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Abstract


The release of polycyclic aromatic hydrocarbons (PAHs) by human energy exploitation and excessive environmental use has caused substantial environmental contamination. These compounds bioaccumulate in aquatic environments and translocate through the food chain, posing risks to health and environmental safety. To better understand the risks of PAHs in surface water and food chains, this review summarizes their distribution, concentration levels, sources, and toxicity in various surface water environments. It also examines how PAH bioaccumulation affects aquatic organisms and human health. Globally, PAHs have been detected in both aquatic environments and organisms with an increasing trend. Human activity is the main cause of PAH contamination. The results revealed a distinct geographical distribution of PAH risk influenced by population density, industrial development, climate, and seasonal variations. PAHs are found in remote areas, indicating their medium- and long-range transport by atmospheric dispersion. PAHs bioaccumulate in aquatic organisms and cause direct and indirect toxic effects via biomagnification. PAH bioaccumulation is directly correlated with aquatic pollution. This study also emphasizes the carcinogenicity of compounds such as benzo[a]pyrene, identifying occupational and environmental exposure frequencies as key risk factors. This study enhances our understanding of the dynamics of multiple PAHs in aquatic ecosystems and their health effects, thereby contributing to environmental sustainability.






Keywords:


PAHs; aquatic environments; food chains; bioaccumulate; human health; sustainability












1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are compounds composed of two or more fused benzene rings. They typically appear as colorless, white, or yellowish solids and are classified as persistent organic pollutants (POPs) [1,2]. PAHs are among the earliest and most prevalent carcinogens found in the environment [2]. Over 400 carcinogenic PAHs and their derivatives have been identified. PAHs can be carcinogenic [3], teratogenic [4], or mutagenic [5]. They are known to bioaccumulate [6] and act as potent immunosuppressants [7]. Of the 129 priority pollutants identified by the United States Environmental Protection Agency (USEPA), 16 are PAHs and 7 are classified as carcinogens [8]. Continued growth in global energy consumption and industrial expansion have significantly increased PAH emissions, seriously threatening public health and safety [9]. PAHs are known to permeate and accumulate in the environment via various pathways. The primary sources of PAHs include human activities and natural processes, particularly the incomplete combustion of fossil fuels and biomass, along with oil volatilization and spills [10,11]. PAHs from these activities are transported through air, water, and soil infiltration, leading to widespread environmental contamination [12], which is recognized as a global health crisis, especially in developing countries where the associated health risks can be more severe [13]. Aquatic environments are vital components of the ecosystem and riverine areas and, with their concentrations affected by industries and cities, play key roles in contributing to water and biodiversity. Significant quantities of PAHs enter the aquatic environment through human activities, such as coal-fired power plants, industrial waste, metal processing, and vehicle emissions, leading to severe environmental pollution and the degradation of water resources [14]. Once in the water column, they undergo complex physical, chemical, and biological processes. Being volatile, PAHs can either evaporate and re-enter the atmosphere or remain suspended in the water column, eventually settling in the bottom sediments where they accumulate and form a long-term pollution source. In addition, PAHs undergo various environmental degradation processes, including photodegradation, oxidative degradation, and biodegradation [15]. PAHs can severely pollute aquatic environments, posing significant risks to ecosystems and human health. Previous studies have identified PAHs as major river pollutants [16,17]. Previous studies have independently confirmed PAH contamination in various water bodies, including rivers, lakes, springs, aquifers, and underground streams [18,19,20]. Liu et al. [21] found that PAHs can be transferred between water and sediment, significantly affecting the health of aquatic environments. However, detailed information regarding the distribution of PAHs in aquatic environments is limited, necessitating further research on PAH contamination in these environments.



The diffusion of PAHs is regulated by atmospheric dynamics and exhibits significant cross-scale characteristics extending from local to global scales [22]. Studies have confirmed that water pollution is a major cause of declining fishery resources [23,24]. When large quantities of PAHs are present in the water column, they can be absorbed by aquatic organisms primarily through ingestion. These PAHs biomagnify via bioaccumulation and the food chain, ultimately impacting organisms at higher trophic levels, including humans [25,26]. The bioaccumulation of PAHs can cause various harmful biological effects in aquatic organisms, including cytotoxicity, genotoxicity, and oxidative stress [27]. The bioaccumulation of free dissolved organic carbon (FDOC) by zooplankton is the initial step in the entry of organic carbon into the aquatic food web. Although the presence of PAHs in aquatic organisms has been documented, research on the mechanisms of PAH enrichment and accumulation in food chains is lacking. Understanding the role of aquatic organisms in transporting PAHs through adsorption and bioaccumulation is crucial for assessing health risks within ecosystems.



Numerous reviews have discussed the distribution of PAHs, although most have focused on detecting their soil and atmospheric contents or specific properties. However, the impact of PAHs on aquatic environments is complex because of their frequent interactions with groundwater, atmospheric deposition, and transmission through the food chain. Therefore, comprehensive research on the accumulation of PAHs in aquatic environments and food chains is urgently required. In this study, we examined the effects of PAHs on ecosystems and human health by analyzing their distribution in water bodies and aquatic organisms, their enrichment and transfer through the food chain, sources, health risks, and toxicity. The temporal and spatial distributions of PAHs were analyzed by examining the effects of climate and seasonality, which are crucial for the prevention and control of environmental pollution.




2. Methodology


2.1. Data Collection


We conducted a systematic literature review using rigorous methods and procedures to ensure that our research remains at the forefront of this field. Articles for this review were collected from the Web of Science database. We also utilized Boolean operators (AND, OR, and NOT) to refine the search results. Relevant articles were identified using keywords and phrases highly relevant to the study topic. The search terms included [TS = (PAHs) OR TS = (polycyclic aromatic hydrocarbons)] AND [TS = (surface water) OR TS = (groundwater) OR TS = (lake) OR TS = (river)] AND [TS = (distribution) OR TS = (concentration) OR TS = (source) OR TS = (toxicity)] AND [TS = (food chain) OR TS = (bioaccumulation) OR TS = (aquatic organism)] AND [TS = (human health) OR TS = (risk)]. In total, 532 articles were identified. We established clear inclusion and exclusion criteria to ensure that the retrieved literature remained highly relevant to our research topic, thereby eliminating common overlaps in terms of usage. The inclusion criteria included studies on the distribution and concentration of PAHs in surface water environments, temporal and spatial distribution characteristics of PAH concentrations, analyses of PAH accumulation in aquatic organisms, and health risk assessments. The exclusion criteria included literature unrelated to the research topic and studies that failed to provide detailed content relevant to our research.




2.2. Selection of PAHs


Hundreds of polycyclic aromatic hydrocarbons (PAHs) and their isomers exist [28]. This review focuses on the 16 polycyclic aromatic hydrocarbons (PAHs) listed as priority pollutants by the USEPA [29], specifically naphthalene (Naph)—2 rings; acenaphthylene (Acy)—3 rings; acenaphthene (Ace)—3 rings; fluorene (Flu)—3 rings; phenanthrene (Phe)—3 rings; anthracene (Ant)—3 rings; fluoranthene (Flt)—4 rings; pyrene (Pyr)—4 rings; benz[a]anthracene (BaA)—4 rings; chrysene (Chr)—4 rings; benzo[b]fluoranthene (BbF)—5 rings; benzo[k]fluoranthene (BkF)—5 rings; benzo[a]pyrene (BaP)—5 rings; indeno[1;2;3-cd]pyrene (IcdP)—6 rings; dibenzo[a;h]anthracene (DahA)—5 rings; and benzo[g,h,i]perylene (BghiP)—6 rings.





3. Discussion on PAHs in Aquatic Environments


The rapid development of globalization, accompanied by industrial pollution, rapid population growth, and uneven development, has diversified the sources of PAHs in the aquatic environment, as shown in Figure 1, with 16 PAHs being the most common. Natural factors and sudden environmental pollution events pose significant challenges to PAH research. The geographic distribution of PAHs, along with their climatic and seasonal variations, leads to temporal and spatial changes. As shown in Table 1, the physicochemical properties of PAHs also contribute to the variability in PAH contamination in surface water.



3.1. Environmental Increases in PAHs and Advances in Research


PAHs have been studied extensively across a wide range of environmental matrices, focusing on their origin, distribution, transport, transformation, and influencing factors. Early research mainly investigated PAHs in regional environments such as coastal and marine ecosystems and assessed their distribution in air, soil, sediment, and water to understand their environmental behavior and potential impact mechanisms [30,31,32]. Currently, research on PAHs in aquatic environments is primarily focused on well-known regions, such as the Yangtze, Yellow, and Ganges Rivers and the Great Lakes in the United States. Studies on these regions show systematic trends of expanding and deepening research patterns, transitioning from local micro-level investigations to broader macro-level scopes. Additionally, the focus has shifted from studying single inorganic substances to a wider variety of organic compounds. Simultaneously, research on the factors affecting the accumulation, transformation, and environmental fate of PAHs has evolved from single-to multifactor analyses [33]. The transport of PAHs in aquatic ecosystems and food chain networks is a complex and dynamic system driven by various physical, chemical, and biological interactions. A generalized model summarizing the sources, states, and transport transformation pathways of PAHs in surface water is shown in Figure 2. Natural precipitation can transport PAH pollutants from industrial, agricultural, and occasional pollution events, causing the secondary contamination of water bodies and nearby soil. These pollutants then migrate with groundwater flow and surface runoff, eventually entering aquatic environments [34]. In August 2019, a mysterious crude oil spill along the northeastern coast of Brazil contaminated approximately 2500 km of the tropical coastline, releasing PAHs of unknown origin and severely polluting the aquatic environment [35]. Sediments act as major reservoirs for PAHs, which tend to become immobilized in aqueous environments due to the sedimentation and burial of suspended particulate matter. This process allows for the analysis of PAH content and sources in sediments using dendrochronology, thus providing significant research value. However, PAHs trapped in sediments are not permanently stable and can be re-released into the water column through diffusion and resuspension, thereby increasing PAH concentrations in the water. This exacerbates the threat to aquatic ecosystems and human health, with prolonged contamination periods resulting in severe impacts [36].



According to emission factor statistics and related activities, China emitted approximately 9799 tons of 16 types of PAH in 1999, including approximately 2000 tons of seven carcinogenic PAH types. The primary emission sources were household coal combustion and coke production, contributing 66.6% and 30.6% of total emissions, respectively. By 2014, PAH emissions in China had risen to approximately 125,000 tons. Coal combustion contributes approximately 56,000 tons of PAHs, mainly from residential coal combustion, industrial coking, and industrial boilers, accounting for 48%, 30%, and 18%, respectively [37]. The significant increase in PAH emissions suggests that industrial development not only contributes to these emissions, but also worsens PAH-related environmental pollution. Coal combustion and industrial activities are the primary sources of PAH emissions.




3.2. Sources of PAHs in Surface Water


PAHs primarily come from thermogenic, petrogenic, and biogenic environmental sources (Figure 3) [38,39]. Thermogenic PAHs are typically linked to the incomplete combustion of organic matter, including industrial and transport emissions, biomass burning, and daily activities. The incomplete combustion of fossil fuels such as coal, oil, and natural gas is a major anthropogenic source of PAHs. Substances are decomposed using pyrolysis in an oxygen-free environment at high temperatures. Under these conditions, the feedstock is heated without complete oxidation, resulting in the production of significant amounts of PAHs. PAH emissions from vehicles increase significantly with traffic flow [40]. Volcanic activity and forest and grassland fires also emit significant amounts of PAHs into the atmosphere, although at lower levels due to geographic limitations, uncertainty, and chance [41]. Thermogenic PAH concentrations are typically elevated in urban cores and in areas near major emission sources. This is due to high population densities, extensive transport networks, and concentrated industrial activities.



The petrogenesis of PAHs refers to their formation through geological processes or rocks, typically under prolonged moderate temperature conditions, and is mainly associated with diagenetic processes [31]. Organic substances undergo pyrolysis and polymerization at high temperatures and pressures in the absence of oxygen to form complex organic compounds, including PAHs. As these PAHs are found in high concentrations in sedimentary rocks such as fossil fuels, they are released into the environment during extraction, processing, and use. These processes generate and release rock-based PAHs during the circulation, storage, and application of crude oil and its derivatives. Petroleum spills, the heavy use and transport of petrol, coal mining, and combustion processes are major sources of rock-derived PAHs.



PAHs are naturally produced during biosynthesis in terrestrial and aquatic plants as well as in microorganisms. In the natural environment, PAHs undergo biodegradation, and some are broken down by microorganisms. Certain microorganisms produce PAHs through specific biosynthetic processes. Imam et al. [42] demonstrated that bacteria, fungi, and algae can degrade specific PAHs via biochemical pathways, enzyme systems, and gene organization.



Previous studies have found that PAHs sequestered in water bodies can be transported via surface runoff from surrounding areas or with soil sediment [43]; however, the semi-volatile nature of PAHs and their ability to be transported over long distances through the air cannot be overlooked. Kim et al. [44] showed that thermogenic PAHs enter water bodies via atmospheric deposition and transmediate transfer. This study also found that the sediments were primarily contaminated by PAHs transported via surface runoff from soils. PAHs can also enter the water column through water vapor exchange, leading to bioaccumulation in aquatic organisms. The role of water vapor exchange in altering PAH concentrations in water should be considered in future studies [45], with vapor pressure being the key physical property influencing this process. The source analysis of PAHs in a coastal zone indicated that they originated from both diagenetic and thermogenic sources, with thermogenic sources being slightly more dominant. The primary sources include transport, biomass burning, and coal combustion [46,47,48]. In mountainous aquatic ecosystems, where transport and industry are underdeveloped, PAHs in water bodies primarily originate from biomass combustion and vehicle emissions [49]. PAHs in riverine areas primarily originate from coal combustion, diesel emissions, and the incomplete combustion of petroleum fuels [50,51]. The main sources of PAHs differ between urban and rural riverine areas, with the former mainly originating from fuel coke combustion, crude oil, and transport [52,53] and the latter mainly from fuel coke combustion and biomass [54,55]. PAHs in lakes and reservoirs primarily originate from coal combustion, biomass burning, and vehicle emissions [56,57]. PAHs from lakes in the highlands and remote areas were found to originate primarily from biomass and coal combustion [58,59]. The study concluded that the main difference in PAH sources between densely populated, industrialized regions, highlands, and remote areas is attributed to the lack of basic transport infrastructure, smaller populations, and lower industrial activity, which results in reduced pollution from human sources.



Various sources of environmental PAHs exist; however, the primary methods of source analysis currently used are as follows: Diagnostic ratio methods have been widely employed to investigate potential PAH sources [60]; for example, isomer ratios have traditionally been used to identify PAH sources. Because of the significant overlap in the profile characteristics of different PAH sources and the selective decay of unstable isomers in the environment, researchers commonly use combinatorial models with various ratios to accurately identify PAH sources. This approach enhances the accuracy and reliability of the analyses, reducing the errors caused by overlapping features and isomer decay [61]. Phe/Ant, Flu/Pyr, Flu/Pyr, Fla/(Fla + Pyr), BaA/(BaA + Chr), and InP/(InP + bhip) ratios were used to identify thermogenic sources, while Phe/Ant, Flu/Pyr, and Ant/(Ant + Phe) ratios were applied to determine the petrogenic origin of PAHs [31,62]. To further enhance accuracy, studies often apply the positive matrix factorization (methods of statistical analysis) method to precisely identify and quantify the contributions of different sources of PAH contamination [63]. Although some studies have used the number of five-membered rings in PAHs to distinguish between thermal and rock sources, the five-membered rings, which are mainly composed of benzene rings (six-membered rings), are not the primary structural features of PAHs. Principal component analysis (PCA) has been conducted using SPSS 20.0 software, along with multiple linear regression, to analyze such data. The primary goal of PCA is to capture the total variability in a dataset by reducing raw PAH data to a minimal number of principal components. By thoroughly evaluating the factor loadings of these principal components, the chemical sources of each component were estimated. Multiple linear regression (MLR) models have been used to identify the number of significant principal components in the model and their correlation with the observed total PAH concentration, allowing us to infer the potential sources or types of PAHs [64]. The primary goal of performing MLR in conjunction with PCA is to quantify the contributions of different sources [65]. Sources quantified by PCA-MLR can be further validated through PMF, using samples simulated using USEPA PMF 5.0 software [66]. The data quality of individual PAHs is assessed as the percentage of samples exceeding the method detection limit based on the signal-to-noise ratio. In environmental sciences, PAH sources exhibit diverse trends. Current and future studies aim to accurately identify these sources, focusing on distinguishing between pyrolytically and non-pyrolytically induced PAHs to deepen our understanding of the environmental behavior and impact mechanisms of PAHs [67].




3.3. Physicochemical Factors Contributing to PAH Contamination in the Surface Water Environment


PAHs are hydrophobic organic pollutants with high persistence and low volatility, making them prone to adsorption by particles in aquatic ecosystems and subsequent accumulation in aquatic environments. Rivers are a crucial pathway for land-based natural elements and anthropogenic pollutants to enter marine systems. Approximately 85% of these substances are transported by river currents and eventually converge in the ocean [68]. PAHs are widely distributed in various aquatic environment components and gradually accumulate in surface water systems via multiple pathways. These include atmospheric deposition, natural river flows, municipal and industrial wastewater discharges, and transport mechanisms such as oil spills [69,70]. Some PAHs originate from local sources, such as nearby vehicle exhaust and industrial emissions, whereas others are transported over long distances through the atmosphere from more remote sources. Atmospheric PAHs originate from both water vapor exchange and anthropogenic or natural sources. The rate and extent of water vapor exchange are influenced by various factors, including temperature, humidity, wind speed, water body characteristics (e.g., salinity and pH), and the physicochemical properties of PAHs. Yang et al. [71] detected PAHs in five lakes located in a plateau region. These PAHs were transported from neighboring countries via long-range atmospheric transport. Thus, the PAH content in these lakes is influenced not only by local sources, but also by atmospheric transport.



The contamination of aquatic environments with PAHs is highly complex because of the distinctive mobility and transport properties of these pollutants. The extent to which PAHs are adsorbed by aquatic environments depends on the characteristics of both the PAHs and the water body. Although the adsorption rate is generally rapid, it may decrease over time, influenced by the type and concentration of PAHs and the properties of the adsorbent [72]. For certain PAHs, the adsorption isotherm was linear, indicating a direct proportional relationship between the amounts of PAHs adsorbed and their equilibrium concentration. However, the adsorption isotherms of sediments and organic contaminants are frequently nonlinear. This nonlinearity is often attributed to factors such as the molecular structure, polarity, and solubility of PAHs, as well as sediment characteristics [73]. Studies examining the correlation between PAHs and water bodies have found that the organic carbon content often shows the most significant correlation. Moreover, only the freely dissolved fraction of organic carbon is bioavailable to aquatic organisms [74]. The octanol–water partition coefficient (Kow) of PAHs is a crucial factor in studying their adsorption to water bodies. Kow is related to the solubility of organic compounds in water [75]. As Kow increases, water solubility decreases, and the tendency of PAHs to adsorb to specific water bodies increases. However, the Kow and water solubility influence the transport of PAHs in the water column. Other factors, including sediment type, organic matter content, particle size distribution, and water environmental conditions, also significantly affect PAH transport.



PAHs in aquatic environments are typically pretreated by solid-phase extraction. Subsequently, high-performance liquid chromatography, gas chromatography–mass spectrometry, and fluorescence detection can be employed to rapidly detect 18 PAHs in water [76].




