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Abstract: During the COVID-19 pandemic, polypropylene waste generated in hospitals increased
significantly. However, conventional strategies for the final disposal of environmental waste, such
as incineration, proved inefficient due to the generation of toxic chemical species. In this research,
these PP wastes were mixed with 1.5, 20, 150, 200, and 400 mg of iron oxide (FeO), extruded, and
pelletized to obtain samples HW-PP-0, HW-PP-1, HW-PP-2, HW-PP-3, and HW-PP-4, respectively.
XRF, TGA, and GC-MS characterized these samples. The samples were subjected to pyrolysis and
thermo-oxidative degradation with controlled currents of nitrogen and oxygen. The characteriza-
tion of the gases resulting from pyrolysis was carried out with a GC-MS, where the results showed
that HW-PP-0 (mixed with 1.5 mg of FeO) presented the highest concentrations of alkanes (35.65%)
and alkenes (63.7%), and the lowest levels of alkynes (0.3%), alcohols (0.12%), ketones (0.04%), and
carboxylic acids (0.2%). The opposite was observed with the hospital waste HW-PP-4 (mixed with
400 mg of FeO), which presented the highest levels of alkynes (2.93%), alcohols (28.1%), ketones
(9.8%), and carboxylic acids (8%). The effect of FeO on HW-PP-O during thermo-oxidative degra-
dation generated values of alkanes (11%) and alkenes (30%) lower than those during pyrolysis. The
results showed the catalytic power of FeO and its linear relationship with concentration. This re-
search proposes the mechanisms that can explain the formation of different functional groups of
various molecular weights which allow us to understand the presence of alkanes, alkenes, alkynes,
alcohols, ketones, and carboxylic acids.

Keywords: COVID-19; hospital plastic of polypropylene waste; pyrolysis; sustainable catalyst;
oxide iron; GC-MS

1. Introduction

The polymeric materials used in medical devices, such as single-use syringes, blister
packaging for pills and capsules, joint replacement implants, intravenous solution bags,
catheters, and cardiac assist devices, are crucial for sustaining human life [1]. The human
body carries medical implants made from polymeric materials. Despite the extensive ad-
vantages of these materials, large-scale production and improper waste management
have raised environmental concerns [2]. In 2018, the production of polymeric materials
reached a total of 360 million metric tons (Mt), generating 7 Mt of waste (3.3 Mt corre-
sponding to short-lived products), of which approximately 23% was incinerated, 26% was
recycled, and 43% was inadequately managed [3,4]. By 2050, it is estimated that approxi-
mately 12 billion metric tons of polymeric waste will have accumulated in landfills and
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the natural environment [5]; meanwhile, greenhouse gas (GHG) emissions related to the
production and use of plastics are projected to account for 15% of the total global carbon
budget [6]. The limited biological degradation, combined with excessive use, improper
disposal, and poor management, has led to the accumulation of polymeric waste in ter-
restrial and aquatic areas worldwide. This accumulation impacts native wildlife and flora,
agriculture, the fishing industry, and the tourism sector, while also posing a threat to hu-
man health and safety [7].

The sudden increase in the need to use polymer objects to safeguard the general pop-
ulation, patients, and healthcare workers is one of the severe environmental consequences
of any pandemic emergency, such as the one caused by COVID-19 [8]. The widespread
use of protective equipment worldwide due to the pandemic causes significant supply
chain disruptions and waste management complications. It is anticipated that the demand
for various polymeric products, such as personal protective equipment (PPE), including
gloves and masks for healthcare workers, as well as general plastic materials like syringes,
will follow the trajectory of the pandemic globally.

Polymeric items commonly used are often contaminated with pathogens and should
be considered hazardous waste. Plastic waste management was already a severe environ-
mental issue before the onset of the COVID-19 epidemic, owing to escalating concerns
about pollution in terrestrial and marine ecosystems [1,9]. Global waste management sys-
tems have already faced challenges in handling current plastic waste, and the anticipated
increase in waste resulting from the COVID-19 pandemic threatens to overwhelm both
waste treatment systems and the capacity of healthcare services. Medical waste generated
in hospitals is particularly complex due to the need to eliminate any remaining microor-
ganisms [2,10].

Commonly, processing facilities are designed to handle conditions of stability, where
medical waste is treated with uniform flow and composition. Heat-based methods such
as incineration, steam sterilization (autoclaving), plasma treatment, and microwave appli-
cation are employed in various treatment technologies [11]. An associated issue involves
determining the optimal location for building new facilities to manage the increase in
waste volume. Economic, environmental, safety, regulatory, and public acceptance issues
are all factors to consider. However, these concerns arose late in the onset of the epidemic.
Because these systems were designed to manage the quantity of waste generated under
normal conditions, the projected volume of waste significantly exceeds the current capac-
ity to handle hazardous medical waste [12,13].

