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Abstract

Climate changes and the engendered environmental stress pressure the search for greener solutions. One
striking example of the environmental stress is the plastic pollution [1]. Besides reducing the plastic consumption,
recycling is today one of the applicable approaches [2]. In this context, polyethylene terephthalate (PET) is on the
spotlight. More than having unique properties, PET occupies today the podium of the recycled polymers
worldwide [2, 3]. However, despite the effort on PET recycling and the extensive number of published papers on
that matter, many challenges are still restraining its development. One of the reasons for that is a lack of
understating of the structural modifications caused by processing. Moreover, the impact of these changes both on
the processing step and the final product properties. This study focused on the effect of mechanical recycling
process on the mechanical response of PET. By successive cycles of extrusion and injection molding, recycled PET
(rPET) could be produced and characterized. The widely described chain scission was confirmed by size exclusion
chromatography. The consequent loss of viscosity was observed during the processing and by rheological
measurements, rendering the process more and more challenging. A modification of the crystallization kinetics was
also brought to light by different techniques such as differential scanning calorimetry and polarized light optical
microscopy. Despite the different effects on the matrix, mechanical characterization showed a stable response.
Tensile properties showed a very ductile material with more than 400% elongation for all virgin and rPET. The
notched sensitivity of this material could also be observed on Izod impact test, remaining rather low but also
stable. The better understanding of the relationship between structural modification and final properties may
allow to fine tune impact modifiers structures for increasing rPET toughness and applications.
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1 Introduction

The industrial development of plastics since the early 1950s has engendered a huge amount of waste. Itis estimated
that 6.3 billion tons of plastic waste were produced up to 2015 [1]. Of this total, 79% are now accumulated in
landfills and natural environments, harming not only human health but wildlife as a whole [1, 2, 4]. Polyethylene
terephthalate (PET), as one of the most used thermoplastics in the world, represents an important portion of this
polymeric waste [2, 3, 5].

Recycling appears as one effective solution for dealing with this increasing waste management problem. But it
represents today only 9% of the fate of polymeric waste [1]. The reasons for that are numerous: i) socio-economic
challenges, such as deficient collection systemes, ii) insufficient investments iii) non-competitive prices of reprocessed
resins tend to restrain its development [6]. More than that, technical limitations come also as another key point
slowing its development in an industrial scale.

Today the most well-established business for waste valorization of PET is mechanical recycling [6-8]. By using
standard extrusion lines, it consists of the production of re-granulated materials for another life-cycle. The calculated
carbon-footprint of this technique is considered to be lower than other methods such as advanced recycling or energy
recovery [7]. However, even though mechanical recycling is already used in an industrial scale, technical challenges
tend to limit the possible applications and increase the recyclate prices [6]. Keeping an economical interest and an
ecological balance is essential for the thrive of this method [9].

Duringreprocessing, polyesters such as PET cansuffer from several degradation mechanisms, such as hydrolysis
or thermal-oxidative reaction for instance, that can modify their chemical structure [10, 11]. Several authors have
studied the effect of multiple processing cycles on the chemical structure and rheological behavior of PET [12-20].
Some examples can be given for illustration. The results presented by Assadi et al. [12] demonstrated the processing
difficulty after three single-screw extruder cycles (set at 40 rpm, with temperatures ranging from 240 to 280°C and
aresidence time of ® 1.3 minutes). With size exclusion chromatography (SEC) and rheological measurements, they
showed that both chain scission and crosslinking can happen during recycling, initially leading to a decrease in
molar mass in weight (Mw) and, after three cycles, evolving to a gel formation. This phenomenon was confirmed
by Mark-Houwink plot with SEC data, where a shift between recycled and virgin PET plots can reasonably by
explained by branching. After the forth cycle, the viscosity increase was associated to the number of branching
reaching the gel point (order of magnitude of 18 mmol/kg). Even if expected to be very limited, the gel apparition
can accumulate and lead to a crosslinking network that can be extremely problematic for a post-processing point of
view. The use of antioxidants and additives for processing stability can be helpful but also lead to other drawbacks

(secondary reactions, alterations in color and haze, instability during storing, etc.) [21-23]. Nevertheless, in this
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work, no information was given about the mechanical response of the recycled material.

Spinacé and Paoli [17] confirmed the occurrence of degradation mechanisms for reprocessed PET (rPET) with
the increase on the concentration of carboxyl end-groups (measured by titration) and the yellowing index. The
engendered chain scission improved the chain mobility, shifting the crystallization temperature to higher values
with measurements by differential scanning calorimetry (DSC) when cooling from the molten state. A crystallinity
increase (between 24% to 38%) affected the mechanical response on a tensile test. A complete loss of plasticity after
three cycles on a single-screw extruder set at 102 rpm and with temperatures ranging from 220 to 290°C. A
reduction of the elongation at break from more than 100% for vPET to 6% was observed, along with a tensile
strength reduction from 63 to 52-55 MPa.

Some authors such as Frouchini et al. [14] reported contrary observations. On their study, even with a con-
siderable molar mass decrease, the toughness modification was within the measurement error. Celik et al. [24]
compared different commercially available PET recyclates and also showed that a differentiation between virgin (v)
and recycled (r) PET was actually not possible in terms of mechanical characterization, since the vPET properties
are already very broad.

Even though the embrittlement of PET materials after reprocessing is often described in literature, the scientific
community has not yet reached an unanimity on its relationship with the structural modifications. Other aspects
such as the physical aging, characteristic of a local densification of the amorphous phase over time, can also have a
great effect on the embrittlement of glassy polymers [25-27]. To the best of our knowledge, the effect of physical
aging on PET is not well understood.

In this context, the aim of this work is to examine the effect of several extrusion cycles on the mechanical
response of a physically aged PET. Considering the physical aging for mechanical testing can give a more accurate
characterization of the final properties of a product, when it has reached a stable state. By carefully controlling the
preparation and the used PET grade, the structural modifications will be studied in terms of molar mass, thermal
behavior, crystallization kinetics and color changes. The processing evolution and the rheological response will also
be investigated in this non-formulated PET. Afterwards, without increasing the recyclates viscosity by a further
post-condensation step, both tensile test and impact resistance will be studied. A correlation between the several
observations should allow an accurate understanding of the different effects of structural changes in the mechanical
response of a rPET. Establishing these connections can help reducing the technical challenges for PET recycling

and expand its possibilities.



