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Abstract

The daily deposited dose of bioaerosols and particle mass or number in the human respiratory tract using an exposure dose
model (ExDoM2) was quantified in the present study. The dose was calculated for the extrathoracic (ET), tracheobronchial
(TB), and alveolar-interstitial (AI) regions of the human respiratory tract. The calculations were performed for viable, cul-
tivable airborne heterotrophic bacteria, mesophilic fast-growing fungi, and total coliforms at a municipal wastewater treat-
ment plant (WWTP) located at a suburban area at a Mediterranean site. The human dose was determined using data from
two locations at the WWTP which correspond to two different wastewater treatment stages (aerated grit chamber (indoor)
and primary settling tanks (outdoor)) and one outdoor location at the urban background site. In addition, the model simula-
tions were performed for two exposure periods (March to April and May to June 2008). Higher daily deposited dose in the
total human respiratory tract was observed for heterotrophic bacteria at the aerated grit chamber, whereas lower values of
heterotrophic bacteria were observed at the primary settling tanks. These findings were associated with the corresponding
stage of wastewater treatment activities and may be valuable information for determining future dose—response relationships.
In addition, higher daily deposited dose was determined in the ET region for the three categories of bioaerosols. Regarding
PM,, and PN/, the higher daily deposited dose received by a worker at the aerated grit chamber. Finally, the hazard quotients
were estimated and the results showed that the non-carcinogenic effects can be ignored for bioaerosols and PM,, except
for workers present at aerated grit chamber. Regarding PM, 5, the non-carcinogenic effects are of concern and cannot be
ignored for all cases.
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Introduction amounts of microorganisms in air during the different stages

of wastewater treatment such as the aeration and mechani-

Bioaerosols are emitted from natural sources (e.g., soil,
water bodies, plant surfaces) and anthropogenic activities
(e.g., landfills, composting facilities, wastewater treatment
plants (WWTPs)) (Despres et al. 2012; Katsivela et al. 2017;
Xie et al. 2021). In particular, WWTPs emit significant

PM,: particle mass in which 50% of particles have diameter less
than 10 pm, PN: particle number in which 50% of particles have
diameter less than 1 pm, PM, 5: particle mass in which 50% of
particles have diameter less than 2.5 pm.
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cal sewage moving (Han et al. 2020; Benami et al. 2016;
Katsivela et al. 2017; Yang et al. 2019; Yan et al. 2021; Xu
et al. 2020). Karra and Katsivela (2007) observed a gradual
decrease of bioaerosol emissions during the advanced waste-
water treatment from the pretreatment to the primary, sec-
ondary, and tertiary treatment. Xu et al. (2020) asserted that
aerated grit chamber (AGC) and sludge thickening house
(STH) were the main indoor emission sources for airborne
bacteria while for outdoor air was the aeration tank. Yan
et al. (2021) found that the concentration of bioaerosols
was below 10° CFU/m? in a WWTP. In addition, Kowalski
et al. (2017) found that air near WWTPs contained elevated
concentrations of bioaerosols (5.3 x 10'-1.1 x 10* CFU/m?
for bacterial aerosol and 6.3 x 10>~1.2 x 10* CFU/m? for
fungal aerosol). These elevated bioaerosol concentrations
may cause health risk not only to workers but also to nearby
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residents (Yan et al. 2021; Xu et al. 2020), but there is no
international accepted threshold limit value for their con-
centrations (Yan et al. 2021). Exposure to bioaerosols was
linked with health problems such as infectious diseases (e.g.,
Legionnaire’s disease), respiratory diseases (e.g., chronic
bronchitis), allergic diseases (e.g., asthma) and bioterrorism
(Korzeniewska 2011; Secondo et al. 2021; Sturm 2016). It
should be noted that part of bioaerosols and airborne par-
ticles cannot enter the human respiratory tract or can enter
but exhaled. The deposition in the human respiratory tract
depends on physicochemical properties of the aerosol (size
distribution, density, and shape factor), physiological param-
eters (inhalation rate, tidal volume, volumetric flow rate of
inspired air of breathing, breathing pattern), and anatomi-
cal parameters (respiratory tract morphology) (ICRP 1994;
Aleksandropoulou and Lazaridis 2013; Brown 2015). The
particles deposit in the human respiratory tract mainly by
the mechanisms of impaction, sedimentation and diffusion.
Each region in the human respiratory tract has different
dominant mechanisms and the relative contribution of each
depends on the integration of the aerosol physicochemical
properties (size, distribution, density) with airway architec-
ture and physiological parameters. Generally, the dominant
mechanism for ET region is the impaction, for TB is the
sedimentation and impaction while for Al region is the dif-
fusion (Darquenne 2020). In addition, the physicochemical
properties of particles (size, density, shape factor) are impor-
tant parameters for the toxicity of particles (Nel et al. 2009).
Therefore, the knowledge of regional deposition and specific
dose of bioaerosols at different parts of the respiratory tract
is important for the determination of health effects due to
inhalation exposure (Secondo et al. 2021).

In addition, WWTPs are also important sources of air-
borne particles in term of particle mass (PM) and number
(PN). Widiana et al. (2017) found in a municipal WWTP
in North Taiwan that the annual PM,, concentration was
equal to 45 pg/m°>, a value that exceeds the annual value
recommended by the WHO (20 pg/m?®) and EU (40 pg/m?)
for the protection of human health. Furthermore, Piqueras
et al. (2016) asserted that semi covered aeration tanks emit
airborne particles which can affect the health of nearby resi-
dents. Specifically, the number concentration in the aeration
tank at Orange County Sanitation District (Fountain Val-
ley, CA) ranged from 7000 to 18,000 #/cm? (Piqueras et al.
2016). In addition, Yang et al. (2021) performed field meas-
urements with a scanning mobility particle sizer (SMPS) and
an aerodynamic particle sizer (APS) at moving bed biofilm
reactor (MBBR) at a municipal WWTP located in China.

