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Abstract

The problem of environmental contamination, which is important for both public health and the
economy, has been addressed through a great deal of research on the sterilization and disinfection of
pollutants and microorganisms. Many types of pollutants and hazardous materials, such as
microorganisms and toxic gases, are discharged into the environment and can enter the human body
through ingestion, adsorption, or inhalation. Numerous respiratory conditions, strokes, lung cancer,
and heart problems linked to these pollutants increase the mortality rate among humans. Therefore, in
order to save lives, it is imperative to control environmental pollution by using cost-effective and
efficient sterilization and disinfection techniques. Along with more sophisticated methods, there are
many types of conventional physical and chemical sterilization and disinfection treatments, including
ethylene oxide, ozone, hydrogen peroxide, radiation, filtration, dry and moist heat, and more. suggested
both traditional and cutting-edge methods of disinfection and sterilization, along with their applications
and mechanisms of action. Even though advanced sterilization and disinfection technologies provide
an effective solution, combined sterilization and disinfection technologies have been shown to be a more
effective innovation for protecting both indoor and outdoor environments. Nowadays, the importance
of sterilization and disinfection for human health is a major concern because of the COVID-19
pandemic. For these methods, people are receiving a lot more attention. Natural resources have been
drastically depleted in recent years due to the fast urbanization and industrialization processes, which
include mining, transportation, manufacturing, construction, and petroleum refining.
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INTRODUCTION
The proportionate rise in the quantity and number of hazardous wastes is also attributable to the same
cause. As a result of pollution, these wastes are constantly posing a threat to the quality of the air, soil,
and water. Hazardous materials are released into the environment in a variety of ways, including
suspended airborne particles, toxic gases (such as sulfur oxides, ozone, carbon oxide, and nitrogen
oxides), and volatile organic compounds (VOCSs). However, contaminants like organic materials, heavy
metals, and microbial pathogens that have a significant negative impact on human health can be found
in soil and water. Inhalation, adsorption, or ingestion are the three ways that these environmental
contaminants can enter the human body. Additionally, certain pollutants have the ability to group
together in food chains. Biomedical waste (BMW)
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is classified as non-hazardous waste. Because hazardous BMW is a host to a number of pathogenic
microorganisms, improper removal poses serious risks to both the environment and public health. If
these harmful microbes are not controlled, they may infiltrate the human body. Hemorrhagic fevers,
bacteremia, influenza, viral hepatitis, respiratory, gastrointestinal, and skin infections are among the
most frequent infections brought on by BMW. According to studies, the prevalence of virus infections
among BMW collectors is higher in Brazil, Greece, India, Iran, and Pakistan. Infectious microorganisms
are carried by medical devices used for patient diagnosis and treatment. Hospital-acquired infections
(HAIs) are infections that can infect healthy people through direct or indirect contact with these devices.
An estimated 1.7 million patients in the US are thought to be impacted by HAIs, which also cost the
healthcare system roughly $9.8 billion. Additionally, HAIs negatively impact patients' health, well-
being, and quality of life; however, severe HAIs can also result in sepsis, a potentially fatal organ
dysfunction. Every year, the United States alone reports roughly 750 000 cases of sepsis, which costs
the healthcare system more than $20 billion. The aforementioned situation thus emphasizes the
necessity of sterilization and disinfection methods for BMW. In recent years, the hygiene concept has
come to understand the basis for the detonation in various chemical-based products. Quaternary
ammonium compounds showed increased activity and changed chemistry, while peroxygen compounds
garnered a lot of interest due to their superior in vitro activity. The rise in products containing
microbicides has sparked a serious worry about the improper application of chemical disinfectants
prevalence of Virus Infections Among BMW Collectors. [1-5] According to studies, the prevalence of
virus infections among BMW collectors is higher in Brazil, Greece, India, Iran, and Pakistan.

Hospital-Acquired Infections (HAIs) and Their Impact

Infectious microorganisms are carried by medical devices used for patient diagnosis and treatment.
Hospital-acquired infections (HAIs) are infections that can infect healthy people through direct or
indirect contact with these devices. An estimated 1.7 million patients in the US are thought to be
impacted by HAIs, which also cost the healthcare system roughly $9.8 billion. Additionally, HAIs
negatively impact patients' health, well-being, and quality of life; however, severe HAIs can also result
in sepsis, a potentially fatal organ dysfunction. Every year, the United States alone reports roughly
750,000 cases of sepsis, which costs the healthcare system more than $20 billion.