Conventional sterilization techniques for managing COVID-19 medical waste (MW)
include cremation and physical and chemical methods. These sterilization procedures are
employed at various stages of waste management systems (WMSs) to handle different
types of MW [14]. Cremation at high temperatures could be the most advanced or effective
technology for managing chemical waste and would be an appropriate measure for de-
contaminating infectious and medication-related chemical waste. Although incineration
technology can efficiently break down SARS-CoV-2 viruses at high temperatures, it pre-
sents certain disadvantages, such as the emission of toxins into the environment, high-
lighting the urgent need to develop alternatives for treating contaminated medical waste.
Thermal technology has proven competent in degrading these wastes and can be classified
into two main categories: pyrolysis and microwaves [15]. Pyrolysis is one of the thermal
processes in which organic materials (solid and liquid waste), under oxygen-deficient con-
ditions, decompose into smaller substances such as solid or liquid fuels, crude synthetic
gases, and carbon-based materials. The resulting products have significant value in the
market and can offer an energy alternative to existing fossil fuels. When subjected to py-
rolysis processes, plastic waste arising during the COVID-19 crisis can generate valuable
energy resources such as fluid oil, gases (synthesis gas, hydrogen), hydrocarbons, and
carbon residues [15]. The liquid oil produced as one of the by-products has a high calorific
value, with attributes very similar to those of any commercial fossil fuel [16].
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Iron catalysts are widely used in thermal conversion due to their efficiency and low
cost [17]. On the other hand, Al2Os is commonly used as a support material due to its
affordable price, high mechanical strength, and thermal stability [18]. For example, Jin et
al. [19] demonstrated that a Fe/Al20Os catalyst significantly increases hydrogen production
during the catalytic decomposition of methane. Similarly, Xu et al. [20] observed that
Fe/AL:Os catalysts significantly enhance the oxidative dehydrogenation of ethane. Addi-
tionally, Yao et al. [21] reported that Fe-Al catalysts are effective in the thermal conversion
of plastic waste, achieving high hydrogen and carbon production yields. Despite consid-
erable efforts in plastic recycling, most research has focused on specific products such as
synthesis gas [22], liquid fuels [23], the co-production of synthesis gas and carbon [24],
and the generation of hydrogen and carbon nanotubes [25]. However, the relationship
between the Fe/Al:Os ratio and the pyrolysis behavior of plastics and the resulting prod-
ucts must still be fully understood. Therefore, establishing the connection between the
catalyst composition and the product characteristics, and unraveling the catalytic mecha-
nism in plastic waste pyrolysis, are crucial for improving process efficiency and product
quality. The innovation of this study lies in the efficient use of FeO catalyst residues in
pyrolysis to degrade the polymeric products generated during the pandemic. So far, no
study has addressed this issue. Among the various catalysts used in plastic pyrolysis,
those based on transition metals stand out for their capacity and partially filled 3D orbit-
als, which favors the dissociation of hydrocarbons through electron acceptance. Iron cat-
alysts fit this profile, being abundant in nature and economical [26-30]. Iron oxide (FeO)
has been used as a catalyst in the catalytic pyrolysis of PP [17,29,31-33]. With these cata-
lysts, the effects of various sources of plastic waste on the quality of synthesis gas have
been evaluated [34-38], and different supports have been explored to improve the effi-
ciency of pyrolysis [39—-41]. Additionally, an improvement in the production of hydrogen
and nanomaterials has been observed [26,35,42-47]. FeO has also been employed in the
pyrolysis of industrial virgin PP waste, generating hydrocarbon mixtures containing pro-
pylene in proportions ranging from 25.76% to 57.17% molar.

This research highlights the current COVID-19 crisis in managing, treating, and dis-
posing of contaminated medical waste (CMW). It also seeks to provide effective solutions
for the current challenges faced during COVID-19 conditions, particularly in waste man-
agement processes. The emphasis on the ecological approach of pyrolysis is of particular
significance, as it could constitute an efficient treatment method for transforming CMW
into valuable energy products.

2. Materials and Methods
2.1. Classification of Medical Waste and Optimal Treatment Options

Common waste comprises solid waste generated during non-medical direct activities
(e.g., office waste, cafeteria waste). Infectious and potentially infectious waste is consid-
ered a subcategory of microbiology and biotechnology waste. Pharmaceutical waste be-
longs to the category of medications and cytotoxic drugs. Sharps waste (both used and
new) includes blades, needles, scalpels, syringes, glass, and similar materials that can
cause cuts or punctures. Chemical waste consists of products used in treatments or disin-
fection processes.

This study does not address liquid waste generated by medical activities. Radioactive
sources are not used in the analyzed hospitals; therefore, such waste was not considered
in the impact study.

