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ABSTRACT 

Mismanagement of plastic waste is of great concern. To reach a more 

sustainable society, methodologies to handle materials in a more circular 

way needs to be developed. The work presented in this thesis focused on 

the development of chemical recycling routes for common plastic materials 

and demonstration of further utilization of the obtained chemicals in 

material applications. Methods to chemically recycle model waste 

consisting of low-density polyethylene (LDPE), high-density polyethylene 

(HDPE), polyethylene terephthalate (PET) and polyamide (PA) 

/polypropylene (PP) carpet by microwave-assisted reactions were 

developed. Well defined carboxylic acids were produced by microwave-

assisted oxidative recycling of LDPE and HDPE waste using aqueous 

nitric acid as reaction media. The mixed dicarboxylic acids, obtained from 

HDPE recycling, were further reacted to produce plasticizers with 

crotonate end-groups. The synthesized plasticizers were evaluated for their 

ability to plasticize polylactide (PLA) by blending or grafting onto the PLA 

backbone. PLA was also plasticized by blending with terephthalamides 

obtained from microwave-assisted aminolysis of PET. Both methods of 

plasticization improved the flexibility of PLA. Terephthalamides with 

terminal unsaturated groups were also produced by aminolysis of PET and 

utilized as reactants to manufacture plastic films by a radical thiol-ene 

reaction. A microwave-assisted hydrothermal process in aqueous 

hydrochloric acid (HCl) was utilized to selectively hydrolyse the PA part 

of a PA/PP carpet to monomeric products leaving the PP part relatively 

intact. The retained PP could be directly mixed with virgin PP by extrusion 



 

and hot-pressed to films. Films with 25 wt% recycled content showed no 

deterioration of thermal and mechanical properties compared to 100% 

virgin PP. The demonstrated approaches for microwave-assisted chemical 

recycling of plastic waste and further usage of the products show great 

promise for development of more circular plastic waste streams.  

 

Keywords: microwave irradiation, plastic waste, chemical recycling, 

commodity plastics, hydrothermal degradation, aminolysis degradation, 

plasticizer, photopolymerization, carpet  

 

  



 

SAMMANFATTNING 

Felaktig hantering av avfall ett angeläget problem. För att nå ett mer 

hållbart samhälle måste metoder för att hantera material på ett mer cirkulärt 

sätt utvecklas. Arbetet som presenteras i denna avhandling fokuserade på 

metodutveckling för återvinning av vanligen använd plast och exempel på 

användandet av de skapade produkterna i nya materialapplikationer. 

Metoder har utvecklats för att kemiskt återvinna lågdensitetspolyeten 

(LDPE), högdensitetspolyeten (HDPE), polyetentereftalat (PET) och en 

matta av polyamid (PA)/polypropen (PP) genom mikrovågsassisterade 

reaktioner. En blandning av karboxylsyror framställdes genom 

mikrovågsassisterad termo-oxidativ återvinning av LDPE och HDPE-

avfall med salpetersyra i vattenlösning som reaktionsmedium. 

Blandningen av dikarboxylsyror från HDPE-avfall användes sedan för att 

producera mjukgörare med krotonatändgrupper. De syntetiserade 

mjukgörarna utvärderades sedan för deras mjukgörande förmåga av 

polylaktid (PLA) genom blandning eller ympning. PLA mjukgjordes också 

genom inblandning av tereftalamider erhållna från mikrovågsassisterad 

aminolysis av PET. De båda mjukgörningsmetoderna förbättrade 

flexibiliteten hos PLA. Tereftalamider med omättnader som ändgrupper 

framställdes också genom aminolys av PET och användes därefter för att 

tillverka plastfilmer genom en tiol-enreaktion. En mikrovågsassisterad 

hydrotermisk process utvecklades för att selektivt hydrolysera PA-delen av 

en PA/PP-matta till monomeriska produkter samtidigt som PP-delen 

bevarades relativt intakt. Den opåverkade PPn blandades sedan med 

obehandlad PP genom extrudering och formpressades till filmer där filmer 



 

innehållande 25 vikts% återvunnet PP visade bibehållna termiska och 

mekaniska egenskaper. Dessa metoder för mikrovågsassisterad kemisk 

återvinning av plastavfall och användning av de skapade produkterna 

uppvisar att möjligheter finns för en mer cirkulär hantering av plastavfallet. 

 

Nyckelord:  mikrovågsstrålning, plastavfall, kemisk återvinning, plast, 

hydrotermisk nedbrytning, aminolys, mjukgörare, fotopolymerisation, 

polylaktid, matta 
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Summary of sample names 

 

1h-0.50 Example of naming of product obtained from 

hydrothermal treatment of LDPE powder. Time (h)-

nitric acid concentration (g/ml) 

4:8 Example of naming of photopolymerized films. Molar 

ratio PMP:DAA 

BFTA Product obtained after aminolysis of PET bottle in 

furfurylamine 

BHTA Product obtained after aminolysis of PET bottle in 

ethanolamine 

Carpet 3h  Example of naming of product obtained from 

hydrothermal treatment of carpet waste. The stated 

time is the irradiation time. 

DAA Product obtained after aminolysis of PET bottle in 

allylamine 

DHTA Product obtained after aminolysis of PET bottle in 

hexylamine 

MP Plasticizer synthesized from conventional dicarboxylic 

acids 

MP20G Example of naming of plasticized PLA. 20 is the wt% 

of MP and G means grafting 

PA-6 Polyamide-6 

PA-66 Polyamide-66 

PLA Extruded and pressed PLA 

PLAi Extruded with initiator and pressed PLA 



 

PLA film Extruded and solution casted PLA 

PLA- BFTA PLA mixed with 10 wt% BFTA 

PLA-BHTA PLA mixed with 10 wt% BHTA 

PLA-DHTA PLA mixed with 10 wt% DHTA 

PP-film Extruded and pressed PP-film 

PP-3h PP obtained after microwave assisted hydrothermal 

treatment for 3 h.  

PP+10% 

carpet 

residue 

Example of naming of film containing PP and carpet 

residue 

RP Recycled plasticizer synthesized from end-products 

obtained from hydrothermal recycling of HDPE 

RP20G Example of naming of plasticized PLA. 20 is the wt% 

of RP and G means grafting 
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1 PURPOSE OF THE STUDY 

The production of plastic materials is steadily increasing and with it, an 

increasing amount of plastic waste is generated causing environmental and 

socioeconomic concerns. Therefore, sustainable waste handling is of 

utmost importance. This is not an easy challenge to tackle and it requires 

several innovative solutions. 

 

The overall purpose of this work was to upcycle plastic waste by 

developing methods to chemically recycle the waste and to evaluate the 

obtained products for further applications. To achieve this, microwave-

assisted recycling was chosen as methodology, due to its speed and 

effectiveness. Common conventional plastics and a synthetic carpet were 

selected as model waste for development and demonstration of the 

microwave-assisted recycling methodology.  