3.4. Distribution Characteristics of PAHs in Surface Water


With industrial development, PAH pollution has become increasingly severe. Table 2 shows the contamination levels of major PAHs in specific surface waters worldwide, including rivers, lakes, and coastal areas, and highlights the current state of PAH pollution in these environments. Table 2 shows that PAH levels are higher in the Qiantang, Liujiang, and Songhua Rivers, whereas they are lower in the Almendares and Cauca Rivers. This indicates geographic variability and underscores the significance of the surrounding environment in PAH pollution. Even in remote tropical and polar water environments, PAHs have been detected far from direct industrial activity. This demonstrates their significant ability for atmospheric long-range transport, owing to strong and widespread atmospheric forces [77]. In northern North America, PAH concentrations significantly exceeded the detection thresholds in sparsely populated and geographically remote areas, despite the absence of clearly identified industrial point sources. This finding highlights not only the high persistence of PAHs in the natural environment but also their potential impact on environmental quality in remote areas through long-range atmospheric and oceanic transport mechanisms [78]. In the Tibetan Plateau, a region comparable to the polar regions, where much of the area remains pristine and untouched by human activity, PAHs have been detected in highland lakes. This contamination is attributed to long-range atmospheric transport and surrounding industrialized countries [71]. Economically developed coastal areas and river and lake regions with intense urbanization and heavy industrial activities are currently the primary sites of high PAH concentrations and emissions [46]. Coastal areas are particularly vulnerable to contamination by high-molecular-weight PAHs, which are difficult to degrade and are generated through industrial activities. Although the abundance of water resources exacerbates the long-term pollution from these activities, the concentration of PAHs in coastal water bodies remains relatively low because of the moderating effect of the ocean. In contrast, the water bodies of inland areas experience more severe PAH pollution due to their remoteness from the ocean, the slow renewal of their water bodies, and the significant impact of anthropogenic activities. PAHs have also been detected in mountainous water ecosystems despite the absence of industrial activities. This distribution is influenced by medium- and long-range atmospheric transport, as evidenced by the prevalence of the monsoon atmospheric circulation system [49,79]. Significant differences were observed between air and seawater, indicating that PAHs introduced through atmospheric transport originate from various sources [80]. Low- and medium-molecular-weight PAHs are present in the gas phase and can be transported over long distances into the atmosphere. In contrast, high-molecular-weight PAHs are found in both particulate and gaseous phases and tend to be deposited locally.



The analysis revealed a significant distribution pattern of the PAHs based on the number of aromatic rings. Specifically, low-molecular-weight PAHs, particularly those with two-, three-, and four-ring structures, accounted for 80–90% of the total. This finding indicates a notable increase in PAH emissions linked to combustion activities in recent years [62]. Yang et al. [71] observed an increase in the proportion of heavier PAHs with four, five, and six rings over time. This suggests a growing impact of localized high-temperature combustion sources and heat release mechanisms, which is consistent with earlier findings. Firework displays generate PAHs that are released into the atmosphere, which can increase their distribution in surrounding water columns. However, the national impact of fireworks on the atmospheric transmission of PAHs is negligible [81]. Gao et al. [82] found that PAH concentrations were generally higher in the western Yangtze River Basin than in the eastern region. However, the spatial distribution patterns of PAHs were similar in both regions. This distribution may be influenced by geographic differences in water temperature, regional variations in energy conversion efficiency, and the specific characteristics of exogenous air mass inputs. In urban river areas, the concentrations of PAH pollutants increase with population density. In contrast, PAH pollution levels are generally lower in rural river areas compared to urban ones [34,83]. Ji et al. [80] found high levels of heavy metals and PAHs in the Barents, Kara, and East Siberian Seas, which are near urban and industrial areas. This finding aligns with those of previous studies, indicating that the PAH distribution is closely related to nearby urban and industrial activities. Additionally, rocks, as significant sources of PAHs, have unique release patterns that result in varying distributions and levels of PAHs across different geographic environments [84]. Demographic correlation analyses revealed a positive correlation between PAH distribution and economic development, industrial activity, and population density, which were the most significant factors. Additionally, energy use is positively correlated with PAH levels [85]. Numerous studies have shown that the global distribution and spread of PAHs have increased owing to climate change, global industrial development, and river and soil erosion.





 





Table 2. Concentrations of PAHs in surface water from around the world.
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	Geographic Distribution
	Country
	Number of PAHs
	∑PAH Range
	Reference





	Japaratuba a
	Brazil
	16
	0.004–0.119 (μg·L−1)
	[86]



	Yellow River a
	China
	16
	0.113–1.533 (μg·L−1)
	[17]



	Euphrates a
	Turkey
	16
	0.464–0.992 (μg·L−1)
	[87]



	Liujiang River b
	China
	15
	111.97–593.39 (μg·g−1)
	[88]



	Cauca a
	Colombia
	12
	0.05–12.9 (μg·L−1)
	[89]



	Lakes across the Tibetan Plateau b
	China
	16
	98–595 (μg·g−1)
	[71]



	Yamuna a
	India
	16
	1.64–73.4 (μg·L−1)
	[90]



	Ganges River a
	India
	16
	0.05–32.04 (μg·L−1)
	[91]



	Almendares a
	Cuba
	14
	0.836–15.81 (μg·L−1)
	[92]



	Damodar a
	India
	16
	0–36 (μg·L−1)
	[93]



	Yangtze River a
	China
	16
	2.4–761.2 (μg·L−1)
	[19]



	Songhua River a
	China
	16
	163.54–2746.25 (μg·L−1)
	[94]



	Qiantang River a
	China
	16
	70.3–1844.0 (μg·L−1)
	[95]



	Amazon coast b
	Brazil
	16
	10.9–138.8 (μg·g−1)
	[96]



	Lebanese coastal b
	Lebanon
	16
	0.537–3.773 (μg·g−1)
	[97]



	Wadi El Bey Watershed b
	Tunisia
	26
	6.89–340 (μg·g−1)
	[98]



	Jiulong River a
	China
	16
	30.4–66.8 (μg·L−1)
	[68]



	Danube River a
	Hungary
	16
	1–541.9 (μg·L−1)
	[99]



	Beira Lakes a
	Sri Lanka
	11
	78–85 (μg·L−1)
	[100]







a PAHs originating from surface water; b PAHs in sediments of surface water.












3.5. Influence of Climate and Seasonality on the Distribution of PAHs in Water Bodies


The distribution of PAHs exhibits significant temporal variations owing to seasonal climatic changes and differences in industrial production. Liu et al. [52] also observed a clear seasonal distribution of PAH pollution. The concentrations of OCPs and PAHs in water bodies were higher in the summer than in winter. This seasonal variation is primarily influenced by physicochemical and biological factors including atmospheric deposition, phytoplankton uptake, wastewater discharge, and the resuspension of contaminated sediments [101]. Larsen and Baker [65] demonstrated that seasonal differences in PAHs are primarily attributable to variations in industrial activities and consumption patterns. Coal was the main source of PAHs in summer, whereas oil was predominant in winter. The photochemical degradation of PAHs does not exhibit significant seasonal variations [65]. A comprehensive comparison of PAH distributions in tropical and subtropical rivers worldwide has revealed that significant variations in PAH concentrations are influenced by both anthropogenic and natural factors. In addition to human activities, natural factors such as the physicochemical properties of regional river water play a major role [102].



Variations in natural factors primarily arise from differences in climate, temperature, pH, alkalinity, and other conditions across geographical areas. These differences result in varying nutrient statuses in different water environments. Subtropical lakes have significantly higher average annual water temperatures than temperate or cold lakes. Temperature variations influence the reproduction of aquatic organisms and alter the rate at which PAHs are released from rock sources such as fossil fuels. Additionally, higher water temperatures increase the water solubility of PAHs [103,104]. Subtropical shallow eutrophic lakes can better degrade PAHs and reduce their pollution potential compared to deep, nutrient-poor lakes and oceans in temperate and cold regions. This is because of eutrophic phytoplankton blooms and a higher abundance of aquatic organisms [103].



The content and distribution of PAHs in aquatic environments vary before and after a monsoon; however, the sources of PAH pollution remain unaffected [39]. Changes in the strength and direction of the monsoon affect the transport efficiency and extent of PAHs. During strong monsoon seasons, PAHs are transported over long distances and cover large areas. Additionally, monsoon wind speed affects the rate of PAH diffusion and dilution in the atmosphere. Seasonal wind changes caused by monsoons can influence the atmospheric distribution of PAHs. For example, in the South China Sea region of China, the northeast monsoon prevails in winter, whereas the southwest monsoon dominates in summer. This change in wind direction leads to distinct seasonal distribution patterns of PAHs [105,106]. In the absence of direct human intervention, surface runoff, or significant biotic disturbances, PAH concentrations in nutrient-poor tropical and subtropical waters exhibit substantial temporal fluctuations driven by monsoon effects [107].



During the rainy or snowmelt seasons, surface runoff intensifies, leading to increased PAH transport. Rainfall removes a portion of PAHs bound to atmospheric suspended particulate matter, with the most significant effect occurring during the rainy season. During this period, both gaseous and particulate PAHs are deposited in water bodies or soils through wet deposition [53]. PAH concentrations in water bodies were higher during the rainy season than during the dry season. This increase was due to factors such as enhanced surface runoff and sediment deposition caused by increased water flow from rainfall, which is consistent with the findings of a previous study [108]. Comparative analyses between the rainy and dry seasons highlighted the advantages of low-ring PAHs and their congeners over high-ring PAHs. Owing to their high water solubility, oligocyclic PAHs are more abundant in the water column. Additionally, the low octanol–water partition coefficient (Kow) of oligocyclic PAHs enhances their partitioning and retention in aqueous environments [75].



Geographical differences in aquatic environments lead to varied PAH distributions, presenting complex challenges for environmental management. Human activities and industrial processes are the main causes of PAH pollution. There is a need to further optimize environmental standards for emissions from factories and vehicles, adjust industrial structures, and develop new energy sources such as electricity, wind, and solar power. Additionally, reducing the use of coal, fossil fuels, oil, and natural gas is essential for lowering PAH emissions at the source.





4. Exploration of PAHs in Aquatic Organisms


PAHs are not only prevalent in aquatic environments around the world, but are also enriched in aquatic organisms, harming these organisms at all levels of the food chain. However, due to the complexity of the biomes, the geographic location of the surrounding water environment, and the differences in the sources of contamination, the contamination of aquatic organisms by PAHs has become a complex problem. Figure 4 illustrates the process of PAH enrichment in aquatic organisms and dispersal in the food chain.



4.1. Enrichment of PAHs in Aquatic Organisms


Studies have shown that PAH contamination in aquatic organisms has been the most important cause of pollution in the last half-century, owing to anthropogenic activities, such as urbanization, water pollution, water conservancy construction, and ship navigation [109]. According to Chinese statistics, from the 1980s to the 2020s, fish populations and aquatic biodiversity in the Yangtze River Basin have declined significantly because of extensive anthropogenic activities and environmental pollution [27]. Aquatic plants and animals are directly exposed to PAH contaminants [110]. PAHs accumulate in these organisms and transfer through the food chain, ultimately entering higher trophic levels [6,111].



The abundance and diversity of aquatic organisms in water bodies serve as key indicators of ecosystem health [112]. PAHs have been detected across species ranging from primary producers (algae) to higher consumers and are present in freshwater zooplankton and phytoplankton in numerous lakes and rivers [101,113]. Variations in geographical water environments and trophic levels can significantly influence PAH enrichment in plankton [114]. The significant enrichment and efficient accumulation of PAHs by plankton has led to their detection in aquatic organisms, such as shrimp and shellfish, in inland rivers, and secondary consumers in the ocean [6,115], which is consistent with the findings of Zhang et al. [116], who observed that PAH levels in fish were lower than those in shrimp and shellfish. Multiple studies have shown that the bioaccumulation of PAHs in aquatic organisms strongly depends on their ambient concentrations, which are significantly influenced by urban and industrial activities. When PAH concentrations in water bodies are high, the levels in aquatic organisms are also elevated compared with those in other regions [117].



Coastal regions have experienced the degradation of port ecosystems due to industrial expansion and maritime transport, with up to 90% of the global trade being transported by merchant ships [118]. An in-depth analysis of PAH emissions and usage in Asia (Figure 5a,b) revealed significantly higher PAH concentrations in the water and biota of Asian harbors. Additionally, water sample analyses showed that low-molecular-weight PAHs were predominant in European harbors, whereas high-molecular-weight PAHs were significantly enriched in Asian harbors. The distribution of PAHs in sediments showed a more balanced pattern, with high levels of PAHs detected in sediments from ports in the Americas, Asia, and Europe [119]. The PAHs detected in harbor waters and aquatic habitats were primarily medium- and high-molecular-weight PAHs, indicating that their sources were mainly emissions from ship power plants, releases from harbor operations and navigational aids, exhausts from diesel-powered trucks and ground vehicles, and dust from urban refurbishment and construction activities [120,121]. Globally, the highest PAH concentrations in water bodies and biota were observed in Asian ports, whereas the highest concentrations within sediments were recorded in African ports. The global trend in PAH accumulation in sediments remains relatively stable. An interesting trend (Figure 5c) shows that global ports are experiencing a significant increase in PAH concentrations in aquatic environments and biota, strongly suggesting that port ecosystems are facing growing challenges from PAH contamination [119]. Vitali et al. [122] also found that PAH emissions were higher in large harbors and during busy cargo periods than in small harbors and off-seasons, confirming that PAHs in port areas mainly originated from anthropogenic activities. Given the bioaccumulation and persistence of PAHs in aquatic environments, it can be inferred that the PAH concentrations in aquatic organisms are typically higher than those in the surrounding water. Studying PAH levels in aquatic organisms allows the assessment of pollution in ecosystems, including water bodies, oceans, and lakes, facilitating the monitoring of PAH contamination and enabling timely action to protect ecosystem health.




4.2. PAH Food Chain Transmission and Hazards


Due to their bioaccumulation and bioconcentration, PAHs pose a risk to aquatic organisms [123,124]. PAHs have low solubility in water and tend to accumulate in sediments and soil. Although this property limits the direct toxic effects of PAHs in the water column, it increases the risk of their accumulation and transfer through the food chain. Sources of PAH contamination have been widely studied, with both humanmade and natural sources receiving significant attention [1]. However, limited research has been conducted on the transmission of PAHs through food chains.



Primary producers in aquatic ecosystems such as phytoplankton can initially accumulate PAHs, which are then transferred to zooplankton and higher aquatic organisms, ultimately posing a potential threat to human health via bioaccumulation in the food chain. The concentration of low-molecular-weight PAHs in phytoplankton is higher than that of high-molecular-weight PAHs, which is consistent with their bioaccumulation capacity. Phytoplankton PAHs originate from both rocks and water sources [125]. The transmission of PAHs through the food chain is not limited to aquatic organisms. PAHs have also been found in animals that feed on aquatic species, consistent with the findings of Roscales et al. [126]. Mai et al. [117] demonstrated that foodborne PAHs have a significant effect on fish by directly influencing the trophic relationships and food web structure of aquatic organisms. This effect is particularly evident in river estuaries, where complex geography and extensive industrial activities have led to the discharge of high concentrations of PAHs that pollute these ecosystems. Power et al. [127] detected PAHs in seabird eggs in Ireland, although generally at lower in vivo levels than those in other seabird-related studies. This finding highlights the significant geographic and interspecies variability in PAH concentrations and offers new insights into the bioaccumulation patterns of environmental contaminants.



PAH bioaccumulation has several harmful effects on aquatic organisms, including cell necrosis [128], inflammation [128], reproductive impediments [129], and genetic mutations [130], largely owing to their low biodegradability and persistence. PAH and hypoxia exposure cause mitochondrial dysfunction in zebrafish, and similar negative effects on the physical health of squarefish chronically exposed to PAHs have been observed in the northern Gulf of Mexico [131,132].



Hills et al. [133] examined the importance of fisheries in rural communities, with contributions ranging from 60% to 90%. PAHs pose significant ecological risks to aquatic organisms, particularly fish and shrimp, due to the bioaccumulation properties. More critically, PAHs can accumulate in the food chain through biomagnification, having potential toxic effects on humans who rely on aquatic organisms as food sources [134].



Tulcan et al. [119] found that the PAH levels in organisms (including phytoplankton, zooplankton, shrimp, and shellfish) in the Pearl River Estuary, China, were higher than those in the Pearl River. The bioaccumulation of PAHs is influenced by the surrounding environment and industrial activities, as reflected by the high bioaccumulation and low biotransference factors in aquatic organisms. The bioaccumulation of PAHs in lipid-rich tissues, such as crab roe, shrimp head, and fish viscera, was significantly higher than that in tissues with lower lipid content, such as muscle. Lipid content can also regulate bioaccumulation capacity, further demonstrating the efficiency of PAH accumulation in lipid-rich tissues [135]. Enzymatic systems can metabolically transform PAHs; however, this biotransformation may alter the toxicity of PAHs or even generate new toxic substances. These changes can affect PAH transport through the food chain, which is further influenced by the structure of the food chain itself [136,137]. PAHs are transmitted through the food chain via bioaccumulation and biomagnification and are influenced by community structure, the organisms involved, and their concentrations in the aquatic environment.




4.3. Ecotoxicity of PAHs to Aquatic Organisms


The toxicity of PAHs to aquatic organisms is influenced by several factors, including the chemical nature of PAHs, the biological characteristics of the organisms, environmental conditions, and the mode of exposure. PAHs exhibit enhanced toxicity in the presence of UV light in the environment [138]. PAHs exhibit photo-induced toxicity because their absorption peaks typically fall within the UV spectrum. This results in increased toxicity when PAHs are exposed to UV light in the environment. PAHs tend to induce the generation of singlet oxygen species, which are highly destructive reactive oxygen species [139]. Additionally, the photochemical conversion of PAHs leads to the formation of new compounds through oxidative pathways, a process that occurs naturally under environmentally relevant light radiation conditions.



PAHs cause significant acute toxicity to organisms and bird populations in aquatic ecosystems, with toxicity levels ranging from moderate to high. In soil environments, PAHs typically do not exhibit direct toxic effects on terrestrial invertebrates, except at extreme contamination levels [140]. Different PAH species and congeners exhibit varying levels of toxicity in aquatic organisms [141].



PAHs can disrupt the biofilms of aquatic organisms, leading to biotoxicity, increased mortality, and the inhibition of gene activity. This toxic effect is closely linked to the composition and stability of biofilm [142]. Baali et al. [143] demonstrated the variations in the metabolism and detoxification capacities of PAHs in different aquatic organisms. The ecological niche and position of these organisms in the food chain also influence their susceptibility to PAH toxicity. For example, organisms at the bottom of the food chain (e.g., algae) may be more vulnerable to direct PAH toxicity from the environment [144], whereas top predators (e.g., fish) may suffer more from severe poisoning due to PAH accumulation through the food chain [145].



The geographical location of the aquatic environment also influences PAH toxicity. Environmental factors such as light and temperature can affect the behavior and toxicity of PAHs in the water column. Light promotes PAH photolysis and reduces toxicity, whereas high temperatures accelerate PAH volatilization and degradation [146]. Water quality parameters, including pH, dissolved oxygen, and suspended particulate matter concentrations, can also influence the toxic effects of PAHs. Elevated suspended particulate matter levels and low dissolved oxygen levels may intensify the toxic effects of PAHs on aquatic organisms [147].





5. Risk Assessment of PAHs


5.1. Ecological Risks of PAHs


To protect aquatic ecosystems and assess the potential ecological risk and biological threats posed by toxic PAHs, the risk quotient (RQ) is commonly used to quantitatively characterize the ecological risk of pollutants to aquatic organisms. It is calculated according to Equations 1 and 2 [148], as follows:


  R Q =    M E C   P N E C     



(1)




where NOEC represents the measured environmental concentration (ng/L) and PNEC is the predicted no-effect concentration (ng/L).


  P N E C =    N O E C   A F     



(2)




where MEC represents the no-effect concentration (ng/L), which may be 10, 50, 100, or 1000, depending on the context.



The PNEC can be derived using the species sensitivity distribution method, an ecological risk assessment approach based on statistical extrapolation. Most NOEC toxicity data were sourced from the USEPA-ECOTOX toxicity database. To assess the combined toxic effects of PAHs in sediments, we applied the Sediment Quality Index (SeQI) framework developed by the Canadian Council of Ministers of the Environment (CCME). The SeQI is a scientific framework used to assess the impact of PAHs in sediments because their presence and redistribution in aquatic ecosystems can significantly affect biological communities and human health.



Numerous studies have demonstrated a positive correlation between the ecological risk posed by PAHs and their geographic location. In remote areas, such as plateaus, glaciers, deserts, and polar regions, the input of PAHs from human activities is significantly reduced because of the distance from urban centers and lower population density. In remote areas, most PAHs originate from atmospheric deposition, physicochemical properties, natural factors, and local geographical conditions. The ecological risk of PAHs in these regions is generally low; however, emergencies such as wildfires can lead to higher risks [149,150]. The development of port industries and high freight demand have resulted in the highest reported concentrations of PAHs in port waters worldwide, reaching medium to high risk levels [119]. Similar findings have been reported for the risk of PAHs in coastal ecosystems of Taiwan [151]. This study found that the risk posed by PAHs in rivers was generally low, with only a small proportion of them classified as medium to high risk. However, RQ values increased as the river approached the sea and decreased with distance from it, which is consistent with previous studies on the ecological risk of PAHs in harbors [19]. The climate also influences the distribution of PAHs. When the rainy season was compared with the other seasons, the ecological risk of PAHs was significantly higher during the rainy season. The lower reaches of a river are also affected by heavy precipitation, leading to riverine impoundment and flooding, which increase the accumulation and introduce sources of PAHs in the water column and sediments [152]. The diagnostic ratios of PAHs and n-alkanes suggest that the ecological risk in estuaries is higher than that in other regions, primarily due to the complexity of sources, including oil, coal, and biomass combustion, as well as oil spills from heavy traffic, shipping, and aquaculture activities [153]. Considering the potential ecological risks posed by PAHs in water bodies and sediments, future studies should focus on their bioaccumulation and toxicity.




