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Medical waste incinerator is a matter of concern for the environment
and public health due to secondary pollutants. The present work aims to
evaluate the toxic emissions from medical waste incineration, such as
Polychlorinated Dibenzo-Dioxin/Furan (PCDD/Fs), Polycyclic Aromatic
Hydrocarbons (PAHs), and the inorganic components in ambient air and
ash. Hence, this study discusses several strategies to reduce emissions. For
this purpose, searches were done in Scopus, Web of Science, and PubMed
databases from 2000 to 2020. After the search, screening was done according
to the predefined criteria, 96 papers were finally selected for this study.
The results show that the emissions levels depend on many factors like the
composition of the feeding, waste type, waste classification, segregation
practice, types of incinerators, operation conditions (designed temperature,
retention time, and excess oxygen), and air pollution control devices. For
instance, emissions of Medical Waste Incinerators (MWIs) rise sharply with
a decrease in temperature, increase in oxygen levels and chlorine content
in waste, and the absence or weak function of air pollution control systems.
This review prepared a comprehensive detailed for decision-makers to help
them to understand the environmental consequences of using incinerators.
However, there is a gap in finding efficient methods to reduce emissions of
incinerators.

Review

Healthcare wastes have been rose in recent

The healthcare centers present services
like caring, therapy, and enhancement of
the quality of life, which plays a major
role in human's social life among the other
welfare services in the world. Healthcare
organizations are responsible for giving
equal, fair, on time, available, sufficient,
generative, and high-quality services to the
people and patients according to their rights

[1].

decades due to the population growth,
increase in healthcare center's count and
size, using disposable medical products, and
daily-growing attention to clinical services
worldwide [2, 3]. Hospital waste is defined
as any solid wastes resulting from diagnosis,
treatment, or immunization of humans or
animals in research, clinical, and veterinary
centers, as well in medical labs [4, 5].
Medical waste contains infectious agents,
toxic chemical matters, and heavy metals
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and may contain geo-toxic and radioactive
compounds [2]. Some types of these wastes
are more harmful than the other type.
Almost 15-25% of these wastes are assumed
infectious. The World Health Organization
(WHO) has estimated that injections using
the infected syringes are responsible for 21
million people infected by hepatitis B, 2
million by hepatitis C, and 260 million by
the Human Immunodeficiency Virus (HIV).
On average, medical waste components
comprise syringes, gloves, bandage tapes,
and cotton [6]. The amount of the generated
waste depends on various factors like the
healthcare installations type, specialties,
percent of reusable goods, percent of patients
under treatment per day, and the type of the
presented health services. Inspecting the
waste of the 35 hospitals showed that the
major part of the daily-generated wastes
contains the general wastes (food waste and
hospital cleaning), paper, glass, and plastics
[7]. About 650,000 tons of medical waste is
produced annually by the country's health
system. The quantity of this waste type is
growing rapidly with a 20% annual rate [8].

However, medical services are vital to
have a healthy life, but mismanagement of
medical wastes directly affects human health
and damages ecosystems comprising plants
and animals [7]. These wastes may lead to
infection for the patients in every hospital
and its crew. On the other hand, financial
resources are usually inadequate for waste
management. The number of crew workers in
healthcare services is few in such countries,
and most of the time, they are not educated
enough to deal with the wastes properly
and manage them [9]. Medical wastes in
developing countries are a serious issue
due to unsuitable treatment and disposal.
These deficiencies give a bolder role to
the appropriate treatment and disposal
approaches of wastes [10, 11]. There are
many techniques for treatments and disposal
of medical wastes, such as steam sterilization,

chemical disinfection, ionizing radiation,
microwaving, recycling, incineration, and
biological systems like enzymes [12, 13].

There are also incineration methods for
medical wastes like dual-chamber air-
controlled incinerators, multiple chamber
incinerators, rotary kilns incinerators,
cement incinerators, the fluidized furnace
combustion technique, combustion with
energy recovery, and pyrolysis incinerators
[14-16]. Incineration has been used widely
for hospital waste disposal [17] due to its
advantages like reducing the mass of waste
more than 70 wt% [18] and volume of waste
around 90% [19], destruction of toxic and
infectious organic components, and the
feasibility for heat recovery or electricity
[16, 20]. On the other hand, the potential
toxic gaseous emission, high operation, and
maintenance costs, and disposal of residual
ash are the main disadvantages of this
method [21-24]. The emitted pollutants of
uncontrolled incinerators are carbon dioxide,
particulate  matter, carbon monoxide,
nitrogen oxides, sulfur dioxide, heavy metals
(cadmium, mercury, lead, arsenic, chrome,
manganese, nickel), furans (PCDFs),
dioxins (PCDDs), chlorinated compounds
including Polycyclic Aromatic Hydrocarbons
(PAHs), Poly Chlorinated Biphenyls (PCBs),
phosphorus pentoxide, hydrogen cyanide,
Hydrogen Chloride (HCI), hydrogen
sulfide, Hydrogen Fluoride (HF), carbonyl
compounds like formaldehyde and Volatile
Organic Compounds (VOCs) like benzene,
toluene, styrene and xylene [23, 25-27].

The process of medical waste incineration
produced ashes by 35% [28]. Fly ash and
bottom ash released from medical waste
incineration contain high levels of toxic
organic pollutants (dioxins, furans, and
PAHs), leachable alkali chlorides [29], and
heavy metals (Cu, P b, Zn, As, Cd, Cr, Hg,
Ba, Mn, Ni, and Sn). Bottom ash has fewer
amounts of pollutants than fly ash and hence

http://japh.tums.ac.ir
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is concerned to be safer [30]. Because of the
mentioned reasons, fly ash coming from flue
gascontrol systemsare classified as dangerous
waste with code 19.01.13, while bottom
ash was included in 2003 on the dangerous
waste according to the council of European
Union [31]. Leaching concentrations for the
majority of heavy metals exceed the standard
limit for hazardous waste landfills. So, it
needs prior treatment. The metals in this kind
of waste are not biodegradable and could
easily penetrate the soil, reach underground
waters, pollute the environment and cause
harm to human beings [29].

This study has systematically reviewed
reports of toxic emissions from medical
waste combustion into air and ashes like
Polychlorinated Dibenzo-Dioxin/Furan
(PCDD/Fs), PAHs, inorganic compounds,
and heavy metals. The main applicable
factors in reducing the emissions are as
well discussed. Presenting a complete
set of information about the emissions of
incinerators will be beneficial for decision-
making and reveal the research's challenges
and requirements.

Search of literature

PubMed, Web of Science, and Scopus
databases were searched to find related
studies around the medical waste incinerators.
Meanwhile, the search protocol is used as
follows:

( ( TITLE ( "medical waste" ) OR TITLE (
"hospital waste" ) OR TITLE ( "infectious
waste" ) OR TITLE ( "healthcare waste"
) OR TITLE ( "health-care waste" ) ) )
AND ( ( TITLE-ABS KEY ( incineration )
OR TITLE-ABS-KEY ( combustion ) OR
TITLE-ABS-KEY ( pyrolysis ) ) )

This search protocol was used to identify
publications from 01 January 2000 to 24
October 2020.

Eligibility criteria

The final papers have been selected based
on eligibility criteria. This study has focused
on those studies that investigated medical
waste incinerators. Therefore, all of the
documents that mentioned 1) emissions from
medical waste incineration, 2) specified
pollutants emitted from incinerators, 3)
sources of emissions that were also involved
in the incineration of medical waste, 4)
emissions from medical waste incinerators in
different conditions, and 5) spatiotemporal
distribution of incinerators emission in ash
and atmospheric air were selected.

