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 Biomedical wastes (BMWs) are potentially infectious to the environment and health. They are co-dependent and accu-
mulative during the ongoing coronavirus disease-2019(COVID-19) pandemic. In India the standard treatment pro-
cesses of BMWs are incineration, autoclaving, shredding, and deep burial; however, incineration and autoclaving
are the leading techniques applied by many treatment providers. These conventional treatment methods have several
drawbacks in terms of energy, cost, and emission. But the actual problem for the treatment providers is the huge and
non-uniform flow of the BMWs during the pandemic. The existing treatment methods are lacking flexibility for the
non-uniform flow. The Government of India has provisionally approved some new techniques like plasma pyrolysis,
sharp/needle blaster, and PIWS-3000 technologies on a trial basis. But they are all found to be inadequate in the pan-
demic. Therefore, there is an absolute requirement tomicromanage the BMWs based on certain parameters for the pos-
sible COVID-19 like pandemic in the future. Segregation is amajor step of the BMWmanagement. Its guideline may be
shuffled as segregation at the entry points followed by collection instead of the existing system of the collection
followed by segregation. Other steps like transportation, location of treatment facilities, upgradation of the existing
treatment facilities, and new technologies can solve the challenges up to a certain extent. Technologies like microwave
treatment, alkaline hydrolysis, steam sterilization, biological treatment, catalytic solar disinfection, and nanotechnol-
ogy have a lot of scopes for the treatment of BMWs. Hi-tech approaches in handling and transportation are found to be
fruitful in the initial steps of BMWmanagement. End products of the treatedBMWs can be potentially fabricated for the
application in the built environment. Some policies need to be re-evaluated by the health care facilities or government
administrations for efficient BMWmanagement.
Keywords:
Biomedical wastes
COVID-19 pandemic
Treatment facilities
Policies
Upgrading conventional techniques
Education andResearch, Siksha ‘O' Anusandhan (Deemed to be University), Jagamara, Khandagiri,
⁎ Corresponding author at: Biofuels and Bioprocessing Research Center, Institute of Technical
n).

2 April 2022; Accepted 2 April 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.155072&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.155072
debabratapradhan@soa.ac.in
http://dx.doi.org/10.1016/j.scitotenv.2022.155072
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


P.C. Ojha et al. Science of the Total Environment 832 (2022) 155072
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. BMW generation in India during pandemic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3. Types of BMW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1. Hazardous BMW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3.2. Non-hazardous BMW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

4. Liquid BMW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
4.1. Primary treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.2. Secondary treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.3. Tertiary treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

5. Segregation method for BMWs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
6. Location of treatment facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
7. BMW disposal techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

7.1. Steam treatment or autoclave technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
7.2. Microwave treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
7.3. Dry-heat treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
7.4. Chemical treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
7.5. Incineration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
7.6. Encapsulation and inertization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
7.7. Pyrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
7.8. Sanitary landfill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
7.9. Shredding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

8. Developing valuable products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
9. Future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
10. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
CRediT authorship contribution statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Declaration of competing interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1. Introduction

Civilization, technological advances, and resources consumption are
necessary for the development of a country, but they have entitled an unin-
tended negative impact on the urban environment. Presently India is grap-
pling with different issues of the higher volume of diverse wastes. The
waste disposal technologies and theirmethodology have impacted different
local and global environmental establishments. During the ongoing novel
COVID-19 pandemic, the generation of BMWs at different COVID-19 treat-
ment facilities is increased bymany folds due to the newguidelines for their
handling, treatment, and disposal implemented by the Central Pollution
Control Board(CPCB), Government of India, New Delhi (CPCB, 2020). As
per the guidelines, leftover food of patients and disposables like surgical
masks, gloves, bib, roll, sheets, wrappers of medicine/syringes, used
water bottles, food plates, and semisolid gels are coming under the um-
brella of BMW (Hasija et al., 2022; Sarkodie and Owusu, 2021). These ad-
ditional inclusions result in the generation of huge BMW during the
pandemic (Chowdhury et al., 2022). Their daily generation rate has in-
creased from 500 to 750 g per bed before the pandemic to 2500–4000 g
per bed during the pandemic. The rate of BMW generated per day is
609tons, and further addition of 164tons per day of COVID-19 related
BMWs, including the waste generated from different quarantine homes
(Sharma et al., 2020). In India, the amount of BMW was 56898tons from
June 2020 to June 2021. Further, the non-uniformflowof the COVID-19 re-
lated wastes has confused the BMW quantity evaluation and their manage-
ment (Richter et al., 2021). The BMWs have assumed an increasing
significance in itsmanagement and handling procedure due to the statutory
demand of different medical administrations of the Government of India.
Lacking proper BMW management creates health risks in public, patients,
healthcare personnel, and the environment (Nema et al., 2011). The man-
agement procedure includes quantity assessment, types, preliminary han-
dling, transportation, treatment, and final disposal of the BMWs (Sharma
et al., 2020). So far, the proper management of the categorical wastes has
imposed more responsibilities on the medical administrators (Shammi
et al., 2022). However, the BMWs can be managed with the application
of proper technology to reduce the headache of the medical establishments
2

