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Abstract

In recent decades, the discovery, extraction, and export of petroleum have significantly strengthened the economy. However,
the processes of petroleum exploration, development and production have localized negative impacts on the atmosphere, soil,
sediments, surface, groundwater, marine environment, and terrestrial ecosystems. The presence of petroleum hydrocarbons
and waste streams has led to environmental pollution that poses risks to human health, affects socioeconomic conditions,
and impacts communities in oil-producing countries. It is therefore crucial to promote a deeper understanding of petroleum
contamination in soil, water, and atmosphere—an understanding that is actively evolving. The literature will mark a new
milestone in the study of petroleum contamination and highlight significant advances in this environmental field. This com-
prehensive review examines the wide-ranging impacts of petroleum contamination on soil, water, and the atmosphere and
aims to identify potential mitigation strategies that can reduce the impact on the environment and human health. Focusing
on the latest technologies and practices for petroleum spill monitoring, remediation, and prevention, the report addresses all
facets of this issue and helps researchers identify opportunities and gaps. It provides an assessment of the different treatment
approaches for the period from 2010 to 2022 and discusses the advantages and disadvantages of each technique. Finally, it
addresses the challenges that need to be overcome in the detection and treatment of oil spills.

Keywords Petroleum contamination - Environmental impact - Mitigation strategies - Monitoring technologies - Treatment
approaches

Abbreviations AVH Aromatic volatile hydrocarbons

AAS Atomic absorption spectrophotometer BR Bioremediation

AE Autoencoders BTEX Benzene, toluene, ethylbenzene, and xylene

AH Aliphatic hydrocarbons CLEA Contaminated land exposure assessment

ANN Artificial neural networks CNN Convolutional neural networks

ANOVA  Analysis of variance COD Chemical oxygen demand

AOP Advanced oxidation processes COPD Chronic obstructive pulmonary disease
DBN Deep belief networks
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DDPH Dissolved dispersed petroleum hydrocarbons TPH Total petroleum hydrocarbons
DL Deep learning UucM Unresolved complex mixture
DNAPL  Dense non-aqueous phase liquid UVF Ultraviolet fluorimeter
DRS Diffuse reflectance spectroscopy VisNIR Visible near-infrared
DT Decision tree voC Volatile organic compounds
EQC Equilibrium criterion WSF Water-soluble fractions of oil
ERCB Energy resources conservation board
ESI-MS  Electrospray ionization mass spectrometry
GAN Generative adversarial networks Introduction
GC-FID  Gas chromatography-flame ionization detector
GC-MS Gas chromatography-mass spectrometry The presence of petroleum hydrocarbon pollutants in
GC-MSD Agilent gas chromatograph-mass selective soil, water, and the atmosphere has a significant impact
detector on the environment and poses a serious threat to humans
GHG Greenhouse gas protocol and other life forms in the affected areas (Sammarco et al.
GIS Geographic information systems 2016). These pollutants, which make up a large proportion
HFO Heavy fuel oil of organic chemicals and by-products, are classified as pri-
HM Heavy metal ority environmental pollutants due to their persistence and
HPLC High-performance liquid chromatography viscosity—examples include persistent organic pollutants
HRS Hyperspectral remote sensing (POPs) and polycyclic aromatic hydrocarbons (PAHs). As
IDINT Inverse distance interpolation they cannot be degraded, they remain in the environment
IDW Inverse distance weighted for long periods of time (Gennadiev et al. 2015). Stud-
v Intervention value ies on pollutant sources show that the primary pollutant
KSTM Korean standard test method groups often co-occur in pollution, although their com-
LSD Least significant difference position can vary depending on location, source activity,
MAH Monocyclic aromatic hydrocarbons season, weather, and time of year (Dickey 2000).
MIR Mid-infrared Despite the progress that has been made in modern-
ML Machine learning izing the petroleum industry, it continues to be a major
NDVI Normalized difference vegetation index contributor to soil pollution as it introduces an abundance
NOx Nitrogen oxides of oily compounds into this fragile environment (Wang
NSZD Natural source zone depletion etal. 2011; Ambaye et al. 2022). This pervasive pollution
PAH Polycyclic aromatic hydrocarbon affects the structure of the soil, the intricate web of micro-
Pb Lead organisms, including bacteria and fungi, and the vital net-
PC Petroleum contamination work of plant roots (Borowik and Wyszkowska 2018). The
PH Petroleum hydrocarbons inherent value of petroleum as a precious global resource
PRI Polluted risk intensity underscores the widespread extraction and large-scale
PXRF Portable X-ray fluorescence drilling in regions rich in this vital commodity. The dual
QCL Quantum cascade lasers identity of oil as a vital resource and as a major cause of
RBCA Risk-based corrective action environmental damage requires a nuanced approach. To
RBC Risk-based corrective action protect the health and resilience of our invaluable soils,
RF Random forest a delicate balance must be struck between the imperative
RNN Recurrent neural networks need for extraction and the implementation of sustainable
RSP Respirable suspended particulate practices.
SAR Synthetic aperture radar Oil field drilling, especially during the multi-layered
SAS Seep assessment study processes of oil extraction, transportation, and processing,
SLAR Side-looking airborne radar is one of the main causes of water pollution (Fang et al.
SO2 Sulfur dioxide 2022). The impact is profound, as the release of carcino-
SPSS Statistical Package for the Social Sciences genic, teratogenic, and mutagenic petroleum contaminants
SVM Support vector machine during oil production has a significant and far-reaching
TDS Total dissolved solids impact on the quality of water resources (Islam et al.
TEQ Toxic equivalent quantity 2014). The intricate interplay between these industrial
TIR Thermal infrared activities and aquatic ecosystems underscores the urgency
TLC Thin-layer chromatography of addressing and mitigating multiple water quality issues
TOC Total organic carbon throughout the oil life cycle and highlights the urgent need
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for comprehensive strategies and heightened awareness to
protect our vital water sources.

