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Abstract:

Fly ash is a common solid residue of incineration plants and poses a great environmental
concern because of its toxicity upon inhalation exposure. The inhalation health impacts of fly
ash is closely related to its transport and deposition in the human respiratory system which
warrants significant research for health guideline setting and inhalation exposure protection. In
this study, a series of fly ash transport and deposition experiments have been carried out in a
bifurcation airway model by optical aerosol sampling analysis. Three types of fly ash samples
of different morphologies were tested and their respiratory deposition and transport processes
were compared. The deposition efficiencies were calculated and relevant transport dynamics
mechanisms were discussed. The influences of physiological conditions such as breathing rate,
duration, and fly ash physical properties (size, morphology, and specific surface area) were
investigated. The deposition characteristics of respiratory particles containing SARS-CoV-2
has also been analyzed, which could further provide some guidance on COVID-19 prevention.
The results could potentially serve as a basis for setting health guidelines and recommending
personal respiratory protective equipment for fly ash handlers and people who are in the high
exposure risk environment for COVID-19 transmission.

Keywords: Fly ash; Deposition; Respiration; Toxicology; COVID-19.

Environmental Implication

Fly ash is a common solid residue produced from incineration plants and it poses a great
environmental concern because of its toxicity upon inhalation exposure. Fly ash can cause high
carcinogenic risks, and increase the risks of cardiovascular morbidity. The inhalation health
impacts of fly ash are closely related to its transport and deposition in the human respiratory
system. We have conducted a series of fly ash transport experiments to investigate its
deposition characteristics in human respiratory system. The results could serve as a basis for
setting health guidelines and recommending personal respiratory protective equipment for fly

ash handlers.
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1 Introduction

Fly ash is a common solid residue produced from the combustion of fossil fuels and waste.
Over 600 million tons of fly ash is produced globally every year and this number is expected
to increase substantially in the face of the increasing demand in energy and waste disposal

(Nyale etal., 2013; Terzi€ et al., 2015). This massive fly ash production poses an environmental

concern as fly ash threatens human health upon inhalation exposure (Johnson, 2016; Sgro et

al., 2012). Recent studies showed that fly ash particles were generally polydispersed and

enriched in various harmful compositions such as heavy and transition metals, polycyclic
aromatic hydrocarbons (PAHs), organochlorines, polychlorinated dibenzo-p-dioxins, and

polychlorinated dibenzofurans (Carvalho et al., 2014; Li et al., 2017; Santa et al., 2016; Wu et

al., 2016). Even a low-dose exposure to fly ash was able to induce adverse changes in

pulmonary mechanics, cause high carcinogenic risks, and increase the risks of cardiovascular

morbidity and mortality (Carvalho et al., 2014; Marchini et al., 2014; Wu et al., 2016).

Furthermore, fly ash nanoparticles are a particular health concern because of its relatively large
surface area and harmful compositions which could produce oxidative stress, exert genotoxic
effects, and translocate to other targets such as the cardiovascular system, spleen and liver

(Dwivedi et al., 2012; Matzenbacher et al., 2017; Oliveira et al., 2017). Particle transport and

deposition in the human respiratory system are closely related to the health impacts of

particulate inhalation exposure (Fang et al., 2017; You et al., 2017). It is also important to

understand the mechanisms governing the respiratory transport and deposition phenomena
which lays the foundation for developing effective measures for inhalation exposure protection.
The human respiratory system could be divided into three major regions, i.e. the extrathoracic
(ET) region (from the nose to trachea), tracheobronchial region (TB) (from the trachea to

bronchi), and the alveolar region (Megido et al., 2016; Zhang et al., 2006). The dimensions of

the regions vary considerably from person to person and the morphology of the system
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becomes increasingly sophisticated deeply into the alveolar region, but it is generally
acceptable to simplify the airways of the TB and alveolar regions as a system of symmetrically

branching tubes with decreasing diameters for mechanistic studies (Peslin and Fredberg, 2011).