(Saxena and Srivastava, 2011). For example, about 50% rise in the BMWs
has attributed to the foodwastes fromdifferent COVID-19 hospitals and iso-
lation centers which are non-hazardous and effectively segregated at the
source. Therefore, the segregation of BMWs at the entry points is one of
the major steps for their management (Dehal et al., 2021). Similarly,
upgradation of the current treatment and disposal techniques and develop-
ment of the new technologies combined with the implementation of some
new rules and policies give the ray of light for overcoming the challenges
due to the huge BMW generated during the pandemic (Agrawal et al.,
2021; Ara et al., 2022; Kumar et al., 2021; Mohan et al., 2022). The present
review article summarizes the pros and cons of different existing BMW
treatment techniques and future perspectives for the overall BMW
management.

2. BMW generation in India during pandemic

According to the CPCB reports from the year 2007 to 2019, there was a
steady increase in the amount of BMW generation per day, as shown in
Fig. 1 (CPCB, 2020). In 2008, the BMW generation rate was only 410tons
per day. In the next ten years, the value increased up to 619tons per day.
India has set up different BMW treatment facilities in its states and union
territories with a treatment capacity of 800tons per day (Dehal et al.,
2021). Fig. 1 shows that the daily generation of BMWs was much less
than the treatment capacity; however, 100% treatment was unable to
achieve. This may be due to inadequacy in implementing the BMW man-
agement policies or incompetent treatment facilities. Fig. 2 shows the per-
centage of BMWs treated during the above period. The percentage of
treatment increased from 2007 to 2011 and remained stationary up to
2016. After 2016 it again decreased steadily up to 2019. This decrease in
the treatment percentage needs an urgent evaluation based on the policy-
making and environmental impact assessment. During the pandemic, the
daily BMW generation rate has suddenly increased up to 850tons per day
(Chand et al., 2021). This increased BMW generation rate is the conse-
quence of the sudden increase of the COVID-19 patients and the additional
guidelines set up by the CPCB. The COVID-19 related BMWs generation
rate is given in Fig. 3, which mimics the pattern of COVID-19 positive
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cases in India. The sudden increase in the amount of BMWs during the pan-
demic has turned out to be extremely harsh for the treatment providers and
medical administrators. Therefore, there is an absolute requirement to mi-
cromanage the BMWs based on certain parameters for the possible
COVID-19 like pandemic in the future (Goswami et al., 2021; Punčochář
et al., 2012).

3. Types of BMW

The BMWs are generally different from the normal wastes. Theymay be
either in the form of liquid or solid. Some of themare noninfectious but haz-
ardous and upon disposal without treatment cause environmental pollu-
tion. According to the environmental impact, they are of two types i.e.
hazardous and non-hazardous (Dehal et al., 2021).

3.1. Hazardous BMW

The hazardous BMWs are generally accounted for 10–25%. There is a
certain fraction of the BMWs containing infected human tissues, blood, ex-
creta, etc. They are the carriers of the pathogens like bacteria, viruses,
fungi, and parasites. Generally, pathological or surgical wastes like
human anatomical tissues, fetuses, organs, and body fluids are carriers of
the pathogens. The biochemical laboratory generates bacterial and viral
cultures, stock and used media, quality control reagents, serological en-
zymes, and disposable single-use apparatus. They are potentially being con-
taminated by different pathogens as well as contain toxic or radioactive
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Fig. 2. Percentage of BMW treated in India from the year 2007 to 2019. *Data is col-
lected from CPCB website, 2022.
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chemicals. Pharmaceutical wastes like expired and unused drugs are haz-
ardous to the environment as they contain various chemical and radioactive
elements. The chemical components present in them are prone to different
abnormal chemical reactions in the open environment, which produce
next-level toxic chemicals and are too dangerous to the environment
(Dehal et al., 2021). There are some cytotoxic drugs used for molecular dis-
orders like DNA damage. They are directly carcinogenic upon direct inhala-
tion and ingestion, so they must be handled with proper care. Other
laboratory reagents like solvents and cleaning gels are highly toxic to the
environment. Presently a new therapy is developed, which is called nuclear
medicines therapy. This therapy uses different radioactive isotopes in the
patients. Those patients produce radioactive isotopes in their urine and ex-
creta, which need special attention.

