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ABSTRACT

THERMOCHEMICAL CHARACTERIZATION AND ENVIRONMENTAL
EVALUATION OF COVID-19 RELATED MEDICAL WASTE

Giiclii, Umut
Master of Science, Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Feyza Kazang¢ Ozering

August 2023, 100 pages

The COVID-19 pandemic dramatically expanded the use of Personal Protection
Equipment (PPE). The most commonly used PPEs against the COVID-19 virus were
masks, gloves, face shields, and protective gowns. The disposable nature of most
PPE generated a waste problem soon after the pandemic started. This waste problem
and the constant usage of these PPE in hospitals have made it clear that there was an
urgent need to investigate the thermochemical characteristics and environmental
effects of the associated medical wastes. This study investigated the pyrolysis and
combustion characteristics and ash compositions of the most commonly used PPEs.
In contrast to previous studies, which have focused on the characterization of these
waste materials individually, the present study investigated the co-combustion of
PPE, which provided a realistic analysis of the ongoing waste disposal procedures.
A specific combination of the medical waste blend, consisting of face mask, medical
gown, and nitrile glove, was prepared based on the actual waste compositions of the
COVID-19 services of several local hospitals. Thermogravimetric analysis was
conducted on both the combined waste and the individual components. The results



showed a synergistic effect during the co-combustion of polypropylene-based
materials with nitrile gloves, as a decrease in polypropylene-based materials' peak
and burnout temperatures. Ash compositions were investigated with SEM-EDX and
ICP-OES analyses. The slagging inclination of the bottom ash was investigated with
conventional methods, and the results showed that slagging risks have decreased in

the co-combustion of the medical wastes.

Keywords: Medical Waste, Pyrolysis, Combustion, Slagging, Ash
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COVIiD-19 SEBEPLI TIBBI ATIKLARIN TEBMOKiMYASAL
KARAKTERIZASYONU VE CEVRESEL DEGERLENDIRMESI

Giicli, Umut
Yiiksek Lisans, Makina Miihendisligi
Tez Yoéneticisi: Dog. Dr. Feyza Kazang Ozering

Agustos 2023, 100 sayfa

COVID-19 pandemisi ile Kisisel Koruyucu Ekipman (KKE) kullanimini 6nemli
Olciide arttr. COVID-19 viriisiine karsi en sik kullanilan KKE’ler maske, eldiven,
koruyucu onliik ve yiiz koruyucu siperliklerdir. Bu KKE’lerin tek kullanimlik
olmasi, pandeminin baglangicindan sonra ciddi bir atik problem olusturmustur. Bu
atik problemi ve KKE’lerin hastanelerde diizenli kullanilmaya devam edecek olmast,
bahsi gegen ekipman atiklarinin termokimyasal karakterizasyonu ve c¢evreye etkisi
hakkinda daha fazla aragtirma yapilmas1 gerekliligini ortaya koymustur. Bu ¢alisma
maske, eldiven ve oOnliik gibi en sik kullanilan KKE’lerin piroliz ve yanma
karakterizasyonu ile kiil igeriklerini incelemistir. Bahsedilen atik malzemelerin
karakterizasyonuna odaklanmis olan Onceki g¢alismalarin aksine, bu g¢alismada
gercekte uygulanmakta olan prosediirlere uygun bir analiz amagli KKE’lerin birlikte
yanma siiregleri incelenmistir. Bu c¢alismada ¢evre hastanelerdeki COVID-19
servislerinde olusan tibbi atiklar1t modellemek amagl bir atik karisimi ¢aligilmistir.
Termogravimetrik analizler hem KKE’ler hem de hazirlanan karisgimlar i¢in
yapilmistir. Elde edilen sonuglar, polipropilen icerikli malzemelerin nitril eldiven ile
yanmasi durumunda sinerjik etki gosterdigini ortaya g¢ikartmistir. Yanma sonucu

olusan kiiller SEM-EDX ve ICP-OES analizleri ile incelenmistir. Yanma siirecinde

vii



KKE’lerin ciiruf olusum ihtimalleri geleneksel metotlarla incelenmis olup, sonuglar

ortak yanma stirecinde bu ihtimalin diisiisiinii gostermistir.

Anahtar Kelimeler: Tibbi Atik, Piroliz, Yanma, Ciiruf, Kiil
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CHAPTER 1

INTRODUCTION

On the 10" of January 2019, the World Health Organization (WHO) announced that
the outbreak in Wuhan, China, was caused by the novel Coronavirus [1]. This virus
causes an infectious disease leading to respiratory problems and, in some cases,
death. On the 11th of March 2020, WHO announced Covid-19 as a pandemic [2].
The virus is usually transmitted by close contact with infectious people through the
liquid particles released from the mouth or nose during coughing, sneezing, or
speaking [3]. Given the 14-day incubation period and the highly transmissible nature
of the coronavirus, infected individuals can easily transmit the virus to nearby
persons in their daily interactions [4]. Because of the fast-spreading nature of the
virus, all countries have been affected rapidly. Until now, more than 750 million
cases have been reported, including more than 6.9 million deaths [5]. According to
the World Health Organization, the number of COVID-19-infected patients will

continue to increase due to the ability of the virus to mutate over time [6].

Around the globe, people took different personal measures against the virus, such as
using protective equipment, staying away from outside human contact, using
disinfectants, etc. In addition to that, governments announced mandatory and
suggested protective measures to protect the mass population against the virus. Using
Personal Protective Equipment (PPE) became the most recommended protection
measure. This situation generated a significant need for the widespread adoption of

PPE in everyday life.

Personal Protective Equipment plays a vital role in protection against the spread of

microorganisms, toxic substances, and pathogens [7]. Most of these equipment



types, particularly the ones used on a daily basis, were designed for single-use and

require replacement after a few hours of usage.

Personal Protective Equipment (PPE) refers to the gear employed to reduce the risk
of workplace injuries or illnesses resulting from exposure to different hazards, which
can arise from various sources such as chemicals, radiation, physical forces,
electricity, machinery, or biological agents. A range of PPE options exists to address
specific workplace hazards, such as gloves, safety goggles, protective footwear,

earplugs, hard hats, respirators, coveralls, vests, and full-body suits [8,9].

The transmission of biological agents occurs through direct or indirect contact
between individuals. Considering the proximity healthcare workers maintain with
patients, it is crucial for them to have access to PPE that effectively shields them

from potential transmission [9].

A /
o } L %/
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Figure 1.1 Personal Protective Equipment: face mask, N95 mask, face shield,
goggles, latex glove, nitrile glove, long nitrile glove, doctor coat, medical gown
[10,11]



As outlined by the Centers for Disease Control and Prevention (CDC), the
assortment of medically employed PPE within hospital settings encompasses face or
surgical masks, respirators, face shields, goggles, nitrile or latex gloves, medical
gowns, aprons, as well as head and shoe coverings. The most common types of PPE
are shown in Figure 1.1, and their respective raw materials are shown in Table 1.1.
As seen from that table, almost all PPEs are made from plastic materials, while the
most common ones are polypropylene masks, polypropylene gowns, and nitrile
gloves. In the context of this thesis, the focus is solely on medically utilized PPE.

Table 1.1 Raw materials of Personal Protective Equipments

Protective Equipment Raw Material

Polypropylene, Polystyrene, Polyethylene,
Face Mask Polyester, Polyvinyl Chloride, Polyethylene
Terephthalate [12] [13]

Face Shield PLA, ABS, PET [14]
Medical Gown Polypropylene, Polyethylene [15]
Nitrile (preferable), latex, Polychloroprene,
Glove )
PVC, Polyisoprene [16]
Goggles PVC [16]

Plastic consumption related to medical equipment in healthcare facilities has
experienced exponential growth due to the Covid-19 pandemic [17-19]. Biomedical
waste is estimated to be 25 times the waste generated before the pandemic [17,20].
To prevent contamination and maintain the required level of hygiene, the majority
of these PPE items are designed for single use and subsequently discarded after each
instance of use. This disposal practice ensures that healthcare workers are equipped
with clean and uncontaminated PPE for every interaction with patients, minimizing
the potential spread of infectious agents and maintaining a safe environment within

healthcare settings. It also leads to the creation of large volumes of medical waste.



Moreover, the daily consumption of single-use facemasks by the mass population
increases the creation of non-recyclable plastic waste that has a detrimental impact
on the environment. Table 1.2 gives the PPE acceptance rate by population, usage
amount, and estimated medical waste generation due to PPE. The acceptance rate
provided in the table represents the population’s usage rate of the specified protective

equipment.

The estimated daily face mask usage was over 3.3 billion, resulting in over 1.6
million tons of medical waste per day during the pandemic [21]. This consumption
related to the pandemic also generated more than 584 million tons of plastic waste
around the globe annually [21]. Also, in Turkey, the estimated daily face mask usage
was more than 51 million piece per day, with 6.3 million tons of medical waste yearly
[21].

There has been no infrastructure for the safe and environmentally friendly disposal
of single-use face masks worldwide [22]. The increasing use of masks increased their
manufacturing rates using high quantities of energy and water [23]. Current waste
management strategies rely on thermochemical treatments such as pyrolysis and
incineration of medical waste. Plastic waste is a valuable energy source considering
its higher heating value (HHV), and it is an abundant material once discarded. It has
an HHV of around 41-47 MJ/kg [24], much higher than coal, about 25-35 MJ/kg
[25]. Recovering energy from plastic waste could reduce the reliance on fossil fuels

for energy generation.

On the other hand, most PPE wastes contain polypropylene and/or polyethylene,
negatively impacting human and animal safety and health [26]. During the
incineration of plastic waste, greenhouse gases such as carbon dioxide (CO3), carbon
monoxide (CO), hydrogen sulfide (H2S), nitrogen oxides (NOx), sulfur oxides (SOx),
and other toxic substances are emitted. Also, the discharge water contains polymeric
compounds, aggravating climate change and threatening human health with cancer,
neurological damage, respiratory ailments, reproductive disorders, and heart diseases

[18,27,28]. The presence of these pollutants highlights the requirement for strict



pollutant emission controls and effective remediation treatments before their
disposal. Adaptation and further improvement of these measures can eventually
minimize the environmental impact and the potential harm to human health while

increasing the overall cost of the process [18].

Policymakers, industrial stakeholders, and scientists have already begun exploring
alternative solutions, including reusing and reprocessing PPE by producing either
consumables made from biodegradable materials or recycled plastics using
thermochemical processes [29]. The effectiveness and impact of the alternative
materials are not yet understood, and the research and integration of alternative

materials in existing PPE manufacturing processes are ongoing [30,31].

