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Abstract

:

The exploitation of nature and the increase in manufacturing production are the cause of major environmental concerns, and considerable efforts are needed to resolve such issues. Oil and petroleum derivatives constitute the primary energy sources used in industries. However, the transportation and use of these products have huge environmental impacts. A significant issue with oil-related pollution is that hydrocarbons are highly toxic and have low biodegradability, posing a risk to ecosystems and biodiversity. Thus, there has been growing interest in the use of renewable compounds from natural sources. Biosurfactants are amphipathic microbial biomolecules emerging as sustainable alternatives with beneficial characteristics, including biodegradability and low toxicity. Biosurfactants and biosurfactant-producing microorganisms serve as an ecologically correct bioremediation strategy for ecosystems polluted by hydrocarbons. Moreover, synthetic surfactants can constitute additional recalcitrant contaminants introduced into the environment, leading to undesirable outcomes. The replacement of synthetic surfactants with biosurfactants can help solve such problems. Thus, there has been growing interest in the use of biosurfactants in a broad gamut of industrial sectors. The purpose of this review was to furnish a comprehensive view of biosurfactants, classifications, properties, and applications in the environmental and energy fields. In particular, practical applications of biosurfactants in environmental remediation are discussed, with special focus on bioremediation, removal of heavy metals, phytoremediation, microbial enhanced oil recovery, metal corrosion inhibition, and improvements in agriculture. The review also describes innovating decontamination methods, including nanobioremediation, use of genetically modified microorganisms, enzymatic bioremediation, modeling and prototyping, biotechnology, and process engineering. Research patents and market prospects are also discussed to illustrate trends in environmental and industrial applications of biosurfactants.
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1. Introduction


Environmental contamination by complex pollutants is a problem that threatens numerous forms of life and results from human activities [1]. Oil and petroleum derivatives are the most widely used energy sources. The transport and use of these products often leads to diverse forms of contamination, especially in underground aquatic environments [2]. Oil spills are examples of such contamination and have harmed millions of km2 of environmental protection areas throughout the world [3,4], altering the biological and physical-chemical properties of contaminated sites due to the potential for bioaccumulation, resistance to biodegradation, toxicity, and carcinogenicity [5]. Petroleum, which is the most abundant energy source worldwide, is composed of a mixture of hydrocarbons, mainly alkanes, saturated hydrocarbons, aromatic compounds, resins, asphaltene, naphthene, and natural gas [6].



The various methods adopted to diminish the effects of contamination related to the petroleum sector include remediation processes based on the utilization of chemical surface-active agents, most of which, however, are nonbiodegradable and may lead to secondary pollution [7]. Such chemicals mainly serve as emulsifying or surface tension-reducing agents, especially at the oil–water interface. The suitability of a surfactant for a given application is established on the basis of solubility, tension-reducing capacity, micellar concentration, and wetting characteristics. Chemical surfactants are widely used petro- or oleo-chemical derivatives [8], whose negative effect on humans and the environment has stimulated research into novel technologies that can assist in the reduction of both inorganic and organic pollutants, including metals and hydrocarbons [9].



As “greener” natural materials, biosurfactants are currently gaining significant importance in ecologically correct biotechnological degradation and remediation processes. The advantages of biosurfactants over their chemical counterparts include high selectivity, eco-acceptability, biocompatibility, and greater effectiveness under extreme conditions in terms of temperature and salt concentration. Studies have described the development and use of biosurfactants for restoring contaminated environments as well as remediating inorganic and organic contaminants. Biosurfactants have been successful in microbial enhanced oil recovery (MEOR) and as components in cosmetics and pharmaceuticals, as well as in the treatment of oily sludge and wastewaters. Moreover, these natural surfactants constitute an emerging technology for the removal of heavy metals from soil and aquatic environments [10,11].




2. Biosurfactants


Biosurfactants are sustainable, ecologically correct bioproducts characterized by high selectivity and stability across a wide range of pH values, temperatures, and salinities. These natural compounds have emerged as an important category of surfactants, as their characteristics and structural variability enable use in diverse fields, including manufacturing, biotechnology, and environmental protection. The chemistry and cost of biosurfactants are determined by the microorganisms used, substrates, and purification strategies. The amphipathic nature of biosurfactants enables their partition in two immiscible phases, thus lowering surface and interfacial tensions [12].



Based on the producing organism, biosurfactants are classified as saponins, which are derived from plants, or microbial, which are mainly synthesized by bacteria or yeasts. Saponins generally receive the name of the producing plant; thus, more than one biosurfactant can have the same name. Most microbial biosurfactants are glycolipids, such as rhamnolipids, sophorolipids, and trehalolipids. Rhamnolipids are produced by the bacterium Pseudomonas aeruginosa and have excellent surface activity. Especially in terms of sustainability, biosurfactants provide important advantages over petrochemical-based synthetic surfactants and are produced under moderate conditions (in bioreactors or extracted from plants), generally less toxic, and more biocompatible. Moreover, saponins have pharmacological action, including antiviral properties [13].



Sustainability requires considering social, environmental, and economic aspects throughout the production chain of a product to ensure a fully positive impact. With biosurfactants, sustainability not only refers to the way these biomolecules are produced but also to the materials used during production and post-production. For a surfactant to be considered sustainable, sustainability must be present from its conception to its disposal [14]. The design of a new biosurfactant must involve the selection of raw materials that satisfy the properties of the product in a sustainable manner. The extraction and selection of sustainable raw materials must be prioritized. Several aspects must be observed in the selection of raw materials, which must be natural and renewable. Biosurfactants can be obtained from agro-industrial substrates. Other aspects also need to be considered in the production process, such as energy and water consumption and the emission of pollutants into waterbodies and the air. In this regard, the production of biosurfactants can significantly reduce CO2 emissions, and the use of the crude extract without costly purification steps helps to reduce water and energy consumption as well as other waste emissions [15]. The packaging phase also plays an important role in terms of sustainability. Reusable packaging can reduce the environmental impact of surfactants. Environmental sustainability can also be affected in the product use phase, which results in the generation of waste in the form of rinse water. Biosurfactants have the capacity to reduce the toxicity of the waste generated, as these natural compounds are capable of stimulating the degradation of petroleum hydrocarbons in this waste [14].



Surfactants are usually qualified according to the effect on surface/interfacial tension and the critical micelle concentration (CMC), which is the minimum surfactant concentration required to achieve the lowest surface tension. Surface tension depends on the forces at play among the molecules of a liquid. Surfactants are able to break such forces and reduce the tension between phases, enabling the interaction of two immiscible liquids [16]. Surface tension diminishes more as the concentration of surfactant increases (Figure 1) until the formation of surfactant molecular clusters denominated micelles (Figure 2) [17]. The efficiency of a biosurfactant is measured by the CMC, which ranges from 1 to 2000 mg/L; ranges of oil/water surface and interfacial tensions are respectively about 30–35 and 1–10 mN/m [18].



The global demand for biosurfactants as raw materials has increased considerably. Taking into consideration the different physical-chemical properties, these natural compounds are more stable than chemical surface-active agents. Various industrial sectors are currently using biosurfactants in formulations of cosmetics, food additives, and detergents or combined with enzymes for the treatment of wastewater. However, the economics of the bioprocess determines the level at which any product will be commercially successful. The incurred costs can be lowered by optimizing the composition of the culture media and mode of production as well as using effective biosurfactant-producing strains. Moreover, the selection of cheaper raw materials can exert a positive impact on the overall production cost [19].




