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a b s t r a c t 

Poly(ethylene terephthalate) (PET) has wide usage in packaging and fiber industries thanks to its supe- 

rior mechanical, thermal, and barrier properties. It is also one of the "big five" recyclable plastics with 

well-established procedures. In many textile and film products, flame retardants (FRs) are added to PET 

for fire-safe applications. However, PET/FR products are often not designed for recycling, and downgrade 

during thermomechanical recycling due to polymer degradation. To address this issue, we study the be- 

havior of PET containing phosphorus FRs during and after thermomechanical recycling. Two phosphorus 

FRs, namely DOPO-PEPA (DP) and Aflammit PCO 900 (AF), are added to PET by extrusion. The compounds 

are then studied by a comprehensive set of thermal, rheological, and chemical experiments to investigate 

their thermal, thermo-oxidative, and thermo-mechanical degradation mechanisms. The results indicate 

the high potential of DP to add enhanced lubrication, and control melt rheology over long periods by 

stabilization. On the other hand, AF can boost chain extensions and branching in PET, which can counter 

chain scissions to some extent. A chemical mechanism is proposed suggesting that both FRs can release 

active radicals and moieties that either quench other radicals such as oxygen radicals, or initiate a reac- 

tion with the PET chains leading to chain scissions and/or branching. Finally, a thermomechanical recy- 

cling process is simulated by reprocessing the PET compounds in extrusion and injection molding. The 

mechanical performance of the compounds before and after recycling is studied in tensile experiments. 

PET/DP samples preserve their ductile tensile behavior after recycling, whereas PET/AF samples become 

completely brittle. This work motivates future research on the synthesis of new phosphorus FRs based on 

mixed chemical characteristics of DP and AF for improved recyclability of PET/FR products. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Poly(ethylene terephthalate) (PET) is widely used in packaging 

nd textiles due to its good mechanical properties, low permeabil- 

ty to moisture and gas, and high heat resistance [1–3] . PET yarn is

sed in a variety of applications including interior textiles, uphol- 

tery, and carpets in transportation [4] . In such products, it is often 

andatory to add flame retardant (FR) functionality to PET to ex- 

end the time-of-escape from fire [5–8] . While the recyclability of 

irgin PET is well-established to be one of its main advantages, the 

ecyclability of PET/FR products is not well addressed [ 2 , 5 , 9 ]. Due

o the requirements of the circular economy, PET/FR waste must be 

ecycled and new products must ideally be Designed for Recycling 
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9–17] . However, FR-containing plastic waste is often landfilled or 

ecycled for energy rather than new products [ 5 , 18 , 19 ]. Moreover,

he recycled plastic waste is typically upcycled by adding FR ad- 

itives as a route to Design from Recycling [ 5 , 20 ]. In general, two

ain alternatives are adopted to recycle PET, i.e. thermomechani- 

al and chemical recycling [ 2 , 9 , 21 ]. In the former approach, waste

ET is washed and reprocessed to produce recycled flakes or pel- 

ets. On the other hand, the chemical recycling approach consists 

f a partial (or total) depolymerization of the material to obtain 

egenerated oligomers/monomers that are then re-used in a new 

olymerization process [ 1 , 22–24 ]. The chemical approach is com- 

romised by the low yields of the reactions and produces addi- 

ional solvent waste [ 2 , 9 ]. For this reason, thermomechanical re- 

ycling today stands as the undisputed primary recycling method 

f PET in Europe [25] . Thus, it is highly desirable to design FR- 

ontaining PET products that can contribute to a circular economy 

hrough thermomechanical recycling. 
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Fig. 1. Chemical structures of (a) DP, and (b) AF. 
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It is well-known that PET undergoes severe degradation in ther- 

omechanical recycling, which leads to a loss of its properties, 

ore specifically its mechanical performance [ 2 , 9 , 26 , 27 ]. In previ-

us studies, we have found that phosphorus FRs, such as DOPO- 

EPA (DP) and Aflammit PCO 900 (AF) ( Fig. 1 ), have the potential

o act as multifunctional additives in polyesters; they add FR prop- 

rties and can control the degradation reactions during PET recy- 

ling [27–29] . Consequently, Design for Recycling of PET/FR prod- 

cts can be envisioned by means of eco-friendly phosphorus FRs. 

ere, we investigate the potential of such phosphorus FRs in de- 

igning PET/FR products for recycling, which is a major step toward 

ealizing their true circular economy. 

In this study, DP and AF are chosen as representative phospho- 

us FRs in PET due to their industrial importance, as well as dif- 

erent chemistry in controlling degradation reactions [27–30] . The 

ame retardancy and non-toxicity of both additives were already 

isplayed by small-scale fire tests and preliminary toxicological 

valuations, respectively [ 29 , 31 , 32 ]. DP is a novel FR additive that

an be synthesized through green chemistry principles, and shows 

 promising lubrication action (i.e. decrease in the melt viscosity) 

