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ABSTRACT
Indoor air quality (IAQ) is a growing public health concern, especially in environments where individuals spend the majority of 
their time, such as homes, educational institutions, and office environments. This study investigates the elemental composition, 
chemical speciation, source apportionment, and health risks associated with indoor PM2.5 in a university building in the United 
Arab Emirates over a 1-year period. An indoor sampling campaign was conducted following international standards, and ele-
mental analysis was performed using energy-dispersive X-ray fluorescence (EDXRF) spectroscopy. Crystallographic phases and 
compound identification were performed using X-ray diffraction (XRD) and scanning electron microscopy with energy-disper-
sive X-ray spectroscopy (SEM/EDS), respectively. Positive Matrix Factorization (PMF v5.0) was applied to apportion pollution 
sources, while health risk assessments were conducted for trace element exposure based on methods from the US EPA and the 
Agency for Toxic Substances and Disease Registry (ATSDR). Key indoor PM2.5 contributors included mineral and resuspended 
dust, sea salt, and anthropogenic sources such as heavy oil combustion, traffic, and secondary aerosols. The health risk assess-
ment showed that all analyzed elements (Cr, Mn, Al, As, Cu, Ni, Pb, Zn, and Mg) had hazard quotient values below 1, indicating 
no noncarcinogenic risk, and the carcinogenic risk values for As, Cr, Ni, and Pb were below the ATSDR’s threshold value of 
1 × 10−6. Multiple-Path Particle Dosimetry modeling showed that approximately 75% of inhaled PM2.5 deposits in the respiratory 
system, with younger individuals (18 years old) exhibiting slightly lower deposition. After 5 days of exposure, alveolar retention 
reached 0.072 mg in 21-year-olds and 0.066 mg in 18-year-olds, indicating potential for prolonged internal deposition. The find-
ings underscore the importance of continuous monitoring and mitigation strategies to improve IAQ in densely occupied indoor 
environments.

1 | Introduction

Indoor air quality (IAQ) has become a major public health 
concern because most people spend nearly 90% of their time 
indoors, in homes, workplaces, public buildings, or while com-
muting, and are therefore exposed to indoor and infiltrated out-
door pollutants [1, 2].

Among these pollutants, particulate matter (PM) with an aero-
dynamic diameter of ≤ 2.5 µm (PM2.5) is of particular concern 
due to its ability to penetrate deep into the respiratory system. 
Numerous epidemiological studies have linked both short- and 
long-term PM2.5 exposure to adverse health effects, including 
cardiovascular diseases, chronic obstructive pulmonary dis-
ease (COPD), asthma, and premature mortality [3, 4]. COPD is 
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responsible for 5.4% of male deaths and 1.7% of female deaths in 
the United Arab Emirates (UAE), and lower respiratory infec-
tions are accountable for 3.8% of male deaths and 2.9% of female 
deaths. These values are indications of the significant impact of 
respiratory diseases on mortality in the UAE, with a higher bur-
den observed among males [5, 6].

Long-term exposure to PM2.5 has been linked to increased 
cancer-related hospitalizations, with even modest increases in 
concentration (as low as 1 µg/m3) significantly elevating the rel-
ative risk, underscoring the serious public health burden posed 
by particulate pollution [7]. Emerging evidence also links long-
term PM2.5 exposure to elevated mortality risks from multiple 
cancers, not just lung cancer but also those affecting the diges-
tive organs, breast, and other systems, underscoring the broader 
carcinogenic potential of fine PM [8].

Despite these risks, air quality standards and guidelines have 
largely emphasized outdoor air, with indoor risks compara-
tively underaddressed, despite disproportionate impacts on 
vulnerable groups such as children, the elderly, and those 
with preexisting health conditions [9–11]. Indoor PM2.5 arises 
from both internal activities and the infiltration of outdoor 
pollutants. Major outdoor sources include fossil fuel combus-
tion, traffic emissions, industrial processes, and resuspended 
dust (RD), which enter buildings through openings like doors, 
windows, and ventilation systems [12, 13]. Fine particles can 
carry toxic elements, such as heavy metals, iron (Fe), chro-
mium (Cr), copper (Cu), zinc (Zn), cadmium (Cd), and lead 
(Pb), that can enter the human body via inhalation, leading to 
respiratory and cardiovascular health effects as well as neu-
rological and developmental effects, particularly during early 
life exposure [14–16].

Enhancing IAQ can help reduce the spread of infectious dis-
eases and lower risks of cancer and reproductive problems, 
while also improving overall well-being and productivity [17]. 
IAQ is influenced by both indoor sources and outdoor infil-
tration, and hence, assessing and managing indoor air pollu-
tion is critical [10, 18]. Unlike outdoor environments, indoor 
spaces are influenced by controllable physical factors such as 
ventilation and an occupancy factor, highlighting the need to 
understand pollutant sources and the physical parameters af-
fecting IAQ [19, 20].

