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Abstract: The industrial production of polypropylene—polyethylene composites (C-PP-PE) involves
the generation of waste that is not usable, resulting in a significant environmental impact globally. In
this research, we identified different concentrations of aluminum (8—410 ppm), chlorine (13-205 ppm),
and iron (4-100 ppm) residues originating from traces of the Ziegler-Natta catalyst and the triethyla-
luminum (TEAL) co-catalyst. These residues accelerate the generation of plastic waste and affect the
thermo-kinetic performance of C-PP-PE, as well as the formation of volatile organic compounds that
reduce the commercial viability of C-PP-PE. Several families of organic compounds were quantified
by gas chromatography with mass spectrometry, and it is evident that these concentrations varied
directly with the ppm of Al, Cl, and Fe present in C-PP-PE. This research used kinetic models of
Coats—Redfern, Horowitz-Metzger, Flynn-Wall-Ozawa, and Kissinger-Akahira—Sunose. The acti-
vation energy values (Ea) were inversely correlated with Al, Cl, and Fe concentrations. In samples
PPO and W3, with low Al, Cl, and Fe concentrations, the values (Ea) were 286 and 224 kJ mol~1,
respectively, using the Horowitz method. Samples W1 and W5, with a high ppm of these elements,
showed Ea values of 80.83 and 102.99 k] mol~?, respectively. This knowledge of the thermodynamic
behavior and the elucidation of possible chemical reactions in the industrial production of C-PP-PE
allowed us to search for a suitable remediation technique to give a new commercial life to C-PP-PE
waste, thus supporting the management of plastic waste and improving the process—recycling to
promote sustainability and industrial efficiency. One option was using the antioxidant additive
Irgafos P-168 (IG-P168), which stabilized some of these C-PP-PE residues very well until thermal
properties similar to those of pure C-PP-PE were obtained.

Keywords: DFT; thermodynamic models; catalyst; polypropylene—polyethylene composites; activation
energy; degradation

1. Introduction

Polypropylene (PP) and polypropylene—polyethylene composites (C-PP-PE) are widely
used due to their advantageous properties, such as toughness, tensile strength, tear resis-
tance, flexibility, and chemical, thermal, and moisture resistance. They can be processed
using techniques such as injection molding, film and fiber extrusion, thermoforming, and
blow molding, making them versatile and applicable in many areas. However, it is well
known that both PP and C-PP-PE are prone to degradation during processing and extended
use. Stabilizers are required to prevent this degradation. Consequently, the extensive use
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of PP and C-PP-PE is only possible thanks to their stabilization. The degradation and
stabilization of post-polymerized pure polypropylene have been the subject of extensive
studies, especially between the 1980s and the mid-2000s [1-4].

From the perspective of the linear economy, the life cycle of PP and C-PP-PE consisted
of only a processing stage and usage stage before being discarded, following the take-make-
use-dispose model. However, it is now recognized that once a material has reached the
end of its useful life and is discarded, it should be considered a valuable resource. This
approach reduces the demand for raw materials while simultaneously contributing to
mitigating plastic pollution, aligning with the circular economy paradigm [5-8].

In the transition to a circular economy, increasing attention is focused on the im-
portance of the industry, especially the petrochemical sector, which has shifted its focus
toward post-consumer materials, such as plastic packaging waste, considering them a
valuable resource [9-11]. Despite a significant portion of collected plastic packaging ending
up in landfills or being used for energy recovery, research has intensified in technologies
aiming to improve the recycling and chemical transformation of these post-consumer
wastes, accounting for 42% of cases. Until 2018, the recycling of plastic packaging waste
was mainly carried out through mechanical methods. Still, inherent limitations, such as
extensive pre-treatment requirements, have sparked a growing interest in chemical recy-
cling as an innovative solution [11-15]. Unlike mechanical recycling, where the chemical
structure of the plastic is preserved, chemical recycling in-volves the de-polymerization of
plastic packaging waste to obtain smaller hydrocarbons, often through catalytic or thermal
processes [6,7].

The renewed interest in the degradation and stabilization of PP and C-PP-PE has
emerged due to the need to understand how degradation affects their recyclability [12-14].
However, most of these studies focus solely on describing degradation during re-processing
in a molten state, overlooking that degradation throughout the lifespan also exerts a
considerable influence on the recyclability of PP and C-PP-PE [16-20].

The oxidation of PP and C-PP-PE is recognized as a heterogeneous process. The
presence of catalyst residues, especially compounds containing titanium (Ti), is a possible
reason for the heterogeneous onset of PP and C-PP-PE oxidation [21-27]. The influence
of these catalyst residues on PP and C-PP-PE oxidation has been detailed in various
publications. It is generally accepted as a source for the heterogeneous initiation of material
degradation. Once initiated, degradation gradually spreads from these initial points to the
rest of the material, progressively affecting the surroundings [28-31]. Sev-eral studies have
observed the degradation spread from the initial oxidation point [32,33]. Using polarized
optical microscopy, Nakatani and colleagues illustrated initiation and propagation in the
amorphous phase of PP and C-PP-PE by adding a small amount of pre-oxidized PP [23-34].

