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Abstract 

Naphthenic acids (NAs) are a group of complex organic compounds naturally present 
in crude oil, characterized as persistent, toxic, and difficult-to-degrade organic 
pollutants. Although the concentrations of NAs typically exceed polycyclic aromatic 
hydrocarbons by several orders of magnitude, NAs have emerged as critical soil 
pollutants. Soil biodiversity, agricultural safety, and human health are significantly 
threatened by their presence. The increased concern about NAs leaching into 
groundwater has raised the need for investigation in that direction, but more often 
than not studies focus on the aquatic environment, thereby leaving a lot of unknowns 
pertaining to their fate and transport in a heterogeneous soil matrix. In this regard, the 
present review thoroughly synthesizes and evaluates recent advances in the field of 
NAs in soil systems focusing on analytical techniques, environmental fate, and 
remediation technologies. Important findings include the urgent need for standardised 
analytical protocols to deal with the complex mixtures of NAs, the limited mechanistic 
understanding of the migration and transformation of NAs across soil types and the 
need for predictive adsorption-desorption models. Significant uncertainties remain 
regarding the efficiency of degradation strategies, particularly in relation to the effects 
of plant-microbe interactions. Moreover, we highlight three key areas of research that 
require urgent attention: the creation of soil-tailored analytical frameworks; the 
understanding of molecular interactions in the rhizosphere and their potential 
application in bioremediation; and the incorporation of process-based models into 
remediation design. This review seeks to guide future research, policy development 
and advancement of technologies to remediate soils contaminated with NAs by 
bringing together current understanding and laying down a pathway forward. 

Keywords: Oil sands; Oxidative stress; Analytical standardization; Distribution; 
Biodegradation. 
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1. Introduction 

Due to oil spills and the discharge of oily wastewater, 
activities related to oil extraction, transportation, and 
refining can lead to soil pollution, thereby posing risks to 
the environment and human health (Meulen et al., 2025; 
Yuan et al., 2022). Research into petroleum-polluted soils 
has largely focused on polycyclic aromatic hydrocarbons 
(PAHs) in the past. Nevertheless, the improvement of 
analytical methods showed that naphthenic acids (NAs) are 
a group of naturally toxic petroleum compounds that 
constitute 2 to 4% of crude oil by mass (Valente et al., 2024) 
are often present in contaminated sites at concentrations 
10-30 times higher than PAHs. NAs concentrations have 
been found to exhibit significant toxicity. Moreover, the 
natural NAs have half-lives of about 12.9-13.6 years in 
tailing ponds. NAs have been a critically neglected group of 
emerging soil contaminants (Zan et al., 2019). The first 
definition of NAs was developed in the 1960s. Previously, 
NAs were defined as a complex, containing alkyl-
substituted acyclic and cycloaliphatic carboxylic acids that 
have the general formula of CnH2n+zO2 (Figure 1(a)). In this 
formula, ‘n’ represents the carbon number (generally 5-
33); and ‘z’ represents the hydrogen deficiency caused by 
ring structures, which is a negative even integer (Grewer et 
al., 2010; Whitby, 2010; Gheorghe et al., 2025). 
Nonetheless, there have been additions to this definition. 
The International Union of Pure and Applied Chemistry 
(IUPAC) says that real-use NAs mixtures may present 
structures with aromatic rings, unsaturation and 
heteroatoms (nitrogen, sulfur, and oxygen; NSO) (Headley 
et al., 2013; Barros et al., 2022;). Moreover, the discovery 
of oxidized naphthenic acids (ox-NAs) NAs with the formula 
CnH2n+zOx, where x is equal to and higher than 3. This 
includes diacids (O4 class) (Figure 1(b)) and tetra-acids 
(such as C80 hexacyclic acid; they would be O8 class) (Figure 
1(c)). This has also contributed to their identification. They 
are implicated in difficult-to-manage calcium naphthenate 

deposits (Lutnaes et al., 2017; Negris et al., 2024). The 
unique structure of such substances complicates their 
analysis and moreover affects their environmental 
behaviour and persistence in soil, as a result, risk 
assessment and remediation efforts are challenging. 

The environmental importance of NAs is highly supported 
by their multi-faceted and high toxicity to a variety of 
organisms in a soil environment owning to the risks they 
pose. A crucial way by which NAs generate toxicity is by 
inducing oxidative stress, suggesting that NAs may 
generate reactive oxygen species (ROS) that overwhelm 
the antioxidant defences of organisms and generate 
damage. Moreover, NAs are potentially multi-toxicity and 
pose environmental threats. In vegetation, NAs disrupt 
essential physiological functions such as water root 
transport, stomatal conductance, and transpiration. 
Changes in root exudate profiles (e.g., organic acids, 
amines) and induction of oxidative stress severe enough to 
damage the respiratory chain and accelerate senescence 

(Kamaluddin et al., 2002；Jia et al., 2023). Animals can 

suffer from mortality, developmental defects, 
immunotoxicity and organ damage due to exposure which 
is mainly through ROS-mediated DNA and cellular damage 
(Bartlett et al., 2017). Moreover, Certain NAs fractions have 
been recognized as estrogen receptor agonists and exhibit 
anti-androgenic properties, suggesting that they act as 
potential endocrine disruptors. Toxicity data from animal 
studies indicate that the oral LD₅₀ in rats ranges from 3.0 to 
5.2 g kg⁻¹, where LD₅₀ refers to the median lethal dose 
required to cause death in 50% of test animals (Reis et al., 
2023). Surfactant-like properties of NAs cause disruption of 
the cell membrane and cell lysis of living organisms in 
microbial communities. This leads to a delay in growth and 
metabolism of susceptible species. In summary, NAs have 
negative effects along the soil trophic network-from 
microbes to plants and animals-largely by causing cellular 
damage and interference with key metabolic processes. 
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This wide-ranging toxicity emphasizes the necessity of 
understanding the behaviour of these chemicals in soil 
matrices and the consequent need to develop measures to 
combat their ecological and health effects, this serves as 
justification for the present review. 

 

Figure 1. (a) Some chemical structures of naphthenic acids 

present in crude oil, where DBE (double bond equivalent) 

represents the number of rings and double bonds, R the alkyl 

chain, and z hydrogen deficiency (adapted from (Headley et al., 

2013; Terra et al., 2017)); (b) cyclohexane di-1,4-carboxylic acid 

(Frank et al., 2009), and (c) C80 hexacyclic acid (Sutton et al., 

2010). 

 

Figure 2. Keywords density visualization map for NAs (a; b) and 

NAs in soil (c;d). 