Several studies (Cho et al. 2005; Secondo et al. 2021;
Madhwal et al. 2020) determined the deposition of bioaero-
sols in the human respiratory tract (extrathoracic (ET), tra-
cheobronchial (TB), and alveolar-interstitial (AI) regions)
using deposition models (e.g., multiple-path particle
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dosimetry (MPPD V 3.04) model, lung dose evaluation
program (LUDEP)). LUDEP is a user-friendly program
which developed from ICRP (1994) for calculation of dep-
osition of radionuclides particles in the human respiratory
tract, whereas, the MPPD V 3.04 model was developed by
Applied Research Associates (https://www.ara.com/mppd/)
with the contribution of several agencies (Chemical Indus-
try Institute of Toxicology (CIIT), Dutch National Institute
of Public Health and Environment (RIVM), National Insti-
tute for Occupational Safety and Health (NIOSH), Defense
Advanced Research Projects Agency (DARPA), Environ-
mental Protection Agency (EPA)) for calculation of deposi-
tion of airborne particles.

Secondo et al. (2021) performed field measurements
in apartments in the northeastern US and used the MPPD
and ICRP dosimetry for the calculation of deposition. The
authors found that the majority of fungal spore’s deposit in
the ET region while there is a significant deposition for both
Aspergillus and Cladosporium spores in the Al region which
potentially cause aspergillosis or allergic asthma. Cho et al.
(2005) performed measurements under controlled labora-
tory conditions. The authors used the LUDEP model for
the calculation of respiratory deposition for fragments and
spores and found that fragments had 230-250-fold higher
respiratory deposition than spores of the fungal specie of
Stachybotrys chartarum. In addition, Madhwal et al. (2020)
conducted bioaerosols measurements in an open landfill site
using the MPPD model and observed that the total deposited
dose rate of fungal species was greater than the bacterial
ones.

Regarding PM, Chalvatzaki et al. (2018, 2021) used the
exposure dose model (ExDoM2) for the calculation of per-
sonal deposited dose in the human respiratory tract for three
European cities and for six major Greek cities respectively.
Specifically, Chalvatzaki et al. (2018) found that the daily
deposited dose in the human respiratory tract was higher
for a resident in Lisbon (378 pg/day) with particles depos-
ited mainly in the ET region (266 pg/day). The study of
Chalvatzaki et al. (2021) reported higher deposited dose rate
for all urban locations compared with suburban locations.
In addition, Chalvatzaki et al. (2020) used the ExDoM2
for the estimation of personal deposited dose of PM,, and
PM,,-bound metals for 10-year-old school children in Lis-
bon. Particularly, Chalvatzaki et al. (2020) found that indoor
school environment contributed 44% to the weekly deposited
dose of PM,,,.

The current study aims to determine the total and regional
daily deposited dose of bioaerosols and particles in terms
of mass and number in the human respiratory tract using
the exposure dose model (ExDoM2). Input data from a
municipal WWTP and an urban background site were
obtained from Katsivela et al. (2017). Specifically, the
simulations were performed for viable, cultivable airborne
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microorganisms (heterotrophic bacteria, mesophilic fungi,
and total coliforms) emitted from a municipal WWTP in a
suburban area of the city of Chania on the island of Crete
(Greece). In addition, the impact of different characteristics
(age, gender, and exertion level) of the exposed subject to
the daily deposited dose was also investigated. Finally, non-
cancer toxicity hazard quotients (HQ) was calculated for
airborne bioaerosols and particle mass (PM;, and PM, s).

Materials and methods
Study site and experimental data

Measurements of viable, cultivable potentially pathogenic
microorganisms (airborne heterotrophic bacteria, meso-
philic fast-growing fungi, and total coliforms) were per-
formed by Katsivela et al. (2017) at a municipal WWTP in
a suburban area of the city of Chania (Greece, Crete), and
an urban background site, located 5 km from the WWTP
which was used as a control site. Specifically, sampling
points were established at three locations: (1) aerated grit
chamber (AGC), (2) primary settling tanks (PST), and (3)
urban background (UB) site (see Fig. 1). The AGC is an
indoor pretreatment stage of WWTP, while PST is located
outdoors (partially covered) and is a part of the primary
treatment of WWTP. The third location (UB) is an outdoor
background location (a courtyard with small garden). The

field measurements were performed from 12/03/2008 to
19/06/2008 for bioaerosols (heterotrophic bacteria, mes-
sophilic fungi, and total coliforms) as well as for inhalable
PM (mass concentration of PM,,, PM, 5, PM,, and num-
ber concentration of PM, particles). Specifically, measure-
ments performed for 11 days (5 days during March to April
and 6 days during May to June) in the time interval 10:30
a.m. to 3:30 p.m. Bioaerosols were collected using a six-
stage (0.65-1.1 pm, 1.1-2.1 pm, 2.1-3.3 pm, 3.3-4.7 pm,
4.7-7 pm, and >7 pm) viable Andersen cascade impactor
(Thermo ESM Andersen Instruments GmbH, Germany).
Only cultivable and viable airborne microorganisms were
determined. The analysis is based on the cultivation of the
messophilic fungi, heterotrophic bacteria, and total coli-
forms in malt extract agar (Lab M, England), tryptone soy
broth (Merck, Germany), and membrane lauryl sulfate broth
(Lab M, England), respectively. The microbial concentration
for each stage was expressed as number of colony-forming
units per unit volume of air (CFU/m’).

