atmosphere

A

Article

Ecological and Risk Assessment of Heavy Metals in a Diverse
Industrial Area of Al-Akrasha, Egypt

Atef M. F. Mohammed 1'*©, Inas A. Saleh 1, Hend R. Zahran 2 and Nasser M. Abdel-Latif !

check for
updates

Citation: Mohammed, A.M.F,; Saleh,
I.A.; Zahran, H.R.; Abdel-Latif, N.M.
Ecological and Risk Assessment of
Heavy Metals in a Diverse Industrial
Area of Al-Akrasha, Egypt.
Atmosphere 2023, 14, 1745.
https://doi.org/10.3390/
atmos14121745

Academic Editors: Matgorzata Rajfur,
Enrico Ferrero and Elvira

Kova¢-Andri¢

Received: 10 October 2023
Revised: 13 November 2023
Accepted: 22 November 2023
Published: 27 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Air Pollution Research Department, Environment and Climate Change Research Institute,

National Research Centre, Giza 12622, Egypt; is.saleh@nrc.sci.eg (L.A.S.); nm.moustafa@nrc.sci.eg (N.M.A.-L.)
Head of Laboratory of the Environmental Monitoring Center—Central Administration for Environmental
Affairs (EMOHC), Egyptian Ministry of Health and Population, Cairo 71529, Egypt;
hend.roshdy@iesr.asu.edu.eg

*  Correspondence: at. mohammed@nrc.sci.eg; Tel.: +20-2-33371362 or +20-1151143456; Fax: +20-2-33370931

Abstract: This study was conducted in one of a diverse industrial area in Al-Akrasha, Egypt. Concen-
trations of select metals (Cu, Pb, Cr, Ni, Zn, Mn, Cd, Al, Ag, As, B, and Fe) were evaluated in ambient
PM;g and surface soils at nine sites. Random samples of fresh edible tilapia fish were collected from
Ismailia Canal at two sites near the Al-Akrasha region. In addition, blood and hair samples were
collected from workers and residents living in Al-Akrasha as biomarkers of contamination with
these metals. The ecological and health risks of these metals to the workers and residents living in
the Al-Akrasha region were assessed. The results showed that heavy metal levels in the ambient
air (PMjg) of the Al-Akrasha region were higher than the national and international guidelines.
There was a very high degree of contamination (CD > 32) of the surface soil in the Al-Akrasha area,
which can be attributed to industrial activities emissions, mostly from smelters and the subsequent
deposition on the surface soil. Ingestion was the dominant pathway for metals to enter the human
body in the Al-Akrasha region. Adults have a higher daily intake and exposure risk than infants
and children.

Keywords: particulate matter; heavy metals; bioindicators; ecological indices; risk assessment

1. Introduction

Environmental pollution is one of the most important challenges and obstacles facing
Egypt owing to the significant impact of the rate of development in all fields [1,2]. The
problem has emerged due to the progress in various industries and their associated emis-
sions. Additionally, the huge increase in population has increased the number of vehicles
operating with fossil fuels; despite their necessity for modern life, this has worsened the
air pollution.

Environmental issues related to soil and air pollution are becoming more significant in
daily life. Environmental pollution with heavy metals has aroused the interest of scientists
since ancient times because of its serious effects. The common presence of metals in the
environment occurs through their spread from natural sources or their widespread use
in various industrial processes; metals play an important role in industrial development
and technology [3]. Heavy metals are naturally occurring elements of the Earth’s crust,
having a density greater than 5 g/cm? in their standard state [4]. Because of human
activity, there are now more heavy metals in the environment [5]. Heavy metals are
produced in the environment from various sources, such as industry, agriculture, roads,
and transportation. Moreover, fertilizers have the potential to release excessive amounts
of heavy metals into the environment. Heavy metals are widely found in almost every
industry, such as pharmaceuticals, hardware, steel, and chemicals, in addition to daily
life products like detergents, shampoos, cosmetics, and batteries. In addition, emissions
from the metallurgical sector in various chemical forms during the smelting of non-ferrous
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metals contribute to heavy metal pollution. Unique trace elements may be released by
certain processes, such as copper from copper smelters, zinc from incineration, lead from
lead smelters, nickel and vanadium from heavy oil combustion, and metal manufacturing
and processing [6].

Heavy metals contamination has devastating effects on the ecological balance of the
receiving environment. It is clear that the anthropogenic inputs of heavy metals into the
environment are much higher than the natural inputs. For example, anthropogenic inputs
are almost twice as high as the natural inputs of mercury, copper, lead, and zinc. Cigarette
smoking is one of the main sources of cadmium exposure in humans, and eating certain
foods contaminated with cadmium is another source that accounts for the majority of
cadmium exposure in non-smokers [7-9].

Heavy metals pollution has a severe risk due to their bio-accumulation and toxic
effects [10]. Heavy metals cannot be degraded or destroyed, and they accumulate in soil,
food, drinking water, and suspended dust. Pb, Ni, Cd, As, Cr, Al, and Cu are some of the
metals chosen to evaluate the environmental quality [3,11,12]. Heavy metals such as Mn,
Zn, Mo, Ni, Cu, Fe, and Co are essential for lifecycles completion, but they become toxic
when they are above the permissible values [13,14]. The pathways for many metals to enter
the human body are respiration, ingestion, and skin adsorption [15].

To reduce the impact of metal smelters on the environment of Egypt, the government
has developed a Lead Smelters Action Plan (LSAP). In order to create a comprehensive
plan for lead abatement in Cairo, the Egyptian Environmental Policy Project (EEPP) and
Cairo Air Improvement Project (CAIP) collaborated with the Egyptian Environmental
Affairs Agency (EEAA) and one of Cairo’s major lead producers and lead dust emitters
(Awadallah Family Company, Cairo, Egypt). The EEAA Lead Exposure Abatement Plan
(LEAP) covers all lead pollution-related sources, exposure pathways, and corrective mea-
sures in the greater Cairo region. In this plan, secondary lead smelters that are situated in
low-income and heavily inhabited areas have drawn more attention. Thus, the Egyptian
government through LSAP, CAIP, and EEPP collaborated to organize operations and trans-
fer the smelters to a new, more contemporary location in the Abu-Zaabal Industrial Zone in
Qalyubia Governorate, Egypt. This move left heavily lead-dust-contaminated structures in
its wake [16,17]. Industry is one of the basic economic activities in Qalyubia Governorate
due to the existence of several industrial facilities dispersed throughout the governorate.
Most of these activities are centered in the Abu Zaabal region, one of the villages where
many factories are concentrated [18]. Al-Khanka is an industrial zone that was chosen for
the Cairo Air Improvement Project based on the most recent technological advancements
for foundries and has zero polluting emissions. In addition to the large industrial zones dis-
persed throughout Qalyubia Governorate, there are some diverse industrial areas that are
plagued by numerous unregulated industrial activities and the consequences of pollution
there. The most well-known of these areas is Al-Akrasha, which is regarded as one of the
most significant and substantial industrial slums. Around 500 factories in the Al-Akrasha
region employ roughly 15,000 people across a variety of industries, the most significant
of which are plastics, chemicals, cartons, glass, and others [18]. Al-Akrasha is the largest
diverse industrial and residential area in Al-Khanka. One of the most significant issues that
the Al-Akrasha region faces is the absence of sanitation for these enterprises, which leads
to the disposal of their waste in agricultural drainages. Living close to industrial complexes
is linked to having worse health consequences according to a number of studies [19-24].
Epidemiological studies have demonstrated that prolonged exposure to air pollution (over
a number of years) lowers life expectancy, primarily as a result of lung cancer and cardiovas-
cular and respiratory disorders [25,26]. Short-term (over hours or days) exposure to high
air pollution levels can also have a variety of detrimental impacts, such as changes to lung
function, an aggravation of asthma, an increase in cardiovascular and respiratory hospital
admissions, and an increase in mortality [26,27]. Biomarkers (such as plants, plankton,
animals, and microbes) can be used to monitor the environment, so they are a useful way
to measure the negative effects of industrial activity on the environment [28].
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The main objective of this study was to assess the potential environmental risks as
a result of exposure to heavy metals in ambient air, surface soil, and edible fish on the
population and the environment of a diverse industrial area in Al-Akrasha, Qalyubia
Governorate, Egypt. This study aimed to: (1) evaluate the concentration levels of select
metals (Pb, Cu, Mn, Zn, Cr, Cd, Ni, Al, and Fe) in particulate matter (PMjp) in the air
and surface soils at industrial sites located in Al-Akrasha, Qalyubia, Egypt; (2) study the
concentration levels of selected metals in edible tilapia fish, the hair and blood of workers,
and populations living in the Al-Akrasha area as biomarkers of contamination with these
metals; and (3) assess the ecological and health risks (non-carcinogenic and carcinogenic)
of these metals to the workers and residents living in this area.