This review aims to clearly define the scope and 
substantiate the identified research gaps through a 
structured and transparent literature analysis. To ensure 
methodological rigor, a systematic search was conducted 
using the Web of Science Core Collection database for 
publications available up to December 2025. The search 
was performed using the keywords “naphthenic acids” and 
“naphthenic acids in soil”. The initial search using 
“naphthenic acids” yielded 1316 publications. A refined 
search using “naphthenic acids in soil” returned 71 articles. 
These records were further screened based on relevance to 
soil systems. Studies focusing exclusively on aquatic 
environments without clear implications for soil processes 
were excluded. Additional inclusion criteria considered 
studies addressing analytical methods, environmental 
behavior, toxicity, and remediation of NAs in soil. After 
screening titles, abstracts, and full texts, a subset of 
relevant studies was selected for detailed analysis. The 

keyword co-occurrence analysis confirms that most 
existing literature is concentrated on oil sands, oil sands 
process water, and biodegradation (Figure 2(a) and (b)), 
whereas soil-related studies remain limited. The keyword 
network for soil-focused studies (Figure 2(c) and (d)) 
highlights associations with PAHs, bioremediation, and 
toxicity. Notably, although NAs often occur at higher 
concentrations than PAHs and present greater remediation 
challenges, their behavior in soil systems remains 
underexplored, with important implications for 
groundwater and agricultural safety. Based on this analysis, 
three major scientific bottlenecks are identified: (1) the 
absence of standardized analytical approaches for complex 
NAs mixtures in soil; (2) limited mechanistic understanding 
of their migration and transformation in heterogeneous 
soil matrices; and (3) the lack of effective, mechanism-
based remediation strategies for NAs-contaminated soils. 
Accordingly, this review addresses the central question of 
how the structural characteristics and environmental 
behavior of NAs govern their persistence in soil systems 
and influence the effectiveness of different remediation 
strategies. In response, this review provides a structured 
and critical synthesis of current knowledge on NAs in soil 
systems, including analytical techniques, environmental 
behavior, and remediation strategies. By identifying 
limitations in existing approaches and highlighting key 
research priorities, this work aims to support future 
research, technological development, and policy-making 
related to NAs-contaminated soils. 

2. Analytical Methodologies for NAs in Soil: Challenges 
and Techniques  

The accurate measurement of NAs in soil is important for 
risk assessment and remediation but presents unique 
problems in terms of analysis. The first is the challenge that 
NAs are complex mixtures consisting of potentially 
thousands of isomers and homologs and for which 
standards are not available for most constituents (Barros et 
al. 2022). The soil environment creates ‘co-extracted 
interferents’ that are organic and inorganic and difficult to 
quantify. As a result, absolute quantification is 
unattainable; indeed many methods are semi-quantitative 
by default since they use a commercial surrogate mixture 
as a standard (Scott et al., 2008a). Methods for determining 
NAs have been widely developed and applied worldwide, 
primarily focusing on the assessment of their 
concentrations and structural characteristics. The total acid 
value generally characterizes the NAs concentration in 
crude oil with respect to concentration determination. 
Different methods of structural composition analysis are 
being utilized. (Yen et al., 2004). Both gas chromatography 
(GC) and liquid chromatography (LC), for chromatography, 
have been established literature precedents for pre-
separation of NAs to lower sample complexity before mass 
spectrometry. As an example, the characterization of NAs 

in a number of applications has been done by GC×GC-
TOF/MS. In the same vein, the fingerprints analysis of NAs 
has been achieved through GC-FT-ICR MS with electron as 
well as chemical ionization. In addition, high-performance 
liquid chromatography (HPLC) or ultra-performance liquid 
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chromatography (UPLC) in conjunction with high-
resolution mass-spectrometry (HRMS) has also been widely 
used for NAs analysis (Chen et al., 2024).  

 Non-Specific Aggregate Parameter: Total Acid Number 
(TAN) 

NAs content in a soil petroleum mixture can be assessed by 
the Total Acid Number method, where oil sample is titrated 
with KOH to determine the mg of KOH requisite for 
neutralizing 1 g of oil. Nevertheless, it should be noted that 
the method also considers the presence of other acid 
petroleum compounds, making it difficult to define the NAs 
content actually present in soil (Barros et al., 2022). 

 Spectroscopic and Chromatographic Techniques 

The assessment of absorbance of carboxyl groups in the 
infrared spectrum is used for Fourier-transform infrared 
spectroscopy (FTIR) analysis of NAs. The detection limit is 
usually about 1 mg L-1, but it is not possible to identify NAs 
content accurately through specific functional group peak 
detection. The FTIR measure adopts the standard 
quantitative procedure involving methylene chloride 
extraction from acidified samples. The FTIR analysis of NAs 
primarily targets the characteristic stretching vibrations of 
the carboxyl groups (-COOH), particularly the C=O carbonyl 
stretching band. In reality, the data refers to the organic 
matter extracted from the acid, which does not perfectly 
match the chemical formula of NAs (Clemente et al., 2005; 
Grewer et al., 2010). 

The determination of NAs using HPLC analysis is 2-
nitrophenylhydrazine (NPH) derivatives of carboxylic acids 
prepared in an aqueous medium using coupling agent 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
(Miwa et al., 2000). FTIR gives a concentration that is about 
11% greater than HPLC according to the research. Also, 
HPLC uses less man-hours than FTIR and does not use 
chlorinated solvents. The method has shown to be more 
effective and accurate with a detection limit of 
approximately 5 mg L-1. Yen et al. (2004) demonstrated 
enhanced HPLC detection of low NAs concentrations 
(approximately 5 mg L-1) in oil sands, which was also 
simpler, faster, and more precise than FTIR. HPLC-HRMS 
coupling gives the best compromise between price, 
feasibility and resolution. Analyzing NAs with LC-MS allows 
more information about oxidized NAs (O2-O6) to be 
obtained than GC-MS (Huang et al., 2021). When low 
concentration NAs in crude oil do not have a chromophore, 
application of preconcentration, separation and 
esterification procedures is required for their 
chromatographic analysis in order to improve volatility, 
reduce polarity and enhance detection sensitivity (Barros 
et al., 2022). 

 Mass Spectrometric (MS) Techniques and Hyphenated 
Methods  

The term MS refers to the technique that NAs must 
undergo to separate out the components of a NAs mixture. 
In that way, one is able to show the spectra of each 
individual NAs isomer based on the relative responses of 
each mass which corresponds to their n and z values 
(Gheorghe et al., 2025). Although direct MS methods afford 

considerable information, group type analysis may not fully 
resolve all constituent isomers and diastereomers within 
complex mixtures (Porto et al., 2021). Mass spectrometry 
concentrates on the typical sample ion and requires initial 
ionization into ions. There are several ionization sources 
that can efficiently ionize NAs, including electron ionization 
(EI), chemical ionization (CI), negative ion electrospray 
ionization (ESI), field desorption (FD), and atmospheric 
pressure chemical ionization. The molecular composition 
of NAs can be unequivocally determined when these 
ionization sources are coupled to their mass spectra (Zhan 
et al., 2000; Merlin et al., 2007). Moreover, the quadrupole 
time-of-flight mass spectrometry (QTOF-MS), Orbitrap MS 
and FT-ICR MS are certainly offering a high resolution than 
above all mentioned MS detectors, but costly. According to 
Wang et al. (2019) the identification of NAs in refinery 
wastewater through the derivative reagent was achieved 
using QTOF-MS utilizing a derivative method to generate 
characteristic fragments. Using their identification 
approaches, the authors identified 70-126 classical NAs, 
30-68 oxidizing NAs, and 54-60 nitrogenous NAs. 