2.2. Pyrolysis of Medical Waste: Process and Considerations

Pyrolysis is a waste combustion process carried out with a reduced oxygen content,
low airflow, and relatively controlled low temperature. This method allows for the treat-
ment of specific fractions of hospital solid waste, including infectious and pathological
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materials, at extremely high temperatures ranging between 800 °C and 900 °C. The resid-
ual ashes, representing between 3% and 4% of the original mass, were properly managed
in a controlled landfill to prevent soil and water contamination.

Catalytic pyrolysis experiments were conducted using thermogravimetry (TG) (NE-
TZSCH STA 449 F3; NETZSCH Business Services GmbH, Selb, Germany) in conjunction
with gas chromatography-mass spectrometry (GC-MS). Sample sizes of approximately 25
mg with diameters less than 1 mm were used. Nitrogen was injected into the reactor at a
flow rate of 3 mL/min to purge the reactor and create an inert atmosphere. The reaction
time for each catalytic pyrolysis experiment was set to 45 min. All these details are also
described in Table 1.

Table 1. Operating conditions of the chromatograph.

Experimental Conditions of Thermogravimetric Analysis

Temperature Flow
40-900 °C. 10 °C/min 20 mL/min N2
Experimental conditions of Chromatography
Agilent 7820A-5975 (Agilent Technologies, Santa Clara, CA, USA) He Carrier: 1 mL/min
Column #1: HP-5MS (5% PhenylMethyl Silox, 30 m x 0.25 mm Oven temperature: 40 °C x 4 min, then heated to 250 °C a 10
I.D. x 0.25 pm), Column #2: HP- °C/min,
MOLESIEVE (30 m length, 0.53 and 250 °C x 5 min. The split ratio is 10:1. S source and MS
mm 1.D) quad are 230 and 150 °C.
Experimental conditions of thermogravimetric analysis
Temperature Flow
40-900 °C. 10 °C/min 20 mL/min N2
Experimental conditions of Chromatography
Agilent 7820A-5975 He Carrier: 1 mL/min
Column #1: HP-5MS (5% PhenylMethyl Silox, 30 m x 0.25 mm Oven temperature: 40 °C x 4 min, then heated to 250 °C a 10
ID. x 0.25 pm), Column #2: HP- °C/min,
MOLESIEVE (30 m length, 0.53 and 250 °C x 5 min. The split ratio is 10:1. S source and MS
mm [.D) quad are 230 and 150 °C.

The resulting solid waste, after treatment, is inert and is deposited in landfills. Due
to the controlled conditions of combustion, pyrolysis is more manageable than incinera-
tion and is often preferred for waste treatment in developed countries, according to the
literature.

2.3. Sampling of PP Hospital Waste (HPW)

The HPW was sampled during the pandemic, specifically between June and Decem-
ber 2021, in a hospital in the north of Cartagena-Colombia. The samples were delivered
by the competent clinic staff and treated using the safety protocols designed by the Co-
lombian government. They were washed with steam, dried at room temperature, ground
to a mesh size of 120 microns, and dried in an oven at 80 °C. The HPW was divided into
five samples of 1 kg each. See Table 2.

Table 2. Sample processing conditions.

HPW Samples HPW (kg) Washing FeO (mg)
HW-PP-0 1 steam water 15
HW-PP-1 1 steam water 20
HW-PP-2 1 steam water 150
HW-PP-3 1 steam water 200
HW-PP-4 1 steam water 400
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Samples HW-PP-0 to HW-PP-4 were independently premixed with 1.5, 20, 150, 200,
and 400 mg FeO. A standard Prodex Henschel 115]JSS mixer (Perry (Hainesport, NJ, USA))
was used to homogenize the mixtures at 800 rpm for 7 min at room temperature. Subse-
quently, the samples were mixed by melt-extrusion using a Welex-200 24.1 extruder (KD
Capital Equipment, LLC, Scottsdale, AZ, USA). The extruder temperatures were 190, 195,
200, 210, 210, and 220 °C. See Figure 1.

T
\

Feil

Medical equipment Extrusion

Mixer

Figure 1. Processing diagram.

2.4. Humidity

With a Vapor ProXL Computrac (BROOKFIELD AMETEK, Middleborough, MA,
USA), the HPW samples were examined for moisture content. HPW samples of 5 g were
filled into a 25 mL glass vial.

2.5. XRF (X-ray Fluorescence)

The Axios FAST elemental analyzer (Malvern Panalytical Ltd., Malvern, UK) and the
Zetium polymer editing elemental analyzer from Malvern Panalytical were used to per-
form X-ray fluorescence analysis of metal residues produced during catalysis [48].

2.6. MFI (Melt Flow Rate)

The melt flow index was determined using a Tinius Olsen MP1200 (MFI) plastometer
(Imocom S.A. Columbia, Bogota, Colombia, S.A.). A 2.16 kg piston was used to move the
melt when the internal temperature of the plastometer barrel was 230 °C [49].