In this case, a bipodial geometry could be assumed for the airway tree where the parent airway
branches into two daughter airways at each bifurcation with the trachea being the root (zero

generation) of the airway tree (Aykac et al., 2003; Banko et al., 2015). (Kim and Fisher, 1999)

showed that there was only a slight difference between two successive bifurcations, suggesting
that the data from a single bifurcation model is representative. Actually, it is prohibitive to
cover all the regions in modelling and experimental works on human respiratory deposition
due to the sophistication of the respiratory system. Bifurcation models, in this case, serve as an
efficient means to explore the fundamental aerosol and fluid dynamics underlying the transport
and deposition processes.

Both experimental and modelling studies have been conducted to explore the particle
deposition in the human respiratory system based on bifurcation airway models. For example,
in early studies, the flow patterns in two successive generations of bronchial tree were

investigated using flow visualization methods and hot-wire anemometers (Bharadvaj et al.,

1982). Subsequently, due to the relatively high accuracy and nonintrusiveness of laser-Doppler
velocimetry, it was applied to bifurcation airway models with a higher number of branching

(Jedelsky et al., 2012; Kerekes et al., 2016; Theunissen and Riethmuller, 2007). (Xu et al., 2009)

explored the effects of oscillatory flow on the deposition pattern of aerosol particles in a single
bifurcation tube using a laser-photodiode measurement technique. Recently, aerosol deposition
in the respiratory system was also investigated by high-speed photography techniques that bear

the advantages of being straightforward and low-cost (Goikoetxea et al., 2014; Tong et al.,

2016). Simulation was also used to understand the trajectories of aerosol particles in respiratory

airways with a special focus on the effects of particle size, flow rate, and flow profile on the
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spatial deposition patterns of particles (Feng and Kleinstreuer, 2014; Kolanjiyil and

Kleinstreuer, 2016; Rahimi-Gorji et al., 2016). Empirical mathematical models of respiratory

deposition have been proposed based on experimental or simulation data (e.g., (Park and

Wexler, 2008; Shanley et al., 2016; Zamankhan et al., 2000)). These models were generally

limited to a given respiratory region and particle size range (e.g., nanoparticles and
microparticles). These existing studies are generally featured by the assumption or utilization
of spherical particles, which means that relevant findings and models are not necessarily
applicable for the case of fly ash that are irregular in terms of morphology.

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) (Coronaviridae Study Group of the

International Committee on Taxonomy of, 2020), and nowadays our lives are still severely

affected by it. It was reported that as of February 24, 2022, there have been more than 430
million cases of COVID-19 infection worldwide, including more than 5.93 million death cases

(worldometer, 2022). Several studies observed the correlation between the levels of lethality

of SARS-CoV-2 and atmospheric pollution. It was suggested that particulate pollution may be

possible co-factor of COVID-19 (Conticini et al., 2020; J. Marvin Herndon, 2020). It was

reported that fly ash contained many pores which might carry virus to human airways (Bao et

al., 2015). If the upper respiratory tract is infected by the SARS-CoV-2, common symptoms

include rhinitis and sore throat. In contrast, when the lower respiratory tract gets infected, more
severe symptoms could be caused, such as pneumonia, bronchitis, and bronchiolitis (Subbarao

and Mahanty, 2020). SARS-CoV-2 could be transmitted from person to person through

respiratory particles (RPs) such as droplets and aerosols (Jayaweera et al., 2020). Aerosols are

divided into natural aerosols and anthropogenic aerosols. Fly ash is one of the anthropogenic
aerosols (Hidy, 2012). SARS-CoV-2 primarily attacks human lung airways, ultimately

impairing the gas exchange capacity of the lungs (Mason, 2020). Therefore, it is important to
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study the deposition of respiroatory particles containing SARS-CoV-2 virus in lung. Particle
deposition in the lungs is related to the physics of the particles, the anatomy of the respiratory

tract, and the airway pattern in the lung airways (Sankhala et al., 2013). RPs have a broad range

of sizes ranging from less than 1 um to 10 pm (Lee et al., 2019). These RPs are approximately

spherical in the air. The spike(s) protein, one of the structural proteins on SARS-CoV-2, binds
to the host cell surface receptor angiotensin-converting enzyme 2 (ACE2) via the receptor

binding domain (RBD) (Yao et al., 2020). In addition to binding to ACE2, the amount of virus

deposited on the receptor also plays an important role in viral infection. There are a lot of
studies that have been conducted to investigate the deposition of SARS-CoV-2 in human
airways using the stochastic lung deposition model and compositional fluid dynamics (CFD)

(Islam et al., 2021; Madas et al., 2020; Wedel et al., 2021). However, there is still a lack of

experimental study that validates the theoretical models.

