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-e discharge of hydrocarbons and their derivatives to environments due to human and/or natural activities cause environmental
pollution (soil, water, and air) and affect the natural functioning of an ecosystem. To minimize or eradicate environmental
pollution by hydrocarbon contaminants, studies showed strategies including physical, chemical, and biological approaches.
Among those strategies, the use of biological techniques (especially bacterial biodegradation) is critically important to remove
hydrocarbon contaminants. -e current review discusses the insights of major factors that enhance or hinder the bacterial
bioremediation of hydrocarbon contaminants (aliphatic, aromatic, and polyaromatic hydrocarbons) in the soil. -e key factors
limiting the overall hydrocarbon biodegradation are generally categorized as biotic factors and abiotic factors. Among various
environmental factors, temperature range from 30 to 40°C, pH range from 5 to 8, moisture availability range from 30 to 90%,
carbon/nitrogen/phosphorous (C/N/P; 100:20:1) ratio, and 10–40% of oxygen for aerobic degradation are the key factors that
show positive correlation for greatest hydrocarbon biodegradation rate by altering the activities of the microbial and degradative
enzymes in soil. In addition, the formation of biofilm and production of biosurfactants in hydrocarbon-polluted soil envi-
ronments increase microbial adaptation to low bioavailability of hydrophobic compounds, and genes that encode for hydrocarbon
degradative enzymes are critical for the potential of microbes to bioremediate soils contaminated with hydrocarbon pollutants.
-erefore, this review works on the identification of factors for effective hydrocarbon biodegradation, understanding, and
optimization of those factors that are essential and critical.

1. Introduction

-e demand and utilization of petroleum-derived hydro-
carbon products lead to the contamination of environments
such as air, water, and soil. Unfortunately, the releasing of
hydrocarbon contaminants into the soil naturally or an-
thropologically affects both biotic and abiotic components of
ecosystems [1]. To overcome pollutions caused by various
hydrocarbon-derived pollutants, many researchers have
been showing that physical, chemical, and biological
methods are routinely used for the treatment of

contaminated sites [2, 3]. Moreover, biological remediation
is a cost-effective, simple, efficient, noninvasive, apply in
situ, ecologically friendly, sustainable, and applicable ap-
proach [4–7]. -e bioremediation technique comprises
phytoremediation (rhizodegradation, phytoextraction,
phytovolatilization, phytodegradation, rhizofiltration, and
rhizostabilization), mycoremediation, microbial remedia-
tion, and phycoremediation. Studies specified that microbial
bioremediation (the use of microorganisms: bacteria, fungi,
and microalgae) is the most efficient to transform pollutants
into less toxic and less mobile form or to mineralize
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hydrocarbon contaminants into H2O, CO2, and microbial
biomass [8, 9]. Among various microorganisms, bacteria are
the most active and the primary hydrocarbon degraders [10].
Microorganisms that can survive and proliferate on hydro-
carbon pollutants as their sole source of carbon and energy
have evolved due to the introduction of hydrocarbon pollutants
into the environment. Increased metabolic capacities could be
gained through horizontal/vertical gene transfer and muta-
tions, thereby acquiring genes whose products are involved in
the breakdown of hydrocarbons. Even though such microbes
have the potential to degrade hydrocarbon contaminants,
certain limiting factors (biotic and abiotic) impinge on the
efficient biodegradation of contaminants [11, 12]. Hydrocar-
bon and its associated environmental problems are received
much attention in recent years worldwide. Consequently, there
is noteworthy attention to degrade or eliminate pollutants
using the natural population of microbes (bacteria, fungi, and
microalgae) to have a pollution-free environment. For this,
several studies have reported the impacts of various hydro-
carbon and diverse remediation techniques. Based on historical
publications, bibliometric analysis is a popular and successful
tool for determining research trends and relevant concerns. It
has been employed in a variety of scientific and engineering
fields [13].-e keywords are provided in the Scopus database as
follows: “TITLE-ABS-KEY ({bioremediation} AND {hydro-
carbon} AND {soil} AND {factors},” to find the critical eval-
uation of the articles that discussed major optimization factors
in bioremediation of hydrocarbons in soil from 2012–2022.-e
database showed 417 articles, and their year-wise publication is
depicted in Figure 1(a). -e country-wise search showed that
the United States held the major number of publications
(Figure 2(b)), and the type of document search revealed that a
high number of publications are published under the article
category (Figure 1(c)).-emajor three subject areas covered in
the query is falling under environment science, immunology
and microbiology, and agricultural and biological science
(Figure 1(d)). -e numerical values of articles based on the
provided keywords in the reputed database collection such as
“Scopus” indicate the continuous research development in the
concerned field, which highly promotes further research and
review. -e application of bioremediation technology is not
supreme, and it is affected by numerous factors that hamper its
practical application, limiting the large-scale application of the
techniques for hydrocarbon biodegradation practices. Ac-
cordingly, bacterial bioremediation of hydrocarbons in various
environmental systems has received all-inclusive interest, and a
systematic review is most needed to highlight the factors af-
fecting the rate of bacterial bioremediation. Hence, the current
review is designed to elucidate the key factors that influence the
bacterial bioremediation of hydrocarbon in soil with their
impacts.

2. Hydrocarbon Contaminations and
Their Sources

Hydrocarbons are naturally occurring compounds that are
principally formed from plant and animal fossils due to
natural or anthropogenic actions. -ey are made up entirely
of carbon and hydrogen atoms and serve as the foundation

for crude oil, natural gas, and coal, providing a significant
proportion of the world’s energy. Hydrocarbons are clas-
sified as saturates (branched and straight-chained), aromatic
(mono and polycyclic), resins (pyridines, quinolines, car-
bazoles, sulfoxides, and amides), and asphaltenes (phenols,
fatty acids, ketones, esters, and porphyrins) [8, 14, 15].
Hydrocarbons and their derivatives were intentionally or
accidentally discharged into the environment, mainly to the
soil and oceans, and principally existed in three physical
states, that is, solid, liquid, or gaseous [16]. -e major
sources of contamination are human activities (anthropo-
genic) and natural processes. -e anthropogenic activities
are related to the current increase in industrialization and
civilization and generally contribute to the increased ac-
cumulation of hydrocarbon contaminants in the environ-
ment. -us, sources include garages, gas station services,
mining, wastes from chemical and petrochemical industries,
agriculture wastes, incomplete combustion of organic
matter, sludge wastes, gasification, automobile exhaust and
processing, production, transportation, run-off asphalt
pavements, volcanic eruption, the distillation of wood, waste
disposals, vehicular emission, and combustion of fossil fuel
[14, 17, 18]. -ereby, most hydrocarbon-contaminated
environments contain light petroleum products (oil, gaso-
line, kerosene, and diesel), heavy hydrocarbons (environ-
ments lubricants, heavy oil, and crude oil), halogenated
solvents, and other more complex molecules (aromatic
hydrocarbons) [1, 11]. -e difficulty of cleaning up of en-
vironment contaminated with hydrocarbon pollutants is the
ability to identify potential sources either point or nonpoint
sources. Consequently, differentiating and identifying of
origin of hydrocarbon contaminants help apply imperative
bioremediation techniques.