Despite previous studies addressing aspects of the heterogeneous oxidation of PP
and C-PP-PE, the present research stands out in its in-depth analysis of the complex
mechanisms involved in material degradation [21,24,25,27,35]. While previous works,
such as those by Richters [36], Billingham [37], and Blakey et al. [38], have demonstrated
het-erogeneity in PP oxidation and the propagation of degradation throughout the polymer,
our research delves into a more profound and detailed analysis of the kinetic mecha-
nisms involved. This study differentiates itself by investigating in detail how impurities
derived from the chemical recycling of plastic waste influence the final properties of the
generated products. Understanding degradation kinetics is essential for designing more
stable materials, reducing waste, and minimizing environmental impact, enabling the
scientific community to optimize processes and foster innovations in various industries.
This research includes thermogravimetric analysis (TGA) to determine the macroscopic
kinetics of the thermo-catalytic process, providing critical information for understanding
degradation kinetics [39-44].

The subsequent research is a testament to innovation in the field, focusing on the
kinetic degradation mechanisms of PP and C-PP-PE matrices through pyrolysis. This
research, utilizing the Ziegler-Natta catalyst residues as accelerators, identifies resulting
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gases, determines degradation steps through thermodynamic models, and emphasizes the
influence of plastic waste composition. The necessity to comprehend degradation kinetics
in pyrolysis is underscored, making this comprehensive approach highly relevant and
novel. It advances the understanding and optimization of critical processes in sustainable
plastic waste management, sparking curiosity and intrigue about the innovative findings it
can provide.

2. Materials and Methods
2.1. Sample Collection

The residues of non-additive C-PP-PE were generated during their industrial synthesis
using heterogeneous Ziegler—Natta catalysis systems (W. R. Grace and Company, Columbia,
MD, USA) based on TiCly on MgCl,, accompanied by agents for selectivity control and
TEAL as a co-catalyst. Specific details of the catalyst composition are detailed in Table 1.

Table 1. The composition of the catalytic system.

Component Amount (%W/W)
White mineral oil (petroleum) <75%
Magnesium chloride-titanium tetrachloride complex <30%
Organic ester <7%
Diethyl phthalate <5%
Isopentane <8%
Titanium tetrachloride <0.65%
Phthalic anhydride <0.6%
Chlorobenzene <0.5%
2-Chloro-1-methylbenzene <0.04%
Iron chloride <0.004%
Aluminum chloride <0.005%

Several samples of non-additive PP and C-PP-PE were identified; the samples were
classified as W1, W2, W3, W4, and W5 according to color. All samples were cleaned many
times with high-purity nitrogen gas in Agilent brand high-pressure vials with a 20 mL
capacity. All samples, including pure polypropylene (PPO), were analyzed immediately.
The PP and C-PP-PE were crushed and sieved to obtain an average particle size of 2 mm.
A standard Prodex Henschel 115JSS mixer (Federal Equipment Company, Lodi, NJ, USA)
was used at 800 rpm for 7 min at room temperature to ensure homogeneity. Subsequently,
the samples were mixed by melt extrusion through a Welex-300 extruder (KD Capital
Equipment, LLC, Scottsdale, AZ, USA) with process temperatures of 190-220 °C. The
samples were prepared following the measurements specified in Table 2.

Table 2. Sample composition.

Moisture, Volatile Matter, Ti Al Cl Fe
wit% wit% ppm ppm ppm ppm

PPO 0.18 99.49 0.98 8.53 13.37 413
Wy 0.33 99.49 0.98 320.23 201.03 99.11
W» 0.21 99.49 0.98 171.12 81.71 51.34
W3 0.18 99.49 0.98 5.15 58.75 7.03
Wy 0.22 99.49 0.98 5.15 105.23 44.51
Ws 0.35 99.49 0.98 410.13 205.33 100.13

2.2. Instrumental Analysis

X-ray fluorescence: For the elemental analysis of metals, mainly of catalyst residues (Ti,
Al, Fe, and Cl), an X-ray fluorescence Malvern Panalytical Axios FAST elemental analyzer
and a Zetium Polymer Edition elemental analyzer were used.
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2.3. Thermogravimetric Analyzer

A thermogravimetric analyzer (Perkin Elmer TGA7; Artisan Technology Group ®101
Mercury DriveChampaign, Champaign, IL, USA) was used for the thermal analysis. In each
experiment, 10 mg of the sample was placed into an alumina melting pot and pyrolyzed
under a high-purity Nj (99.999%) stream with a 60 mL/min flow rate. The heating was
performed at a temperature range of 30-600 °C and a heating rate of 20 °C/min. The
experimental errors were lower than 3% in three runs repeated under the same conditions.