3.2. Non-hazardous BMW

Non-hazardous BMWs include different materials like unconsumed
foods, kitchen wastes, cardboards, plastics, thermocol, and papers gener-
ated from various hospital activities, subject to the conditions that they
are non-contaminated. Unconsumed food and kitchen wastes contribute
to the majority of the non-hazardous BMWs. The amount of non-
hazardous BMWs is accounted for 75–95% of the total BMWs of a hospital.
They are non-toxic and do not need any special attention for the pre-
treatment before their disposal or reuse. They are generally transported to
different treatment systems established for the municipal solid wastes
(MSWs) governed by the concerned city or township administrations
(Nema et al., 2011). They are used to produce either biogas or manure.
Since their amount is much more than the hazardous BMWs, segregation
at the source is exclusively considered to minimize the treatment and dis-
posal load. Upon performing the segregation effectively, the overall cost
of BMW management can be reduced dramatically (D'Souza et al., 2018).

4. Liquid BMW

Liquid BMWs are generated from different departments and activities of
the hospitals like dialysis units, culture and specimen collection centers,
chemotherapy units, spinal fluids, blood, by-products of blood, amniotic
fluids, and several bodily secretions and fluids. They are collected in the
leak-proof containers. They undergo either chemical or autoclave treat-
ment methods to decontaminant before their disposal to the public sewer
systems (Chand et al., 2021). Both the treatment methods should be
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standardized according to the specification of the liquid BMWs.Handling of
the liquid BMWs needs skillful workers. Thereby proper training and
knowledge are required by the concerned people working in the treatment
facilities set up for the liquid BMWs. There are typically three stages in-
volved in the liquid BMW treatment (Biswal, 2013). The standard treat-
ment procedure of the liquid BMW is shown in Fig. 4.

4.1. Primary treatment

All the settleable and floating materials like solid and oil matters are re-
moved from the liquid BMWs in the primary treatmentmethod by using dif-
ferent techniques such as screening, coagulation, flocculation, and
adsorption. The primary treatment method makes it easy for following sec-
ondary and tertiary treatment methods (Parida et al., 2022). It removes 30
to 40% of the total biochemical oxygen demand(BOD) level and up to 80%
of the total chemical oxygen demand(COD) level. The remaining liquid
surges to the secondary treatment method.

4.2. Secondary treatment

It involves the biological decomposition or activated sludge process
(ASP) to decompose different organic compounds present in the primary
treated liquid by using either aerobic or anaerobic microbial degradation
techniques. In addition to the ASP, other processes like a constructed wet-
land, membrane bioreactor, and moving bed biofilm reactor are used to re-
move both BOD and COD present in the residual effluent of the primary
treatment process (Parida et al., 2022). The BOD and COD removal effi-
ciency reaches up to 95% of the total BOD and COD after the completion
of primary and secondary treatment processes. The thick slurry/sludge un-
dergoes the gravity settlement resulting in the clear water being passed on
to the tertiary treatment.
Liquid BMWs
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Fig. 4. Liquid BMW treatment procedure (Kaushal et al., 2022).
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4.3. Tertiary treatment

The effluent of the secondary treatment process undergoes different ad-
vanced treatment techniques like chemical oxidation, catalytic adsorption,
nano-filtration, reverse osmosis, and disinfection in order to remove differ-
ent pathogens, ionic species, and organic compounds. (Parida et al., 2022).
In the disinfection technique, the effluent is mixed with sodium hypochlo-
rite solutions and then passed through a dual mediafilter and activated car-
bon filter. Similarly, other techniques have their horizon of processing
details that are not incorporated. The pure water is released to the local
channels for various purposes like recovering underground water levels, ir-
rigation, laundry, toilets, etc.

5. Segregation method for BMWs

Segregation of the BMWs at different entry points is a strategic manage-
ment policy which reduces its management cost dramatically (D'Souza
et al., 2018). An effective and accurate segregation method is necessary
for better results. The accuracy of segregation results in the easiness of
the final treatment and disposal process. Improper segregation method
leads to different adverse effects on the health sectors as well as the in-
creased cost of BMWmanagement (Capoor and Parida, 2021). Therefore,
regular training and updated education should be given to the workers re-
lated to the segregation process. Further, the workers involved in the segre-
gation process need to follow the strict safety protocol as they are directly
exposed to the diverse group of BMWs. Many hospitals have their own set
up to segregate at the entry point of BMWs. For simplifying the segregation
process, classification of the BMWs is done by different color codes such as
yellow, red, blue, black, and white. Different trash boxes are placed in the
hospitals according to the color codes in order to execute the segregation
at the point of entry. Hospital staffs, patients, and their attendants are suffi-
ciently instructed by the pictorial form to use the specific box for putting the
BMWs according to their color codes (CPCB, 2020). Willingness to follow
the instructions does a lot of work, especially for the people of developing
countries like India. The color codes of different BMWs are given in
Table 1. However, the complete outcome of this method is yet to be
achieved in developing countries including India (Nema et al., 2011).
Upon inefficient segregation at the entry points, ultimately the hospital es-
tablishments use the additional workers and time in order to segregate the
BMWs at the collection points, which is definitely a cost-borne load. How-
ever, performing the segregation at the entry points is the priority over
the segregation at the collection points and more focus should be given to
achieve the complete execution of the former technique (Ara et al., 2022).