Study selection

According to the criteria mentioned above,
the literature was screened independently
by every author. After an initial screening
of the titles, 265 studies were selected. The
respective research was included in the next
step of screening in the case of conflicting
decisions over the initial screening. Two
hundred twenty studies were selected by
the abstract that 111 papers investigated
emissions in the air, 100 papers investigated
pollutants in the ashes, and nine papers
referred to both of them. Eventually, the
contents of the articles were studied, and
96 papers (Fifty-seven in the air and thirty-
nine in the residuals of incineration) were
selected, which were rich in comprehensive
information about the amount and synthesis
of incinerators' emissions (Fig. 1).

Literature review

Investigation of studies illustrated that the
main emissions are dioxins, furans, PAHs,
and heavy metals presented in Table 1 and
ashes (Table 2).

http://japh.tums.ac.ir
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Fig. 1. Flow diagram describing the paper selection procedure through the different stages of this systematic review
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Search Protocol
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By Content
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Table 1. Concentration of pollutants emitted from the stack of medical waste incinerators to air

Facility type
Country

USA Dual-chamber
controlled—air
incinerators or

pyrolytic
incinerators

UK State-of-the-art
incinerator

South Traveling-grate
Korea stoker
OR fixed-grate
stoker
incinerator

Operation conditions

incineration was twice

daily.

- Incinerators had two
burners except
incinerator No.

5 which had only one.

The gas residence time
of 2 s, exhaust
temperature of up to
1025°C

Secondary
combustion chamber
operated at 800—
1000°C with 10% O,
The regular
maintenance period of
about
30 days annually,
operate without
shutdown

Studied
pollutants

Black carbon
(Smoke)

PAHs, PCDDs,
Cd, As, Cr, Ni

PCDD/PCDF

APCDs Year

NO 2016

Cyclone and lime 2010
scrubber followed
by an array of
ceramic filters
Each incinerator 2017
used at least three
or more of these:
cyclone, semi-dry
reactor, and wet
scrubber,
activated carbon,
bag filter, multi-
cyclone, spray
dryer
absorber

Remarks

the average of smoke in six incinerators
was higher than the allowable limit in
this law.

- Lead concentration was much lower
than the maximum allowable under this
law. Emissions of the No.6 incinerator
were significantly higher than those of
the others in the case of CO, NO,, SO,
and smoke.

- Significantly less smoke is emitted
during the combustion of cardboard
containers (6.81 = 4.79% smoke) than
plastic containers (17.77 + 8.38%
smoke).

-The average black carbon emitted
during the combustion of plastic
containers is 2.61 times higher than
cardboard containers.

- The concentrations of PAHs (as BaP),
PCDDs (as TEQ), Cd, As, Cr (VI), and
Niwere 7.4,0.37,2.2,3.5,22.4 and 65.9
ng/s, respectively.

- The mean concentration of
PCDD/PCDF was 0.153-101.9 ng/Sm?>.
- Between the 19 studied incinerators,
the four exceeded the emission
standards.

- Incinerator type/operation, capacity,
APCDs, and start-up date were not
significantly associated with high
concentrations of PCDDs/PCDFs in this
study.

Ref.

[15]

[34]

(3]
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Country

China

Portugal

China

China

Table 1. Concentration of pollutants emitted from the stack of medical waste incinerators to air

Facility type

Medical waste
incinerator

Controlled air
incinerator

Starved-air
incinerator

Rotary kiln

Operation conditions

Correct
practices of
maintenance and
operation

Two furnace
chambers,
the first chamber
temperature (350-550
°C)

Retention time and
temperature in the
kiln: 40~73 min and
750-850 °C,
in secondary
combustion: >2 S and
917~1193 °C

Studied
pollutants

PCDD/PCDF

Dioxins

PCDDs,
PCDFs

PCDD/F

APCDs Year

- In the
winter

2015-

2018

NO 2003

Quench scrubber, 2015
Semi-dry
scrubber,
Fixed absorber
filled with
activated carbon,
Baghouse filter

Acid scrubber, 2015
Activated carbon
chamber,
Baghouse filter,
Alkaline scrubber

Remarks

-If there was no control on air
pollutants, incinerators did not obey the
standard emissions limit.

- The PCDD/PCDF concentration as I-
TEQ was 0.542-21.3 ng/Nm’.

- Concentrations of dioxins as I-TEQ
for different scenarios include 'INCM,
-INCIV*USUSeg and -INCIV?INCIIIL, 2
RIGseg were 320, 250, 13, and 2 mg/yr,
respectively.

- Released values for shutdown and
start-up conditions were 483+184
ng/Nm? (1.47+0.17 ngl-TEQ/Nm?) and
735 ng/Nm® (7.73 ngl-TEQ/Nm?),
respectively.

- The mean concentration (I-TEQ)
during shutdown and start-up was 2.6
(3.8) and 4 (approximately 20) times
higher than the during normal
operation, respectively.

- The concentrations of PCDD/F in flue
gas was 17.7 ng(I-TEQ)/Nm?.

' INCMIX: incineration of the following mixture: groups I and 11, 36.3%; group 111, 51.0%; group IV, 12.7% (60% of the total groups I and II and the total amount of groups Il and IV)
2 INCIIL: incineration of group III
3 INCIV-USUSeg: incineration of group IV using the usual segregation practice

4 INCIV-RIGseg: incineration of group IV using the rigorous segregation practice

Ref.

[37]

(4]

[38]

[39]
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Country

Turkey

Kenya

Portugal

Table 1. Concentration of pollutants emitted from the stack of medical waste incinerators to air

Facility type

Two-stage
combustion
system
consisting of a
rotary
kiln and a
vertical shaft
Kenyatta
National
Hospital (three
chambers),
Nairobi and
Moi Teaching
and Referral
Hospital (two
chambers)

Hospital waste
incinerator

Operation conditions

Capacity: 35000 tons
per year, exit gas
temperature: 55 °C

KNH: mean stack
temperature
746 °C
MTRH: mean stack
temperature 811 °C

HAS: operated 416
hyr'!, Stack

Studied
pollutants

APCDs Year

Electrostatic 2004
precipitator
(ESP),
Two-stage venturi
scrubber,
Activated carbon

PCDD/F

unit
Condensate tank, 2012
Filter,
Integrated
electrochemical

SO,, NO, NO,

measuring
cells

PCDD/PCDF NO 2005

Remarks

- The concentration of pollutants
released from the stack was less than the
limit set by the Environmental Quality
(Clean Air) Regulation 2014.

- Comparison of pollutants in the
ambient air with the Recommended
Malaysia  Ambient Air  Quality
Guideline (RMAAQG) showed that the
pollutants are acceptable for human and
environmental exposure.

- The maximum annual concentration of
PCDD/F in ambient air was 0.28 fg/ m?
at 1480 m northeast of the stack.

- SO, concentrations of flue gas in KNH
and MTRH were equal to 45.7 mg/m?3
and 159.4 mg/m?, respectively, which is
less than the standard limit in the former
due to the consumption of diesel fuel
with ultra-low sulfur.

-The concentration of NO (104.1
mg/m®) and NO; (0.4 mg/m?) in KNH
was lower than the standard limit, and
in the case of MTRH, the NO
concentration (604.8 mg/m?) exceeded
the limit and NO; (0.4 mg/m®) obeyed
the limit.

- The levels of gases emitted in HSA
Hospital were 10 to 60 times higher than
the European standard, and the amount

Ref.

[41]

[13]

[42]
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Country

Portugal

South
Korea

India

China

Table 1. Concentration of pollutants emitted from the stack of medical waste incinerators to air

Facility type

Controlled-air
incinerator

Starved air

incinerator

Biomedical
waste
incinerator

Rotary kiln

Operation conditions

chambers: 890 and
1100 °C

Correct practices of
maintenance and
operation

Secondary
chamber: 850 °C
and at least 2 s of

retention time of flue
gas

Studied APCDs Year
pollutants
PM, Dioxins, NO 1999
As, Cd, Cr, Pb,
Mn, Hg, Ni,
CO, SO2, NOx,
HCl
PCDD/PCDF Cyclones, 2003,
Semi-dry 2004
scrubbers,

Baghouse filters

NO;, HCl, PM Venturi 2016
PCDD/PCDF INC;: quench 2013
system, semi-dry
scrubber,

activated carbon,
fabric filter

Remarks

0.00809, 0.194, 0.0573, 3.19, 0.0616,
5.67 and 0.0137 mg/m?, respectively.
Concentrations of PM, mercury (1.3-
226 times), cadmium, and total metal
concentrations (3 to 8 times) exceeded
the limit.