Air pollution is one of the greatest environmental chal-
lenges of our time. Many pollutants pose risks such as can-
cer and tumors and have harmful effects on human health
and the environment. To tackle this problem, expensive
chemicals and microfilters are used that require constant
maintenance to effectively remove air pollutants (Sheo-
ran et al. 2022). In addition, petroleum contamination of
soil and water bodies can contribute to the production of
greenhouse gases, particularly methane, which increases
the negative impact on air quality and exacerbates climate
change. Therefore, there is an urgent need to tackle petro-
leum contamination in all environmental sectors to reduce
the negative impact on air quality.

This review paper makes an important contribution by
providing a thorough analysis and summary of petroleum
contamination in soil, water, and atmosphere. It includes
an assessment of the risks to human health from petroleum
contamination, the identification of available information
on detection methods, and the evaluation and presentation
of different treatment approaches. The advantages and dis-
advantages of the individual methods are then presented in
a differentiated discussion. Finally, this review addresses the
challenges that need to be overcome in the detection and
remediation of mineral petroleum contamination.

Petroleum contamination has a significant impact on
human well-being and comes from sources such as oil

The compound of total petroleum
hydrocarbons (benzene) has been shown
to cause acute myeloid leukemia in
humans, and benzene has been found to

be probably associated with other
leukemia  subtypes and lymphoid
neoplasms.

Exposure to petroleum hydrocarbons or
petrochemicals can cause chromosomal
aberrations in humans Several studies
have shown a significantly higher
incidence of chromosomal aberrations.

Studies show that the causes of miscarriages,
premature births, low birth weight and birth
defects in people who took part in the Gulf War
are due to the environmental pollution they
were exposed to from fires in oil wells or oil
spills.

Fig. 1 The adverse effects of petroleum contamination on human health

production, refining, and the natural gas industry. It is one
of the most conspicuous pollutants affecting both the liv-
ing environment and the ecosystem with its living and non-
living components. Numerous studies point to the increased
health risks for people living near oil fields and wells or
involved in the cleanup of oil spills (Yakubu 2017). The
consequences of these pollutants manifest themselves in
various diseases, including skin and eye irritation, mucous
membrane damage, kidney and liver problems and complica-
tions during pregnancy (Otitolaiye and Al-Harethiya 2022).
In addition, some studies indicate an increase in petroleum-
related complaints such as skin rashes, sore throats, organ
inflammation, infertility, and miscarriages (Ramirez et al.
2017). Some studies have shown that petroleum-induced
DNA damage is directly linked to genetically unstable cel-
lular metabolic enzymes that lead to malignancies such as
leukemia. Figure 1 shows selected studies that have investi-
gated the effects of petroleum pollutants on human health.

The novelty and originality of this critical review lies in
the comprehensive analysis of the effects of petroleum con-
tamination on all three major environmental components—
soil, water, and atmosphere. In addition, this review paper
critically assesses the latest technologies and techniques
for monitoring and remediating petroleum spills, providing
valuable insights into potential solutions to this environmen-
tal problem.

Over the years, studies have been
conducted in Louisiana (USA) showing an
increase in the incidence and mortality of
lung cancer among workers in the oil and
petrochemical industry.

The compounds in some fractions of total
petroleum hydrocarbons may also affect
the blood, immune system, liver, spleen,
kidneys, developing fetus and lungs.
Certain total petroleum hydrocarbons
compounds may irritate the skin and
eyes.

The sperm concentration and the proportion of
sperm with abnormal morphology were twice as
high in the exposed workers during the period of
employment at the plant as in the periods before
and after.
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Fig.2 Methodology for the investigation of petroleum contamination

Methodology

The methodology for this review, illustrated in Fig. 2,
involves several phases that are critical to the accurate
conduct of the study. The first phase involves obtaining
data from reputable academic databases such as Science
Direct, IEEE Xplore, ResearchGate, Web of Science, and
Google Scholar to compile all relevant studies on petroleum

* @ Springer

contamination. In the second phase, the identified articles
are classified by specific categories of petroleum contamina-
tion (soil, water, and atmosphere) and then analyzed in detail
and organized into tables with individual references.

Based on the findings from the accident studies, a syn-
thesis of the different methods for detecting petroleum spills
and the strategies and techniques for pollution management
will then be formulated. The next step is to identify the
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challenges and key gaps in the investigation and characteri-
zation of petroleum spills. The systematic review applies a
structured process to identify, select, and critically evalu-
ate relevant studies and summarize the results in a trans-
parent and reproducible manner. This systematic approach
increases the rigor and reliability of the review while mini-
mizing bias.

The study includes the development of a comprehensive
search strategy, explicit application of inclusion and exclu-
sion criteria, assessment of study quality, and data analysis
using multiple sources and methods. Network analysis is
used to visually represent and analyze relationships between
entities or nodes in a network. This facilitates the visualiza-
tion of links between studies, authors, or keywords in the
field of petroleum contamination and highlights important
actors, clusters, and trends.

Taxonomy studies on petroleum
contamination

This section deals with basic studies that examine the effects
of petroleum contamination on soil, water, and the atmos-
phere (Fig. 3). Another important aspect of these critical
studies is to examine the potential long-term effects of petro-
leum contamination on these environmental areas. Conduct-
ing long-term studies is crucial to shed light on the persis-
tence and accumulation of petroleum-related compounds in
the environment and thus assess the effectiveness of different
remediation strategies over time.

Critical studies of the effect PC

Fig.3 Taxonomic representation of petroleum contamination

— o

Water

4{ Atmosphere ———

Petroleum contamination in soil

The global problem of soil pollution by petrochemical
hydrocarbons is becoming increasingly important and affects
several countries with a significant number of identified
sites where petroleum hydrocarbons are the main pollutant
(Gao et al. 2019). According to the Environmental Protec-
tion Agency, 45% of the natural environment in Europe is
contaminated by petroleum hydrocarbons and their deriva-
tives (Borowik and Wyszkowska 2018). Therefore, the
remediation of soils contaminated with these hydrocarbons
has become a priority societal concern that is crucial for
the protection of both the environment and human health.
Table 1 provides an overview of the relevant research on the
identification of petroleum contamination in soil.