6. Location of treatment facilities

The distance between hospitals and their treatment facilities is an im-
portant factor in the BMW management. The segregated BMWs are gener-
ally transported to the treatment facilities in different labeled bags with
the help of trolleys or BMW transit trucks. Transportation by dragging the
filled BMW bags is strictly prohibited. If the distance is more, it takes a
long time to reach the destinations. Durable transportation leads to the pos-
sibility of tearing of the baggage,which in turn produces a bad smell as well
as a small mass loss through the route without knowledge of the vehicle
drivers (Nema et al., 2011). Therefore, BMW treatment facilities should
be set up at a suitable location near the hospitals. Transportation can be fur-
ther optimized by the computer-based algorithm for the quick and errorless
carriers of the BMWs (Agrawal et al., 2021). However, the hi-tech method
can be applied upon intensive practical testing.

7. BMW disposal techniques

Appropriate disposal techniques need to be implemented based on the
properties of BMWs that are collected and segregated. Different conven-
tional and alternative technologies are practiced in India for the treatment



Table 1
Segregation and treatment methods for BMWs (Behera, 2021; Dehal et al., 2021; Nema et al., 2011).

BMW
Category

Type of Bags/Boxes Types of BMW Treatment/ Disposal Techniques

Yellow Non-chlorinated plastic or semi
plastic

• Human anatomical wastes (human tissues, organs, body
parts)
• Used masks (triple layer masks, N95 masks)
• Head covers/caps
• Shoe covers
• Disposable linen gown
• Disposable PPE kits
• Tissues and toiletries of COVID-19 patients
• Microbial culture
• Waste from biological cell culture
• Agar petri dishes
• Live attenuated vaccine
• Swabs contaminated with blood or body fluids of
COVID-19 patients including used beds, syringes and
medicines

• Plasma pyrolysis
• Incineration
• Deep burials after autoclaved

Red Non chlorinated and autoclavable • Cytotoxic materials
• PPEs goggles
• Face-shields
• Splash proof aprons
• Hazmat suits
• Nitrile gloves
• Viral transport media
• Intravenous tubes
• Catheters
• Urine bags
• Plastic vials
• Vacutainers
• Eppendorf tubes
• Plastic cryovials
• Oxygen mask

• UV sterilization
• Autoclaving
• Hydroplaning
• Sterilized wastes may be reused or disposed

Blue Cardboard containers • Discarded glass and metallic wastes
• Tube lights, CFL&LED lights
• Glass bottles
• Slides
• Metallic implants

• Disinfection/Sterilization/Chemical disinfection
• Followed by recycling

White Leak and puncture proof containers • Waste metallic sharps
• Syringes with fixed needles
• Needles from needle tip cutter or burner
• Scalpels
• Blades
• Scissor
• Burner

• Wet or dry heat sterilization
• Sterilized wastes need to be shredded/ encapsulated and then sent for
land fill

Black Non-Chlorinated plastic or semi
plastic

• Hazardous wastes
• Discarded medicines and cytotoxic drugs
• Nicotine
• Bulk powders
• Expired and unused pills
• Hazardous pharmaceutical wastes
• Outdated, contaminated, discarded drugs
• Used containers of disinfectant and pesticides
• Incineration ash
• Chemical wastes

• Incineration/destruction and disposal in land fills

P.C. Ojha et al. Science of the Total Environment 832 (2022) 155072
of BMWs. Fig. 5 shows the process flow of the conventional BMW
Management.
7.1. Steam treatment or autoclave technique

Autoclave technique is an efficient process to disinfect various BMWs. It
utilizes high temperature and pressure to sterilize the infected BMWs
(Yaman, 2020). But it is suitable for a small amount of BMWs generated
in different nursing homes. It requires less time. It generates high-
efficiency particulate air (HEPA) which should be filtered at the overhead
vents. The disinfection is optimized when the autoclaves run at a condition
of pressure between 1540 and 2280 mmHg, temperature 121 °C, and time
30 min (Ilyas et al., 2020). The proficiency of every autoclave cycle relies
on time stacking of configuration and packing density, load size, the integ-
rity of packet, temperature, pressure, process sequence, physical and
5

chemical properties of BMWs, and residual air. It is a familiar technique
and does not need an expert to run this process. The hazardous BMWs are
generally treated by the autoclave technique prior to their disposal. The
BMWs undergo this process can be reused, but shredding of materials dur-
ing the process make them unusable (Yaman, 2020). It is an eco-friendly
process and its operating cost is less; however, its installation cost is expen-
sive. It produces toxic effluents, which is a major drawback of its applica-
tion. It is not suitable for chemical and pharmaceutical wastes as
autoclaving these wastes produces unpleasant odour and toxic fumes.
7.2. Microwave treatment