In this work, we conducted a series of fly ash transport and deposition experiments in a
bifurcation airway model using optical aerosol sampling analysis. The deposition efficiencies
were calculated and relevant transport dynamics mechanisms were discussed. Three types of
fly ash particles of different morphologies were tested, and their respiratory deposition
processes were compared. The influences of physiological conditions and the physical
properties of fly ash particles were investigated. Since the size and the feature of respiratory
particles that SARS-CoV-2 is attached to are similar to the fly ash of spherical shape, the
deposition percentage (DP) of respiratory particles containing SARS-CoV-2 has also been
investigated in this study. The effects of RP size and breathing conditions on DP in the airway
were investigated and discussed, which could further provide some guidance on COVID-19
prevention. The results could serve as a basis for setting health guidelines and recommending
personal respiratory protective equipment for fly ash handlers and people who are in the high

exposure risk environment for COVID-19 transmission.
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2 Methodology

2.1 Fly Ash

Three types of fly ash samples were collected on-site from local industrial incinerators. Fly ash
a, fly ash b and fly ash ¢ was produced from combustion of coal, combustion of biomass, and
combustion of sewage sludge, respectively. Their morphology and surface properties were
characterized using scanning electron microscopy (SEM) and Brunauer—Emmett-Teller (BET)
tests, respectively. For SEM imaging, each sample was dried overnight, then evenly spread on
a conductive (carbon) double-sided tape and mounted on a specimen stub. The particles were
sputtered with a thin-layer of metal (Pd & Pt) under a low vacuum condition prior to the SEM

analysis (Hong et al., 2017). The BET theory assumed that inert gas molecules would adsorb

onto particle surfaces forming infinite layers and the Langmuir theory was applied to calculate

the specific surface area.

2.2 Experiments

2.2.1 Experimental setup

The schematic diagram of experimental setup is shown in Fig. 1. An aerosol generator (Palas
GmbH, RGB 1000G) was used to dispense (one-off) fly ash into aerosol chamber 1
(immediately before the bifurcation model) before the flowing system was switched on. The
particle number concentration (C;) in the chamber was recorded using an aerosol spectrometer
(GRIMM 1.109) in real-time. Valves, a vacuum pump, and a logical controller (Mitsubishi Al-
10MR-A) were used to simulate a continuous oscillatory flow in the human respiratory system
including separate inhalation and exhalation cycles (typically 2 to 4 seconds). The logic
controller was used to automate the swinging process between the inhalation and exhalation

cycles at pre-set durations. Another aerosol spectrometer was used to measure the real-time
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particle number concentration (C,) in aerosol chamber 2 immediately after the left lobe of the
bifurcation model. A third chamber is immediately after the right lobe and used to alleviate the
effects of aerosol chambers on the symmetry of the system. All the chambers have the same
volume of V. For exhalation, the air is withdrawn from the fume hood through the bifurcation

tube into the atmosphere.

Aerosol
generator
Aerosol
Inhalation —8 —» chamber 1
|
Rotameter Exhalation .
A
| v Bifurcation
pectrometer 1) / \
Filter 1
Valve 1A ) —————~ Logic controller Aerosol
chamber 2
' ' Aerosol
1 | eroso
| | Valve 3 }A | > chamber 3
I T ————— Aerosol
Atmosphere[ 8 :} spectrometer 2
— Valve 2 Filter 2
Compressed air
Vacuum
pump
Fume hood

Fig. 1. A schematic diagram of experimental setup.

The bifurcation model consists of a single quartz bifurcation tube branching out to two daughter
tubes, mimicking that of the trachea to two main bronchi airways. The inner diameters of the
parent tube and daughter tubes are 1.6 and 0.8 cm, respectively while the mouth of the parent
tube and the tails of the daughter tubes are 1.0 and 0.4 cm, respectively. The trachea of a normal
adult generally has a diameter between 1 and 2 cm and its subsequent three generations

(bronchioles) typical have a diameter range between 0.1 and 0.5 cm (Aykac et al., 2003). In

general, the length of trachea ranges from 5.8 to 9.2 cm while the length of bronchus ranges
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from 1.6 to 4.5 cm (Shaik et al., 2017). The lengths of the parent and daughter tubes are 8.5

and 7.5 cm, respectively.