Chemical elements of petroleum contamination in soil

Recent technological advances associated with human
activities have led to the accumulation of various soil pol-
lutants, especially heavy metals (such as copper (Cu), lead
(Pb), cadmium (Cd), chromium (Cr) and others) in the envi-
ronment (Yaseen 2021). Although some chemical elements
occur naturally in soil as components of minerals, they can
become toxic at certain concentrations. Human activities,
including accidental releases and spills of chemicals used in
commercial or industrial applications, contribute to soil pol-
lution. In addition, certain pollutants are transported through
the atmosphere and settle as dust or through precipitation
(Shayler et al. 2009).

\
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The environment is polluted by many hydrocarbon com-
ponents from petroleum, as these are relatively diverse. The
release of petroleum hydrocarbon pollutants, whether acci-
dental or deliberate and uncontrolled, poses a direct or indi-
rect threat to all living organisms in the affected area (Sajna
et al. 2015; Souza et al. 2014). Petroleum hydrocarbons have
the potential to alter various soil properties, including min-
eral and heavy metal concentrations, composition, texture,
compaction, structural condition, penetration resistance,
and saturated hydraulic conductivity (Hreniuc et al. 2015).
Although pollution can have different causes, the effects,
consequences, and impacts are the same. The extraction of
natural petroleum resources, both deep inland and offshore,
is one of the main methods by which petroleum hydrocarbon
pollutants enter the soil environment. In this context, the
soil serves as a repository and recipient of the pollutants
(Varjani 2017).

Methods for the detection of petroleum contamination
in soil

Oil spills are one of the biggest environmental problems
associated with petroleum and petroleum derivatives in the
world today. The causes of oil spills on land range from
pipeline ruptures and tanker accidents to inadequate sealing,
airplane accidents, and even conflicts and wars. Therefore,
the development of methods to detect petroleum in soil is of
paramount importance for assessing damage and developing
effective remediation strategies for sites affected by such
spills (Ukhurebor et al. 2021).

Current methods for detecting petroleum residues in
affected areas include spectroscopic and chromatographic
methods such as gas chromatography, mass spectrometry,
and hyphenated separation/detection techniques. Despite
their effectiveness, these methods cannot be read in real time
(Gallagher et al. 2005) and often require longer detection
times, which is critical for addressing the challenges associ-
ated with pollution. Several research studies have identified
alternative methods such as mid-infrared laser spectroscopy
(MIR) (Pacheco-Londofio et al. 2013) and remote sensing
techniques based on the analysis of satellite imagery as more
efficient and faster analytical techniques that overcome the
limitations of conventional methods (Okparanma and Moua-
zen 2013). Conversely, the integration of artificial intelli-
gence (Al) has proven to be a promising avenue for real-time
control of pollution reduction techniques, as evidenced by
recent studies (Gal4n-Freyle et al. 2020).

Treatment of petroleum contamination in soil
Contamination of soil with petroleum hydrocarbons poses

a significant risk to human health, underscoring the impor-
tance of effective treatment methods and remediation

processes for comprehensive cleanup, containment, removal,
remediation, and restoration of contaminated areas. The
choice of a remediation strategy for each contaminated envi-
ronment is site-specific and depends on variables such as the
nature and composition of the contaminants, the physical,
chemical, and biological conditions of the affected environ-
ment, and the microbial community present or required for
enhancement. In addition, considerations of process, regula-
tory requirements, cost, and schedule must also be taken into
account when selecting an appropriate remediation method
(Vidonish et al. 2016).

Soils are typically contaminated with high and low
molecular weight petroleum hydrocarbons, volatile organic
compounds (VOC), semi-volatile organic compounds
(SVOC), polycyclic aromatic hydrocarbons (PAH), persis-
tent organic pollutants (POP), polychlorinated biphenyls
(PCB), organochlorine pesticides (OCP), hydrophobic
organic compounds (HOC), and non-aqueous phase liquids
(NAPLs). Pollution experts use various remediation options
to deal with contaminated environments (Thavamani et al.
2015). Various approaches and strategies have been explored
for the remediation of petroleum-contaminated soils, most
of which utilize biological, chemical, and physicochemical
methods (Zhang et al. 2015; Zhou et al. 2019).

Bioremediation is considered a cost-effective and envi-
ronmentally friendly method and is attracting great inter-
est from researchers. Figure 4 illustrates the main pathways
by which petroleum contaminants enter the soil, primar-
ily through petroleum spills. The annual global leakage of
600,000 tons of natural petroleum underscores the stagger-
ing scale of petroleum contamination, which affects an esti-
mated 3.5 million sites in Europe alone.

Controlled or spontaneous bioremediation uses biologi-
cal, particularly microbiological, mechanisms to convert
pollutants into less or nontoxic substances to reduce pollu-
tion. Key factors for characterizing a polluted site include
the ability of pollutants to be degraded by biological pro-
cesses, the extent of their dispersion, leaching, chemical
reactivity, soil type and properties, oxygen availability, and
the presence of compounds that hinder degradation (Ossai
et al. 2020). Successful bioremediation of organic pollutants
requires a thorough understanding of the physiology and
ecology of the biological species or consortia involved, as
well as the characteristics of the polluted sites, both soil and
water Martin Moreno et al. (2004).

Petroleum contamination in water

Water pollution is caused by the introduction of chemical,
physical, or biological elements that impair the ability of a
body of water to function optimally. The level of pollution
required to affect a water body depends on its type, location,
and intended use. Water that is unfit for human consumption
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Fig.4 The main sources of petroleum contamination in soil

may serve other purposes. We focus here on spills of petro-
leum products and not on natural events that may jeopardize
water supplies in certain situations (Schweitzer and Noblet
2018). Oil spills that have the greatest impact on plants and
animals, particularly seabirds, are primarily influenced by
the physical properties of the oil. The sticky nature of the
material means that natural fats, waxes, and other substances
are less mobile on surfaces such as human skin and feathers
(National Research Council (U.S.) 2003). Some aromatic
petroleum hydrocarbons can also cause direct damage
through absorption or penetration through body surfaces
such as gills (Heubeck et al. 2003), while many hazard-
ous and nontoxic hydrocarbons evaporate and are naturally
degraded by microbes in a short time (National Research
Council (U.S.) 2003). The relevant studies for the determina-
tion of petroleum contaminants in water are listed in Table 2.

