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This study explores the challenge of recycling single-use medical items due to their non-recyclable nature and
associated environmental concerns. To align with the circular economy principles, we propose thermochemical
recycling, specifically steam gasification, for carbon atoms recovery. Face masks, plastic syringes, non-woven
gowns, and nitrile gloves were tested at different temperatures (700 °C, 750 °C, and 800 °C) in a lab-scale
reactor. A significant portion of the carbon in the feedstock could be effectively recovered as valuable chemi-
cal building blocks (i.e., olefins, ethane, and BTXS species), enabling their direct application in the chemical

industry and reducing reliance on fossil resources. At 700 °C, carbon recovery percentages were approximately
79 % for face masks, 82 % for plastic syringes, 38 % for nitrile gloves, and 76 % for non-woven gowns. Higher
temperatures led to reduced recovery due to secondary cracking reactions. Overall, this study highlights the
circularity potential of single-use medical waste contributing to sustainable waste management in healthcare.

1. Introduction
1.1. Background

Since the outbreak of COVID-19 the amount of plastic waste gener-
ated worldwide is estimated to be ca. 1.6 million tons/day (Benson et al.,
2021). Even though the plastic recycling share is increasing, there are
still many difficulties with some particular plastic wastes. An example of
these difficult-to-manage wastes are infectious medical wastes
(Bucataru et al., 2021). The management of this kind of waste represents
an important current challenge for our society due to the increased
consumption of single-use items, which was emphasized during the
COVID-19 pandemic (Patricio Silva et al., 2020). To illustrate the scale
of this issue, it is estimated that worldwide, approximately 6600 million
masks, weighing ca. 2641 tons, are used every day (Idrees et al., 2022).
Furthermore, the manufacturing of single-use medical items presents a
significant challenge when it comes to recycling (Lee et al., 2002). These
products, designed for a one-time use, are typically composed of
high-quality materials that offer essential functionalities and ensure the
safety of medical procedures (Saini et al., 2022; Ivanovic et al., 2022).
However, their disposal poses a substantial environmental concern as
they are mainly non-recyclable (Bucataru et al., 2021), hindering the
potential for the manufacturing companies to adopt circular economy
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principles (Guzzo et al., 2020). In circular economy policies, these in-
fectious wastes are often overlooked due to the need for decontamina-
tion, concerns related to health risks, and the subsequent financial
implications (Ibn-Mohammed et al., 2021). Thus, the management of
this waste category has become a crucial and pressing societal challenge
(Patricio Silva et al., 2020). If inadequate management of these waste
products is followed, those plastic wastes are to be released into the
environment (Benson et al., 2021).

To date, the technological knowledge available in literature to treat
these infectious medical wastes is aimed at decreasing the volume and
eliminating their hazardous characteristics. Incineration, autoclaving
treatments, and chemical and microwave disinfection are the among the
most used treatments (Voudrias, 2016). Nevertheless, recycling of these
wastes is becoming a hot topic due to the implementation of circular
economy policies. In this context, infectious medical wastes can be
particularly interesting due to the different products that can be found in
its composition. These can include typically contaminated personal
protection gears such as gloves or gowns, single-use operational sheets,
plastic tools for surgery, etc. These items are mostly made of synthetic
polymers (i.e., polypropylene (PP), polyethylene (PE), polyvinyl-
chloride (PVC), etc.) (Ivanovic et al., 2022), which make them a suitable
alternative for plastic recycling.

Received 19 June 2023; Received in revised form 14 November 2023; Accepted 21 November 2023

Available online 23 November 2023

0921-3449/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:judithg@chalmers.se
www.sciencedirect.com/science/journal/09213449
https://www.elsevier.com/locate/resconrec
https://doi.org/10.1016/j.resconrec.2023.107342
https://doi.org/10.1016/j.resconrec.2023.107342
https://doi.org/10.1016/j.resconrec.2023.107342
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2023.107342&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Gonzdlez-Arias et al.