uring melt-processing of PET [ 27 , 33 ]. On the other hand, AF is

 commercial phosphorus FR that can potentially compensate for 

ET degradation by reacting with the PET chains, leading to an in- 

rease in its melt viscosity [29] . Therefore, DP and AF can be good

epresentatives to show the possible range of interactions occur- 

ing between phosphorus FRs and PET. Understanding this range 

f interactions systematically is the main purpose of the present 

tudy since it enables designing PET/FR products that can be opti- 

ally recycled by a thermomechanical approach. To assess the syn- 

rgistic effects of these phosphorus FRs in PET, a systematic study 

as carried out, where the effects of these chemicals on major 

egradation pathways (i.e. thermal, thermo-oxidative, and thermo- 

echanical) are evaluated by thermal and rheological investiga- 

ions. A particular emphasis was put on the effects of those FRs 

n the mechanical behavior of the solid polymer [ 27 , 34 , 35 ]. Thus,

e simulated a conventional thermomechanical recycling process 

y repeated melt extrusion and injection molding to examine how 

he incorporation of the additives alters the polymer behavior after 

ecycling. Therefore, the recycling study performed here holds sig- 

ificant value in the development of phosphorus FRs for the sus- 

ainable processing of polyesters. This work aims at providing a 

tarting point for the future synthesis of a series of multifunctional 

dditives with similar phosphorus chemistry, which, in addition to 

heir primary FR function, can answer to the increasing demands 

f sustainability and reprocessing of thermoplastic materials, lead- 

ng to an improvement (or at least preserving) of PET stability and 

erformance over extended life cycles. 

. Experimental details 

.1. Materials and processing 

PET with an average molecular weight M w 

≈ 67,400 g/mol and 

olydispersity index PDI = 2.47 was provided by Serge Ferrari Ter- 
2 
uisse AG (Emmenbrücke, Switzerland). DP was synthesized ac- 

ording to the procedure described in detail by Salmeia et al. [33] , 

nd AF was purchased from Thor GmbH (Germany). All materials 

ere carefully dried before processing and/or testing at different 

tages to minimize hydrolytic degradation. PET was vacuum dried 

t 90 mbar in three steps: (i) 8 h at 100 °C, (ii) 2 h at 120 °C, and

iii) 4 h at 140 °C. The FRs were put in the vacuum oven at 90

bar for two days at a temperature of 80 °C. 

PET/FR compounds were prepared in the micro-compounder 

C 15 HT (Xplore Instruments BV, The Netherlands). The micro- 

ompounder is a small extrusion unit equipped with co-rotating 

crews that allows achieving a homogeneous melt compound 

hanks to its side recirculation channel. PET compounds containing 

ither 5 wt.% of DP, or 3 wt.% of AF, were produced to obtain ap-

roximately similar phosphorus contents, see Table 1 . This amount 

f phosphorus is known to yield FR properties with Limiting Oxy- 

en Index (LOI) values above 26%, indicating a self-extinguishing 

ehavior [ 28 , 36 ]. Moreover, pristine PET was processed under the 

ame conditions as reference for comparison. Un-processed and 

rocessed PET are named uPET and pPET hereof, respectively. 

Physically mixed PET and FR additives were fed (weighing a 

otal of ∼21 g to fill the micro-compounder capacity of 15 mL) 

nto the micro-compounder at 285 °C (corresponding to a steady- 

tate measured melt temperature of 277 °C), and mixed for 5 min 

t 50 rpm. The compounding conditions were carefully selected 

ccording to our previous studies to obtain homogeneous com- 

ounds, as well as to minimize thermo-mechanical polymer degra- 

ation at this stage [27–29] . The compounding was carried out un- 

er continuous nitrogen (N 2 ) flow (from the inlet into the micro- 

ompounder) to avoid any thermo-oxidative degradation caused by 

ir. After compounding, different blends were ground in a mechan- 

cal granulator (Hellweg, Germany) and hot-pressed at 300 °C with 

 hydraulic press (Lindenberg Technics AG, Switzerland) to produce 

 mm thick films for further analyzes. 

.2. Thermomechanical recycling trials 

Thermomechanical recycling trials were carried out to assess 

he behavior of PET/FR compounds in repeated processing cycles, 

ee Fig. 2 . First, PET was compounded with DP or AF in a twin-

crew extruder (ZK 16 mm × 36 L/D, Collin Lab & Pilot Solutions, 

ermany) equipped with a gravimetric side feeding system to ob- 

ain pellets with the desired FR concentration. Pure PET was also 

rocessed under similar conditions for sake of comparison. After- 

ard, the pellets were processed three times in a single-screw ex- 

ruder (Rheomex OS 19 mm × 25 L/D, Germany) to reproduce mul- 

iple recycling conditions. Before each extrusion cycle, the pellets 

ere dried in a vacuum oven for 4 h at 120 °C, followed by another

 h at 140 °C. The achieved phosphorus contents after compound- 

ng and repeated extrusion cycles are summarized in Table 2 . The 

emperature profiles of the twin-screw and single-screw extruders 

re given in Tables 3 and 4 , respectively. A key advantage of pro-

essing PET/DP over pure PET and PET/AF is the profound lubrica- 

ion effect of DP that allows for a substantial reduction of the pro- 
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Table 1 

Sample formulations investigated in the rotational rheometer. uPET and pPET refer to the unprocessed 

and processed pure PET, respectively. Estimated and measured phosphorus contents (P-contents) of the 

samples are also given in the table. The measured P-contents are the average of five measurements by 

using the inductively coupled plasma optical emission spectrometry (ICP-OES) method. 

Sample Nominal FR content (wt.%) Estimated P-content (wt.%) Measured P-content (wt.%) 

uPET – – –

pPET – – –

PET-5DP 5.0% DP 0.78 0.73 ± 0.02 

PET-3AF 3.0% AF 0.72 0.68 ± 0.01 

Fig. 2. Schematic representation of the thermomechanical recycling trials. 