5.2. Effects of PAHs on Human Health


PAHs constitute a prominent source of exposure to organic pollutants with adverse effects on human health in the 21st century. They are carcinogenic, teratogenic, and mutagenic, affecting the skin and organs of adults, infants, and children, and posing a broad range of health hazards (Figure 6). Different types of PAHs exhibit varying health risk patterns. Seven PAHs identified as carcinogenic by the US EPA—BaA, Chr, BbF, BkF, BaP, DBA, and InP—are of particular concern and are often assessed individually.



Variations in PAH toxicity lead to different levels of toxicity of the contaminants to which humans are exposed. Although extensive research has been conducted on the toxicity of PAHs, their metabolism in the human body remains poorly understood. PAHs are not directly carcinogenic; they require activation by mixed-function oxidative enzymes in cellular microsomes. This activation process generates carcinogenic metabolites that bind to DNA, causing DNA damage, ultimately leading to cellular carcinogenesis [154]. Mixtures of PAHs are categorized into individual, binary, and ternary metabolites, each being metabolized differently. The genotoxicity of binary mixtures can be regulated, and the interactions between PAHs do not result in direct competitive responses [155,156]. Studies have shown that smoking enhances the metabolism of PAHs in humans [157]. PAHs are metabolically activated by enzymes in the body, primarily in the liver, where they are converted into metabolites that are more water-soluble or easier to excrete [158]. Most PAHs are metabolized by the kidneys and excreted through urine and feces, whereas a small proportion are eliminated via respiration and perspiration.



Carcinogenicity is the primary toxicity of concern posed by PAHs, with BaP being the first chemical carcinogen identified. Long-term exposure to high levels of PAHs increases the risk of lung, skin, stomach, and liver cancer. In environments where PAHs are inhaled over extended periods, PAH-derived reactive metabolites play a critical role in the development of lung cancer. These metabolites react with DNA to form DNA adducts, which cause mutations in key genes such as the tumor suppressor gene p53, and are implicated in lung cancer development [159]. PAHs adsorbed onto the surface of particulate matter suspended in ambient air are significant contributors to cardiovascular and respiratory health problems, as well as cancer risk. PAHs can irritate the mucous membranes of the respiratory tract, leading to symptoms such as coughing, sore throat, shortness of breath, and breathing difficulties [160]. Prolonged or high levels of PAH exposure may lead to lung tissue damage, including the destruction of alveolar structures and pulmonary fibrosis. Additionally, unsafe dietary practices and food processing methods can increase the risk of gastric cancer [161]. In areas near glass processing plants in southeastern Sweden, consuming local food increases the risk of cancer owing to high levels of PAH emissions from factory operations [162].



The effects of PAHs on human health vary depending on the duration and frequency of exposure. Short-term exposure to or the rapid removal of PAHs from the body results in little or no change in PAH levels [163]. Short-term exposure can cause eye irritation, nausea, vomiting, and confusion, while long-term exposure increases the risk of kidney and liver damage, cataracts, respiratory distress, and asthma-like symptoms [164]. Elevated PaG concentrations have been observed in urbanized and industrialized areas, potentially contributing to increased cases of bronchial asthma and the progression of chronic obstructive pulmonary disease (COPD) [165]. The toxicity of PAHs is correlated with factors such as age, health, and immune resistance, which can cause genetic damage in pregnant women. Additionally, PAHs are highly teratogenic to the fetus in vivo, leading to premature birth and birth defects [166]. Studies on PAHs in mothers and fetuses have shown that fetuses are more sensitive to these ubiquitous xenobiotics than adults, making them more vulnerable to PAH toxicity than their mothers [167].




5.3. Exposure Pathways for PAHs


The widespread distribution of PAHs in the environment, particularly in densely populated areas, along with their significant toxicological effects, presents opportunities to apply biomonitoring to explore scientific questions regarding their environmental behavior, ecotoxicological effects, and mechanisms of human health impacts [168].



PAH exposure routes can be classified as direct or indirect. Aquatic organisms may experience direct exposure by ingesting PAH-contaminated water, sediments, or food or indirect exposure by inhaling PAH-laden water vapor. Different exposure routes influence the type and severity of the toxic effects of PAHs on aquatic organisms. Organisms in directly exposed environments face significantly greater toxicological risks from PAHs than those in indirect or low-exposure environments [169]. The concentration and duration of PAH exposure are the key factors influencing their toxic effects on aquatic organisms. Higher concentrations and prolonged exposure can result in severe toxic effects [170].



The primary routes of human exposure to PAHs include the surrounding environment (factories, vehicle emissions, coal-burning sites, and fires), air, and food. PAHs can enter the human body through the food chain, threatening food safety. Food safety risks are evaluated by monitoring PAH levels in organisms at critical points within the food chain. During food processing, methods such as stir-frying, cooking, and rumination can introduce PAHs into the food. In all types of meat, the incomplete combustion of heat sources, ignition from organic matter and fat, and the use of various food additives can increase the PAH levels in food [171]. In addition to transmission through the food chain, plants such as maize and wheat absorb PAHs from soil, water, and air, thereby increasing their PAH contents [172]. PAHs are toxic to wheat seed germination and seedling growth under strong ultraviolet (UV) radiation, potentially harming humans [173].



Epidemiological studies indicate that occupational exposure to PAH mixtures through various pathways can lead to significant acute health effects and that work environment and occupational factors can increase both the number of pathways and the duration of PAH exposure [174]. During a fire, when humans are indirectly exposed to PAHs in the air and environment, the levels of PAHs in the body may not increase significantly and can be lower than those in smokers, despite PAH absorption [175]. Paiva et al. [176] demonstrated that 176 Portuguese firefighters were exposed to PAHs during wildland fires, as assessed using bioassays. This study found that PAHs affected the immune cells of these firefighters. Non-smoking firefighters experienced fewer effects than those who smoked, which is consistent with the results of previous studies. In addition, PAHs increase the risk of dyslipidemia in workers with prolonged exposure to coal mines [177]. Dermal absorption has emerged as a significant route of exposure to low-molecular-weight PAHs compared to airborne inhalation [178]. Occupational exposure exacerbates the health risks associated with PAHs, and the variety of exposure pathways complicates biomonitoring efforts.





6. Conclusions


Current research has highlighted the crucial role of surface water environments in global ecosystems. This review examines the contamination status of PAHs in surface waters globally, analyzes the mechanisms of their accumulation in water bodies and sediments, and tracks the transmission of these contaminants to humans via the food chain, ultimately assessing their potential risks to human health. As the industrial, economic, and energy sectors continue to expand, PAHs are being detected in surface waters across various geographical regions, with contamination levels rising at an alarming rate. This suggests that surface water pollution is likely to intensify. PAH pollution levels vary significantly across regions and are influenced by differences in industrial development, population density, transportation infrastructure, and geoclimatic conditions. The distribution of PAHs in surface waters also varies by the compound ring number, with a notable increase in the proportion of low-molecular-weight PAHs in recent years, suggesting an increase in the intensity and frequency of heat source activities. In addition to surface runoff and water vapor exchange, PAH contamination can spread across regions via atmospheric dispersion, further increasing the complexity and scope of environmental risks. PAH pollution is particularly severe in estuaries, sea outlets, and harbors, where PAH accumulation in aquatic organisms contributes to a decline in fisheries and bioaccumulation in the food chain, ranging from zooplankton to fish. Bioaccumulation leads to biotoxicity in aquatic organisms, causing lethal effects and disrupting reproduction, ultimately threatening the survival and reproduction of fish populations. The increase in PAH pollution of surface water is a major contributor to aquatic biological contamination. Biotoxic contamination by PAHs in aquatic ecosystems severely affects natural ecosystems and poses significant risks to human health, causing genetic, cellular, and organ-level hazards. Exposure to PAHs occurs through environmental, occupational, and food-related routes, and these exposures can have synergistic or antagonistic effects on genotoxic properties, complicating risk assessment. The effective management of PAH contamination must consider geographic, social, and economic factors to develop comprehensive prevention and control strategies. Increased public awareness and education regarding PAH exposure pathways and their potential health risks are essential to improve our understanding of the sources and consequences of these pollutants. Additionally, protection and management measures for smokers and passive smokers should be strengthened through year-round PAH monitoring and strict controls of emissions in the atmosphere and surface waters. This study not only promotes technological progress by studying the spatiotemporal distribution, bioaccumulation, and ecological and human health risks of PAHs, but also provides important support for achieving sustainable development goals, especially in reducing the environmental impact and promoting socio-economic sustainability.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/su162310346/s1: Table S1. PAHs concentration in water (ng/L), sediment (ug/kg dw), and biota (ug/kg dw) in ports worldwide, and the classification of the reviewed ports according to size, structure, river flowing to the ports and category. References [179,180,181,182,183,184,185,186,187,188,189,190,191,192,193,194,195,196,197,198,199,200,201,202,203,204,205,206,207,208,209,210,211,212,213,214,215,216,217,218,219,220,221,222,223,224,225,226,227,228,229,230,231,232,233,234,235,236,237,238,239,240,241,242,243,244,245,246,247,248,249,250,251,252,253,254,255,256,257,258,259,260,261,262,263,264,265,266,267,268,269,270,271,272,273,274,275,276,277,278,279,280,281,282,283,284,285,286,287,288,289,290,291,292,293,294,295,296,297,298,299,300,301,302,303,304,305,306,307,308,309,310,311,312,313,314,315,316] have been cited in the Supplementary Files.





Author Contributions


Conceptualization: Z.W. (Zijian Wang); Methodology: Z.W. (Zijian Wang); Validation: Q.M.; Formal Analysis: Z.W. (Zijian Wang); Investigation: Z.W. (Zijian Wang), K.S. and Z.W. (Zhao Wen); Resources: Z.W. (Zijian Wang); Data Curation: Z.W. (Zijian Wang), Q.M. and K.S.; Writing—Original Draft Preparation: Z.W. (Zijian Wang); Writing—Review and Editing: Z.W. (Zijian Wang); Supervision: Q.M.; Project Administration: Q.M.; Funding Acquisition: Q.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the National Natural Science Foundation of China under the “Research on the mechanism of synergistic fate of dissolved organic matter and heavy metals during underground storage of reclaimed water” No. 51408259 and the Science and Technology Development Planning Project of Jilin Provincial Department of Science and Technology under the “Identification and control method of prioritized organic micropollutants in underground storage system of reclaimed water” No. 20220101177JC and the “Calcium peroxide-sodium peroxide synergistic in-situ technology in PAH contaminated sites” No. 20230203163SF.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ren, K.; Wei, Y.; Li, J.; Han, C.; Deng, Y.; Su, G. Polycyclic aromatic hydrocarbons (PAHs) and their derivatives (oxygenated PAHs, azaarenes, and sulfur/oxygen-containing heterocyclic PAHs) in surface soils from a typical city, south China. Chemosphere 2021, 283, 131190. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Han, J.; Liang, Y.; Zhao, B.; Wang, Y.; Xing, F.; Qin, L. Polycyclic aromatic hydrocarbon (PAHs) geographical distribution in China and their source, risk assessment analysis. Environ. Pollut. 2019, 251, 312–327. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



He, Y.; Yang, C.; He, W.; Xu, F. Nationwide health risk assessment of juvenile exposure to polycyclic aromatic hydrocarbons (PAHs) in the water body of Chinese lakes. Sci. Total Environ. 2020, 723, 138099. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dickman, M.; Brindle, I.; Benson, M. Evidence of Teratogens in Sediments of the Niagara River Watershed as Reflected by Chironomid (Diptera: Chironomidae) Deformities. J. Great Lakes Res. 1992, 18, 467–480. [Google Scholar] [CrossRef] [Scilit]

	



Møller, M.; Hagen, I.; Ramdahl, T. Mutagenicity of Polycycl Aromat Comp (PAC) identified in source emissions and ambient air. Mutat. Res.-Genet. Toxicol. 1985, 157, 149–156. [Google Scholar] [CrossRef] [Scilit]

	



Xie, W.; Wang, G.; Yu, E.; Xie, J.; Gong, W.; Li, Z.; Zhang, K.; Xia, Y.; Tian, J.; Li, H. Residue character of polycyclic aromatic hydrocarbons in river aquatic organisms coupled with geographic distribution, feeding behavior, and human edible risk. Sci. Total Environ. 2023, 895, 164814. [Google Scholar] [CrossRef] [Scilit]

	



Zaccaria, K.J.; McClure, P.R. Using immunotoxicity information to improve cancer risk assessment for polycyclic aromatic hydrocarbon mixtures. Int. J. Toxicol. 2013, 32, 236–250. [Google Scholar] [CrossRef] [Scilit]

	



Menzie, C.A.; Potocki, B.B.; Santodonato, J. Exposure to carcinogenic PAHs in the environment. Environ. Sci. Technol. 1992, 26, 1278–1284. [Google Scholar] [CrossRef] [Scilit]

	



Shen, H.; Huang, Y.; Wang, R.; Zhu, D.; Li, W.; Shen, G.; Wang, B.; Zhang, Y.; Chen, Y.; Lu, Y.; et al. Global Atmospheric Emissions of Polycyclic Aromatic Hydrocarbons from 1960 to 2008 and Future Predictions. Environ. Sci. Technol. 2013, 47, 6415–6424. [Google Scholar] [CrossRef] [Scilit]

	



Li, A.; Jang, J.-K.; Scheff, P.A. Application of EPA CMB8.2 Model for Source Apportionment of Sediment PAHs in Lake Calumet, Chicago. Environ. Sci. Technol. 2003, 37, 2958–2965. [Google Scholar] [CrossRef] [Scilit]

	



Baklanov, A.; Hänninen, O.; Slørdal, L.H.; Kukkonen, J.; Bjergene, N.; Fay, B.; Finardi, S.; Hoe, S.C.; Jantunen, M.; Karppinen, A.; et al. Integrated systems for forecasting urban meteorology, air pollution and population exposure. Atmos. Chem. Phys. 2007, 7, 855–874. [Google Scholar] [CrossRef] [Scilit]

	



Abdel-Shafy, H.I.; Mansour, M.S.M. A review on polycyclic aromatic hydrocarbons: Source, environmental impact, effect on human health and remediation. Egypt. J. Pet. 2016, 25, 107–123. [Google Scholar] [CrossRef] [Scilit]

	



Landrigan, P.J.; Fuller, R.; Acosta, N.J.R.; Adeyi, O.; Arnold, R.; Basu, N.; Baldé, A.B.; Bertollini, R.; Bose-O’Reilly, S.; Boufford, J.I.; et al. The Lancet Commission on pollution and health. Lancet 2018, 391, 462–512. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nagpure, A.S.; Gurjar, B.R.; Kumar, V.; Kumar, P. Estimation of exhaust and non-exhaust gaseous, particulate matter and air toxics emissions from on-road vehicles in Delhi. Atmos. Environ. 2016, 127, 118–124. [Google Scholar] [CrossRef] [Scilit]

	



Gupta, P.; Suresh, S.; Jha, J.M.; Banat, F.; Sillanpää, M. Sonochemical degradation of polycyclic aromatic hydrocarbons: A review. Environ. Chem. Lett. 2021, 19, 2663–2687. [Google Scholar] [CrossRef] [Scilit]

	



Abbas, I.; Badran, G.; Verdin, A.; Ledoux, F.; Roumié, M.; Courcot, D.; Garçon, G. Polycyclic aromatic hydrocarbon derivatives in airborne particulate matter: Sources, analysis and toxicity. Environ. Chem. Lett. 2018, 16, 439–475. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, Y.; Li, J.; Qi, Y.; Guan, X.; Zhao, C.; Wang, H.; Zhu, S.; Fu, G.; Zhu, J.; He, J. Distribution, sources, and ecological risk assessment of polycyclic aromatic hydrocarbons (PAHs) in the tidal creek water of coastal tidal flats in the Yellow River Delta, China. Mar. Pollut. 2021, 173, 113110. [Google Scholar] [CrossRef] [Scilit]

	



Chen, W.; Zhang, Z.; Zhu, Y.; Wang, X.; Wang, L.; Xiong, J.; Qian, Z.; Xiong, S.; Zhao, R.; Liu, W.; et al. Distribution, sources and transport of polycyclic aromatic hydrocarbons (PAHs) in karst spring systems from Western Hubei, Central China. Chemosphere 2022, 300, 134502. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, Z.; Gong, X.; Zhang, L.; Jin, M.; Cai, Y.; Wang, X. Riverine transport and water-sediment exchange of polycyclic aromatic hydrocarbons (PAHs) along the middle-lower Yangtze River, China. J. Hazard. Mater. 2021, 403, 123973. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, Z.; Jiang, Y.; Li, Q.; Cai, Y.; Yin, H.; Zhang, L.; Zhang, J. Spatial correlation analysis of polycyclic aromatic hydrocarbons (PAHs) and organochlorine pesticides (OCPs) in sediments between Taihu Lake and its tributary rivers. Ecotoxicol. Environ. Saf. 2017, 142, 117–128. [Google Scholar] [CrossRef] [Scilit]

	



Liu, A.; Duodu, G.O.; Mummullage, S.; Ayoko, G.A.; Goonetilleke, A. Hierarchy of factors which influence polycyclic aromatic hydrocarbons (PAHs) distribution in river sediments. Environ. Pollut. 2017, 223, 81–89. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhen, Z.; Yin, Y.; Zhang, H.; Li, J.; Hu, J.; Li, L.; Kuang, X.; Chen, K.; Wang, H.; Yu, Q.; et al. Assessment of factors affecting the diurnal variations of atmospheric PAHs based on a numerical simulation. Sci. Total Environ. 2023, 855, 158975. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Belletti, B.; Garcia de Leaniz, C.; Jones, J.; Bizzi, S.; Börger, L.; Segura, G.; Castelletti, A.; van de Bund, W.; Aarestrup, K.; Barry, J.; et al. More than one million barriers fragment Europe’s rivers. Nature 2020, 588, 436–441. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Peluso, L.M.; Mateus, L.; Penha, J.; Bailly, D.; Cassemiro, F.; Suárez, Y.; Fantin-Cruz, I.; Kashiwaqui, E.; Lemes, P. Climate change negative effects on the Neotropical fishery resources may be exacerbated by hydroelectric dams. Sci. Total Environ. 2022, 828, 154485. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, H.; Xia, X.; Wang, Z.; Liu, R.; Muir, D.C.G.; Wang, W.-X. Contribution of Dietary Uptake to PAH Bioaccumulation in a Simplified Pelagic Food Chain: Modeling the Influences of Continuous vs Intermittent Feeding in Zooplankton and Fish. Environ. Sci. Technol. 2021, 55, 1930–1940. [Google Scholar] [CrossRef] [Scilit]

	



Wang, H.; Xia, X.; Liu, R.; Wang, Z.; Zhai, Y.; Lin, H.; Wen, W.; Li, Y.; Wang, D.; Yang, Z.; et al. Dietary Uptake Patterns Affect Bioaccumulation and Biomagnification of Hydrophobic Organic Compounds in Fish. Environ. Sci. Technol. 2019, 53, 4274–4284. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, H.; Kang, M.; Shen, L.; Wu, J.; Li, J.; Du, H.; Wang, C.; Yang, H.; Zhou, Q.; Liu, Z.; et al. Rapid change in Yangtze fisheries and its implications for global freshwater ecosystem management. Fish Fish. 2020, 21, 601–620. [Google Scholar] [CrossRef] [Scilit]

	



Alves, C.A.; Vicente, A.M.; Custódio, D.; Cerqueira, M.; Nunes, T.; Pio, C.; Lucarelli, F.; Calzolai, G.; Nava, S.; Diapouli, E.; et al. Polycyclic aromatic hydrocarbons and their derivatives (nitro-PAHs, oxygenated PAHs, and azaarenes) in PM2.5 from Southern European cities. Sci. Total Environ. 2017, 595, 494–504. [Google Scholar] [CrossRef] [Scilit]

	



Aquilina, N.J.; Harrison, R.M. Evaluation of the cancer risk from PAHs by inhalation: Are current methods fit for purpose? Environ. Sci. Technol. 2023, 177, 107991. [Google Scholar] [CrossRef] [Scilit]

	



Simcik, M.F.; Eisenreich, S.J.; Lioy, P.J. Source apportionment and source/sink relationships of PAHs in the coastal atmosphere of Chicago and Lake Michigan. Atmos. Environ. 1999, 33, 5071–5079. [Google Scholar] [CrossRef] [Scilit]

	



Zakaria, M.P.; Takada, H.; Tsutsumi, S.; Ohno, K.; Yamada, J.; Kouno, E.; Kumata, H. Distribution of Polycyclic Aromatic Hydrocarbons (PAHs) in Rivers and Estuaries in Malaysia:  A Widespread Input of Petrogenic PAHs. Environ. Sci. Technol. 2002, 36, 1907–1918. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Christensen, E.R.; Arora, S. Source apportionment of PAHs in sediments using factor analysis by time records: Application to Lake Michigan, USA. Water Res. 2007, 41, 168–176. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Acquavita, A.; Falomo, J.; Predonzani, S.; Tamberlich, F.; Bettoso, N.; Mattassi, G. The PAH level, distribution and composition in surface sediments from a Mediterranean Lagoon: The Marano and Grado Lagoon (Northern Adriatic Sea, Italy). Mar. Pollut. 2014, 81, 234–241. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ligaray, M.; Baek, S.S.; Kwon, H.-O.; Choi, S.-D.; Cho, K.H. Watershed-scale modeling on the fate and transport of polycyclic aromatic hydrocarbons (PAHs). J. Hazard. Mater. 2016, 320, 442–457. [Google Scholar] [CrossRef] [Scilit]

	



Magris, R.A.; Giarrizzo, T. Mysterious oil spill in the Atlantic Ocean threatens marine biodiversity and local people in Brazil. Mar. Pollut. 2020, 153, 110961. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, X.; Jin, H.; Ji, Z.; Li, D.; Kaw, H.Y.; Chen, J.; Xie, Z.; Zhang, T. PAES and PAHs in the surface sediments of the East China Sea: Occurrence, distribution and influence factors. Sci. Total Environ. 2020, 703, 134763. [Google Scholar] [CrossRef] [Scilit]

	



News, C.E. China Coal Will Release Five Hundred Million Tonnes of Pahs? 2017. Available online: https://www.mee.gov.cn/xxgk/hjyw/201702/t20170209_395596.shtml (accessed on 8 August 2024.).