3. Classification of Biosurfactants


Biosurfactants have an amphipathic nature. The hydrophilic portion may be a carbohydrate, amino acid, cyclic peptide, phosphate, alcohol, or carboxylic acid, while the hydrophobic portion may be unsaturated, saturated, linear, or branched fatty acids, which assist in reducing interfacial and surface tensions between two immiscible phases with different degrees of polarity and hydrogen bonds, such as the interphase of water and oil [20]. Bacteria, yeasts, and filamentous fungi are used for the production of phospholipids, glycolipids, fatty acids, lipopeptides, alkyl polyglycosides, and polymeric surfactants. Biosurfactants with low molecular weight are more effective at lowering surface and interfacial tension (air–water); those of high molecular weight are more effective at stabilizing oil-in-water emulsions [21].



3.1. Glycolipids


Glycolipids constitute the most widely investigated class of low-molecular-weight biosurfactants [22]. These microbial molecules are composed of a carbohydrate unit linked to one or more fatty acids and have been receiving greater interest in research due to the green production paths, environmental benefits, and variety of applications. Trehalolipids, rhamnolipids, mannosylerythritol lipids, and sophorolipids are among the best-characterized glycolipids. The emulsifying and antibacterial properties give glycolipids considerable potential in different applications [23]. Polyol lipids are produced by fungi and yeasts and constitute a group of microbial lipids also classified as glycolipids. Polyol esters of fatty acids and liamocins are the two main categories of polyols. These compounds are less studied than other glycolipids but have good potential for commercialization [24].



Rhamnolipids are a combination of α-L-rhamnopyranosyl-α-L-rhamnopyranosyl-β-hydroxydecanoate (Rha-Rha-C10) and α-L-rhamnopyranosyl-α-L-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-Rha-C10-C10) and their mono-rhamnolipid congeners (Rha-C10 and Rha-C10-C10) [25]. The type produced depends on the strain, carbon source, and culture conditions. Due to their advantageous characteristics, rhamnolipids are among the most useful biosurfactants. Various renewable substrates serve as adequate carbon sources for the production of these biosurfactants, such as used oils and waste from the food industry. The critical micelle concentration of pure rhamnolipids and mixtures ranges from 50 to 200 mg/L, depending on the chemical composition [25]. Although produced mainly by the bacterium Pseudomonas aeruginosa, production by congeners and even other genera is also possible. These natural compounds serve as efficient anionic surface-active agents that reduce the surface tension of water from 72 mN/m to approximately 24–27 mN/m [26], enabling the pseudo-solubilization of organic compounds in the aqueous phase, a change in the hydrophobicity of the cell surface, and the formation of emulsions [27].



The hydrophilic moiety of trehalolipids is the disaccharide trehalose. The main trehalolipid-producing bacteria belong to the genera Nocardia, Mycobacterium, Corynebacterium, and Rhodococcus [28]. Most of these bacteria breakdown alkanes, and trehalolipid production is induced in the presence of hydrocarbons [29]. Trehalolipids from Arthrobacter spp. and Rhodococcus erythropolis, respectively, reduce interfacial and surface tensions to 1–5 and 25–40 mN/m [25]. The marine strain Rhodococcus sp. PML026 produced trehalose using hexadecane as the substrate [30].



Sophorolipids are produced by different species of yeasts—mainly those of the genus Starmerella (initially Candida)—and have applications in various industrial processes [25]. These glycolipids have a dimeric carbohydrate (sophorose) linked to a long-chain hydroxylated fatty acid through a glycosidic bond. Starmerella bombicola is one of the best producers of these biosurfactants, which can achieve surface tension values of around 33 mN/m and interfacial tension of 5 mN/m between water and n-hexadecane [25]. Sophorolipids provide numerous benefits over their chemical counterparts and are useful in pharmaceutical products as well as oil recovery and bioremediation processes. Moreover, the unique composition and molecular structure of sophorolipids confer a diversified gamut of biological attributes as well as functional and physicochemical properties [31].



Mannosylerythritol lipids (MELs) can interact with heavy metals (Pb2+, Cd2+, Hg2+, and Zn2+) and increase the solubility of pesticides, thus reducing environmental toxicity and serving as dispersing agents that can reduce pathogenic microorganisms on animals and leaves [32]. Yeasts of the genus Moesziomyces and fungi of the genus Ustilago are the main producers of MELs [33,34]. MELs also have antimicrobial activities, especially against Gram-positive bacteria and phytopathogenic fungi, demonstrating considerable potential for use as a safer green option for the partial replacement of synthetic pesticides [35].




3.2. Lipopeptides


Lipopeptides are a subgroup of microbial surfactants that include fengycin, surfactin, iturin, kurstaki, and lichenysin. The type depends on the sequence of amino acids and producing species, such as Bacillus cereus, B. subtilis, B. globigii, B. thuringiensis, B. licheniformis, B. amyloliquefaciens, B. pumilus, and B. megaterium [36]. Surfactin is one of the most potent biosurfactants ever reported and is able to reduce the surface tension of water from 72 to 27–25 mN/m. This compound is composed of seven L- and D-amino acid residues and a fatty acid residue containing 13 to 15 carbon atoms. The literature reports more than 30 types of surfactin, each with different amino acids and fatty acid residues, although the surfactin molecules remain identical [37]. Surfactin has antibacterial, antiviral, antifungal, and anti-mycoplasma activities, with applications in the health field as well as the food industry as an efficient emulsifier, stabilizer, and surface modifier [38]. Lichenysin was first discovered in the supernatant of a B. licheniformis culture and is quite similar to surfactin, the only difference being the presence of glutamine rather than glutamic acid in the amino acid 1 position [39]. Lichenysin is highly stable in a broad range of pH values as well as at high temperatures and at high concentrations of salt [40].




3.3. Phospholipids


Phospholipids have a phosphate group head and fatty acid tails. The fats are long-chain compounds composed mainly of hydrogen and carbon, whereas the phosphate groups have a phosphorus atom and four connected oxygen atoms. The two portions are connected by glycerol as a third constituent. Phospholipids are the main components of microbial membranes. The production of phospholipids increases considerably when certain hydrocarbon-degrading yeasts or bacteria are grown in alkane substrates [41]. Thiobacillus thiooxidans and Acinetobacter spp. produce phospholipid biosurfactants [42]. When grown in n-alkanes as substrates, these microorganisms have potent surface-active properties. Phospholipids are capable of forming microemulsions as well as diminishing the interfacial tension between hexadecane and water to less than 1 mN/m [43,44].




3.4. Polymeric Surfactants


Polymeric biosurfactants are combinations of compounds with different chemical structures, such as exopolysaccharides, heteropolysaccharides, other polysaccharide-protein complexes, and carbohydrate–lipid–protein mixtures [45]. Liposan, emulsan, and alasan are the most widely investigated polymeric biosurfactants and are respectively produced by Candida lipolytica, Acinetobacter calcoaceticus, and Acinetobacter radioresistens [21,46,47].



Biosurfactants with high molecular weight include proteins containing heterosaccharides (polymeric surfactants) and particulate surfactants used for emulsification [48]. Particulate biosurfactants reduce interfacial tension between two immiscible fluids that form stable emulsions. However, comparatively fewer studies have been published on these molecules. Emulsans are heterolipopolysaccharide biosurfactants produced mainly by A. calcoaceticus that have a fatty acid linked through ester and amide bonds and a molecular weight of 1000 kDa [49].



Figure 3 illustrates the chemical structure of the most widely studied biosurfactants.





4. Properties of Biosurfactants


The unique properties of biosurfactants differentiate these natural compounds from their synthetic chemical counterparts and make them the preferred choice for the development of formulations and aggregation studies [50,51]. Biosurfactants preferentially partition liquids of different polarities (water/oil/air), improving the bioavailability of substrates through the reduction in surface and interfacial tensions. Other advantages include broad substrate specificity, low toxicity, structural diversity, biodegradability, environmental compatibility, functional stability in extreme ranges of pH, salinity, temperature, and low CMC. Microbial biosurfactants have superior foam formation, wetting capacity, phase separation, detergency, micro-emulsification, and selective tension properties compared to various synthetic surfactants [43].