Table 2 

List of samples investigated in the thermomechanical recycling trials. The prefixes "Co" and " Re " indicate the 

samples achieved after the compounding step in the twin-screw extruder, and after the recycling step in the 

single-screw extruder, respectively. P-content values from theory and measurements (five measurements per 

sample) are also given in the table. 

Sample Nominal FR content (wt.%) Estimated P-content (wt.%) Measured P-content (wt.%) 

Co PET – – –

Co PET-5DP 5.0% DP 0.78 0.70 ± 0.03 

Co PET-3AF 3.0% AF 0.72 0.75 ± 0.01 

Re PET – – –

Re PET-5DP 5.0% DP 0.78 0.75 ± 0.01 

Re PET-3AF 3.0% AF 0.72 0.69 ± 0.01 

Table 3 

Temperature profile of the twin-screw extruder in the compounding step. 

Sample Infeed ( °C) Pos. 1 ( °C) Pos. 2 ( °C) Pos. 3 ( °C) Pos. 4 ( °C) Pos. 5 ( °C) Pos. 6 ( °C) Nozzle ( °C) 

Co PET 70 300 305 305 305 305 305 290 

Co PET-5DP 70 300 305 275 275 275 275 255 

Co PET-3AF 70 295 295 295 295 295 295 275 

Table 4 

Temperature profile of the single-screw extruder in the recycling step. 

Sample Infeed ( °C) Pos. 1 ( °C) Pos. 2 ( °C) Pos. 3 ( °C) Pos. 4 ( °C) Pos. 5 ( °C) Nozzle ( °C) 

Re PET 15 295 295 295 295 295 307 

Re PET-5DP 15 280 280 280 280 280 291 

Re PET-3AF 15 295 300 300 300 300 310 
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Table 5 

Processing parameters used in injection molding. 

Barrel and mold temperatures ( °C) Injection pressures and times 

Infeed 60 Injection velocity (cm 

3 /s) 30 

Barrel Pos. 1 265 Back pressure (bar) 50 

Barrel Pos. 2 270 Injection pressure (bar) 1400 

Barrel Pos. 3 275 Holding pressure (bar) 1300 

Barrel Pos. 4 280 Holding pressure time (s) 11 

Nozzle 285 Cooling time (s) 50 

Mold 40 Total cycle time (s) 66.2 

p

u

m

t

essing temperature. Benefiting from this merit, the extrusion tem- 

eratures used for processing PET/DP compounds were decreased 

y ∼15 - 30 °C while the melt pressure was maintained. 

After the extrusion cycles, the pellets were injection molded to 

btain dog-bone specimens for investigating the mechanical prop- 

rties by tensile tests. The process was carried out in an injection 

olding machine (Allrounder 320C Arburg, Germany) with the in- 

ection parameters summarized in Table 5 . 

.3. Characterization techniques 

.3.1. Rotational rheometer 

Rheological measurements at low shear rates were carried out 

sing a Physica 301 MCR rotational rheometer (Anton Paar, Aus- 

ria) in a parallel plate geometry with a 25 mm diameter and a 

onstant gap of 1 mm. The tests were conducted on samples cut 

ut from hot-pressed films prepared as described before. The sam- 
3 
les were dried in the vacuum oven before testing and were kept 

nder an argon atmosphere during handling to avoid any possible 

oisture intake. In all of the experiments carried out in the ro- 

ational rheometer, the polymer plates were allowed to melt and 
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Table 6 

Set temperatures of the metal casing and their corre- 

sponding measured values in the polymer melt. 

Casing temperature ( °C) Melt temperature ( °C) 

265 257 

275 266 

285 277 

295 288 

305 297 

315 307 
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quilibrate in the chamber for 120 s before starting the measure- 

ents. 

Thermal and thermo-oxidative degradation pathways were ex- 

mined under N 2 and air flow into the measuring chamber, respec- 

ively. Time-resolved frequency sweep (TRFS) runs were performed 

t three different temperatures of 265, 285, and 305 °C. Angular 

requency was varied between 0.126 rad/s and 500 rad/s, with 5 

oints per decade. The applied strain was constant at 1% to main- 

ain linear viscoelastic behavior. Each experiment probed the rheo- 

ogical response for ∼2 h over 10 frequency sweep runs conducted 

n each sample. Before starting the test and between the frequency 

weep runs, the sample was allowed to rest for 60 s to minimize 

ts deformation history and temperature variations. 

In addition to TRFS, constant shear rate (CSR) rotational tests 

ere carried out at 0.1 s −1 for 90 min at 285 and 305 °C under

 2 and air atmospheres. With these experiments, one can com- 

are the effects of low-intensity unidirectional shearing flows with 

mall-amplitude oscillatory shearing flows. Samples were rested in 

he rheometer for 60 s before starting the measurement. 

.3.2. Micro-compounder 

In addition to the mixing of PET/FR compounds, the micro- 

ompounder MC 15 HT (Xplore Instruments, The Netherlands) was 

sed for rheological characterization of the melt at high-intensity 

hearing flows over time. The compounds were processed inside 

he micro-compounder in recirculation for 1 h and the mixing 

orque was measured. Longer mixing times were avoided to pre- 

ent an excessive decrease of the melt viscosity, which could lead 

o lower precision in torque measurement as well as to possible 

eakage and damage of the screws. Pristine PET, PET-2DP (PET com- 

ound containing 2 wt.% DP), PET-5DP, and PET-3AF were tested at 

ifferent set temperatures ranging between 265 °C and 315 °C de- 

ending on the compound. These temperatures represent the set 

alues of the micro-compounder metal casing. The real temper- 

ture of the polymer melt was separately measured by a sensor 

irectly in contact with the material, see Table 6 . Once the feed- 

ng step was completed according to the description given before, 

he materials were mixed for 60 s at 285 °C and 50 rpm. After- 

ard, the temperature was changed to the desired set value and 

et stabilize for another 4 min. Torque was measured over time af- 

er these steps. 