-The allowable limit only for NOy
obeyed. All other levels were higher
than the maximum allowable limit: PM,
Cd, dioxins (710-93 times), mercury
(1.3-226 times), CO (11-24 times), SO,
(2-5 times), and HCI (9-200 times) and
the total concentration of metals (3-8
times).

- The average concentrations of dioxins
and furans were 9.23 ng-TEQ/Nm® in
2003 and 6.85 ng-TEQ/Nm? in 2004.
-The average concentration level was
exceeded the new standard.

- The concentrations of pollutants
released from the stack for NOx, HCI,
and PM were 17.8, 75.8, and 196.2
mg/Nm?, respectively.

-NOx levels in the range of standard and
two other pollutants exceeded the
standard.

- The mean concentrations for medical
waste incinerators 1 and 2 were 0.45
and 1.33 ng I-TEQ/Nm?, respectively.

- Incinerator 1 obeyed emission
standards, but incinerator 2 did not,
which was due to weak APCSs.

Ref.

[22]

(24]

[43]

[44]
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Table 1. Concentration of pollutants emitted from the stack of medical waste incinerators to air

Facility type
Country

Poland Rotary kiln
with co-current

combustion

Colombia MWI-1,4,6,8:
single-chamber
INC
MWI-3,5,7,9:
double-chamber
pyrolytic INC
MWI-
2,10,11,12:
double-chamber
excess air INC

Operation conditions

Residence time of the
flue gas:

2.5 s, Average
temperature in
beginning, end, and
afterburner chamber:
902, 1039, and 1157
‘C

Stack temperature ("C)
for MWI-1,4,6,8: 639,
260, 400, 383
for MWI-3,5,7,9:
651.0, 119.4, 59.5,
186.9
for MWI-2,10,11,12:
521,267,431, 397

Studied APCDs Year
pollutants
Total dust, Multisectional 2015
TOC, HCI, HF, bag filter
SO,, CO,, NO,
PM, MWI-1,4,6,8: NO 2008
PCCD/PCDF MWI-3,5,7.,9:

Three out of four
incinerators have
a cyclone, and
just one has
a gas cooling
system
MWI-2,10,11,12:
Only one out of
four incinerators
has a gas cooling
system

Remarks

- Concentration of pollutants in the flue
gas for Total dust, TOC, HCI, HF, SO,
CO, NO, were 0-63.4, 0-22.5, 1.88-
37.52,0-0.83, 0-337.8, 0-887.5 and 6.4-
229.5 mg/Nm?, respectively.

-The concentration of the samples did
not exceed the permissible limits.

- Concentrations of PM (mg/Nm?) and
PCCD/PCDF (ng I-TEQ/Nm?®) emitted
in MWI-1 were: 43.2 and 13.0, MWI-4:
157 and 16.5, MWI-6: 1170.6 and
263.8, MWI-8: 16.6 and 22.9, MWI-3:
123.2 and 50.6, MWI-5: 1550 and
708.5, MWI-7: 1084 and 156.8, MWI-
9: 39.9 and 27.5, MWI-2: 162.4 and
17.0, MWI-10: 412.2 and 7.2, MWI-11:
318.1 and 166.4, MWI-12: 468 and
557.8, respectively.

Ref.

[50]
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Fig. 2. Emissions from medical waste incinerators

Emissions of medical waste combustion

According to Table 2, medical wastes
incineration will produce various pollutants
during the burning process. These pollutants
have vided range which depends on the type of
incinerator, operating conditions, and APCDs.
Fig. 2 shows the different emissions of MWIs.

According to the literature review, medical
waste incinerators and Municipal Solid Waste
Incinerators (MSWIs) are the main sources
of PCDD/Fs in the atmosphere. They are also
responsible for 10.7% of the emitted dioxins
and furans [51, 52]. Even in MWIs, these
pollutants are more significant than MSWIs

http://japh.tums.ac.ir
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due to higher chlorine content (2%) [39]. The
concentration of PCDD/PCDFs is varied and
depend on combustion condition and APCDs.
For instance, in a study in South Korea, the
average concentration of the measured dioxin
and furans at several medical waste incinerators
was 9.23 ng-TEQ/Nm?® in 2003 and 6.85 ng-
TEQ/Nm?® in 2004 that is the reason could be
different APCDs [24]. Yoon et al. has measured
the PCDD/PCDFs concentration in the flue gas
of the incinerator stack, which was in the range
of 0.151 to 101.9 ng/Sm* among the nineteen
surveyed incinerators while four had exceeded
the emission limit [3]. The same measured
dioxin in research in China was beyond the
recently issued standard levels in this country
(0.5 ng I-TEQ/Nm?) [39]. These concentrations
have also been high (93 to 710 times) in another
study [22]. The other toxic organic pollutants
released from the MWIs are the PAHs, carbonyl
components, acidic gases, heavy metals, and
Particulate Matter (PM). Dallarosa et al. have
reported the average concentration of the
PAHs in the air near the medical incinerator
in the range of 0.055 to 2.295 ng/m’ [53].
Studying carbonyl components in uncontrolled
combustion sources showed that the highest
concentrations belong to MWI samples due to
higher formaldehyde amounts in medical waste
[27]. The literature shows that acidic gases and
heavy metals in medical waste incinerators
are more remarkable than the standard limit,
except for NO . For instance, Zakaria et al.
mentioned that NO_and SO, emissions in six
studied incinerators were less than the standard
limit according to the Egyptian Environmental
Law (Law No.4 — 1994). However, this amount
is assumed very high in a study compared
to the European standard [33]. The NO,
concentrations in another study were also
acceptable, while the CO, SO,, and HCI had
been 11-24 times, 2-5 times, and 9-200 times
higher than standard levels, respectively
[10]. In another research in 2003, the average
concentration of all gasses (Pb, CO, SO,, and
NO,) in six incinerators had been in the range

of Egypt Environmental Law, except for the
average smoke concentration [54]. Alvim-
Ferraz et al. had measured emissions, and the
results show that the concentrations had been
over the standard limits for the CO (11-24
times), SO, (2-5 times), HCI (9-200 times), Hg
(1.3-266 times), and the sum of other metals
(3-8 times). An additional report has observed
that the cadmium is remarkably more than the
predefined limit. Only the concentration of the
NO, was acceptable in this report [22]. Xie et
al. investigated heavy metals in the flue gas of
medical incinerators and measured values for
Hg, Cd, As, Ni, Pb, Cr,and Cuwere 0.012, N.A.,
0.018, 0.005, 0.046, 0.011, and 0.021 mg/m?,
respectively. The measured metals are all well
below the Environmental Protection Agency
(EPA) emission standards [55]. In another
harmful metal from MWIs is mercury which is
correlated with a rise in chlorine concentration.
Graney et al. estimated that 11+1% ofparticulate
mercury originates from MWIs [56]. However,
the combustion of the medical waste— using
classification in source - is accounted only for
about 1% of the mercury available in the air in
a study [57]. Thus, the distribution of the Hg
in ambient air and human's possible exposure
to this toxic metal have received considerable
attention. PM released from MWIs is more
related to the direction of the wind. As in the
direction that the wind is moving, it has the
highest concentration.