2.2.2 Experimental arrangement
The respiratory rate for adults ranges from 12 rpm under rest condition to 35 rpm under stress
test condition. The minute ventilation rate of adults is between 6 L/min and 105 L/min (Pleil

et al., 2021). In this study, the influences of three physiological factors, i.e. breathing rate (10

and 25 L/min), duration (2, 3 and 4 seconds), towards the transport and deposition of fly ash
particles were investigated. The case of lower breathing rate and longer duration corresponds
to that of a resting person, while the case of higher breathing rate and shorter duration
correspond to that of an exercising person. Each experimental case was repeated for three

times for statistical analysis and each run lasts for one minute.

2.3 Deposition efficiency and deposition percentage
The deposition efficiency (DE) is defined as the fraction of fly ash particles deposited onto the
surface of the airway model in an inhalation or expiration cycle. Particle deposition occurs
during both inhalation (DE;) and expiration (DE,) cycles. We employed mass balance models
to backward calculate the deposition efficiencies based on temporal variation of airborne fly
ash concentrations in chamber 1 and 2 under the assumption that DE; and DE, are contants.
For an inhalation cycle, the fly ash particle concentrations in the first and second chambers are
analysed in the following way:
Chamber 1 from inhalation to exhalation chamber: n-1 to n

ViCip = ViCino1—DE\ViCi g + (Co—Cypnq)Vdt + Sdt (1)
Where V; (m?) is the volume of chamber 1. Ci, (#/m?) refers to the particle concentration in

chamber 1 in the n™ cycle. Cin.1 (#/m?) refers to the particle concentration in chamber 1 in the
y p



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

(n-1)" cycle. DE;is the deposition efficiency of ash particle in chamber 1. C,, (#/m?) is the
particle concentration in the environment. VV (m?/s) is the ventilation rate, S [#/(m?s)] refers to
the generation rate of the ash from aerosol generator. In contrast, from exhalation to inhalation
chamber: n to n+1

ViCins1 = ViCyn—DE Vi Cyp + (Cpp—Cyp)Vdt + Sdt )
Where C; 4, (#/m?) refers to the particle concentration in chamber 1 in the (n+1)" cycle.

Chamber 2 from inhalation to exhalation chamber: n-1 ton
%4
V2C2'n = VZCZ,n—l_DEZCZ,Tl—l + (Cl,n_CZ,n) Edt (3)

Where V, (m?) is the volume of chamber 2. C,, (#/m?) refers to the particle concentration in
chamber 2 in the n' cycle. Can.1 (#/m?) refers to the particle concentration in chamber 2 in the
(n-1) cycle. DE,is the deposition efficiency of ash particle in chamber 2.

In contrast, from exhalation to inhalation chamber: n to n+1
v
V2Conir = VoCon—DEZ V505, + (Coo_CZ,n) ;dt 4)

Where Can+1 (#/m?) refers to the particle concentration in chamber 2 in the (n+1)™ cycle.

Solving equations (1) & (2), DE; can be obtained using the following equation:

14 Cin+1-2C1,n+C1n-1
—(C ,n_Coo) , , ) .
Dﬁzghz at ]—Kdt (5)
Cin—Cin-1 1
Solving equations (3) & (4), DE, can be obtained using the following equation:
g g¢eq
%4 Can+1—2C2n+Can—1
[_(Coo—cl n—1) - y - ] 174
DE — 2Vo d dt _ dt
2 { (Czn—C2n-1) 2V, ©)

Since the breathing duration is smaller than the sampling interval of the aerosol spectrometers
(6 seconds), the deposition efficiencies (DE; and DE,) were estimated by fitting Eq. (3), Eq.

