)

Check for
updates

A Review of Spectroscopic and Nanoparticle
Methods for QOil Spill and Hydrocarbon Detection

Rubal Lathwal'* Sahil Sharma', Christophe Ndayizeye?

'Department of Forensic Science, University Institute of Allied Health Sciences, Chandigarh
University, Punjab, India
2Rwanda Forensic Institute, Rwanda, Africa

*ruballathwal 111 @gmail.com

Abstract. Unintentional or intentional releases of hydrocarbons, commonly referred to as oil
spills, pose significant health and environmental hazards that affect human populations, soil
fertility, and marine ecosystems. In order to lessen these effects, early detection is essential.
The advanced spectroscopic and nanoparticle-based techniques for detecting hydrocarbons and
oil spills are examined in this review. The accurate chemical characterization and real-time
monitoring of petroleum contaminants are made possible by spectroscopic techniques such as
Fourier-Transform Infrared Spectroscopy (FTIR), Gas Chromatography-Mass Spectrometry
(GC-MS), and Laser-Induced Breakdown Spectroscopy (LIBS). Moreover, because of their
distinct optical, electrical, and magnetic characteristics, nanoparticles like gold, magnetic, car-
bon-based (such as graphene oxide), and quantum dots provide great sensitivity and selectivity
in detection. Colorimetric tests, fluorescence quenching, and surface-enhanced Raman spec-
troscopy (SERS) are just a few of the sensing methods that these nanoparticles improve. Real-
time detection capabilities are further enhanced by the incorporation of nanoparticles with
electrochemical and microfluidic sensors. This review emphasizes how spectroscopic and na-
nomaterial-based methods can be combined to identify oil spills quickly, accurately, and effi-
ciently while promoting environmental sustainability and disaster response plans. Improved
accuracy and wider applicability in environmental monitoring are anticipated with future de-
velopments in these technologies.
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1. Introduction

Heavy metal contamination is a significant global environmental concern due to its

The term "oil spill" describes the unintentional or deliberate discharge of liquid petro-
leum hydrocarbons into the environment; these spills usually happen in coastal or
marine areas, although they can also happen on land. These spills can come from
several places, including storage facilities, tankers, pipelines, and offshore drilling
rigs. Hydrocarbons are organic molecules that consist only of carbon and hydrogen
atoms. They make up the majority of natural gas and crude oil. From basic molecules
like methane (CH3) to complex compounds like polycyclic aromatic hydrocarbons
(PAHs), hydrocarbons range greatly in complexity. When an oil spill occurs, it releas-
es a mixture of hydrocarbons into the environment [1]. Leading to an impact on the
environment: Ecosystems are severely harmed by oil spills, which happen frequently.
Coastal habitats, birds, and marine life may be harmed. Years can pass after hydro-

© The Author(s) 2026

S. Kumar et al. (eds.), Proceedings of the 2nd International Conference on Advanced Materials & Devices for
Futuristic Applications-2024 (IC-AMDFA 2024), Atlantis Highlights in Materials Science and Technology 5,
https://doi.org/10.2991/978-94-6239-695-1_17


http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6239-695-1_17&domain=pdf
https://doi.org/10.2991/978-94-6239-695-1_17

A Review of Spectroscopic and Nanoparticle Methods for Oil... 279

carbons are released into the environment, impacting biodiversity, soil fertility, and
water quality. Early oil spill detection minimizes ecological harm by facilitating
quicker response and mitigation activities [2]. Human Health: People who work in
cleanup efforts or live close to areas affected by oil spills may be particularly vulner-
able to health hazards from hydrocarbons. Hydrocarbons can cause skin irritation,
respiratory disorders, and other health concerns when inhaled or touched directly. The
implementation of health-protective measures is aided by early identification [3]. For
the detection of hydrocarbons and oil spills, nanoparticles offer versatile and effective
choices by leveraging their unique properties to offer sensitive, quick, and selective
detection methods. Their integration with state-of-the-art sensor technology continues
to push the limits of environmental monitoring and response strategies, protecting
ecosystems from the consequences of oil pollution and promoting environmental
sustainability [4].

Table 1: Various types of nanoparticles
Sr.
No.

Types Properties Applications

Surface plasmon resonance
(SPR) makes them useful for
1 Gold Nanoparticles | the sensitive detection of oil
presence based on colorimet-
ric changes.

Frequently employed
in aquatic conditions
for quick and easy
detection assays.