Moreover, the level of it in hot season is more
than cold one. Mao et al. show that none of the
average daily amounts of the PM  in the study
zone was more than the national standard for
ambient air quality (125 pg/m®). Also, they
have shown that particle concentrations in
downwind were dramatically more than the
concentration in upwind. Also, the average
concentration of the PM was remarkably
higher in March, April, and May compared to
July and August [32]. It seems that the lower
PM concentration in rainy months is possibly
due to washing out the particles by rain.
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Country Facility
type
Taiwan Batch-type
MW s,
including
the one
with a
mechanical
(MG-MWI)
and the
other with a
fixed grate
(FG-MWI)
Vietnam Grate

incinerator

China Pyrolysis
Gasifier

incinerator

Table 2. Concentration of pollutants remained in medical waste incinerator ashes

Operation conditions

injection volume 1 ml,
splitless injection at
310 °C, ion sources

temperature at 310 °C

in oven, from 50 °C to
100 °C at 20 °C/min;
100 °C to 290 °C
at 3 °C/min; held at
290 °C for 40 min

Samples dried in to air
and sieved to less than
1 mm; 10 g of each
sample, Soxhlet
extracted with 200 mL
of toluene for 24 h
Samples extracted in
Soxhlet apparatus with
toluene for 24 h.
temperature program
of GC/MS: from 110
°C, holding for 1 min,
then to 205 °C at 30

°C/min,

Studied

pollutants

PAHs

PCDD/PCDF

PCDD/PCDF

Method

GC/MS

Micromass
Autospec Ultima
system equipped
with a 7890A gas

chromatograph

GC/MS

Year

2001

2018

2011

Remarks Ref.

- The mean concentration of total PAHs for MG-MWIin  [5]
bottom ash (ng/g), ESP fly ash (ng/g), and WSB effluent
(mg/L) was 162, 13800, and 124, respectively. These

values for FG-MWI were 3480, 47000, and 62.2,

respectively.

- The concentrations of PCDDs, PCDFs, and total [58]
PCDD/Fs in bottom ash were 320, 1400, and 1725 pg/g,

respectively

- The concentration of PCDD/PCDF in fly ash was 0.918  [48]

ng/ton waste.
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Table 2. Concentration of pollutants remained in medical waste incinerator ashes

Country Facility
type

Turkey -

Operation conditions

According to test,
granulated material
(<9.5 mm) extracted
with in CH3COOH
and NaOH solutions, at
the pH 4.9340.05 and
with a liquid/solid ratio
(L/S) of 20 for 18 h.
China - The extraction
performed using
capped
polypropylene bottles
loaded on a rotary
tumbler at 30+2 rpm
for 1842 h
China - The resolving power of
the selected ion
monitoring analyzer
mode, temperature,
and electron energy is

10,000, 250 °C and 38

eV, respectively.

Studied Method Year
pollutants
Cd, Cr, Cu, TCLP leaching 2017
Fe, Ni, Zn test
Cu, Pb, Zn, TCLP (USEPA 2020
Cd Method 1311)

and Ni
PCDD/Fs, - isotope 2018
Zn, Pb, Cu, dilution high-

and Cd resolution gas

chromatography—
high-resolution
mass
spectrometry
(HRGC-HRMS)
- leaching
toxicity—acetic
acid buffer

Remarks Ref.

- The bottom ash contained high concentration of Cr [62]
29.83, Cu 38.97, and Zn 13.26 mg/L and lower
concentration of Cd <0.06, Fe 5.63, and Ni <0.02 mg/L.

- The concentration on Cu, Pb, Zn, Cd, and Ni in fly ash [29]
were 6067.2,2219.7,24252.5, 60.3, and 227.1 mg/L,

respectively.

- The total concentration of PCDD/Fs in fly ash was [63]
81.86 ng/g.

- The concentration of Zn, Pb, Cu, and Cd ions in the

simulated filtrate were 210.8,41.7, 19.8, and 3.11 mg/L,

respectively.
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Table 2. Concentration of pollutants remained in medical waste incinerator ashes

Facility
type

Country Operation conditions

Greece Rotary kiln  two identical
incineration lines with
a daily capacity of 15t
each, temperatures:

over 900 °C

China - Solid samples of the
fly ash, the froths and
the tailings were
dissolved in aqua regia
(a mixture of HNO3
and HCl at a volume
ratio of 1:3).

Ghana - A 5 g of bottom ash
weighed into 100mL
polytetrafluoroethylene
Teflon beaker. Two
milliliters of 65%

nitric acid and 5 mL of

36% hydrochloric acid

Studied

pollutants

As, Cd, Hg,
Ag, Mo, Ni,
Zn, Sb, Ba,
Ga, Ge, Co,
La, Ce, Cu,
Pb, Y, Nb

Pb, Zn, Cu,
Cd, Cr, and

dioxins

Hg, Pb, Zn,
Ag, Cr, and
Cd

Method Year

(ICP-OES,
PerkinElmer)

Inductively 2018
Coupled
Plasma Mass
Spectrometry
(ICP-MS X Series
II, Thermo

Scientific)

Atomic 2018
absorption
spectrometer

AAZ00

atomic absorption 2016
spectrophotometer
Agilent 240 FS in

the flame mode

and cold vapor

mode for Hg.

Remarks Ref.

- The concentration of Cu, Pb, Zn, As, Ba, Cd, and Cr in

raw fly ash from pyrolysis and gasification incinerator

were 2730, 4340, 48800, 575, 1649, 84.4, and 95.0

mg/kg, respectively.

- The concentration of As, Cd, Hg, Ag, Mo, Ni, Zn, Sb, [18]
Ba, Ga, Ge, Co, La, Ce, Cu, Pb, Y, and Nb in bottom ash

were 11,3.2,1.3,0.8, 12.3, 124, 52.7, 4.7, 3840, 2.7, 0.8,
34,44, 81, 1287, 18, 7.3, and 0.2 mg/kg, respectively.

- The concentration of As, Cd, Hg, Ag, Mo, Ni, Zn, Sb,

Ba, Ga, Co, La, Ce, Cu, Pb, and Y in fly ash were 12.7,
3.3,1.8,4.2,27,22.4,1103, 13.6, 102, 0.8, 28, 43, 53,

138.2, 135.5, and 9.8 mg/kg, respectively.

- The concentration of Pb, Zn, Cu, Cd, and Cr in fly ash [66]
were 2232, 8507, 794, 146, and 124 mg/kg, respectively.

- The concentration of dioxins in fly ash samples were

6.98 ng I-TEQ/g.

- The concentration of Hg, Pb, Zn, Ag, Cr, and Cd in [67]
bottom ash were 0.88, 143.80, 16417.69, 28.38, 99.30,
and 7.54 mg/kg, respectively.
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Table 2. Concentration of pollutants remained in medical waste incinerator ashes

Country Facility
type

Jordan -

Operation conditions

Contact time (0.33,
0.67,1, 2,24, and 48
h), particle size (180—

300, 300-500, 500—
1000, and 1000-2100

um), pH (2,5, 7,9, and

11), temperature (25,

35, 45, and 55 °C),

solid-liquid ratio
(3/250, 3/200, 3/150,
3/100, and 3/50 g/ml).
Greece rotary kiln Temperature of the
combustion chambers:
1100 - 1200 °C,

oxygen access of & =

1.68

Spain - TCLP leachate pH and
ecotoxicity, expressed
as EC50, obtained
from the
bioluminescence

bioassay

Studied Method Year
pollutants
As, Cd, Cr, ICP-MS 2018
Cu, Ni, Pb, employing kinetic
Se energy
discrimination
mode (KED)
Cr, Fe, Ni, TCLP 2011
Cu, Zn, Cd,
Ba, Pb
Cd, Cr, Cu, TCLP 2000
Ni, Pb, Zn

Remarks Ref.