2. Materials and Methods
2.1. Description of the Study Area

This study was conducted in a diverse industrial area in Al-Akrasha, Egypt. The Al-
Akrasha area is a village affiliated with the Abu-Zaabal industrial area (north of Cairo city),
and it is one of the most important industrial areas in the Qalyubia Governorate. It has an
area of 494 .4 acres with the coordinates 30°14’41" N-31°22/35" E. More than 10,000 citizens
and about 20,000 workers are living in Al-Akrasha in homes between the fumes of factories.
The Al-Akrasha area contains diverse factories; there are about 480 workshops and factories,
according to the governorate’s inventory: 80 foundries and metal-forming factories; 30
plastic factories; 15 iron-rolling factories; 10 factories for iron, copper, aluminum, and
other metals wire drawing; 30 glass, wire, and nails manufacturing plants; 90 factories for
plastic, cotton, and textiles; and 225 assorted small and micro workshops (Figure S1) [29].
The Awadallah lead smelter is considered one of the largest smelters in Egypt, and it was
transferred to the Abu-Zaabal area in 2000 [30]. The Al-Akrasha area is located near the
Awadallah Factory for Melting, Refining and Manufacturing of Lead; the waste incinerator
of the Ministry of Health and Population; and Abu-Zaabal Fertilizers and Chemicals
Company [29,31]. The Ismailia Canal is a canal in Egypt that starts from the Nile River
north of Cairo and branches into two branches; one of them irrigates the governorate of
Qalyubia and passes through the AL-Akrasha area, which supplies the area with water and
fish [32].

2.2. Sampling at the Al-Akrasha Region
2.2.1. PMjp and Soil Samples

During the current study, the pump for our PM; 5 sampling device burned up and no
longer worked. The financial support that we needed to buy a new pump was not available
at that time.

Therefore, 9 sites were chosen for collecting samples of suspended particulate matter
(PM;) and surface soil over one year (from March 2019 to March 2020). The chosen sites
were in two areas: 4 sites in the Al-Akrasha industrial and residential area and 5 sites
around the Awadallah Factory for Melting, Refining and Manufacturing of Lead; these
sites are shown in Figure 1.

2.2.2. Edible Fish Samples

Edible fish samples were collected from Ismailia Canal at two sites (A and B) near the
Al-Akrasha region.

2.2.3. Blood and Hair Samples

Blood and hair samples were collected from working staff at a health center branch
of the Ministry of Health and Population of the Al-Akrasha region, residents living in the
Al-Akrasha region, and workers at Awadallah Factory.
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Sampling sites at Al-Akrasha region

Residential and industrial| Awadallah Factory
Sites: 1,2, 3, and 4 Sites: 5,6,7, 8, and 9

Awadallah Factory

Figure 1. Map of sampling site locations in the Al-Akrasha region.

2.3. Determination of Heavy Metals in PM1y and Surface Soil
2.3.1. PMyg

PM; samples were collected on glass filters (Whatman-GF) according to a gravi-
metric method (Method 10-2.1) using a high-volume sampler [33]. Loaded filters were
digested using a high-performance microwave digestion system. Concentrations of the
selected metals (Cu, Pb, Cr, Ni, Zn, Mn, Cd, Al, Ag, As, B, and Fe) were determined using
the EPA 3051 method and by spectroscopy (MP-AES microwave plasma—ICP—OES—
Mercury analyzer).

2.3.2. Surface Soil

Soil samples were obtained with a hand auger from the surface soil only (to a maximum
depth of 10 cm) [3]. These samples were suitably packaged and transported to the laboratory
for sample preparation and analysis [34]. In the laboratory, the samples were air dried at
room temperature, and the coarse impurities of the samples were removed using 1.0 mm
mesh nylon. The rest was homogenized and sieved through six sieve sizes (less than
45 um, 45-106 pm, 106-150 wm, 150-212 pm, 212-250 um, more than 250 um) and stored
in small self-sealing plastic bags for analysis. Soils with different particle sizes were
analyzed to determine their metal concentrations [35,36]. For determination of heavy metal
concentrations, wet digestion of the dried samples was conducted using concentrated
H,SOy4 and a 30% HyO, mixture. First, 0.5 g of the dry ground sample was placed in a
100 mL beaker, and then 3.5 mL of 30% H,O, was added. The contents of the beaker were
heated to 100 °C, and the temperature was gradually increased to 250 °C and left at this
temperature for 30 min. The beaker was cooled, an additional 1 mL of 30% H,O, was
added to the digested mixture, and the contents were reheated again. The digestion process
was repeated multiple times until a clear solution was obtained. The clear solution was
transferred to a 50 mL volumetric flask and topped off with deionized water [3]. Then,
the selected metals were determined by spectroscopy (MP-AES microwave plasma—ICP—
OES—Mercury analyzer).

2.4. Determination of Heavy Metals in Biomarkers (Fish, Hair, and Blood)
2.4.1. Fish Samples

Random samples of fresh edible tilapia fish were collected from Ismailia Canal at two
sites near the Al-Akrasha area in Qalyubia Governorate, Egypt. All collected samples were
examined for determination of heavy metals (Pb, Cd, and Hg) levels on the basis of wet
weight (mg/Kg). Fish heads, fins, and inner organs together with hard roe were removed.
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First, 0.1-0.2 kg of fresh fish was placed in a polyethylene bag and frozen to —20 °C for
4-6 h, followed by warming to —2 °C. A sample of 0.3-0.5 g was weighed in a plastic
test tube, 2.5 mL of concentrated HNO; was added, and the sample was stirred at room
temperature for 30 min. Then, 5 mL of deionized H,O and 1 mL of a 30% H,O, solution
were added. Samples of fish were digested by high performance microwave digestion in the
Toxicology Laboratory of the Central Administration of Environmental Affairs (EMOHC)—
Ministry of Health and Population. Afterwards, the sample was combined with deionized
H,O while stirring until a volume of 50 mL was reached [37]. Metals (Pb, Cd, and Hg)
were determined using spectroscopy (MP-AES microwave plasma—ICP—OES—Mercury
analyzer).