4.1. Surface and Interface Activity


The effectiveness and efficiency of biosurfactants with regards to surface and interfacial activity are greater than those of chemical surfactants, and biosurfactants have significantly lower CMCs [52]. As stated above, surfactin lowers the surface tension of water to 25 mN/m and the interfacial tension to less than 1 mN/m between water and hexadecane. P. aeruginosa produces rhamnolipids that reduce the surface tension of water to 26 mN/m and the water/hexadecane interfacial tension to less than 1 mN/m. The greater effectiveness and often lower CMCs of biosurfactants compared to chemical surfactants mean that less surfactant is needed for maximum surface tension reduction [53].




4.2. Biodegradability


As recalcitrant and xenobiotic compounds, chemical surfactants are resistant to the natural degradation process, which leads to their accumulation in the environment and causes ecotoxicity. In contrast, microbial surfactants are biodegradable and do not accumulate in water and soil. These natural compounds are broken down by the enzymatic action of microorganisms that cleave and inactivate the monomers of the surfactant. For example, emulsan polymerase cleaves the polysaccharide skeleton of emulsan, inactivating the molecule [43]. Moreover, the isolation and purification of these surfactant-degrading enzymes are simple processes. Although little research has been conducted on the biodegradation of biosurfactants, data published to date indicate that biosurfactants are more easily biodegraded than their chemical counterparts [54]. In a study investigating the biodegradability of sophorolipids produced by a non-pathogenic strain of C. bombicola, the degradation of the biosurfactants was instantaneous, whereas the synthetic surfactants tested remained active even after eight days [55]. A mannosylerythritol lipid (MEL) from Candida antarctica was found to biodegrade in five days [56]. Cappello et al. [57] found an exopolysaccharide biosurfactant to be easily biodegradable in marine environments by certain bacterial strains. The biodegradability of sophorolipids from C. bombicola was investigated using the Organisation for Economic Co-operation and Development Guidelines for testing of chemicals, and the results showed that the biosurfactants began to biodegrade immediately after cultivation [58]. Mohan et al. [59] showed that rhamnolipid biosurfactants are biodegradable under both aerobic and anaerobic conditions.




4.3. Low Toxicity


The low toxicity or even absence of toxicity makes biosurfactants suitable for use in the cosmetic, food, and pharmaceutical industries [60]. High concentrations of chemical surfactants can cause toxic reactions and other side effects. In contrast, biosurfactants are generally metabolized to form nontoxic substances and are therefore widely used in these industries. Poremba et al. [61] conducted comparative toxicity tests on chemicals and biosurfactants, reporting that rhamnolipids were tenfold less toxic than the chemical surfactant Corexit. The ecotoxicity of a green detergent containing the biosurfactant from S. bombicola ATCC 22214 was investigated using the marine recruitment test on metal plates covered with paint into which the biosurfactant was incorporated. Tests with microcrustacean and vegetable seeds yielded promising results and revealed the safety of the natural detergent [62]. The biosurfactant from C. bombicola URM 3712 had no toxic effect on vegetable seeds or on Eisenia fetida used as a bioindicator [63], while the biosurfactant from B. cereus UCP1615 exhibited low toxicity to the microcrustacean Artemia salina and vegetable seeds [64].




4.4. Stability at Extreme Temperatures, High Salt Concentrations and in a Broad pH Range


The surface activity of numerous biosurfactants remains unaltered by environmental conditions. Biosurfactants maintain their physicochemical activity in a broad pH range (3–12) and at high temperatures. Moreover, biosurfactants can tolerate saline concentrations of up to 10% (w/v), whereas synthetic surfactants become inactivated in the presence of ≥2% NaCl [25]. In a study conducted by Santos et al. [65], the emulsification capacity and reduction in surface tension achieved by the biosurfactant produced by C. lipolytica remained unaltered for 120 days in the presence of NaCl (1–5%), at temperatures of 40 and 50 °C, and in a pH range of 5 to 9. Researchers also demonstrated that the biosurfactant produced by Streptomyces sp. was effective in a broad range of temperatures (4–120 °C), pH values (2–12), and salinities (2–12%), as well as for up to 120 min at 90 °C [66]. The stability of the biosurfactant from Pseudomonas cepacia CCT6659 was demonstrated by the maintenance of its surface-active properties throughout an entire storage period of 120 days [67]. The biosurfactant from S. bombicola ATCC 22214 grown in a mineral medium containing 10% sucrose, 1.2% canola oil, and 0.5% corn steep liquor emulsified 96.25% of used motor oil and exhibited stability under extreme conditions with no significant loss of its properties [15].




4.5. Emulsification and De-Emulsification


An emulsion is the formation of micro-droplets of an immiscible liquid dispersed in another immiscible liquid, generating solubilized particles of micelles measuring >0.1 mm. De-emulsification is a process that disturbs the stability of the surface layer between the internal phase and bulk phase. The two main types of heterogeneous emulsion systems are water in oil (w/o) and oil in water (o/w). The addition of a biosurfactant can extend the stability of the system from a few days to several weeks [26].



Many glycolipids have noteworthy emulsification activity, solubilizing hydrocarbons in water. Rhamnolipids and sophorolipids have higher emulsification indices. In one study, congener mono-rhamnolipids from P. aeruginosa exhibited different emulsification activities for hydrocarbons of varied complexity [68]. Biosurfactants with a high molecular weight are suitable for emulsification but are not particularly effective at reducing surface tension [69]. Liposan, which is excreted by C. lipolytica, can stabilize o/w emulsions and is used in cosmetics and the food industry [65]. The use of de-emulsifiers has been recommended to treat emulsions generated by the crude oil industry [70]. Studies have also reported the use of rhamnolipid compounds as possible destabilizers of crude oil residues [71].





5. Practical Applications of Biosurfactants in Environmental Remediation


The problem of industrial pollution faced by various countries around the world is different in several aspects. In developed countries, pressures created by environmental assets, i.e., the emission of traditional pollutants from iron and steel as well as the manufacturing of metals and petrochemicals, have been growing slowly. On the other hand, issues such as soil contamination and the subsequent increase in treatment costs have received growing attention [25]. In developing countries, the environmental pressure from traditional pollutants created by industry remains heavy. For both, the growing technology-based industry has created new problems due to the use of concentrated toxic material in production processes, causing soil and water contamination. At the same time, industrial activities are a source of pressure on the environment in the form of emissions of gases and waste into the atmosphere and the ecosystem, generating waste and consuming natural resources. In addition, industries are major contributors to the global pollution burden. According to the Organization for Economic Cooperation and Development, industrial activities account for about one-third of global energy and water consumption in its member states. The relative contribution to the total pollution burden is highest in the industrial sector, which generates both traditional pollutants, such as organic substances, sulphur dioxide, particulate matter, and nutrients, and pollutants recently recognized as specific toxic substances [72].



In recent years, industrial activities have led to an increase in the accidental or purposeful release of organic and inorganic waste into the environment. Environments contaminated with pollutants are often difficult to remediate. Biosurfactants are structurally versatile, enabling these compounds to enhance the bioavailability of different organic compounds and contaminant ions for biological activities or mobilize such contaminants for collection, concentration, and/or treatment. Such approaches assist in resolving environmental problems. To ensure that the overall effect is positive, however, the environmental impact of the value chain of biosurfactants also needs to be assessed [73].



Environmental applications of biosurfactants are based on two main interaction mechanisms: biosurfactants increase the bioavailability of the substrate and promote interactions with the cell surface, increasing its hydrophobicity and enabling hydrophobic substrates to interact with bacterial cells [74,75]. Figure 4 illustrates the use of biosurfactants in environmental applications.