2.7. TGA (Thermal Gravimetric Analysis)

A Perkin Elmer TGA 7 thermobalance (Artisan Technology Group® 101 Mercury
Drive, Champaign, IL, USA) was used to perform thermogravimetric analysis (TGA). The
samples weighed between 18 and 22 mg. In the experiments, the samples were heated
from 30 to 700 °C at a continuous rate of 10 °C per minute while being exposed to nitrogen
at a flow rate of 50 mL per minute. It was derived from the TGA curve as the temperature
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at 5 percent weight loss, and the maximum degradation temperature was derived from
the DTG curve.

2.8. Analysis of Variance (ANOVA) and Error

Data analysis was performed using Minitab 18 statistical analysis software®© 2024 for
scientific data. An ANOVA of a single response factor (Mass %) was performed, using
Tukey’s grouping method with 95% confidence and a = 0.05. The parameters associated
with the error of this analysis, such as sum of squares of the error (Adjusted SC) and mean
of squares of the error (Adjusted MC), were automatically calculated by the software.

3. Results and Discussion
3.1. Elemental, Proximal, and Final Analysis

Table 3 shows the elemental composition of HW-PP-0, HW-PP-1, HW-PP-2, HW-PP-
3, and HW-PP-4. No significant differences in volatiles, ashes, carbon, nitrogen, oxygen,
Ti, Al, or ClI compositions are observed. These measurements allowed us to demonstrate
the amounts of Fe added and to show that although FeO is not added to HW-PP-0, this
contains 1.16 mg kg, which must be associated with the origin of the same sample. The
rest of the samples show the expected trends.

Table 3. Mass percentages of aggregation states and elements of the HPW samples.

Feed HW-PP-0 HW-PP-1 HW-PP-2 HW-PP-3 HW-PP-4
Proximate analysis (as received)
Moisture, wt% 0.15 0.27 0.33 0.32 0.39
Volatile matter, wt% 99.7 99.53 99.51 99.43 99.32
Fixed carbon, wt% 0.11 0.13 0.13 0.18 0.09
Ash, wt% 0.04 0.07 0.03 0.07 0.2
Ultimate analysis (as received, wt%)
C, wt% 84.15 84.73 84.25 84.99 83.87
H, wt% 14.4 13.9 14.07 13.43 14.56
N, wt% 0.07 0.05 0.09 0.07 0.05
S, wt% 0.32 0.39 0.41 0.47 0.41
O, wt% 1.06 0.95 1.18 1.04 1.11
Ti, mg kg 0.46 0.46 0.46 0.46 0.46
Al, mg kg™ 523 6.23 7.33 8.21 7.13
Cl, mg kg! 12.6 11.42 11.21 12.11 12.93
Fe, mg kg! 1.16 15.55 116,59 155.46 310.92

3.2. TGA (Thermal Gravimetric Analysis)

The TGA (A) and DTGA (B) curves are shown in Figure 2. The FeO concentrations
added were 1.5, 20, 150, 200, and 400 ppm. The thermograms of the PP samples showed a
behavior indicated in the bibliography [34,35,50,51] at a heating rate of 20 C min-. The
results of all tests indicate a higher degree of degradation for samples containing more
FeO. The PP materials with the least amount of FeO presented the highest thermal stabil-
ity. As the FeO concentration increases, the TG and DTG curves of PP hospital waste
change. The sample with the highest FeO content (400 ppm) presents a significant change
in the curve near 150 °C, with a maximum mass loss rate of 23.52% °C! at approximately
441 °C. The sample with the lowest FeO content (1.5 ppm) presents a significant change
in the degradation curve above 400 °C with a minimum rate of 14.98% °C-1.



Sustainability 2024, 16, 5934 7 of 22
100 4 -
A . *y
‘VAw“- HW—PP-1 ’.- I‘\‘
«» 80 v — & HW-PP-2 — — HW-PP-0 'v\* i
7 ® v\ =0.5 1 HW-PP-1 * A ff
od 'u,v,““l‘ —v»— HW-PP-3 -Fr- 0',&' . [l
= T e HWPP4 . —4— HW-PP-2 38
2 T vl T 49/ —v HW-PP3 *e
S ."af‘ - + HW-PP-4 o
£ 401 M E |4
@ R k= *N/
2 e -1.5 * |
& 20 u':l ‘ “' Iﬁ‘
4 |1 iy
* 14
4 -2.0- : I
0- o Shonssnsnsesses i
T T T T T ' -2.5 T T T T T T
100 200 300 400 500 600 B¢ 205 55 45 50 6%

Temperature (°C)

(A)

Temperature (°C)

(B)

Figure 2. TGA (A) and dTGA (B) for PP with different amounts of iron oxide.