	



Balmer, J.E.; Hung, H.; Yu, Y.; Letcher, R.J.; Muir, D.C.G. Sources and environmental fate of pyrogenic polycyclic aromatic hydrocarbons (PAHs) in the Arctic. Emerg. Contam. 2019, 5, 128–142. [Google Scholar] [CrossRef] [Scilit]

	



Deka, J.; Sarma, K.P.; Hoque, R.R. Source contributions of Polycyclic Aromatic Hydrocarbons in soils around oilfield in the Brahmaputra Valley. Ecotoxicol. Environ. Saf. 2016, 133, 281–289. [Google Scholar] [CrossRef] [Scilit]

	



Tavares, M.; Pinto, J.P.; Souza, A.L.; Scarmínio, I.S.; Cristina Solci, M. Emission of polycyclic aromatic hydrocarbons from diesel engine in a bus station, Londrina, Brazil. Atmos. Environ. 2004, 38, 5039–5044. [Google Scholar] [CrossRef] [Scilit]

	



Mukhopadhyay, S.; Dutta, R.; Das, P. A critical review on plant biomonitors for determination of polycyclic aromatic hydrocarbons (PAHs) in air through solvent extraction techniques. Chemosphere 2020, 251, 126441. [Google Scholar] [CrossRef] [Scilit]

	



Imam, A.; Kumar Suman, S.; Kanaujia, P.K.; Ray, A. Biological machinery for polycyclic aromatic hydrocarbons degradation: A review. Bioresour. Technol. 2022, 343, 126121. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nguyen, T.N.T.; Park, M.-K.; Son, J.-M.; Choi, S.-D. Spatial distribution and temporal variation of polycyclic aromatic hydrocarbons in runoff and surface water. Sci. Total Environ. 2021, 793, 148339. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, D.W.; Kim, S.K.; Lee, D.S. Relationship of pyrogenic polycyclic aromatic hydrocarbons contamination among environmental solid media. J. Environ. Monit. 2009, 11, 1244–1252. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Berrojalbiz, N.; Dachs, J.; Ojeda, M.J.; Valle, M.C.; Castro-Jiménez, J.; Wollgast, J.; Ghiani, M.; Hanke, G.; Zaldivar, J.M. Biogeochemical and physical controls on concentrations of polycyclic aromatic hydrocarbons in water and plankton of the Mediterranean and Black Seas. Glob. Biogeochem. Cycles 2011, 25, GB4003. [Google Scholar] [CrossRef] [Scilit]

	



Keshavarzifard, M.; Moore, F.; Keshavarzi, B.; Sharifi, R. Distribution, source apportionment and health risk assessment of polycyclic aromatic hydrocarbons (PAHs) in intertidal sediment of Asaluyeh, Persian Gulf. Environ. Geochem. Health 2018, 40, 721–735. [Google Scholar] [CrossRef] [Scilit]

	



Tong, Y.; Chen, L.; Liu, Y.; Wang, Y.; Tian, S. Distribution, sources and ecological risk assessment of PAHs in surface seawater from coastal Bohai Bay, China. Mar. Pollut. 2019, 142, 520–524. [Google Scholar] [CrossRef] [Scilit]

	



Lin, F.; Han, B.; Ding, Y.; Li, Q.; Gao, W.; Zheng, L. Distribution characteristics, sources, and ecological risk assessment of polycyclic aromatic hydrocarbons in sediments from the Qinhuangdao coastal wetland, China. Mar. Pollut. 2018, 127, 788–793. [Google Scholar] [CrossRef] [Scilit]

	



Riaz, R.; Ali, U.; Li, J.; Zhang, G.; Alam, K.; Sweetman, A.J.; Jones, K.C.; Malik, R.N. Assessing the level and sources of Polycyclic Aromatic Hydrocarbons (PAHs) in soil and sediments along Jhelum riverine system of lesser Himalayan region of Pakistan. Chemosphere. 2019, 216, 640–652. [Google Scholar] [CrossRef] [Scilit]

	



Shi, Y.; Lu, Y.; Zhang, Y.; Su, X.; Wu, Q.; Lei, H.; Fang, L.; Zhang, F.; Liu, Z.; Han, J.; et al. Investigation into Polycyclic Aromatic Hydrocarbons in Sediments of Wei River Basin. Water Air Soil Poll. 2021, 232, 476. [Google Scholar] [CrossRef] [Scilit]

	



Wang, X.-T.; Hu, B.-P.; Cheng, H.-X.; Jia, H.-H.; Zhou, Y. Spatial variations, source apportionment and potential ecological risks of polycyclic aromatic hydrocarbons and synthetic musks in river sediments in Shanghai, China. Chemosphere 2018, 193, 108–117. [Google Scholar] [CrossRef] [Scilit]

	



Liu, S.; Liu, X.; Liu, M.; Yang, B.; Cheng, L.; Li, Y.; Qadeer, A. Levels, sources and risk assessment of PAHs in multi-phases from urbanized river network system in Shanghai. Environ. Pollut. 2016, 219, 555–567. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Siudek, P. Summertime Characteristics of Atmospheric Polycyclic Aromatic Hydrocarbons in a Coastal City of Northern Poland. Int. J. Environ. 2023, 20, 4475. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zheng, T.; Ran, Y.; Chen, L. Polycyclic aromatic hydrocarbons (PAHs) in rural soils of Dongjiang River Basin: Occurrence, source apportionment, and potential human health risk. J. Soil. Sediment. 2014, 14, 110–120. [Google Scholar] [CrossRef] [Scilit]

	



Chen, Y.; Zhang, J.; Zhang, F.; Liu, X.; Zhou, M. Contamination and health risk assessment of PAHs in farmland soils of the Yinma River Basin, China. Ecotoxicol. Environ. Saf. 2018, 156, 383–390. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhao, G.; Chang, W.; Yan, J.; Li, X.; Tong, D.; Zhao, R.; David, S.J.; Tai, P. Spatial distribution and sources identification of polycyclic aromatic hydrocarbons in Wolong Lake, Northeast China. Chinese Geogr. Sci. 2017, 27, 1003–1012. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Y.; Salamova, A.; Venier, M. Using diagnostic ratios to characterize sources of polycyclic aromatic hydrocarbons in the Great Lakes atmosphere. Sci. Total Environ. 2021, 761, 143240. [Google Scholar] [CrossRef] [Scilit]

	



Bai, Y.; Yu, H.; Shi, K.; Shang, N.; He, Y.; Meng, L.; Huang, T.; Yang, H.; Huang, C. Polycyclic aromatic hydrocarbons in remote lakes from the Tibetan Plateau: Concentrations, source, ecological risk, and influencing factors. J. Environ. Manage. 2022, 319, 115689. [Google Scholar] [CrossRef] [Scilit]

	



Tucca, F.; Luarte, T.; Nimptsch, J.; Woelfl, S.; Pozo, K.; Casas, G.; Dachs, J.; Barra, R.; Chiang, G.; Galbán-Malagón, C. Sources and diffusive air–water exchange of polycyclic aromatic hydrocarbons in an oligotrophic North–Patagonian lake. Sci. Total Environ. 2020, 738, 139838. [Google Scholar] [CrossRef] [Scilit]

	



Wu, H.; Sun, B.; Li, J. Polycyclic Aromatic Hydrocarbons in Sediments/Soils of the Rapidly Urbanized Lower Reaches of the River Chaohu, China. Int. J. Environ. 2019, 16, 2302. [Google Scholar] [CrossRef] [Scilit]

	



Lehndorff, E.; Schwark, L. Biomonitoring of air quality in the Cologne Conurbation using pine needles as a passive sampler—Part II: Polycyclic aromatic hydrocarbons (PAH). Atmos. Environ. 2004, 38, 3793–3808. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, R.; Zhang, F.; Zhang, T.-C. Sedimentary records of PAHs in a sediment core from tidal flat of Haizhou Bay, China. Sci. Total Environ. 2013, 450–451, 280–288. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sun, X.; Wang, H.; Guo, Z.; Lu, P.; Song, F.; Liu, L.; Liu, J.; Rose, N.L.; Wang, F. Positive matrix factorization on source apportionment for typical pollutants in different environmental media: A review. Environ. Sci. Process. Impacts 2020, 22, 239–255. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, Y.; Long, L.; Ge, J.; Yang, L.-X.; Cheng, J.-J.; Sun, L.-X.; Lu, C.; Yu, X.-Y. Presence, distribution and risk assessment of polycyclic aromatic hydrocarbons in rice-wheat continuous cropping soils close to five industrial parks of Suzhou, China. Chemosphere 2017, 184, 753–761. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Larsen, R.K.; Baker, J.E. Source Apportionment of Polycyclic Aromatic Hydrocarbons in the Urban Atmosphere:  A Comparison of Three Methods. Environ. Sci. Technol. 2003, 37, 1873–1881. [Google Scholar] [CrossRef] [Scilit]

	



USEPA. EPA Positive Matrix Factorization 5.0 Fundamentals and User Guide. 2014. Available online: https://www.epa.gov/air-research/epa-positive-matrix-factorization-50-fundamentals-and-user-guide (accessed on 11 August 2024).

	



Wang, Z.; Yang, C.; Parrott, J.L.; Frank, R.A.; Yang, Z.; Brown, C.E.; Hollebone, B.P.; Landriault, M.; Fieldhouse, B.; Liu, Y.; et al. Forensic source differentiation of petrogenic, pyrogenic, and biogenic hydrocarbons in Canadian oil sands environmental samples. J. Hazard. Mater. 2014, 271, 166–177. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Y.; Wang, X.; Ya, M.; Li, Y.; Hong, H. Seasonal variation and spatial transport of polycyclic aromatic hydrocarbons in water of the subtropical Jiulong River watershed and estuary, Southeast China. Chemosphere 2019, 234, 215–223. [Google Scholar] [CrossRef] [Scilit]

	



Dat, N.-D.; Chang, M.B. Review on characteristics of PAHs in atmosphere, anthropogenic sources and control technologies. Sci. Total Environ. 2017, 609, 682–693. [Google Scholar] [CrossRef] [Scilit]

	



Huang, Y.; Sui, Q.; Lyu, S.; Wang, J.; Huang, S.; Zhao, W.; Wang, B.; Xu, D.; Kong, M.; Zhang, Y.; et al. Tracking emission sources of PAHs in a region with pollution-intensive industries, Taihu Basin: From potential pollution sources to surface water. Environ. Pollut. 2020, 264, 114674. [Google Scholar] [CrossRef] [Scilit]

	



Yang, R.; Xie, T.; Li, A.; Yang, H.; Turner, S.; Wu, G.; Jing, C. Sedimentary records of polycyclic aromatic hydrocarbons (PAHs) in remote lakes across the Tibetan Plateau. Environ. Pollut. 2016, 214, 1–7. [Google Scholar] [CrossRef] [Scilit]

	



Wang, W.; Liu, C.; Yuani, P. Advances on the removal of polycyclic aromatic hydrocarbons in environment by adsorption. Chem. Ind. Eng. Prog. 2010, 36, 355–363. [Google Scholar]

	



Tao, Y.; Yu, J.; Xue, B.; Yao, S.; Wang, S. Precipitation and temperature drive seasonal variation in bioaccumulation of polycyclic aromatic hydrocarbons in the planktonic food webs of a subtropical shallow eutrophic lake in China. Sci. Total Environ. 2017, 583, 447–457. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tao, Y.; Xue, B.; Yang, Z.; Yao, S.; Li, S. Effects of metals on the uptake of polycyclic aromatic hydrocarbons by the cyanobacterium Microcystis aeruginosa. Chemosphere 2015, 119, 719–726. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhang, J.; Liu, G.; Wang, R.; Huang, H. Polycyclic aromatic hydrocarbons in the water-SPM-sediment system from the middle reaches of Huai River, China: Distribution, partitioning, origin tracing and ecological risk assessment. Environ. Pollut. 2017, 230, 61–71. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Peng, P.L.; Lim, L.H. Polycyclic Aromatic Hydrocarbons (PAHs) Sample Preparation and Analysis in Beverages: A Review. Food Anal. Methods 2022, 15, 1042–1061. [Google Scholar] [CrossRef] [Scilit]

	



Lian, X.; Zhang, G.; Yang, Y.; Chen, M.; Yang, W.; Cheng, C.; Huang, B.; Fu, Z.; Bi, X.; Zhou, Z.; et al. Measurement of the mixing state of PAHs in individual particles and its effect on PAH transport in urban and remote areas and from major sources. Environ. Res. 2022, 214, 114075. [Google Scholar] [CrossRef] [Scilit]

	



Apeti, D.A.; Hartwell, S.I. Baseline assessment of organic contaminants in surficial sediment from Kachemak Bay, Alaska. Reg. Stud. Mar. Sci. 2016, 7, 196–203. [Google Scholar] [CrossRef] [Scilit]

	



Chen, P.; Li, C.; Kang, S.; Rupakheti, M.; Panday, A.K.; Yan, F.; Li, Q.; Zhang, Q.; Guo, J.; Ji, Z.; et al. Characteristics of Particulate-Phase Polycyclic Aromatic Hydrocarbons (PAHs) in the Atmosphere over the Central Himalayas. Aerosol Air Qual. Res. 2017, 17, 2942–2954. [Google Scholar] [CrossRef] [Scilit]

	



Ji, X.; Abakumov, E.; Xie, X. Atmosphere–ocean exchange of heavy metals and polycyclic aromatic hydrocarbons in the Russian Arctic Ocean. Atmos. Chem. Phys. 2019, 19, 13789–13807. [Google Scholar] [CrossRef] [Scilit]

	



Jia, C.; Xue, Z.; Fu, X.; Sultana, F.; Smith, L.J.; Zhang, Y.; Li, Y.; Liu, B. Impacts of Independence Day fireworks on pollution levels of atmospheric polycyclic aromatic hydrocarbons (PAHs) in the U.S. Sci. Total Environ. 2020, 743, 140774. [Google Scholar] [CrossRef] [Scilit]

	



Gao, Y.; Zhu, N.; Meng, X.-Z.; Ma, W.-L.; Ma, R.-S.; Jin, J.-J.; Ai, F.-T.; Jin, L.-M.; Cai, M.-H.; Liu, J.-S.; et al. Sources and ecological risk of polycyclic aromatic hydrocarbons in water and air of the Yangtze River. Environ. Sci. Water Res. Technol. 2024, 10, 389–398. [Google Scholar] [CrossRef] [Scilit]

	



Apata, A.; Ololade, I.A.; Oladoja, N.A.; Alabi, B.A.; Ololade, O.O. Polycyclic aromatic hydrocarbons in selected rivers in southwestern Nigeria: Seasonal distribution, source apportionment and potential risk assessment. Reg. Stud. Mar. Sci. 2022, 52, 102318. [Google Scholar] [CrossRef] [Scilit]

	



Xue, R.; Chen, L.; Lu, Z.; Wang, J.; Yang, H.; Zhang, J.; Cai, M. Spatial distribution and source apportionment of PAHs in marine surface sediments of Prydz Bay, East Antarctica. Environ. Pollut. 2016, 219, 528–536. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gao, S.; Chen, J.; Shen, Z.; Liu, H.; Chen, Y. Seasonal and spatial distributions and possible sources of polychlorinated biphenyls in surface sediments of Yangtze Estuary, China. Chemosphere 2013, 91, 809–816. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Santos, E.; Souza, M.R.R.; Vilela Junior, A.R.; Soares, L.S.; Frena, M.; Alexandre, M.R. Polycyclic aromatic hydrocarbons (PAH) in superficial water from a tropical estuarine system: Distribution, seasonal variations, sources and ecological risk assessment. Mar. Pollut. 2018, 127, 352–358. [Google Scholar] [CrossRef] [Scilit]

	



Grmasha, R.A.; Abdulameer, M.H.; Stenger-Kovács, C.; Al-sareji, O.J.; Al-Gazali, Z.; Al-Juboori, R.A.; Meiczinger, M.; Hashim, K.S. Polycyclic aromatic hydrocarbons in the surface water and sediment along Euphrates River system: Occurrence, sources, ecological and health risk assessment. Mar. Pollut. 2023, 187, 114568. [Google Scholar] [CrossRef] [Scilit]

	



Miao, X.; Hao, Y.; Cai, J.; Xie, Y.; Zhang, J. The distribution, sources and health risk of polycyclic aromatic hydrocarbons (PAHs) in sediments of Liujiang River Basin: A field study in typical karstic river. Mar. Pollut. 2023, 188, 114666. [Google Scholar] [CrossRef] [Scilit]

	



Sarria-Villa, R.; Ocampo-Duque, W.; Páez, M.; Schuhmacher, M. Presence of PAHs in water and sediments of the Colombian Cauca River during heavy rain episodes, and implications for risk assessment. Sci. Total Environ. 2016, 540, 455–465. [Google Scholar] [CrossRef] [Scilit]

	



Kumar, B.; Verma, V.K.; Kumar, S.; Gargava, P. Polycyclic Aromatic Hydrocarbons in Surface Waters from India: Possible Sources and Risk Assessment. Polycycl. Aromat. Comp. 2024, 44, 3161–3177. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, B.M.; Melymuk, L.; Bharat, G.K.; Přibylová, P.; Sáňka, O.; Klánová, J.; Nizzetto, L. Spatial gradients of polycyclic aromatic hydrocarbons (PAHs) in air, atmospheric deposition, and surface water of the Ganges River basin. Sci. Total Environ. 2018, 627, 1495–1504. [Google Scholar] [CrossRef] [Scilit]

	



Santana, J.L.; Massone, C.G.; Valdés, M.; Vazquez, R.; Lima, L.A.; Olivares-Rieumont, S. Occurrence and Source Appraisal of Polycyclic Aromatic Hydrocarbons (PAHs) in Surface Waters of the Almendares River, Cuba. Arch. Environ. Contam. Toxicol. 2015, 69, 143–152. [Google Scholar] [CrossRef] [Scilit]

	