2.4.2. Hair Samples

Hair samples were collected from workers at Awadallah Factory. The hair samples
were stored in polyethylene bags at room temperature until analysis. Hair samples were
cut into pieces as small as possible and washed three times under continuous stirring with
a mixture of ethyl ether/acetone (3:1 v/v), followed by soaking in a 5% EDTA solution
for 30 min. Samples were then rinsed three times with deionized water, dried in an oven
at 80 °C until a constant weight was achieved, and stored in polyethylene bags. A 05 g
portion of the prepared sample was accurately weighed using an analytical balance and
transferred to a digestion vessel. A mixture of 2 mL nitric acid and 1 mL of 30% hydrogen
peroxide was added at room temperature and left to predigest for 12 h. The vessels were
then placed in the oven at 160 °C for 4 h. Once the digestion was complete, the vessels were
allowed to cool to room temperature. The sample was diluted to 10 mL using deionized
water [38]. Metals (Pb, Ni, Cu, Pb, Cd, Zn, and Cr) were determined using graphite furnace
atomic spectroscopy (AAS).

2.4.3. Lead in Blood Samples

Blood lead level (BLL) indicates if a person was exposed to lead [39,40]. Blood samples
were collected from staff working at a health center of the Ministry of Health and Population,
residents living in the Al-Akrasha region, and workers at Awadallah Factory. An anti-
coagulant was added to the whole blood samples, which were placed in a refrigerator. Each
sample was placed in a 100 mL volumetric flask followed by adding 10 mL of nitric acid.
This was placed on a hot plate for about 2 h, and the temperature was increased to 160 °C;
then, the samples were boiled for 2 h to reduce the volume. Samples were filtered by filter
discs with a grade of 389 and allowed to cool. After completion of digestion, 10 mL of
hydrogen peroxide was added. Finally, samples were diluted with deionized water until a
volume of 50 mL was achieved [41]. Lead level was determined using graphite furnace
atomic spectroscopy (AAS) at the Toxicology Laboratory of the Central Administration of
Environmental Affairs (EMOHC)—Ministry of Health and Population.

2.5. Ecological Risk Assessment of Heavy Metals

Different factors were used to identify the soil contamination and pollution. Some of
the factors used in the current study are described in the following sections.

2.5.1. Geo-Accumulation Index (Igeo)

The geo-accumulation index (Igeo) is generally used to quantify the anthropogenic
contamination in surface soil as introduced by Muller (1981) [42] and corroborated by
the prominent works of Forster et al., 1993 [43]; Loska et al., 2003 [44]; Lu et al., 2009;
2010 [45,46]; Gowd et al., 2010 [47]; and Manoj et al., 2012 [48]. This index evaluates
the contamination levels by comparing present concentrations with background levels
(Table 1) [31,34,49-51]. Igeo is expressed as Equation (1a):

(Igeo) = logz [Cn/1.5 Bn] (1a)
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where Cn and Bn are the measured and background concentrations, respectively, of the
metal (n) (Table S1) and 1.5 is the correction factor used to account for possible variability
in the background data due to lithological variation. Metal concentrations of average
continental crust were used as the background concentrations for metals [52]. According to
Table S2, Muller (1981) [42] classified Igeo values into 6 classes.

Table 1. Geo-accumulation index (Igeo) classification.

Site Cu Pb Cr Ni n Cd
Site 1 021 415 —2.20 —250 -3.10 445
Site 2 1.12 354 -2.30 —2.10 —2.20 354
Site 3 1.12 404 -1.70 —250 —2.10 415
Site 4 1.32 354 ~1.60 -230 —2.60 314
Site 5 1.12 253 —2.00 —2.00 —2.70 3.04
Site 6 1.62 435 -1.90 -2.10 —320 425
Site 7 1.12 263 -1.60 -1.60 —2.00 48°
Site 8 1.01 253 —2.60 ~1.60 —2.10 485
Site 9 1.62 435 —240 —2.40 —2.20 475

Where: (%): practically unpolluted (Igeo < 0); *y: unpolluted to moderated polluted (0 < Igeo < 1); A): moderately
polluted (1 < Igeo < 2); (®): moderately to strongly polluted (2 < Lgeo < 3); (4): strongly polluted (3 < Lgeo < 4);
©): strongly to extremely polluted (4 < Igeo< 5); and ©): extremely polluted (Igeo > 5).

2.5.2. Contamination Factor (CF) and Contamination Degree (CD)

The CF and CD are used to assess the pollution load of surface soil dust with respect
to heavy metals. The CF for each metal is calculated according to Equation (1b) [31,48,53]:

CF = Cinetal/ Cbackground (1b)

where CF is the contamination factor and Cjyeta; is the concentration of metal in surface soil
dust. Cpackground is the background value for the metal. CD is calculated as the sum of all
contamination factors for each sample in Equation (1c), and n is the number of metals [54].
The CF and CD were classified into four groups according to Nasr et al., 2006; Rastmanesh
et al.,, 2010; Mmolawa et al., 2011; and Sherif and Atwany, 2019 [31,53,55,56], as shown in
Table S2.

CD =) (CF; + CF, + CF3 + CF4 ... CFy) (1¢c)

2.5.3. Modified Contamination Degree (mCd)

The mCd is defined as the sum of all contamination factors as described by Abrahim
(2005), which is calculated by Equation (1d), and its values were used in the classification
of contamination degree (Table S2) [31].

mCd =) (CF; + CF, + CF3 + CF4 ... CFy)/n (1d)
where n is the number of metals and CF is the contamination factor.

2.5.4. Pollution Load Index (PLI)

The PLI is used to estimate the metals contamination status and the necessary action
that should be taken. It was developed by Thomilson et al. (1980) [57] as Equation (1e) [31]:

PLI=(CF; x CF, x CF3 x ... x CF,) % (1e)

where n is the number of metals and CF is the contamination factor. PLI values were
classified into groups (as shown in Table S2).



Atmosphere 2023, 14, 1745

7 of 26

2.6. Health Risk Assessment of Heavy Metals
2.6.1. Estimation of Exposure Dose (D) from PM;y and/or Surface Soil

Inhalation is an important pathway for human exposure to heavy metals from the
atmosphere or surface soil. Exposure doses from inhalation (Diyhalation) can be calculated
by Equation (2a). The parameters are illustrated in Table S3.

Dinhalation = (C x InhR x EF x ED)/(BW x AT x PEF) (2a)

Ingestion can occur by the inadvertent consumption of atmospheric dust or surface
soil on the hands or food items, mouthing of objects, the ingestion of unusually high
amounts of atmospheric dust or surface soil, or through intentional ingestion. Exposure
doses from ingestion of atmospheric dust or surface soil (Dingestion) can be calculated by
Equation (2b) [58]:

Dingestion (mg/kg/day) = (C x IngR x EF x ED x CF)/(BW x AT) (2b)

Dermal absorption of heavy metals from atmospheric dust or surface soil depends
on the area of contact, the duration of contact, and the ability of heavy metals to pen-
etrate the skin. Exposure doses from dermal contact with atmospheric dust or surface
50il (Dpermal contact) can be calculated by Equation (2c). The parameters are illustrated in
Table S3.