. . Applicable in both
Possess plasmonic characteris- aqueous  and  non
Silver tics that can be used to detect | 1 .
2 . A . oo aqueous  conditions,
Nanoparticles oil using colorimetric shifts or .
and are good for quick

fluorescence quenching. detection

Tunable optical properties are
exhibited by semiconductor
nanoparticles known as quan-

tum dots. When they are near Works well in fluores-

3 Quantum Dots . cence-based detection
oil molecules, they can be techniques
made functional to detect oil ques.
by either quenching or en-
hancing fluorescence.
Carbon nanotubes (CNTs) and
graphene oxide (GQ) can Employed in the de-
Carbon-Based identify and measure oil using - .
4 . . . tection of hydrophobic
Nanomaterials several mechanisms, like fluo- .
. . | contaminants.
rescence or changes in electri-
cal conductivity.
Certain rece'ptors. or probes Employed in a variety
can be functionalized on pol- .
. . . . of detection tech-
Polymeric ymeric  nanoparticles, like | .
5 . . . niques, such as elec-
Nanoparticles dendrimers or micelles, to

trochemical  sensing

enable them to bind to oil
and fluorescence.

molecules specifically. This
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allows for the detection of oil
molecules using colorimetric,
electrochemical, or fluores-
cence techniques.

Magnetic resonance imaging
or magnetization measure-

6 Magnetic ments can be utilized to detect | Distinguishing oil
Nanoparticles oil using magnetic nanoparti- | from water.
cles, such as iron oxide nano-
particles.
To detect oil through altera-
i in fl - . .
. tions in uorescence or.z.ib Employed in detecting
Silica sorbance properties, silica .
7 . . . chemicals and fluores-
Nanoparticles nanoparticles can be function-
. . . . cence-based tests.
alized with particular ligands
or dyes.
These can adsorb oil mole- . .
. cules only, making it possible Removing contamni-
8 Metal-Organic to identify them using differ- nants from intricate

matrices for adsorp-
tion-based detection.

Frameworks .
ent spectroscopic or electro-

chemical techniques.

2. Spectroscopy analysis

Since 1950, rock oil has emerged as the most significant energy source in the world
because of its high energy density, ease of transportation, and relative abundance.
Rock oil is a complex mixture of hydrocarbons of different molecular weights, pri-
marily alkanes, cycloalkanes, and other aromatic hydrocarbons. In addition to other
organic compounds comprising N, O, and S as well as trace amounts of metals like
Fe, Ni, Cu, and V.

Crude oil is often dark brown or black, but its color can vary significantly based on its
chemical makeup. Fuel residues and crude oil can be distinguished from one another
using laser-induced breakdown spectroscopy (LIBS). Petroleum possesses elements
including C, H, N, O, Mg, Na, Fe, and V. These elements have been identified. Al, Si,
and Ca have also been discovered to contribute to the residual composition. Com-
pared to using just peak intensities, a more accurate characterization of the samples
was possible through the use of intensity ratios of line and band emissions in the aged
residues and natural fuel (crude oil). Crude oil and fuel leftovers were discovered to
have entirely distinct chemical compositions [5].

Contaminants originating from petroleum are a major environmental risk because of
their toxicity, persistence, and global diffusion. These pollutants come from a variety
of places, such as runoff from cities, industrial discharges, and oil spills. They can
harm soil, water, and air once they're discharged into the environment, endangering
ecosystems as well as people's health [6-8]. Petroleum and its derivatives have a
complex chemical makeup that makes it difficult to detect and characterize. These
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compounds include hydrocarbons, heavy metals, polycyclic aromatic hydrocarbons
(PAHS), and volatile organic compounds (VOCs).

A range of methods were employed, including Fourier Transform Ion Cyclotron Res-
onance Mass Spectrometry (FT-ICR MS), Comprehensive Two-Dimensional Gas
Chromatography (GCxGC), Synchrotron Radiation-Based Methods like X-ray Ab-
sorption Spectroscopy (XAS) and X-ray Fluorescence (XRF), as well as Laser-
Induced Breakdown Spectroscopy (LIBS). Each method has special powers to exam-
ine pollutants originating from petroleum in different environmental matrices, such as
soil, water, and air. To identify the sources and develop remediation plans, GCxGC
has been used to differentiate between pyrogenic and petrogenic sources of PAHs in
polluted soils.