Electrospray ionization mass spectrometry (ESI-MS) is a 
soft ionization technique that converts ions in solution into 
gas-phase ions to study them in mass spectrometry. For 
instance, Clemente extracted from aqueous samples 
naphthenic acids by solid-phase extraction on a 
divinylbenzene-based polymeric sorbent (ENV+), a 
modified styrene-divinylbenzene material used for solid-
phase extraction. Sorbent with acetonitrile and analyzed by 
ESI/MS were eluted these acids (Clemente et al., 2005). The 
detection limit assessed on a 500 mL water sample is 0.01 
mg L-1 (Sakin et al., 2011). One of the major challenges of 
ESI is the matrix effect which can compromise its 
quantitative ability with the presence of salts and coelutes 
(Oetjen et al., 2017). 

Gas Chromatography-Mass Spectrometry (GC-MS) is a key 
technique for the qualitative and quantitative analysis of 
complex mixtures of NAs such as linear, tricyclic and 
pentacyclic carboxylic acids. It is advantageous in 
determining sources as well as the degradation stages of 
NAs contamination. The derivatization of polar NAs to 
enhance their volatility and detectability is a vital 
prerequisite for GC-MS analysis. Typical reagents for 
converting NAs to (tert-butyldimethylsilyl) TBDMS esters 
are N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide 
(MTBSTFA). The fragmentation caused by electron 
ionization of such derivatives provides the characteristic 
[M+57]+ ions (where M is the molecular mass of the TBDMS 
ester), which corresponds to the [naphthenate+dimethylsilyl]+. 
The pattern of fragmentation that has been appearing on 
the spectra allows to correlate the peaks with certain 
numbers C (carbon) and Z (hydrogen deficiency). This is of 
interest for the characterisation and semi-quantification of 
components in complex mixtures of NAs (Clemente et al., 
2005). According to Scott et al. (2008a), the detection limit 
of GC-MS method is 0.01 mg L-1.  

Comprehensive two-dimensional gas chromatography with 

time-of-flight mass spectrometry (GC×GC-TOF/MS) is a 

significant advance for countering the co-elution and 
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incomplete separation associated with one-dimensional 
GC-MS. With the first dimension column, the second 
column provides modulators that trap, focus and reinject 
effluents. As the second column is orthogonally selective, 
separation is undertaken here inside a second column. Not 
only does this improve resolution, but it also enhances 
peak capacity in two-dimensional chromatography. 

According to Bowman et al. (2020), GC×GC-TOF/MS can 

be used to identify a wide range of components present in 
oil sands tailings water, such as adamantane, dicyclic, 
(alkylated) monocyclic and even thiophene carboxylic 
acids. An analytical question that must be addressed when 
GC-MS is used is the need to differentiate between esters 
produced synthetically during derivatization (e.g. methyl 
esters) and esters that occur naturally in environmental 
samples. One more ionization mode that is frequently 
utilized in GC-MS is EI. The mass spectrum is well 
reproduced and contains more information on fragment 
ions, which is beneficial for predicting the structure of 
unknown substances. EI has advantage as it is easy to 
implement. The drawback of EI is that the intensity of the 
molecular ion peak is weak or nonexistent when the 
molecular stability of the sample is poor (Chen et al., 2024). 
Even with modern methods on the rise, traditional GC-MS 
is still more practical. Headley et al. note the benefits of 
operational simplicity, availability, and reliability. 
Moreover, work (Headley et al., 2013) shows it can track 
gross changes in NAs concentrations and broad shifts in 
composition. Accordingly, overview analysis is an 
accessible and effective technology for many monitoring 
and screening applications. 

 Synthesis and Method Selection for Soil Analysis 

The choice of analytical method involves trade-offs among 
resolution, sensitivity, cost, and operational convenience. 
Previous studies have often reported an inverse 
relationship between analytical resolution and measured 
NAs concentrations (Ross et al., 2012), however, this trend 
is not universal. To compare analytical techniques for NAs, 
representative data from the Alberta oil sands region in 
Canada are summarized in Table 1. In general, higher-
resolution methods (e.g., HPLC-HRMS, GC×GC-TOF/MS) 
tend to provide more selective and interference-free 
measurements, often resulting in lower reported 
concentrations. In contrast, less selective techniques (e.g., 
FTIR, TAN) may yield higher apparent concentrations due 
to contributions from non-NAs organic acids (Han et al., 
2009; Vander et al., 2023). However, the magnitude and 
even direction of these differences vary across samples. For 
example, in the Suncor South Tailings Pond sample, the 
concentration measured by HPLC-TOF/MS is slightly higher 
than that obtained by FTIR. Such discrepancies likely reflect 
differences in sample matrix, co-extracted compounds, and 
method-specific sensitivity and calibration. Furthermore, 
the ratio between low and high-resolution measurements 
varies substantially among different environmental 
matrices (e.g., river water vs. tailings pond water), 
indicating that matrix effects play a critical role in 
influencing analytical outcomes. This variability has 
important implications for environmental monitoring, as 

differences in analytical selectivity and matrix interference 
may lead to inconsistent concentration estimates across 
studies. These variations highlight the importance of 
accurate analytical characterization, as they directly 
determine the feasibility and efficiency of subsequent 
remediation strategies.  

For soil analysis, which represents a complex matrix, GC-
MS is a widely used and practical option for determining 
total NAs and broad compositional profiles, offering good 
sensitivity, reliability, and operational simplicity (Table 2) 
(Gheorghe et al., 2025). When detailed molecular 
characterization is required, higher-resolution techniques 
such as HPLC-HRMS or GC×GC-TOF/MS are preferred, 
although they require more advanced instrumentation and 
expertise. The selection of analytical methods should be 
aligned with the objectives of the study. For example, total 
NAs burden can be assessed to evaluate overall 
contamination, whereas source identification and 
transformation analysis require careful consideration of 
soil matrix effects. Appropriate quality control measures, 
including the use of internal standards and effective sample 
cleanup procedures, are essential to ensure data reliability. 

Overall, no single analytical method is universally optimal. 
Low-resolution techniques (e.g., FTIR, TAN) are suitable for 
rapid screening but may overestimate concentrations due 
to limited selectivity. In contrast, high-resolution methods 
(e.g., HPLC-HRMS, GC×GC-TOF/MS) offer greater specificity 
and structural insight, making them more appropriate for 
detailed characterization, albeit with higher complexity 
and cost. Importantly, matrix effects, especially in soil 
systems, can significantly influence analytical performance. 
Therefore, method selection should be guided by the study 
objective, sample matrix, and required level of chemical 
detail. 