 

Specific aims of the thesis are: 

• To develop methods to upcycle LDPE, HDPE, PET and carpet 

waste by fast, energy-efficient and selective microwave-assisted 

chemical recycling processes into functional chemicals or 

property enhancers 

• To develop processes for selective hydrolysis of components from 

multicomponent products such as carpet waste 

• To characterize the obtained products and optimize the recycling 

processes 
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• To demonstrate the functionality of the recycled chemicals and 

the possibility to design new materials and products from them  
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2 INTRODUCTION 

It is difficult to imagine a modern society without plastics. They are used 

in numerous applications ranging from packaging to toys, electronics, 

health care and construction, due to their low price, low weight, easy 

processability and versatility.[1,2] During their production and use, plastic 

materials contribute to a more sustainable society by being comparably 

more energy-efficient to produce, increasing the shelf-life of food and 

being crucial for health care, just to name a few examples.[3–6] Therefore, 

production and consumption of plastic materials is steadily increasing and 

the global production is expected to double over the next 20 years.[7] The 

most common use of plastic materials is as packaging materials, which 

often are single use-products.[8–10] Inevitably, large amounts of plastic 

waste is produced, in 2018 the amount was estimated to be 250 million 

tonnes.[5] Unfortunately waste management is lacking behind and most of 

the plastics are also not degradable within reasonable time frames in 

landfills or natural environments. The waste accumulation is therefore of 

great concern both for environmental and socioeconomical reasons.[11] It is 

evident that the linear approach of production, usage and then disposal of 

plastics is not sustainable in the long run.[12] An increased amount of 

material circularity needs to be implemented, where plastic waste is seen 

as a resource instead of a problem.[13] Collection and recycling of plastic 

waste would be of great socioeconomic value[14] (for example, reduced oil 

consumption and amount of waste that needs disposal[15]). One target of 

the UNs sustainable development goal: industry, innovation and 
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infrastructure, sustainable cities and communities and specifically  

responsible consumption and production, is to substantially reduce waste 

generation through prevention, reduction, recycling and reuse by 2030.[16] 

The sustainable development goals were adopted by all UNs members in 

2015,[17] they address directions for sustainable environmental, economic 

and social development, urging all countries to act. During their service-

life, plastic materials contribute to reaching many targets of these goals, 

for example: food production and preservation- goal 2, advanced health 

care products- goal 3, piping and filters for water- goal 6 and energy 

efficient production and materials- goal 7. However, the accumulation of 

plastic waste in nature affects life negatively on both land and sea, these 

issues are targeted in goals 14 and 15.[18,19]  For a more sustainable future, 

the issues with plastic waste needs to be addressed. One direction is to 

reduce the amount of plastic waste and handling the produced waste 

properly by for example using it as a valuable resource for production of 

new products.[20,21]  

2.1 HANDLING OF PLASTIC WASTE 

When a plastic product has reached its end-of-life, it becomes waste. 

Preferably, according to the zero waste hierarchy, the waste should not 

have been created at all, by avoiding the products completely or by re-

use.[22] If creation of the waste is unavoidable, the second-best option is 

recycling, followed by the least favorable options of landfilling or ending 

up in natural environments. Different methods to recycle plastic waste are 

in-use: mechanical, chemical, and energy recovery.[23] All of the mentioned 

recycling methods have some advantages and disadvantages.[24] Moreover, 
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plastic waste can be contaminated by food or other materials like paper or 

metals, which makes the plastic stream complicated to recycle. 

 

Energy recovery can simplified be described as burning the plastic waste 

to produce energy in the form of heat. As plastics to an overwhelming 

degree are made from petroleum resources, they have a high calorific 

value.[25,26] This in combination with the reduced volume achieved by 

burning, are benefits of energy recovery.[27] However, a downside of 

energy recovery is that no new plastic material or products are produced 

and the demand for virgin plastic materials is thereby not reduced. During 

the process greenhouse gases are released to environment, contributing to 

global warming.[15,28–30]  

 

Mechanical recycling is the most established recycling method and it also 

offers the “shortest material cycle”. Plastic waste sorted by polymer type 

is washed, shredded,  melted, extruded and pelletized making the plastics 

ready for processing to new products.[5,31] Mechanical recycling is 

theoretically easy, cheap and energy-efficient, making it a powerful option 

for single-polymer waste.[32,33] However, a polymer cannot be 

mechanically recycled infinitely due to degradation of the polymer chain, 

which will affect the mechanical properties of the recycled materials.[34] 

Another issue is the need for sorted plastic waste with good and equal 

quality to ensure good quality for the new products.[1,31,35]   

 

Landfilling or disposal is when plastic waste is placed in a designated area 

to degrade. It claims a lot of space and due the persistence of plastic in 

natural or landfill conditions it can take hundreds of years to degrade.[36] 
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For example, the rate of degradation of polyethylene (PE) in a landfill was 

found to be only 1% in 10 years and during the degradation process, 

greenhouse gases are released to the environment due to reactions with 

microorganisms or by photo-oxidation.[37,38] Fortunately, landfilling is 

decreasing in Europe due to restrictions in several countries, yet still 25% 

of the collected plastic waste ends up there.[39]  

 

Chemical recycling is a process were the plastic waste is transformed by 

changing its chemical structure and breaking it down into smaller 

molecules. This is a viable option if the plastic waste is not suitable for 

mechanical recycling due to for example insufficient mechanical 

properties or contamination. This route can also be suitable for 

multicomponent waste, or waste that has already been mechanically 

recycled the maximum number of times possible. Chemical recycling is an 

important compliment to mechanical recycling and both routes can 

contribute to complete the shift towards a circular material economy. 

Generally, chemical recycling is an energy intensive process since high 

temperatures or pressures and long reaction times are needed.[40,41] The 

chemical bonds in the polymer back-bone are broken during the process 

and new functional chemicals, monomers or oligomers are produced, ready 

for repolymerization into the original polymer or utilization as alternative 

feedstock, reducing the need for virgin feedstock. Plastics with functional 

groups in their backbone such as PA and PET are the most intuitive 

polymers to chemically recycle. This is because they have a polar carbonyl 

bond linked to a heteroatom in the main chain. Therefore chain-scission of 

the back-bone by nucleophilic attack can occur, in the end leading to total 

or partial depolymerization.[40,42] The constituent monomers or linear 
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counterparts can be obtained by depolymerization of PET and PAs 

depending on the depolymerization process. Depolymerization of step-

growth plastics is commonly achieved by solvolysis using different 

reaction medias with or without catalyst. Water is used for hydrolysis, 

glycols for glycolysis, amines for aminolysis or alcohols for 

alcoholysis.[24,43–50] For example when PET was subjected to glycolysis, 

oligomeric PET and monomeric bis(2-hydroxyethyl) terephthalate were 

formed.[51,52] When amines were used to degrade PET, terephthalamides 

with a variation of functional groups were obtained.[53] Complete 

depolymerization into monomers was also achieved when PA-6 and PA-

66 were subjected to hydrolysis reactions.[54–56]  

 

Addition polymers like PE, polystyrene (PS) and PP are not as easily 

chemically recycled. The reason being their chemical inertness and back-

bones that lack weak linkages and instead fully consist of relatively strong 

C-C bonds.[40] Efforts have been made to retrieve hydrocarbons by 

pyrolysis of the olefins. However, the techniques requires high 

temperatures and the obtained products do not generally have high 

value.[57,58] A good recycling option for addition polymers is upcycling of 

the plastic waste by producing value-added products, for example low-

molecular weight molecules that contains functional groups.[59–61] 

Recently, PE was upcycled to liquid alkylaromatics over a heterogenous 

catalyst.[62,63] Oxidation of polyethylene through e.g. radiation or chemical 

treatments results in oxidation products.[64–66] If the reaction conditions are 

harsh enough, complete degradation of the chain can occur, yielding 

carboxylic acids through a radical initiated mechanism.[59,67] The reaction 
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can occur via cyclic transition states which will lead to predominant 

formation of succinic acid.[66] 

     

Chemical recycling can also be suitable for multicomponent plastics or 

textiles, that consist of several types of materials. These types of materials 

are generally difficult to recycle. Currently, these materials are commonly 

energy recycled or placed in landfills.[68] To retain the material value, the 

constituent polymers can be retrieved by dissolution techniques where one 

component at a time is dissolved in a suitable solvent and then recovered 

by precipitation in an anti-solvent.[68,69] Another option for 

multicomponent waste is selective depolymerization of one of the 

components. From this process monomers are retrieved while other 

polymers can remain intact.[70–72] 

2.2 MICROWAVE-ASSISTED REACTIONS 

Effective, sustainable and economic methods to chemically recycle plastic 

waste needs to be developed. Unconventional heating techniques such as 

microwave-assisted recycling have therefore been investigated and 

evaluated. When conventional heating is applied, the vessel surrounding 

the sample gets heated first, then the heat reaches the sample and proceeds 

from surface to bulk.[73] When microwave irradiation is used, the material 

gets heated simultaneously throughout the bulk, providing more control, 

selectivity and speed of the process.[74–76] Microwave-assisted heating is 

based on the ability of polar molecules to absorb the microwaves. Polar 

solvents like water, methanol and amines have a dipole moment and work 

as effective microwave absorbers that can transfer the heat to the material 
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intended for recycling.[77,78] Furthermore, when for example water is 

subjected to heating above the boiling point and below the critical point in 

a closed environment for example in an autoclave or closed microwave 

vessel, it becomes subcritical.[51,79,80] In the subcritical state the water 

changes behavior, its density and dielectric constant becomes lower while 

the ion product is increased.[81,82] These behaviors further increase the 

reactivity when acids or bases are added.[82] Due to these advantages, 

microwave-assisted recycling of polymers have been evaluated for 

recycling of conventional plastics such as PE and PS yielding fuels through 

pyrolysis in a shorter time-frame than conventional methods.[83,84] As an 

example of polymers with functional groups in their backbone, PET was 

completely degraded by microwave-assisted glycolysis or aminolysis in 

only 35 or 5 min, respectively[85,86] and PA reinforced with glass or carbon 

fibers was selectively recycled into its constituent monomers by acid 

catalyzed hydrolysis in 15 min.[48]  These studies shows that microwave 

assisted reactions are effective for chemical recycling of plastic waste and 

can provide new routes to a more circular plastic economy. 