Ambade, B.; Sethi, S.S.; Kurwadkar, S.; Kumar, A.; Sankar, T.K. Toxicity and health risk assessment of polycyclic aromatic hydrocarbons in surface water, sediments and groundwater vulnerability in Damodar River Basin. Groundw. Sustain. Dev. 2021, 13, 100553. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, X.; Ding, J.; You, H. Spatial distribution and temporal trends of polycyclic aromatic hydrocarbons (PAHs) in water and sediment from Songhua River, China. Enyiron Geochem. Hlth. 2014, 36, 131–143. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, Y.; Zhu, L.; Zhou, R. Characterization and distribution of polycyclic aromatic hydrocarbon in surface water and sediment from Qiantang River, China. J. Hazard. Mater. 2007, 141, 148–155. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pichler, N.; Maria de Souza, F.; Ferreira dos Santos, V.; Martins, C.C. Polycyclic aromatic hydrocarbons (PAHs) in sediments of the amazon coast: Evidence for localized sources in contrast to massive regional biomass burning. Environ. Pollut. 2021, 268, 115958. [Google Scholar] [CrossRef] [Scilit]

	



Merhaby, D.; Ouddane, B.; Net, S.; Halwani, J. Assessment of persistent organic pollutants in surface sediments along Lebanese coastal zone. Mar. Pollut. 2020, 153, 110947. [Google Scholar] [CrossRef] [Scilit]

	



Gdara, I.; Zrafi, I.; Balducci, C.; Cecinato, A.; Ghrabi, A. Seasonal Distribution, Source Identification, and Toxicological Risk Assessment of Polycyclic Aromatic Hydrocarbons (PAHs) in Sediments from Wadi El Bey Watershed in Tunisia. Arch. Environ. Contam. Toxicol. 2017, 73, 488–510. [Google Scholar] [CrossRef] [Scilit]

	



Grmasha, R.A.; Stenger-Kovács, C.; Al-sareji, O.J.; Al-Juboori, R.A.; Meiczinger, M.; Andredaki, M.; Idowu, I.A.; Majdi, H.S.; Hashim, K.; Al-Ansari, N. Temporal and spatial distribution of polycyclic aromatic hydrocarbons (PAHs) in the Danube River in Hungary. Sci. Rep. 2024, 14, 8318. [Google Scholar] [CrossRef] [Scilit]

	



Pathiratne, K.A.S.; De Silva, O.C.P.; Hehemann, D.; Atkinson, I.; Wei, R. Occurrence and Distribution of Polycyclic Aromatic Hydrocarbons (PAHs) in Bolgoda and Beira Lakes, Sri Lanka. Bull. Environ. Contam. Toxicol. 2007, 79, 135–140. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, Z.; Zhang, L.; Deng, J.; Wu, J. The potential effects of phytoplankton on the occurrence of organochlorine pesticides (OCPs) and polycyclic aromatic hydrocarbons (PAHs) in water from Lake Taihu, China. Environ. Sci. Process. Impacts 2015, 17, 1150–1156. [Google Scholar] [CrossRef] [Scilit]

	



de Souza Bery, C.C.; dos Santos Gois, A.R.; Silva, B.S.; da Silva Soares, L.; Santos, L.G.G.V.; Fonseca, L.C.; da Silva, G.F.; Freitas, L.S.; Santos, E.; Alexandre, M.R.; et al. Polycyclic aromatic hydrocarbons in surface water of rivers in Sergipe State, Brazil: A comprehensive analysis of sources, spatial and temporal variation, and ecotoxicological risk. Mar. Pollut. 2024, 202, 116370. [Google Scholar] [CrossRef] [Scilit]

	



Wen, X.; Yang, Y.; Zeng, F.; Huang, D. Influence of temperature and airflow on polycyclic aromatic hydrocarbons (PAHs) by simulated self-combustion of coal partings. J. Environ. 2016, 4, 3601–3609. [Google Scholar] [CrossRef] [Scilit]

	



Reza, J.; Trejo, A.; Elena Vera-Ávila, L. Determination of the temperature dependence of water solubilities of polycyclic aromatic hydrocarbons by a generator column-on-line solid-phase extraction-liquid chromatographic method. Chemosphere 2002, 47, 933–945. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zheng, H.; Liu, M.; Lohmann, R.; Li, D.; Vojta, S.; Katz, S.; Wang, W.; Ke, H.; Wang, C.; Cai, M. Gaseous polycyclic aromatic hydrocarbons over the South China Sea: Implications for atmospheric transport under monsoon influences. Mar. Pollut. 2023, 191, 114982. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sulong, N.A.; Latif, M.T.; Sahani, M.; Khan, M.F.; Fadzil, M.F.; Tahir, N.M.; Mohamad, N.; Sakai, N.; Fujii, Y.; Othman, M.; et al. Distribution, sources and potential health risks of polycyclic aromatic hydrocarbons (PAHs) in PM2.5 collected during different monsoon seasons and haze episode in Kuala Lumpur. Chemosphere 2019, 219, 1–14. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, L.; Zhang, L.; Shi, Y.; Yang, Z.; Gong, Q.; Sun, D. PAHs in the monsoonal open ocean: Homogeneous spatial pattern and wind-driven significant seasonal variations. J. Hazard. Mater. 2023, 454, 131462. [Google Scholar] [CrossRef] [Scilit]

	



Serafeim, E.; Besis, A.; Kouras, A.; Farias, C.N.; Yera, A.B.; Pereira, G.M.; Samara, C.; de Castro Vasconcellos, P. Oxidative potential of ambient PM2.5 from São Paulo, Brazil: Variations, associations with chemical components and source apportionment. Atmos. Environ. 2023, 298, 119593. [Google Scholar] [CrossRef] [Scilit]

	



Sun, X.; Guo, L.; Luo, D.; Yu, R.-Q.; Yu, X.; Liang, Y.; Liu, Z.; Wu, Y. Long-term increase in mortality of Indo-Pacific humpback dolphins (Sousa chinensis) in the Pearl River Estuary following anthropic activities: Evidence from the stranded dolphin mortality analysis from 2003 to 2017. Environ Pollut. 2022, 307, 119526. [Google Scholar] [CrossRef] [Scilit]

	



Keshavarzifard, M.; Zakaria, M.P.; Sharifi, R. Ecotoxicological and Health Risk Assessment of Polycyclic Aromatic Hydrocarbons (PAHs) in Short-Neck Clam (Paphia undulata) and Contaminated Sediments in Malacca Strait, Malaysia. Arch. Environ. Contam. Toxicol. 2017, 73, 474–487. [Google Scholar] [CrossRef] [Scilit]

	



Keshavarzifard, M.; Zakaria, M.P.; Hwai, T.S. Bioavailability of polycyclic aromatic hydrocarbons (PAHs) to short-neck clam (Paphia undulata) from sediment matrices in mudflat ecosystem of the west coast of Peninsular Malaysia. Environ. Geochem. Health 2017, 39, 591–610. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, G.; Wang, H.; Li, Y.; Guo, H.; Ding, Y.; Pan, B. In-lake water turnover time shapes the distribution pattern of phytoplankton communities in a river-connected floodplain lake. J. Environ. Manag. 2024, 360, 121157. [Google Scholar] [CrossRef] [Scilit]

	



Simão, F.C.P.; Gravato, C.; Machado, A.L.; Soares, A.M.V.M.; Pestana, J.L.T. Toxicity of different polycyclic aromatic hydrocarbons (PAHs) to the freshwater planarian Girardia tigrina. Environ. Pollut. 2020, 266, 115185. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, H.; Duan, D.; Beckingham, B.; Yang, Y.; Ran, Y.; Grathwohl, P. Impact of trophic levels on partitioning and bioaccumulation of polycyclic aromatic hydrocarbons in particulate organic matter and plankton. Mar. Pollut. 2020, 160, 111527. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Froehner, S.; Rizzi, J.; Vieira, L.M.; Sanez, J. PAHs in Water, Sediment and Biota in an Area with Port Activities. Arch. Environ. Contam. Toxicol. 2018, 75, 236–246. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhang, G.; Pan, Z.; Wang, X.; Mo, X.; Li, X. Distribution and accumulation of polycyclic aromatic hydrocarbons (PAHs) in the food web of Nansi Lake, China. Monit. Assess. 2015, 187, 173. [Google Scholar] [CrossRef] [Scilit]

	



Mai, Y.; Wang, Y.; Geng, T.; Peng, S.; Lai, Z.; Wang, X.; Li, H. A systematic toxicologic study of polycyclic aromatic hydrocarbons on aquatic organisms via food-web bioaccumulation. Sci. Total Environ. 2024, 929, 172362. [Google Scholar] [CrossRef] [Scilit]

	



Kaluza, P.; Kölzsch, A.; Gastner, M.T.; Blasius, B. The complex network of global cargo ship movements. J. R. Soc. Interface 2010, 7, 1093–1103. [Google Scholar] [CrossRef] [Scilit]

	



Tulcan, R.X.S.; Liu, L.; Lu, X.; Ge, Z.; Fernández Rojas, D.Y.; Mora Silva, D. PAHs contamination in ports: Status, sources and risks. J. Hazard. Mater. 2024, 475, 134937. [Google Scholar] [CrossRef] [Scilit]

	



Borgie, M.; Dagher, Z.; Ledoux, F.; Verdin, A.; Cazier, F.; Martin, P.; Hachimi, A.; Shirali, P.; Greige-Gerges, H.; Courcot, D. Comparison between ultrafine and fine particulate matter collected in Lebanon: Chemical characterization, in vitro cytotoxic effects and metabolizing enzymes gene expression in human bronchial epithelial cells. Environ. Pollut. 2015, 205, 250–260. [Google Scholar] [CrossRef] [Scilit]

	



Lunde Hermansson, A.; Hassellöv, I.-M.; Jalkanen, J.-P.; Ytreberg, E. Cumulative environmental risk assessment of metals and polycyclic aromatic hydrocarbons from ship activities in ports. Mar. Pollut. 2023, 189, 114805. [Google Scholar] [CrossRef] [Scilit]

	



Vitali, F.; Mandalakis, M.; Chatzinikolaou, E.; Dailianis, T.; Senatore, G.; Casalone, E.; Mastromei, G.; Sergi, S.; Lussu, R.; Arvanitidis, C.; et al. Benthic Prokaryotic Community Response to Polycyclic Aromatic Hydrocarbon Chronic Exposure: Importance of Emission Sources in Mediterranean Ports. Front. Mar. Sci. 2019, 6, 590. [Google Scholar] [CrossRef] [Scilit]

	



Soltani, N.; Moore, F.; Keshavarzi, B.; Sorooshian, A.; Javid, R. Potentially toxic elements (PTEs) and polycyclic aromatic hydrocarbons (PAHs) in fish and prawn in the Persian Gulf, Iran. Ecotoxicol. Environ. Saf. 2019, 173, 251–265. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Monteiro, F.C.; Carreira, R.d.S.; Gramlich, K.C.; de Pinho, J.V.; Massone, C.G.; Vianna, M.; Hauser-Davis, R.A. A systematic review on polycyclic aromatic hydrocarbon contamination in elasmobranchs and associated human health risks. Mar. Pollut. 2023, 195, 115535. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Caroselli, E.; Frapiccini, E.; Franzellitti, S.; Palazzo, Q.; Prada, F.; Betti, M.; Goffredo, S.; Marini, M. Accumulation of PAHs in the tissues and algal symbionts of a common Mediterranean coral: Skeletal storage relates to population age structure. Sci. Total Environ. 2020, 743, 140781. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Roscales, J.L.; González-Solís, J.; Calabuig, P.; Jiménez, B. Interspecies and spatial trends in polycyclic aromatic hydrocarbons (PAHs) in Atlantic and Mediterranean pelagic seabirds. Environ. Pollut. 2011, 159, 2899–2905. [Google Scholar] [CrossRef] [Scilit]

	



Power, A.; White, P.; McHugh, B.; Berrow, S.; McKeown, A.; Crowley, D.; Newton, S.; McGovern, E.; Murphy, S.; O’Connor, I. Polycyclic aromatic hydrocarbons (PAHs) in seabird eggs in Ireland. Mar. Pollut. 2021, 170, 112636. [Google Scholar] [CrossRef] [Scilit]

	



Leads, R.R.; Magnuson, J.T.; Lucero, J.; Lund, A.K.; Schlenk, D.; Chavez, J.R.; Roberts, A.P. Transcriptomic responses and apoptosis in larval red drum (Sciaenops ocellatus) co-exposed to crude oil and ultraviolet (UV) radiation. Mar. Pollut. 2022, 179, 113684. [Google Scholar] [CrossRef] [Scilit]

	



Xu, K.; Gao, D.; Lin, J.; Dai, Q.; Zhou, Q.; Chen, Y.; Wang, C. Benzo(a)pyrene exposure in early life suppresses spermatogenesis in adult male zebrafish and association with the methylation of germ cell-specific genes. Aquat. Toxicol. 2023, 258, 106504. [Google Scholar] [CrossRef] [Scilit]

	



Khan, S.; Qamar, Z.; Khan, A.; Waqas, M.; Nawab, J.; Khisroon, M.; Khan, A. Genotoxic effects of polycyclic aromatic hydrocarbons (PAHs) present in vehicle-wash wastewater on grass carp (Ctenopharyngodon idella) and freshwater mussels (Anodonta cygnea). Environ. Pollut. 2023, 327, 121513. [Google Scholar] [CrossRef] [Scilit]

	



Snyder, S.M.; Pulster, E.L.; Murawski, S.A. Associations Between Chronic Exposure to Polycyclic Aromatic Hydrocarbons and Health Indices in Gulf of Mexico Tilefish (Lopholatilus chamaeleonticeps) Post Deepwater Horizon. Environ. Toxicol. Chem. 2019, 38, 2659–2671. [Google Scholar] [CrossRef] [Scilit]

	



Lindberg, C.D.; Di Giulio, R.T. Polycyclic aromatic hydrocarbon and hypoxia exposures result in mitochondrial dysfunction in zebrafish. Aquat. Toxicol. 2019, 216, 105298. [Google Scholar] [CrossRef] [Scilit]

	



Hills, T.; Carruthers, T.J.B.; Chape, S.; Donohoe, P. A social and ecological imperative for ecosystem-based adaptation to climate change in the Pacific Islands. Sustain. Sci. 2013, 8, 455–467. [Google Scholar] [CrossRef] [Scilit]

	



Law, R.J.; Kelly, C.; Baker, K.; Jones, J.; McIntosh, A.D.; Moffat, C.F. Toxic equivalency factors for PAH and their applicability in shellfish pollution monitoring studies. J. Environ. Monit. 2002, 4, 383–388. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hamidi, E.N.; Hajeb, P.; Selamat, J.; Lee, S.Y.; Abdull Razis, A.F. Bioaccessibility of Polycyclic Aromatic Hydrocarbons (PAHs) in Grilled Meat: The Effects of Meat Doneness and Fat Content. Int. J. Environ. Res. Public Health 2022, 19, 736. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dasari, S.; Ganjayi, M.S.; Yellanurkonda, P.; Basha, S.; Meriga, B. Role of glutathione S-transferases in detoxification of a polycyclic aromatic hydrocarbon, methylcholanthrene. Chem. Biol. Interact. 2018, 294, 81–90. [Google Scholar] [CrossRef] [Scilit]

	



Luna, R.; Watanabe, K.H.; Wilding, A.J. Spatial bioaccumulation modeling in a network of bayous. Environ. Modell. Softw. 2006, 21, 1674–1683. [Google Scholar] [CrossRef] [Scilit]

	



Lampi, M.A.; Gurska, J.; McDonald, K.I.C.; Xie, F.; Huang, X.-D.; Dixon, D.G.; Greenberg, B.M. Photoinduced toxicity of polycyclic aromatic hydrocarbons to Daphnia magna: Ultraviolet-mediated effects and the toxicity of polycyclic aromatic hydrocarbon photoproducts. Environ. Toxicol. Chem. 2006, 25, 1079–1087. [Google Scholar] [CrossRef] [Scilit]

	



Regensburger, J.; Lehner, K.; Maisch, T.; Vasold, R.; Santarelli, F.; Engel, E.; Gollmer, A.; König, B.; Landthaler, M.; Bäumler, W. Tattoo inks contain polycyclic aromatic hydrocarbons that additionally generate deleterious singlet oxygen. Exp. Dermatol. 2010, 19, e275–e281. [Google Scholar] [CrossRef] [Scilit]

	



Roelofs, D.; Bicho, R.C.; de Boer, T.E.; Castro-Ferreira, M.P.; Montagne-Wajer, K.; van Gestel, C.A.M.; Soares, A.M.V.M.; van Straalen, N.M.; Amorim, M.J.B. Mechanisms of phenanthrene toxicity in the soil invertebrate, Enchytraeus crypticus. Environ. Toxicol. Chem. 2016, 35, 2713–2720. [Google Scholar] [CrossRef] [Scilit]

	



Shukla, S.; Khan, R.; Bhattacharya, P.; Devanesan, S.; AlSalhi, M.S. Concentration, source apportionment and potential carcinogenic risks of polycyclic aromatic hydrocarbons (PAHs) in roadside soils. Chemosphere 2022, 292, 133413. [Google Scholar] [CrossRef] [Scilit]

	



Qin, Z.; Zhao, Z.; Xia, l.; Adam, A.; Li, Y.; Chen, D.; Mela, S.M.; Li, H. The dissipation and risk alleviation mechanism of PAHs and nitrogen in constructed wetlands: The role of submerged macrophytes and their biofilms-leaves. Environ. Sci. Technol. 2019, 131, 104940. [Google Scholar] [CrossRef] [Scilit]

	



Baali, A.; Kammann, U.; Hanel, R.; El Qoraychy, I.; Yahyaoui, A. Bile metabolites of polycyclic aromatic hydrocarbons (PAHs) in three species of fish from Morocco. Environ. Sci. Eur. 2016, 28, 25. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yakan, S.D.; Focks, A.; Klasmeier, J.; Okay, O.S. Numerical evaluation of bioaccumulation and depuration kinetics of PAHs in Mytilus galloprovincialis. Environ. Pollut. 2017, 220, 1244–1250. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Snyder, S.M.; Olin, J.A.; Pulster, E.L.; Murawski, S.A. Spatial contrasts in hepatic and biliary PAHs in Tilefish (Lopholatilus chamaeleonticeps) throughout the Gulf of Mexico, with comparison to the Northwest Atlantic. Environ. Pollut. 2020, 258, 113775. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sun, Z.; Wang, L.; Yang, S.; Xun, Y.; Zhang, T.; Wei, W. Thermally enhanced anoxic biodegradation of polycyclic aromatic hydrocarbons (PAHs) in a highly contaminated aged soil. J. Environ. 2022, 10, 107236. [Google Scholar] [CrossRef] [Scilit]

	



Lu, J.; Guo, Z.; Pan, Y.; Li, M.; Chen, X.; He, M.; Wu, H.; Zhang, J. Simultaneously enhanced removal of PAHs and nitrogen driven by Fe2+/Fe3+ cycle in constructed wetland through automatic tidal operation. Water Res. 2022, 215, 118232. [Google Scholar] [CrossRef] [Scilit]

	



Kalf, D.F.; Crommentuijn, T.; van de Plassche, E.J. Environmental Quality Objectives for 10 Polycyclic Aromatic Hydrocarbons (PAHs). Ecotoxicol. Environ. Saf. 1997, 36, 89–97. [Google Scholar] [CrossRef] [Scilit]

	



Liu, X.; Dong, Z.; Baccolo, G.; Gao, W.; Li, Q.; Wei, T.; Qin, X. Distribution, composition and risk assessment of PAHs and PCBs in cryospheric watersheds of the eastern Tibetan Plateau. Sci. Total Environ. 2023, 890, 164234. [Google Scholar] [CrossRef] [Scilit]

	



Wei, L.; Lv, J.; Zuo, P.; Li, Y.; Yang, R.; Zhang, Q.; Jiang, G. The occurrence and sources of PAHs, oxygenated PAHs (OPAHs), and nitrated PAHs (NPAHs) in soil and vegetation from the Antarctic, Arctic, and Tibetan Plateau. Sci. Total Environ. 2024, 912, 169394. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-F.; Ju, Y.-R.; Lim, Y.C.; Wang, M.-H.; Albarico, F.P.J.B.; Chen, C.-W.; Dong, C.-D. Occurrence and ecological risks of PAHs in the dissolved and particulate phases of coastal surface water of Taiwan. Reg. Stud. Mar. Sci. 2022, 54, 102503. [Google Scholar] [CrossRef] [Scilit]

	



