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Abstract

:

Polycyclic aromatic hydrocarbons (PAHs) distributed in air and soil are harmful because of their carcinogenicity, mutagenicity, and teratogenicity. Biodegradation is an environmentally friendly and economical approach to control these types of contaminants and has become an essential method for remediating environments contaminated with petroleum hydrocarbons. The bacteria are isolated and identified using a mineral nutrient medium containing PAHs as the sole source of carbon and energy and biochemical differential tests. Thus, this study focuses on some bacteria and fungi that degrade oil and hydrocarbons. This study provides a comprehensive, up-to-date, and efficient overview of petroleum hydrocarbon contaminant bioremediation considering hydrocarbon modification by microorganisms, emphasizing the new knowledge gained in recent years. The study shows that petroleum hydrocarbon contaminants are acceptably biodegradable by some microorganisms, and their removal by this method is cost-effective. Moreover, microbial biodegradation of petroleum hydrocarbon contaminants utilizes the enzymatic catalytic activities of microorganisms and increases the degradation of pollutants several times compared to conventional methods. Biological treatment is carried out in two ways: microbial stimulation and microbial propagation. In the first method, the growth of indigenous microorganisms in the area increases, and the pollution is eliminated. In the second method, on the other hand, there are no effective microorganisms in the area, so these microorganisms are added to the environment.
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1. Introduction


The polycyclic aromatic hydrocarbon (PAH) group includes a wide range of compounds with anything from two to seven benzene rings. When organic molecules such as those found in fossil fuels are burned incompletely, they release a wide variety of pollutants known as polycyclic aromatic hydrocarbons (PAHs) [1]. Some PAHs are dangerous to human health because they cause cancer, genetic mutations, and congenital disabilities. Therefore, the potential for PAHs to disperse farther in nature is raised [2]. PAHs (polychlorinated biphenyls) enter the environment via natural and human activities. PAHs are ubiquitous because they are produced during the combustion of almost all organic materials. Incomplete combustion of fuels, trash, or other organic matter (including tobacco and plant material) are all potential sources of PAHs and their derivatives [3].



Natural sources of PAHs include, but are not limited to, forest fires, volcanic eruptions, and animal feces. Given that aromatic compounds are created from petroleum and petroleum products, it is vital to address the petroleum, petrochemical, and processing sectors and the pollution they generate [4]. Crude oil, which can be refined into more than 340 different products, is one of the essential energy sources and the engine of the global economy. Because of fast population expansion and energy use, oil contamination is practically unavoidable. Transportation and storage may taint petroleum fuels and their derivatives. The greater the penetration depth of petroleum products into the soil, the more difficult it is to remove the pollutants [5]. Certain bacteria and microorganisms in the soil may decompose petroleum compounds [6,7]. When it comes to cleaning up polluted areas, bioremediation is a top priority. In this process, biological organisms, primarily bacteria, fungi, and plants, degrade environmental contaminants and transform them into harmless chemicals [8,9]. These microbes convert hydrocarbon molecules into carbon dioxide, biomass, or other products. The effectiveness and pace of hydrocarbon degradation rely on the kind of pollutants, the composition of the contaminated material, the ambient conditions, and the features of the microbial population [10]. Microorganisms may degrade PAH by producing three primary products. (a) Enzymes: monooxygenase and dioxygenase are the essential enzymes for hydrocarbon decomposition, and their result is alcohol [11,12]; (b) biosurfactants: microorganisms create biological materials with hydrophilic and hydrophobic groups on the cell surface. They are classified based on their chemical structure as glycolipids, phospholipids, fatty acids, and lipopolysaccharides. By emulsifying adsorbed hydrocarbons and releasing them into the soil organic matter, biosurfactants enhance the mass transfer rate by raising the water concentration of hydrophobic molecules. They contribute to the acceleration of biodegradation [13]; (c) many bacteria may utilize hydrocarbons as a source of carbon and energy to produce acids and solvents such as acetone, ether, benzene, and oxaloacetic acid, which dissolve petroleum hydrocarbons [14,15]. Pseudomonas, Bacillus, Rhodococcus, Mycobacterium, Acinetobacter, Staphylococcus, Clostridium, Proteus, and Micrococcus are among the most significant bacteria engaged in this process [16,17,18]. No microorganism alone can completely decompose petroleum hydrocarbons into carbon dioxide and water as the final product. Today, with the help of genetic engineering, several plasmids have been integrated into bacteria, namely Pseudomonas, such that they may concurrently break down several petroleum compounds [19]. According to recent research, many nations throughout the globe are confronting a variety of difficulties due to petroleum hydrocarbon pollutants which are themselves persistent organic pollutants. Biodegradation is a viable alternative for cleaning up these polluted locations since traditional physical and chemical approaches are technically and economically challenging [20]. In terms of enhancing life and preserving biodegradable materials in polluted areas, dormant microbial cells are preferable to free microbial cells. However, present techniques for biodegradation are limited by several factors such as the features of the pollutants, the poor capacities of microbial communities, the particular biological presence of a few contaminants, and growing circumstances [21,22,23]. The routes of hydrocarbon pollutant degradation and diverse bioremediation methods and processes impact the rate of microbial biodegradation, which is the process of microbial transformations of petroleum hydrocarbon pollutants. Considering the consequences of petroleum hydrocarbon pollutants and the scale of those impacts, it is essential to comprehend the elements that influence bioremediation and microbial degradation. This research investigates the bioavailability of substrates, microorganisms in the breakdown of petroleum hydrocarbon pollutants and molecular techniques to characterize them, degradation processes under aerobic and anaerobic circumstances, and variables impacting the biodegradation of these pollutants [24].