The study of patents is an important strategy for identifying innovations and the degree of development of technological processes for environmental applications of biosurfactants. Patent documents do indeed provide essential information, such as claims for the identification of the novelty, inventive activity, and industrial application of the product or process to be protected [76]. Thus, a search was performed of patents to show the trend in this scenario of applications of biosurfactants in the environmental field, as displayed in Table 1. This search was performed on different patent search websites (https://worldwide.espacenet.com/, accessed on 23 June 2024, http://www.uspto.gov/, accessed on 3 June 2024, http://www.ipo.gov.uk/, accessed on 23 June 2024, https://www.google.com/?tbm=pts, accessed on 24 June 2024 and https://patentscope.wipo.int/search/pt/search.jsf, accessed on 24 June 2024) using combinations of the keywords remediation, bioremediation, microbial surfactant, biosurfactant, and environmental applications.



Based on data retrieved from international databases, China and the United States together maintain the leadership in the publication of patents. Different methods using biosurfactants can be seen in environmental applications for bioremediation, such as bioflocculation, the use of microbial flora, or even genetically modified microorganisms. Compared to other environmental applications, phytoremediation is difficult to explore and generate patents for. Biosurfactants are explored for diverse agricultural applications, mainly the formulation of pesticides and agrochemicals. These products can serve as biopesticides for controlling pests, pathogens, phytopathogenic fungi, and weeds. Plants can also benefit from biosurfactants and microorganisms as nutrients [77]. The remediation of soil contaminated with heavy metals involves the flushing of the soil with surfactants [78]. In industrial environments, biosurfactants inhibit metal corrosion in aggressive pickling, de-fouling, acidification, alkaline, and saline environments by adsorption to the surface of metals. The use of biosurfactants for the inhibition of corrosion appears to be a future trend [79]. The summary of patents presented below demonstrates the promising growing exploration and commercial interest in different environmental fields.





 





Table 1. Patents of biosurfactants in the industrial field.






Table 1. Patents of biosurfactants in the industrial field.





	
Environmental Applications

	
Title of Patent

	
Description

	
Reference






	
Bioremediation

	
A process for the bioremediation of hydrocarbons in contaminated soil or sediment

	
Invention involving bioremediation of soil and sludge contaminated with hydrocarbons using microorganisms, nutrients, and biosurfactant.

	
[80]




	
Bacillus sp. producing bioflocculant and biosurfactant and use thereof

	
Invention involving Bacillus sp. (Bacillus sp. SS15) that produces bioflocculant and biosurfactant for application in remediation of fracturing flowback liquid and effective simultaneous removal of chroma, COD, suspended solids, polycyclic aromatic hydrocarbons, and n-alkanes

	
[81]




	
Method for degrading n-hexadecane and fermenting rhamnolipid biosurfactant

	
Invention discloses a strain (Pseudomonas aeruginosa H2-4) capable of using the pollutant n-hexadecane as a carbon source and producing a rhamnolipid surfactant.

	
[82]




	
High-efficiency composite degrading bacterial agent and process for bioremediation of oil-containing soil

	
Invention regards soil remediation and discloses a high-efficiency composite degrading bacterial agent that comprises P. aeruginosa, Rhodococcus honghuengensis, Bacillus subtilis, and Candida tropicalis. The efficient microbial flora constructed by the invention can metabolize a biosurfactant by taking petroleum hydrocarbon as a unique carbon source, can greatly reduce the content of petroleum substances in oily sludge (soil), and has the advantages of a short degradation period, low cost, and no secondary pollution.

	
[83]




	
Genetically modified Burkholderia kururiensis, method for rhamnolipid-type biosurfactants and uses

	
Invention describes genetically modified Burkholderia kururiensis (LMM21) and a method of using genetic engineering as a tool for the production of rhamnolipid-type biosurfactants in a non-pathogenic strain, B. kururiensis KP23T, as a heterologous host. The mono-rhamnolipids are used for the bioremediation of soils and waters contaminated by hydrocarbons.

	
[84]




	
Microbial enhanced oil recovery (MEOR)

	
Brevibacillus agri, preparation thereof, method for preparing surfactant, and use thereof

	
Invention discloses the preparation of a strain of Brevibacillus agri and a surfactant-producing method and use thereof. The bacterial strain and its preparation may enhance the recovery of crude oil; the surfactant preparation method confers the lipopeptide biosurfactant with satisfactory physical properties with a reduction in surface tension and has adequate emulsification of petroleum, lipids, and various hydrocarbons.

	
[85]




	
Microbial products and uses thereof to improve oil recovery

	
Invention regards compositions of biochemical-producing microbes and methods for microbially enhanced oil recovery. Specifically, biosurfactant-producing bacteria and/or by-products of the growth of the bacteria are applied to an oil-producing site. The bacteria can also be applied with a yeast fermentation product, polymer, non-biological surfactant, alkaline compound, and/or one or more chelating agents. The advantage of the invention is its usefulness in stimulating the flow of oil from a well.

	
[86]




	
Bioremediation of polycyclic aromatic hydrocarbons (PAHs)

	
Method for synergistic remediation of soil polluted by high-ring polycyclic aromatic hydrocarbons by using biosurfactant

	
Invention discloses a method for synergistic remediation of soil polluted by high-ring polycyclic aromatic hydrocarbons using a biosurfactant and belongs to the technical field of soil remediation. Its advantages are that the biosurfactant is added to promote the solubilization of the high-ring PAHs, the selected strains can synthesize the biosurfactant during the growth process, the dispersibility of the high-ring PAHs in soil particles is further promoted, the added exogenous carbon source can be used as a growth substrate and as a co-metabolism substrate for the growth of degrading bacteria, and the degradation efficiency of the high-ring PAHs is improved.

	
[87]




	
Remediation of heavy metals

	
Biosurfactant produced by Candida bombicola with potential application in the removal of heavy metals

	
Invention regards a novel biodegradable bioproduct (Bombisan), which is obtained by yeast from industrial waste. Bombisan has high emulsifying capacity, stability over a wide range of temperatures, pH values, and salinities, in addition to the ability to remove heavy metals from contaminated soil and effluents.

	
[88]




	
Environmentally-friendly compositions and methods for extracting minerals and metals from ore

	
Invention enables extracting minerals and/or metal from ore through safe, environmentally-friendly compositions and methods. Bioleaching is achieved using a composition composed of one or more biosurfactant-producing microorganisms and/or microbial growth by-products.

	
[89]




	
Application and method of lipopeptide in removal of heavy metal ions

	
Invention discloses an application and method of biosurfactant lipopeptide in heavy metal ion removal. Micelles with a certain particle size are formed using the electrostatic binding effect of -COOH residues of surfactin and metal ions and reaching the critical micelle concentration (CMC). Micelles are intercepted by an ultrafiltration membrane with a certain pore size so that the lipopeptide can be used for removing heavy metal ions. Therefore, the effect of removing the metal ions is achieved.

	
[90]




	
Bio-leaching compositions and methods for mining metals

	
Bioleaching compositions for processing ores or other matter, including metal or metal salt, are presented. Bioleaching composition includes a biosurfactant and metal solubilizing reagents. The biosurfactant can be a sophorolipid biosurfactant, and the metal-solubilizing reagents include an acid and an oxidant or a microorganism. In methods using the bioleaching composition, the metals from ores can be isolated from either a solution or non-solution phase.

	
[91]




	
Phytoremediation

	
Method for reinforcing phytoremediation of polycyclic aromatic hydrocarbon-contaminated soil with phytohormones and biosurfactants

	
Invention discloses a method for reinforcing phytoremediation of soil contaminated with polycyclic aromatic hydrocarbons using phytohormones and a biosurfactant. The method involves (1) adding a biosurfactant to the surface layer of the contaminated soil; (2) dissolving the phytohormone in ethanol and then adding distilled water for dilution; (3) putting Medicago sativa seeds in H2O2 for soaking, then performing flushing with sterile distilled water and planting the treated seeds in soil contaminated with polycyclic aromatic hydrocarbons; and (4) conducting conventional watering management on M. sativa: spraying the phytohormone ethanol aqueous solution 2–3 times within the plant growth period, harvesting the plant after 90–12 days growth, and conducting low-temperature drying and centralized treatment.