2 Materials and processing

2.1 Materials and reagents

A bottle-grade PET pellets of intrinsic viscosity (IV) [] = 0.88 dL/g was purchased from Far Eastern New Century
Corporation and named vPET for “virgin PET”. Prior to every processing, PET pellets were dried at 140 °C for 4h.
Then, during the cooling down to 50 °C, the vacuum was preserved. Residual humidity was confirmed using the
calcium hydride method (DIN EN ISO 15512:2019) with Brabender Aquatrac-V (see evolution of the residual
humidity as a function of the duration of exposure in Figure S1 in Supporting Information). For the dynamic
rheological measurements, pellets were kept inside the rheometer chamber at 160 °C with a nitrogen flow of 2 L/min
for 30 min.

For structural analysis, 1,1,1,3,3,3-Hexafluoro-2-propanol (= 99, 8% HFIP) and phenol/1,2-dichlorobenzene

mixture (v:v 1:1) were purchased from Sigma Aldrich.

2.2 Materials processing

Mechanical recycling was simulated at a laboratory scale with successive extrusion cycles. A co-rotating twin-screw
extruder (Haake Rheomex PTW 40 L/D, D=16 mm), with nine heating zones, was used (see Figure 1). The hopper
was heated at 95 °C for avoiding humidity on pellets. The temperature profile from the feeder to the die was 285
(x3), 275, 270 °C (x6). The screw profile was composed of transport elements (2D-x4; 1D-x28) and 17 kneading
elements (0° or 90° angles). The rotational speed was set at 320 rpm. The extrudate strand was pulled in a constant
speed through a pelletizer after water quenching for rapid cooling. The recycled samples were named “rPET-Cx”,

where Cx represents the number of extrusions followed. After drying, part of the obtained pellets was fed into an
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Figure 1: Schematic representation of screw profile used for this study.

Injection molding (Alecop Babyplast 6/12) was used for the preparation of mechanical test specimens. The
screw rotation was set at 130 rpm and the temperature profile was 290, 290, 285 °C (two heating zones and the
nozzle respectively). Samples were kept in a cold mold (20 °C) during 12 s for limiting their crystallization.

A schematic representation of the mechanical recycling simulation is available in Figure 2.
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Figure 2: Schematic representation of the mechanical recycling cycles.

The recyclates were analyzed in terms of molar mass, acid content, color changes, thermal, and rheological

behavior.

2.3 Methods of characterization
2.3.1 Size extrusion chromatography (SEC)

The molar mass distribution was determined by SEC Waters Acquity APCWyatt with a multiple detection system
(viscosimeter, refractometer and multi-angle light scattering MALS set at 35 °C) and composed of four columns
for optimum separation. Samples of around 10 g/L were prepared on HFIP and were filtered with a syringe filter
CHROMAFIL Xtra PA-45/25, pore size 0.45 um before injecting 20 pL (flow rate of 0.3 mL/min). The concentration
was calculated with the refractometer and compared to the experimental value during the sample preparation. A
mass recovery can be measured by a ratio between these two values.

The SEC-MALS-IV detectors allowed the determination of the branching ratio, thanks to Zimm-Stockmayer
equation [28]:

g, — <[n]Mbranched) (1)

[n]Mlinear

where [n]mbranched is the intrinsic viscosity of branched chains and [1]miinear of the linear ones, used as a
reference (in our case vPET). € is usually between 0.5 to 1.5 for, respectively, low or high branching. For PET,

the chosen value was € = 0.8 as it is considered a medium branching system [29].

2.3.2 Intrinsic viscosity (IV)

The IV was determined at 25 °C. Samples were prepared in a phenol/1,2-dichlorobenzene mixture at a concentration
of around 5 g/L. The dissolution was done at 130 °C for 30 to 60 minutes in average. A filtration (syringe filter

CHROMAFIL Xtra PA-45/25, pore size 0.45 um) was done before the injection of 15 mL in a Ubbelohde viscometer
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(Merck KGaA Darmstadt, Germany). IV was calculated from Ciuta et al. [30] equation (2):

oy (x5 n)

IV = é‘l’é C = c (2)

where t,is the elution time of the solvent, t is the elution time of the solution containing the sample, and Cis

the concentration of the sample in the solvent.

2.3.3 Acid content

The carboxylic end-groups determination was performed by an external laboratory Indorama Ventures Fibers
Germany GmbH laboratory at 80 °C according to ASTM D 7409 - 07. The acid concentration is given by an average

of two measurements with a potentiometric titration method.

2.3.4 Dynamic rheology

Rheological properties were studied with a stress-controlled rotation rheometer DHR-2 from TA Instruments.
Measurements were done at 280 °C after the drying of the pellets as indicated in subsection 2.1 with a 25 mm steel
parallel plate and 1 mm gap. Thelinear viscoelastic region was measured with a amplitude sweep with an oscillation
strain ranging from 103 to 10 and a defined angular frequency of 1 rad/s. The viscoelastic parameters (G’, G", n*)

were determined thanks to a frequency sweep from 100 to 0.1 rad/s and a controlled strain of 0.2.

2.3.5 Optical measurements

The CIE L*a*b* and the yellowness index (according to ASTM E313) were measured on injected specimens with
X-RITE SP60 series spectrophotometer. The total color change in relation to the virgin material was calculated with

the following equation 3, as suggested by Pinter et al. [31]:

AE = /(AL)? + (Aa*)? + (Ab¥)? 3)

with L* for lightness, a* for green to red and b* for yellow to blue axis.