Medium heat microwave technique uses reverse polymerization and
thermal depolymerization methods and operates between 200 and
1600 °C (Capoor and Bhowmik, 2017). It uses high-energy microwaves to
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the BMWs in the nitrogen atmosphere in order to break down the organic
substances. The electromagnetic waves which lie in the wavelength range
of 1 mm to 1 m and the frequency range of 100 to 3000 MHz are used to
increase the internal energy of the BMW materials. Then chemical decom-
position of the activated BMWs takes place at the molecular level due to
the rubbing and vibration of molecules (Datta et al., 2018). Nitrogen gas
provides an oxygen-free environment in order to prevent the combustion.
The microwave devices are specially designed under constraint methods
to deactivate the COVID-19 virus efficiently. Additionally, the microwave
technology can be used only for sterilization instead of decomposition of
the BMWs while running at the lower temperature range. The sterilized
BMWs are further shredded for valuable reuse. Mobile microwave treat-
ment facilities can be created, which is highly beneficial for the onsite treat-
ment of BMWs. The mobile microwave has more importance during the
pandemic as it can be used at different remote location quarantine facilities
that are temporarily set up for the isolation of COVID-19 patients. Since it
runs at the lower temperature range for sterilization, its operating cost is
dramatically less compared to that of the autoclave technique. It is an
eco-friendly technique as it does not produce any by-product or emission.
But there is a possibility that the toxic remains of the chemical waste can
contaminate the environment upon landfill. Sometimes it produces a bad
odour in the surrounding of its operation.
7.3. Dry-heat treatment

The dry heat technique is used for sterilization. It uses very high temper-
ature to kill bacterial spores and microbes. It is generally used for handling
a small volume of BMWs. It is used on dry items like glasswares, metal
equipment, paper-wrapped items, powders, oil, etc. In this technique,
moisture-free high-temperature air is used over a lengthened period for
the sterilization of BMWs (Datta et al., 2018). A lot of heat input is required
in this process as it uses the conduction, convection, and thermal radiation
method of heating (Yaman, 2020). It is an eco-friendly as well as an inex-
pensive process. It is a non-corrosive treatment process suitable for metals
and sharp objects; however, it cannot be used for plastic or rubber items
as there is a possibility of damaging these items due to exposure to heat
over a prolonged period. Therefore, both temperature and time should be
optimized to minimize the volatile organic carbon released from the plastic
BMWs during the dry heat treatment.
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7.4. Chemical treatment

Chemical treatment is a disinfection technique used for the pre-
treatment of COVID-19 related BMWs. Chemical disinfectants like Chlo-
rine(Cl2), Sodium hypochlorite (NaOCl), Chlorine dioxide(ClO2), Ozone
(O3), and UV irradiation are generally used in this process (Wang et al.,
2020). This process is conducted in a covered system for a fixed period so
that all pathogens and organic substances are effectively inactivated. The
possibility of chemical aerosol formation during the process is minimized
by using the high-efficiency particulate absolute filters. The major disad-
vantage of the process is that it releases large-scale Cl2 gas into the environ-
ment. Both residue and effluent of the process should be analyzed and
disposed of with proper regulation. Also, it generates toxic effluent which
requires further treatment resulting in the high expenditure of the overall
process. Combining the process with a mechanical shredder is used for
the complete disposal of BMWs. It is a simple disinfection technique, but
the BMWs should be properly shredded before they undergo the chemical
disinfection.

7.5. Incineration

Incineration is a common practice and widely used process for the treat-
ment of BMWs. All hospitals have mandatory set up of an incinerator. It is
conducted between 800 and 1200 °C in the presence of sufficient air for
the complete obliteration of pathogens and organic wastes, which reduces
the BMW volume and mass up to 90 and 75%, respectively (Gautam
et al., 2010). The aerated burning process generates flue gas containing dif-
ferent toxins like furan and dioxins. Therefore, it needs a secondary treat-
ment plant or a high-quality flue gas cleaning system in order to mitigate
air pollution. Also, the ash generated from the incinerators should be prop-
erly characterized before its disposal following the statutory regulations. In-
cineration is a high energy-intensive treatment process and combined with
the secondary treatment plant for the toxins makes the overall process ex-
pensive. However, its high efficiency for the BMW treatment makes it the
most suitable and widely adopted process by different countries. According
to the CPCB reports, there are 232 incinerator plants available in India for
the treatment of BMWs (CPCB, 2019). Incinerator ash is generally inert to-
wards chemical reactions; however, its direct applications create a problem
due to the environmental leaching ability (Kumar et al., 2021; Rajor et al.,
2012). The incineration process produces a huge volume of ash which con-
tains heavymetals and inorganic salts (Idris and Saed, 2002). There is a risk
of environmental leaching capacity of different metals and ions that further
contaminant the groundwater upon disposed of as landfill (Zhao et al.,
2009). The toxic byproducts of the incinerators can be minimized by the
combined effect of the efficient segregation system, combustion efficiency
of the incinerators, and high-quality flue gas scrubber (Kumar et al.,
2021). Alternative methods have been applied for the utilization of its
value as concrete, cement mortars, road and asphalt pavements, and agri-
culture. The environmental leachability ofmetals and ions is reduced signif-
icantly by modifying the raw ash. Since incinerator ash is chemically inert,
it must undergo chemical activation or surface areamodification before ap-
plying in the product developments (Rajor et al., 2012). Therefore, evalua-
tion of the ash accurately is necessary before using them in some
applications.