Moreover, with thermochemical processes, biofuel or construction materials can be
obtained from single-use PPE [32,33]. Resulting ash can be used in many areas of
industry. Understanding the chemistry behind bottom ash utilization is complicated,

as medical waste is incinerated as a blend of different medical items.

Previous studies highlighted the importance of performing fundamental laboratory
scale studies to understand the interaction between individual medical items used
during incineration. Despite the existence of many studies conducted at the industrial
scale, more knowledge was required to optimize the performance of power plants,
remain flexible in fuel selection, and improve the design of future power plants with
respect to their efficiency and operational safety. Therefore, this study aims to
understand the properties of both individual medical items and their blends during
laboratory fixed-bed scale combustion. The composition of inorganic matter and
toxicity of bottom ashes will be evaluated. The ash analysis will be performed using
Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-
EDX) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
and traditional protocol methods to assess the reproducibility and accuracy of the
inorganic matter composition. The resulting bottom ash will also be investigated for
its slagging performance by its base-to-acid ratio to understand whether the process

includes any risks to equipment and to find out the potential usage of the ash.
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Table 1.2 Estimated total plastic waste generation due to COVID-19 by region,

measured in tons [21]
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CHAPTER 2

LITERATURE REVIEW

This chapter provides a brief review of the literature and ongoing waste management
procedures. In section 2.1, medical waste management is explained with examples
from Turkey. Section 2.2 introduces polymers used as raw materials in selected
medical wastes. Section 2.3 reviews PPE waste characterization methods and
previous studies on that. In sections 2.4 and 2.5, thermochemical treatment methods,
pyrolysis and combustion, are discussed with the existing studies in the literature. In
section 2.6, co-firing in thermochemical treatments is introduced. Finally, in section
2.7, ash produced by combustion and its characterization techniques are briefly

reviewed.

2.1 Medical Waste Management

In medical waste management, medical waste is collected, sterilized, and sent to

medical waste facilities for further thermal treatment.

Once collected, medical waste from healthcare facilities is either sterilized on-site or
transported to sterilization centers or incineration plants based on composition. Even
though there are various sterilization methods available, none can sterilize medical
waste enough to eliminate the potential for infection from all kinds of medical waste.
These sterilization methods are typically used to sterilize hospital equipment or to
reduce the risk of infection from medical waste in case there is a need for temporary

storage of the medical waste before sending it to a medical waste center.
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In medical waste centers, pyrolysis and incineration of medical waste are used to
eliminate the infectious nature of the collected waste. By using these techniques, all
the pathogens or contaminants present in medical waste are destroyed. In most cases,
as well as in Turkey, incineration plants use a rotary kiln incinerator. A schematic
representation of the medical waste incineration plants in Istanbul is given in Figure
2.1. These plants employ a two-stage incineration process. In the first stage, the
medical waste is incinerated in a rotary kiln at a minimum temperature of 850 °C for
at least one hour. In the second stage, the flue gases resulting from the initial
combustion are further incinerated at 1200 °C in a second combustion chamber.
Subsequently, the high-temperature gases are directed toward a steam generator,
allowing for the energy recovery utilized during the incineration procedures.
Following these procedures, medical waste experiences a significant reduction in

volume, reaching up to 95% and in mass approximately 75% [34].

In all medical waste facilities, medical waste is handled as a whole, which means
different waste items are treated together and not separated. Each waste item can
affect other items during the co-combustion of different medical wastes. To
understand this effect, combustion characteristic temperatures of both medical waste
and its raw material should be well understood. It is important to understand this
interaction to optimize incineration at the power plant because it will also have a

substantial impact on the ash composition.

2.2 Polymers

This part of the thesis explains raw materials, polypropylene and nitrile, of the most
commonly used PPE, face masks, medical gowns, and nitrile gloves.

2.2.1 Polypropylene

Polypropylene (PP) is a linear thermoplastic in the polyolefin family [35]. It consists

of long chains of polymerized propylene structure. It was first discovered in 1954



and used widely due to its low density [36]. PP is the most commonly used polymer
in nonwoven fabrics [37], including medical equipment such as face masks and

medical gowns. Figure 2.2 shows the chemical structure of polypropylene with its
monomer propylene.

CHCH=CH, ——» ICHz'CH-CHz-CH ‘,
I L
L CH3 CHS Jn
Propylene Polypropylene

Figure 2.2 Polypropylene structure [38]

222 Nitrile

Nitrile, or acrylonitrile butadiene rubber (NBR), is the copolymer of acrylonitrile
(C2H3CN) and butadiene (CH2CH)2 monomers [39]. Its chemical structure is given
in Figure 2.3, where the right-side group, represented with the coefficient m, is the
acrylonitrile monomer, and the left-side group, represented with the coefficient n, is
the 1,3-butadiene group. NBR properties can be altered for desired specifications by

modifying its acrylonitrile content, n/m ratio, in the chemical structure [40].

- N O ~
H HH H| |H H
[ I .
—t C—C=C—C}+C—C—+
| | |
_H H) ((H C=N
n m

Figure 2.3 Acrylonitrile butadiene rubber (NBR) chemical structure [41]
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2.3  Personal Protective Equipment Waste Characterization

This part of the thesis introduces sample characterization methods such as proximate
analysis, ultimate analysis, and differential scanning calorimetry with the relevant
literature studies.

2.3.1 Proximate and Ultimate Analysis

Proximate analysis is a methodology employed to determine the distribution of
constituents within samples through controlled heating conditions. This analytical
technique quantifies the samples' moisture, volatile matter, fixed carbon, and ash
contents [42]. The procedural steps of proximate analysis can be modified to suit
various sample types. However, the fundamental principle involves subjecting the
sample to controlled heating within an inert atmosphere, mostly nitrogen or argon,
evaporating the moisture and volatile components. After that, introducing air into the
system promotes the fixed carbon's incineration, leaving only the ash content behind.
Throughout each stage of the analysis, the weight of the sample is recorded to

determine the quantity of each constituent.

The ultimate analysis is a quantitative methodology utilized to determine the specific
carbon, hydrogen, nitrogen, and sulfur content within a sample, whether organic or
inorganic, in a solid or liquid state. This analytical approach provides precise
measurements of these elemental components, offering valuable insights into the
composition of the analyzed matter. In the ultimate analysis, the sample undergoes
combustion, converting its carbon content to CO2, hydrogen to H20, nitrogen to N,
and sulfur to SO2. Subsequently, the combustion gases are directed from the furnace
towards the detection systems, where the released gas constituents are detected.
Based on the measured quantities, the determination of elemental composition is

computed.

Table 2.1 summarizes proximate and ultimate analysis results of nitrile gloves,

polypropylene, and face masks in the literature. As seen from Table 2.1,

11



polypropylene, the raw material of face masks and medical gowns, has less than
0.3% moisture content [43-49]. Most studies report polypropylene volatile matter as
99% [44,45,47-49], while two studies report more than 90% [43,46]. Some studies
reported that polypropylene has less than 0.5% fixed carbon [44,45,47—49], while
others reported it has up to 7% [43,46]. For ash content, most studies reported less
than 0.2%[44,45,47-49], and only two studies reported to be 0.9%[46] and 2.2%
[43].

Its ultimate analysis found that polypropylene has 85% carbon, 14% hydrogen, and
less than 0.3% nitrogen with no sulfur content [43-50]. There are different results
stated for the oxygen content of polypropylene. Some studies reported that it has no
oxygen content [45,46,48,50], while in other studies, it was reported to be less than
1% [44,47], and two studies reported 2% [49] and 7% [43] oxygen content.

Face masks have less than 0.5% moisture and high volatile matter [51-60]. Two
studies reported around 80% to 90% volatile matter [54,58], while other studies
reported more than 90% for face masks [51-53,55-57,59,60]. Also, most studies
reported less than 1% of the fixed carbon amount for face masks [52,53,55-57,60],
while some reported around 2-9% [51,54,58,59]. For the ash content of the face
mask, most studies reported less than 1% [51,53,56,57,59,60], but in some studies,
it was reported around 3-12% [52,54,55,58].

In the ultimate analysis, face masks were reported to have around 75-85% carbon,
14% hydrogen, less than 1% nitrogen, and no sulfur content [51-62]. Most studies
reported that face masks have less than 1% or no oxygen at all [51,52,56,57,59-61],
while in some studies, it was reported to be up to 8% [53-55,58].

There are fewer studies on nitrile gloves compared to face masks. The proximate
analysis of nitrile gloves showed less than 1% moisture content, around 90% volatile
matter, and less than 6% ash [63—65]. Nitrile glove fixed carbon content was reported
to be less than 0.7% in some studies [63,65], while Gerasimov et al. [64] reported
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Table 2.1 Proximate and Ultimate analysis of selected materials

Moisture

Fixed Ash
Carbon Content

Volatile
Matter

Reference

C H @] N Reference

Proximate Analysis of Nitrile Gloves, wt%

Ultimate Analysis of Nitrile Gloves, wt%

0.00 87.45 11.05 1.50 [64]
0.55 94.26 0.62 4.57 [65]

0.66 93.63 0.14 5.57 [63]

Proximate Analysis of Polypropylene, wt%

75.90 850 1.60 6.50 [62]
7732 8.27 0.00 12.90 [64]
76.00 8.54 9.46 6.00 [65]
75.99 826 941 6.34 [63]

Ultimate Analysis of Polypropylene, wt%

0.28 89.900 764 218 [43]
0.00 9950 050  0.00 [44]
0.00 9958 042  0.00 [45]
0.00 96.48 263  0.89 [46]
0.00 99.88 000  0.12 [47]
000 10000 000  0.00 [48]
0.00 99.92 004  0.04 [49]

Proximate Analysis of Face Masks, wt%

84.31 15.30 0.00 0.31 [50]
79.60 13.05 7.36 0.04 [43]
85.56 13.85 0.59 0.00 [44]
85.38 14.62 0.00 0.00 [45]
85.03 13.99 0.00 0.09 [46]
85.85 13.78 0.37 0.00 [47]
85.48 15.42 0.00 0.00 [48]
83.55 13.99 2.39 0.08 [49]

Ultimate Analysis of Face Masks, wt%

5.00 9290 190  0.20 [51]
0.12 9660 000  3.28 [52]
0.51 9839 065 045 [53]
0.00 8335 470 1195  [54]
0.31 9540 015  4.14 [55]
0.27 9891 051 031 [56]
0.30 99.70 000  0.00 [57]
0.00 8130 920  9.50 [58]
0.42 9662 287  0.08 [59]

0.06 99.94 0.00 0.00 [60]

79.26 2129 000  0.83 [61]
8540 14.10 020  0.00 [62]
84.37 14.93 070  0.00 [51]
84.71 14.35 094  0.00 [52]
8553 12.19 1.65  0.18 [53]
77.77 13.40 878  0.05 [54]
83.68 1458 1.74  0.00 [55]
84.99 14.07 091  0.03 [56]
8520 1455 025  0.00 [57]
7590 14.80 850  0.80 [58]
85.65 14.43 0.00  0.00 [59]
84.79 14.07 000  1.97 [60]
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that same content to be around 11%. The ultimate analysis of nitrile gloves was
reported as 76% carbon, 8% hydrogen, and no amount of sulfur [62—-65]. For oxygen
content, two studies reported less than 2% [68,70], while another two reported 9%
[63,65]. For the nitrogen content of nitrile gloves, most studies reported around 6%
[62,63,65], while one study reported 13% [64].