Resources, Conservation & Recycling 201 (2024) 107342

List of abbreviations and symbols

BFB Bubbling Fluidized Bed

BTXS Benzene, Toluene, Xylene and Styrene
CHe Concentration of Helium

Ci Concentration of gaseous species

COVID-19 Coronavirus Disease
COy Carbon Oxides

DSR Direct Steam Reforming
GC Gas Chromatography
GC-FID Gas Chromatography with Flame Ionization Detection

Ly/min  Normal Litres per minute
Mfeed Mass of the feedstock
Mol/kg Mols of product per kilogram of feedstock

N; Molar yield
PAHs Polyaromatic compounds

PE Polyethylene

PP Polypropylene

PPE Personal Protective Equipment

PS Polyester

PVC Polyvinylchloride

R H,/CO ratio for methanol synthesis

SMR Steam Reforming of Methane
SPA Solid-Phase Adsorption

TCD Thermal Conductivity Detector
VHe-tracing  Volume of the tracer helium gas
Vi Molar volume

%C Carbon percentage

%H Hydrogen percentage

%vol Volumetric percentage

%wt. Weight percentage

1.2. Overview of medical waste recycling

In the context of plastic-based waste, traditional recycling options
primarily involve mechanical technologies, such as washing, sorting,
and remelting (Vollmer et al., 2020). Mechanical recycling is largely
limited to thermoplastics and is highly reliant on factors such as
contamination level, material homogeneity, similarity, and color
(Schyns and Shaver, 2021; Dertinger et al., 2020). In this sense, the
complex nature of single-use medical items further complicates their
recycling. This complex composition and the presence of various ma-
terials in single-use medical items, such as plastics, metals, and textiles,
make traditional recycling methods inefficient and unprofitable (Schyns
and Shaver, 2021). Furthermore, mechanical technologies cannot
ensure the necessary decontamination for these infectious wastes (Jo-
seph et al., 2021). Consequently, these products are often incinerated,
leading to the release of harmful emissions, or they end up in landfills,
contributing to the accumulation of waste (Wang et al., 2020; Kane
et al., 2018). Additionally, the increased volume of medical waste
resulting from the recent overcome pandemic has put significant strain
on incineration facilities and storage areas (Thind et al., 2021),
emphasizing the urgency for an effective solution.

Other recycling alternatives have been proposed for these kinds of
waste aiming at energy and fuels production (Giakoumakis et al., 2021).
For example, plasma gasification has been studied for converting med-
ical waste into syngas, which can be further used to produce energy
(Kaushal and Rohit, 2022; Erdogan and Yilmazoglu, 2021). However,
the high energy consumption and the low service life are the main
technical drawbacks of plasma technology (Erdogan and Yilmazoglu,
2021). Another recently developed treatment for medical waste valori-
zation is hydrothermal carbonization, which works similar to an auto-
claving technique (Sharma et al., 2020). The co-hydrothermal
carbonization of non-contaminated plastic-rich medical waste with
lignocellulosic biomass has been previously evaluated for solid fuel
production (Shen et al., 2017). Nevertheless, if the European Waste
Framework Directive is considered, waste management should target
one step higher through moving from energy vectors production to
material recovery (DIRECTIVE (EU), 2018). If plastic-based products are
part of the waste stream, valuable materials or chemical building blocks
may be recovered and recycled into the current chemical industries, thus
replacing fossil-based feedstocks. Within this philosophy, a solution is
needed for infectious medical waste to both recover chemical building
blocks and provide the required conditions for decontamination in a
single step.

In this line, chemical recycling is a potential alternative. Chemical
recycling consists of the depolymerization of plastic materials to obtain
secondary compounds of lower molecular weight that can be used for

