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Abstract

Water is one of the planet's most critical and valuable resources, essential not only for sustaining
human life but also for residential, agricultural, and industrial applications. Over recent decades,
rapid industrialization and population growth have significantly increased water contamination
through various pollutants, resulting in substantial declines in water quality and posing serious
threats to aquatic ecosystems. These pollutants include, but are not limited to, an array of emerging
organic compounds introduced globally at an accelerated rate each year. Among these compounds
are pharmaceuticals, pesticides, personal care products, and polycyclic aromatic hydrocarbons
(PAHs), which are widely utilized in industrial processes. PAHs, in particular, are hazardous
compounds composed solely of carbon and hydrogen, structured in two or more interconnected
aromatic rings arranged in linear, angular, or clustered forms. Over 100 types of PAHs have been
identified, with 16 classified as hazardous by the United States Environmental Protection Agency
(EPA). Due to their widespread presence in the environment (air, surface water, soil, and living
organisms) many countries have imposed strict regulations concerning the toxic impacts of PAHs
on ecosystems and human health. Human exposure to PAHs is associated with a range of toxic
effects, including carcinogenicity, endocrine disruption, genotoxicity, neurotoxicity,
immunotoxicity, and reproductive toxicity.

This thesis represents the first measurement of contamination levels of 16 PAHs in water
and sediments along three major rivers in Hungary and Iraq: the Danube River in Hungary and the
Tigris and Euphrates Rivers in Iraq. Sampling was conducted at six locations along the Danube
River over a 12-month period, while 13 sites were monitored along the Euphrates River over five
months. Additionally, PAHs levels in surface water and sediments near oil refineries along the
Tigris River were examined, with samples taken both upstream and downstream from the refinery.
The thesis further analyzed the spatial and temporal distribution of PAHs contamination across
river basins in the two countries and identified primary sources of PAHs pollution in these rivers.
An eco-toxicological risk assessment of PAHs was conducted, along with the calculation of the
Incremental Lifetime Cancer Risk (ILCR) for both adults and children along the three rivers. The
results were compared with international standards and findings from other studies.

Results from the Danube River indicated that the average concentration of 16 PAHs in
water ranged from 224.8 ng/L to 365.8 ng/L, while in sediment, it varied from 316.7 ng/g to 422.9

ng/g. In contrast, both Iraqi rivers exhibited significantly higher levels of PAHs contamination. In
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the Tigris River, the average PAHs concentrations ranged from 567.8 to 3750.7 ng/L in water
samples and from 5619.2 to 12795.0 ng/g in sediment. For the Euphrates River, average PAHs
levels were between 464 and 992 ng/L in water and from 5940 to 9723.9 ng/g in sediment. The
correlation between total organic matter (TOM) and PAHs concentrations revealed that both the
Danube and Euphrates Rivers exhibited mixed sources of PAHs contamination. In contrast, the
Tigris River showed no significant correlation, indicating that PAHs pollution in this river is
primarily attributable to oil refinery activities.

These findings underscore the urgent need for the Iraqi government to promptly implement
pollution control strategies to protect its water bodies. They also highlight the importance of the

Hungarian government establishing stricter guidelines to reduce PAHs levels in the Danube River.

Keywords: Pollution; Diagnostic ratios; Monitoring; Human health risk assessment, Oil refinery;

Sediment; Water.
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1. INTRODUCTION

Freshwater is a valuable and scarce resource for both individuals and ecosystems. The protection
and preservation of freshwater are increasingly important with the drive to promote food security
and sustainable development growth agenda for life below water. The majority of the world's
biggest cities were constructed on or near regions of freshwater, mostly rivers [1]. Most research
on aquatic systems is primarily concerned with the effects of anthropogenic activities and natural
phenomena, such as volcanism and biological processes, on both human health and ecology [2].
The emission levels of several anthropogenic toxins, including Polycyclic Aromatic Hydrocarbons
(PAHs), have grown in the environment due to population expansion and associated increases in
industrial, agricultural, and urban activities [3]. These chemicals have attracted significant
worldwide interest due to their toxicity, persistence, bioaccumulation, and potential adverse health
effects on living beings [4]. Thus, the European Union (EU) and the United States Environmental
Protection Agency (USEPA) have identified 16 PAHs as priority pollutants among the hundreds
of PAHs in the environment [5]. Table 1 shows the main physicochemical properties of the 16
priority PAHs. PAHs could be bounded to soil particles [6] and could also adsorb on suspended
particulate matter when entering the water and ultimately settle into the sediment. This is due to
their high octanol-water partition coeftficient and hydrophobic lipophilicity [7]. Consequently,
river sediments are susceptible to PAHs accumulation and release. Moreover, they are commonly
used as an indicator for detecting probable emission sources and determining the exposure risk of
PAHs to benthic biotas [8]. Therefore, the environmental fate and the possible ecological risk

related to PAHs are serious matters of public concern [9].

1.1. PAHs and their sources

They are a class of organic compounds that are ubiquitous hazardous pollutants, present in air,
sediments, soil, water, as well as biota, typically as mixes. PAHs comprise solely hydrogen and
carbon atoms organized into two or more benzene rings connected in angular, linear, or clustered
configurations. They encompass both unsubstituted parent PAHs and their alkyl-substituted
derivatives. PAHs are often characterized by low water solubility and low vapor pressure [5]. In
the 1970s, USEPA identified 16 PAHs as priority pollutants because of their detrimental effects on

human health and the environment, as well as the availability of analytical methods [10]. In 2005,



the European Community (EC) established a list of 15+1 priority PAHs, mostly in reaction to food
contamination issues, that encompassed 8 of the PAHs from the USEPA list [11]. The USEPA's

priority list is more commonly utilized for examining the environmental impacts of PAHs

compared to the EC's list. PAHs are categorized based on their molecular structure and weight into

two classes: low molecular weight (LMW) and high molecular weight (HMW). LMW PAHs

possess two to three benzene rings, while HMW PAHs have four or more benzene rings [5].

Table 1 Main physicochemical properties of the 16 priority PAHs [5]

PAHs Molecular Abb. CAS Solubility ~Rings Molecular TEF[13] Log Log Vapor
structure [12] number at 25 °C number weight Koe Kow pressure
(mg/L) (g/mol) (Pa)
Naphthalene m Nap 91-20-3 31 ) 128.12 0.001 3.11 337 -
Acenaphthylene EEj Acy 208-96-8 16.1 152.20 0.001 3.64 4 3.87
Acenaphthene Ace 83-32-9 3.8 154.21 0.001 4.02 392 5.96x
O
2
E Fluorene L’m Fl 86-73-7 1.9 3 166.2 0.001 435 4.18 4.27x
102
Phenanthrene Phe 85-01-8 1.1 178.2 0.001 431 4.57 9.07x
Anthracene Ant 120-12-7 0.045 178.2 0.01 439 454 227x
CC0 o
Fluoranthene | Flu 206-44-0 0.26 202.26 0.001 504 522 6.67x
(Z"% 10
Pyrene i@ Pyr 129-00-0  0.132 202.3 0.001 486 5.18 3.33x
i 10
4
= Benzo[a]anthracene E?jj BaA 56-55-3  0.011 228.29 0.1 533 591 2093x
= 106
Chrysene Chr 218-01-9 0.0019 228.3 0.01 514 5.86 8.40x
Benzo[b]fluoranthene Ci% BbF 205-99-2  0.0015 252.3 0.1 572 5.8 0.0012
5



Benzo[kjfluoranthene BKF 207-08-9  0.0008 2523 0.1 573 6
Benzo[a]pyrene BaP 50-32-8  0.0038 2523 | 6.24 6.04
Benzo (g,h,i) perylene BghiP 191-24-2  0.00026 276.3 | 6.23 6.5
Indeno(1,2,3- IND 193-39-5  0.00019 276.3 0.01 6.20 6.7
cd)pyrene

Dibenz(a,h)anthracene DBA  53-70-3  0.0006 278.35 0.1 596 6.75

7.6x10*

2.3x107

2.6x10*

0.062

5.0x10*

The origins of PAHs contamination are often categorized into two primary groups. Figure
1 shows natural sources and anthropogenic emissions [14], [15]. Natural events such as volcanic
eruptions, forest fires, and moorland fires triggered by thunder as well as lightning are negligible
sources of PAHs emissions [16]. Anthropogenic emission sources are the primary contributors to
PAHs pollution, categorized into four types: agricultural, automobile, industrial, and domestic
waste [17]. Numerous emissions of PAHs result from incomplete combustion processes in the
production of steel, iron, cement, dyes, tire rubber, coal-tar pitch, aluminum, insecticides, and
fungicides. PAHs are also generated via waste incineration, particulate matter in the asphalt sector,
and petroleum refining [18]. Oxygen furnaces, diesel engines, gasoline-powered heavy machinery
engines, and coal gasification arc furnaces are other sources of PAHs emissions [16]. The
emissions generated from transportation via trains, ships, aircraft, and both light and heavy cars
are categorized as PAH-related automotive emissions [17]. Household sources of PAHs encompass
wood burning, trash incineration, coal coking byproducts, cooking with oil or gas burners, and
kerosene or wood stoves [19]. Agricultural waste and open biomass combustion generate PAHs
pollution in rural regions, while automotive industrial, and household, sources predominantly
contribute to PAHs contamination in urban areas.

PAHs levels vary seasonally, with peak concentrations occurring in winter, followed by
spring, fall, as well as summer, respectively. Reduced fuel combustion, photodegradation efficacy

and oxygen diffusion due to low temperatures and quiet winds throughout spring and winter



elevate atmospheric levels of PAHs. Pyrogenic PAHs are generated by some intentional actions,
notably the thermal breakdown of petroleum, particularly during incomplete combustion [20].
Consequently, pyrogenic PAHs levels are elevated in urban regions. Petroleum and its derivatives
contain Petrogenic PAHs, which are extensively disseminated due to the preservation,
transportation, leakage, and utilization of crude oil. HMW PAHs are predominant in pyrogenic

sources, while LMW PAHs are prevalent in petrogenic source materials [21].

SOURCES OF PAHs
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Figure 1 PAHs emission sources.

1.2. PAHs heath effect

The International Agency for Research on Cancer categorizes some PAHs as known, possible, or
probable carcinogens to humans (Groups 1, 2A, or 2B). These are naphthalene,
benzo[k]fluoranthene, benzo[b]fluoranthene chrysene, and benz[a]anthracene, (Group 2B) as well
as benzo[a]pyrene (Group 1) [22]. Certain PAHs are recognized as mutagens, carcinogens, and

teratogens, hence presenting a significant risk to human health and well-being.



1.2.1. Short-term health effects

The effects of PAHs on human health mostly depend on the duration and method of exposure, the
concentration of PAHs encountered, and the inherent toxicity of the specific PAHs involved [20].
Numerous factors can influence health outcomes, including subjective elements such as pre-
existing health conditions and age. The capacity of PAHs to elicit acute health consequences in
humans remains ambiguous. Occupational exposure to elevated concentrations of pollutant
mixtures containing PAHs has led to symptoms including ocular irritation, nausea, emesis,
diarrhea, and disorientation [23]. Nevertheless, the specific components of the mixture responsible
for these effects remain unidentified, and other substances typically associated with PAHs may be
the source of similar symptoms. Combinations of PAHs are recognized to induce inflammation
and skin irritation. Anthracene, naphthalene and benzo(a)pyrene are direct irritants to the skin.
Benzo(a)pyrene and anthracene are identified as skin sensitizers, capable of eliciting allergic

reactions in the skin of both animals and humans [20].

1.2.2 Long-term health effects

Long-term or chronic exposure to PAHs may result in diminished immunological function,
cataracts, renal and hepatic damage, respiratory issues, asthma-like symptoms, and changes in lung
function [20]. Repeated contact with the skin may provoke erythema and dermal irritation.
Naphthalene, a particular PAH, can induce hemolysis if inhaled or swallowed in substantial
quantities. The detrimental effects of PAHs exposure in humans predominantly rely on the mode

of exposure [24].

1.3. Carcinogenicity

Evidence suggests that combinations of PAHs are carcinogenic to humans. The data predominantly
derives from occupational research involving workers exposed to mixes containing PAHs. Long-
term exposure indicated an elevated risk of primarily skin and lung cancers, along with bladder
and gastrointestinal cancers. However, these investigations do not clarify whether exposure to
PAHs was the primary cause, as workers were concurrently exposed to other carcinogenic agents
[25]. Laboratory studies indicate that animals subjected to prolonged exposure to some PAHs have
acquired stomach cancer from ingestion via food, lung cancer from inhalation, and skin cancer

from dermal contact. Benzo(a)pyrene is distinguished as the inaugural chemical carcinogen



identified. Furthermore, it is the predominant PAHs associated with carcinogenesis in animals.
According to the existing information, several PAHs are categorized as carcinogenic to animals
[26]. Additionally, several PAH-rich combinations are categorized as carcinogenic to humans [20].
The EPA has designated the following seven PAHs compounds as probable human carcinogens:
indeno(1,2,3-cd)pyrene, benz(a)anthracene, benzo(k)fluoranthene, dibenz(ah)anthracene,

benzo(a)pyrene, chrysene, and benzo(b)fluoranthene [26].

1.4. Common PAHs measuring methods

Three primary approaches are employed for their identification: chromatographic, spectrometric
and immunoassay [27]. Immunoassay approaches, commonly available as kits, are unpopular due
to their propensity to create significant biases in the final results [28]. Among spectrometric
methods, infrared (IR) and ultraviolet (UV) techniques are the most prevalent; however, UV
techniques, which are notably sensitive and selective to aromatic compounds such as PAHs, are
more frequently influenced by interference from other compounds like lipids. Furthermore, the IR
spectrometric technique, which is swift and cost-effective, necessitates a compulsory cleansing
procedure for the sample post-extraction prior to analytical assessment [27].Chromatographic
techniques for analyzing PAHs in environmental media have been developed and extensively used
during the past few decades, with liquid chromatography (LC) and gas chromatography (GC)
being the primary methods employed [29]. The advantages of utilizing GC and LC for the analysis
of PAHs include operational simplicity, decreased solvent volume, and the potential for automation

[30]. The following are the most commonly employed techniques for the detection of PAHs:

- High Performance Liquid Chromatography (HPLC) and Ultra-high performance liquid
chromatography (UHPLC)

HPLC is a common technique for the qualitative and quantitative analysis of PAHs. This approach
utilizes a single liquid as the high-speed mobile phase to facilitate separation based on the varying
affinities between a solid stationary phase and a liquid mobile phase. The kinetics of solute
distribution between the stationary and mobile phases are mostly governed by diffusion [31].
Despite its widespread use in identifying PAHs, HPLC still has several deficiencies that need
enhancement and refinement [32]. The efficacy of HPLC is significantly contingent upon the

detectors used. A detector characterized by high sensitivity, low detection limits, and universality



is crucial for the detection and analysis of PAHs. Consequently, the development of an appropriate
high-efficiency detector may have considerable relevance. Secondly, the high-powered separation
device requires additional development. Presently, HPLC coupled with solid phase membrane
extraction has many drawbacks that need improvement, including intricate pretreatment processes
and costly equipment and reagents [31]. Significantly, the existing hybrid HPLC techniques are
limited to revealing information on the composition and concentration of diverse materials.
However, the significance and complexity of several elements remain obscured in raw data. A
comprehensive exploration of the conversion, transition, and synergy among various components
of PAHs will be intriguing and hold possibilities for an in-depth research of PAHs.

UHPLC is an advanced chromatographic technique that builds upon the principles of HPLC while
offering enhanced analytical throughput and improved chromatographic peak capacity [32].
Additionally, UHPLC provides greater efficiency in the detection process, with significantly
higher speed, sensitivity, and resolution compared to HPLC. However, UHPLC also presents
certain limitations. One notable drawback is the high internal pressure generated during sample
analysis, which can potentially cause damage to the instrument, thereby reducing its operational
lifespan and accelerating equipment degradation. The stationary phases used in UHPLC are largely
similar to those in HPLC, with the primary distinction being a smaller particle size [33]. For the
analysis of various types of PAHs using UHPLC, fluorescence detection (FLD) or ultraviolet (UV)
detection may be employed depending on specific analytical requirements [34]. In some cases, a
photodiode array (PDA) detector combined with FLD can also be utilized to enhance detection
capabilities.

-Liquid chromatography-mass spectrometry (LC-MS, LC-MS/MS)

Liquid chromatography (LC) can also be integrated with mass spectrometry (MS) for PAH
detection; however, liquid chromatography-mass spectrometry (LC-MS) is less commonly utilized
than gas chromatography-mass spectrometry (GC-MS) for this purpose [32]. Nevertheless, certain
LC-MS techniques, such as LC-atmospheric pressure laser ionization-MS (LC-APLI-MS) and
dopant-assisted atmospheric pressure photoionization-high performance liquid chromatography-
MS (DA-APPI-HPLC-MS), have been effectively employed for the detection of PAHs in
environmental and food samples. Additionally, LC-MS/MS has proven valuable for PAHs analysis.
For instance, LC-APPI-MS/MS has been developed for the detection of carcinogenic PAHs in
complex environmental matrices, while LC-DA-APPI-MS/MS has been applied to the analysis of



PAHs in edible oils. These approaches address the limitations of GC-MS, such as inadequate
separation efficiency, as well as the susceptibility of HPLC with fluorescence detection (HPLC-
FLD) to interferences. Moreover, they enhance sample preparation flexibility and improve
detection sensitivity [35]. PAHs have also been analyzed using LC-MS/MS in combination with
atmospheric pressure chemical ionization (APCI) or electrospray ionization (ESI) with tropylium
post-column derivatization. A comparative analysis of these ionization techniques revealed that
APCI offers a simpler and faster analytical process but requires higher consumption of nitrogen
and mobile phase, whereas ESI provides greater sensitivity but necessitates chemical
derivatization [32]. Ultra-high performance liquid chromatography coupled with atmospheric
pressure laser ionization mass spectrometry (UHPLC-APLI-MS or UHPLC-APLI-MS/MS) is
another effective technique for the analysis of PAHs. Owing to the exceptional efficiency and high
sensitivity of UHPLC, PAHs in complex samples can be more effectively separated. Furthermore,
the integration of UHPLC with MS significantly enhances analytical performance, leading to
improved detection accuracy and resolution [32].