2.3.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermo-analytical technique utilized
to measure the disparity in the heat absorption or release required to raise the
temperature of a sample relative to a reference material. This method allows for the
investigation of endothermic and exothermic transitions occurring within the sample
as a function of temperature. By observing these transitions, essential information
can be determined, such as the transformation temperatures associated with

phenomena like glass transition (Tg), melting (Tm), and crystallization (Tc).

DSC analyses on the raw materials of selected medical wastes, polypropylene for
face masks and medical gowns, and acrylonitrile butadiene rubber for nitrile gloves,
have been conducted by several researchers. The literature data reveals that
polypropylene's glass transition, crystallization, and melting temperatures were
around -20 °C, 120 °C, and 165 °C, respectively [66-73]. Acrylonitrile butadiene
rubber (NBR) is known to exhibit only glass transition, with reported values ranging
from -10 °C to -30 °C, depending on the production process [74-76].

2.4 Pyrolysis

Pyrolysis can be defined as a thermochemical process where a solid or liquid
carbonaceous material undergoes decomposition into smaller volatile molecules at
elevated temperatures within an inert atmosphere[77,78]. It is a transformative
process that yields a range of thermal degradation products, known as pyrolysis

products, contributing significantly to chemical recovery [78]. Due to the absence of
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oxygen, combustion does not occur during pyrolysis. Consequently, the sample
undergoes thermal decomposition, releasing combustible gases [79]. The majority of
the combustible gases generated during pyrolysis possess the potential to be
condensed into a combustible liquid known as pyrolysis oil [77,79]. However,
alongside the condensable gases, there are also permanent gases such as CO2, CO,
H>, and light hydrocarbons [77]. Some of these permanent gases can be used for

combustion, supplying the necessary heat for pyrolysis [79].

Consequently, pyrolysis yields three primary products: a liquid product called
pyrolysis oil, a solid product known as char, and a gaseous product called syngas
[35-37,79]. The relative proportion of these products is contingent upon several
factors, including the feedstock composition and the specific process parameters
employed during pyrolysis [79]. For materials that have low amounts of fixed

carbon, like plastics, char formation would not be observed.

Pyrolysis has three different degradation mechanisms: random scission, side-group
scission, and monomer reversion [35,37,78]. The long carbon chain’s carbon-to-
carbon bonds are randomly broken down in the random scission mechanism. Due to
carbon bonds' uniform strength, scission is random in nature. Pyrolysis of PP is
known to follow the random scission mechanism [35-37]. Contrastingly, the side-
group scission mechanism involves the initial breaking of the carbon-to-side element
bond rather than the carbon-to-carbon bond. Monomer reversion, also called
depolymerization, consists of reversing the polymerization process and fragmenting
the chain into its monomeric constituents. In this case, the carbon-to-carbon bonds
break at alternating carbon atoms, leaving behind isolated monomeric units.
Depending on the specific pyrolysis mode, the pyrolysis product can exist as a

monomer or a series of different molecules.

The decomposition process during pyrolysis generates molecular fragments that
exhibit distinct characteristics associated with the original material. These fragments
can be further analyzed and identified through various techniques such as gas

chromatography, mass spectrometry, or Fourier transform infrared spectroscopy
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(FTIR). These analytical techniques generate a spectrum of the original material,
providing valuable information for identification and comparative purposes. The
spectrum is a fingerprint-like representation of the material, determining its

composition and facilitating comparisons with other samples [80].

Comprehensive knowledge of the pyrolysis process is crucial to predict the reactor
performance of a thermochemical process [81,82]. The most important operational
parameters in pyrolysis include heating rate, pyrolysis temperature, and residence
time [83,84].

According to the heating rate, pyrolysis can be classified into three categories: slow,
fast, and flash pyrolysis [77,85]. In slow pyrolysis, a heating rate between 1-100
°C/min is applied, and the temperature is usually around 300-700 °C, which increases
the residence time of the sample [77,84,86]. In fast pyrolysis, a higher heating rate
of 10-100 °C/s is applied, and the temperature is around 550-1250 °C [77,84,86]. On
the other hand, flash pyrolysis has the highest heating rate of 10° - 10* °C/s and
temperatures around 800-1300 °C [77,84,86]. In flash pyrolysis, the residence time

is very low, and it is applied when the goal is to promote gas production [77].

Also, according to temperature, pyrolysis can be classified as high or low-
temperature pyrolysis. If the temperature is more than 800 °C [84], the process is
called high-temperature pyrolysis; if the temperature is less than 500 °C [77], it is
called low-temperature pyrolysis, and in between 500 °C and 800 °C medium-

temperature pyrolysis [84].

24.1 Personal Protective Equipment Waste Pyrolysis

Pyrolysis has three significant characteristic temperatures: decomposition
temperature (Tq), peak temperature (Tp), and end-of-decomposition temperature
(Ted) which can be determined from thermogravimetric-derivative
thermogravimetric (TG-DTG) data [85]. The decomposition temperature is the

lowest temperature at which the decomposition of a substance starts at an observable
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rate and begins to break down into simpler chemical compounds [87]. It is an
essential parameter for determining a sample's thermal stability and behavior. The
peak temperature is defined as the temperature in the DTG profile in which the
sample exhibits a significantly accelerated weight loss compared to its proximate
regions. Each discrete peak in the DTG profile represents a decomposition stage of
a specific ingredient present in the thermal decomposition of the sample. The term
end-of-decomposition temperature is not commonly used in the literature. In the
context of this thesis, it is used to signify the termination point of the decomposition
process. In Figure 2.4, the identification of pyrolysis characteristic temperatures on

an example DTG profile is given.

DTG (wt.% min™)

Temperature (°C)

Figure 2.4 Pyrolysis characteristic temperature identification of a DTG profile

In order to understand the pyrolysis characteristic temperatures of selected medical
wastes, both the raw material and waste itself were analyzed under pyrolysis
conditions. The raw material of medical face masks and medical gowns is

polypropylene, which has a decomposition temperature varying between 325 and
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400 °C, a peak temperature of around 460 °C, and an end-of-decomposition
temperature of around 520 °C during pyrolysis conditions[43-50,88-102].
Characteristic temperatures of face masks were in line with those of polypropylene,
having decomposition temperature between 340 and 400 °C, peak temperature
around 460 °C, and end-of-decomposition temperature between 470 and 490
°C[51,52,54-62,91,103,104]. Both polypropylene and face masks have a single
decomposition stage, as understood by the presence of a single peak temperature in
their decomposition profiles.

The raw material of the nitrile glove is acrylonitrile butadiene rubber (NBR), which
has a decomposition temperature of 350 °C and an end-of-decomposition
temperature of 500 °C [105-113]. In literature, most of the studies observed a peak
at 460 °C [105-114], indicating a single stage of decomposition, while in some
studies, an additional peak around 420 °C was encountered[108-110,112], indicating
a second decomposition stage. The decomposition and peak temperatures of nitrile
gloves were in line with those of NBR, having decomposition and peak temperatures
0f 290 °C to 350 °C and 460 °C, respectively, and end-of-decomposition temperature
of 500 °C [62-65,90,115,116]. Esmizadeh et al. [121] encountered a second peak

temperature of around 400 °C for nitrile gloves.

25 Combustion

Combustion is a self-sustained exothermic chemical reaction between a fuel and an
oxidizer, typically oxygen for hydrocarbon fuels [117]. The combustion reaction
occurs when the fuel and oxidizer mixture is within the flammability limits and is
subjected to sufficient external heat to exceed the activation energy threshold [117].
It is extensively used for solid waste disposal, including plastics [35]. Up to 95%

reduction in weight is achieved in plastic combustion [35].
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The specific types of combustion products formed are determined by the fuel's
chemical composition and the availability of carbon sites for the oxidizer to react

with [117,118]. Hydrocarbon combustion reaction examples are given below:

Hydrocarbon: 4 CxHy (g) + (4x+y) O2(9) = (2b) H20 (g) + (4a) CO2(9) (1)
Hydrogen: H2(g) + (2) 02(9) = H.0 (g) (2)

Carbon: C(s) + 02(9) = CO2 (9) 3)

The given reactions are for complete combustion. Besides CO2 and H.O, depending
on the fuel's chemical composition and combustion conditions, SOx, NOx, and other
exhaust gases might be produced [119]. In cases when there is not enough oxygen
or time to complete the reaction, incomplete combustion occurs, whereas for carbon
or hydrocarbons, the output is not only CO2 and H2O but also CO [117,118].

Combustion reactions can be classified into two categories based on the physical
state of the fuel and oxidizer involved: homogeneous and heterogeneous[117].
Homogeneous reactions occur within a single phase. The most common example of
a homogeneous combustion reaction is the combustion of natural gas and air mixture,
where fuel and oxidizer are in gaseous form. The second combustion chamber of a
rotary kiln incinerator, where the flue gases are burned, also exhibits homogeneous
combustion. On the other hand, heterogeneous reactions take place at an interface
between reactants in two or more physical states, where the fuel and oxidizer mixture
may not be uniformly mixed and in separate phases [117]. For example, a reaction
occurs in carbon oxidation at the interface formed between the solid carbon surface
and the gaseous oxidizer. The first combustion chamber of a rotary kiln incinerator

exhibits heterogeneous combustion where solid medical waste reacts with oxygen.

The combustion process is a complex phenomenon in which both diffusional mass

transfer and surface reaction kinetics play an important role [117]. This thesis
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investigates solid waste combustion, so only solid fuel combustion is further

explained below.

Solid fuel combustion occurs in four main stages [85,117]. At some point, some of
these stages can happen in overlapping periods. The first combustion stage, drying,
starts when the fuel gains heat from an external source. At the drying stage, gases on
the solid fuel particles like water steam, methane, nitrogen, or carbon dioxide are
released [120], which takes place at temperatures up to 100 — 105 °C. After the drying
stage, the devolatilization stage starts at temperatures above 200 °C, depending on
the fuel type. The devolatilization stage has three important physical and chemical
processes: pyrolysis, volatile matter transport, and secondary reactions [117].
Secondary reactions may occur if there is enough residence time for the volatiles to

react with the surrounding gas products after transforming into gaseous form.