Need for Sterilization and Disinfection Methods

The aforementioned situation thus emphasizes the necessity of sterilization and disinfection methods
for BMW. In recent years, the hygiene concept has come to understand the basis for the detonation in
various chemical-based products. Quaternary ammonium compounds showed increased activity and
changed chemistry, while peroxygen compounds garnered a lot of interest due to their superior in vitro
activity. The rise in products containing microbicides has sparked a serious worry about the improper
application of chemical disinfectants [6].

Role of Microbicides in Infection Control

Chemical agents known as microbicides are used in a variety of applications, such as the healthcare,
water, food, consumer goods, and manufacturing sectors, to control or eradicate microorganisms.
Therefore, to control the microorganism in liquids, gases, or on surfaces, both sterilization and
disinfection are used. Their use has significantly reduced the incidence of infectious diseases such as
gastroenteritis, pneumonia, and illnesses acquired through medical treatment.

Medical Plastic Waste Management and Environmental Impact

The primary source of the environmental risks and infection threat in recent years has been the
disposal and burning of medical plastic waste in dumping yards. The ecosystem may be greatly
enhanced by implementing appropriate waste management practices and the right technology, such as
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the 5R's (refuse, reduce, reuse, repurpose, and recycle) [7]. Furthermore, the 5R's is a comprehensive
strategy that can be used for government enforcement mandates and regulations or stakeholder
awareness.

Sustainable Solutions for Medical Plastic Waste Management

The current study explores innovative waste reduction strategies through advanced technology,
emphasizing the conversion of medical plastic waste into drop-in fuel and other value-added products.
Among the various waste management techniques, pyrolysis stands out due to its efficiency, lower
environmental impact, and reduced pollutant emissions [8]. Studies indicate that utilizing COVID
medical waste management (CMWM) technology can yield approximately 70-80% plastic pyrolysis oil
(PPO), 10-15% biochar, and gaseous fuel, making it a viable solution for handling plastic waste
generated by healthcare facilities.

The Impact of COVID-19 on Medical Plastic Waste

The escalation of medical plastic waste has placed immense pressure on existing waste management
systems, further exacerbated by the COVID-19 pandemic. The World Health Organization (WHO)
declared COVID-19 a global health emergency on January 30, 2020, prompting governments
worldwide to enforce preventive measures to curb the virus’s spread. These measures included
mandatory use of face masks, face shields, personal protective equipment (PPE) kits, and gloves to
minimize airborne transmission [9]. However, the increased demand for such protective gear led to a
surge in medical plastic waste, challenging waste disposal systems.

Global Plastic Waste Production Trends

According to a 2017 report by the United Nations Environment Programme (UNEP), global plastic
waste production exceeds 400 million tonnes annually [10]. The COVID-19 pandemic further amplified
this issue, significantly increasing the amount of clinical plastic waste worldwide. The surge in single-
use medical plastics has intensified the environmental burden, underscoring the need for efficient waste
management strategies and sustainable disposal technologies.

Environmental Consequences of Plastic Pollution

Plastics are indispensable in modern society, public health, and pharmaceuticals due to their
durability, chemical resistance, and versatility. However, their extensive use has led to severe
environmental challenges, including the accumulation of non-biodegradable waste in landfills, natural
ecosystems, and water bodies. Plastic waste contributes to nearly 10% of total municipal solid waste by
weight, with improper disposal further contaminating terrestrial and marine environments. The
persistence of plastic pollution necessitates urgent intervention through eco-friendly waste management
solutions, such as pyrolysis-based recycling and alternative biodegradable materials.

Marine Plastic Pollution and Medical Waste Management

Growing concerns over the detrimental effects of plastic pollution on marine ecosystems have led to
increased research on its extent and consequences. The presence of plastic debris in oceans poses
significant risks to marine life, necessitating urgent solutions to mitigate its impact.

Sustainable Management of Medical Plastic Waste Among the various methods explored for
handling medical plastic waste, pyrolysis has emerged as a promising solution. This technique
effectively converts medical plastic waste into drop-in fuel, offering an environmentally sustainable
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alternative to traditional disposal methods. Given the urgency of proper medical waste management,
the present study provides a comprehensive analysis of the potential and viability of pyrolysis in
addressing the growing issue of medical plastic disposal.

