routes (15%).147 

Many different studies are reported where vanillin core can be tailored to produce viable 

building blocks for both thermoplastic and thermoset bio -based polymer synthesis (Figure 

52)  

 

 

Figure 52. Polymers derived from vanillin  

 

 

 

 

 

 

 

147 E. A. Borges da Silva, M. Zabkova, J. D. Araùjo, C. A. Cateto, M. F. Barreiro, Chem. Eng. Res. Des. 2009, 87, 1276. 
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¶ Vanillin -based epoxy: 

Vanillin -based glycidyl ethers (116) can be synthesized as components for epoxy 

resins as an alternative to the most common petroleum -based bisphenol A diglycidyl 

ether (DGEBA) (Scheme 26). 

 

            Scheme 26. Epoxy resin synthesis from vanillin  and cross-linked materials by epoxy/amine reaction  

 

The dimerization pro cess, followed by reduction, lead to the production of  divanillyl 

alcohol 112 (DVA)  followed by the direct tunable glycidation (up to four units) with 

epichlorihydrin 113 in presence of a base and phase transfer catalyst to afford the 

epoxy monomer 114. From this reaction it is possible to obtain a mixture of 

pluriglycidylethers (GEDVA) of divanillyl alcohol 114 (TetraGEDVA) also 

diglycidylether of divanillyl alcohol (DiGE DVA), and triglycidyl ether of divanillyl 

alcohol (TriGEDVA). These monomers can be easily separated and characterized 

and, however, through the appropriate reaction conditions it will be possible for one 

epoxy monomer to dominate over the other two. Final ly, the subsequent curing 

process with diamines such as isophorone diamine (IPDA, 115) leads to the 
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production of thermoset materials with properties comparable to the DGEBA -based 

polymers.148 

¶ Vanillin -based polyesters : 

#ÐÍÍÌÙÌÕÛɯϔȮϬ-diene difunctional mono mers can be prepared, for example as shown 

in Scheme 27, where the reduction of vanillin 107 followed by etherification using a 

derivative of a fatty acid 117 produces the intermediate 118, which is converted into 

the desired monomer by esterification with  another fatty acid derivative 119 in the 

presence of 1,5,7-triazabicyclo[4 .4.0]dec-5-ene (TBD) initiator . 

 

Scheme 27. Polyester synthesis from vanillin  

Acyclic diene metathesis (ADMET) polymerization of precursor 120 in the presence 

of metathesis catalysts leads to the formation of polymers with relatively high 

molecular weight (up to 50 KDa) and good thermal properties.  

In another example, vanillin was t ailored in such a way to obtain poly(dihydroferulic 

acid) PHFA 125 (Scheme 28) with properties comparable to the well -known fossil -

based PET.  

 

 

148 E. Savonet, E. Grau, S. Grelier, B. Defoort, H. Cramail, ACS Sustain. Chem. Eng. 2018, 6, 11008. 
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Scheme 28. PHFA synthesis from vanillin  

The acetic anhydride 122 in the presence of a base such as sodium acetate is used to 

obtain the acetyl and acid moieties to produce acetylferulic acid 123 followed by 

hydrogenation to yield the aromatic monomer 124; the polymerization was 

performed in the presence of a catalyst such as zinc acetate dihydrate or antimony 

oxide at relatively high temperature to give the PHDA. 149 

¶ Vanillin -based polycarbonates: 

A direct way to produce stilbene intermediate 126 is via the McMurry coupling 

reaction of vanillin 107, followed by catalytic hydrogenation to obtain the saturated 

stilbene monomer 127. 

 

 

149 L. Mialon, A. G. Pemba, S. A. Miller, Green Chem. 2010, 10, 1704. 
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Thermoplastic polycarbonate  129 was synthesized by transesterification with 

diphenyl carbonate 128 (Scheme 29), although relatively low molecular weight and 

consequently low Tg values were reported.150 

 

Scheme 29. Polycarbonate synthesis from vanillin  

¶ Vanillin -based poly amides: 

Starting from vanillic acid methyl ester 130ȮɯÐÛɀÚɯ×ÖÚÚÐÉÓÌɯÛÖɯ×ÙÖËÜÊÌɯÛÏÌɯÔÖÕÖÔÌÙɯ

divanillic acid dimer 131 after enzymatic dimerization reaction followed by basic 

hydrolysis to give two equal acidic functionalities to the same molecule  132 necessary 

for the polyc ondensation reaction with the diamine 133 to produce the desired 

aromatic polyamide 134 (Scheme 30). High molecular weights were obtained 

depending on the molecular structure of the diamine used (up to 110000 g/mol) .151 

 

 

150 B. G. Harvey, A. J. Guenthner, H. A. Meylemans, S. R. L. Haines, K. R. Lamison, T. J. Groshens, L. R. Cambrea, M. C. 

Davis, W. W. Lai, Green Chem. 2015, 17, 1249. 
151 K. Yagura, Y. Zhang, Y. Enomoto, T. Iwata, Polymer, 2021, 228, 123907. 
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Scheme 30. Polyamide synthesis from vanillin  

 

2.2.3 Non-isocyanate polymers  

Polyurethanes (PUs) are one of the most essential classes of polymer matrix materials 

employed in a variety of different applications such as elastic and r igid foams, sealants, and 

coatings, due to the range of chemical, physical and mechanical properties with which they 

can be synthesized.152 They are conventionally prepared by the polyaddition reaction of 

polyols and di isocyanates (see Scheme 10 in Chapter 1), however human health and 

environmental issues related to the use of isocyanates starting materials have attracted the 

attention of scientists in recent years in the development of alternative process to get rid of 

these potentially toxic precursors.153 Despite the low volatility of the most common 

diÐÚÖÊàÈÕÈÛÌɯ ÜÚÌËɯ ÐÕɯ ÐÕËÜÚÛÙàȮɯ ƘȮƘɀ-diphenylmethanediisocyanate (MDI) and toluene 

diisocyanate (TDI), they are considered carcinogenic, mutagen, and reprotoxic (CMR) and 

 

 

152 G. Rokicki, P. G. Parzuchowski, M. Mazurek, Polym. Adv. Technol. 2015, 26, 707. 
153 D. R. Varma, I. Guest, J. Toxicol. Environ. Health, 1993, 40, 513. 
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became threatening not only when used in industrial scale plants but also because their 

production requires phosgene (136) as a substrate (Scheme 31).154 

 

 

Scheme 31. Industrial synthesis of isocyanates 

For these reasons, several non-isocyanate polymeric matrix materials have been synthesized 

as an environmentally friendly alternative. Several methods have been described to prepare 

non-isocyanate polyurethanes (NIPUs), mainly by polyaddition, polycondensation, and 

ring -opening appr oaches (Figure 53). 

 

 

Figure 53. Non-isocyanate polyurethanes preparation methods  

¶ NIPU by polyaddition:  

One of the most common strategies to produce non-isocyanate polyurethane 141 is 

combinin ng of cyclic carbonates 139 and amines 140 that bear at least two 

functionalities each (Scheme 32). The reaction product would lead to the formation of 

primary or secondary alcohols; for this reason, they are also referred to as 

polyhydroxyurethanes (PHUs); these hydroxyl groups can form an intramolecular 

hydrogen bond with carbonyl carbon, resulting in a less susceptible urethane group 

 

 

154 K. Blazek, J. Detta, Crit. Rev. Environm. Sci. Technol. 2019, 49, 173. 
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toward hydrolysis. The use of cycl ic carbonate has a series of advantages over 

isocyanates, such as high solvency, biodegradability, and low toxicity. Additionally, 

the synthesis of PHUs is not sensitive to the presence of moisture more 

straightforward than the isocyanate counterpart. 155 Furthermore, the production of 

NIPU could be preferred since cyclocarbonates and polyamine can be prepared from 

renewable resources like biomass and fatty acids, respectively.156 

 

 

Scheme 32. NIPU synthesis by polyaddition  

 

¶ NIPU by polycondensation:  

This strategy mainly involves the reaction between chloroformates 142 with amines 

140, carbonates 143 with amines 140, and carbamates 144 with polyols 62, resulting 

in N IPUs 64 and 145 (Scheme 33).  

 

 

155 J. H. Clark, T. J. Farmer, I. D. V. Ingram, Y. Lie, M. North, Eur. J. Org. Chem. 2018, 2018, 4265. 
156 C. Carré, L. Bonnet, L. Avérous, RSC Adv. 2014, 4, 54018. 
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Scheme 33. NIPU synthesis by polycondensation  

The first non-isocyanate polyurethanes were developed during the 60-ties of last 

centuries by the reaction between bis(chloroformate)s and diamines. However, the 

major drawback is that, in most cases, the preparation of chloroformate precursor 

requires the use of phosgene or its derivative, as well as for isocyanates.157 Important 

strategies to produce NIPU involved the  polycondensation of carbamates with diols, 

where the formers are reported to be produced from alternative source than 

phosgene.158 Examples of monomer carbamates 149 synthesis is based on 

rearrangement reactions of the relative carboxylic acid derivatives 146, 147, 148 

through Lossen, Hoffman and Curtius rearrangements ( Scheme 34). 

 

 

 

157 J. Thiem, H. Lueders, Makromol. Chem. 1986, 187, 2775. 
158 F. Ragaini, M. Gasparini, S. Cenini, Adv. Synth. Catal. 2004, 346, 63. 
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Scheme 34. Carboxylic acids derivatives rearrangements 

3ÏÌÚÌɯÙÌÈÊÛÐÖÕÚɯ×ÙÖËÜÊÌɯÔÈÐÕÓàɯɁÐÕɯÚÐÛÜɂɯÐÚÖÊàÈÕÈÛÌÚɯÞÏÐÊÏɯÈÙÌɯÛÏÌÕɯÊÖÕÝÌÙÛÌËɯÐÕÛÖɯ

carbamates in the presence of alcohols; the subsequent transurethanization of, at 

least, difunctional carbamates with polyols or polyamines allows to produce of 

polyurethanes or polyureas respectively.  

¶ NIPU by ring -opening polymerization:  

Ring-opening of cyclic urethanes 150 in the presence of different anionic initiators 

at a relatively high temperature leads to the formation of NI UPs 151 (Scheme 35). 

However, in most cases, phosgene is required to produce the carbamate 

monomer.159 

 

 

159 Z. Chen, N. Hadjichristidis, X. Feng, Y. Gnanou, Macromolecules, 2017, 50, 2320. 
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Scheme 35. ROP of cyclic carbamate 

Fewer, greener alternative strategies to prepare cyclic carbamates are reported, for 

example, ethylene carbonate 152 as starting material to synthesize urethane 

oligomers 154, and the successive depolymerization allows the production the 

desired cyclic product 150.160 

 

 

Scheme 36. Cyclic carbamate synthesis 

2.2.4 Plastics recycling 

Polymeric materials offer several advantages for humankind's welfare, such as easy 

processability into various shapes, relatively low cost, lightweight, and durability. 

However, these advantages can threaten the life on Earth due to the continuous increase of 

waste generation and undesirable disposal, which lead to widespread and irreparable 

damage to the environment.161 Therefore, it is time to think and work on alleviating the 

 

 

160 G. Rokicki, A. Piotrowska, Polymer, 2002, 43, 2927. 
161 E. Morici, S. C. Carroccio, E. Bruno, P. Scarfato, G. Filippone, N. Tz. Dintcheva, Polymers, 2022, 14, 2038. 
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serious ill effects of polymers and attempt to regenerate our environment for future 

generations. Polymer recycling is one possible remedy that is being considered and debated 

by the public, scientists, and academicians. This is because all other alternatives are either 

extremely dangerous or economically unviable. 162 One can see that the two common 

substitutes for polymer recycling is:  

 

¶ The simple burning of disposal polymers in open air is one of the most dangerous 

routes for the environment.  

¶ The use of biodegradable polymers often uneconomical. 