Previous studies in the region have largely focused on outdoor 
environments and indoor assessments and have largely been 
limited to short-term measurements or standard pollutant 
concentration levels. A comprehensive indoor investigation 
capturing elemental composition, chemical speciation, source 
apportionment, long-term exposure dynamics, and the associ-
ated health implications in the region remains absent. This study 
advances existing PM2.5 research in the Middle East by provid-
ing a continuous, 1-year indoor monitoring dataset conducted in 
accordance with international standards and by integrating el-
emental composition, chemical speciation using nondestructive 
advanced spectroscopic techniques such as X-ray fluorescence 
(XRF), scanning electron microscopy with energy-dispersive 
X-ray spectroscopy (SEM/EDS), and X-ray diffraction (XRD), 
source apportionment, health risk assessment, and respiratory 
deposition modeling within a single framework.

Focused on a university building in the UAE, the study high-
lights the critical role of IAQ in protecting the health, produc-
tivity, and performance of students, faculty, and staff. Unlike 
commercial buildings, academic spaces have unique occupancy 
patterns and are often densely populated during the semester. 
Frequent movement of students and staff also contributes to in-
door pollution, as outdoor dust is often brought in during entry 
and exit [21].

2 | Methodology

2.1 | Sampling Location and Sampling Protocol

Sampling was conducted in a university building at the 
American University of Sharjah, UAE, from August 27, 2021, 
to August 26, 2022. The selected building is mechanically venti-
lated and uses ducted air-conditioning with provision for limited 
fresh air intake. The building is primarily occupied by students 
and staff during weekdays, with reduced activity over weekends 
and semester breaks. The sampling station was placed in the 
central rotunda of the building, a large open area where students 
frequently gather between classes. This location is a hub of ac-
tivity, with approximately 400 students passing from around 
15 classrooms situated nearby. This occupancy pattern and the 
mechanical ventilation system influence IAQ through both re-
circulation and infiltration of outdoor air. Figure 1 shows the 
sampling location. The building is situated about 7 km inland 
from the Arabian Gulf to the west and in the vicinity of large 
desert areas to the east. Samples were collected twice a week, 
once on a weekday (Tuesday) and once on a weekend (Friday), 
for a period of 24 h. The sampling was done using a low-volume 
sampler LVS/LVS6-RV for PM2.5, which is manufactured by Sven 
Leckel, Ingenieurbüro GmbH, Germany. It was operated at a 
flow rate of 3.0 m3 h−1 using 47-mm-diameter Teflon filters with 
a 2-µm pore size. Gravimetric analysis was carried out by first 
preconditioning the Teflon filters at a temperature of 20 ± 1

◦

C  
and a relative humidity of 50 ± 5% . Each filter was weighed 
using a Sartorius ME-5F microbalance (readability: 1 µg), both 
before and after sample collection. For each weighing session, 
the filter was weighed four consecutive times, and the mean 
value was used to determine the final mass. After sampling and 
before analysis, filters were stored in clean, labeled petri dishes 
and sealed in airtight bags. To eliminate any static interference 
during the weighing process, a U-shaped static charge neutral-
izer was applied prior to each measurement [22, 23].

2.2 | Elemental Analysis and Chemical Speciation

Elemental characterization of indoor PM2.5 samples was car-
ried out using energy-dispersive X-ray fluorescence (EDXRF) 
spectroscopy. A Thermo Scientific ARL QUANT’X spectrom-
eter, equipped with eight primary beam filters and an 8-mm 
collimator, was employed to analyze a total of 25 elements. 
Sensitivity calibration was achieved using Micromatter thin 
film standards for the elements Na, Mg, Al, Si, P, S, Cl, K, Ca, 
Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Zr, Ba, and 
Pb, with sensitivity factors expressed in (cps mA−1)/(µg cm−2). 
These values were used to quantify the elemental concen-
trations (µg m−3) on PM2.5-laden Teflon filters [24,  25]. The 
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lower detection limit (LDL) values are shown in Supporting 
Information 1: Table S1. Calibration accuracy and data reli-
ability were validated by analyzing the NIST standard refer-
ence material SRM 2783 using the same protocol as for the 
Micromatter standards. Quantification of elemental mass per 
area (µg cm−2) was converted into volumetric concentrations 
(µg m−3) based on gravimetric PM2.5 mass, allowing the deter-
mination of the relative abundance of each detected element. 
The results for SRM 2783 showed strong agreement with cer-
tified NIST values [26].

Morphological analysis of selected samples was conducted using 
SEM with a TESCAN VEGA3 XMU system. Elemental mapping 
was performed using EDS (Oxford Aztec X-Max 50) integrated 
with SEM. Additionally, XRD analysis was carried out using a 
Bruker D8 ADVANCE instrument to identify mineral phases 
present in selected filter samples.