3. Environmental behavior of NAs in soil  

During the petroleum exploration, extraction, 
transportation and processing, NAs utilize petroleum as a 
carrier and has a crude oil leak and oil spill, accumulation 
of oily residues, sludge and waste, irrigation with oily 
effluents, sedimentation of oily particles, chemical 
contamination etc. (Zan et al., 2019; Hoang et al., 2021) 
(Figure 3(a)), leading to long-term and potentially 
irreversible impacts on soil ecosystems. Once introduced 
into soil, the environmental behavior of NAs is strongly 
governed by their chemical structure. Specifically, NAs with 
lower molecular weight and higher polarity tend to be 
more mobile, undergoing transport through processes 
such as dissolution, diffusion, and leaching. In contrast, 
higher molecular weight and more hydrophobic NAs 
exhibit stronger sorption to soil organic matter and mineral 
surfaces, resulting in reduced mobility but greater 
persistence. Structural features such as carbon number, 
degree of branching, and cyclicity also influence their 
susceptibility to transformation. For example, simpler and 
less sterically hindered NAs are more readily biodegraded, 
whereas more complex and highly branched structures 
tend to resist microbial degradation. In addition, acid–base 
properties and redox reactivity further control their 
speciation and toxicity in soil environments. NAs can 
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interact with soil colloids through adsorption, be taken up 
and transformed by plants and microorganisms, or enter 
the food chain, where their effects may be attenuated or 
amplified. Environmental factors such as pH, temperature, 

salinity, oxygen availability, and microbial community 
composition further modulate these processes (Kannel et 
al., 2012), as summarized in Figure 3(b). 

Table 1. Compares the analytical techniques of NAs in different samples. 

Source of NAs 
sampling 

time 
Test method Concentration (mg L-1) Reference 

Syncrude West In Pit  2009 
FTIR 25.5 

(Lu et al., 2013) 

HPLC-TOF/MS 20.7 

Suncor South Tailings Pond  2009 
FTIR 11.0 

HPLC-TOF/MS 12.9 

Albian External Tailings Facility Pond  2009 
FTIR 8.3 

HPLC-TOF/MS 6.8 

Athabasca River, u/s from oil sands  2011 
GC-MS 0.17 

(Ross et al., 2012) 

HPLC-TOF/MS 0.00491 

Athabasca River, d/s from oil sands  2011 
GC-MS 0.1 

HPLC-TOF/MS 0.016 

Steepbank River  2011 
GC-MS 0.26 

HPLC-TOF/MS 0.00582 

Mclean Creek  2011 
GC-MS 7.94 

HPLC-TOF/MS 0.0807 

Johnson Lake  2011 
GC-MS 0.22 

HPLC-TOF/MS 0.0274 

Syncrude West in Pit 2009 
GC-MS 36 

(Grewer et al., 

2010) 

FTIR 60 

Syncrude Demo Pond (Big Pit) 2009 
GC-MS 5.9 

FTIR 14 

Suncor Pond 2/3 2009 
GC-MS 47 

FTIR 63 

Albian External Tailings Facility Pond 2009 
GC-MS 18 

FTIR 35 

Athabasca River, Fort McMurray u/s from oil 

sands 
2009 

GC-MS <0.03 

FTIR 0.08 

Athabasca River, 30 m u/s from oil sands 2007 
GC-MS <0.01 

(Scott et al., 2008a) 

FTIR 0.29±0.08 

Athabasca River, d/s from oil sands 2007 
GC-MS <0.01 

FTIR 0.26 

Consolidated tailings (CT)water 2007 
GC-MS 4.9 

FTIR 18 

Tailings water  2004 
GC-MS 4 

FTIR 17 

Tailings water  2007 
GC-MS 12 

FTIR 34 

Table 2. The detection limits of different test methods were compared.  

Test method Limit of detection Reference 

FTIR 1 mg L-1 (Clemente et al., 2005) 

HPLC 5 mg L-1 (Yen et al., 2004) 

ESI-MS 0.01 mg L-1 (Sakin et al., 2011) 

GC-MS 0.01 mg L-1 (Scott et al., 2008a) 

 Distribution of NAs in soil 

NAs are mostly found in the surface soil layers 0-20 cm. 
Contaminants that become adsorbed to soil particles or 
retained in capillary pores can only migrate very little and 
thus extremely difficult to control. In contrast, dissolved or 
separate NAs that are retained in non-capillary pores have 
high mobility and pose a risk for pollution (Gheorge et al., 

2025). NAs predominantly occur at Athabasca in Canada 
where there are large quantities of oil sands. Other 
occurrences include Orinoco in Venezuela, California, Utah, 
and Wyoming in the United States, Siberia in Russia, as well 
as other oilfields in China e.g. Tarim, Qaidam, and 
Changqing. According to reports, NAs is severely polluting 
oil refineries, chemical plants, and gas station in the U.S. 
and U.K. The Netherlands has experienced more than 100 
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000 oil pollution episodes, and the soil in these areas has 
high concentrations of NAs (Gheorghe et al., 2025). Huang 
retrieved 55 soil samples from several Chinese oilfields, 
including Karamay, Korla, Daqing and Shengli in Xinjiang. 
The concentrations of NAs in contaminated soil are 2.3-
132.9 mg kg-1, which is over ten times higher than the PAHs 
at the same sampling locations (Jie et al., 2015). The 
quantity of oil contaminated soil in China, a significant oil 
producer and consumer of the world, has reached nearly 
100,000 tons since 1978. This oil-contaminated soil issue in 
China affects an estimated area of 80 million m² of land. 
Soil contaminated with NAs in China is estimated to 
amount to 100 million tons (Jie et al., 2015; Aguelmous et 
al., 2019). 

 

Figure 3. Pollution sources and environmental behavior of NAs. 

(a) pollution sources; (b) environmental behavior. 

 Adsorption/desorption of NAs in soil 

Adsorption–desorption processes play a crucial role in 
controlling the mobility, transformation, and bioavailability 
of NAs in soil environments. NAs exhibit selective 
adsorption behavior, with components in the C13–C17 
carbon number range showing a higher affinity for soil 
particles. Notably, this carbon number range also 
corresponds to a transition in biodegradability, as NAs with 
more than 13 carbon atoms tend to degrade more slowly. 
The combined effect of stronger adsorption and reduced 
biodegradation can enhance the persistence of these 
compounds in soil systems by limiting their mobility and 
microbial accessibility. Research shows that after 
adsorption for more than 30 days, the concentrations of 
eight typical NAs decrease significantly in soil, with more 
pronounced effects observed for Z = 0, Z = −12, and Z = −14 
(Medeiros et al., 2023). In addition, organic-rich soils 
exhibit greater adsorption capacity (Janfada et al., 2006). 