In addition, particle mass (PM) concentrations for three
different size categories (PM,,, PM, 5, and PM,) were deter-
mined using portable aerosol particulate monitor (Dust-Trak
instrument, TSI, Germany), while a portable ultrafine parti-
cle counter (P-Trak instrument, TSI, Germany) measured the
cumulative counts of PN, (number) particles. The measure-
ments with the Dust-Trak were corrected based on the beta
attenuation monitor (FH 62 SEQ) (Thermo). Specifically,
the Eq. (1) was used:

Fig. 1 Location of WWTP (AGC and PST) and UB site (source: Google earth). AGC, aerated grit chamber; PST, primary settling tanks; UB,

urban background site
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The wind speed was measured on a meteorological mast

at the WWTP using wind speed sensor 4034 BG (Theodor

Friedrichs and Co., Germany). The wind speed values were

used as input for the calculation of inhalability. More details

for the site and field measurements can be found in the study
of Katsivela et al. (2017).

Dosimetry model

Simulations were performed using the ExDoM2 dosimetry
model. The respiratory tract deposition model of ExDoM2
(Chalvatzaki and Lazaridis 2015) is based on the human
respiratory tract model (HRTM) of ICRP (1994, 2015). The
deposited dose rates (CFU/h for bioaerosols, #/h for particle
number (PN) and pg/h for particle mass (PM)) were calcu-
lated according to Eq. (2):

H;= ) BxC;xDE, )

where C; is the exposure concentration (CFU/m? for bio-
aerosols, #/m> for PN and pg/m® for PM) for particles in
the size fraction i, B is the inhalation rate (m3/h), DE,.J is
the deposition fraction in region j of the respiratory tract
for particles in the size fraction i. The inhalation rate B was
set equal to 1.5 m?/h for an adult male under light exercise
(ICRP 1994). In addition, the deposition fractions (DE, )
were calculated with the equations of ICRP (1994, 2015).
The daily deposited dose was calculated as the product of
deposited dose rate and exposure time. The simulations were
implemented assuming a 24-h exposure scenario under the
same conditions, therefore, input data (e.g., exposure con-
centration, inhalation rate) preserved the same values.

The nasal inhalability (n;) for wind speed ranged from
1 to 9 m/s was calculated from the Eq. (3) while for wind
speed less than 1 m/s the Eq. (4) was used (Aleksandropou-
lou and Lazaridis 2013; ICRP 1994; Ménache et al. 1995):

m=1-051- (16X 107x&2 +1)”'|
(3)
+ 1079 x u*7 x exp(0.055d,,)

-1

“

where u is the wind speed (m/s) and d,, is the aerody-
namic diameter (pm).

The n; was used in the ExXDoM?2 dosimetry model for

the calculation of the deposition fraction. Specifically, the

deposition fraction in each filter (the model treats the human

n;=1-[1+exp(13.56 + 0.4343 x (—4.88) x logd,,, )|
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respiratory tract as a series of filters) depends on the fraction
of tidal air that reaches the filter, the prefiltration efficiency
(ny=1-n;) and deposition efficiency of each filter (n)).

The human respiratory tract is divided into nine filters:
two filters for the anterior nose region (ET1); two filters
in the posterior nasal passages, pharynx, and larynx region
(ET2); two filters in the bronchial (BB) region; two filters
in the bronchiolar (bb) region; and one filter in the alveolar-
interstitial (Al) region.

The deposition efficiency of each filter n; was calculated
with the following equation (ICRP 1994):
= ()" )

where, n,, is the acrodynamic deposition efficiency due
to impaction and gravitational settling and n, is the thermo-
dynamic deposition efficiency due to diffusion.

The aerodynamic and thermodynamic deposition effi-
ciency was calculated by (ICRP 1994):

n,orn, = 1 —exp(—aRr’) (6)

where a and p are dimensionless constants, R has a char-
acteristic functional form that is different in each region
and depends on particle size and the relevant respiration
parameters.

The respiratory tract deposition module of ExDoM2
incorporates new data from ICRP (2015). Specifically,
according to the ICRP (2015), the particles deposited in the
ET are partitioned 65% to ET1 and 35% to ET2. In addition,
the respiratory tract clearance module of ExXDoM2 incorpo-
rates a new particle clearance mechanism in the respiratory
tract based on the ICRP (2015). The clearance mechanisms
for the calculation of retained dose in the respiratory tract
and the dose to the blood, oesophaugus and lymph nodes
were not taken into consideration in the current study.

ExDoM?2 dosimetry model take into account the size
distribution data as input for the calculation of the median
aerodynamic diameters (MADs) and standard deviation (c,,).
In addition, the user can enter different particle size dis-
tribution measurements for determining realistic exposure
scenario at different microenvironments during the day. The
particle size distribution from the impactor was used as input
in the ExDoM?2, whereas the size distribution characteristics
(MMD, CMD, MMAD, ag) was used as input in the MPPD.