Petroleum pollution of water bodies can have various
causes, e.g., accidents, leaks from underground storage
tanks and runoff from industrial activities. Once petroleum
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enters water bodies, it can have a negative impact on aquatic
life and pose a risk to human health. Petroleum pollutants
include several substances such as benzene, toluene, eth-
ylbenzene, and xylene, collectively known as BTEX com-
pounds (Fig. 5). These compounds are known to be toxic
and have potentially harmful effects on the environment
and human health, including the risk of cancer and neuro-
logical disorders. To minimize the risk of water pollution,
preventative measures such as proper handling and storage
of petroleum products and the implementation of effective
spill response plans are critical. In cases where contamina-
tion has occurred, remediation measures, including soil and
groundwater treatment, can help to limit the damage and
clean up the affected area.

Chemical elements of petroleum contamination in water

Heavy metals (HMs) are among the most dangerous pol-
lutants as they are non-degradable, persistent, and toxic in
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Fig. 5 The main sources of petroleum contamination in water

water (Proshad et al. 2021). These metals can harm living
organisms, including humans (Deng et al. 2020), through
direct ingestion of contaminated water and indirect inges-
tion of contaminated food (Edogbo et al. 2020). While cer-
tain HMs such as iron (Fe) and copper (Cu) are essential to
human life within a certain range, they can become harmful
if safe limits are exceeded. Others, such as cadmium (Cd),
chromium (Cr) and cobalt (Co), pose a toxicity risk even
at trace levels. Cd, for example, can lead to hepatotoxicity
and nephrotoxicity, while Co causes thyroid dysfunction and
polycythemia when ingested.

Manganese (Mn) and copper (Cu) in drinking water have
been linked to Alzheimer’s disease, and iron (Fe) in drink-
ing water can cause problems with the blood, cardiovas-
cular system, liver, kidneys, and central nervous system.
Children exposed to lead (Pb) have been found to have an
increased susceptibility to memory loss, behavioral changes,
and anemia (Muhammad and Usman 2022). Microbes play
a crucial role as primary catalysts for biochemical processes
that influence various important ecosystem services (Kearns
et al. 2016). They are responsible for monitoring nutrient
recycling and pollutant degradation (Ribeiro et al. 2013; Lu
et al. 2009). Maintaining microbial diversity is essential for
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sustaining these services, and a decline in diversity could
have a negative impact (Delgado-Baquerizo et al. 2016).

Methods for the detection of petroleum contamination
in water

Petroleum spills, especially catastrophic ones such as those
in the Gulf of Mexico (Kappell et al. 2014), can have dev-
astating effects on coastal and estuarine habitats (Ribeiro
et al. 2013). The lack of advanced measurement devices and
techniques poses a challenge when it comes to assessing
subsurface oil pollution or the movement of heavy fuel oil
(HFO) in real time. Survey systems, such as snares, are often
used to identify large areas of sediment pollution, but cannot
accurately determine the exact location or size of the area,
nor the extent of pollution, occasionally leading to false-
negative results (Reddy 2008).

While many methods for investigating polycyclic aro-
matic hydrocarbons (PAHs) in water bodies are costly and
time-consuming, the UV fluorescence method provides a
cheap, simple, and efficient tool for rapidly assessing the
integrity of the system and identifying ‘hot spots’ for further
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investigation (Doval et al. 2006; Bicego et al. 2009). Sat-
ellite imagery has been used extensively by researchers to
investigate oil spills in water reservoirs (Sun et al. 2018),
using various satellites such as Landsat 5, Landsat 7, and
Sentinel-2A. GIS techniques are used to categorize mile-
stones and assess pollution by processing satellite imagery
(Tysiac et al. 2022).

Treatment methods of petroleum contamination in water

Remediation of water bodies involves cleaning contaminated
surfaces and groundwater, depending on the degree of con-
tamination. The effectiveness of any treatment technique at
a given site depends on planning, modification of system
operation, and understanding of contaminant characteris-
tics and system performance. The integration of remedia-
tion approaches, either simultaneously or sequentially, can
result in a synergistic or combined effect (Demenev et al.
2022). Bioremediation of petroleum hydrocarbons in con-
taminated water using a bacterial food chain is a viable tech-
nique that converts fuel oils to microbial biomass without
causing secondary pollution (Chan 2011; Superczynski and
Christopher 2011). Various physical remediation techniques
such as air sparging and bioventing have been developed to
clean contaminated areas and limit the spread of petroleum
hydrocarbons such as LNAPL (Light Non-Aqueous Phase
Liquids) (Ossai et al. 2020).

Petroleum contamination in the atmosphere

Urban dwellers worldwide are confronted with the threat
of air pollution, which is a critical environmental problem
(Cohen et al. 2005). There is no doubt that air pollution is
a major challenge affecting urban areas worldwide. Various
research centers and regulatory agencies have established
monitoring networks to assess the deterioration of air quality
in these urban areas. The results of these monitoring net-
works show considerable temporal and geographical vari-
ation (Gerdol et al. 2014). Numerous monitoring programs
have been conducted to measure air quality. Extensive data
on the concentration of pollutants such as particulate mat-
ter, carbon monoxide, nitrogen oxides, sulfur dioxide, and
others have been collected in different regions of the world.
Howeyver, the sheer volume of data continues to make it dif-
ficult for scientists, government officials, policy makers, and
the public to understand the state of air quality. The solution
to this challenge lies in measuring the Atmospheric Quality
Index (AQI), which provides a clear and accurate under-
standing (Murena 2004).

The risks to the environment and human health posed
by air pollutants such as aliphatic hydrocarbons (PAH),
polycyclic aromatic hydrocarbons (PAHs), and heavy met-
als (HMs) have long been known and well documented. In

recent decades, concerted efforts by the relevant authorities
to regulate air pollution have yielded positive results, lead-
ing to a significant reduction in air pollutants (Azimi et al.
2005). Table 3 contains a list of research studies on petro-
leum pollution of the atmosphere.