2.3.6 Thermal analysis

Differential scanning calorimetry DSC Q1000 from TA Instruments with a cooling system was used to measure the
thermal transitions of PET pellets and injected objects. The sample of around 10 mg was introduced in a sealed

aluminum pan. Non-isothermal measurements were done under nitrogen flow (25 mL/min) with a heating rate of



10 °C/min from 30 to 300 °C. A first heating was done to erase the processing history before cooling and re-heating
again. Samples were kept for three minutes on each temperature plateau. Three analyses were done for each
material.

Isothermal experiments were done to measure the crystallization kinetics on the same DSC equipment. Under
nitrogen atmosphere (25 mL/min), samples were heated at 10 °C/min at 300 °C and kept at that temperature for
three minutes. A cooling (20 °C/min) allowed to reach the isothermal temperature ranging from 205 to 235 °C for
different durations. Although this is not the most common method for isothermal crystallization studies, for which
the cooling prior to the isotherm is more abrupt, these conditions were selected for practical reasons, and the data
will be analyzed in a comparative manner. The same heating and cooling cycle as the non-isothermal measurement
were done at the end of the isothermal crystallization. No prior drying was done before DSC analysis.

The degree of crystallinity was measured according to the equation:

AH,, — AH
Xe = 100 X (W) with AHLF = 135.8] /g [32] 4)
m

where AHm and AHcc represent, respectively, the melting and cold crystallization enthalpy measured from
DSC data obtained in heating runs.

The crystalline phase growth was observed using an optical microscope equipped with crossed polarizers and a
waveplate. Specimens were placed between two microscope slides inside a heating stage where a rapid cooling to
the isothermal temperature was done. Pictures were taken every 30 s for different isothermal durations.

Thermogravimetry analysis (TGA) was done with a TGA/DSC 1 Star® System from Mettler Toledo under air
flow (25 mL/min). Aluminum crucibles of 100 uL (1/8 ME-51119872) were used without sealing with around 10

to 20 mg (1 pellet). Samples were heated without prior drying from 30 to 600°C at 10 °C/min.

2.3.7 Mechanical characterization

Uniaxial tensile tests were performed in a universal testing machine Zwick Roell Z050 at 5 mm/min. For each
reference, five injected dumbbell shaped samples (ISO 527-2, type 5a) were used. An accelerated physical aging in
an oven set at 50 °C for 7 days was done before testing. Stress-strain curves were obtained and parameters such as
Young’s modulus (E), yield strength (oe) and elongation at break (€sreak) Were extracted. An extensometer was
used only for the E measurement.

Impact tests were performed with an Instron CEAST 9050 machine (5,5 J pendulum according to the standard
ASTM D256) in Izod mode. Notches (45° single V-notch with 0.25 mm radius, accordingly to NF EN ISO 180) were
machined with an Instron CEAST AN50 on the injected molded bars (10x40x30 mm).



3 Results and discussion

3.1 Impact of the processing cycles on the rPET molar mass

PET was reprocessed in an extrusion line up to five times with a pre-dyring step before each cycle. As a reminder,
in order to achieve a successful recycling of PET, certain minimum technical requirements should be respected
specially in what concerns the water content in the pellets [9]. Therefore, a prior validation of the drying conditions
was thoroughly conducted. The residual humidity after the preparation step was confirmed at around 50 ppm,
remaininglowerthan200 ppmasrecommended [10], at least for 2h30 of processing. The drying protocol also allowed
an increase of PET crystallinity (up to around x. = 35%), reducing the water absorption and therefore degradation,
as mainly the amorphous phase is concerned by the hydrolysis process [33].

The recorded torque on the screws and the average flow rate are reported in Table 1. The decrease in torque
with the number of reprocessing (average values), from 85 Nm for vPET down to 53 Nm for rPET-C5, is related
to a loss of viscosity probably due to chain scission reactions [16]. One direct result of this degradation was a
processability instability, noticeably worsen with the increasing number of cycles. The extrudate became thinner
and more fragile to the pelletizer pulling, even with an increasing flow rate from initially 0.84 to 1.44 kg/h at the
last cycle (the unexpected torque evolution with recycling can also be related to these varying processing
parameters). Several breaks and extrudate elongation could be observed during the recycling process, inducing a
heterogeneous pellet dimension. Other authors who studied a similar recycling simulation, have also experienced
this kind of processing difficulty [20].

Table 1: Extrusion parameters after each recycling cycle.

Sample |Average torque (Nm) | Average flow rate (kg/h)
vPET 85 0.84

rPET-C1 73 0.69

rPET-C2 54 0.81

rPET-C3 59 1.10

rPET-C4 48 1.10

rPET-C5 53 1.44

SEC, IV and acid titration data are available in Table 2 and Figure 3. A significant molar mass decrease can be
observed after each extrusion cycle and which tends towards a plateau after four cycles. During processing, PET is
exposed to high temperatures and significant shearing that is known to cause the material degradation even if well
dried [19,34,35]. These severe experimental conditions cause thermal and thermal-oxidative reactions responsible
for the material chain scission. A slight reduction of the polydispersity was also observed by other authors [19,36].
These phenomena lead to an increase of the acid content which can be attributed to the presence of carboxyl end-

groups from thermal and hydrolytic mechanisms [36, 37].
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Although the IV values were not determined for all samples because of time constrains, its reduction between
the first and fifth recycling cycles leads us to think that no cross-linking took place during this process, not observed
either in other works [12,16]. The HFIP solubility of all samples, with a constant mass recovery in the range of 85
to 95%, also supports this hypothesis. The chromatography depicted in Figure 3 indicates a symmetrical peak, with
no second populations in a Gaussian-like distribution. The signal at around 10.8 min is from the HFIP solvent and
at 11.5 min from cyclic oligomers from the polymerization. Usually present at levels of 2-3% [10], these oligomers
concentration seems to have remained stable during our recycling process. Hence, the limitation of five on the
maximum number of extrusions that could be performed was probably a result of the low viscosity of the samples
and not branching or gelation as reported by other authors [12]. In Assadi et al. [12] work, for instance, no SEC
data are available over the third cycle because of observed insolubility related to this gelation process at the fourth
extrusion cycle.