2.4. Gas Chromatography (GC-MS)

The gas stream from the thermo-oxidative pyrolysis process was collected in a properly
deactivated stainless steel cylinder with a capacity of 200 mL. The valve relief was adjusted
in a range of 540-600 psi and then analyzed by an Agilent technology chromatograph
(Agilent Technologies; 5301 Stevens Creek Blvd Santa Clara, CA, USA) with front and
back split/splitless injector ports. The GC apparatus is equipped with seven valves for
gas sampling, eight columns of different lengths and polarity, three detectors, one Pulse
Discharge Helium Ionization Detector (PDHID), one Universal Flame Ionization Detector
(FID), and a mass spectrometer (MS), allowing for the identification of the chemical nature
of oxygenates, sulfur, thiols, and permanent gases in a single operation lasting almost
40 min. The setup conditions were as follows: The run time was 37.14 min. The flow
of helium carrier gas was adjusted to 2.8 mL min~!. The valve assembly transported
the pyrolysis gases to the columns and the detectors. For identifying and quantifying
thiols and oxygenated compounds, an MS Agilent InertPlus 5977 (Agilent Technologies;
5301 Stevens Creek Blvd Santa Clara, CA, USA) quadrupole equipped with an electronic
impact ionization source, set at 230 °C, was used to identify and quantify the thiols and
oxygenated compounds. The FID was used for the hydrocarbon family, and the permanent
gases were analyzed with the PDHID.

The analysis began with the transfer of gases to the chromatograph. At 0.10 min,
the gases were directed to the helium carrier and the initial columns for preliminary
separation. The first column retained the heavier compounds, allowing CO; and other
lighter components to pass to the next column, which separated the CO,. The subsequent
column was used to separate oxygenated compounds, which were then identified using
the mass spectrometer. At 0.16 min, most of the sample was directed to a split vent system,
while a fraction was sent to a column for heavier hydrocarbons and another for lighter
hydrocarbons. At 1.40 min, the sample was moved to a column that retains CO, and allows
CO and other lighter compounds to flow to a final column for separation before detection.
The elution order is CO;, Hj, argon/O,, methane, and CO. Finally, after the elution of
1-pentene, the heavier components were directed to a final column for removal in the
chromatograph’s programmable oven.

2.5. Pyrolysis Setup

The pyrolysis and thermo-oxidative degradation of the five industrial residues (ap-
proximately 20 g in each run) were carried out in a quartz reactor placed in a horizontal tube
furnace. The residue was characterized before pyrolysis and thermo-oxidative degradation,
to determine its chemical composition. Pyrolysis was carried out in a N, atmosphere fol-
lowed by thermo-oxidative degradation. To ensure that the environment was inert during
the experiments, a flow of N, of 100 mL min~! was continuously passed through the reactor.
The pyrolysis and thermo-oxidative degradation temperature was 550 °C, at a constant heat-
ing rate of 10 °C/min. The gases obtained were collected in metal cylinders with sulfinert
alloy, to prevent sulfur compounds from being absorbed, thereby impeding their quantifi-
cation and being reported as pyrolysis and thermo-oxidative degradation impurities.

2.6. Thermodynamical Analysis

The models of Coats—Redfern [45] and Horowitz—-Metzger [46] were used for the
thermodynamic calculations. Both models have a linear approach in which several ther-
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modynamic parameters, such as activation energy and collision factor, can be determined.
Indeed, these mathematical methods have been extensively used in the kinetic analysis of
the thermal decomposition of many solid materials. The different models plot the mass
loss rate as a function of temperature or the reciprocal of temperature.

2.7. Kinetic Modeling

Isoconversional methods study how pure plastics or mixtures of plastic waste decom-
pose over time. This approach makes it possible to calculate three critical factors in the
decomposition rate, assuming that the conversion rate is related to the amount of reactive
substances present. This allows us to describe the decomposition rate using Equation (1),
which considers how the conversion rate changes during the heating process.

du de
T ﬁﬁ =k(T)f () 1)

In this equation,  represents the heating rate (in degrees Celsius per minute), « is the
conversion, f(x) is a function that describes the kinetics with the conversion, and k(T) is a
constant function that depends on temperature. The conversion is defined by Equation (2).

m; —m

A @

In this equation, m; represents the initial mass, m indicates the mass at a specific point
during the degradation process, and ¢ is the final mass. The application of the Arrhenius
equation involves the following:

B = At f(a) ©)

In Equation (3), Ea represents the activation energy in k] mol~!, A represents the
pre-exponential factor (s~!), and R is the gas constant. This equation describes how the
conversion rate varies with temperature, depending on the rate at which it is heated. This
is crucial for understanding the isoconversional kinetic models that will be explained later.

2.7.1. Method 1 and 2: Coats—Redfern and Horowitz—Metzger

This study used approaches that did not involve constant temperature conditions, such
as the Arrhenius equation and various methods like Horowitz—Metzger, Coats—Redfern,
and Flynn-Wall-Ozawa. These methods were employed to obtain information on the
kinetic properties of PP resins with residues from different metals, such as their activation
energy and frequency factor, from data obtained through TG/DTG.

In the Coats—Redfern method, the functions f(c) can be used to determine the kinetic
parameters. Their representation is given by Equation (4):

fla) AR 2RT Ea
mTZ_m[l[SEcz(l_Ea)}_RT 4)

A represents the pre-exponential part. The values of activation energy and pre-
exponential parameters for each f(x) function can be determined using a least squares
linear regression approach, using the slopes and intercepts of the In(f(«)/T?) graphs as a
function of 1/T.