Dpermal contact = (C % SA x TS x AF x EF x ED x CF)/(BW x AT) (20)

The average daily dose from atmospheric dust or surface soil (ADD) can be calculated
by Equation (2d):

The Average Daily Dose (ADD) = X (Ding + Dinh + Ddermat) (2d)

2.6.2. Non-Carcinogenic Risk Calculation

The hazard quotient (HQ) is used to analyze the potential non-carcinogenic effect of
metals in PM7 and surface soil. The HQ of each metal was related with the reference dose
(RfD, mg/kg/day). If the HQ value is less than 1, this indicates that it does not reflect any
obvious risks. The US EPA estimates the HQ by Equation (2e) [59,60]. All parameters are
defined in Table S3.

HQ (mg/ kg / daY) = (DIngestion or Dinhalation ©F Dpermal contact)/ (RfD ) (2(2)

The hazard index (HI) is defined as the sum of the HQs of the individual metal as
described in Equation (2f) [59,60]. HI was used to describe the cumulative non-carcinogenic
effects. When HI < 1, no health risk is expected to occur; if HI > 1, there is moderate or
high risk of adverse effects for humans [60].

HI= HQ(metal—l) + HQ(metal-Z) +...+HQ (metal-n) (Zf)

2.6.3. Carcinogenic Risk Calculation

The risk index (RI) represents the lifetime probability of developing any type of cancer.
It is calculated by integrating the D with the respective cancer slope factor (CSF) for heavy
metals. The cancer slope factor (CSF) is used to estimate the risk of cancer along with
exposure to a substance that is or may be carcinogenic. Rl is presented in Equation (2g) [60]:

RI= (Dlngestion or DInhalation or DDermal contact) x CSF (28)

The Rl is considered nonsignificant if it is <1079, the RI is considered allowable or
tolerable if it is 107® < RI < 10~#, and the Rl is considered significant if it is >10~* [60]. All
parameters are defined in Table S3.
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2.7. Health Risk Assessment of Fish Consumption
2.7.1. Calculation of Bio-Accumulation Factors (BAF)
BAF was calculated from Equation (3a) [61]:
BAF = (Cgign / Cooit) X 100% (3a)

where Cggqp, and Cqy;) refer to heavy metal concentrations (mg/mg) in fish and surface soil.
If BAF is higher than 100%, it indicates bio-accumulation of heavy metals in the fish sample.

2.7.2. The Exposure Daily Intake (EDI)

The risk assessment for infants, children, and adults was performed to estimate the
possible hazard associated with the consumption of heavy metals contained in fish. The
exposure daily intake (EDI) is based on the concentration of the element and the amount of
fish ingested [60,62,63]. Therefore, the EDI of heavy metals was calculated by Equation (3b).
All parameters are defined in Table S4.

EDI (mg/kg/day) = (C x Fir)/BW (3b)

where EDI is the exposure daily intake (mg/kg/day), Fr is the fish ingestion rate (kg/day),
and C is the heavy metals concentrations (mg/mg) in edible fish.

2.7.3. Non-Carcinogenic Risk of Metals in the Edible Fish

The target hazard quotient (THQ) is used to analyze the potential non-carcinogenic
effect of the metals in the edible fish. The EDI of each heavy metal was related to the oral
reference dose (RfD, mg/kg/day). If the THQ value is less than 1, this indicates that it does
not reflect any obvious risk. The US EPA estimates the THQ using Equation (3c) [59,60].
All parameters are defined in Table S3.

THQ (mg/kg/day) = (EF x ED X Fgr x C)/(RfD x BW x AT) (Be)

The hazard index (HI) is defined as the sum of the THQs of the individual heavy
metals as described in Equation (3d) [59,60]. The HI was used to describe the cumulative
non-carcinogenic effects. When HI < 1, no health risk is expected to occur; if HI > 1, there
is a moderate or high risk of adverse effects for humans [60].

HI= THQ(metal—l) + THQ(metal-Z) +...+THQ (metal-n) (3d)

2.7.4. Carcinogenic Risk Calculation

The risk index (RI) represents the probability of developing any type of cancer over a
lifetime. It is calculated by integrating the EDI with the respective oral cancer slope factor
(CSF) for heavy metals. The cancer slope factor (CSF) is used to estimate the risk of cancer
along with exposure to a carcinogenic or probably carcinogenic substance. Rl is presented
in Equation (3e) [60]:

RI=EDI x CSF (3e)

The Rl is considered nonsignificant if it is <10~°, the RI is considered allowable or
tolerable if it is 107® < RI < 10~#, and the Rl is considered significant if it is >10~% [60].

2.8. Meteorological Parameters

The meteorological parameters (temperature, humidity, wind speed, wind direction,
precipitation) were collected from the satellite weather station at Abu-Zaabal city repre-
senting the Al-Akrasha area over one year (from March 2019 to March 2020) [64].
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3. Results and Discussion
3.1. Heavy Metals Concentrations in Particulate Matter (PMyo)

Annual average concentrations (mg/kg) of heavy metals (Cu, Pb, Cr, Ni, Zn, Mn, Cd,
Al, Ag, As, B, and Fe) that were analyzed in PM;y samples collected from the atmosphere
at different sites in the Al-Akrasha region during the period of 2019-2020 are shown in
Figure 2.
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Figure 2. Annual average concentrations of heavy metals in samples (PMjg) collected at different
sites in the Al-Akrasha region.

This figure shows higher concentration levels of most heavy metals at site 6 and site 2.
These higher concentrations can be attributed to local emissions from industrial activities in
the Al-Akrasha area, as site 6 is located close to the Awadallah Factory for Melting, Refining
and Manufacturing of Lead, and site 2 is located in the Al-Akrasha industrial area close to
foundries, metal forming, and various industrial activities such as workshops of plastic,
iron rolling, glass, and textiles (as shown in Figure S1).

Figure 3 shows annual mean concentrations of heavy metals in the ambient air
(PMjg) of the Al-Akrasha region. The results showed that the heavy metal concentra-
tions found were arranged in the following order: Fe (3.54 mg/m?) > Mn (0.837 mg/m?)
> Pb (0.676 mg/m?) > Al (0.428 mg/m?) > Cu (0.257 mg/m?) > Cr (0.162 mg/m?) >
B (0.156 mg/m?®) > Ag (0.104 mg/m3) > Ni (0.068 mg/m?) > Zn (0.057 mg/m3) > As
(0.008 mg/m?3) > Cd (0.011 mg/m?3). These results may be attributed to unpaved roads
and different industrial activities in the Al-Akrasha region, including foundries; metal
forming; plastic factories; iron-rolling factories; factories for iron, copper, aluminum, and
other metals wire drawing; glass, wire, and nails manufacturing plants; and cotton and
textiles factories.
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Figure 3. Annual mean concentrations of heavy metals in the ambient air (PM;g) of the Al-Akrasha
region.