Table 2: Average molar mass in weight (Mw), in number (Mn), polydispersity index (D) obtained by SEC analysis
(HFIP as solvent) experiment of PET pellets. The intrinsic viscosity values of some of the samples were not
analyzed due to time constraints and prioritization of other key experiments.

Sample VPET rPET-C1 | rPET-C3 | rPET-C4 | rPET-C5
Mn (kg/mol) - + 10 % 29.9 27.0 20.6 20.4 21.6
Mw (kg/mol) - £ 10 % 54.4 435 36.9 34.0 334
D 1.8 1.6 1.8 1.7 1.5
1V (dL/g) 0.88 0.72 X X 0.61
COOH (mmol/kg) 24.9 314 X X 48.1

dRlI signal (normalized to max)

Time (min)

Figure 3: Light scattering signal as a function of the elution time in a HFIP SEC experiment.

Using the viscosimeter detector, a throughout study of the possible branching on the recycled samples was done.
Figure 4(a) show the relationship between IV and Mw determined thanks to the SEC-MALS-IV stack in HFIP. The
Mark-Houwink-Sakurada parameters, that determine the chain conformation, did not vary between the cycles. They

stayed constant at 0.7, being characteristic of a flexible chain. The slight deviation in the range corresponding to the
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high molar mass, in Figure 4(a), can be related to a possible branching of chains, which is more important after
five extrusions.

Indeed, the results of the branching ratio (see Figure 4(b)) showed that after one cycle, only 2.2% of the whole
molar mass range was branched, while 4.5% is reached in the case of rPET-C5. However, it is important to notice
that this phenomenon concerns only a small number of chains, mainly ina molar mass range above 80 kg/mol, which
represents less than 5 % of the total number of chains in the sample (see cumulative weight fraction curves in Figure
S2 in Supporting Information). Additionally, the limited branching did not result in a substantial alteration in the

already short hydrodynamic radius, not detectable by our measurement methods.

" Linear reference
°
5 104" .
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o 5
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£
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] vPET 084
1 rPET-C1
rPET-C5 M range rPET-CS
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1 10 100 20 40 60 80 100 120 140 160 180
Molar mass (kg/mol} Molar mass (kg/mol)

(a) (b)
Figure 4: SEC-MALS-IV study. (a) Mark-Houwink-Sakurada curves, log plot. (b) Branching ratio as a function of
the molar mass.

The recyclates response on an oscillatory rheological measurement is shown in Figure 5(a). The data was
performed in the linear viscoelastic regime. Parameters such as the storage and loss moduli determined as a
function of the angular frequency can fully describe the material response. The reduction in the loss modulus with
the number of recycling cycles can be linked to the processing-induced chain scissions. The loss of Mw, and
consequently of the viscosity, can also be followed in Figure 5(b). The viscosity decreases of a factor 4.9
between virgin and rPET-C5. Moreover, the increase in the elastic response at low frequencies, especially for
five-time reprocessed PET, tends to confirm the observed branching in SEC. As a reminder, branching in PET can
be associated with thermo-oxidative degradations in presence of low partial pressure of oxygen. Indeed, the
formation and combination of radicals on the alkyl portion of the polyester structure can induce branching and, if

severe, crosslinking [16, 34].
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Figure 5: Frequency sweep under nitrogen flow et 280°C. (a) Evolution of storage and loss moduli as a function of
the angular frequency. (b) Newtonian viscosity at 1 rad/s.

Once a complete study of the morphology of extruded pellets was done, the effect of the injection molding
process was studied in terms of chain scission. Table 3 contains the results of SEC measurements after the injection

of the produced pellets.

Table 3: Average molar mass in weight (Mw), in number (Mn), polydispersity index (D) obtained by SEC analysis
(HFIP) of a PET tensile test samples core (injected pellets).

Injected specimens VPET rPET-C1 | rPET-C3 | rPET-C5

Mn (kg/mol) - + 10 % 235 20.6 17.5 17.0

Mw (kg/mol) - + 10 % 38.6 35.5 31.3 27.8
D 1.6 1.7 1.8 1.6

Such as all processing methods for polymers, high shearing at high temperatures lead to a degradation of the
material. After injection, all samples have a reduction in their Mw, of 29% loss for vPET and around 16% for rPET.
It is important to keep in mind that the percentage of loss reduces progressively over the cycles to reach a plateau
level, where chains are too short to be further degraded [15, 17].

In terms of chain cleavages, one cycle of injection molding is more severe than one extrusion step. Although the
same temperature range (260 to 275 °C and same cycle duration (around 1 minute between dosing and injecting) are
used. The more pronounced decrease in molar mass with injection molding technique when compared to extrusion
has been observed by other authors [38]. Although the same temperature range (260 to 275 °C) and same cycle

duration (around 1 minute between dosing and injecting) are used for both techniques, during injection-molding,

the polymer is exposed to higher pressures (around 1000 bar) and shear rates (up to 10° s?) [38, 39].
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3.2 Aspect modification

The aspect modification of PET after recycling was measured using a spectrophotometer. Table 4 contains the data
for all samples. As can be seen, both a* and b* parameters increase with the number of processing while L* values
decreases. The total color change AE and the Yi were used to compare the overall aspect modification (see Equation
3 and Figure 6(a)) [31]. A significant and constant increase can be seen after each cycle. In terms of Yi, an increase
between 4-15% is observed after each extrusion, evolving from from 13.9 for vPET to 27.1 for rPET-C5. This
difference in terms of yellowing is even visible with the naked eye (see Figure 6(b)), as the delta in the b* axis
exceeds 2 [40]. The AE evolution is also pronounced, reaching 8.3 units after five successive cycles. The lightness,
represented by L*, reduces constantly with recycling from 84.6 to 79.0. Interestingly, rPET kept a perfect

transparency for all samples.

Table 4: Data from the spectrophotometer analysis. The standard deviation is done over three measurements for
each sample.