Soil adsorption capacity and organic matter content 
usually correlate linearly and strongly, with maximum 
adsorption sites predominantly located in the aggregates 
with a regular arrangement of hydrophobic interaction 
and hydrogen bonds. Studies on the adsorption of NAs 
using syllites reveal that hydrophobic actions, hydrogen 
bonds and π-π interactions are involved (Medeiros et al., 
2023). Carbon and petcoke were found to remove a 
substantial quantity of dissolved NAs from Oil Sands 
Process-Affected Water (OSPW), with efficacy being a 
function of petcoke content, pH, and temperature (Niasar 
et al., 2016). As a result, the efficiency of adsorption 
through hydrophobic interaction, hydrogen bonding, π-π 
interaction, acid-base interaction and functional groups 
characteristics in respect of pH and temperature (Figure 
4), depends on both the chemical structure of NAs and 
organic matter content of soil. 

The adsorption model for NAs generally fits the Freundlich 
isotherm. The Langmuir model is also used for describing 
adsorption of NAs on soil (Xiang et al., 2019). Nonetheless, 
linear isotherms rather than Langmuir or Freundlich 
models best represent NAs in certain studies (Peng et al., 
2002). Adsorption behavior of NAs under different 
conditions or of NAs of different changes (anions, cations 
and zwitterionic ions) with soil components is not defined 
by these classical models and may therefore miss the 
accurate adsorption mechanism of NAs in soil. Developing 
a new adsorption model may be needed to promote 
accurate prediction of NAs adsorption behaviour in soil, 
which may effectively depict NAs adsorption under various 
influencing factors. 

 

Figure 4. Adsorption mechanism of NAs in soil 
 Volatilization and percolation of NAs 

Because of their viscous character, NAs are not easily 
volatilized and most of them can be absorbed in the soil. 
Nonetheless, soil particles can be transported alongside 
the still retained lower molecular-weight NAs. Under 
certain rainfall and irrigation leaching conditions, residual 
soil oil pollutants may release and desorb, thereby 
stimulating the movement of pollutants towards the 
saturation zone. When oil pollutants move forward to the 
capillary zone due to infiltration or leaching, the gravity and 
capillary forces will cause vertical as well as lateral 
migration. This allows a rapid infiltration. The pollution 
interface is generated in capillary zone by lateral migration 
and expansion (Wang et al., 2026). A portion of the oil 
pollutants goes to the saturated zone and pollutes 
groundwater while others remain at the capillary zone. 
Larger oil pollutants in the vadose and capillary regions get 
washed down and contaminate the underground water 
sources with rains (Schroth et al., 1998). 

4. Remediation of NAs in soil 

NAs are considered a new type of pollutant and require a 
variety of remediation methods ranging from physical, 
chemical and biological (Zhang et al. 2024; Woo et al. 
2009). The cost of the geochemical remediation is cheap 
but residual toxicity, climate and productivity impact are 
major limitations. Moreover, physical remediation (heat 
treatment, isolation, concentration and drying and 
stripping) mainly achieves treatment through pollutant 
migration. In addition, it is expensive in cost. Also, it may 
cause secondary pollution. As a result, their application is 
limited. In chemical remediation (solvent extraction, 
surfactant leaching, chemical oxidation and 
photocatalysis), the use of oxidants to achieve the 
degradation of NAs into harmless substances is a widely 
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employed technology (Xu et al, 2011). Notable challenges 
have plagued non-degradable technologies like the 
complex operation of catalytic oxidation, the expensive 
nature of ozonation, and inefficient photodegradation. On 
the contrary, bioremediation which involves 
phytoremediation, microbial remediation and combined 
plant-microbial remediation is more eco-friendly. It takes 
in, breaks down and alters NAs through biosynergistic 
action and lowers its toxicity (Huang et al., 2010; Hoang et 
al., 2021). According to Rio et al. (2006), this technology 
has many advantages such as low energy consumption, 
high efficiency, and less secondary pollution. However, its 
effectiveness can be significantly compromised in 
extremely polluted soils where NAs concentrations exceed 
microbial tolerance levels. In such cases, bioremediation 
needs to be integrated with other remediation 
technologies. According to Table 1, the concentration and 
composition of NAs vary significantly across different 
environmental matrices and analytical methods, which 
directly influence the selection and effectiveness of 
remediation strategies. Therefore, remediation strategies 
should be selected based on site-specific conditions, 
particularly NAs concentration levels, compositional 
characteristics, and soil matrix effects as revealed by 
analytical assessments.  

 Photodegradation 

Photocatalysis is a fast photoreaction that mainly uses 
photocatalysts to generate reactive oxygen species (ROS) 
like •OH to oxidise, which degrades pollutants (Woo et al., 
2009). A study by McMartin et al. (2004) indicated that 
exposure to UV light has the potential to change the 
structure and toxicity of NAs. Titanium dioxide was used as 
the catalyst to study the degradation of NAs and its 
analogue 4-methylcyclohexanoacetic acid (Livera et al., 
2018) by sunlight. The results showed that about 75% of 
the NAs degraded after 8 hours of light exposure when 4-
methylcyclohexanoacetic acid was fully degraded. The dark 
control group showed no significant increase in 
degradation, indicating that light plays a critical role in NAs 
removal. Furthermore, the different components of NAs 
result in photodegradation at different rates and extents. 
NAs bearing three or fewer rings are more prone to 
photodegradation than those bearing more than three 
rings where the steric effects of spatial structure 
increasingly emerge as decisive factors in determining 
photodegradation rates (Burdová et al., 2025) Importantly, 
the natural photolysis of NAs in soil is limited since high-
energy radiation wavelengths penetrate only the top soil 
layer. Thus, photolysis cannot completely and effectively 
degrade NAs in soil. The future study of Fenton oxidation 
and other light-assisted catalytic processes may enhance 
photodegradation efficacy and bioavailability (Headley et 
al., 2004; Zeng et al., 2024). 