(4), Eq. (5), and Eq. (6) to the temporal concentration data of five cycles. Particle deposition in

10
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the chambers is assumed to be negligible because it is significantly smaller than the effect of
ventilation and correspond to a short period of time (< 25 seconds).
Deposition percentage (DP) in each tube is defined as the ratio of the number of deposited
particles and the total number of particles that are inhaled.
In chamber 1, the DP is calculated as:

DP, = DE, (7)
In chamber 2, the DP is calculated as:

DP, = (1 — DE,)DE, (8)

2.4 Health risk assessment (HRA)
The cell-based and in vivo toxicity of ash have been reported in our group’s previous
publications. Mozhi et. Al. have analyzed toxicity effects of both solid ash and ash leachate on

human lung fibroblast cells (MRC-5) and human skin epidermal cells (HaCaT) (Mozhi et al.

2022). Direct contact with both solid ash and ash leachate was found to result in the cell
membrane leakage, destructive mitochondrial membrane potential, apoptosis, and DNA
damage, while the ash leachate was safer/more biocompatible as compared with solid ash in
term of toxicity. Prabhakar et al. have investigated the marine toxicity and human cell line
toxicity of raw ash and acid-treated ash. The results showed that acid-treated ash is more toxic
towards marine organisms as compared with raw ash, and the raw ash particles displayed size
and dose dependent toxicity against human cell lines, while the leachate proved safe even at a

high L/S ratio (Prabhakar et al., 2021). This work mainly focuses on the deposition patterns of

fly ash particles and analysis of heavy metal-related health risk in the human respiratory system.
The risk of inhalation exposure to the selected heavy metals was estimated based on the US

EPA supplemented guidance (EPA USA, 2009). Eq. (9) was applied to measure the inhalation

exposure concentration for each heavy metal:

11
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EC=C x ET x EF x ED/ATn 9)

Where EC (ng/m?®) is the exposure concentration. C (ug/m?) refers to the average heavy metal
concentration. ET (hours/day), EF (days/year), and ED (years) are the exposure time,
frequency, and duration, respectively. For the industry scenario, ET, EF, and ED are 8§
hours/day, 300 days/year, and 30 years, respectively. ATn is the average time of exposure. For
non-carcinogens, ATn = ED X 365 days/year x 24 hours/day, while for carcinogens, ATn=70
years X 365 days/year x 24 hours/day.

The non-carcinogenic risk is evaluated based on the hazard quotient (HQ), which is calculated
by the following equation:

HQ = EC/(RfC x 1000) (10)
where RfC (mg/m?) is the inhalation reference concentration. The cut-off point of significant
health risks is HQ=1.

The carcinogenic risk is evaluated based on the excess lifetime cancer risk (ELCR), which is
calculated by the following equation:

ELCR =IUR X EC (11)
where IUR ((ug/m?)!) is the inhalation unit risk. ELCR denotes the probability of developing
cancer due to exposure to a specific pollutants for 70 years and its tolerance level is 1 x 10,

Both RfC and IUR are obtained from EPA (EPA USA, 2016).

3 Results and discussion

3.1 Fly ash characteristics

The SEM micrographs of the five fly ash samples are shown in Fig. 2. Type (I) fly ash particles
are featured by mixed shapes (fibrous, spherical, and isometric). Type (II) particles are mainly
in a spherical shape. Type (III) particles are fibres alike. Type (IV) and (V) particles have an

isometric shape.

12
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Fig. 2 The SEM micrographs of the 3 fly ash samples.

The morphology of particles has a significant effect on their transport dynamics and determines

how deeply they could penetrate into the airways (Hinds, 2012). An image processing program

(ImageJ) was used to estimate the characteristic length (average equivalent (circular) radius)
of fly ash based on the areas occupied. Since type III particles generally have a low circularity,
their characteristic length, i.e. the longest distance from edge to edge was measured instead of
the equivalent radius. The specific surface area and pore size of particles are closely related to

the chemical exchange between deposited particles and airway surfaces (Noél et al., 2017;

Schmid and Stoeger, 2016). The physical characteristics of the fly ash samples are summarized

in Table 1.
Table 1. Physical characteristics of fly ash samples.
Specific surface area . .
Fly ash 5 Average particle diameter (um) Feature
(cm“/g)
1128.24 19.62 Fibres
b 2880.86 7.69 Spherical
c 510.55 43.37 Isometric