Chemical elements of petroleum contamination
in atmosphere

In investigating the extent of air pollution, numerous stud-
ies have identified the main pollutants, focusing on nitrogen
dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide
(CO) (Mohammed et al. 2019; Barakat and Bek 2002). In
these studies, various techniques were used to identify the
sources of the chemical elements causing the pollution. In
this study, the applicability of an inverse model under dif-
ferent environmental conditions is investigated and its effec-
tiveness in attributing the sources of atmospheric lead (Pb)
is evaluated. The analysis includes organic molecules such
as n-alkanes, isoprenoids, PAHs, sulfur-containing hetero-
cycles, terpenes, and aromatic steroid compounds such as
steranes/diasteranes (Murena 2004). The method allows a
comparison between model-based results and predicted lead
emissions and provides information on the likely sources and
processes contributing to Pb contamination of the atmos-
phere. The integration of model-based results and Pb aerosol
data helps to understand the extent of Pb contamination in
the atmosphere after the elimination of leaded petroleum
(Samanta et al. 2022).

Methods for the detection of petroleum contamination
in atmosphere

Monitoring atmospheric contamination at different locations
in a research region is usually difficult, resource-intensive,
and costly. The results of such monitoring provide infor-
mation on the extent of pollution at specific locations.
Therefore, spatial interpolation methods are essential for
the creation of a surface grid or contour map. By applying
interpolation methods, it is possible to predict concentra-
tions throughout the study area based on concentrations
at known locations. Geographic information system (GIS)
software for organizing, analyzing, storing, and visualizing
spatial data is proving invaluable in conjunction with the
expertise of a GIS analyst working on various spatial prob-
lems. Many researchers have begun to use GIS technology
to analyze the temporal and spatial distribution of pollutants
(Maantay 2007).

Treatment of petroleum contamination in atmosphere

Current environmental conditions and regulations issued by
environmental authorities have significantly influenced the
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development of innovative technologies for the treatment
of contaminated air. There are four primary air treatment
techniques: chemical, physical, biological, and biochemi-
cal (combinations of methods or multi-stage air treatment
systems that integrate chemical and biological approaches)
(Fulazzaky et al. 2014). Effective treatment options are cru-
cial. Currently, physical and chemical treatments are costly
and leave hazardous residues in the environment. Due to
their excellent efficacy, low cost, and synergistic effects on
the environment, biological methods are a potential solution
for the treatment of petroleum hydrocarbon contaminants.
An analysis of the factors influencing the degradation of
petroleum has been carried out (Chandra et al. 2013). Vari-
ous technologies are available for cleaning contaminated
air, including wet scrubbers, activated carbon combustion
adsorption, biofilters (BF), and biotrickling filters (Kennes
and Veiga September 2004).

Wet scrubbers show satisfactory efficiency with polluted
air. However, they generate significant amounts of wastewa-
ter that require additional treatment, prompting researchers
to explore alternative methods for cleaning contaminated
air (Jensen and Webb 1995). Incinerators offer another way
to treat polluted air by releasing an atmosphere containing
organic pollutants. The high temperatures in incinerators
convert the organic pollutants into carbon dioxide and water.
Although incinerators effectively remove odors and organic
pollutants, they are energy intensive and emit significant
amounts of carbon dioxide and other by-products (National
Research Council Incineration Processes and Environmental
Releases 2000).

An alternative method of treating a polluted atmosphere
is to absorb pollutants with activated carbon. Activated
carbon is the international standard for the purification of
liquid and vapor streams and removes organic trace pollut-
ants. Removal rates of 95 to 99% can be achieved with this
method. In cases where the recovered organic substances
are valuable, carbon adsorption is used. For example, car-
bon adsorption is often used to recover perchloroethylene, a
chemical used in dry cleaning (Kennes and Veiga September
2004).

Biological treatment processes for polluted air are envi-
ronmentally friendly and do not produce nitrogen oxides
(NOx), SO2, or secondary pollutants. The environmental
benefits of biofiltration, combined with its ability to treat a
polluted atmosphere with a low concentration of pollutants
and a large volume of polluted air, make it a cost-effective
technology for the removal of volatile organic compounds
(VOCs). Worldwide, biofiltration processes have proven to
be effective in removing volatile organic compounds from
polluted air and offer an environmentally friendly solu-
tion without generating harmful by-products (Darvin and
Serageldin 2015).

a
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In biofiltration, a method widely used in biological pro-
cesses, microorganisms adhere to carrier materials through
which contaminated air flows. These microorganisms metab-
olize and decompose the pollutants present in the air and
convert them into water and carbon dioxide. Under ideal
conditions, biofiltration technology can completely remove
pollutants and is particularly effective in treating large
quantities of polluted air with a volatile organic compound
(VOC) concentration of less than 3 g/m3 (Fulazzaky et al.
2014).

Summary of petroleum contamination

This section provides an overview of the practices and meas-
ures used to address petroleum pollution in the three critical
areas of soil, water, and air. Petroleum pollution is caused
by a variety of sources, with a significant number of indi-
vidual pollutants (hydrocarbons) present. The unauthorized
or unintentional release of hydrocarbon pollutants into the
environment caused by human activities poses a direct and
indirect threat to the health of all living beings in the affected
area. Examples of such activities include drilling for oil or
gas, transportation and storage of petroleum products, sabo-
tage of pipelines, leaks from tanks, spills during loading and
unloading, ballasting, and unloading or bunkering.

These threats manifest themselves through changes in
population dynamics, disruption of trophic interactions, and
the natural community structure of the ecosystem (Sajna
et al. 2015; Souza et al. 2014; Bejarano and Michel 2010). In
response to these challenges, numerous nations and authori-
tative bodies have conducted extensive research on oil pol-
lution issues. They have developed a variety of methods and
applications for assessing pollution and have devised differ-
ent approaches, techniques, and procedures for dealing with
it, as shown in Fig. 6.