Table 54 shows a comparison of the concentrations of heavy metals recorded in the
current study with other findings in Egypt and other regions around the world. There
were no guidelines indicating levels of heavy metals (Cu, Pb, Cr, Ni, Zn, Mn, Cd, Al,
Ag, As, B, and Fe) in PMj in Egypt, except for Pb (0.001 mg/m3). Therefore, the heavy
metal contents in PMjy samples were evaluated through their comparison with worldwide
guidelines (as shown in Table 54). The results indicated that the concentration levels of
heavy metals in PMyg collected from the Al-Akrasha region were higher than the national
and international guideline values, except for Fe, which was lower than guideline value
set in Nigeria (Table S4). Table 54 also shows that most of the metals in the present results
were higher compared with the concentration levels found in the Al-Akrasha region by
Sherif and Atwany (2019) [31]. Furthermore, the concentration levels of some metals in the
current study were in agreement with those recorded in many countries, except for Pb, the
concentration of which was higher (Table S54).

3.2. Heavy Metals Contamination in Surface Soil

The most significant heavy metals in terms of potential risks and their presence in pol-
luted surface soil were Cu, Pb, Cr, Ni, Zn, and Cd [31]. The annual average concentrations
(mg/kg) of heavy metals (Cu, Pb, Cr, Ni, Zn, and Cd) that were analyzed in surface soil
samples collected from different sites in the Al-Akrasha area during the period of 2019-2020
are presented in Figure 4. This figure shows that the highest concentration levels of most
heavy metals were found in site 6 near Awadallah Factory.

This may be due to inputs of heavy metals from the atmosphere into agricultural
systems, which can contribute significantly to metal loading in the surface soil. Surface
soil acts as a significant sink for the ions of heavy metals that can then enter the food chain
through plants or leaching into groundwater.

These metals may be concentrated in the surface soil due to different sources, such
as anthropogenic contamination, metal deposits, and additional to natural agriculture
sources. The most significant industrial sources of heavy metals in the Al-Akrasha region’s
environment are thought to be the chemical and metallurgical sectors. Figure 5 shows the
heavy metals average concentrations found in the Al-Akrasha surface soil. The results in
this figure show that Pb had the highest concentration in the surface soil samples in the
Al-Akrasha region, while Cd had the lowest. The results show that the heavy metals in
the surface soil were arranged as follows: Pb > Cu > Cr > Ni > Zn > Cd (i.e., the same
arrangement of heavy metals in the PM;g samples, as shown in Figure 5).
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Figure 4. Average concentration levels of heavy metals in surface soil samples at the various sites in
the Al-Akrasha region.
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Figure 5. Average concentrations of heavy metals in the surface soil collected from the Al-Akrasha
region.

Table S4 shows a comparison of heavy metal concentrations found in the surface
soils in the current study with other findings around the world. In Egypt, there are no
guidelines regarding heavy metal levels in surface soil. Consequently, the heavy metal
levels in the analyzed surface soil samples were assessed by comparing them to global
guidelines (as shown in Table S4). The results indicated that the concentration levels of
heavy metals (Pb, Cr, Cu, Ni, Cd, and Zn) in the surface soil collected from the Al-Akrasha
region were lower than the guideline values according to the Chinese standard [65], Indian
standard [66], NJDEP limits [67,68], EU standards [31], EPA limits [69], and WHO and
FAO limits [70]. The current results were low compared with the average concentration
levels found in the Al-Akrasha region by Sherif and Atwany (2019) [31] due to the fact
that they collected samples from sites close to the industrial activity zone adjacent to the
factories and foundries. Moreover, the concentration levels in the current study were in
the same range reported for Cu in Ireland and the USA [71,72]; for Pb and Cr in Rampal,
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Bangladesh [73]; for Ni in Rondoénia, Brazil [69]; for Zn in the western area of China [74];
and for Cd in China, Australia, and Rondénia, Brazil [69-71].

Figure 6 shows the average concentration levels of heavy metals in surface soil samples
of different sizes (less than 45 um, 45-106 pm, 106150 wm, 150-212 pum, 212-250 um, more
than 250 pm) collected from the Al-Akrasha region. This figure shows that there is an
inverse correlation between the concentrations of metals (Pb, Cu, Ni, Cr, Cd, and Zn) in the
surface soils with the size of the soil particles; this was in agreement with a recent report by
Giuliano et al. (2007) [75]. Increasing metal concentrations with decreased particle size is
one of the main ways of controlling surface soil contamination with heavy metals [76-80].
In general, fine particles have a high capacity to carry heavy metals due to their high
specific surface area in addition to the presence of clay minerals in the fine aggregate, which
protects the heavy metals from removal attempts [81-84].
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Figure 6. Average concentrations of heavy metals in surface soil samples of different sizes collected
from the Al-Akrasha region.

3.3. Heavy Metals in Biomarkers (Edible Fish, Worker Blood, and Worker Hair)
3.3.1. Heavy Metals in Edible Fish Samples

Figure 7A shows the average seasonal and annual concentrations (mg/kg) of heavy
metals (Pb, Hg, and Cd) analyzed in the samples of edible tilapia fish obtained from the
Ismailia Canal in two locations near the Al-Akrasha region during the period of 2019-2020.
This Figure shows that the highest concentrations of mercury, lead, and cadmium were
0.151, 0.251, and 0.053 mg/kg, respectively, during the summer season. The lowest con-
centrations were 0.039, 0.181, and 0.030 mg/kg, respectively, during the winter; these
findings are in agreement with that found by Abd El-kader et al. (2022) [85]. These seasonal
variations in metal concentrations in the organs of fish can be attributed to physicochemical
and biological factors of the ecosystems in which these fish live (Ismailia Canal in the
Al-Akrasha region) and influence the bioavailability of metals.

The annual concentration levels of Pb, Hg, and Cd in fish were 0.227, 0.107, and
0.040, respectively (as shown in Figure 7B). This means that the fish were exposed to
high levels of heavy metals, which may be due to the fact that the Ismailia Canal in the
Al-Akrasha region receives huge amounts of sewage and industrial and agricultural waste
that contain heavy metals. Fish can normally accumulate heavy metals from food, water,
and sediments. According to several studies, fish that survive in heavily contaminated
areas might accumulate higher heavy metal levels [86-90].
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Figure 7. Average seasonal and annual concentrations of heavy metals in edible fish samples collected
from the Ismailia Canal at two sites near the Al-Akrasha region.

Concentrations of heavy metals (Hg, Pb, and Cd) in fish recorded in the current study
did not exceed the permissible level recommended by the EOS (Egyptian Organization for
Standardization and Quality), EC (European Commission), FAO (Food and Agriculture
Organization), WHO (World Health Organization), FDA (U.S. Food and Drug Adminis-
tration), NOAA (National Oceanic and Atmospheric Administration), ROPME (Regional
Report of the State of the Marine Environment), and England’s limits [91-100] (as shown in
Table S5).

The highest concentration of Pb metal was found to be in edible fish samples collected
from the Ismailia Canal at the two sites near the Al-Akrasha region, as shown in Figure 7B.
Pb is a neurotoxin that impairs behavior in vertebrates, stunts growth and survival, re-
sults in learning problems, and has a longer lasting impact on children [101]. Biological
accumulation of Pb may be used as a biomarker for lead contamination in a polluted
environment.