7.6. Encapsulation and inertization

This is exclusively a disposal technique that can only be executed after
the complete disinfection of the BMWs. In this process, the raw BMWs are
ground or broken into small chunks with the help of a crusher machine
and then disinfected (Singhal et al., 2017). The disinfected chunks are
stared in metallic drums followed by shielding with the plastic foam and
then disposed of as the landfill. This technique is adopted only when
there is no other physical or alternate method available for the disposal.
This is practiced for the small volume of BMWs. The equipment and opera-
tion cost are simple and less, respectively. This technique is often used
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during the pandemic period when the daily BMW generation exceeds the
capacity of treatment facilities. During the pandemic, many countries
have used this ad-hoc technique for the emergency management of the
huge COVID-19 related BMWs. Although encapsulation is simple to exe-
cute, it is considered an outdated technique.

7.7. Pyrolysis

Pyrolysis is a more efficient technique compared to incineration. It
operates at a temperature range between 540 and 830 °C that is much
lower than the incineration (Kaushal et al., 2022). This technique includes
plasma pyrolysis, induction-based pyrolysis, pyrolysis oxidation, and laser-
based Pyrolysis (Datta et al., 2018). Pyrolysed oxidation is the mechanism
used in this technique. The pyrolysed oxidation of different solid and liquid
BMWs takes place inside a pyrolysis chamber run at approximately 600 °C.
The gaseous vapour formed inside the chamber completely destroys the
poisonous substance like dioxins and furans, and clean exhaust steam is re-
leased. Therefore, this technique is supposed to be the advanced decompo-
sition method over the normal gaseous combustion. The mass reduction in
pyrolysis can be achieved up to 95% (Kaushal et al., 2022). Residues like
ash, glass, and metallic fragments are further treated through combustion
(Capoor and Bhowmik, 2017). Pyrolysis is an effective method for the
BMW management as the emission rate and mass reduction are too low
and high, respectively. The clean exhaust steam released in the process is
known as syn-gas which can further be used indigenously to produce elec-
tricity and other fermentation purposes. The generation of electricity
from the syn-gas can able to reproduce the electricity up to 31% of that
used for the plasma pyrolysis operation (Paulino et al., 2020). The exact
thermodynamics of the pyrolysed gas must be evaluated for the regenera-
tion of electricity. Although the initial setup of the plant needs extra cost,
it has many advantages over other conventional BMW treatment processes.

7.8. Sanitary landfill

Sanitary landfill is a simple and inexpensive disposal method for dis-
posal of the BMWs. It can be conducted in the existing municipal waste
management system. It is the traditional landfill technique and completely
banned because of its environmental concern which includes the decompo-
sition of waste resulting in the production of landfills leachate and green-
house gases (Manzoor and Sharma, 2019). This method can only be
adopted if there are no acceptable means of treating the waste before dis-
posal. Few things are considered before the landfill that the site should be
geographically isolated and away from the water stream, the operation is
managed by a competent authority, and there is an acceptable limit to the
quantity that can be landfilled at a location.

7.9. Shredding

In this process, a shredder is used to cut the pre-treated BMWs into small
chunks. The shredders should be operated by a competent staff. Shredders
are generally built-in devices to the integrated chemical or thermal disinfec-
tion system (Gautam et al., 2010). This technique facilitates the recycling of
plastics and significantly reduces the volume of BMWs. Metallic wastes
should be avoided in the shredders as they can damage the metal blade
on them.