The most important input data for the implementation
of the ExXDoM2 dosimetry model are (1) age and gender of
exposed subject, (2) breathing pattern of the exposed sub-
ject (nose breather or mouth breather), (3) activity level,
(4) exposure concentration, (5) size distribution data, (6)
particle density, (7) shape factor, and (8) wind speed. In
the current study, the exposed subject was considered adult
male and nose breather under light exercise. The wind
speed ranged from 4.8 to 24.0 m/s with an average value of
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9.6 m/s during P1 period, while during P2 period the wind
speed ranged from 3.0 to 19.5 m/s with an average value of
8.0 m/s. According to the Londahl (2014), the shape factor
of bioaerosols vary from spherical to elongated structures
whereas the density is about 1.0—1.5 g/cm®. The same den-
sity and shape factor was used for all cases. Specifically, the
density and shape factor were set equal to 1.5 g/m® and 1
(spherical), respectively. The size distribution data of viable
Andersen cascade impactor were used as input for the cal-
culation of the MADs. The MADs of bioaerosols can be
considered as CMADs.

Inhalation health risk assessment

The inhalation health risk assessment methodology
developed by the United States Environmental Protec-
tion Agency (US EPA 2009, 2013) was used in the cur-
rent study. The non-carcinogenic risk of bioaerosols and
particle mass (PM,, and PM, 5) was expressed by the haz-
ard quotient (HQ) and was calculated with the following
equation (US EPA 2009, 2013; Han et al. 2019; Yunesian
et al. 2019):

_ADD _ (Cypiq X IR X EF X ED)/(BW X AT)
~ RFD (RFC x IR)/BW 5
_ Cia XEFXED ®)

HQ
C

total

RFC x AT

where ADD is the average daily dose or intake (CFU/
kg/day for bioaerosols and pg/kg/day for PM,,), RFD is
the reference dose (CFU/kg/day or pg/kg/day), C,., 1S
the pollutant concentration (CFU/m? for bioaerosols and
pg/m? for PM,,), IR is the inhalation rate (m®/day), EF
is the exposure frequency (days/year), ED is the expo-
sure duration (years), BW is the body weight (kg) of the
exposed subject, AT is the averaging time (days), and RFC
corresponds to a reference concentration (CFU/m? for
bioaerosols and pg/m? for PM,).HQ < 1 indicates non-
carcinogenic effects are not of concern while HQ > 1 sug-
gests that the non-carcinogenic effects are of concern and
cannot be ignored (Lu et al. 2020).

The exposure duration (ED) was considered equal to
25 years (occupational value) while the averaging time (AT)
was considered equal to 9125 days (ED %365 days/year) (US
EPA 2013). Furthermore, the exposure frequency (EF) were
set equal to 250 days/year (occupational value) according to
the US EPA (2013). The RFD or RFC upper limit values for
the airborne bacteria or fungi are not available, and there-
fore, the reference value of 500 CFU/m> (Han et al. 2019;
Lu et al. 2020) was used in the current study. The air quality
guidelines levels of WHO (2021) was used as RFC. Specifi-
cally, the value of 45 pg/m®and 15 pg/m? was used for PM,,
and PM, s, respectively.

Results and discussion

Bioaerosols concentrations and corresponding
deposited dose

Bioaerosol concentrations and corresponding deposited dose
were classified into two periods (P1 and P2) corresponding
to March to April and May to June 2008, respectively. The
daily concentrations of viable, cultivable airborne bioaero-
sols (heterotrophic bacteria, mesophilic fast-growing fungi,
and total coliforms) and the corresponding daily deposited
dose during the measurement periods at AGC, PST, and UB
sites are shown in Figs. 2 and 3, respectively.

Higher concentration of heterotrophic bacteria as well
as deposited dose was observed at AGC. Specifically, the
highest concentrations of the heterotrophic bacteria were
measured at AGC in a range of 1300-3995 CFU/m? and
2255-5115 CFU/m? for P1 and P2 periods, respectively. In
addition, higher values of the heterotrophic bacteria were
observed during P2 period. Particularly, the highest daily
deposited dose of heterotrophic bacteria in the human res-
piratory tract (sum of all regions) was received by a worker
at AGC during the P2 period (71,480-161,663 CFU/day).
The workers at AGC received higher dose of heterotrophic
bacteria as direct consequence of the flow of raw wastewater
through the AGC which have higher microbial community in
comparison with the wastewater at PST. The poorly treated
wastewater results in high load of airborne hetetrotrophic
bacteria and consequently to higher human dose. PST pre-
served considerably lower levels which confirm previous
observations that the concentration of the heterotrophic bac-
teria depends from the stage of the treatment plant (Karra
and Katsivela 2007; Katsivela et al. 2017). Therefore, the
first stages of the WWTP are the stages with the highest
concentration and corresponding deposited dose of hetero-
trophic bacteria as also concluded from the work of Kat-
sivela et al. (2017).

Regarding mesophilic fungi, higher values were
observed at UB site during the P1 period due to fungi
abundance at ambient air. Specifically, the concentra-
tion of meshophili fungi ranged from 155-1050 CFU/m?
whereas the corresponding daily deposited dose ranged from
4577-27,642 CFU/day during the P1 period. This finding is
linked with the fact that terrestrial organisms which existing
in the soil and plants of garden can affect the concentrations
levels of mesophilic fungi and hence are more likely to be
found in the UB site than at WWTP (Katsivela et al. 2017).
In addition, airborne total coliforms were measured only
at AGC (pretreatment stage). Specifically, the highest daily
deposited dose in the human respiratory tract of coliforms
(146-3098 CFU/day) was received by a worker at AGC dur-
ing the P2 period. Therefore, the wastewater treatment from
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P1: March-April, P2: May-June, AGC:Aerated Grid Chambers, PST:Primary Settling Tanks, UB: Urban Background |
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Fig.2 Daily concentrations of viable, cultivable airborne hetero-
trophic bacteria, mesophilic fast-growing fungi, and total coliforms
during March to April (P1) and May to June (P2) of 2008 at the aer-
ated grit chambers (AGC), primary settling tanks, (PST), and urban

the pretreatment to the primary treatment resulted to an effi-
cient decrease of total coliforms.