Methods for the detection of petroleum
contamination

In recent decades, remote sensing data have been widely
used for the detection and monitoring of oil spills. These
data are usually collected using passive and active sys-
tems. Active sensors use their energy source to illuminate
objects and record the backscattered energy, while passive
sensors capture naturally reflected and emitted solar radia-
tion. Remote sensing methods for oil spill detection and
monitoring, oil-type characterization, and layer thickness
estimation include multispectral and multispectral infrared
sensors, hyperspectral sensors, thermal sensors, microwave
sensors, and laser Fluor sensors. As each approach has its
advantages and disadvantages, it can be a challenge to obtain
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Fig.6 Summary of petroleum contamination categories

the necessary information for a fast and effective oil spill
response from a single data source. The general structure of
remote sensing techniques is shown in Fig. 7 (Schultz 2013).

Optical images, which are less commonly used in oil spill
investigations than microwave images due to their depend-
ence on weather and daylight, are affected by clouds and lack
of sunlight Brekke and Solberg (2005). However, optical
sensors offer special spectral characteristics that complement
microwave images and can provide important information
to distinguish between oil spills and water surface features,
such as algal blooms (Reddy 2008; Bodor et al. 2022; Li
et al. 2013, 2017; Zhao et al. 2014).

Active microwave sensors, particularly synthetic aper-
ture radar (SAR) and side-looking airborne radar (SLAR)
systems, are commonly used to detect and analyze oil spills
Gil and Alacid (2018), Singha et al. (2016). These sensors
have a long range and can collect data day and night under
different climatic conditions. Both SAR (satellite-based) and
SLAR (airborne) systems transmit and receive backscattered
radio waves and record the reflections to create two-dimen-
sional representations of the environment (Li et al. 2017,
Chen et al. 2017).

Machine learning (ML), a subfield of artificial intelli-
gence, has been used in recent decades to detect oil spills
based on optical and SAR images and distinguish them
from their mimics. ML models, together with deep learn-
ing (DL) models, have shown remarkable performance in

efficient monitoring systems to mitigate the impact of oil
spills. The classification includes different types of classical
and advanced ML models as well as DL models for oil spill
detection, identification, and localization using remote sens-
ing data (Topouzelis and Psyllos 2012; Shen et al. 2020).
Figure 7 shows different classical and advanced ML models
for these purposes.

Traditional ML models such as artificial neural networks
(ANN), support vector machine (SVM), decision tree (DT),
and fuzzy logic have been widely used for oil spill detection
based on SAR images (Li et al. 2013; Gibril et al. 2018). In
contrast, versatile DL models, including convolutional neu-
ral networks (CNNs), autoencoders (AEs), recurrent neural
networks (RNNGs), deep belief networks (DBN5), and genera-
tive adversarial networks (GANs), have shown excellent per-
formance in detecting oil spills from SAR and optical images
by automatically extracting discriminative features. These
DL models are used for tasks such as object identification,
patch-based classification, oil spill semantics, and instance
segmentation of oil spills (James 2020; Zhang et al. 2016).

In addition, various applications and statistical methods
are used to analyze and assess oil spills. These include the
Seep Assessment Study (SAS), the least squares method,
the software R (3.2.2), SPSS, ANOVA and Least Significant
Difference (LSD). In addition, there are scattered applica-
tions, each with its own style and approach, such as RECOL-
AND v1.0, Monte Carlo simulations and ENVI Modeler.

% @ Springer
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Fig.7 Common methods for the detection of petroleum contamination

Numerous spectroscopic and non-spectroscopic methods
have been developed for the analysis of total petroleum
hydrocarbons (TPH) and polycyclic aromatic hydrocarbons
(PAH) in contaminated samples, using techniques such as
immunoassay (IMA), general gravimetry, laboratory-based
gas chromatography (GC) with flame ionization detection
(FID) or mass spectrometry (MS), infrared (IR) spectros-
copy, Raman spectroscopy and fluorescence spectroscopy,
which are commonly used.

Treatment methods for petroleum contamination

In line with the sustainable development goals that empha-
size human health, a standing guideline of the World Health
Organization, remediation methods are central to achiev-
ing comprehensive cleanup, containment, removal, resto-
ration, and remediation of the contaminated environment

@ Springer

(Fig. 8). The chosen remediation strategy for a particular
contaminated site must be tailored to its unique characteris-
tics, considering factors such as the nature and composition
of the contaminants, the physical, chemical, and biological
conditions of the affected environment, and the microbial
community present or required for growth.

Rapid global growth has prompted countries to enact reg-
ulations and legislation to address the threat of air pollution.
This in turn has significantly influenced the development of
new technologies to treat contaminated atmospheres. There
are four main types of air treatment processes: chemical,
physical, biological, and biochemical. Some treatment
systems use a combination of chemical and biological pro-
cesses, known as mixed process or multi-stage atmospheric
treatment systems (Fig. 8).

The process, regulatory requirements, cost, and time
constraints must also be considered when selecting an
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Fig.8 Classification of treatment methods for petroleum contamination

appropriate remedial method. In response to the increas-
ing need to address pollution, environmental scientists are
now emphasizing risk-based management approaches to
remediate contaminated environments (Fig. 5). This shift
is driven by the need to address health risks and control
adverse effects on the affected area.

The scheme shown in Fig. 8 outlines various remediation
and remedial measures to combat soil, water, and atmos-
pheric pollution from petroleum hydrocarbon compounds
and other organic chemicals. While there are several reme-
diation methods for both soil and water, none of them is
optimal for all types of contaminants and the different site-
specific variables in the affected areas (Thavamani et al.
2015). The selection of a remediation method depends on
a comprehensive understanding of the conditions of the
affected environment, the nature, composition and properties

of the contaminants, the fate, transport and distribution of
the contaminants, the degradation process, the interactions
and relationships with microorganisms, and the intrinsic
and extrinsic factors affecting remediation. The possible
effects of the selected remediation measure must also be
considered.

The effective removal, containment, or elimination of
contaminants and hazardous substances from damaged
areas may require the application or integration of several
remediation methods in a process sequence (Maleti¢ et al.
2011). However, an informed decision requires the selec-
tion of one or more remediation methods considering the
many conflicting aspects. Therefore, it is advisable to choose
remediation methods that are adaptable, scientifically defen-
sible, sustainable, non-invasive, environmentally friendly,
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and cost-effective, as the removal of petroleum hydrocarbon
spills is a colossal, challenging, and costly endeavor.