2. PAHS Aromatic Hydrocarbons


All compounds with two or more benzene rings fall under this group in a linear, angular, or clustered arrangement. Polycyclic aromatic hydrocarbons are organic chemicals with many rings (Table 1) [25]. This tiny oil fraction is hazardous to plants and animals, but microorganisms can convert PAHs to biomass, carbon dioxide, and water [26,27]. Hydrocarbons with a low molecular weight are poisonous yet swiftly evaporate or disintegrate. In addition, the rate of disintegration of aromatics with several rings is slower than that of those with a single ring. Aromatics with at least five rings are resistant to absorption and may persist in a stable environment [28]. The Food Supply Contaminated With PAHs from many different sources is shown in Figure 1. In Table 1, we have some of the physical and chemical properties of the chosen PAHs [1].




3. The Effects of Oil Pollution on Ecosystems and Human Health


Due to its distinctive chemical features, crude oil is hazardous to human health and ecosystems. Long-term environmental exposure and high quantities cause various cancers and renal and liver problems [31,32]. Aromatic compounds are more harmful than aliphatic compounds, while low molecular weight compounds are more poisonous than those with a considerable molecular weight [33]. The oil component exposed to sunlight is less harmful than its water-soluble counterpart [34]. The PAH contamination in a diverse environment is shown in Figure 2.



Highly toxic polycyclic aromatic hydrocarbons may enter the human body through the skin, respiration, ingestion, and food chain. Breathlessness, a dry cough, chest discomfort, and an irregular pulse are their primary consequences. Additionally, it is very hazardous to marine crustaceans and some aquatic plants and animals, which take it in and store it [35,36].



Oil’s impacts on living things are directly proportional to the pollution it causes. As a result, it is essential to conduct systematic research and analysis on pollution to effectively manage polluted ecosystems [34]. The impacts of oil pollution on aquatic ecosystems and associated species extend beyond the levels of primary and secondary producers. Hydrocarbons derived from petroleum affect the semi-permeability of membranes by dissolving lipid molecules, lowering the rate of photosynthesis, and preventing the growth and reproduction of phytoplankton. This phenomenon, which prevents chlorophyll molecules from interacting with one another, is brought on by the breakdown of petroleum hydrocarbons in the lipid phase of chloroplasts. In the mitochondrial membrane, a similar disturbance will hinder the tricarboxylic acid cycle and the oxidative phosphorylation process. While naphthalene lowers the amount of protein in cells, crosne can reroute the lipids found in cell membranes and penetrate harmful red algae.



Additionally, oil disables the feeding route of echinoderms and causes mouth cankers, eye discomfort, and seasickness-related blindness in fish. The oil prevents birds from swimming and flying by penetrating their feathers, replacing water with air, reducing thermal insulation, and decreasing buoyancy. Furthermore, oil toxicity lowers egg viability [37,38,39].



In mangrove forests, the low oxygen level and high water saturation of sediments inhibit oil breakdown. Aromatic hydrocarbons endure and build for years in these regions; they may stay stable for up to twenty years. In mangrove forests, the floating oil smothers the respiratory and edible roots, resulting in the death of certain trees and the impeded development of the remaining trees, as seen by leaf loss, fruit degradation, and stunted growth. The loss of their cover demonstrates its impact [40,41].




4. Bioremediation of Petroleum Hydrocarbons


Many common physical and chemical methods are expensive due to the costs of drilling and transporting contaminated materials due to on-site remediation. These methods include soil washing and chemical inactivation (such as using potassium permanganate and hydrogen peroxide) as chemical oxidizers to mineralize insoluble pollutants. Other physical and chemical methods include dispersion, transport, absorption, desorption, and non-living transformation [42]. The high costs and limited effectiveness of these physical and chemical cleaning methods have led to the development of alternative technologies for in situ applications, mainly based on the biological regeneration abilities of plants and microorganisms. General comparison of methods for removing PAHs is shown in Table 2. Biological treatment of oil-contaminated sites using living organisms to destroy and detoxify pollutants can be defined as a green technology, an efficient, economical, and environmentally friendly technique [20]. Removal methods of existing PAHs from the air, soil, and water are shown.