.3.3. Gel permeation chromatography 

Gel Permeation Chromatography (GPC) analyzes were carried 

ut on samples obtained after 1 h of processing in the micro- 

ompounder. Around 10–15 mg of material were dissolved in 5 mL 

f Hexafluoroisopropanol (HFIP) and then filtered with PTFE mem- 

rane filters (pore size of 0.45 μm) to remove large residuals 

hat could invalidate the measurement. The solution was let pass 

hrough a Viscotek GPC max VE 2001 (Malvern Panalytical, UK) 

olvent/sample module equipped with a Viscotek TriSEC model 302 

etector unit (Malvern Panalytical, UK). Measurements were per- 

ormed with a Waters Styragel HT (4/10 μm particle size) column 

Waters Corporation, MA, USA), after calibration with PMMA stan- 

ards. The measurement conditions that were chosen are the fol- 
4 
owing: column temperature of 23 °C, flow of 1 mL/min of HFIP as 

he solvent, and injection volume of 50 μL. 

.3.4. Elemental analysis 

The phosphorus content was measured at different stages to as- 

ess the FR content in each sample. The analysis was performed 

ith an Optima 30 0 0 device (PerkinElmer AG, Switzerland) by us- 

ng the inductively coupled plasma optical emission spectrometry 

ethod (ICP-OES). Around 200 mg of material were mixed in 3 mL 

f HNO 3 and then digested in the microwave. Each measurement 

as repeated five times on different spots of each sample. 

.3.5. Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy was carried 

ut to explore possible interactions between the two additives and 

he polymer during high-temperature heating cycles in the molten 

tate. Around 100 mg of samples collected from rheological mea- 

urements and continuous reprocessing in the micro-compounder 

ere dissolved in 700 μL of HFIP and analyzed. 31 P{ 1 H} NMR 

pectra were obtained at ambient temperature using a Bruker AV- 

II400 spectrometer (Bruker Biospin AG, Switzerland). 31 P chemi- 

al shifts were referenced to an external standard of neat H 3 PO 4 

 δ = 0.0 ppm). 

.3.6. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of the compounds was per- 

ormed with a TG209 F1 Iris apparatus (Netzsch, Germany). Ap- 

roximately 5 mg of each sample were subjected to a heating ramp 

rom 25 °C to the final desired temperature (285 °C or 305 °C) 

ith a heating rate of 10 °C/min, which was then followed by an 

sothermal step for 3 h. The analyzes were done either in air or in 

 2 with an overall gas flow of 50 mL/min. 

.3.7. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was carried out with a 

SC 14 Polyma instrument (Netzsch, Germany). For each measure- 

ent, around 10 mg of material were used. The samples were sub- 

ected to two heating runs from 25 to 300 °C, interspersed by a 

ooling step back to room temperature. The heating/cooling rate 

as set at 10 °C/min, and all experiments were performed un- 

er N 2 atmosphere (gas flow of 100 mL/min). The crystallinity de- 

ree ( χ ) was calculated considering an enthalpy of fusion ( �H f ) of

40 J/g for the completely crystalline PET [37] . 

.3.8. Tensile testing 

Tensile tests were performed on a Zwick Z100 machine (Zwick- 

oell AG, Germany) according to the standard ISO 527 to charac- 

erize the mechanical behavior of compounds. The results were 

btained from an average of five tests for each blend. The ana- 

yzed dog-bone specimens (Type 1A shape) were conditioned for 

wo weeks in a controlled environment at 23 °C and 50% relative 

umidity before testing. A load cell with a maximum capacity of 

 kN was used, and a testing speed of 50 mm/min was adopted 

or the experiments. True stress-strain curves were calculated from 

he experimental data similar to previous publications to account 

or the changes in the cross-section of samples during the tensile 

easurements [38–40] . 

. Results and discussion 

.1. Thermal stability of PET/FR compounds 

In thermomechanical recycling of PET/FR, the molten com- 

ounds must be stable at high (re)processing temperatures to pre- 

erve material properties. The influence of FR additives on PET 

tability at high temperatures is investigated by isothermal TGA 
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Fig. 3. Isothermal TGA graphs at different temperatures and atmospheres for the PET/FR samples: (a) 285 °C in N 2 , (b) 305 °C in N 2 , (c) 285 °C in air, (d) 305 °C in air. 
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Fig. 4. TGA data of pure FR additives. Vertical dashed lines indicate the testing tem- 
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xperiments ( Fig. 3 ). The PET/FR samples under examination are 

isted in Table 1 . TGA results under N 2 show that the blends with

R additives do not exhibit any significant changes in thermal sta- 

ility. They lose only ∼1–3 wt.% of their mass after 3 h at both 

85 °C and 305 °C. On the other hand, PET/ FR compounds show 

n early and increased mass loss compared to pPET under air at- 

osphere, indicating a stronger detrimental impact on PET stabil- 

ty. These results suggest that the thermo-oxidative degradation 

echanisms are accelerated in PET by the phosphorus FRs un- 

er these experimental conditions. It is noteworthy that the ther- 

al stability of PET/DP at lower temperatures (200 °C) in air is 

imilar to (or even better than) that of pure PET [28] . A particu-

ar observation indicates that PET/AF degrades less than PET/DP at 

05 °C (both in N 2 and air), even though pure AF has a lower ther-

al stability than pure DP (see Fig. 4 ). Therefore, one can assume 

hat the thermal and thermo-oxidative degradation mechanisms of 

ET/AF change as the temperature is increased from 285 to 305 °C. 

n consequence, it is important to investigate the effects of the 

ltered mechanisms on the stability of molten PET. In particular, 

nce the mechanical stresses are introduced in the system during 

elt-processing, the temperature and/or oxygen effects could be 

ither synergistic or antagonistic by the mechanical stresses [9] . 