Liu, F.; Niu, L.; Chen, H.; Li, P.; Tian, F.; Yang, Q. Seasonal changes of polycyclic aromatic hydrocarbons in response to hydrology and anthropogenic activities in the Pearl River estuary, China. Mar. Pollut. 2017, 117, 255–263. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, F.; Zhang, D.; Lou, H.; Li, X.; Fu, H.; Sun, X.; Sun, P.; Wang, X.; Bao, M. Distribution, sources and ecological risks of PAHs and n-alkanes in water and sediments of typically polluted estuaries: Insights from the Xiaoqing River. J. Environ. Manage. 2024, 364, 121471. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gao, P.; da Silva, E.; Hou, L.; Denslow, N.D.; Xiang, P.; Ma, L.Q. Human exposure to polycyclic aromatic hydrocarbons: Metabolomics perspective. Environ. Sci. Technol. 2018, 119, 466–477. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Benedetti, M.; Martuccio, G.; Fattorini, D.; Canapa, A.; Barucca, M.; Nigro, M.; Regoli, F. Oxidative and modulatory effects of trace metals on metabolism of polycyclic aromatic hydrocarbons in the Antarctic fish Trematomus bernacchii. Aquat. Toxicol. 2007, 85, 167–175. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tarantini, A.; Maître, A.; Lefèbvre, E.; Marques, M.; Rajhi, A.; Douki, T. Polycyclic aromatic hydrocarbons in binary mixtures modulate the efficiency of benzo[a]pyrene to form DNA adducts in human cells. Toxicology 2011, 279, 36–44. [Google Scholar] [CrossRef] [Scilit]

	



Luo, K.; Luo, X.; Cao, W.; Hochalter, J.B.; Paiano, V.; Sipe, C.J.; Carmella, S.G.; Murphy, S.E.; Jensen, J.; Lam, S.; et al. Cigarette smoking enhances the metabolic activation of the polycyclic aromatic hydrocarbon phenanthrene in humans. Carcinogenesis 2020, 42, 570–577. [Google Scholar] [CrossRef] [Scilit]

	



Johnsen, N.M.; Nyholm, S.H.; Haug, K.; Scholz, T.; Holme, J.A. Metabolism and activation of cyclopenta polycyclic aromatic hydrocarbons in liver tissue from rats and humans. Chem. Biol. Interact. 1998, 113, 217–237. [Google Scholar] [CrossRef] [Scilit]

	



Stading, R.; Gastelum, G.; Chu, C.; Jiang, W.; Moorthy, B. Molecular mechanisms of pulmonary carcinogenesis by polycyclic aromatic hydrocarbons (PAHs): Implications for human lung cancer. Semin. Cancer Biol. 2021, 76, 3–16. [Google Scholar] [CrossRef] [Scilit]

	



Agudelo-Castañeda, D.M.; Teixeira, E.C.; Schneider, I.L.; Lara, S.R.; Silva, L.F.O. Exposure to polycyclic aromatic hydrocarbons in atmospheric PM1.0 of urban environments: Carcinogenic and mutagenic respiratory health risk by age groups. Environ. Pollut. 2017, 224, 158–170. [Google Scholar] [CrossRef] [Scilit]

	



Alonge, D.O. Carcinogenic polycyclic aromatic hydrocarbons (PAH) determined in Nigerian kundi (smoke-dried meat). J. Sci. Food Agric. 1988, 43, 167–172. [Google Scholar] [CrossRef] [Scilit]

	



Helmfrid, I.; Ljunggren, S.; Nosratabadi, R.; Augustsson, A.; Filipsson, M.; Fredrikson, M.; Karlsson, H.; Berglund, M. Exposure of metals and PAH through local foods and risk of cancer in a historically contaminated glassworks area. Environ. Sci. Technol. 2019, 131, 104985. [Google Scholar] [CrossRef] [Scilit]

	



Akhtar, U.S.; Keir, J.L.; Matschke, D.; White, P.; Blais, J.M. Occupational exposure to polycyclic aromatic hydrocarbons (PAHs) by firefighters. Toxicol. Lett. 2016, 259, S211. [Google Scholar] [CrossRef] [Scilit]

	



Bortey-Sam, N.; Ikenaka, Y.; Akoto, O.; Nakayama, S.M.M.; Asante, K.A.; Baidoo, E.; Obirikorang, C.; Saengtienchai, A.; Isoda, N.; Nimako, C.; et al. Oxidative stress and respiratory symptoms due to human exposure to polycyclic aromatic hydrocarbons (PAHs) in Kumasi, Ghana. Environ. Pollut. 2017, 228, 311–320. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Venkatraman, G.; Giribabu, N.; Mohan, P.S.; Muttiah, B.; Govindarajan, V.K.; Alagiri, M.; Abdul Rahman, P.S.; Karsani, S.A. Environmental impact and human health effects of polycyclic aromatic hydrocarbons and remedial strategies: A detailed review. Chemosphere. 2024, 351, 141227. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tian, Y.; Zhang, R.; Liu, X.; Liu, Y.; Xiong, S.; Wang, X.; Zhang, H.; Li, Q.; Liao, J.; Fang, D.; et al. Characteristics of exposure to 10 polycyclic aromatic hydrocarbon metabolites among pregnant women: Cohort of pregnant women in Zunyi, southwest China. Occup. Environ. Med. 2023, 80, 34. [Google Scholar] [CrossRef] [Scilit]

	



Khalili Doroodzani, A.; Dobaradaran, S.; Akhbarizadeh, R.; Raeisi, A.; Rahmani, E.; Mahmoodi, M.; Nabipour, I.; Keshmiri, S.; Darabi, A.H.; Khamisipour, G.; et al. Diet, exposure to polycyclic aromatic hydrocarbons during pregnancy, and fetal growth: A comparative study of mothers and their fetuses in industrial and urban areas in Southwest Iran. Environ. Pollut. 2021, 276, 116668. [Google Scholar] [CrossRef] [Scilit]

	



Lin, M.; Tang, J.; Ma, S.; Yu, Y.; Li, G.; Fan, R.; Mai, B.; An, T. Insights into biomonitoring of human exposure to polycyclic aromatic hydrocarbons with hair analysis: A case study in e-waste recycling area. Environ. Sci. Technol. 2020, 136, 105432. [Google Scholar] [CrossRef] [Scilit]

	



Szczybelski, A.S.; van den Heuvel-Greve, M.J.; Koelmans, A.A.; van den Brink, N.W. Biomarker responses and biotransformation capacity in Arctic and temperate benthic species exposed to polycyclic aromatic hydrocarbons. Sci. Total Environ. 2019, 662, 631–638. [Google Scholar] [CrossRef] [Scilit]

	



Santana, M.S.; Sandrini-Neto, L.; Filipak Neto, F.; Oliveira Ribeiro, C.A.; Di Domenico, M.; Prodocimo, M.M. Biomarker responses in fish exposed to polycyclic aromatic hydrocarbons (PAHs): Systematic review and meta-analysis. Environ. Pollut. 2018, 242, 449–461. [Google Scholar] [CrossRef] [Scilit]

	



Gorji, M.E.h.; Ahmadkhaniha, R.; Moazzen, M.; Yunesian, M.; Azari, A.; Rastkari, N. Polycyclic aromatic hydrocarbons in Iranian Kebabs. Food Control. 2016, 60, 57–63. [Google Scholar] [CrossRef] [Scilit]

	



Yang, H.; Zhu, Z.; Zhou, J.; Liu, J.; Chen, J.; Li, A.; Wang, C.; Zhang, C.; Dai, Y.; Jia, H. Accumulation, root-shoot translocation and phytotoxicity of substituted polycyclic aromatic hydrocarbons in wheat. Environ. Chem. Lett. 2023, 21, 2509–2517. [Google Scholar] [CrossRef] [Scilit]

	



Shi, T.; Tian, K.; Bao, H.; Liu, X.; Wu, F. Variation in foliar uptake of polycyclic aromatic hydrocarbons in six varieties of winter wheat. Environ. Sci. Pollut. Res. 2017, 24, 27215–27224. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Delgado-Saborit, J.M.; Stark, C.; Harrison, R.M. Carcinogenic potential, levels and sources of polycyclic aromatic hydrocarbon mixtures in indoor and outdoor environments and their implications for air quality standards. Environ. Sci. Technol. 2011, 37, 383–392. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Taeger, D.; Koslitz, S.; Käfferlein, H.U.; Pelzl, T.; Heinrich, B.; Breuer, D.; Weiss, T.; Harth, V.; Behrens, T.; Brüning, T. Exposure to polycyclic aromatic hydrocarbons assessed by biomonitoring of firefighters during fire operations in Germany. Int. J. Hyg. Environ. Health 2023, 248, 114110. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Paiva, A.M.; Barros, B.; Oliveira, M.; Alves, S.; Esteves, F.; Fernandes, A.; Vaz, J.; Slezáková, K.; Teixeira, J.P.; Costa, S.; et al. Biomonitoring of polycyclic aromatic hydrocarbons exposure and short-time health effects in wildland firefighters during real-life fire events. Sci. Total Environ. 2024, 926, 171801. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, F.; Chang, L.; Zhang, X.; Jia, T.; Wang, Y.; Wang, Y.; Liu, G. Effects of Polycyclic Aromatic Hydrocarbon Exposure and Telomere Length and their Interaction on Blood Lipids in Coal Miners. J. Occup. Environ. Med. 2024, 66, 111–117. [Google Scholar] [CrossRef] [Scilit]

	



Lao, J.-Y.; Xie, S.-Y.; Wu, C.-C.; Bao, L.-J.; Tao, S.; Zeng, E.Y. Importance of Dermal Absorption of Polycyclic Aromatic Hydrocarbons Derived from Barbecue Fumes. Environ. Sci. Technol. 2018, 52, 8330–8338. [Google Scholar] [CrossRef] [Scilit]

	



Abdollahi, S.; Raoufi, Z.; Faghiri, I.; Savari, A.; Nikpour, Y.; Mansouri, A. Contamination levels and spatial distributions of heavy metals and PAHs in surface sediment of Imam Khomeini Port, Persian Gulf, Iran. Mar. Pollut. Bull. 2013, 71, 336–345. [Google Scholar] [CrossRef] [Scilit]

	



Ademollo, N.; Spataro, F.; Rauseo, J.; Pescatore, T.; Fattorini, N.; Valsecchi, S.; Polesello, S.; Patrolecco, L. Occurrence, distribution and pollution pattern of legacy and emerging organic pollutants in surface water of the Kongsfjorden (Svalbard, Norway): Environmental contamination, seasonal trend and climate change. Mar. Pollut. Bull. 2021, 163, 111900. [Google Scholar] [CrossRef] [Scilit]

	



Al-Akhaly, I.; Al-Shwafi, N.; Al-Matari, B.; Siam, I.E. Petroleum Hydrocarbon Residues in Surficial Sediment Samples from Aden City Coasts, Yemen. SQU J. Sci. 2019, 24, 47–56. [Google Scholar] [CrossRef] [Scilit]

	



Albano, M.J.; da Cunha Lana, P.; Bremec, C.; Elías, R.; Martins, C.C.; Venturini, N.; Muniz, P.; Rivero, S.; Vallarino, E.A.; Obenat, S. Macrobenthos and multi-molecular markers as indicators of environmental contamination in a South American port (Mar del Plata, Southwest Atlantic). Mar. Pollut. Bull. 2013, 73, 102–114. [Google Scholar] [CrossRef] [Scilit]

	



An, Y.; Hong, S.; Yoon, S.J.; Cha, J.; Shin, K.-H.; Khim, J.S. Current contamination status of traditional and emerging persistent toxic substances in the sediments of Ulsan Bay, South Korea. Mar. Pollut. Bull. 2020, 160, 111560. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bajt, O. Sedimentary Record of Polycyclic Aromatic Hydrocarbons in the Gulf of Trieste (Northern Adriatic Sea)—Distribution, Origin and Temporal Trends. Front. Mar. Sci. 2022, 9. [Google Scholar] [CrossRef] [Scilit]

	



Bajt, O. Aliphatic and Polycyclic Aromatic Hydrocarbons in Gulf of Trieste Sediments (Northern Adriatic): Potential Impacts of Maritime Traffic. Bull. Env. Contam. Toxicol. 2014, 93, 299–305. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bajt, O. Aliphatic and polycyclic aromatic hydrocarbons in sediments of the Slovenian coastal area (Gulf of Trieste, northern Adriatic). Environ. Monit. Assess. 2012, 184, 7439–7452. [Google Scholar] [CrossRef] [Scilit]

	



Baldrighi, E.; Pizzini, S.; Punzo, E.; Santelli, A.; Strafella, P.; Scirocco, T.; Manini, E.; Fattorini, D.; Vasapollo, C. Multi-benthic size approach to unveil different environmental conditions in a Mediterranean harbor area (Ancona, Adriatic Sea, Italy). PeerJ 2023, 11, e15541. [Google Scholar] [CrossRef] [Scilit]

	



Bandowe, B.A.M.; Bigalke, M.; Boamah, L.; Nyarko, E.; Saalia, F.K.; Wilcke, W. Polycyclic aromatic compounds (PAHs and oxygenated PAHs) and trace metals in fish species from Ghana (West Africa): Bioaccumulation and health risk assessment. Environ. Int. 2014, 65, 135–146. [Google Scholar] [CrossRef] [Scilit]

	



Barakat, A.O.; Mostafa, A.; Wade, T.L.; Sweet, S.T.; El Sayed, N.B. Distribution and characteristics of PAHs in sediments from the Mediterranean coastal environment of Egypt. Mar. Pollut. Bull. 2011, 62, 1969–1978. [Google Scholar] [CrossRef] [Scilit]

	



Benali, I.; Boutiba, Z.; Grandjean, D.; de Alencastro, L.F.; Rouane-Hacene, O.; Chèvre, N. Spatial distribution and biological effects of trace metals (Cu, Zn, Pb, Cd) and organic micropollutants (PCBs, PAHs) in mussels Mytilus galloprovincialis along the Algerian west coast. Mar. Pollut. Bull. 2017, 115, 539–550. [Google Scholar] [CrossRef] [Scilit]

	



Boitsov, S.; Newman, B.K.; Muiambo, H.F.; Chaúque, E.F.C.; Serigstad, B.; Malauene, B.S. Distribution and possible sources of polycyclic aromatic hydrocarbons (PAHs) and metals in marine surface sediments off northern Mozambique. Mar. Pollut. Bull. 2021, 163, 111952. [Google Scholar] [CrossRef] [Scilit]

	



Botwe, B.O.; Kelderman, P.; Nyarko, E.; Lens, P.N.L. Assessment of DDT, HCH and PAH contamination and associated ecotoxicological risks in surface sediments of coastal Tema Harbour (Ghana). Marine Pollution Bulletin 2017, 115, 480–488. [Google Scholar] [CrossRef] [Scilit]

	



Bouzas, A.; Aguado, D.; Martí, N.; Pastor, J.M.; Herráez, R.; Campins, P.; Seco, A. Alkylphenols and polycyclic aromatic hydrocarbons in eastern Mediterranean Spanish coastal marine bivalves. Environ. Monit. Assess. 2011, 176, 169–181. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Buruaem, L.M.; de Castro, Í.B.; Hortellani, M.A.; Taniguchi, S.; Fillmann, G.; Sasaki, S.T.; Varella Petti, M.A.; Sarkis, J.E.S.; Bícego, M.C.; Maranho, L.A.; et al. Integrated quality assessment of sediments from harbour areas in Santos-São Vicente Estuarine System, Southern Brazil. Estuar. Coast. Shelf Sci. 2013, 130, 179–189. [Google Scholar] [CrossRef] [Scilit]

	



Buruaem, L.M.; Taniguchi, S.; Sasaki, S.T.; Bícego, M.C.; Costa-Lotufo, L.V.; Abessa, D.M.S. Hydrocarbons in surface sediments of harbor areas in a tropical region (Ceará state, northeast Brazil). Env. Earth Sci. 2016, 75, 642. [Google Scholar] [CrossRef] [Scilit]

	



Carvalho, A.C.B.; Moreira, V.A.; Vicente, M.D.C.; Bidone, E.D.; Bernardes, M.C.; Sabadini-Santos, E. Sterol and PAHs fingerprint analysis of organic matter at Southeast Brazilian Bay. Mar. Pollut. Bull. 2022, 181, 113899. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Castrec, J.; Pillet, M.; Receveur, J.; Fontaine, Q.; Le Floch, S.; Churlaud, C.; Lejeune, P.; Gobert, S.; Thomas, H.; Marengo, M. Active and passive biomonitoring of trace elements, polycyclic aromatic hydrocarbons, and polychlorinated biphenyls in small Mediterranean harbours. Mar. Pollut. Bull. 2023, 187, 114578. [Google Scholar] [CrossRef] [Scilit]

	



Chatzinikolaou, E.; Mandalakis, M.; Damianidis, P.; Dailianis, T.; Gambineri, S.; Rossano, C.; Scapini, F.; Carucci, A.; Arvanitidis, C. Spatio-temporal benthic biodiversity patterns and pollution pressure in three Mediterranean touristic ports. Sci. Total Environ. 2018, 624, 648–660. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-F.; Chen, C.-W.; Dong, C.-D.; Kao, C.-M. Assessment of toxicity of polycyclic aromatic hydrocarbons in sediments of Kaohsiung Harbor, Taiwan. Sci. Total Environ. 2013, 463–464, 1174–1181. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-F.; Ju, Y.-R.; Lim, Y.C.; Hsu, N.-H.; Lu, K.-T.; Hsieh, S.-L.; Dong, C.-D.; Chen, C.-W. Microplastics and their affiliated PAHs in the sea surface connected to the southwest coast of Taiwan. Chemosphere 2020, 254, 126818. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-F.; Ju, Y.-R.; Lim, Y.C.; Wang, M.-H.; Albarico, F.P.J.B.; Chen, C.-W.; Dong, C.-D. Potential sources and toxicity risks of polycyclic aromatic hydrocarbons in surface sediments of commercial ports in Taiwan. Mar. Pollut. Bull. 2022, 181, 113924. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-F.; Lee, S.-H.; Ju, Y.-R.; Chen, C.-W.; Dong, C.-D. Comprehensive assessment of metals and organic pollutants in pelagic fishing port sediments. Mar. Pollut. Bull. 2023, 193, 115119. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-W.; Chen, C.-F. Distribution, origin, and potential toxicological significance of polycyclic aromatic hydrocarbons (PAHs) in sediments of Kaohsiung Harbor, Taiwan. Mar. Pollut. Bull. 2011, 63, 417–423. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, C.-W.; Chen, C.-F.; Dong, C.-D. Distribution and Source of Polycyclic Aromatic Hydrocarbons in Surface Sediments of Salt River Mouth. In Proceedings of the 2012 International Conference on Computer Distributed Control and Intelligent Environmental Monitoring, Zhangjiajie, China, 5–6 March 2012; pp. 257–260. [Google Scholar] [CrossRef] [Scilit]

	



Chen, C.-W.; Chen, C.-F.; Dong, C.-D.; Tu, Y.-T. Composition and source apportionment of PAHs in sediments at river mouths and channel in Kaohsiung Harbor, Taiwan. J. Environ. Monit. 2012, 14, 105–115. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Commendatore, M.G.; Nievas, M.L.; Amin, O.; Esteves, J.L. Sources and distribution of aliphatic and polyaromatic hydrocarbons in coastal sediments from the Ushuaia Bay (Tierra del Fuego, Patagonia, Argentina). Mar. Environ. Res. 2012, 74, 20–31. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cutroneo, L.; Castellano, M.; Carbone, C.; Consani, S.; Gaino, F.; Tucci, S.; Magrì, S.; Povero, P.; Bertolotto, R.M.; Canepa, G.; et al. Evaluation of the boundary condition influence on PAH concentrations in the water column during the sediment dredging of a port. Mar. Pollut. Bull. 2015, 101, 583–593. [Google Scholar] [CrossRef] [Scilit]

	



Dauner, A.L.L.; Dias, T.H.; Ishii, F.K.; Libardoni, B.G.; Parizzi, R.A.; Martins, C.C. Ecological risk assessment of sedimentary hydrocarbons in a subtropical estuary as tools to select priority areas for environmental management. J. Environ. Manag. 2018, 223, 417–425. [Google Scholar] [CrossRef] [Scilit]

	



Davis, E.; Walker, T.R.; Adams, M.; Willis, R. Characterization of polycyclic aromatic hydrocarbons (PAHs) in small craft harbour (SCH) sediments in Nova Scotia, Canada. Mar. Pollut. Bull. 2018, 137, 285–294. [Google Scholar] [CrossRef] [Scilit]