many purposes in different industries (Martinez Narro et al., 2019;
Rahimi and Garcia, 2017). Among the treatments included within this
category, solvolysis, pyrolysis and gasification are the most used (Jiang
et al., 2022). These treatments present different disadvantages that limit
their applicability. For example, solvolysis cannot be used for all poly-
mers and it requires the use of other solvents and sometimes catalysts. In
addition, long reactions times and high temperatures are needed (Jiang
et al., 2022). Pyrolysis is a more versatile treatment with a higher
tolerance. This process usually yields valuable energy vectors (i.e.,
syngas, char and liquid oil) (Dharmaraj et al., 2021). While catalysts are
not mandatory for pyrolysis, they are often employed to facilitate the
process and reduce the severity of the treatment required for an effective
conversion. Catalysts can enhance the selectivity and efficiency of the
pyrolysis reactions, enabling lower operating temperatures and shorter
residence times. If catalysts are to be used, the poor recyclability and the
rapid deactivation of these catalysts can entail an economic impact that
needs to be solved before scaling up this technology (Li et al., 2020).
Similarly, gasification is another well-known technology to convert
plastic waste into high-calorific gases like Hy, CO and CH4, which can be
used as fuel (Janajreh et al., 2020; Lee et al., 2021). Still, problems like
the formation of tars or the dilution effects lead to lower calorific values
and difficulties in the gas separation, therefore reducing the overall
performance of the process (Ciuffi et al., 2020). A similar process within
the thermochemical recycling technologies is steam gasification, also
known as steam cracking. This process has been traditionally used to get
light olefins from hydrocarbons like naphtha or ethane (Ren et al.,
2006). Light olefins such as ethylene or propylene are then used to
produce plastics, fibers and other chemicals (Ren et al., 2006). Due to
the similarities between the molecular structures of the typical fossil
hydrocarbons used for this process and plastic materials like polyolefins
(e.g., PE or PP), plastics have been considered as alternative feedstocks
to obtain light olefins (Kaminsky, 2021; Abbas-Abadi et al., 2023). In
this line, in previous works, our group has explored the possibility of
thermochemical recycling for households and industrial plastic wastes
using steam gasification, with promising results (Mandviwala et al.,
2022; Thunman et al., 2019; Canete Vela et al., 2024; Gonzalez-Arias
et al., 2023; Kiminaité et al., 2023). In this context, infectious medical
wastes can be particularly interesting for thermochemical recycling due
to the different polymers that can be found in its composition as
abovementioned. Furthermore, this technology not only can provide a
decontamination process for infectious waste but also turn it into a
resource for recovery of chemical building blocks to produce circular
materials. Additionally, by recovering the chemical building blocks from
this kind of waste, carbon is kept in the carbon cycle to produce new
carbon-based materials (Canete Vela et al., 2022). In this sense, our
research team is devoted to achieving full circularity of plastics looking
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for the recovery of the chemical building blocks present in plastic
wastes. Examples of chemical building blocks that can be recovered
from this composition are propylene, ethylene or benzene (Kaminsky,
2021).

Thermochemical recycling of plastic materials to generate valuable
chemicals has been previously studied, exploring also different reactor
configurations and technologies (Kaminsky, 2021; Munir et al., 2018;
Wilk and Hofbauer, 2013; Thunman et al., 2019). Among these, fluid-
ized bed reactors have emerged as particularly suitable for thermo-
chemical recycling of plastic waste due to their excellent heat transfer
properties and capability to process heterogeneous feedstocks (Kamin-
sky, 2021; Wilk and Hofbauer, 2013; Thunman et al., 2019). As an
example, Kaminsky et al. delved into the fluidized bed pyrolysis of
mixed plastic waste to produce monomers for polymer synthesis,
resulting in a product distribution abundant in light olefins and mono
aromatics (Kaminsky, 2021). Similarly, Thunman et al. (2019) show-
cased that the product distribution from fluidized bed steam gasification
of polyethylene closely resembles that obtained from a tubular naphtha
cracker. Mandviwala et al. (2023) have explored the use of different bed
materials in the steam gasification of high-density polyethylene aiming
at obtaining valuable olefins to be reintroduced into the plastic industry.
Other plastic wastes such as cable plastic waste, have also been studied
using a fluidized bed reactor, obtaining high yields of valuable com-
pounds (Canete Vela et al.,, 2024). Beyond fluidized bed reactors,
alternative configurations such as fixed bed and spouted bed reactors
have also demonstrated effectiveness in the thermochemical conversion
of plastic materials (Elordi et al., 2012; Al-Salem, 2019). This diversity
in reactor setups highlights the ongoing exploration and optimization of
various methods for enhancing the thermochemical recycling of plastic,
offering promising avenues for sustainable chemical production.