3.2 Transport dynamics and fluid mechanisms
In general, particle transport and deposition in the respiratory system are attributed to three

main mechanisms, i.e. sedimentation, diffusion, and impaction. Sedimentation is affected by

13
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the velocity of air flow, particle size and mass, and geometry and dimension of airways

(Hofmann, 2011). Under the sedimentation mechanism, larger particles in the range of

micrometers will start depositing in the airways due to gravity as the air velocity decreases
down the airway generations due to pressure drop and branching. For the case of vertical
orientation, the effect of sedimentation is mitigated. The diffusion mechanism is originated
from the random Brownian motion of suspended particles via convective transport and thus the
most effective for sub-micrometer (< 0.5 um) particles. The fly ash particles used in this study
are much larger and correspond to diffusivity constants of less than 10-'! m? s'!. Hence, the
diffusion is expected to play a minor role in the particle deposition. Deposition by impaction
occurs frequently at branching edges and constrictions in the TB region when particles with
high momentum deviate from the curved and narrowed airways and intercept with the surfaces
of the airways. This is expected to be a dominant mechanism for the particles involved in this

study (Hinds, 2012).

3.2.1 Deposition efficiency vs flow rate

Fig. 3 illustrate the typical deposition efficiency achieved by the three types of fly ash (a, b,
and c) under different air flow rates (10L/min vs. 25L/min) but retaining the same duration of
breathing cycle (inhalation + exhalation). The general trend observed in all three cases is that
under the same duration of breathing cycle, the deposition efficiency at the flow rate of 10L/min
is lower than that at the flow rate of 25L/min. It is expected that there is an overall reduction
of deposition efficiency upon the increase of air flow rate under the scenario that sedimentation
plays a dominant role in fly ash deposition. Less particles will deposit via sedimentation under
higher breathing flowrate. It is also observed that in daughter tube, the high deposition
efficiency greater than 60% associated with particle sizes greater than 15 microns. It is also
interesting to note that in the parent tube, the deposition pattern for all the three types of ash

remained relatively the same, which is different from the daughter tube. The effect may result

14
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from different deposition mechanisms. The deposition of coarse particles in the respiratory
tract is mainly caused by gravitational sedimentation and impaction, while diffusion is the
primary mechanism for sub-micron particles, especially for ultrafine particles. The
corresponding result for the average deposition efficiency under different breathing depths is
found in Table 2. The results show higher deposition observed in daughter tubes than the parent

tubes.
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Fig. 3 Deposition efficiency vs flow rate for three types of fly ash. The duration of one cycle
of experiment (inhalation + exhalation) is 2s.

3.2.2 Deposition efficiency vs breathing frequency

Fig. 4 illustrates the dependence of deposition efficiency and breathing frequency. It is
observed that with flow rate increasing from 10L/min to 25L/min, (breathing frequency 30
times/min), average particle deposition efficiency (The value 1 corresponds to 100% deposition)
in parent tube decreases from 0.33 to 0.28, 0.34 to 0.32, and 0.33 to 0.32 respectively, for ashes
a, b and c. Average particle deposition efficiency in daughter tube decreases from 0.43 to 0.41,

0.52 t0 0.47, and 0.44 to 0.43 respectively, for ashes a, b and c.
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Fig. 4 Deposition efficiency vs. breathing frequency.

ISI /

In contrast, with breathing frequency decreasing from 30 times/min to 20 times/min (10 L/min

flowrate), average particle deposition efficiency in parent tube increases from 0.33 to 0.37,

0.34 to 0.40, and 0.33 to 0.38 respectively, for ashes a, b and c. Average particle deposition
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efficiency in daughter tube increases from 0.43 to 0.61, 0.52 to 0.60, and 0.44 to 0.45
respectively, for ashes a, b and c.

Particle size has strong impact on the particle deposition efficiency in the daughter tube. There
is a significant increase of deposition efficiency with increasing particle size. Based on the data
sets presented, micro-particle tends to deposit deeply in daughter tube. The branching results
in the reduction of air flow rate so that heavy and large fly ash particles could not be transported
deeper into the bifurcation tube. The inertial of airborne particles were greater at higher flow
rates and more fly ash particles were expected to deviate and deposit at the daughter tubes.
Table 2 summarizes the average deposition efficiency under different physiological conditions
simulated by modulating the duration of breathing cycle as 2s, 3s, 4s, respectively. While ash
a, b and c exhibit similar deposition profiles in the parent tube and daughter tube, it is observed
that the average deposition efficiency is in the order of c>a>b. This is determined by the

combined effects of particle morphology, particle surface area and average particle size.