- The amount of leached As, Cd, Cr, Cu, Ni, Pb, and Se [71]
in bottom ash were <0.002, <0.002, 2.1, <0.6, <0.16,
<0.8, <0.01 mg/L, respectively.

- The concentration of Cr, Fe, Ni, Cu, Zn, Cd, Ba, and Pb  [31]
in untreated fly ash leachate were 0.086, 0.860, 0.076,

1.030, 13.20, 0.017, 1.840, and 5.216 mg/L, respectively.

- The concentration of Cr, Fe, Ni, Cu, Zn, Cd, Ba, and Pb

in untreated bottom ash leachate were 0.128, 2.401,

0.626, 1.550, 0.119, 0.0006, 2.439, and 0.005 mg/L,
respectively.

- The concentration of Cd, Cr, Cu, Ni, Pb, and Zn in [72]
leachate of bottom ash were “b.r-0.11, 0.70-2.65, b.r-
0.34,0.17-0.27, 0.10-0.25, and <0.05-0.07 mg/L,

respectively.

- The concentration of Cd, Cr, Cu, Ni, Pb, and Zn in

leachate of fly ash were 0.08-0.16, <0.05-9.75, b.r-0.05,
0.22-0.33, 0.22-0.43, and 0.06-0.07 mg/L, respectively.
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Pollutants in the bottom and fly ash of medical
waste incinerator

Ashes from medical waste incinerators usually
contain PAHs, PCDD/Fs, and toxic heavy metals.
Chen et al. investigated the distribution of PAHs
in ashes. The result showed that the content of
total PAHs in fly ash was 1800 times higher than
in bottom ash, and PAHs with four or more rings
existed in fly ash that is more carcinogenic. PAHs
are not soluble in water, so they could easily
attach the solid residuals [73]. In another study,
the concentration of total PAHs in dry bottom ash
was in a range of 637-6557 ug/kg [74]. In Zhao
et al.'s study, the total concentration of PAHs in
bottom ash was in a range of 10.30-38014 mg/
kg [75]. In other research, total PAHs in bottom
ash were 16.43- 22.50 mg/kg and in fly ash were
4.16-198.92 mg/kg [76]. Pham et al. investigated
profiles of PCDD/Fs in ash samples from multiple
thermal industrial processes. The ash released
from steel-making plants, aluminum-recycling
facilities, and medical waste incinerators had the
highest emission factors. PCDD/Fs concentrated
more in fly ash than bottom ash, except steel plants
[61]. In a study, PCDD/F was measured, and the
concentrations exceeded the standard of the Taiwan
EPA [69]. Arar et al. measured PCDD/Fs in bottom
ash and found that concentrations of XPCDD/
Fs were in the range of 206476 pg I-TEQ/g
which were lower than the limit value (10,000 pg
[-TEQ/g) [77]. In another study, the total PCDD/Fs
in fly ash was 15.62-25.50 ng I-TEQ/g, which are
exceeded the standard levels [78]. PCDD/Fs and
PCBs in fly ash were higher than those in bottom
ash [79]. Nguyen et al. investigated chlorinated
benzenes (CBzs) in ashes and found that the
concentration of XCBzs in fly ash (6.98-34.4 ng/g)
was significantly higher than those measured in
bottom ash (1.53-5.98 ng/g) [80]. Suryawan et al.
measured heavy metals (Cu, Cd, Cr, Zn, and Pb)
in the bottom and fly ash, and the results showed
that Zn had the highest concentration among other
metals. The level of metals exceeded the limits
[28]. Other studies' results approved that Zn was the
highest concentration of metals due to the burning
of teeth, bones, and plastic products [64, 81, 82].

Hence, other research pointed that untreated fly
ash has the highest concentration of Zn and Pb and
lesser amounts of Cr, Fe, Ni, Cu, Cd, and Ba [31].
Others also found a similar distribution of heavy
metals in fly ash [83]. However, in Valavanidis et
al. study, Pb in fly ash was at a very low level. In
comparison, Pb and Zn were the abundant metals
in bottom ash [84]. Zhao et al. pointed that bottom
ash contains a higher level of Zn, Ti, and Cr. These
metals are commonly used in medical instruments,
needles, and syringes [75]. According to a study,
the mean concentration of iron and zinc was
highest than lead and silver in bottom ash [85].
Elemental analyses of the fly ash from the medical
incinerator indicated that copper, lead, chromium,
and mercury were the dominant heavy metals it
contained [60]. As a result of a study, cadmium is
a dangerous substance; its concentration in filtered
ash exceeded 30 times higher in bottom ash [64].
Fariha et al. measured trace elements (As, Cd,
Pb, Cr, and Hg) in fly and bottom ash. The results
showed that amounts of metals in the fly ash
were higher than their content in the bottom ash.
This reason is because of their properties. Trace
elements are easily volatile and thus exist more in
fly ash. The concentration of metals in both ashes,
except Pb in fly ash, was below the standard limit
as specified by the Department of Environment,
Malaysian guidelines. The high lead level in the
fly ash was because of plastics in medical waste
[30]. Another study approved that fly ash contains
more toxic metals (As, Cd, Pb, and Zn) than
bottom ash. For instance, Cd in fly ash samples
was about 42-62 times higher than those in bottom
ash [86]. Adama et al. assessed heavy metals (Hg,
Pb, Zn, Ag, Cr, and Cd) in bottom ash and found
that all metals concentrations were above USEPA
allowable limits for safe disposal in a landfill site
[67]. In another study, the concentration of heavy
metals was below the standard [55]. Wet chemical
and Electron Dispersive X-ray Spectroscopy
analyses showed that the bottom ash contained
heavy metals (Zn, Ti, Cr, Ni, Rb, Co, Cu, Ba, Mn,
Cd, Ga, As, Pb, Bi, Sb, and Li) between 0.07 to
24.1 mg/kg [87]. Bakkali et al. assessed heavy
metals in ashes and found that the ashes contained
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a high level of heavy metals such as Zn, Pb, Cr,
and Ni in a range of 0.5-25071 mg/kg, and Cd has
the lowest concentration in a range of 0-9.5 mg/kg
[88]. In research, the concentration of Hg, Cd, As,
Ni, Pb, Cr, and Cu in fly ash were 80, 100, 200,
140, 540, 210, and 310 mg/kg, respectively. These
metals exceeded the limit values in the toxicity
characteristic test [55]. According to a study, the
leached of heavy metals was less than the standard
limit set by EPA [71].

Assessment of trace elements in a study revel that
operator parameters of incinerator like temperature,
flue gas compositions, waste incineration time,
and the existence of active substances during
combustion such as Cl, S, Al, and Si determine
the type and concentration of heavy metals in
ashes [18]. Conditions of incineration influence
the vaporization and transformation of volatile
metals. Some metals may release to bottom ash
due to being adsorbed by incombustible materials.
These metals are very leachable. Other metals may
trap flue gas, condense on particles, and remove
as fly ash by APCDs [88]. The partitioning of
heavy metals in incineration systems depends
on properties like saturated vapor pressure and
boiling points. Heavy metals such as Hg, Cd, and
Pb are easily volatilized and enter flue gas as fly
ash because of their high saturated vapor pressure.
In comparison, metals like Cr, Mn, and Cu remain

Fleur, Brome, Sulfur,
and Nitrogen, and
Chlorine content

Acidic
gases

Formaldehyde

Carbonyl

compoun

ds

Plastics, Disposable
Products, Chlorine,
Burning diesel oil,
and Incomplete
Combustion

in bottom ash because of high boiling points [88].
Bottom ash was highly enriched in Ni, while fly
ash was enriched in Zn and Pb [89].

Consequently, the content of heavy metals in
fly ash of medical waste was 3.9-12.5 times
higher than that in municipal waste incineration.
Furthermore, fly ash is more toxic than bottom
ash. That indicates higher environmental toxicity
and health risk of medical incinerator fly ash [90].