1.3. Goal and scope

Within the current developments reported in the literature, we po-
sition our study aiming at investigating the feasibility of utilizing steam
gasification as a sustainable recycling solution for single-use medical
items. Through a comprehensive analysis of the product composition
and product yields, we seek to provide valuable insights into the
circularity potential of this waste stream. By assessing the advantages
and challenges associated with steam gasification, we can contribute to
the development of effective strategies that address the sustainability
concerns posed by the disposal of single-use medical items. Further-
more, our position aims at providing a solution for the manufacturing
companies to adopt circular economy strategies. As of today, the
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manufacturing companies of single-use items face a challenge when it
comes to recycling, since the disposal of these items possess a substantial
environmental concern as they are mainly non-recyclable (Guzzo et al.,
2020; Bucataru et al., 2021). As explained before and looking towards
full circular policies, an efficient recycling of infectious waste is of key
importance.

Fig. 1 provides a scheme which outlines the general concept of our
approach. The main goal of this research was to experimentally inves-
tigate the potential for recovering chemical building blocks from in-
fectious medical waste using steam gasification as a proof of concept
before moving towards larger scales. The focus of our investigation lies
on personal protective equipment (PPE), which represents the most
commonly encountered single-use items within typical infectious med-
ical waste streams from healthcare facilities. Consequently, we selected
four representative materials frequently found in healthcare settings,
namely face masks, gloves, plastic syringes, and non-woven gowns, for
our experimental analysis. Our scope covers the experiments carried out
to identify and quantify the potential chemical building blocks recovery
from medical waste items. A potential mix of them was considered of
great complexity due to potential variations in the composition and
hence it is out of the scope of this first approach. This work is organized
as follows: firstly, we present the composition of the different materials
and outline the experimental procedures employed. Subsequently, we
present and discuss the results obtained from our experiments, high-
lighting the potential for recovering chemical building blocks and
evaluating the need of sorting some items within a typical medical waste
stream. Finally, we summarize the main conclusions drawn from this
study and provide recommendations for future research endeavors.

2. Materials and methods
2.1. Materials

The experimental analysis focused on four distinct single-use medical
items that are typically classified as infectious waste upon disposal.
These items, namely face masks, plastic syringes, nitrile gloves, and non-
woven gowns, are widely utilized in healthcare facilities. For the pur-
pose of this study, these materials were selected as representative
reference medical wastes. To ensure safety during the experiments,
unused materials were utilized instead of actual medical waste. This
precautionary measure was taken to avoid potential contamination or
health risks associated with handling infectious materials. By using
unused materials, we were able to focus solely on the chemical
composition and properties of the selected medical items, without
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Fig. 1. Circular economy proposal scheme for the medical wastes to become new medical materials.
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compromising the safety of the experimental setup or personnel
involved. For the results presented here, the yields of thermal decom-
position, a potential contribution of contaminations is negligible
considering the amounts present. Table 1 provides the elemental anal-
ysis of the different products, offering insight into the composition of
each material.

Based on the analysis shown in Table 1 and the information collected
from published literature and commercial sites, the polymer composi-
tion of the different products can be drawn. In this sense, face masks are
mainly composed of PP, PE, cellulose and aluminum; plastic syringes are
mostly made of PP and PE; non-woven gowns are mainly composed of
PP, with traces of polyester (PS) and PE; while nitrile gloves are mostly
made of acrylonitrile and butadiene (Syringe PP/PE, 2023; Purnomo
et al., 2021). This agrees with the elemental composition of the different
materials assessed. While we are unable to provide specific composi-
tional data due to limitations in our laboratory equipment, which might
limit the reproducibility and transferability of our work, we believe that
our work offers a valuable proof of concept for a technology that can
address a wide range of polymeric waste materials. The heart of our
proposed technology lies in its ability to process various polymeric waste
streams, regardless of their specific composition. We believe that this
adaptability is one of the key strengths of our approach.

In general, the moisture of the feedstock could have various impacts
on the steam gasification process to obtain light olefins. Water presence
could lead to the formation of undesirable by-products, such as coke or
the generation of heavier compounds. This could affect the quality and
quantity of the desired light olefins. Moisture could also influence the
temperature and pressure required for the process, thereby affecting the
kinetics of the cracking reactions.