3. Environmental and Health Impact of
Hydrocarbon Contamination

Pollution from hydrocarbon is a worldwide exemplar that
raises animal, environmental, and human health concerns.
Recently, the potential of hydrocarbon contaminants has
received increasing attention of particular concern on the
aquatic, marine, and land environment. Studies have been
indicated that hydrocarbon can have a significant adverse
impact on ecosystems [19]. -ereby, hydrocarbon con-
tamination leads to the deterioration of the ecosystem’s
functioning and its living (fauna) and nonliving components
[20]. In addition, when hydrocarbons are introduced into
the soil, they can hamper the supply of water, nutrients,
oxygen, light, and other parameters for the biological pro-
cesses. -is can affect soil fertility (plant growth and seed
germination) and consequently agricultural productivity
[17, 21]. Hydrocarbon contaminants cause immediate or
latent effects such as genetic mutations, immunotoxicity,
teratogenicity, carcinogenesis, high bioaccumulation po-
tential, and deterioration of the ecosystem functioning and
treating of animal and plant life [1, 14, 22–26]. -e xeno-
biotic form of hydrocarbons can also sorb to organic-rich
soils and sediments, accumulate in organisms (fish, plants,
and other aquatic organisms), and may be transferred to the
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food chain and badly disturb the exposed organisms [17].
-e bioaccumulation and biomagnification of hydrocarbons
also cause defects in the reproductive, immune system,
neurologic, and developmental stages (teratogenic) and also
cause cancers of the skin, lung, bladder, liver, and gastro-
intestinal [9, 23]. -erefore, exposure to hydrocarbon
contaminants causes several health impacts. In addition, the
hydrocarbon contamination and its toxicity diminish species
richness, evenness, and phylogenetic variety, with the
resulting community in a contaminated soil environment
[27]. -erefore, hydrocarbon contaminants in the envi-
ronment are known to cause significant impairment to the
environment and organisms. Due to this and other complex
problems with contamination of hydrocarbon components,
microorganisms are isolated and screened as environmental
remediation agents for increasing the rate of removal of the
contaminants to make a healthy environment.

4. Hydrocarbon Bioremediation in the Soil

Bioremediation refers to the removal, destruction, immobi-
lization, mineralization, or transformation of contaminants
from the soil with the use of plants, protozoa, fungi, and

microalgae [28, 29] and particularly bacteria [3] and their
products in the presence of optimal conditions. Bioremedi-
ation methods with low operational costs for the removal or
reduction of inorganic and organic pollutants (hydrocarbons,
halogenated organic compounds, halogenated organic sol-
vent, nonchlorinated pesticides and herbicides, nitrogen
compounds, and heavy metals (lead, mercury, chromium,
radionuclide, etc.) at least to the level that they cannot cause a
serious effect to ecological functions [29, 30]. For such ap-
plication, various macro- and microorganisms are used, but
bacteria are selectively useful to degrade a variety of hydro-
carbon pollutants and are ubiquitous [29, 31] and applied for
in situ or ex situ bioremediation processes. In situ biore-
mediation refers to treating contaminants at the site with
minimal disturbance using methods such as bioventing,
biostimulation, bioaugmentation, and/or natural attenuation
[32], while ex situ refers to the destruction or treatment of the
contaminant from the site by using methods such as exca-
vation, landfilling, composting, incineration, biopiles, and
bioreactors [33]. In general, the different methods of biore-
mediation mechanisms are broadly categorized into natural
attenuation, bioaugmentation, and biostimulation [20]
(Figure 2 and Table 1).
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Figure 1: Graphical representation for the scopus database document output for the keywords (TITLE-ABS-KEY ({bioremediation} AND
{hydrocarbon} AND {soil} AND {factors}) (Scopus database as on 16 July 2021): (a) documents for year-wise for the period of 2012–2021, (b)
documents by major fifteen countries/territories, (c) documents by type, and (d) documents by major six subject areas.
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4.1. Natural Attenuation/Intrinsic Bioremediation.
Natural attenuation (natural remediation) refers to the use of
indigenous microbial populations to eliminate or detoxify
hazardous hydrocarbon pollutants into less or nontoxic forms
[47]. -e time required essential for natural attenuation
depends on contamination, site conditions, and applicability
of potential degrading bacteria. -is implies that the use of
natural attenuation is cost-effective and efficient if there is no
need for a complex remediation process [47].-us, researches
showed that this strategy is effective in degrading 25% of
hydrocarbon pollutants in soil [15]. During this process, the
indigenous microbes utilize hydrocarbon contaminants as the
sole carbon and energy sources based on their natural met-
abolic pathways [48]. When the soil is contaminated with
hydrocarbon contaminants, the number of indigenous hy-
drocarbon-degrading microorganisms increase rapidly and
start to adapt to and metabolize (degrade) the pollutants. -e
bacterial metabolic pathways for the degradation of hydro-
carbon contaminants are illustrated in Figure 3. Studies
showed that natural attenuation is dependent on naturally
occurring (indigenous) hydrocarbon degraders [9]. However,
its effectiveness is contingent on nutrient availability, type and
concentration of contaminants, physical parameters, the fate
of contaminants, and potential microbial communities with
necessary catabolic genes for complete hydrocarbon degra-
dation. Albeit, natural attenuation is often a slow process, and
its effectiveness can be achieved when supported with bio-
augmentation and biostimulation techniques [21, 25].

4.2. Bioaugmentation. Bioaugmentation refers to the in-
troduction of potential microbial strain or consortia isolated
from other contaminated sites or the genetically modified
microbes to support the remediation [49, 50].-is strategy is
usually applied when natural attenuation is ineffective due to
low indigenous hydrocarbon-degrading population, slug-
gish decontamination activities, and high-stress situations to
start the bioremediation process [10]. For successful hy-
drocarbon biodegradation, the inocula must be able to
metabolize broad ranges contaminants, not undergo mu-
tation, withstand various biotic and abiotic factors, and
effectively compete with other microorganisms (indigenous
hydrocarbon-degrading and predators) and can easily reach
contaminants in deep via pores of the sediment [51]. For the
bioremediation approaches, microbial cell bioaugmentation
is a commonly used technique for the removal of con-
taminants. In addition, there are several bioaugmentation
techniques: phytoaugmentation, rhizosphere bio-
augmentation, gene bioaugmentation that have been exer-
cised for cleaning up contaminated sites.

4.3. Biostimulation. Biostimulation is the addition of
growth-limiting factors such as substrates, vitamins, oxygen,
and modifying the environmental conditions (temperature,
moisture, pH, redox potential, terminal electron acceptors,
etc.) in the hydrocarbon-contaminated environments
[49, 50, 52]. -is is important to improve the metabolic
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Table 1: Overview of strategies and mechanisms employed for bioremediation of hydrocarbon.

Contaminant Mode of test Removal mechanism Duration Efficiency Reference
Crude oil (TPH at
20 g/kg)

Soil
microcosms Bioaugmentation + biostimulation 30 days 36–51% [35]

Crude oil (either
20 g/kg or 50 g/kg)

Field study in
soil

Biostimulation + surfactant-assisted
biodegradation 486 days 49–62% [36]

Crude oil (20 g/kg) Bioreactors
with soil

Natural
attenuation + bioaugmentation + biostimulation 60 days 51–90% [37]

PAHs (574mg/kg) Soil
microcosms Surfactant-assisted biodegradation 84 days 72–77% [38]

PAHs:
Phenanthrene,
fluoranthene, and
pyrene (6mg/kg)

Soil
microcosms Surfactant-assisted biodegradation Up to 35

days

72% for phenanthrene,
64% for fluoranthene,
and 58% for pyrene at

day 7

[39]

PAHs (1.5 g/kg) Soil
mesocosms Bioaugmentation + biostimulation 56 days 99% [40]

Diesel oil and diesel/
biodiesel blends (1%
v/w)

Soil
microcosms Bioaugmentation 64.5

weeks 88–97% [41]

Pyrene (10mg/kg) Soil
microcosms

Bioaugmentation + biosurfactant/surfactant-
assisted biodegradation 10 days 60% [42]

Diesel oil
hydrocarbons (3 g/
kg) + PAHs (400 μg/
kg)

Weathered
oily soil
biopiles

Bioaugmentation + biostimulation + surfactant-
assisted biodegradation 160 days

39% for diesel oil
hydrocarbons and 32%

for PAHs
[43]

