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Abstract. Petroleum is one of the most valuable goods in our society, revered for its economic 

significance and pivotal role as a primary energy source. Alongside the process of modernization 

and urbanization, the explanation and influence of oil continue to increase in our world. 

Unfortunately, the usage and the refining processes of petroleum generate a series of 

environmental challenges.  One of them is the pollution of aquifers caused by hydrocarbons of the 

BTEX type (Benzene, Toluene, Ethyl-Benzene and Xylenes) - typically encountered in petroleum, 

these compounds are well-documented for their carcinogenic properties. In the pursuit to better 

conserve groundwater, this article aims to highlight the contamination that the BTEX causes in 

aquifers, as well as the solutions and remediations methods used in the preservation of 

groundwater. In pursuit of this objective, the article draws upon an analysis of empirical 

discoveries and studies conducted on the remediation of aquifers contaminated by petroleum.  
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1. Introduction 

Groundwater, predominantly found in aquifers, 
constitutes approximately 97% of the Earth's total 
water volume. Consequently, its conservation holds 
great significance, not just for today´s people and the 
generations to come, but also for the vast ecosystem 
of organisms inhabiting its domain [1].  

Since the dawn of civilization, aquifers have played 
an important role in the history and progress of  
humankind. It was through the exploration of wells 
and springs that facilitated the advancement of 
human understanding in the realms of geology, 
agriculture and even technology [2]. The use of wells 
and springs as a catchment of fresh water originated 
from aquifers, remains as a common practice in rural 
Brazil, for example [3,4]. 

 
Nonetheless, with the accelerated industrialization 
and urbanization process that commenced in the 
18th century, negative environmental impacts 
accompanied by the depletion of natural resources, 
have become ordinary problems [5].  One of the most 
current and concerning environmental issues is the 
pollution of groundwater by BTEX-type 
hydrocarbons (Benzene, Toluene, Ethyl-Benzene, 
and Xylenes) [6], which are prevalent constituents of 
petroleum. The persistence of such pollutants in 
aquifers and other bodies of water, has been 
continuously  documented by scholars [5]. The 

petrochemical contamination of water tables and 
aquifers can occur in multiple ways, including the 
percolation from both subterranean and surface 
storage facilities, improper disposal of petroleum 
wastes and accidental spills [7].  

Given these considerations, this article aims to 
provide a bibliographical review encompassing the 
aquifer contamination process, as well as an 
overview of different remediation methods, 
including Air Sparging and Bioremediation.  

2. Methodology 

To conduct this study, a bibliographic review was 
undertaken, in order to provide a comprehensive 
overview of hydrocarbon pollution in aquifers, as 
well as exploring potential remediation strategies. 
Groundwater pollution remediation strategies 
exhibit considerable diversity, with new approaches 
continually emerging. However, the focus of this 
article centers on air sparging and bioremediation, 
due to their environmental character [7]. 

To analyze and investigate the articles, it was used 
Google Scholar as the principal research tool, 
implementing keywords such as "hydrocarbons," 
"aquifers," and "pollution" in the search bar. Articles 
discussing the microbial degradation of 
hydrocarbons in the environment, with a specific 
focus on aquifer pollution caused by oil leakage, were 
analyzed. The selected articles offered distinct 
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perspectives on groundwater pollution and  
remediation, approaching varying techniques and 
research methodologies regarding air sparging and 
bioremediation.  

This bibliographic approach was adopted to furnish 
a synthesis of ideas, and to present a comprehensive 
understanding of aquifer pollution and its potential 
remedies. It is necessary to note that a variety of 
sources were consulted, but this article draws its 
main analysis from the works: Detection and 
remediation of soil and aquifer systems contaminated 
with petroleum products: an overview (Nadim et al., 
2000) [7] and Técnicas para remediação de aquiferos 
contaminados por vazamentos de derivados de 
petróleo em postos de combustíveis (Coutinho; Gomes, 
2007) [8]. 

3. Aquifers and Petroleum: 
Formation and Characteristics 

Before understanding the process of hydrocarbon 
pollution of aquifers, it is necessary to understand 
the concept and formation of the two main parts of 
this study – aquifers and petroleum. 