Pollutant bioremediation is a novel approach to removing hydrocarbon pollutants that involve the transformation of harmful organic pollutants by microorganisms into non-hazardous compounds such as carbon dioxide, methane, water, and biomass. This process does not cause any damage to the surrounding environment. Therefore, biodegradation is one of the most significant methods for eliminating hydrocarbon contaminants from the environment [20,34]. Using microbes is an excellent way to improve the catalytic abilities to live things, which can help get rid of pollutants and improve microbial oil extraction [12,43,44]. Microbial bioremediation of petroleum hydrocarbons is a common way to clean up pollution from petroleum hydrocarbons in terrestrial and aquatic ecosystems. Some microorganisms can break down alkanes or aromatic substances and are more likely to become next-generation hydrocarbon decomposers in polluted areas because they have adapted to the environment and their genes have changed because of petroleum hydrocarbon pollution [45,46]. Due to their propensity to digest hydrocarbon impurities, microorganisms such as bacteria, fungi, and algae are often regarded as the principal decomposers and most active agents in the degradation of petroleum pollutants [7,46]. Biodegradation of pollutants includes successive metabolic processes by enzymes, and the microorganisms for biodegradation are encoded on plasmids for most enzymes [47,48]. Plasmids are necessary to break down hydrocarbons, particularly complex molecules [49,50]. Various enzyme systems can mediate the degradation and decomposition of petroleum hydrocarbons, which are typically the first attack with the mechanisms of (a) binding of microbial cells to the underlying layers and (b) production of biomaterials, biologically active substances or biopolymers, solvents, gases, and acids [51,52]. Organic molecules, such as hydrocarbons, may serve as electron donors for microbial metabolic pathways and, sometimes, as the only carbon source [53]. Oxidation is the initial intracellular defense mechanism against organic contaminants [36]. Oxygenases and peroxidases, which function as oxygen synthesis catalysts, are activated [54]. Environmental degradation mechanisms transform petroleum hydrocarbon contaminants from metabolic to central mediators sequentially. The principal and most expected process for the biodegradation of these organic pollutants is the biosynthesis of cell biomass from essential precursor metabolites. These metabolites include pyruvate, acetate, and succinate [46,55].



However, many degradation mechanisms and catabolic genes have been discovered for the biodegradation of certain hydrocarbon families. For oxygen to begin and continue the process of biodegradation in the substrate, various enzymes are required. These enzymes depend on the chain length and type of petroleum hydrocarbon pollutants [56,57]. Biological and non-biological processes impacting soil decomposition are shown in Figure 3.



Metaproteomics and metabolomics have recently been used to explore many facets of environmental microbiology and have shown promise for application in bioremediation. While metabolomics can pinpoint the metabolites created during the biodegradation of PAH, proteomics is a powerful tool for identifying proteins and their participation in PAH breakdown. A summary of the molecular techniques used in the investigation of PAH breakdown by microorganisms is shown in Figure 4. Functional metagenomics, metaproteomics, metabolomics, metatranscriptomics, and DNA microarrays will soon become indispensable tools for understanding the processes that cause PAH biodegradation in the environment. They will also reveal more details about organisms not yet cultured but involved in PAH biodegradation [58].



Genetically Modified Organisms


Bioremediation-capable artificial consortiums or genetically modified organisms may be generated using modern scientific technologies. Using modern molecular biology methods, genetically modified organisms are generated in the laboratory by transferring plasmids carrying the necessary genetic information from external microbes to indigenous microorganisms [59,60]. These genetically engineered microbes can be bioremediate petroleum hydrochloride-contaminated areas [61,62]. Free microorganisms are more tolerant to alkaline and acidic environments and variable NaCl concentrations at low temperatures than the immobilized microbial consortia. It can also degrade 47% more crude oil [63,64]. Regeneration and the disparity between their functional characteristics and stability under laboratory circumstances and the natural environment after environmental treatment are the primary concerns of this cooperation [10,65]. Researchers and industry leaders may investigate immobilizing microbial cells to address pollutants in the oil sector in light of recent developments.





5. The Function of Microorganisms


Microorganisms may use petroleum hydrocarbons in phototrophic, hypoxic, chemotrophic, aerobic, and anaerobic modes. The first step of oil pollution affecting microorganisms is the presence of their direct contact with each other. This is a direct link based on the water-repellent properties of the cell wall surface [66,67]. When hydrocarbons come into direct contact with a cell, they enter as minute droplets. Surfactant activity and hydrophobicity then interact with the microbe and the insoluble substrate, circumventing the diffusion constraint in delivering the substrate to the cell. Microbes capable of decomposing oil and the surfactant are more effective for in situ methanogenesis in oil tanks under anoxic circumstances. Microbes that decompose petroleum hydrocarbons create a range of physiologically active compounds, either attached to the cell surface or expelled as extracellular molecules. These chemicals may be found in the environment [68]. Oncological characteristics that promote hydrocarbon bioavailability (microorganism access to substances at the physical and chemical levels), microbial activity, and interaction and transport in microorganisms include the production of a biologically active substance [69]. Bioactive surfactants can efficiently lower the interfacial tension between oil and water and the viscosity of the oil at the site of contamination, as well as destroy up to 77% of the hydrocarbons in crude oil [20,38]. The function of microorganisms on petroleum hydrocarbon pollutants is mediated by enzyme-catalyzed metabolic processes. Significant roles are played by oxygenates, peroxidases, reductases, hydroxylases and dehydrogenases, among other enzymes. Generally, aerobic and anaerobic routes govern the microbial breakdown of petroleum hydrocarbon pollutants [70].