Extrusion CIE L*a* b* data Color change

Cycle L* a* b* Yi AE
vPET 84.610.5 -0.63+0.04 7.0+0.4 13.9+0.8 X

rPET-C1 83.6+0.1 -0.52 £ 0.02 8.3+0.3 16.6£0.8 1.7

rPET-C2 83.2+0.6 -0.41£0.06 8.6+0.3 17.31£0.8 2.2

rPET-C3 81.2+0.8 -0.28 £ 0.01 9.7+0.1 20.0+£0.8 4.4

rPET-C4 80.81+0.1 -0.30+0.03 11.5+0.0 23.6+0.8 5.9

rPET-C5 79.0+£0.2 -0.09 + 0.03 13.0+0.9 27.1+£0.7 8.3
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Figure 6: (a) Total color change (AE) and yellowness index (Yi ) as a function of the number of recycling cycle.
Picture of injected tensile specimens showing the visual yellowing and transparency of vPET and rPET.

o

PET yellowing and color change can be used as makers for degradation mechanisms, especially thermally and
oxygen activated ones, indicating the presence of chromophoric by-products [17]. The main species responsible

for this color modification seem to be polyenes, polyenaldehydes, and quinoid types structures (see Figure 7 and
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Figure 8) [10,41-45]. The yellowing is faster in presence of oxygen, that will favor the formation of conjugated
aromatics and quinoid species. Residues from catalysts used during synthesis tend to accelerate yellowing too [37].
Moreover, in bottle applications, for instance, the presence of other materials such as polyamides, used as a barrier
layer, can further contribute to yellowing via other mechanisms [42]. In the present work, the chemical species
responsible of yellowing were not quantified, however it was a simple way of evaluating the state of degradation

of recycled samples.
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Figure 7: Simplified reaction mechanisms for the formation of chromophores in PET. (a) Thermal degradation for
the formation of carboxylic acid and vinyl-ester en groups [37]. (b) Polyconjugated species from aldol condensation
of acetaldehyde [10]. (c) Formation of polyenes from polymerization of vinyl-ester and elimination of carboxylic
acids [44, 45]. Adapted with permission from [44]. Copyright 1995, Elsevier.

13



ﬁ) OH
(0)
W
m(\mx‘l\"‘ 2 0 !
or
B 0 - C\’\Cl’ i\&h,oﬂ OH O
wno-+~
& Quinoid species
O
|
D
- R ~ =
PET “2H. 0, O_®—

Figure 8: Simplified mechanisms for the formation of chromophoric quinoid species in presence of oxygen from PET
structure.

After recycling, similar aspect modifications have been described in literature, confirming the increasing
degradation with processing [17,31]. For the re-use of a post-consumer PET, the Yi should not exceed 20 [9]. In our
case, without a further addition of anti-yellowing agents, a maximum of only two recycling cycles would be
acceptable. Other authors claim that a quality parameter for PET bottles chips is a b* < 1 [40], meaning that even
for vPET, additives would have to be added. In terms of lightness, typical industrial specifications for PET bottles if

between 85 to 90 units [46], higher than almost all our values.

3.3 Thermal and crystallization behavior
TGA analysis

The thermal stability of recycled pellets was studied using TGA analysis under air. The degradation of PET is
expected in two steps: one at 300-350 °C from the shortening of longer chains, and a second at around 560 °C from
the thermo-oxydative degradation of the formed small fragments [47, 48].

The TGA data are depicted in Figure S3 and Table S2 in Supporting information. As anticipated, the
degradation process in two distinct steps was indeed confirmed for all samples. A first and sharp loss (average of
86%) started at around 405 °C, with a temperature peak at around 430 °C. The second loss of around 13.5% started
at 548 °C with a peak at 571 °C. No significant differences were observed between vPET and rPET. Under nitrogen,
the degradation occurs in only one step starting at around 415 °C and reaching a peak at 435 °C with 88% weight

loss.
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Non-isothermal DSC analysis

The effect of processing cycles on PET’s thermal transitions was studied via DSC thermograms. They are available
in Figure 9 and presented in Tables 5 and 6. Parameters such as crystallization and melting temperatures (Tc or
Tm respectively), enthalpies (AH: and AHm from melting or crystallization respectively) and crystallinity degree

(Xc) can give information about the material microstructure.
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(a) (b)
Figure 9: DSC thermograms for virgin and reprocesses PET pellets recorded at 10°C/min. (a) First cooling from
the melt. (b) Second heating, zoom of the melting area.

Table 5: Thermal properties of PET obtained from DSC cooling from the melt, available in Figure 9(a).

sample Pellets first cooling - 300°C to 30°C - 10°C/min
Tconset (°C) Tc peak (°C) X (%)
vPET 193.3+4.1 161.6+2.4 196114
rPET-C1 190.2 +4.7 169.1+£9.0 24.7 £ 6.6
rPET-C2 200.2+1.5 188.5+ 2.6 32.0x0.5
rPET-C3 204.9+0.2 197.3+£0.2 33.8+0.9
rPET-C4 206.0+0.2 198.1+0.7 34.2+1.2
rPET-C5 206.5+£0.8 198.6 +1.2 329115

A first heating curve was used for erasing the processing history of studied pellets. By studying the cooling
curves available in Figure 9(a), it can be seen that the crystallization transition is shifted to higher temperatures
and seems to be sharper with the increasing number of processing. Indeed, a wide crystallization peak at low
temperatures is characteristics of a slow crystallization from high molecular weight polymers such as the used
reference [20]. The rPET-C5 pellets start crystallizing at a temperature more than 10 °C higher than the virgin one.
The crystallization temperature peak is even more affected in comparison with vPET, with a delta of 8 °C after a
first extrusion and evolving to 37 °C after five cycles of extrusion. The crystallinity is also deeply affected,
increasing constantly until around 34 %. In other terms, the more the pellets are recycled, the earlier (shift to higher

temperatures) and faster (sharper transition) is the crystallization.
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Table 6: Thermal properties of PET from DSC second heating available in Figure 9(b).

