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The present work is a part of a scientific study conducted among several Arab countries in west Asia,
under an International Atomic Energy Agency (IAEA) regional technical cooperation project for Arasia
region. The project aims at producing for the first time a database of particulate matter (PM) elemental
concentrations in the region that will help in future air quality studies in order to identify commonalities
and differences in the presence and contribution of fingerprint pollution sources among the Arasia
Member States. The first regional campaign was launched simultaneously in Lebanon, Iraq, Jordan,
Syria and United Arab Emirates, using a harmonized sampling and analysis protocol of PM10 and PM2.5

samples. Different samples, collected between October 2014 and February 2015, from the participating
countries, were analyzed by PIXE technique and gravimetric measurements were also carried out. The
first results of the study will be discussed in a regional perspective. Our study shows that concentrations
of fine aerosol fractions are often exceeding theWHO standard values as well as showing some disparities
in the obtained values between the different sampling sites. However, some trend similarities of
variations with time could also be observed, suggesting a common influence by trans-boundary or
external sources of air pollution.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Serious environmental degradation is perceived worldwide,
where increasing related diseases have been noticed and have been
attributed to environmental pollution. Atmospheric aerosols or
particulate matter (PM) are considered one of the most challenging
environmental issues, since they play a crucial role in atmospheric
processes, climate change and even in the degradation of historic
monuments. Furthermore, they have harmful effects on the ecolog-
ical system and human health. Indeed, several studies highlighted
the fact that aerosol exposure is associated with increased risk of
mortality and serious illness such as respiratory problems, asthma,
lung cancer and heart disease [1,2]. These effects are mainly attrib-
uted to aerosol properties like the particle size and composition. By
convention, aerosols are classified according to their aerodynamic
diameter, hence, the most studied are PM10 and PM2.5 (particulate
matter having aerodynamic diameter less than 10 and 2.5 lm
respectively). Usually, more attention is given to PM2.5 (called also
fine particles) as they can go deeper into the respiratory system of
human body and can even be transferred to the blood circulation
system. Atmospheric aerosols and environmental issues have
largely been recognized not to have geographic boundaries and
therefore, collaborative regional and perhaps international efforts
must be integrated and coordinated as part of regional responsibil-
ity to study air pollution and to assess the adverse effects on
human health and environment.

In Arasia region (Arab states in Asia who are members of the
International Atomic Energy Agency, IAEA, and include Iraq, Jordan,
Lebanon, Oman, Qatar, Saudi Arabia, Syria, United Arab Emirates
and Yemen), there is lack of enough analytical data and of relevant
studies dealing with the air pollution issue. In fact, this area is
considered one of the most controversial regions for aerosol
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transportation due to its location at the intersection of air masses
circulating among the three continents. This region can be exposed
to several sources of air pollution, natural or anthropogenic, local
or trans boundary, Saharan dust and storm, marine aerosols, emis-
sion from urban activities, petroleum refinery, fuel combustion,
vehicular traffic, biomass burning, industrial activities from Europe
in the West and from India and south Asia in the East, etc. Further-
more, it is obvious from the few studies conducted in the Eastern
Mediterranean region that PM levels in air are much higher than
in other regions [3–10], even when compared to the Western
Mediterranean [11,12]. Most probably, high PM background levels
in Arasia region cities could be attributed to several factors like
high population density, frequent dust outbreaks, low precipitation
rates, poor vegetal coverage and, in some cases, lack of rules and
regulations concerning PM levels.

In this context, Arasia member states have made the strategic
decision to embark on the establishment of a collaborative net-
work to study pollution problems related to atmospheric aerosols,
and to emphasize their contribution to the air quality of the region.
This work is a part of an IAEA regional technical cooperation
project (IAEA TC project RAS/0/072), dealing with sampling and
elemental analysis of urban background air pollutants, using har-
monized sampling and analysis protocol in all participating mem-
ber states. The first campaign of sampling and analysis by proton
induced X-ray emission (PIXE) technique was launched within
RAS0072 with the aim to produce for the first time a database of
PM elemental concentrations in the region. In this work, it will
be shown and discussed the first results concerning gravimetric
measurement and elemental composition of PM2.5, using PIXE.
The relevant PM samples were collected between October 2014
and February 2015 on Teflon filters, using ISAP�1050e sampler,
from cities of Amman (Jordan), Baghdad (Iraq), Beirut (Lebanon)
and Damascus (Syria).