Diesel oil (1% v/v) Flask tests Natural attenuation + autochthonous
bioaugmentation 7 days 20–40% [44]

Engine oil (39–41 g/
kg TPH)

Soil
microcosms

Natural
attenuation + bioaugmentation + biostimulation 210 days 31–75% [45]

Petroleum refinery
waste (TPH at 144 g/
kg)

Vial
microcosms

Natural
attenuation + bioaugmentation + biostimulation 120 days 57–75% [46]
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capability of autochthonous hydrocarbon-degrading bac-
teria. When hydrocarbon contaminants are greatly available,
they provide high carbon and energy but nitrogen or
phosphorus for bacterial growth [31]. Hence, there is the
need for the addition of nutrients in hydrocarbon-con-
taminated sites to increase the required nutrients and
stimulate the growth of indigenous bacteria [52]. However,
there are certain limitations for effective biostimulation
application. -ese include the rapid depletion of major
inorganic nutrients (NP), the nature of the soil, and the
scarcity of indigenous hydrocarbon-degrading bacteria [53].
When indigenous or autochthonous microbial species are
not fast enough to degrade pollution, microbial activity can
be stimulated with the supplement of nutrients in the form
of fertilizers such as KNO3, NaNO3, NH3NO3, K2HPO4, and
MgNH4PO4 [47]. Henceforward, if there are hydrocarbon-
degrading bacteria in the hydrocarbon polluted environ-
ments, it requires the supply of nutrients (biostimulation)
and oxygen (via bioventing or biosparging), for rapid
degradation of hydrocarbon contaminants [54]. -erefore,
biostimulation is important to increase the efficiency of
hydrocarbon-degrading bacteria. In general, the simulta-
neous application of bioaugmentation and biostimulation
brings substantial and operative hydrocarbon bioremedia-
tion approaches by considering the major factors affecting
the complete degradation of contaminants in the environ-
ment [21]. -ese factors are discussed below in detail.

5. Factors Affecting Bacterial Bioremediation

Many kinds of research have been conducted on the
bioremediation of hydrocarbon-contaminated soil. Re-
searchers have been proved that the use of a single strain or
consortia of indigenous bacteria in the laboratory is ef-
fective for the biodegradation of hydrocarbon but often
limited in the field [23]. -is is because of the prevalence of
diverse factors that affect the efficiency and rate of bio-
degradation. -e overview of major classes of factors
influencing the bacterial remediation of hydrocarbons in
the soil is summarized in Figure 4. -e major factors in-
clude characteristics of microorganisms (microbial con-
sortia, metabolic potential, population density, ability to
produce biosurfactant, and competition), the physico-
chemical properties of contaminants (chemical structure,
concentration, toxicity, and bioavailability), and environ-
mental factors (soil type, temperature, pH, oxygen, salinity,
nutrient, and water availability) [24, 33, 55, 56]. -ose
factors alter microbial activities, degradative enzyme ac-
tivities, and hydrocarbon degradation in general. -is is an
indication that bacterial bioremediation could be effective
and enhanced if these factors are manipulation, optimized
and regulated.

6. Biotic Factors

6.1. -e Availability of Hydrocarbon-Degrading Bacteria.
Hydrocarbon degrading bacteria are abundantly and
ubiquitously found in hydrocarbon-contaminated soils. -is
is because those bacteria can easily adapt to the

hydrocarbon-contaminated sites and use the contaminant as
a source of carbon and energy for their metabolism and
growth. -e rate of hydrocarbon biodegradation is directly
correlated to the availability of naturally existing potential
hydrocarbon-degrading organisms in the contaminated
environment [57]. -ose potential bacteria are metabolically
active and can degrade hydrocarbon contaminants aerobi-
cally or anaerobically. However, their availability in terms of
species abundance and richness is closely related to the types
and nature of hydrocarbon contaminants and the sur-
rounding environmental factors [27]. Hence, the availability
of naturally occurring suitable bacteria is crucial for the
implementation of microbial remedial actions.

6.2. Bacterial Competition and Cooperation. Bacterial co-
operation and competition is vital force for survival and
stability within microbial communities of a given ecosystem
[58]. Hydrocarbon degrading bacterial communities exist in
cooperation (with synergistic effect) and/or competition (with
antagonistic effect) for their survival in hydrocarbon-con-
taminated environments [59]. However, the bacterial com-
petition of either interspecific (between bacteria and fungi) or
intraspecific (between bacteria species themselves) is a lim-
iting factor for biodegradation efficacy. For instance, for inter-
specific competition: hydrocarbon-degrading fungi and hy-
drocarbon metabolizing bacteria can compete to utilize hy-
drocarbon contaminants as carbon sources and other limited
nutrients available (nitrogen and phosphorous) for their
growth and metabolism. In addition, some hydrocarbon-
degrading microbial species also release metabolites that
inhibit the growth and development of other hydrocarbon-
degrading bacterial species [49]. Studies showed that exog-
enous bacteria (introduced inocula) are used to degrade
hydrocarbon contaminants [20] but are not usually effective.
-is is because they are unable to avoid competition with
indigenous bacteria, predators, and various abiotic factors
[53]. -e study confirmed that the synergistic association
between Cycloclasticus and Alcanivorax borkumensis en-
hances the degradation of polyaromatic hydrocarbons and
antagonistic effect between -alassolituus and other oleo-
phobic bacteria leading to lessen the rate of biodegradation
[59]. It was indicated that A. borkumensis produces surface-
active substances (biosurfactant) to increase the emulsifica-
tion of PAHs to be readily accessible for Cycloclasticus and no
competition for PAHs for carbon source sinceA. borkumensis
uses other hydrocarbon contaminants as a metabolite.
However, -alassolituus produces metabolites that can an-
tagonize other oleophilic bacterial growth and development.
-e study also showed that the coexistence or interaction
between indigenous and exogenous microbes antagonistically
obstructs the metabolic activities of each other and thereby
limits the effectiveness of hydrocarbon biodegradation [9].
-erefore, the interdependence of microbial populations
(synergistic effect) is important for the successful application
of bioremediation. It has been shown that some hydrocarbon-
degrading microbial consortia develop synergistic relation-
ships for complete degradation [60]. -us, the bacterial
consortia (community) provide comprehensive perceptions
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about the modulation of their potential in hydrocarbon
biodegradation and can provide useful information for in situ
bioremediation of hydrocarbon-related pollutions.

6.3. Indigenous and Exogenous Hydrocarbon-Degrading
Bacteria. Naturally occurring or introduced microbes
(single or microbial communities) may be involved in re-
moving hydrocarbon contaminants. However, native bac-
terial populations (indigenous and autochthonous) are
competent than introduced inocula (exogenous and
allochthonous) to mineralize hydrocarbon pollutants for the
long-term success of the bioremediation process [61]. -e
microorganism that possesses a high degree of stability and
physiological adaptations (specific catabolic actions) suited
to local nutrient availability and environmental conditions is
important to degrade various hydrocarbon components
from contaminated sites [30]. Indigenous bacteria showed
more efficient biodegradation at the rate of about as com-
pared to exogenous consortia [53]. -is is because exoge-
nous bacteria are unable to withstand abiotic factors stress
and are firm to live and propagate in the soil environment
[58]. As a result, using indigenous inocula of specific bac-
terial strains or microbial consortia isolated from hydro-
carbon-contaminated environments acclimates well to the
local environment and is suggested for efficient and inex-
pensive bacterial bioremediation.