2.3 APPLICATIONS OF RECYCLING PRODUCTS OBTAINED 

FROM PLASTIC WASTE 

To reach the goal of a circular plastic economy, the products obtained after 

recycling of plastic waste need to re-enter the production loop. If the plastic 

waste is depolymerized into its constituent monomers, they can be directly 

repolymerized into the original polymer, usually after some 

purification.[49,56,87] The products could also be further reacted to produce 

for example plasticizers for PVC or other polymers,[88–90] curable resins for 
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thermoset production[44,91,92] or PURs[93] showing that these recycled 

molecules are valuable for many applications.    
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3 EXPERIMENTAL  

The most important experimental procedures are summarized here, more 

details can be found in the appended manuscripts. 

3.1 CHEMICALS AND MATERIALS 

Plastic and synthetic fabric waste was modelled by a LDPE plastic freezer 

bag from Hemköp, a 5 l HDPE container, a PA/PP rug from Kilands mattor 

and a PET bottle from Aqua d’Or. PLA was from NatureWorks (5200D) 

or 3devo, PA-6 granules were from Akulon, PA-66 granules from Technyl 

Polyamides and PP was purchased from Domolen. LDPE powder, crotonic 

acid (98%), nitric acid (70%), luperox 101 (2,5-Bis(tert-butylperoxy)-2,5-

dimethylhexane (90%), hydrochloric acid (37%) (HCl), trifluoroacetic acid 

(99%) (TFA), hexamethylenediamine (98%), 6-aminocaproic acid (99%), 

sulfuric acid (95-98%) (H2SO4), propionic acid (99.5%) allylamine (98%), 

hexylamine (99%), furfurylamine, ethanolamine (99%), pentaerythritol 

tetrakis(3-mercaptopropionate) (PMP) and phenylbis(2,4,6-

trimethylbenzoyl)phosphine oxide (97%) (BAPO) were purchased from 

Sigma Aldrich. Deuterium oxide (99.9%) (D2O) and dimethyl sulfoxide-d6 

(99.8%) (DMSO-d6) for NMR analysis from VWR. Chloroform-d (99.8%) 

for NMR analysis was obtained from Cambridge Isotope Laboratories. 

Phosphoric acid (H3PO4, 85-90%), acetic acid and α-cyano-4-

hydroxycinnamic acid (> 99%) were from Fluka. Glutaric acid (99%), 

adipic acid (99%) and succinic acid (99%) were from Fluka or PolyScience 

Corp. Malonic acid and pimelic acid were from PolyScience Corp. 
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Chloroform (99.2%) and methanol (LC-MS grade) (MeOH) were from 

WVR. Dichloromethane (99.8%) (DCM) was from Fischer scientific. 1,4-

butanediol (99%) was from Riedel-de-Haën. 1,1,1,3,3,3-hexafluropropan-

2-ol (97%) (HFIP) was obtained from Apollo. Sodium hydroxide pellets 

(99%) (NaOH) were purchased from Merck Millipore. All chemicals and 

materials were used as received. 

3.2 MICROWAVE ASSISTED CHEMICAL RECYCLING 

All microwave-assisted reactions were conducted in a FlexiWave 

microwave system from Milestone, Italy. The temperature was followed 

by a probe inserted to a reference vessel. The reactions were performed in 

sealed Teflon vials inserted in the unit. 

3.2.1 Hydrothermal oxidative recycling of LDPE and HDPE 

In each vial, 0.5 g of LDPE powder was chemically recycled by microwave 

irradiation in 20 ml aqueous solution with nitric acid as a catalyst/oxidation 

agent. The process was optimized by varying the nitric acid concentration 

between 0.00-0.50 g/ml and the irradiation time from 0.5 to 2.0 h. The 

temperature was kept at 180 ⁰C after a 20 min RAMP time. A LDPE freezer 

bag and a HDPE container were then recycled in the same manner, with a 

reaction time of 3 h and a nitric acid concentration of 0.1 g/ml or a reaction 

time of 4 h and a nitric acid concentration of 0.15 g/ml, respectively. After 

the reaction times, the water-soluble products were collected by 

neutralization and freeze drying (the end-products of LDPE recycling) or 

by rotary evaporation followed by drying in vacuum oven (the end-
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products of HDPE recycling). The LDPE end products were named after 

recycling time and nitric acid concentration, for example 2h-0.10. 

3.2.2 Hydrothermal chemical recycling of polyamides and carpet 

waste 

0.5 g of PA granules were subjected to microwave assisted recycling in 10 

ml water (reaction time 2 or 4 h), aqueous H2SO4, H3PO4, HCl in MeOH 

(all three with a concentration of 0.1 g/ml and a reaction time of 2 h) or 

aqueous HCl solution (concentration 0.01 g/ml or 0.1 g/ml and reaction 

time from 30 min to 3 h). A 10 min RAMP time was needed to heat the 

solution to 200 ⁰C, thereafter the temperature was kept at 200 ⁰C (150 ⁰C 

for HCl in MeOH) for the duration of the reaction. The carpet waste was 

recycled in 0.1 g/ml HCl solution for 1 to 6 h. Reference PP was also 

subjected to microwave-assisted irradiation for 3 h.  After the reaction, the 

water-soluble products were separated from the remaining solid fraction 

by filtration and collected by rotary evaporation and drying in vacuum-

oven. The solid fraction was also dried under vacuum. 

3.2.3 Aminolysis of PET bottles 

A PET bottle was shredded into small pieces in a shredder from 3Devo. 1 

g of the PET flakes were recycled by aminolysis to obtain monomers with 

functional end-groups. For the aminolysis, 10 ml hexylamine, 

furfurylamine, ethanolamine or allylamine was utilized as a reaction 

media. For allylamine the RAMP time was 30 min and the reaction time 

15 min at 180 ⁰C.  For hexylamine the RAMP time was 10 min and the 

reaction time 30 min at 180 ⁰C. For furfurylamine a 10 min RAMP time 
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was needed followed by 1 h at 200 ⁰C. Ethanolamine required a 10 min 

RAMP time followed by 10 min at 200 ⁰C. Upon cooling to room 

temperature, the obtained powders were separated from the reaction media 

by filtration and dried under vacuum. The recycled products from the 

reaction with allylamine were named DAA, from the reaction with 

hexylamine DHTA, from the reaction with furfurylamine BFTA and 

finally the products from the reaction with ethanolamine were named 

BHTA. 

3.3 DESIGN OF PLASTICIZERS AND NEW MATERIALS 

FROM THE RECYCLED PRODUCTS 

3.3.1 Synthesis of plasticizers from recycled HDPE  

The end-products from the hydrothermal oxidative recycling of HDPE, 

identified as dicarboxylic acids, were evaluated as monomers for synthesis 

of oligomeric ester plasticizers. The end-products from the chemical 

recycling of HDPE, were mixed with 1,4-butanediol and reacted by step-

growth polymerization. The molar ratio of the dicarboxylic acids and 1,4-

butanediol was 1:1.2 and the reaction was performed in a round bottom 

flask equipped with a condenser. The flask was placed in a heating mantel 

at 90 ⁰C under a nitrogen atmosphere. The temperature was increased 

gradually during 2 h until it reached 190 ⁰C, thereafter the pressure was 

reduced and the reaction was let to proceed for 4 h. For comparison, 

another plasticizer candidate was made from the same composition of 

commercial dicarboxylic acids and 1,4-butanediol. The reaction proceeded 

in the same manner as above but with a reaction time of 5 h. The shorter 
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reaction time for the plasticizer prepared from the recycled monomers is 

explained by residual amounts of nitric acid present in the reaction mixture, 

which catalysed the reaction. 

