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Abstract: Airborne particulate samples were collected from three main squares (Ramsis, El Giza,
and Sphinx) representing heavy traffic areas in Greater Cairo during the period of December
2015–February 2016, and analysed for polycyclic aromatic hydrocarbon (PAHs). The maximum
concentrations of particle-bound PAHs were observed at El Giza, while the minimum levels were
recorded at Sphinx. The levels of particle-bound PAHs in the square areas of Greater Cairo are higher
than those found in many different locations in Egypt and around the world.The distribution of
individual particle-bound PAHs as well as PAH categories, depending on the ring number in Ramsis,
El Giza, and Sphinx, wasquite similar. This similarity implies similar emission sources of PAHs in the
three square areas, with vehicle exhaust emissions being the dominant one. Benzo[b]fluoranthene
(BbF), benzo[ghi]perylene (BGP), and indeno[1,2,3-cd]pyrene(IND) were the most abundant PAH
compounds. Diagnostic concentration ratios of PAH compounds in the three square locations suggest
that both petrogenic and pyrogenic sources emit these compounds. Moreover, they originate mainly
from traffic emissions in the study areas. Based on the calculated benzo[a]pyrene equivalent (BaPeq)
for the individual particle-bound PAH compounds, health risks associated with the inhalation
of these compounds were assessed. Total carcinogenic activity (TCA) for all measured PAHs
represented 20.03% (El Giza), 20.40% (Ramsis), and 20.60% (Sphinx) of the total PAH concentrations.
Benzo[a]pyrene (BaP) and dibenz[a,h]anthracene (DBA) were the highest contributors to the total
health risks; these accounted for 42.72% and 38.50% (El Giza), 41.79% and 39.17% (Ramsis), and 42.92%
and 37.78% (Sphinx) of the TCA of all PAH compounds, respectively. These results indicate the
importance of BaP and DBA as surrogate compounds for PAHs in the atmosphere of square areas of
Greater Cairo.

Keywords: particle-bound PAHs; concentrations; distribution; diagnostic ratio; traffic emissions;
health risk assessment; square areas; Greater Cairo

1. Introduction

Airborne particulate matter contains both organic and inorganic pollutants. One of the
most important organic pollutants in urban environments are polycyclic aromatic hydrocarbons
(PAHs) [1,2]. These organic compounds constitute of only carbon and hydrogen and are widely
distributed in the environment, and arranged in two or more aromatic rings [3,4]. Recently,
PAH compounds have received a great deal of attention due to their known harmful effects on
human and environmental health [5–7]. Although there are hundreds of PAHs in the environment,
only 16 of these compounds are included in the priority pollutants list of US EPA [8]. Several PAH
compounds have carcinogenic, cytotoxic, mutagenic, and allergenic potential [9–13]. Most high
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molecular weight PAH compounds, which occur mainly in the particulate phase, [9] are carcinogenic
and/or mutagenic [10,14]. PAH compounds with low molecular weight are less harmful to human
health compared to PAH compounds with high molecular weight; however, they can form toxic PAHs
from the reaction with ozone and nitrogen oxides [15].

Atmospheric PAHs have both natural and anthropogenic sources [16–18]. Forest fires and
volcanoes are the natural emission sources of PAHs [19,20], whereas both pyrogenic and petrogenic
are the anthropogenic PAH sources. Atmospheric PAHs produced during fossil fuel and biomass
combustions are pyrogenic, while petrogenic PAH sources include volatilization and unburned fossil
fuel emission [21]. Incomplete combustion and/or pyrolysis of fossil fuels, as well as other organic
materials, emit anthropogenic PAH compounds in the atmosphere of urban and industrial areas [22].
Traffic emissions, tire wear debris, asphalt particles, resuspended soils, and electric power plants are
the major sources of PAHs [23–25]. Previous studies reported that PAHs were found in high levels
in urban atmosphere with high traffic density and low atmospheric dispersion [26,27]. PAHs are
associated with fine aerosol particles [28,29]. Furthermore, they can be transported into and/or
between environmental compartments [30]. PAHs are distributed between gaseous and particulate
phases in the atmosphere according to their vapor pressure, and can be dispersed and transported
over large areas, followed by dry and/or wet deposition in the soil and other environmental surfaces
such as vegetation, water bodies, and ground surfaces (streets and roads) [31–33].