The Horowitz—Metzger model is formulated as follows:

w 0Ea
| = -
i [m Wy — w] = 2303k72 %8303 ©

In the equation, Wy refers to the amount of mass lost at the end of the first decompo-
sition process, while W is the mass loss up to a certain temperature (T). If we plot In[In
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Wi/ (Wr — W)] as a function of 6, we will obtain a straight line. The slope of this line
provides us with the value of Ea (activation energy).

2.7.2. Method 3: Flynn-Wall-Ozawa (FWO)

The calculation of Doyle’s temperature integral forms the basis for the Flynn-Wall-
Ozawa (FWO) approach, which uses a specific mathematical expression, p(x) = exp(—1.052.x
— 5.331). This expression is presented differently in Equation (6). To determine activation
energies, the FWO technique was employed, which is based on the slope of a fitted linear
function that relates Inf to 1/T.

Ea Ea
In p(RT) __5331_1052ﬁ (6)

LAy = AR g _ 105052
In(1-(1-a)"%) =InF" ~Inp 5381~ 1052

2.7.3. Method 4: Kissinger—Akahira-Sunose (KAS)

The KAS method is an integral isoconversion technique that relies on the Coats—
Redfern approximation (4) and uses a fit of Equation (3). This standard Formula (7) can be
expressed as follows:

(Ea) B e(*E/’/RT) _ RZTZe(fEa/RT) (7)
RT) (ﬁ)2 B Eq?
RTiy
1/2
ln<1_(1_a) ) lnﬁ—ln _La (8)
Tm2 Ea p RT

To calculate the activation energy (Ea) and the pre-exponential factor (A), a linear
regression of In [1 — (1 — «)1/2)] against 1/ T2 is performed.

3. Results
3.1. Kinetic Parameters

The determination of the overall activation energy of the degradation process is a
chemical kinetic parameter that provides a comprehensive understanding of the catalytic
effect compared to a non-catalytic process [47-50]. Tables 3 and 4 display the results
obtained for the activation energy for each isoconversion model, ranging from 0.09 to
885.41 kJ/mol, along with their respective equations, by applying the R? contraction
cylinder mechanism, as recommended by Dubdub et al. [51]. This approach proved to be
suitable for this type of mixture.

Table 3. Kinetic parameters obtained by Horowitz and Metz and Coats and Redfern methods.

Sample

Stages

Name Mechanism Horowitz and Metz (HM) Ea/k] Coats and Redfern (CR) Ea/k] A
1 In(In (L ) = 0.1994 + 4.6222 41273 In 00 — —30100 4 37 467 250.26 422 x 107
PPO 2 In(In ( ;) = 0.04220 — 1.1644 173.48 In [*'“<T+“” ==13804 4 71851 127.24 6.01 x 10°
3 In(In ( 1; ) = 0.06676 — 1.0588 274.19 In (il _% +27.39 24156 6.76 x 101°
1 In(In (L) = 0.00026 + 1.056 0.82 In (0] 32578 _ 9.9442 27.09 1.90 x 107
w, 2 ln(ln (ﬁ) = 0.00076 + 1.1483 2.88 In -l — 71754 *71754 —3.7459 59.66 9.40 x 10*
3 (ﬁ) 001716 + 1.882 70.30 n o=l :% +13.498 155.74 400 x 10°
1 In(In (ﬁ) = 001590 — 2.693 65.36 In -] - =38598 _ 99783 32.09 2.49 x 107
W, 2 In(In Ell = 0.03780 — 13818 155.39 In =l :*85221 1.9798 70.86 1.85 x 10*
3 In(In (13 ) = 0.075560 — 1.4893 310.37 In -0l _ 54857 | 37,033 289.65 1.20 x 102