Moreover, the results indicate that higher deposited dose
was obtained in the ET region compared to the other regions.
Specifically, the deposited dose was higher in the ET region,
followed by Al and TB region. This finding is associated
with the characteristics (MAD, 0, and % contribution) of
size distribution data of bioaerosols (Table 1). In the cur-
rent study, the contribution of particles with aerodynamic
diameter greater than 2.1 pm is above 50% for all cases and
hence due to their large size deposit mainly in the ET region.
Different size distribution data per day was used in the simu-
lations. However, Fig. 4 and Table 1 show the average size
distribution data for each period. Likewise, Secondo et al.
(2021) asserted that fungal spores deposited mainly in the

@ Springer

background (UB) site. The whiskers vary between minimum and
maximum values (excluding outliers) and the boxes depicts 25th,
50th, and 75th percentile. The red cross indicates outliers

ET region for residents in apartments in the northeastern
US. Particularly, Fig. 4 indicates that the mesophilic fungi
showed a maximum percentage at the aerodynamic diam-
eter size range from 2.1 to 3.3 pm for all cases. Regarding
total coliforms, the maximum percentage was observed at
the aerodynamic diameter size range from 3.3 to 4.7 pm.
However, the maximum percentage for heterotrophic bacte-
ria was observed in different size ranges for each case (e.g.,
3.3-4.7 pm for AGC,>7 pm for UB (P1)). These results
show that the size distribution profiles of heterotrophic bac-
teria have differences between each location. The peaks were
observed at 3.3—4.7 pm for AGC for both periods. In addi-
tion, two peaks (0.65-1.1 pm and>7 pm) were observed
at PST during the P1 period while one peak (>7 pm) was
observed during the P2 period. Regarding UB site, the
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Fig. 3 Daily deposited dose
(CFU/day) of viable, culti-
vable airborne heterotrophic
bacteria, mesophilic fungi, and
total coliforms in the human
respiratory tract (extrathoracic
(ET), tracheobronhcial (TB),
and alveolar-interstitial (Al)
regions) during March to April
(P1) and May to June (P2) at the
a) aerated grit chambers (AGC),
b) primary settling tanks (PST),
and c) urban background (UB)
site

a)

Deposited dose at AGC (CFU/day)

b)

Deposited dose at PST (CFU/day)

c)

Deposited dose at UB (CFU/day)
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Table 1 Size distribution

characteristics (MAD, 0, and Mode I Mode II
% contribution) of bioaerosols MAD o, % MAD og %
during P1 and P2 periods
Mesophilic fungi (P1)
AGC 1.01 1.32 21 2.62 1.81 79
PST 1.01 1.32 21 2.62 1.81 79
UB 1.11 1.24 23 2.18 2.13 77
Heterotrophic bacteria (P1)
AGC 1.08 1.26 7 3.23 1.65 93
PST 0.85 2.47 44 3.70 2.99 56
UB 1.03 1.30 21 3.81 2.63 79
Total coliforms (P1)
AGC 1.13 1.22 5 3.31 1.69 95
Mesophilic fungi (P2)
AGC 1.13 1.23 17 2.56 1.75 83
PST 1.13 1.23 17 2.56 1.75 83
UB 1.12 1.23 18 2.48 1.75 82
Heterotrophic bacteria (P2)
AGC 1.07 1.27 7 3.14 1.71 93
PST 1.06 1.28 22 3.97 2.51 78
UB 1.06 1.28 34 2.76 3.26 66
Total coliforms (P2)
AGC 1.09 1.26 4 3.38 1.89 96

peak was observed at particles with aerodynamic diameter
greater than 7 pm during the P1 period while two peaks were
observed during the P2 period. Specifically, the two peaks
were observed at 1.1-2.1 pm and at particles with aerody-
namic diameter greater than 7 pm in agreement with other
observations for airborne terrestrial and marine bacteria (Li
et al. 2011; Raisi et al. 2013).

Impact of characteristics of exposed subject
to the deposited dose and deposition fraction

The impact of characteristics (age, gender, and exertion
level) of the exposed subject to the daily deposited dose
and deposition fraction in the human respiratory tract was
examined. The simulations were implemented for adults
and children (15, 10, and 5 years old) at UB site (Fig. 5).
The average concentration of mesophilic fungi during P1
period were selected due to the higher value in comparison
with the other bioaerosols at UB site. In the simulations for
the impact of gender and age in the daily deposited dose,
the same activity level (light exercise) for all exposed sub-
jects was used (Fig. 5a). The highest daily deposited dose in
the human respiratory tract was obtained for an adult male
while the lower was obtained for children (5 years old).
Specifically, the daily deposited dose in the human respira-
tory tract of an adult male was equal to 14,678 CFU/day,
while for a 5-year-old child it was equal to 5912 CFU/day.
Regarding gender, higher daily deposited dose was observed