Temperature

The temperature plays a crucial role in pyrolysis, particularly in the breakdown of
the plastic’s polymer chain. The ideal temperature regulates this process. As the temper-
ature increases, the molecules of the materials start to vibrate and tend to evaporate from
the surface. This occurs when the energy induced by van der Waals forces along the pol-
ymer chains increases, surpassing the enthalpy of the single C—C bond, causing the carbon
chain to break [52,53]. Additionally, higher operating temperatures in pyrolysis yield bet-
ter results for non-condensable gases (syngas, synthetic gas), while lower temperatures
are recommended to achieve higher yields of solid products, such as charcoal, biochar,
and coke.

Harussani et al. [54] investigated the effect of temperature on the decomposition
phase of PP. According to thermal analysis, the decomposition of PP began at 400 °C, as
reported by Marcilla et al. [55]. Theoretically, PP decomposes more rapidly than other
polyolefins because half of the carbon in the PP chain is tertiary carbon, which facilitates
the production of tertiary carbocations during decomposition [56]. Panda et al. [57] ex-
plained that this phenomenon occurs due to the recombination of byproducts through a
regressive rearrangement, leading to char formation. Thus, coke and carbon formation are
greater than liquid products in this phase, at 5.7% at 400 °C. However, the maximum char
yield occurred at a low temperature of 250 °C, with 13.68% of solid residue collected. Ah-
mad et al. [58] studied the effect of temperature on the thermal cracking of polyolefin pol-
ymers, PP, and HDPE. As the temperature increased, the total yield rose from 86% at 250
°C to 99% at 300 °C. This suggests that PP decomposes quickly due to its branched struc-
ture and the higher proportion of tertiary carbons in its polymer chains, which leads to
the thermal cleavage of C-C bonds [59]. However, the conversion decreased as the process
temperature increased from 300 to 350 °C.

3.3. Pyrolysis
3.3.1. Alkanes

In the pyrolysis of the five samples of PP waste, 30 compounds were identified, with
functional groups of alkanes, alkenes, alkynes, alcohols, ketones, and acids. Seven alkanes,
made up of C1 to C5, were identified. Methane was the most straightforward organic sub-
stance with concentrations <5%. This showed a decreasing variation regarding the pres-
ence of FeO. In the samples with 1.5 ppm FeO, 5% methane was found, and for the sample
with 400 ppm FeO, 1.1% methane was found. The ethane content was <12.1%. For the
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sample with 1.5 ppm FeO, 12.1% ethane was obtained, and for the sample with 400 ppm
FeO, 1.6% ethane was obtained. Propane presented levels <3.6%. Isopentane presented
percentages <13.5% and, like methane, gave a continuous decrease in all the samples stud-
ied. Figure 3a graphically shows what has been described. The ANOVA analysis (Table 4)
for the alkanes shows that for isopentane and ethane, there are no significant differences
between their means, the same as for ethane, methane, and propane, and there are no
significant differences between methane, propane, N-butane, cyclopropane. Because they
are actual data treated statistically, the transitivity principle still needs to be fulfilled. Fig-
ure 4a complements the information in Table 4.
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Figure 3. (a) Trend graph for alkanes as a function of the amount of FeO; (b) trend graph for alkenes
as a function of the amount of FeO; (c) trend graph for alkynes as a function of the amount of FeO;
(d) trend graph for alcohols as a function of the amount of FeO; (e) trend graph for ketones as a
function of the amount of FeO; (f) trend graph for acids as a function of the amount of FeO.
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Figure 4. (a) Boxplot for alkanes; (b) boxplot for alkenes; (c) boxplot for ketones; (d) boxplot for
alcohols; (e) boxplot for acids; (f) boxplot for alkynes.

Table 4. Set of ANOVA analyses for states and family of compounds.

ANOVA of Proximal Analysis

Factor N Average Grouping SC Adjusted Error =~ MC Adjusted Error
Moisture, wt% 5 0.292 A
Fixed carbon, wt% 5 0.128 B 0.055 0.004637
Ash, wt% 5 0.082 B
ANOVA for Alkanes
Isopentane, % mol 5 8.12 A
Ethane, % mol 5 7.24 A B
Methane, % mol 5 3.34 B C
Propane, % mol 5 2.54 B C 154.4 5.513
N-Butane, % mol 5 1.26 C
Cyclopropane, % mol 5 0.324 C
Isobutane, % mol 5 0.3 C
ANOVA for Alkenes
Propylene % mol 5 46.16 A
1,3-Butadiene, % mol 5 3.98 B 526.6 16.45
Ethylene, % mol 5 1.44 B