 

3ÏÌÙÌÍÖÙÌȮɯɁÙÌÊàÊÓÐÕÎɯÈÕËɯÙÌÜÚÌɂɯÐÚɯÊÖÕÚÐËÌÙÌËɯÖÕÌɯÖÍɯÛÏÌɯÔÖÚÛɯ×ÙÖÔÐÚÐÕÎɯÖ×ÛÐÖÕÚɯÍÖÙɯÈɯ

sustainable environment. Recycling minimizes the need for new raw materials and energy 

consumption, helping preserve natural resources.163 

 

2.2.4.1 Classification of thermoplastic materials  

Thermoplastic polymers are a class of materials that melt and flow when heated and solidify 

when cooled.164 Thermoplastics are used to make a lot of different consumer items and are 

classified into: 

1. Crystalline thermoplastic : usually translucent with molecu lar chains which present 

a regular arrangement. Compared to other types, these polymers have more 

mechanical impact resistance. Examples of this type of polymer are polypropylene 

(PP), low-density polyethylene (LDPE), and high -density polyethylene (HDPE) ( 155 

and 156, Figure 54). 

 

 

 

162 M. Chanda, Adv. Ind. Eng. Polym. Res. 2021, 4, 133. 
163 R. Bernatas, S. Dagreou, A. Despax-Ferres, A. Barasinki, Clean. Eng. Technol. 2021, 5, 100272. 
164 P. Cassagnau, V. Bounor-Legaré, F. Fenouillot, Intern. Polymer Processing, 2007, 22, 218. 
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Figure 54. Chemical structure of PE and PP 

2. Amorphous thermoplastics : usually transparent with molecules arranged randomly. 

Examples of this type of polymers are polyvinyl chloride (PVC), 

polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS), and 

acrylonitrilebutadiene styrene (ABS) ( 99, 157, 86, 101, and 158, Figure 56). 

 

Figure 55. Amorphous thermoplastic polymer structures  

 

3. Semi-crystalline thermoplastics : in this case, polymers present combined properties 

of crystalline polymers and amorphous polymers. The representative polymers of 

this group are polyesters such as polyethylene terephthalate (PET), polybutylene 

terephthalate (PBT), and polyamide-imide (PAI) ( 103, 159 and 160, Figure 56).165 

 

 

165 M. E. Grigore, Recycling, 2017, 2, 24. 
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Figure 56. Semicrystalline thermoplastic polymer structures  

 

2.2.4.2 Recycling of thermoplastic materials  

Plastic pollution is considered a serious environmental and public health issue. The 

accumulation of plastic is increased widely in the environment and will continue to do even 

in some of the most optimistic future scenarios of plastic waste reduction. To have an idea, 

just thinking about the last 50 years, plastics production has surged from 15 million tonnes 

in 1964 to 311 million tonnes in 2014 and is expected to double again over the next 20 years.166 

This dramatic increase in production and lack of biodegradability of commercial polymers, 

particularly commodity plastics used in packaging, industry, and agriculture , has focused 

public attention on material recycling . Generally, there is the possibility  to discern 

secondary material streams, so plastic waste, from either post-industrial or post -consumer 

origins. Post-industrial waste (PI W) comes out from industrial waste production and never 

reaches the consumer. For this reason, is considered relatively pure due to the absence of 

contamination by other inorganic or organic compounds. At the same time, post-consumer 

waste (PCW) is produced when an end-of-life article is disposed of in landfill. Most of the 

PC waste arises from packaging materials (HDPE and LDPE, PP and PET), hence could be 

contaminated by other polymers or by organic and inorganic compounds. For this reason, 

difficulties are often encountered in recycling this type of waste . The circular economy is 

pushing toward a radical change in produc tion and waste management to reduce water, 

 

 

166 M. MacLeod, H. P. H. Arp, Science, 2021, 373, 61. 
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waste, and energy consumption and to achieve zero-waste manufacturing cycles.167 

Material  recycling is classified into four main  categories (Figure 57): 

 

 

Figure 57. Material recycling classifications 

 

¶ Primary recycling:  

It involves  reprocessing waste into materials or products with  properties that are the 

same (or at least comparable) to the original material or product. Refers to the in-

plant recycling of the scarp material o f controlled history, so the reuse of products in 

their original structure. This process remains one of the most popular because it is 

straightforward  and low cost, dealing with the recycling of clean, uncontaminated, 

single-type waste. The drawbacks are that it is possible only for some scraps and also 

there is an apparent limit on the number of cycles for each material .  

 

 

167 V. Beghetto, R. Sole, C. Brunarello, M. Al-Abkal, M. Facchin, Materials, 2021, 14, 4782. 
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¶ Secondary or mechanical recycling:  

It implies the application of used materials by recycling plastic into products that do 

not have (or need to have) properties that are the same or comparable to the original 

product. Consists of reprocessing materials from waste plastics by physical means, 

like cutting, shredding, washing, and so on, into plastic products. In this approach, 

the polymer is  separated from its associated contaminants, and it can be reprocessed 

again into granules by conventional melt filtration extrusion. Only  thermoplastic 

polymers can be recycled in this way because they can be re-melted and reprocessed 

into end products. T he succeeding steps for mechanical recycling can be different 

and depend directly on the waste nature . Still, the main steps involved are a) 

collection, b) cleaning and drying, c) sizing, d) colouring /agglomeration, e) extrusion 

and f) manufacturing of the  product. Secondary recycling is one of the traditional 

and most used methods for plastic recycling as its cost is relatively low. The main 

issues of secondary recycling are the vast heterogeneity of the solid waste and the 

deterioration of the ×ÙÖËÜÊÛɀÚɯ×roperties in each cycle due to chain-scission reactions 

caused by water or other impurities.  

¶ Tertiary or chemical recycling:  

Implies that the material's chemical structure is changed, which means that the 

resulting chemicals can be used to produce the original material again. It is defined 

as the process leading to the total depolymerization of the monomers or partial 

depolymerization of the oligomers and other chemical substances. The monomers 

could subsequently be re-polymerized to regenerate the original  polymer or to create 

a new material. In other words, this method can transform plastic waste into smaller 

molecules, mostly liquids or gases, suitable for use as a new feedstock material. From 

a sustainability point of view, this kind of recycling process  is considered very 

profitable and beneficial. Tertiary recycling could also be used as an energy resource, 

such as thermolysis. Thermolysis could be conducted with or without a catalyst. The 

advantages of the catalytic process are the lower temperatures required, the faster 
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degradation of the feedstock, and the narrower fractional composition of the 

products. The main limitation related to this process is the economic efficiency 

because commercial catalysts are generally expansive, have a relatively short life 

cycle, and typically cannot be regenerated. Other many methods for chemical 

recycling are available; the most used are: 

 

 

- Hydrogenation  

- Gasification 

- Chemical de-polymerization  

- Thermal cracking  

- Catalytic cracking and reforming  

- Photodegradation 

- Ultrasound degradation  

- Degradation in MW reactor  

 

In addition, polymers like polyolefins can be recycled using thermal treatments such 

as pyrolysis and gasification to obtain mixtures containing numerous components to 

make use as fuels. There are suitable sub-categories of chemical recycling for 

condensation polymers such as hydrolysis (acidic, alkaline, and neutral), glycolysis, 

metanolysis, aminolysis, ammonolysis, and so on. Condensation polymers such as 

PET and Nylon undergo degradati on to prepare monomer units, feedstock or 

monomer recycling.  

The disadvantages of these chemical methods are represented by the high 

temperatures, high pressures, high cost, and the long time needed during the 

operation. 

¶ Quaternary recycling or energy recovery: 
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Refers to the rescue ÖÍɯ×ÓÈÚÛÐÊɀÚɯÌÕÌÙÎàɯÊÖÕÛÌÕÛȭɯ(ÕÊÐÕÌÙÈÛÐÖÕɯÈÐÔÐÕÎɯÈÛɯÛÏÌɯÙÌÊÖÝÌÙàɯ

of energy is currently the most effective way to reduce the volume of organic 

materials. Although polymers are high -yielding energy sources, this method has 

been widely accused as ecologically unacceptable owing to the health risk from 

airborne toxic substances, for example, dioxins (in the case of chlorine-containing  

polymers). 

 

Apart from these methods, the direct reuse of a plastic material (i.e., PET) could be 

considered a zero-order recycling technique. In many countries , it is common to refill and 

reuse PET bottles. However, this should be done with great care since plastic bottles are 

more likely than glass to absorb contaminants, which could be released into the contents 

when the bottle is refilled. Moreover, filling  a PET bottle with a drink of high alcoholic 

content may lead to the degradation of the macromolecular chains with unpredictable 

consequences. 

 

2.2.4.3 Recycling of PET 

PET is a linear, aromatic, and saturated, thermoplastic polyester. Historically, the birth of 

PET is due to the work of the English chemist John R. Whinfield and his assistant James T. 

#ÐÊÒÚÖÕɯÐÕɯƕƝƘƕɯÈÛɯÛÏÌɯ"ÈÓÐÊÖɯ/ÙÐÕÛÌÙÚɀɯ ÚÚÖÊÐÈÛÐÖÕɯÖÍɯ,ÈÕÊÏÌÚÛÌÙɯȹÈɯ!ÙÐÛÐÚÏɯÛÌßÛÐÓÌɯÊÖÔ×any). 

Both scientists synthesized (and patented) PET by performing a condensation process 

involving the two monomers (i.e., terephthalic acid and EG). In the 1950s, PET was also 

produced by DuPont Company for the American market by adapting the technology 

already exploited to produce polyamides, developing a PET fiber for the textile industry 

named Dacron. The exploitation of PET in the field of beverages is due to the work by the 

American engineer Nathaniel C. Wyeth at the DuPont Company. He was the first to patent 

the PET bottle in 1973, and only in the 1980s it was used to produce drink bottles.  

Due to its excellent mechanical, optical, electrical, and recyclability properties, PET is the 

third most widely diffused polymer exploited in the packaging indu stry, monopolizing the 
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bottle market for beverages and covering almost 16% of the European plastic consumption 

in the packaging industry. 168 

The direct consequence of this vast production and the widespread application of this 

polymer is the natural generat ion of PET waste that could be reduced by adopting different 

material recycling strategies (Figure 58). 

 

 

Figure 58. PET recycling strategies 

 

¶ Energetic recycling:  

The energy recovery techniques for reducing PET waste are pyrolysis and 

carbonization. 

1. Pyrolysis: 

This technique was first described in 1982 as an alternative to PET disposal in a 

landfill. In general , PET waste is pyrolyzed without further purification of pl astic 

waste. Generally, it is carried out at temperatures between 200 and 900 °C for 0.5 

hours to 1 hour. Most pyrolysis are conducted to produce aliphatic and aromatic 

hydrocarbons as an alternative for fossil fuels or as a chemical source. 

2. Carbonization:  

 

 

168 R. Nisticò, Polym. Test. 2020, 90, 106707. 
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Carbonization is the second method of pyrolyzing PET waste. It is carried out at 

temperatures between 350-1550 °C for 0.5 to 18.5 hours. The primary  application of 

carbonization is the production of active carbon as adsorbent materials for either 

wastewater or as a CO2-scavenger. Carbonized PET waste is also used as a slag 

foaming agent and a coal substitute in steelmaking. 

¶ Sorting:  

Since PET waste is often supplied in mixtures with other polymers, so PET must be 

separated from these polymers before re-processing (Figure 59). Therefore, several 

methods have been developed and are described in the literature. One of the most 

popular uses after sorting is the application of PET as an additive in stone mastic 

asphalt, cementitious materials, mortars, or concrete composites. 

 

Figure 59. Industrial sorting plant for PET bottles  

¶ Thermo -mechanical recycling:  

The most used thermo-mechanical technique is the direct re-melting of PET waste, 

both with and without additives.  

1) Re-melting without additives:  

The simplest way of thermo -mechanical recycling is re-melting the sorted PET waste. 

This method is applied in bottle -to-bottle technologies, where sorted PET bottles are 

re-melted in crushed shape and reprocessed to bottles as beverage packaging. During 

this process, the polymer is exposed to high temperatures, shear forces, and pressure, 
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so a thermal degradation occurs. Therefore, the re-processed material undergoes a 

downcycling that reduces  thermal and mechanical properties. 