As the vehicle numbers in traffic areas are continuously increasing, generated pollutant loads from
traffic will force an even greater impact on human and ecosystem health. Therefore, the relationship
between traffic characteristics and atmospheric pollution loads worth investigation is required to
formulate appropriate strategies to mitigate the adverse impacts on air quality. The information on the
concentrations, distribution, sources, and health risks associated with PAH compounds in heavy traffic
areas (squares) of Greater Cairo is not enough. Previous studies focused on the level and distribution
of PAHs in suspended particulate collected from urban, industrial, and residential areas of Greater
Cairo [6,34]. Thus, the aims of this study are: (1) To evaluate the atmospheric levels of particle-bound
PAHs in total suspended particulate (TSP) in three heavy traffic areas (squares) in Greater Cairo; (2) to
describe the distribution of particle-bound PAHs in TSP in the heavy traffic areas; (3) to identify the
possible sources of these particle-bound PAHs based on their diagnostic ratios; and (4) to assess the
health risks that are associated with the inhalation of particle-bound PAHs in the heavy traffic areas.

2. Materials and Methods

2.1. Sampling Sites and Periods

Greater Cairo is composed of four main sections, including the City of Cairo, Giza governorate,
and Shoubra EI-Kheima. Full details of the study areas can be found elsewhere [35]. Briefly,
Greater Cairo is the most populous city in Africa with a population of over 22 million, extending for
almost 50 km along the sides of the River Nile. Greater Cairo houses most of the polluting activities in
the country. Consequently, it is one of the most polluted megacities in the world, due to the higher
emission of air pollutants from industrial activities in Shoubra El-Kheima and southwest of Giza
(Helwan), a thermal power station, and more than 2.3 millions vehicles running in the street. The low
wind speeds and the frequent inversions, coupled with a high rate of emission in the area, have resulted
in a high local pollution load.

Three sampling sites representing the traffic areas (main squares) in Greater Cairo were selected
for the collection of TSP sampling. These sites are Ramsis Square, El Giza Square in Giza, and Sphinx
Square. Information concerning the sampling sites is shown in Figure 1. All samples were collected
from a point approximately 9 m above ground level in the traffic areas. Daily (24 h) samples were
collected during the period of December 2015–February 2016.
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Figure 1. Map of Greater Cairo showing the sampling site.

TSP samples were collected through glass fiber filters of Whatman GI: A type (20 cm × 25 cm)
using high volume air samplers (General Metal Works Inc., Bensalem, PA, USA), operated at a flow
rate of 1.13 m3/min. The samples were collected twice per week. Prior to air sample collection,
the cleaning procedures were applied to glass fiber filters. The filters were combusted at 450 ◦C for
12 h to remove organic impurities and allowed to cool to room temperature in desiccators, and then
stored in aluminum foil packages until used. Field blanks were collected through putting another set
of glass fiber filters in the sampling site for the same duration with the same steps, without operating
the high volume air sampler.

2.2. Chemical Analysis

Details of the sampling extraction and analysis can be found elsewhere [6]. Briefly, particle-bound
PAH compounds were extracted from the TSP samples using Soxhlet apparatus, and extracted with
DCM/n-hexane mixture (50/50, v/v) for 24 h, according to Fang et al. [36]. The organic extracts
were then concentrated using a rotary evaporator, and cleaned with clean silica gel/alumina columns
consisting of 5 g anhydrous sodium sulfate, 20 g silica gel (deactivated 5% with distilled water), 10 g
alumina (deactivated 1% with distilled water), 5 gm sand, and glass wool [15,37,38]. The extracts were
concentrated, exchanged to 2 mL hexane, placed on the columns, and eluted with dichloromethane
(200 mL). The eluted extracts were concentrated on a rotary evaporator and exchanged to 1 mL hexane,
and stored in a freezer until analysis.