 

To be able to covalently anchor the plasticizers to PLA chain, crotonic acid 

was covalently attached to the ends of the plasticizers in a round bottom 

flask. The molar ratio of plasticizer and crotonic acid was 1:2. The flask 

was placed in a heating mantel at 90 ⁰C under a nitrogen atmosphere. 

Thereafter the temperature was increased gradually to 170 ⁰C. The 

plasticizer made from the commercial dicarboxylic acids was named model 

plasticizer (MP) and the one made from the end-products of HDPE 

recycling was named recycled plasticizer (RP).  

 

The plasticizers were grafted onto PLA chain by a reactive extrusion 

process.[94] PLA and MP (10 and 20 wt%) or PLA and RP (20 wt%) were 

mixed in a DSM micro compounder. 0.5 wt% of Luperox 101 was added 

to perform the grafting reaction. The material was extruded at 185 ⁰C, for 

2.5 min and at 90 RPM. Samples were extruded with and without initiator 

for comparison. Films were made in a Fontijne Presses hot press. 3 g of the 

extruded material was placed in a metal frame between Teflon sheets and 

pressed for 2 min at 180 ⁰C at a pressure of 200 kN. The films were pressed 

two times to achieve an even thickness.  
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3.3.2 Plasticizers from aminolysis of PET bottles  

BFTA, DHTA and BHTA produced by aminolysis of PET were mixed 

with PLA in the micro compounder at 10 wt% with the same instrument 

settings as above (section 3.3.1). Thereafter films were produced by 

solution casting.   

3.3.3  Fabrication of photopolymerizable resins from recycled PET 

DAA obtained from aminolysis of PET was utilized for fabrication of 

plastic films. DAA was mixed with PMP, in approximately 1 ml of DCM 

by sonication for 3 min, to utilize a thiol-ene reaction. Thereafter, 3 wt% 

of the catalyst BAPO was added to the solution, which was poured into a 

Teflon mold. The solution was subjected to UV light for 10 min followed 

by 4 h in the oven at 140 ⁰C, the process is hereafter abbreviated as 

photopolymerization. 

3.3.4 Synthesis of new polyamides from chemically recycled 

polyamide monomers  

The reactivity of the monomers obtained from the microwave-assisted 

recycling of PA-6 and PA-66 was evaluated by synthesis of oligomeric 

PAs by step-growth polymerization. The crude products were placed in a 

round bottom flask, which was placed in a heating mantel. The flask was 

equipped with a condenser and stirred under nitrogen atmosphere. The 

heating was gradually increased from 90 ⁰C to 190 ⁰C, the total reaction 

time was 6 h and vacuum was applied when condensation drops were 

visible. 
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3.3.5 Production of films from PP residue after carpet recycling 

10 or 25 wt% of the solid PP residues from the microwave assisted 

recycling of carpets were blended with virgin PP and extruded to filaments 

(section 3.3.1) for 2 min at 180 °C and 100 RPM. The filaments were 

pressed into films (section 3.3.1) for 2 min at 180 °C and 100 kN. 

3.4 CHARACTERIZATION 

Spectroscopy 

Nuclear magnetic resonance (NMR) spectra of the products from 

microwave-assisted recycling of PET, PA-6, PA-66, carpet and the 

synthesized plasticizers, MP and RP and reference compounds were 

recorded on a Bruker Advance 400 spectrometer operating at 400 MHz 

(1H-NMR). The Fourier-transform infrared spectroscopy (FTIR) was 

applied to characterize the recycled products from carpet, and the 

fabricated photopolymerized films and different reference compounds. 

The spectra were recorded by a Perkin Elmer Spectrum 2000 FTIR 

spectrometer equipped with an ATR accessory. The images were taken at 

a resolution of 8 cm-1 between 4000 and 600 cm-1 with 16 scans.  

 

Mass spectrometry 

The synthesized PAs and reference compounds were analysed by matrix- 

assisted laser desorption ionization-mass spectrometry (MALDI). The 

instrument was a Bruker UltraFlex time-of-flight (TOF) mass spectrometer 

and the analysis was performed in positive mode. The samples were 

dissolved in HFIP using α-cyano-4-hydroxycinnamic acid as matrix, 
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thereafter they were spotted on the target plate. The methanol fraction after 

extraction of MP in methanol for 24 h was studied by electrospray 

ionization-mass spectrometry (ESI-MS) using an Finnigan LCQ ion trap 

mass spectrometer in positive mode. 

 

Chromatography 

Size-exclusion chromatography (SEC) was used to determine the 

molecular weight of neat PLA, MP and RP plasticizers and plasticized 

PLA. The instrument was a chloroform SEC with a GPCMAX with an 

autosampler from Malvern Instruments and a RI detector. The instrument 

was calibrated with polystyrene standards with Mn = 1 200 -400 000 g/mol. 

The end-products after microwave-assisted recycling of LDPE and HDPE 

and the reference compounds were analysed by a Dionex-Thermofisher 

high-performance liquid chromatography (HPLC) with a UV-detector 

(210 nm) using a Rezex ROA-Organic acid column from Phenomenex. 

The mobile phase was 2.5 mM sulfuric acid. 

 

Thermal Analysis 

Thermogravimetric analysis (TGA) on the recycled carpet residue, the 

pressed PP films and reference materials was performed on a Mettler 

Toledo TGA/SDTA 851e under a nitrogen atmosphere. Differential 

scanning calorimetry (DSC) analysis of neat PLA, MP, RP, plasticized 

PLA, photopolymerized films, recycled carpet, PP films and reference 

compounds was performed on a Mettler Toledo DSC 820 under nitrogen 

atmosphere.  
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Testing of mechanical properties 

The mechanical properties of the pressed PLA films containing MP and 

RP or terephthalamides, reference films, PP films and photopolymerized 

films were determined by an INSTRON 5944 module with pneumatic grips 

and a load cell with a maximum load of 500 N. Tape was added to the end 

of some specimens to prevent breakage in the grips. The specimens were 

preconditioned before testing for at least 40 h at 50 ± 5% relative humidity 

and 21 ± 1 °C.  

 

Other methods 

To acquire scanning electron microscopy (SEM) images of the fracture 

surfaces of the PLA films containing MP and RP an ultrahigh resolution 

FE-SEM (Hitachi S-4800) was utilized. The samples were coated by a 

layer of Pt/Pd.  
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4 RESULTS AND DISCUSSION 

Efficient microwave assisted methods were developed for chemical 

recycling of plastic and carpet waste to functional chemicals, resin 

components and plasticizers as well as for recovery of PP from 

multicomponent carpets. The obtained products were carefully 

characterized and were either used as building-blocks in the synthesis of 

plasticizers or photopolymerized films, or used directly as property 

enhancers. This work presents promising ways to up-cycle materials 

considered as waste and displays some possible applications for the 

obtained products. 

4.1 MICROWAVE ASSISTED CHEMICAL RECYCLING AND 

CHARACTERIZATION OF THE OBTAINED PRODUCTS 

Here, methods to chemically recycle LDPE, HDPE, PET, PAs and carpet 

waste by microwave assisted hydrothermal processes or aminolysis were 

developed. To model actual waste, plastic containers, bottles and synthetic 

carpet were used as starting materials, representing every-day plastic 

materials.[39] The obtained monomers, oligomers and value-added end-

products were identified by 1H-NMR, HPLC or MALDI-MS. 
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4.1.1 End products after hydrothermal oxidation of LDPE and 

HDPE 

A mixture of carboxylic acids was produced by microwave assisted 

hydrothermal oxidation of LDPE powder, an LDPE freezer bag, and a 

HDPE container using nitric acid as a catalyst, Figure 1.  