Controlling and maintaining low moisture levels in the plastic sam-
ple is crucial to ensure an efficient process and achieve the desired re-
sults in steam gasification for light olefins production. In some cases, the
differences in the moisture content may be minimal, while in others,
especially in more porous or absorbent materials, the variation could be
more significant. As we are aiming at thermally treating polymer-based
materials, and one of their most characteristic features is that those
materials are non-absorbent, we can neglect the moisture content in this
case. In any case, different pretreatments such as pre-drying steps to
reduce the moisture of the feedstock might be of interest in large scale
facilities.

2.2. Experimental set-up and steam gasification procedure

The experiments were conducted on a laboratory scale using a
bubbling fluidized bed (BFB) reactor made of stainless steel. The reactor
had an internal diameter of 88.9 mm and a height of 1305 mm. The
experiments were conducted in discrete batches, a specific quantity of
the material is loaded into the reactor, and the reaction or treatment
process is carried out for a predetermined duration. The experimental
set-up, as illustrated in Fig. 2, involved introducing fluidization gases
into the reactor from the bottom through a wind-box, where the gases
were thoroughly mixed, and a distributor plate. The flow rate of the
different fluidization gases was controlled using mass flow controllers.
To facilitate temperature monitoring, the reactor was equipped with
thermocouples placed along its height on the back side. The reactor was
electrically heated, and the heating process commenced after loading
the bed material from the top of the reactor.

Table 1
Elemental analysis of the different samples (% wt.).

Carbon Hydrogen Oxygen Nitrogen Ash
Face masks 81.60 13.70 4.68 0.01 5.50
Syringes 84.24 14.34 0.01 0.18 0.18
Non-woven gowns 84.21 11.56 0.01 0.21 0.32
Nitrile gloves 76.02 8.26 9.41 6.34 5.78
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During the experiments, approximately 2 gs of each material were
used per batch and introduced into the reactor by dropping them from
the top. To ensure proper feeding, the materials were first shredded and
compacted using a hand-made pelletizer based on a small hydraulic
press. The steam gasification reaction was conducted at three different
temperatures: 700, 750, and 800 °C. These temperatures were selected
based on previous experiences with pure polymers (Mandviwala et al.,
2023; Milne et al., 1999). The temperature was measured using a ther-
mocouple positioned at the height of the bed. To ensure the reliability of
the results, each test was performed three times. The experimental
procedure consisted of three main steps, which have been described in
detail elsewhere (Mandviwala et al., 2022).

First, the inertization of the bed material was performed. The bed
material in the fluidized reactor was exposed to an oxidizing atmosphere
at the targeted reaction temperatures before introducing each batch of
the different feedstocks. Oxidation was accomplished by introducing air
into the reactor to create a fluidized state at a flow rate of 5 Ly/min. The
inertization process was considered complete when the O concentra-
tion, monitored by a continuous permanent gas analyzer, reached 20.9
%vol. Throughout each experimental batch, the bed material was
completely oxidized to replicate the conditions in a dual fluidized bed
(DFB) gasifier, where the bed material is introduced into the gasifier
after undergoing full oxidation. Afterwards, the steam gasification step
was carried out by switching the fluidization gas to nitrogen and steam
(2 Ly/min and 3.9 Ly/min, respectively). Once this step was completed,
the fluidization gases were switched back to air for the combustion of
the remaining char after steam gasification. This step also allows for the
complete oxidation of the bed material. Helium was added to the
fluidization gases as a tracer, and its known volume (0.05 Ly/min) was
used to determine the total gas volume produced. To control the total
time of devolatilization and guarantee that no volatile gases were left
after the sampling time, the concentrations of Hy, CO, CO5 and CH4 were
continuously monitored from the sampled gas in a permanent gas
analyzer. The residence time of the product gases from the steam gasi-
fication process can be calculated by dividing the volume of the reactor
until the sampling point by the volumetric flow rate. As shown in Fig. 2,
the sampling point is located at a specific height (i.e., 50 cm of which ca.
5 cm corresponds to the bed material. Thus, for the calculation 45 cm is
considered). This corresponds to a volume of 0.002793 m? since the
cross section of the reactor is 0.0062 m2. To calculate the gas flow rate,
the flows of Ny, steam ang He were considered along with the average
flow of the product gas measured. This gives a residence time of
approximately 25 and 26 s. This calculation corresponds to the residence
time of the product gas before entering the sampling probe. Since the
product gas is quenched down to 350 °C in the sampling probe, it is
reasonable to neglect the residence time in the sampling probe.