6.4. Bacterial Community Structure and Diversity/Microbial
Consortia. To develop bioremediation techniques or
strategies for hydrocarbon degradation, there is the need
to have a better understanding of the dynamics of the

bacterial community [62]. -e soil environments con-
taminated with hydrocarbon pollutants change microbial
community structure (diversity, richness, and evenness),
thereby affecting the metabolic activity of hydrocarbon-
degrading bacteria [63]. Studies also showed that when
hydrocarbon contaminants are introduced to the soil
environment, bacterial communities shift and can show
instant and significant reductions in some bacterial spe-
cies, while others became favorably more plentiful [60].
Supporting this, in long hydrocarbon-contaminated sites,
the distribution and abundance of microbial communities
were found to be in the increasing order of Chlamydiae,
Elusimicrobia, -ermi, Cyanobacteria, Verrucomicrobia,
Chloroflexi, Acidobacteria, Gemmatimonadetes, Firmi-
cutes, Actinobacteria, Bacteroidetes, and Proteobacteria
[5]. -us, the hydrocarbon-degrading bacterial commu-
nity structure and diversity showed that bacterial con-
sortium (indigenous or introduced) is efficient than a
single strain for complete degradation of hydrocarbon
contaminants in the soil [10, 27].-is is for the reason that
a single bacterial isolate (monoculture) can only utilize a
limited range of hydrocarbon substrates [64], while mixed
bacterial isolates (polyculture and consortium) are effi-
cient to metabolize highly concentrated and broad hy-
drocarbon contaminants [30]. -is is because consortia of
bacteria possess broad degradative enzymes, degrade
different hydrocarbon components (aliphatic and aro-
matics), have a higher tolerance to physic-chemical pa-
rameters (temperature, pH, and salinity) and a higher rate
of surface-active biomolecules (biosurfactants) synthesis,
and cope up with synergistic effect to maximize the rate of
bioremediation [65, 66].
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-erefore, understanding community structure, diver-
sity, and interaction is essential to define the metabolic
potential (metabolic diversity) and hydrocarbon specificity
of hydrocarbon-degrading communities [48]. In the bac-
terial consortia, the antagonistic effect of some other bacteria
could limit the efficiency of bacterial remediation [67].
Hence, the activities of these antagonistic bacteria have to be
controlled to encourage the continued development of viable
potential bacterial consortia. Many studies showed that
microbial communities (bacteria, fungi, yeasts, and algae)
play a great role in the biodegradation of hydrocarbon
pollutants [56, 65].-ere are several bacterial genera that are
tested for the degradation of hydrocarbon (Table 2). -e
most known hydrocarbon degrader bacteria belong to the
genus of Pseudomonas, Bacillus, Sphingomonas, Rhodo-
coccus, Alcaligenes, and so on [7, 24, 27, 63, 68–71]. -ose
bacteria can usually metabolize only a limited range of
hydrocarbon substrates. Some of them degrade alkanes
(normal, branched, and cyclic paraffin) and aromatics while
others both paraffinic and aromatic hydrocarbons [68].
-erefore, a bacterial consortium (mixing of potential
bacteria) with overall broad enzymatic capacities is required
to synergistically degrade complex mixtures of pollutants.
Supporting this, studies also showed that consortia of
Staphylococcus sp., Stenotrophomonas sp., and Pseudomonas
sp. [66]; Pseudomonas sp., Acinetobacter sp., and Rhodo-
coccus sp. [49]; Marinobacter sp. and Roseovarius sp. [71];
Pseudomonas aeruginosa and Rhodococcus erythropolis [57];
Bacillus sp., Corynebacterium sp., and Pseudomonas sp. [65];
Pseudomonas sp., Gordonia sp., Aeromonas sp., Steno-
trophomonas maltophilia, Xanthomonas sp., Alcaligenes
xylosoxidans, and Rhodococcus sp. [72]; and Steno-
trophomonas sp., Bacillus sp., Brevibacillus sp., Nocardiodes
sp., and Pseudomonas sp. [70] indicated proficient biore-
mediation activities. However, the functioning of bacterial
community structures and diversity for the complete bio-
remediation/biodegradation is influenced by hydrocarbon
components, nutrients limitation upon competition (TC,
TN, TP, and TOM), metabolites produced, soil physico-
chemical properties, and the compatibility of the mixture
during bioremediation [73].-erefore, using the consortium
of potential microbes with overall broad catabolic enzymes
and genes, biodegradation may become faster, efficient, and
complete.

6.4.1. Biofilm Formation. To survive, bacterial cells form
collection in the form of flocks, mats, or biofilm Biofilm
weight (up to 90%) is composed of extracellular matrix and
microbial cells [74]. When microbial communities en-
counter a harsh situation they react with any change of
environment (stimuli) by producing extracellular polymers
that surround them and facilitate their attachment on the
substratum [75]. -is is important to change response with
respect to their growth, catabolic gene exchange, gene
transcription and/or horizontal gene transfer, and an
adaptive mechanism for physicochemically harsh conditions
and regulate redox state of their environment [32]. Biofilm
can be, however, formed by single or groups of microbial

species, and their potential in hydrocarbon biodegradation is
tested using some species of bacterial species such as
A. borkumensis, Pseudomonas sp., Marinobacter hydro-
carbonoclasticus, and Bacillus sp. [76]. Microbial commu-
nities that form biofilm are the potential to increase
bioaccessibility of the carbon sources from the hydrocarbon-
contaminated sites by synergistic effects, adapting to a new
environment and acquiring metabolic changes to survive in
an environment with a limited range of nutrients [75]. -e
formation of biofilm enhances biodegradation of hydro-
carbon polluted soil environment by increasing microbial
adaptation to low bioavailability of hydrophobic compounds
[60]. -is is due to the high microbial biomass within the
biofilm being efficient for biosorption (to reduce immobi-
lization of contaminants) as compared to the dispersed

Table 2: Bacterial genus reported for hydrocarbon degradation.

S. No. Bacterial genus References
1 Pseudomonas

[7, 24, 27, 63, 68–71]

2 Cycloclasticus
3 Sphingomonas
4 Rhodococcus
5 Neptunomonas
6 Microbulbifer
7 Polaromonas
8 Cellulomonas
9 Achromobacter
10 Gordonia
11 Marinobacter
12 Actinobacteria
13 Deltaproteobacteria
14 Dietzia
15 Alcaligenes
16 Moraxella
17 Mycobacterium
18 Arthrobacter
19 Pasteurella
20 Haloarcula
21 Marinobacter,
22 Flavobacterium
23 Roseovarius
24 Corynebacterium
25 Bacillus
26 Micrococcus
27 Nocardia
28 Xanthomonas
29 Phanerochaete
30 Vibrio
31 Anabaena
32 Serratia
33 Altererythrobacter
34 Burkholderia
35 Alcanivorax
36 Ralstonia
37 Alkanibacter
38 Paenibacillus
39 Aeromonas
40 Enterobacter
41 Promicromonospora
42 Microcella
43 Stenotrophomonas
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microbial cell growth in the contaminated sites. Addition-
ally, biofilm formation is vital to provide optimal factors
(pH, salt concentration, and redox potential) for effective
growth microbial communities and their hydrocarbon
biodegradation [32]. Likewise, aggregation of multicellular
entities embedded in matrices is important to facilitate
hydrocarbon biodegradation by their involvement in floc-
culation and binding of heavy metals [77]. In addition, the
exopolymer serves as a microbial attachment onto surface
substratum, regulation of energy transfer and waste pro-
duction, environmental protection (change in osmolality,
temperature, adsorbs metals, and different organic com-
pounds), and mechanical stability. -is is because it consists
of numerous biological components (polysaccharides,
proteins, nucleic acids, lipids, and humic substances), all of
which regulate the hydrophobicity, biodegradability, and
adsorption properties of the biofilm [74]. Hence, the pres-
ence or absence of biofilm formation will enhance or hinder
the hydrocarbon biodegradation rates. -e more biofilm
formation, the more biodegradation rate will be happening.