Table 2. Average deposition efficiency under different physiological conditions simulated by
modulating inhalation + exhalation cycle as 2s, 3s, 4s, respectively. P: Parent tube. D:
Daughter tube.

10L/min 2s 25L/min 2s 10L/min 3s 25L/min 3s 10L/min 4s 25L/min 4s

P D P D P D P D P D P D

Fly DE 044 063 040 061 048 069 044 067 052 074 047 0.72
asha

Fly DE 034 052 032 047 037 057 035 0.52 0.4 0.61 0.38 0.55
ashb

Fly DE 063 068 058 065 069 075 064 072 0.74 0.8 0.68 0.76
ash ¢

3.3 Health risk assessment
The heavy metal concentration of three ashes are listed in Table 3. The heavy metals in Table

3 were selected according to our group’s previous research work (Lin et al., 2018). There is no
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375  heavy metal detectable in fly ash b as it is generated from burning of biomass sawdust. Fly ash
376  a and fly ash c is generated from industrial boiler and combustion of sewage sludge,
377  respectively. With regard to the calculation of HQ, only As (RfC = 0.00003 mg/m?) and Cr
378  (RfC = 0.000008 mg/m?®) are selected for the evaluation of non- carcinogenic risk, because
379  EPA (IRIS 2006) has not recommended an inhalation reference concentration (RfC) for Ba,

380  Cu, Pb, and Zn. The acceptable risk limits for HQ and ELCR are 1 and 1 x 107, respectively.

381 Table 3. Heavy metal concentrations.
Element Fly ash a Fly ash c
(g/kg) (from combustion (from combustion of
of coal) sewage sludge)
A 0.04 | ND |
Ba 0.11 0.07
Cd ND ND
Co ND ND
Cr 0.05 0.07
Cu 0.08 0.19
Hg ND 0.16
Mn 1.54 0.33
Mo ND ND
Ni ND 0.06
Pb 0.13 ND
Sb ND ND
Se ND ND
Zn 1.03 0.4
382

383  Non-carcinogenic risk and carcinogenic risk of selected heavy metal elements are listed in
384  Table 4 and Table 5, respectively. In general, non-carcinogenic risk and carcinogenic risk of

385  selected heavy metal elements are directly proportional to their deposition efficiency in the
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simulated human respiratory system. Both non-carcinogenic risk and carcinogenic risk are in
negative correlation with breathing frequency and flow rate. In addition, the HRA results show
that most of the heavy metal elements have the non-carcinogenic risk being within the accepted
limit (HQ = 1). Cr and Mn pose a potential non-carcinogenic risk in deposition scenarios of
fly ash a and c. The non-carcinogenic risk of Mn in the exposure scenario of fly ash a is
approaching the acceptable limit because fly ash a contains significantly higher amount of Mn
than fly ash c. Cr poses the highest carcinogenic risk in the exposure scenario of fly ash c. Both
As and Cr may pose a potential carcinogenic risk for people who are involved with the exposure
scenario of fly ash a (i.e. people who are working in the industrial boiler plants). Apart from
the heavy metals, polycyclic aromatic hydrocarbons (PAHs) are another group of toxic
compounds which pose severe risks to human health. PAHs are formed during the incomplete
combustion of hydrocarbon compounds. The gas phase of PAHs will get cooled once it leaves
the high-temperature flame, and get deposited in the solid ash phase through nucleation,

condensation, or adsorption (Megido et al., 2016). The concentration of various PAHs in fly

ash and their corresponding toxicity to human health will be investigated using the similar

method for our future work.

Table 4. Hazard quotient of ash a and c.
(PM mass concentration in industrial area is 42 ug/m?)