-Gas Chromatography (GC)

It is a flexible and widely used separation technique in laboratory settings. This experimental
technique offers great selectivity, high sensitivity, and a straightforward operating system,
demonstrating effective resolution of the analyzed compounds[31]. GC, a subset of
chromatographic techniques, employs a gaseous mobile phase. It is further categorized into gas-
solid chromatography and gas-liquid chromatography based on whether the stationary phase
consists of a solid adsorbent or a monomer coated with a fixative. Selecting an appropriate
stationary phase is crucial for effectively separating PAHs using GC. Recent advancements in GC
separation of PAHs have introduced novel stationary phases, including metal—organic frameworks
(MOFs) [36], graphene sheets [37], and graphitic carbon nitride (g-CsNa) [38]. Additionally,
materials such as polymer-coated fibers [39] and carbon nanotubes [40], which offer high thermal
stability and enhanced resolution, have been successfully employed as GC stationary phases for
PAH separation. While conventional stationary phases, such as polysiloxanes, poly(ethylene
glycol), ionic liquids (ILs), and macrocyclic derivatives, have been widely used, ongoing research
has led to significant advancements in these materials. For instance, modified polysiloxanes,
including 7,10-diphenylfluoroxane-grafted polysiloxane [41] as well as ultra-high thermal stability
perarylated ILs [42], and fluoro-substituted tetraphenyl-phenyl-grafted polysiloxane [43], have



been effectively applied in PAH separation. Furthermore, ionic liquid-bonded polysiloxane
stationary phases have demonstrated high selectivity in GC-based PAH analysis. Gas
chromatography-mass spectrometry (GC-MS), being a very sensitive analytical technique, is often
used to identify volatile and semi-volatile organic contaminants. This technique integrates gas
chromatography with mass spectrometry, enabling concurrent qualitative and quantitative
investigation; nevertheless, the separation of isomers in PAHs presents challenges [31].

-Gas chromatography-mass spectrometry (GC-MS, GC-MS/MS)

Gas chromatography (GC) is highly effective for the separation and detection of PAHs in samples,
while mass spectrometry (MS) provides precise identification of these compounds. By integrating
these two techniques, PAHs in complex samples can be separated using GC and subsequently
analyzed in an MS system, enabling accurate qualitative and quantitative results [32].

GC-MS offers several advantages for PAHs detection, including high separation efficiency, precise
quantification, and the requirement of only a small sample volume. Another advanced approach,
GC-MS/MS, also combines GC with MS but operates in a sequential manner. After PAHs are
separated by GC, they enter the first MS for initial screening. The ions then pass into a reaction
chamber, where they undergo a second screening by another MS before detection. Typically, the
second MS in a GC-MS/MS system consists of either two quadrupole mass spectrometers or a

combination of a quadrupole MS and a time-of-flight mass spectrometer (TOFMS) [32].

-Capillary Electrophoresis (CE)

Capillary electrophoresis (CE), often referred to as high performance capillary electrophoresis
(HPCE), is an innovative liquid-phase separation method that utilizes capillaries as the separation
channel and a high-voltage direct current electric field as the driving force [31]. In capillary
electrophoresis, electrophoresis, chromatography, and the capillary tube's cross-section facilitate
the advancement of analytical chemistry from the microliter to the nanoliter scale. CE has been
used for the investigation of diverse samples because of its rapidity, elevated plate number,
superior separation efficiency, cost-effectiveness, minimal injection volume, and ease of operation
[31]. It is evident that CE has also advanced in the detection of PAHs; moreover, the CE method
often serves as a valuable complement to GC for specific high boiling point PAHs. Moreover, there
are other derivative capillary electrophoresis methods, including micellar electrokinetic capillary

chromatography (MEKC) and parking capillary chromatography (PCC), both of which have been



used in the investigation of PAHs. Nonetheless, in this domain, sensitivity remains much
improvable, particularly when integrating UV-Vis spectrometry, mostly due to the minuscule
capillary width, which results in an excessively short light path [32]. This may be mitigated by
optimizing the light route, for instance, by the use of multi-pass techniques. The primary limitation
of CE is its inadequate repeatability, which is affected by variations in electroosmotic flow
resulting from the sample's composition. From this perspective, it still requires considerable work.
-Mass spectrometry (MS)

Mass spectrometry (MS) is an analytical technique that utilizes electric and magnetic fields to
separate ions based on their charge-to-mass ratio, enabling their detection. By analyzing these ions,
MS provides critical information regarding the relative molecular weight and chemical structure
of compounds, facilitating both qualitative and quantitative analysis of PAHs [32]. Two-step laser
mass spectrometry (L2MS) is a high time-resolution technique for detecting PAHs in various
samples [44]. Additionally, when coupled with time-of-flight mass spectrometry (TOFMS), it
enhances detection efficiency. Single-particle laser desorption/ionization time-of-flight mass
spectrometry (SP-LDI-TOFMS) has been applied to identify PAHs present in soot particles
generated from industrial combustion processes [45]. Furthermore, thermal desorption resonance-
enhanced multiphoton ionization single-particle time-of-flight mass spectrometry (TD-REMPI-
SP-TOFMS) has been employed for the detection of particle-bound PAHs.

-Surface Enhanced Raman Spectroscopy (SERS) and fluorescence resonance energy
transfer (FRET)

The Raman spectrum corresponds to the molecular vibration spectrum, which reveals the
distinctive structural characteristics of molecules. However, the Raman scattering phenomenon is
inherently weak, with the intensity of the scattered light being approximately 10 ~'° of the incident
light intensity [31]. Consequently, Raman spectroscopy is particularly effective when applied to
surface-adsorbed species that induce an enhancement effect, a phenomenon known as surface-
enhanced Raman spectroscopy (SERS). SERS not only retains the fundamental advantages of
conventional Raman spectroscopy but also substantially amplifies molecular signal intensity. Over
the past four decades, SERS has been extensively utilized across various disciplines due to its

notable benefits, including ease of application, a low detection limit, and high sensitivity. The
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adsorption of PAHs onto rough noble metal substrates can significantly enhance Raman signals,
making SERS an effective technique for PAH detection.

Fluorescence resonance energy transfer (FRET) is a process in which energy is transferred between
two fluorescent molecules in close proximity. This principle has been applied in the detection of
PAHs using a CdTe quantum dot-modified TiO2 nanotube array. In this system, CdTe quantum dots
(QDs) serve as energy donors, while PAHs act as acceptors, facilitating the occurrence of FRET
[32].

Compared to conventional fluorescence spectroscopy, this approach significantly improves the
sensitivity of benzopyrene (BaP) detection, enhancing it by approximately two orders of
magnitude. Additionally, the fluorescence intensity of BaP increases by a factor of 15.
Furthermore, this method exhibits minimal interference from other substances, ensuring higher
specificity in PAH detection [31].

-Optical Spectrometry

Optical spectrometry represents a broad category of widely utilized instrumental techniques that
span nearly all analytical and testing domains, offering advantages such as non-destructive analysis
and ease of operation. This method has long been employed for the detection of PAHs, primarily
through fluorescence spectrometry, phosphorescence spectrometry, and spectrophotometry. From
a methodological perspective, the first two techniques fall under emission spectrometry, similar to
SERS, and are characterized by higher sensitivity, whereas spectrophotometry is classified as an

absorption-based technique [31].

1.4.1. Comparison of common PAHs detections techniques

When selecting an analytical technique for detecting PAHs, various factors such as advantages,
limitations, time requirements, sample matrix compatibility, operating conditions, and selectivity
for size play crucial roles. Each technique offers distinct advantages that make it suitable for
specific applications. For instance, GC-MS excels at identifying and quantifying multiple PAHs
simultaneously, providing comprehensive analysis. Similarly, SERS is known for its high
sensitivity, specificity, and rapid detection, requiring minimal sample preparation [46]. HPLC is
particularly effective for separating higher molecular weight PAHs, while also being relatively less
demanding in terms of sample preparation [47]. These strengths make each method highly

valuable, depending on the analytical goals, whether it’s speed, sensitivity, or separation efficiency
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[48].However, each technique has its limitations that should be considered. GC-MS, while highly
effective, comes with high equipment and maintenance costs and requires extensive sample
preparation, making it time-consuming [49]. Techniques such as Fluorescence Spectrophotometry
can only detect PAHs that naturally fluoresce, limiting its application. CE, although offering high
separation efficiency, suffers from lower sensitivity compared to chromatographic methods [50].
Additionally, some methods require very specific operating conditions, such as high temperatures
or precise pH control, which could restrict their use in certain environments. The time required for
each technique varies, with some offering rapid analysis while others take longer. For example,
GC-MS typically involves hours of sample preparation, followed by 30—60 minutes of analysis.
On the other hand, SERS and Fluorescence Spectrophotometry are much faster, providing results
in minutes [48]. Depending on the urgency of the analysis, these time factors are crucial when
choosing the right technique. Techniques that require less time are ideal for scenarios where quick
results are essential, while those requiring more time are better suited for in-depth analysis.

The sample matrix, or the type of material being analyzed, is another important consideration.
Techniques like GC-MS and LC-MS are versatile and can be applied to a wide range of sample
types, including water, soil, sediments, and air. In contrast, methods like SERS are primarily used
for water and soil samples [46]. Knowing the sample matrix is essential to ensure compatibility
with the chosen method, as some techniques may not be suitable for certain sample types.
Operating conditions also impact the practicality of each technique. GC-MS, for example, requires
high-purity gases and operates at high temperatures (200-300°C), which may limit its use in some
settings. HPLC, in contrast, operates at more moderate temperatures, typically between 20—40°C,
making it more adaptable [47], [48]. Techniques like CE require precise control over voltage and
pH, adding complexity to their use. The operating conditions must align with the capabilities of
the equipment and the specific analysis being performed [48].Finally, selectivity for size refers to
how well a technique can distinguish PAHs based on their molecular size or other properties. GC-
MS is highly selective for PAHs due to its ability to separate compounds based on volatility and
molecular size [48]. HPLC offers customizable selectivity using different column phases, which
can enhance its ability to separate larger PAHs. CE, however, relies on the charge-to-size ratio for
separation, influencing its selectivity [48] [50]. Understanding the size selectivity of each
technique ensures that the most suitable method is chosen based on the characteristics of the PAHs

being analyzed.
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1.5. Regulations

PAHs chemicals are generally components of intricate combinations. Certain PAHs are highly
effective carcinogens that may interact with several chemical substances. U.S. government
agencies have created guidelines pertinent to PAHs exposures in occupational and environmental
settings. A standard exists for PAHs in both the workplace and drinking water. The National
Institute for Occupational Safety and Health (NIOSH) has advised that the permissible exposure
limit for PAHs be established at the lowest detectable concentration, specifically a recommended
exposure limit (REL) of 0.1 mg/m? for volatile agents in coal tar pitch, applicable over a 40-hour
workweek or 10-hour workday [51]. The EPA water quality requirements for PAHs exposure,
including a maximum contamination limit (MCL), were established for benzo(a)pyrene, the most
carcinogenic PAH, at 0.0001 mg /L* [29]. MCL for dibenz(a,h)anthracene is 0.0003 mg/ L* and
0.0004 mg /L* for indenol(1,2,3-c,d)pyrene. In addition, the MCL for benzo(k) fluoranthene,
benzo(a)pyrene, chrysene benzo(b)fluoranthene set to be 0.0002 mg/ L. Moreover, the MCL for
benzo(a)pyrene, benzo(b)fluoranthene, chrysene and benzo(k) fluoranthene is 0.0002 mg/L? [52].
The WHO stated that maximum permissible limit of PAHs in water is 10 mg/L [53]. The European
Water Framework Directive (WFD) intends to attain and maintain "good status", which should be
the combination of "good chemical" and "good ecological” status [54], [55]. It mandates that EU
Member States assess, monitor, and manage a variety of Priority Substances (PS) in all inland and
coastal waterways. To protect human life and the environment, Environmental Quality Standards
(EQS) were developed for every PS level that must not be exceeded. The vast majority of the PS
consists of polar chemical compounds, including eight PAHs: naphthalene, anthracene,
fluoranthene, indeno[1,2,3-cd]pyrene, benzo[a]pyrene, benzo[b]-fluoranthene, benzo[k]-
fluoranthene, and benzo[ghi]perylene. Within the European Union, specifically under the Drinking
Water Directive, the permissible concentration of PAHs in water is defined at a maximum total
level of 100 ng/L [56], [57]. Unfortunately, Iraqi standards were more generic and only specify
limits for hydrocarbons as (10 pg/L) [58]. Sediment pollution assessed by total PAHs
concentrations may be categorized as follows: (A) low polluted (less than 100 ng/g), (B)
moderately polluted (between 101 and 1000 ng/g), (C) highly polluted (between 1001 and 5000
ng/g), and (D) very polluted (more than 5000 ng/g) [59]. Additionally, Canadian Council of
Ministers of the Environment reported that the total potency equivalents for soil contaminated with

creosote or coal tar mixtures is 0.6 mg/m>[60].
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1.6. SCOPE OF THE WORK

The effluents from industrial operations and wastewater treatment plants significantly impact river
ecosystems. These discharges pose a serious threat to aquatic life by degrading water and sediment
quality through various pollutants. In Europe, the WFD mandates European Union member states
to achieve satisfactory quantitative and qualitative assessments of all water bodies [61],[62]. In
Asia, specifically in Iraq, increasing pollution sources, including oil refineries, automobiles,
routine gas and fuel combustion activities, and gasoline- and diesel-powered generators, have
contributed to the degradation of water and sediment quality in two major and historically

significant rivers, the Tigris and Euphrates. Thus, the study aims to:

1- Monitoring the presence of 16 PAHs contaminants in water and sediment across all
investigated rivers.

2- Determining the primary sources of 16 PAHs contamination across all investigated rivers.

3- Examining the compositional profiles of 16 PAHs in all rivers.

4- Evaluating the ecological risks associated with 16 PAHs in all rivers.

5- Identifying and quantifying the Incremental Lifetime Cancer Risk (ILCR) for both adults and

children across all rivers.
In Hungary, the specific aims in the Danube River are as follows:

- Conduct a spatial and temporal assessment of 16 PAHs contaminants in the water and sediment

of the Danube River in Hungary.
- Identify the primary sources of 16 PAHs contaminants in the Danube River.
- Evaluate the eco-toxicological risks associated with PAHs in the Danube River.

- Assess and quantify the Incremental Lifetime Cancer Risk (ILCR) for both adults and children
exposed to PAHs in the Danube River.

- Compare the pollution levels with international guidelines and other reported global pollutions.

In Iraq, given the limited number of studies on PAHs pollution in the Tigris and Euphrates Rivers

basins, the aims are:
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- Investigate the 16 PAHs pollutants in areas near oil refineries along the Tigris River by measuring
contamination levels before and after major refineries, including Baiji, Kirkuk, Al-Siniyah,

Qayyarah, Al-Kasak, Daura, South Refineries Company, and Maysan.

- Conduct a spatial assessment of PAHs contamination in the water and sediment of the Tigris

River.

- Investigate 16 PAHs in both water and sediment samples along the Euphrates River.

- Assess the ecological risk of 16 PAHs in both the Tigris and Euphrates Rivers.

- Analyze the composition profiles of 16 PAHs in the Tigris and Euphrates Rivers.

- Determine the contribution rates of various pollution sources in the Tigris and Euphrates Rivers.

- Assess the potential health and environmental risks of PAHs pollution in the Tigris and Euphrates

Rivers.

- Compare the pollution levels with international guidelines and reported global pollution.
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2. MATERIAL AND METHODS

2.1. Study area

2.1.1. Danube River

With a length of 2,780 km, the Danube is the second-longest river in Europe, with a catchment
area of 801,500 km? [63]. The waters of the Danube River Basin serve multiple purposes, including
the production of drinking water, industrial and agricultural activities, recreation, hydroelectric
power generation, and transportation. The Hungarian segment of the Danube spans 417 km (river
kilometers 1850-1433). Six locations along this segment were investigated. Figure 2 shows the
sampling sites along the river. Sites S1 and S2 represent northern areas in our study, both affected
by agricultural and industrial activities. Site 3 is located in the center of Budapest, downstream
from the city’s second-largest wastewater treatment plant, which processes 180,000-200,000
m?/day. Site 4 is downstream from a polystyrene factory producing impact-resistant and
expandable polystyrene. Site 5 is downstream from various industries, including paper mills and
electricity suppliers. Site 6, the southernmost site, was chosen to reflect the cumulative impact of
upstream human activities. (Appendix 1 List the GPS coordinates of the Danube sampling

locations).
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Figure 2 Sampling points in the Danube River within the Hungarian region.

2.1.2. Tigris River

The Tigris River is the second-largest river in Western Asia. It converges with the Euphrates River
in southern Iraq to form the Shatt al-Arab, which empties into the Persian Gulf. The Tigris basin
spans four riparian countries: Iran, Iraq, Syria, and Turkey. Covering an area of approximately
221,000 km?, the basin is distributed as follows: 24.5% in Turkey, 0.4% in Syria, 56.1% in Iraq,
and 19% in Iran[64]. The river stretches 1,800 km in length, with its waters primarily utilized for
agriculture. Irrigation projects are present in all the riparian countries. After flowing for nearly 400
km within Turkey, the Tigris serves as the Syrian Turkish border for approximately 47 km before
continuing into Iraq, where it flows more than 1,350 km. The Tigris Basin comprises a total

population of approximately 23.4 million inhabitants[64]. Among them, over 18 million reside in
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Iraq, 1.5 million in Iran, and 3.5 million in Turkey. The Syrian section of the basin is sparsely
populated, with only about 50,000 inhabitants[64].

In term of oil refineries, Iraq rank fifth worldwide in proven crude oil reserves and seventh in oil
production volume, compared with the US, Russia, and China [65]. As of February 2021, Iraq’s
total nameplate refinery capacity was approximately 1.2 million barrels per day, though the
effective capacity is around 900,000 barrels per day. The discrepancy between planned and actual
capacity at the northern refineries is primarily due to the damage from ISIS attacks in 2014 and
2015, during which facilities were destroyed or severely damaged. Since 2015, part of this capacity
has been restored, including a section of the Baiji refinery. Iraqi refineries produce excess heavy
fuel oil but insufficient gasoline and diesel to meet local demand, necessitating imports of refined
oil products. In 2021, the South Refineries Company expanded its Basra refinery by 70,000 barrels
per day. In this study, twelve sites near oil refineries along the Tigris River and its estuaries in Iraq
were selected for sampling, including locations at the Al-Kasak oil refinery (S1), Qayyarah before
(S2) and after (S3) the oil refinery, Kirkuk oil refinery (S4), Al-Siniyah (S5), Baiji before (S6) and
after (S7) the oil refinery, Daura before (S8) and after (S9) the oil refinery, Maysan oil refinery
(S10), South Refineries Company before (S11) and after (S12) the Shatt Al-Basra Electricity gas
station. The term "South Refineries Company" may also refer to "South Refineries". Monthly
samples of surface water and sediment were collected from these sites from July to December
2022. Figure 3 illustrates the coordinates of the sampling sites, which are also listed in the
supplemental materials (Appendix 2). The 2021 capacities (in thousands of barrels per day) of the
studied oil refineries are as follows: Baiji (310, 140), Kirkuk (56, 56), Al-Siniyah (30, 20),
Qayyarah (20, 14), Al-Kasak (10, 10), Daura (210, 140), South Refineries Company (210, 210),
and Maysan (40, 40) [66]. Given these refineries and the continuous waste disposal into nearby
water bodies with limited treatment processes, there is a concerning potential for increased

accumulation of various toxic pollutants in the environment.
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Figure 3 Sampling site locations near the Iraqi oil refineries in the Tigris River and its estuaries.