sample Pellets Second heating - 30°C to 300°C - 10°C/min
Tg midset (°C)|ACp (J/(g.°C))|Tm onset (°C)| Tm peak (°C) X (%)

vPET 80.7+05 |0.261+£0.03| 232.41£0.7 2485+ 04 18.6+£34
rPET-C1 80.6+0.2 0.166 +0.01 | 232.6+0.4 247.2+0.3 31.3+0.5
rPET-C2 80.6+1.1 |0.158+0.01| 233.21£0.3 248.3+0.6 | 33.5t0.9
rPET-C3 79.5+04 |0.149+0.03| 227.41£0.2 2493+04 | 36.8£0.7
rPET-C4 80.3+0.5 |0.161+0.01| 232.3+3.7 249.3+0.3 36.8+1.7
rPET-C5 80.7+1.3 |0.150+0.02| 228.910.7 249.4+0.5 35625

Figure 9(b) displays the second heating curves, where the presence of a bimodal melting peak becomes clearer
with the increasing number of recycling. The first peak amplitude increases after each cycle, to the detriment of
the second peak. Another observation is a slight shift of the Tm from 247.2 °C to 249.4 °C between rPET-C1 and
rPET-C5. A crystallinity increase is visible and a little more marked than this obtained from the cooling curves,
reaching an average value of xc = 35%, almost twice more than vPET. The glass transition temperature (Tg ) is not
significantly affected, remaining at around 80 °C for all samples. Noteworthy, VPET pellets present a cold
crystallization peak that is not present in the other cycles, explaining the lower value of xc for this sample (see
Equation 3). This will also affect the heat capacity (ACp), higher for less crystalline samples.

The increase in the crystallinity after mechanically recycling PET has been described by several authors [13,17,
20, 48-50]. The explanation for this phenomenon is mostly related to the chain scission process and the presence
of branching observed earlier. The shorten of the chain length caused by the different degradation mechanisms
increased the chain mobility, favoring an overall reorganization in the material [13,50,51]. The presence of shorter
chains, which can easily fit among larger ones, can explain the overall crystallinity increase [13,52]. These segments
of chains may also favor the nuclei presence and number [53]. Another possible explanation is the presence of
impurities from the extrusion cycles that may act as nucleating agents [17,50]. Finally, the enrichment in the trans
conformation of PET was also related to this increasing crystallinity in some papers and can be another explanation
in our case [20].

The melting curves in Figure 6(b) also suggest a heterogeneity of the chain length in the polymer. The appearance
of a second Tm is associated with thinner lamellae population, that can be due to the chemical modification during
extrusion leading to chain shortening [13] or branching.

Microstructural modification can have a direct effect on the mechanical properties, and are often associated
with the embrittlement of the material [11,13]. In order to minimize that effect and limit the crystallization for the
preparation of mechanical test specimens, the mold temperature was set at 20 °C in the injection molding press.
However, the strong orientation of chains during this process will inevitably engender an increase in the crystallinity

of the samples [46, 50]. this process is also responsible for inducing a further degradation as seen in Section 3.1.
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Table 7 shows that even after quenching in water at the extruder exit, or in a cold mold, samples that have been

reprocessed tend to crystallize more and more. The crystallinity is still relatively low in all cases.

Table 7: Crystallization data from first heating curves on DSC for pellets and injected samples.

First Heating 30 °C to 300 °C, 10 °C/min

Sample Extrusion (pellets) Injection molding (tensile specimens)
AH cc (J/g) | AH m (J/g) x (%) AH cc (J/g) | AHm (J/g) X (%)
vPET X 64.6£0.4 47.5+0.3 21.0+£1.0 39.3+0.0 13.5+0.8

rPET-C1 340+1.1 40.0+2.0 44+1.4 20.6+2.8 41.3+2.1 15.2+1.3
rPET-C2 30.9+3.3 41.6+0.9 7.9+3.0 21.1+x14 41.1+2.4 14.7 £ 0.8
rPET-C3 33.8+0.2 44.6 £ 0.6 7.9+0.3 21.8+1.8 41.6+2.3 14.6 £ 0.6
rPET-C4 336+1.1 45.0+1.0 8.4+0.2 23.0+25 453+1.9 16.4+3.3
rPET-C5 27.8%2.6 45.1+0.9 12.7+1.3 22.0+1.7 44.0+1.3 17.8+0.0

In Figure 10, the Tc from cooling of molten pellets and injected samples are compared. As expected, injected
samples have a constant increase of their Tc, indicating an increase of crystallization kinetics, as observed in other
articles [50]. The crystallinity degree reaches a plateau of around x.=31% for all samples with at least one extrusion.
Once again, as discussed before, this can be a result of both the higher mobility induced by chain scission and the
orientation of chains provided by this processing. The presence of bimodal melting peak was also observed for
injected specimens, suggesting that the heterogeneity of the chain lengths, and/ or the presence of branching, is still
visible. The nucleating effect brought by the increasing concentration of impurities from extrusion may play a role

on this phenomenon.
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Figure 10: Evolution of the crystallization temperature (7c) with the number of processing for pellets and tensile
test samples. The crystallinity is also visible for pellets (in black) and for tensile specimens (in green). Data obtained
from DSC curves from cooling.
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Isothermal DSC

A complementary study was done by isothermal tests by DSC. Figure 11 shows the evolution of the crystallization
kinetics with the number of recycling. Table 8 shows the obtained data from the melting endothermic. As can be
seen, the more recycled sample, the shorter the crystallization duration, shifting the curves to lower crystallization
times. The molar mass reduction can be at the origin of this phenomenon, even if the chain mobility is not the
limiting factor at this temperature range. This observation confirms the increase in the crystallization rate for rPET,
already established with dynamic curves (see Figure 6(a)). As the isothermal temperature increases, this

phenomenon becomes even more predominant. The final crystallinity after isothermal tests in Table 8 varies from

30 to 55 % but start much earlier for recycled samples as expected.

°

~

Isothermal temperature

Figure 11: Recycling effect on crystallization kinetics via DSC. Isothermal temperature as a function of half

crystallization time.