2.3 | Elemental Black Carbon (eBC) Analysis

eBC concentration was determined using the EEL Model 43M 
Smokestain Reflectometer, which quantifies the optical dark-
ness of particulate deposits collected on Teflon filter media [27]. 
The analysis was performed on the PM2.5-loaded Teflon filters 
after gravimetric weighing. Each filter was analyzed by placing 
the filter directly onto the reflectometer stage. The reflectance 
(R) was measured at two distinct locations on the filter surface 
to account for possible loading inhomogeneity, and the average 
value was used to calculate the eBC concentration. Prior to anal-
ysis, the filters were preconditioned under controlled laboratory 
conditions at 20 ± 1

◦

C temperature and 50 ± 5% relative humid-
ity. The instrument was calibrated using blank filters and inter-
nal calibration factors.

The R is inversely proportional to black carbon concentration. The 
attenuation of light is related to the eBC mass using Equation (1):

where

•	 Ro: reflectance of a blank filter.

•	 R: reflectance of the sampled filter.

•	 A: area of the exposed part of a filter (12.9 cm2).

•	 �ATN: mass extinction coefficient (19.5 m2 g−1) for a Teflon 
filter.

•	 V : volume of air sampled.

•	 k: shadowing correction factor (0.3).

This optical method provides a rapid, nondestructive estimate of 
black carbon mass based on its light-absorbing properties [28].

2.4 | Source Apportionment

The source apportionment of indoor PM2.5 was performed 
using the United States Environmental Protection Agency’s 
(US EPA) Positive Matrix Factorization (PMF) model v5.0, 
which separates a dataset into factor contributions and pro-
files [29,  30]. Variables with high uncertainty or low signal-
to-noise (S/N) ratios were either downweighted or excluded to 
minimize model noise. Uncertainties were calculated by com-
bining sampling, calibration, instrumentation, and analyti-
cal errors [31, 32]. For PMF analysis, two input matrices, the 

(1)eBC
(

�g

m3

)

=
A×106

2V ×�ATN

∙ ln

(

Ro
R

)(

1+k ∙ ln

(

Ro
R

))

,

FIGURE 1   |   Location of the sampling site. The main panel shows the position of the American University of Sharjah on the southern coast of the 
Arabian Gulf, with a zoomed inset highlighting the urban area surrounding the campus where the indoor PM2.5 measurements were conducted. 
Base map: Google Earth.
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concentration and uncertainty matrices, were prepared. An 
observation-based uncertainty file was used as input for the 
PMF model [33]. The uncertainty values are very critical in 
the PMF, and hence, we considered many parameters to calcu-
late the uncertainty. For the instrument, the uncertainty was 
the standard deviation in the peak area given by the operating 
software. The calibration error was taken as 5%, which was 
taken from the Micromatter standards. Manual error while 
handling the samples in the field, transportation, weighing, 
and storage was taken as 15%. Finally, an error due to the 
attenuation of characteristic X-rays from light elements was 
considered. The total uncertainty was calculated as the square 
root of the sum of the squares of these uncertainties. Missing 
values were coded as −999, allowing the model to replace them 
with the species median. Elements with a high percentage of 
values below detection limits or zeros were flagged as “bad” 
variables in the PMF input. This preprocessing ensured that 
only statistically meaningful species contributed to the factor 
profiles. The model’s performance was assessed using good-
ness-of-fit indicators such as Q(true) , Q(robust) , and Q∕Qexp , 
with consistent Q(robust)  values indicating reliable solutions 
[33,  34]. Factor numbers were finalized based on Q -value 
convergence, acceptable scaled residuals (−3 to +3), and in-
terpretability of source profiles against known emission char-
acteristics [35,  36]. Displacement (DISP) and Bootstrap (BS) 
runs were performed to further evaluate solution stability.

2.5 | Wind Rose Analysis

To evaluate regional wind dynamics during the study period, wind 
rose analysis was performed using the openair package in R. The 
meteorological data for the study duration were obtained from the 
National Aeronautics and Space Administration (NASA) Langley 
Research Center’s (LaRC) POWER Project, an initiative supported 
by the NASA Earth Applied Science Program [37]. The parameters 
included hourly wind speed (m/s) and wind direction (°) at 10-m 
altitude obtained from the MERRA-2 satellite.

2.6 | Health Risk Analysis

To assess potential health risks from airborne trace elements, 
both noncancer and cancer risks (CRs) were estimated using the 
standard risk assessment approach [38]. The hazard quotient 
(HQ) was calculated using Equation (2) to evaluate noncarcino-
genic effects by comparing the exposure factor (EF)–adjusted 
air concentration (AAC) of each metal with its corresponding 
health guideline value [39].

Here, AAC is the exposure concentration adjusted for exposure 
frequency and duration (in µg/m3), and RfC is the EPA’s refer-
ence concentration (in µg/m3) (Supporting Information 1: Table 
S1). An HQ > 1 suggests potential for adverse noncancer effects.