6.5. Number of Hydrocarbon-Degrading Bacteria. -e
number (population density) of hydrocarbon-degrading
bacteria is a key factor for the degradation of hydrocarbon
pollutants in the soil [56]. -e number and diversity of
potent hydrocarbon-degrading bacteria are relatively fewer
than the number of whole naturally available bacteria if the
site is not previously contaminated with hydrocarbon
contaminants [78]. However, several hydrocarbon-polluted
milieus are successfully conquered by hydrocarbon-
degrading bacteria than other bacteria which do not have
hydrocarbon degradation potentials. -is variation is im-
portant to indicate that the hydrocarbon-degrading bacteria
are known to possess effective hydrocarbon degradative
enzymes and versatile metabolic pathways. Studies showed
that for successful hydrocarbon biodegradation, the number
of soil bacteria is usually in the range of 104–107 CFU per
gram of soil, while lower than 103 CFU per gram of soil
showed less biodegradation potential [56]. -e high pop-
ulation of hydrocarbon-degrading bacteria substantially
leads to more degradation rate [64]. -erefore, for having
effective bacterial remediation, it is important to determine
the number of potential microbes in the contaminated sites.

6.6. Bacterial Metabolic Capability. Bacterial metabolic
potential with diverse and appropriate metabolic pathways
is a key factor for the degradation, transformation, and
mineralization of various hydrocarbon pollutants in the
soil [70]. Microbial species that can utilize toxic pollutants
are becoming dominant in the contaminated sites [67].
-ey also develop efficient catabolic activities by producing
intracellular or extracellular broad substrate-specific en-
zymes: oxidoreductases, oxygenases (monooxygenases and
dioxygenases), dehydrogenases, hydrolases, peroxidases,
peroxidases, and laccases [22, 33], and new metabolic
pathways (genetic changes) to degrade hydrocarbon pol-
lutants either aerobically or anaerobically [56]. -e genes
that encode hydrocarbon degradative enzymes are critical

for the potential of microbes to bioremediate soils con-
taminated with hydrocarbon pollutants [60] and identified
from various kinds of hydrocarbon-degrading Gram-
positive and negative bacteria [16]. Such overall possibil-
ities are controlled by catabolic plasmids (known as
chromosomal or plasmid DNA) and codified by genes for
specific physiological functions. -e genes such as assA,
bssA, phe, nahAc, xylE, PAH-RHDα, GN-RHDα, phd, nag,
phn, nar, nid, alkB, TOL, ndoB, alkM, alkB1, alkB2, nahH,
SAL, pND50, Alma, C230, PAH-RHD(GP), nahAC,
pWW31, pJP1, pJP4, pKF1, pAC21, pRE1, pAC25, pWR1,
and pCS1 are reported to encode many aromatic compound
degradations [14, 55, 78, 79]. -ose various genes were
identified in various bacterial genera such as Pseudomonas
sp., Sphingomonas sp., Comamonas sp., Alcaligenes sp.,
Acinetobacter sp., Burkholderia sp., Rhodococcus sp.,
Nocardioides sp., Mycobacterium sp., Klebsiella pneumo-
niae, Enterobacter cloacae, Bacillus pumilus, and Bur-
kholderia sp. [18, 79].

Most hydrocarbon-degrading bacteria, on the other
hand, are unable to catabolize all types of hydrocarbon
compounds. -is is due to the fact that they have specialized
hydrocarbon-degrading enzymes. As a result, some can
digest aliphatic hydrocarbons, while others can only break
down aromatics (mono and/or poly), with just a few mi-
crobes possessing physiologically diverse metabolic capacity
[59]. For metabolically active bacteria, aerobic and anaerobic
hydrocarbon metabolisms are studied [80]. For aerobic
metabolic pathways, hydrocarbon-degrading bacteria are
known to use either monooxygenase (incorporate one O2
atom) or dioxygenase (incorporate two atoms of O2) en-
zymes for the metabolism of aliphatic and aromatic hy-
drocarbons. Most microorganisms use monooxygenases to
oxidize alkanes by attacking terminally, biterminally, or
subterminally for the production of alcohol and further
oxidize to aldehyde and fatty acid and finally get into Kreb’s
cycles via β-oxidation process [80, 81]. Some other potential
microorganisms use dioxygenases (alkane monooxygenase,
ring-hydroxylating dioxygenases, and catechol dioxygenase)
to degrade aromatic hydrocarbons using either ortho or
meta ring fission mechanisms, and the products are further
metabolized to tricarboxylic acid cycle intermediates and
sooner or later mineralized to CO2 and H2O [18]. For an-
aerobic pathways, both aliphatic and aromatic hydrocarbon
contaminants can be oxidized into phenolic compounds or
organic acids and then changed into a long chain of volatile
fatty acids to end with methane and carbon dioxide [80].
Consequently, microbial catabolic activities are the major
factors limiting or promoting biodegradation depending on
the type of metabolic pathways that the microbes enjoy and
the nature of the contaminants. Additionally, the numbers of
different bacterial genes are important to judge the con-
tamination level and natural degradation capacity.

6.7. Redox Potential of the Bacteria. Bacteria require energy
for biological functions, cell maintenance, and reproduction.
Physiologically, this energy is produced within bacterial cells
via a redox reaction [51]. Bacteria, therefore, catabolize
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hydrocarbon pollutants as the source of energy by catalyzing
the transfer of electrons from electron donors to electron
acceptors in aerobic or anaerobic bioremediation. -is
phenomenon depends on redox potentials that are impor-
tant to drive the oxidation of hydrocarbon-derived pollut-
ants for bacterial energy production (respiration) and
enhance their growth by reducing the redox potential.
Studies showed that many organic pollutants like hydro-
carbon have a low rate of degradation due to their high redox
potential [82]. -us, the redox potentials show oxidizing or
reducing conditions, provide an indication of the relative
dominance of the electron acceptor (oxygen, nitrate, sulfate,
iron (III), manganese, chlorate, perchlorates, etc.) [8, 51, 83],
and require an energy source (electron donor) and nutrients
for bioremediation processes. For aerobic conditions, oxy-
gen does not only act as a final electron acceptor but is also
important to enzymatic activation of aromatic hydrocarbon
as mono or dioxygenases. As a result, aromatic compounds
are favorable electron donors for bacterial growth because of
the high Gibbs free energy change of the oxidation of these
compounds with different electron acceptors [83]. In ad-
dition, for anaerobic conditions, the substances that have
high reduction potential (e.g., perchlorate and chlorate)
make them ideal electron acceptors for microbial meta-
bolism during bioremediation processes.

When hydrocarbon-degrading bacteria grow well with
decreasing pollutant, content is associated with the redox
potential of the electron acceptors [84]. In highly contam-
inated sites, the electron donors (hydrocarbon) are excess
over the oxidation potential of electron acceptors. Conse-
quently, the respiration and biodegradation process can be
controlled by the availability of specific electron acceptors
[85]. Accordingly, bacterial degradation can be limited due
to the low redox potential and depletion of electron ac-
ceptors. -is is because the lower redox potential results in
anoxic conditions and reduces the rate of biodegradation
[86]. In general, the presence of dominant electron acceptors
in hydrocarbon-contaminated sites is an important factor
affecting the rate of biodegradation.