2.1.3 Euphrates River sampling sites

The Euphrates River, with a catchment area of 440,000 km? and a length of 2,786 km, is the longest
river in Western Asia. Originating in Turkey, the Euphrates flows through Syria and joins the Tigris
River in Iraq to form the Shatt al-Arab, which ultimately empties into the Persian Gulf. The
Euphrates Basin has an estimated population of around 23 million, with 44% residing in Iraq, 31%
in Turkey, and 25% in Syria. Within the river's catchment area, water is primarily used for
irrigation, hydropower, and drinking supplies, with agriculture consuming over 70% of the water.
This underscores the river's crucial role in the agricultural and energy sectors of the countries it
traverses, especially Iraq, which has the largest population dependent on it. Return flows from
agricultural drainage have led to secondary salinization along the river’s course, particularly in
Iraq. Additionally, the discharge of untreated sewage further degrades water quality [67]. To assess

water quality, thirteen sampling sites along the Euphrates in Iraq were examined: Haditha (S1), Hit

19



(S2), Ramadi (S3), Al-Fallujah (S4), Jorf Al-Sakhar (S5), Musayyib (S6), Hindiyah (S7), Kefel
(S8), Najaf (S9), Al-Qadisiyyah (S10), Samawah (S11), Nasiriyah (S12), and Basrah (S13) (Figure
4). (GPS Coordinates for these sites are shown in Appendix 3).
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Figure 4 Sampling locations along the Euphrates River in Iraq

2.2. Chemicals

All solvents, including methanol, methylene chloride, hexane, ethyl acetate, and acetone, were
HPLC-grade with a minimum purity of 99% and were obtained from Fisher Chemical Co. (United
States). Supelco (Bellefonte, PA, USA) provided the reference standards (QTM PAH-Mix, 2000
ug/mL) for the 16 priority PAHs, including naphthalene (Nap), acenaphthylene (Acy),
acenaphthene (Ace), fluorene (FI), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu),
pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene  (BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene (DBA),
benzo(ghi)perylene (BghiP), and indeno(1,2,3-cd)pyrene (IND). Surrogates such as naphthalene-
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dg, anthracene-dio, fluoranthene-dio and perylene-di> were obtained from Supelco (Bellefonte, PA,
USA). Solid-phase extraction membranes (ENVI™-18 DSK SPE Disk, diameter 47 mm),
anhydrous sodium sulfate, silica gel (desiccant, 2-5 mm), and PAHs recovery standards were
supplied by Sigma-Aldrich (USA). The sodium sulfate and silica gel were heated in a furnace (FI
600-60, Borel) at 500 °C for 4 hours to remove moisture and organics, then stored in a desiccator
until use. Milli-Q water, with a resistivity of 18.2 MQ-cm at room temperature and a total organic
carbon value of less than 5 ppb, was used in the experiments. Before each measurement, glassware
was cleaned with ultrasonic cleaners (Heidolph™, Fisher Scientific), washed sequentially with
acetone, n-hexane, methanol, and dichloromethane to eliminate background contamination, and

dried at 105 °C before use.

2.3. Samples collection and pretreatment in Danube River

The Danube has a mean discharge of 2,350 m?/s at Budapest and 5,600 m?/s at Belgrade [68], [69].
The average depth of the middle Danube region ranges from 6 m to 10 m [70]. Throughout the
study, water and sediment samples were collected monthly (two samples per month) from February
2022 to February 2023, spanning a 12-calendar-month period. Sediments were typically collected
after water sampling to prevent disturbance and resuspension of the sediment into the water. Water
samples were obtained from depths of 5 to 30 cm using 1 L brown glass containers that had been
previously cleaned by acetone and methanol then heated to 100 °C. The samples were temporarily
stored in refrigerated containers with crushed ice until they were transported to the laboratory and
kept at -20 °C. Upon arrival at the laboratory, the water samples were filtered using a 0.45 um glass
fiber membrane [71]. Sediment samples were collected from the riverbed at depths of 0—10 cm
using a stainless-steel grab sampler and placed in clean polyethylene bags. These samples were
sieved through a 100-mesh sieve to remove roots, debris, and large particles [72], [73]. The sieved
sediments were dried at 25 °C and then ground. Finally, the dried sediments were stored in a freezer

at —20 °C for further analysis.
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2.3.1. PAHs Extraction procedures for Danube River

2.3.1.1 Water sample extraction procedure for Danube River

Solid-phase extraction (SPE) was used to extract one liter of filtered water samples for analysis.
The extraction process followed previously reported procedures [71], [74], [75]. An SPE
membrane was pre-washed with six milliliters of dichloromethane (DCM) before conditioning
(activation) with six milliliters of methanol, six milliliters of ultrapure water, and an additional ten
milliliters of methanol. A ten-microliter surrogate standard mixture solution (naphthalene-ds,
anthracene-d1o, fluoranthene-dio, perylene-di2) was added to one liter of the water sample to enrich
it. The sample was then passed through the SPE membrane at a flow rate of 3 mL/min. Once
extraction was complete, a vacuum pump was used to dry the column. Six milliliters of
dichloromethane was added to soak the column for 5 minutes before eluting the sample into a
clean glass test tube. The eluate was then concentrated to 0.5 mL using nitrogen gas, after which
ten microliters of a standard mixture solution was added. Finally, the samples were analyzed using

gas chromatography-mass spectrometry (GC-MS).

2.3.1.2. Sediment sample extraction procedure for Danube River

The freeze-dried sediment samples were pulverized using a mortar and pestle and sieved through
a 100-mesh sieve to remove large particles. The dried and homogenized sediment samples were
placed in brown glass vials for further laboratory analysis. Sediment sample extraction followed
previously reported procedures [73], [74], [75]. A 2-gram sample was precisely weighed, and five
milliliters of an acetone/n-hexane (1:1, v/v) solution along with a standard surrogate solution were
added to the test tube. The sample was vortexed for 60 seconds, followed by ultrasonic extraction
in a water bath for 15 minutes. Afterward, the test tubes were centrifuged for 20 minutes at 2000
rpm to separate the solid and liquid phases. The supernatant was then transferred to a clean test
tube using a Pasteur pipette. Next, five milliliters of a 1:1 mixture of acetone and n-hexane was
added to each sample. The extracts were combined in a single test tube, and activated copper was
added for desulfurization. Anhydrous sodium sulfate was then added to remove residual water,
followed by concentration to 0.5 milliliters using a nitrogen-blowing concentrator. Finally, an

internal standard solution was added for GC—MS analysis.
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2.4. Samples collection and analysis for Tigris River

The methodology used in this work followed techniques described by Dong et al. [76], Grmasha
et al. [71], and Lin et al. [72]. During the sampling campaign from July to December 2022, each
location was sampled six times. Water samples were collected between 20 and 40 cm below the
surface using a pre-cleaned stainless-steel container. Samples were spiked with surrogates
(naphthalene-dg, anthracene-dio, fluoranthene-dio, and perylene-di2) as the PAHs recovery
standard, sealed in five-liter glass containers, transported to the laboratory within 24 hours, and
refrigerated at 4°C until further analysis. Five liters of surface water were filtered through a 0.45
um glass fiber membrane and a methanol-activated solid-phase extraction (SPE) membrane to
isolate PAHs for analysis. According to procedures outlined by Lin et al. [72], the PAH-containing
SPEs were wrapped in aluminum foil and refrigerated until further measurements.

Sediment samples were collected using a grab sampler, with three samples taken at each
site (0—10 cm depth) and then combined in dark glass bottles for transport. The PAHs were
extracted from the SPEs using a previously described method [72], [77]. SPE membranes were
eluted twice with dichloromethane-ethyl acetate and ethyl acetate solutions. The extracts were
pooled, dried over anhydrous sodium sulfate, concentrated with a rotary evaporator, and
redissolved in one milliliter of n-hexane.

For sediment extraction, four grams of freeze-dried sediment were weighed, sieved with a
100-mesh stainless steel sieve, spiked with surrogates, and placed in an extraction tube containing
50 mL of a 1:1 acetone-hexane mixture. Extraction was performed using a microwave digestion
system, with the temperature rising from 25 to 120°C at 8°C per minute and held for 20 minutes.
Samples were then centrifuged for 20 minutes at 1000 rpm. The supernatant was passed through
anhydrous sodium sulfate, then subjected to extraction and purification in a glass chromatography
column. The final extract was concentrated to approximately 2 mL, after which 1 mL of n-hexane

was added for analysis.

2.5. Samples collection and analysis for Euphrates River

Surface water and sediment samples were collected monthly from March 2022 to July 2022, with
five measurements taken at each site during this period. Surface water samples were taken from a
depth of 10-30 cm below the water’s surface using a pre-cleaned stainless-steel container. Each

sample was spiked with 1 pg of fluoranthene-dio (the PAHs recovery standard), sealed in 6 L glass
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containers, and transported to the laboratory within a day, where they were stored at 4 °C until
analysis. For PAHs separation, 6 L of surface water was filtered through a 0.45 um glass fiber
membrane, followed by a methanol-activated solid-phase extraction (SPE) membrane to isolate
PAHs. Following the procedure reported by Lin et al. [72], the SPE membrane containing PAHs
was wrapped in foil and cooled for further analysis.

Sediment samples were collected using a pre-cleaned grab sampler and stored in sealed
bags. At each site, sediment samples (0—10 cm) were taken three times, combined, and stored in
dark glass bottles. After collection, samples were promptly transported to the laboratory for further
analyses.

The PAHs extraction from the SPE membrane followed the method detailed by Lin et al.
[72] and Ternon and Tolosa [77], in which dichloromethane-ethyl acetate and ethyl acetate
solutions were used to elute the SPE membrane twice. The combined extracts were then dried over
anhydrous sodium sulfate, concentrated with a rotary evaporator, and redissolved in 1 mL of n-
hexane.

For sediment extraction, approximately 2 g of freeze-dried sample, sieved through a 100-
mesh stainless steel screen and spiked with 1 pg of fluoranthene-dio, was transferred to an
extraction tube containing 25 mL of acetone-hexane (1:1) and extracted using a microwave
digestion system. The temperature was raised from 25 °C to 120 °C at a rate of 8 °C/min and held
for 20 min. Samples were then centrifuged at 2000 rpm for 20 min, and the supernatants were dried
over anhydrous sodium sulfate, purified through a glass chromatography column, and evaporated
to approximately 2 mL. Finally, 1 mL of n-hexane was added for measurement. PAHs

measurements were performed using GC-MS.

2.6 .Gas chromatography-mass spectrometry (GC-MS) and Total organic matter (TOM)

PAHs were measured using GC-MS (Agilent 6890 N with a 5975C mass selective detector,
Agilent Technologies, USA). Helium served as the carrier gas at a flow rate of 1.5 mL/min through
an HP-5MS column (30 m x 0.32 mm X 0.25 um) [6]. Selective ion monitoring (SIM) mode was
used for quantitative analysis. The injector temperature was set to 300 °C. The oven temperature
program was as follows: initial temperature of 100 °C held for 1 minute, then increasing to 300 °C
at a rate of 8 °C per minute, where it was held for 39 minutes. Triplicate measurements were taken

for each sample, yielding a relative standard deviation of less than 10.2% (for Danube River and
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<6% for Tigris and Euphrates Rivers). Total organic matter (TOM) was quantified by determining
the weight reduction in sediment samples that had been oven-dried at 105 °C for 48 hours, followed

by combustion at 550 °C for 2 hours[78].

2.7. Quality Control (QC) and Quality Assurance (QA)

2.7.1. Danube River

Quality control measures included triplicate samples, matrix spike standards, calibration standards,
procedural blanks, and detection limits. Prior to each measurement, the glassware was cleaned
using ultrasonic cleaners, followed by washing with acetone, n-hexane, methanol, and
dichloromethane to eliminate background contamination, and then dried at 105 °C before use. The
concentrations of 16 PAHs in sediment samples were determined using the dry weight approach.
The limits of detection (LOD) were established based on analyte concentration and a 3-fold signal-
to-noise ratio [79], [80]. LODs ranged from 0.02 to 0.59 ng/L for water and from 0.37 to 0.96 ng/g
(dry weight) for sediment. PAHs recoveries were assessed by spiking water and sediment samples
with standard solutions. Each sample analysis included a procedure blank (solvent), a spiked blank
(standards added to solvent), and triplicate samples. Analysis of method blanks confirmed the
absence of detectable PAHs contamination. Recovery ranges for the 16 PAHs were 91.5% + 4.3%
to 104.1% + 7.6% for water samples and 86.8% + 5.5% to 99.2% =+ 6.2% for sediment samples.
For spiking standards, recovery ranges were 92.8% + 4.5% to 109.7% =+ 6.9% for water samples
and 90.5% = 8.3% to 97.4% =+ 4.4% for sediment samples. Concentrations of the 16 PAHs were
adjusted based on these recovery rates. Reference and blank samples were measured to confirm
analysis accuracy. Each sample was measured in triplicate, yielding a relative standard deviation
between 1.7% and 10.4%, well within the acceptable limit (< 25%). Mean values are presented for
all measurements. The data in this study were tested for normality using the Kolmogorov-Smirnov

test at a significance level of 0.05.

2.7.2. Tigris River

Glassware was heated to 100 °C and cleaned with acetone, methanol, and dichloromethane before
each measurement to eliminate background contamination. Quantitative standards for 16 PAHs in

water samples were established using external standard techniques. Linearity correlation values

25



for the 16 PAHs monomers ranged from 0.997 to 0.998. PAHs levels in sediment samples were
determined using the dry weight method. Limits of detection (LOD) were calculated based on
analyte concentration, using a 3:1 signal-to-noise ratio [79]. The LOD ranged from 0.06 to 0.35
ng/L for water and from 0.13 to 0.75 ng/g dry weight (dw) for sediment. For recovery analysis, the
16 PAHs standard solutions were spiked into water and sediment samples [79], [80]. Each sample
analysis included a method blank (solvent), a spiked blank (standards added to solvent), and
sample triplicates. Method blank analysis confirmed the absence of detectable PAHs
contamination. Recovery ranges for water and sediment samples were 93.2% to 100% and 85.3%
to 98.8%, respectively, while spiking standard recoveries ranged from 94.5% to 110.4% in water
and 89.3% to 96.6% in sediment. Concentrations of 16 PAHs were adjusted to account for
recovery. Blank and reference samples were also measured to verify accuracy, and each sample
was analyzed in triplicate, resulting in a relative standard deviation of less than 4%. Mean values
are reported in this study. The Kolmogorov-Smirnov normality test was applied to all data at a

significance level of 0.05.

2.7.3. Euphrates River

Prior to each experiment, glassware was heated to 150 °C and rinsed with methanol, acetone, and
dichloromethane to minimize background contamination. Quantitative standards for PAHs in the
water samples were determined using external standard methods. For the 16 PAHs monomers, the
linear correlation coefficients ranged between 0.998 and 0.999. PAHs concentrations in sediment
samples were measured as dry weight. Limits of detection (LOD) were calculated based on analyte
concentration using a three-fold signal-to-noise ratio [79]. LOD values for water samples ranged
from 0.04 to 0.28 ng/L, while those for sediment samples ranged from 0.09 to 0.65 ng/g (dry
weight, dw). For recovery experiments, 16 PAHs standard solutions were spiked into water and
sediment samples following the procedures of Dong et al. [76], Lin et al. [72], and Zhu et al. [79].
Recovery rates for the 16 PAHs standards ranged from 90.4% to 100% for water samples and from
81.4% to 97.6% for sediment samples. Recovery rates for the spiking standards (surrogates) were
92.6%—-106.8% for water samples and 85.4%—95.3% for sediment samples (Appendix 4). PAHs
concentrations were corrected for recovery. Both water and sediment samples were analyzed in
triplicate, and results are presented as mean values. All data in this study were subjected to a

normality test using the Kolmogorov-Smirnov method with a significance level of 0.05.
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2.8. Eco-toxicological concerns and Incremental Lifetime Cancer Risk (ILCR) for River’s

sediment

The sediment sample assessment for ecological risk followed the methodology outlined by [81].
PAHs levels in sediments were evaluated according to sediment quality guidelines (SQGs) [82].
By comparing the concentration of each PAHs to the Effect Range Low (ERL) and Effect Range
Median (ERM) values, the ecological risk posed to aquatic species from exposure to sediment-
bound PAHs was determined. The SQGs classify chemical concentrations into three ranges based
on potential biological effects: 1) minimal effects range, where biological effects are rare (<ERL),
2) possible effects range, where biological effects occur occasionally (*ERL and <ERM), and 3)
probable effects range, where biological effects are frequent (*ERM).

To compare the carcinogenicity of PAHs with that of benzo[a]pyrene (BaP), the toxic
equivalency factor (TEF) approach was used to calculate the BaP equivalency (BaPeq) of each
PAHs [13]. BaP was selected as a reference due to its high carcinogenicity and was assigned a TEF
value of one, allowing the carcinogenicity of other PAHs to be estimated relative to BaP. The TEF
values used are shown in Table 1. Based on their relative carcinogenicity to BaP, each PAHs has a
unique TEF value. The formulas below were used to calculate the toxic equivalent quotient (TEQ)

for each sampling location in this study:

BaPeq; = (PAH; X TEF;) €))
TEQ = Y.\ (PAH; x TEF;) Q)
where PAH; is the PAH concentration and TEF; is the toxic equivalency factor.

Using the USEPA's ILCR model, which examined the three main routes of exposure to
contaminants (ingestion, dermal contact, and inhalation), a risk assessment to PAHs in river
sediments was performed. This assessment was required because of people's daily reliance on the
region's aquatic resources [83]. ILCR is used to estimate the human cancer risk posed by exposure
to environmental PAHs. The overall carcinogenic risk was determined by summing up the hazards
associated with the three routes of exposure. Table 2 and equations (3, 4, 5, and 6) respectively

explain the ILCR assessment parameters and model formulations [83], [84], [85].