Table 8: Thermal properties data obtained after heating from the temperature of isothermal crystallization up to

300 °C at 10 °C/min by DSC.
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Sample Tiso (°C) |t start (min)| Tm peak (°C) | AH f(J/g) X (%)
230 110 241.1 70 52
vPET 220 11 242.0 58 43
210 5 240.2 31 23
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rPET-C1 220 4 250.1 51 38
210 1 245.6 39 56
230 9 253.5 53 39
rPET-C5 220 3 252.3 62 46
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In isothermal conditions, when no mechanical stress is applied to a crystallizing material from the molten state,
spherulites can be formed, spreading at the expense of the still liquid region [10, 54, 55]. Their formation starts
with the appearance of a nucleus that grows once a critical size is reached to form these spherical shapes. Their
growth is limited by the contact with other growing spherulites, so the more is the nucleation, the smaller are the
spherulites at the end of crystallization. Thanks to the birefringence nature of this crystalline phase, the spherulite
growth can be followed by an optical microscopy equipped with crossed polarizers and a wave-plate.

Figure 11 shows the growth of these spherical structures in pellets and in injected specimens at 230 °C. This
specific temperature was chosen as the best compromise between the samples, as the crystallization duration varied
a lot between rPET and vPET. They allow a visual observation of the nucleating effect brought by successive
reprocessing. In Figure 12(a), at almost the same duration, rPET-C5 nucleate faster than rPET-C1. On the contrary,
after the same duration of 7 minutes, vPET did not show any sign of spherulite nuclei, starting to appear only after
15 minutes. After 30 minutes, VPET have bigger and less numerous spherulites that continue to grow. The
observations were different for injected samples (see Figure 12(b)). As expected, the nucleation of all samples is
increased, starting only a few minutes after the reaching of the isothermal temperature.

Thanks to a zoom in specific zones of these images (not showed in this article), the spherulite radius was
measured over time, allowing the determination of their growth rate, which is the slope of the line presented in
Figure 13. Noteworthy, the measured radius from the optical microscopy pictures concern only a thin layer trapped
between two microscope slides (some particles can be hidden), and the contact with the surface can also favor the

nucleation.
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Figure 12: Isothermal crystallization at 230 °C for different durations. Pictures obtained with an optical microscopy
with polarized light. (a) Extruded pellets of vPET (30 min), rPET-C1 (8 min) and rPET-C5 (7 min) from left to right.
(b) Injected tensile specimens at 7 minutes of crystallization of vPET, rPET-C1 and rPET-C5 from left to right.

Anyhow, the results indicate that rPET has around three times faster spherulite growth when compared to the
virgin material (equal to 0.48 um/min), probably a result of the chain scission process. Samples reprocessed once or
five times, have a similar crystalline phase kinetics as their growth rate is comparable, respectively at 1.26 and 1.76
pm/min. The observed branching in rPET-C5 tend to slow the growth rate, limiting the accelerating effect of a
lower Mw and explaining the similitudes between rPET-C1 and rPET-C5. The increase in the overall crystallinity
(see Table 7) is therefore related to the rate of nucleation. In other words, once the spherulites are formed, they
grow at a similar rate but do not reach the same size. The final spherulite radius in Figure 13 was 18.9 um for vPET
while recycled one or five times reached respectively 17.1 and 11.6 pm in average. This study allowed, therefore, to
quantify the nucleation differences that might explain some of the mechanical response. In literature, the impact
strength is usually inversely proportional to the spherulite size [56,57]. The presence of an intercrystalline phase,

connecting spherulites together, play also a role in increasing the mechanical strength of polymers [56].
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Figure 13: Evolution of spherulite radius of PET pellets, measured in zooms of the optical microscopy pictures in
Figure 12(a), in chosen spots were the size of the spherulites was measurable. The growth rate was determined by
the linear fitting of the data in dashed line.

3.4 Mechanical behavior
Uniaxial tensile tests

The stress-strain curves of vPET and rPET are available in Figure 14 and the corresponding data in Table 9. It can
be noticed that the overall behavior in tensile test is similar for all samples. During testing, the necking went
through the whole specimen before breaking. A stiffness increase was observed, with a variation in the Young's
modulus from around 2310 MPa for vPET to 2500 MPa for rPET-C5. Other parameters such as the yield stress did
not vary significantly, staying constant at 0e=55 + 1 MPa. The elongation at break stays very high, close to 500%
for all samples. A slight decrease to £breax=483% can be seen for the 5-time rPET, still characteristic of a ductile

material.
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Figure 14: Strain-stress curves from uniaxial tensile testing after aging.

Table 9: Data from the strain-stress curves showing the Young's modulus (E), the yield strength (oc) and the
elongation at break (€break).

Sample Young's Module (MPa) | Yield strenght (MPa) | Elongation at break (%)
vPET 2246 + 266 631 499 + 15

rPET- C1 2341 +172 64+1 511+49

rPET-C2 2320 + 207 651 509 £ 65

rPET-C3 2520 + 98 65+1 557 +11

rPET-C4 2626 + 154 651 549 £ 11

rPET-C5 2597 + 127 65+1 48312

In literature, a direct relationship between chain scission and a loss of mechanical properties is often described
for polymers in general [51,58] and also for mechanically recycled PET [15,17-19]. But the results of our recycling
process may witness of a more complex effect of microstructure changes in the final response of the material. This
usual straightforward view for polymers overlooks the effect of processing and molar mass loss in the crystallization
process [51]. Indeed, injection molding engendered a constant decrease of molar mass of the extrudate pellets.
Therefore, by focusing only on this aspect, an increasing fragility would be expected in tensile tests such as observed
in literature. However, chains scission, combined with impurities from processing, increased the crystallinity of the
specimens from 14% to 18% in average (see Table 7). This would engender an opposite effect in glassy polymers,
with a rigidification from the crystalline phase development at the expense of the amorphous phase that guarantees
a ductility.