For particle-bound PAH analysis, a 1-µL extract was withdrawn from the samples, including the
blank samples, and injected into a Hewlett–Packard gas chromatography (GC; model HP6890),
fitted with a flame ionization detector (FID). An HP-5 (30 m× 320 µm×0.25 µm) capillary column
was used with hydrogen as carrier gas. The concentrations of the target PAH compounds were
quantified through an external standard solution of 15 PAH compounds (PAH mixture, Supelco, Inc.,
St. Louis, MO, USA). The limit of detection for the measured individual PAH compounds varied
from 0.04 to 0.08 ng/m3. The target particle-bound PAH compounds included naphthalene (NA),
acenaphthylene (ACY), acenaphthene (ACE), fluorine (FLU), phenanthrene (PHE), anthracene (ANT),
fluoranthene (FLT), pyrene (PYR), benz[a]anthracene (BaA), chrysene (CRY), benzo[b]fluoranthene
(BbF), benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DBA), benzo[ghi]perylene (BGP), and indeno
[1,2,3,-cd]pyrene (IND).

According to the number of aromatic rings, particle-bound PAH compounds were classified
into two aromatic rings (NA), three aromatic rings (ACY, ACE, FLU, PHE, and ANT), four aromatic
rings (FLT, PYR, BaA, and CRY), five aromatic rings (BbF, BaP, and DBA), and six aromatic rings
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(IND and BGB). Moreover, the two- and three-ring particle-bound PAH compounds were classified as
low molecular weight (LMW) PAH compounds, and the four- and five-ring PAH compounds were
classified as middle molecular weight (MMW) PAH compounds. Meanwhile, six-ring PAH compounds
were classified as high molecular weight (HMW) PAH compounds.

3. Results and Discussion

3.1. Spatial Variations of PAHs

The average concentrations of the individual particle-bound PAH compounds in the three
study traffic areas (square) are presented graphically in Figure 2. This figure shows that the most
abundant particle-bound PAHs were BBF, BGP, IND, PYR, and CRY in these square areas. The average
concentrations of individual PAH compounds ranged from 70.09 ng/m3 (ACY) to 980.96 ng/m3

(BbF) at El Giza Square, from 45.23 ng/m3 (ACY) to 927.32 ng/m3 (BbF) at RamsisSquare, and from
38.29 ng/m3 (ACY) to 880.22 ng/m3 (BbF) at Sphinx Square. Based on ring number, the concentrations
of particle-bound PAH categories in the study areas during the study period are shown in Figure 3.
From this figure, it can be noticed that particle-bound PAHs with five aromatic rings were the most
abundant, followed by those with four and six aromatic rings, those with three aromatic rings,
and those with two aromatic rings in the different study areas. The concentrations were 1915, 1791,
and 1676 ng/m3 for five aromatic rings, 1637, 1466, and 1311 ng/m3 for four aromatic rings, 1551,
1477, and 1413 ng/m3 for six aromatic rings, 547, 435, and 344 ng/m3 for three aromatic rings, and 86,
65, and 44 ng/m3 for two aromatic rings at the El Giza, Ramsis, and Sphinx Square, respectively.
In addition, the concentrations of the Σ PAH 15 compounds in the study areas are presented in
Figure 4. This figure shows the highest total particle-bound PAH compounds were found at El Giza
Square, whereas the lowest concentration was observed inthe Sphinx Square area. The concentrations
of the Σ PAH 15 compounds were 5735, 5234, and 4787 ng/m3 at El Giza, Ramsis, and Sphinx
Square, respectively. Since traffic emissions are the main sources of particle-bound PAH compounds
in the square areas, the relative differences in concentrations of particle-bound PAH compounds
at both El Giza and Ramsis Squares and Sphinx Square may be due to the relative differences
in traffic emissions, which are due to the differences in traffic density. This is in agreement with
previous investigators, who found that vehicle traffic is the major source of PAH compounds in the
atmosphere [6,39–41], and gasoline exhaust particles are considered the main source of atmospheric
PAH compounds [40,42,43].

Atmosphere 2018, 9, x FOR PEER REVIEW  4 of 15 

 

molecular weight (LMW) PAH compounds, and the four- and five-ring PAH compounds were 
classified as middle molecular weight (MMW) PAH compounds. Meanwhile, six-ring PAH 
compounds were classified as high molecular weight (HMW) PAH compounds. 