3 |BW —_
ILCRingestion = CS X IRipgestion X EF X ED X <CSFingestion X /%) x (BW x AT x 10%)~! A3)

3 ’BW —
ILCRinhalation = (S x IRinhalation X EF X ED X <CSFinhalation X %) X (BW X AT X PEF) ! (4)
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ILCR germal contact = CS X SA X AF X ABS x EF x ED x <CSFderma1 contact X 3/%) x (BW x AT x 108)"1  (5)
Carcinogenic risk = I]-‘CRingestion + ILCRdermal contact + ILCRinhalation (6)

CSF is the carcinogenic slope factor, which is represented in units of (mg kg'day')!. According
to the USEPA, the CSF concentrations of BaP for the three exposure pathways are 25, 7, 3 and
3.85 mg/kg/day! [86]. CS isthe total PAHs concentrations that transformed to hazardous
equivalents of BaP using the Toxic Equivalence Factor (TEF) (in ng/g). Calculation of the ILCR
relies heavily on the detection of PAHs as BaP-equivalent concentrations using the TEF of each
PAHs relative to BaP. The total ILCR is equal to the sum of three routes: skin contact, oral
consumption, and inhalation. If the ILCR is less than 1/10°, it is deemed inconsequential; if it is

more than 1/10%, there is a reason for serious worry [87].

Table 2 Parameters descriptions used for ILCR model

Parameter Description Unit Adults Children References
ABS Dermal-Absorption-Factor unitless 0.13 0.13 [87]
AF Dermal-Adherence-Factor mg/cm? 0.07 0.2 [87]
AT Average-Time(70years 365 Days 25,550 25,550 [88]
days/year)

BW Body-Weight Kg 70 15

ED Exposure-Duration Years 20 6 [89]
EF Exposure-Frequency days/year 350 350 [89]
IR ingestion Ingestion-Rate mg/day 100 200 [87]
IR inhalation Inhalation-Rate m?/day 20 10 [88]
PEF Particular-Emission-Factor m3/kg 1.36x10°  1.36x10° [89]
SA Dermal-Surface-Area-Exposure cm? 5700 2800 [89]

2.9. Visualization

The data was visualized using the following R packages: "ggpubr" [90] and "corrplot"[91]. The
maps were created using Quantum Geographic Information System (QGIS) software, version 3.18.
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3. RESULTS AND DISCUSSION

3.1. PAHs spatial distribution and seasonal variation in water and sediment for Daube

River

3.1.1. PAHs in Daube River water

Figure 5 presents the concentrations of 16 identified PAHs in the water of the Danube River. The
total PAHs content in water across all seasons ranged from 224.8 ng/L in summer to 365.8 ng/L in
winter. The seasonal variation in PAHs concentrations was as follows: 283.1-541.9 ng/L in winter,
198.6-404.3 ng/L in spring, 160.0-324.6 ng/L in summer, and 228.2-378.1 ng/L in autumn. In water
samples from the Danube River, the concentrations of LMWPAHs (with 2-3 rings, such as Nap,
Acy, Ace, Fl, Phe, and Ant) were generally higher than those of HMWPAHs (with 4-6 rings,
including Flu, Pyr, BaA, Chr, BaP, DBA, BkF, BbF, IND, and BghiP) across all four seasons.
HMWPAHS recorded their highest values in summer (Figure 5). In Figure 6, the PAHs profiles in
both water and sediment are shown. Ace was found to be the most predominant component, with
levels between 16 and 47.8 ng/L, followed by Nap, Acy, FI, Ant, and Phe, which ranged between
11.9 and 45.0 ng/L, 15.5 and 44.0 ng/L, 7.1 and 40.9 ng/L, 10.5 and 40.2 ng/L, and 11.0 and 36.0
ng/L, respectively. The highest HMWPAHSs concentrations in water were found for BghiP (11.4-
28.3 ng/L), IND (8.2-17.9 ng/L), DBA (9.6-17.8 ng/L), BaP (9.1-17.5 ng/L), BKF (7.2-17.2 ng/L),
BbF (9.5-17.1 ng/L), Pyr (7.8-14.9 ng/L), Chr (10.1-14.7 ng/L), Flu (5.9-11.0 ng/L), and BaA (8.2-
10.1 ng/L).

Overall, >, PAHs concentrations in the Danube River water were higher in winter, spring,
and autumn than in summer, likely due to lower temperatures during those seasons. The seasonal
patterns of PAHs in water (Figure 5) are likely influenced by PAHs molecular weight and
degradation rates, which are more pronounced in warmer seasons [92]. While HMWPAHSs (4-6
rings) exhibit low water solubility and dissolution rates and are more resistant to decomposition,
LMWPAHS (2-3 rings) are more degradable and soluble in warmer conditions [93]. Consequently,
LMWPAHs are more concentrated in colder seasons, while HMWPAHSs increase in warmer
seasons (Figure 5), as LMWPAHSs content in water decreases.

The data also indicates that PAHs concentrations vary across sampling sites. The highest

concentrations in water were found at site S3 (center of Budapest) during colder seasons (Figure
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6), associated with increased LMWPAHs, suggesting recent local sources of atmospheric
deposition, likely from vehicle and industrial emissions. Additionally, significant PAHs
concentrations were observed in sediments at site S5 during winter and autumn. Visca et al. [94]
also examined PAHs in water samples, identifying high concentrations, particularly in April,
attributed to sources such as home heating, vehicle emissions, air transport, and a nearby

wastewater treatment facility.
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Figure 5 PAHs concentration in water in the six locations with respect to seasons.

The > PAHs concentrations in water samples across all seasons (ranging from a low of 224.8 ng/L
in summer to a high of 365.8 ng/L in winter) were higher than those reported in the Danube River
and its tributaries within Hungary, where concentrations ranged from 67.0 to 96.0 ng/L[95], [96].
They also exceeded other recorded values along the Danube River (16.0-133.0 ng/L) [97] and
additional Danube River measurements (15.9 to 53.2 ng/L) [98]. According to the European
Union's Drinking Water Directive, the maximum permissible concentration of PAHs in water is

set at 100 ng/L[56], [57]. Seasonal )’ PAHs levels in this study exceeded this standard by 124.8%
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in summer and 265.8% in winter. In contrast, >, PAHs concentrations in the study area were lower
than those observed in the Raba River, the largest Danube tributary in Hungary, where
concentrations ranged from 41.0 to 437.0 ng/L [99]. These variations likely result from differences
in sampling site selection, as this study targeted sites where contamination sources were
anticipated. In general, the PAHs concentrations observed in this study were also lower than those
reported in other countries, such as the Tiber River in Italy and the Humen, Bai Chao, and Chaobai
Rivers in China, with PAHs ranges of 10.3-951.6 ng/L, 311.1-1012.8 ng/L, and 55.0-882.0 ng/L,
respectively [100], [101], [102]. Additionally, the levels were similar to those reported in the

Yinma River in China, where Chen and co-workers observed concentrations between 23.2 and

386.9 ng/L [103].
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Figure 6 PAHs rings percentages in (A) water and (B) sediment among different sampling

seasons: winter, spring, summer, and autumn.

3.1.2. PAHs in Daube River sediment

The concentrations of PAHs in sediments are shown in Figure 7. Across the four seasons, PAHs
concentrations in sediment samples ranged from 316.7 ng/g dw in summer to 422.9 ng/g dw in

winter. Seasonal variation in PAHs concentrations was observed as follows: 313.7-622.7 ng/g in
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winter, 312.7-595.4 ng/g in spring, 215.1-465.4 ng/g in summer, and 311.3—491.7 ng/g in autumn.
The variation in PAHs levels within Danube River sediments indicates that concentrations differ
by sampling site, suggesting localized anthropogenic sources along the river. The variation by
season, due to differences in sampling times and locations, also suggests influences from seasonal
changes.

In contrast to PAHs concentrations in water, HMWPAHs were more prevalent than
LMWPAHSs in Danube River sediments (Figure 5), consistent with other studies [104], [105]. Due
to their higher water solubility and volatility (attributable to lower octanol-water coefficients),
LMWPAHSs typically recorded lower concentrations in sediments [106]. On the other hand,
HMWPAHSs have low water solubility, higher partitioning coefficients, and strong hydrophobicity
in water, leading to greater sediment accumulation [107]. The most predominant PAHs in sediment
samples were BaP, Chr, BbF, and BkF, with concentrations ranging between 28.7-52.4 ng/g, 16.1—
50.8 ng/g, 22.9-42.6 ng/g, and 14.9-42.4 ng/g, respectively. These were followed by BkF, Pyr,
BghiP, and BaA, with concentrations of 26.3-36.8 ng/g, 11.4-36.0 ng/g, 13.3-33.8 ng/g, and 10.1—
32.8 ng/g, respectively. As with water samples, site S3 recorded the highest PAHs concentrations
(Figure 4). The lowest concentrations were found for IND and Flu, ranging from 17.0-29.3 ng/g
and 9.0-21.4 ng/g, respectively. The highest concentrations of LMWPAHs were recorded for Ant
(13.2-24.8 ng/g), F1 (11.9-23.3 ng/g), and Phe (14.5-23.2 ng/g), while Acy, Nap, and Ace recorded
the lowest concentrations, with ranges of 11.6-18.4 ng/g, 14.0-19.2 ng/g, and 11.2-22.0 ng/g,
respectively. No distinct seasonal patterns were identified in PAHs concentrations in sediments,
indicating that they are relatively unaffected by seasonal changes.

Sediment pollution levels, based on total PAHs concentrations, can be categorized as
follows: (A) low pollution (<100 ng/g), (B) moderate pollution (101-1000 ng/g), (C) high
pollution (1001-5000 ng/g), and (D) very high pollution (>5000 ng/g) [59]. Therefore, sediment
pollution levels in the Danube River can be classified as low.

The seven carcinogenic PAHs (CPAHs) accounted for most of the total PAHs, with
concentrations ranging from 181.09 ng/g in summer to 240.0 ng/g in winter. CPAHs exhibited the
same spatial distribution as ), PAHs, with site S3 showing the highest levels (Figure 8). Variations
in PAHs concentrations in sediments across sites are likely influenced by several factors [104],
[108], [109], including (1) untreated municipal wastewater discharges, traffic emissions, industrial

activities, and fuel consumption; (2) hydrodynamic variations influenced by meteorological
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conditions, which can cause sediment resuspension and redeposition; (3) spatial differences in
sediment texture based on sampling site characteristics; and (4) redox conditions in sediments and
PAHs biodegradation. The maximum PAHs concentration observed at site S3 may be attributed to
its location within Budapest and its proximity downstream to a wastewater treatment plant. PAHs
concentrations in wastewater are a significant concern for industry, as PAHs are highly toxic and
persistent, posing long-term environmental risks. Their carcinogenic, genotoxic, and mutagenic
properties present serious health hazards [110], [111]. PAHs pollution can persist in wastewater
effluents if not adequately removed, ultimately contaminating river water through these sources

[112], [113], [114].
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Figure 7 PAHs concentration in sediment samples among various sampling sites and seasons

campaigns.

The concentrations of PAHs in sediment samples from the Danube River ranged from 316.7

ng/g dw in summer to 422.9 ng/g dw in winter. These levels were higher than those detected in the
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upper section of the Danube River and its tributaries in Hungary (35.2 to 288.3 ng/g) [96] and in
the Danube River and the Moson Danube Arm (118.0 to 283.0 ng/g) [97], but lower than those
reported in the upper section of the Danube River and the Mosoni-Danube branch (8.3 to 1202.5
ng/g) [99]. Overall, the PAHs concentrations measured in the present study were consistent with
those reported from other countries, such as the Soltan Abad River in Iran (180.3 to 504.0 ng/g)
[115]and the Ovia River in Nigeria (5.2 to 573.3 ng/g) [116]. These concentrations were lower
compared to those reported by Liu et al. in rivers in Shanghai, China (248.8 to 36,198.2 ng/g)
[117].

In the Seine River basin, France, PAHs concentrations in soils ranged from 450 to 5650 ng/kg
[118]. Otte and co-workers found that the 16 PAHs in the sediments of the Elbe River Estuary in
Germany were moderately contaminated, with concentrations ranging from 0.02 to 0.906 mg/g dw
[119]. PAHs levels in the Tiber River and its estuary in Italy ranged from 10.3 to 951.6 ng/L in
water and from 36.2 to 545.6 ng/g in sediment samples, respectively [101]. In the Sele River in
southern Italy, total PAHs concentrations ranged from 632.4 to 844.9 ng/g dw. Furthermore, PAHs
in the sediments of the Sarno and Volturno Rivers were found to range from 5.2 to 678.6 ng/g and

from 434.8 to 872.1 ng/g, respectively [120].
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3.2. Sources identification ratios of PAHs in water and sediment samples for Danube River

Based on the average concentrations of individual PAHs in water and sediments for each sampling
season (winter, spring, summer, and autumn), the following diagnostic ratios were determined to
identify the dominant sources and related emission routes. The specific meanings of each ratio—
Flu/(Flu+Pyr), LMW/HMW, Flu/Pyr, BaA/(BaA+Chr), IND/(IND+BghiP), IND/BghiP, and
BaA/(BaA+Chr)—along with the determined ratios, are provided in Appendix 5 and 6 for water
and sediments, respectively. According to the literature, a ratio of BaA/(BaA+Chr) less than 0.2
suggests that PAHs are primarily generated from petrogenic inputs (liquid fuel discharges). A ratio
between 0.2 and 0.35 indicates that PAHs originate from mixed sources (petrogenic/pyrogenic),
while a ratio greater than 0.35 implies that PAHs are predominantly formed from pyrogenic
sources, such as the combustion of solid fuels, biomass, and coal. Similarly, a ratio of
Flu/(Flu+Pyr) less than 0.4 indicates that PAHs originate from petrogenic inputs, a ratio between
0.4 and 0.5 suggests pyrolytic sources (such as burning liquid fossil fuels and crude oil), and a
ratio greater than 0.5 indicates pyrogenic sources from the combustion of solid fuels. Additionally,
a ratio of IND/(IND+BghiP) lower than 0.2 suggests petrogenic origins, a ratio between 0.2 and
0.5 indicates pyrolytic sources, and a ratio greater than 0.5 points to pyrogenic sources. The ratios
plotted as BaA/(BaA+Chr) against Flu/(Flu+Pyr) and as BaA/(BaA+Chr) against
IND/(IND+BghiP) are presented in Figure 9. Generally, LMWPAHs originate from oil or fuel
spills and have a short lifetime in the ecosystem, whereas HMWPAHs arise from combustion
products, pyrolysis, or petrogenic origins [3]. As shown in Figure 9, Flu/(Flu+Pyr) ratios range
from 0.4 to 0.5 in all seasons except summer for water samples. In sediment samples, the opposite
was observed, indicating pyrolytic sources in both cases. Furthermore, these ratios were less than
0.4 in the summer season for water samples and in both the winter and spring seasons for sediment
samples, indicating petrogenic inputs. The only instance of ratios exceeding 0.5 occurred in
autumn for sediment samples, suggesting that wood, coal, and grass combustion are the primary
sources of PAHs. The BaA/(BaA+Chr) ratios for both water and sediment samples were greater
than 0.35, indicating pyrogenic sources, except in the summer season for sediments, where values
were scattered and clustered between 0.2 and 0.35, indicating mixed sources
(petrogenic/pyrogenic). The ratios of IND/(IND+BghiP) for water samples were greater than 0.5

only in the spring season, while for sediment samples, ratios were greater than 0.5 in all seasons
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except spring, suggesting the contribution of solid fossil fuel combustion, such as biomass and
coal, in agricultural regions. For water samples, the ratios of IND/(IND+BghiP) ranged between
0.2 and 0.5 in the winter, summer, and autumn seasons, while sediment samples showed this range
only in spring, indicating pyrolytic sources. The BaP/BghiP ratio in both water and sediment
samples was greater than 0.6 in all sampling seasons, indicating PAHs of petrogenic origin.
Overall, the results indicate that the putative anthropogenic sources of PAHs are both pyrolytic
(incomplete combustion of liquid fossil fuels and vehicle exhaust emissions) and pyrogenic
(incomplete combustion of biomass and coal), with pyrogenic sources predominating over

pyrolytic sources.
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Figure 9 Cross plots of the diagnostic ratios of (A) BaA/(BaA+Chr) to IND/ (IND+BghiP) and
(B) ratios BaA/(BaA+Chr) to Flu/(Flu+Pyr) for water and sediment samples in all seasons from
the Danube River

3.3. Principal Component Analysis (PCA) based on PAHs in water and sediment for

Danube River

PCA was used to describe the individual loading of 16 PAHs variables in water and sediment
samples from all six sites in the Danube River (Figure 10). Bartlett's test revealed that the variables
are substantially correlated and appropriate for PCA analysis. The first two principal components
account for 88.6% of the overall variation in the findings related to water samples and 84.5% of
the variance in the sediment samples. Generally, PCA1 was positively dominated by high loadings
of all examined PAHs in both water (Figure 10, A) and sediments (Figure 10, B).The PCA analysis
results corroborated the previously observed distinction between sampling seasons, particularly
regarding the concentrations of LMWPAHs (Nap, Acy, Ace, Fl, Phe, and Ant) in water samples,
which were notably higher in the cold seasons compared to the warm season. Specifically, Figure

10 shows that, according to the PCA results, all LMWPAHs were characterized by cold seasons—
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winter, autumn, and spring. In contrast, most HMWPAHs predominantly occurred in the
summertime. This observation can be attributed to the poor water solubility and dissolution rate of
HMWPAHSs, which render them more resistant to decomposition, while LMWPAHs are more
soluble and degradable during the warm season. Figure 10 also indicates that the PCA results for
sediment samples revealed no distinct trends for PAHs across seasonal sediment samples,
demonstrating that sediments are independent of seasonal variations.
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Table 3 displays the concentration ranges and toxicity recommendations for 16 individual PAHs.
The concentrations of all PAHs in sediments were below the Effects Range Low (ERL) except for
Acy and FI, indicating the possibility of rare biological effects. However, the concentrations of
Acy in winter and spring, and FI in autumn and spring, were above the ERL but lower than the
Effects Range Median (ERM), suggesting occasional biological effects. Generally, aside from the
two mentioned PAHs, ecotoxicological concerns for the aquatic environment of the Danube River
do not pose a significant hazard. The combined impact of the 16 PAHs pollutants in sediments
suggests a low likelihood of negative biological impacts and a low ecological threat. To ensure
that the residual levels of PAHs in the sediments of the Danube River do not exceed ecological
quality criteria, routine monitoring of PAHs in sediments is required. Additionally, pollution

control initiatives must be undertaken to prevent the spread of PAHs in the Danube River.
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Table 3 Concentration range of 16 individual PAHs (ng/g dw) and toxicity guidelines

PAHs ERL-ERM Range (ng/g dw) <ERL >ERL and >ERM
<ERM
Min  Max
Nap 160-2100 14.01 19.23 v
Acy 16-500 11.67 18.45 Rest Seasons Winter, Spring
Ace 44-640 11.20 21.99 v
FI 19-540 11.89 23.30 Rest Seasons Spring autumn
Phe 240-1500 14.58 23.21
Ant 600-5100 13.21 24.85 v
Flu 85.3-1100 899 21.44 v
Pyr 665-2500 11.40 36.00 v
BaA 261-1600 10.17 32.88 v
Chr 384-2800 16.16 50.82 v
BbF 320-1880 2293 42.62 v
BkF 280-1620 2631 36.85 v
BaP 430-1600 28.79 5247 v
DBA 63.4-260 14.97 42.42 v
BghiP 430-1600 13.33 33.81 v
IND 240- 17.00 29.38 v

The Toxic Equivalency Quotient (TEQ) for sediment samples ranged from 29.88 ng/g in
the winter season to 140.39 ng/g in the autumn season. According to Canadian soil quality
guidelines for the preservation of ecosystems and human health, a threshold value of 600 ng/g is
considered safe for humans [121]. The ILCR values for adults and children detected in sediment
samples from the Danube River are shown in Figure 11. The total ILCR for both children and

adults are more than 1 in 10,000 in all seasons, with the highest values recorded at site 3, which is
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a serious concern. Furthermore, these values are substantially higher than those reported in the
Brisbane River in Australia [122]. When high amounts are found through long-term surveillance,
residents within the river basin area must be warned, and precautions must be taken to prevent

human contact with the sediments.
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Figure 11 ILCR levels in the Danube River sediments for adults (i) and children (i1). The red line
is the ILCR (1/10%).