2. Experimental

2.1. Sampling and site

Under the RAS0072 project, it was agreed to start the first cam-
paign of sampling on 15 October 2014. The sampling sites were
identified in each participating member state, mainly to represent
the urban background of PM10 and PM2.5. The protocol consists of
24 h sampling, starting at midnight, every six days, on thin Teflon
filters from PALL (47 mm diameter, 30–40 lm thick and 2–3 lm of
PM10> PM10 

Fig. 1. The three different stages of ISAP sampler for the collection of atmospheric aeros
retention of particles larger than PM10, a greased customized ring-shaped filter for the P
pore size). The collection of PM2.5 samples was assured by the
same model of sampler, ISAP�1050e, having a cascade impactor
and air flow rate at 38 L/min (the device is conform to European
directives and standards). A greased metal plate at the air entrance
allows the retention of particulate matter larger than 10 lm of
aerodynamic diameter, while the coarse particles PM10–2.5 are
retained on a greased customized ring shaped filter made by a very
thin propylene foil with a thickness of few microns (Fig. 1). The
PM2.5 Teflon filters were weighed by a microbalance presenting
an accuracy of 1 lg, before and after sampling, according to a rou-
tine protocol and under the same conditions (50 ± 5% of relative
humidity, 24 ± 1 �C of ambient temperature, pre-conditioning, sta-
tic charge elimination, storage, handling, repeatability and repro-
ducibility of measurements).

In this regard, 20 samples were collected from an urban area in
the southern part of Beirut, at the Lebanese Atomic Energy Com-
mission (LAEC) site (33�50058.8600 N and 35�29058.3300 E), located
at the airport road, heavy traffic, in front of a very populated area,
1 km from the sea, 2 km away from the International airport; 20
samples from the campus of the University of Jordan in Amman,
a urban background site (32�00052.2700 N, 35�52025.4100 E) at the
center of the Faculty of Science, far from traffic; 6 samples from
Damascus center in an urbanized residential area located at Kafar-
souseh (33�50048.3100 N, 36�27073.6700 E); and 8 samples from Bagh-
dad site (33�16068.0000 N and 44�23025.9000 E) located at the
Ministry of Science and Technology (MOST) in an crowded and
populated urban area in the center of Baghdad, characterized by
car traffic, 3–4 km far from a power station and a oil refinery,
500 m from the river (Fig. 2). All the samples analyzed in this work
belong to the fine air particulate fraction (PM2.5) and refer to the
period between 15 October 2014 and the first week of February
2015. Although not large in number, this set of samples covers dif-
ferent seasonal and meteorological conditions (fall, winter, rainy,
dusty, dry, sunny, windy, etc.).

2.2. PIXE setup and methods

The collected samples from the different sites have been
analyzed using the fully dedicated external beam line for aerosol
analysis of the 3 MV Tandetron accelerator of the LABEC laboratory
of INFN at Florence. A complete description of the experimental
set-up can be found in Ref. [13,14], here only some details are
recalled. A proton beam of 3 MeV of energy, on the samples, is
extracted into air through a 500 nm Si3N4 window and samples
(a)

(b) 

-2.5 PM2.5 

ols for 24 h (a) before and (b) after sampling: an upper greased metal plate for the
M10–2.5 coarse fraction and Teflon filter for the PM2.5 fine fraction.