3. Results and Discussion 

3.1. Spatial Variations of PAHs 

The average concentrations of the individual particle-bound PAH compounds in the three study 
traffic areas (square) are presented graphically in Figure 2. This figure shows that the most abundant 
particle-bound PAHs were BBF, BGP, IND, PYR, and CRY in these square areas. The average 
concentrations of individual PAH compounds ranged from 70.09 ng/m3 (ACY) to 980.96 ng/m3 (BbF) 
at El Giza Square, from 45.23 ng/m3 (ACY) to 927.32 ng/m3 (BbF) at RamsisSquare, and from 38.29 
ng/m3 (ACY) to 880.22 ng/m3 (BbF) at Sphinx Square. Based on ring number, the concentrations of 
particle-bound PAH categories in the study areas during the study period are shown in Figure 3. 
From this figure, it can be noticed that particle-bound PAHs with five aromatic rings were the most 
abundant, followed by those with four and six aromatic rings, those with three aromatic rings, and 
those with two aromatic rings in the different study areas. The concentrations were 1915, 1791, and 
1676 ng/m3 for five aromatic rings, 1637, 1466, and 1311 ng/m3 for four aromatic rings, 1551, 1477, and 
1413 ng/m3 for six aromatic rings, 547, 435, and 344 ng/m3 for three aromatic rings, and 86, 65, and 44 
ng/m3 for two aromatic rings at the El Giza, Ramsis, and Sphinx Square, respectively. In addition, the 
concentrations of the Σ PAH 15 compounds in the study areas are presented in Figure 4. This figure 
shows the highest total particle-bound PAH compounds were found at El Giza Square, whereas the 
lowest concentration was observed inthe Sphinx Square area. The concentrations of the Σ PAH 15 
compounds were 5735, 5234, and 4787 ng/m3 at El Giza, Ramsis, and Sphinx Square, respectively. 
Since traffic emissions are the main sources of particle-bound PAH compounds in the square areas, 
the relative differences in concentrations of particle-bound PAH compounds at both El Giza and 
Ramsis Squares and Sphinx Square may be due to the relative differences in traffic emissions, which 
are due to the differences in traffic density. This is in agreement with previous investigators, who 
found that vehicle traffic is the major source of PAH compounds in the atmosphere [6,39–41], and 
gasoline exhaust particles are considered the main source of atmospheric PAH compounds [40,42,43]. 

 
Figure 2. Comparison of the concentrations of each individual polycyclic aromatic hydrocarbon 
(PAH) compound in total suspended particulate matter collected from El Giza, Ramsis, and Sphinx 
Square. 

Figure 2. Comparison of the concentrations of each individual polycyclic aromatic hydrocarbon (PAH)
compound in total suspended particulate matter collected from El Giza, Ramsis, and Sphinx Square.



Atmosphere 2018, 9, 368 5 of 15
Atmosphere 2018, 9, x FOR PEER REVIEW  5 of 15 

 

 
Figure 3. Comparison of the concentrations of PAH compound in total suspended particulate matter 
collected from El Giza, Ramsis, and Sphinx Square, based on aromatic ring number. 

 

Figure 4. Comparison of the concentrations of the total PAH compounds in total suspended 
particulate matter collected from El Giza, Ramsis, and Sphinx Square. 

In the present study, the average concentration of total particle-bound PAH compounds at El 
Giza (5735 ng/m3), Ramsis (5234 ng/m3), and Sphinx (4787 ng/m3) and all the study square areas (5252 
ng/m3) was higher than that found in Cairo City Center (Cairo, Egypt) (3402.8 ng/m3) and in Faysal 
(Giza) (1904.2 ng/m3) by Hassan [34], in Dokki (Giza) (1429.74 ng/m3) by Hassan and Khoder [6], in 
Taiyuan city (1504.7 ng/m3) by Peng et al. [44], in New Delhi (India) (891 ng/m3) by Sharma et al. [45], 
and in Jeddah (Saudi Arabia) (4.97 ng/m3) by Alghamdi et al. [46]. These results clearly indicate the 
levels of particle-bound PAHs in the square areas of Greater Cairo are higher than those found in 
many different locations in Egypt and around the world. 

3.2. Distribution of PAH Compounds 

The relative contribution of the individual particle-bound PAH compounds to the total particle-
bound PAH concentrations in the three square areas during the period of this study are presented 

Figure 3. Comparison of the concentrations of PAH compound in total suspended particulate matter
collected from El Giza, Ramsis, and Sphinx Square, based on aromatic ring number.