Table S5 shows a comparison of the concentration levels of heavy metals (Pb, Hg, and
Cd) recorded in the tilapia fish samples obtained from Ismailia Canal with other results
in Egypt and other areas around the world. The current results were low compared with
the corresponding levels found in Manzala Lake, Egypt [85,88,102]; Durban Lake, South
Africa [103]; rivers in China [104]; Pearl River, China [105]; Bangshi River, Bangladesh [106];
and the Meghna River, Bangladesh [107,108]. On the other hand, the current results were
higher than those found for the Red Sea [109]; Hurghada, Red Sea [110]; and Lake Rd,
Asafo market, Ghana [111]. Moreover, concentration levels in the current study were in
agreement with those recorded for the Galas River, Malaysia [112]; rivers in India [113];
Meghna River, Bangladesh [114]; and Gorgan Bay, and Caspian Sea, Gorgan Bay, Iran [115].
Globally, a number of studies have been performed to evaluate the potential health risks
linked to the consumption of fish containing heavy metals by humans. Some research has
identified harmful health consequences, while others reported no adverse health effects.

Dermatitis, lung fibrosis, cardiovascular and kidney disorders, and lung cancer have
all been linked to exposure to Hg, Cd, and Pb [116,117]. Global guidelines for the safe
consumption of fish have been established to reduce any potential health risks that may be
brought on by ingesting heavy metals from seafood, as shown in Table S5 [118].

3.3.2. Heavy Metals in Hair Samples

Average concentrations of metals (Cu, Pb, Cr, Ni, Zn, and Cd) in the hair of Awadallah
Factory workers in Al-Akrasha region during 2019-2020 are shown in Figure 8A—C. The
Figure shows that the concentration levels of heavy metals increased with factory work
duration (years). These results confirm that hair is a good indicator of heavy metal accumu-
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lation in the human body. The results also showed that heavy metals found in hair samples
were arranged as follows: Pb > Cu > Cr > Zn > Ni > Cd (as shown in Figure 8D).
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Figure 8. Average concentration levels of heavy metals in hair samples collected from workers
of Awadallah Factory in the Al-Akrasha region. (A) Pb; (B) Cd and Zn; (C) Ni, Cr, and Cu (D)
Arrangement of heavy metals in hair samples.

3.3.3. Heavy Metals in Blood Samples

Blood lead level (BLL) is a good marker of Pb exposure [119], as there’s no safe
exposure to lead [120]. Figure 9 shows average BLLs (1g/dL) detected in blood samples
taken from working staff at a health center branch of the Ministry of Health and Population
in Al-Akrasha, workers at Awadallah Factory, and residents living in the Al-Akrasha
region. This figure shows that the concentration levels of lead in blood were increased with
increasing duration of work or living in this region. All concentration levels found were
lower than the OSHA reference dose of lead of 40 pg/dL [40,121-123] except for in those
who had been living in Al-Akrasha for more than 30 years.

The results also showed that the lead concentration levels in the blood of females
(7.81-22.71 nug/dL) were lower than in males (9.55-27.88 pg/dL). These results may be due
to the accumulation of heavy metals in the male human body as a result of continuous
exposure to metals during work. High concentration levels of lead were detected in the
blood samples of workers at Awadallah Factory; they ranged from 17.3 to 30.0 ug/dL. In
previous studies, Kao and Rusyniak (2016) [124] and Pincus et al. (2017) [125] mentioned
that normal BLLs for adults are less than 10 pg/dL. Meanwhile, the CDCP (2019) [122] and
Markowitz (2020) [123] mentioned that abnormal BLLs for adults are greater than 40 ug/dL.
Table S6 shows a comparison of the blood lead levels (BLLs) in the current study with results
previously reported in Egypt and around the world. Regulations versus recommendations
related to adult lead exposure in the workplace are shown in Figure S2 [122,123]. The
adverse health effects of lead exposure are shown in Figure S3 [126].
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Figure 9. Average blood lead level (BLL) in blood samples taken from staff working at a health center
of the Ministry of Health and Population in Al-Akrasha, workers at Awadallah Factory, and residents
living in the Al-Akrasha region.

3.4. Risk Assessment of Heavy Metals
3.4.1. An Ecological Risk Assessment of Heavy Metals in Surface Soil

Surface soil contamination with metals pollution was evaluated using the ecological
risk assessment. In the current study, some indices (geo-accumulation index (Igeo), pollution
load index (PLI), modified contamination degree (mCd, contamination degree (CD), and
contamination factor (CF)) were evaluated.

3.4.2. Geo-Accumulation Index (Igeo)

The geo-accumulation index (Igeo) was evaluated for surface soil samples collected
from the Al-Akrasha region to determine the anthropogenic contamination. Ige, values
were classified into six classes according to Muller (1981) [42] and Tang et al. (2010) [52]
(Table 1). All sites were practically unpolluted with Cr, Ni, and Zn, while most sites were
moderately polluted with Cu. On the other hand, all sites ranged from strongly to extremely
pollute with Pb and Cd. These results could be attributed to local emissions of industrial
activities, especially from smelters in the Al-Akrasha area and at Awadallah Factory.

3.4.3. Contamination Factor (CF) and Contamination Degree (CD)

Contamination factor (CF) and contamination degree (CD) were evaluated for the
surface soil of the Al-Akrasha region to evaluate the pollution load relating to anthro-
pogenic contamination. The results of CF values (Table 2) were classified into four classes
according to Manoj et al. (2012) [48] and Sherif and Atwany (2019) [31]. All sites had low
contamination with Cr, Ni, and Zn. While most sites were considerably contaminated with
Cu, the soil was highly contaminated with Pb and Cd at all sites.

Contamination degree (CD) values were assessed as the sum of all contamination
factors of the detected metals in surface soil and classified into four classes according
to Sherif and Atwany (2019) [31] (Table 2). The results showed a very high degree of
contamination (CD > 32) at all sites, which could be attributed to emissions from industrial
activities from smelters in the Al-Akrasha region and metals deposition on the surface soil.
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Table 2. Contamination factor (CF) and contamination degree (CD).

Site

Contamination Factor (CF)

Contamination Degree (CD)

Cu Pb Cr Ni Zn Cd
Site 1 1.82 25.74 031 031 021 32.84 61.0 4+
Site 2 333 1734 031 031 031 17.14 38.7 4*
Site 3 318 2324 041 031 031 26.6% 54,0 4+
Site 4 363 1724 051 031 031 13.24 35.0 4*
Site 5 313 8.84 041 041 021 1234 2523+
Site 6 463 3044 041 041 021 28.5+4 64.4 4+
Site 7 333 9.14 051 051 041 4234 56.0 4*
Site 8 318 824 021 051 031 41.3% 53.7 4+
Site 9 4453 29.84 031 031 031 38.04 7314

Where: (1): low contamination (CF < 1); (?): moderate contamination (1 < CF < 3); (3): considerable contamination
(3 < CE<6);(*): high contamination (CF > 6). (*): low degree of contamination (CD < 8); (®*): moderate degree
of contamination (8 < CD < 16); (3*): considerable degree of contamination (16 < CD < 32); and (**): very high
degree of contamination (CD > 32).