Thus, the overall modest modification in our case could be linked to the competition between these two
mechanisms, even if the effect of crystallinity at temperatures below the Tg of the polymer has only a weak
influence on the mechanical response. It is important to point out that the remaining ductility of these mostly
amorphous samples allows us to assume that the critical molar mass Mc (usually given at Mc =17 kg/mol) was not

yet reached even after five recycling cycles. The PET chains are probably still entangled before testing as the
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observed plastic deformation is associated with a disentanglement during uniaxial solicitation [51].

The concept of Mc has also been used in other works to explain the remaining ductility of PET after recycling [59],
although its exact value is not perfectly clear in literature (a variation from 10 to 18 kg/mol is also described [12,
60-62]). On the other hand, the most common effect of recycling noted in literature is a weakened mechanical
response. Therefore, a discussion with other literature examples is needed to put our work into perspective and

attempt to explain these contrasting observed behaviors.

In the work of Spinacé et al. [17] and La Mantia et al. [15], a complete loss of ductility was observed after,
respectively, three and one recycling cycles in a single-screw extruder. In both researches, a crystallinity increase
was noticed. Mancini et al. [63] also showed a total loss of €break as crystallinity increase from 23 to 37% after five
injection molding and grinding cycles. In this article, the chain scission of PET was probably more severe than in
our study, since the acid content increase from 40 (vPET) to 130 mmol/kg (rPET-C5). Moreover, we could argue
that these differences could originate from the different processing used for recycling.

Interestingly, other articles with a more alike protocol to ours (co-rotating twin screw extruder), observed a loss
of plastic properties as well [13, 19]. In the work of Badia et al. [13], however, the main reason is a very sharp
crystallinity increase of around 34% after three cycles, much more substantial than in our case (around 7.5%). No
information was given about the extent of degradation. Wu et al. [19] showed a more modest crystallinity increase
of 17% after three cycles, with a similar Mw loss to our study (from vPET = 60 kg/mol to rPET-C3 = 33 kg/mol).
However, the used samples for testing were not as amorphous as in our case (initial xc are usually at levels of 22%
up to 43%) and the tensile test speed are higher (10 mm/min for Wu et al [19] for example). Indeed, presumably
the slow tensile testing speed (5 mm/min in our case) allows a sufficient time for the chains to accommodate the
applied load and give a ductile response [64,65]. In the cited examples, the effect of physical aging on the final
mechanical response is never addressed although an embrittlement is expected with increasing densification of
polymer chains [25, 26, 66].

As can be seen, comparing the obtained results with literature is always a challenge since the processing used
for the production of rPET (instrument and used conditions, drying protocol, etc.), the initial crystallinity and the
mechanical testing conditions (speed and physical aging) are considerably different. Added to that, when a similar
processingis used, morphological changes are rarely putinto perspective with mechanical characterization for rPET.
Finally, the unclear definition of Mc makes it even harder to establish the transition to a fragile regime. There- fore,
the hypothesis of a competition between crystallinity increase and chain cleavages (still allowing a sufficient

entanglement for plastic deformation) appears well-founded and do not contradict other literature examples.
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Impact resistance

The notched impact resistance was studied for injected vPET and rPET-C5. The results in Table 10 depict a
characteristic behavior of a very fragile material. The resilience stayed almost constant at 3.7 KJ/m?2, with an
increase in the standard deviation for five-time reprocessed samples. This can probably be linked to the difficulty
in injection molding of these samples and the presence of defects (air bubbles or shrinking). Plus, because of the
thickness of these specimens, the homogeneity of their cooling in the mold was more difficult and it was slow in their
core. A whitening of the internal part of the impact bars was observed for rPET-C5 compared to vPET (see Figure
S4 in Supporting Information), probably indicating the presence of shear-induced crystallization.

Anyhow, these results are in accordance with the literature [50, 63], as PET (and semi-crystalline polyesters in
general) is known as a notch-sensitive material, with a fracture mechanism driven by a craze propagation [67]. The
injection molding conditions could be optimized in another instrument, but are not expected to change remarkably

since non-formulated PET tend to have a low impact resistance.

Table 10: Mechanical testing data, impact strength of notched samples after injection without aging.

Sample Impact Strenght (kJ/m2)
vPET 3.8£06
rPET-C5 3.6+x15

4 Conclusion

In this work, the mechanical recycling of PET was simulated via successive extrusion cycles up to five times.
During processing, degradation mechanisms triggered by shearing at high temperatures, oxygen or humidity,
resulted in several structural modifications and unstable processing. A strong chain scission induced a constant
viscosity decrease along with a slight branching. The presence of formed chromophoric structures was also used to
quantify the state of degradation, since a visible yellowing and a significant color changes increased with recycling.

The microstructure modification caused by recycling had a noticeable effect on the crystallization kinetics,
especially after injection molding. The presence of shorter mobile chains and impurities from processing, favored
their packing and therefore the overall organization in a crystal phase. An increase in both crystallization
temperature and crystallinity was noticed by DSC, with the formation of two crystal populations and higher
nucleation speeds. Surprisingly, even if rPET has modified properties, the mechanical response stayed similar to the

virgin material.
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On uniaxial tensile tests, rPET kept an overall ductility (€brear > 400%) even with a slight increase of the Young's

modulus. The impact strength, as expected, remained at 3.7 kJ/ m’ range, witnessing the well-described notch-
sensitivity of polyester materials. These results allowed to point out that the molecular weight changes alone did
not govern the mechanical behavior. Presumably, this phenomenon can be linked to a remaining entanglement since
the critical molar mass was not reached during five recycling cycles, allowing a ductile response.

This work allowed to bring to light that the main issue of mechanically recycled PET is not the loss of mechanical
properties, as often simplified in literature, but the challenges in fabricating the recyclates. In the laboratory
conditions, the growing difficulty of processing and instability was the greater barrier for the increasing number
of cycles, whereas the tensile or impact resistance were practically constant all along. To complete this study, it
would be interesting to use bottle scraps from the industry instead of a vPET to provide insights on the effect of a
life-cycle before recycling. Plus, comparing results with industrially recycled processes would allow establishing

potential parallels in terms of final properties.
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