2) Re-melting with additives:  

This technique was born to allow the re -utilization of recycled PET by applying  

additives to PET waste. The use of additives can improve the thermo-mechanical 

properties of the recycled PET but pose a limitation since this kind of material 

becomes increasingly difficult to be recycled again due to the heterogeneous and 

inherent composition of PET with the other component s.169 Despite the downside 

relative to the reduction of PET molecular weight and viscosity due to the cleavage 

of polymer chains during processing, blends of virgin PET and recycled PET (rPET) 

to achieve good mechanical and thermal properties were developed at the industrial 

scale; however, it is necessary to improve the properties of rPET or PET/rPET blends 

to compensate this downside and add value to the recycled product. 170  

 

This type of recycling has many advantages, such as a relatively simple process (e.g., 

melt extrusion system), a massive pool of feedstock supply, relatively low cost, and 

ÌÕÝÐÙÖÕÔÌÕÛÈÓɯÐÔ×ÈÊÛɯÚÐÕÊÌɯɁÐËÌÈÓÓàɂɯÛÏÌÙÌɀÚ no need for chemicals to reprocess 

virgin PET into rPET mechanically.  

To convert the downcycle due to the loss of thermal and mechanical properties after 

reprocessing, it could confer to rPET additional properties intended for application 

different from t he original PET. Opportunely blending or chemically binding species 

with specific characteristics, such as antioxidants to PET waste, producing 

thermoplastic materials with the added value could be possible.  

¶ Chemical recycling:  

 

 

169 B. Greyer, G. Lorenz, A. Kandelbauer, Express Polym. Lett. 2016, 10, 560. 
170 F. Dominici, F. Sarasini, F. Luzi, L. Torre, D. Puglia, Polymers, 2020, 12, 276. 
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In addition to mechanical me thods, recycling can be performed via chemical 

depolymerization. Chemical recycling has excellent potential in the circular economy 

of plastics; it can close the loop by producing starting monomers from the polymers 

that may be reprocessed to produce high-value-added chemicals. It is estimated that, 

by 2050, almost 60% of plastic products can be based on recycled products. 

Chemical recycling methods are classified according to reaction conditions into 

solvolysis (hydrolysis, methanolysis, glycolysis, aminol ysis, and ammonolysis), 

catalytic depolymerization, and enzymatic depolymerization.  

1. Hydrolysis:  

Hydrolysis reactions perform better from an environmental point of view but require 

higher energy consumption than other solvolysis methods. They may be carried  out 

in neutral, acidic, or alkaline conditions. It involves the formation of terephthalic acid 

161 and ethylene glycol 162 (Scheme 36). Generally, the main application of obtained 

reaction products after depolymerization is to provide monomers to synthesi ze 

virgin PET.  

 

 

Scheme 37. PET hydrolysis 

1.1. Neutral Hydrolysis: 

The process usually runs in high-pressure autoclaves at temperatures 200ɬ300 °C and 

pressure 1ɬ4 MPa and with an excess of hot water or steam. Neutral hydrolysis has 

the main advantage in comparison to acid and alkaline hydrolysis in that formation 

of substantial amounts of inorganic salts, which are difficult to dispose of, is avoided. 

Therefore, it can be considered more environmentally friendly, and all the problems 
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related to the corrosion of apparatus are prevented. Generally, this process requires 

relatively long reaction times . Thus, a further improvement in the reaction rate may 

be achieved via the addition of catalytic amounts of alkali metal acetates, 

organophosphorus compounds, or zeolites. Its main drawback is that all mechanical 

impurities prese nt in PET are left in the TPA. Thus, the product can be considered of 

worse purity than the product of acid or alkaline hydrolysis .171,172 

1.2. Acid Hydrolysis: 

The process proceeds by polymer dissolution using an excess of concentrated 

sulfuric, nitric , or phosphoric acid. Generally, it could be conducted at ambient 

temperature and atmospheric pressure (reaction times 6-360 minutes), but heating 

(maximum of 100/150 °C) allows faster reaction due to chain fragmentation at high 

temperatures. However , a concentrated acid (>14.5 M) could avoid high pressures 

and temperatures in the reaction vessel. Although neutral and acidic hydrolysis of 

PET gives high yields of TPA, purification of the reaction product is solvent-

consuming, leading to a low environmentally sustain able process. The high cost 

represents the main drawback of acidic hydrolysis  due to the need to recycle large 

amounts of concentrated acids and to recover ethylene glycol  from the acid .173 

1.3. Alkaline hydrolysis: 

The process is usually carried out using an alkaline solution of sodium hydroxide 

(163) or potassium hydroxide ( 164) of a concentration of 4ɬ20 wt.%. The reaction 

products are the EG (162) and the disodium terephthalate salt (165, Scheme 37; A) or 

the dipotassium terephthalate salt (166, Scheme 37; C). The mixture is heated up to 

340 °C to evaporate and recover the EG (162) by distillation. Pure TPA ( 161) can be 

obtained by neutralization of the reaction mixture with a strong mineral acid (e. g., 

 

 

171 A. Aguado, L. Martinez, L.  Becerra, M. Arieta-araunabena, S. Arnaiz, A. Asueta, I. Robertson, J. Mater. Cycles Waste 

Manag. 2014, 16, 201. 
172 G. P. Karayannidis, A. P. Chatziavgoustis, D. S. Achilias, Adv. Polym. Technol. 2002, 21, 250. 
173 T. Yoshioka, N. Okayama, A. Okuwaki, Ind. Eng. Chem. Res. 1998, 37, 336 
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sulfuric acid) or with hydrochloric acid ( 36). Then this second step, the reaction 

mixture is filtered in order to remove the unreacted PET. The process runs for 3ɬ5 h 

at temperatures of 210ɬ250 °C, under the pressure of 1.4ɬ2 Mpa. Then, TPA (161) in 

the mixture is precipitated by acidification to pH of 2.5 ( Scheme 37; B & D). Finally, 

the mixture is filtered and washed with methanol. The solid TPA ( 161) produced is 

dried in an oven at 80°C and weighed. 

Apart from PET's aqueous alkaline hydrolysis, alkali decomposition in non -aqueous 

solutions has recently been performed due to the advantage in terms of reaction times 

and final yields. Adding  an ether (such as dioxane or tetrahydrofuran) as a mixed 

solvent with an alcohol (methanol or ethanol) accelerated the reaction. The time for 

complete reaction (>96%) of solid PET with NaOH (163) in methanol at 60 °C was 40 

min with dioxane as a co-solvent and 7h without dioxane. The main advantage of 

alkaline hydrolysis is that it can tolerate highly contaminated po st-consumer PET 

and is relatively simple and less costly than methanolysis. The drawbacks are related 

to the production of impurities that impose further separation and purification steps 

of the reaction products and to the harmful  environmental impact of the large 

quantities of alkali required .174 

 

 

 

174 L. C. Hu, A. Oku, E. Yamada, K. Tomari, Polym. J. 1997, 29, 708. 
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Scheme 38. Alkaline hydrolysis of PET  

 

2. Alcoholysis:  

Alcoholysis methods were developed to avoid the drawbacks of the methods like 

glycolysis (heterogeneous reaction products) or acidic and alkaline hydrolysis 

(pollution problems) to provide a renewable and eco -friendly degrading agent for 

polymers. Generally, PET is de-polymerized with an excess of alcohol (167) to yield 

corresponding esters of terephthalic acid (168) and ethylene glycol (162, Scheme 38). 
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Scheme 39. PET alcholysis 

 

Among the alcoholysis methods, reaction with methanol ( 169) has gained particular  

importance because of the low price and availability . Methanolysis of PET is a 

degradation process performed at high temperatures (180-280 °C) and high pressures 

(2-4 MPa), and the primary  products are dimethyl terephthalate ( 170, DMT) and 

ethylene glycol  (162, Scheme 39). 

 

Scheme 40. PET methanolysis 

The resultant DMT is purified by distillation, which removes all physical 

contaminants and can be reused as a raw material to produce PET. Catalysts are 

generally employed ; among them the most used are potassium carbonate and zinc 

acetate. After the reaction, the trigger  must be deactivated due to possible DMT losses 

because of transesterification reactions. The main advantage of this method is that an 

installation of methanolysis can be in the polymer production line because the DMT 

produced has a product quality identical to virgin DMT. Ethylene glycol and 

methanol can also be quickly  recovered and recycled. In this way, waste PET arising 

in the production cycle is utilized , and the monomers recovered can be reused to 

manufacture a full value polymer. Disadvantages of the method include the high cost 
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associated with the separation and refining of the mixture of the reaction products 

(glycols, alcohols, and phthalate derivatives) ; if water does perturb the process, it 

poisons the catalyst and forms various azeotropes. However, the main disadvantage 

is the trend of all new PET production processes to use TPA instead of DMT as the 

raw material. T he conversion of the DMT produced by hydrolysis to TPA adds a 

considerable cost to the methanolysis process.175 

3. Glycolysis: 

Essentially glycolysis involves the use of glycols (ethylene glycol, diethylene glycol, 

propylene glycol) in the de -polymerization re action of PET with the formation of 

bis(hydroxyethyl) terephthalate ( 171, BHET), which is a good starting material for 

PET upcycling, and PET oligomers (172, Scheme 40). The process is conducted in a 

wide range of temperatures from 180ɬ 240 °C, during a time of 0.5ɬ8 h, and could be 

used to produce pure bis (2-hydroxyethyl) terephthalate (BHET) at a commercial 

scale. 

 

 

Scheme 41. PET glycolysis 

To increase the glycolysis rate, many different catalytic systems, with a focus on 

developing  sustainable depolymerization reactions, are available (Figure 60). Many  

factors, such as reaction temperature and time, BHET yield, PET-to-solvent ratio, etc., 

affect the glycolytic depolymerization rate . A kin etic study revealed that the 

 

 

175 L. C. Hu, A. Oku, E. Yamada, K. Tomari, Polym. J. 1997, 29, 708. 
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uncatalyzed glycolysis procedure of polyethylene terephthalate is prolonged,  and 

difficult to achieve  complete depolymerization without the addition of the glycolysis 

catalyst. The metal-based transesterification catalyst is generally used to speed up the 

reaction rate. 

3.1. Metal salt-supported catalyst: 

The excess ethylene glycol (162) is used to degrade PET waste using mostly zinc 

acetate as the homogeneous catalyst. The degradation of PET was found to be 

effective with a high yield (85-95%) of pure bis (2-hydroxyethyl) terephthalate ( 171). 

The main drawback is using homogeneous catalysts because the recovery of catalysts 

after the reaction is complex. A series of heterogeneous catalysts could be used to 

overcome the isolation of spent catalysts. The most used systems are composed of a 

Lewis acid metal ion such as Al3+, Zn2+, and Fe3+ loaded on bentonite or supported 

onto kaoline clay. Another possibility is using metal nanotubes such as zinc titanate 

nanotubes (ZnTNT) or sodium titanate nanotubes (NaTNT).  

3.2. Ionic liquids 

Choosing the appropriate ionic liquid can achieve a class of sustainable non-volatile 

organic solvents, acid, or base-catalyzed PET depolymerization reactions. The ionic 

liquid s (ILs)-based catalysts can be recycled after the completion of the reaction but 

cannot undergo many catalytic cycles; however, they have economic limitation for 

larger applications. Ionic liquid -based glycolysis catalysts derived from Lewis acidic 

metal halides, acetates, carbonates, hydroxides, phosphates, and sulfates have been 

explored for the depolymerization of PET that yielded a moderate to the excellent 

yield of BHET.  

3.3. Deep eutectic solvent (DES) catalysts: 

DESs are a novel class of ionic solvents and a eutectic combination of acids and bases. 