6.8. Effect of Biosurfactant. When hydrocarbon pollutants are
released into the soil, they become difficult to biodegrade. -is
is due to their firm adsorption to soil matrices and less or no
bioavailability for microbial biodegradation [67]. To overcome
this problem, the uses of inorganic and organic surface-active
agents have been exercised [7, 87]. -e chemically synthesized
surfactants have been used to improve the solubility of hy-
drocarbons through the process called emulsification. For this,
treatment hydrocarbon contaminants using ionic (anionic and
cationic), nonionic, biological, andmixed surfactants were used
[2]. However, chemically synthesized (inorganic) surfactants
were not recommended for further use since they are also
prone to secondary contamination and aremostly hazardous to
the environment with minimal or no effect on hydrocarbon
biodegradation efficiency [71]. -is indicates that the use of
biosurfactants obtained from natural sources (plants or mi-
croorganisms) showed efficient activities and is acceptable
since they are biodegradable, nontoxic, specificity under

extreme circumstances, andmore appropriate for hydrocarbon
degradations [50]. As part of this, hydrocarbon-degrading
bacteria produce those surface-active biological molecules
extracellularly to emulsify and easily uptake the hydrocarbon
contaminants [32, 57, 81, 88]. -ere are many kinds of bio-
surfactants such as glycolipids (rhamnolipids, emulsans, lip-
osans, sophorolipids, and trehalolipids), lipopeptides and
lipoproteins, surfactin, lichenysin, fatty acids, polymeric bio-
surfactants, phospholipids, and neutral lipids. -ey are pro-
duced from variousmicrobes such asBacillus sp., Pseudomonas
sp., Aeromonas sp., Enterobacter sp., Burkholderia sp., Acine-
tobacter sp., Micrococcus sp., Rhodococus sp., and some hal-
ophile species [33, 57, 69, 81, 88, 89].

Biosurfactant enhances hydrocarbon degradation in
many ways, including by modulating the solubilization and
desorption of pollutants as well as modification of bacteria
cell surface properties. Biosurfactants are capable of low-
ering the surface tension and the interfacial tension of the
water/air or water/oil interface [32]. -us, the surface area
of the hydrocarbon substrate increases, making emulsifi-
cation easier, and the entire phenomena make the substrate
to be readily available for uptake and metabolism [55].
Additionally, the reduction of the interfacial tension leads
to increased penetration of porous materials via the
aqueous phase. Biosurfactants forms micelles in aqueous
solutions at a concentration exceeding critical micelles
concentration (CMC) [19]. To display the lowest surface
tension, the hydrophobic part boosts the exploitation and
solubilization of hydrocarbon contaminants into the so-
lution. However, the CMC of surfactants and their effec-
tiveness for the removal of hydrocarbon pollutants may be
entirely dependent on their nature, type, composition,
ionic strength, the physicochemical characteristics of the
reaction mixture, and other factors [2]. In addition, the
uses of biosurfactants also enhance the expression of
siderophores production (metal-binding peptides) and
biofilm formation for hydrocarbon biodegradation [77].
Overall, biosurfactants are capable to increase the solu-
bility, mobility, dispersion, bioavailability, and degrad-
ability of hydrocarbon pollutants [3]. -erefore, for
efficient hydrocarbon bioremediation, fulfilling and opti-
mization of the bacterial growth parameters are not enough
without consideration of the capacity of the bacteria to
produce appropriate biosurfactants.

7. Abiotic Factors

7.1. Hydrocarbon Characteristics

7.1.1. -e Physical and Chemical Nature of the Contaminant.
Microbial bioremediation strategy is always needed to infer
the interaction between the potential microbes and the
hydrocarbon pollutants. -e physical (heaviness, occur-
rence, diffusion rate, and viscosity) and chemical properties
(components, molecular weight, and structures) of the hy-
drocarbon pollutants can affect biodegradation, trans-
portation, and metabolism of a single strain or consortia of
bacteria. -is is due to the molecular size, composition,
structure, concentration, toxicity, and unpredicted products
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of hydrocarbon in the contaminated environment. -ese
conditions affect the occurrence, stability, and biological
activities of hydrocarbon-degrading bacteria. In addition,
the high molecular weight of polyaromatic hydrocarbons
(four or more rings: pyrene, chrysenes, fluoranthene, benzo
[a] pyrene, and coronenes), and highly condensed cyclo-
alkane compounds are recalcitrant than unbranched alkanes
(intermediate length: C10–C25) and lighter PAHs (two or
three rings: naphthalene, phenanthrene, and anthracene) to
microbial degradation [77, 90]. -is means the rate of hy-
drocarbon biodegradation of n-alkanes> branched alka-
ne’s> low-molecular-weight aromatics> high molecular
weight of aromatic hydrocarbons> asphaltenes [8, 80]. -e
nondegradation prospective of the contaminant is because
their nature accounts for their solubility, bioavailability,
toxicity to microbes by the disruption of the lipid mem-
brane, and unable to cleave the ring for degradation.
-erefore, understanding the chemical characteristics,
physical state (heterogeneity and degree of spreading), and
toxicity, and the fate (physical, chemical, and biological
change) of hydrocarbon contaminants is mandatory to
determine the rate of hydrocarbon biodegradation [56].

7.1.2. Hydrocarbon Concentration. -e concentrations of
hydrocarbon pollutants affect the rates of uptake, trans-
formation, and mineralization of bacterial biodegradation.
Extremely high concentrations are known to be toxic and
negatively influence the growth rate and biomass production
of degraders and require a long treatment duration [91] due
to the heavy and undispersed nature of high concentration
pollutants [66]. In addition, it was confirmed that hydro-
carbon concentration >5% decreases microbial degradation
activity and may interrupt C:N:P ratio and oxygen avail-
ability [54]. Similarly, extremely low concentrations of hy-
drocarbons limit biodegradation by suppressing bacterial
metabolic genes not to produce degradation enzymes and
causes low supply or unavailability of carbon to support
microbial growth [51]. -erefore, bacterial biodegradation
of hydrocarbon depends on the presence of optimum
concentration (not too high or low) for complete miner-
alization from contaminated environments.

7.1.3. Bioavailability of the Hydrocarbon Contaminants.
According to Maletić et al. [47], the term bioavailability is
defined in many ways: it refers to an interactions between
pollutants and living cells, the degree to which pollutants in
the soil may be absorbed or metabolized, maximum quantity
of a contaminant available for uptake by an organism within
a given time period, and the chemically active compound on
its way to a degrader organism. In general, the bioavailability
of hydrocarbon pollutants refers to the number of hydro-
carbon substrates that are abundantly accessible to potential
microbes [4, 58], and it is a rate-limiting factor in biodeg-
radation processes [3]. However, the bioavailability is of
pollutants can be restricted because of their high hydro-
phobicity, low water solubility (high molecular weight), low
concentration, low diffusion rate, desorption onto soil and
inorganic matrix colloids, chemical structures, temperature,

viscosity, duration of the contamination, and soil charac-
teristics (particle size and types of soil) [7]. For instance, at
low temperature, viscosity and solubility of pollutant de-
creases; ice formation in the soil increases; and the transfer
of oxygen, nutrients, and hydrocarbon in the soil (bio-
availability) decreases. -ese lead to low accessibility for
bacterial metabolism. Hence, the lack of bioavailability of
hydrocarbon contaminants in the soil is a major factor
inhibiting the rate of their biodegradation rate. -is rate-
limiting factor can be partially overcome by the use of
biosurfactants, which increase the bioavailability of hydro-
carbons. In a few cases, however, the biosurfactants can
inhibit bacteria, and thus, the effect of the biosurfactant
depends on the physicochemical properties of the bio-
surfactants, the types of pollutants, and the physiological
properties of the functional microorganisms [27]. In this
view, selection of biosurfactants is important, and several
species of bacteria, such as Bacillus sp. DQ02 and Bacillus
amyloliquefaciens An6, showed improved degradation effi-
ciency with biosurfactants [19].

7.2. Physical Parameters

7.2.1. Soil Characteristics. -e soil is the most multifaceted
environment to harbor various kinds and populations of
microorganisms. Its environmental factors (physicochemi-
cal properties) are the determinant stimuli for the nature of
indigenous microbes, bacterial community, and the com-
position of functional genes [73]. -e soil physicochemical
characteristics that show such effect include soil type, region,
texture, particle size, maximum water holding capacity
(moisture), temperature, nutrient content, oxygen content,
and pH [6, 91]. Overall, those soil factors are affecting the
chemical stability, bioavailability, and movement of hy-
drocarbons pollutants in the soil to support potential bac-
terial growth and then ultimately for effective
biodegradation [11].