3.1 Aquifers  

Groundwater can be found in various environments, 
but its primary reservoir is in aquifers. Recognized 
for their geological formation characterized by 
permeability, rainwater can percolate through soil 
and rocks, thus resulting in a large subterranean 
reserve of water that naturally flows within it [3, 9]. 
Aquifers possess two main characteristics: the 
capacity for groundwater storage (storativity) and 
the capacity for groundwater flow (wide variation); 
such characteristics are highly influenced by the 
geological formation of the aquifer [10]. 
 

 

Fig. 1 – Common groundwater structures and systems 
in humid regions [10]. 

Often conflated, it is important to highlight the 
distinction between aquifers and water tables. 
Aquifers are subterranean water formations [3], 
whereas a water table is a natural aquifer, which has 
variable water levels throughout the year. Water 
tables serve as a representation of the groundwater 
level, dividing the saturated zone from the 
unsaturated zone. The saturated zones, in this case, 
are voids between rocks and soil beneath the surface 
filled with water, lying above the aquifers and below 
the water tables [9, 11]. 

3.2 Petroleum Compounds 

The geological and chemical formation of petroleum 
occurred millions of years ago, upon specific 
conditions of pressure and temperature. This 
process involves the accumulation of organic matter, 
such as plants, algae, and plankton, in several layers 
of sedimentary basin subsoils [12, 13]. It is known 
that the oil refining process is a distinct procedure. 
After all, in its raw state, oil has few applications, 
therefore for its commercial use crude oil needs to go 
through several improvement stages [14]. 

Hydrocarbons are the fundamental constituents of 
oil. Although their quantities within the petroleum 
structure may change, it is understood that they 
constitute approximately 70% of its composition [15, 
16]. Such hydrocarbons mainly consist of varying 
proportions of carbon and hydrogen, occasionally 
incorporating elements such as nitrogen, sulfur, and 
oxygen [17]. 

Crude oil can be classified into 4 different groups: 
Saturates (aliphatics), Aromatics (ringed 
hydrocarbons), Resins and Asphaltenes; each 
component has its own intensity of biodegradability 
in relation to the environment [12, 17]. Saturates are 
the most common types found in the  structures of 
crude oil. They are characterized by a lack of double 
bonds [12]. Aromatic hydrocarbons feature one or 
more aromatic rings [18], whereas resins and 
asphaltenes have an intricate and partially unknown 
structure [12, 17]. 

BTEX (benzene, toluene, ethylbenzene, and xylene) 
represent volatile constituents commonly present in 
petroleum. They are hydrocarbons arranged in a 
condensed aromatic ring, generally consisting of 
carbon and hydrogen atoms [19, 20]. They are of 
significant concern due to their toxicity and mobility 
in aqueous environments. Their environmental 
significance is further accentuated by BTEX 
carcinogenic content, as well its potential to quickly 
seep into aquifers, which can lead to groundwater 
pollution [20, 21]. 

Benzene (C6H6) is a volatile organic compound 
found in gaseous emissions from volcanoes and 
forest fires, but it can also be emitted in industrial 
activities. Research on benzene and the human 
immune system show that chronic exposure to this 
pollutant can cause damage to the immune function 
[22]. Toluene (C7H8) is known for its volatile and 
flammable characteristics, its main sources of 
emissions into the environment are fossil fuels. 
Exhibition of toluene can affect the central nervous 
system of living beings such as humans and animals, 
on top of causing fatigue, drowsiness, headache and 
nausea [20, 23]. Ethylbenzene (C8H10) is an organic 
compound used in the manufacture of paints, varnish 
solvents, printing inks, insecticides, synthetic rubber 
and manufactured cellulose. Moreover, contact with 
ethylbenzene leads to eye and throat irritation, in 
addition to potentially inducing respiratory 
complications [20, 24]. Xylenes (C8H10) are 
structured with a six-carbon ring that has two 



 

attached methyl groups, comprising a set of three 
isomers: ortho-xylene, meta-xylene and para-xylene. 
They are used in fragrances, paints, varnishes and 
rubber. Its constant exhibition can cause harm to the 
immune system [25]. 