Origin of medical waste emissions

The main sources of the pollutants in medical
waste incineration are plastics, chlorine content,
and incomplete combustion, as shown in Fig. 3.

Generally, it has been observed that medical
wastes contain large amounts of plastic syringes,
bottles, and other disposable products compared to
municipal solid wastes [32, 35]. Therefore, medical
wastes incineration will release a massive amount
of Persistent Organic Pollutants (POPs) like the
PCDD/Fs, which are very toxic and persistent [35,
39]. One of the most important sources of PCDD/
Fs is waste incineration [91]. PAHs mainly emerge
due to the incomplete combustion of natural and
human sources. Human activities are account for
a significant part of the PAHs in the environment.
Burning diesel oil and gas lubricant oils [53],
exhaustion of motoric transportation system,
smoking, industrial processes, and emission of the

Incomplete Combustion

Plastic materials,
Batteries, Measurement
Devices, Foil Packing,
Stabilizer Componeats,
Paints and Dyes

Fig. 3. Origin of medical waste incinerator emissions
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flue gas of incinerators are examples of human
activities [92].

Moreover, medical wastes contain 25% plastics,
and PAHs are the byproduct of combusting plastics.
Mao et al. have shown that the leading cause of the
PAH emission in the study area (distance 1 km) was
the medical incinerator, while at the reference area
(distance 11 km), the vehicles were responsible
[32]. The inorganic acidic gasses like chloride
hydrogen, fluoride hydrogen, bromide hydrogen,
NO,_, and SO, result from combusting elements
like chlorine, fleur, brome, sulfur, and nitrogen
available in wastes. Chloride hydrogen in many
incinerators is due to the Cl-contained wastes,
especially plastic wastes like PVC [92]. The SO,
emissions are produced from the sulfur available in
medical wastes and auxiliary fuels, while the smoke
and CO are the direct reason for the incomplete
combustion of organic components. It has been
proven that inorganic materials are not destroyed
during combustion and appear in incinerators in
bottom ash and particulate matter in the stack.
There are noxious metals in medical waste, which
have the sources such as surgery blades, batteries,
measurement devices, foil packing, and plastics.
For instance, the PVC-made objects encompass
lead-contained stabilizer components, and lead
also is found in paints and dyes [33]. The same
discussion can be done for mercury. The medical
wastes related to thermometers, mercury batteries,
amalgam from dental fillings, and other residues
mercury manipulation are the known sources for
it [36]. Hence, sharp objects, radioisotope shields,
chemotherapy waste, laboratory chemicals, and
pigments contain a large amount of Pb, Zn, Cd, and
Fe [28]. Emissions of arsenic and Ag are related to
medicines and radiographic plates, while Ni, Cr,
Co, and Mo are because of medical equipment and
tools produced from stainless steel [18]. Medical
waste incinerators are a mixture of heavy metals.

Effective factors on the level of emissions

Various factors could affect the emissions level,
such as waste composition, waste type, segregation
practice, incinerator type, combustion condition
(like designed temperature, retention time, excess

oxygen level), and APCDs. Table 3 has classified
these factors for each pollutant.

Studying the PCDD/PCDFs emission profile shows
that these pollutants had a rising trend from 2000
to 2005 due to the increase in beds, population,
hospitals, clinics and medical labs, and medical
wastes [93]. So, with increasing waste volume,
dioxin and furan emissions increase. The main
reason for high concentrations of PCDD/PCDFs
is the lower temperature (250-450 °C) during the
start-up and shouting down periods in incinerators
[11, 13]. The emissions level is different for each
type of incinerator. Higher levels of PAHs have
been observed in MG-MWI rather than FG-MWI.
As mentioned before, higher content of plastic
in feeding waste would cause higher PAHs.
Researchers found that the special medical wastes
that the FGMWI incinerated contained much
lower plastic content than the general medical
waste incinerated by the MG-MWI. Also, the
feeding rate for the former was lower than the
latter [5, 23]. Despite all these studies, Yoon et al.
contradict the relation between PCDDs/PCDFs
emissions influencing factors such as incinerator/
operation type, capacity, APCDs, start-up date [3].

Experience of the operator in incineration plant
is important. Bujak et al. observed that a large
amount of SO, emission took place precisely
during the waste loading stage in a specified
working shift, which shows the importance of the
experience level of the workers [49]. With any rise
in CO concentration in incomplete combustion,
PAHs will increase due to their direct relation
[94]. Some factors increase smoke level during
the plastic containers incineration like (a) the
cardboard containers are made of cellulose fibers
while the plastic ones are made of petroleum,
(b) the plastic structure is more rigid than the
cardboard structure and need more energy to
be burnt, (c) comparatively, more air-exposed
surfaces and good air circulation in cardboard
containers, and also the plastics components
tendency to stick to each other during incineration
slower the combustion process and led to higher
smoke emissions [15].
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Pollutant

PCDD/Fs

PAHs

Table 3. Effective factors on concentration of emissions from medical waste incinerator

Affected factors

Waste composition (amount of chlorine)
Waste type

Waste classification

Management methodology

Incinerator type

Furnace design

Combustion condition (like designed
temperature, retention time, and excess
oxygen amount)

Feeding and depleting methods

During of operation

APCDS

Incinerator types

Feedstock compositions

Feedstock rate

Auxiliary fuel

Combustion condition (like the combustion
temperature, retention time, and excessive
air)

APCDS

Excess air coefficient

Additives

Remarks

- In the absence of PVC, such components could not be produced.

- Poor performance of APCDs, high chlorine levels, discontinuous
operations, and irregular waste feeding produce large amounts of
PCDD/F and vice versa.

- Small incinerators emit higher dioxin levels than large incinerators due
to may have a weekly function of combustion chambers, inappropriate
APCDs, irregular feedings, open gates during waste feeds, and
discontinuous waste combustion.

- Dioxin emission increases significantly during the shout down and

start-up of the incinerator.

- During the incinerator's start-up, the PAH emission rises.

- Using suitable APCDs significantly reduces carcinogenic potential
relevant to the PAH emissions in residential regions.

- Regarding the incinerator types, observations approve that the total
concentration of the PAHs for the mechanical grate MWIs is more than

that in the fixed grate MWIs.

Ref.

[11, 35,
38, 40,
44, 47,
50, 92,
94, 95]

(5, 23,
73, 92]
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Emissions effect on health and environment

The persistent organic pollutants (POPs), like
dioxins and furans, are very robust during
the degradation process in the environment.
They can travel farther from their origins
using the air and water, accumulate in water
and soil ecosystems, and have severe acute
and chronic effects on human, animal, and
herbal organisms [21, 98]. EPA has identified
medical wastes as the third major source of
dioxin emissions in the air as one of the most
toxic components to humans [99]. The dioxin
side-effects are Immune system malfunction,
sexual disorders, congenital disorders, liver
defects, weight loss, endocrine disruption,
neurotoxicity, organ toxicity, and numerous
transient acute health effects [61, 100].
Dioxin is classified as one of the carcinogen
components for humans known by the
International Agency for Research on Cancer
(IARC) [99]. Fig. 4 shows cancer statistics
among the unexposed and exposed people to
pollutants in the vicinity of a waste incineration
plant between 2005 and 2014 [101].

Fig. 4 shows that the incidence of cancer is
higher among men than women. Lung cancer
is the most common type of cancer. Between
2005 and 2009, acute myeloid leukemia,
myelodysplastic syndromes, and myeloma
were observed in exposed women, and soft
tissue sarcomas, myeloma, and lung cancer
were observed in exposed men. Between 2010
and 2014, there was no high prevalence in
women, while men had higher myeloma and
lung cancer rates. Distance from incinerators,
their count, and the other combustion sources
producing these pollutants are factors that
impact the rate of vulnerability from such
pollutants [32].