17
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SIGTIE? M esctﬁfs’s m Horowitz and Metz (HM) Ea/k] Coats and Redfern (CR) Ea/k] A
1 In(In (L) = 0.05466 — 0.3011 224.45 In Hn<T+a)J —=17228 4 10837 143.68 2.48 x 108
W3 2 In(In (L ) = 0.04250 — 1.6025 174.71 In % — 26804 | 9508 222.86 6.25 x 1014
3 In(In (L ) = 0.06636 — 1.2822 272.55 In % — 41516, 4598 345.18 1.16 x 10%
1 In(in (45 ) = 0.0360 — 27017 147.99 In EIn(0-0)] _ 51557 _ 6 9419 4284 150 x 106
Wi 2 In(In (15 ) = 0.01460 — 23436 60.02 In -l :ﬂ +1.4208 86.46 1.24 x 104
3 In(In (15 ) = 00350 — 09313 143.88 In 0=l 32158 4 33 739 267.21 247 x 1018
1 In(In (1) = 0.0259 —2.1057 106.47 In [FR=l _ =31747 _9,6004 26.40 1.37 x 107
Ws 2 In(in (5 ) = 001390 — 1379 57.14 In PG| _ 8477 *8477 —0.6612 7048 5.00 x 10°
3 In(In (1) = 0.03130 - 0.3835 128.67 In =l :ﬂ +24.342 212.09 2,67 x 104
Table 4. Kinetic parameters obtained by Flynn—-Wall-Ozawa and Kissinger-Akahira—Sunose methods.
p y rly g
Sample Stages Flynn-Wall-Ozawa (FWO) Kissinger-Akahira-Sunose (KAS)
Name Mechanism Equation Ea/k] A Equation Ea/k] A
1 In(1-(1-a)!/?) = =272 1 05694 1073 1.38x10° Ly G . - A< Y. 297 292x10
PO 2 In (1-(1-a)"/?) = 12220 4 1.9797 1027 5.66x10° 1T ) _ “12992 11131 1080 7.14 x 10°
3 In (1-(1-a)"/?) = 74880 1171200 6172 213x10% In (1 L ”Z> — 106490 4 135 43 88541 6.66 x 10°0
1 In (1 —a- 4)1/2) = 14738 | 03854 1.16 1.15%10% In (1 Ly 0%\ _ “M718 13 497 1.22 7.63 x 107
W, 2 In (1 —a- a)l/Z) = =26290 | 3 6557 21.83 3.04x10° Tm I =370 _ g 506 2837 514 x 10°
3 In (1 —(1-a)V 2) = 330680 4 447 2614 6.83x10° In (200" 0 _ “HB8 7591 3412 1.89 x 10°
1 In (1 —(1- a)l/z) = =38540 4 04659 3.05 6.83x10° (= (17 02\ _ 340 19619 3.20 3.10 x 107
W, 2 In (1 —(1- ,X>1/2) = =34659 4 0403 274 1.17x10° In 02N _ =2 1971 2.86 3.43 x 107
3 I (1-(1-a)"?) = 252 403876 265 115x10° In (1 1T ) ”z — =380 1377 281 343x107
1 In (1 -(1- a)“z) = =152 _ o672 0.09 1.53%10° In (1 g “Z) = =92 13770 016  1.03 x 108
W, 2 In (1 (1-)/?) = 21940 4 18677 1323 507x10° 1T O w0 g7 282 171 x10°
3 In (1 (1-)/?) = =482 4 56611 5077 469x10° L) 60y 501 5249 104 x 10
1 In (1 . a)l/z) = =338 L 05747 047  1.39x10° In (1 a- w”) _ =938 13686 049 844 x 107
W, 2 In(1-(1-a)"7?) = 2440 12 6 1590 8.88x10° In (1 = >”2> — =300 _g556 2329 140 x 10°
3 In (1 (1—a 1/2) =780 | 5008 2989 1.28x107 In (1 e ‘“) - =N 6057 4354 467 x 104
1 In (1 C(-a 1/2) 1358 _ 3758 1.25 1.14x10° S ”2) = I35 13487 132 763 x 107
Ws 2 In (1 (1-a 1/2) =244590 4 31623 19.33 1.85x10° 1- <1T 0 307980 _ g 20 2561 748 x 107
3 In (1 (1-w ”2) —533830 1 7186 4219 1.03x10° L) _ a0 745 3498 171 x 10°

Tp?

Mechanism of Pyrolysis

Understanding the mechanism of a chemical reaction is fundamental in industry
and science, as it provides a step-by-step understanding of the transformation process
of reactants, allowing researchers to predict product outcomes, optimize reaction condi-
tions, and devise strategies to synthesize new compounds more efficiently. In this sense,
a thermodynamic and mechanistic analysis of the pyrolysis of pure polypropylene (PPO)
and PP matrices contaminated with Ziegler-Natta-type metal catalyst residues in an inert
N, atmosphere is presented below. The pyrolytic process was recorded using TGA, and
pyrolysis effluent gases were analyzed using GC-MS to identify the identities of the emerg-
ing gases and propose a decomposition mechanism. Catalyst residues are predicted to
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catalyze the process, decreasing the activation energy of the polymer matrix decomposition.
Naturally, the physicochemical processes are related to multiple discrete numbers, both
in the quantities of the substances consumed and in the products formed (Law of definite
proportions); similarly, in a thermogravimetric run, an intrinsic relationship is recorded,
in which the mass decreases by evaporation depending on the boiling temperature and
chemical properties of the substances formed. This dynamic allows us to obtain an almost
fingerprint thermodynamic record of the processes, allowing us to determine the velocity
counters and the energy barriers associated with the discrete mass losses, which change
from one particular process to another. In the pyrolysis process of polypropylene, three
distinct linear trends in mass change were identified, allowing us to propose three marked
stages or steps during the process. These stages were observed in the temperature ranges
of 370-610 °C, 620-660 °C, and 670-750 °C, with some variations (see Figure 1).