2.3. Gas and tar analysis

During the steam gasification and combustion steps, the gas stream
was divided into two parts for further analysis. One part underwent gas
conditioning, which involved two steps: scrubbing and cooling with
isopropanol, followed by drying with silica gel beads and glass wool.
This treated gas, cold and dry, was continuously analyzed using a SICK
GMS 820 permanent gas analyzer. The second part went through a solid-
phase extraction amine and was collected in a 0.5 L Tedlar gas bag for
further analysis. The sampling time during the devolatilization stage
was 120 s, as measured with the permanent gas analyzer to ensure a
complete conversion and to get all product gases. This gas bag was
analyzed in an Agilent 490 micro-GC equipped with four different col-
umns depending on the gas to measure, each of them coupled with a
Thermal Conductivity Detector (TCD) detector. These columns are
detailed below: (1) CP-Cox that allows to measure He, Hj, Air, CO and
CHy; (2) PoraPLOT U, to measure CO,, CoHy, CoHg, CoHs and CsHy; (3)
CP-WAX 52 CB, to measure benzene and toluene; and (4) CP-Sil 5 CB, to
measure C4Hy hydrocarbons. Additionally, a Bruker GC-FID (Gas
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Thermocouples

Steam
generator

Fig. 2. Schematics of the experimental setup used in this work.

Chromatography with Flame Ionization Detection) equipment was uti-
lized to quantify the condensable aromatic hydrocarbons, commonly
referred to as tars. This was done using the solid-phase adsorption (SPA)
method described elsewhere (Israelsson et al., 2013).

After the steam gasification stage, any unconverted char or carbon
deposits that were formed, remain in the reactor along with the bed
material. To determine the char yield, the fluidization gases used during
the devolatilization phase (steam and nitrogen) were switched to air.

Table 2

Oven
Reactor
\ Sampling probes
1
Solid-Phase
Adsorption
L .l Q Gas
S
bag
1
Gas Permanent
Windbox conditioning analyzer
system

This change in gas composition allowed for the combustion of the char,
and the resulting CO and CO; gases produced in this step were
measured. The combustion gases were sampled for a duration of 120 s
and collected in a 0.5 L Tedlar gas bag. Subsequently, the gas samples
were analyzed using the micro-GC system mentioned earlier.

To calculate the molar yield (mol/kg) of all the measured gaseous
species analyzed, the He-tracing method was employed. According to
Mandviwala et al. (2022) Eq. (1) was followed.

Product distribution of the different feedstocks used at the selected temperatures presented in%carbon (by wt.).