Steam Sterilization as a Disinfection Method

One of the most widely used sterilization techniques for medical instruments and waste is steam
sterilization, also known as autoclaving. This process takes place in a high-pressure autoclave, where
medical devices and materials are subjected to elevated temperatures and steam exposure for a specific
duration. The combination of high temperature and pressure ensures the effective elimination of harmful
microorganisms.

Key Parameters of Steam Sterilization

Steam sterilization is a widely used disinfection method that relies on four critical parameters: steam,
pressure, temperature, and time. This method is preferred for its cost-effectiveness and high sporicidal
efficiency, making it an effective solution for eliminating microbial contaminants within a short
duration.

Hospitals and clinical settings commonly employ steam sterilization for reusable medical
instruments, particularly metal surgical tools and glassware, which can endure multiple sterilization
cycles without degradation. By maintaining the appropriate balance of steam penetration, pressure
levels, and temperature, steam sterilization ensures thorough microbial elimination, enhancing the
safety and reusability of medical devices [Figure 1].
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Figure 1. Process of steam sterilization.

EFFECTIVENESS OF STEAM STERILIZATION
Overview of Steam Sterilization

Steam sterilization can inactivate all biological entities including prions, Pyronema domesticatum,
and extremely small target viruses. With steam (moist-heat) sterilization, saturated moisture conditions
elevated pressures, and elevated temperature (e.g., 104-138 °C) are optimal for sterilization. The lower
the temperature, the longer the exposure; however, more materials tolerate lower temperatures. Steam
sterilization is available and traditional to healthcare facilities. Heat sterilization without steam or
moisture is dry-heat sterilization Figure 2.
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Moist Heat Sterilization
From AAMI site ref. Table 4: Minimum cycle times for gravity-displacement steam sterilization cycles

Exposure Time at Exposure Time at Exposure Time
“ e azCi2708) at 135°C (275°F) Diyingaimas

Wrapped instrument 30 minutes 15 minutes 15-30 minutes
10 minutes 30 minutes

Textile packs 30 minutes 25 minutes 15 minutes
10 minutes 30 minutes

Wrapped utensils 30 minutes 15 minutes 15-30 minutes
10 minutes 30 minutes

Unwrapped nonporous

items (e.g., 3 minutes 3 minutes 0-1 minute
instruments)

Unwrapped nonporous
and porous items in 10 minutes 10 minutes 0-1 minute
mixed load

Figure 2. Parameters of Steam Sterilization.

Advantages of Steam Sterilization

Steam sterilization has long been recognized for its simplicity, efficiency, effectiveness, low cost,
and speed of operation. In the 1880s, Koch recognized that dry heat was relatively inefficient compared
with moist heat; however, he did not rule out dry heat because of the need to decontaminate silk thread.
Steam sterilization is currently considered as a more ideal candidate because of its compatibility with
the environment (not toxic agents or wastes) and health safety, and its capacity to sterilize the most
resistant biological entity, the prion.

LIMITATIONS OF STEAM STERILIZATION
Steam Sterilization: Principles, Applications, and Considerations

Steam sterilization remains one of the most widely used and effective methods for eliminating
microbial contamination in healthcare settings, laboratories, and waste management. However, only a
limited number of plastic materials, metals, and chemicals can withstand the high temperatures and
moisture associated with this process. While commonly utilized for reusable medical instruments, steam
sterilization is also employed for decontaminating infectious waste. With the growing emphasis on
environmental sustainability, interest in this method has been renewed due to its compatibility with
aqueous liquids and its ability to sterilize glass, metals, and certain heat-resistant plastics.

Temperature Ranges for Steam Sterilization
The suitability of plastic materials for steam sterilization largely depends on the temperature applied
during the process. The following temperature ranges are commonly used:
o Standard Steam Sterilization: Conducted at 250°F (121°C) for 15-20 minutes, making it a
standard practice for most reusable medical tools.
e Flash Sterilization (Immediate-Use): Performed at 270°F (134°C) or higher for 3-4 minutes,
typically without packaging. Items must be cooled before use to prevent burns.
e Extended Sterilization at Lower Temperatures: Conducted at 240°F (115°C) for around 30
minutes to accommodate materials that may not withstand higher temperatures.
o Fractional Sterilization: Carried out at approximately 212°F (100°C), though its effectiveness is
questionable unless supplemented with additional sterilization agents such as formaldehyde or
acidic steam treatments.
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Application of Steam Sterilization in Healthcare

Steam sterilization is widely available and frequently used in healthcare environments due to its
effectiveness in eliminating pathogens. However, it may damage heat-sensitive medical devices and
materials. Hospitals utilize various steam sterilization processes to ensure thorough decontamination,
including:

o Gravity Displacement Method: Steam enters the sterilization chamber, forcing air out through a
drain at the bottom. While effective, some air pockets may remain, potentially leading to
incomplete sterilization.

e Vacuum and Steam Pulsing Method: Uses repeated cycles of steam injection and evacuation to
remove air more efficiently, ensuring uniform sterilization, particularly for complex medical
instruments and packaged items.