6. Aerobic Decomposition


Oxidation is the first intracellular assault of organic molecules. Oxygenases and peroxidases are primarily responsible for the activation and combination of oxygen [46,71]. Monoxygenases are enzymes that remove one oxygen atom from the water while simultaneously adding one oxygen atom to the substrate. Low solubility and strong adsorption capability of polyaromatic hydrocarbons often have a considerable impact on biodegradation. Dioxygenases combine oxygen molecules (O2) into reaction products [72]. The susceptibility of petroleum hydrocarbons to microbial assault varies and is often arranged in declining order. n-alkanes, branched alkanes, aromatics with low molecular weight, and cyclic alkanes [73], i.e., alkyl-cycloalkane side chains accelerate degradation.



Anaerobic Decomposition


Two pathways may lead to the anaerobic degradation of hydrocarbons. The first process combines oxidation components for respiration by reducing an oxygen-free electron receptor (such as sulfate or nitrate), whereas the second pathway involves fermentation [74]. Microorganisms utilize alternate electron receptors such as sulfate, nitrate, iron, manganese, and carbon dioxide in the anaerobic breakdown of petroleum hydrocarbon contaminants [54,75]. However, branched alkanes and most high-molecular-weight polyaromatic hydrocarbons remain a barrier to conversion and degradation for certain hydrocarbon bacteria [74,76]. In prior research, several enzymes decomposed hydrocarbon compounds under aerobic and anaerobic conditions, as shown in Table 3.





7. Reactions Involved in the Breakdown of Hydrocarbons


Catalytic (metal or metal-based) or non-catalytic (thermal or plasma) procedures are described in the literature concerning hydrocarbon breakdown. Hydrogen has been used as a fuel for decades to make carbon black via the thermal breakdown of CH4. Researchers have tried to lower the maximum temperature at which hydrocarbons can be thermally broken down using catalysts. Transition and noble metals such as Ni, Fe, Pd, and Co are often used as catalysts. Separating hydrocarbons into hydrogen and carbon is the focus of several studies employing carbon-based materials. Benefits of this approach include reduced CO2 and CO emissions, cleaner carbon byproducts, and the ability to use a wider variety of fuels. The main barrier to catalytic technology’s widespread deployment in the industry is carbon accumulation on the catalyst surface [20,83,84,85]. Methane breakdown for successive CO2-free H2 generation has been the primary focus of the studies. However, research on mobile applications to improve ICE efficiency or future fuel cell use is scant. To capture the energy of a highly active catalyst, it is necessary to construct a practical reactor. There are several suggestions and patents to be found in the literature. Undoubtedly, some have not yet undergone thorough testing and are thus unfit for H2 production. Radiation, fluidized-bed, tubular, fixed-bed, and fluidized-bed (FBR) reactors are among the kinds now being researched; FBR reactors are seen to be the most promising for large-scale operation. Rapid heat and mass transfer occur between the catalyst particles and the gas due to the FBR reactor’s bed of microscopic catalyst particles behaving like a well-mixed liquid. However, additional research is necessary before FBR may be used for marine applications. Several concerns must be addressed [19,86], including heat input, catalyst elimination, and regeneration. The most economic literature on hydrocarbon H2 decomposition discusses the economics of H2 generation for large-scale uses, whereas there are few references for shipboard applications. However, the cost of producing H2 is contingent upon the quality and selling price of the carbon generated.



Decomposition Reaction and Energy Requirements


The several methods for extracting H2 and carbon from hydrocarbons have been extensively discussed in some papers [25,32,87,88]. The hydrocarbon stream was pyrolyzed in thermal procedures at high temperatures (over 1400 °C) by partially combusting hydrocarbons and quenching with water to prevent a reverse reaction. The yield was also relatively low, as was productivity. The challenge of consistently managing carbon buildup posed a barrier to hydrocarbon breakdown. There is no need for secondary reactors for water gas shift, preferential oxidation, or CO2 removal since no water or air is present, preventing the generation of carbon oxides (such as CO or CO2). Thus, there are considerable decreases in emissions as a consequence of this technique. Various gaseous and liquid hydrocarbon fuels may be used in the breakdown process, providing an H2 stream with up to 95% volumetric purity (Remanent methane). As far as carbon sequestration is concerned, solid carbon is simpler to separate, handle, transport, and store than CO2 gas. Carbon may be extracted and sequestered by thermal cracking. Carbon sequestration energy loss is thermal cracking’s most significant drawback. Cracking may be the most effective approach for natural gas and other hydrocarbons with high H2/C ratios. This simplified net reaction represents the thermal cracking of hydrocarbons:


   C n   H m  → n  C s  +  1 2  m  H 2   Δ H =  Hydrocarbon   dependent   











Other compounds could potentially develop depending on the reaction kinetics and the presence of impurities in the starting materials. A gas phase high in hydrogen and a condensed phase high in carbon are the results of the procedure mentioned above. The strong C-H bond is the fundamental issue in the cleavage of CH4, for instance, which is a somewhat endothermic reaction:


    CH 4   →  C s  + 2  H 2   Δ H °  = + 75   . 6   kJ / mol   











The thermal energy needed to make one mole of H2 is less than in SMR, with 37.8 kJ/mole of H2. The endothermic process may be driven by less than 10% of methane’s heating value. The CO2 emissions from the process might be as low as 0.05 mol CO2/mol H2 if CH4 is utilized as the process fuel, as opposed to 0.43 mol CO2/mol H2 with SMR. Theoretically, if 16% of the H2 product is burnt to provide process heat, CO2 emissions might be eliminated. To provide heat for the degrading process, Muradov et al. [88] looked at a variety of technological approaches, including internal, external, and autothermal (or thermoneutral) solutions (Figure 5).