4.1. Surface water and sediment PAHs range in each location of Tigris River

Figure 12 shows the changes in 16 PAHs concentrations in water samples over six months
(July—December 2022). The Y’ 16 PAHs at examined sites ranged from 678.2 to 718.5 ng/L for Al-
Kasak (S1); 1080.2 to 1354.6 ng/L for Qayyarah (S2) (before the oil refinery); 3033.0 to 3263.9
ng/L for Qayyarah (S3) (after the oil refinery); 501.7 to 606.7 ng/L for Kirkuk (S4); 571.7 to 694.2
ng/L for Al-Siniyah (S5); 1739.0 to 2101.2 ng/L for Baiji (S6) (before); 3110.0 to 3290.0 ng/L for
Baiji (S7) (after); 1141.9 to 1577.5 ng/L for Daura (S8) (before); 2690.2 to 2984.5 ng/L for Daura
(S9) (after); 897.7 to 1040.5 ng/L for Maysan (S10); 1128.7 to 1502.3 ng/L for South Refineries
Company (S11) (before); and 3614.6 to 3861.9 ng/L for South Refineries Company (S12) (after).
Overall, field observations and PAHs measurements indicate significant pollution in the surface
water along the Tigris River and its estuaries, with especially high contamination levels near oil
refineries. The closer the refinery is to the water, the higher the pollution, suggesting inadequate
waste management strategies.The variation in PAHs concentration in sediment samples is
illustrated in Figure 13. The )’ 16 PAHs at examined sites ranged from 8224.8 to 9455.8 ng/g for

Al-Kasak (S1); 5313.8 to 5942.0 ng/g for Qayyarah (S2) (before the oil refinery); 12037.2 to
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13920.4 ng/g for Qayyarah (S3) (after the oil refinery); 6053.8 to 7241.2 ng/g for Kirkuk (S4);
7545.1 to 9575.8 ng/g for Al-Siniyah (S5); 6916.4 to 7466.6 ng/g for Baiji (S6) (before); 11321.2
to 13156.8 ng/g for Baiji (S7) (after); 5285.9 to 6260.8 ng/g for Daura (S8) (before); 11675.0 to
14089.9 ng/g for Daura (S9) (after); 7642.1 to 9718.8 ng/g for Maysan (S10); 5337.8 to 6025.5
ng/g for South Refineries Company (S11) (before); and 11318.2 to 13254.3 ng/g for South
Refineries Company (S12) (after). The distribution of 16 PAHs in sediments mirrored that in
surface water, with elevated levels observed after each refinery site, indicating consistent

contamination trends across both water and sediment samples.
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Figure 12 Change in 16 PAHs concentrations for the water samples (ng/L) near the oil refineries in Tigris and its estuaries. The standard

deviation is less than 6%. (A) The location after the oil refineries and (B) the location before the oil refineries.
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Figure 13 The 16 PAHs concentrations in sediments samples (ng/g) near oil refineries in Tigris and its estuaries. Bubble bar represents the
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4.2 Spatial and temporal variation of PAHs concentrations in water and sediment of Tigris
River

The overall findings for 16 PAHs in water (A) and sediment (B) samples are shown in
Figure 14, which presents mean PAHs concentrations for each site. Sixteen PAHs were detected at
all riverine sites, with concentrations ranging from 567.8 to 3750.7 ng/L in water and from 5619.2
to 12795.0 ng/g in sediment.In Figure 14 (A), all sites near refineries exhibit high } 16 PAHs
levels in water samples. Concentrations doubled after refinery locations, with Qayyarah, Baiji, and
South Refineries showing the highest > 16 PAHs after the refinery sites, at 3203.0, 3192.5, and
3750.7 ng/L, respectively. Figure 14(A) highlights that the most contaminated sites are S12, S3,
S7, and S9. Phe, IND, BaP, and BghiP were the PAHs with the highest concentrations at these
locations. Since sampling was conducted from July to December, a relatively warm period in Iraq,
HMW PAHs were higher than LMW PAHs throughout, likely due to higher degradation rates for
LMW PAHs in warmer conditions [92]. HMW PAHs, with lower water solubility, tend to resist
decomposition, whereas LMW PAHs are more soluble and degrade faster in warmer seasons.

Similarly, sediment samples in the same locations showed high > 16 PAHs levels, with
concentrations of 12795.0, 12484.8, and 12449.1 ng/g for Qayyarah, Baiji, and South Refineries,
respectively. Variations in PAHs concentrations in Tigris River sediments suggest that levels
fluctuate with sampling sites, indicating the influence of anthropogenic activities along the river,
as well as seasonal changes, as samples were taken at different times and locations. However, no
significant seasonal differences were noted, suggesting that spatial variation has a greater influence
than temporal variation on PAHs accumulation in sediments. These observations may point to
petroleum discharge contributions to the Tigris River. IND, BghiP, and BaP consistently showed
the highest levels among PAHs measured. Figure 14 (B) indicates that the most contaminated sites
are S3, S7, S9, and S12. Predominant PAHs in river samples included Phe, IND, BaP, DBA, and
BghiP, while for sediment samples, S1, S3, S7, S9, and S12 were the most contaminated, likely
due to nearby pollution sources. IND, BghiP, BaP, and Chr were consistently present in the highest

levels in sediment samples.

PAHs contamination in water and sediments has been studied globally across numerous
river systems. Sun et al. reported PAHs levels in water between 144.3 to 2361.0 ng/L and in
sediment from 16.4 to 1358.0 ng/g along the Henan beach of the Yellow River in central China

[123]. Zheng et al. found PAHs levels in the Daliao River estuary ranging from 71.1 to 4255.4
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ng/L in water and from 374.8 to 11588.8 ng/g in sediment [124]. Similar studies on the Cauca
River in Colombia, the Prai River in Malaysia, and the Brisbane River in Australia reported 16
PAHs concentrations of 15-3739 ng/g (dry weight), 1102-7938 ng/g (dry weight), and 148-3079
ng/g, respectively [106], [122], [125]. Higher PAHs levels in these rivers were often linked to
petrogenic and pyrogenic sources, including petroleum products and their combustion. In Egypt,
11 PAHs in Nile River sediments ranged from 4065 to 10033 ng/g, indicating a high contamination
level [126]. Studies in northern China’s Duliujian and Beiyun Rivers found 16 PAHs in surface
sediments ranging from 356 to 4652 ng/g dry weight, with moderate to high contamination [127].
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Figure 14 Mean of the 16 PAHs concentration in water (A) and sediment (B) along the Tigris
River. The letter (A) near the refinery name refers to the word after and the letter (B) represents

the word before (before the refinery location).

The U.S. Environmental Protection Agency (USEPA) classifies seven PAHs—Chr, BaA,
BaP, BbF, BKkF, IND, and DBA—as carcinogenic [128]. Figure 15 presents the distribution of these
7CPAHs across the twelve sites in both water and sediment samples. These hazardous compounds
accounted for approximately 33.5% (S2) to 64.5% (S9) of PAHs in the water samples, which is
significantly higher than the 3.5%—-28% range observed in seven major Chinese rivers [129]. BaP,
recognized as one of the most carcinogenic PAHs, showed concentrations in the Tigris River
ranging from 10.5 ng/L at S1 to 544.0 ng/L at S9 (mean = 149.8 ng/L), indicating relatively high
levels. Baumard et al. [59]categorized sediment PAHs concentrations as follows: low (<100 ng/g),
moderate (100—-1000 ng/g), high (1001-5000 ng/g), and very polluted (>5000 ng/g). Based on this
classification, the sediments of the Tigris River are considered "very polluted" and require

immediate attention from the Iraqi government to mitigate these elevated concentrations.
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4.3. Composition of PAHs in Tigris River

4.3.1 PAHs composition in water

Figure 16 presents a compositional diagram displaying the percentage of each PAHs group in water
(A) and sediment (B) samples from the Tigris River. In the water samples, HMWPAHSs are more
prevalent, ranging from 49.41% at S2 to 81.67% at S9, compared to 4-ring PAHs, which range
from 18.33% at S9 to 50.59% at S2. The variation in PAHs percentages across sampling sites may
be explained by the greater volatility and biodegradability of LMWPAHSs as opposed to the more
environmentally persistent HMWPAHSs [130]. The dominance of HMWPAHSs could be attributed
to their low bioavailability and water solubility [131]. Han et al. also found that high HMWPAHSs

concentrations relative to total PAHs often indicate sources related to petroleum combustion [131].

4.3.2. PAHs composition in sediment

Figure 16 (B) shows the composition patterns of 2—6 ring PAHs detected in sediments. The
majority of PAHs in the Tigris sediment samples were 5-6 ring PAHs, comprising 39.06% (S7) to
89.39% (S3) of £ PAHSs. The 2-3 ring PAHs made up 10.61% (S3) to 27.94% (S11) of ¥ PAHs,
except for S7, which contained 60.94% LMWPAHs. HMWPAHs are more resistant to degradation,
allowing for efficient transport and deposition in sediments. While LMWPAHs exhibit observable
acute toxicity, HMWPAHs are associated with chronic toxicity [132], indicating high hazard levels
in samples with elevated HMWPAHs concentrations. Overall, PAHs composition in both water
and sediment from the Tigris River followed a similar trend to our findings from the Euphrates
River, where 5-6 ring PAHs also dominated, averaging 42% in water and 50% in sediment samples

[71].
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Figure 16 PAHs rings distribution for (A) water as well as (B) sediment.
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4.4. Principal Components Analysis (PCA) and Source Identification of Tigris River sites

4.4.1.PCA in Water

The PCA findings for water samples identified three principal components that explained 84.89%
of the total variation. Most of this variation is attributed to PCA1, PCA2, and PCA3, as shown in
Figure 17 (A), with respective variances of 49.21%, 24.94%, and 10.75%. PCA1 is loaded with
PAHs originating from sources such as oil combustion in gasoline and diesel engines and vehicle
emissions [133]. In contrast, PCA2 and PCA3 are associated with LMWPAHs and 4-6 ring PAHs
compounds, indicating multiple contamination sources. The negative loadings in PCA2 and PCA3
suggest an inverse association between certain PAHs compounds, signifying that specific PAHs
are negatively correlated with others. Additionally, direct wastewater discharge and municipal
waste disposal along the Tigris may contribute to elevated PAHs levels. Street dust deposition,
carrying PAHs from surrounding areas, may further increase PAHs concentrations in the river [6].
Fossil fuel combustion, especially from refineries, could also enhance the levels of toxic chemicals

in the local environment.

4.4.2. PCA in Sediment

Figure 17 (B) illustrates the PCA analysis of sediment samples, showing the PAHs distribution
across PCA1, PCA2, and PCA3, with a combined variance of 75.16%. PCA1 accounted for
30.97% of the variance and is indicative of primarily 4-6 ring PAHs. PCA2, similar in variance to
PCAL1, accounted for 29.89% and also represents 4-6 ring PAHs. PCA3, explaining 13.31% of the
variance, includes LMWPAHSs and 5-6 ring PAHs. As observed in water samples, various negative
correlations between PAHs assigned to each component were identified in sediment samples as

well.
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4.5. Source Identification of PAHs in Tigris River water

Geologic, petrologic, pyrolytic, and biological processes are the primary sources of PAHs [134].

Several ratios are taking into account to identify the PAHs sources. The HMW ratios like
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BaA/(BaA + Chr) and Flu/(Flu + Pyr) are widely adopted as they are more stable than LMWPAHSs
ratios. A ratio of BaA/(BaA+ Chr) less than 0.2 indicates that oil emissions are the primary source
of PAHs contamination. If the ratio exceeds 0.35, combustion is the predominant cause. A ratio
between these two values indicates the presence of both oil and combustion pollutants [135]. If
Ant/(Ant+Phe) less than 0.1 indicates pollution from petroleum sources, while Ant/(Ant+Phe) with
more than 0.1 suggests pyrogenic sources [136]. In addition, a ratio of Flu/(Flu+Pyr) less than 0.4
is indicative of contamination from petroleum or oil spills. Flu/(Flu+Pyr) more than 0.5 is
suggestive of biomass combustion sources. A ratio between 0.4 and 0.5 (0.4 < Flu/(Flu+Pyr) < 0.5)
is indicative of petroleum combustion sources [137]. The ratio of LMW to HMW and the number
of isomers with similar physicochemical properties may be used to qualitatively define
contamination sources. A ratio of LMW/HMW of more than 1 implies petroleum sources, whereas
a ratio of less than one indicates combustion sources [138]. The ratio of BaP to BghiP may also be
used to confirm PAHs source assessments. A ratio of BaP/BghiP less than 0.6 suggests that PAHs
come from non-traffic emission, while a ratio more than 0.6 indicates that traffic emission is the
main source [139].

Figure 18 illustrates the ratios of Flu/(Flu + Pyr) against Ant/(Ant + Phe) and BaA/(BaA +
Chr) to predict the likely sources of PAH. In most sites, the BaA/(BaA + Chr) ratio in water ranged
from 0.2 to 0.35, suggesting a mixture of oil and combustion pollution. Similarly, both S3 and S7
exhibited ratios of less than 0.2, indicating that oil-related activities were the predominant cause
of PAHs pollution. Sites S4 and S5 had BaA/(BaA + Chr) ratios greater than 0.35, indicating that
combustion is the primary source of PAHs contamination. Using the Flu/(Flu + Pyr) ratio, it can
be deduced that S3, S7, S9, and S12 had values of less than 0.4, indicating oil contamination. Other
locations (excluding S6) revealed sources of PAHs from petroleum burning. The LMW/HMW
ratios of less than one were found for all river water sample locations except S2, suggesting that
combustion was the predominant source of PAHs constituents. PAHs in water samples S1, S3, and
S7 are likely sourced from non-traffic origins based on the BaP/BghiP ratio criteria, whereas PAHs

in other sites are likely released from traffic emissions.

4.6. Source Identification of PAHs in Tigris River sediment

In samples from sites S4-S6 and S8, the BaA/(BaA + Chr) ratio was greater than 0.35, indicating

that combustion is the primary source. Only sites S3 and S7 revealed oil as a source of PAHs
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emissions, while the other sites suggested a mixture of oil and combustion sources. PAHs in S1,
S3,S7,S9, and S12 had ratios of Flu/(Flu + Pyr) less than 0.4, indicating pollution from petroleum
or oil spills. Other locations exhibited PAHs levels between 0.4 and 0.5, indicating sources from
petroleum combustion. In all areas along the Tigris River, except S7, the LMW/HMW ratio was
less than 1, suggesting that combustion was the primary origin of PAH. Applying the BaP/BghiP
ratio, S1, S3-S5, and S9-S10 indicated traffic pollution sources. PAHs in other sediment areas were
sourced from non-traffic-related origins.

PAHs in water and sediment are often derived from pyrogenic sources, as seen in Figure
18. Pyrogenic PAHs are combustion byproducts primarily discharged into the environment through
the burning of fossil fuels and biomass [140]. Overall, the ratios suggest that pyrogenic sources
account for the majority of PAHs found in the Tigris River. This may be linked to several observed
sources near the Tigris River, such as oil refinery emissions, oil sector wastewater discharges, and
oil combustion. In certain instances, such as at the refineries in the south (S11 and S12), electrical

generators for surrounding enterprises may be the primary PAHs producers in the environment.
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4.7. Ecological and Health Risks in Tigris River

The ecological risk assessment of sediment samples followed the methodology outlined by
Ambade et al. [81]. The concentrations of 16 PAHs were evaluated according to sediment quality
criteria (SQGs). The levels of Flu and Acy in sediments at all locations were higher than the ERL
but lower than the ERM, placing them within the range of possible effects based on comparison
with SQGs (Table 4). At all locations, Ant concentrations were below the ERL, indicating minimal
effects with rare biological impacts. PAHs such as Ace, FI, DBA, and BghiP fell within the range
of possible effects with occasional biological impacts and the probable effects range with frequent
biological effects. Other PAHs, including Nap, Phe, Pyr, BaA, Chr, BbF, and BKF, exhibited either
rare biological impacts in certain areas or occasional biological effects in others. However, for
BaP, all SQG scenarios were presented. The findings reveal that the majority of PAHs
concentrations in all sediment samples fall within the possible effects range, indicating occasional
biological effects.