8. Developing valuable products

Although there is a negative thought for the re-utilization of BMWs,
some research groups have started developing new products from them
(Kaur et al., 2019; Mohan et al., 2022; Patil et al., 2019a). Different per-
sonal protection equipment(PPE) kits are widely used in health care facili-
ties. The COVID-19 pandemic has augmented their usage resulting in the
elevated amount of BMWs (CPCB, 2020). They are generally disposed of
by following state-of-the-art treatment methods. But few researchers have
applied the used PPE kits as an additive to the construction materials for
7

enhancing the properties (Kaur et al., 2019). The composite construction
materials have been developed by mixing the shredded PPE kits with two
different types of sand, such as river sand and manufactured sand, in
three different filler ratios. The mechano-chemical properties like tensile
strength, compression, flexural strength, acid resistance, and moisture ab-
sorption capacity of the as developed composites are compared with the
existing constructionmaterials and found to be suitable for the construction
applications (Kaur et al., 2019;Mohan et al., 2022). Organic BMWs are suit-
able feed materials for the production of biofertilizers upon decomposing
by different natural microorganisms or plant extracts. Some bacteria and
fungus isolated from the cow dung have been evaluated for the effective de-
contamination of pathogens followed by the decomposition of organic
BMWs to produce the biofertilizers (Patil et al., 2019a). The plant extracts
of Azadirachta indica and Nicotiana tabacum are found to be effective for
the removal of environmental parameters like TDS, BOD, and COD present
in the organic BMWs. Upon mixing the residues with soil, Patil et al. have
found the superior fertilizer properties in the soil (Patil et al., 2019b).
Vermicomposting using the earthworm Eisenia fetida has amajor advantage
in the utilization of the incinerator ash generated from BMWs (Sohal et al.,
2021). The vermicomposting system can reduce the heavy metal content as
well as increase the fertilizer quality for direct application in the agriculture
sector. Composting of the BMWs has a lot of scopes for the production of
biofertilizers, which can indeed contribute to the cost reduction of expen-
sive organic farming.

9. Future perspectives

The COVID-19 pandemic may be over by the end of 2022, but we need
to be ready for a possible massive pandemic in the future. During the ongo-
ing pandemic, the BMWs from different hospitals are quantified accurately,
but the household wastes from different home isolation places confuse the
generation of exact mass and volume of the infectious BMWs (Capoor and
Parida, 2021). So, there is a need for proper guidelines to quantify the
BMWs generated from both hospitals and infected households for lessening
the spread of COVID-19 and other viral diseases. The timely collection of
wastes from the infected houses without other household wastes is very im-
portant. Local administrations should have a close eye and be vigilant about
the matter. Proper care must be taken for the complete separation and fre-
quent collection of the infectedwastes from the houses (Behera, 2021). This
action has an indirect effect on minimizing the COVID-19 related BMWs.
The small thing makes a huge impact. Throwing the used face masks and
tissue papers here and there is a common and unhygienic practice in devel-
oping countries like India. Therefore, an adequate number of special yellow
boxes with proper labelling must be fixed at different public places for the
disposal of the facemasks and tissue papers used for sneezing and coughing
by the general public. Also, automatic sanitizer machines should be fixed at
different markets and crowded places. The training and education regard-
ing handling the BMWs are generally provided to the health care workers.
This education should be implemented in the local communities and
schools as one of the co-curricular activities for educating both adults and
children. Pictorial information about the handling of infectious wastes at
different places may effectively help in the awareness among different
groups of people.

The new treatment techniques like heat, chemicals, a combination of
heat and chemicals, and irradiation have great potential for the BMWman-
agement (EPRI, 2000). These new techniques can address the underlying
problems in the conventional BMWmanagement by minimizing pollution,
reducing toxin formation, and efficient volume reduction. Advanced tech-
niques like plasma pyrolysis, sharp/needle blaster technology, PIWS-3000
technology, microwave treatment, alkaline hydrolysis, steam sterilization,
and biological treatment emerge as the potential candidate for the new
age BMW management (Nema and Ganeshprasad, 2002; Raguse et al.,
2016). Solar disinfection enters into the BMWmanagement in the semicon-
ductor era where solar cook systems can be used for the disinfection/de-
composition of the BMWs. However, the efficiency of the solar
disinfection system should be further evaluated and standardized (Thakur
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and Katoch, 2012). Nanomaterials have been developed to decontaminate
different solid wastes (Hooshmand et al., 2022). They are used as the
photocatalyst for the simultaneous degradation and generation of the
dead cancer tissues and the electricity, respectively. The photocatalytic deg-
radation ceases the toxin emission which is the major drawback of the in-
cinerators. But there are only a few reports available for the
photocatalytic degradation of different BMWs. Therefore, the focus should
be steered towards the photocatalytic degradation for the BMW manage-
ment. Alkaline hydrolysis is another method where sodium hydroxide can
be added to the steam disinfection system for the complete digestion of
the BMWs. It is also found to be effective for destroying the prior wastes
which are derived from different animals and contain transmissible
spongiform encephalopathy like mad cow (Krička et al., 2014). The emer-
gence of a hybrid system like a combination of chemical treatment and ad-
vanced steam sterilization coupled with shredding can effectively disinfect
and decompose the BMWs. This hybrid system is potentially suitable for the
treatment of biological wastes like pathological waste, anatomical parts,
etc.