The auto-thermal option is superior to other strategies because of its versatility and simplicity. Two potential technological approaches are shown in Figure 6 for the CH4 degrading process employing an FBR with internal or exterior heat input [89]. Heat is produced in the FBR reaction zone according to the concept (A) in Figure 6 by heating appliances (such as heat pipes, catalytic burners, heat exchangers, etc.) that are within the reaction zone (in certain situations, the primary heat source may be outside the reactor) [89].



Muradov et al. [19] considered the potential of adding heat by injecting a very modest quantity of O2 to create sufficient heat for the endothermic breakdown of CH4. In contrast, since syngas is not produced as a byproduct of the reaction, the procedure would utilize around two to three times less O2 than POX. As with fluid catalytic cracking and fluidized bed coking, concept (B) in Figure 6 depicts the process flow of the decomposition process with external heat input. A heater and a reactor are stationary fluid containers in which the fluidized catalyst particles circulate [19]. Using a theoretical method, Bautista et al. [32] calculated the temperature of CH4 decay in a planar stagnation point flow over a catalytic carbon surface. In five heterogeneous processes, comprising adsorption and desorption reactions, the heterogeneous reaction mechanism is used to represent the creation of H2. The conservation equations for the species mass, momentum, and energy in the gas phase were solved while taking the decomposition temperature into account. The crucial temperature parameters for catalytic thermal breakdown were therefore discovered using a high activation energy analysis for the desorption kinetics of the adsorbed hydrogen component. As a function of the surface coverages of the product species, computational studies in particular demonstrated that the decomposition temperature increased with the velocity gradient of the steady-state flow.





8. Enzyme-Based Decomposition of Hydrocarbons


Although aromatic organic compounds have low solubility, inhibit metabolites, produce toxic dead-end metabolites, and the presence of preferred substrates, aromatic organic compounds do not biodegrade at a faster rate than other organic compounds. There are also a few reasons why aromatic organic compounds do not biodegrade as quickly as others [90]. To circumvent most of the disadvantages of microorganisms, the use of enzymatic proteins may be a viable option. Enzyme-based biocatalysis is often referred to as white biotechnology. The use of enzymes in bioremediation has several advantages, including the following: 1. They are not inhibited by microbial metabolic inhibitors and can be used under adverse environmental conditions; 2. They are activated at low contaminant concentrations and remain active in the presence of antimicrobial agents; 3. Due to their small size, they are more mobile than microorganisms; 4. Enzymes can act intracellularly or extracellularly in the presence or outside the cell; 5. Hydrolases, dehalogenases, transferases, and oxidoreductases are the most important enzymes used for bioremediation, mainly found in bacteria, fungi, plants, and plant-associated microbes. These enzymes cleave ester, amide, and peptide bonds to produce soft or less harmful compounds [91]. Microorganisms have some enzymes that degrade hydrocarbons. They are capable of using biotechnology. For example, naphthalene dioxygenase is the most crucial enzyme for degrading naphthalene, which subsequently degrades aromatic hydrocarbons. Cytochrome P450 is a monooxygenase enzyme used in a variety of industries [46]. By measuring enzymes, one can study the metabolic activities of microbial populations. Leucine aminopeptidase (LAP) is involved in the degradation of proteins, B-glucosidase (BG) in the degradation of carbohydrates, and alkaline phosphatase (AP) in the release of phosphorus from organic molecules.



By analyzing these enzymes, the rate of degradation can be calculated [92]. A superfamily of widely distributed co-thiolate monooxygenases, including cytochrome P450 alkane hydroxylase, is vital for microbial degradation of petroleum, chlorinated hydrocarbons, fuel additives, and other substances. Enzyme systems are required for oxygenation of the substrate and initiation of biodegradation, and the need varies depending on the length of the chain. In general, higher eukaryotes have a number of different P450 families and many P450 forms that can cooperate in the metabolic conversion of isoforms of a given substrate. Only microbes possess many variants of this P450 diversity [93,94,95]. Cytochrome P450 enzyme systems play a role in the biodegradation of petroleum hydrocarbons. Figure 7 shows the three main degradation processes of PAH by fungi and bacteria.