Face Masks Plastic syringes Nitrile gloves Non-woven gowns
Temp. (°C) 700 750 800 700 750 800 700 750 800 700 750 800
Olefins 65.64 + 53.88 + 38.78 + 68.26 + 56.02 + 31.75 + 22.44 + 19.15 + 14.35 + 61.75 + 51.52 + 33.35 +
0.74 0.47 0.89 0.86 0.91 1.02 0.42 0.31 0.47 0.42 0.63 0.75
CoHy 15.64 + 19.83 + 23.02 + 21.50 + 25.65 + 20.14 + 7.55 + 8.02 + 7.68 + 12.88 + 15.94 + 17.12 +
0.64 0.45 0.17 0.21 1.24 1.46 0.36 0.28 0.68 0.25 0.53 0.90
C3Hy 28.19 + 18.79 + 7.95 + 26.68 + 18.16 + 6.25 + 6.14 + 522 + 2.94 + 30.63 + 22.63 + 10.71 +
0.79 0.49 0.41 0.43 0.31 0.62 0.15 0.16 0.21 0.71 0.58 0.16
C4Hy 21.80 + 15.27 + 7.80 + 20.08 + 12.22 + 5.36 + 8.75 + 591 + 3.73 + 18.24 + 12.95 + 5.52 +
0.97 0.24 1.56 1.06 1.50 2.60 0.39 0.26 0.33 0.51 0.46 0.28
Paraffins 12.90 + 16.11 + 19.48 + 12.81 + 16.46 + 14.60 + 8.12 + 8.75 + 8.08 + 12.23 + 15.00 + 15.92 +
0.46 0.23 0.18 0.21 0.47 0.56 0.09 0.25 0.36 0.08 0.24 0.53
CH4 8.90 + 12.64 + 17.00 + 8.29 + 12.39 + 11.98 + 5.53 + 6.50 + 6.70 + 7.56 + 10.91 + 13.30 +
0.85 0.14 0.09 0.19 0.79 0.90 0.18 0.37 0.50 0.11 0.36 0.80
CoHe 4.00 + 3.47 + 2.48 + 4.52 + 4.07 + 2.62 + 2.59 + 225+ 1.38 + 4.67 + 4.09 + 2.62 £
0.05 0.02 0.04 0.16 0.07 0.18 0.07 0.09 0.08 0.19 0.07 0.07
COy 4.24 + 6.51 + 11.84 + 2.74 + 5.59 + 10.94 + 4.85 + 6.08 + 7.70 £ 2.81 + 3.40 + 5.44 +
0.09 0.11 0.87 0.10 0.31 0.28 0.14 0.32 0.29 0.10 0.17 0.26
co 1.59 + 3.15 + 7.09 + 0.82 + 2.65 + 6.70 + 0.86 + 1.18 + 2.01 + 0.87 + 1.34 + 2.79 +
0.07 0.18 0.63 0.08 0.22 0.49 0.02 0.02 0.25 0.07 0.13 0.47
CO, 2.65 + 3.36 + 4.75 + 1.92 + 2.94 + 4.24 + 3.99 + 491 + 5.69 + 1.94 + 2.07 + 2.65 +
0.12 0.11 0.24 0.08 0.15 0.13 0.20 0.30 0.49 0.04 0.22 0.16
Aromatics 15.54 + 21.36 + 25.55 + 14.81 + 20.48 + 18.54 + 40.35 + 38.19 + 32.41 + 14.42 + 22.45 + 24.83 +
0.20 0.63 1.95 0.08 0.84 2.30 1.21 2.01 1.39 0.69 0.99 1.34
Benzene 3.57 + 7.05 + 9.81 + 3.49 + 6.68 + 7.87 + 5.37 + 6.25 + 6.79 + 3.75 + 7.87 + 10.22 +
0.87 0.20 0.58 0.16 1.19 1.40 0.11 0.36 0.38 0.34 0.13 0.65
Toluene 4.30 + 4.49 + 4.18 + 3.90 + 4.55 + 2.86 + 4.53 + 4.31 + 3.35+ 4.00 + 5.49 + 4.34 +
0.24 0.24 0.37 0.16 0.11 0.37 0.09 0.23 0.06 0.10 0.35 0.22
Xylenes 1.34 + 1.13 + 0.58 + 1.18 + 0.87 + 0.37 + 1.20 + 1.01 + 0.60 + 1.37 + 1.43 + 0.75 +
0.07 0.09 0.04 0.05 0.02 0.07 0.06 0.06 0.01 0.09 0.13 0.05
Styrene 0.46 £ 1.04 + 1.51 + 0.54 + 1.20 + 1.17 + 2.05+ 1.91 + 1.42 + 0.38 £ 0.92 + 1.31 +
0.03 0.08 0.15 0.01 0.08 0.14 0.09 0.09 0.04 0.04 0.03 0.06
Naphthalene 0.35 + 1.15 + 2.47 + 0.36 + 1.32 + 1.73 + 0.99 + 1.48 + 1.90 + 0.24 + 0.90 + 1.92 +
0.02 0.07 0.22 0.01 0.12 0.19 0.06 0.06 0.14 0.02 0.05 0.12
Others known 1.15 + 2.31 + 3.18 + 1.19 + 2.50 + 2.25 + 4.10 + 4.14 + 3.92 + 1.17 + 2.25 + 2.98 +
0.52 0.36 1.54 0.06 0.91 2.05 0.37 1.14 0.93 0.67 0.70 1.18
Others 4.36 + 4.20 + 3.81 + 4.14 + 3.37 £ 2.29 + 22.11 + 19.09 + 14.44 + 3.51 + 3.59 + 3.30 +
unknown 0.33 0.28 0.45 0.14 0.18 0.46 1.05 0.86 0.51 0.09 0.31 0.22
Solid Char 1.49 + 1.15 + 0.84 + 0.84 + 0.56 + 0.33 + 2.98 + 1.90 + 1.04 + 0.84 + 0.81 + 0.64 +
0.10 0.16 0.10 0.14 0.20 0.12 0.88 0.36 0.09 0.17 0.08 0.19
Undetected 0.19 £ 0.99 + 3.52 + 0.54 + 0.88 + 23.84 + 21.26 + 25.93 + 36.41 + 7.94 £ 6.82 + 19.82 +
0.02 0.23 0.74 0.21 0.08 5.31 6.83 7.26 8.94 2.13 1.89 5.10
Hydrogen (% 527 + 9.58 + 18.12 + 4.68 + 10.00 + 17.93 + 5.06 + 8.66 + 13.11 + 3.70 + 6.47 + 10.94 +
H) 0.25 0.46 1.25 0.24 0.71 0.63 0.34 0.15 1.05 0.13 0.38 1.06
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"= Ci . ( VHe—Iracing ) L (1)
Mieeq Che Vi