On the other hand, the PAHs are pollutants
available everywhere and have been proved
most of them to be very mutagen and
carcinogen [92]. Therefore, some PAHs are

categorized as probable human carcinogens,
and their emissions to the air in residential
areas should be concerned [32]. Besides,
heavy metals have an adverse effect on
human beings. For instance, mercury is a
very well-known neurotoxin that can pass
through blood-brain barriers and the placenta.
Suppose that the Hg-contained components
enter the incinerator or other waste-refining
technologies in combination with infectious
wastes. In that case, the Hg will pollute the
environment, and then the air polluted with
it enters a worldwide distribution cycle
poisoning the fishes and the wildlife [99].
Hence, these pollutants enter the human body
via the respiratory system, digestive system,
and skin [27] and trace harmful effects like
respiratory  diseases, cancer,
the body, animals, plants,
buildings, and destruction of visibility [33].

congenital
disorders in

Standard limits of emissions in air and ashes

could not be
eliminated. So, the standard level has been

Emissions of incinerators
set to save human beings and the environment
from adverse effects. Table 4 presents the
regulated standards of the medical waste
incinerator emissions.

The concentration of PCDD/Fs, acidic gases
except for NO , and PM in the air frequently
exceeded the standard levels. However, the
amount of PAHs rarely exceeded the limits
because of the minimum PAHs produced by
MWIs. The concentration of heavy metals
usually exceeded the standards. Consequently,
for reducing the emissions of MWIs, it should
provide the appropriate APCDs and well
operation conditions.

The levels of PCDD/Fs and heavy metals in
ashes exceeded the standard limit. However,
heavy metals leached almost always are lower
than limits.

http://japh.tums.ac.ir



Journal of Air Pollution and Health (Autumn 2021); 6(4):287-334 317

(a) 2005-2009

60 Legend

35
b ﬁg’ Exposed
= 40 Women
- 35 u Unexposed
e %E Women
® 30 i m Expozed Men
o |
=
- 10 i u Unexposed Men

: N

& 2 & & & i 5
& & &S &
FHFFT T F&TF &S
G R S
%'5& é}ﬁ %'}‘i"' § ¥ 5 3 n:.;':'#
ﬁ? g& ;@’ 1?&ﬁ£ & <
_%L'Zﬂ' _%'-T} ,%p ‘E& 'T..-"-"
Cancer type
(b) 2010-2014
Legend

Number of cases
PNttt

Exposed Women
u Unexposed
Women
u Exposed Men
i ; i ® Unexposed Men

%&@ﬁ ﬁf ‘#df’&
gttt = s

_%'-'.'ﬁ el-'.'l el'.'l
Cancer type

Fig. 4. Cancers among unexposed and exposed people in the vicinity of a waste incineration plant
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Table 4. Medical waste incinerator emissions standard

Pollutant Law

PCDD/Fs Portuguese and European legislations
Emission standards in South Korea

(After 2004.07.20)

Emission standard in China
National standard in China
Health care institutions in Colombia

Emission standard in China

US EPA 1997b
EPA - 2MACT
HWC 2004
Taiwan EPA, 2008
PAHs European Union standard

WHO guideline

dry standard cubic meter
maximum achievable control technology

Exposure/ Capacity

(ton/h)
6-8 h average
4>
1-4
0.2-1
0.025-0.2

600 kg/month

Level

0.1 ng/m? (ITEQ units)

0.1 ng-TEQ/Sm3
1 ng-TEQ/Sm?
5 ng-TEQ/Sm?

5 ng-TEQ/Sm?
0.5 ng I-TEQ/Nm3
1 ng TEQ/Nm?

2 ng I-TEQ/Nm’?
3.0 ng I-TEQ/g
1.0 ng-TEQ/g
2.3 ng TEQ/!dscm
0.40 ng TEQ/dscm
0.20 ng TEQ/dscm
1 ng I-TEQ/g
1 ng/m?

1 ng/m?

Remarks

Fly ash limit
Fly ash limit

Fly ash

There is no allowable limit
for the incinerator stack,

and this value is for ambient

air.

There is no allowable limit

for the incinerator stack,

Ref.

[22]
(3]

[46]
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Pollutant

HCl

VOCs
HF

CcoO

Table 4. Medical waste incinerator emissions standard

Law

Average daily permissible

MEF 1998
US EPA 1997

Portuguese and European legislation

Average daily permissible

MEF 1998
US EPA 1997
EPA - MACT

HWC 2004

MEF 1998

Average daily permissible

Egyptian environmental law (law No-

4-1994)

European legislations
Portuguese and European legislation

Average daily permissible

US EPA 1997
EPA - MACT
HWC 2004

Exposure/ Capacity
(ton/h)

Daily averages

Daily averages

Daily averages

Daily averages

Maximum allowed

Maximum allowed
Daily averages

Daily averages

Level Remarks
200 mg/Nm? Emission standard into the
atmosphere
450 mg/Nm? -
250 ppmv -
10 mg/m? -
10 mg/Nm? Emission standard into the
atmosphere
50 mg/Nm? -
100 ppmv -
1.5 ppmv -
0.18 ppmv -
<0.01% In ash
1 mg/Nm? Emission standard into the
atmosphere
4000 mg/m? This number is set for fuel
combustion sources, and no
limit is set for medical
waste incinerators.
100 mg/m? -
50 mg/m? -
50 mg/Nm® Emission standard into the
atmosphere
40 ppmv -
100 ppmv -
100 ppmv -

Ref.

[33]
[22]
[49]

[92]
[92]
[92]
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Table 4. Medical waste incinerator emissions standard

Pollutant Law

EPA - MACT
HWC 2004
Department of Environment,
Malaysian guidelines for the
Application limits of special
management of schedule waste
USEPA allowable
limits for waste
disposal to landfill
EPA
Cd+ Tl Portuguese and European legislations
Cd MEF 1998
US EPA 1997
EPA - MACT
HWC 2004
Department of Environment,
Malaysian guidelines for the
application limits of special
management of schedule waste
USEPA allowable
limits for waste
disposal to landfill
EPA

Exposure/ Capacity
(ton/h)

30 min to 8 h averages

Level

130 pg/dscm
8 pg/dscm
20 mg/kg

0.2 mg/kg

0.2 mg/L
0.05 mg/m?
0.05 mg/Nm?
160 pg/dscm
59 pg/dsem
6.5 pg/dscm
100 mg/kg

1.0 mg/kg

1.0 mg/L

Remarks

In ashes

Bottom ash

Leached in ash

In ashes

Bottom ash

Leached in ash

Ref.

[92]
[92]
[30]

[67]

[103]
[22]
[92]
[92]
[92]
[92]
[30]

[67]
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Table 4. Medical waste incinerator emissions standard

Pollutant Law
Cr MEF 1998
EPA - MACT
HWC 2004

Department of Environment,
Malaysian guidelines for the
application limits of special
management of schedule waste
USEPA allowable
limits for waste
disposal to landfill
EPA
As MEF 1998
EPA — MACT
HWC 2004
Department of Environment,
malaysian guidelines for the
application limits of special

management of schedule waste

EPA
Be EPA - MACT
HWC 2004
Ba EPA
Ni EPA

Exposure/ Capacity
(ton/h)

Level

0.5 mg/Nm?
84 pg/dsem
8.9 pg/dscm
2500 mg/kg

5.0 mg/kg

5.0 mg/L
0.5 mg/Nm?
84 pg/dscm
8.9 pg/dscm
500 mg/kg

5.0 mg/L
84 pg/dscm
8.9 ng/dscm
100.0 mg/L
100.0 mg/L

Remarks

In ashes

Bottom ash

Leached in ash

In ashes

Leached in ash

Leached in ash

Leached in ash

Ref.