 Fenton oxidation 

Efforts on Fenton-based remediation of petroleum 
pollution have focused on optimization of catalyst systems 
and process parameters. Much attention has not been paid 
to complex heterocyclic compounds (Zhu et al., 2023; 
Mansour et al., 2024). The Fenton mechanism is based on 

the Fe2+ catalyzed formation of hydroxyl radicals •OH 
(Eq(1)), which are more powerful oxidants than ozone or 
H2O2 and can oxidize recalcitrant NAs. The efficiency of 
chemical reactions is affected by several factors including 
the dosage of the reagent, pH (optimum range of 3.0-4.0), 
temperature and time of contact (Neyens et al., 2003). 
Under conditions of optimized Fenton, Lu et al. (2010) was 
able to achieve 80% removal of NAs in the soil. However, 
the acidic conditions required for Fenton reactions may 
negatively impact soil health by inhibiting microbial activity 
and disrupting ecological functions. Organic chelators (e.g., 
catechol, EDTA) can help buffer the system, maintaining pH 
within a range of 6.0-9.0 while preserving degradation 
efficiency. In this context, high-efficiency electro-assisted 
catalytic Fenton-like reactions have been investigated for 
the degradation of refractory NAs (Chen, et al., 2022). The 
researchers developed an electrochemical/ 
peroxymonosulfate/iron (III) (EC/PMS/Fe (III)) system for the 
effective degradation of NAs compounds like CHA. The 
existence of the electric field intensifies the redox cycling 
of Fe (III)/Fe (II) and activates PMS for NA degradation 
(Song et al., 2025). Within 30 minutes, total degradation of 
NAs compounds (5 mg L-1) was achieved in the EC/PMS/Fe 
(III) system (Figure 5). Studies show that •OH-, SO4

•−, and 
1O2 are the main reactive oxygen species (ROS) in the 
EC/PMS/Fe (III) system. (Chen et al., 2022; Mora et al., 
2020). The simultaneous action of the electric field and Fe 
(III)/Fe (II) redox cycle activates PMS Eq (2–4). 

Fe2++H2O2→Fe3++•OH+OH
 

(1) 

Fe3++e−→Fe2+

 
(2) 

Fe2++HSO5
−→Fe3+ + SO4

•−+OH−

 
(3) 

Fe2++HSO5
−→Fe3+ + •OH+SO4

2−

 
(4) 

 

Figure 5. Mechanism diagram of the EC/PMS/Fe (III) system for 

NAs removal.  

Photodegradation and Fenton oxidation differ in efficiency, 
limitations, and applicability. Fenton processes typically 
achieve higher and faster degradation due to strong oxidative 
radicals, but are constrained by acidic conditions and potential 
impacts on soil microorganisms. In contrast, 
photodegradation is more environmentally benign but limited 
by light penetration and is mainly effective in surface soils. 
From a practical perspective, Fenton oxidation is more 
suitable for rapid treatment of heavily contaminated soils, 
whereas photodegradation serves better as a supplementary 
approach. Therefore, remediation strategies should be 
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selected based on contamination level, soil depth, and 
environmental conditions, with combined approaches 
offering improved effectiveness. 

 Other oxidation methods 

Ozone oxidation is a novel advanced oxidation process 
among several techniques that are used to treat the 
recalcitrant NAs (Mansas et al., 2020; Kou et al., 2023). 
Ozone is a strong oxidant with fast reaction rates. Upon 
being infused into water, ozone generates two powerful 
free radicals, HO2• and OH•. These species have been 
effectively used for organic wastewater pollution. 
However, they have not been used for soil remediation (Ye 
et al., 2021). In oil sands tailings wastewater having 59 mg 
L-1 NAs, the degradation rate of NAs was about 70% with 
ozone treatment, while 96.6% was reached after 130 min 
(Scott et al. 2008b). The GC/MS analysis demonstrated a 
decrease in the ratio of high molecular weight NAs 
components. The overall ozone oxidation has been proved 
better than the biodegradation in reducing concentration 
of high molecular weight alkyl branched NAs, which causes 
increase in biodegradation to produce more volatile 
intermediates Kannel et al. (2012) However, anions 
compete with free radicals for catalytic adsorption sites, 
which could give rise to new pollutants and lower the 
efficacy of ozone oxidation. 

In addition, studies show that ozonation can effectively 
reduce high molecular weight alkyl branched NAs so that 
biodegradation is expedited to form less stable 
intermediates (Kannel et al., 2012). However, in the 
presence of anions, the efficiency of ozonation may reduce 
as anions compete with free radicals to occupy free radical 
adsorption sites on the surface of the catalyst. The above 
may lead to the formation of new pollutants. Recent 
studies have examined the removal of NAs with ozone-
activated persulfate (How et al., 2023). Significantly 2:1 
ozone/PMS ratio treatment of model adamantane NA 
compound (1-adamantane carboxylic acid; ACA) removed 
85% of the compound after 45 seconds of reaction time. 
The role of hydroxyl radicals and sulfate radicals is crucial 
in the removal of ACA. The role of ozone, however, is not 
much. ACA decomposition pathways are primarily 
hydroxylation, carboxylation, and polymerization under 
ozone/PMS conditions. The ozone molecules and the 
radicals •OH and SO4•− produced from the ozone/PMS 
process follow the equations below (Eqs. 5-10) (Mao et al., 
2020; Yang et al., 2015). 

SO5
−+O3→SO8

2−            k=(2.12±0.03)×104 M−1 s−1

 
(5) 

SO8
2−→SO5

•−+O3
•−

 
(6) 

SO5
•−+O3→SO4

•−+2O2      k=1.6×105 M−1 s−1

 
(7) 

SO5
•−+SO5

•−→2SO4
•−+O2    k=2.1 ×108 M−1 s−1

 
(8) 

O3
•−→O•−+O2 

(9) 

O•−+H2O→•OH+OH
 

(10) 

The method of using microwave irradiation technology for 
the degradation of NAs is based on the interaction of 
microwave and radiation, and consequently, with the 
ionization or excitation of activated atoms and molecules. 
It leads to physical and chemical reaction of the NAs and 
other organic refractory material for the degradation 
process. In the investigation performed by Huang et al. 
(2006), microwave irradiation was used for degrading NAs 
under optimal reaction conditions, which were constant 
reaction pressure of 0.11 MPa, the volume ratio of reaction 
solvent to crude oil of 0.23:1, irradiation power of 375 W 
and irradiation time of 5 minutes. Following the reaction 
time of 25 minutes, the NAs content of the crude oil 
reduced greatly from 0.6300 to 0.0478 mg g-1 (KOH) which 
shows 92.4% removal efficiency. Furthermore, 99.3% of 
crude oil was recovered in the experimental assessment. 
Using microwave irradiation technology for the treatment 
of wastewater has many advantages such as high removal 
rate, low cost and less secondary pollution. Nonetheless, 
the use of this on a larger scale faces challenges which are 
due to some complexities and limitations (Niasar et al., 
2018). 

 Phytoremediation 

Phytoremediation refers to the use of plants to absorb, 
change, and detoxify environmental pollutants (Jia et al., 
2023). Mechanisms of phytoremediation include 
volatilization, plant fixation, plant extraction, and plant 
degradation. Volatilization is a process that leads to the 
upward movement of pollutants that are absorbed by the 
roots of plants. Thus these pollutants are released in the 
atmosphere through transpiration. Plant fixation is when 
plants tightly bind pollutants to soil aggregates; it prevents 
non-availability and dissipation to the environments (Rong 
et al., 2021; Yousaf et al., 2022). In the plant extraction a 
plant takes up a pollutant by its roots which is then 
sequestered in plant tissue and converted into a non-toxic 
intermediates through the process of lignification. This 
type of plant degradation takes place through the related 
enzymes and root secretions which plant roots release, as 
well as, the plants and rhizosphere microbe synergism 
(Hoang et al., 2021). 