Atmosphere 2018, 9, x FOR PEER REVIEW  5 of 15 

 

 
Figure 3. Comparison of the concentrations of PAH compound in total suspended particulate matter 
collected from El Giza, Ramsis, and Sphinx Square, based on aromatic ring number. 

 

Figure 4. Comparison of the concentrations of the total PAH compounds in total suspended 
particulate matter collected from El Giza, Ramsis, and Sphinx Square. 

In the present study, the average concentration of total particle-bound PAH compounds at El 
Giza (5735 ng/m3), Ramsis (5234 ng/m3), and Sphinx (4787 ng/m3) and all the study square areas (5252 
ng/m3) was higher than that found in Cairo City Center (Cairo, Egypt) (3402.8 ng/m3) and in Faysal 
(Giza) (1904.2 ng/m3) by Hassan [34], in Dokki (Giza) (1429.74 ng/m3) by Hassan and Khoder [6], in 
Taiyuan city (1504.7 ng/m3) by Peng et al. [44], in New Delhi (India) (891 ng/m3) by Sharma et al. [45], 
and in Jeddah (Saudi Arabia) (4.97 ng/m3) by Alghamdi et al. [46]. These results clearly indicate the 
levels of particle-bound PAHs in the square areas of Greater Cairo are higher than those found in 
many different locations in Egypt and around the world. 

3.2. Distribution of PAH Compounds 

The relative contribution of the individual particle-bound PAH compounds to the total particle-
bound PAH concentrations in the three square areas during the period of this study are presented 

Figure 4. Comparison of the concentrations of the total PAH compounds in total suspended particulate
matter collected from El Giza, Ramsis, and Sphinx Square.

In the present study, the average concentration of total particle-bound PAH compounds at El
Giza (5735 ng/m3), Ramsis (5234 ng/m3), and Sphinx (4787 ng/m3) and all the study square areas
(5252 ng/m3) was higher than that found in Cairo City Center (Cairo, Egypt) (3402.8 ng/m3) and
in Faysal (Giza) (1904.2 ng/m3) by Hassan [34], in Dokki (Giza) (1429.74 ng/m3) by Hassan and
Khoder [6], in Taiyuan city (1504.7 ng/m3) by Peng et al. [44], in New Delhi (India) (891 ng/m3) by
Sharma et al. [45], and in Jeddah (Saudi Arabia) (4.97 ng/m3) by Alghamdi et al. [46]. These results
clearly indicate the levels of particle-bound PAHs in the square areas of Greater Cairo are higher than
those found in many different locations in Egypt and around the world.

3.2. Distribution of PAH Compounds

The relative contribution of the individual particle-bound PAH compounds to the total
particle-bound PAH concentrations in the three square areas during the period of this study
are presented graphically in Figure 5. This figure shows that the contribution of the individual
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particle-bound PAH compounds generally increased with increasing molecular weight in all square
areas. The similarity in the distribution of individual PAH compounds in thethree square areas
indicates similar emission sources of PAHs in these areas; traffic emissions are the common
denominator.The most abundant particle-bound PAHs were BBF, BGP, and IND, whereas NA, ACY,
and ACE were least abundant in the three square areas. The distribution of PAH categories based
on ring number indicates that the particle-bound PAHs with four to six aromatic rings (89% at El
Giza, 90% at Ramsis, and 92% at Sphinx) were predominant (Figure 6). This is in agreement with
previous investigators, who found that the distribution of particle-bound PAH compounds depends on
molecular weight [47,48]. Fon et al. [49] and Kishida et al. [50] reported that those with four to six PAH
rings were the predominant particle-bound PAHs. PAHs with higher molecular weight are minimally
volatile and attached to the particulate state, while PAHs with lower molecular weight are often
found in a gaseous state [51,52]. In the present study, the predominance of heavy molecular weight
PAH compounds in particulate matter in the three square areas indicates that a significant fraction of
particle-bound PAHs are emitted from traffic due to the incomplete combustion of fuel [30,43,53–57].
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3.3. Source Identification and Evaluation of Diagnostic Ratios