The ecological risks posed by PAHs to the water of the Tigris River were evaluated
according to USEPA criteria for surface water quality, while Iraqi regulations were more general
and merely prescribed hydrocarbon limits (10 pg) [58]. According to USEPA regulations (standard
limit <31 ng/L for the total of Acy, BaA, BaP, BbF, BghiP, BKF, Chr, DBA, IND, and Phe), the
PAHs concentrations in the samples were significantly higher than the specified limit. This
indicates that aquatic life in the Tigris River faces a serious ecological threat. The TEQ findings in
water ranged from 79.6 ng/L for S1 and 890.4 ng/L for S9. The minimum TEQ value in the
sediment sample was 414.0 ng/g for S7 and 5353.1 ng/g for S3. TEQ results were mostly higher
than those observed in other areas, for instance, India, and Pakistan [141]. These worryingly high
levels strongly indicate that immediate action by environmental authorities is necessary.

Using the USEPA's ILCR model, a risk assessment of human exposure to PAHs in river
sediments was performed. This was necessary because of the individuals' daily dependence on the
region's aquatic resources [83]. ILCR is usually employed to quantify the human carcinogenic risk
posed by environmental PAHs exposure [83], [142], [143]. The ILCR values found in sediment
samples from the Tigris River (Figure 19) are much greater than those reported in Australia's
Brisbane River [122]. Since these concentrations were detected by long-term monitoring, the
individuals nearby the examined locations must be notified and precautions must be taken to limit

human contact with the sediments. The inhalation of PAHs mostly comes from air breathing,
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whereas the inhalation of aquatic contamination should probably occur during an incident
involving water choking. Due to a low likelihood of accidental water choking, inhaling PAHs in
sediments in this investigation was omitted from health risk assessments. Thus, the only PAHs
exposure routes considered in this investigation are dermal contact and ingestion [144]. This was
also considered in other works when ILCR was computed [145]. The determined ILCR values for

water depicted in Figure 19 indicated that all examined sites posed a high risk of carcinogenicity.
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Table 4 Toxicity guidelines with respect to 16 PAHs range

PAH ERL-ERM Concentration range (ng/g) <ERL >ERL and <ERM >ERM
Nap 160-2100  76.5-372.4 S3,59,S12  Rest Nil
Acy 16-500 97.1-414.3 Nil All sites Nil
Ace 44-640 117.9-2099.5 Nil Rest S7
FI 19-540 86.2-3889.9 Nil Rest S7
Phe 240-1500  222.2-1024.6 S1,S8 Rest Nil
Ant 600-5100  33.0-494.8 All sites  Nil Nil
Flu 85.3-1100 103.5-547.6 Nil All sites Nil
Pyr 665-2500  164.9-748.8 Rest S1, S12 Nil
BaA 261-1600  106.6-800.6 S3, S11 Rest Nil
Chr 384-2800  382.6-2309.7 S11 Rest Nil
BbF 320-1880  192.7-1013.8 S2, S6-S8  Rest Nil
BkF 280-1620  139.0-820.4 S7 Rest Nil
BaP 430-1600  147.9-3320.4 S2, S6-S8, Rest S3, S9
S11, S12
DBA 63.4-260 141.2-1661.5 Nil S3,S7,S9 Rest
BghiP 430-1600  572.0-2384.6 Nil Rest S3, 57,59,
S12
IND 240- 210.3-2468.5 S7 Rest

5.1. PAHs concentrations in Euphrates River water

The spatial and temporal variation of PAHs concentrations in water samples is shown in Figure
20. In March, water samples from sites S11 and S13 recorded the highest concentrations of the 16
PAHs. In April, S11 continued to show the highest concentration, followed by S12 and S13. In
May and July, however, S12 exhibited the highest levels, followed by S13. In June, measurements
indicated that S11, S13, and S12 had the highest concentrations of the 16 PAHs. The downstream
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locations—S11, S12, and S13—consistently showed the highest PAHs concentrations compared
to other sites along the river’s main body. The data indicates a clear spatial pattern, with PAHs
concentrations increasing progressively from upstream to downstream. However, Figure 20 does
not show a consistent temporal trend in PAHs concentrations across the sampling period. Several
factors complicate the interpretation of PAHs variation in the Euphrates River, including the
irregular discharge of wastewater, diverse industrial activities (e.g., oil and agriculture), the impact

of climate change on seasonal shifts in Iraq, the river’s complex geology, and various industrial

and agricultural activities surrounding the river.
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Figure 20 PAHs concentrations in water samples. The scale bar represents PAHs concentration

range (ng/L).

5.2. PAHs concentrations in Euphrates River sediment

The spatial and temporal variations in PAHs concentrations in water and sediment samples are
shown in Figure 21. The Figure demonstrates that in March, sediment samples from S5, S12, and
S4 had the highest levels of 16 PAHs. In April, Site S5 remained the highest, followed by S12 and
S8. In May, however, S12 recorded the highest PAHs levels, with S11 in second. Measurements
conducted in June found that S12, S13, and S5 had the highest values of the 16 PAHs, while in the
final month of sampling, S5 and S12 again exhibited the highest concentrations. Overall, S5 and
S12 consistently showed the highest concentrations of the 16 PAHs along the main river course.
The spatial variation of PAHs concentrations is clear, with levels generally increasing from
upstream to downstream. However, Figure 21 does not reveal a consistent temporal trend in PAHs
concentrations across different months in the water and sediment samples. This aligns with
findings by Duodu et al. [122], who noted weak correlations between PAHs compounds, making
it difficult to conclude any patterns in temporal variation across different months. Several factors
complicate the understanding of PAHs spatial and temporal variation in the Euphrates River,
including irregular wastewater discharge, industrial activities (e.g., oil and agriculture), the river’s
complex geology, and regional industrial practices. Additionally, climate change is a significant

challenge in Iraq and the MENA region, with substantial negative impacts on the environment,
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water resources, and the agricultural economy [146]. Reduced river flow, influenced by dam
construction on major rivers and occasional droughts [147], leads to sediment accumulation

throughout the river, potentially increasing PAHs levels.
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5.3. Overall PAHs concentrations in water and sediment along the Euphrates basin.

Figure 22 presents the mean concentrations of 16 PAHs detected in water (A) and sediment (B)
samples. All targeted PAHs were detected at every sampling location along the river, with
concentrations ranging from 464 to 992 ng/L in water samples and 5940 to 9723.9 ng/g dw in
sediment samples. IND showed the highest average concentration in both water (65.22 ng/L) and
sediment (863.30 ng/g dw) samples, accounting for approximately 9% and 11%, respectively, of
the > 16 PAHs. The lowest average concentration among all PAHs was recorded for Fl (34.30
ng/L) in water samples and Nap (247.34 ng/g dw) in sediment samples. Location 2 (Hit) exhibited
the lowest >, 16 PAHs in both water (464.00 ng/L) and sediment (5940.00 ng/g dw) samples. In
contrast, location 13 had the highest >, 16 PAHs in water samples (991.85 ng/L), while location 12
had the highest }° 16 PAHs in sediment samples (9723.9 ng/g dw). It was also observed that the )’
16 PAHs in upstream locations was lower than in downstream locations, likely due to the
introduction of several pollution sources, both point and non-point, such as direct wastewater

disposal and airborne dust, which increase PAHs levels in the river system [6], [148].
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Figure 22 PAHs mean concentrations measured in (A) water samples (ng/L) and (B) sediment

samples (ng/g dw) of all the sampling sites

The concentration range of )’ 16 PAHs in the Euphrates River water (464-992 ng/L) is higher than
that observed in the Yellow River Delta, China (64.8-335 ng/L) [149], the Shanghai River (46.53—
222 ng/L[117], the Soan River in Pakistan (61-207 ng/L) [150], and surface waters of the Gulf of
Gabes, Southern Mediterranean Sea, Tunisia (17.6—71.2 ng/L) [151]. It also surpasses PAHs levels
measured in Tunisian coastal harbors along the Gulf of Tunis, with summer concentrations at 378.4
ng/L and winter concentrations reaching 703.1 ng/L [152]. In this study, PAHs levels in the
Euphrates exceed those in the Al-Hussainya River (an estuary of the Euphrates), which ranged
from 0.24 to 58.72 ng/L [153]. However, PAHs levels here are lower than those found in the Cauca
River, Colombia (52.1-22,888 ng/L)[106] and the Daliao River, China (71.12-4255 ng/L) [124].
The PAHs concentration in sediment samples ranged from 5940 to 9723.9 ng/g dry weight
(dw), with a mean of 7762.7 ng/g dw. According to the World Health Organization (WHO), the
maximum allowable PAHs concentration in drinking water is 200 ng/L [128], [154], [155]. Thus,
effective treatment is needed to reduce PAHs levels for safe drinking water, especially downstream
where levels peak. Notably, seven commonly studied PAHs (Chr, BbF, BkF, BaA, BaP, IND, and
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DBA) are classified as carcinogens by the US Environmental Protection Agency (USEPA). These
compounds contribute about 46% of Y, 16 PAHs in the water samples, a notably higher proportion
than the 3.5%-28% range reported in seven major Chinese rivers [156]. Among these, BaP is
recognized as highly carcinogenic, with a WHO guideline limit of 100 ng/L in drinking water
[128]. In the Euphrates, BaP concentrations ranged from 9.918 to 85.54 ng/L (mean = 50.02 ng/L),
lower than the WHO limit but exceeding Canada’s drinking water guideline of 40 ng/L at some
sampling sites [157]. Sites S4-S13 exceeded Canada’s limit, while S1-S3 remained below it,
highlighting potential health risks associated with using this water for fishing or consumption, as
PAHs can enter the human body through ingestion [158].

The European WFD aims for "good status," combining "good chemical" and "good
ecological" conditions [54], [55]. It mandates that EU Member States monitor Priority Substances
(PS) in inland and coastal waters, with specific Environmental Quality Standards (EQS) set for
each. Among PS, eight PAHs (naphthalene, anthracene, fluoranthene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, indeno[l,2,3-cd]pyrene, and benzo[ghi]perylene) are
included. In this study, Nap, Ant, and Flu were within permissible limits across all sites, while BbF,
BKF, BghiP, and IND exceeded allowable levels at every site. BaP concentrations were above limits
at S4, S7-S10, S12, and S13, while other sites remained compliant.

The sedimentary ) 16 PAHs levels in this study (5940-9724 ng/g dw) are higher than those
reported for the Brisbane River, Australia (148-3079 ng/g dw) [122], the river in Chongqing,
China (221-3205 ng/g dw) [159], the Rizhao coastal area, China (79.3—-853 ng/g dw) [160], the
Gulf of Tunis, Tunisia (1294.6 ng/g dw) [152], Bizerte Lagoon, Tunisia (83.3—447.08 ng/g dw)
[161], and Ghar El Melh Lagoon, Tunisia (39.59-655.28 ng/g dw) [162]. The current PAHs
sediment load also exceeds values reported for the Euphrates in 2005-2006, which totaled 167
ng/g dw [163].

While sedimentary PAHs levels here are lower than those in Al-Hussainya River (0.36—
119.06 pg/g dw), unit inconsistencies (pug/g dw in the abstract and ng/g in the Table) make
comparisons challenging [153]. Globally, the PAHs levels are also below those found in Athabasca
Lake, Canada (10.6-130,180 ng/g dw) [164], the Huai River, China (810-28,228 ng/g dw; [165],
and coastal Bangladesh (200—-17,089 ng/g dw) [166]. Carcinogenic PAHs contribute about 55% of
the > 16 PAHs in these sediments, surpassing levels found in the Brisbane River, Australia (46%)
[122], and the Gao-ping River, Taiwan (22%) [167]. Although the Taiwan study was conducted 18

years ago, PAHs levels may have fluctuated over time. Baumard et al. [59]classified sediment
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PAHs as low (0-100 ng/g), moderate (100-1000 ng/g), high (1001-5000 ng/g), and very
contaminated (>5000 ng/g). By this classification, Euphrates sediments are highly contaminated

and warrant intervention to reduce these elevated concentrations.

5.4. PAHs composition in water and sediment in Euphrates basin

The PAHs measured in this study were divided into three groups based on the number of rings in
their structure: 2-3 rings (low molecular weight, LMW), 4 rings, and 56 rings (high molecular
weight, HMW). The percentage contribution of each of these groups to the XPAHs in water and
sediment samples is presented in Figure 23. Figure 24 shows ternary plots for water (A) and

sediment samples (B).
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Figure 23 Percentage distribution of PAHs based on the number of rings for (A) water samples

and (B) sediment samples.
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Figure 24 Ternary plots for water ng/L (A) and sediment samples ng/g dw (B).

The Euphrates water samples primarily consisted of 5—6 ring PAHs, accounting for 37.9% (S11)
to 48.3% (S4) of £ PAHs (average of 42%), followed by 2-3 ring PAHs, which accounted for
22.2% (S7) to 37.6% (S13) of £ PAHs (average of 32%). The 4-ring PAHs accounted for 20.7%
(S13) to 30.4% (S7) of X PAHs (average of 26%). The composition was slightly different in the
sediment samples. In the Euphrates sediment samples, 5-6 ring PAHs predominated, accounting
for 40% (S2) to 62% (S12) of £ PAHs (average of 50%), followed by 4-ring PAHs, which
accounted for 17.1% (S12) to 36.4% (S2) of £ PAHs (average of 28%). The 2-3 ring PAHs
accounted for 18.8% (S4) to 24.7% (S6) of ¥ PAHs (average of 22%). Similar findings were
reported in previous studies [117], [136], [168]. The high percentage of HMW PAHs in sediments
may be attributed to their low solubility, leading to accumulation in sediment layers. The PAHs
distribution in the Euphrates River resembled that of 9 out of 30 rivers monitored in Taiwan [136].
One of seven rivers assessed for PAHs in China also displayed a similar ring distribution to the
Euphrates River [156]. HMW PAHs are more resistant to degradation, enabling them to be
transported and deposited in sediments more efficiently. In contrast, LMW PAHs have higher water
solubility and are more prone to benthic recycling, making them more prevalent in the dissolved

phase [101]. LMW PAHs (2-3 rings) exhibit acute but relatively low toxicity, whereas HMW PAHs
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(4-6 rings) pose chronic toxicity [132]. This implies that both water and sediment samples exhibit

high toxicity due to the significant presence of HMW PAHs.

5.5. Principal components analysis (PCA) in water and sediment of Euphrates River

PCA has proven to be the multivariate analytical approach for identifying sources of PAHs in
environmental source apportionment studies, transforming complex original data into several new
factors or variables, each reflecting a group of correlated variables in the dataset (Anh et al., 2020).
The sum of the principal components, also known as summary indices (PC-1, PC-2, ..., PC-n),
from a particular PCA always equals 100%, and the most significant components (PC1, PC2, etc.)
are selected to explain the variances occurring in the original dataset.

The results of the PCA on water samples revealed three factors that explained 67.03% of
the variation in the data. The largest portion of the overall variance was attributed to PC1, PC2,
and PC3, as shown in Figure 25A, with variances of 41.59%, 13.91%, and 11.53%, respectively.
Principal Component 1 (PC1), which represents LMW PAHs (Nap, Acy, Ace, and FI) and HMW
PAHs (BaA, Chr, BbF, BaP, BghiP, IND), explained 41.59% of the overall variance. Nap is a major
constituent of diesel fuels and gasoline and may be produced by incomplete combustion [88]. IND
may be a byproduct of pyrolysis or incomplete fuel combustion [169]. BghiP is indicative of
automobile emissions [170], while Chr indicates coal combustion; other PAHs, such as Flu, are
mostly derived from the significant volume of vehicle emissions [171] . Principal Component 2
(PC2) and Principal Component 3 (PC3) represent the PAHs groups of Flu, Pyr, BaP, and DBA
and Ant, Flu, Pyr, Chr, and BbF, respectively. Table 5 shows the eigenvectors and percentage of
variance for the PCA analysis of water samples. Negative loadings, such as Nap, Chr, BbF, and
BKF for PC2 and Acy, Fl, and BaA for PC3, suggest a negative relationship or correlation between
these PAHs and others from which they originated. BaA and BbF primarily originate from vehicle
emissions and the burning of fossil fuels [170]. Additionally, illegal waste (liquid and solid)
dumping into the water system and direct wastewater discharge along the Euphrates River could
contribute to higher PAHs concentrations. The atmospheric deposition of dust containing PAHs
into the river system could also be a reason for elevated PAHs levels. The burning of fossil fuels,
particularly in metropolitan areas, along with the use of private power generators, could further

increase the concentration of these compounds in surrounding environments.

76



rc2

—0.5 R0 0.5

T T
oslo
24 @ Sites
0.5
Contributions
-
~1
g . -
] .0
b~k
.5
_a . . N -
-2 = | ] | 2
A PCl1
b5 1hih L5
3' T ]
Wss
4 1.0
:_
B Sites
. Contributions
- N =
s -
il 0.1 :I dA=5
[ ] 5-8
= .
)
-2

Figure 25 Biplots of the PCA analysis for (A) water and (B) sediment samples.
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Table 5 Eigenvectors and percentage of variance for PC analysis of water samples.

Water PC1 PC2 PC3
Nap 0.352 -0.145 0.061
Acy 0.344 0.046 -0.198
Ace 0.334 0.108 0.020
FI 0.332 0.097 -0.233
Phe 0.146 0.098 0.118
Ant 0.092 0.143 0.323
Flu 0.103 0.479 0.409
Pyr 0.150 0.324 0.334
BaA 0.255 0.094 -0.248
Chr 0.221 -0.417 0.288
BbF 0.214 -0.274 0.452
BkF 0.129 -0.245 -0.223
BaP 0.224 0.221 -0.289
DBA 0.099 0.429 -0.121
BghiP 0.338 -0.129 -0.070
IND 0.346 -0.142 0.028

The PCA biplot for sediment samples are shown in Figure 25 B, which depicts the PAHs loadings
at PCI1, PC2, and PC3. In the sediment samples, PC1 accounted for 26.60% of the variance, with
representative PAHs including Nap, Acy, Ace, FI, BaA, Chr, BbF, BaP, BghiP, and IND. PC2
accounted for 18.55% of the variance, represented by PAHs such as Flu, Pyr, BaP, and DBA. PC3
was responsible for 15.83% of the variance in PAHs, including Ant, Flu, Pyr, Chr, and BbF. PC1
and PC3 exhibited greater loading of both LMW and HMW PAHs, whereas PC2 had a greater
loading of HMW PAHs. Table 6 shows the extracted eigenvector values for sediment samples.
Similar to the water samples, several negative correlations were detected between the assigned
PAHs for each component. According to the PCA and diagnostic ratios, PAHs in the Euphrates

River predominantly originates from coal and fuel combustion, petrogenic sources, and pyrolysis.
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Table 6 Eigenvectors and percentage of variance for PC analysis of Sediment samples.