\\\ H H///
o6 & -
Drying Devolatilization

Figure 2.5 Plastic combustion process [117]

Furthermore, environmental conditions affect the volatiles released during the
devolatilization stage. A higher heating rate leads to increased volatile release [121].
Once the devolatilization stage is finished, only char is left in the solid particle. In
the char combustion stage, the remaining fixed carbon in the solid fuel undergoes
oxidation. If the fixed carbon content is too low, like in plastics, char combustion
would not be observed as a separate stage. In the end, only ash residue, a non-

combustible inorganic material that the initial fuel sample had, remains.
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Solid fuel combustion includes different research areas that have crucial roles in
energy recovery and addressing environmental concerns, such as combustion
behaviors, combustion kinetics, pollutant formation, particulate matter formation,

and ash deposition [85].

For the investigation of combustion behavior, various experimental setups have been
utilized. A thermogravimetric analyzer (TGA) is used in low-heating rate
combustion studies. In contrast, for high heating rate combustion studies, a drop tube
furnace (DTF) or entrained flow reactor (EFR) is preferred [85]. Thermogravimetric
analysis for low heating rate conditions provides helpful results for determining

characteristic temperatures, combustion behavior, and combustion kinetics [85].

25.1 Personal Protective Equipment Waste Combustion

There are three important characteristic temperatures in combustion: ignition
temperature (Ti), peak temperatures (Tp), and burnout temperature (Ty), which can
be determined from thermogravimetric-derivative thermogravimetric (TG-DTG)
data [85]. Ignition temperature is the minimum temperature at which the sample,
regardless of its physical state, spontaneously initiates and sustains combustion
without the existence of an external igniting source [125,126]. The first significant
change in the DTG profile that the sample starts to lose weight is identified as
ignition temperature. The peak temperature is defined as the temperature in the DTG
profile in which the sample exhibits a significantly accelerated weight loss compared
to its proximate regions. Each discrete peak in the DTG profile represents a
combustion stage of a specific ingredient present in the sample's composition. The
burnout temperature is the temperature at which the fuel is at near complete
combustion [127]. Identifying the burnout temperature in a sample offers essential
knowledge of the dynamics of the combustion process. In Figure 2.6, the
identification of combustion characteristic temperatures on an example DTG profile

IS given.
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DTG (wt.% min™")

Temperature (°C)

Figure 2.6 Combustion characteristic temperature identification of a DTG profile

Similar to the pyrolysis section, the raw material and waste were analyzed under
combustion conditions to understand the combustion characteristic temperatures of

selected medical wastes.

Polypropylene ignition, peak, and burnout temperatures were reported as 220-275
°C, 320 °C, and 370 °C, respectively[93,94,97,102,128-131]. On the other hand, the
burnout temperature of face masks during combustion was higher by approximately

100 °C compared to polypropylene, while ignition and peak temperatures were in
line [51,53,103,132].

Mensah et al. [114] reported NBR ignition temperature as 375 °C, burnout
temperature as 620 °C, and three peak temperatures at 425, 450, and 550 °C. For
nitrile glove combustion, similar results to NBR were reported as three peak
temperatures at 400, 450, and 520 °C, a lower ignition temperature at 260 °C, and a
burnout temperature at 590 °C [115].
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Even though combustion characteristic temperatures of the selected equipment are
known, their interactions with each other during co-combustion have not yet been
studied. After the COVID-19 pandemic, most of the focus has shifted towards
different kinds of face masks and their disposal. Considering that medical waste
facilities use these equipment in the incineration process together, the co-combustion

case and the equipment's interactions should also be investigated.

2.6 Co-Firing in Thermochemical Processes

Co-firing refers to the employment of more than two types of fuel simultaneously in
the same chamber [133]. The most common examples of co-firing are biomass
addition into coal-fired power plants or waste incineration. Co-firing in
thermochemical processes can result in a synergistic effect [123,124]. This effect is
seen between two or more substances that can produce a more significant result than
the summation of their individual results [134], which can change the process
parameters or final products in several ways, including emission reduction, process
efficiency improvement, stability, fuel flexibility, and carbon capture and
sequestration [123,124].

Selected fuels can interact in a way that pollutant formation, such as sulfur dioxide
(SO2), nitrogen oxides (NOx), greenhouse gases, and particulate matter (PM), would
be decreased [122]. These pollutants are very dangerous for human health and pose
various environmental hazards during the operation. Mixing different types of fuels
can increase the process efficiency if the added fuel acts as a catalyst for the other
fuel(s). Co-firing also provides stability for the operation and offers greater
flexibility in fuel choice, which is especially important for power plants. In some
cases, co-firing can serve for the integration of carbon capture and storage
technologies (CCS). CCS would be easier to adopt with the increased carbon dioxide

(CO2) concentration in the exhaust gases.
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On the other side, the ash composition left after thermochemical processes is also
affected by the co-firing process [135]. Naturally, different types of fuels have
different chemical compositions. In co-firing, the ash chemical composition is the
combination of the adopted fuels. Also, the ashes produced by different fuels have
different melting points. By changing the ash composition, the melting behavior of
the ash is also affected by either an increase or a decrease in the ash melting
temperature. Increasing ash melting temperature has advantages, including
preventing slagging and fouling issues in thermochemical process equipment [136].
The ash composition change also affects the effectiveness of the emission control
technology [137]. Specific properties of the ash, such as particle size and resistivity,
can influence the performance of the controlling devices in emission control

technologies.

The specific synergistic effect during co-firing can vary according to selected fuel
types, specific process conditions, and the employed system design. In medical waste
management, the most commonly used medical equipment is collected and treated
together; therefore, they should be further investigated from this perspective to
understand and optimize the employed thermochemical treatments for its gaseous

emissions, effects on energy recovery, ash composition, and slagging potential.

2.7 Ash from Combustion of Solid Fuels

The combustion of solid fuel produces ash as a by-product. Ash is the non-
combustible part of solid fuel, mainly composed of inorganic materials or unburned
carbon, depending on operating conditions [138]. The ash comprises three main
components: fly ash, boiler slag, and bottom ash [139]. Fly ash is the finest ash
particles carried by the flue gases [140]. Unfiltered discharge of fly ash particles into
the environment poses a significant risk to human health. Therefore, fly ash is filtered
from the exhaust gases by different methods, such as electrostatic precipitators or
bag filters [141]. The recovered amount of fly ash depends on the fuel's chemical

composition, the operating conditions of the burners, and the boiler [139].
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Slagging is the formation of molten ash or incombustible byproducts on the boiler
surface, and the residue formed on the equipment is called slag. If the molten ash
particles that interact with flue gases collide with the boiler wall, they rapidly cool
down and solidify on the spot, leading to a significant decrease in heat transfer.
Slagging poses a significant challenge to boiler efficiency and threatens the
continuity of an operation [142]. Especially fuels containing high amounts of sulfur,
alkali metals, or volatiles can lead to boiler hazards during energy recovery [124].
Also, another critical concern is the ash deposition on the tubes; therefore, the fouling

and slagging potential of the fuels should be investigated further.

Unlike fly ash, bottom ash is characterized by coarser particle size, typically between
2 um and 20 mm [140,143]. It consists of compact particles that cannot be
transported with the flue gases due to their large and heavy particles and settle at the
bottom of the furnace [139]. Bottom ash's physical properties depend on fuel type,
combustion conditions, or operating temperature [140]. A significant portion of the
bottom ash is utilized in the construction industry, cement manufacturing,
underground mining, landfills in open mines and quarries, and fertilizer or secondary
aggregates in road concentration [140,144]. Before the utilization of bottom ash in
industry, it is important and helpful to investigate its chemical composition. For this
purpose, various analysis methods are available, including X-Ray Fluorescence
(XRF), X-Ray Diffraction (XRD), scanning electron microscopy with energy-
dispersive X-Ray spectroscopy (SEM-EDX), inductively coupled plasma optical
emission spectroscopy (ICP-OES), etc. In this thesis, among these methods, SEM-
EDX and ICP-OES methods have been used; therefore, only these two methods are

explained in the methods section.

Some studies exist on medical waste bottom ash characterization [145-147].
However, these studies often lack specifics about the collected medical waste
composition and collection process. Usually, the total medical waste collected from
a hospital was used directly, and their ingredients were not specified. Considering

the characterization need of this medical waste and the PPE waste becoming the

25



increasing portion of this waste, a sample characterization was required to investigate

the effects of different medical waste items on each other.

The bottom ash collected from the incineration plant is reported to be less heavy
metal contaminated than the fly ash [145]. The main compounds detected in the
bottom ash of an industrial-scale incinerator were Al2O3, SiO2, and CaO. There were
high amounts of heavy metals such as zinc (Zn), titanium (Ti), copper (Cu), cadmium
(Cd), lead (Pb), chromium (Cr), nickel (Ni), and tin (Sn), which were highly
leachable, therefore the most concerning for industrial uses [145,146]. However, the
bottom ash composition depends strongly on the geographical location of an
incineration plant with the local preferences to integrate synthetic polymers,
biomaterials, or metals in PPE. Another study in Japan has also emphasized the high
quantities of chlorine (CI) in the bottom ash from blended medical waste incineration
[146].

In a study performed in Wuhan, China, medical waste collected from Huoshenshan
Hospital was incinerated with a mobile emergency incinerator unit, and the resulting
bottom ash was investigated [147]. The findings revealed that, in the bottom ash,
calcium (Ca) is the predominant element. At the same time, significant amounts of
silicon (Si), magnesium (Mg), chlorine (CI), aluminum (Al), sodium (Na), titanium

(Ti), and iron (Fe) were still present in decreasing order [147].

Medical waste also contains large amounts of disposed or plastic materials, known
for the high fraction of toxic metallic elements or organic compounds that might
hinder bottom ash reuse [148]. In cases when incomplete combustion occurs, the
bottom ash can contain persistent organic pollutants of dioxins, biphenyl, and
dibenzofurans origin. Thus, it is of high importance to understand the composition
and properties of bottom ash from medical waste incineration to keep a balance
between health-safe, environmentally friendly, and cost-efficient applications in

various industrial processes.
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CHAPTER 3

METHODS AND MATERIALS

This chapter explains waste sample preparation and characterization in sections 3.1
and 3.2. Thermochemical processes used in medical waste management, pyrolysis,
and combustion methodologies are presented in sections 3.3, 3.4, and 3.5. Section
3.6 explains the analysis methods used to characterize ash obtained from

combustion. Finally, in section 3.7, uncertainty analysis is provided.