.2. Rheological behavior of PET/FR compounds 

To carry out thermomechanical recycling of waste PET/FR, it 

s important to control the degradation mechanisms under me- 

hanical stresses that are applied to the material during reprocess- 

ng. Hence, a detailed investigation of the rheological properties of 

olten PET by using the rotational rheometer is illuminating here. 

In CSR experiments under air atmosphere (dashed black lines 

n Fig. 5 ), a slight initial reduction is observed in shear viscosities 

f uPET and pPET due to thermo-oxidative degradation [ 27 , 41 , 42 ].

evertheless, the viscosity reduction is slowed down after a cer- 
5 
ain time ( ∼30 min at 305 °C and ∼60 min at 285 °C), and the

iscosity curves reach a plateau indicating an equilibrium between 

hermo-oxidative degradation and chain coupling (i.e. chain exten- 

ion, branching, and/or crosslinking) [42] . In contrast, the PET-5DP 

ample displays a slow monotonic decline over the entire exper- 

mental window, with a deceleration of degradation towards the 

nd. This observation suggests that either some degradation mech- 

nisms are slightly fortified by DP, or the coupling reactions are 

indered. Previous studies revealed that DP molecules can break 

own into radical species and initiate degradation attacks on PET 

hains [27] . 

The situation completely changes in PET-3AF with the com- 

ound showing a remarkable increase of viscosity over time due 
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Fig. 5. Time-dependent behavior of complex viscosity for (a) uPET at 285 °C, (b) uPET at 305 °C, (c) pPET at 285 °C, (d) PET-5DP at 285 °C, (e) PET-3AF at 285 °C, (f) pPET 

at 305 °C, (g) PET-5DP at 305 °C, (h) PET-3AF at 305 °C. Full and empty markers represent different angular frequencies of TRFS experiments in N 2 and air, respectively, as 

shown in part a. The solid and dashed black lines show CSR shear viscosity experiments in N 2 and air, respectively, as shown in part a. 
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o the branching and/or crosslinking of chains [ 27 , 29 , 41 ]. It can be

oticed that the branching kinetics in the first 30 min at 305 °C 

s faster than at 285 °C. However, the branching effect is satu- 

ated at longer times and balances with the decomposition mecha- 

isms. A controlled branching reaction as the one portrayed in the 

ompound with AF could be considered beneficial since it could 

elp to maintain or enhance the melt viscosity of the polymer 

theoretical higher M w 

). Moreover, it can enable the application of 

uch branched structures in certain processes, such as foaming or 

low molding, which require a high melt strength to be performed 

 2 , 43 , 44 ]. 

Under N 2 environment, uPET, pPET, and PET-5DP (solid black 

ines in Fig. 5 ) are controlled by a competition between polycon- 

ensation and decomposition pathways as indicated by the con- 

tant shear viscosity [ 2 , 41 , 45 ]. On the other hand, PET-3AF com-

ound illustrates a much steeper enhancement of melt viscosity 

ver time in N 2 than in air. This significant difference suggests 

hat polycondensation and branching reactions are hindered by the 

resence of oxygen. 

For further analysis, the TRFS results are shown by markers in 

ig. 5 . The CSR curves are in good agreement with TRFS at low an-

ular frequencies of 0.316 and 3.16 rad/s in almost all of the sam- 

les. However, the shear and complex viscosity data show differ- 

nt trends when uPET and pPET are analyzed under air at 285 °C 

 Fig. 5 a,c). In these samples, an increase of viscosity can be ob- 

erved mainly at low frequencies in TRFS due to oxidative branch- 
6 
ng/crosslinking reactions [41] . This behavior is strongly intensified 

t a higher temperature of 305 °C ( Fig. 5 b,f). In this case, the higher

emperature eases overcoming the activation energy barrier and/or 

peeds up the branching kinetics [ 27 , 41 ]. In addition to a signif-

cant reduction in mechanical properties, the phenomenon of ex- 

essive oxidative branching/crosslinking can be highly detrimental 

or PET reprocessing, because it can cause a complete blockage of 

he extruder after a few cycles [ 42 , 46 ], severely limiting the recy-

lability of the polymer in some cases. 