Sediment PC1 PC2 PC3
Nap 0.276 -0.272 0.224
Acy 0.215 0.062 0.006
Ace 0.090 0.432 0.209
FI 0.272 -0.150 -0.10
Phe 0.383 0.119 -6.1E-4
Ant 0.186 0.407 0.229
Flu -0.125 -0.101 0.527
Pyr 0.183 0.176 0.068
BaA -0.027 0.499 -0.225
Chr -0.001 0.312 0.103
BbF 0.372 0.199 0.165
BkF 0.218 0.009 -0.396
BaP 0.361 -0.231 -0.137
DBA 0.166 -0.194 0.492
BghiP 0.214 -0.070 -0.226
IND 0.413 -0.080 -0.016

5.6 Source identification and Pearson's correlation coefficient of PAHs of Euphrates basin

To manage the emission and release of PAHs with greater precision, it is essential to identify their
sources of contamination to the fullest extent possible. In general, there are four main sources of
PAHs: geogenic, petrogenic, pyrolytic, and biogenic [134]. Several diagnostic ratios for PAHs
have been widely utilized to determine the likely source categories of PAHs in ecosystems [172].
HMW PAHs ratios, such as BaA/(BaA + Chr) and Flu/(Flu + Pyr), are typically preferred because
they are more stable than LMW ratios. Therefore, to infer the potential origins of PAHs, the ratios
of Ant/(Ant + Phe) and BaA/(BaA + Chr) against Flu/(Flu + Pyr) were graphed in Figure 26.
According to results summarized by Yunker et al.[135], a BaA/(BaA + Chr) ratio of less than 0.2

indicates that oil emissions are the primary source of PAHs pollution, while a ratio greater than
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0.35 indicates that combustion is the dominant source. A ratio between these two values indicates
a mixture of oil and combustion pollution [135]. An Ant/(Ant + Phe) ratio of less than 0.1 suggests
petroleum contamination, while a ratio greater than 0.1 indicates pyrogenic sources [136].
Conversely, a Flu/(Flu + Pyr) ratio of less than 0.4 indicates petroleum contamination or oil spills,
while a ratio of 0.4 to 0.5 suggests petroleum combustion sources, and a Flu/(Flu + Pyr) ratio
greater than 0.5 indicates biomass combustion sources [137]. The ratio of LMW/HMW and the
proportion of isomers with similar physicochemical properties can qualitatively represent the
characteristics of their contamination sources. An LMW/HMW ratio greater than 1.0 implies
petroleum sources, whereas a ratio less than 1.0 indicates combustion sources [138]. The
BaP/BghiP ratio can also be used to further confirm the estimation of PAHs sources. A BaP/BghiP
ratio of less than 0.6 suggests that PAHs originated from non-traffic emissions, whereas a ratio

greater than 0.6 indicates that the source is traffic emissions [139].
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Figure 26 Cross plots of PAHs source identification for (A) water and (B) sediment samples

5.7 Source identification and Pearson's correlation coefficient of PAHs in Euphrates River

water

In the water samples, except for S5, S6, S10, and S13, the sources of PAHs were primarily from
petroleum combustion (0.4 < Flu/(Flu + Pyr) < 0.5) (Figure 27). S5 exhibited petroleum origin,
while S6, S10, and S13 showed sources from biomass combustion. By applying the ratio
BaA/(BaA + Chr) to the water samples, it can be concluded that the values for S1 to S3 fell between
0.2 and 0.35, indicating a mixture of oil and combustion pollution. In contrast, other sites (S4 to
S13) indicated combustion as the dominant source, with ratios exceeding 0.35. Assessing the water
samples along the entire river, an LMW/HMW ratio of less than one was found, suggesting that
combustion is the primary source of PAHs compounds. Based on the BaP/BghiP ratio criteria, the
PAHs in water samples S4, S10, S12, and S13 are likely derived from traffic emissions, while
those from S1, S2, S3, and S11 originate from non-traffic emissions.

From the matrix of Pearson's correlation coefficients, it is evident that there is a positive

association between the 2-3 ring PAHs (R > 0.57, p < 0.05) in the water samples. For instance,
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Nap shows a strong positive correlation with Acy and FI. Additionally, the coefficients between 2-
3 ring PAHs and 5-6 ring PAHs are notably positive, with r values exceeding 0.70. This is clearly
illustrated by the positive correlation between Nap and Ace, as well as other 5-6 ring PAHs such
as BbF and BghiP. Moreover, Acy (a 2-3 ring PAH) is positively correlated (R = 0.82) with 5-6
ring PAHs (BghiP and IND). It was also found that PAHs compounds with 4-ring structures, such
as Chr, have very strong interactions with 5-6 ring PAHs like BbF, BghiP, and IND, with R-values
of 0.81, 0.55, and 0.57, respectively. Among the 5-6 ring PAHs, IND shows a strong correlation
with BghiP, with an R-value of 0.83.
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Figure 27 Pearson correlation coefficients of the 16 measured PAHs for water (A) and sediment

(B) samples

5.8. Source identification of PAHs in Euphrates River sediment

In the sediment samples, PAHs in S1, S4, S5, S7, S12, and S13 are suggested to have originated
mainly from petroleum combustion (0.4 < Flu/(Flu + Pyr) < 0.5), while S8 and S11 exhibited a
petroleum origin, and other sites showed sources from biomass combustion(Figure 27). Moreover,
the BaA/(BaA + Chr) ratio is greater than 0.35, indicating that combustion is the dominant source.

When assessing the sediment samples along the entire river, an LMW/HMW ratio of less than 1
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was found, suggesting that combustion is the main source of PAHs compounds. Regarding the
BaP/BghiP ratio, S1, S4-S7, and S8—S13 had PAHs originating from traffic emissions, while PAHs
in other sediment sites (S2, S3, and S8) were derived from non-traffic emissions. In terms of the
Pearson correlation coefficient for sediment samples, Nap and FI, as well as Ace and Ant, exhibited
positive interactions with R values of 0.64 and 0.72, respectively. Other 2-3 ring PAHs, such as
Phe and Ant, showed a correlation with BbF. Furthermore, 4-ring PAHs like Flu demonstrated a
positive interaction with 5-6 ring PAHs such as DBA. IND was positively correlated with other 4-
5 ring PAHs, including BbF and DBA. Overall, the number of positive correlations between the
PAHs groups is higher in water samples compared to sediment samples.

Based on the criteria mentioned above, it can be observed from Figures 26 and 27 that
PAHs in both water and sediment samples are generally derived from pyrogenic sources. Pyrogenic
PAHs are combustion byproducts primarily released into the atmosphere through the combustion
of fossil fuels (coal, petroleum, and wood) and biomass (forest, grassland, or agricultural
materials)[ 140]. Overall, the ratios indicate that pyrogenic sources dominate the production of the
16 PAHs in the Euphrates River system. This can be attributed to various observable sources,
including emissions from significant traffic loads, gas and fuel combustion, home electricity

generators, and the combustion of coal and wood.

5.9. Ecological risk assessment of Euphrates basin

The ecological risks posed by PAHs to the Euphrates River system were evaluated using water and
sediment quality assessments. The USEPA surface water quality standards were adopted for this
study, as the Iraqi standards were more generic and only specified limits for hydrocarbons (10
ug/L) [58], [84]. Appendix 7 shows the measured concentrations of PAHs at all locations,
benchmarked against their counterparts in the USEPA surface water quality standards. Based on
this benchmarking, the total concentration of the PAHs measured in the collected samples was
found to be 8-18 times higher than the specified limits in the standards. This indicates a serious
ecological risk to aquatic life in the Euphrates River. However, the EPA safe standard limits for
human health protection from some individual PAHs, such as Ace, Ant, Flu, Fl, and Pyr, are in
mg/L, which is higher than the highest detected concentration in the Euphrates River. This suggests
that the river water might be safe for limited recreational activities but not for others. The
ecological risk evaluation for sediment samples followed the procedure described by Ambade et
al. [81]. The levels of PAHs in sediments were compared to sediment quality guidelines
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(SQGs)[82]. Table 7 presents the concentration ranges of 16 individual PAHs along with toxicity

guidelines. The concentrations of Acy, Ace, FI, Phe, Flu, BaA, and BghiP in sediments at all sites

were above the ERL but below the ERM, indicating a possible effects range based on comparisons

with SQGs. The concentration of Ant in the sediments at all sites was below the ERL, whereas

DBA was higher than the ERM. Other PAHs, such as Pyr, Chr, BbF, BkF, and BaP, varied between

a rare biological effect in some locations and occasional biological effects in others. The results

indicate that there is a possible effects range with occasional biological effects for most of the

measured PAHs in all sediment samples.

Table 7 Concentration range of 16 individual PAHs (ng/g dw) and toxicity guidelines

PAHs ERL- Concentration Range <ERL >ERL and >ERM
ERM (ng/g dw) <ERM

Nap 1602100  195.3-371.2 - S1-S13 -

Acy 16-500 160.6- 300.2 - S1-S13 -

Ace 44-640 201.2-530.1 - S1-S13 -

FI 19-540 173.4-484 - S1-S13 -

Phe 240-1500  242.8-486.6 - S1-S13 -

Ant 600-5100  245.8-496.5 S1-S13 - -

Flu 85.3-1100  321.3-632.2 - S1-S13 -

Pyr 665-2500  357.5-733.6 S1-S3,S5, S6, S4,S7, S8 -

S9-S13
BaA 261-1600  426.5-821 - S1-S13 -
Chr 384-2800  269.6-780.6 S1, S7, S10, S2-S6, S8, -
S12 S9, S11, S13

BbF 320-1880  173.8-969.8 S1, S2, S6 S3-S5,  S7- -
S13

BkF 280-1620  235.2-727.2 S6 S1-S5,  S7- -
S13

BaP 430-1600  182.2- 822 S2, S6 S1,  S3-S5, -
S7-S13

DBA 63.4-260  420.6-782.4 - - S1-S13
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BghiP 430-1600  514.1- 1105 - S1-S13 -

IND 240- 282.2-1986.5 - - -

5.10. Carcinogenic risk assessment and Incremental Lifetime Cancer Risk (ILCR) for

Euphrates River sediment

It was found that the TEQ ranged between a minimum of 73.4 ng/L (S3) to a maximum of 171.3
ng/L (S13). The maximum and minimum values were present in S2 (838.9 ng/g dw) and S12 (1933
ng/g dw). The obtained TEQ values for both water and sediments samples were much higher than
the reported values for rivers in other countries such as Australia, India, and Pakistan [122], [141],
[150]. These elevated levels are alarming and a clear signal of the need for urgent environmental
authorities’ intervention. A risk assessment of human exposure to PAHs in the river sediments was
conducted using the ILCR model of the USEPA, which considered three major routes of human
exposure to contaminants (i.e., ingestion, dermal contact, and inhalation of vapor or sediment/dust)
[83], [142]. The inhalation component of the ILCR was found to be insignificant (< 10°), and
hence it was removed. The ILCR levels for adults and children obtained for the Euphrates River
sediment samples (Table 8) are significantly higher than those reported for Brisbane River in
Australia [122]. If these levels are confirmed through long-term monitoring, the population living
at the river basin needs to be made aware through and measures should be implemented to

minimize human contact with the sediments.

Table 8 Calculated ILCR levels for adults and children exposed to the Euphrates River
sediments (ng/g dw).

Sample Adult Children

Ingestion Dermal Total Ingestion Dermal Total
1 3.78E-03 6.72E-03  1.05E-02  6.34E-03  7.90E-03 1.42E-02
2 2.40E-03 4.26E-03  6.65E-03 4.02E-03  5.01E-03 9.02E-03
3 4.13E-03 7.34E-03  1.15E-02 6.92E-03  8.63E-03 1.55E-02
4 4.42E-03 7.85E-03  1.23E-02 7.41E-03  9.23E-03 1.66E-02
5 4.50E-03 7.98E-03  1.25E-02 7.53E-03  9.39E-03 1.69E-02
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6 3.53E-03 6.27E-03  9.80E-03 5.91E-03  7.37E-03 1.33E-02
7 4.53E-03 8.05E-03  1.26E-02 7.59E-03  9.47E-03 1.71E-02
8 3.91E-03 6.94E-03  1.08E-02 6.54E-03  8.16E-03 1.47E-02
9 4.58E-03 8.14E-03  1.27E-02  7.68E-03  9.57E-03 1.73E-02
10 5.23E-03 9.29E-03  1.45E-02 8.76E-03  1.09E-02 1.97E-02
11 3.53E-03 6.27E-03  9.80E-03  5.92E-03  7.37E-03 1.33E-02
12 5.52E-03 9.81E-03  1.53E-02 9.25E-03  1.15E-02 2.08E-02
13 4.80E-03 8.52E-03  1.33E-02 8.04E-03  1.00E-02 1.81E-02

6. Total organic matter (TOM) for the three rivers

Figure 28 illustrates the correlation between TOM contents (%) and total PAHs in sediments for
the Danube River (A), Euphrates (B), and Tigris River (C). No correlation was found between
TOM contents (%) and total PAHs in the Tigris River sediments, with an R-value of 0.098. A
similar study found no statistically significant relationship in sediments sampled from Lake
Balaton, Hungary [78], and likewise, no correlation was observed between total PAHs levels and
TOM in sediments from Yemen’s Hadhramout coast [173]. This suggests that PAHs concentrations
and their distribution in the Tigris River sediments were primarily influenced by direct inputs
rather than the intrinsic sediment characteristics, confirming pollution from oil refineries in the

Tigris River. In contrast, a strong correlation was observed for the Danube and Euphrates Rivers,

with R-values of 0.932 and 0.950, respectively, indicating a mix of pollution sources.
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7.Uncertainty and limitations

In PAHs analysis, GC techniques are common because of their higher selectivity, sensitivity and
resolution in comparison to liquid chromatography techniques. Separation and retention of PAHs
could be influenced via a variety of parameters, for instance, solvent effect, temperature programs,
stationary phases, injection conditions, etc., which consequently impact the analysis precision and
accuracy [29]. Among these parameters, the stationary phase of GC is an essential component that
has been studied. Although DB-5MS is one of the most commonly utilized capillary columns for
PAHs analysis, GC capillary columns with a higher phenyl content, such as a DB-17MS column
with 50% phenyl-substituted methylpolysiloxane, demonstrated enhanced separation of
HMWPAHSs [29], [174]. For example, it was stated that a DB-17MS column of 30 m was adequate
for the separation of the majority of HMWPAHSs, but a column of 60 m may be required for the
separation of certain critical isomers [174]. In this investigation, PAHs compounds were measured
using an HP-5MS capillary column of 30 m, rather than HP-5MS column of 60 m due to the 60 m
column's extended analysis duration. In addition, liquid chromatography with fluorescence
detectors could be a replacement technique because of its own unique fluorescence properties
[175].

It should be noted that there were some limitations in isomeric ratios; for instance, in real
multimedia environments, the paired isomers were (bio)degraded and transformed to various
extents during the transport process, resulting in an overestimate of source allocation. Zhang and
co-workers [176] proposed an application of the multimedia fugacity model to calibrate isomeric
ratio deviations. Their attempt was to quantify potential changes in PAHs ratios from sources to
bulk media, including PAHs ratios on particles in air, sediment, suspended solids, and soil. This
model requires comprehensive information on all source types and the chemical composition
profile for each source, which is generally unavailable. Furthermore, the local combustion process
affects both the isomer ratios and chemical composition profiles that are essential in receptor
models. Ratios or profiles from various regions could be significantly different and
unrepresentative of one another. Adding to that, due to the extremely high cost of multimedia
sampling in a large area, like our study along the entire Tigris River, as well as some limitations
on the pretreatment and analytical conditions, we used the specific ratios of paired isomeric species
to diagnose the local emission sources of PAHs in this study. Furthermore, PCA was utilized to aid

in source identification.
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8- Suggested methods for PAHs detection development

PAHs can be identified using various analytical techniques. However, traditional detection
methods exhibit certain limitations. For instance, HPLC requires a complex pretreatment process,
while capillary electrophoresis still lacks sufficient sensitivity and necessitates further
enhancement [31]. Additionally, some advanced analytical techniques have yet to be fully utilized.
An example is comprehensive two-dimensional gas chromatography coupled with mass
spectrometry (GCxGC-MS), which extends data representation into an additional dimension. This
makes it particularly suitable for investigating intricate interrelations among multiple factors, such
as synergistic competition or higher-order interactions. Nevertheless, despite its significance in
environmental monitoring, GCxGC-MS has not yet achieved a major breakthrough in PAH
analysis [31], [177]. In addition, hybrid analytical techniques, such as gas chromatography coupled
with tandem mass spectrometry (GC-MS/MS), have emerged as indispensable tools for the
extraction and characterization of PAHs in environmental samples. These advanced methodologies
integrate the exceptional separation efficiency of chromatography with the high detection precision
of mass spectrometry, facilitating the accurate identification and quantification of PAHs even
within complex matrices. GC-MS/MS enhances both sensitivity and specificity, allowing for the
differentiation of isomeric compounds and the detection of PAHs at trace levels. The application
of these analytical techniques significantly enhances the precision, sensitivity, and reproducibility
of PAH analysis. This, in turn, contributes to a more comprehensive understanding of their
distribution, sources, and environmental impact.

Moreover, emerging analytical methodologies, including microfluidics, chemometrics, and
machine learning [31], [178], offer substantial potential for analyzing complex matrix samples and
could be effectively applied to PAH detection. However, their application in PAH-related studies
remains limited. Achieving real-time and online PAH detection requires several key advancements,
such as direct sample injection, atmospheric pressure ionization, and the miniaturization of mass
spectrometers. Ambient mass spectrometry effectively addresses the constraints of conventional
mass spectrometry by eliminating the need for extensive sample pretreatment and high-vacuum
ionization. It enables rapid, high-throughput analysis of trace compounds in complex matrices. A
particularly promising development in this domain is MPT mass spectrometry, which has recently
been introduced for PAHs analysis [31]. Initial findings suggest that MPT mass spectrometry is

exceptionally suited for direct PAH studies, with the potential to elucidate dynamic processes such
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as sequential hydrogenation, Birch reduction, and molecular stability. Furthermore, it presents a
promising avenue for the rapid and direct detection of PAHs isomers, paving the way for future
advancements in this field. Another notable mass spectrometric technique, mass spectrometry
imaging (MSI), holds significant promise in advancing PAH research [179], [180]. Unlike
conventional mass spectrometry methods, MSI not only quantifies PAHs across an entire sample
but also maps their spatial distribution on a given surface. This capability provides valuable two-
dimensional data, greatly enhancing investigations into PAH migration, aggregation, formation,

and transformation across different media.