For carcinogenic risk assessment, CR was calculated using 
Equation (3) [39]. The inhalation unit risk (IUR) values are 
provided by the US EPA and the State of California Office of 
Environmental Health Hazard Assessment (OEHHA) [40].

Here, IUR is the inhalation unit risk ((µg/m3)−1) (Supporting 
Information 1: Table S2), ED is the exposure duration (in years), 
and LY is the lifetime (male, 77.2 years old; female, 80.0 years 
old) [41]. A CR > 1.0 × 10−6 indicates potential carcinogenic risk 
and warrants further toxicological evaluation. This methodol-
ogy allows for screening and prioritizing pollutants for detailed 
health impact assessments.

Equation (4) is used to calculate EF-AACs, which modify mea-
sured air pollutant concentrations to reflect exposure frequency, 
duration, and time [39].

Here, Cair is the contaminant concentration in air (µg/m3), and 
ET is the exposure time (hours/day).

The EF is the exposure factor, calculated using the following 
equation [39]:

with F as the exposure frequency (days/year) and AT as the av-
eraging time (days).

2.7 | Deposition Analysis

The Multiple-Path Particle Dosimetry (MPPD) model is a mech-
anistic tool designed to estimate deposition and clearance of 
aerosols ranging from 1 nm to 100 µm in human and animal respi-
ratory systems [42, 43]. Version 3.04 of the MPPD model (Applied 
Research Associates, Inc.) (https://www.ara.com/mppd/), devel-
oped by the Hamner Institute for Health Sciences and the Dutch 
National Institute for Public Health and the Environment [44], was 
used to simulate PM2.5 behavior in occupants’ lungs using a 1-year 
average PM2.5 concentration of 14.94 µg/m3 (input as 0.01494 mg/
m3) [45]. Deposition, retention, and clearance simulations were set 
for 8 h/day, 5 days/week, over 1 week. Figure 2 shows the parame-
ters used in the MPPD model.

3 | Results and Discussions

3.1 | Elemental Analysis and Chemical Speciation

In total, 94 samples were collected and analyzed over the 
1-year campaign. A summary of PM2.5 concentrations and its 
major constituent elements, including eBC, Na, Mg, Al, Si, P, 
S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Sr, Ba, and Pb, is 
given in Table 1, providing an overview of the IAQ in the study 
environment. The detailed elemental concentrations and their 
corresponding uncertainties are presented in Supporting 
Information 2 (Excel file EX1). Supporting Information 1: 
Table S4 contains a summary of the concentration of rarely 

(2)HQ=
AAC

RfC
.

(3)CR=AAC× IUR×
(

ED

LY

)

.

(4)AAC=Cair×ET×

(

1 day

24 h

)

×EF.

(5)EF=
F×ED

AT
,

 ina, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/ina/2235690 by N

asser H
am

dan - A
m

erican U
niversity of Sharjah , W

iley O
nline L

ibrary on [15/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ara.com/mppd/


5 of 13

detected elements (Ga, As, Zr, and Rb). The annual average 
concentration of PM2.5 was found to be 14.9 µg/m3. The mean 
PM2.5 concentration during the warm/summer season (May–
October) was 15.3 µg/m3, while during the cool/winter sea-
son (November–April), it was 14.6 µg/m3, indicating only a 
marginal difference between the two periods. This contrasts 
with the pronounced seasonal variation observed at a nearby 
outdoor monitoring site, where significantly elevated PM2.5 
levels are typically recorded during the summer months [24]. 
However, this variation is not distinctly reflected in the indoor 
environment of the academic building under study. A likely 
explanation is the reduced building occupancy and minimal 
indoor activity during peak summer (particularly July and 
August) due to the academic break. Furthermore, the build-
ing remains largely closed during this period, which likely 
restricts the infiltration of outdoor air pollutants. These con-
ditions collectively reduce the seasonal contrast indoors, de-
spite the evident fluctuations in outdoor air quality. Figure 3 
presents the time series of PM2.5 concentrations.

XRD and SEM/EDS results provided information about 
crystallographic phases and compounds that exist in the 
indoor atmosphere. Supporting Information 1: Figure S1 
shows a representative XRD pattern for Sample #76. The 
figure shows major phases commonly observed in PM2.5 such 
as mascagnite ((NH4)2SO4), koktaite ((NH4)2Ca(SO4)2(H2O)), 
sodium sulfate hydrate (Na2SO4·10H2O), calcite (CaCO3), and 
quartz (SiO2).

Supporting Information 1: Figure S2 presents representative 
SEM/EDS maps, which clearly indicate the presence of sodium 
chloride (halite) and nitrates. In alignment with the XRD find-
ings, the maps also confirm the presence of calcite and quartz. 
Additionally, natural crustal elements such as Mg, Al, and Fe 
are detected, representing the presence of other mineral phases 
such as chlorite and serpentine [46].