@ Springer

for males than females. These findings were associated to
the higher inhalation rate(B), tidal volume (V;), and volu-
metric flow rate of inspired air (V) of adult male (B=1.5
m>h, V;=1250 ml, V=833 ml/s) in comparison with the
other exposed subjects such as adult female (B=1.25 m?/h,
V=992 ml, V=694 ml/s), and 5-15-year-old children (B
:0.57-1.38 m*/h,V;:244-1000 m1,V: 317-767 ml/s). The
values were adopted from the ICRP. The parameter B is the
most important physiological parameter due to direct impact
to the deposited dose rate (see Eq. 2). However, taking into
account the body weight of exposed subject for the estima-
tion of the body weight—adjusted dose of adult male and
5-year-old child was observed that the deposited dose were
1.5 times higher per body weight in a 5-year-old child. Fur-
thermore, the deposition fraction in the total human respira-
tory tract was 5-8% higher in children (5-10 years old) in
comparison with adults (male and female). This occurs due
to increase deposition in ET region in children (5-10 years
old) than adults. Finally, the respiratory tract of children is
more vulnerable than adults because is in the growth phase
and has not fully development and as well as their immature
immune systems and bodies (Bragoszewska et al. 2016).
In addition, the effect of the different activity level to
the daily deposited dose in the human respiratory tract was
investigated (Fig. 5b). In order to examine the impact of the
different activity level of exposed subject in the daily depos-
ited dose, the same age (adult) and gender (male) was used
in the simulations. The daily deposited dose in the human
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Fig. 4 Size distribution (%)

of viable, cultivable airborne
heterotrophic bacteria, meso-
philic fungi, and total coliforms
during March to April (P1) and
May to June (P2) of 2008 at the
a) AGC, b) PST, and c¢) UB site
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respiratory tract of adult male was equal to 4249 CFU/day,
14,678 CFU/day, and 28,062 CFU/day for sitting, light,
and heavy exercise, respectively. The daily deposited dose
increased when activity level increased due to the higher
inhalation rate. Specifically, the inhalation rates of adult
male were equal to 0.54, 1.5, and 3.5 m>/h, for sitting, light
exercise, and heavy exercise, respectively (ICRP 1994).
Therefore, the difference in inhalation rates between sitting
and exercise result in different deposited dose. Finally, the
same findings apply for each region of the respiratory tract
(ET, TB, and Al regions). Regarding the deposition fraction,
the light exercise increases the deposition fraction in ET
region in comparison with no activity (sitting). In addition,
the deposition fraction was lower in the ET region during
heavy exercise while the deposition fraction was lower in
both TB and Al regions during light exercise. During heavy
exercise conditions, the exposed subject breathes through
the nose and mouth. Specifically, 50% of airflow passing
through nose and 50% through mouth during heavy exercise
while during sitting/light exercise 100% of airflow is pass-
ing through nose (ICRP 1994). Consequently, the deposition
fraction in the ET region during heavy exercise is low (0.36).

Particle mass (PM) and number (PN) concentration
and the corresponding daily deposited dose

The dose of particle mass (PM;,) and number (PN,) was
calculated at the municipal WWTP and UB sites. The daily
mass concentrations of the three particles size categories
(PM,,, PM, 5, and PM,) for the three sampling locations
(AGC, PST, and UB) during March to April (P1) and May
to June (P2) were presented in Fig. 6a). The highest mass
concentrations for all size categories were observed in AGC
during the P2 period. Specifically, the concentrations ranged
from 75-250 pg/m?, 42—-140 pg/m?, and 38-124 pg/m? for
PM,,, PM, 5, and PM, respectively. The AGC is the stage
which removes sand, gravel, and other heavy solids from the
raw wastewater and results to the emissions of PM during
this process. Specifically, the wastewater flow has a spiral
pattern at AGC with particles having a density greater than
that of surrounding fluid dropping to the bottom while the
particles having a density lower remain suspended and then
removed (US EPA 2003). The European Union (EU) has
established air quality standards for PM for protection of
human health. Specifically, the EU air quality standard sets
a daily limit for PM,, equal to 50 ug/m® while for PM, s
only annual limit (25 pg/m®) value has been set. In the
current study, the PM,, concentrations exceeded several
times the legislative daily limit of 50 pg/m>. Specifically,
the PM,, levels at the AGC exceeded the daily limit (10
out of 11 days) in which corresponds to 91% exceedances.
The corresponding values for PST and UB were equal to
2 out of 7 days; 29% of the corresponding sampling days

and 3 out of 11 days; 27% of the corresponding sampling
days, respectively. However, the PM,, concentrations in
the current study were lower in comparison with the study
presented by Viegas et al. (2014). Specifically, Viegas
et al. (2014) found that the mean PM,, concentrations in
two Portuguese wastewater treatment plants (one totally
underground with capacity 285,120 m?/day and the other
partially underground with capacity 52,500 m>/day) were
very high (350 pg/m? for totally underground and 630 pg/
m? for partially underground). On the contrary, the PM,,
levels in a municipal WWTP (with capacity 240,000 m?/
day) in North Taiwan (Widiana et al. 2017) were lower in
comparison with the current study. Specifically, the mean
concentration of PM,, was equal to 28 pg/m? and 68 pg/m’
during spring and summer, respectively. Regarding PM, s,
Widiana et al. (2017) found that the mean concentration was
equal to 5 pg/m> and 13 pg/m? during spring and summer,
respectively. The values were lower in comparison with the
current study. Specifically, in the current study, the PM, 5
concentration was equal to 56 pg/m? (P1) and 94 pg/m? (P2)
at AGC while at PST was equal to 17 ug/m® (P1) and 44 pg/
m? (P2). However, both studies found higher concentrations
during summer.