 

Fig. 2 – Chemical structure of BTEX compounds [26]. 

4. Contamination Processes 

The BTEX compounds are considered the main 
contaminants of groundwater in aquifers and water 
tables, due to their solubility and mobility in water 
[8]. This phenomenon occurs because although 
hydrocarbons are generally known for their ability to 
dissolve in aqueous solutions, hydrocarbons with 
lower molecular weights possess better solubility 
levels compared to those of a higher molecular 
weight [27]. As a result of this atribute, BTEX 
compounds can easily dissolve and locomote in 
water, considering that their molecular masses are – 
78.1 (benzene), 92.4 (toluene), 106.16 
(ethylbenzene) and 106.2 (xylene) [20].  

BTEX can be released into aquifers in several ways: 
mining activities, use of agricultural pesticides and 
herbicides, accidents involving oil pipelines, 
radioactive waste in repositories located in deep 
geological formations, among others [8, 21, 28, 29]. It 
is important to emphasize that the primary prompter 
of groundwater contamination is caused by leakage 
of underground storage tanks utilized by gas stations 
and industries on a global scale [7]. 

The distribution of hydrocarbons in groundwater 
highly depends on its hydrogeological conditions 
(vertical and lateral extensions of the underlying 
parts of the water level). After BTEX percolates into 
the soil, it is necessary to analyze units of an aquifer 
considered strategic for the movement of 
groundwater, as well as its fluctuations in water 
levels. These characteristics play a pivotal role in the 
dispersion of hydrocarbons, distributing their 
compounds in unsaturated and saturated zones of 
the aquifer [30]. 

5. Remediation Techniques 

Although there are many aquifers and water table 
remediation methods, the techniques that this article 
intends to overview are bioremediation and air 

sparging. Both methods are known for their minimal 
environmental impact in the intended application 
environments. 

5.1 Air Sparging 

In situ air sparging (IAS) is a hybrid technology 
created in the late 1980s, with the aim of treating 
dissolved volatile organic compounds (VOC) by 
introducing air below the water table. It relies on the 
mechanisms of biodegradation and volatilization, 
which can either work together or separately [31, 
32]. This method can be implemented in both 
saturated and unsaturated polluted parts of the 
aquifer [8]. Air sparging entails the pressurized 
injection of air, generating air bubbles that are 
intersected horizontally and vertically through the 
soil column, thus displacing water and generating 
air-filled pores within the saturated soil [8, 33]. IAS 
not only aids in the volatilization of VOCs, but also 
increases aerobic bacteria in saturated zones of the 
aquifer [7]. As a result, both physical removal and 
aerobic biodegradation of contaminants from the 
saturated zone are increased [33]. 

Air sparging allows aquifer remediation without the 
use of active groundwater pumping. Occasionally, it 
has been proven that the use of IAS significantly and 
permanently reduces BTEX contaminants in 
groundwater, which has increased its use as a 
propitious remediation technique over the years 
[33]. 

Some factors that may limit the applicability and 
efficiency of IAS are: interaction between the injected 
air and the polluted groundwater, the volatility and 
solubility of the contaminant, gas permeability in the 
unsaturated zone, water flow rate and the absorption 
of the aquifer [8]. 

5.2 Bioremediation 

Bioremediation involves harnessing natural 
processes to address environmental contamination. 
Some examples of bioremediation techniques are 
bioventing, landfarming, bioreactor, compositing, 
bioaugmentation, biostimulaiton, among others [34]. 
Although studies to improve this technique are 
contemporary, bioremediation has been used since 
ancient times. When applied to aquifers, this 
technique is used to break down BTEX compounds 
by specialized microorganisms (also known as 
bioremediators). Bioremediation is known for its 
eco-friendly, sustainable, and economically viable 
characteristics. This process uses microorganisms, 
such as bacteria and fungi, to generate energy 
through a redox reaction. These reactions include 
vital biological functions such as respiration and 
reproduction. After these substances are utilized, 
they are converted into carbon dioxide and water [8, 
34, 35, 36]. The fungi species Penicillium, Fusarium, 
and Rhizopus are among the most commonly 
employed microorganisms in the bioremediation of 
aquifers and other environments contaminated by 
BTEX [35]. 