Fig. 2. Locations of the four sampling sites: (1) Beirut (Lebanon), (2) Damascus (Syria), (3) Amman (Jordan) and (4) Baghdad (Iraq).
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are positioned at about 1 cm of distance with respect to it,
perpendicularly to the beam. In order to determine simultaneously
the light, medium and heavy Z elements of the atmospheric aerosol
composition, an array of three X-ray silicon drift detectors (SDDs)
is used, covering a total solid angle of about 400 mSr. The charac-
teristic low energy X-rays emitted by the sample are detected by a
30 mm2 SDD, equipped with an 8 lm thick Be entrance window
and a magnetic proton deflector (to prevent the damage to the
detector by the backscattered protons). A helium flow is main-
tained between the exit window and the target, as well as between
the target and this SDD in order to reduce the absorption of the low
energy X-rays. The medium and high energy X-rays are detected by
two identical large-area (80 mm2) SDDs, equipped with a 25 lm
thick Be entrance window and an absorber (450 lm Mylar foil)
to attenuate the low energy X-rays. These two SDD are mounted
with the same geometry in order to ease the off-line sum of the
two single acquired spectra to obtain a total spectrum with
doubled statistics. The charge flown during the measurement is
simply measured by integrating the beam current on a graphite
Faraday cup positioned just behind the samples. Typical irradiation
conditions were 30–50 nA for 120–180 s.
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Fig. 3. Total mass variation of PM2.5 deposited on Teflon filter for 24 h in each sampling s
standard limit of 25 lg/m3 according to WHO air quality guidelines.
PIXE spectra were fitted using the GUPIXWin code [15] and ele-
mental concentrations for Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn and Pb were obtained by comparison with a calibration
curve from a set of thin film Micromatter standards of known areal
density. NIST standard SRM 2783 and blank filters were analyzed
to ensure the accuracy of the PIXE analytical procedure.

3. Results and discussion

3.1. PM2.5 mass

Fig. 3 shows the PM2.5 levels and variation with time and loca-
tion during the aforementioned period. The highest values of PM2.5

are measured in Baghdad and the lowest in Amman. To some
extend this is to be expected as the samples in Amman were col-
lected within the University campus while the other three sam-
pling sites were based in the populated areas near busy roads. In
Baghdad, the PM2.5 total mass ranges between 14 and 100 lg/m3

with an average of 60 lg/m3; it has to be noted that it cannot be
excluded an overestimation of the PM2.5 mass due to possible infil-
tration of coarse particles (PM10–2.5) into the PM2.5 Teflon filter
Beirut (LBN)

Amman (JOR)

Baghdad (IRQ)

Damascus (SYR)

ite for the period from October 2014 till February 2015. The line represents the 24-h
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stage (as observed by performing scanning electron microscopy
analysis in some samples). In Damascus center, the values are
between 13 and 70 lg/m3 with an average of 45 lg/m3 while in
Amman they are between 9 and 40 lg/m3 with an average of
22.5 lg/m3. Regarding Beirut, the average of PM2.5 mass is 34 lg/
m3, with a lowest value of 7 lg/m3 (during a thunderstorm and
heavy rain day) and highest values up to 60 lg/m3. Despite the dif-
ference in sampling days and the limited number of data, Amman,
Beirut and Damascus PM2.5 masses exhibit a similar time trend as
it can be seen in Fig. 3. Finally, most of the values are exceeding the
annual mean and the 24-h mean according to WHO air quality
standards (10 and 25 lg/m3 respectively).

In general, the PM2.5 mass values measured in the present work
are in agreement with those published in previous studies for this
area. For example, average PM2.5 concentrations in Beirut ranged
between 28 and 41 lg/m3 in the period 2003–2007 [3,5], while a
lower value, around 20 lg/m3, was reported for the period May
2009 till April 2010 [6]. For Amman a previous study reported an
average PM2.5 mass value of 35 lg/m3 with a standard deviation
of 15 lg/m3 for the year 2007 [7]. High PM2.5 values, with a mean
of 70 lg/m3, similar to those measured in Baghdad in this study,
were reported for the arid area of Ahvaz in southwestern Iran, near
Iraq [8]. Lower values were indeed found for other Eastern
Mediterranean sites, such as Akrotiri and Finokalia in Greece or
Erdemli in Southern Turkey, with PM2.5 mean levels in the
10–20 lg/m3 range [9,10].
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Fig. 4. Correlation plot between S and Ca content in PM2.5 samples collected in
Beirut (Lebanon) and Amman (Jordan). The dashed line represent the S:Ca
stoichiometric ratio for calcium sulfate.
3.2. PIXE results