	
[92]




	
Agriculture

	
Method of using biosurfactant-producing bacteria against fungal and bacterial pathogens

	
Disclosure regards use of a bacterium (Streptomyces, Bacillus, Microbacterium, Rhodococcus, Staphylococcus, Micrococcus, Arthrobacter, or Pseudomonas) and/or extract containing a biosurfactant isolated from said bacterium as an antimicrobial agent against a foodborne or a plant bacterial or fungal pathogen. The bacterium optionally comprises at least 3 of difficidin, bacilysin, bacillaene, macrolactin h, fengycin, bacillomycin d, bacillibactin, and surfactin.

	
[93]




	
Biosurfactant producing microorganisms

	
Invention discloses Burkholderia thailandensis DIS2 bacterium and a B. thailandensis DIS2.1 bacterium, as well as bacteria having all the identifying characteristics thereof and mutants thereof. There is also provided Starmerella bombicola DIS4 yeast and a yeast having all the identifying characteristics thereof and mutants thereof, along with a method for producing rhamnolipids and a method for producing sophorolipids.

	
[94]




	
Antimicrobial compositions and related methods of use

	
Invention discloses antimicrobial compositions with one or more compounds generally recognized as safe for human consumption and related methods of use. The compositions and methods have applications in agricultural, pharmaceutical, building, industrial, and/or personal care products.

	
[95]




	
Sanitization method and related formulation

	
Invention relates to an aqueous formulation comprising at least one surfactant of microbial origin and at least one organic acid in a weight ratio between 1:1000 and 10:1 and methods for sanitizing the internal surfaces of plants and products subject to biofilm formation using an aqueous solution. The latter is obtained by dosing the above formulation in water so that the aqueous solution contains at least one biosurfactant in an amount between 0.0001 and 10% by weight and at least one organic acid in an amount between 0.001 and 10% by weight.

	
[96]




	
Bacillus strain for applications in agriculture, livestock health, and environmental protection

	
A bacterial strain with enhanced biosurfactant-production capabilities is provided, as well as methods of its use in agriculture, livestock husbandry, and environmental protection. In a specific embodiment, the invention is directed to a strain of Bacillus amyloliquefaciens that has novel properties for producing a mixture of lipopeptides, which is unique to its genus and species.

	
[97]




	
Corrosion

	
Method of using biosurfactants as acid corrosion inhibitors in well treatment operations

	
Corrosion during well treatment is inhibited by introducing a composition into the well containing a biosurfactant selected from glycolipids (other than mannosylerythritol lipids or sophorolipids), polyol lipids, phospholipids, lipopeptides, lipoproteins, carbohydrate-lipids, ornithine lipids, amino acid lipids, neutral lipids, liposan, exolipids, protein polyamines, diglycosyl diglycerides, siderolipids, saponified triglycerides, fatty acids, and fimbriae. Composition may also contain a corrosion inhibitor intensifier.

	
[98]




	
Multifunctional composition for enhanced oil recovery, improved oil quality, and prevention of corrosion

	
Invention provides compositions and methods for simultaneously enhancing oil recovery, improving quality of oil and gas through reduction in sulphur-containing compounds, and preventing and/or reducing corrosion of production equipment.

	
[99]




	
Environment-friendly industrial oil stain cleaning agent and preparation method thereof

	
Invention provides an environment-friendly industrial oil stain cleaning agent. The cleaning agent is prepared from the following components in percentage by weight: 1–5% of biological enzyme, 5–20% of a biosurfactant, 20–40% of a plant extract, 1–10% of a washing aid, and 25–73% of deionized water. The cleaning agent has the advantages of having high oil removal capability and being non-corrosive to various types of equipment, non-irritative to humans, safe, non-toxic, and environmentally friendly.

	
[100]









5.1. Bioremediation


The biodegradation of petroleum compounds can be a very slow process. Biosurfactants increase the bioavailability of pollutants, accelerating biodegradation and enabling the remediation of soil and aquatic environments contaminated with oil [101]. The bioavailability of crude oil is enhanced by the increase in the area of contact provided by biosurfactants to enable microbial action. The molecules of biosurfactants cluster due to the amphiphilic nature of the natural compound, thus enhancing the solubility and bioavailability of hydrophobic pollutants. Moreover, biosurfactants can interact directly with bacteria to increase their hydrophobicity and accelerate the absorption of oil pollutants by bacterial cells [102]. Rhamnolipids significantly enhance the solubility of saturated and aromatic hydrocarbons in water [103,104] in addition to improving the composition of bacterial communities and significantly increasing the abundance of oil-degrading bacteria [105], making rhamnolipids the most widely used biosurfactants in the field of bioremediation.



Oil spills can also occur in places other than the ocean, such as on land or in dry soil, directly contaminating the ecosystem with polycyclic aromatic hydrocarbons. Oil spills in soil clog porous spaces and significantly diminish both the aeration of the soil and penetration of water, which impedes nutrients and water from reaching the roots of plants, thus stunting growth. Moreover, some compounds in spilt oil are denser than water and can limit soil permeability [106,107]. Biosurfactants can also be used in the bioremediation of oil-contaminated soil. A strain of B. subtilis (Al-Dhabi-130) produced a biosurfactant that increased the emulsification of the crude oil in soil and also assisted in the degradation of the oil [108]. The novel biosurfactant produced by the bacterium Bacillus invictae UCP1617 cultivated in an alternative substrate was used in the formulation of an eco-friendly detergent. A detergent formulation containing the biosurfactant at the CMC completely dispersed motor oil in seawater and removed 99.21% of motor oil contained in clayey soil [109].



The application of biosurfactants in bioremediation processes involves two strategies: biostimulation and bioaugmentation. Biostimulation refers to the use of a biosurfactant or final fermentation extract that can be applied alone or together with other compounds [110]. Bioestimulation is one of the most widely used bioremediation strategies involving biosurfactants, with biodegradation efficiency ranging from 50 to 97%. Most biostimulation studies perform comparisons of biosurfactants and chemical reference surfactants in the bioremediation of oil [111]. Chaprão et al. [112] demonstrated greater motor oil removal efficiency from sand using a crude extract of biosurfactants from Bacillus sp. and Candida sphaerica (43% and 93%, respectively) compared to Tween 80 and Triton X-100 (40 to 80%). Using concentrations of 0.05 to 2 g/L of a biosurfactant produced by B. amyloliquefaciens AN6, Ayed et al. [74] made comparisons to chemical surfactants, such as sodium dodecyl sulphate and Tween 80, with regards to the removal of diesel oil, reporting the high emulsification capacity of the biosurfactant and the greater solubilization of diesel (71.54%) at a concentration of 1 g/L.



Bioaugmentation involves the introduction of microorganisms into the soil to enhance the bioremediation process [110]. Biosurfactant-producing microorganisms added to a contaminated system enhanced the solubilization and bioavailability of hydrocarbons, with biodegradation efficiency ranging from 32.67 to 87.54%. According to Machado et al. [101], however, bioaugmentation can lead to competition between native and introduced microorganisms, reporting similar diesel oil removal rates with bioaugmentation (57.92%) and control treatments (approximately 58%). Other researchers point out that foreign microorganisms need time to adapt to the new environment and may not survive if the new environment is highly contaminated. To circumvent this situation, a consortium containing native microorganisms can be used to stimulate the adaptation of external microorganisms [113,114].