where n; is the molar yield and c; the concentration of gaseous species i;
VHe-tracing and Cpe represent the volume and concentration of the tracer
helium gas, respectively; myeq is the mass of the feedstock for each
batch, and Vy, is the molar volume of an ideal gas at O °C. The molar
yield of each species was then converted to carbon yield according to its
molecular formula.

3. Results and discussion
3.1. Product distribution and carbon balance

Table 2 collects the product distribution obtained through the steam
gasification of the selected materials at the evaluated temperatures. The
yields of the measured species are presented in% carbon considering the
initial carbon content of the different materials, allowing for an assess-
ment of the carbon balance across the different experiments. The species
shown here are grouped into olefins, paraffins, carbon oxides, aromatics
and char (carbon deposits). Table 2 also presents the produced hydrogen
in% hydrogen considering the initial hydrogen content of the different
feedstocks. The “undetected fraction” represents the difference between
the measured carbon in the products and the total carbon in the feed-
stocks. This difference may be attributed to undetected species that
cannot be measured using the analytical methods employed in this
study, along with potential errors in sampling and analysis and potential
errors in the feedstock analysis.

Fig. 3 illustrates the main groups of species obtained from the
feedstocks at the three evaluated temperatures (700, 750, and 800 °C)
for the purpose of facilitating a comprehensive comparison at first sight.

As seen from the results shown in both Table 2 and Fig. 3, the
products recovered from face masks (A), plastic syringes (B), and non-
woven gowns (D) follow the same trend with the temperature. Olefins
are the most generated species in these cases. The share of the different
groups of species produced during the steam gasification reactions is
similar in these three materials and follows the same trend when
increasing the reaction temperature. On the contrary, for the nitrile
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gloves (C), the share of the different groups is quite different from the
other medical items studied. In this case, the share of aromatics is the
highest, followed by an increasing share of the undetected fraction with
the reaction temperature. These results indicate that materials with a
higher content of polyolefins, such as PE and PP, yield greater amounts
of olefins. In this sense, plastic syringes and face masks, which consist
mostly of PE and PP, as well as non-woven gowns mainly composed of
PP, report the highest yields of olefins. On the other hand, nitrile gloves,
which contain nitrogen-based compounds, yield fewer valuable com-
pounds and generate heavier polyaromatic compounds that can poten-
tially clog downstream equipment (Berdugo Vilches et al., 2018). Other
than the difference observed due to the different composition of the
evaluated items, the effect of the temperature is also clear on the dis-
tribution of products. If only considering the effect of the temperature, it
is evident that at the lowest value tested (i.e., 700 °C), the yield of olefins
is the highest among all the evaluated materials. This group comprises a
significant portion of C2, C3, and C4 compounds, which are very valu-
able in the chemical industry. As the temperature increases, the yield of
olefins decreases, albeit to varying extents depending on the specific
feedstock. For example, in the case of face masks, there is an 18 %
reduction in olefin yield from 700 to 75