3.4.4. Modified Contamination Degree (mCd) and Pollution Load Index (PLI)

Modified contamination degree (mCd) and pollution load index (PLI) were evaluated
for surface soil of the Al-Akrasha area to assess the pollution load due to anthropogenic
contamination. According to Sherif and Atwany (2019) [31], mCd values were classified
into six categories (Table 3). The results indicated that a third of the investigated sites were
highly contaminated, while the other sites were very highly contaminated with metals.

Table 3. Modified contamination degree (mCd) and pollution load index (PLI).

Site mCd PLI
Site 1 1024 4.74*
Site 2 6.43 5.8 4*
Site 3 9.04 9.14
Site 4 5.83 5.54*
Site 5 423 324
Site 6 10.7 4 9.6 4*
Site 7 934 10.8 4+
Site 8 9.04 6.7 4+
Site 9 1224 11.74*

Where: (°): nil to very low contamination (mCd < 1.5); (!): low contamination (1.5 < mCd < 2); (?): moderate
contamination (2 < mCd < 4); (%): high contamination (4 < mCd < 8); *): very high contamination (8 < mCd < 16);
(®): extremely high contamination (16 < mCd < 32); (°): ultra h1§h contamination (mCd > 32). (*): background
concentration (PLI = 0); (2*): perfection—unpolluted (PLI < 1); (°*): baseline pollution (PLI = 1); and (4*): highly
polluted (PLI > 1) indicating deterioration of site quality.

Moreover, pollution load index (PLI) values estimated the metal contamination status
of the detected metals in the surface soil and were classified into four categories according
to Sherif and Atwany (2019) [31] (Table 3). The results of the PLI values shown in Table 3
indicate the deterioration of the environmental quality at all sites due to severe contami-
nation with metals in the surface soil, which could be attributed to the contribution from
industrial activities in the Al-Akrasha area.
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3.5. Health Risk Assessment
3.5.1. Exposure Dose (D) of Heavy Metals in PM;( and Surface Soil

Exposure doses (D) of different pathways (D inhatations D dermal contacts a1d D ingestion)
for heavy metals (Pb, Cu, Ni, Cr, Cd, and Zn) in atmospheric PM;g and surface soil for
infants, children, and adults in the Al-Akrasha region were estimated and are shown in
Table S7. In addition, average daily doses (ADDs) of metals were assessed across all sites
for infants, children, and adults during 2019-2020. The results in Table S7 showed that the
lowest ADDs of all metals were found to be for Site 8, which is the farthest from Awadallah
Factory, while the highest ADDs were for Site 6 and Site 7, which are the closest to and
downwind of Awadallah Factory (as shown in Figure 1).

Figure 10 shows the contribution percentage of exposure doses pathways (inhalation,
dermal contact, and ingestion) of heavy metals for infants, children, and adults in the
Al-Akrasha region. It was found that ingestion is the dominant pathway for metals to enter
the human body in the Al-Akrasha region. The exposure pathways for infants, children,
and adults were arranged as follows: ingestion >>> dermal contact > inhalation. These
results could relate to the main food consumed in the Al-Akrasha region, such as fish,
vegetables, fruits, and bread, being contaminated with ambient dust, water, and soil that
contain heavy metals. In addition, adults were exposed to the largest percentage of average
daily doses of metals due to eating food during work and with hands contaminated with
dust, which may contain large amounts of metals.
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Figure 10. Contribution percentage of exposure dose pathways (inhalation, dermal contact, and
ingestion) of heavy metals for infants, children, and adults in the Al-Akrasha region.

3.5.2. Non-Carcinogenic Risk

The hazard quotient (HQ) of different exposure pathways (HQinnatations HQdermal contact
and HQjngestion) for heavy metals (Pb, Cu, Ni, Cr, Cd, and Zn) in PM; and surface soil
in the Al-Akrasha region were assessed as shown in Table S8. The results show that the
HQ values for each heavy metal in PM;y and surface soil samples were less than 1 for
exposure through inhalation and dermal contact pathways, indicating no obvious risk
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according to Gu et al. (2017) [59] and Bat et al. (2020) [60]. However, the HQ values for
ingestion exposure were higher than 1, which indicates a moderate or high risk of adverse
effects in humans according to Bat et al. (2020) [60]. Moreover, Table S9 shows the hazard
index (HI) values of heavy metals in PM;g and surface soil at the investigated sites. HI is
used to describe the cumulative non-carcinogenic effect. HI values were > 1, suggesting a
moderate to high probability of having risk effects on humans [60].

3.5.3. Carcinogenic Risk

The carcinogenic risk (R) of different exposure pathways (Rinhalations Rdermal contacts
and Ringestion) for heavy metals (Pb, Cr, Ni, and Cd) in PMyg and surface soil samples in
the Al-Akrasha region were assessed as shown in Table S10. R-values of heavy metals in
PM;g and surface soil samples were less than 10~° for exposure by inhalation and dermal
contact pathways, indicating a nonsignificant effect [60], with the exception of Pb and Cr
for dermal contact, which reported R-values of 1076 < R < 10~%, which is considered an
allowable or tolerable risk [60].

Furthermore, R-values for ingestion exposure were higher than 10~ indicating sig-
nificant human effects [60]. In addition, Table S11 shows the carcinogenic risk index (RI)
of heavy metals in PM;( and surface soil at the investigated sites. The results in this table
show that RI > 10~#, which indicates that there are significant human effects [60].

3.6. Health Risk Assessment of Fish Consumption
3.6.1. Bio-Accumulation Factors (BAFs)

The bio-accumulation factors (BAFs) of heavy metals (Pb and Cd) in edible tilapia fish
collected from Ismailia Canal at two sites near the Al-Akrasha area during 20192020 were
evaluated as shown in Figure 11. It was found that BAF values of Cd were 350% and 198%
at sites A and B, respectively, which are higher than 100%, indicating bio-accumulation
of Cd in the fish samples according to Kwoka et al. (2014) [61]. BAF values of Pb were
lower than 100% (50% and 7%) at the same sites (A and B, respectively), indicating no
bio-accumulation of Pb in the fish samples.
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Figure 11. The bio-accumulation factors (BAFs) of heavy metals (Pb and Cd) in edible tilapia fish
samples collected from Ismailia Canal at two sites (A and B) near the Al-Akrasha area during
2019-2020.
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Estimated daily intake (EDI) of heavy metals (Pb and Cd) was evaluated in edible
tilapia fish collected from Ismailia Canal at two sites near the Al-Akrasha region during
2019-2020 (Figure S4). The results showed that the estimated daily intake (EDI) values of
Cd were 3.9 x 107°—4.6 x 10~° mg/kg/day for infants, 2.7 x 107°-3.2 x 107> mg/kg/day
for chilren, and 4.6 x 107°-5.4 x 107> mg/kg/day for adults. Meanwhile, the estimated
daily intake (EDI) values of Pb were 2.6 x 107°-3.0 x 107> mg/kg/day for infants,
1.8 x 1075-2.0 x 107> mg/kg/day for children, and 3.1 x 107°-3.5 x 107> mg/kg/day
for adults. Figure 54 shows that EDI values of Cd were higher than those of Pb, and the
EDI values are arranged as EDIa g1t > EDIpngant > EDIchiidren- This means that adults had a
higher daily intake of Pb and Cd due to the consumption of fish from Ismailia Canal near
the Al-Akrasha region, and the risk of exposure for infants was greater than for children.