Some aromatic hydrocarbons (HCs) are found in petroleum, such as BTEX, while naphthalene is the simplest form of PAHs with its two rings. No single microorganism has been able to utilize high molecular weight aromatic compounds such as benzopyrene as the sole source of energy, although co-metabolic activities have been reported. An enzyme system that includes dioxygenase catalyzes the oxidation of arenes in aerobic bacteria to produce vicinal cis-dihydrodiols as the first intermediate of aromatic HC degradation. Byproducts of dihydroxylation undergo ring cleavage by intra- or extra-diol ring cleaving dioxygenases either through an orthocleavage pathway or a metacleavage pathway, which results in intermediates such as protocatechuate and catechols when benzene is used as an example. These substances enter the TCA cycle and are made available to the cell as carbon or energy sources through the breakdown of metabolites such as succinate, acetate, pyruvate, and acetaldehyde. Microbes can attack aliphatic or aromatic fractions of crude oil during degradation [90]. In recent years, extensive studies have been conducted on ligninolytic fungi because they produce particular enzymes for their substrates. In addition to degrading and mineralizing various organic pollutants, this has evolved due to the irregular structure of lignin. Recent studies have shown that these fungi can oxidize PAHs via extracellular peroxidases. As a result of enzyme-mediated lignin peroxidation, fungal lignin peroxidases directly oxidize a number of PAHs. In addition, themin is directly co-oxidized by manganese peroxidases in fungi. PAHs cannot be degraded by fungi as rapidly or effectively as bacteria, but fungi are very nonspecific and capable of degrading a wide range of xenobiotics. Many fungi in soil litter can aid in removing PAHs in soil by growing into the soil and spreading throughout the solid matrix. It follows that ligninolytic fungi play an important ecological role in bioremediation. In addition, many fungal enzymes can degrade PAHs, including MnP, LiP, and laccase [97].



8.1. Factors Affecting the Decomposition of Petroleum Hydrocarbons


Several recognized variables influence the biodegradation of petroleum hydrocarbons. Some studies examine the different parameters that affect the rate of crude oil biodegradation. Because the molecules are too massive and complicated to be destroyed by microbes, oils containing substantial levels of heavy chemicals may not be readily biodegradable. The existence of microorganisms with sufficient metabolic capabilities is a crucial need. The ideal growth and biodegradation rate of hydrocarbons may be enhanced when these microorganisms are present, but only if there is enough concentration of nutrients and oxygen and the pH is optimal. Physical and chemical properties of the oil and environmental factors such as temperature, nutrients, oxygen, biodegradability, photooxidation, bioavailability, soil moisture, soil acidity, and alkalinity, water availability and effects of oil absorption in the region are crucial to the success of biodiversity [75,98]. Furthermore, temperature, nutrient availability, moisture content, and oxygen demand can influence the biodegradation process in the soil [90].



8.1.1. Temperature


An optimal temperature environment is required to grow hydrocarbon-degrading organisms (bacteria). It is reported that hydrocarbons are most effectively degraded at temperatures between 20 and 300 degrees Celsius [99]. Temperature affects not only the moisture content of the soil but also its retention potential. An increase in temperature leads to a rise in the rate of biodegradation, while a decrease in temperature leads to a reduction in the rate of biodegradation [100].




8.1.2. Nutrients


Based on the quality and vital requirements of the microorganisms that degrade HC, nutrients are classified into macro-, micro-, and trace elements. There are three primary macronutrients in microbial cells: Carbon, Phosphorus, and Nitrogen, which account for 14% of their dry weight. It should be noted that HC-degrading organisms do not require several micronutrient groups, including iron, cobalt, manganese, copper, and zinc [101]. HC-containing oils reduce the accessibility of soil nutrients for plant growth. HC-contaminated sites always have nutrients for microbial growth and organic substrate additives that serve as electron donors for bioremediation [100].




8.1.3. pH


Hydrocarbon degradation tends to occur at pH values between 6 and 8 [99]. Microorganisms and bacteria grow less rapidly at a pH lower than optimal. Due to the pH-dependent nature of enzymes, the degradability of HCs compounds is dependent on the enzymes [102]. A certain type of fungus is more capable of biodegrading hydrocarbons at a pH of 7 than bacteria, which can only degrade hydrocarbons at a pH of 5 [90].




8.1.4. Oxygen


Anaerobic and aerobic conditions are involved in the degradation of hydrocarbons. When microorganisms perform aerobic respiration, oxygen is the final electron acceptor in metabolic reactions and oxidation (reduction). When microorganisms perform anaerobic respiration, nitrate, iron, sulfate, and carbon dioxide are produced as a result of aerobic respiration, and toxic substances/compounds are degraded into non-toxic substances such as CO2 and water. When hydrocarbon compounds are exposed to aerobic conditions, they are degraded more rapidly than under anaerobic conditions, and then they are degraded to water and carbon dioxide. Consequently, bioremediation is more likely to occur when oxygen levels increase [90].





8.2. Kinetics for the Biodegradation of PAHs


The composition of soil microflora determines the diversity and activity of soil microflora, which is directly related to the effectiveness of soil microflora in degrading polycyclic aromatic hydrocarbons and other compounds. It is also important to note that soil properties influence the strength of PAH interaction with soil compounds [103]. Cunninghamella echinulata efficiently degrades PAHs in the presence of these nutrients, whereas other native microbes do not. In addition, the rate at which contaminant concentrations change depends on the contaminant concentrations in the soil in a first-order reaction system, and the time prediction for degradation depends on the type of microorganism and contaminant concentration. The time for bioremediation of polluted soils varies greatly depending on the microorganisms, the type of pollutant, and its concentration. Monitoring biomass, conducting respiration studies, and investigating the ways in which the different organisms interact is necessary to improve more appropriate kinetic models. Although bioremediation has a higher success rate than synthetic methods, kinetics remain poorly understood, and fungi use in bioremediation is becoming more difficult [104]. Several enzymes are involved in fungal degradation exhibiting maximum activity at different temperatures. Monitoring the kinetics of different fungal strains’ degradation is a complex procedure, but most have good degradation ability at mesophilic temperatures. Pretreatment at high temperatures can increase the degradation rate by volatilizing contaminants and reducing the partition coefficient between soil and water. This leads to increased dissolution of the contaminants and, thus, increased degradation [91].