Figure 5 shows the differences between bioaugmentation and biostimulation strategies.



With ex situ soil washing, a biosurfactant solution is placed into a glass column with contaminated soil to flush out heavy metal ions [115]. Soil washing methods involve the solubilization and mobilization of metals, and the reduction in interfacial tension assists in the removal of toxic contaminants [116,117]. Rhamnolipids can easily flush positively charged heavy metal ions from soil, such as Cu2+, Pb2+, Cd2+, Zn2+, and Ni2+ [118,119]. The sequential flushing of contaminated soil with a biosurfactant solution constitutes an adequate method for recovering and eliminating toxic heavy metals and increasing the availability of minerals in soil [120].



With in situ soil washing, the surfactant-containing washing solution is injected directly into the soil for the solubilization and mobilization of contaminants through the formation of micelles or chemical interactions. After percolation, the solution containing the contaminants is collected from the injection wells for treatment, discarding, or reinjection into the same site [115]. Unlike their synthetic counterparts, biosurfactants can be produced in situ, which reduces the treatment cost [121]. Two types of green surfactants—a chemically synthesized biobased surfactant and a biosurfactant produced by S. bombicola—were used in soil decontamination tests with a mobile soil remediation system (MSRS), which operates like a concrete mixer. The optimized experimental conditions enabled the commercial biosurfactant to remove 92.4% of the motor oil absorbed in the sand within the system [122].



Polycyclic aromatic hydrocarbons (PAHs) have complex ring-shaped chemical structures and are highly harmful to health [123]. These pollutants are mainly the result of human activities, such as the burning of fossil fuels, the use of wood preservers (e.g., creosote, the composition of which is approximately 85% PAHs), and other industrial activities [124]. Biosurfactants can be used to remediate soil contaminated with PAHs. In one study, the addition of biosurfactants led to an 86.5% PAH degradation rate compared to 57% in the control treatment without biosurfactants. According to the authors of the study, complete PAH removal was impeded due to mass transport limitations, as the increase in the dissolution rate promoted by the introduction of the biosurfactants increased the bioavailability of PAHs to microorganisms [125]. The bacteria Azotobacter vinelandii and Streptomyces sp. produce biosurfactants that can be used in the bioremediation of soil contaminated with hydrocarbons [3]. Yeast biosurfactants also play important roles in bioremediation processes. The biosurfactant from S. bombicola ATCC 222214, for example, removed 82.30%, 96.65%, and 98.25% of exhaust motor oil from sand, silty soil, and clayey soil under kinetic conditions, while in static tests (packed columns), removal rates were 66.62%, 63.03%, and 58.45%, respectively [126].



Among the advantages of biosurfactants, bacterial strains capable of producing them do not need to have the capacity to survive in soils contaminated with heavy metals [127]. However, the isolated use of biosurfactants requires the continual addition of these compounds. The application of microbial surfactants for the remediation of heavy metals has received some attention recently due to the high emulsification and surface activity [128,129]. The usefulness of biosurfactants for the bioremediation of soil contaminated with heavy metals is mainly due to their capacity to form complexes with metals. With anionic biosurfactants, such complexes are formed through ionic bonds that are stronger than those formed between the soil and metal. Metal-biosurfactant complexes are desorbed from soil due to the lowering of interfacial tension. Metal ions can be replaced with cationic biosurfactants by competition for some negatively charged surfaces (ionic exchange). The micelles of the biosurfactant can also remove metal ions from the surface of soils.



Figure 6 shows the mechanism of heavy metal removal by biosurfactants. The polar head of micelles binds to metals in water [130]. The removal rate is dependent upon the properties and structure of the metal-biosurfactant interactions. The biosurfactant produced by Bacillus sp. is used at twice its CMC achieved high removal rates for Hg (75.5%), Mn (89.5%), Pb (97.73%), and Cd (99.93%), with the formation of co-precipitates [131]. The biosurfactant from C. bombicola URM3712 cultivated in a low-cost medium demonstrated potential in removing Fe, Zn, and Pb, with removal rates ranging from 70% to 88%, while in packed column tests, Fe, Zn, and Pb removal rates ranged from 40% to 65%. The removal kinetics revealed increasing rates, with greater removal efficiency at the end of 24 h [63]. In another study, the authors reported the gradual increase in removal efficiency with the increase in the concentration of the biosurfactant [132].



Phytoremediation is considered a sustainable remediation option applicable to organic and inorganic contaminants, with the additional advantage of using microorganisms to increase the remediation rate [133,134]. Biosurfactants can be used to support plant growth and improve soil quality, as illustrated in Figure 7. Shah and Daverey [135] reported the use of a sophorolipid in cadmium-contaminated soil. The authors reported a reduction in proline concentrations in a metal-accumulating plant (Bidens pilosa), with 18.2 µmoles of proline/g found in the treated soil vs. 40.2 µmoles/g in the control group. Moreover, a significant reduction was found in the toxic effects of Cd. The sophorolipid also improved the growth of the shoot and roots and increased the permeability of the roots of the plants Medicago sativa and B. pilosa, consequently enhancing the absorption of nutrients and phytobiomass. These cases demonstrate that an increase in biosurfactant concentration in phytoremediation processes can reduce the toxicity of pollutants as well as promote the respiration of the soil and the absorption of nutrients, enhancing microbial activity and plant growth [115]. Due to their binding capacity, biosurfactants can form complexes with metals through different attraction and repulsion forces. Thus, biosurfactants can replace persistent chemical chelating agents. Biosurfactants should be considered in phytoremediation processes to reduce the toxicity of metals and enhance plant growth [7].




5.2. Microbial Enhanced Oil Recovery


Microbial enhanced oil recovery (MEOR) involves primary, secondary, and tertiary extraction. The first two stages remove up to 40% of the oil, whereas the tertiary stage recovers part of the oil that remained in the reservoir. For tertiary methods that do not depend on temperature, chemical and biological methods are employed to facilitate the recovery process. Biosurfactant-mediated MEOR may be in situ or ex situ. With the in situ approach, microbes are injected into the oil well together with nutrients and left to incubate for months. With the ex situ approach, previously produced biosurfactants are injected into the well. The control of undesirable and beneficial microbes (e.g., sulphide producers and sulphate reducers) can be difficult, and the production of biosurfactants cannot be easily controlled with in situ approaches, but the investment costs are lower. In contrast, ex situ approaches are easier because field tests and applications are performed using the same device [114]. A schematic of MEOR is displayed in Figure 8.




5.3. Metal Corrosion Inhibition


Corrosion on metals is caused by moisture, alkalis, acids, gases, salts, and chemical products. The ambient temperature also exerts a significant effect, and some species of bacteria within a biofilm on steel can promote the progression of existing corrosion [136]. Corrosion affects a large variety of structures and activities, such as drinking water systems, sewage pipes, oil refineries, marine transportation, construction, etc. [137].



Corrosion occurs due to the oxidation of the atoms of a metal, compromising the mineralized structure of the surface. The initial step is the adsorption of protons, which is followed by an electrochemical reaction with the atoms of the metal. Metallic cations dissolved in the aqueous phase react with anions, leading to greater surface corrosion [138].