3.6.2. Non-Carcinogenic Risk

The hazard index (HI) and target hazard quotient (THQ) of heavy metals (Pb and
Cd) in edible tilapia fish were assessed and shown in Figure S5. The results showed that
THQ values were less than 1, indicating that they do not reflect any obvious risk according
to Gu et al. (2017) [59] and Bat et al. (2020) [60]. In addition, HI < 1 indicates that no
non-carcinogenic health risk is expected to occur [60].

3.6.3. Carcinogenic Risk

The risk index (RI) for heavy metals (Pb and Cd) in edible tilapia fish was assessed
and is shown in Figure S6. While the risk index (RI) of Pb was <10~°, indicating that
the carcinogenic risk was considered non significant, the RI of Cd was 107 <RI< 1074,
indicating that the carcinogenic risk was considered allowable or tolerable according to
Bat et al. (2020) [60].

3.7. Meteorological Parameters

Meteorological data were used for the wind rose program to compute the relative fre-
quencies of occurrence of seven wind speed classes and eight cardinal directions (Figure S7).
The generation and distribution of air pollutants were significantly influenced by the mete-
orological conditions. Wind speed, wind direction, and rainfall had significant correlations
with levels of pollutants in the Al-Akrasha area during 2020 (Figure S7). The figure shows
that the most predominant wind speed direction corresponded with sites of higher concen-
tration levels of pollutants.

4. Conclusions
Based on the current study, the following can be concluded:

O  The heavy metal concentration levels in PMjg of Al-Akrasha region were higher than
the national and international guidelines and were arranged as follows: Fe > Mn > Pb
> Al >Cu > Cr> B> Ag> Ni> Zn > As > Cd. However, the corresponding heavy
metal concentrations in the surface soil of the region were lower than the guideline
values and were arranged as follows: Pb > Cu > Cr > Ni > Zn > Cd (i.e., similar
consequence of detected metals in PM;y samples).

O  The highest concentration levels of most heavy metals in PM;g and surface soil in this
region were found near Awadallah Factory for Melting, Refining, and Manufacturing
of Lead as well as within the industrial areas close to foundries, metal forming, and
various industrial activities. Pb had the highest concentration in the surface soil
samples in the Al-Akrasha region, while Cd had the lowest. Concentrations of heavy
metals in surface soil samples of different sizes revealed that there was an inverse
correlation between the concentrations of metals (Pb, Cu, Ni, Cr, Cd and Zn) in surface
soils and the size of the soil particles. According to different factors that indicate soil
contamination, it can be concluded that Al-Akrasha surface soils were highly to very
highly contaminated with metals, especially Pb and Cd.
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According to the biomarker results, heavy metal levels in edible tilapia fish collected
from Ismailia Canal near the Al-Akrasha region indicated seasonal variations in metals
in fish organs, which could be attributed to physicochemical and biological factors
of the environmental ecosystems of the canal water. The highest concentrations of
Pb, Hg, and Cd in tilapia fish occurred during the summer season, and the annual
concentrations were 0.227, 0.107, and 0.040, respectively. These heavy metal levels in
fish may be due to the Ismailia Canal receiving huge amounts of contaminated sewage
and industrial and agricultural waste. Concentrations of heavy metals (Hg, Pb, and
Cd) in fish recorded in the current study did not exceed the recommended guidelines.
Additionally, heavy metals found in hair samples collected from workers of Awadallah
Factory in the Al-Akrasha region were arranged as follows: Pb > Cu > Cr > Zn > Ni >
Cd. Their concentrations increased with the duration of work, which confirmed that
hair is a good indicator of heavy metal accumulation in the human body. Lead levels in
blood samples collected from workers and residents also increased with an increasing
duration of working or living in the Al-Akrasha region. All lead concentration levels
found in blood samples were lower than the OSHA reference dose of lead (40 pg/dL)
except for in citizens who had been living in Al-Akrasha for more than 30 years. Lead
concentration levels in the blood of females were lower than those found in males.
The ecological risk assessment of heavy metals in the Al-Akrasha region showed
that all sites were practically unpolluted with Cr, Ni, and Zn, while most of sites
were moderately polluted with Cu. On the other hand, all sites ranged from strongly
to extremely pollute with Pb and Cd. These results could be attributed to local
emissions of industrial activities, especially from smelters in the Al-Akrasha area and
Awadallah Factory.

The health risk assessment due to the exposure to heavy metals in PM;( and surface
soil concluded that ingestion is the dominant pathway for metals to enter the human
body in the Al-Akrasha region. The exposure pathways for infants, children, and
adults were arranged as ingestion >>> dermal contact > inhalation sequence. Adults
were exposed to the largest average daily dose of metals due to eating food during
work and with hands contaminated with dust. The carcinogenic risk (R values) was
less than 10~° for exposure by inhalation and dermal contact pathways, indicating
a nonsignificant effect, except for Pb and Cr by dermal contact, with R values of
107% < R < 1074, which is considered allowable or tolerable. The R values for exposure
by ingestion were higher than 10~#, indicating that there are significant human
health effects.

The results of the non-carcinogenic risk assessment concluded that the hazard quotient
(HQ) values of each heavy metal in PMjy and surface soil samples reflected no
obvious risk through inhalation and dermal contact pathways, whereas the HQ
values for ingestion exposure indicated a moderate or high risk of adverse effects in
humans according to Gu et al. (2017) and Bat et al. (2020) [60]. The cumulative non-
carcinogenic effect (HI) was > 1, indicating the presence of moderate or high adverse
risks to human health. It can also be concluded that there was bio-accumulation
of Cd in edible tilapia fish collected from Ismailia Canal, while there was no bio-
accumulation of Pb in the fish. Adults had a higher daily intake of Pb and Cd due to
the consumption of fish, and the risk of exposure was greater for infants than children.
The risk index (RI) of Pb in edible tilapia fish samples was < 10, indicating that the
carcinogenic risk was considered nonsignificant. The risk index (RI) of Cd was 1076 <
RI < 10~*, indicating that the carcinogenic risk was considered allowable or tolerable
according to Bat et al. (2020) [60].

Highlight the Significance/Novelty of the Study

This study was the first to evaluate the ecological and health risk assessments of heavy

metals in a diverse industrial area in Al-Akrasha, Egypt.

O  The results of this study indicate:
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1) The concentration levels of select metals (Pb, Cu, Mn, Zn, Cr, Cd, Ni, Al, and
Fe) in particulate matter (PMjg) in the air and surface soils at industrial sites
located in Al-Akrasha, Qalyubia, Egypt.

2) The concentration levels of select metals in edible tilapia fish, hair and blood
of workers, and the population living in the Al-Akrasha area as biomarkers of
contamination with these metals.

O  The results indicate the ecological and health risks (non-carcinogenic and carcinogenic
risks) of these metals to the workers and residents living in this area.

O Ingestion is the dominant pathway for metals to enter the human body in the Al-
Akrasha region.

O  Adults had a higher daily intake and exposure risk than infants and children.
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