3.1  Sample Preparation from Personal Protective Equipment Waste

In hospitals' Covid services, doctors and nurses regularly use Personal Protective
Equipment (PPE). This study analyzed the mask, glove, and gown since these were
the most used PPEs. Samples were supplied from familiar brands, noting that each
brand may have minor differences, mainly in mask ropes, but the main compositions
were similar. Mask and gown samples were made of polypropylene, and gloves were

made of nitrile. Photography of the samples is presented in Figure 3.1.

Mask samples were supplied from a common brand located in Turkey. Samples have
three layers, a rope, and a nose adjustment part. All the layers are made of
polypropylene, and the rope is made of cotton. The nose adjustment part was
removed in the analysis. The mask layers have the same weight as each other,
corresponding to 30% of the overall mask weight each, while the rope weight is only
10%. The gown is made of polypropylene non-woven fabric, and a sample was taken
from a hospital for this study. Gloves were made of nitrile, and samples were
supplied from a company located in Germany that provides laboratory equipment in

Turkey.
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Figure 3.1 Photographs of medical waste samples used in this study: a) medical
gown, b) nitrile glove, c) medical mask.
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Samples were cut into pieces and dried for 24 hours at 105°C. For combustion,
pyrolysis, and fly ash characterization, square-shaped pieces with a size of 2x2 mm
were cut from the original samples. Square-shaped pieces of 2x2 mm for gloves and
3x3 cm for mask and gown were cut for bottom ash characterization. Also, square-
shaped pieces of 2x2 mm for mask and gown were cut for bottom ash analysis. After
seeing no difference in ash, 3x3 cm particles were used for further analysis to
decrease the sample preparation time. Prepared samples were shown in Figures 3.2-
3.4.

In this thesis, four blends of medical waste have been prepared. The blend
preparation and investigation process was constructed similarly to the methods used
by Farokki et al. [149]. One blend was designed to represent the medical waste
collected from hospitals' Covid-19 services. Other blends were prepared to

investigate the synergistic effect of different medical wastes during co-combustion.

Figure 3.2 Nitrile glove samples cut under 2 mm.
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Figure 3.4 Face mask samples cut under 3 cm.
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The medical staff regularly uses Personal Protective Equipment (PPE) in hospitals.
Two masks and three pairs of gloves are used for each patient visit. For twelve patient
visits, one gown is used by the medical staff unless any interaction contaminates it.
The usage of PPE for each round is given in Table 3.1.

Table 3.1 Hospital COVID-19 service personal protective equipment usage
amounts.

PPE Per patient Per service Mass fraction in the blend
round (%)

Glove 6 72 60

Gown 1/12 1 20

Mask 2 24 20

In the study, four different blends were prepared. The first one was prepared
according to the above explanation of the actual usage amount in the hospitals. In
other blends, only two kinds of samples were used to investigate their effects on each
other at determined weight ratios. Blend compositions were given in Table 3.2 as

corresponding weight ratios.

Table 3.2 Weight percentages of the blend compositions used in this thesis.

Blend Designation Glove (GL) Gown (G) Mask (M)

(%0) (%0) (%)
GL60G20M20 60 20 20
G50M50 - 50 50
GL50G50 50 50 -
GL60G40 60 40 -
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3.2  Personal Protective Equipment Waste Characterization

In this section, methodologies of the characterization methods, such as proximate

analysis, ultimate analysis, and differential scanning calorimetry, are given.

3.2.1 Proximate Analysis

A thermogravimetric analyzer (TGA) is a well-known and widely adopted analyzer
used for the characterization of the thermal behavior of different feedstocks under
various thermal conditions. Proximate analysis was conducted by Perkin EImer 4000
TGA located in METUWIND Composite Material Characterization Laboratory,
which is shown in Figure 3.5. The TGA device has a compact ceramic furnace with
gas flow controllers, a thermocouple to record the temperature, and a micro-scale
able to weigh 10° mg to record the weight of the sample. The sample was heated to
105 °C at a 10 °C/min rate with a nitrogen flow of 100 ml/min at 2 bar pressure. The
sample was kept in isothermal conditions for 5 minutes. After that, the temperature
was first increased to 950 °C with previous conditions and decreased to 450 °C at a
20 °C/min cooling rate. From 450 °C sample was heated up to 950 °C at a 10 °C/min
rate with an airflow of 100 ml/min at 2 bar pressure and held in isothermal conditions

for 5 minutes.

3.2.2 Ultimate Analysis

Ultimate Analysis was carried out in MERLAB METU using LECO, CHNS-932
with a similar method used by [150,151]. The sample was placed into an autoloader
and dropped into the high-temperature combustion furnace. The combustion gases
were swept from the furnace, through scrubbing reagents, and onto the detection
systems as they were released. IR detectors were used to detect carbon, hydrogen,
and sulfur simultaneously. Nitrogen was measured using a thermal conductivity

detection system.
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3.2.3 Differential Scanning Calorimetry

DSC analysis was carried out with a Perkin EImer DSC 4000 single furnace located
in the METUWIND Composite Material Characterization Laboratory, shown in
Figure 3.6, with a similar method used by [152]. The sample is placed inside a
container and inserted into the analyzer with an identical empty container used as a

reference.

Heating and cooling rates in this analysis were +10°C/min and -10°C/min,
respectively, and the temperature range was between -50 °C and 200 °C. Initially,
samples were held at -50°C for 10 minutes and then heated to 200°C. Samples were
kept in isothermal conditions for 10 minutes and cooled to -50°C. After that, samples
were held at isothermal conditions for 10 minutes and heated to 200°C.

3.3  Pyrolysis of Personal Protective Equipment

Pyrolysis was carried out by Perkin ElImer 4000 TGA coupled with Perkin Elmer
Spectrum 2 in METUWIND Composite Material Characterization Laboratory,
shown in Figure 3.5, with a similar method used by [152,153]. Medical waste
samples were heated to 900°C at a 10°C/min rate with a nitrogen flow of 200ml/min
at 2 bar pressure. The resulting gas composition was channeled through a heated pipe
at 270 °C to avoid condensation inside the channel through the Spectrum 2 device
for FTIR analysis.

3.4  Combustion of Personal Protective Equipment

Combustion was carried out by Perkin EImer 4000 TGA coupled with Perkin Elmer
Spectrum 2, with a similar method used by [152,153]. Medical waste samples were
heated to 900°C at a 10°C/min rate with an airflow of 100ml/min at 2 bar pressure.

The resulting gas composition was channeled through a heated pipe at 270°C to
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Figure 3.5 Thermogravimetric analyzer (TGA) (on the right side) connected to
Spectrum 2 Fourier-Transform Infrared Spectrometer (FTIR) (on the left) at the
METUWIND Composite Material Characterization Laboratory, METU.

Figure 3.6 Differential Scanning Calorimetry (DSC) at the METUWIND
Composite Material Characterization Laboratory, METU.
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avoid condensation inside the channel through the Spectrum 2 device for FTIR

analysis.

Prepared blends of the medical waste were examined with the same procedure as the
one used for individual medical waste. Moreover, a weighted average of the DTG
profiles was calculated using individual medical waste' DTG curves for the blends.
The estimated profile was compared with the experimental DTG profiles from the
burning of the blends.

3.5  Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy, or FTIR, is a highly valuable technique in
verifying the identity of pure compounds and is widely adopted for determining
organic and polymeric compositions [77,154]. The FTIR instrument sends infrared
(IR) radiation with a wavelength range of approximately 10,000 to 100 cm™ through
a sample. As the radiation passes through the sample, some is absorbed and
transmitted within. The absorption of IR radiation by sample molecules leads to
energy conversion into rotational and/or vibrational motion, leading to stretching,
bending, and twisting chemical bonds. This technique relies on identifying
functional groups within molecules that exhibit specific vibrational patterns, either
through stretching or bending, when exposed to particular wavelengths of light.
These vibrational motions and their intensity (% transmission) are plotted against the

frequency of light (measured in cm™) to generate an FTIR spectrum.

Certain regions of this spectrum, known as the fingerprint region, display distinct
characteristics unique to the compound being analyzed. FTIR spectroscopy employs
four sampling techniques: transmission, attenuated total reflection (ATR), specular
reflection, and diffuse reflection. Additionally, the choice of infrared sources varies
depending on the desired region of the IR spectrum to be examined. For the mid-IR
region (5,000 — 400 cm™), silicon carbide (SiC) elements are commonly used, while
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higher temperature sources like tungsten-halogen lamps are employed for the near-
IR region (10,000 — 4,000 cm™Y).

In this thesis, the Perkin EImer Spectrum 2 FTIR device, shown in Figure 3.2, is used
for FTIR analysis. The FTIR device does not synchronize with TGA, so both devices
were set and started manually at the same time. The absorption spectra were obtained
with 32 scans between 4000 and 400 cm™ with 4 cm™ resolution.

3.6 Ash from Combustion of Personal Protective Equipment

For bottom ash production, medical waste samples were burned in a muffle furnace,
shown in Figure 3.7, at 900°C with a 10°C/min heating rate under 5 L/min air flow
at atmospheric pressure and kept in isothermal conditions for 10 minutes. The
chemical composition of the resulting bottom ash was investigated by two different
methods, namely SEM-EDX analysis and ICP-OES analysis[155].

Figure 3.7 Muffle furnace in Clean Combustion Technologies Laboratory, METU.
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3.6.1 Scanning Electron Microscopy - Energy Dispersive X-Ray
Spectroscopy

Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-
EDX) analysis was performed using QUANTA 400F Field Emission SEM. This
analysis was performed at METU MERLAB. The bottom ash samples were attached
to a carbon tape during SEM-EDX scanning, coated with gold and palladium for
electrical conductivity, and readings were collected at least three random points.
EDX is an analytical method used to determine a sample's elemental composition.
The bottom ash samples are bombarded with high-energy electrons, causing the
atoms in the ash to emit X-rays. Emitted X-rays are collected by a detector, which
converts that information into electrical signals. The resulting spectrum shows the
intensities of the X-rays as a function of their energies. Each element in the spectrum
was identified from the peaks of that X-ray spectrum. The amount of each element
in the sample is computed according to the intensity of the emitted characteristic X-
ray. Since different atoms emit different amounts of X-ray, a correction was
performed according to each element's atomic number, emissivity, and reflectivity.
Random measurements taken from various parts of the sample surface were
combined to calculate one overall value representing the final result. All of the

collected measurements are given in Appendix E.