	



de Oliveira, A.H.B.; Fernandes, G.M.; dos Santos, F.R.; de Almeida, N.M.; Nogueira, T.R.; de Quadros Melo, D.; Martins, L.L.; Cavalcante, R.M.; do Nascimento, R.F.; Reddy, C.M. Insights about levels and source appointment of petroleum hydrocarbons in Brazilian semi-arid coastal: Baseline status assessment for ocean decade targets. Environ. Sci. Pollut. Res. 2023, 30, 58002–58018. [Google Scholar] [CrossRef] [Scilit]

	



Dhananjayan, V.; Muralidharan, S. Polycyclic Aromatic Hydrocarbons in Various Species of Fishes from Mumbai Harbour, India, and Their Dietary Intake Concentration to Human. Int. J. Oceanogr. 2012, 2012, e645178. [Google Scholar] [CrossRef] [Scilit]

	



Dhananjayan, V.; Muralidharan, S.; Peter, V.R. Occurrence and Distribution of Polycyclic Aromatic Hydrocarbons in Water and Sediment Collected along the Harbour Line, Mumbai, India. Int. J. Oceanogr. 2012, 2012, e403615. [Google Scholar] [CrossRef] [Scilit]

	



Diesbourg, E.; MacDonald, M.; Reid, H.B.; MacKinnon, R.; Reinhart, B.; Mercer, A.; Crémazy, A. State of polycyclic aromatic hydrocarbon (PAH) contamination in the Saint John Harbour, New Brunswick, Canada. Mar. Pollut. Bull. 2023, 189, 114760. [Google Scholar] [CrossRef] [Scilit]

	



Dong, C.-D.; Chen, C.-F.; Chen, C.-W. Determination of Polycyclic Aromatic Hydrocarbons in Industrial Harbor Sediments by GC-MS. Int. J. Environ. Res. Public Health 2012, 9, 2175–2188. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Eklund, B.; Hansson, T.; Bengtsson, H.; Eriksson Wiklund, A.-K. Pollutant Concentrations and Toxic Effects on the Red Alga Ceramium tenuicorne of Sediments from Natural Harbors and Small Boat Harbors on the West Coast of Sweden. Arch. Environ. Contam. Toxicol. 2016, 70, 583–594. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



El-Maradny, A.; Orif, M.; AlKobati, A.; Ghandourah, M.; Al-Farawati, R. Polycyclic aromatic hydrocarbons in the water column of three hot spot areas, Jeddah coast, eastern of Red Sea. Reg. Stud. Mar. Sci. 2023, 64, 103047. [Google Scholar] [CrossRef] [Scilit]

	



Feo, M.L.; Sprovieri, M.; Gherardi, S.; Sammartino, S.; Marsella, E. Polycyclic aromatic hydrocarbons and polychlorinated biphenyls in the harbour of Naples (Southern Italy): Time and spatial distribution patterns. Environ. Monit. Assess. 2011, 174, 445–459. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fourati, R.; Tedetti, M.; Guigue, C.; Goutx, M.; Garcia, N.; Zaghden, H.; Sayadi, S.; Elleuch, B. Sources and spatial distribution of dissolved aliphatic and polycyclic aromatic hydrocarbons in surface coastal waters of the Gulf of Gabès (Tunisia, Southern Mediterranean Sea). Prog. Oceanogr. 2018, 163, 232–247. [Google Scholar] [CrossRef] [Scilit]

	



Frena, M.; Bataglion, G.A.; Sandini, S.S.; Kuroshima, K.N.; Eberlin, M.N.; Madureira, L.A.S. Distribution and Sources of Aliphatic and Polycyclic Aromatic Hydrocarbons in Surface Sediments of Itajaí-Açu Estuarine System in Brazil. J. Braz. Chem. Soc. 2016, 28, 603–614. [Google Scholar] [CrossRef] [Scilit]

	



Froehner, S.; Maceno, M.; Machado, K.S. Predicting bioaccumulation of PAHs in the trophic chain in the estuary region of Paranagua, Brazil. Environ. Monit. Assess. 2011, 174, 135–145. [Google Scholar] [CrossRef] [Scilit]

	



Gosai, H.B.; Sachaniya, B.K.; Dudhagara, D.R.; Rajpara, R.K.; Dave, B.P. Concentrations, input prediction and probabilistic biological risk assessment of polycyclic aromatic hydrocarbons (PAHs) along Gujarat coastline. Environ. Geochem. Health 2018, 40, 653–665. [Google Scholar] [CrossRef] [Scilit]

	



Guigue, C.; Tedetti, M.; Ferretto, N.; Garcia, N.; Méjanelle, L.; Goutx, M. Spatial and seasonal variabilities of dissolved hydrocarbons in surface waters from the Northwestern Mediterranean Sea: Results from one year intensive sampling. Sci. Total Environ. 2014, 466–467, 650–662. [Google Scholar] [CrossRef] [Scilit]

	



Guigue, C.; Tedetti, M.; Giorgi, S.; Goutx, M. Occurrence and distribution of hydrocarbons in the surface microlayer and subsurface water from the urban coastal marine area off Marseilles, Northwestern Mediterranean Sea. Mar. Pollut. Bull. 2011, 62, 2741–2752. [Google Scholar] [CrossRef] [Scilit]

	



Halo, E.; Murtaj, B.; Nuro, A. Priority Substances in Waters of Albanian Ports. In Proceedings of the International Scientific Conference ITEMA 2022, Maribor, Slovenia, 27 October 2022; Volume 6, pp. 423–434. [Google Scholar] [CrossRef] [Scilit]

	



Halo, E.; Tahiraj, J.; Murtaj, B.; Kane, S.; Marku, E.; Nuro, A. 2023. Analyzes of hydrocarbons (PAH, alkanes and BTEX) in marine water of Vlora’s port. Zaštita Mater. 2022, 64, 153–160. [Google Scholar] [CrossRef] [Scilit]

	



Han, G.M.; Hong, S.H.; Shim, W.J.; Ra, K.T.; Kim, K.T.; Ha, S.Y.; Jang, M.; Kim, G.B. Assessment of Persistent Organic and Heavy Metal Contamination in Busan Coast: Application of Sediment Quality Index. Ocean. Polar Res. 2016, 38, 171–184. [Google Scholar] [CrossRef] [Scilit]

	



Hansen, B.H.; Nordtug, T.; Øverjordet, I.B.; Sørensen, L.; Kvæstad, B.; Davies, E.J.; Meier, S.; Gomes, T.; Brooks, S.; Farkas, J. Monitoring ocean water quality by deployment of lumpfish (Cyclopterus lumpus) eggs: In situ bioaccumulation and toxicity in embryos. Ecotoxicol. Environ. Saf. 2022, 245, 114074. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hartwell, S.I.; Dasher, D.; Lomax, T. Characterization of organic contaminants in fjords and bays on the Kenai Peninsula Alaska. Env. Monit. Assess. 2019, 191, 427. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hong, S.H.; Han, G.M.; Yim, U.H.; Lim, D.; Ha, S.Y.; Kim, N.S.; Shim, W.J. Integrative assessment of sediment quality in terms of chemical contamination in Jinhae Bay, South Korea. Ocean. Sci. J. 2014, 49, 265–278. [Google Scholar] [CrossRef] [Scilit]

	



Huang, Y.-J.; Lee, C.-L.; Fang, M.-D. Distribution and source differentiation of PAHs and PCBs among size and density fractions in contaminated harbor sediment particles and their implications in toxicological assessment. Mar. Pollut. Bull. 2011, 62, 432–439. [Google Scholar] [CrossRef] [Scilit]

	



Huang, Y.-J.; Lin, B.-S.; Lee, C.-L.; Brimblecombe, P. Enrichment behavior of contemporary PAHs and legacy PCBs at the sea-surface microlayer in harbor water. Chemosphere 2020, 245, 125647. [Google Scholar] [CrossRef] [Scilit]

	



Ju, Y.-R.; Chen, C.-F.; Chen, C.-W.; Tsai, M.-L.; Wu, J.-C.; Dong, C.-D. An integrative assessment to determine the sediment toxicity of Kaohsiung Harbor in Taiwan: Combining chemical analysis and cytotoxicity assay. Env. Sci. Pollut. Res. 2019, 26, 34321–34331. [Google Scholar] [CrossRef] [Scilit]

	



Kahkashan, S.; Wang, X.; Ya, M.; Chen, J.; Wu, Y.; Cai, Y.; Saleem, M.; Inam, A.; Aftab, J. Evaluation of marine sediment contamination by polycyclic aromatic hydrocarbons along the Karachi coast, Pakistan, 11 years after the Tasman Spirit oil spill. Chemosphere 2019, 233, 652–659. [Google Scholar] [CrossRef] [Scilit]

	



Kao, N.-H.; Su, M.-C.; Fan, J.-R.; Yen, C.-C. Investigation of polycyclic aromatic hydrocarbons (PAHs) and cyclic terpenoid biomarkers in the sediments of fishing harbors in Taiwan. Mar. Pollut. Bull. 2015, 97, 319–332. [Google Scholar] [CrossRef] [Scilit]

	



Kerambrun, E.; Henry, F.; Courcot, L.; Gevaert, F.; Amara, R. Biological responses of caged juvenile sea bass (Dicentrarchus labrax) and turbot (Scophtalmus maximus) in a polluted harbour. Ecol. Indic. 2012, 19, 161–171. [Google Scholar] [CrossRef] [Scilit]

	



Kim, C.J.; Hong, G.H.; Kim, H.E.; Yang, D.B. Polycyclic aromatic hydrocarbons (PAHs) in starfish body and bottom sediments in Mohang Harbor (Taean), South Korea. Env. Monit. Assess. 2014, 186, 4343–4356. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kostopoulou, M.; Guida, M.; Nikolaou, A.; Oral, R.; Trifuoggi, M.; Borriello, I.; Vagi, M.; D’Ambra, A.; Meric, S.; Pagano, G. Inorganic and organic contamination in sediment from Izmir bay (Turkey) and Mytilene harbor (Greece). Glob. Int. J. 2013, 15, 57–68. [Google Scholar]

	



Kuo, J.-Y.; Ko, F.-C.; Cheng, J.-O.; Meng, P.-J.; Li, J.-J.; Hung, C.-C. Environmental assessment of polycyclic aromatic hydrocarbons in the surface sediments of a remote region on the eastern coast, Taiwan. Env. Monit. Assess. 2012, 184, 2967–2979. [Google Scholar] [CrossRef] [Scilit]

	



Kuprijanov, I.; Väli, G.; Sharov, A.; Berezina, N.; Liblik, T.; Lips, U.; Kolesova, N.; Maanio, J.; Junttila, V.; Lips, I. Hazardous substances in the sediments and their pathways from potential sources in the eastern Gulf of Finland. Mar. Pollut. Bull. 2021, 170, 112642. [Google Scholar] [CrossRef] [Scilit]

	



Lacroix, C.; Richard, G.; Seguineau, C.; Guyomarch, J.; Moraga, D.; Auffret, M. Active and passive biomonitoring suggest metabolic adaptation in blue mussels (Mytilus spp.) chronically exposed to a moderate contamination in Brest harbor (France). Aquat. Toxicol. 2015, 162, 126–137. [Google Scholar] [CrossRef] [Scilit]

	



Laitano, M.V.; Castro, Í.B.; Costa, P.G.; Fillmann, G.; Cledón, M. Butyltin and PAH Contamination of Mar del Plata Port (Argentina) Sediments and Their Influence on Adjacent Coastal Regions. Bull. Env. Contam. Toxicol. 2015, 95, 513–520. [Google Scholar] [CrossRef] [Scilit]

	



León, V.M.; Martínez-Gómez, C.; García, I.; Campillo, J.A.; Benedicto, J. Spatial distribution and temporal trends of polycyclic aromatic hydrocarbons in Mytilus galloprovincialis from the Iberian Mediterranean coast. Env. Monit. Assess. 2013, 185, 1055–1070. [Google Scholar] [CrossRef] [Scilit]

	



Li, J.-Y.; Cui, Y.; Su, L.; Chen, Y.; Jin, L. Polycyclic aromatic hydrocarbons in the largest deepwater port of East China Sea: Impact of port construction and operation. Env. Sci. Pollut. Res. 2015, 22, 12355–12365. [Google Scholar] [CrossRef] [Scilit]

	



Li, J.-Y.; Yu, W.; Yin, J.; Chen, Y.; Wang, Q.; Jin, L. Reduced bioavailability and ecological risks of polycyclic aromatic hydrocarbons in Yangshan port of East China Sea: Remediation effectiveness in the transition from construction to operation. Sci. Total Environ. 2019, 687, 679–686. [Google Scholar] [CrossRef] [Scilit]

	



Li, P.; Dsikowitzky, L.; Diao, X.; Yang, F.; Li, Q.X.; Schwarzbauer, J. Unusual tin organics, DDX and PAHs as specific pollutants from dockyard work in an industrialized port area in China. Chemosphere 2020, 243, 125284. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, Z.; Cao, Y.; Qin, H.; Ma, Y.; Pan, L.; Sun, J. Integration of chemical and biological methods: A case study of polycyclic aromatic hydrocarbons pollution monitoring in Shandong Peninsula, China. J. Environ. Sci. 2022, 111, 24–37. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lima, E.A.R.; Neves, P.A.; Patchineelam, S.R.; da Silva, J.F.B.R.; Takiyama, L.R.; Martins, C.C.; Lourenço, R.A.; Taniguchi, S.; Elias, V.O.; Bícego, M.C. Anthropogenic and natural inputs of polycyclic aromatic hydrocarbons in the sediment of three coastal systems of the Brazilian Amazon. Env. Sci. Pollut. Res. 2021, 28, 19485–19496. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maciel, D.C.; de Souza, J.R.B.; Taniguchi, S.; Bícego, M.C.; Zanardi-Lamardo, E. Sources and distribution of polycyclic aromatic hydrocarbons in an urbanized tropical estuary and adjacent shelf, Northeast of Brazil. Mar. Pollut. Bull. 2015, 101, 429–433. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mali, M.; Dell’Anna, M.M.; Mastrorilli, P.; Damiani, L.; Piccinni, A.F. Assessment and source identification of pollution risk for touristic ports: Heavy metals and polycyclic aromatic hydrocarbons in sediments of 4 marinas of the Apulia region (Italy). Mar. Pollut. Bull. 2017, 114, 768–777. [Google Scholar] [CrossRef] [Scilit]

	



Mali, M.; Ragone, R.; Dell’Anna, M.M.; Romanazzi, G.; Damiani, L.; Mastrorilli, P. Improved identification of pollution source attribution by using PAH ratios combined with multivariate statistics. Sci. Rep. 2022, 12, 19298. [Google Scholar] [CrossRef] [Scilit]

	



Mandić, J.; Tronczyński, J.; Kušpilić, G. Polycyclic aromatic hydrocarbons in surface sediments of the mid-Adriatic and along the Croatian coast: Levels, distributions and sources. Environ. Pollut. 2018, 242, 519–527. [Google Scholar] [CrossRef] [Scilit]

	



Martins, M.; Costa, P.M.; Raimundo, J.; Vale, C.; Ferreira, A.M.; Costa, M.H. Impact of remobilized contaminants in Mytilus edulis during dredging operations in a harbour area: Bioaccumulation and biomarker responses. Ecotoxicol. Environ. Saf. 2012, 85, 96–103. [Google Scholar] [CrossRef] [Scilit]

	



Marzuki, I.; Pratama, I.; Ismail, H.E.; Paserangi, I.; Kamaruddin, M.; Chaerul, M.; Ahmad, R. The Identification and Distribution Components of Polycyclic Aromatic Hydrocarbon Contaminants at the Port of Paotere, Makassar, South Sulawesi. IOP Conf. Ser.: Earth Environ. Sci. 2021, 679, 012017. [Google Scholar] [CrossRef] [Scilit]

	



Merhaby, D.; Net, S.; Halwani, J.; Ouddane, B. Organic pollution in surficial sediments of Tripoli harbour, Lebanon. Mar. Pollut. Bull. 2015, 93, 284–293. [Google Scholar] [CrossRef] [Scilit]

	



Moreira, L.B.; Sasaki, S.T.; Taniguchi, S.; Peres, T.F.; Figueira, R.C.L.; Bícego, M.C.; Marins, R.V.; Costa-Lotufo, L.V.; Abessa, D.M.S. Biomarkers responses of the clam Anomalocardia flexuosa in sediment toxicity bioassays using dredged materials from a semi-arid coastal system. Heliyon 2020, 6. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Morgunova, I.P.; Kursheva, A.V.; Petrova, V.I.; Litvinenko, I.V.; Batova, G.I.; Renaud, P.E.; Maltseva, A.L.; Granovitch, A.I. Natural and anthropogenic organic matter inputs to intertidal deposits of the urbanized Arctic region: A multi-proxy approach. Mar. Chem. 2021, 234, 104001. [Google Scholar] [CrossRef] [Scilit]

	



Moschino, V.; Del Negro, P.; De Vittor, C.; Da Ros, L. Biomonitoring of a polluted coastal area (Bay of Muggia, Northern Adriatic Sea): A five-year study using transplanted mussels. Ecotoxicol. Environ. Saf. 2016, 128, 1–10. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nuro, A.; Murtaj, B.; Marku, E. Levels of some organic pollutants in water samples of Adriatic Sea: Case study: Hot-spot of Porto-Romano, Albania. Zaštita Mater. 2020, 61, 306–312. [Google Scholar] [CrossRef] [Scilit]

	



Odabasi, M.; Dumanoglu, Y.; Kara, M.; Altiok, H.; Elbir, T.; Bayram, A. Spatial variation of PAHs and PCBs in coastal air, seawater, and sediments in a heavily industrialized region. Env. Sci. Pollut. Res. 2017, 24, 13749–13759. [Google Scholar] [CrossRef] [Scilit]

	



Paladino, O.; Massabò, M.; Fissore, F.; Moranda, A. Assessment of sediment contamination and sampling design in Savona Harbour, Italy. Mar. Pollut. Bull. 2015, 91, 54–64. [Google Scholar] [CrossRef] [Scilit]

	



Paladino, O.; Moranda, A.; Seyedsalehi, M. A Method for Identifying Pollution Sources of Heavy Metals and PAH for a Risk-Based Management of a Mediterranean Harbour. Scientifica 2017, 2017, e4690715. [Google Scholar] [CrossRef] [Scilit]

	



Pedersen, K.B.; Lejon, T.; Jensen, P.E.; Ottosen, L.M. Chemometric Analysis for Pollution Source Assessment of Harbour Sediments in Arctic Locations. Water Air Soil. Pollut. 2015, 226, 150. [Google Scholar] [CrossRef] [Scilit]

	



Pelikan, J.; Majnarić, N.; Maurić Maljković, M.; Pikelj, K.; Hamer, B. Physico-Chemical and Ecotoxicological Evaluation of Marine Sediments Contamination: A Case Study of Rovinj Coastal Area, NE Adriatic Sea, Croatia. Toxics 2022, 10, 478. [Google Scholar] [CrossRef] [Scilit]

	



Peng, B.; Hossain, K.B.; Lin, Y.; Zhang, M.; Zheng, H.; Yu, J.; Meng, X.; Wang, J.; Cui, Y.; Wu, B.; et al. Assessment and sources identification of microplastics, PAHs and OCPs in the Luoyuan Bay, China: Based on multi-statistical analysis. Mar. Pollut. Bull. 2022, 175, 113351. [Google Scholar] [CrossRef] [Scilit]

	



Pérez-Fernández, B.; Viñas, L.; Bargiela, J. Occurrence and toxicological assessment of polycyclic aromatic hydrocarbons (PAHs) in marine sediments under mussel farming influence. Env. Sci. Pollut. Res. 2018, 25, 15862–15872. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pinheiro-Sousa, D.B.; da Costa Soares, S.H.; Torres, H.S.; de Jesus, W.B.; de Oliveira, S.R.S.; Bastos, W.R.; de Oliveira Ribeiro, C.A.; Carvalho-Neta, R.N.F. Sediment contaminant levels and multibiomarker approach to assess the health of catfish Sciades herzbergii in a harbor from the northern Brazilian Amazon. Ecotoxicol. Environ. Saf. 2021, 208, 111540. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Primost, M.A.; Commendatore, M.; Torres, P.J.; Bigatti, G. PAHs contamination in edible gastropods from north Patagonian harbor areas. Mar. Pollut. Bull. 2018, 135, 828–831. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Romano, E.; Bergamin, L.; Ausili, A.; Celia Magno, M.; Gabellini, M. Evolution of the anthropogenic impact in the Augusta Harbor (Eastern Sicily, Italy) in the last decades: Benthic foraminifera as indicators of environmental status. Env. Sci. Pollut. Res. 2016, 23, 10514–10528. [Google Scholar] [CrossRef] [Scilit]