The elemental concentrations of Na, Mg, Al, S, Cl, K, Ca, Ti, V, Cr,
Mn, Fe, Ni, Cu, Zn, and Pb, in the four capital cities are summarized
in Table 1 where average, maximum and minimum values are
shown. Most of the higher values in the table correspond to the
Baghdad PM2.5 samples. This can be explained by the fact that
the sampling site is an urban crowded area and close to an oil
refinery, a power plant and an industrial area.
Table 1
Mean, maximum and minimum values of the PM2.5 mass of collected samples from the 4
elemental composition and of calculated mineral dust, sea salt and sulfate components.
percentage of mineral dust, seal salt, sulfates and of the reconstructed mass over the PM2

Beirut, Lebanon (n = 20) Amman, Jordan (n = 20)

Mean Max Min Mean Max

PM2.5 34.2 60.2 7.4 22.5 39.7
Na 0.22 0.59 0.07 0.09 0.23
Mg 0.10 0.61 0.023 0.09 0.23
Al 0.22 1.46 0.016 0.26 0.63
Si 0.57 3.51 0.04 0.67 1.52
S 1.47 3.03 0.37 1.44 2.30
Cl 0.31 0.94 0.023 0.15 0.73
K 0.27 0.92 0.08 0.17 0.30
Ca 0.66 3.45 0.09 1.13 4.51
Ti 0.021 0.11 0.003 0.021 0.05
V 0.013 0.03 0.0005 0.006 0.03
Cr 0.003 0.006 0.0005 0.0012 0.0027
Mn 0.008 0.023 0.0015 0.007 0.016
Fe 0.36 1.22 0.05 0.28 0.60
Ni 0.007 0.021 0.0003 0.004 0.019
Cu 0.012 0.03 0.0011 0.005 0.012
Zn 0.07 0.18 0.016 0.026 0.06
Pb 0.021 0.05 0.003 0.08 0.37
Mineral dust 2.32

(6.5%)
14.70
(33.1%)

0.17
(0.9%)

2.69
(11.7%)

6.12
(24.3%)

Sea salt 0.49
(2.8%)

1.78
(24.0%)

0
(0%)

0.13
(0.7%)

0.78
(3.4%)

Sulfates 4.40
(13.9%)

9.10
(28.4%)

1.11
(5.9%)

4.32
(20.0%)

6.90
(33.9%)

Reconstructed mass 23.6% 43.7% 11.8% 7.3% 11.9%
For all the sampling sites S, Si and Ca are the most abundant ele-
ments. The levels of Si and Ca are quite similar in Amman and Bei-
rut, and are higher in Baghdad and Damascus; in particular in
Damascus the minimum Ca value is still as high as 1.17 lg/m3 to
be compared with the low minimum values in the three other sites
ranging from 0.09 to 0.24 lg/m3. The levels of S are very similar in
Amman, Beirut and Damascus (mean values about 1.3–1.5 lg/m3),
whereas sensibly higher values, about a factor two more, are
observed in Baghdad. While sulfur origin is mainly secondary (it
is produced in the atmosphere by oxidation of SO2 that in turns
is emitted by anthropogenic sources), silicon and calcium are typ-
ical crustal elements. However, S and Ca can be found in PM sam-
ples bonded in the form of calcium sulfate. Fig. 4 shows the scatter
plot between S and Ca concentrations measured in Beirut and
Amman (the two sites with the highest number of collected sam-
ples), together with the line representing the S-to-Ca stoichiomet-
ric ratio for calcium sulfate. Except for a few cases, the S-to-Ca ratio
sampling sites (the number of samples, n, is given), as well as of the corresponding
All the values are given in lg/m3. The mean, maximum and minimum values of the
.5 mass are indicated as well (in italic).

Baghdad, Iraq (n = 8) Damascus, Syria (n = 6)