 

Figure 1. Schematic presentation of the conversion of LDPE and HDPE 

to carboxylic acids.  

 

To develop the recycling process, LDPE-powder was used for the 

methodology development. The recycling time and catalyst concentration 

were first varied to optimize the process. The recycling time was varied 

from 0.5 to 2 h and the nitric acid concentration from 0.00 to 0.50 g/ml. In 

the majority of cases, the LDPE-powder was completely degraded after the 

set conditions. The end-products were identified by HPLC and consisted 

to a major part of the dicarboxylic acids: succinic, glutaric, adipic, pimelic 

and malonic acid and some minor amounts of the monoacids: acetic and 

propionic acid. Similar products were obtained previously when LDPE 

was subjected to degradation by nitrogen oxide and dioxygen under high 

temperature and pressure.[59,67] Succinic acid and glutaric acid were formed 

to a larger extent compared to the other dicarboxylic acids, Figure 2. 

Dicarboxylic acids can be formed through zip depolymerization, with 

cyclic transition states. This would explain why succinic acid is the 
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dominant product formed, as the formation is favoured by the more stable 

cyclic transition state.[65–67] 

 

Figure 2. Relative amounts of dicarboxylic acids obtained after 

hydrothermal recycling of LDPE-powder. A) Different recycling times. B) 

Different concentrations of nitric acid. 

 

Both reaction time (Figure 2A) and concentration of catalyst (Figure 2B) 

had an effect on the product distribution. This means that the ratio of the 

obtained dicarboxylic acids could be tuned to some extent by changing the 

reaction parameters. Harsher conditions led to only succinic and glutaric 

acid, whereas more dilute solution of nitric acid produced a mixture of 

dicarboxylic acids. This is in line with a previous study where LDPE was 

subjected to thermo-oxidative degradation in an autoclave, where lowering 
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the reaction temperature led to higher relative amount of pimelic and adipic 

acid compared to succinic acid.[67] 

 

A low concentration of nitric acid combined with a short reaction time was 

not enough to reach complete degradation of the LDPE-powder. On the 

other hand, if the concentration of nitric acid was too high, no carboxylic 

acids could be detected. The explanation for this is most likely further 

production of gaseous products from the carboxylic acids. 

 

Figure 3. A) HPLC chromatogram of the end-products obtained from 

LDPE and HDPE waste. B) Relative amounts of the formed carboxylic 

acids. 
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A LDPE freezer bag and HDPE container were also chemically recycled 

in the same manner, modelling real plastic waste. Somewhat longer 

recycling times were needed due to the higher molecular weights and 

smaller surface area compared to LDPE-powder. A LDPE freezer bag was 

subjected to microwave-assisted recycling for 3 h at a nitric acid 

concentration of 0.1 g/ml and HDPE waste for 4 h at a nitric acid 

concentration of 0.15 g/ml. The obtained end-products from the LDPE 

waste were similar to those obtained from the LDPE-powder (Figure 3). 

Interestingly, the end-products from HDPE waste, as identified by HPLC 

(Figure 3) consisted only of the diacids succinic, glutaric and adipic acid. 

The reason for this could be the higher crystallinity and more regular linear 

structure of HDPE compared with LDPE.[95–97] The longer reaction time 

needed for complete degradation of HDPE could also favour the formation 

of a more homogenous mixture, due to e.g. further degradation of longer 

dicarboxylic acids through release of CO2.[66] In both cases, succinic acid 

was the dominant carboxylic acid formed, Figure 3B. An efficient process 

to recycle PE waste was, thus, developed as the products were completely 

degraded and the reaction led to few, well-defined products. In previous 

studies LDPE and HDPE were degraded in an autoclave for 16 h at 170 °C 

by a gas mixture of nitrogen oxide, dioxygen and nitrogen gas, yielding to 

similar dicarboxylic acid mixtures as in this work.[59,67] However, the 

reaction time in this work was substantially shorter at slightly higher 

reaction temperature. Altogether, this shows that microwave-assisted 

reactions can effectively recycle LDPE and HDPE waste. 
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4.1.2 Water soluble products from hydrothermal recycling of 

polyamides and carpet waste 

 

Figure 4. Schematic presentation of microwave-assisted recycling of PA-

66 and PA-6. 

 

Monomeric compounds were produced by microwave-assisted 

hydrothermal recycling of PA-6, PA-66 and carpet waste, using HCl as a 

catalyst, Figure 4. To develop an efficient recycling method, different 

catalysts were initially tested for recycling of PA-6. Pure water, aqueous 

HCl, aqueous H3PO4, aqueous H2SO4 and HCl in MeOH were analysed for 

their catalytic effect, all with a concentration of 0.1 g/ml. The temperature 

was set to 200 °C for the aqueous solutions and 150 °C for the methanol 

solution. Performing the reaction in aqueous HCl led to complete recycling 

of PA-6 to monomers. Aqueous HCl was therefore selected as the medium 

for further method development. 

 

To evaluate the process thoroughly, PA-6 and PA-66 granules were 

recycled in the microwave at 200 °C. The concentration of HCl was 0.1 or 

0.01 g/ml and the reaction time was varied from 30 min to 3 h. A summary 

of the reaction parameters and results can be found in Table 1.  
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Table 1. Reaction parameters and end-products obtained after microwave-

assisted recycling of PA-6 and PA-66. The remaining solid material was 

compared to the original PAs. 

Starting 

material 

Time 

(h) 

C HCl 

aq 

(g/ml) 

Remaining 

solid material 

(%) 

Water soluble 

products 

PA-6 0.5 0.01 0 yes, oligomeric 

yes, oligomeric 

yes, oligomeric 

yes, oligomeric 

PA-6 1 0.01 0 

PA-6 2 0.01 0 

PA-6 3 0.01 0 

PA-6 0.5 0.1 0 yes, monomeric 

PA-6 1 0.1 0 yes, monomeric 

PA-6 2 0.1 0 yes, monomeric 

PA-6 3 0.1 0 yes, monomeric 

PA-66 0.5 0.01 12.5 yes, oligomeric 

PA-66 1 0.01 12.5 yes, oligomeric 

PA-66 2 0.01 3.0 yes, oligomeric 

PA-66 3 0.01 2.7 yes, oligomeric 

PA-66 0.5 0.1 5.2 yes, monomeric 

PA-66 1 0.1 16.6 yes, monomeric 

PA-66 2 0.1 25.3 yes, monomeric 

PA-66 3 0.1 35.1 yes, monomeric 

 

After recycling of PA-6, under all tested conditions, no solid water-

insoluble material remained, whereas some solid residue always remained 

for PA-66. This is possibly explained by the higher melting temperature of 

PA-66.[48] At low concentration of HCl, the amount of solid residue 

decreased after longer recycling times. Interestingly, the opposite occurred 

at high concentration of HCl. It is possible that repolymerization is 

promoted or that water-insoluble products are formed during longer times 

of heating.[98] For both PA-6 and PA-66, water-soluble monomeric 
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products were formed at high concentration of HCl and water-soluble 

oligomeric products were formed at low concentration of HCl.    

 

 

Figure 5. 1H-NMR spectra of the water-soluble products after microwave-

assisted recycling. A) The end-products after recycling of PA-6 for 30 min 

at high and low HCl concentration. B) The end-products after recycling of 

PA-66 for 30 min at high and low HCl concentration. C) The end-products 

after recycling of carpet waste for 1 h. Standard compounds corresponding 

to the expected end-products are included as well. 