 

Figure 6. Pathways of uptake and transport of NAs by 

plants 
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Usually, the plant absorption of petroleum pollutants takes 
place through two pathways, as shown in Figure 6. 
Accordingly, the symplastic pathway refers to the 
movement of pollutants through the desmotubules into 
the cytoplasms of cells. On the other hand, the apoplastic 
pathway refers to the movement of pollutants into the cell 
walls, cell spaces, and duct cavities. Research suggests that 
organic pollutants first adsorb on the outer surface of the 
root cell membranes (exocytosome) and subsequently 
diffuse inside the root moving through the hydrophobic 
Casparian strip into the endodermis and then into the 
xylem vessels for further transport by the plant (Schreiber 
2010). The physical and chemical characteristics of NAs 
(water solubility, molecular weight, vapor pressure), 
environmental characteristics (temperature, pH, organic 
matter, soil water content) and attributes of plant species 
(root types, enzyme types) are mainly the factors governing 
phytoremediation (Li et al., 2017). In addition, when a plant 
is under stress during growth an inorganic ion or an organic 
compound (like organic and amino acids) is secreted which 
activates insoluble substances in the soil. It also provides 
energy for the rhizosphere microorganisms. Furthermore, 
it changes the solubility and migration of toxic substances 
by modifying pH and REDOX condition. When dealing with 
NAs phytoremediation, it is crucial to take into account the 
adsorption and desorption of NAs in the soil and work 
along with other treatments for an enhanced NAs 
degradation and removal from the soil. 

 Microbial Remediation  

Microbial remediation is a method where microbes use 
NAs as a carbon source for growth and respiration, and, 
thus, decompose NAs into CO2, H2O or low-toxicity organic 
matter, thanks to various REDOX enzymes and release 
energy to supply normal metabolic functions (Wang et al., 
2017; Li et al 2025b). Microorganisms that can survive at a 
high concentration of NAs and use NAs as their sole source 
of carbon for degradation include Nocardia, Burkholderia, 
Pseudomonas, Comamonas, and Bacillus, as well as 
Mycobacterium, Acinetobacter and Arthrobacter. Other 
bacteria include Flavobacteria bacteria and methanogens. 
Mainly aerobic microorganisms like Pseudomonas, 
Alcaligenes and Acinetobacter are involved in the NAs 
degradation (Clothier et al., 2016; Zan et al., 2022; Arslan 
et al., 2022). The microbial remediation process which 
consists of various factors like temperature, pH, dissolved 
oxygen and phosphate affect the microbial remediation 
process. Temperature is the dominating factor which 
influence the rate of any reaction as temperature levels 
affect the activity of the enzyme system. The temperature 
level controls or restrict the microbial NAs degradation 
within a specific range of temperature. molecular weight is 
a key factor influencing NA biodegradability. Low-
molecular-weight NAs are generally more readily 
degraded, whereas NAs with more than 13 carbon atoms 
degrade more slowly, and those exceeding 22 carbon 
atoms are considered highly recalcitrant (Zan et al., 2022). 
This further supports the role of molecular structure in 
controlling the persistence of NAs in soil. Molecular weight 
is a key factor influencing NAs biodegradability. Low-

molecular-weight NAs are generally more readily 
degraded, whereas NAs with more than 13 carbon atoms 
degrade more slowly, and those exceeding 22 carbon 
atoms are considered highly recalcitrant (Zan et al., 2022). 
This further supports the role of molecular structure in 
controlling the persistence of NAs in soil. The 
biodegradation performance is also directly affected by 
NAs chemical structure. NAs that have extensive branched 
alkyl and polycyclic structures will be sterically hindered 
from degrading resulting in the accumulation of persistent 
NAs in the environment. The arrangement of the alkyl and 
carboxyl groups is essential. Cis-isomers are generally more 
resistant to microbial degradation as they participate in 
hydrogen bonding with the molecules. One example is that 
the trans-isomer of 4-methylcyclohexanic acid (MCHA) 
biodegrades three times faster than the corresponding cis-
isomer (Li et al. 2025a; Chauhan 2025). 

 

Figure 7. Aerobic degradation pathway of NAs. (a) Alcaligenes 

PHY12 degrades cyclohexanebutyric acid ; (b) Degradation of 

CHCA by Alcaligenes W1; (c) Degradation of CHCA by 

Pseudomonas. (Gunawan et al., 2014; Blakley et al., 1982). 

The degradation pathways of NAs include processes like β-
oxidation (Quesnel et al., 2011), α and β co-oxidation, and 
aromatization (Johnson et al., 2011). As stated by Johnson 
et al. (2012) under aerobic conditions, NAs mainly get 
degraded from β-oxidation. Special or refractory NAs, on 
the other hand, may require α and β co-oxidation or 
aromatization. For example, as shown in Figure 7(a), 
Alcaligenes PHY12 initiates degradation by oxidizing even 
C-atom side chains into odd C-atom side chains via alpha 
oxidation followed by beta oxidation (Rontani et al., 1992). 
Additionally, Taylo’s research (Reis et al., 2023) revealed 
Alcaligenes sp. The microorganism strain w1 deteriorates 
the cyclohexanecarboxylic acid (CHCA) by cyclohexene 
benzoylation which gives the intermediate p-
hydroxybenzoic acid. However, side chain substitutions 
and adjacent ring substitution that is not possible, as 
shown in Figure 7(b). The second breakdown pathway of 
CHCA by Pseudomonas putida, which results in the 
formation of hydroxybenzoic acid, is another pathway 
designated as aromatization (Figure 7(c)). In this pathway, 
the alicyclic ring experiences an attack, followed by para-
hydroxylation and subsequent dehydrogenation of the 
molecule to form ketones (Gunawan et al., 2014). 