7.2.2. Soil Region. -e topsoil (surface soil, vadose zone, and
unsaturated zone of soil) predominantly harbors a high
population of bacteria due to the regular supplement of
organic matters (from plants and animals) and adequate
oxygen availability. Contrarily, in sediments (saturated zone
of soil), there is a low bacterial population due to the de-
crease in organic matter supplement and oxygen availability
with an increase in soil depth [59]. -erefore, the soil region
affects the number and community of bacterial population
in the hydrocarbon-contaminated soil.

7.2.3. Soil Particle Size. -e size of the soil particle also
determines the soil permeability and rate of hydrocarbon
biodegradation [92]. Fine soil particles (clay soil; with small
interstitial spaces) retain the hydrocarbon at the soil surface
and reduce the availability of nutrients and oxygen whilst
coarse soil particles (sand soil; with large interstitial spaces)
drain hydrocarbon pollutants through the soil to the un-
saturated zone. -ose properties of soil make the rate of
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hydrocarbon biodegradation very sluggish [6]. Hence, for
efficient and rapid biodegradation, abstemiously drained soil
particles (increase in porosity) are important for intensifi-
cation of the contaminant’s bioavailability, supply of oxygen,
and enhancing the metabolism and growth of potential
indigenous microbes [22].

7.2.4. Nutrient Availability. Bacteria require nutrients for
their metabolism and growth, and therefore, the microbial
community is dependent on nutrient accessibility in the
hydrocarbon-contaminated natural soil environment [5]. In
a natural environment, the hydrocarbon-degrading bacteria
are regulated by inorganic nutrients as limiting factors [62].
-is implies that the presence or addition of macronutrients
(N, P, and K) in the contaminated soil increases the bio-
stimulation [91] and determines the distribution and deg-
radation of hydrocarbon pollutants [65]. Organic matter in
the soil is a source of nutrients and enhances some prop-
erties of soil to promote the growth and activities of soil
microbes [93]. -ereby, treatment of the soil with poultry
manure alone can enhance oil degradation [94]. Besides, a
high accumulation of organic nutrients leads to the toxicity
of soils due to the production of toxic intermediates during
hydrocarbon biodegradation [95]. Even though those hy-
drocarbon-degrading bacteria use hydrocarbons as an ex-
cellent source of carbon and energy, access to other nutrients
such as nitrogen and phosphorus is limited from the con-
taminant itself. When there is a large accumulation of or-
ganic carbon contents in the hydrocarbon-contaminated
sites, there is the rapid depletion of other inorganic nutrients
such as nitrogen, phosphate, and potassium (N, P, and K)
and trace amounts of calcium, sulfur, magnesium, iron, and
manganese due to rapid microbial metabolic activities. -is
limits the rate and extent of hydrocarbon biodegradation
and biotransformation. To avoid such limitation, studies
recommended adjustment of carbon/nitrogen/phosphorous
(C/N/P) ratio to 100:10:1 [96] to 100:20:1 [58, 91] for
considerable hydrocarbon biodegradation. -is can be ap-
plied by the addition of urea, phosphate, N–P–K fertilizers,
and ammonium, and phosphate salts are mandatory [56]. It
has been demonstrated that concentrations of phenanthrene
did not change significantly without supplement of inor-
ganic fertilizer (nitrogen and phosphorous) but decreased
greater than 25 times in soil amendment [79]. Even though
some bacteria exhibit good growth or adaptation for the high
amount of carbon, nitrogen, potassium, and phosphorus
sources in hydrocarbon-contaminated sites, biostimulation
(extra supplement of nutrients or fertilizers) significantly
affects indigenous microbial communities [12]. -is reduces
the rate of degradation by suppressing microbial growth and
production of enzymes and ultimately resulting in toxicity to
soil microbes [29, 61]. In addition, high concentration hy-
drocarbon contaminants could also alter the NPK ratio and
thus ultimately resulting in oxygen shortage. In general,
improper supply (excessive or low) and/or absence of
mineral nutrients limit the growth of hydrocarbon utilizing
bacteria in the soil. -erefore, the supplement of optimal
level of nutrients (N and P) in contaminated soils is

indispensable for effective hydrocarbon biodegradation
[25, 64, 92]. -e hydrocarbon biodegradation is, therefore,
depends on soil environment amendments, and in that way,
the maximum degradation rate can be enhanced with the
addition of nutrients to the optimal level.

7.2.5. Aeration/Oxygen Availability. Hydrocarbon degrad-
ing bacteria (oleophilic) can respire with the presence of
oxygen (aerobic) and the absence of oxygen (aerobic or
facultative).-e availability of molecular oxygen in the soil is
the limiting factor for aerobic bioremediation and acts as the
final electron acceptor [28] and chemical reactant (the en-
zymatic oxygenase reactions) for a terminal, subterminal,
and biterminal oxidation and ring cleavage of aromatic
hydrocarbon contaminants [15]. -e study indicated that
without considering the total biomass of potential hydro-
carbon-degrading bacteria, 3.1mg/ml of oxygen is required
for the degradation of 1mg/ml hydrocarbon contaminants
[54], and 10–40% of oxygen level is required for effective
hydrocarbon biodegradation [28]. It is, therefore, aerobic
catabolism results higher biodegradation rate than anaerobic
metabolism [97, 98]. Reports showed that the use of isolated
bacterial strains degraded 20–25% of the total amount of oil
under aerobic conditions within 10 days, but the same
strains took 50 days under anaerobic conditions to degrade
15–18% of the total petroleum present [68] and no or di-
minutive hydrocarbon pollutant degradation in anoxic soil
region [77]. However, the low level of oxygen in hydro-
carbon-contaminated sites hampers the aerobic degradation
routes and resulting low removal efficacy [30]. -e factors
resulting in slow biodegradation and free oxygen depletion
in the soil include oxygen concentration, bacterial oxygen
consumption rate, physical and chemical properties of
contaminated soils (type and porosity), and the presence of
utilizable substrates or accumulation of organic matters
[6, 28]. -erefore, the availability of oxygen in the soil is
essential to have effective biodegradation.

7.2.6. Effect of Temperature. -e temperature has a signif-
icant effect on the rate of bacterial growth, the activity of the
enzymes, the chemistry of the pollutants, physiology, and
diversity of the bacterial community responsible for deg-
radation processes [15, 51]. -us, temperature is considered
an important factor in biological remediation, and the ef-
ficiency of removing hydrocarbon pollutants is directly
related to temperature. Liu et al. [62] reported that tem-
perature played a significant role in selecting petroleum
hydrocarbon-degrading bacteria in deep and surface waters
of the Northern Gulf of Mexico, besides water chemistry and
the initial microbial community. -e community of bacteria
associated with hydrocarbon degradation is linked to tem-
perature fluctuation and is that moderate temperatures are
generally attributable for selecting mesophilic hydrocarbon-
degrading bacteria. Several hydrocarbon-degrading bacteria
were also shown to have a wide range of degradation ef-
fectiveness, suggesting the importance of temperature in
remedial methods for the remediation of hydrocarbon
contamination [27].
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Additionally, studies indicated that the rate of hydro-
carbon degradation is dependent on the temperatures of the
region (tropical, temperate, and arctic) of contaminated sites
[31]. For instance, psychrophiles require below 20℃; mes-
ophiles require between 15–45℃; and thermophiles require
above 50℃ for hydrocarbonmetabolism [56]. As temperature
increases, solubility, bioavailability, diffusion, and enzymatic
activities of microorganisms also increase [98], whereas, at a
higher temperature (above 40°C), oxygen solubility decreases,
and metabolic activity of aerobic bacteria diminishes; the
membrane becomes more susceptible to hydrocarbon toxicity
and consequently reduces the hydrocarbon biodegradation
rate [56, 68]. Conversely, at lower temperatures, the oil vis-
cosity increases; the volatility of low-molecular-weight of
toxic hydrocarbons pollutants decreases; solubility decreases;
the toxicity of low-molecular-weight of hydrocarbons in-
creases; rates of enzymatic activity decreases; and hence, there
is a delay microbial biodegradation [52]. Indeed, the degra-
dation efficiency of hydrocarbons at lower temperatures could
be improved with biosurfactants by influencing the viscosity
and solubility of hydrocarbons. In addition, studies have
shown that the maximum rates of microbial hydrocarbon
degradation occur in a warm environment [31], particularly
in the range of 30–40°C [52, 97]. In general, the rate of
biodegradation decreases with decreasing temperature, while
it accelerates with increasing temperature. As a result, po-
tential bacteria need an optimal temperature range for
complete hydrocarbon degradation.