8.3. Overview of Sludge Management Methods PAHs


The disposal of oily sludge should generally be done in three stages. The objectives of this project are (1) to reduce the amount of oil sludge generated by the petroleum industry, (2) to recover and recycle valuable fuel from existing oil sludge, and (3) to dispose of residues that cannot be recycled. Currently, it is not being implemented. Of the treatment stages, the first aims to prevent the generation of oily sludge and reduce its production volume, and the next two aim to effectively treat existing oily sludge, which is the subject of this study. Different methods have been developed for the treatment of oily sludge, which is shown in Figure 8.



Processes such as thickening, dewatering, and drying of sewage sludge primarily reduce the water content of the sludge, and these processes do not significantly affect the amount of PAHs [106]. In the composting of dewatered sewage sludge cake, aeration promotes mechanical dewatering, which improves the degradation of PAHs during biodegradation [107]. Cho et al. [108] showed in their report [108] that acid chemical digestion can increase the bioavailable fraction PYR from 59.1% to 68.7% in raw sludge, and the biological natural process of Acidithiobacillus ferrooxidans increases it to 79.3% by damaging the semi-permeable membranes of bacterial cells. Anaerobic digestion can treat the sludge in four stages: hydrolysis, acidification, acetogenesis, and methanogenesis, producing energy. While anaerobic digestion is relatively effective in removing PAHs, the degree of effectiveness varies from case to case. Anaerobic digestion of sewage sludge by Siebielska et al. [109] showed removal efficiencies of 88.9% for NAP, 38.3% for PHE, 40.7% for PYR, and 39.2% for bread dough. Mezzanotte, Anzano, Collina, Marazzi, and Lasagni [110] reported that anaerobic digestion of sewage sludge removed ACY, CHY, BkF, NAP, and BaF compared to ACE, ANT, FLU, IcdP, BaA, and BaP.




8.4. Challenges, Limitations, and Future Perspective


The present study has some limitations described in the literature. Additional research must be conducted on PAH elimination and transformation under anaerobic conditions, especially for high molecular weight PAHs, because of the limited understanding of anaerobic removal pathways, kinetics, enzyme regulation, and genetic regulation during wastewater and sludge treatment. In addition, most improved removal processes have performed satisfactorily at the laboratory scale. A laboratory-scale treatment system differs from a standard treatment system in many ways. The results of laboratory-scale tests must be applied to a treatment system. It would be helpful if this could be done more practically. Given the technical and economic challenges of cleaning these polluted sites using physical and chemical methods, biodegradation appears to be an appropriate solution [21]. However, biodegradation programs have a number of limitations, including the properties of the contaminants, the low performance of microbial communities under certain conditions, and the low bioavailability of the contaminants. Some industries are susceptible to PAH contamination. Several treatment methods for PAH-contaminated soils have been developed to remediate such sites. These treatment methods are very efficient when applied at a field scale. For example, to select an appropriate remediation method, it is crucial to know the conditions of the contaminated site, such as the type of contaminants present, soil properties, and weather conditions, since some methods are ineffective for areas with low permeability or mixed contaminants. In addition to these site-specific conditions, the choice of remediation technology also depends on its advantages, limitations, cost of alternative remediation methods, feasibility, and likely environmental impacts. Therefore, choosing the best remediation method for a field-scale application is very important for removing PAH from contaminated sites [107]. However, it should be noted that each remediation method has its advantages and limitations, and no single remediation method is capable of removing PAHs under all circumstances. By using integrated treatment technologies, the efficiency of PAH degradation or removal of PAHs can be improved by integrating two or more remediation methods in future research for different soil types. The condition of PAH-contaminated sites also needs to be accurately determined through extensive research [111].