FT-ICR MS method is particularly helpful in identifying heavy petroleum fractions
and comprehending the molecular makeup of soil-weathered oil residues. X-ray fluo-
rescence (XRF) and X-ray absorption spectroscopy (XAS) based on synchrotrons.
These methods can identify the coordination environments and oxidation states of
metal impurities in addition to providing element-specific information. To provide
real-time data on contamination levels and expedite decision-making for remediation
efforts, LIBS has been used to monitor metal contaminants in water bodies damaged
by oil spills [9]. To assess total petroleum hydrocarbons (TPHs) and polycyclic aro-
matic hydrocarbons (PAHs), a method utilizing gas chromatography-mass spectrome-
try (GC-MS) was implemented. Hexane and methylene chloride are first used to ex-
tract samples. The gas chromatography-mass spectrometry (GC-MS) apparatus in
selected-ion-monitoring (SIM) mode is used to inject these extracts after they have
been fractionated on silica-gel columns. The ion m/z 57 (C4H9+), which holds im-
portance in aliphatic compounds, is tracked and combined throughout the chromato-
gram to measure TPHs. During a single analytical run, different quantification ions
are used simultaneously to analyze polycyclic aromatic hydrocarbons (PAHs). With
the use of gas chromatography-mass spectrometry (GC-MS), this method improves
identification accuracy while also speeding up analysis in comparison to conventional
techniques that use separate mass spectrometry for polycyclic aromatic hydrocarbons
(PAHs) and flame ionization detectors for aliphatic [10].

Because of the ongoing increase in oil prices and the increasing scarcity of oil and gas
resources, the exploration and transportation of heavy crude oil, oil sands, and oil
shale has increased significantly in the twenty-first century. The geochemical analysis
that goes along with this has also grown to be a significant area of research. Chroma-
tographic analysis is the primary technique utilized for oil spill identification. For the
first screening of soil samples, a gas chromatography/flame ionization detector
(GC/FID) is the primary technique. Gas chromatography-mass spectrometry
(GC/MS), with its high resolving power, is considered the most dependable method as
the second trier in contemporary oil spill fingerprint analysis. However, the efficacy
of Mid-infrared spectroscopy coupled with advanced chemometric techniques in rap-
idly and accurately identifying heavy and crude oil species, including complex sce-
narios such as marine oil spills. Infrared spectroscopy was used to detect ten different
crude oil samples. The results were analyzed and contrasted with gas chromatography
flame ionization detection method findings. Principal component analysis and partial
least squares regression were used to extract and classify the character information
from the IR spectra and GC/FID chromatograms. The findings indicate that it is pos-
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sible to identify heavy oil species quickly, accurately, and affordably by combining
the mid-infrared approach with chemometrics [11].

The Oil Spill Index presents a novel method for utilizing imaging spectroscopy to
identify crude oil spills in marine environments, an important concern. Because they
frequently rely on visual observation or satellite images, traditional methods for iden-
tifying oil spills may not be as accurate or timely as is necessary for a successful re-
sponse. In contrast, imaging spectroscopy makes it possible to collect comprehensive
spectral data over a broad range of wavelengths, which makes it possible to distin-
guish between various materials on the surface of the Earth more precisely. By con-
centrating on the spectral slope differences between crude oil and other substances,
like saltwater and clouds, especially in the wavelength region of 550nm to 750nm, the
Oil Slope Index (OSI) algorithm created in this work takes advantage of these quali-
ties. The Oil Slope Index (OSI) converts complex spectral information into a single-
band image that shows areas potentially damaged by oil spills. Oil Slope Index (OSI)
reliability as an operational tool for environmental monitoring and catastrophe man-
agement is demonstrated by experimental validation, which shows the system's ability
to reliably identify and map crude oil spills. Finally, the report makes recommenda-
tions for future research directions to improve the Oil Slope Index (OSI) even further
and increase its application in a variety of environmental settings [12].

An advanced method for evaluating the environmental effects of oil spills is presented
by "Fluorescence Spectroscopy Coupled with Parallel Factor-Principal Component
Analysis." This technique uses fluorescence spectroscopy to identify polycyclic aro-
matic hydrocarbons (PAHs) based on their characteristic fluorescence under particular
light excitation. Four oil spill sites were chosen to detail the spatial and temporal vari-
ations in polycyclic aromatic hydrocarbon (PAH) contamination levels and compare
the results with traditional analytical methods. This method is supplemented by prin-
cipal component analysis (PCA) and parallel factor analysis (PARAFAC), which
improve the resolution of complex fluorescence spectra and enable precise identifica-
tion and quantification of polycyclic aromatic hydrocarbons (PAHs) amidst environ-
mental background noise. The results demonstrate that fluorescence spectroscopy
combined with PARAFAC-PCA is an excellent tool for measuring pollutants and
keeping an eye on PAH contamination from oil spills. This approach can lessen the
dangers of polycyclic aromatic hydrocarbons (PAH) exposure to health and help clean
up the environment [13].