As opposed to pristine PET, the oxygen-induced increase of vis- 

osity is absent in PET-5DP ( Fig. 5 d,g). Furthermore, DP shows a 

ubricating effect in the blend that allows for a reduction of the 

rocessing temperature [27] . It is important to control this lubri- 

ation (for instance, by lowering the temperature), since too low 

elt viscosity values can limit the pressure generation in indus- 

rial extrusion applications, such as melt-spinning of flame retar- 

ant fibers. By comparing the viscosity curves of pPET and PET- 

DP at different tem peratures under N 2 ( Fig. 6 a), it is evident that

heir viscosities are almost equal at testing temperatures of 285 °C 

nd 265 °C, respectively. Moreover, the PET-5DP compound does 

ot show any signs of branching in the air ( Fig. 6 b), in contrast

o pPET, which is a further advantage for its thermomechanical 

ecycling. Lower (re)processing temperatures can improve mate- 

ial stability by limiting thermal and thermo-oxidative degradation 

echanisms, which can lead to improved thermomechanical recy- 

lability of PET compounds. Together with flame retardancy, non- 
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Fig. 6. Time-dependent behavior of complex viscosity for (a) pPET at 285 °C and PET-5DP at 265 °C both in N 2 , (b) pPET at 285 °C and PET-5DP at 265 °C both in air. 

Markers with different colors represent different angular frequencies in TRFS experiments. 

Fig. 7. DSC diagrams of (a) cooling and (b) second heating run, for the compounds after analysis by the rotational rheometer in TRFS at 285 °C. 

Table 7 

DSC data of the compounds after hot 

press and before analysis with the rotational 

rheometer. 

Sample T m ( °C) T c ( °C) χ (%) 

uPET 254.1 182.0 21.3 

pPET 255.3 199.8 23.5 

PET-5DP 252.9 200.1 26.1 

PET-3AF 250.4 196.5 22.8 
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oxicity, and the capability to hinder oxidative crosslinking, these 

roperties make DP an attractive multifunctional additive for PET. 

TRFS tests of PET-3AF show a similar gradual increase of viscos- 

ty over time (similar to CSR), which is more dominant under N 2 . 

SC data summarized in Tables 7 and 8 support the occurrence 

f branching/crosslinking reactions in the presence of AF. Branch- 

ng typically leads to a decrease of crystallization degree ( χ ), lower 

rystallization and melting temperatures (T c and T m 

, respectively), 

ccompanied by a broadening of the crystallization and melting 

eaks ( Fig. 7 ) [ 37 , 47 ]. In particular, the PET-3AF sample (obtained

fter rheological analysis at 305 °C under N 2 ) displays a T c shifted 

y ∼30 °C compared to pPET and PET-3AF before analysis in the 

heometer. In the case of uPET and pPET, a stronger chain scis- 

ion results in a slightly better chain packing and crystallization, 

onsequently with a small shift of T c and T m 

towards higher val- 

es. Furthermore, it is interesting to observe that the experiments 

t 265 °C under N 2 reveal a slight reduction of T c and T m 

, pos-

ibly due to the limited polycondensation occurring under these 
7 
onditions. In contrast, the sample with DP does not follow the 

ame trends. Despite the increasing degradation depicted by the 

omplex viscosity curves, crystallization and melting peaks shift 

owards lower temperatures probably due to a better mixing be- 

ween polymer and additive [ 27 , 28 ]. Further studies should be con- 

ucted to explain this behavior. 

To further confirm the dominance of branching structures that 

ccur during rheological trials, dissolution tests were performed in 

-cresol at 120 °C. These experiments were carried out on sam- 

le residues after testing in the TRFS at 285 °C under N 2 . In addi-

ion, the uPET sample that showed a significant increase in com- 

lex viscosity in air was also tested. The sample with DP (number 

 in Fig. 8 ), and both pure polymer samples (numbers 1 and 2 in

ig. 8 ), dissolved completely in m-cresol. In contrast, the branched 

amples PET-3AF and uPET tested in air (numbers 4 and 5 in Fig. 8 ,

espectively), dissolved only partially. This observation further con- 

rms the formation of highly branched structures during rheome- 

ry. 

During thermomechanical recycling, the plastic experiences 

trong shearing stresses in repeated processing cycles. As such, it is 

mportant to characterize the melt stability of PET/FR compounds 

nder high shearing intensities. Thus, complementary experiments 

ere performed in the micro-compounder. The evolution of the 

ixing torque of the micro-compounder over time is shown in 

ig. 9 . It is clear that the melt behavior under strong shearing 

iffers from the low-intensity flows in the rotational rheometer, 

howing a more pronounced decay over time. Pristine PET (uPET) 

nd PET/DP compounds (PET-2DP and PET-5DP) exhibit a signifi- 

ant decrease in torque. In fact, the shear degradation introduced 
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Table 8 

DSC data of the compounds after analysis with the rotational rheometer under different conditions. 

TRFS temp. 265 °C 285 °C 305 °C 

Sample T m ( °C) T c ( °C) χ (%) T m ( °C) T c ( °C) χ (%) T m ( °C) T c ( °C) χ (%) 

under N 2 

uPET 253.7 177.3 21.7 254.7 181.5 25.2 256.0 199.4 29.3 

pPET 255.0 199.3 27.1 255.9 201.7 26.5 256.7 203.4 25.8 

PET-5DP 251.6 198.7 26.2 251.4 198.2 25.2 250.8 197.3 28.3 

PET-3AF 244.9 192.6 17.9 238.7 193.0 19.5 242.3 167.3 20.2 

under air 

uPET 254.3 188.3 26.4 255.5 189.0 25.1 255.6 199.3 27.4 

pPET 255.6 202.6 27.6 255.9 202.6 21.5 255.7 203.6 25.6 

PET-5DP 252.4 201.1 24.7 251.0 199.4 26.4 246.5 194.0 27.9 

PET-3AF 245.2 194.2 21.0 237.2 191.0 19.8 244.0 183.3 22.5 

Fig. 8. Dissolution samples immediately after (left group), and 72 h after (right group) immersion in m-cresol at 120 °C. The samples were obtained after analysis by the 

rotational rheometer in TRFS experiments. The samples in each group from left to right are: (1) uPET at 285 °C in N 2 , (2) pPET at 285 °C in N 2 , (3) PET-5DP at 285 °C in N 2 , 

(4) PET-3AF at 285 °C in N 2 , (5) uPET at 305 °C in air. Red dashed circles A and B indicate residues in samples 4 and 5, respectively. 