3.6.2 Inductively Coupled Plasma Optic Emission Spectroscopy

Prior to the ICP analysis, the microwave digestion of the PPE samples was performed
using a Mars 6 240/50 series oven at a maximum power output of 3150W and
magnetic frequency of 2455MHz. The four samples labeled Gloves, Mask, Gown &
GL60G20M20 were divided into duplicates (a, b) and then transferred into digestion
vessels already containing 20ml of nitric acid (70%). Approximately 20mg of sample
was added to each vessel. The digestion process was based on a 30-minute heating

protocol based on ASTM D6349-13 with the following parameters: temperature
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ramp of 25°C-200°C for two hours followed by a hold time of 10 minutes. The
decomposition was achieved in the microwave oven at a power output of 1030-
1800W.

After digestion was completed, the digestion vessels were opened, and 5ml of the
digested leftovers were withdrawn and filtered using a 0.2um syringe filter into ICP
tubes. Afterward, the filtered samples were diluted at 50:50 (v/v) using 1M HNO3
and ready for analysis. Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) was used to analyze As, Hg, Mo, O, Se, Al, Ca, Co, Cr, Cu, Fe Mg, Mn,
Ni, Pb, Zn, S, Au, Si, Ti elements at different frequencies, where the most suitable
was selected to compute the results. The ICP was set to a plasma flow of 12 L/min,
a nebulizer flow of 0.70 L/min, and a stabilization time of 15 seconds [156,157].

3.6.3 Slagging Performance

In order to evaluate the slagging performance of the bottom ash, conventional
methods that Christy Vijay et al. [158] used are applied for both individual and blend

analysis.

Base-to-acid ratio (B/A) is the ratio of basic and acidic compounds. Basic
compounds decrease the ash melting temperature, while acidic compounds are
known to increase that. The slagging inclination of ash is said to be low for B/A <
0.5, medium for 0.5 < B/A < 1.0, high for 1.0 < B/A < 1.75, and severe for B/A >
1.75 [159,160]. The formula below calculates the ratio, representing each oxide by

its mass fractions.

B/A = M(Fey03) TM(Ca0)TM(Mg0) M (Na,0) TM(K,0)

(4)

M(si0,) T M(Al,03)T(Ti0y)
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3.7 Uncertainty Analysis

In experimental studies, the error is unavoidable. This error may arise from
experimental setup, changing conditions of the experiment environment, or even
human mistakes. Even though experimental error is inevitable, it can be predicted
and minimized by proper setups and careful planning and investigation of the
experimental data. For this purpose, uncertainty analyses for TGA and DSC were

provided in the following subsections.

3.7.1 Thermogravimetric Analyzer

A thermogravimetric analyzer was used for proximate analysis, pyrolysis, and
combustion. Perkin EImer 4000 TGA device has a maximum operating temperature
of 1000 °C, temperature accuracy of +1 °C, and temperature precision of +0.8 °C,
with a balance accuracy of +0.02% and precision of +0.01% specified by the
manufacturer. In order to minimize the error in the experiment, calibration of the
device is essential. After each experiment, some residue was left on the crucible and
should be cleaned properly before each use to avoid any error. At the beginning of
the experiment, a crucible was placed, and its weight should be taken as tare weight.
After the sample was placed, the sample weight was taken. Gas flow was supplied
from the beginning to avoid any sudden changes. Half an hour of waiting time was

taken so that the weight sensors stabilized after placing the crucible each time.

Also, each analysis was run at least twice, and the data set closer to the average of

those sets was taken in the results section.

3.7.2 Differential Scanning Calorimetry

The Perkin EImer DSC 4000 device was used for differential scanning calorimetry
analysis and had an operating temperature between -100 °C and 450 °C, with a

temperature accuracy of £0.1 °C and precision of £0.02 °C. Thermocouple-based
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chrome alloy (90% Nickel / 10% Chromium) discs were used as temperature sensors.
The device was calibrated with running high-purity reference materials with known

temperature and energy transition for temperature and heat flow.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents and discusses the results of the previously described analyses.
In section 4.1, the results of the characterization analyses are provided. Selected
PPEs are produced by a variety of manufacturers all over the world, with slight
differences in their production process and ingredients. Proximate and ultimate
analyses with differential scanning calorimetry results are compared with the
literature data to confirm the used PPE represents the intended equipment. Sections
4.2 and 4.3 provide the results of thermochemical processes, pyrolysis, and
combustion. In these sections, the derivative thermogravimetry graphs and FTIR
spectrums are investigated. Especially in section 4.3, constructed blends are
investigated for PPE’s effect on each other. Finally, in section 4.4, SEM-EDX and
ICP-OES results performed on the ash obtained from combustion are provided. A
comparison of these methods provides essential information about the bottom ash of
PPE and the slagging inclination of these samples. The experimental matrix is given
in Table 4.1.

4.1  Personal Protective Equipment Waste Characterization

Selected PPE are characterized by proximate, ultimate, and DSC analyses, and their
results are presented in this section.

4.1.1 Proximate and Ultimate Analyses of Personal Protective Equipment

Proximate and Ultimate Analysis results are given in Table 4.2. Glove samples have
1.6% moisture, 2.6% fixed carbon, and 4.3% ash residue, with a very high amount
of volatile matter at 91.5%.
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Table 4.1 Experimental matrix.
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Table 4.2 Proximate and ultimate analysis of Personal Protective Equipments.

Parameter Glove Gown Mask

Proximate Analysis, wt.% db

Moisture 16 - 0.1
Volatiles 915 98.7 987
Fixed Carbon 26 04 09
Ash 4.3 0.9 0.3

Ultimate Analysis, wt.% daf

C 715 822 80.2
H 8.6 147 140
N 69 05 01
02 13.0 26 5.7
S <0.1 <01 <01
apy difference

In the previous studies in Table 2.1, volatile matter was between 87 and 94%, so
91.5% for nitrile gloves was expected. Gown and mask results were similar in both
analyses since they were made with the same material and similar production
techniques. As seen in Table 4.2, both samples have 98.7 % volatile matter and
minimal amounts of fixed carbon, 0.4% for the gown and 0.9% for mask, and ash
content, as 0.9% for gown and 0.3% for mask. In Table 2.1, previous studies have
reported mostly more than 99% volatile matter for polypropylene and more than 96%
for face masks. From that comparison, it is safe to say that the used face mask and

medical gown proximate analyses confirm those studies.

The ultimate analysis investigated the samples' C, H, O, N, and S content. All the

samples have almost no amount of sulfur. Glove samples have 71.5% carbon, 8.6%
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hydrogen, 6.9% nitrogen, and 13.0% oxygen. Gown and mask samples have around
80% carbon, 14% hydrogen, 0.5% nitrogen, and approximately 2 to 5% oxygen. All
the ultimate analysis results are similar to the literature data in Table 2.1, except for
a slight decrease of around 5% in carbon content, with a similar increase in the

oxygen content of gown and mask samples.

4.1.2 Differential Scanning Calorimetry of Personal Protective

Equipments

In DSC Analysis, Glass Transition, Crystallization, and Melting Temperatures were
investigated, and results are presented in Table 4.3. The glove has only a glass
transition temperature of -15 °C and no crystallization and melting temperatures.
Gown and glove samples behave similarly at -18 and -20 °C for glass transition
temperature, 110 and 120 °C for crystallization temperature, and 160 °C for melting
temperature. All three temperatures for each sample, glass transition, crystallization,
and melting temperature, were consistent with the literature data in Section 2.3.2.
Gown and mask samples have slightly higher glass transition temperatures when
compared to polypropylene, which indicates the production process has slightly
altered material properties.

Table 4.3 Differential Scanning Calorimetry analysis of Personal Protective
Equipments.

Glass Transition Crystallization Melting

Temperature °C  Temperature °C Temperature °C

Glove -15 - -
Gown -18 110 160
Mask -20 120 160
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4.2 Pyrolysis of Personal Protective Equipments

Pyrolysis of PPE and their blends was conducted using a thermogravimetric analyzer
(TGA), and the corresponding TG-DTG curves are presented in Figure 4.1 and
Figure 4.2. Figure 4.1 shows that all waste samples represented a single
decomposition stage with a pronounced peak. Table 4.4 shows the characteristic
temperatures for the decomposition of the samples, namely, decomposition (Tag),

peak (Tp), and end of decomposition (Teq) temperatures.

Compared to the literature data presented in Section 2.4 [62-65,90,115,116], gloves
have similar decomposition and peak temperatures at 300 °C and 445 °C,
respectively, with a slightly higher end-of-decomposition temperature of 523 °C. In
comparison, it was reported up to 500 °C for NBR in the literature [105-113]. The
gown and mask have similar decomposition temperatures to literature data on face
masks [51,52,54-62,91,103,104] and polypropylene [43-50,88-102] in Section 2.4,
at 320 °C, slightly lower peak temperature at 440 °C for the gown and 430 °C for the
mask, and slightly lower end-of-decomposition temperature at 468 °C for gown and
465 °C for mask.

Table 4.4 Pyrolysis and combustion characteristics temperatures of Personal
Protective Equipments.

Pyrolysis Combustion

Ta(°C) Tp(°C) Tea("C) | Ti(°C) Tw(°C) Tp2(°C) Tps(°C) To(°C)

Glove 300 445 523 240 420 450 510 564

Gown 320 440 468 220 385 - - 398

Mask 320 430 465 238 362 - - 390
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Figure 4.1 Pyrolysis DTG profiles of individual Personal Protective Equipments
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Figure 4.2 Pyrolysis DTG profile comparison of experimental and predicted
GL60G20M20
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With the acquired DTG profiles for individual samples, a prediction for blend
GL60G20M20 has been made according to the weight percentage of the selected
wastes in the blends. In Fig. 4.2, GL60G20M20 and its prediction are shown. All the
characteristic temperatures, decomposition temperature, peak temperature, and end-
of-decomposition temperature, were as predicted; therefore, no synergistic effect

was observed in the co-pyrolysis of face mask, medical gown, and nitrile glove.

Gaseous emissions during pyrolysis were examined with TG-FTIR analysis, and the
results are presented in Figures 4.3-4.6. Mask and gown samples' gaseous emissions
are remarkably similar since their raw materials and production techniques are
almost identical. For both samples, peaks at 2956 cm™and 2910 cm™* were identified
as characteristics associated with the -OH groups of the main functional groups that
refer to polypropylene non-woven fabrics, and C-H stretch present in CH20OH group
that typically the peak of filter paper [52], at 2372 cm™ and 2308 cm™ as CO,, at
1460 cm™ and 1377 cm™ as alkanes C-H stretching and bending bands of CH, and
CHs, respectively [161], and peak at 1027 cm™ as C-H bend of CHs [162]. The
fluctuations around 808 cm-1 indicate CHs, CH2, C-C, and C-CHjs vibration bonds.