a (b)
@ 4o g
=12 - y=-20,053x+27.39 24 2
=29, . y=0.0667x-1.0588 &
R?=0.9866 ] R’=0.9973 o
/./
— = 0 -
T 144 o
= o
5 5 y=0.0422x-1.1644 .
-2 | 2= 7
= -16- . i 2 R?=0.9989 /./o
c o = P
= y=15304x+31,462 @~ 5 /./‘
[ R2=1 = -1 »
5 -18 4 y=-30,100x+31,462 s o
R220.9779 1 .
_6 -
=20
y=0.1004x+4.6222
-8 4 R?=0.9855
-22 4
! ! ! J J 1 -10 T T T T T T T T T T T
0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 -140 -120 -100 -80 -60 -40 -20 O 20 40 60
1IT(°C_1) 0 (°C)
c (d)
( ) -13.1
] -0.2 4
-13.2 4 y = -4,104x+5.5904
y =-4,207x-7.415 R2=0.9951
— R?=0.9986 -0.3 4
& -13.3+ 0.3
£ el )
5 -13.4 ? -0.4 4
=L 1 s
O -135- T
= ] = -05-
= -136 5
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Figure 1. A Thermal decaying model according to the following: (a) Coats and Redfern; (b) Horowitz
and Metz; (c) Kissinger—Akahira-Sunose (KAS); and (d) Flynn-Wall-Ozawa (FWO).

On the other hand, the proposed stages are supported by the stability and concen-
tration of the substances found in the gaseous effluents of pyrolysis, also based on the
theoretical guidelines established by organic chemistry “summarizing, from the most re-
duced to the most oxidized substances”. In detail, after melting the solid PPO matrix
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(approx. 300-350 °C), no variation in mass percentage is observed. It is expected that the
initial stage corresponds to a process of the decomposition or de-polymerization of the
linear chains to form reactive hydrocarbon structures of smaller size, free radical type;
this process is quite complex and dynamic due to the number of free radicals formed.
Although TEAL and TiCly residues may influence the process, their exact catalytic role
requires further investigation (see Table 5).

Table 5. Elemental characterization and activation energies of PPO and PP matrices contaminated
with ZN catalysts. * Horowitz and Metzger method. ** Coats and Redfern method. *** Flynn—Wall-
Ozawa. **** Kissinger—Akahira-Sunose.

Sample Activation Energies Elemental Composition of Catalyst Residues
Name * Ea/k] ** Ea/k] *** Ea/k] **x% Ea/k] Ti/ppm Al/ppm Cl/ppm Fe/ppm

412.73 250.26 10.73 2.97

PPO 173.48 127.24 10.27 10.80 0.98 8.53 13.37 413
274.19 241.56 61.72 885.41

0.82 27.09 1.16 1.22
Wy 2.88 59.66 21.83 28.37 0.98 320.23 201.03 99.11
70.3 155.74 26.14 34.12

65.36 32.09 3.05 3.20

W, 155.39 70.86 2.74 2.86 0.98 171.12 81.71 51.34
310.37 289.65 2.65 2.81
224.45 143.68 0.09 0.16

W3 174.71 222.86 13.23 22.82 0.98 5.15 58.75 7.03
272.55 345.18 50.77 52.49
147.99 42.84 0.47 0.49

Wy 60.02 86.46 15.90 23.29 0.98 5.15 105.23 44.51
143.88 267.21 29.89 43.54
106.47 26.4 1.25 1.32

W5 57.14 70.48 19.33 25.61 0.98 410.13 205.33 100.13
128.67 212.09 42.19 34.98

In this study, the magnitude of changes in activation energy is presented sequentially
using the three methods (see Tables 3 and 4). It has been observed that the activation
energies calculated using the Coats—Redfern method are lower than those obtained with the
other two methods. Conversely, the Ea values computed using the Chan et al. [52] method
are lower than those obtained by the Horowitz and Metzger method but higher than those
from the Coats and Redfern method. These variations in activation energies calculated
with the three method may be attributed to different approximations of the temperature
integral [3]. It is important to note that while these values may not be the most precise,
they provide an approximate range of parameters. Activation energy data obtained by
each specific method can be conveniently used to compare the relative thermal stability of
different polymers.