Fig. 9. Comparison of mixing torque of the micro-compounder for (a) uPET, PET-2DP, PET-5DP, and PET-3AF at 285 °C and 50 rpm, and (b) PET-3AF at 50 rpm under different 

temperatures. 

b

s

P

o

c

i

3

c

b

T  

t

i

A

d

a

f

t

p

a

m

l

r

c

p

T

s

p

e

i

d

d

b

y the micro-compounder strongly promotes polymer chain scis- 

ion and becomes the main degradation mechanism [48] . In the 

ET-3AF sample ( Fig. 9 b), the steep branching observed before is 

verwhelmed by the strong shearing, particularly at lower pro- 

essing temperatures (285 and 295 °C). Nevertheless, the branch- 

ng mechanism becomes more pronounced at temperatures above 

05 °C. 

After these experiments, samples were taken from the micro- 

ompounder and tested by DSC and GPC to verify the presence of 

ranched structures. The shift of χ , T m 

and T c to lower values (see 

able 9 ), the increase of M w 

and PDI (see Table 10 ), together with

he increase of torque over time, support significant PET branch- 

ng reactions that occur at these temperatures in the presence of 

F. It is noteworthy that thermal and thermo-mechanical degra- 

ation effects also become stronger at the highest testing temper- 

ture (315 °C), thus, competing more strongly with branching ef- 

ects. 

It is interesting to investigate the lubrication effect of DP on 

he recycling behavior of PET by lowering the (re)processing tem- 
8 
erature. According to the rheological investigations, the temper- 

ture can be reduced between 10–20 °C for 2–5 wt.% of DP. One 

ight expect that a decrease in the extrusion temperature could 

ead to a decrease in the overall degradation. However, the GPC 

esults presented in Table 10 show that the PET-5DP sample pro- 

essed at 265 °C has a lower M w 

in comparison to the uPET sample 

rocessed at 285 °C (34.6 kg/mol and 39.8 kg/mol, respectively). 

hus, the degradation mechanisms of PET-5DP are expected to be 

tronger than those of uPET under these testing conditions. Still, 

rocessing of PET-5DP at 265 °C, rather than at 285 °C, results in 

nhanced protection against thermal degradation as evidenced by 

ts higher M w 

value (34.6 kg/mol against 31.0 kg/mol). 

Based on the presented results, previous studies on these FR ad- 

itives [ 27 , 29 ], as well as complementary chemical analysis, degra- 

ation mechanisms of PET compounds containing DP or AF can be 

etter understood, see the supplementary data. 
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Table 10 

Average molecular weight (M w ) and polydispersity index (PDI) 

values obtained from GPC measurements of uPET and other 

compounds after mixing at 50 rpm for 1 h in the micro- 

compounder. 

Sample 

Processing parameters GPC results 

T ( °C) Atmosphere M w (kg/mol) PDI 

uPET not processed 67.4 2.47 

uPET 285 N 2 39.8 2.17 

PET-5DP 285 N 2 31.0 2.35 

PET-5DP 265 N 2 34.6 2.14 

PET-3AF 285 N 2 44.4 2.43 

PET-3AF 305 N 2 118.0 6.44 

Table 11 

Summary of the mechanical properties obtained from tensile experiments: 

Young’s modulus (E t ), maximum tensile stress ( σ m ), tensile strain at maxi- 

mum stress ( εm ), tensile strain at break ( εb ). In the case of the brittle Re PET- 

3AF, εm and εb are identical. 

Sample E t (MPa) σ m (MPa) εm (%) εb (%) 

uPET 2753 ± 42 69.5 ± 0.6 3.78 ± 0.02 15.73 ± 2.13 

Co PET 2733 ± 52 68.7 ± 1.9 3.75 ± 0.08 21.34 ± 2.30 

Co PET-5DP 2843 ± 67 72.5 ± 1.5 3.69 ± 0.05 12.45 ± 0.91 

Co PET-3AF 2859 ± 66 71.8 ± 1.5 3.53 ± 0.07 10.52 ± 0.70 

Re PET 2833 ± 14 69.8 ± 0.8 3.69 ± 0.04 17.65 ± 3.91 

Re PET-5DP 2824 ± 63 71.1 ± 1.1 3.60 ± 0.02 12.12 ± 1.79 

Re PET-3AF 2888 ± 18 70.4 ± 2.0 3.18 ± 0.19 3.18 ± 0.19 
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9 
.3. Thermomechanical recycling of PET/FR compounds 

In the previous sections, we investigated the influence of DP 

nd AF on the molecular stability of PET in the molten state, where 

hey demonstrated different behavior in PET including enhanced 

ubrication and decreased chain scissions. It is important to assess 

heir influence on the mechanical performance of recycled plas- 

ic waste to take advantage of the observed beneficial potentials 

n thermomechanical recycling. A satisfactory mechanical perfor- 

ance allows for re-using the recycled plastic in a closed-loop 

ircular economy, and/or for upcycling of the recycled plastic by 

dding more pristine FRs. Therefore, mechanical characterization of 

ET/FR compounds was carried out by tensile experiments before 

nd after thermomechanical recycling. 