Min Mean Max Min Mean Max Min

8.8 60.5 100.0 14.0 45.4 70.7 12.7
0.027 0.18 0.38 0.04 0.12 0.15 0.09
0.021 0.25 0.82 0.026 0.29 0.57 0.06
0.03 0.46 1.50 0.03 0.59 0.89 0.04
0.08 1.75 5.55 0.12 1.61 2.46 0.16
0.63 2.52 4.03 0.54 1.30 1.62 0.76
0.015 1.46 5.10 0.03 0.61 1.44 0.05
0.07 0.76 1.83 0.04 0.41 0.63 0.07
0.11 3.31 11.00 0.24 3.97 8.56 1.17
0.003 0.05 0.17 0.004 0.07 0.10 0.012
0.0006 0.022 0.04 0.007 0.007 0.015 0.0014
0.0003 0.006 0.015 0.0008 0.004 0.008 0.0012
0.0015 0.03 0.05 0.0023 0.023 0.04 0.006
0.07 0.77 2.37 0.09 0.72 1.18 0.11
0.00014 0.007 0.015 0.0018 0.003 0.005 0.0014
0.0013 0.015 0.03 0.0010 0.014 0.027 0.0018
0.009 0.05 0.06 0.008 0.07 0.16 0.010
0.0017 0.21 0.55 0.0025 0.09 0.23 0.004
0.34
(2.6%)

6.12
(9.6%)

19.5
(19.5%)

0.44
(1.1%)

6.40
(12.8%)

9.62
(16.9%)

0.62
(4.9%)

0
(0%)

0.56
(1.8%)

1.45
(9.5%)

0
(0%)

0.04
(0.3%)

0.14
(1.1%)

0
(0%)

1.88
(12.6%)

7.55
(17.7%)

12.09
(60.1%)

1.61
(4.0%)

3.91
(10.4%)

4.87
(18.0%)

2.28
(4.7%)

2.4% 14.6% 27.4% 2.1% 10.6% 14.1% 3.1%



Table 2
Average enrichment factors (EFs) for the detected elements in the PM2.5 samples from
the 4 sampling sites.

Element Beirut,
Lebanon

Amman,
Jordan

Baghdad,
Iraq

Damascus,
Syria

Na 11.4 1.6 1.9 1.6
Mg 3.0 1.4 2.3 2.6
Al 1 1 1 1
Si 1.0 0.9 1.4 1.0
S 4992 2931 3168 1564
Cl 3911 652 3108 599
K 7.8 2.8 6.7 2.7
Ca 9.3 11.5 16.1 23.7
Ti 2.2 1.5 2.0 2.7
V 73 17.4 53 9.2
Cr 20.3 4.7 13.3 8.8
Mn 5.9 2.4 8.4 4.9
Fe 4.3 2.0 3.1 2.4
Ni 86 18.2 27.8 11.2
Cu 178 37 91 44
Zn 1128 182 222 179
Pb 1193 3272 4146 866
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is typically higher than the value of 0.8 for calcium sulfate thus
hinting to independent anthropogenic sources for sulfur, rather
than a common CaSO4 source alone. However, a moderate correla-
tion between S and Ca, with S-to-Ca ratios closer to the value for
calcium sulfate can be observed for the samples from Amman. It
has to be noted that in Baghdad very high levels of Pb and Cl were
observed, on average 0.21 and 1.46 lg/m3 respectively, and from
two to ten times higher than in the other three sampling sites;
such high values could hint to the presence of a pollution source
associated to incinerator plant emissions [16].

The limited number of available samples does not allow the
application of advanced source apportionment tools. However, to
get a first indication on the extent of the contribution of
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scale is indicated on the right-hand vertical axis. Note that the sea salt component in b
anthropogenic emissions to atmospheric elemental levels, enrich-
ment factors (EFs) were calculated for each element using the crus-
tal composition reported in Mason [17] and Al as the normalizing
element. As can be seen from Table 2, EFs of typical crustal ele-
ments like Si and Ti are close to 1 in all sampling sites, confirming
a mineral dust origin of these elements. Sodium, a sea-salt tracer, is
significantly enriched only in Beirut, which indeed is the only city
among the four capitals located on the Mediterranean Sea. Potas-
sium is moderately enriched in Beirut and Baghdad, pointing out
at possible biomass burning contributions in these two sampling
sites. Calcium is significantly enriched in all sampling sites, but this
behavior is not necessarily linked to the presence of anthropogenic
sources, as it may be also due to a Ca-rich composition of the local
soil. EFs of Mn and Fe are in general quite low, thus excluding
strong anthropogenic contributions to these elements. Conversely,
high EFs can be observed in all sampling sites for Zn and Pb, and, to
a lesser extent, for Cu (with higher values in Beirut and Baghdad),
clearly suggesting an anthropogenic origin of these elements,
which may be both traffic and/or industrial emissions. As could
be expected for a secondary aerosol component, S is also highly
enriched in all sampling site. Vanadium and Ni, tracers of heavy
oil combustion, are also enriched, with higher EFs in Beirut, which,
as already observed, is the most polluted among the four cities.