3.2 | Source Apportionment

The data required for input into the EPA PMF model include the 
concentration and uncertainty values of PM2.5 and its constitu-
ent elements. Uncertainty values for each species were obtained 
from EDXRF analysis, and a 20% value was applied to represent 
the random uncertainties associated with the elemental concen-
tration data [47]. A total of 27 species were initially input into the 
model: PM, eBC, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, 
Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Zr, Ba, and Pb. All concentrations 
are expressed in µg/m3.

Species with an S/N ratio below 0.5 (Cr, Ga, As, Rb, and Zr) 
were classified as “bad” and excluded from the model run. 
Additionally, species (eBC, Na, K, Cu, Zn, Br, Ba, and Pb) were 
marked as “weak” due to significant discrepancies between 
observed and modeled concentrations. PM2.5 mass was des-
ignated as the “total variable,” which by default is treated as 
weak in the model. All weak species had their uncertainty val-
ues multiplied by a factor of 3 to reduce their influence on the 
final solution [33].

The model was run 100 times with an additional model-
ing uncertainty of 5%. Factor numbers were varied from 
3 to 9 in exploratory runs to identify the most physically 
interpretable and statistically robust solution. A six-factor 
solution was selected as optimal, yielding a correlation 
coefficient of 0.64 between observed and predicted PM mass 
concentrations. This moderate correlation is attributed to the 
assignment of the total measured PM mass as “weak” in the 
model input.

All species in the selected solution exhibited Q∕Qexp  values 
less than 2, indicating acceptable model performance. DISP 
analysis showed minimal change in Q  value and zero factor 
swapping at the lowest displacement level (dQmax = 4 ), which 

MPPD

Step 1. Airway morphometry

Species - human

Model – age-specific 5 lobe

FRC – model default

URT – model default

Step 2. Particle properties

Aspect ratio - 1

Density – 1 g/cm3

Diameter – 2.5 µm

Particle distribution - single

Inhalability adjustment -
enabled

GSD (diameter) - 1

GSD (length) - 1

Step 3. Exposure scenario

Constant exposure

Tidal volume – default value

Inspiratory fraction – default
value

Deposition + clearance calculation

Breathing scenario - nasal

Body orientation - upright

Aerosol concentration – mean
annual concentration

Breathing frequency – default
value

FIGURE 2   |   Parameters used in the MPPD model.
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suggests stability of the solution. BS analysis (400 runs, R ≥ 0.8 ) 
revealed that all bootstrap factors were consistently mapped 
to their corresponding base factor. The mapping accuracy 

ranged from 84% to 100% for the factors, indicating good solu-
tion stability [33]. These diagnostics confirm the robustness 
of the selected six-factor PMF solution. PMF base runs, set-
tings, and results from error estimation are summarized in 
Supporting Information 1: Table S4. Supporting Information 
1: Figures S3 and S4 show the observed and model-predicted 
concentration analysis of total PM2.5 and selected elements. 
The source profiles for PM2.5 are illustrated in Figure 4, where 
the percentage contribution of each species to the respective 
source factor is represented by red boxes, and the species 
concentrations in µg/m3 are shown as vertical bars. The left 
y-axis (logarithmic scale) corresponds to the concentration 
bars, while the right y-axis represents the species percentage 
contribution [33]. The six source factors identified were heavy 
oil combustion (HOC), sea salt, RD, secondary aerosol (SA), 
traffic, and mineral dust. This shows that the intrusion of out-
door pollutants is the major contributor to IAQ depletion in 
the university building. Supporting Information 1: Figure S5 
shows the factor contribution to total PM2.5.

RD comprises 11.7% of the PM mass and is marked by the 
presence of Mg, Al, Si, Ca, Fe, and Sr, alongside lower levels of 
Ti and Mn [48, 49]. Many of these are crustal elements com-
monly linked to soil and construction-related activities. In 
particular, Sr, Mg, and Ca are often associated with dust from 
construction sites [50]. In fact, the study site (University City 
in Sharjah) is in proximity to several large-scale construction 
projects located within 1–2 miles. Therefore, the source likely 
reflects both crustal resuspension and ongoing construc-
tion dust.

The most dominant source identified in this study is SA for-
mation, contributing 33.4% of the total PM2.5 mass. This factor 
includes high levels of S and P, along with considerable con-
centrations of eBC [48,  51,  52]. The observed eBC within this 
factor likely arises from cross-loading of combustion-related 
components into the SA profile. The sulfate-rich SA primarily 
originates from anthropogenic sources such as shipping activi-
ties and fuel combustion, hence the high levels of eBC observed 
within this source [53, 54]. These activities emit gaseous precur-
sors, such as SO2, which undergo atmospheric oxidation to form 
sulfuric acid. Sulfuric acid reacts with ambient ammonia to pro-
duce ammonium sulfate ((NH4)2SO4). In the UAE, high solar 
radiation and elevated temperatures enhance photochemical 
activity, accelerating sulfate formation. The region’s major SO2 
sources include power plants, vehicle emissions, and port-re-
lated marine traffic [24]. The consistent presence of sulfate-rich 
particles indoors indicates infiltration of these outdoor-derived 
secondary pollutants.