In addition, Viegas et al. (2014) found the mean con-
centration of PM, s was equal to 69 pg/m® and 34 pg/m?
for totally and partially underground WWTP, respectively.
In the current study, the inflow of wastewater was 18,843
m?/day, and hence was lower in comparison with the cor-
responding values in the WWTPs in Portugal and Taiwan.

Regarding daily deposited dose of PM,, it was observed
higher values for a worker at AGC during the P2 period with
median value equal to 3648 pg/day, 183 pg/day, and 436 pg/
day for ET, TB, and Al regions, respectively (see Fig. 6b).
Therefore, higher deposited dose was occurred in the ET
region followed by Al and TB regions. The higher deposition
of PM,, in the ET region was in agreement with results from
other studies (Manigrasso et al. 2020; Zwozdziak et al. 2017).
In the absence of available dose data for workers at WWTPs
in the scientific literature, the comparison was performed for
workers at UB site. Specifically, a comparison of the deposited
dose at the UB site with the background sites from the study of
Aleksandropoulou and Lazaridis (2013) was performed. The
daily deposited dose of PM,, in the human respiratory tract at
UB site ranged from 528 to 1678 pg/day during the P1 period,
whereas during the P2 period the daily deposited dose ranged
from 741 to 1278 pg/day. In the study of Aleksandropoulou
and Lazaridis (2013), the daily deposited dose in the human
respiratory tract ranged from 133 to 212 pg/day in a residential
background area in northern Europe (Oslo, Norway), while
in a coastal remote site (Finokalia, Greece) ranged from 345
to 761 pg/day. Therefore, the daily deposited dose at UB site
presented in this study was higher in comparison with the
study of Aleksandropoulou and Lazaridis (2013). The UB site
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«Fig.6 a) Daily concentration of the three particles size categories
(PM,, PM, 5, and PM,) and b) daily deposited dose of PM, in the
human respiratory tract (ET, TB, and Al regions) at the AGC, PST,
and UB site

presented in this study was a courtyard with small garden, and
hence the soil of garden is a significant source of PM,,. The
contribution (%) of fine (PM, 5) and coarse (PM, 5_,) particles
to the PM,, dose is shown in Table 2. Specifically, 73-80%
(for P1 period) and 63-84% (for P2 period) of deposited dose
of PM,, in the ET region correspond to coarse particles. The
opposite characteristic was observed for Al region. Specifi-
cally, 80-84% (for P1 period) and 82-95% (for P2 period) of
deposited dose of PM,, in the Al region correspond to the
fine particles. This finding is linked with the ability of fine
particles to penetrate to the deep lung and deposit mainly to the
Al region due to diffusion mechanism while coarse particles
deposit mainly to the ET region due to impaction mechanism
(Darquenne 2020; Hussain et al. 2011).

In addition, the daily deposited dose of PN, was also
estimated. The median concentration of PN, was equal to
145,334 #/cm?, 5,319#/cm’, and 4539#/cm? at AGC, PST,
and UB site, respectively (Fig. 7a). Elevated number con-
centration values at a moving bed biofilm reactor (MBBR) at
a municipal WWTP located in China were also reported by
Yang et al. (2021). Specifically, the concentration at MBBR
tank ranged from 71,992 to 87,088 #/cm® with average value
equal to 79,540 #/cm?>. The deposited dose of particle num-
ber is shown in Fig. 7b). Higher deposited dose was obtained
in the Al region compared to the other regions. The median
daily deposited dose in the Al region was equal to 2.3 x 10!
#/day, 8.3x 10! #/day, and 3.2 x 10'° #/day at AGC, PST,
and UB site, respectively. Specifically, the deposited dose

Table 2 Contribution (%) of fine (PM, 5) and coarse (PM, 5_,,) parti-
cles to the deposited dose of PM,, during P1 and P2 periods

ET TB Al
P1
AGC Fine 20 43 80
coarse 80 57 20
PST Fine 27 50 84
coarse 73 50 16
UB Fine 26 46 82
coarse 74 54 18
P2
AGC Fine 16 45 82
coarse 84 55 18
PST Fine 37 77 95
coarse 63 23 5
UB Fine 34 69 92
coarse 66 31 8

was higher in the Al region, followed by TB and ET region.
Ultrafine particles deposit mainly in the Al region due of
their ability to penetrate deep into the human respiratory
tract (Manigrasso et al. 2020). The workers at AGC received
the higher deposited dose for both bioaerosols (sum of the
three categories of bioaerosols) and airborne particles (PM,,
and PN,), and hence the workers at AGC are exposed to
higher airborne particles (PM,, and PN,) and bioaerosols
in comparison with the workers at PST and UB.