To identify and distinguish the possible sources of atmospheric PAHs, the concentration ratios
of the individual particle-bound PAHs as diagnostic tools are used [58,59]. For example, PHE/ANT,
ANT/(ANT + PHE), FLT/PYR, FLT/(FLT + PYR), BaP/BGP, BaA/CRY, and IND/BGP are the most
commonly used ratios. Lohmann et al. [60] and Ding et al. [61] used the ratio of a more reactive PAH
to less reactive PAH to give information about the source identification, photochemical degradation
of PAHs, and the aging of the air mass. For example, BaA/CRYconcentration ratio is used as an
indicator of aging air masses; aging of atmospheric particulate matter. Lohmann et al. [60] stated that
a value of the concentration ratio of BaA/CRY which is higher than 0.40 indicates that the pollution
is freshly emitted and photochemical processing of the air mass is relatively lower, while a value of
the concentration ratio which is lower than 0.40 indicates that the major sources of particle-bound
PAH compounds are not local, or the air masses are aged. The diagnostic concentration ratios
of selected particle-bound PAH compounds in the three square areas are presented graphically in
Figure 7. The mean concentration ratios of BaA/CRY were 0.58 at El Giza, 0.56 at Ramsis, and 0.54
at Sphinx Square, indicating freshly emitted particle-bound PAH compounds from local emission
sources, or that the air masses were not aged. Both BaA/CRY and BaP/BGP concentration ratios
are used to identify the sources of PAH emission. The value of the BaA/CRY concentration ratio
for vehicle emissions is 0.53 [62]. Moreover, the value of the BaP/BGP concentration ratio which is
higher than 0.60 indicates the presence of traffic emissions [63]. The mean values of both BaA/CRY
and BaP/BGP concentration ratios were 0.58 and 0.59 at El Giza, 0.0.56 and 0.56 at Ramsis, and 0.54
and 0.56 at Sphenix, respectively (Figure 7). These ratios suggest that vehicular exhaust emissions are
the main sources of atmospheric PAHs. Both the values of IND/BGP and BaA/CRY concentration
ratios are also used to identify the traffic sources. The concentration ratio of IND/BGP is about 0.40
for gasoline engines, while the ratio approaches 1.00 for diesel engine [64]. The value of BaA/CRY
concentration ratios for gasoline engines ranged from 0.28 to 1.20, while the value ranged from
0.17 to 0.36 for diesel engines [51,59]. In the present study, the average IND/BGP and BaA/CRY
concentration ratios were 0.0.87 and 0.58 at El Giza, 0.86 and 0.56 at Ramsis, and 0.87 and 0.54 at
Sphinx, respectively, indicating contribution of gasoline and diesel vehicles [65]. Both PHE/ANT
and FLT/PYR concentration ratios are used to differentiate between the emissions of PAHs from
petrogenic versus pyrogenic sources. Baumard et al. [66] reported that a PHE/ANT concentration
ratio <10 and a FLT/PYR concentration ratio >1.00 suggest that PAH compounds were emitted from a
pyrogenic source, whereas a PHE/ANT ratio >15.00 and an FLT/PYR concentration ratio <1.00 indicate
petrogenic origins of PAH compounds. In the present study, the average PHE/ANT and FLT/PYR
concentration ratios were 1.70 and 0.45 at El Giza, 1.23 and 0.44 at Ramsis, and 1.30 and 0.44 at Sphinx,
respectively (Figure 7). These results indicate that PAH compounds in the three square areas were
emitted from both petrogenic and pyrogenic sources. Moreover, the value of the ANT/(ANT + PHE)
concentration ratio is used to assess the presence of PAHs from fossil fuels inputs [67], an ANT/(ANT
+ PHE) ratio <0.1 indicates non-burned fossil fuel inputs, whereas the combustion sources may prevail
if the ratio >0.1. The average ANT/(ANT + PHE) concentration ratios in the present study were 0.37 at
El Giza, 0.45 at Ramsis, and 0.43 at Sphinx, suggesting combustion-related emission sources.