They also exhibit catalytic properties due to the presence of Lewis acidic or basic 

counterparts. Since DES display properties like ILs, they are suitable alternatives for 

ILs, where an ionic solvent is required. The eutectic mixture of urea and ZnCl 2 forms 
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a deep eutectic solvent system used for the glycolysis of PET into BHET. This is low 

cost, economical, least toxicity, and has good biocompatibility to those similar 

characteristics of the ILs. Using DES as a catalyst, 100% of PET conversion is 

achieved, and 83% of BHET is obtained as a major product.176 

The main advantage of glycolysis is that it can be easily integrated into a conventional 

PET production plant , and the recovered BHET can be blended in with fresh BHET. 

However, there is always the risk of contaminants. On the other hand, the main 

disadvantage is that the reaction products are not discrete chemicals but BHET and 

higher oligomers, which are difficu lt to purify with conventional techniques .177 

 

Figure 60. PET glycolysis used various catalytic systems 

4. Aminolysis and ammonolysis:  

Aminolysis and ammonolysis were developed since the reactivity of the amine group  

is higher than the hydroxy l group  in glycols or alcohols used in glycolysis and 

 

 

176 G. Jeya, R. Dhanalakshmi, M. Anbarasu, V. Vinitha, V. Sivamurugan, J. Indian Chem. Soc. 2022, 99, 100291. 
177 J. C. Scaiano, K. G. Stamplecoskiew, G. L. Hallett-Tapleyw, Chem. Comm. 2012, 43, 6245. 
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alcoholysis of PET. The solvolytic activity of amines  cleaving the ester bond in the 

PET chain is mainly connected with their higher basicity. Further, drawbacks of 

conventional chemical recycling methods (hydrolysis and methanolysis) , such as 

high temperature and high -pressure conditions, were aimed at being avoided by 

aminolysis and ammonolysis. PET aminolysis deal with  the formation of diamides 

of terephthalic acid (173) and ethylene glycol (162, Scheme 41). 

 

 

Scheme 42. PET aminolysis 

While using ammonia 175, the depolymerization products are terephthalamide 176 

and ethylene glycol (162, Scheme 42). 

 

 

Scheme 43. PET ammonolysis 

Aminolysis and ammonolysis are generally conducted at temperatures between 25 

and 190 °C, do not require very high pressure, and the reaction time may vary from 

a few hours to several days. Unfortunately, these methods have been little explored 

in the chemical degradation of PET to synthesize useful products, and there are no 

studies about their application on an industrial scale. Only the superficial partial 

aminolysis  degradation of PET fibers have been the subject of numerous research 
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studies and is currently applied on an industrial scale. Such modificatio n processes 

improve the quality of fiber  coloration and other technical and application 

parameters of the fibers.178 

For the aminolysis of PET, many different amines have been used (such as 

methylamine, ethylamine, butylamine, allylamines , and polyamines), but the de-

polymerization agent most applied is ethanol amine ( 177, EA). This process provides 

the formation of bis (2- hydroxyethylene) terephthalamide ( 178, BHETA) and 

ethylene glycol (162, Scheme 43). 

 

 

Scheme 44. PET aminolysis using ethanolamine 

In terms of reactivity, amines are stronger nucleophiles than alcohols, leading to a 

faster reaction with the ester functionalities. Thus, the use of amino-alcohol as a 

nucleophile is an alternative that gives two main advantages:  

1) Chemoselectivity of the r eaction towards the amine compared to the alcohol 

function since it would require more energy and catalyst to promote the ester 

formation).  

2) Two terminal alcohol functionalities with a central terephthalamide moiety 

formed. 

The aromatic ring next to the amide functions provides rigidity to the molecule , and 

in the case of secondary amide, a strong H-bonding motif is created .179 

 

 

178 T. Spychaj, E. Fabrycy, M. Kacperski, J. Mater. Cycles Waste Manag. 2001, 3, 24. 
179 J. Demarteau, I. Olazabal, C. Jehanno, H. Saradon, Polym. Chem. 2020, 11, 4875. 
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As for glycolysis, different catalysts were applied to improve the degradation 

efficiency of aminolysis and ammonolysis. Mainly metal acetates were used (such as 

zinc, sodium, and potassium acetate). Among these, it was found that sodium acetate 

is the most efficient catalyst for PET-aminolysis. BHETA ( 178) obtained from the 

aminolytic pathway shown in Scheme 43 has the potential to undergo further 

reactions to get valuable products, so it may be considered an excellent starting 

material for PET upcycling. Some of the possible applications of the higher value-

added product BHETA are as a resin curing agent or as starting material for 

synthesizing polyurethanes, asphalt binder, unsaturated polyesters, epoxy 

hardeners, and non-ionic polymeric surfactants. In a ddition, BHETA is relatively 

easy to separate and purify from ethanolamine, showing a higher recovery potential. 

Aminolysis using EA ( 177) is economically viable since yields of BHETA are as high 

as 90%. At the same time, hydrolysis, alcoholysis , and glycolysis need separation 

stages to purify the products because of the formation of other products, especially 

oligomers.176 

In addition to the application of conventional heating , a growing interest has been 

shown in the last few years in the use of microwave (MW) irradiation in organic 

synthesis. In particular, the application of microwave -assisted recycling of post-

consumer PET waste with ethanolamine (177) and ethylene glycol (162) to perform 

an aminolysis and glycolysis respectively, gave comparable results to conventional 

heating with the advantages of timesaving.180 

 

 

 

 

 

175  G. Jeya, R. Dhanalakshmi, M. Anbarasu, V. Vinitha, V. Sivamurugan, J. Indian Chem. Soc. 2022, 99, 100291. 
180 R. V. Shah, V. S. Borude, S. R. Shukla, J. Appl. Polym. Sci. 2013, 127, 323. 
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2.2.5 Polyurethane acrylates (PUAs)  

Polyurethane acrylates (PUAs) constitute a new class of polyurethanes (PUs) widely used 

in ultraviolet UV -curable formulations to produce flexible and abrasion -resistant coatings. 

The main reasons for the interest in PUA are the considerable advantages offered by the 

UV-curing process of polymerization over conventional methods such as thermal curing, 

including very high speeds of curing that lead to high productivity, lower energy 

consumption, reduction of volatile organic compounds (VOCs) emissions, and s o forth. 181 

Typically, PUA is a segmented PU oligomer tipped with acrylic functionality, such as 2 -

hydroxyethyl acrylate (HEA) or 2 -hydroxyethyl methacrylate (HEMA) ( Figure 61). 

Polyurethanes are characterized by a unique two-phase microstructure where the hard 

segment (HS) domains are distributed into a soft segment (SS) matrix. The primary driving 

force for phase separation, caused by the immiscibility of HS and SS or domain formation , 

is the strong intermolecular interactions of the urethane units, which can form inter -

urethane hydrogen bonds between urethane NH and polyether (ɬOɬ) or polyester 

carbonyls. In this way , separating the two phases could be partly prevented. The soft 

segments (SS) generally consist of polyether or polyester polyol, and the hard segments (HS) 

are formed by isocyanate and HEA or HEMA. 182 Classically, PUA precursors are 

synthesized by the reaction of a polyol with an excess of diisocyanate. Then in order to 

achieve the final polymer structure are added end -capping agents and photoinitiators.  

¶ End-capping agents: 

To produce vinyl -terminated  PU, a lot of different end -capping agents (reactive 

diluents/monomers), that further undergo curing are available. NCO -terminated 

urethane pre-polymer is a highly reactive compound that could be cap ped by acrylic 

functionality and vinyl monomers which are added to reduce the viscosity of the 

forerunner liquid to obtain better processability and/or to make harder products. The 

 

 

181 P. H. Barbeau, J. F. Gerard, B. Magny, J. P. Pascault, J. Polym. Sci. B Polym. Phys. 2000, 38, 2750. 
182 F. Wang, J. Q. Hu, W. P. Tu, Prog. Org. Coat. 2008, 62, 245. 
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most common end-capping agents are 2-hydroxyethylacrylate (HEA) and 2 -

hydro xyethyl methacrylate (2 -HEMA)  (179, 180, Figure 61). 

 

 

Figure 61. Structures of HEA and HEMA  

The alternatives are represented by pentaerythritol tri -acrylate (PETA), 2-

hydroxybutyle methacrylate (2-HBMA), dihydric acrylate (PEDA) and 

dodecafluoroheptyl methacrylate (DFMA) used as fluorine acrylate monomer ( Figure 

62). 

 

 

Figure 62. Structures of PETA, HBMA, PEDA and DFMA  

Methacrylic unsaturated products are often less irritating than their equivalent 

acrylic products, and after curing are thermally more resistant, harder, more 

abrasion-resistant but less flexible. These end-capping agents are considered also as 

reactive di luents/monomers as they control the viscosity, improve processability, 

surface finish, strength, chemical and scratch resistance, elongation, shrinkage and 

control the crosslink density. They present properties such as good solvent power, 
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low viscosity, lo w toxicity, high cure rate, desired physical characteristic after curing, 

low odour, better film properties and lower cost.  

¶ Radiation curing:  

Radiation curing is based on the ionization (bond breakage) of radiation sensitive 

polymers using high energy electromagnetic radiation such as gamma ray, x-ray, 

ultraviolet or accelerated electron beams. Unlike the thermal curing of a two -

component resin system, which needs a hardener or catalyst combination with the 

primary resin to induce crosslinking or  curing, radiation curing is initiated by the 

ionic or free radical intermediates decomposed by the radiation. Due to the special 

curing mechanism, radiation curing provides some advantages compared to thermal 

curing, including unique technological superio rity, improved resin stability, 

handling flexibility, fast curing speed, energy efficiency, etc. Compared to other 

curing process (EB, gamma, and x-ray) UV -curing is more cost efficient, energy-

saving, environment, and user friendly, so widely used in curi ng of coating and thin 

films. 183 In the radiation curing an incident radiation initiates the polymerization (into 

a three-dimensional network) of the chemical system , which is transformed quickly  

from liquid to non -tacky solid. Photo-initiated polymerizatio n (Figure 63) starts with 

the absorption of the radiation by a photoinitiator that can initiate polymerization 

due to chemical fragmentation into free radicals.  

 

 

Figure 63. Photoinitiated polymerization  

 

 

183 D. Abliz, Y. Duan, L. Steuernagel, L. Xie, D. Li, G. Ziegmann, Polym. Compos. 2013, 21, 341. 
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Photoinitiators and light intensity play a key role in producing free radicals that 

initiate  the chain reaction with double bonds in PUA. It was observed that an 

optimum concentration of photoinitiator leads  to a higher degree of conversion. In 

contrast, the overestimated concentration of the initiator causes side reactions, 

reducing the polymerization rate .184 

Photo-radical initiators are classified into:  

1) !ÖÕËɯϔ-cleavage type (Norrish type I)  

UV-irradiation provides  the homolytic cleavage of the initiator ( 181) followed 

by the formation of two highly reactive radical species ( 182 and 183, Scheme 

44).185 

 

Scheme 45. Norrish type I initiatior  

2) Hydrogen abstraction type (Norrish type II)  

Photolysis of aromatic ketones, such as benzophenone (184), in the presence 

of 185, drives to the formation of a ketyl radical ( 186) and a hydrogen donor 

radical (187, Scheme 45). 

 

 

184 S. D. Maurya, S. K. Kurmvanshi, S. Mohanty, S. K. Nayak, Polym. Plast. Technol. Eng. 2017, 57, 625. 
185 J. C. Scaiano, K. G. Stamplecoskiew, G. L. Hallett-Tapleyw, Chem. Comm. 2012, 48, 4798. 
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Scheme 46. Norrish type II init iator 

Benzophenone belongs to the second type and is long-lived like a 

photoinitiator due to the triplet state, so it does not dissociate into free radicals. 