Hazard quotients

The non-carcinogenic health risk is represented by the haz-
ard quotient HQ. The hazard quotients of bioaerosols and
particle mass (PM,, and PM, 5) for adult workers at the
three locations (AGC, PST, and UB) are shown in Table 3.
The HQ of bioaerosols was lower than the limit of 1 in all
examined cases except for workers exposure to bacteria at
AGC. Therefore, the present results indicate that the non-
carcinogenic effects are not of concern and can be ignored
for workers at PST and UB, although the non-carcinogenic
effects cannot be ignored for workers at AGC. This finding
is linked with the inhalation exposure of workers to high
concentration of bioaerosols at AGC (pretreatment stage)
due of flow of raw wastewater through the AGC. Likewise,
Han et al. (2019) and Yang et al. (2019) calculated the HQ of
airborne bacteria and fungi for a WWTP located in Beijing
(China). Han et al. (2019) found that HQ of bacteria and
fungi is less than 1 at PST (were not performed measure-
ments at AGC), whereas Yang et al. (2019) found that the
HQ of bacteria was less than 1 at both AGC and PST sug-
gesting that the inhalation risk for adults were small. In the
above studies, the parameters for the calculation of HQ were
obtained from the Chinese exposure handbook, while in the
current study we have used the default values of US EPA.
In the Chinese exposure handbook, the AT was set equal to
26,419 days (72.38 x365), while in the US EPA approach
the AT was set equal to 9125 days (ED x 365) for the calcu-
lation of non-carcinogenic risk (HQ). Regarding PM,,, the
HQ for workers at AGC was greater than 1 (Table 3), indicat-
ing a risk for human health. This finding is associated with
the removal of inorganic solids from the raw wastewater at
pretreatment stage which may cause high PM, levels during
the process. Finally, HQ of PM, 5 was greater than 1 for all
cases. Higher value was observed for worker at AGC (3.5).

Conclusions
The current study applied the ExDoM2 dosimetry model
to predict the deposited dose of bioaerosols (heterotrophic

bacteria, mesophilic fungi, and total coliforms) and particle
mass (PM,), and number (PN, ) received by workers at two
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locations at the WWTP and one outdoor background loca-
tion. The calculations with the ExDoM2 dosimetry model
were performed for each sampling day. The ExDoM2 dosim-
etry model estimates the deposited dose for various reference
exposed subjects (a reference adult male, adult woman, and
various reference ages of children), and hence the model is
not applied to a population. Due to the absence of chemi-
cal composition profile of the particulate matter, the hazard
quotients were calculated using air quality guidelines levels
with an RFC of 45 pg/m?® and 15 pg/m? for PM,, and PM, 5,
respectively.

@ Springer

Heterotrophic bacteria and mesophilic fungi were
detected at all sampling sites while total coliforms were
detected only at AGC. In addition, higher daily deposited
dose was observed at AGC for all cases with the exception of
mesophilic fungi during the P1 period. Regarding mesophilic
fungi during P1 period, the higher daily deposited dose was
observed at the UB site and ranged from 4577-27,642 CFU/
day. In addition, the daily deposited dose of heterotrophic
bacteria for a worker at AGC was higher in comparison with
a worker at PST. Therefore, workers at the AGC received
much higher daily dose due of higher microbial community
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Table 3 Hazard quotients of bioaerosols and particle mass (PM,, and
PM, ;) for adult workers at the AGC, PST, and UB locations

Location Meso- Bacteria (heterotrophic bac- PM;, PM,;
philic teria and total coliforms)
fungi
AGC 0.3 43 2.1 35
PST 0.1 0.05 0.6 1.3
UB 0.4 0.1 0.6 1.2

of the raw wastewater. On the other hand, the wastewater
treatments activities of WWTP decrease the microbial com-
munity of the wastewater, and consequently decrease the
daily dose received by the workers. Specifically, the daily
deposited dose of heterotrophic bacteria for a worker at AGC
ranged from 39,243-132,922 CFU/day for P1 period and
from 71,480 to 161,663 CFU/day for P2 period, while at
PST ranged from 443-1189 CFU/day and 269-1635 CFU/
day for P1 and P2 periods, respectively. Finally, total coli-
forms were detected only at AGC, and hence the primary
treatments of WWTP efficiently decreases the concentration
of total coliforms. Regarding PM,,, the higher daily depos-
ited dose (1146—4076 pg/day (P1) and 1911-6369 pg/day
(P2)) received a worker at the AGC. Likewise, the higher
daily deposited dose of PN, received a worker at the ACG
(2.0%x10'>-6.2x 10'2 #/day for the whole measurement
period. Furthermore, the results showed that the charac-
teristics (age, gender, and activity level) of the exposed
subject play significant role in the calculation of the daily
deposited dose in the human respiratory tract with higher
values, corresponding to adult males and heavy exercise as
a direct consequence of the higher inhalation rates. Specifi-
cally, the daily deposited dose in the respiratory tract was
19% higher in adult male (14,678 CFU/day) than in adult
female (12,353 CFU/day), while taking into account the
age of the exposed subject the daily deposited was 8—-148%
higher in adult male (14,678 CFU/day) than in children
(5912-13,540 CFU/day). Regarding activity level, simula-
tions with heavy exercise increased the daily deposited dose
in the human respiratory up to 560% in comparison with
simulations with no activity level (sitting). Therefore, the
difference in inhalation rates between adults and children
and as well as between different activity levels result in dif-
ferent total and regional deposited dose.

In addition, an inhalation health risk assessment method-
ology was applied in the current study. The results showed
that the hazard quotient which represents the non-carcino-
genic effects due to the inhalation of bioaerosols and PM,
was less than 1 at PST and UB, and hence the non-carcino-
genic effects are not significant for the workers. Regarding
AGC, the hazard quotient was equal to 4.3, 0.3, and 1.9 for

bacteria, mesophilic fungi, and PM, respectively. There-
fore, the non-carcinogenic effects of bacteria and PM,, were
considered to be of concern only for the workers at AGC,
while for PM, 5 the con-carcinogenic effects were considered
to be of concern for all locations. Finally, measures must be
implemented to protect of human health such as hygiene
measures and personal protective equipment (e.g., mask).
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