Sea salt is an identified contributor, constituting 9.2% of the 
PM2.5 mass. This source is primarily distinguished by high 
levels of Na and Cl, with low levels of Mg [55, 56]. The Na/Cl 
ratio obtained from elemental concentrations is 3.8, indicating a 
higher abundance of sodium compared to typical marine aero-
sols. This is likely due to the presence of sodium nitrate, consis-
tent with outdoor chemical transformation processes, which has 
been observed in an outdoor study in the vicinity of the building 
[24]. Given that the sampling site is located approximately 7 km 
from the coastline, sea salt is considered to be marine aerosol 
that has infiltrated indoors.

TABLE 1   |   Mean, minimum, maximum, and standard deviation of 
PM2.5 and its constituent elemental concentrations.

Mean 
(µg/m−3)

Min  
(µg/m−3)

Max  
(µg/m−3)

SD  
(µg/m−3)

PM2.5 14.937 6.292 29.257 4.812

eBC 0.607 0.085 1.359 0.271

Na 0.102 0.040 0.220 0.040

Mg 0.067 0.020 0.296 0.044

Al 0.111 0.021 0.610 0.079

Si 0.292 0.040 1.731 0.228

P 0.198 0.030 0.501 0.101

S 1.753 0.313 6.390 1.184

Cl 0.027 0.005 0.116 0.018

K 0.098 0.025 0.291 0.038

Ca 0.246 0.050 1.131 0.166

Ti 0.008 0.001 0.041 0.006

V 0.003 0.000 0.010 0.002

Cr 0.001 0.000 0.003 0.001

Mn 0.004 0.000 0.014 0.002

Fe 0.136 0.043 0.561 0.070

Ni 0.002 0.000 0.008 0.001

Cu 0.002 0.000 0.010 0.002

Zn 0.026 0.003 0.073 0.015

Br 0.003 0.000 0.013 0.002

Sr 0.002 0.000 0.009 0.002

Ba 0.004 0.000 0.020 0.003

Pb 0.008 0.000 0.126 0.014
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FIGURE 3   |   Time series of PM2.5 concentrations.
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One of the major sources contributing to indoor PM2.5 is HOC, 
accounting for 22.2% of the total PM2.5 mass. This source is 
characterized by elevated concentrations of V and Ni, which are 
well-established tracers for HOC emissions [57, 58]. Since there 
are no such indoor combustion sources in the academic build-
ing, this factor is attributed to outdoor infiltration from marine 
shipping activities along the Gulf Coast.

Mineral dust is another contributor that accounts for 6.6% 
of the PM mass and is rich in Al, Si, Fe, Ti, Ca, K, and Mg 
[48,  58]. These, along with moderate amounts of Mn, are 
widely recognized as crustal elements, typically originating 
from mineral soils, as the region is adjacent to deserts [50, 56]. 
Additionally, V appears in this profile and is consistent with 
findings from regional dust studies, suggesting a crustal or nat-
ural origin [24].

Traffic emissions contribute 16.8% of the PM mass, with this fac-
tor showing high concentrations of eBC, Cu, Zn, Br, Ba, and Pb, 
alongside smaller amounts of Mn and Fe. All of these elements 
are commonly linked to vehicular activity, including exhaust 
emissions with incomplete fossil fuel combustion and nonex-
haust emissions such as brake and tire wear [48, 49, 55].

All the identified sources determined from elemental analy-
sis point to the intrusion of outdoor atmospheric pollutants, 
consistent with the building’s location and ventilation setup. 
Infiltration pathways likely include air-conditioning systems, 
doors, windows, cracks, and resuspension through foot traffic. 
This assessment explains the effect of outdoor pollutants on the 
IAQ. The PMF results indicate that 72% of indoor contaminants 
are anthropogenic in origin, while 28% are natural. This empha-
sizes the importance of monitoring and mitigating ambient air 
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FIGURE 4   |   Source profiles of indoor PM2.5.
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pollutants, as well as implementing effective structural manage-
ment and filtration systems within indoor environments.

Figure 5 presents the wind rose for the sampling period, show-
ing that westerly and northwesterly winds dominate at the site, 
with additional contributions from southeasterly and easterly di-
rections. Given the location of the site between the Arabian Gulf 
and an extensive desert area, it is reasonable to expect source 
contributions similar to those identified in a nearby outdoor 
study within 4 km [47]. These wind patterns are consistent with 
the PMF source apportionment results, suggesting contributions 
from marine activities (e.g., HOC and sea salt) associated with 
northwesterly winds, as well as mineral dust transported from 
desert regions to the east and southeast. SAs are likely influ-
enced by long-range transport from the northwestern region, 
where industrial and marine activities, along with onshore and 
offshore oil extraction and refining, emit precursor gases such 
as SO2 and NOx [47]. In addition, local sources, including traffic 
emissions and construction-related dust, are expected given the 
urban setting and ongoing infrastructure development.