 

The formed water-soluble monomeric products after microwave-assisted 

recycling for 30 min at a HCl concentration of 0.1 g/ml match the structure 

of the expected monomeric products, Figure 5A and B.  The use of HCl as 
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a catalyst leads to the formation of hydrochloride salt due to protonation of 

amine-groups.[48] Protonated reference monomers were, therefore, 

analysed to confirm the identification. An efficient method to chemically 

recycle PA-6 and PA-66 was thus achieved. When lower concentration of 

HCl (0.01 g/ml) was used, peaks representing oligomeric structures could 

be observed. The m/z ratio of the water-soluble oligomers was around 600-

800 for both oligomeric PA-6 and PA-66. The peaks were identified as 

sodium adducts with -H (-NH3) and -OH (-COOH) as end-groups for PA-

6 and -H (-NH3) and/or -OH (-COOH)[99,100] as end-groups for PA-66. Two 

series of peaks was detected in the case of PA-66 oligomers, as the 

repeating unit consists of two different monomers.[100] These oligomers 

could potentially be used to produce new PAs.[56] 

 

To verify that the developed method was effective for recycling 

commercial products, a PA/PP carpet was subjected to microwave-assisted 

recycling. The hypothesis was that selective hydrolysis could recycle the 

PA part of the carpets back to monomers while the PP part would be 

retained. The carpet waste was recycled in the microwave for 1-6 h at 200 

°C with a HCl concentration of 0.1 g/ml. At predetermined time points, the 

water-soluble monomers were analysed by 1H-NMR, Figure 5C. The 

monomers matched well the expected structures and no other side-products 

could be detected, showing that the hydrolysis is indeed selective. 

4.1.3 Solid residue remaining from the carpet waste  

After microwave-assisted recycling of the PA/PP carpet, some solid 

residue remained. The effect of recycling time on the composition of the 

remaining solid residue was monitored by DSC, FTIR and TGA.  



RESULTS AND DISCUSSION 

29 

 

 

Figure 6. A) FTIR spectra and B) DSC thermograms for neat carpet and 

microwave-assisted recycled carpet residues after different recycling 

times. Reference polymers (PA-6, PA-66 and PP) were also analysed. 

 

After 6 h of recycling, no PA could be observed by FTIR or DSC analysis 

of the remaining solid residue, Figure 6. Instead, the residue resembled the 

characteristics of PP, showing that the PA-part was selectively hydrolyzed 

during the microwave reaction and the PP part was retained. The neat 

carpet had three distinct melting peaks representing PA-6, PA-66 and PP, 

Figure 6B. After 6 h of recycling only one of the peaks remained, 

corresponding to the melting transition of PP. The hydrolysis of the PA-

part was further proven by FTIR-analysis, Figure 6A. Peaks representing 

the PA-6 and PA-66 at 3300 cm-1, 1630 cm-1 and 1530 cm-1 where the first 
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represents the N-H stretching and the two last the amide bond, gradually 

decreased as a function of reaction time.[101,102] 

 

The thermal stability of the solid residue started to decrease after 2 h of 

microwave-assisted recycling. Figure 7 shows the results of the TGA 

analysis. The cause of this could be the formation of oligomeric structures 

that degrade at lower temperatures compared to the carpet. FTIR spectra, 

Figure 6A, supports this assumption as after 1 h of recycling a new 

transmittance band appears at 1700 cm-1. This represents the carboxyl 

carbonyl of the end-groups, showing hydrolysis of PA chains to shorter 

oligomers. In addition, the carpet could also contain additives that degrade 

during the recycling process. 

 

Figure 7. TGA traces of the neat carpet and microwave-assisted recycled 

carpet after different recycling times. TGA analysis of the reference 

polymers (PA-6, PA-66 and PP) is also included. 
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4.1.4 Functional chemicals from aminolysis of PET bottle 

Terephthalamides with terminal functional groups were produced by 

microwave-assisted aminolysis of PET waste, see Figure 8 for a schematic 

presentation of the process. Four different amines were evaluated as 

combined reaction media and reactant: allylamine, furfurylamine, 

ethanolamine and hexylamine. 

 

Figure 8. Schematic presentation of microwave-assisted aminolysis of 

PET waste. R-NH2 was ethanolamine, furfurylamine, hexylamine or 

allylamine. 

 

The microwave-assisted aminolysis proceeded rapidly, with the 

electronegative nitrogen readily attacking the ester linkages present in 

PET.[89] Complete depolymerization was reached in 10 - 60 min at 180 or 

200 °C without catalyst.  
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Figure 9. 1H-NMR spectra of the end-products produced after microwave-

assisted aminolysis of PET waste. A) The end-products after recycling in 

ethanolamine. B) The end-product after recycling in furfurylamine. C) The 

end-product after recycling in hexylamine. D) The end-product after 

recycling in allylamine. In A, B and D DMSO-d6 was used as a solvent. In 

C, CDCl3 with 5% TFA was used as a solvent. 

 

The obtained solid powders were analysed by 1H-NMR, Figure 9. The 

spectra indicated complete aminolysis of PET waste, as no oligomers could 

be observed and the peak and peak integral values matched well with the 

expected terephthalamides. Ethanolamine has two electronegative 

functional groups (-OH and -NH2), yet aminolysis dominated as reaction 

pathway. This was caused by the higher electronegativity of nitrogen 



RESULTS AND DISCUSSION 

33 

compared to oxygen, leading to preferential attack of amine on the ester 

linkage in PET.[89] The products obtained after microwave-assisted 

aminolysis with ethanolamine or allylamine as nucleophiles match those 

identified in previous studies on aminolysis of PET.[53,85,89,103] Here, no 

catalyst was used as compared to previous studies in which catalysts such 

as sodium sulphate, sodium acetate, sodium bicarbonate, zinc acetate, 

1,5,7-triazabicyclo(4.4.0)dec-5-ene or dibutyl tin oxide were used. 

Previously when reflux was used for the aminolysis reactions instead of 

microwave irradiation, the reaction time was at least 1 h for ethanolamine 

and 4 h for allylamine,[53,89,103] compared to our reactions times of 10 or 15 

min, respectively. Microwave-assisted heating has previously been used to 

degrade PET under reflux with ethanolamine and sodium bicarbonate as a 

catalyst.[85] The reaction time was only five minutes, showing that 

microwave-assisted reactions provide speed to the process. 

4.2 SYNTHESIS AND CHARACTERIZATION OF NEW 

MATERIALS FROM THE RECYCLED PRODUCTS  

The obtained functional chemicals and solid residues after microwave-

assisted recycling of model plastic and carpet waste were characterized and 

evaluated for new applications. Step-growth polymerization was utilized 

to either demonstrate the functionality of the recycled monomers in 

repolymerization reactions or to create plasticizers, a thiol-ene reaction 

was utilized to produce photopolymerizable films and some of the 

produced compounds were directly used and evaluated as plasticizers.     
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4.2.1 Synthesis of plasticizers  

An oligoester plasticizer candidate, named recycled plasticizer (RP), was 

synthesized directly from the product mixture after HDPE-recycling 

without purification and after adding 1,4-butanediol. In a second step, 

crotonic acid was attached to the end-groups of the oligoesters to enable 

coupling to PLA chains by reactive extrusion. For comparison a similar 

plasticizer was synthesized from commercial dicarboxylic acids using the 

same ratio of dicarboxylic acids as was obtained from HDPE-recycling. 

This plasticizer was named model plasticizer (MP). The total synthesis 

time was shorter for RP compared to MP, due to some residual nitric acid 

from the recycling process that functioned as a catalyst for the step-growth 

polymerization. The chemical structure of the plasticizers before and after 

attachment of crotonic acid was determined through 1H-NMR, Figure 10.   
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Figure 10. 1H-NMR spectra of MP and RP before and after attachment of 

crotonic acid end-group. 

 

The structure of the MP plasticizer was confirmed before and after 

attachment of crotonic acid. For the RP plasticizer, the crotonate chain end 

is not visible. This could indicate that crotonic acid was not attached to all 

chain ends of the oligoesters. In addition, the molecular weight of RP was 

higher than MP, Table 2. The higher molecular weight of RP plasticizer is 

explained by the residual nitric acid from the microwave-assisted recycling 

process functioning as a catalyst for the step-growth polymerization. Thus, 

the number of end-groups are reduced, additionally explaining why the 

crotonate end-groups were not visible in the 1H-NMR spectrum. 
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Table 2. The number-average molecular weight (Mn), weight-average 

molecular weight (Mw), z-average molecular weight (Mz) and dispersity 

(Ð) of MP and RP plasticizers 

Sample Mn (g/mol) Mw (g/mol) Mz (g/mol) Ð 

MP 5 400 ± 3 8 000 ± 1 500 14 200 ± 500 1.78 ± 0.01 

RP 12 600 ± 600 22 100 ± 700 34 000 ± 2 300 1.75 ± 0.02 

 

Analysis of MP through ESI-MS after extraction in methanol for 24 h 

showed that the crotonic acid was attached to some, but not all of the chain-

ends, Figure 11. The main series of peaks in the ESI-MS spectrum were 

identified as MP with crotonate end groups (red peaks) and MP without 

crotonate end groups (purple peaks), all as sodium adducts. 