[67]

[71]
[92]
[92]
[92]
[30]

[71]
[92]
[92]
[103]
[71]
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Control systems of pollutants

One big problem in the waste incineration
process is pollutants emission out of the
stack required to be kept in standard ranges.
There are some air pollution control devices
(APCDs) to fulfill this obligation like the
gravity settlers, mechanical cyclones, fabric
filters, and electrostatic precipitators for the
particulate matters, and the wet scrubber, dry
scrubber, and solid sorbent beds for the gasses
and evaporations [33, 104]. The most proper
APCD is selected considering the type and
concentration of the pollutants [36]. Other
researchers also attest that operating suitable
maintenance is not enough to work with
medical waste incinerators, and controlling
the atmospheric pollutions is essential [4,
10, 22, 25, 42, 50]. The emission amounts of
some pollutants like the PAHs and PCDDs are
1-2 times less than the same reported values
in 1980s studies, generally due to the better
combustion conditions and appropriate APCDs
[34]. According to a study, the emitted dioxin
from the medical waste incinerators has been
seen in the form of gaseous pollutants [105].
It could be mentioned that PAHs with lower
molecular weight (MW) were found in the
gaseous phase, while Higher MW of PAHs had
a significant fraction in the particle phase [73].
Hence, using devices for removing gases is
recommended in dealing with such pollutants.
For instance, Lee et al. showed that the total
PAHs removal efficiency using the ESP and
WSB for MG-MWI was equal to 0.276%
and 14.9%, respectively, while the same
values for FG-MWI were 2.08% and 13.8%,
respectively [5]. The APCDs use should be
based on the properties of pollutants that are
going removed. For instance, in a study, the
used APCDs had not been practicable enough
for PAHs because they were more appropriate
to remove particulate pollutants while the
PAH compounds mainly existed in the gas
phase. In comparison, removal efficiency for
WSB was higher than ESP for both of the

incinerators. Conclusively, the WSP had been
more efficient in reducing PAHs [23]. Other
research approved that ESP and WSB were
efficient methods for controlling PAHs emitted
from medical waste incinerators to ambient air
[73]. In another study, the efficiencies of WSB
were higher for dioxins, Hg, and SO,, while for
other pollutants, the fabric filter/dry scrubber
was more efficient [36]. Using the ESP and
WSB together as APCDs shows a reduction
in total PAHs and benzo-[a]pyrene equivalent
(total BaPeq) emission concentrations in both
incinerators from 2220 to 1870 and 50 to 12.4
ug/m?, respectively. The removal efficiency for
total BaPeq was higher than PAHs because the
former compounds were mainly presented in
the particulate phase, and the latter compounds
were mainly presented in the gas phase [23].
Chen et al. reported that the total PCBs
emission efficiency using bag filters under
the two different conditions were 69% and
85% [26]. Additional research approved that
the dioxins can be reduced using the semi-dry
scrubber and activated carbon and absorbed in
bag filters [48].

Consequently,  without controlling the
atmospheric  pollutants, medical  waste
incineration will not obey the legal emission
limits even by applying correct operation and
maintenance methods [10, 25].

Management methods
incineration

Medical wastes, hazardous wastes, and
municipal solid wastes incineration as the
known primary sources of dioxin and furan
emissions should attract more attention,
knowing that the rate of incinerated waste has
been predicted to increase in the future [102].
By increasing waste, was should attempt to
find methods for reducing emissions. The best
way for PAHs emission reduction is reducing
the plastic products in medical wastes. It has
also been observed that the PAHs and soot are
produced while polystyrene (PS), polyethylene,

of medical waste
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and benzene are synthesizing. A study reveals
that while an incinerator was heated at 1000
°C, the PAHs forming PS ratio was reduced,
and even more heating resulted in more
reduction [32]. Also, another study pointed
that if the post-combustion temperature during
the start-up or shout down reaches 850 °C, or
even more, a reduction could be observed in
PCDD/PCDF level [38]. So, the temperature
should not be let to fall lower than optimum
values. Another way of controlling emissions is
separating solid waste at the source. According
to Alvim-Ferraz et al.'s research, applying exact
management and rigorous separation practices
causes an 80% reduction in waste incinerated.
This reduction of mass causes Hg and Pb
emissions to be omitted and decreases PM, As,
Cd, Cr, Mn, and Ni concentrations by 98%,
90%, 92%, 84%, 77%, and 92%, respectively
[10]. Others conducted a similar study and
were omitted particulate matters, dioxins, As,
Cd, Cr, Mn, and Ni by 98%, 99.5%, 90%,
92%, 84%, 77%, and 92%, respectively. The
corresponding values for the SO, and NO_ were
93%, and CO and HCIl were more than 99%.
Lead and mercury were as well omitted totally
[22]. Another way is the use of colored plastic
should be banned because it causes a high level
of Pb, Cr, and Cd in the ash of medical waste
[106]. Even more, the degree of segregation is
effective. Comparing the different segregation
scenarios (USUSeg and RIGSeg) shows that
for RIGSeg quantity of waste in Group IV
(specific Healthcare wastes with compulsory
incineration) is decreased, and the amount of the
waste incinerated. So, it is crucial to implement
segregation practice as perfectly as possible to
get to the minimum emissions. Another way
to have lower organic emissions is equipped
incinerators with at least two combustion
chambers and more than 1000 °C temperatures
at all stages. The flue gas temperature must
be fallen as soon as possible from 450 to less
than 200 °C in a cooling tower, and the excess
oxygen (V/V) should be kept at 6 to 10%. Also,
a shorter retention time for the particulates in

the optimal temperature range (350—450 °C) is
recommended [11, 40]. In many countries, the
lack of devices for measuring the oxygen flow
is a deficiency that the workers are dealing with
[11]. Therefore, as an efficient way, incinerators
should be equipped with oxygen meter devices.
Some mismanagement results in inadequate
waste treatment like; feeding during the start-
up while the incinerator and its entries are not
warm, feeding each batch while the complete
utilizing temperature has not been attained,
and not controlling the temperature at the first
chamber, which results in temperature fall due
to feeding more humid wastes [50]. Therefore,
high temperature, high retention time, well-
mixing, controlling the waste feeding rate,
and combustion air must be kept during the
incineration process [4, 25].

Further replacing the conventional incinerators
with newer ones could help to reduce
emissions. They have some advantages like;
lower pollution risk, lower utilization costs,
and easy preserving high temperature [12, 36].
It is essential to limit the feeding rate to slightly
less than 0.2 ton/d for controlling emissions
concentrations [15]. After incineration, the
fly and bottom ash should be treated properly
before being landfilled [39].

Conclusion

Incineration has been used widely for medical
wastedisposalduetoitsadvantageslikereducing
the mass and volume of waste, destroying of
toxic organic components, and possibly for
recycling energy during combustion. On the
other hand, medical waste incinerators are the
major sources of PAHs, PCDD/Fs, toxic acidic
gases, and heavy metals in the environment.
Their concentrations depend on waste type,
APCDs, incinerator type, operation parameters,
waste compositions, and segregation practice.
These pollutants are being evaporated into
the air or stick to the surface of some fine
solid particulate. Humans are being exposed
to these components via respiration, food, or
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skin contact. Reducing medical waste at the
source and recycling the medical PVC plastics
to reduce emissions in the waste combustion
process is recommended.

On the other hand, many incinerators that are
being used are old-fashioned and are operated
by less-aware, less-educated operators, who
work extraordinarily long hours that will
finally lead to a higher amount of emissions.
Forbidding the use of these old MWIs or
upgrading them to prevent out-of-standard
PCDD/Fs emissions should be included in the
plan.Moreover,usinghigh-efficiencypollution
control systems in medical incinerators to
protect public health is vital. It is a feasible
recommendation that less frequent start-ups
and shout-downs in utilizing incinerators — at
most once a week — will positively affect the
emission rate due to avoiding the incomplete
combustion durations. All in all, finding
effective methods in medical plastic wastes
treatment needs further study.
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