9. Conclusions

In Hungary, PAHs level in Danube River highlighted a broad variance range of 16 PAHs contents
in water with total concentrations of PAHs ranging from 283.1-541.9, 198.6-404.3, 160.0-324.6,
and 228.2-378.1 ng/L for winter, spring, summer, and autumn, respectively. Sediment samples
showed PAHs ranging from 313.7-622.7, 312.7-595.4, 215.1-465.4, and 311.3-491.7 ng/g for
winter, spring, summer, and autumn, respectively. The overall analysis of the results indicates that
the putative anthropogenic sources of PAHs were verified to be both pyrogenic (incomplete
combustion of biomass and coal) and pyrolytic (incomplete combustion of liquid fossil fuels and
vehicle exhaust emissions); with pyrogenic origins predominating over pyrolytic sources. This
might suggest that the industries essentially utilize fossil fuels, which would increase the PAHs
emissions in the study area. Generally, except for Acy and FI concentrations, the eco-toxicological
assessment of the Danube River environment showed no significant PAHs pollutants in sediments,
suggesting a low chance for negative biological impacts and low ecological risk. The total ILCR
in both children and adults were calculated to be more than 1/10%in all seasons, with the highest
values recorded in spring and followed by winter, which constitutes a concerning issue. Continuous
monitoring of the PAHs would offer better insight into the scale of the pollution, which would help
in devising effective mitigation strategies.

On the other side, both Tigris and Euphrates River in Iraq showed high level of PAHs
compounds. For Tigris River, the level of 16 PAHs near Iraqi oil refineries were monitored for six
months. Most of these refineries are located near the Tigris River and its estuaries, one of Iraq's
most important sources of potable water and irrigation. The refineries examined were Baiji,
Kirkuk, Al-Siniyah, Qayyarah, Al-Kasak, Daura, South Refineries Company, and the Maysan oil

refinery. The 16 PAHs concentration in water varied from 567.8 to 3750.7 ng/L, whereas the
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concentration in sediment ranged from 5619.2 to 12795.0 ng/g, which registered a very high load
of PAHs compounds compared to other regions in the world. The PAHs concentration in the
downstream sites of the refineries Baiji, Qayyarah, Daura, and South Refineries Company was
double the values of the upstream. The HMWPAHSs accounted for 49.41% - 81.67 % and 39.06%
- 89.39% of the total 16 PAHs in Tigris water and sediment samples, respectively. The 16 PAHs
detected in water and sediment samples from the Tigris River originated from pyrogenic sources.
All sites indicated high ILCR values which exceeded the ILCR reported elsewhere. In Euphrates
River, the PAHs pollutions for both water and sediment increase along the river. IND was the most
prominent PAHs compound in water and sediment samples across all 13 sampling locations. Some
measured PAHs concentrations were significantly higher than reported levels in other countries in
Asia. Source identification suggests that PAHs pollution primarily originates from petroleum
product consumption, which is expected given the increasing use of private cars and home
electricity generators. The measured PAHs in water and sediment samples predominantly consisted
of larger molecules with 5-6 rings in their structure. The elevated levels of PAHs detected in the
Euphrates River system, especially the carcinogenic compounds, pose potential ecological and

health risks.

10-Recommendations and Future Outlook

1. Long-Term and Comprehensive Monitoring in Iraq and Other Polluted Regions

- Given the direct impact of oil refineries on both human health and the environment, it is crucial
to conduct extensive, long-term studies on PAH contamination across different environmental

media (air, water, soil, and biota) near refineries.

- Future research should include seasonal variations to understand fluctuations in PAHs

concentrations over time.

- Studies should extend beyond industrial zones to assess PAH dispersion patterns in urban,

suburban, and rural areas and their impact on human exposure and ecological health.
2. Development of Advanced Analytical Methods

- Expanding analytical methods to detect non-priority and emerging PAHs, which may pose

previously unrecognized health and environmental risks.
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- Enhancing the sensitivity and selectivity of detection techniques, particularly two-dimensional
gas chromatography (GCxGC), high-resolution mass spectrometry (HRMS), and liquid
chromatography-tandem mass spectrometry (LC-MS/MS), to improve the identification of PAHs

in complex matrices.

- Further research into green and sustainable extraction methods (e.g., solvent-free or minimal-

solvent approaches) to reduce environmental impact while improving efficiency.
3. Integration of Portable and Automated Technologies

- The development of portable, miniaturized, and lab-on-a-chip systems can enable real-time,

on-site PAH analysis, reducing reliance on extensive sample storage and transportation.

- Increasing automation in sample preparation and analysis can minimize human error, enhance

reproducibility, and improve throughput for large-scale monitoring programs.

- Adoption of remote sensing and sensor networks for continuous PAHs surveillance in air, water,

and soil environments.
4. Health Risk Assessment and Toxicological Studies

- Conducting comprehensive health risk assessments to evaluate the chronic and acute exposure
effects of PAHs on different population groups, particularly vulnerable populations (e.g., children,

pregnant women, and workers in high-exposure occupations).

- Expanding research into the metabolism and bioaccumulation of PAHs in humans and wildlife

to better understand their long-term biological effects.

- Investigating the synergistic toxicity of PAHs with other pollutants, such as heavy metals and

persistent organic pollutants (POPs), to assess combined exposure risks.
5. Regulatory Frameworks and Environmental Policies

- Strengthening environmental regulations and standards for PAH emissions and contamination

levels, particularly in regions with high industrial activity.

- Promoting international collaboration for data-sharing and harmonization of PAH monitoring

protocols.

- Encouraging industry compliance with best practices in pollution control, including cleaner
production techniques and emissions reduction strategies.
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6. Source Apportionment and Modeling Approaches

- Utilizing advanced source apportionment techniques such as positive matrix factorization

(PMF) and chemical mass balance (CMB) to identify and quantify PAH sources.

- Implementing atmospheric and hydrological modeling to predict PAH dispersion, deposition,

and degradation under different environmental conditions.

- Developing geospatial mapping and risk prediction tools to visualize PAH hotspots and their

potential impact on communities.
7. Public Awareness and Community Engagement
- Enhancing public awareness campaigns about PAHs exposure risks and mitigation strategies.

- Involving local communities and stakeholders in environmental monitoring through

participatory research programs.

- Promoting citizen science initiatives, where individuals can contribute to PAH data collection

using low-cost monitoring devices.
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11. Thesis points

In the Danube River, I found the following points:

- I observed significant seasonal fluctuations in PAHs concentrations in water, ranging from
224.8 ng/L in summer to 365.8 ng/L in winter. Similarly, PAHs concentrations in sediment
samples varied, from 316.7 ng/g (dry weight) in summer to 422.9 ng/g (dry weight) in
winter.

- According to the European Drinking Water Directive, PAHs levels exceeded the permitted
limit of 100 ng/L, showing a 124.8% increase in summer and a 265.8% increase in winter.

- I concluded that the primary sources of PAHs were anthropogenic, mainly from pyrolytic
and pyrogenic processes, with pyrogenic sources being more dominant.

- Except for Acy and FI concentrations, the eco-toxicological assessment of the Danube
River environment showed no significant PAHs pollution in sediments, suggesting a low
likelihood of negative biological impacts and a low ecological risk.

- ILCR for both children and adults marginally higher than the limit (1/10*) in all seasons,
with the highest values recorded in spring, followed by winter, indicating a concerning

public health issue.

In the Tigris River, I found the following results:

- The 16 PAHs concentrations ranged from 567.8 to 3750.7 ng/L in water and from 5619.2
to 12795.0 ng/g in sediment. Water samples near the South Refineries Company recorded
the highest PAHs concentrations, while sediment samples from the Baiji oil refinery
showed the highest levels.

- I observed that HMWPAHSs (5-6 rings) had the highest percentages in both water and
sediment samples, ranging from 49.41% to 81.67% for water and from 39.06% to 89.39%
for sediment.

- I concluded that the majority of the 16 PAHs measured in water and sediment samples from
the Tigris River were derived from pyrogenic sources.

- For Sediment Quality Guidelines (SQGs), most sites showed a possible effect range with

occasional biological impacts due to elevated PAHs concentrations in sediment samples.
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The calculated ILCR value indicated a high risk, with potential adverse health effects,

including cancer.
In the Euphrates River, I found the following points:

- T observed that PAHs contamination increased along the river’s flow direction due to rising
non-point source pollution.

- 1 found that 5-6 ring PAHs were dominant in water and sediment samples, with averages
of 42% and 50%, respectively.

- Carcinogenic PAHs constituted 46% and 55% of the total measured compounds in water
and sediment samples, respectively, highlighting potential ecological and human health
risks.

- For Sediment Quality Guidelines (SQGs), most sites exhibited an effect range between low
and medium. The calculated ILCR for adults and children was in the range of 107> to 1073,
which is 3-6 times higher than reported in the literature.

- I concluded that PAHs source identification suggests the PAHs pollution originates from
petroleum product consumption, which is expected given the increasing use of private cars

and home electricity generators
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Appendix 1 Danube sampling coordinates

Sites Latitude (N) Longitude (E)
S1 47.788016 19.114344
S2 47.680858 19.125760
S3 47.523438 19.049630
S4 47.248683 18.910842
S5 46.912084 18.964844

S6 46.616233 18.858203
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Appendix 2 Tigris Site’s locations

Site* Latitudes (N) Longitudes (E) Oil refinery

S1 36.494376 42.755748 Al-Kasak

S2 35.788080 43.292380 Qayyarah

S3 35.784016 43.287928 Qayyarah

S4 35.655453 44.058611 Kirkuk

S5 34.901388 43.499173 Al-siniyah

S6 35.050725 43.555699 Baiji (Before)

S7 34.937740 43.511217 Baiji (After)

S8 33.274830 44.400752 Daura Refineries (Before)

S9 33.284691 44.421569 Daura Refineries (After)

S10  31.845809 47.399335 Maysan

S11 30.489322 47.737841 South Refineries Company (Before)
S12 30.463533 47.749310 South Refineries Company (After)

*The sites were chosen with the closest possible point to the oil refineries (some of

them are far from the oil refinery).
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Appendix 3 Euphrates Sampling sites latitudes and longitude

Euphrates Sampling sites latitudes and longitude

No Name Latitude (N) Longitude (E)
1 Haditha (related to Al-Anbar) 34.120401 42.387498
2 Hit (Al-Anbar) 33.6572154 42.813924
3 Ramadi (capital of Al Anbar Governorate) 33.462656 43.254828
4 Al-Fallujah (Al-Anbar) 33.346458 43.715164
5 Jorf Al-Sakhar (related to Babylon) 32.884892 44.204238
6 Musayyib (related to Babylon) 32.784594 44.290283
7 Hindiyah 32.537369 44.229300
8 Kefel (related to Babylon) 32.235363 44.361694
9 Najaf 31.916232 44.491813
10 Al-Qadisiyyah 31.711897 44.484604
11 Samawah 31.323116 45.279991
12 Nasiriyah 31.044193 46.241727
13 Basrah 30.951577 47.147543

e Note: The city or province names are taken from Google maps directly. It can be varied

in different research, but overall, the names should at least match the written names here.
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Appendix 4 Recoveries of the PAHs compounds and surrogate recoveries (%) for the analyzed

PAHs in Euphrates River
Recoveries (%) | Recoveries Surrogate Surrogate
Selected
Water (%) Recovery Recovery
PAHs deuterated
Sediment (%) (%)
surrogate
Water Sediment
Nap 93.74+£2.70 81.40 +1.20 naphthalene-dsg 94.61 £3.73 | 85.40+4.13
Acy 92.94 £0.68 94.14 £2.08 92.60 + 3.83 85.38 +4.14
Ace 96.31 +£3.40 84.43 +3.98 94.62 £3.14 | 85.39+4.13
Fl 90.40 £ 0.10 93.55+4.01 anthracene-do 94.62 +3.14 85.38 £4.12
Phe 95.94 + 4.69 90.83 £5.29 94.62 £ 3.15 85.39+4.13
Ant 96.74 + 4.94 87.04 +5.24 94.62 £3.14 |8539+4.13
Flu 93.45+3.39 89.25+0.79 96.83£3.28 |91.66+5.11
Pyr 96.14 £ 0.96 84.19 +£3.46 95.82 £3.31 91.66 +5.30
fluoranthene-dio
BaA 91.33+1.78 93.29+2.41 96.82 £3.27 |91.65+5.28
Chr 94.34 £3.15 90.88 +3.82 96.83 £3.28 |91.66+5.29
BbF 97.67 £3.27 94.57 +£2.29 98.79 £2.16 |95.30+3.30
BkF 97.14+ 3.25 8591+ 4.11 08.82 £2.15 |9529+2.28
BaP 92.28 £4.23 89.78 £ 3.03 99.84 £2.17 |9530+£2.27
DBA | 93732031 | 88702231 | Pervienedv 101.81 £2.16 | 95.29+3.30
BghiP | 96.78 +4.12 97.60 £0.12 98.81 £2.16 |94.29+3.16
IND 100.00 + 0.40 94.22 +£1.40 106.80 £3.16 | 95.29 £3.30
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Appendix 5 Sources diagnostic ratios of PAHs in water Explanation of PAHs diagnostic ratios

Mixed sources (petrogenic / pyrogenic)

Spring = 0.45 > 0.35

Ratio Range Source Calculated Ratios References
LMW/HMW >1 Petrogenic inputs (liquid fuel discharges) | Winter =2.26 > 1 [181]
<1 Pyrogenic - Combustion of solid fuel - | Spring =1.70>1
natural sources such as biomass (grass and | Summer = 0.48 <1
wood) and coal autumn= 1.60 >1
Flu/(Flu+Pyr) <0.4 Petrogenic inputs (liquid fuel discharges) | Winter =0.42 ( 0.4-0.5) | [124]
0.4.0.5 Pyrolytic (burning of liquid fossil fuels Spring = 0.49 ( 0.4-0.5)
and crude oil. vehicles) Summer = 0.36 < 0.4
>0.5 Pyrogenic - Combustion of solid fuel - Autumn = 0.45 ( 0.4-0.5)
natural sources such as biomass (grass and
wood) and coal
IND/(IND+BghiP) | <0.2 Petrogenic inputs (liquid fuel discharges) | Winter = 0.48 ( 0.2-0.5) | [135], [181]
Pyrolytic (burning of liquid fossil fuels Spring = 0.58 > 0.5
020 and crude oil. vehicles) Summer = 0.35 (0.2-0.5)
>0.5 Pyrogenic - Combustion of solid fuel - Autumn = 0.41 ( 0.2-0.5)
natural sources such as biomass (grass and
wood) and coal
BaA/(BaA+Chr) <0.2 Petrogenic inputs (liquid fuel discharges) | Winter =0.37 > 0.35 [130], [181]
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0.2-0.35

Pyrogenic - Combustion of solid fuel -

Summer = 0.44 > 0.35
Autumn = 0.48 > 0.35

>0.35 natural sources such as biomass (grass and
wood) and coal
BaP/(BaP+Chr) <0.4 Petrogenic inputs (liquid fuel discharges) | Winter = 0.35 < 0.4 [135]
>0.4 . . . Spring = 0.49> 0.4
Pyrogenic - Combustion of solid fuel -
Summer = 0.62 > 0.4
natural sources such as biomass (grass and
Autumn = 0.55> 0.4
wood) and coal
BaP/BghiP >0.6 Petrogenic inputs (liquid fuel discharges) | Winter =0.95> 0.6 [104]

<0.6  (non-
traffic

emission)

Pyrogenic - Combustion of solid fuel -
natural sources such as biomass (grass and

wood) and coal

Spring =0.78 > 0.6
Summer = 0.68 > 0.6
Autumn =1.19 >0.6
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Appendix 6 Sources diagnostic ratios of PAHs in sediments Explanation of PAHs diagnostic ratios

Mixed sources (petrogenic / pyrogenic)

Spring =0.51 > 0.35

Ratio Range Source Calculated Ratios References
LMW/HMW >1 Petrogenic inputs (liquid fuel discharges) Winter = 0.34 < 1 [181]
<1 Pyrogenic - Combustion of solid fuel - | Spring =0.43 <1
natural sources such as biomass (grass and | Summer = 0.39 <1
wood) and coal autumn= 0.39 < 1
Flu/(Flu+Pyr) <0.4 Petrogenic inputs (liquid fuel discharges) Winter =0.32 < 0.4 [129]
0.4.0.5 Pyrolytic (burning of liquid fossil fuels and | Spring = 0.37 < 0.4
crude oil. vehicles) Summer =0.43 (0.4-0.5)
>0.5 Pyrogenic - Combustion of solid fuel - Autumn = 0.54 > 0.5
natural sources such as biomass (grass and
wood) and coal
IND/(IND+BghiP) | <0.2 Petrogenic inputs (liquid fuel discharges) Winter =0.53 > 0.5 [129]
Pyrolytic (burning of liquid fossil fuels and | Spring = 0.37 (0.2-0.5)
0203 crude oil. vehicles) Summer = 0.51 > 0.5
>0.5 Pyrogenic - Combustion of solid fuel - Autumn = 0.57> 0.5
natural sources such as biomass (grass and
wood) and coal
BaA/(BaA+Chr) <0.2 Petrogenic inputs (liquid fuel discharges) Winter = 0.39 > 0.35 [135], [181]
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0.2-0.35

Pyrogenic - Combustion of solid fuel -

Summer=0.28 (0.2-0.35)

Autumn = 0.55 > 0.35

>0.35 natural sources such as biomass (grass and
wood) and coal
BaP/(BaP+Chr) <0.4 Petrogenic inputs (liquid fuel discharges) Winter =0.39<0.4
>0.4 . . . Spring =0.68>0.4 [135]
Pyrogenic - Combustion of solid fuel -
Summer = 0.52 > 0.4
natural sources such as biomass (grass and
Autumn = 0.70> 0.4
wood) and coal
BaP/BghiP > 0.6 Petrogenic inputs (liquid fuel discharges) Winter =1.70 > 0.6
< 0.6 (non- Spring=1.1 >0.6 [104]
Pyrogenic - Combustion of solid fuel -
traffic Summer = 2.45 > 0.6
natural sources such as biomass (grass and
emission) Autumn =5.10> 0.6

wood) and coal
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Appendix 7 Measured PAHs vs standard limits set by USEPA

Sample location Y PAHs"
Measured value (ng/L)
S1 318.1
S2 243.0
S3 253.5
S4 403.9
S5 402.5
S6 375.0
S7 355.5
S8 421.8
S9 458.1
S10 357.2
S11 500.6
S12 562.7

*> PAHs = Acy, BaA, BaP, BbF, BghiP, BKF, Chr, DBA, IND, and
Phe (USEPA standard limit < 31 ng/L)
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