 

 

Figure 11. ESI-MS mass spectrum of low molecular weight compounds 

extracted from the MP plasticizer. 
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4.2.2 PLA with recycled plasticizers and property enhancers 

PLA films were made by blending or grafting the RP and MP plasticizers 

through extrusion or reactive extrusion with PLA, respectively, followed 

by hot pressing. A schematic presentation of the grafting process can be 

found in Figure 12. 

 

Figure 12. Schematic presentation of the grafting reaction of PLA and 

plasticizer. 

 

Films containing 10 or 20 wt% grafted or blended MP, named MP10G, 

MP20G, MP10B and MP20B were made. Films were also made of 20 wt% 

grafted or blended RP and named RP20G and RP20B. The molecular 

weights of the processed films and plasticizers were analysed through SEC. 

When a thermal initiator was used to promote the grafting, the Mn, Mw and 

Mz values became slightly higher, which is a sign of chain extension. The 

grafting reaction was non-complete as indicated by the presence of a lower 

molecular weight fraction appearing in the same molecular weight range 

as the unreacted plasticizer. Even so, the grafted portion was expected to 
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increase the compatibility of the non-grafted part and to thereby improve 

the plasticization effect.   

 

Figure 13. DSC thermograms of MP and RP and neat, blended (denoted 

B) and grafted (denoted G) films.  

 

The glass transition temperature (Tg) of the blended and grafted films 

decreased compared to neat PLA and PLAi (PLA extruded with initiator), 

Figure 13. This indicates that the plasticizers promoted chain mobility of 

PLA and could also disrupt the secondary interactions between the PLA 

chains.[104] Theoretically, the Tg of the plasticized films should have 

decreased even more, as the Tg of the neat plasticizers was low (below -25 

°C). This would, according to the Fox equation, yield a Tg of the plasticized 
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films around 35 °C or lower when 20 wt% of the plasticizers was added. 

This implies that the plasticizers and PLA were only partially miscible. 

However, the grafting reaction lowered the Tg more as compared to the 

blended films, indicating that the grafting reaction increased the miscibility 

of PLA and the plasticizers.[105] Compared to neat PLA, the blended and 

grafted films also displayed cold crystallization peaks, which is generally 

a sign of increased chain mobility. Furthermore, the grafted films had an 

additional melting peak appearing at a lower temperature, indicating that 

crystals with different degrees of order were formed with different melting 

points.[106–108] 
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Figure 14. Mechanical properties of neat, grafted and blended (denoted B) 

and grafted (denoted G) films. A) Young’s modulus. B) Stress at break. C) 

Strain at break. 

 

Grafted plasticizers significantly increased the flexibility of the films 

compared to plain PLA, Figure 14C. Grafting of 20 wt% RP or MP 

increased the strain at break 24 and 26 times, respectively, compared to 

neat PLA. The increase was not as significant after grafting of 10 wt% of 

plasticizers, showing that addition of 20 wt% of plasticizer is needed to 

achieve an efficient plasticization effect. The blended plasticizer had a 

moderate effect on the strain at break compared to grafted plasticizers, 

Figure 14C. The modulus and stress at break decreased with addition of 
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plasticizers, Figure 14A, B. This is an expected result of 

plasticization.[105,109]  

 

The difference between blended and grafted films were further analysed 

through SEM. Figure 15 presents the fracture surfaces of the plain PLA 

film and the films containing blended or grafted RP plasticizer. In the 

blended films the RP is clearly visible as spherical particles due to phase 

separation. In the grafted film the RP plasticizer seem to be more evenly 

distributed in the PLA matrix.[105] The combined results from DSC, tensile 

testing and SEM, thus, show that the obtained dicarboxylic acids from 

recycling of HDPE waste can be directly used as value-added functional 

chemicals for plasticizer production. 

 

 

Figure 15. SEM images of neat PLA, RP20B and RP20G films. 

 

The terephthalamides produced by microwave assisted aminolysis of PET 

were also evaluated for their ability to enhance the properties of PLA. 

Blends were processed with 10 wt% of BHTA, BFTA or DHTA by 
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extrusion followed by solution casting. The films were named PLA-

BHTA, PLA-BFTA or PLA-DHTA and the properties were compared to a 

neat PLA film treated in the same manner.  

 

 

Figure 16. Tensile properties of neat PLA film and PLA film with the 

BHTA, DHTA or BFTA terephthalamides. A) Young’s modulus. B) Strain 

at break. C) Stress at break. 

 

Improved strain at break was observed after the addition of 

terephthalamides, Figure 16, while the Young’s modulus and stress at 

break decreased, which is commonly observed after plasticization.[105,109] 

Compared to the neat PLA film, the strain at break increased from 3 to 60% 

when 10 wt% BFTA was added, an increase of 20 times. Addition of 10 
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wt% BHTA or DHTA resulted in more moderate increase of strain at break 

to 21 and 12% respectively. The hydroxyl and furfural end-groups of 

BHTA and BFTA seemed to increase the miscibility or compatibility with 

PLA, providing increased flexibility. The alkyl chain in DHTA is expected 

to be quite hydrophobic and it cannot form any strong secondary 

interactions (dipole-dipole or hydrogen bonding) with PLA. In comparison 

with neat PLA, this resulted in materials with only slightly increased 

elongation at break combined with large decrease in stress at break and 

Young’s modulus.  

 

Figure 17.  DSC thermograms of neat PLA film and PLA films with the 

BHTA, DHTA or BFTA terephthalamides. 

 

The Tg, cold crystallization temperature (Tc) and melting temperature (Tm) 

remained almost unchanged when neat PLA film and films with 

terephthalamides were compared. However, when BFTA or BHTA was 

added, split melting peaks were identified, similar to what was previously 
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observed when 20 wt% of the RP plasticizer was grafted to PLA. This 

implies that BFTA and BHTA affect the chain packing of PLA causing 

two crystalline structures with different degrees of order.[106–108] These 

results on terephthalamides together with the DSC and tensile properties 

of the blended and grafted RP plasticizer, Figures 13 and 14, show that 

plasticization of PLA can be achieved by compounds produced by 

chemical recycling of commodity plastics, such as HDPE and PET. 

4.2.3 PET recycling to photopolymerizable films 

Plastic films were fabricated by utilizing the products from microwave-

assisted chemical recycling of PET by aminolysis with allylamine (DAA) 

in combination with a thiol (PMP). The films were produced by a thiol-ene 

reaction.[110,111] An UV-initiator was added and the product mixture was 

subjected to UV-light for 10 min, followed by 4 h in an heating oven at 

140 °C. Five different films in stoichiometric or off-stoichiometric balance 

were fabricated by varying the molar ratio of DAA and PMP with respect 

to their functionality. One film with equal amount of thiol and allyl-groups 

was denoted 4:8, two films with excess of DAA (2:8 and 3:8) and two films 

with excess of PMP (thiol-groups) (5:8 and 6:8) were generated. An ideal 

network is formed if each pendant thiol-group reacts with an alkene-group. 

However, even at stoichiometric balance, this is rarely the case, as for 

example branches, loops and loose chain ends can be formed, affecting the 

properties of the film.[112] Depending on the off- stoichiometric balance, 

linear chains, different degrees of branching or loose networks can be 

formed with an increased amount of dangling chain-ends. A schematic 

presentation of possible film structure can be found in Figure 18.   
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Figure 18. Schematic presentation of the thiol-ene reaction of DAA and 

PMP initiated by UV-light. 