3.3 | Health Risk Assessment

3.3.1 | Noncarcinogenic Risk

The EF was calculated to be 0.18. The calculated EF-AACs and 
the HQ values are shown in Table 2. All nine elements analyzed 
(Cr, Mn, Al, As, Cu, Ni, Pb, Zn, and Mg) were found to have an 
HQ value less than 1, which, according to the Agency for Toxic 
Substances and Disease Registry (ATSDR) guidelines [39], in-
dicates that there is no significant noncarcinogenic health risk. 
The elements arranged in decreasing order of HQ are Mn > Zn > 
Al > Cu > Cr > Pb > As > Ni > Mg. Among these elements, Al and 
Zn have comparatively higher mean concentrations, indicating 
that their major sources, mineral dust and traffic, contribute to 
the indoor environment.

3.3.2 | Carcinogenic Risk

The calculated carcinogenic risk of carcinogenic elements (As, Cr, 
Ni, and Pb) is given in Table 3. All elements show a carcinogenic 
risk below 1 × 10−6 for both male and female occupants, which 
is the threshold value recommended by the ATSDR. For all the 
carcinogens, females showed a lower risk of exposure than males. 
Among the analyzed elements, Cr showed the highest CR values, 
9.5 × 10−8 for males and 9.1 × 10−8 for females, which are still 
nearly 10 times lower than the threshold value. The Cr content was 
assumed to be Cr(VI) in the atmosphere since our current analysis 
does not differentiate between oxidation states, and this assump-
tion helps to assess the highest exposure risk.

The health risk assessment results of this study are consistent 
with other indoor PM studies, suggesting that health risks as-
sociated with PM are generally limited in the absence of strong 
indoor emission sources. Both noncarcinogenic and carcino-
genic risks were found to be within acceptable limits for the 
study conducted in university dormitories in Nanjing, China 
[59]. Concentrations of indoor air pollutants from 88 studies 
in a residential setting in the United States were compared in 
[60], and trace metals were found to be within acceptable lim-
its. In contrast, elevated health risks have been reported in in-
door environments with combustion. A yearlong study in rural 
Northeast China demonstrated indoor metal concentrations 
that are substantially higher, resulting in carcinogenic and non-
carcinogenic risks. The CR values were above 10−4, and a higher 
risk was found for children [61]. However, specialized occupa-
tional microenvironments, such as academic metallurgy work-
shops, reported elevated HQ values (> 1) and CR values (> 10−6) 
for certain occupants [42]. The comparatively low HQ and CR 
values observed in the current study indicate that the studied 
environment poses no serious threat in the context of the global 
IAQ spectrum.

3.4 | Analysis Using MPPD

The deposition, clearance, and retention of PM in the human respi-
ratory tract were analyzed using the MPPD model for individuals 
aged 18 and 21 years old in the university indoor environment sce-
nario. Figures 6a and 7a illustrate the lung geometry visualizations 
for both age groups. Figures 6b and 7b depict the visual represen-
tation of PM deposition in the alveolar region. As shown, both age 
groups experience high particle deposition in the lower pulmonary 
area. PM2.5 is more likely to deposit in this region compared to 
coarse particles (PM10) and can potentially penetrate the alveolar 
barrier, allowing translocation to other organs [62]. Figures 6c and 
7c show the deposition fraction of PM2.5 within the respiratory sys-
tem. Deposition fraction refers to the proportion of inhaled aerosol 
mass deposited in specific regions of the respiratory tract [63]. The 
analysis reveals that approximately 75% of inhaled PM2.5 is de-
posited at various sites within the respiratory system for both age 
groups, with slightly lower deposition observed in 18-year-olds.

More than 40% of the total inhaled PM is deposited in the head 
region, with 18-year-olds exhibiting a slightly higher deposition 
in this area than 21-year-olds. A similar trend is observed in the 
tracheobronchial (TB) region, where deposition is over 5% for 
18-year-olds, compared to 4.7% for 21-year-olds. This greater 
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FIGURE 5   |   Wind rose showing wind speed, direction, and frequen-
cy for the Physics Department at the American University of Sharjah 
during the study period, based on hourly wind data.
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deposition in the upper airways among younger individuals re-
sults in a reduced fraction reaching the pulmonary region, about 
2% lower than that in 21-year-olds. These observations are con-
sistent with previous studies that have reported higher PM depo-
sition in the head region [64–66].