A variety of microbial electron acceptors can be used  



 

in the bioremediation process: oxygen-, nitrate-, 
manganese-, iron (III)-, sulfate-, or carbon dioxide-
reducing, and their corresponding redox potentials 
[35]. 

It is important to understand that, in order for 
bioremediation to work, the environment in which 
the process occurs must have adequate permeability 
to facilitate the flow of oxygen and nutrients. These 
characteristics are essential not only to properly 
remediate the aquifer, but also to prevent the 
production of toxic substances harmful to living 
beings [7, 8].  

Some factors to take in consideration when applying 
the bioremediation process are: contaminant 
concentrations (when concentrations are too high, it 
might create a toxic environment, whereas if the 
concentration is too low, it might not cause a 
difference in the environment at all), contaminant 
bioavailability (microbial reactions have their 
bioavailability reduced when contaminants are 
firmly bound to solids) and redox potential (redox 
potential is impacted by the presence of electron 
acceptors like nitrate) [34]. 

The bioremediation process occurs in 4 stages: 
1) Identify and characterize microorganisms 

native to the region where the process 
intends to be applied. 

2) Cultivating these microorganisms in a 
controlled laboratory environment to 
establish viable populations. 

3) Analyze catabolic activity that such 
microorganisms carry out in contaminated 
material through small-scale experiments. 

4) Monitor and assess the progress of 
bioremediation using chemicals by 
performing toxicity tests in a chemically-
polluted environment [36]. 

 

6. Discussion and Conclusion 

Resources on our planet are finite, and it is vitally 
important to conserve what nature has to offer us. 
The conservation of aquifers is extremely important 
for humankind, it is estimated that 80% of the 
world's population depends on groundwater for 
survival [7]. Having around 97% of all fresh water in 
its domain, aquifers and water tables represent a 
crucial resource for humanity. With the advent of 
modernity, the use of petroleum is continually 
growing, with no sign of imminent decline. Both the 
direct and indirect use of oil, as well as its 
manufacturing, cause various environmental 
damages. The pollution of aquifers by BTEX has a 
certain urgency on its remediation, since the 
hydrocarbons present in petroleum are incredibly 
toxic due to their solubility and mobility in aqueous 
environments. Due to these factors, along with 
persistent groundwater pollution, it may take years 
of remediation processes to restore the aquifers to 
their previous state. Unfortunately, as long as 
governments fail to recognize the influence and 
significance of aquifers for living beings, problems 

such as groundwater contamination by BTEX will 
continue to be ignored by society. 

As stated in the article, the main form of aquifer 
pollution is caused by leakage of underground 
storage tanks used by gas stations and industries. 
Such stations and tanks suffer from wear and lack 
any form of inspection, exacerbating the issue. Leaks 
from underground tanks and other incidents 
reported in the petroleum industry are not visible on 
the surface, which leads to slower remediation 
processes. 

Current remediation methods have several implicit 
limitations. The selection of a remediation 
technology depends on both the specific attributes of 
the aquifer and the types of contaminants. Although 
bioremediation has the potential for ex-situ 
application and is more economically available 
(especially in developing countries) than air 
sparging, it is important to consider that 
bioremediation requires comprehensive studies to 
prevent the generation of toxic chemicals that can 
potentially impact both the aquifer and human 
health. Despite its negative side, it is essential to 
highlight that bioremediation, as well as air sparging, 
don´t cause damage to the environment. 
Additionally, both remediation processes have 
already been shown to be extremely effective in 
numerous researches. 

The best approach to address hydrocarbon pollution 
in aquifers, would be to prevent BTEX contaminants 
to make contact with the soil. This can be achieved 
through several ways, as global awareness of 
environmental impacts continues to grow. Perhaps 
with such an approach, one day nature will be able to 
free itself from anthropogenic pollution. 
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