However, as shown in scheme 3.3, it can initiate polymerization by removing 

hydrogen from suitable  active donor materials such as tertiary amine (189) or 

others.184 

Generally, ketyl radicals are relatively stable and usually not reactive towards vinyl 

monomers due to steric hindrance and unpaired electron delocalization. For this 

reason, several co-initi ators (hydrogen donors) are generally added. They react 

rapidly with the electronically excited photoinitiator to produce a reactive radical 

that allows the start of polymerization .186 

Many other different photoinitiators could be used instead of 184, like 4-

benzoylbenzoic acid (191ȺȮɯ ƘȮƘɀ-bis(dimethylamino) -benzophenone (192), 1,4-

dibenzoylbenzene (193), anthraquinone (194), etc. (Figure 64) 

 

 

 

183 S. D. Maurya, S. K. Kurmvanshi, S. Mohanty, S. K. Nayak, Polym. Plast. Technol. Eng. 2017, 57, 625. 
186 Y. Yagci, S. Jockush, N. Turro, Macromolecules, 2012, 43, 6245. 
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Figure 64. Structure of some photoinitiators  

 

2.2.5.1 Synthesis of PUA  

The PUA synthesis pass through the synthesis of a urethane acrylate pre-polymer/oligomer 

(UAO) achieved by three-step polymerizations. The first step ( Scheme 46) is represented by 

the polyaddition reaction between a diisocyanate (61) and a polyether or polyester polyol 

(62) in a specific molar ratio and the presence of a catalyst. The product of this first step is a 

highly reactive NCO-terminated  urethane pre-polymer ( 195). 

 

 

Scheme 47. Synthesis of NCO terminated urethane pre-polymer  

The second step (Scheme 47) consists of the reaction between 195 and an end-capping agent 

such as HEMA (180), providing the formation of the urethane acrylate oligomer ( 196, UAO), 

also called vinyl -terminated  urethane. 
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Scheme 48. Synthesis of urethane acrylate oligomer 

The UAO (196) is characterized by a two -phase microstructure that is generated due to the 

chemical incompatibility shown by the soft segment (SS), so the polyol, and the hard 

segments (HS), so the diisocyanate and HEMA (Scheme 48). 
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Scheme 49. PUA synthesis 

The third step relates to the free radical polymerization of the UAO vinyl group of end -

capped acrylates. The reaction is usually performed in the presence of a photo-initiator and 

co-initiator to obtain a three -dim ensional network polymer ( 197, Scheme 49). 
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Scheme 50. Three-dimensional network polymer  

¶ PUA properties:  

Several factors include the nature of the monomers and reactive diluent used, 

polymer and pre-polymer molecular weight, NCO/OH ratio, hard/soft segments 

ratio, curing process, and the presence of different functionalities involved in the 

final characteristic of PUA. For example, a lower prepolymer MW would correspond 

to a lower viscosity and mo re effortless workability; at a higher MW instead, viscosity 

also increases due to the higher entanglement between the polymer chains. Optical 

and mechanical properties can also be tuned by varying the nature of the terminal 

vinyl bonds in the backbone str ucture, giving a high degree of transparency or high 

tensile strength and modulus of the final polymer.  

¶ PU catalysis: 

Generally, most PUs are synthesized by a polyaddition reaction of diisocyanates with 

diols. Under catalyst -free conditions, the nucleophil ic centre of the alcohol (9) adds 

to the electrophilic carbon of the isocyanate group (198), followed by hydrogen 

shuffling to the nitrogen forming the urethane bond ( Scheme 50). Nevertheless, it is 

worth noting that  a catalyst is often required to achieve high molecular weight PUs . 

The trigger  can operate in one of two following ways: activating the alcohol 

(nucleophilic activation) or the isocyanate (electrophilic activation) ( Scheme 51). 
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Scheme 51. General mechanism of isocyanate/alcohol reaction in absence of catalyst 

 

Scheme 52. General mechanism of isocyanate/alcohol reaction in the presence of a base (nucleophilic 

activator), and in the presence of an acid electrophilic activator 

There are mainly two types of catalysts commonly used in polyurethane technology, 

amine catalysts and organometallics (Lewis acids).  

Amine catalysts generally catalyze the isocyanate-water reaction better than the 

isocyanate-polyol reaction, while organometallics are more active in the catalytic 

reaction between isocyanates and alcohols.  

Among the amine catalysts, the most employed are tertiary amine, such as 1,4-

diazobicyclo -[2,2,2]-octene (DABCO) (208, Figure 65). One of the drawbacks of using 

tertiary amine is its offensive odor and high volatility.  

Concerning organometallic complexes, tin-based compounds, such as dibutyltin (IV) 

dilaurate (DBTL), are the most employed (209, Figure 65Ⱥȭɯ3ÏÌàɯÈÊÛɯÈÚɯ+ÌÞÐÚɀÚɯÈÊÐËÚɯ

toward polymerization with remarkable catalytic activity. The catalytic cycle 
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involves the N -coordination of the isocyanate with the tin alkoxide formed by 

alcoholysis of the starting tin compound, followed by the t ransfer of the alkoxide 

anion onto the coordinated isocyanate to afford the N -stannylurethane, which then 

undergoes alcoholysis to generate the targeted urethane and tin alkoxide. However, 

catalyst removal from PUs is often exceedingly difficult, and its c ost is prohibitive, 

an essential drawback for most applications. For instance, the residual metal catalyst 

has been linked to adverse effects in dielectric materials, toxicity, and deleterious side 

reactions. 

 

 

Figure 65. Structure of DABCO and DBLT 

 

2.3 Results and Discussion  

The most common way to improve polymer chemical, physical and mechanical properties 

is by means of additives. These chemicals, usually small molecules, are often physically 

dispersed into the polymer matrix and are added mainly during processing, or 

compounding steps. However, several environmental and human health issues can arise 

during transport, storage or in service life due to migration/degradation of additives  which 

can also result in failure of commercial products.  

A different approach to confer and/or modify polymer properties is to functionalize the 

chemical backbone structure. In this work three main procedures have been developed 

(Figure 66) with the aim t o valorise both recycling processes of polyethylene terephthalate 

(PET) and exploit bio-based resources, in particular vanillic acid. 
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Figure 66. Different functionalization procedures  

 

2.3.1 Synthesis of non -isocyanate polyurea  

The focus of this project was the development of a synthetic pathway for the synthesis of a 

dicarbamate monomer 217, as derivate of vanillic acid 130 used as starting material. The 

initial hypothesized general syntheti c strategy to obtain the desired monomer is represented 

in Scheme 52. According to the literature, the first step was reproduced to achieve the methyl 

ester derivative of vanillic acid 130 and subsequently the oxidation reaction to obtain the 

dimer 211 was performed. The phenolic moieties of the vanillic ester dimer 211 were 

functionalized to obtain the ether linkage resulting in the methoxylated derivative  

131.151,187,188 This step can be useful to introduce a variety of different substituents since these 

groups, in this project, are not designed to participate to the subsequent reaction steps to 

achieve the final monomer nor the polymer . Moreover, functionalization of phenol moieties 

of divanillin monomers lead to a decrease of melting point and increase on solubility, in 

 

 

187 A. Levot, E. Grau, S. Carlotti, S. Grelier, H. Cramail, Polym. Chem. 2015, 6, 6058. 
188 E. Savonnet, E. Grau, S. Grelier, B. Defoort, H. Cramail, ACS Sustain. Chem. Eng. 2018, 6, 11008 
150 K. Yagura, Y. Zhang, Y. Enomoto, T. Iwata, Polymer, 2021, 228, 123907 

 



143 

 

addition, the phenols as a consequence of their acidity and nucleophilicity can lead to 

undesired secondary reactions. 

 

Scheme 53. General pathway for dicarbamate monomer 213 synthesis. 

The subsequent reaction to produce the hydroxamic acid 212 (Scheme 53) was performed 

applying the conditions reported in literature, 189 however low amount of pure product was 

obtained after repeated purification steps by precipitation in a mixture of heptane/ethyl 

acetate. Different experimental conditions were changed in order to optimize the synthesis 

of 212, reported in table 2. 

 

 

 

189 O. Kreye, S. Wald, M. A. R. Meier, Adv. Synth. Catal., 2013, 355, 81. 



144 

 

 

Scheme 54. Synthesis of hydroxamic acid 212 from diester 131. 

 

table 2. Screening of reaction conditions for hydroxamic acid 212 synthesis from diester 131. a) the presence of 

hydroxamic acid 212 was detected only by 1H NMR analysis.  

Entry  H 2NOH*HCl  

(eq) 

KOH         

(eq.) 
Solvent  Reaction time  

(h) 

Yield  

(%) 

1 2.1 4.2 MeOH  24 Tracea 

2 3 6 MeOH  24 5 

3 4 8 MeOH  24 7 

4 6 12 MeOH  24 21 

5 6 12 MeOH  48 21 

6 6 12 H 2O 24 - 

 

It was possible to isolate the product 212 in relatively high yields, only when high excess of 

hydroxylamine hydrochloride 213 and base were used in methanol (entry 4 and 5, table 2). 

This was a consequence of the reaction conditions, as the intermediate bis(carboxylate) 

derivative 215 produced af ter the initial hydrolysis ( Scheme 54) did not fully react with 

hydroxylamine 212 to give the desired hydroxamic acid, confirmed by 13C NMR analysis of 

the reaction mixture  where are shown in, Figure 67, the presence of peaks attributed to 

carboxylic acid and hydroxamic acid.  

 

 

Scheme 55. Pathway for the formation of intermediate 215 
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The presence of the unreacted carboxylic acid obtained after the acidic work-up is also the 

reason why only low yields of desired compound 212 were obtained, as a consequence of 

the difficulties to separate the mixture of products. In order to promote the conversion of 

carboxylate 215, the solvent was changed keeping the reaction conditions that allowed to 

obtain the higher yield of hydroxamic a cid 212 (entry 6, table 2). However, it did not provide 

any benefits, only unreacted starting material 131 was observed, probably due to its high 

insolubility in water.  

A different approach was developed to obtain compound 212 (Scheme 4). In this approach 

the diester 131 was first hydrolysed to the relative carboxylic acid 132 obtained in 91% yield, 

and then was converted to hydroxamic acid 212 in presence of 1,1ɀ-Carbolyldiimidazole 

ŀ ŀΩ 

ōΩ 

ō Ŏ 

ŎΩ 

 

Figure 67. 13C NMR (region between 110 and 170 ppm) of the product mixture  
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(CDI) 216 and an aqueous solution 50% wt. of hydroxylamine 213. The reaction conditions 

employed to convert the carboxylic acid 132 into the desired product are listed in table 3. 

 

 

Scheme 56. Synthesis of hydroxamic acid 212 from diacid  

 

table 3. Screening of reaction conditions for hydroxamic acid 212 synthesis from diacid 132 

Entry  CDI  

(eq.) 

H 2NOH .HCl  

(eq.) 

Solvent  Reaction time  

(h) 

Yield  

(%) 

1 2.1 4.2 CH3CN 24 38 

2 2.4 6 CH3CN 24 70 

3 2.4 12 CH3CN 24 71 

4 2.4 6 CH3CN 48 71 

5 2.4 6 MeOH  24 14 

 

In almost all the experiments shown in table 3, the yield of hydroxamic acid 212 was 

significantly increased compared to the results obtained previously. It has been reported the 

role of CDI on enhancing the rate in amidation reactions 190,191 and significant improvement 

are observed also in this case where the nucleophile NH 2OH was empoyled for the synthesis 

of the hydroxamic acid 212. As in the previous expertiments, high excess of hydroxylamine 

was necessary to achieve good yield values (entry 2 and 3, table 3), moreover probably the 

high unsolubility of the hydroxamic acid in acetonitrile further promote the reaction toward 

the product which precipitates in the reaction mixture. On the other hand, when methanol 

 

 

190 E. K. Woodman, J. G. K. Chaffey, P. A. Hopes, D. R. J. Hose, J. P. Gilday, Org. Process Res. Dev. 2009, 13, 106. 
191 D. G. Oakenfull, K. Salvesen, W. P. Jencks, J. Am. Chem. Soc. 1971, 93, 188. 
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was employed as solvent (entry 5, table 3), only a small amount of product was isolated due 

to difficluties of purific ation by precipitation.  