Steam Sterilization for Medical Devices

Steam sterilization is primarily used for surgical instruments and reusable medical tools, offering a
highly effective and cost-efficient method of decontamination. However, due to its reliance on high heat
and moisture, it is not suitable for all medical devices, particularly implantable sensor systems and
temperature-sensitive healthcare products.

As the cornerstone of sterilization in hospitals, steam sterilization continues to evolve, integrating
advanced techniques to enhance efficiency, safety, and compatibility with a broader range of medical
materials of the most reliable sterilisation methods, but it damages many plastics, electronics, fibre
optics and biological materials. Therefore, only a brief overview of steam sterilisation is presented here.

Autoclave Systems for Sterilization

Autoclaves play a crucial role in heat-based sterilization, utilizing steam at temperatures between
121-134°C (250-273°F) to eliminate microorganisms, including bacteria, viruses, fungi, and bacterial
spores. Standard sterilization requires at least 15 minutes at 121°C or 3 minutes at 134°C, with longer
durations necessary for liquids and multi-layered surgical instruments Figure 3.
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Figure 3. Process of steam Sterilization in Autoclave.
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The two primary steam sterilization methods commonly employed in the medical device industry
are:
1. Gravity-Displacement Sterilization: Steam enters the chamber and forces residual air out through
an open vent, relying on the principle that hot air rises.
2. Dynamic Air Removal Sterilization: More efficient than gravity displacement, this system
alternates between injecting humid, warm air and forcefully discharging it in cycles, ensuring
thorough sterilization.

Pre-Vacuum and Flash Sterilization

e Pre-Vacuum Sterilization: This technique removes ambient air from the sterilization chamber
and packaged items through a series of pressure and vacuum cycles. By eliminating trapped air,
this method enhances steam penetration, ensuring complete sterilization.

o Flash Sterilization: Designed for immediate-use medical instruments, flash sterilization applies
higher temperatures for a shorter time. Unlike conventional cycles, flash sterilization involves
minimal packaging or no wrapping at all, with high-temperature steam rapidly injected into the
chamber.

By incorporating advanced autoclave systems, healthcare facilities can achieve efficient, rapid, and
thorough sterilization while maintaining safety and compliance with medical hygiene standards.

CONCLUSION

Steam Sterilization in Medical Devices Steam sterilization is one of the most effective and widely
used methods for sterilizing medical devices that can withstand high temperatures (250°F-285°F or
121°C-140°C) and pressures (16—35 psi). Recognized for its accuracy and reliability, this method
effectively eliminates microorganisms, including spores, through the process of coagulation and
denaturation of enzymes and structural proteins. The presence of moisture plays a crucial role in
lowering the temperature threshold for protein coagulation, thereby enhancing the sterilization process.

This method offers several key advantages, including high microbicidal and sporicidal efficiency,
non-toxicity, affordability, and ease of use. However, steam sterilization has limitations, particularly
for heat- and moisture-sensitive medical instruments. Additionally, materials prone to corrosion or
degradation under extreme heat and moisture conditions are not suitable for this sterilization technique.

The fundamental principle of steam sterilization involves subjecting a properly cleaned medical
device to a controlled environment of heat, steam, pressure, and time. The standard requirement for
sterilizing wrapped medical devices is 30 minutes at 121°C or 4 minutes at 132°C in a pre-vacuum
sterilizer. However, sterilization conditions vary depending on the type of medical device, requiring a
thorough understanding of steam sterilization principles to ensure optimal sterility and patient safety.

In conclusion, achieving effective sterilization relies on maintaining the appropriate balance of
temperature, pressure, and exposure time to eliminate microbial contaminants. By optimizing these
factors, high-temperature sterilization can be performed efficiently, reducing the overall processing
time while ensuring medical device safety and efficacy.
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