Sustainability 2024, 16, 5934

11 of 22

1-Pentene, % mole 5 0.94 B
1-Butene, % mol 5 0.8 B
Propadiene, % mol 5 0.54 B
Cis-2-Butene, % mol 5 0.48 B
Trans-2-Butene, % mol 5 0.44 B
ANOVA for Alkynes
Methyl acetylene, % mol 5 0.746 A
Acetylene, % mol 5 0.58 A 2.086 0.261
ANOVA for Alcohols
Methanol, % mol 5 3.98 A
N-Propanol, % mol 5 2.08 A
N-Butyl Alcohol, % mol 5 1.64 A
Alcohol Isopropyl, % mol 5 1.602 A 75.50 2.696
3-Methyl-2-Pentanol, % mol 5 1.324 A
Ethanol, % mol 5 1.28 A
1,2- Isobutenediol, % mol 5 1.24 A
ANOVA for Ketones
2-Pentanone, % mol 5 1.284 A
2,4-Pentadione, % mol 5 1.064 A
1-Hydroxy-2-Propanone, % mol 5 0.922 A 2016 1.266
Acetone, % mol 5 0.702 A
ANOVA for Acids
Formic Acid, % mol 5 1.864 A
Acetic Acid, % mol 5 1.8 A 23.34 2918
Alkenes

For the alkenes, like the alkanes, products with the same number of carbons (C2-C5)
were found. Ethylene presented concentrations <1.9%. Propylene was the product ob-
tained in greater quantity with values <58.3%. For propadiene, trans-2-butene, 1-Butene,
Cis-2-butene, and 1-pentene, their concentrations were <1.8%. For 1,3-Butadiene, its levels
were <5.9%. The above can be observed graphically in Figure 3b. The ANOVA analysis for
the alkenes in Table 4 does not show significant differences between the products, except
propylene. Figure 4b shows the box-and-whisker plot for the alkenes, which graphically
corroborates important differences.

Alkynes

Only two products were obtained for the alkynes, with the lowest presence in general
terms concerning the other families of compounds. One of them was acetylene or ethyne,
with values <1.4%. The other alkyne, methyl-acetylene or 1-propyne, presented values
£1.53%. Everything described above can be seen graphically in Figure 3c. Contrary to al-
kanes and alkenes, alkynes tend to increase their presence in the products they produce.
The ANOVA analysis for the alkynes in Table 4 indicates no significant differences be-
tween the two products obtained, corroborated in Figure 4f.

Alcohols

For this family, eight compounds, like the alkanes, had between 1 and 5 carbons (C1-
C5). In addition, a polyfunctional combination (1,2-isobutene-diol) with two hydroxyl
groups (OH) and one alkene group (C=C) was found in this family. For this family, carry-
ing out the substance-by-substance analysis is not optimal since they all presented the
same behavior, indicating a direct influence of FeO. The most abundant alcohols (greater
than 4%) were methanol and N-propanol. These results open the possibility of going
deeper into similar studies in the future that demonstrate the feasibility of establishing
production processes for alcohols and other oxygenated families using FeO in the pyrol-
ysis of PP. Figure 3d shows the general trend by substance and by family in the percentage
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growth of the products as a function of the amount of FeO. The ANOVA analysis for the
alcohol family showed that, in general, there are no significant differences in their means,
as shown in Table 4 and Figure 4d. Table 5 shows all the products obtained by pyrolysis
categorized by families.

Table 5. Percentage weight values for the species recorded by GC-MS.

Composts (Pyrolysis) Samples
HW-PP-0 HW-PP-1 HW-PP-2 HW-PP-3 HW-PP-4
Alkanes
Methane, % mol 5 4 4.1 2.5 1.1
Ethane, % mol 12.1 10.2 8.7 3.6 1.6
Propane, % mol 2.4 3.1 3.6 2.1 1.5
Cyclopropane, % mol 0.05 1.2 0.2 0.1 0.07
Isobutane, % mol 0.7 0.5 0.1 0.1 0.1
N-Butane, % mol 1.9 1.3 1.1 15 0.5
Isopentane, % mol 13.5 10.5 7.3 5.3 4
Total Amount 35.65 30.8 25.1 15.2 8.87
Alkenes
Ethylene, % mol 1.9 1 14 15 14
Propylene % mol 58.3 53.5 48.7 40.2 30.1
Propadiene, % mol 0.5 0.1 0.2 0.7 1.2
Trans-2-Butene, % mol 0.3 0.1 0.2 0.5 1.1
1-Butene, % mol 1.2 0.4 0.7 0.7 1
Cis-2-Butene, % mol 0.3 0.4 0.7 0.3 0.7
1,3-Butadiene, % mol 0.5 2.6 54 5.5 59
1-Pentene, % mole 0.7 0.8 0.5 1.8 0.9
Total Amount 63.7 58.9 57.8 51.2 423
Alkynes
Acetylene, % mol 0.1 0.3 0.8 0.3 14
Methyl acetylene, % mol 0.2 0.7 0.5 0.8 1.53
Total Amount 0.3 1 1.3 1.1 2.93
Alcohols
Methanol, % mol 0.01 3.1 4.2 5.38 7.2
Ethanol, % mol 0.1 0.6 0.8 1.6 3.3
Alcohol Isopropyl, % mol 0.01 0.6 1.1 2.4 3.9
N-Propanol, % mol 0 1 1.5 3.1 4.8
N-Butyl Alcohol, % mol 0 0.8 14 2.7 3.3
1,2- Isobutenediol, % mol 0 0.7 0.8 1.8 2.9
3-Methyl-2-Pentanol, % mol 0 0.9 14 1.62 2.7
Total Amount 0.12 7.7 11.2 18.6 28.1
Ketone
Acetone, % mole 0.01 0.1 0.4 1.2 1.8
1-Hydroxy-2-Propanone, % mol 0.01 0.1 0.3 1.7 2.5
2,4-Pentadione, % mol 0.01 0.11 04 2.1 2.7
2-Pentanone, % mol 0.01 0.11 1.1 2.4 2.8
Total Amount 0.04 0.42 2.2 7.4 9.8
Acids
Formic Acid, % mol 0.1 0.72 1.2 3.1 4.2
Acetic Acid, % mol 0.1 0.5 1.2 3.4 3.8
Total Amount 0.2 1.22 24 6.5 8