10L/min 25L/min 10L/min 25L/min 10L/min 25L/min

2s 2s 3s 3s 4s 4s
ash Cr 4.56x10° 441x10° 4.83x103 4.69x10° 5.04x10° 4.9x1073
a Mn 2.81x101  271x10! 2.97x10"  2.89%x10"  3.10x10!  3.02x10!
Cr 7.10x10° 6.87x103 7.43x10° 7.24x10° 7.64x10°  7.44x107
Hg 5.41x10° 524x103 5.66x10° 5.52x10°% 5.82x10° 5.67x107
Mn 6.70x102 6.48%x102 7.01x102% 6.83x102% 7.20x102 7.01x107

ash

Table 5. ELCR of ash a and c.
(PM mass concentration in industrial area is 42 ug/m?)
I0L/min ~ 25L/min  10L/min  25L/min  10L/min  25L/min
2s 2s 3s 3s 4s 4s
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414

415

416

417

418

419

420

421

422

423

424

425

426

427

As 6.72x107 6.50x107 7.11x107 6.91x107 7.42x107 7.22x107

asha Cr 2.35%106 2.27x10° 2.48x10° 2.41x10° 2.59x10° 2.52x10°
Pb 6.10x10° 5.89%x10° 6.45x10° 6.27x10° 6.73x10° 6.55%107
ashc Cr 3.65x10°¢ 3.53x10° 3.82x10°¢ 3.72x10° 3.93x10°¢ 3.82x10°
Ni 6.26x10% 6.06x10% 6.55x10® 6.39x10® 6.73x10® 6.56x10®

3.4 Deposition percentage of respiratory particles containing SARS-CoV-2
In this study, respiratory particles with three representative sizes, i.e., 0.4um, 1.9um, and Yum,
have been chosen to simulate the deposition of respiratory particles to which SARS-CoV-2 is

attached (Lee, 2020b). Table 6 shows the DP in parent and daughter tubes of respiratory

particles with different sizes under different physiological conditions simulated by modulating
respiratory cycle as 2s, 3s, 4s, respectively. It is observed that DP in the parent tube is higher
than that in the daughter tube in most scenarios, which indicates that more SARS-CoV-2
deposits in the upper extrathoracic airways compared with the lower bronchi airway. The size
of RP does not affect their DP in both parent or daughter tubes. However, the larger the RP is,
the fewer virus the RP contains. This will further affect the total amount of viruses deposited

in human airways (Lee, 2020a). Although there is no significant difference of DP under

different respiratory cycles, it is noted that when the breath rate increases from 10 L/ min to 25

L/ min, the DP in both parent and daughter tubes decrease in most scenarios.
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Table 6. Average deposition percentage in parent and daughter tubes of respiratory particles
with different sizes under different physiological conditions simulated by modulating
breathing cycle as 2s, 3s, 4s, respectively. P: Parent tube. D: Daughter tube.

10L/min 25L/min 10L/min 25L/min 10L/min 25L/min
2s 2s 3s 3s 4s 4s

P D P D P D P D P D P D

1 1 1 1 1 1 1 1 1 1 1 1
RP- 0.357 0254 0264 0242 0.343 0213 0315 0216 0307 0274 0277 0278
0.4um

RP- 0298 0.287 0.323 0.201 0.213 0248 0202 0229 0295 02838 0.280 0.265
1.9um

RP- 0.330 0.268 0332 0.282 0.301 0258 0279 0255 0294 0283 0270 0.278
9um

4 Conclusions

In this work, we conducted a series of fly ash transport and deposition experiments in a
bifurcation airway model using optical aerosol sampling analysis. It is found that breathing
flow rate, breathing frequency, and particle size play important role in particle transport and
deposition in the human respiratory system. Deposition efficiency of respiratory particles
decreases with increasing breathing flow rate and increasing breathing frequency. Micro-
particle tends to deposit deeply in daughter tube. It is also noted that deposition percentage in
the parent tube is higher than that in the daughter tube, which indicates that more SARS-CoV-
2 deposits in the upper extrathoracic airways compared with the lower bronchi airway. This
study could fulfil the gap of imbalance between the advancement of computational methods
and experimental study on less ideal non-spherical dust particles. The results could potentially
serve as a basis for setting health guidelines and recommending personal respiratory protective
equipment for on-site employees who are in the high exposure risk environment of fly ash and

COVID-19 virus.
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