Starting from PIXE elemental concentrations, it is possible to
give an estimation of the contribution of major aerosol compo-
nents, like sulfate, sea salt and mineral dust. In this study, sulfate
has been simply calculated multiplying the concentration of S by
a factor 3.0, accordingly to the SO4 stoichiometry.

The sea salt component has been estimated as:

½sea-salt� ¼ ½Cl� þ ½ssNaþ� þ ½ssCa� þ ½ssMg� þ ½ssK� þ ½ssSO2�
4 �

where ‘‘ss” stands for ‘‘sea-salt”; ssNa has been calculated by sub-
tracting from the total Na concentration the contribution due to
mineral dust, in turn calculated from Al, using the crustal Na/Al
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ratio of 0.348 [17]; the sea salt fractions of the other elements has
been estimated from the ssNa concentrations using literature values
of elemental ratios in sea water [18].

Finally, the contribution of mineral dust has been calculated as
sum of the metal oxides based on stoichiometric ratios [19]

½mineral dust� ¼ 1:35 � ½nssNa� þ 1:66 � ½nssMg� þ 1:89 � ½Al�
þ 2:14 � ½Si� þ 1:21 � ½nssK� þ 1:40 � ½nssCa�
þ 1:67 � ½Ti� þ 1:43 � ½Fe�;

where ‘‘nss” stands for ‘‘non-sea-salt” and the concentrations of K
and Fe are corrected for possible anthropogenic contributions using
EFs.

Average values of these components for all the sampling sites
are reported in Table 1, while daily concentrations are shown in
Fig. 5, together with the PM2.5 total mass concentrations, for Beirut
and Damascus only. Except for Baghdad where sulfates are about a
factor of two higher, in all the sites sulfates are about 4 lg/m3,
which is in the range reported for background Mediterranean sites
[10]. The average percentage contribution to PM2.5 is 10% in Dam-
ascus, 14% in Beirut, 18% in Baghdad and 20% in Amman.

The mineral dust average concentration is quite high in Bagh-
dad and Damascus (about 6 lg/m3), while sensitively lower values
are observed for Beirut and Amman (about 2.5 lg/m3). In terms of
percentage contribution to PM2.5, similar values, in the 10–13%
range, are observed for all sampling site, with the exception of Bei-
rut, where a lower value (6.5%) was found. Peak values up to 15–
20 lg/m3 were found in Beirut and Baghdad: they are quite high
concentrations for the PM2.5 aerosol fraction and could be probably
ascribed to desert dust intrusions.

The average contribution of sea salt is quite small (lower than
0.5 lg/m3 in all the sites), with the highest percentage values in
Beirut (average 3%, maximum up to 24%).

Total reconstructed mass, calculated as the sum of these three
components and of the other PIXE elements (V, Cr, Mn, Ni, Cu, Zn
and Pb) which were not included in their calculation, is also
reported in Table 1. As can be seen, it ranges from �7% in Amman
to 11–15% in Damascus and Baghdad, and 24% in Beirut.

4. Conclusion

As part of a project aiming to map air pollution and assess the
air quality level related to fine and coarse particulate matter
(PM2.5 and PM10–2.5) in the Arasia region (Arab countries in Asia),
this study focused on PM2.5 mass and composition in four capitals:
Amman (Jordan), Baghdad (Iraq), Beirut (Lebanon) and Damascus
(Syria). In spite of the few samples collected, in particular in Bagh-
dad and Damascus, these preliminary results showed high levels of
PM2.5 mass concentration in most of the sampling days and sites,
and highlighted the importance of such an analytical study. It
seems that, in general, a similar trend of the PM2.5 mass in Amman,
Beirut and even Damascus (three cities which are geographically
close) can be concluded. In fact, they could be affected by the same
external sources of pollution like the seasonal dust storms coming
from the Arabian (South-East) or Saharan deserts (South-West).
The ongoing and increasing collection of samples in the aforemen-
tioned sampling sites should help in providing source identifica-
tion and apportionment in the future.
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