7.2.7. Effect of pH. Soil pH (neutral, acidic, or alkaline) affects
bacterial growth and bioremediation strategies. Most hydro-
carbon-degrading bacteria favor neutral pH [98] to slightly
alkaline [97]. -e production and accumulation of bacterial
waste products can change the pH of hydrocarbon-contami-
nated soils and consequently influences nutrient availability,
solubility contaminant, bioavailability, and microbial activities.
Studies showed that hydrocarbons can be minimally degraded
with a range of pH 2–5.5 and alkaline pH 7.5–10 [54, 56], while
effective hydrocarbon degradation is obtained at nearly neutral
pH (5.2–7.0) [79] and the greatest bacterial population ob-
served at pH 7.5 too [99]. Another study also recommended
that for optimum hydrocarbon bioremediation soil, pH range
will be 6–8 [98]. From the literature, it is found that a little
change in pH can dramatically affect the rate of hydrocarbon
biodegradation [61]. -is is because the optimum soil pH is
important to regulate microbial biomass and enzyme activity
and boost hydrocarbon biodegradation [99]. Hence, it is im-
portant to adjust the soil pH in hydrocarbon-contaminated
sites shall optimally ranging from 5 to 8 for having the greatest
effect of bioremediation.

7.2.8. Effect of Moisture Availability. Soil moisture (water
film) serves as the transport medium for soil nutrients and
the removal of bacterial metabolic waste products in the
soil particles. It affects hydrocarbon bioavailability, aera-
tion status, nature and amount of soluble materials, os-
motic pressure, diffusion processes, transfer of produced
gases, soil toxicity level, and the pH of the soil [92, 93].

When the soil has hydrocarbon contaminants, its porosity
and water holding capacity are reduced [22]. Ultimately,
this condition decreases microbial activity since bacterial
and soil water activities are directly proportional, that is, as
moisture content decreases, bacterial activities too de-
crease, and contrariwise, when the soil moisture level is
high, it limits oxygen transfer [63]. -at is why hydro-
carbon degradation in terrestrial ecosystems is limited by
the availability of water for microbial growth and meta-
bolism. -erefore, the proper moisture availability is es-
sential for hydrocarbon biodegradation and in the range of
50–75% [95], 30–90% [98], and 50–80% [21]. However,
extreme moisture conditions are unfavorable for microbial
growth and metabolism. -is is because the diffusion of
oxygen in the soil is decreased and aerobic hydrocarbon
degradations are limited rather than making anaerobic soil
environments. Hence, providing proper moisture (water
availability) in hydrocarbon-contaminated sites is man-
datory to boost microbial activities for hydrocarbon
degradations.

7.2.9. Effect of Salinity. -e deposition and accumulation of
salt naturally or anthropologically affect microbial hydro-
carbonoclastic activity and increase stress for organisms
(halophile or halotolerant) in their habitat [69]. High salt
concentration can increase osmotic pressure and hinder
microbial metabolic activities, solubility, and transportation
systems for essential ions [55] and bring a lack of oxygen for
microbes [97]. -is might be happened due to the intro-
duction of a large number of soluble fertilizers (nitrates or
ammonium salts) and discharging of saline solution into soil.
When such hypersaline environments are contaminated with
petroleum compounds, halophilic bacteria have the potential
to survive and degrade the pollutants.-ose potential bacteria
have genes encoding hydrocarbonoclastic enzymes, which are
responsible for their versatile hydrocarbon catabolism [69].
Studies indicated that significant hydrocarbon degradation
was detected with 0.1–2M NaCl but maximally 0.4M and a
high level of soil salinity decreased the rate and extent of
hydrocarbon biodegradation [56]. In addition, the supple-
ment of salts such as NaCl and NH4Cl in nutrient scarce soil
enhances the microbial degradation of hydrocarbons [96].
-is is because of the presence of such salts, hydrocarbon
biodegradation in soil increased with increasing cation
concentrations. However, the higher cation concentrations
impede the microbial consortium in the soil and reduce
microbial biodegradation of hydrocarbon contaminants
[100]. -erefore, identification of proper salt concentration
depends on hydrocarbon-contaminated soil environments
and the nature of potential hydrocarbon-degrading bacteria.

8. Summary and Future Outlook

Hydrocarbon contaminants are considered a serious issue
among environmental pollutants due to their high toxicity to
human and environmental health. Several studies have
shown that microorganisms can break down hydrocarbons
utilizing a wide range of enzymes. -e process can start in
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contaminated sites whenever biotic and abiotic factors
permit. As a result, it is essential to understand the role of
biotic (the number, type, and composition of bacterial
populations, microbial completion, bacterial redox poten-
tial, biosurfactant production, and genetic factors) and
abiotic factors (the physicochemical properties of contam-
inant and environmental variables including bioavailability,
nutrient, temperature, pH, aeration, and salinity) for ef-
fective contaminant removal. -erefore, for having effective
hydrocarbon biodegradation, it is important to optimize
environmental factors to allow optimum bacterial growth
and metabolism. Furthermore, developing novel bio-
surfactants that improve the bioavailability of hydrocarbons
to bacteria seems to be a promising strategy for overcoming
the barrier to microbial absorption of petroleum hydro-
carbons. Even though several rate-limiting factors have been
elucidated in the current review, the interactive nature of
microorganisms, hydrocarbons, and environment still is not
completely understood, and further research is necessary to
improve predictive understanding of the fate of hydrocarbon
pollutants in the environment and the role of microor-
ganisms in biodegradative environmental decontamination.
Future research should also focus on establishing a microbial
consortium capable of acting on a broad range of hydro-
carbons, including saturates, aromatic (mono and polycy-
clic), resins, and asphaltenes. Various molecular tools such
as metagenomics could help uncover the community as-
semblage residing in unusual hydrocarbon-contaminated
environments. Ultimately, synthetic biology technology may
be used to produce engineered bacteria with enhanced
metabolic abilities and greater potential to break down
hydrocarbons pollutants and thus ameliorating the current
time-consuming hydrocarbon bioremediation process.
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[44] J. Czarny, J. Staninska-Pięta, A. Piotrowska-Cyplik et al.,
“Assessment of soil potential to natural attenuation and

Journal of Chemistry 15



autochthonous bioaugmentation using microarray and
functional predictions from metagenome profiling,” Annals
of Microbiology, vol. 69, no. 9, pp. 945–955, 2019.

[45] K. Ramadass, M. Megharaj, K. Venkateswarlu, and R. Naidu,
“Bioavailability of weathered hydrocarbons in engine oil-
contaminated soil: impact of bioaugmentation mediated by
Pseudomonas spp. on bioremediation,” -e Science of the
Total Environment, vol. 636, pp. 968–974, 2018.

[46] A. Roy, A. Dutta, S. Pal et al., “Biostimulation and bio-
augmentation of native microbial community accelerated
bioremediation of oil refinery sludge,” Bioresource Tech-
nology, vol. 253, pp. 22–32, 2018.
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