To distinguish the possible emissions of PAHs from stationary versus mobile combustion sources,
the concentration ratio of the total concentrations of eight combustion-related non-alkylated PAH
compounds (CPAHs = FLT, PYR, BaA, CRY, BbF, BaP, IND, and BGP) to the total concentration
PAH compounds (CPAHs/∑PAHs) is used as a characteristic diagnostic parameter. Rogge et al. [68]
concluded that the value of a CPAHs/∑PAHs concentration ratio would be less than one for
particle-bound PAH compounds from mobile sources. The average CPAH/∑PAH concentration
ratios in the three investigated square areas are presented graphically in Figure 8. From this figure,
the average CPAHs/∑PAHs concentration ratios were 0.81 at El Giza, 0.83 at Ramsis, and 0.84 at
Sphinx Square. This result indicates that the mobile sources are the principal particle-bound PAH
compound contributor to the square area atmosphere of Greater Cairo.
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3.4. Health Risk Assessment of Particle-Bound PAH Compounds in the Square Areas

USEPA [69] reported the probable carcinogenic PAHs, including BaA, BbF, BaP, DBA, and IND.
The relative contribution of the concentrations of the individual and total carcinogenic PAH compounds
(BaA, BbF, BaP, DBA, and IND) to the total concentrations of PAH compounds in the three square areas
are presented graphically in Figure 9. This figure shows that the contribution of the concentrations of
individual carcinogenic PAH compounds (BaA, BbF, BaP, DBA, and IND) to the total concentrations of
PAH compounds were 5.24%, 5.21%, and 4.84% for BaA, 7.72%, 7.99%, and 7.78% for DBA, 17.10%,
17.72%, and 18.38% for BbF, 8.56%, 8.52%, and 8.84% for BaP, 12.56%, 13.04%, and 13.72% for IND at El
Giza, Ramsis, and Sphinx Square, respectively. Moreover, the percentages of the total concentrations
of carcinogenic PAH compounds (BaA, BbF, BaP, DBA, and IND) to the total concentrations of PAH
compounds were 51.18% at El Giza, 52.47% at Ramsis, and 53.57% at Sphinx Square.
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Wang et al. [70] and IARC [13,71] reported that BaP has been regarded as one of the most important
PAHs because of its potent carcinogenic properties. Moreover, BaP is considered a sufficient index for
the carcinogenicity of the whole PAHs [72]. This compound has been widely used as an indicator of air
quality, marker for total PAH exposure, and for overall PAH carcinogenicity [71,73,74]. About 88% of
BaP in the ambient of British cities was estimated to come from road traffic [58]. Thus, BaP is usually
used as a key indicator to evaluate the health risk assessment of PAHs in the atmosphere of urban
areas. In the present study, the mean levels of BaP were 491.2 ng/m3, 445.9 ng/m3, and 423.4 ng/m3

at El Giza, Ramsis, and Sphinx Square, respectively. However, there is no Egyptian standard for BaP or
any other PAH compounds; BaP concentrations in the present study highly exceed the Italian guided
levels for BaP (1.00 ng/m3) [75] and the recommended level (0.25 ng/m3) in Britain [76].

Toxic Equivalent Factors (TEFs) for individual particle-bond PAH compounds are used as a way of
comparing the carcinogenicity of the individual PAHs to the carcinogenicity of BaP [77]. These TEFs are
used to calculate the health risk associated with the inhalation of carcinogenic PAHs. Based on the value
of the concentrations of benzo[a]pyrene equivalent (BaPeq), the cancer potency for each individual
PAHs was evaluated. For PAH compounds, the concentrations of BaPeq were calculated by multiplying
the concentration of individual PAHs by its corresponding TEF value [36,78]. Table 1 shows the BaPeq

concentrations for particle-bound PAH compounds in the three square areas. The concentrations of
BaPeq for the individual particle-bound PAHs ranged from 0.07 ng/m3 for ACY to 491.2 ng/m3 for
BaP at El Giza, 0.05 ng/m3 for ACY to 445.9 ng/m3 for BaP at Ramsis, and 0.04 ng/m3 for NA, ACy,
and ACE to 423.4 ng/m3 for BaP at Sphinx Square. The total carcinogenic activity (TCA) for the total
measured PAH compounds was 1149.8, 1067.1, and 986.5 ng/m3 at El Giza, Ramsis, and Sphinx Square,
respectively. The relative contribution of the carcinogenic activity for BaP, BbF, BaP, DBA, and IND to
the total carcinogenic activity (TCA) for the total measured PAH compounds was calculated (Table 1).
From this table, it is clear that BaP and DBA were the most dominant compounds; these accounted
for 42.72% and 38.50% (El Giza), 41.79% and 39.17% (Ramsis), and 42.92% and 37.78% (Sphinx) of the
TCA of all PAH compounds, respectively. Although the results indicate the importance of BaP and
DBA as surrogate compounds for PAHs in the atmosphere of square areas of Greater Cairo, other BaA,
BbF, and IND compounds also play a role in the TCA.
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Table 1. BaP equivalent concentrations for particle-bound PAH compounds in the three square areas during the period of study.