The synthesis of the dicarbamate product 217 from hydroxamic acid 212 (Scheme 56) was 

initially performed applying the conditions found in literature. 192 

 

 

Scheme 57. Synthesis of dicarbamate 6 from hydroxamic acid  212 (Kreye Methodology)  

 

However, after purification by column chromatography, the aniline derivative 220 of the 

compound 217 was obtained. The reason why it occurred was also explained and observed 

by Kreye et al., where under these (basic) conditions the aromatic carbamates are unstable 

and decompose to the relative primary amine (scheme 57).192 

 

Scheme 58. Decomposition of dicarbamate 6 to the relative primary amine 220 

A different strategy ( scheme 58) was applied in order to achieve the desired aromatic 

carbamate through a Lossen rearrangement.193  

 

 

192 O. Kreye, S. Wald, M. A. R. Meier, Adv. Synth. Catal. 2013, 355, 81. 
193 S. Yoganathan, S. J. Miller, Org. Lett. 2013, 15, 602. 
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Scheme 59. Synthesis of dicarbamate 217 from hydroxamic acid 212 (Yoganathan Methodology)  

 

Finally, the carbamate 6 was purified by column chromatography and isolated in around 50 

% yield.  

It was then used as monomer together with 1,12-diaminododecane 221 or 1,12-dodecanediol 

222 in the presence of a catalyst to obtain by polycondensation, the relative polyurea 223 or 

polyurethane 224 respectively (Scheme 59). 

 

 

Scheme 60. General synthesis of non-isocyanate polymers 

The reaction conditions employed for the synthesis of polyurea 223 are listed below in table 

4. 
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table 4. Screening of reaction conditions for polyurea synthesis.a) molecular weight values were obtained 

from GPC analysis (DMSO (LiBr 5% w/w, MALS detector).  

Entry  217 

(eq.) 

221 

(eq.) 

NaO tBu 

(eq.) 
Solvent  

Temperature  

(° C) 

M na) 

(g/mol)  

M wa) 

(g/mol)  

1 1 1 0.02 - 100 - - 

2 1 1 0.02 - 170 - - 

3 1 1 0.02 NMP 170 8500 42000 

 

At first, solventless conditions were applied ( entry 1 and 2, table 4), however, even at high 

temperatures, after up to 24 h (entry 2, table 4) it was not possible to obtain the desired 

polyurea.  

Dry NMP (N-methyl -2-ppyrrolidone) was then evaluated as solvent, which was able to 

solubilize all the reagents 1,12-diaminododecane 221, dicarbamate 217 and the catalyst 

NaO tBu. A lkal i base catalysts have been shown to be highly efficient in aminolysis reactions 

of carbonate and carbamate for urethane or urea linkage formation.194 Furthermore, by 

employing NMP it was possible to conduct the experiments at high temperatures in a close -

system (NMP boiling temperature = 202 °C) (entry 3, table 4). The reaction was monitored by 

NMR analysis and was stopped when the starting materials were consumed with the 

formation of new protons relative to the polyurea product ( Figure 68). 

 

 

 

194 S. Ma, C. Liu, R. J. Sablong, B. A. J. Noordover, E. J. M. Hensen, R. A. T. M. van Benthem, C. E. Koning, ACS Catal. 2016, 

6, 6883. 
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Figure 68: a) Overlap of 1H NMR (DMSO-d6) of polyurea 221 (green line) and dicarbamate starting material 217 (red line). 

b) overlapped spectra in the region between 5.5-10 ppm. c) overlapped spectra in the region between 2.8-4 ppm. 

It can be observed in spectra b) of Figure 68 that the protons directly attached to the N atoms 

of the carbamate 217 (-NH -COOCH 3) at around 9.6 ppm shifted toward lower value at 

around 8.4 ppm when employed to form the urea linkage in the polymer structure. Slight 

change of chemical shift values was also observed for the four aromatic protons, at around 

6.8 and 7.3 ppm of the compound 217 toward lower frequencies at around 6.6 and 7.2 ppm 

for the aromatic protons of the polyurea 221. The signal observed only in the spectrum 

relative to the polyurea at 6.1 ppm was attributed to the protons bounded to the N atoms in 

ϔɯ ÛÖɯ ÛÏÌɯ ÊÈÙÉÖÕàÓɯ ÎÙÖÜ×ɯ ȹ-CO-NH -C12H 24-). In c) spectra of the same Figure, the 

disappearance of the peak at 3.65 ppm relative to the methyl proton of the compound 217 

(COO-CH 3) indicates that the starting material was fully consumed after polycondensation 

reaction. The peak at around 3 ppm relative to the product 221 spectrum are attributed to 

ÛÏÌɯ×ÙÖÛÖÕÚɯÖÍɯÛÏÌɯÔÌÛÏàÓÌÕÌɯÎÙÖÜ×ÚɯÐÕɯϔɯ×ÖÚÐÛÐÖÕɯÛÖɯÛÏÌɯ-ɯÈÛÖÔÚɯÖÍɯÛÏÌ urea linkages. The 
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absence of other peaks attributable to ending-group protons are also an indication of the 

relatively high molecular weight of the polymer 221. 

The reaction conditions employed for the synthesis of polyurethane are listed below in table 

5. 

table 5. Screening of reaction conditions for polyurethane 222 synthesis. a) NaO tBu was employed as catalyst. 

b) Sn(Oct)2 was employed as catalyst 

Entry  217 

(eq.) 

218 

(eq.) 

Cat 

(eq.) 
Solvent  

Temperature  

(° C) 

Reaction 

time (h)  

M n 

(g/mol)  

M w 

(g/mol)  

1 1 1 0.02a NMP 170 24 - - 

2 1 1 0.1a NMP 170 24 - - 

3 1 1 0.1b NMP 170 24 - - 

 

For polyurethane synthesis, it was not possible to obtain any reasonable molecular weights 

values from GPC analysis. By varying the different parameters such as, catalyst amount and 

type and the use of solvent (table 5) no improvements for the desired product 222 formation 

for this polycondensation were observed. These results were consistent with 1H NMR 

analysis (Figure 69) where it is shown, i n the b) spectra, the presence of unreacted -NH 

carbamate protons, as peak shoulder at 9.6 ppm in the polyurethane spectrum meaning that 

the starting material was not entirely converted under any of the reaction conditions listed 

in table 5. A further conf irmation of the unreacted carbamate is shown by the presence of 

the peak at 3.65 ppm relative to the methyl ester moiety of compound 217 protons are still 

present in the polymer spectrum. The peak at 4 ppm can be attributed to the methylene 

×ÙÖÛÖÕÚɯÈÛɯϔɯ×Ösition to the oxygen atom of the polymeric urethane linkage, and however 

the presence of other minor peaks could indicate the different terminal groups of the 

polyurethane molecular chains, which in turn means that only a mixture of urethane 

oligomers was obtained, leading un unreliable result of molecular weight analysis.  
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Figure 69: Overlap of 1H NMR (DMSO-d6) of polyurethane 222 (green line) and carbamate starting material 

217 (red line). b) overlapped spectra in the region between 5.5-10 ppm. c) overlapped spectra in the region 

between 2.8-4.2 ppm. 

2.3.2 Synthesis of Poly(urethane acrylate) PUA  

In this project it was decided to developed a strategy to synthetize a set of poly(urethane 

acrylate)s by exploiting the chemical recycling of polyethylene terephthalate (PET). This is 

translated to the upcycling of one of the most common plastics used worldwide, as reliable 

improvement of its end -product life.  

Among the different strategy employed for  upcycling of PET (See section 2.2.4.3, Chapter 2), 

aminolysis is little investigated even if presents some advantages compared to the common 

recycling methods. One of the few research projects related to this topic is represented by 

b) 
c) 
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the study of Demarteau and co-workers 195 who developed and performed the 

depolymerization of PET using different kinds of amino alcohols as starting materials for 

the upcycling of polyethylene terephthalate. In addition, they used depolymerization 

products to carry out new poly( ester-amide)s (PEAs). 

!ÈÚÌËɯÖÕɯ#ÌÔÈÙÛÌÈÜɀÚɯÚÛÜËàȮɯÐÕɯÛÏÐÚɯÚÌÊÛÐÖÕȮɯÐÛɯÏÈÚɯÉÌÌÕɯËÌÝÌÓÖ×ÌËɯÈÕɯÐÕÕÖÝÈÛÐÝÌɯÈÕËɯ

sustainable aminolytic method to depolymerize PET waste (coming from water bottles) 

ÜÚÐÕÎȮɯÈÚɯËÌ×ÖÓàÔÌÙÐáÐÕÎɯÈÎÌÕÛɯÈɯÚÌÛɯÖÍɯËÐÍÍÌÙÌÕÛɯϕ-hydroxy amine s to build a library of new 

monomers suitable for the synthesis of upcycled materials.  

The chemo-selectivity of the process favours the formation of diol terephthalamides, that 

subsequently were used as new starting materials to carry out the synthesis of 

poly(urethane -acrylate). 

The synthesis of small molecules that act as depolymerizing agents could start from the 

reaction between nitrocompounds ( 223) and different aldehydes (224), providing the 

ÍÖÙÔÈÛÐÖÕɯÖÍɯϕ-nitro alcohols (225) that could be ÍÜÙÛÏÌÙɯÙÌËÜÊÌËɯÛÖɯÖÉÛÈÐÕɯϕ-hydroxy amines 

(226, Scheme 60). 

 

 

Scheme 61. Synthesis of ϕ-hydroxy amines from nitrocompounds and aldehydes  

 

The central aim of this project was the exploring the chemiÊÈÓÓàɯËÐÍÍÌÙÌÕÛɯϕ-hydroxy amines 

useful to obtain suitable diols with secondary and tertiary amine functionality, after PET 

depolymerization, for the synthesis of PUA. By changing the inherent nature of the  

 

 

195 J. Demarteau, I. Olazabal, C. Jehanno, H. Sardon, Polym. Chem. 2020, 11, 4875. 
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ϕ-hydroxy amines the final performance and prope rties of the upcycled material could be 

modulated.  

For many years, organotin catalysts and organic tertiary amines have been used in order to 

prepare PU foams, nonetheless in the past decade, alternative greener approaches have been 

developed for the synth esis of more sustainable PUs, including the use of less toxic metal 

catalysts.196,197 

Different metal complexes are generally employed in Lewis acid catalysis, classified 

accordingly to the metal cation type into:  

1. Lithium (Li +), sodium (Na +), potassium (K+), di- and trivalent ions such as magnesium 

(Mg 2+), calcium (Ca2+), zinc (Zn2+), indium (In 3+), scandium (Sc3+) and bismuth (Bi 3+) 

complexes, 

2. Transition metal complexes, 

3. Lanthanide complexes, such as cerium (Ce3+) and ytterbium (Yb 3+). 

 

Among these, the attention was particularly focused on cerium- and indium -based catalyst, 

to develop new and eco-compatible catalysts for the synthesis of PUA from PET waste. 

 

Cerium-based catalysts: 

Lanthanides have been ignored for a long time in organic chemistry, however, the 

last twenty years have witnessed an enormous and exciting development of 

organolanthanide chemistry. This spectacular growth in research activities is mainly 

due to the fact, that many organo-f-element complexes exhibit unique structural  and 

physical properties and many of them are highly active in various catalytic processes. 

In fact, the catalytic activity of certain organolanthanide hydrocarbyls and hydrides 

is often dramatically higher than that of comparable d -transition metal cataly sts. 

 

 

196 H. Sardon, A. Pascual, D. Mecerreyes, D. Tanton, H. Cramail, J. L. Hedrick, Macromolecules, 2015, 48, 3153. 
197 S. Dworakowska, D. Bogdal, F. Zaccheria, N. Ravasio, Catal. Today, 2014, 223, 148. 
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Chemists became first interested in catalytic applications of organolanthanides when 

it turned out, that some lanthanide organometallics are highly active as olefin 

polymerization catalysts .198 

For instance, Cerium (Ce), is the most abundant element in the series of lanthanides, 

and it has been extensively used in its stable +3 and +4 oxidation states. The most 

frequently used Ce(IV) salt is Cerium ammonium nitrate (CAN), which is used as a 

single-electron oxidant for a variety of chemical transformatio ns.  