The presence of CHz and CH indicates that the random scission mechanism was
primarily active. In contrast, the presence of CHs suggests that the side group
scission mechanism was also present during the pyrolysis of polypropylene-based
PPE. The small amounts of carbon bonds in C-C and C-CHjs indicate some parts
where random scission was not dominant. On the other hand, in blend
GL60G20M20, C-C, and C-CHs bonds were not encountered, meaning that random

scission was more dominant in blend pyrolysis.

For glove samples, peaks at 2933 cmtand 2867 cm™ were identified as =C-H stretch
[162], 2358 cm-1 and 2320 cm-1 as CO,, and 1029 cm™ as C-H bend of CH3 [162].
The presence of =C-H indicates the monomer reversion mechanism was active, and
the butadiene group was depolymerized at first. C-H bend and CHz indicate random

scission, and side-group scission mechanisms are also present.
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Figure 4.4 FTIR spectrum of the gown in pyrolysis conditions
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Figure 4.6 FTIR spectrum of GL60G20M20 in pyrolysis conditions
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Similar to DTG profile comparison for blend analysis, blend GL60G20M20
emissions during pyrolysis are also compared with the individual results of the PPE.
In the GL60G20M20 pyrolysis emissions, all the identified peaks were the same with
the samples' separate analyses, and no unexpected gas emissions were found.

4.3  Combustion of Personal Protective Equipment

Combustion of medical wastes and their blends was conducted using a
thermogravimetric analyzer (TGA), and the corresponding TG-DTG curves were
presented in Figure 4.7-4.11. Figure 4.7 shows the DTG profiles of individual wastes
in this study. Figure 4.7 shows the combustion characteristic temperatures of the
samples, ignition temperature (Ti), peak temperatures (Tp), and burnout temperature

(Tb), which are also presented in Table 4.4.

As in the pyrolysis section, the mask and gown had one peak in their DTG profile,
as shown in Figure 4.7, representing a single combustion stage, while the glove had

three distinct peaks representing three combustion stages.

Combustion characteristic temperatures in Table 4.4 were in good agreement with
the literature data presented in Section 2.5 [51,53,93,94,97,102,103,114,115,128—
132]. The glove has an ignition temperature of 240 °C, three peak temperatures at
420, 450, and 510 °C, and a burnout temperature of 564 °C. The gown has an ignition
temperature of 220 °C, a peak temperature of 385 °C, and a burnout temperature of
398 °C. The mask has an ignition temperature of 238 °C, a peak temperature of 362
°C, and a burnout temperature of 390 °C. Indicated by the three distinct peak
temperatures, nitrile glove exhibits three combustion stages. In the first peak,
primarily, the volatile release is expected. In the second and third peaks, monomers
in nitrile, acrylonitrile and butadiene, undergo combustion. The slight differences in
combustion characteristic temperatures encountered can be attributed to factors such

as raw material quality and differences in production techniques.
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Figure 4.7 Combustion DTG profiles of individual Personal Protective Equipments
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Figure 4.8 Combustion DTG profile comparison of experimental and predictions of
GL60G20M20
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With the acquired DTG profiles, a prediction for blends has been made according to
the weight percentage of the selected wastes in the blends. In Fig. 4.8, GL60G20M20
and its prediction were shown. As seen from the figure, peak, and burnout
temperatures for polypropylene-based materials, mask and gown, have shifted to
lower temperatures, with peak temperatures from 370°C to 305°C and burnout
temperatures from 395°C to 370°C, indicating a synergistic effect. In order to
understand the reason for that synergistic effect, other blends with only two samples
were prepared. In blend G50M50, equal amounts of polypropylene-based materials

have been used. In Fig. 4.9, G50M50 and its prediction were shown.
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Figure 4.9 Combustion DTG profile comparison of experimental and predictions of
G50M50

In the figure, all characteristic temperatures were similar to predictions, so a
synergistic effect was not observed. In blend GL50G50, equal amounts of glove and
gown samples have been used. In Fig. 4.10, GL50G50 and its prediction were given.
In the figure, peak and burnout temperatures have shifted slightly to lower
temperatures, peak temperatures from 385°C to 367°C, and burnout temperatures
from 399°C to 390°C. In order to understand and verify whether that shift is due to
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Figure 4.11 Combustion DTG profile comparison of experimental and predictions
of GL60G40
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nitrile glove addition, blend GL60G40 was prepared, with weight percentages of 60

for the glove and 40 for the gown.

In Fig. 4.11, GL60G40 and its prediction were shown. Compared to GL50G50
results, in GL60G40, the shift of peak and burnout temperatures to lower
temperatures has increased, with peak temperature from 385°C to 345°C and burnout
temperature from 399°C to 385°C.

These comparisons provide important insight into polypropylene and nitrile-based
medical waste combinations. The DTG profiles revealed a significant shift in peak
and burnout temperatures when varying proportions of nitrile gloves and
polypropylene-based face masks and gowns were combined. As the nitrile glove
ratio increases, the indicated shift also increases, allowing us to say nitrile glove has
a synergistic effect on polypropylene-based PPE during combustion by decreasing
peak and burnout temperatures. This synergistic effect can present itself by reducing
residence time, harmful emissions, or slagging during the process. The following
sections investigate gaseous emissions and ash compositions, which could shed light

on the changes due to the synergistic effect on the final product.

Gaseous emissions during combustion were examined with FTIR analysis, and the
results are presented in Figure 4.12-4.15. As was in the pyrolysis analysis section,
results were presented for mask and gown samples together. The peaks at 2950 cm-
Land 2915 cm™ were identified as characteristics associated with the -OH groups of
the main functional groups referring to polypropylene non-woven fabrics, and C-H
stretch present in CH>OH group that typically the peak of filter paper [52], at 2300
cm™ and 1735 cm™ C=0 stretch [162] of CO,, at 1585 cm™, 1455 cm™, and 1377
cm™ as alkanes C-H stretching and bending bands of CH, and CH3 [161], at 1166
cm? and 1028 cm™ as C-H bend of CHs [161-163]. Additionally, at minimal
amounts, CHs, CHz, C-C, and C-CHz vibration bands were observed around 808 cm’
1[161,162].

The presence of CH, and CH indicates that the random scission mechanism was

present, but the presence of C-C and C-CHs suggests that not all the carbon bonds
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were broken, and at some minor parts, random scission was not dominant. Also, the

presence of CHz indicates that side-group scission was observed.

For glove samples, the peaks around 2917 cm™ identified as alkane, =C-H stretch,
and saturated aliphatic groups [63], at 2300 cm™ as COy, at 2237 cm™ as -C=N
stretching of nitrile group [164], around 1400 cm™ as -C-H stretching and bending
vibrations of CH, and CHs [63,164], at 1197 cm™ as CH; bend [162], and around
900 cm® as =C-H butadiene group [164].

The presence of =C-H and CH: indicates both monomer reversion and random
scission mechanisms were effective. First, the butadiene group was depolymerized,
and then by random scission mechanism, carbon bonds were broken to form =C-H
and CH.. Also, the presence of -C=N and CH: indicates monomer reversion was also

active for the acrylonitrile part.
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Figure 4.12 FTIR spectrum of the glove in combustion conditions
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Figure 4.13 FTIR spectrum of the gown in combustion conditions
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Figure 4.14 FTIR spectrum of the mask in combustion conditions
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Figure 4.15 FTIR spectrum of GL60G20M20 in combustion conditions

After the random scission mechanism depolymerized the acrylonitrile group, carbon
bonds were broken, resulting in the formation of CH, and by side-group scission -
C=N was formed. Compared to pyrolysis, monomer reversion and further cracking

of bonds in acrylonitrile groups were clearer in combustion.

Similar to DTG profile comparison for blend analysis, blend GL60G20M20
emissions during combustion are also compared with the individual results of the
PPE. In the GL60G20M20 combustion emissions, all of the identified peaks were
the same with the separate analyses of the samples, and no unexpected gas emissions

were found. Still, the intensity of the released gases decreased.

4.4  Ash from Combustion of Personal Protective Equipment Waste

The four medical waste samples (gloves, gowns, masks, and GL60G20M20) were

assessed for elemental composition using ICP and EDX methods. Table 4.5
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summarizes the results obtained for each sample and the technique utilized for
element weight percentage in ash composition. In most of the samples, the Ti, Zn,
and Ca concentrations were higher than the content of other metals according to both
ICP-OES and SEM-EDX. The previous results have shown that medical waste
samples contain high concentrations of alkali earth metals, e.g., Al, Ca, Fe, Mg (up
to 315 g kg—1), and heavy metals such as Ag, Bi, Cr, Cu, Ni, Pb, Ti, and Zn (up to
121,411 mg kg') [165]. The variety of heavy metals and corresponding
concentrations were low compared to the literature [147,165]. Medical waste in
Turkey probably contains low amounts of plastic, which typically integrates heavy
metals as additives [166]. In addition, the Cr element found as highly toxic and
present in high concentrations in previous studies was not observed in the present
study [145].

The differences in Ti, Ca, Zn, S, and Al concentrations between results using ICP
and EDX methods can be observed in Table 4.5. The ICP-OES determines the
sample's average concentration of a specific element with well-distributed elements
during digestion. At the same time, the SEM-EDX assesses a specific surface area
of a sample for the presence of target elements and changes on the material surface
[167]. The analysis results on the main elements (Ti, Ca, Zn, S, and Al) in the waste
mixture ash characterized by different methods were comparable. This shows that,
on average, the ash compounds in large concentrations can be accurately
characterized using either EDX or ICP. The difference in both methods indicated
that the material surface is inhomogeneous and, thus, can lead to measurement
uncertainties using the EDX method. In addition, the results from the EDX method
were treated with correction techniques, causing analysis uncertainties. The
variations in Ti/Ca ratios of samples using ICP analysis were due to the pre-treatment
of material using microwave acid digestion [168]. Higher amounts of Ti found in
EDX results were expected since, during the production of PPE, TiO2 was used as a
dyeing agent.
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Table 4.5 Ash elemental analysis results obtained with ICP-OES and SEM-EDX

GL60G20M20

Glove (wt.9%0) | Gown (wt.%) | Mask (wt.%0)
(Wt.%0)

Element| ICP EDX | ICP EDX | ICP EDX | ICP EDX

Ti 578 20.79 | 16.36 3498 | 1091 33.85 | 15.84 13.81
Ca 1252 12.2 5.15 5.07 | 13.18 13.14 | 11.87 7.95

Zn 9.17 11.42 - - - - 8.91 7.57
S 8.42 9.16 1.69 0.24 - - 7.82 5.76
Al 0.26 1.49 1.22 3.27 1.38 2.16 - 0.82
Other
0.65 - 266 10.18 | 3.98 3.2 1.22 6.24
Elements

The concentration of sulfur for all samples was low according to both methods.
However, the EDX method could underestimate the sulfur content as the SEM-EDX
system is not precise for small element concentrations, especially when
measurements are performed on inhomogeneous waste surfaces [169]. The
differences in Ca concentrations measured by EDX and ICP-OES methods were
related to the tendency of calcium to remain in the material during incineration [170].
This could lead to the inconsistent release of Ca into the flue gas under usual
incineration temperatures [171]. Calcium could be present in the solid medical waste
matrix as CaCOs, CaSOs, or CaO [172]. Heavy metals, e.g., Zn, are easily volatilized
and condensed on the walls of furnaces during combustion [173]. Thus, the
differences between ICP-OES and EDX methods were negligible.