Tensile results of the samples obtained after an initial com- 

ounding step in the twin-screw extruder (see Fig. 2 for processing 

teps) are shown in Fig. 10 a. It is clear that the incorporation of FRs

n PET does not lead to material embrittlement. The PET/DP sam- 

le shows slightly higher elastic modulus and yield strength with 

 reduction in elongation at break ( Table 11 ). On the other hand,

ET/AF displays a substantial decrease in elongation at yield and 

longation at break, considerably worsening ductility and tough- 

ess properties of the recycled plastic ( Fig. 10 a). 

After the compounds undergo thermomechanical recycling, sig- 

ificant differences emerge between the compounds with or with- 

ut phosphorus FRs ( Fig. 10 b). Pure PET, which has an average 

longation at break of around ∼21% after the compounding step, 

xperiences a slight decrease of ∼4% for this value. Moreover, its 

ther mechanical properties remain almost unchanged after re- 

ycling. The small reduction in performance can be explained by 

hermo-mechanical degradation mechanisms during the repeated 

rocessing steps, leading to a decline in polymer molecular weight 

49] . It is noteworthy that the PET sample containing DP exhibits 

 similar mechanical behavior compared to its counterpart after 

ompounding. In fact, the performance of the compound is hardly 

nfluenced by the repeated processing. This observation suggests 

hat PET/DP compounds are highly stable materials, both from rhe- 

logical and mechanical perspectives, and that they can be recy- 
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Fig. 10. True stress-strain curves for PET compound: (a) Co PET, Co PET-5DP and Co PET-3AF, (b) Re PET, Re PET-5DP and Re PET-3AF. The breakpoint of the brittle Re PET-3AF 

sample is shown by an arrow in part b. 
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led multiple times by a thermomechanical approach. Previous re- 

ults have also shown that DP does not have any adverse effects 

n the mechanical flexibility of PET after high-temperature anneal- 

ng [28] . In contrast, the recycled PET/AF compound undergoes a 

ramatic change in its tensile behavior after thermomechanical re- 

ycling, showing considerable embrittlement of all specimens in- 

estigated ( Fig. 10 b). This loss of toughness and ductility during 

ecycling is ascribed to the excessive branching reactions that can 

ead to a drastic change of M w 

and PDI (see Table 10 ) [50] . There-

ore, thermomechanical recycling of PET/AF waste can hardly lead 

o high-quality material streams for circular production. 

. Conclusion 

Degradation mechanisms during thermomechanical recycling of 

ET/FR compounds were investigated for two eco-friendly phos- 

horus FRs, namely DP and AF. Here, we mainly focused on (i) 

hermal, (ii) thermo-oxidative, and (iii) thermo-mechanical degra- 

ation pathways by utilizing different experimental techniques in- 

luding thermal, rheological, chemical, and mechanical analysis. 

ristine PET showed oxidative branching/crosslinking in rheologi- 

al tests under low-intensity shearing flows. This detrimental phe- 

omenon was completely hindered by the addition of DP, which is 

 significant advantage for the recycling of PET. Moreover, PET/DP 

ompounds showed a substantial lubrication effect, allowing for 

 reduction of the processing temperature ( ∼20 °C for 5 wt.% of 

P), which reduces the thermal decomposition of PET during its 

xtrusion. In contrast, PET/AF compounds displayed a significant 

ncrease in viscosity over time, which is ascribed to accelerated 

ranching reactions. Based on DSC results, this behavior is more 

ronounced under inert N 2 atmosphere and at higher tempera- 

ures. The formation of highly crosslinked structures in the PET 

elt was also confirmed by dissolution tests. Moreover, micro- 

ompounding trials elucidated thermo-mechanical degradation of 

ET/FR compounds under strong shearing flows, as they occur in 

epeated reprocessing cycles. In these experiments, PET/DP com- 

ounds showed no advantage in controlling the degradation mech- 

nisms in comparison to pristine PET. PET/AF compounds, on the 

ther hand, demonstrated branching reactions that depend on the 

rocessing temperature. This branching led to a broadening of the 

olecular weight distribution of PET as shown by GPC experi- 

ents, as well as to a downward shift of crystallization and melt- 

ng temperatures as shown by DSC experiments. Based on these 

esults, supported by NMR spectroscopy and phosphorus content 

easurements, chemical reaction mechanisms were proposed for 

he degradation of PET/FR compounds. It was concluded that both 
10 
dditives partially decompose at elevated temperatures, leading to 

he formation of phosphorus radicals that trigger the degradation 

nd branching reactions in DP and AF, respectively. Additionally, 

 thermomechanical recycling process was created, in which the 

ET/FR compounds were processed by multiple extrusion and in- 

ection molding cycles. This allowed investigating the mechanical 

roperties of the compounds by tensile experiments before and af- 

er recycling. The respective results show that the branching reac- 

ion in PET/AF leads to a significant downgrading of its mechan- 

cal performance after repeated recycling, and that the recycled 

lastic shows a brittle behavior. On the other hand, DP-containing 

ET maintained its ductile mechanical performance after recycling, 

imilar to pristine PET. These observations are extremely encourag- 

ng for designing PET/FR products for recycling through a thermo- 

echanical approach benefitting from novel eco-friendly phospho- 

us chemistry. 
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