9. Conclusions


Hydrocarbon contaminants are significant because their poor reactivity makes them difficult to break down, and their hydrophobic qualities need solvents before bacteria can degrade them. These persistent organic pollutants pose a grave risk to human health and the environment. Biodegradability is crucial for decreasing the effect of petroleum hydrocarbons in contaminated settings. The environment and living beings face significant danger from petroleum pollution. These pollutants reach the environment through a variety of routes, such as natural oil spills from the seabed, imbalanced water discharges from tankers, maritime traffic, tanker accidents, oil refining, drilling, and production from oil wells, and degrade slowly. Bioremediation has been offered as a practical, cost-effective, and adaptable physical and chemical control alternative. Bioremediation is an interdisciplinary technique, and its effectiveness depends on a team of experts from several disciplines, including microbiology, engineering, ecology, geology, and chemistry. An improved understanding of microbial ecology, physiology, evolution, biochemistry, and genetics boosts the success rate of recovering microbial metabolites for environmental applications before bioremediation. In general, two approaches are employed to supply bacteria with a substrate for hydrocarbon contamination. The first approach is adsorption by direct cell contact with hydrocarbons, and the second is combining the biosurfactant by direct cell contact with the hydrocarbons. Individual oleophilic microorganisms or consortia of microorganisms may be used to regulate the polluted environment by biodegrading these pollutants. The catabolic routes (aerobic/anaerobic) involved in biodegradation offer a means to design effective solutions for the bioremediation of petroleum hydrocarbon environmental pollutants.
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Figure 1. The Food Supply Contaminated With PAHs From many Different Sources (License Number: 5411951000689) [29]. 
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Figure 2. PAH contamination in a diverse environment (License Number: 5411951000689) [29]. 
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Figure 3. Various variables, both abiotic and biotic, influence the PAH ability to degrade in soil [58]. 
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Figure 4. The future path for a better knowledge of microbial PAHs is outlined by a summary of several molecular approaches [58]. 
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Figure 5. Internal (A), external (B), and thermoneutral (C) are the three options for heat input (C). For the heat input necessary for CH4 breakdown, there are three options. Exhaust gases, heat transfer medium, and hydrogen-rich gas (NG HRG) are all used. Methane breakdown reactor, reactor heating, and catalyst particle heating are the three components (License Number: 5411970124733) [88]. 
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Figure 6. H2 and carbon are created by catalytic cracking of natural gas using both endothermic reactions (A) and exothermic reactions (B) (License Number: 5411971299711) [19]. 
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Figure 7. Three central PAH breakdown mechanisms by bacteria and fungus [96]. 
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Figure 8. Overview of oily sludge treatment methods (License Number: 5435450889910) [105]. 
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Table 1. Characteristics of physical–chemical priority compounds of PAH contaminants [29,30].
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	PAH Name
	Molecule Formula
	Molecular Weight (g/mole)
	Aqueous Solubility (mg/L)
	Melting Point (°C)
	Boiling Point (°C)
	Vapor Pressure (Pa, 25 °C)
	Log KOW





	Naphthalene
	C10H8
	128
	31.7
	80.2
	218
	11.14
	3.30



	Acenaphthene
	C12H10
	154
	3.9
	90–96
	265–280
	3.92
	3.92



	Acenaphthylene
	C12H8
	152
	16.1
	92–93
	265–280
	3.87
	3.94



	Fluorene
	C13H10
	166
	1.9
	116–118
	293–295
	1.66
	4.18



	Phenanthrene
	C14H10
	178
	1.15
	96–101
	339–340
	1.06 × 10−1
	4.46



	Pyrene
	C16 H10
	22
	0.135
	150–156
	360–404
	5.0 × 10−5
	4.88



	Chrysene
	C18H12
	228
	0.002
	252–256
	441–448
	4.0 × 10−6
	5.81



	Benzo(2)fluoranthene
	C20H12
	252
	0.0015
	198–217
	480–471
	5.0 × 10−7
	5.78



	Benzofluoranthene
	C20H12
	252
	0.0008
	167–168
	481
	5.2 × 10−8
	6.11



	Benzopyrene
	C20H12
	252
	0.00162
	177–179
	493–496
	6.0 × 10−8
	6.13
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Table 2. General comparison of methods for removing PAHs [20].
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	Pollutant Removal
	An Example of Method
	Advantages
	Disadvantages





	physical
	Soil washing
	Ease of doing
	High cost



	Chemical
	Chemical inactivation
	Affordable
	Environmental pollution



	Biologically
	Bioremediation/microbial degradation
	Environment lover
	Preparation of microorganism
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Table 3. Bioremediation by microorganisms of polycyclic aromatic hydrocarbons in aerobic and anaerobic environment.
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	PAHs Used in the Study
	Aerobic or Anaerobic Conditions
	Microbial Remediation
	Degradation Condition
	Degradation (%)
	References





	16 Priority PAHs (with nitrate and sulfate)
	Anaerobic
	Bacteria
	Sediment Anaerobic
	37, 21, and 28%
	[77]



	Phenanthrene, Pyrene, and Benzo(a) pyrene
	Aerobic
	Bacterial–algal synergy
	Soil slurry Aerobic
	100%
	[78]



	Indeno[1,2,3-cd]pyrene
	Aerobic
	fungi
	Liquid medium Aerobic
	91%
	[79]



	Anthracene, Fluorene, Phenanthrene, and Pyrene
	Aerobic
	Extremophiles
	Liquid medium At 50 C

Aerobic
	96, 86, 54, and 71%
	[80]



	Pyrene
	Anaerobic
	facultative bacteria
	Pseudomonas sp. JP1 and Klebsiella sp. LZ6
	-
	[81]



	Pyrene
	Aerobic
	Bacteria
	Mycobacterium vanbaalenii PRY-1 and Mycobacterium sp. KMS
	-
	[81]



	Anthracene, Acenaphthene, Fluorene, Phenanthrene, Fluoranthene, and Pyrene
	Aerobic
	Non-ligninolytic fungi
	Liquid medium Aerobic
	71, 78, 70, 47, 52, and 62%
	[82]
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