Total 100.01 100.04 100 100 100
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Ketones

For the ketones, we obtained the same behavior as for the alcohols, as shown in Table
5. The highest values were for 2,4-pentadione and 2-pentanone, with 2.7% and 2.8%, re-
spectively. Bifunctional compounds such as 1-Hydroxy-2-propanone and 2,4-propanone
were found. All this is shown in Figures 3e and 4c. Table 4 shows the ANOVA analysis; as
in alcohols, there are no significant differences in their means.

Acids

Just like the alkynes, only two products were obtained for this family, as shown in
Figure 3f. In the case of these substances, only those corresponding to C1 and C2 in their
structure were recorded. Table 4 shows the ANOVA analysis for the family of acids, in
which it is understood that there are no significant differences in the percentage means of
these species. Figure 4e graphically corroborates the results of Table 5.

3.3.2. Thermal Oxidation

Figure 5 shows the differences in the behavior of PP hospital waste when in the pres-
ence of an inert environment, another oxidative, and with a catalyst such as FeO in differ-
ent concentrations. The graphs (Figure 6) presented illustrate the thermal degradation of
alkanes, alkenes, alkynes, acids, ketones, and alcohols under inert (N2) and oxidative (O2)
atmospheres. The results show that in an inert atmosphere, the mass of alkanes and al-
kenes decreases significantly as degradation progresses, with a more pronounced reduc-
tion in alkanes. In contrast, under an oxidative atmosphere, the decrease in mass is less
notable for alkanes and shows variability in alkenes, with a mass recovery in samples HW-
PP-3 and HW-PP-4. Figure 4d—f show that the percentage of mass of these compounds
increases with the sample number in both atmospheres. However, significant differences
are observed between the two environments: the oxidative atmosphere promotes excellent
formation of ketones, reaching a significantly higher percentage of mass compared to the
inert atmosphere in sample HW-PP-4.

On the other hand, degradation in an inert atmosphere favors the accumulation of
alcohols, showing a notable increase compared to the oxidative atmosphere, especially in
HW-PP-4. Acids exhibited similar behavior in both atmospheres up to HW-PP-3, with a
slight predominance in the inert atmosphere in HW-PP-4. Figure 7 graphically summa-
rizes the products obtained.

" M

—a— Alkanes
40 4 —s— Alkenes
—a— Alkynes
—w—Alcohols

—&— Ketones
g 30+ Acids
% ~—»— Permanents
x
< 20 -
10 4

HW-PP-0 HW-PP-4 HW-PP-2 HW-PP-1 HW-PP-3

Samples

Figure 5. Trends by families in an oxidative atmosphere.
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Figure 6. (a) Trend graph for alkanes in N2 and Oz atmospheres; (b) trend graph for alkenes in N2
and Oz atmospheres; (c) trend graph for alkynes in N2 and Oz atmospheres; (d) trend graph for
alcohols in N2 and Oz atmospheres; (e) trend graph for ketones in N2 and Oz atmospheres; (f) trend
graph for acids in N2 and Oz atmospheres.
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Alkane /‘/I —\—\jAlcohols

ketones

Acids

Figure 7. Diagram of products obtained by HPW pyrolysis.