Similarly, Ti and Al elements have high boiling points and tend to end up in the
bottom ash during incineration. In contrast, a small fraction is released in a flue gas,
leading to measurement uncertainty [145]. The Al was probably present as mullite
(3 ‘Al2O3 2 - SiO») in gloves due to Si incorporation, whereas other samples

contained Al as a corundum (Al203) [172]. This study recommends a complementary
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use of both methods in the compositional characterization of medical waste inorganic

matter.

It is widely accepted that these heavy metals may threaten human health and are the
origin of lung and heart diseases. However, the results of the present work
demonstrated that the concentrations of heavy metals, e.g., Zn, were within the EPA
limits. This allows us to conclude that bottom ashes meet the waste acceptance
criteria in US and EU countries [174]. The presence of major elements (Ti, Ca, Zn,
and Al) in solid medical waste ash is encouraging for recycling and further use in the
construction sector. Moreover, Zn amounts in the bottom ash are sparingly soluble,
meaning that only small proportions of the total concentration can contaminate the
groundwater and the air. This showed that the relatively negligible release of heavy
metals during incineration and the remaining metal in the ash make the overall

process harmless to the environment.

The base-to-acid ratios of the ash samples are given in Table 4.6. Glove and Mask
ash samples have high slagging inclinations, 1.7 and 1.1, respectively, while gown
ashes have very low, 0.2. In the co-combustion case, the slagging inclination of the
blend GL60G20M20 was calculated by the weighted average of the individual
sample results and compared with the actual blend sample. The base-to-acid ratio of
GL60G20M20 was expected to be 1.3, which means high slagging, but found to be
0.6, meaning medium slagging. Therefore, the slagging was decreased in the co-
combustion of the selected samples. This decrease in slagging increases energy
recovery efficiency since slag formation on boiler walls or tubes decreases heat
transfer efficiency. It also reduces maintenance costs that would rise due to extreme

slag formation.

The base-to-acid ratio also represents the overall melting temperature of the ash
composition. Basic compounds decrease the melting temperature, while acidic
compounds are known to increase. By reducing the base-to-acid ratio, the overall
melting temperature of the bottom ash has increased, which is beneficial for disposal,

recycling, and reusing processes.
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Table 4.6 Slagging inclination of the ash samples

GL60G20M20 GL60G20M20
Sample Glove Gown Mask _
(expected) (experimental)
Base/Acid
_ 1.7 0.2 1.1 1.3 0.6
Ratio
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CHAPTER 5

CONCLUSION

The COVID-19 pandemic has increased the focus on medical waste management,
primarily on Personal Protective Equipment (PPE) waste. Due to the infectious
nature of medical waste, high-temperature treatments are the most effective waste

management procedure.

This study investigated the high-temperature characteristics and properties of PPE,
such as gloves, gowns, and masks used in hospitals. Proximate, ultimate, and DSC
analyses were performed to characterize the selected samples. To represent medical
waste collected from COVID-19 services, blend GL60G20M20 was prepared
according to the PPE usage amounts of healthcare workers. Since each material can
affect the other during pyrolysis or combustion, blends, including only two pieces of
equipment, were prepared, such as GL50G50, GL60G40, and G50M50. Individual
and blend analyses of the selected equipment were performed under pyrolysis and
combustion conditions. A thermogravimetric analyzer (TGA) coupled with a
Fourier-transform infrared spectrometer (FTIR) was used for both analyses. The
chemical composition of the bottom ash left after combustion was investigated with
ICP-OES and SEM-EDX methods, and from the obtained composition of the ashes,

slagging inclinations were calculated by their base-to-acid ratios.

The proximate, ultimate, and DSC analyses showed that selected samples have very
similar characteristics with other brands and their respective raw materials by having
more than 90% volatile matter, no amount of sulfur, and similar phase transition

temperatures.

For blend analyses in pyrolysis and combustion, a prediction based on the individual
analysis of the samples was prepared and compared with the experimental data of

blend samples. The DTG and FTIR results showed that the pyrolysis process of the
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medical waste blends was similar to the individual samples without the appearance
of any synergistic effect. However, during combustion, the medical waste blend
GL60G20M20 showed a synergistic effect on the polypropylene-based materials,
causing a decrease in peak, from 370 °C to 305°C, and burnout, from 395 °C to 370
°C, temperatures. Blends GL50G50, GL60G40, and G50M50 were prepared to
investigate that effect. In G50M50, there was no difference between prediction and
experimental data. However, in the combustion of blend GL50G50, the same
synergistic effect with GL60G20M20 was observed, by a decrease in peak, from 385
°C to 367 °C, and burnout, from 399 °C to 390 °C, temperatures. When the nitrile
glove amount in the blend was increased to 60%, in GL60G40, that same synergistic
effect was increased as peak temperature from 385 °C to 345 °C, and burnout
temperature from 399 °C to 385°C. Also, during combustion, indicated by their FTIR
spectrums, there were no significant changes in blend GL60G20M20 emissions

except a slight decrease in emission intensity.

Both methods revealed similar results for ash compositions in the bottom ash
analysis. ICP and EDX methods identified the same elements with some differences
in element concentrations. After comparing both methods, this study suggests the
complementary use of both techniques, EDX as a preliminary determination and ICP
for further analysis.

The concentration of heavy metals in the blend GL60G20M20 was low in both
methods, indicating that the process was harmless to the environment. The
concentrations and qualitative characteristics of Ti, Ca, and Zn metals in bottom ash
suggest their potential recycling or reuse in the construction industry. The study also
shows that the slagging inclination was high for glove and mask samples, while for
gown samples, slagging was low. In blend GL60G20M20, a similar prediction made
in DTG profiles was also made for slagging inclination. Results showed that, while
predictions implied high slagging potential, the slagging potential was decreased to

lower medium regions in blend combustion.
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From the mentioned results, it is clear that understanding the synergistic effects of
waste blends is important. The observed decrease in peak and burnout temperatures
in combustion highlights the complex interactions between waste components,
especially between nitrile gloves and polypropylene-based medical gowns and face
masks. The decrease in ash slagging inclination shows that energy recovery in rotary
kiln is more efficient in the blended case, and damage to the equipment caused by
slagging is decreased. This study offers opportunities for optimizing energy recovery
from medical waste on a fundamental basis. Adaptation of more medical waste
samples, a larger scale investigation, and further investigation of gaseous emissions
are still required to further optimize this process, which could reveal more

environmentally sustainable practices.
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APPENDICES

A. Duplicate Results of Personal Protective Equipment Proximate Analysis

100 +
90

80

70 1
60 -
50
40

Weight %

304
20
10+

0+

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure A. 1 Duplicate TGA profiles of the nitrile glove
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Figure A. 2 Duplicate TGA profiles of the medical gown

100
90 —1
80 —2
70

T T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure A. 3 Duplicate TGA profiles of the face mask
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. Duplicate Results of Personal Protective Equipment Pyrolysis DTG

Profiles
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Figure B. 1 Duplicate pyrolysis DTG profiles of the nitrile glove
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Figure B. 2 Duplicate pyrolysis DTG profiles of the medical gown
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Figure B. 3 Duplicate pyrolysis DTG profiles of the face mask
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C. Duplicate Results of Personal Protective Equipment Combustion DTG

Profiles
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Figure C. 1 Duplicate combustion DTG profiles of the nitrile glove
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Figure C. 2 Duplicate combustion DTG profiles of the medical gown
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D. Duplicate Results of Personal Protective Equipment in DSC
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Figure D. 2 Duplicate DSC profile of medical gown
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E. Duplicate Results of Personal Protective Equipment Elemental Analysis

For EDX analysis, data was gathered from at least three randomly selected points.
The average data was used in the results section, and the specific measurements were
provided in the tables below.

Table E. 1 Nitrile glove combustion bottom ash elemental analysis results obtained
with SEM-EDX

Nitrile Glove

1 2 3
O 43.83 48.11 42.88
Al 1.88 1.48 1.1
S 9.11 8.67 9.71
Ca 11.75 11.75 13.11
Ti 20.72 20.29 21.37
Zn 12.71 9.71 11.83

Table E. 2 Medical gown combustion bottom ash elemental analysis results
obtained with SEM-EDX

Medical Gown

1 2 3 4
C 8.64 0.00 8.45 29.38
@) 37.10 35.34 36.97 29.18
Al 3.40 3.72 3.81 2.16
Si 1.97 2.35 3.29 1.62
Ca 5.42 5.59 4.88 4.40
Ti 3543 42.19 35.64 26.67
Cu 8.04 10.82 6.96 5.64
S 0.00 0.00 0.00 0.96
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Table E. 3 Face mask combustion bottom ash elemental analysis results obtained

with SEM-EDX

Face Mask
1 2 3 4
C 13.37 11.19 23.94 1.74
O 39.96 23.79 28.50 42.09
Mg 3.91 2.23 2.57 2.22
Al 2.40 2.40 1.88 1.97
Ca 8.86 19.40 11.75 12.55
Ti 31.49 40.98 30.25 32.68
Si 0.00 0.00 1.12 0.75

Table E. 4 GL60G20M20 combustion bottom ash elemental analysis results

obtained with SEM-EDX

GL60G20M20
1 2 3 4
C 35.83 26.84 34.13 22.50
@) 26.45 17.30 31.27 37.06
Na 4.30 3.45 6.86 7.07
Al 0.64 1.00 0.83 0.80
S 4.75 6.15 4.35 7.79
Ca 7.16 11.51 5.57 7.56
Ti 13.18 21.46 10.34 10.26
Zn 7.03 11.63 6.24 5.38
K 0.00 0.65 0.40 1.58
Ta 0.66 0.00 0.00 0.00
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