Oil spills are based on their chemical signatures, known as fingerprinting. It introduc-
es the concept's significance in determining spill sources, assessing environmental
impacts, and guiding response strategies. Two key analytical techniques, GC-MS
(Gas Chromatography-Mass Spectrometry) and FTIR (Fourier-Transform Infrared
Spectroscopy), were used to investigate and characterize oil spills as the chemicals in
oil to tell different types apart and see where they go in the environment as oil can
change over time and in different conditions. Gas Chromatography-Mass Spectrome-
try (GC-MS) excels in identifying and quantifying individual chemical compounds
within oil samples, crucial for determining the specific origin and composition of
spilled oils. Its high sensitivity allows the detection of trace levels of compounds even
in complex mixtures, aiding in accurate environmental assessments post-spill. Mean-
while, FTIR spectroscopy provides insights into oil composition by analyzing infrared
absorption patterns of functional groups within molecules. This method enables rapid
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screening of oil samples, highlighting changes in chemical structure due to weather-
ing effects over time. Together, these techniques enhance our understanding of oil
spill dynamics, supporting efforts to mitigate environmental impact and improve re-
sponse strategies [14].

Moreover, nanoparticles like gold, magnetic, and carbon-based (graphene oxide, for
example) can be utilized to detect oil residues and hydrocarbon spills due to their
large surface area and ability to interact with hydrocarbons. Numerous detection tech-
niques can be used, such as colorimetric tests, fluorescence, and magnetic resonance
imaging (MRI) [15]. Magnetic nanoparticles are functionalized to form a specific
binding with hydrocarbon molecules. Due to the magnetic properties of the nanoparti-
cles, magnetic fields can be used to separate and detect them, providing a rapid and
efficient way to assess the level of contamination [16]. The progress in creating sen-
sors based on nanoparticles for oil spill detection has been noticeable over time. Sur-
face-enhanced Raman scattering (SERS), electrochemical, and fluorescence-based
sensors that are extremely sensitive and selective are among the technologies that are
highlighted for development. Using nanoparticles in conjunction with microfluidic
devices allows for real-time monitoring [17]. Carbon nanotubes (CNTs) can be used
as sensing elements in oil spill-detecting systems. Because CNTs are electrically con-
ductive and have a high surface area, they can be used for sensing processes that de-
tect low hydrocarbon concentrations, such as changes in electrical conductivity and
optical properties in response to hydrocarbon exposure [18-19].

3. Conclusion

Oil spills, whether deliberate or not, severely harm ecosystems, water quality, soil
fertility, and public health. The vast range of hydrocarbons released during these
spills have the potential to negatively impact the ecosystem over time, thus we must
detect and address them as soon as possible. Due to their unique properties and di-
verse applications, nanoparticles seem to be a promising solution to these issues. Oil
spill detection and cleanup can be accomplished in unique ways with the use of nano-
particles with high surface area and functionalization capabilities, such as gold, mag-
netic, carbon-based (graphene oxide), and polymeric. Techniques for sensitive and
focused detection are made possible by these approaches. Advanced spectroscopy
techniques, such as Gas Chromatography-Mass Spectrometry, Laser-Induced Break-
down Spectroscopy, and Fourier-Transform Infrared Spectroscopy, enhance the accu-
racy of pollution monitoring and oil spill fingerprinting by providing comprehensive
information. Real-time monitoring and fast reaction times are enhanced by the com-
bination of nanoparticles and state-of-the-art sensor technologies, including electro-
chemical sensors, Surface-Enhanced Raman Scattering (SERS), and microfluidic
devices. This development highlights the need to utilize a range of cutting-edge tac-
tics to successfully lessen the impact of oil spills on the environment. It also high-
lights the critical role that nanoparticles play in improving detection methods and
protecting ecosystems and human health from the harmful effects of oil pollution.



284

R. Lathwal et al.

References

[1] Zhang, D.; Ding, A.; Cui, S.; Hu, C.; Thornton, S. F.; Dou, J.; Huang, W. E.
Whole-cell bioreporter application for rapid detection and evaluation of crude oil
spill in seawater caused by Dalian oil tank explosion. Water Research 2013,
47(3), 1191-1200.

[2]

[3]

[3]

[6]

[8]
[9]

[10]

[11]

[12]

[13]

Qiao, K.; Tian, W.; Bai, J.; Wang, L.; Zhao, J.; Du, Z.; Gong, X. Application
of magnetic adsorbents based on iron oxide nanoparticles for oil spill reme-
diation: A review. Journal of the Taiwan Institute of Chemical Engineers
2019, 97, 227-236.