The complexity of the process is reflected in the wide range of temperatures involved;
it can be proposed that this is an extensive and dynamic process, as initially, the long
PPO chains must be decomposed to give rise to the formation of lower-molecular weight
hydrocarbons, such as propylene, ethylene, etc. In PPO or PP without catalyst residues,
bond breaking is purely thermal. There are two methods to break a bond: using pure
thermal energy or through the intervention of a catalyst, which lowers the energy barrier
and increases the effectiveness of interactions (making collisions more effective). TEAL and
TiCy, residues reduced the activation energy by approximately 50-90% (Table 5). In the
subsequent phase, the most probable and concentrated secondary by-products found in
the pyrolysis exhaust gases are more stable alkanes, alkenes, and alkynes, such as methane,
ethane, isopentane, and propylene. These compounds are formed from the most likely
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radicals: methyl, ethyl, and propyl. These hydrocarbons were found in concentrations
of approximately 6-57%. This process is faster due to the high reactivity of the precursor
radicals. Additionally, it is associated with a shorter temperature range and reduced
process time; this is also due to the high reactivity of the precursors and the less condensed
phase in which they are found, which accelerates and facilitates more effective collisions,
leading to the final products reported here (Schemes 1 and 2). Finally, the oxidation of
hydrocarbons (alkanes and alkenes) consumes all the oxygen, nitrogen, sulfur, and part of
the hydrogen from the oxygenated structures and the remaining water vapor, leading to
the formation of alcohols, ketones, carboxylic acids, and combustion gases such as CO,,
H,S, etc. (Table 6). The oxidized substances were found in low concentrations (below 1%)
due to the low availability of oxidizing species. The second phase occurs rapidly and over
a shorter temperature range due to the higher reactivity of the formed species (ordinary
molecular weight alkyl radicals). In summary, once the polymeric matrix is molten, it
decomposes thermally or catalytically; the reactive species lead to the formation of stable
hydrocarbons, which are then oxidized to form alcohols, ketones, and other oxidized
species. After analyzing the physicochemical process of the anaerobic decomposition
of PP and the intermediate by-products, it is possible to design a catalytic protocol to
decompose polymeric matrices into hydrocarbons that can later be used in the energy and
petrochemical industries.
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Scheme 1. A proposed mechanism for the decomposition of polypropylene.
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Scheme 2. Oxidation reaction mechanism of hydrocarbon gases. Concentration of gases was esti-
mated from peak area of chromatographic run.
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Table 6. Percentage groups of compounds in thermo-oxidative degradation.
Compounds PPO Waste 1 Waste 2 Waste 3 Waste 4 Waste 5

Alkanes 30.52 15.54 26.89 32.34 25.1 16.85

Alkenes 67.63 55.15 49.85 66.32 49.39 52.05

Alkynes 0.93 3.88 2.84 0.79 4.29 3.75

Alcohols 0 9.7 7.44 0 8.58 10.78

Ketones 0 5.25 4.7 0 5.1 5.89

Acids 0 5.29 3.95 0 418 4.96

Permanent 0.82 5.25 4.32 0.83 3.42 5.79

3.2. Thermodynamic Analysis

For the following thermodynamic analysis of the thermogravimetric profile of pyroly-
sis, the Coats—Redfern (C-R) [53] and Horowitz—Metzger (H-M) [46] approximations were
used, which are related to or generated from the Arrhenius theoretical approximation [54].
Before the thermodynamic analysis, temperature ranges with marked linear trends were
identified and separated. Once the linear approximations of the C-R and H-M methods
were modeled, the activation energies of the three proposed processes were determined,
finding consistency in the order of magnitude. In the samples contaminated with catalyst
residues, it was found that aluminum and titanium catalyst residues markedly decreased
the energy barrier in the three stages by about 50-90% (see Table 3). Specifically, TEAL
concentrations (represented as Al) of approximately 400 ppm reduced the activation energy
notably by about 90%; in Table 3, it can be seen that in most of the tests with the contami-
nated samples, the activation energy in the three stages was below the activation energy of
PPO, except in samples W2 and W3, which presented similar activation energies in stage 3
of the mechanism.

Another important aspect is that the most significant decrease in activation energy
occurred in the initial phase, which is the determining phase of decomposition. The con-
taminated samples mixed with the additive IRGAFOS P-168 (IG-P168) presented the same
behavior as pure PPO, suggesting that the residues of TEAL and TiCly react beforehand
with the additive, being consumed before the decomposition of the polymeric matrix.
Figure 2 shows the thermal profile of PP and W2+1%IG-P168, where parallel mathematical
trends can be observed, corroborating the hypothesis that the additive may consume the
excess catalysts before polymeric decomposition.

Finally, it is essential to highlight that the pyrolysis of polypropylene (PP) using
Ziegler—Natta catalysts has a significant impact by significantly reducing the activation
energy of the process. This phenomenon leads to the production of gaseous hydrocarbons,
which are of great industrial interest in the energy and petrochemical chains. Consequently,
this type of process can be proposed as relevant to the circular economy framework, offering
valuable insights for sustainable resource management.

All the tests reveal a greater degree of degradation in samples W1 and W5, which, in
turn, present the highest levels of Al, Cl, and Fe. On the other hand, it was determined
that PPO and W3 are the most stable since they have the lowest concentrations of these
metal residues. See Figure 3. The trend in these results suggests that TEAL and TiCly
undergo decomposition processes that generate free radicals, as previously mentioned
and shown in Figure 4a. These free radicals, in turn, react considerably with the polymer,
accelerating its degradation. For samples PP0 and W3, Ea values of 286 and 224 k] mol !
were obtained using the Horowitz-Metzger method. These values are the highest and are
related to lower mean concentrations of Al, Cl, and Fe, which are 5.15, 13.37, and 4.13 ppm,
respectively. As for samples W1 and W5, with the Coats—Redfern method, a maximum Ea
value of 80.83 k] mol~! for sample W1 and 102.99 kJ mol~! for sample W5 was recorded.
The average Al, Cl, and Fe concentrations increased compared to the previous samples,
reaching values of 320.23, 201.03, and 99.11 ppm, respectively. Finally, for samples W2 and
W4, the highest Ea values were obtained: 177 k] mol~! for W2, using the Horowitz-Metzger
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model, and 132.17 k] mol~! for W4, with the Coats—Redfern model. This group’s mean Al,
Cl, and Fe concentrations were 88.135, 93.47, and 47.93 ppm, respectively.
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Figure 2. Comparison of EA decays according to H-R methods for PPO and samples contaminated
with additive Irganox (W2 + 1% de IGP-168).
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Figure 3. Comparison of thermal decays according to H-R methods for PPO and samples con-

taminated with additive Irganox (W1 + 1% de IGP-168); (a) TGA profile and (b) DTG curves of
different samples.