The avoidance of metallic corrosion is sought through corrosion inhibitors with a good benefit–cost ratio. However, corrosion inhibitors are often both highly effective and highly toxic, which has led to the banning of such products by environmental agencies. Thus, researchers have been investigating the use of ecologically friendly compounds. Surfactants and biocompatible corrosion inhibitors are suitable for long-term industrial use and constitute a novel approach in the field of chemical science [139]. Biosurfactants have proven to be the best ecologically correct substances for the inhibition of biocorrosion processes and the protection of materials from corrosion and have recently become one of the important products of the bioeconomy, with multiple applications, although knowledge on their use in the treatment of biocorrosion is scarce [140]. Ali et al. [140] assessed the ability of plant-derived biosurfactants to inhibit corrosion. Extracts from Citrus sinensis contributed to the inhibition of corrosion on carbon steel surfaces in 0.5 M sulfuric acid (H2SO4). The metallic structure was composed of C, Mn, P, Fe, and S. The interaction between the biosurfactants and metallic structure was determined by Fourier transform infrared spectroscopy, and roughness was assessed using atomic force microscopy, which revealed that the surfactants formed a smooth protective layer on the surface of the carbon steel in the H2SO4 medium. The biosurfactant from P. cepacia proved to be an excellent inhibitor of the formation of biofilm and metallic corrosion in a recent study [67].




5.4. Improvements in Agriculture


The exponential increase in the use of biosurfactants in agriculture is mainly due to the improvement in seed fertility and the control of plant pathogens. Biosurfactants have been used to improve soil quality, assist in the absorption of fertilizers and nutrients by roots, and eliminate plant pathogens [141]. Biosurfactants have been used as antifungal agents to control tip-over disease and enhance the hydrophilicity and wettability of deteriorated soil. In pesticide formulations, biosurfactants facilitate the movement of toxic agents to the respective targets and increase the surface contact area, which enables pesticides to reach target organisms and pests. Lipopeptides are reported to be effective antipathogen agents against Fusarium verticillioides and Botrytis cinerea, which are commonly found in labyrinths. Another study reported the inhibition of the germination of spores and the growth of mycelium on plants [142]. Akladious et al. [143] assessed the antifungal activity of the biosurfactant produced by B. licheniformis on two different varieties of Vicia faba, reporting a reduction in the infection rate from 62.11 to 20% and 38.93 to 16.51% on the Nubaria 1 and Sakha 1 varieties, respectively. Reports suggest that biosurfactants can enhance the health of agricultural soil through soil remediation processes [77]. For example, surfactin can facilitate the biodegradation of pesticides [144], and glycolipids can aid in the degradation of hydrocarbons [145]. Additionally, biosurfactants produced by species of Burkholderia isolated from oil-contaminated soil show potential for remediating pesticide contamination [146].




5.5. Methods and Innovations in Environmental Remediation


Some studies developed in recent years have demonstrated the application of biosurfactants as adjuvants of various remediation technologies, as described in previous sections. Table 2 displays examples of studies in the literature that describe the practical application of biosurfactants to increase degradation/removal efficiency in different remediation technologies. Despite the benefits provided by biosurfactants in the remediation of contaminated soils and aquatic environments, these natural compounds may also delay or have no effect on the biodegradation of organic hydrocarbons, as shown in the table below. This demonstrates the importance of basic research considering the most diverse variables to achieve success in applications.



Biostimulation and bioaugmentation are the most widely used in situ bioremediation methods, whereas bioreactors are widely used in ex situ methods. Ex situ bioremediation methods have the additional costs of excavation and transportation and, thus, tend to be more expensive. However, such methods can be used for the controlled treatment of a broad gamut of pollutants. While not having the additional cost of excavation, the effectiveness of in situ methods is considerably reduced by the cost of on-site equipment installation and the inability to visualize and effectively control the subsurface of the polluted site. Consequently, the cost of remediation apparently has no main factor that would determine the bioremediation method to be applied at a given site [121]. Thus, the applicability of a remediation method is influenced by the site and type of contamination, objectives, efficiency, time, benefit/cost ratio, and acceptability by the public. Studies and planning to assist in selecting the most viable method should be conducted prior to the implementation of a large-scale operation.



The classifications of novel methods in the field of remediation are described in the next sections.



5.5.1. Nanobioremediation


Nanobioremediation is the use of nanomaterials coupled to biosurfactants to assist in reducing the toxicity of the pollutant to microorganisms. Nanomaterials increase the surface area and diminish activation energy, enhancing the efficiency of the degradation of toxic waste by microorganisms and resulting in a general reduction in remediation time and cost.




5.5.2. Multiple Bioremediation Methods


The simultaneous application of multiple bioremediation methods assists in enhancing remediation effectiveness by minimizing the individual disadvantages of each method [153].




5.5.3. Genetically Modified Microorganisms


The measured use of genetically modified microorganisms is a promising and innovative way to enhance the effectiveness of bioremediation. This method enables designing a biocatalyst for the effective degradation of a target pollutant, such as recalcitrant compounds, by broadening the substrate range of existing pathways, incorporating novel effective metabolic pathways, and increasing the stability of catabolic activity [154].




5.5.4. Enzymatic Bioremediation


Enzymatic bioremediation is another effective way to degrade pollutants. Their smaller size compared to microbial cells enables enzymes to come into direct contact with contaminants [155]. Researchers have reported in detail the role of oxygenases, peroxidases, laccases, carboxylesterases, haloalkane dehalogenases, phosphothriesterases, cellulases, and lipases in the degradation of various pollutants [156].




5.5.5. Modelling and Prototyping


The development of models and prototypes with artificial neural networks, artificial intelligence, machine learning, fuzzy logic, and statistical modeling [155,157] provides a new set of powerful tools to improve biodegradation and bioremediation.




5.5.6. Biotechnology and Process Engineering


Recent advances in biotechnology and process engineering are expected to expand the production scale of biosurfactants and reduce the costs of obtaining these biomolecules to promote their extensive use in the market.






6. Industrial Application and Market Prospects


The use of biosurfactants in the industrial energy sector involves their application in various stages of the oil industry, ranging from exploration, production, refining, and transportation to the consumption of petroleum derivatives. Biosurfactants can be used in oil recovery to reduce contamination in soil and groundwater and in the formulation of new products to increase the yield of the extracted crude oil [126]. Although most studies concentrate on environmental applications of biosurfactants, these biomolecules have found numerous applications in nearly all sectors of the market, from petroleum to foods, cosmetics, and medications. This commercial diversity is mainly related to the capacity of biosurfactants to reduce surface and interfacial tensions at very low CMC. Moreover, the advancement of the technology increases environmental awareness. Indeed, there has been an exponential increase in the demand for nontoxic, biodegradable constituents in new products [26].



Table 3 lists examples of the application of biosurfactants in enhanced oil recovery, oil biotechnology, the mining of precious metals, agriculture, food processing, medicine/pharmaceutical/bioprocessing, protection of foam rubber/textiles/paper/painting/coating, chemical synthesis, and production of detergents.



In the year 2020, the market of green surfactants was estimated at around USD 2.54 billion, and the global market is expected to increase at a compound annual growth rate of 5.7%, reaching USD 3.56 billion by the year 2026. The expansion of the sector is due to the growing demand for green surfactants made from biomass residues and agricultural raw materials [181].



The biosurfactant market in Brazil is quite promising, with the presence of companies specializing in these products. Despite the noteworthy growth in the industry in recent decades, large-scale production continues to pose an economic challenge, mainly due to the high financial investment and limited industrial production. Scaling up the production of biosurfactants from the laboratory to the industrial and commercial scale is currently the biggest challenge in industrial biotechnology. This is due to the fact that, under normal circumstances, microbial cells produce low concentrations of surfactants, which hinder large-scale production. To overcome this obstacle, it is important to select cost-effective raw materials that can improve the overall conditions for commercial production. While the production process has been studied and improved to meet the growing demand for biosurfactants, challenges still exist for industrial-scale production, such as excessive foam formation, the availability of suitable raw materials, and the costs involved in processing and cleaning, especially during the extraction and purification steps, which involve technologies such as foam fractionation, membrane filtration, gravity separation (e.g., acid precipitation, crystallization), and ultrafiltration, all of which have high capital and operating costs. Despite efforts to address these economic issues, few strategies have been developed to make the production process more viable. Baccile et al. [182] conducted a life cycle assessment for the production of glycolipids and found that the environmental impact was surprisingly similar to that of chemical surfactants derived from fossil resources. This impact was mainly attributed to the use of rapeseed oil and glucose as substrates, which accounted for 78% of the harm to ecosystems and resources. The remaining impact was caused largely by the use of electricity throughout the production chain (15%). Other factors that need to be considered for viable production include the type of microorganisms, design of industrial bioreactors, target markets, purification processes, properties of the biosurfactants, production conditions, and the time required for fermentation and achievable production yields [25].