Singh, H.; Bhardwaj, N.; Arya, S. K.; Khatri, M. Environmental impacts of
oil spills and their remediation by magnetic nanomaterials. Environmental
Nanotechnology, Monitoring & Management 2020, 14, 100305.

Fortes, F. J.; Ctvrtnickova, T.; Mateo, M. P.; Cabalin, L. M.; Nicolas, G.; La-
serna, J. J. Spectrochemical study for the in situ detection of oil spill residues
using laser-induced breakdown spectroscopy. Analytica Chimica Acta 2010,
683(1), 52-57.

Rizvi, S. M. H. Advanced Analytical Techniques for Characterizing Petrole-
um-Derived Contaminants in the Environment. Valley International Journal
Digital Library 2024, 125-134.

Wadhwa, A. S., Akhai, S., Abbass, M., Chouksey, A., Tiwari, S., & Taneja, T.
(2025). Computational Intelligence-Driven Design and Optimization of Pol-
yurethane Belt-Type Oil Skimmer for Sustainable Manufacturing Using
Solidworks 3D CAD. In Using Computational Intelligence for Sustainable
Manufacturing of Advanced Materials (pp. 445-464). IGI Global Scientific
Publishing.

Akhai, S., & Taneja, T. (2025). The Critical Role of Water Quality: Health
Impacts, Contaminants, and Sustainable Solutions for Environmental and
Human Well-being. In Smart Water Technology for Sustainable Management
in Modern Cities (pp. 101-116). IGI Global Scientific Publishing.

Pallavi Aggarwal, Mohit Rana, S. A. (2022). Briefings on e-waste hazard un-
til COVID era in India. Materials Today: Proceedings, 71(2), 389-393.
Reddy, C. M.; Quinn, J. G. GC-MS analysis of total petroleum hydrocarbons
and polycyclic aromatic hydrocarbons in seawater samples after the North
Cape oil spill. Marine Pollution Bulletin 1999, 38(2), 126-135.

Frank, U. A review of fluorescence spectroscopic methods for oil spill source
identification. Toxicological & Environmental Chemistry 1978, 2(3), 163-
185.

Zhang, L.; Huang, X.; Fan, X.; He, W.; Yang, C.; Wang, C. Rapid finger-
printing technology of heavy oil spill by mid-infrared spectroscopy. Envi-
ronmental Technology 2021, 42(2), 270-278.

Li, Q.; Lu, L.; Zhang, B.; Tong, Q. Oil Slope Index: An algorithm for crude
oil spill detection with imaging spectroscopy. In 2012 Second International
Workshop on Earth Observation and Remote Sensing Applications; 2012; pp.
46-49.

Mirnaghi, F. S.; Pinchin, N. P.; Yang, Z.; Hollebone, B. P.; Lambert, P.;
Brown, C. E. Monitoring of polycyclic aromatic hydrocarbon contamination



A Review of Spectroscopic and Nanoparticle Methods for Oil... 285

at four oil spill sites using fluorescence spectroscopy coupled with parallel
factor-principal component analysis. Environmental Science: Processes &
Impacts 2019, 21(3), 413-426.

[14] Bayona, J. M.; Dominguez, C.; Albaigés, J. Analytical developments for oil
spill fingerprinting. Trends in Environmental Analytical Chemistry 2015, 5,
26-34.

[15] Subha, K. R. K.; Ramachandran, S.; Natarajan, K.; Balasubramanian, V. Na-
noparticles for the detection and removal of oil spills: A review. Environmen-
tal Science and Pollution Research 2015, 22(23), 18247-18269.

[16] Liu, L.; Zhang, L.; Liu, X.; Zhao, H. Magnetic nanoparticle-based sensing
for the detection of oil spills. Journal of Hazardous Materials 2013, 262, 694-
702.

[17] Zhang, X.; Zhang, Y.; Yang, R. Advances in nanoparticle-based sensors for
oil spill detection. Sensors and Actuators B: Chemical 2016, 231, 563-574.

[18] Akhai, S., & Wadhwa, A. (2024). Enhancing Radiator Cooling with CuO
Nanofluid Microchannels. International Journal of Automotive Science And
Technology, 8(2), 201-211.

[19] Akhai, S., Walia, J., Bhullar, B. S., & Wadhwa, A. S. (2024). Advances in
Bandgap and Conductivity Engineering of Graphene-Based Semiconductors.
In Carbon-Based Materials and Environmental Remediation: Graphene, Bi-
ochar, and More (pp. 211-228). IGI Global.

(I confirm that no third-party material requiring permission has been used in the
manuscript).

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	A Review of Spectroscopic and Nanoparticle Methods for Oil Spill and Hydrocarbon Detection