PAHs TEF a
El Giza Ramsis Sphinx

Average Concentration
(ng/m3)

BaPaquiv.
Concentration (ng/m3)

Average Concentration
(ng/m3)

BaPaquiv.
Concentration (ng/m3)

Average Concentration
(ng/m3)

BaPaquiv.
Concentration (ng/m3)

NA 0.001 85.7 0.09 64.9 0.06 43.7 0.04
ACY 0.001 70.1 0.07 45.2 0.05 38.3 0.04
ACE 0.001 75.2 0.08 65.3 0.07 44.7 0.04
FLU 0.001 143.2 0.14 107.6 0.11 91.4 0.09
PHE 0.001 163.1 0.16 119.2 0.12 95.8 0.10
ANT 0.010 95.6 0.96 97.5 0.98 73.4 0.73
FLT 0.001 254.5 0.25 216.7 0.22 199.7 0.20
PYR 0.001 562.0 0.56 492.3 0.49 453.2 0.45
BaA 0.100 300.6 30.06 272.9 27.29 232.0 23.20
CRY 0.010 519.7 5.20 484.3 4.84 426.5 4.27
BbF 0.100 981.0 98.10 927.3 92.73 880.2 88.02
BaP 1.00 491.2 491.17 445.9 445.91 423.4 423.38
DBA 1.00 442.7 442.68 418.0 418.00 372.7 372.68
IND 0.100 720.1 72.01 682.5 68.25 656.7 65.67
BGP 0.010 830.5 8.30 794.6 7.95 756.1 7.56

Total carcinogenicity activity (TCA) 1149.8 1067.1 986.5
Contribution of BaA to the TCA (%) 2.61 2.56 2.35
Contribution of Bbf to the TCA (%) 8.53 8.69 8.92
Contribution of BaP to the TCA (%) 42.72 41.79 42.92
Contribution of DBA to the TCA (%) 38.50 39.17 37.78
Contribution of IND to the TCA (%) 6.26 6.40 6.66

a Toxic Equivalent Factor (TEF) values from Nisbet and La Goy [78].
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4. Conclusions

The atmospheric concentrations of particle-bound PAH compounds in total suspended particulate
samples collected during the period of December 2015–February 2016 in three main square areas (El
Giza, Ramsis, and Sphinx) of Greater Cairo were measured, while their levels, their distribution profiles,
their possible sources, and the health risks associated with the inhalation of particle-bound PAH
compounds were characterized. The results of the analysis showed that the average concentrations
of total particle-bound PAHs were 5735 ng/m3, 5234 ng/m3, and 4787 ng/m3 at El Giza, Ramsis,
and Sphinx Square, respectively. The level concentrations of the total PAH compounds were much
higher than those found in some areas in Egypt and in the world. Among the measured particle-bound
PAH compounds, the most dominant compounds were BbF, BGP, CRY, DBA, and BaP. Particle-bound
PAHs with four to six aromatic rings were the dominant PAHs, with a relative contribution of 89% at El
Giza, 90% at Ramsis, and 92% at Sphinx. Diagnostic concentration ratios of PAH compounds indicate
that PAHs in the atmosphere of main square areas in Greater Cairo are emitted from both petrogenic
and pyrogenic sources, originating mainly from local vehicular exhaust emissions. Based on BaPeq
concentrations of the individual particle-bound PAH compounds, BaP and DBA are considered
surrogate compounds for PAHs in the atmosphere of the three square areas. The highest total
carcinogenic activity (TCA) for the total measured PAH compounds was found at El Giza Square,
whereas the lowest TCA was detected at Sphinx Square.
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