	



Roy, D.; Jung, W.; Kim, J.; Lee, M.; Park, J. Cancer Risk Levels for Sediment- and Soil-Bound Polycyclic Aromatic Hydrocarbons in Coastal Areas of South Korea. Front. Environ. Sci. 2021, 9, 719243. [Google Scholar] [CrossRef] [Scilit]

	



Rumney, H.S.; Bolam, S.G.; Law, R.J. Polycyclic aromatic hydrocarbons in sediments at dredged material disposal sites around England: Concentrations in 2013 and time trend information at selected sites 2008–2013. Mar. Pollut. Bull. 2015, 92, 180–185. [Google Scholar] [CrossRef] [Scilit]

	



Sakari, M.; Zakaria, M.P.; Mohamed, C.A.R.; Lajis, N.H.; Chandru, K.; Bahry, P.S.; Shahbazi, A.; Anita, S. Historical profiles of Polycyclic Aromatic Hydrocarbons (PAHs), sources and origins in dated sediment cores from Port Klang, Straits of Malacca, Malaysia. Coast. Mar. Sci. 2010, 34, 140–155. [Google Scholar] [CrossRef]

	



Sánchez-Avila, J.; Tauler, R.; Lacorte, S. Organic micropollutants in coastal waters from NW Mediterranean Sea: Sources distribution and potential risk. Environ. Int. 2012, 46, 50–62. [Google Scholar] [CrossRef] [Scilit]

	



Sauret, C.; Tedetti, M.; Guigue, C.; Dumas, C.; Lami, R.; Pujo-Pay, M.; Conan, P.; Goutx, M.; Ghiglione, J.-F. Influence of PAHs among other coastal environmental variables on total and PAH-degrading bacterial communities. Env. Sci. Pollut. Res. 2016, 23, 4242–4256. [Google Scholar] [CrossRef] [Scilit]

	



Sciarrillo, R.; Zuzolo, D.; Cicchella, D.; Iannone, F.; Cammino, G.; Guarino, C. Contamination and ecological risk assessment of the seaport of Naples (Italy): Insights from marine sediments. J. Geochem. Explor. 2020, 210, 106449. [Google Scholar] [CrossRef] [Scilit]

	



Shreadah, M.A.; Moneim, M.I.A.; Said, T.O.; Fathallah, E.M.I.; Mahmoud, M.E. PAHs in Seawater of the Semi-Closed Areas along the Alexandria Coast of Egyptian Mediterranean Sea. J. Environ. Prot. 2013, 4, 1307–1317. [Google Scholar] [CrossRef]

	



Shreadah, M.A.; Said, T.O.; Monem, M.I.A.E.; Fathallah, E.M.I.; Mahmoud, M.E. PAHs in Sediments along the Semi-Closed Areas of Alexandria, Egypt. J. Environ. Prot. 2011, 2, 700–709. [Google Scholar] [CrossRef]

	



Sodré, S.S.V.; Rodrigues, C.C.S.; Correa, J.A.M.; Damasceno, F.C.; Cavalcante, R.M. Preliminary assessment of Miramar Petrochemical Harbor as PAH source to Guajará bay (Belém-PA-Brazil) surface sediments. REM Int. Eng. J. 2017, 70, 415–420. [Google Scholar] [CrossRef] [Scilit]

	



Soliman, Y.S.; Al Ansari, E.M.S.; Wade, T.L. Concentration, composition and sources of PAHs in the coastal sediments of the exclusive economic zone (EEZ) of Qatar, Arabian Gulf. Mar. Pollut. Bull. 2014, 85, 542–548. [Google Scholar] [CrossRef] [Scilit]

	



Soliman, Y.S.; Alansari, E.M.A.; Sericano, J.L.; Wade, T.L. Spatio-temporal distribution and sources identifications of polycyclic aromatic hydrocarbons and their alkyl homolog in surface sediments in the central Arabian Gulf. Sci. Total Environ. 2019, 658, 787–797. [Google Scholar] [CrossRef] [Scilit]

	



Stakėnienė, R.; Jokšas, K.; Galkus, A.; Raudonytė-Svirbutavičienė, E. Polycyclic aromatic hydrocarbons in surface sediments from the Curonian Lagoon and the Nemunas River Delta (Lithuania, Baltic Sea): Distribution, origin, and suggestions for the monitoring program. Env. Monit. Assess. 2019, 191, 212. [Google Scholar] [CrossRef] [Scilit]

	



Sullivan, J.H.; Warkentin, M.; Wallace, L. So many ways for assessing outliers: What really works and does it matter? J. Bus. Res. 2021, 132, 530–543. [Google Scholar] [CrossRef] [Scilit]

	



Sun, R.; Sun, Y.; Li, Q.X.; Zheng, X.; Luo, X.; Mai, B. Polycyclic aromatic hydrocarbons in sediments and marine organisms: Implications of anthropogenic effects on the coastal environment. Sci. Total Environ. 2018, 640–641, 264–272. [Google Scholar] [CrossRef] [Scilit]

	



Tavakoly Sany, S.B.; Hashim, R.; Salleh, A.; Safari, O.; Mehdinia, A.; Rezayi, M. Risk assessment of polycyclic aromatic hydrocarbons in the West Port semi-enclosed basin (Malaysia). Env. Earth Sci. 2014, 71, 4319–4332. [Google Scholar] [CrossRef] [Scilit]

	



Torres, R.J.; Abessa, D.M.S.; Santos, F.C.; Maranho, L.A.; Davanso, M.B.; do Nascimento, M.R.L.; Mozeto, A.A. Effects of dredging operations on sediment quality: Contaminant mobilization in dredged sediments from the Port of Santos, SP, Brazil. J. Soils Sediments 2009, 9, 420–432. [Google Scholar] [CrossRef] [Scilit]

	



Tovar-Salvador, M.L.; Pintado-Herrera, M.G.; Lara-Martín, P.A.; Bonnail, E. Occurrence, sources and environmental risk assessment of organic micropollutants in coastal sediments from the Atacama Region (Chile). Sci. Total Environ. 2023, 900, 165871. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Usanase, G.; Azema, N.; Bitouri, Y.E.; Souche, J.-C.; Gonzalez, C. Contribution of settling measurements to the study of polycyclic aromatic hydrocarbons’ (PAHs) mobilisation during resuspension of PAHs-associated sediment. Env. Sci. Pollut. Res. 2021, 28, 68349–68363. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vagge, G.; Cutroneo, L.; Castellano, M.; Canepa, G.; Bertolotto, R.M.; Capello, M. The effects of dredging and environmental conditions on concentrations of polycyclic aromatic hydrocarbons in the water column. Mar. Pollut. Bull. 2018, 135, 704–713. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



van den Heuvel-Greve, M.J.; Szczybelski, A.S.; van den Brink, N.W.; Kotterman, M.J.J.; Kwadijk, C.J.A.F.; Evenset, A.; Murk, A.J. Low organotin contamination of harbour sediment in Svalbard. Polar Biol. 2016, 39, 1699–1709. [Google Scholar] [CrossRef] [Scilit]

	



Vanavermaete, D.; Hostens, K.; Le, H.M.; Lessuise, A.; Ruttens, A.; Waegeneers, N.; De Witte, B. Short- and long-term assessment of PAH, PCB, and metal contamination in the Belgian part of the North Sea. Chemosphere 2023, 310, 136905. [Google Scholar] [CrossRef] [Scilit]

	



Walker, T.R.; MacAskill, D.; Rushton, T.; Thalheimer, A.; Weaver, P. Monitoring effects of remediation on natural sediment recovery in Sydney Harbour, Nova Scotia. Env. Monit. Assess. 2013, 185, 8089–8107. [Google Scholar] [CrossRef] [Scilit]

	



Walker, T.R.; MacAskill, D.; Weaver, P. Legacy contaminant bioaccumulation in rock crabs in Sydney Harbour during remediation of the Sydney Tar Ponds, Nova Scotia, Canada. Mar. Pollut. Bull. 2013, 77, 412–417. [Google Scholar] [CrossRef] [Scilit]

	



Walker, T.R.; MacAskill, D.; Weaver, P. Environmental recovery in Sydney Harbour, Nova Scotia: Evidence of natural and anthropogenic sediment capping. Mar. Pollut. Bull. 2013, 74, 446–452. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Y.; Wang, X.; Li, Y.; Ya, M.; Luo, H.; Hong, H. Polybrominated diphenyl ethers, organochlorine pesticides, and polycyclic aromatic hydrocarbons in water from the Jiulong River Estuary, China: Levels, distributions, influencing factors, and risk assessment. Env. Sci. Pollut. Res. 2017, 24, 8933–8945. [Google Scholar] [CrossRef] [Scilit]

	



Ya, M.-L.; Wang, X.-H.; Wu, Y.-L.; Ye, C.-X.; Li, Y.-Y. Enrichment and partitioning of polycyclic aromatic hydrocarbons in the sea surface microlayer and subsurface water along the coast of Xiamen Island, China. Mar. Pollut. Bull. 2014, 78, 110–117. [Google Scholar] [CrossRef] [Scilit]

	



Yahiya, M.; Miranda, M.T.P. Distribution, sources and potential toxicological significance of polycyclic aromatic hydrocarbons (PAHs) in the southwest coast of Kerala, India. Mater. Today 2021, 41, 736–743. [Google Scholar] [CrossRef] [Scilit]

	



Yu, Z.-L.; Lin, Q.; Gu, Y.-G.; Ke, C.-L.; Sun, R.-X. Spatial–temporal trend and health implications of polycyclic aromatic hydrocarbons (PAHs) in resident oysters, South China Sea: A case study of Eastern Guangdong coast. Mar. Pollut. Bull. 2016, 110, 203–211. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhang, H.; Yuan, L.; Xue, J.; Wu, H. Polycyclic aromatic hydrocarbons in surface water and sediment from Shanghai port, China: Spatial distribution, source apportionment, and potential risk assessment. Env. Sci. Pollut. Res. 2023, 30, 7973–7986. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zheng, R.; Fang, C.; Hong, F.; Kuang, W.; Jiang, Y.; Chen, J.; Zhang, Y.; Bo, J. Applying a fish expert system for ranking the biological effects of polycyclic aromatic hydrocarbons on the rockfish Sebastiscus marmoratus in the Maowei Sea, China. Acta Oceanol. Sin. 2022, 41, 105–114. [Google Scholar] [CrossRef] [Scilit]

	



Bakke, T.; Källqvist, T.; Ruus, A.; Breedveld, G.D.; Hylland, K. Development of sediment quality criteria in Norway. J. Soils Sediments 2010, 10, 172–178. [Google Scholar] [CrossRef] [Scilit]

	



CCME (Canadian Council of Ministers of the Environment). Canadian Environmental Quality Guideline for the Protection of Aquatic Life; CCME: Winnipeg, MB, Canada, 1999. [Google Scholar]

	



European Union. Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013 amending Directives 2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy (No. L226/1–L226/17). Off. J. Eur. Union 2013, L226/1–L226/17. [Google Scholar]

	



Long, E.R.; Macdonald, D.D.; Smith, S.L.; Calder, F.D. Incidence of adverse biological effects within ranges of chemical concentrations in marine and estuarine sediments. Environ. Manag. 1995, 19, 81–97. [Google Scholar] [CrossRef] [Scilit]

	



NJDEP (New Jersey Department of Environmental Protection). Guidance for Sediment Quality Evaluations, Sediment Screening Values for Use in the Baseline Ecological Evaluation; NJDEP, Bureau of Air Monitoring: Trenton, NJ, USA, 1998.

	



Peters, C.A.; Knightes, C.D.; Brown, D.G. Long-Term Composition Dynamics of PAH-Containing NAPLs and Implications for Risk Assessment. Environ. Sci. Technol. 1999, 33, 4499–4507. [Google Scholar] [CrossRef] [Scilit]

	



TEPA. Sediment Quality Guidelines (2016). Taiwan Environmental Protection Administration (TEPA). 2016. Available online: www.epa.gov.tw (accessed on 12 December 2023).

	



Meng, Y.; Liu, X.; Lu, S.; Zhang, T.; Jin, B.; Wang, Q.; Tang, Z.; Liu, Y.; Guo, X.; Zhou, J.; et al. A review on occurrence and risk of polycyclic aromatic hydrocarbons (PAHs) in lakes of China. Sci. Total Environ. 2019, 651, 2497–2506. [Google Scholar] [CrossRef] [Scilit]

	



Yu, H.; Liu, Y.; Han, C.; Fang, H.; Weng, J.; Shu, X.; Pan, Y.; Ma, L. Polycyclic aromatic hydrocarbons in surface waters from the seven main river basins of China: Spatial distribution, source apportionment, and potential risk assessment. Sci. Total Environ. 2021, 752, 141764. [Google Scholar] [CrossRef] [Scilit]

	



Tepe, Y.; Tunç Dede, Ö. Concentrations of PAH Pollution in the Seawaters of Turkey. In The Handbook of Environmental Chemistry; Springer: Berlin/Heidelberg, Germany, 2020; pp. 1–22. [Google Scholar] [CrossRef] [Scilit]

	



Lin, Y.; Cai, M.; Chen Min Huang, P.; Lei, R.; Chen Meng Gui, D.; Ke, H. Evidence for the growing importance of Eurasian local source to PAHs in the Arctic central basin. Sci. Total Environ. 2022, 851, 158373. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lohmann, R.; Gioia, R.; Jones, K.C.; Nizzetto, L.; Temme, C.; Xie, Z.; Schulz-Bull, D.; Hand, I.; Morgan, E.; Jantunen, L. Organochlorine Pesticides and PAHs in the Surface Water and Atmosphere of the North Atlantic and Arctic Ocean. Environ. Sci. Technol. 2009, 43, 5633–5639. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dai, C.; Han, Y.; Duan, Y.; Lai, X.; Fu, R.; Liu, S.; Leong, K.H.; Tu, Y.; Zhou, L. Review on the contamination and remediation of polycyclic aromatic hydrocarbons (PAHs) in coastal soil and sediments. Environ. Res. 2022, 205, 112423. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Uddin, S.; Fowler, S.W.; Saeed, T.; Jupp, B.; Faizuddin, M. Petroleum hydrocarbon pollution in sediments from the Gulf and Omani waters: Status and review. Mar. Pollut. Bull. 2021, 173, 112913. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Du, J.; Jing, C. Anthropogenic PAHs in lake sediments: A literature review (2002–2018). Environ. Sci. Process. Impacts 2018, 20, 1649–1666. [Google Scholar] [CrossRef] [Scilit]

	



Ferrante, M.; Zanghì, G.; Cristaldi, A.; Copat, C.; Grasso, A.; Fiore, M.; Signorelli, S.S.; Zuccarello, P.; Oliveri Conti, G. PAHs in seafood from the Mediterranean Sea: An exposure risk assessment. Food Chem. Toxicol. 2018, 115, 385–390. [Google Scholar] [CrossRef] [Scilit]

	



Ramdine, G.; Fichet, D.; Louis, M.; Lemoine, S. Polycyclic aromatic hydrocarbons (PAHs) in surface sediment and oysters (Crassostrea rhizophorae) from mangrove of Guadeloupe: Levels, bioavailability, and effects. Ecotoxicol. Environ. Saf. 2012, 79, 80–89. [Google Scholar] [CrossRef] [Scilit]

	



El-Kady, A.A.; Wade, T.L.; Sweet, S.T. Assessment and ecological indicators of total and polycyclic aromatic hydrocarbons in the aquatic environment of lake Manzala, Egypt. J. Environ. Sci. Health Part. A 2018, 53, 854–865. [Google Scholar] [CrossRef] [Scilit]








[image: Sustainability 16 10346 g001] 





Figure 1. Molecular structure of 16 PAHs prioritized for control by the United States Environmental Protection Agency. 
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Figure 2. Dispersion of polycyclic aromatic hydrocarbons in the air and terrestrial and aquatic environments. 
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Figure 3. Major sources of PAHs in the environment. 
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Figure 4. Transmission of PAHs in the aquatic food chain. 
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Figure 5. The composition of PAHs in ports. (a) Average concentrations of PAHs of various rings across continents and media. (b) Average concentrations of the dominant PAH isomers across media. (c) Temporal changes in the average concentration of PAHs at different ports across the selected media [119]; see Table S1 for detailed data. 
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Figure 6. PAHs pose a toxicity hazard to human health. 
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Table 1. Physical and chemical properties of the 16 priority control PAHs designated by the United States Environmental Protection Agency.






Table 1. Physical and chemical properties of the 16 priority control PAHs designated by the United States Environmental Protection Agency.





	
Type of PAH

	
Abbreviation

	
Number of Rings

	
KOW

	
Physicochemical Properties

	
Toxicological

	
Hazard Description c




	
Boiling

(°C)

	
Melting Point (°C)

	
Solubility

(mg·L−1)

	
EPA a

	
IARC b






	
Naphthalene

	
Nap

	
2

	
3.45

	
218

	
80.2

	
31

	
C

	
2B

	
R22; R40; R50/53




	
Acenaphthylene

	
Acy

	
3

	
4.08

	
280

	
91.8

	
1.93

	
D

	
n.c

	
R22 R36/37/38




	
Acenaphthene

	
Ace

	
3

	
4.22

	
279

	
93.4

	
3.93

	
D

	
3

	
R22 R36/37/38




	
Fluorene

	
Flu

	
3

	
4.38

	
295

	
116.5

	
1.82

	
D

	
3

	
R22; R50/53




	
Phenanthrene

	
Phe

	
3

	
4.46

	
340

	
100.5

	
1.20

	
D

	
3

	
R22; R40




	
Anthracene

	
Ant

	
3

	
4.54

	
342

	
216.4

	
0.076

	
D

	
3

	
R22; R36/37/38; R50/53




	
Fluoranthene

	
Fla

	
4

	
5.20

	
375

	
108.8

	
0.23

	
D

	
3

	
R22; R36/37/38




	
Pyrene

	
Pyr

	
4

	
5.30

	
393

	
150.4

	
0.132

	
D

	
3

	
R22; R26; R36/37/38; R50/53




	
Benzo[a]anthracene

	
BaA

	
4

	
5.91

	
438

	
158

	
0.010

	
B2

	
2B

	
R22; R26




	
Chrysene

	
Chr

	
4

	
5.61

	
448

	
254

	
1.5 × 10−3

	
B2

	
2B

	
R22; R40; R45




	
Benzo[b]fluoranthene

	
BbF

	
5

	
5.78

	
481

	
168.3

	
0.0012

	
B2

	
2B

	
R22; R45; R50/53




	
Benzo[a]pyrene

	
BaP

	
5

	
6.35

	
495

	
179

	
3.8 × 10−3

	
B2

	
1

	
R22; R45: R50/53




	
Benzo[k]fluoranthene

	
BkF

	
5

	
6.20

	
480

	
215.7

	
7.6 × 10−4

	
B2

	
2B

	
R22; R45: R50/53




	
Dibenzo[a,h]anthracene

	
DaA

	
5

	
6.75

	
524

	
262

	
5.0 × 10−4

	
B2

	
2A

	
R22; R45; R50/53




	
Indenol[1,2,3-cd]pyrene

	
InP

	
6

	
6.51

	
536

	
162

	
0.062

	
B2

	
2B

	
R22; R40; R45; R50/53




	
Benzo[g,h,i] perylene

	
BgP

	
6

	
6.90

	
500

	
277

	
2.6 × 10−5

	
D

	
3

	
R22; R40; R50/53








a The United States EPA classifies carcinogens as follows: A, carcinogenic to humans; B1 and B2, probably carcinogenic to humans; C, possibly carcinogenic to humans; D, carcinogenicity to humans cannot be classified. b The International Agency for Research on Cancer (IARC) of the World Health Organization classifies carcinogens as follows: 1, carcinogenic to humans; 2A, probably carcinogenic to humans; 2B, possibly carcinogenic to humans; 3, carcinogenicity to humans not yet classifiable; n. c. not classified. c Risk terminology: R22, harmful if swallowed; R26, very toxic by inhalation; R34, causes burns; R36/37/38, irritates the eyes, respiratory system, and skin; R40, possible risks of irreversible effects; R45, may cause cancer; R50/53, very toxic to aquatic organisms and may cause long-term adverse effects in an aquatic environment.
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