Issues and challenges in petroleum
contamination

This section deals with the various aspects of the study of
petroleum contamination in soil, water, and the atmosphere
and its impacts. It addresses the challenges faced by detec-
tion and treatment techniques and emphasizes the need for
a deeper understanding. Despite the effectiveness of current
environmental technologies, obstacles remain. This review
paper highlights pollution issues to gain insights and avoid
common mistakes. A major challenge is the indispensability
of petroleum in the economy combined with the high cost
of detection and treatment methods. While existing meth-
ods are promising, complete control of oil pollution remains
elusive.

Issues and challenges in the detection of petroleum
contamination

There are various methods for detecting petroleum contami-
nation. It is helpful to divide these methods into two main
categories: traditional and modern/advanced approaches. In
the following sections, we will look at the advantages and
disadvantages of each strategy. It is important to note that
this categorization is for organizational purposes only—it
is not meant to discredit or dismiss the effectiveness of tra-
ditional methods.

Traditional methods

In discussing these methods, we will differentiate them
based on key characteristics such as portability, economic
considerations, uptime, labor protection, safety, and accu-
racy. Over the years, numerous spectroscopic and non-
spectroscopic methods have evolved for the analysis of total
petroleum hydrocarbons (TPHs) and polycyclic aromatic
hydrocarbons (PAHs) in contaminated samples. Widely used
techniques include immunoassay (IMA), general gravimetry,
laboratory-based gas chromatography (GC) with flame ioni-
zation detection (FID) or mass spectrometry (MS), infrared
(IR) spectroscopy, Raman spectroscopy and fluorescence
(FL) spectroscopy. Figure 3 illustrates the development
of methods such as portable GC-MS and new generation
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near-infrared analysis with visible and near-infrared spec-
troscopy (Vis—NIR) and shows their potential for the meas-
urement of TPH and PAH in contaminated samples.

Originally, laboratory-based GC-MS systems, fluores-
cence spectroscopy, and Raman spectroscopy were used for
PAH analysis in environmental samples. However, GC-MS
systems were preferred due to their relative selectivity and
sensitivity. Fluorescence spectroscopy has proven to be par-
ticularly efficient in various investigations and is character-
ized by good operating time and sufficient safety data. IMA
is characterized by its affordability, portability, accuracy,
and sufficient uptime and safety data (Fig. 7), although it is
based on solvent extraction.

Although GC-based techniques have high precision, their
suitability is not determined by their analytical capabilities
alone. Considerations such as health and safety, cost effi-
ciency, and uptime play a crucial role in the overall assess-
ment. While portable GC-MS devices increase the mobility
of the method, they do not necessarily have a significant
impact on cost-effectiveness, uptime or health and safety,
given the high cost and reliance on time-consuming extrac-
tion procedures.

Improvements to conventional techniques could include
operating methods that favor non-chlorinated solvents with-
out compromising analyte recovery. In addition, an instru-
ment design that eliminates the need for sample extraction
prior to analysis would improve the timeliness of analysis.
Gravimetry, which is considered inexpensive and accurate,
is a laboratory-based method with a poor health and safety
record and moderate uptime due to the extraction phase.

IR and Vis—NIR spectroscopy are suitable for the detec-
tion of impurities, with IR spectroscopy benefiting from the
greater precision and mobility of portable devices. Vis—NIR
spectroscopy is characterized by its mobility and uptime as
well as a good economic balance and a good health and
safety balance. However, its relatively low accuracy com-
pared to other methods (Fig. 4) indicates a need for improve-
ment, as Vis—NIR predictions are based on overtones and
combinations of fundamental vibrations in the mid-IR range.
Improving the accuracy of Vis—NIR spectroscopy is crucial
for its continued effectiveness.

Modern methods

This approach, which relies primarily on remote sensing
data, faces several problems, such as the energy source of
the satellites acquired, the distinguishing features in the sat-
ellite images or the atmosphere, the degree of coverage and
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the amount of data required to identify or verify the pollu-
tion. Oil spills pose a constant threat to marine biodiversity,
species, and ecosystems, highlighting the need for remote
monitoring, identification, and management. Over the last
decade, significant progress has been made in oil spill detec-
tion thanks to the increasing availability of remote sensing
data, growing computing power, cloud computing infrastruc-
ture and the introduction of state-of-the-art ML algorithms.

Satellite and airborne remote sensing methods play a cru-
cial role in oil spill detection. They include multispectral,
hyperspectral, thermal, microwave, and laser ground sensors
in the visible and infrared spectrum. Satellite-based micro-
wave radar data using synthetic aperture radar (SAR), which
is independent of sunlight and can penetrate clouds, is very
popular for oil spill detection. Satellite-based multispectral
data, which are increasingly available and have special spec-
tral characteristics, help to distinguish oil spills from other
substances. While additional sensors such as ultraviolet and
laser-fluorine sensors are uncommon in oil spill detection
systems, combining data from different sources can sup-
plement information, bridge temporal gaps, and improve
the timeliness and effectiveness of oil spill monitoring and
response.

The accuracy of oil spill detection systems is compro-
mised when optical and SAR images contain duplicates
that resemble oil spills and other natural or man-made sites.
Evaluating the effectiveness of derived features from optical
and SAR images requires considerable effort. Many oil spill
research studies rely on manual extraction and assimilation
of different feature categories, depending on the analyst’s
expertise.

The effectiveness of classification algorithms depends
on several critical factors, in particular the collection and
selection of representative training samples (ground-truth
samples) that are acceptable, of high quality and available
in sufficient numbers. As outlined in a study (Maxwell
et al. 2018), the minimum number of samples required for
ML classification methods still needs to be clarified. The
development of accurate and reliable classification systems
requires extensive, representative training samples of oil
spills and their analogs. Collecting correctly labeled samples
of oil spills is a difficult task that requires special attention
due to the presence of ‘lookalikes,” i.e., natural events that
produce similar signals to oil spills. In certain situations,
even a human expert may have difficulty recognizing dark
spots on an image as oil slicks or something else, leading to
potentially false positives and negatives.