 

A successful thiol-ene reaction occurred, as indicated by film formation 

and reduction in the transmittance bands originating from free thiol at 2570 

cm-1 and alkene at 3290 cm-1 in FTIR spectra of the photopolymerized 

films compared to the FTIR spectra of the starting materials, Figure 19.  

 

 

Figure 19. FTIR spectra of the photopolymerized films (2:8, 3:8, 4:8, 5:8 

and 6:8) and starting materials (PMP and DAA). 
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In detail, compared to the starting materials, DAA and PMP, the thiol peak 

around 2570 cm-1[113–115] completely disappeared after the thiol-ene 

reaction forming the films. 6:8 was an exception with a small remaining 

thiol peak. This was expected, since this film contained the largest excess 

of thiol-groups. The sp2 peak at 3290 cm-1, originating from the double 

bond and the aromatic ring was also clearly reduced, indicating a reduced 

number of unsaturated terminal groups.[113,116] The FTIR analysis thus 

confirmed that the films were produced by the thiol-ene reaction.  

 

Clear differences in the properties of the films were observed during tensile 

testing, Figure 20. The equimolar 4:8 film displayed the highest strain at 

break value at 30%, and was the only film that yielded during extension, 

showing that it is a tough and flexible material.[115] The thiol-ether linkage 

contributed to this as it is known to be flexible.[115,117] The different 

macromolecular architecture caused by the different ratios of PMP:DAA 

are expected to effect the mechanical properties.[118,119] In addition less 

flexible chain segments could contribute to higher Young’s modulus. The 

thiol used (PMP) is expected to be more flexible than the aromatic alkene 

(DAA), thus, a higher amount of thiol could lead to a lower Young’s 

modulus.[110,116]  
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Figure 20. Mechanical properties of the photopolymerized films (2:8, 3:8, 

4:8, 5:8 and 6:8). A) Young’s modulus. B) Strain at break. C) Stress at 

break. 

 

Only small differences in Tg of the fabricated films were observed with 9 

°C between the lowest and highest value, and no crystallinity was 

observed. The Tg values were the following: 2:8: 44.7 °C, 3:8: 49.0 °C, 

4:8: 46.1 °C, 5:8: 46.1 °C and 6:8: 40.6 °C.  Both the macromolecular and 

chemical structure affects the Tg of the films.[120,121]  Cross-links can lead 

to an increased Tg, as they prohibits coordinated chain movements. In 

addition, aromatic groups generally increase the Tg temperature, due to 

their rigid and thereby inflexible structure preventing chain rotation.[112,122] 
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In our system the situation is complex as higher DAA content increases the 

aromatic content, while stoichiometric balance could promote formation of 

cross-links. For the films with largest off-stoichiometric balance, the 

higher DAA content seemed to lead to higher Tg values (e.g., 2:8 (44.7 °C) 

and 6:8 (40.6 °C)). The films with stoichiometric balance or near 

stoichiometric balance, had slightly higher Tg, which was further increased 

by slight excess of DAA (e.g., 3:8 (49.0 °C), 4:8 (46.1 °C) and 5:8 (46.1 

°C)). In addition, loose chain ends could have a plasticizing effect on the 

system as seen when DAA or thiol is present in larger excess, (films 2:8 

and 6:8).[114] 

4.2.4 Synthesis of new polyamides 

Step-growth polymerization was utilized to demonstrate the functionality 

of the monomers produced by microwave-assisted hydrothermal recycling 

of PA-6 and PA-66 for repolymerization. The monomers were directly 

used as building-blocks for step-growth polymerization. MALDI-MS 

analysis of the obtained products showed that oligomeric polyamides were 

produced, Figure 21. Peaks where identified as sodium adducts with -H (-

NH3) and -OH (-COOH) as the end-groups.[99,100,123] 
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Figure 21. MALDI-MS spectra of repolymerized oligomers. A) 

Repolymerized PA-6. B) Repolymerized PA-66. 

4.2.5 Production of polypropylene films 

Films were produced from the solid PP residue obtained after microwave-

assisted selective hydrolysis of PA-6 and PA-66 from the carpet waste, to 

verify that the residue could be used in new PP products. PP filaments were 

extruded containing 10 or 25 wt% of PP carpet residue. The filaments were 

thereafter pressed into films. No significant differences could be observed 

between the thermal properties of the films made from neat PP and the 

films with a recycled content as analyzed by DSC and TGA, Figure 22. 

The thermal stability of the films was, thus, not affected by the addition of 

carpet residue from the recycling process. Previous studies where 

mechanically recycled and neat PP are compared, show similar results.[124] 
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Figure 22. A) DSC thermogram and B) TGA thermogram of films 

containing 10 or 25 wt% recycled carpet residue mixed with neat PP.  

 

Similar results were observed for the mechanical properties of the different 

films, Figure 23. The stress at break remained unchanged by addition of 

carpet residue to PP compared to neat PP. The minor differences in 

Young’s modulus and strain at break were within the experimental error as 

shown by the standard deviations. These results show that the PP collected 

after selective hydrolysis of the carpet waste has good potential to be used 

to produce new materials. 
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Figure 23. Mechanical properties of the PP films containing 10 or 25 wt% 

of recycled carpet residue mixed with neat PP. A) Young’s modulus. B) 

Strain at break. C) Stress at break. 
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5 CONCLUSIONS 

Microwave-assisted recycling methodologies for turning plastic waste to 

new chemicals or new materials were demonstrated. This work supplies 

new insights and methods for recycling plastic waste contributing to a more 

circular resource society. 

 

• Microwave-assisted processes were demonstrated effective to 

chemically recycle common plastic and carpet waste into new 

chemicals, intermediates and materials  

• LDPE and HDPE waste were transformed into value-added 

carboxylic acids by effective oxidative microwave-assisted 

recycling. PET was aminolyzed by fast microwave-assisted 

chemical recycling, producing terephthalamides with different 

end-groups depending on the used amine. PA-6 and PA-66 

components in carpet waste were selectively hydrolyzed to their 

constituent monomers, while PP was retained after selective 

hydrothermal microwave-assisted recycling. After selective 

hydrolysis of PA-6 and PA-66 from carpet waste, solid PP residue 

was collected and good quality films were produced by mixing the 

recovered PP with virgin PP 

• Products derived from recycled HDPE and PET were successfully 

evaluated as plasticizers for PLA. An oligomeric ester-plasticizer 

was synthesized from the dicarboxylic acid mixture from HDPE-

recycling and modified with crotonate end-groups. The 
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synthesized plasticizers were blended with PLA or grafted to PLA 

by reactive extrusion. Especially the PLA materials with grafted 

plasticizers showed promise as they portrayed a reduced Tg and 

increased strain at break compared to neat PLA. Terephthalamides 

from PET aminolysis were directly mixed with PLA showing 

different plasticization efficiencies depending on the amine used 

for aminolysis. Photopolymerized films were successfully 

produced by a thiol-ene reaction of terephthalamides with 

unsaturated allyl terminal groups and a thiol. The produced films 

had good quality and a Tg above room temperature. 
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6 FUTURE WORK 

This thesis has explored ways to upcycle common plastic waste by 

microwave-assisted chemical recycling methods.  

• It would be interesting to investigate the ability to once more 

recycle the produced materials, like plasticized PLA and films by 

mechanical or microwave-assisted chemical recycling.        

• To make the microwave-assisted hydrothermal processes greener, 

it would be interesting to search for greener catalysts as compared 

to the utilized strong acids 

• Further investigations to recycle multicomponent materials such 

as multilayer films or fiber reinforced plastics would be a field of 

interest since these materials are generally difficult to recycle 

• It would be interesting to investigate the possibilities to scale up 

the microwave-assisted processes to become more industrially 

viable. It would for example be interesting to investigate the 

possibility of continuous reactions in a flow reactor. 

• Further investigation of the aminolysis of PET would be 

interesting since several different amines could be used to yield 

different functionalities and properties. The obtained products 

could be further investigated as property enhancers for PVC or 

PLA.  

• Further optimization of the microwave-assisted processes 

regarding the yields of the obtained products from PE and PET 

would advance the utilization of the process for the future  
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