As is widely recognized, the presence of metals during the degradation of PP acts as a
catalyst factor, facilitating the formation of oxygenated compounds (alcohols, aldehydes,
ketones, carboxylic acids, and permanent gases) [16,31,40,42]. From a thermodynamic
point of view, these oxygenated species are more stable than other degradation products.
The catalytic influence of metals reduces the activation energy necessary for the formation
reactions of these compounds, which promotes their appearance during the PP degra-
dation process, as indicated in Scheme 2. Sample analysis (Figure 4b) revealed a direct
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relationship between the presence of metals, the formation of oxygenated species, and the
lowest activation energies observed. Specifically, samples with higher concentrations of
aluminum (Al) (Figure 4a) showed more significant amounts of oxygenated compounds.
This finding underlines the catalytic role of metals in generating oxygenated species during
PP degradation.
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Figure 4. (a) Activation energy (Ea) values for residual products using the Coats—Redfern, Ozawa,
Horowitz-Metzger, and Kissinger models; (b) relationship between oxygenated compounds formed
during PP degradation and activation energy in each sample.

4. Discussion

In the research titled “Kinetic Analysis of Thermal Degradation of Recycled Polypropy-
lene and Polystyrene Mixtures Using Regenerated Catalyst from Fluidized Catalytic Crack-
ing Process (FCC)”, the focus is on the regeneration of catalysts and their application in
the pyrolysis of recycled mixtures of polypropylene and polystyrene [55]. The study’s
approach, which is of paramount importance in addressing plastic waste management
and the potential for harnessing its energy value, is a significant contribution to the field.
The results revealed that the integral isoconversion model by Starink provided the best
fit to the experimental data, suggesting it is the most suitable method for describing the
degradation kinetics in this context. The values of activation energy obtained at different
heating rates (188, 215, and 148 k] /mol) are crucial because they indicate the amount of
energy required for thermal degradation to occur. In this case, lower activation energy
values suggest that the degradation process is more efficient and, thus, more accessible to
initiate. This could be beneficial in applications where the rapid conversion of plastic waste
into valuable products, such as hydrocarbons, is desired.

Our study focused on analyzing the thermal degradation of polypropylene (PP) and
how catalyst residues, such as iron, aluminum, and chlorine, influence this process. Various
kinetic models, including Coats—Redfern (CR), Horowitz-Metzger (HM), Flynn-Wall-
Ozawa (FWO), and Kissinger—Akahira-Sunose (KAS), were employed to analyze the
degradation kinetics. The results demonstrated that Ziegler—Natta catalyst residues signifi-
cantly decrease the activation energy of pyrolysis, making the process more efficient and
more accessible to initiate. This reduction in activation energy is fundamental as it reduces
the costs and energy required for pyrolysis. The obtained activation energy values, such
as 885.41 kJ /mol in clean PP and 0.09 k] /mol (W3) in the sample with catalyst residues,
illustrate how these residues can expedite the PP degradation process.

5. Conclusions

In conclusion, physical polymer recycling provides assurances for economic and
environmental well-being. However, chemical recycling, primarily through the pyrolysis of
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olefinic polymeric matrices, offers a compelling alternative by providing cleaner and more
durable materials with enhanced mechanical performance. This study has conducted an
analysis of the products generated during the pyrolysis and thermo-oxidative degradation
of C-PP-PE, revealing hydrocarbon gases as the predominant products, constituting over
50% and holding significant value in the petrochemical industry. The identification of
oxidized substances indicates that less than 1% is attributed to residual water vapor and
other oxidative species.

These findings contribute valuable insights that extend beyond the laboratory, in-
forming real-world applications in polymer recycling, industry practices, and sustainable
material development. It is essential to highlight that isoconversional models provide
detailed information on the kinetics and mechanisms of degradation. This information
can be utilized to optimize industrial processes related to the production and recycling
of polypropylene, potentially leading to significant cost reductions and efficiency im-
provements. Additionally, understanding the action of inorganic chemical residues in
polypropylene degradation is crucial for developing more effective recycling technologies,
contributing to designing chemical recycling methods that minimize environmental impact
and maximize the recovery of valuable materials. The results of this study could have direct
implications for industrial plastic waste management, enabling the implementation of more
sustainable practices to reduce the amount of plastic waste and improve the quality of
recycled materials. Furthermore, understanding degradation mechanisms could contribute
to the design of more robust and durable polypropylene resins, with potential applications
in manufacturing plastic products with an extended lifespan. These aspects reinforce the
relevance and practical impact of the presented research, making it clear that the findings
are not just theoretical but have tangible implications for the industry and the environment.
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