Over the past decade, both classical and advanced ML
models have been used to detect and classify oil spills. Many
studies have investigated the use of classical ML models
such as artificial neural networks (ANNSs), support vector
machines (SVM), decision trees (DT), and fuzzy logic. The
development of automatic oil spill detection systems from
synthetic aperture radar (SAR) images using conventional
ML models involves pre-processing of remote sensing data,
dark spot identification and segmentation, discriminative
feature extraction and image pixel/object classification. The
selection of the optimal model involves the comparison of
different conventional ML classifiers based on the same data
source, the preprocessing approaches, the number of training
samples, the number and quality of the selected features, and
the parameter values of the classification algorithms.

Recent studies have shown the success of versatile deep
learning (DL) models in detecting oil spills from SAR and
optical images. DL models, including convolutional neural
networks (CNNs), autoencoders (AE), recurrent neural net-
works (RNNs), deep belief networks (DBNSs), and genera-
tive adversarial networks (GANSs), have shown the ability to
automatically extract discriminative features and distinguish
between oil spills, lookalikes, and other targets. The gener-
alization capability of DL models addresses the case-specific
nature of traditional ML approaches. Tasks such as object
identification, patch-based classification, and semantic and
instance segmentation of oil spills have been performed
using DL algorithms with different architectures. Among
the DL models, CNNs and AEs are commonly used for oil
spill identification and segmentation. Despite the increasing
prevalence and promising results of various DL models and
architectures in oil spill/oil slick identification and detection,
there are still problems, such as dark spots caused by natural
phenomena in low wind speed regions and shadows caused
by waves in satellite images.

Issues and challenges in the treatment of petroleum
contamination

The choice of a remediation option is influenced by various
scientific and non-scientific factors that affect the efficiency
and acceptance of remediation at a technical level. Lack of
clarity about the various biotic and abiotic components that
affect remediation processes can limit effectiveness. There-
fore, a comprehensive knowledge of biological characteris-
tics, environmental characteristics, contaminant character-
istics, physicochemical characteristics, type, composition,
concentration, heterogeneity, source, age, material handling
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characteristics, variable site conditions, geohydrological
conditions, space requirements, process location (in situ, ex
situ, on-site, in containers, off-site), monitoring difficulties,
required remediation phases, extended treatment time and
risk management is essential.

Biological processes have been shown to be effective both
in situ and ex situ in remediating or degrading petroleum
hydrocarbons and organic contaminants without long-term
environmental damage. However, these processes can take
months to years to optimally remove contaminants, and high
concentrations of contaminants can inhibit microbial activ-
ity, reducing effectiveness. Chemical—physical treatment
is crucial for the remediation of polluted soils and waters
and offers in situ or ex situ solutions. Although effective,
this method is costly and has a negative impact on the
environment.

There are various methods (Fig. 8), each with different
properties, mechanisms of action and side effects. Given the
daunting, arduous, and expensive task of eliminating petro-
leum hydrocarbon pollution, it is crucial to choose adapta-
ble, scientifically defensible, sustainable, non-invasive, envi-
ronmentally friendly, and cost-effective treatment methods.

The world population is expected to grow in the near
future, which will lead to an increase in air pollution. The
annual increase in the use of chemical substances in industry
exacerbates this problem. The slow development of new air
pollution control technologies could pose serious problems.
The challenges of air pollution control technologies include
not only the negative impacts of individual technologies,
but also considerations of suitability, cost, and other factors.

Wet scrubbers, a process in which polluted air is intro-
duced into a liquid such as water to remove suspended par-
ticles and gases, have one major drawback: they produce
large quantities of polluted water. This disposal problem has
prompted scientists to look for alternative solutions. Incin-
eration, another important approach to removing odors and
organic contaminants, involves feeding polluted air contain-
ing organic compounds into incinerators that operate at high
temperatures. Major obstacles to this technology include
excessive energy consumption and the release of significant
amounts of carbon dioxide and other by-products.

Activated carbon, which is released into the atmosphere
to remove suspended pollutants, achieves impressive purifi-
cation rates of over 95%. However, due to its high cost, this
technology is only used when valuable organic compounds
are to be recovered from the atmosphere. Biological ther-
apy, an effective and environmentally friendly process, pro-
duces no by-products. Biofiltration technology can remove
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pollutants under optimal conditions and is well suited for
the treatment of large quantities of polluted air containing
volatile organic compounds (VOC). It stands out as one of
the most promising technologies capable of removing a sig-
nificant percentage of suspended solids from polluted air
over a large area at a lower cost than other processes.

Conclusion

This paper provides an insight into the petroleum contami-
nation in soil, water, and atmosphere. Various aspects are
covered, including the chemical elements involved in the
contamination, methods of analysis, and forms of treatment.
The development of different variables, both analytical and
detection methods for total petroleum hydrocarbons (TPH)
and polycyclic aromatic hydrocarbons (PAH) in contami-
nated areas, is essential. There is a growing need for simple,
cost-effective environmental diagnostic tools that can pro-
vide reliable data quickly. Research shows that no analytical
approach is without challenges, although some are less prob-
lematic. Remote sensing techniques are proving promising
and crucial for detecting contamination and ensuring contin-
uous monitoring. Recent studies emphasize the importance
of combining remote sensing and artificial intelligence tech-
niques. While various remediation methods exist, no single
approach is generally optimal for all contaminants and the
numerous site-specific variables in the affected areas. The
selection of a remediation method depends on a thorough
understanding of the conditions in the affected areas, the
nature and characteristics of the contaminants, the fate and
transport of the contaminants, the degradation processes, the
interactions with microorganisms, the intrinsic and extrinsic
factors influencing remediation, and the potential impact of
the chosen remedial action. Bioremediation is the preferred
technique because it is cost-effective, acceptable, and envi-
ronmentally friendly. However, conflicting criteria in nature
play an important role in the decision-making process, so
careful selection of one or more remediation methods is
crucial.
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