However, the most stable salts belong to the trivalent oxidant state and, among these, 

Cerium(III) trichloride heptahydrate is the most abundant and commercially 

available source of Ce3+. Moreover, CeCl3.7H2O has been widely used in large number 

of applications ranging from laboratory scale to industrial scale. It has proved to be 

a powerful Lewis acid catalyst in carbon -carbon and carbon-heteroatom bond 

formation reactions. Ce3+ ÐÚɯÈɯɁÏÈÙËɯÊÈÛÐÖÕɂɯÈÕËɯÐÛɯÐÚɯÊÖÕÚÐËÌÙÌËɯÏÐÎÏÓàɯÖßà×ÏÐÓÐÊȭɯ

However, since the Lewis acidity is dependent on the charge density and 

consequently onto the ionic radius, complexes and salts of Ce3+ are considered mild 

Lewis acid. Combining these characteristics with the low toxicity, easy of handling 

and low cost, the use of CeCl3.7H2O has been particularly attractive for organic 

chemistry application, both in its anhydrous and hydrate forms.  

It must be also noted that cerium trichloride is a water tolerant compound, greatly 

enhancing its applicability, unlike most of the commonly u sed Lewis acids that 

undergo deactivation or decomposition in presence of water. Recent studies have 

observed that the activity of CeCl 3
.7H2O can be enhanced by combination with an 

iodide source, thus generating a more powerful Lewis acidic system. In fact , the 

addition of NaI together with CeCl 3
.7H2O often resulted in decreasing reaction times, 

 

 

198 G. Bartoli, C. Cimarelli, R. Cipolletti, S. Diomedi, R. Giovannini, M. Mari, L. Marsili, E. Marcantoni, Eur. J. Org. Chem., 

2012, 3, 630. 
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reducing the formation of undesired by -products and improving the final yield of 

the products.199 

 

Indium -based catalysts: 

In recent years, indium-based compounds have received considerable attention as 

catalyst in organic synthesis and it has been extensively used in its stable +3 oxidation 

states. They have, in fact, an electronic configuration with a vacant p orbital that 

characterizes their Lewis acid activities. Indium(III) is a Lewis acid less reactive than 

boron(III) or aluminium(III) but it has higher chemoselectivity, in particular way 

with organic functional groups such as alcohols or amines and higher stability in 

water and air. These properties, together with the associated low toxicity and 

antimicrobial activity of its complexes has led to an increased use of indium in 

organic synthesis.200 

 

%ÐÕÈÓÓàɯÊÏÌÔÐÊÈÓɯÊÏÈÙÈÊÛÌÙÐáÈÛÐÖÕɯÖÍɯ/4 Ȯɯϕ-ÕÐÛÙÖɯÈÓÊÖÏÖÓÚȮɯϕ-hydroxy amines, and 

diol terephthalamides wa s performed by FTIR, NMR, GPC, TGA, and DSC. 

 

¶ 2àÕÛÏÌÚÐÚɯÖÍɯϕ-nitro  alcohols: 

The development of a suitable synthetic pathway starts from the first step in which 

ÐÚɯÊÈÙÙÐÌËɯÖÜÛɯÛÏÌɯÚàÕÛÏÌÚÐÚɯÖÍɯϕ-nitro alcohols (229) through the Henry reaction 

between nitromethane (227) and different aliphatic and aromatic aldehydes ( 228, 

Scheme 61). 

The Henry reaction is one of the most useful carbon-carbon bonds forming reactions 

ÈÕËɯÏÈÚɯÞÐËÌɯÚàÕÛÏÌÛÐÊɯÈ××ÓÐÊÈÛÐÖÕÚɯÐÕɯÖÙÎÈÕÐÊɯÚàÕÛÏÌÚÐÚɯÉàɯÞÏÐÊÏɯϕ-nitro alcohols 

are formed on treatment of nitroalkanes and carbonyl derivatives with a basic 

 

 

199 G. Bartoli, E. Marcantoni, M. Marcolini, L. Sambri, Chem. Rev. 2010, 110, 6104. 
200 S. David, V. Barros, C. Cruz, R. Delgado, FEMS Microbiol. Lett. 2005, 251, 119. 
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ÊÈÛÈÓàÚÛȭɯ3ÏÌɯϕ-nitro alcohol product is a useful intermediate in the preparation of 

ÕÐÛÙÖÈÓÒÈÕÌÚȮɯϔ-ÕÐÛÙÖÒÌÛÖÕÌÚɯÈÕËɯϕ-hydroxy amines derivative s.201 

Henry reactions can be catalyzed by organic and inorganic bases. The reaction 

catalyzed by inorganic bases are not easily controlled and the dehydration of the 

product is often unavoidable. According to this, it was selected an organic molecule 

that was used as a catalyst. The selection of a homogeneous catalysis with non-ionic 

strong base such as 1,1,3,3-tetramethylguanidine (TMG) provides significant 

advantages to achieve milder reaction conditions and shorter reaction times. Zhu and 

co-workers reported the preparation of guanidine (TMG) based  on ILs, this could 

provide additional advantages in terms of reusability without considerable decrease 

of catalytic activity. 202 

 

 

201 T. Jiang, H. Gao, B. Han, G. Zhao, Y. Chang, W. Wu, L. Gao, G. Yang, Tetrahedron Lett. 2012, 10, 4311. 
202 A. Zu, T. Jiang, D. Wang, B. Han, L. Liu, J. Huang, J. Zhang, D. Sun, Green Chem. 2005, 7, 514. 
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Scheme 62. Synthesis of different ϕ-nitro alcohols from nitromethane and several aldehydes 

 

According to the data reported in Scheme 61 the aliphatic aldehydes (230a, 230b and 

230c) show a higher reactivity compared to aromatic ones (230d and 230e).  

The formation of the compounds 231a-g was confirmed by FTIR and NMR analysis.  
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Figure 70. FTIR of compound 231a (Scheme 61) 

The FTIR of 1-nitropentan -2ol (231a, Figure 70) shows all the characteristic peaks of 

the target molecule. The broad peak at 3413 cm-1 is attributed  to ɬOH stretching. 

While the peaks at 2962, 2936 and 2874 cm-1 are related to the stretching of aliphatic 

ɬCH and ɬCH 2. The sharp peak at 1548 cm-1 and 1350 cm-1 belong to asymmetrical 

and symmetrical  NɬO stretching vibration of the nitro group.  

 

¶ 2àÕÛÏÌÚÐÚɯÖÍɯϕ-hydroxy amines:  

3ÏÌɯÚàÕÛÏÌÚÐÚɯÖÍɯÛÏÌɯϕ-hydroxy amines continues, in the second step, through the 

reaction of the adducts obtained in the first step (compounds 231a-g) under specific 

reductive conditions ( Scheme 62ȺɯÛÖɯ×ÙÖËÜÊÌɯÈɯÚÌÛɯÖÍɯËÐÍÍÌÙÌÕÛɯϕ-hydroxy amines 

(232a-e and 232g, Scheme 62). 
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Scheme 63. Synthesis of ϕ-hydroxy amines from compound 63a -g. 

The same trend seen in the first step underlines in a higher reactivity of aliphatic 

derivatives (231a, 231b and 231c, Scheme 61). 

The formation of the compounds 232a-g were confirmed by FTIR and NMR analysis. 

Unfortunately, was not possible to isolate the compound 232f  as reported in Scheme 

62. 

 

Figure 71. FTIR of compound 232a 
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The FTIR of 1-aminopentan-2ol (232a, Figure 71) shows all the characteristic peaks of 

the target molecule. The peaks at 3359 cm-1 and 3293 cm-1 can be assigned to ɬNH and 

ɬOH stretching , respectively. While the peaks at 2957, 2929 and 2870 cm-1 are related 

to the stretching of aliphatic ɬCH and ɬCH 2. The signal at 1596 cm-1 can be assigned 

to amine bending. 

 

¶ PET aminolysis:  

A sustainable method for the aminolysis of polyethylene terephthalate from water 

bottles was developed using microwave irradiation technology. Chemical recycling 

provides the formation of monomers and a fraction of oligomers through a 

mechanism of chain scission of the original polymer matrix.  

The aminolysis of PET was firstly performed by the reaction between ethanol amine 

(177, EA) and PET derived from water bottles under microwave irradiation in order 

to produce bis (2-hydroxyethylene) terephthalamide ( 178, BHETA) and ethylene 

glycol (162, Scheme 63). 

 

 

Scheme 64. Aminolysis of PET under microwave irradiation using EA as depolymerizing agent  

Summarizing, the entire aminolytic process involves six successive steps (Figure 72): 

1) Cutting colourless water bottles into 1x1 cm 2 pieces. 

2) Washing thoroughly the pieces with fresh acetone (3 times). 

3) Grinding the pieces into powder using a vibro -mill.  

4) Depolymerization under microwave irradiation.  

5) Separation of the product from undecomposed PET and ethylene glycol. 

6) Purification by recrystallization and drying.  
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Figure 72. Entire process of PET aminolysis 

The last two steps will serve for the calculation of the PET conversion and diol 

terephthalamide yield ( Scheme 64). 

 

From the fourth step it was possible to determine the percentage of PET conversion 

by Equation 2. 

 

ὖὉὝ
ὡὴ ὡὴ

ὡὴ
ρzππ 

Equation 2 

 

Where Wpi and Wpf refer to the weight of PET before and after the depolymerization 

reaction. While only in the last step it was possible to calculate the yield of diol 

terephthalamide (178) by Equation 3. 

 

ὣὭὩὰὨ Ϸ
ὲ  

ὡὴ ὓύ   
ρzππ 

Equation 3 

 

The calculation of the yield is based on the molar ratio between the product (178) and 

the initial PET sample and relies on the statement that every mole of the repeating 

unit of the PET (MW PET = 192 g/mol) gives one mole of diol terephthalamide. 
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Firstly, the focus was facing on the selection of the best catalyst for the 

depolymerization reaction. According to the results ( table 6) of a screening of 

different catalysts for the glycolysis of PET (Scheme 40) realized in prof. Enrico 

,ÈÙÊÈÕÛÖÕÐɀÚɯÓÈÉÖÙÈÛÖÙàɯÛÏÌÙÌɯÞÌÙÌɯÚÌÓÌÊÛÌËɯÛÏÙÌÌɯËÐÍÍÌÙÌÕÛɯÊÈÛÈÓàÚÛÚɯȹEntries 1, 3 and 

12, table 6) that have been tested in the aminolysis process. 

 

          table 6. Catalyst screening for PET aminolysis 

 

The results of the screening for the PET aminolysis (table 7) confirmed that better 

yields are obtained with NaOAc ( Entry 2, table 7) catalyst as stated by Shukla and co-

workers .203 

 

 

 

 

203 S. R. Shukla, A. M. Harad, Polymer Degrad. Stab., 2006, 91, 1850. 

Entry  
Catalyst 

(1 %wt.) 