Decontaminating the cancer cells is a challenging task. Fabrication of
Ag/AgCl with C3N4 nanostructures has been synthesized and found to be
effective for the treatment of highly contagious cancer cells (Padervand
and Hajiahmadi, 2022). Similarly, silver doped wollastonite has been syn-
thesized for the in vitro degradation of different cancer cells (Palakurthy
et al., 2019). The application of nanomaterials is not studied intensively
for the treatment of different hazardous BMWs. Therefore, the development
of nanotechnology for BMWmanagement is indeed necessary as “health is
wealth”.

The hi-tech methods are approaching every segment of the civilization.
The internet of things(IoT) based bio-bin has been developed for the smart
collection of BMWs at different hospitals (Akila et al., 2021). The proposed
bio-bin is a prototype smart device that can immediately inform the sanitiz-
ing workers for the quick collection of the BMWs during the pandemic. The
quick response reduces the spread of COVID-19 and other infections initi-
ated from different contagious BMWs.

All conventional techniques for the BMW treatment have multiple
drawbacks in terms of energy and emissions. The new technologies have
overcome the issues related to the drawbacks and shown more efficiency
in the BMWmanagement; however, their high-cost plant set up and opera-
tion make hindrance for the wider adoption. Therefore, more efforts and
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investments should be made available towards the optimization of these
technologies. The government and industry partners should come forward
to support the research related to the optimization and standardization of
these processes. Fig. 6 summarizes the possible aspects of BMW manage-
ment for overcoming challenges due to COVID-19 like pandemic in the
future.

In connection with the management policy, the below points may be
taken into consideration for the quick and effective disposal of the BMWs
in order to lessen the spread of different viral diseases including COVID-19.

• Effective segregation of the BMWs should be given top priority. Complete
segregation at the entry points of BMWs can solve the 80% problems as-
sociated with the generation of the huge BMWs during any COVID-19
like pandemic. So there must be a shuffling of the standard handling of
BMWs i.e. segregation at the entry points followed by collection instead
of the existing system of the collection followed by segregation.

• Health care facilities should conduct proper training and awareness pro-
grams for their employees at regular intervals.

• The general public should have sound knowledge about the risks of haz-
ardous/infectious BMWs and their effects upon being handled wrongly.

• Training and regulations for the general public should be conducted as
community instructions or learning co-curricular at schools that how to
discard infectious or hazardous BMWs.

• Regular inspections should be done by agencies like health administra-
tions, pollution control boards, and environmental protection agencies
of different federal governments (Shammi et al., 2022).

• Attendants/patients should be sufficiently instructed in a simple way to
discard their wastes within the hospital campus.

• Proper safety protocols should be followed by the workers involved in the
sanitization and treatment departments while handling the BMWs in
order to lessen the environmental hazard or infection spreading as well
as their own safety.

• Conventional treatment methods should be evaluated from time to time.
• Upgradation of the conventional treatment methods should be
encouraged.

• Research related to the steps involved in BMW management should be
supported by the government agencies and the industry partners in
order to overcome the challenges associated with the conventional treat-
ment methods.
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• New technology should be developed for the treatment of the flexible
amount of BMWs, aiming at the unexpected spike of exploding diseases
at a certain period of time just like the COVID-19 pandemic.

• The management body of hospitals should oversee and audit all the poli-
cies from time to time as required by the situations and sometimes in a
sudden crisis.

• Coordination among hospitals, municipal authorities, treatment pro-
viders, and pollution control boards is always given higher priorities for
the sustainable and ethical treatment of the BMWs.

• The hospital authorities should take the responsibility of reducing BMW
generation in an ethical manner.

10. Conclusion

The daily generation rate of different types of BMWs increases due to
the increase of patients as well as the additional guidelines set by the
CPCB during the pandemic. India has adequate facilities for the treatment
of the enlarged volume of BMWs, but 100% treatment could not be
achieved due to the drawbacks of certain policies and guidelines. Segrega-
tion of BMWs at the points of entry is very important as a major portion of
the BMWs are non-hazardous in nature. Effective segregation can reduce
the overall BMW management dramatically. Different conventional treat-
ments techniques have been adopted by different health care facilities
worldwide. Still, some techniques need urgent upgradation in order to
overcome the disadvantages associated with them. Furthermore, intensive
research is required for the development of valuable products from the
BMWs. Similarly different new techniques like plasma pyrolysis, sharp/
needle blaster technology, PIWS-3000 technology, microwave treatment,
alkaline hydrolysis, steam sterilization, and biological treatment should
be adopted by sanctioning required funding from the government and the
industries partners. Further, some policies should be re-evaluated as the
treatment and disposal methods of BMWs adopted by the health care facil-
ities or municipal authorities depend upon numerous parameters like types
of wastes, the volume of waste generated daily, the proximity of treatment
site to waste source, topological challenges, availability of treatment plants
and competent human resources.
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