3.4. Possible Reaction Mechanism

A possible reaction mechanism for the degradation of PP containing FeO as a catalyst
is as follows. FeO is a non-stoichiometric solid, which implies that Fe*? ions can exist in its
crystal lattice, substituting Fe*2 ions [39,40,60]. The Fe* ions of Fe2Os have high catalytic
activity in low proportions (0.18%), reducing the activation energy and transforming free
radicals into non-radical products [61]. Since the oxidation state of the metal generates
this effect, it is intuited that the same happens with FeO. Figure 6 shows the standard
degradation mechanism of PP, and Figures 8 and 9 show the degradation mechanism of
PP in the presence of FeO. The pattern of these values suggests that iron oxide (FeO) ex-
periences breakdown reactions that result in the generation of free radicals, including an
ethyl radical, and these radicals react quickly with the polymer to speed up its deteriora-
tion. The effect of the ethyl radical at the beginning of the PP degradation is represented
in Figure 10. This radical extracts hydrogen to form a tertiary radical, which then reacts
with oxygen to give rise to a PP-peroxy radical. In turn, it extracts hydrogen from a nearby
chain to give PP hydroperoxide, which is then hemolytically cleaved to give a PP alkoxy
radical. IR and NMR have been used to discuss this mechanism for years [62-64]. As a
result of homolysis, which releases a PP radical at the end of the chain, PP-methylketone
is simultaneously formed, which gives rise to the following reactions: ethyl radical with
PP-methylketone.
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Figure 9. Thermal degradation of PP with catalyst (FeO).

In the free radicals of Figure 10, a hydrogen atom is abstracted from the tertiary atom
near the carbonyl of PP-methylketone, displacing the reactive site and causing oxidation
to progress at the tertiary carbon [65-67]. Alternatively, the PP-peroxy radical at the chain
end interacts with oxygen to produce PP-hydroperoxide, which then reacts with the PP-
methyl ketone-alkoxy at the chain end to produce 2,4-pentanedione. The acetone radical
is created by the homolytic cleavage of PP-methyl ketone-alkoxy by another tertiary car-
bon bond, which then combines with other radicals to create 1-hydroxy-2-pentanone, 2-
pentanone, and acetone. Similar routes have already been suggested [68]. The PP radical
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at the chain end reacts with Oz to produce the PP-hydroperoxide radical, which is fol-
lowed by the PP-alkoxy radical, producing formaldehyde and PP-aldehyde, which con-
tinues oxidizing in the presence of Oz to produce carboxylic acids such as formic acid and
acetic acid. The latter has the PP-carbonyl radical by reacting with the ethyl radical, which
in turn causes homolytic reactions and oxidation to produce CO and CO:z Isobutylene, a
molecule found in the degassing column, which also undergoes a radical reaction with
the radical hydroxyl, followed by oxidation, to make the alkoxy radical. This radical then
undergoes homolytic cleavages and reactions with the hydrogen radical to produce ace-
tone, methanol, 1,2-isobutanediol, and 1-hydroxy-2-propanone. This final approach is an
additional means of obtaining these valuable alcohols and ketones [69,70]. During the PP
production processes, these molecules could enter as impurities, derived from some ad-
ditives or formed by secondary reactions [71-79].
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Figure 10. Thermal degradation of PP with catalyst (FeO) and traces of air (Oz).
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3.5. Catalyst Presence

Chemical catalysts serve to accelerate the chemical reactions in the pyrolysis system.
These catalysts are widely employed in manufacturing and are being researched to en-
hance product distribution and selectivity. Fast polymer pyrolysis utilizes catalysts such
as kaolin and various zeolites. Catalytic degradation yields high-value products such as
automotive fuels and C2-C4 olefins. When using FeO as a catalyst for medical waste py-
rolysis, the activation energy of the mechanism and the optimized process temperature
are reduced, accelerating the reaction rate. FeO’s presence during pyrolysis also helps
produce high-quality products with low energy consumption, which is crucial for cost-
effective industrial applications. GC-MS analysis results indicate that metal oxides (FeO)
have a limited catalytic effect on cracking other pyrolysis products, modestly favoring the
formation of olefins and aromatics (Figure 11).
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Figure 11. Pyrolysis, cracking, and deactivation of polypropylene under the influence of the FeO
catalyst.

4. Conclusions

Utilizing FeO catalysts derived from industrial waste offers a sustainable solution for
the pyrolysis and oxidation of hospital polypropylene in Cartagena, with significant im-
plications for waste management and public health. Our findings indicate that FeO cata-
lysts effectively facilitated the degradation of polypropylene, potentially contaminated
with infectious diseases, through pyrolysis and oxidation processes. Specifically, higher
FeO concentrations increased alkynes, alcohols, ketones, and carboxylic acids, while lower
concentrations resulted in higher proportions of alkanes and alkenes. The formation of
oxidized compounds, such as alcohols, ketones, and carboxylic acids, suggests creating
conditions that could be hostile to the survival of pathogenic microorganisms, potentially
reducing the risk of disease transmission associated with hospital waste. Additionally, by
simplifying the composition of the waste, this approach could contribute to more effective
waste management in healthcare facilities.
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