BHET  

Yield (%)  

PET  

Conversion (%)  

1 Ce(OAc)3 73.0 97.7 

2 CeO2 1.35 0.9 

3 Zn(OAc) 2 74.65 99.0 

4 SnCl 2 - 39.5 

5 HNO 3 - - 

6 Zn(OTf) 2 0.76 40.0 

7 Ce(OTf) 3 - 26.5 

8 FeCl3 - 67.0 

9 AlCl 3 - 11.4 

10 Ce(SO4)2.4H2O - 7.2 

11 Pd(OAc)2 Traces 55.0 

12 NaOAc  Traces 56.2 

13 Pb(OAc)2 44.3 77.6 

14 Cu(OAc) 2 17.4 13 
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           table 7. Catalyst screening for PET aminolysis 

Entry  
Catalyst 

(1 %wt) 

Time  

 (h) 

Ratio 

PET/EA 

Temperature 

(°C) 

Pressure 

(bar) 

BHETA  

Yield (%)  

1 Zn(OAc) 2 1 1:2 180 1 81.0 

2 NaOAc  1 1:2 180 1 91.0 

3 Ce(OAc)3 1 1:2 180 1 79.0 

 

3ÏÌɯ ÚÈÔÌɯ ×ÙÖÊÌËÜÙÌɯ ÞÈÚɯ È××ÓÐÌËɯ ÜÚÐÕÎɯ ËÐÍÍÌÙÌÕÛɯ ϕ-hydroxy amines, some 

synthetized in situ ( 232a, 232b, 232c, 232g, Scheme 64) and some purchased from 

Sigma (178 and 234, Scheme 64Ⱥȭɯ ÓÚÖɯÐÕɯÛÏÐÚɯÊÈÚÌȮɯÈÓÐ×ÏÈÛÐÊɯϕ-hydroxy amines ( Entries 

1-4, table 8) seems to be the more reactive through the depolymerization process. 

 

           table 8. #Ì×ÖÓàÔÌÙÐáÈÛÐÖÕɯÞÐÛÏɯËÐÍÍÌÙÌÕÛɯϕ-hydroxy amine  

Entry  ϕ-hydroxy amine  
Diol terephthalamide  

Yield (%)  

PET  

Conversion (%)  

1 178 91.0 100 

2 232a 79.0 85.0 

3 232b 70.0 80.0 

4 232c 50.0 70.0 

5 234 22.0 100 

6 232g 82.0 97.0 
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Scheme 65. PET aminolysis using ϕ-hydroxy amines followed by production of different diol 

terephthalamides 
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Scheme 66. The two main step of PET aminolysis 

The formation of compounds 178, 236, 237, 238, 239 and 240 (Scheme 64) were 

confirmed by FTIR and NMR analysis.  

The FTIR of bis (2-hydroxyethyl) terephthalamide ( 178, Scheme 64) shows all the 

characteristic peaks of the target molecule as reported in literature.204 The peaks at 

3361 cm-1 and 3305 cm-1 can be assigned to ɬNH and ɬOH stretching, respectively. 

While the peaks at 2954, 2930, 2909 and 2869 cm-1 are related to the stretching of 

 

 

204 K. Ghosal, K. Sarkar, New J. Chem. 2019, 43, 14166. 
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aliphatic ɬCH and ɬCH2. The signal at 1618 cm-1 is related to amide stretching 

vibration.  

Furthermore, by the comparison of the FTIR of bis (2-hydroxyethyl) terephthalamide 

(BHETA) (178) and PET (103, Figure 74) it was clear that the purification step 

eliminates all the traces of undecomposed PET from the product. 

 

Figure 73. FTIR of compound 178 

 

Figure 74. FTIR overlap spectra of PET 103 and BHETA 178 

 

¶ Synthesis of Poly(urethane -acrylate) from PET waste:  

The synthesis of PUA involves three main steps: 
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1) Urethane oligomer formation in the presence of a specific catalyst such as 

dibutylbis(lauroyloxy)tin (DBLT), with a molecular weight ranging from 600 

Da to 6000 Da. 

2) End-capping agent addition to the NCO -terminated urethane pre -polymer.  

3) Radical polymerization by UV radiation of vinyl group of end -capped 

acrylates, in the presence of photo-initiator and co -initiator.  

 

The one-pot synthesis of PUA starts in the first step by the reaction between a diol 

moiety, represented by polyethylene glycol (PEG, 241), diol terephthalamide ( 233), 

and isophorone diisocyanate (IPDI, 242) in presence of a specific catalyst at 70 °C. 

The final product is represented by the NCO -terminated ur ethane pre-polymer ( 244, 

Scheme 66) 

 

Scheme 67. Synthesis of NCO-terminated urethane pre -polymer using PEG400 and diol terephthalamide as 

diol source 
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To enhance the sustainability of the entire process, two different catalysts with lower 

toxicity compared to dibutylbis(lauroyloxy)tin (DBLT) have been tested ( table 9) for 

the synthesis of an NCO-terminated urethane pre -polymer . From the screening, the 

highest weight average MW  achieved was 4200 Da (Entry 1, table 9), obtained with 

tin -compound (0.1 wt%) at 70 °C for 3 hours. Comparable results were obtained with 

InCl 3 (Entry 2; table 9) and CeCl3.7H2O-NaI system (Entry 3; table 9), with molecular 

weights of 3900 Da and 2400 Da, respectively. 

 

              table 9. Screening of catalysts and properties of prepolymer obtained from terephthalamide 178 

Entry  Catalysta 
Mn b 

(g/mol)  

Mw b 

(g/mol)  

1 DBLT  3300 4200 

2 InCl3  3100 3900 

3 CeCl3.7H2O-NaI  1800 2400 

awt% PEG:diol terephthalamide:catalyst (80:20:0.1) 

 bGPC analysis (detector RI, refractive index) 

 

The data of the molecular weights were obtained from the GPC chromatograms of 

the different pre -polymer obtained using the three catalysts shown in table 9. The 

Figure 75 shows the GPC analysis of the pre-polymer obtained from bis (2 -

hydroxyethyl) terephth alamide (178), polyethylene glycol (Mw = 400 g/mol, 241) and 

IPDI (242) using as catalyst InCl3 (Entry 2, table 9). 
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Figure 75. GPC chromatogram of Entry 2, table 9 

The results shown that InCl 3 (Entry 2, table 9), gives molecular weights (M n and Mw) 

closer to those achieved with DBLT (Entry 1; table 9). For this reason, it was used as 

catalyst for the synthesis of the different PUAs. Furthermore, the LD 50 value of InCl 3 

(table 10) is higher than DBLT and thanks to its non -toxicity, it contributes to reduce 

the impact of the chemical process from a safety point of view. 

 

             table 10. Toxicity of InCl 3 and DBLT 

Compound  
LD50 

(mg/kg) a 

InCl 3 1100 

DBLT  175 

aLethal dose in rats. Data from safety data sheets. 

 

After the selection of the catalyst, different urethane pre -polymer were 

obtainedusing the different diol terephthalamides ( table 11). 
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table 11. Synthesis of urethane prepolymer starting from different ter ephtalamides 

Entry  Catalysta Diamide  
DMF  

(mL) 

Diol terephthalamide/NCO 

ratio (equiv.)  

Urethane 

prepolymer  

Mn b 

(g/mol)  

Mw b 

(g/mol)  

1 InCl 3 178 1 0.2:1.5 244a 3100 3900 

2 InCl 3 236 3 0.2:1.5 244b 2700 3700 

3 InCl 3 237 6 0.2:1.5 244c 2100 2500 

4 InCl 3 238 10 0.2:1.5 244d 1900 3500 

5 InCl 3 239 5 0.2:1.5 244e 2100 2750 

6 InCl 3 240 2 0.2:1.5 244f 2100 2700 

7 InCl 3 - - - 244g 2000 2500 

8 InCl 3 178 2 0.5:1.5 244h 3000 3700 

a0.1 %wt. bGPC analysis (detector RI, refractive index).  

 

In order to have a better comparison in terms of reactivity and final physico -

mechanical properties were synthetized also a pre-polymer using as diol moiety only 

PEG400 (241, Entry 7, table 11, OH/NCO ratio 1:1.5) and a pre-polymer using the bis 

(2-hydroxyethyl) terephthalamide ( 178, Entry 1, table 11) but changing the OH/NCO 

ratio ( table 11). 

As shown in  table 11 the better results are obtained using terephthalamide with lower 

structural comple xity ( 178, Entry 1, table 11). Furthermore, it was observed that as the 

molecular weight of the diol terephtalamide increases, also the amount of DMF, used 

to dissolve the diamides is higher.   

To demonstrate the scalability of the protocol, the synthesis of compounds 244a-h 

were carried out on a 5 grams scale with comparable results. 

The formation of compounds 244a-h were confirmed by FTIR and GPC analysis. The 

FTIR of compound 244a shows all the characteristic peaks of the target molecule. The 

peak at 3331 cm-1 is characteristic of ɬNH stretching bond of polyurethane and the 

peaks at 2950 and 2870 cm-1 are related to the stretching of aliphatic ɬCH and ɬCH2. 

While the peak at 2262 cm-1 is characteristic of isocyanate group (NCO), and at 1714 

cm-1 is observed the carbonyl group of the urethane linkage. The little peak at 1676 

cm-1 probably is related to the residual DMF moiety. ( Figure 76). 
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               Figure 76. FTIR of compound 244a before the adding of bis (2-hydrox yethyl) terephthalamide  (178) 

By the comparison of the FTIR of compound 244a before 243a and after 244a the 

adding of bis (2-hydroxyethyl) terephthalamide ( 178) it was possible to see a 

reduction in the isocyanate peak intensity that confirm the linkage with the diols of 

the terephthalamide (Figure 77) 

 

Figure 77. Overlapped FTIR of compounds 244a and 243a. 

The second step involves the reaction between the NCO-terminated urethane pre -

polymer (244, Scheme 66) and 2-hydroxyethyl methacrylate (HEMA, 180) to obtain 

urethane acrylate oligomer (UAO, 245, Scheme 67).  

Different UAOs were synthetized starting from co mpounds 244a-h reaching 

different molecular weights. As for the previous step, the higher molecular weight 
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observed is related to the synthesis of the UAO (245a, table 12, Entry 1) derived from 

NCO-terminated urethane pre -polymer ( 244a) synthetized using bis (2-

hydroxyethyl) terephthalamide ( 178). Furthermore , it is also observed reduced 

reaction times for the synthesis of UAO derived from less hindered ϕ-hydroxy 

amines (245a, 245b, 245f, Entries, 2 and 6, table 12) 

 

Scheme 68. Synthesis of urethane acrylate oligomer (UAO) 

 

              table 12. Synthesis of urethane acrylate oligomer (UAO) starting from compunds 244a-h 

Entry  Acrylate a 
Urethane 

prepolymer  
UAO  

Time  

(min)  

Mnb  

(g/mol)  

Mw b 

(g/mol)  

1 HEMA  244a 245a 15 3200 4000 

2 HEMA  244b 245b 25 3100 3900 

3 HEMA  244c 245c 60 2900 3800 

4 HEMA  244d 245d 75 2300 3750 

5 HEMA  244e 245e 1440 2500 3450 

6 HEMA  244f 245f 60 2300 3300 

7 HEMA  244g 245g 10 2200 2700 

8 HEMA  244h 245h 15 3100 3850 

a50 %wt. bGPC analysis (detector RI, refractive index).  
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The formation of compounds 245a-h were confirmed by FTIR and GPC analysis. The 

FTIR of compound 245a shows all the characteristic peaks of the target molecule. The 

peak at 3330 cm-1 is characteristic of ɬNH stretching bond of polyurethane and the 

peaks at 2949 and 2869 cm-1 are related to the stretching of aliphatic ɬCH and ɬCH2. 

The peak at 1707 cm-1 can be assigned to the carbonyl group of the urethane linkage, 

while the peak at 1530 cm-1 is probably related to the acrylate double bond (C=C 

stretching, Figure 78). 

 

Figure 78. FTIR of compound 245a 

Furthermore, by the monitoring of the reaction with FTIR analysis it could be 

concluded that the synthesis of UAO occurs due to the complete disappearance of 

isocyanate peak at 2262 cm-1 related to the reaction between NCO groups with 

HEMA, and at the same time the increasing of the characteristic peak of the carbonyl 

group of the urethane bond at 1707,6 cm-1 (Figure 79). 
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Figure 79. Overlap spectra of compounds 243a, 244a and 245a 

 

¶ PUA synthesis:  

The last step is represented by the photo-polymerization reaction between the 

urethane acrylate oligomer (UAO, 245) in the presence of benzophenone (184) as 

photo-initiator and methyldiethanolamine ( 246) as co-initiator ( Scheme 68). Different 

PUAs (table 13) were obtained starting from UAOs compounds ( 245a-h). 








































