The anaerobic microorganisms might need other electron 
acceptors like nitrates, nitrites, or sulfates to oxidize the 
organic compounds (Ghattas et al., 2017). However, under 
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strict anaerobic conditions, some methanogens can use 
acetic acid produced by β oxidation of NAs to produce 
methane. Using cyclohexylpropionic acid as an example, its 
biodegradation pathway is as follows (Eqs. 11–13): 

C6H11CH2CH2COOH+H2O→C6H11COOH+CH3CO
OH+H2 

(11) 

CH3COOH→CH4+CO2 
(12) 

CO2+4H2→CH4+2H2O
 

(13) 

 Combined plant-microbial remediation 

Plant-microbial joint remediation refers to an approach to 
soil remediation involving the use of microorganisms in the 
rhizosphere of plants which can degrade organic pollutants 
and reduce or eliminate their biological toxicity in order to 
carry out soil remediation. In order to stimulate soil 
components that are, in essence, insoluble and serve as a 
source of energy for rhizosphere microorganisms, Plant 
roots secrete not only inorganic ions but also organic 
compounds like amino acids, organic acids, sugars, 
vitamins, nucleoside, etc. Apart from these, there are also 
many allelopathic substances that are produced by the 
roots and includes flavonoids and phenolic acid (Liu et al., 
2009). The fast-growing microorganisms facilitate 
degradation of NAs and favourable environment for plant 
growth (McMartin et al., 2004). Bacteria in the rhizosphere 
first ameliorate the NAs. Gradually, with increased 
adsorption and transpiration, NAs migrate from the root 
region to the aerial parts. Finally, the plant absorbs them, 
which are metabolized, volatilized, or accumulated (Arslan 
et al., 2022). Microorganisms with strong capabilities of 
NAs degradation were isolated from the rhizosphere of 
Alberta paper birch and other plants. After a culture period 
of ten days, NAs concentrations were reduced from 135 mg 
L-1 to 10 mg L-1, resulting in significant accumulation of 
naphthenate ions on the cell membrane. The microbial 
biomass increased from 2×104 mL-1 to 2×106 mL-1 on the 
second day. Study indicates that a diverse plant 
rhizosphere bacteria community is essential for efficient 
degradation of NAs and reduction of toxicity (Li et al., 
2025b). Additionally, the efficacy of the plant-
microorganism collaborative effort to degrade organic 
pollutants is higher than that of a single microorganism (Xie 
et al., 2018). Xu et al. (2014) used the Kocuria sp. Using the 
P10 strain of Burkella and ryegrass to clean up soil polluted 
with PAHs. Combined techniques allowed for an overall 
better performance than individual microbial and 
phytoremediation strategies, thus enhancing PAH removal 
rates, and improvement of the soil microbial community 
diversity and structure. According to Liu et al. (2009), plant-
microorganism combinations achieved a 30% increase in 
degradation before 30 days in comparison to single 
treatments. Additionally, root exudates note the solubility 
and mobility of nutrients and pollutants in the rhizosphere 
by changing pH, the REDOX situation, chelating and 
lowering actions which control plant pollutant uptake and 
utilization. It plays a key role in mitigating and overcoming 
stresses. 

5. Summary and Future Research Directions 

This review synthesizes the current understanding of NAs 
in soil systems, highlighting critical knowledge gaps in their 
analysis, environmental behavior, and remediation 
methods. Addressing the persistent challenge of soil NAs 
contamination demands a paradigm shift from generic 
approaches to an integrated, trans-scale (molecular → 
microdomain → field) and interdisciplinary (chemistry → 
ecology → engineering → policy) framework. The following 
is a targeted research agenda to drive innovation:  

 Analytical Foundations: Toward Soil-Specific 
Standardization and Predictive Analytics 

Although GC-MS is feasible for first screening in 
complicated soil matrices, insights at molecular levels 
require advanced techniques like HPLC-HRMS and GC×GC-
TOF/MS. The highest priority should be the development 
of standardized protocols for soil specifically: (i) 
harmonized extraction methods for 
free/bound/complexed NAs, with matrix interference 
removal (e.g., SOM dispersion/mineral release); and ii) soil-
relevant internal standards and calibration curves for 
congener–specific quantification. In addition to 
standardization, research should focus on linking high-
resolution analytical data with algorithms of choice. For 
instance, Random Forest can utilize extracted spectral 
features (e.g., peak intensities, heteroatom class 
distributions, and carbon numbers) to classify NAs 
congeners. Meanwhile, Convolutional Neural Networks 
(CNNs) can directly process raw, high-dimensional mass 
spectra or 2D-FTIR maps as images to recognize complex 
molecular patterns and predict bioavailability based on soil 
properties. This shift toward predictive modeling offers a 
robust alternative to descriptive fingerprinting. 

 Environmental Fate: Mechanistic Modeling Across 
Scales 

The adsorption-desorption processes at the soil-water 
interface are a key but poorly quantified control on the 
mobility and bioavailability of NAs. Future research should 
focus on (i) microdomain-scale mechanisms, which include 
using synchrotron-based X-ray absorption spectroscopy 
and microfluidic devices to dissect NAs-SOM-mineral 
ternary interactions and aggregate-scale migration, (ii) 
trans-scale modeling through process-based models (e.g. 
HYDRUS-1D)-molecular dynamics coupling for predictions 
of NAs transport under climate change (e.g. alteration of 
precipitation and temperature rise) and (iii) soil-
groundwater, which involves the quantification of NAs 
leaching thresholds and the modelling development of 
linked soil-groundwater models to predict the risk of cross-
media contamination. These developments will provide 
key tools to assess risk accurately. 

 Remediation Strategies: Precision Engineering and 
Lab-to-Field Translation  

The joint use of plants and microbes for remediation is the 
most promising sustainable option; nevertheless, current 
applications are non-specific. We propose that future 
innovations could focus on: (i) precision bioremediation 
such as designing congener-specific plant-microbe 
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consortia based on high-resolution NAs profiling (e.g. 
aromatic NAs → Mycobacterium + Miscanthus; ox-NAs → 
Bacillus + Phragmites); (ii) synergistic technology integration 
such as rhizosphere engineering with nanocatalysts (e.g. TiO₂ 
nanoparticles for photodegradation enhancement) or 
microwave activation (for enhancing bound NAs 
bioavailability); and (iii) field scale validation like long-term 
trials to optimise parameters (plant density, microbial 
inoculant dosage) and evaluate life-cycle sustainability 
(environmental, economic, social). The gap from lab to field 
on the application of engineered organisms (e.g., Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) 

edited microbial with enhanced NAs degradation), and soil 
amendment synergy (e.g., biochar as microbial carriers). 

 Policy and Regulatory Innovation: Soil-Specific Risk 
Governance 

At present, neither the global nor national levels have any 
standards for the concentration of NAs in soils. The 
succeeding steps should entail the establishment of soil 
quality criteria based on congener specific toxicity data 
(e.g. predicted no-effect concentration (PNEC) values for 
terrestrial organisms and food chain bioaccumulation 
thresholds), development of land-use-specific remediation 
targets (agricultural vs industrial soils) and integration of 
NAs monitoring in existing regulations regarding petroleum 
pollution, i.e. mandatory reporting by oil 
extraction/refining facilities. Further, the smart 
monitoring) tools (eg biosensors and hyperspectral 
imaging) for real-time tracking of NAs will improve 
compliance. 

 Concluding Synthesis: Toward a Soil-Centric Paradigm  

To tackle soil NAs pollution, an ongoing multi-disciplinary 
effort is essential to bring together innovative analytics, 
mechanistic fate modelling, engineered remediation 
technologies and policy governance. Through trans-scaling 
and inter-disciplinarity, the fragmentation of research can 
be turned into integrated solutions to expedite restoration 
of NAs-impacted soils, protecting ecosystem and human 
health in the long run. 
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