Figures 6d,e and 7d,e present the alveolar mass clearance and 
retention, respectively. Alveolar clearance represents the total 
PM mass removed daily from the alveoli via biological pro-
cesses. The model estimates a daily clearance of 0.00045 mg 
for 21-year-olds and 0.00041 mg for 18-year-olds. These results 

assume no additional particle deposition during the clearance 
period. The mass retention curve increases during the expo-
sure period due to continuous PM deposition. After 5 days 
of exposure, the alveolar region retains 0.072 mg of PM in 
21-year-olds and 0.066 mg in 18-year-olds.

Overall, the analysis characterizes PM deposition under an in-
door university building scenario and suggests a comparatively 
higher alveolar burden in the older age group within this mod-
eled exposure context. Prolonged retention of PM in the alve-
olar region is concerning, as sustained interaction of particles 

TABLE 2   |   EF-adjusted air concentrations and the hazard quotient values for noncarcinogenic elements.

Cr Mn Al As Cu Ni Pb Zn Mg

AAC 1.02 × 10−4 6.74 × 10−4 2.03 × 10−2 9.57 × 10−5 4.12 × 10−4 3.72 × 10−4 1.51 × 10−3 4.83 × 10−3 1.22 × 10−2

HQ 3.42 × 10−3 1.35 × 10−2 4.07 × 10−3 3.19 × 10−4 3.43 × 10−3 2.66 × 10−5 2.90 × 10−3 1.34 × 10−2 2.99 × 10−6

TABLE 3   |   EF-adjusted air concentrations and the carcinogenic risk values for carcinogenic elements.

As Cr Ni Pb

AAC 9.57 × 10−5 1.02 × 10−4 3.72 × 10−4 1.51 × 10−3

CR Male 2.13 × 10−8 9.58 × 10−8 4.63 × 10−9 9.39 × 10−10

Female 2.06 × 10−8 9.24 × 10−8 4.47 × 10−9 9.06 × 10−10
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FIGURE 6   |   (a) Lung geometry visualization (for adults aged 18 years old), (b) visual representation of PM2.5 depositions in the alveolar region, (c) 
deposition fraction of PM2.5 within the respiratory system, (d) alveolar mass retention, and (e) alveolar mass clearance.
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with the alveolar epithelial cells and macrophages leads to 
chronic inflammation and oxidative stress [67]. Previous epi-
demiological evidence indicates that inefficient alveolar clear-
ance and long-term retention are associated with increased 
susceptibility to obstructive lung diseases and elevated risks 
of cardiopulmonary morbidity, which becomes particularly 
relevant under the chronic exposure scenario of the university 
building [68].

4 | Conclusion

This study provides the first indoor PM2.5 pollutant study in 
the Middle East that integrates detailed elemental character-
ization, chemical speciation, and source apportionment using 
advanced analytical methods and health impact assessments. 
The results show that indoor air in the academic building 
under study is significantly influenced by outdoor sources such 
as mineral and RD (18.9%), sea salt (8.6%), and anthropogenic 
sources, like SAs (34.2%), traffic (17.2%), and HOC (21.1%). 
Wind rose analysis further confirms that the dominant west-
erly/northwesterly and easterly airflows are consistent with 
the identified marine, heavy oil, and dust-related source con-
tributions. This emphasizes that the indoor pollutants of the 
current study are mainly influenced by outdoor sources. Out of 
nine measured heavy metal elements (Cr, Mn, Al, As, Cu, Ni, 
Pb, Zn, and Mg), none exceeded the recommended noncarcino-
genic risk threshold value. Also, four measured trace elements 
(As, Cr, Ni, and Pb) showed carcinogenic risk values less than 
the threshold value. MPPD modeling showed the age-specific 

deposition of PM in the respiratory tract: 21-year-olds showed 
slightly higher deposition (nearly 75%) than 18-year-olds, with 
41.1% deposition in the head region, 4.7% in the TB region, and 
30.7% in the pulmonary region. They also have a higher reten-
tion of the particulate pollutants, indicating an increased risk 
with age. This can be linked with the lower rate of alveolar 
clearance for the 21-year-olds. In future studies, to overcome 
some limitations associated with the current study, we suggest 
including organic nonmetallic components and water-soluble 
ions in the analysis to achieve more optimal source identifi-
cation. Also, incorporating multiple sites will provide a more 
comprehensive understanding of the effect of PM2.5 on health. 
These findings emphasize the need for regular and continuous 
monitoring and source control strategies for both indoor and 
outdoor ambient air. Targeted interventions such as improved 
filtration, ventilation, and IAQ regulations can also play a 
crucial role in safeguarding occupant health and ensuring a 
healthier environment in indoor settings.
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FIGURE 7   |   (a) Lung geometry visualization (for adults aged 21 years old), (b) visual representation of PM2.5 depositions in the alveolar region, (c) 
deposition fraction of PM2.5 within the respiratory system, (d) alveolar mass retention, and (e) alveolar mass clearance.
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reference concentration (RfC) and inhalation unit risk (IUR) values 
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