Novel molecules and structures with unique properties could be produced with a combination of safe biosurfactant producers and waste materials rich in nutrients. The screening and monitoring of microbial producers, clarification of intrinsic paths, and integration of the perspective of the green economy, low-carbon economy, bioeconomy, and circular economy would provide safe, sustainable biosurfactants. The use of agricultural waste and aquatic residues would ensure the cheap, large-scale production of healthy-quality biosurfactants. Moreover, the genetic engineering and the adjustment of the downstream process would ensure constant supplies of safe-quality biosurfactants. Biosurfactant production processes need to be optimized. The yield, technical-economic viability, form of consumption, level of purity, and shelf life could be improved by altering the processes [183].




7. Conclusions


The use of biosurfactants as part of a new generation of biomolecules in industrial and environmental applications has increased in recent years. They can address the challenges of the oil industry by reducing its economic, social, and environmental impacts. Biosurfactants, which have been especially exploited for application in the industrial sector, have high specificity due to their considerable molecular variability and structural diversity, enabling the selection of the best biosurfactant for a given application based on the results of previous studies. Furthermore, the use of these microbial biomolecules with decontamination capabilities is essential to the offer of new, attractive biotechnological products. This enables reducing environmental impacts and obtaining greater economic gains compared to the toxic products normally used in industries. Many properties, such as emulsification/de-emulsification, dispersion, foam formation, wetting, and coating, make them useful in physicochemical and biological remediation technologies for organic and metallic contaminants. Biosurfactants increase the bioavailability of hydrocarbons, resulting in greater growth and contaminant degradation by hydrocarbon-degrading bacteria found in polluted soil. In soil contaminated with heavy metals, biosurfactants form complexes with the metals at the interface of the soil, which is followed by the desorption of the metal and removal from the soil, leading to an increase in the concentration of metal ions and their bioavailability in the soil solution. Biosurfactants can also be used as anti-corrosion agents to protect metallic surfaces from atmospheric interactions and reduce microbial contamination, thus inhibiting the development of corrosive biofilms. Despite their advantages over surfactants derived from petroleum, they are sometimes more expensive than those commonly used in the industrial sector. Such an economic issue could hinder their use in the industrial sectors; so, research has been focusing on more affordable means to produce them. Technological advances and large-scale production are able to lower costs, and this trend is likely to go on in the future. Therefore, it can be concluded that using biosurfactants on an industrial scale represents a promising alternative to current oil-based counterparts. Nonetheless, additional efforts are necessary to obtain cheap and sustainable biosurfactants capable of performing satisfactorily under the conditions required for a given application. The coming years are very promising for biosurfactant applications, but they will only be commercially viable if the same challenges are overcome. Certainly, the use of biosurfactants will make an important contribution to a more sustainable and environmentally friendly industry.
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Figure 1. Surfactant concentration increases until critical micelle concentration (CMC) is reached. 
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Figure 2. Representation of micellar structure. 
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Figure 3. Chemical structure of biosurfactants. (a) Rhamnolipid; (b) Sophorolipids; (c) Surfactin; (d) Emulsan. 
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Figure 4. Environmental applications of biosurfactants [25]. 
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Figure 5. Comparison between bioaugmentation and biostimulation techniques. 
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Figure 6. Mechanism of heavy metal removal by biosurfactants. 
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Figure 7. Mechanism of biosurfactant-assisted phytoremediation. 
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Figure 8. Schematic of mechanisms involved in biosurfactant-mediated microbial enhanced oil recovery (adapted from Santos et al. [23]). 
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Table 2. Examples of applications of biosurfactants as adjuvants in remediation processes.
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	Remediation Strategy
	Contaminants
	Description
	Reference





	Bioaugmentation + biosurfactant/surfactant-assisted biodegradation
	Pyrene

(10 mg/kg)
	Successful bioaugmentation. Highly efficient biodegradation in uncorrected soil samples and with synthetic surfactants (Brij-35). Inhibition of biodegradation process when supplementation was performed with rhamnolipids, which were used as a preferential carbon source.
	[147]



	Biosurfactant-assisted biodegradation
	Phenanthrene

(0.1–1.0 mg/L)
	Supplementation with rhamnolipids affected phenanthrene sorption kinetics, but exerted no influence on pollutant biodegradation kinetics.
	[148]



	Biosurfactant-assisted biodegradation
	Hexadecane

(2% v/v)
	Pseudomonas aeruginosa produced rhamnolipids that increased availability of hexadecane; availability of hexadecane was reduced in the presence of Pseudomonas putida, which was not capable of producing rhamnolipids. Blocking effect by rhamnolipids caused reduction. Rhamnolipid dissipation also occurred.
	[149]



	Natural attenuation + bioaugmentation + biostimulation
	Crude oil

(3% w/v)
	Bioaugmentation combined with biostimulation enabled achieving biodegradation faster and more efficiently.
	[27]



	Bioreactor

(ex situ)
	Crude oil

(47.5 g kg)
	Combined treatment with rhamnolipids + nutrients + a bacterial consortium led to an oil degradation efficiency of 77% in 90 days.
	[150]



	Phytoremediation

(in situ)
	Cadmium

(39.06 mg/kg)
	Higher levels of the phytoextraction of cadmium (Cd) occurred with the addition of biosurfactants on the 30th day of corn planting.
	[151]



	Ex-situ remediation using a Mobile Soil Remediation System (MSRS)
	Motor oil

(10% w/w)
	Commercial biosurfactant from Starmerella bombicola enabled removing 92.4% of motor oil adsorbed to sand.
	[122]



	Biosurfactant-assisted biodegradation
	Motor oil

(10% w/w)
	Addition of biosurfactant produced by Pseudomonas cepacia increased degradation of motor oil adsorbed to sand over a 70-day period. Increase in biosurfactant concentration increased pollutant solubilization, influencing removal rate.
	[67]



	Biosurfactant-assisted biodegradation
	Motor oil

(10% w/w)
	Bacillus cereus produced biosurfactant that increased biodegradation of motor oil up to 96% compared to control over 27 days of incubation in seawater.
	[152]










 





Table 3. Industrial applications of biosurfactants.
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Industry

	
Field

	
Biosurfactants

	
Mechanism/Functioning/Property Used

	
Reference






	
Oil biotechnology

	
Extraction from crude oil reservoirs

	
Glycolipids and Lipopeptides

	
Biosurfactants enhance the formation of stable water-oil emulsions, break the film of oil on rock, and reduce interfacial tension, which reduces capillary forces that impede the movement of oil through the pores of rock

	
[158,159]




	
Transportation of oil through pipelines

	
Emulsan, alasan, biodispersan

	
Biosurfactants with high molecular weight form stable water-in-oil emulsions, assisting in the mobility of oil, reducing viscosity, and avoiding the coalescence of droplets

	
[160,161]




	
Cleaning of oil storage tanks

	
Rhamnolipids

	
A well-circulated biosurfactant forms an oil-in-water emulsion, raises/mobilizes the sludge at the bottom of the tank, and solubilizes it in the previously formed emulsion

	
[162,163]




	
Metallic corrosion

	
Anticorrosive agents

	
Rhamnolipids, lipopeptides, and glycolipids

	
Biosurfactants form a protective layer, impeding the occurrence of corrosion

	
[147]




	
Nanotechnology mining

	
Recovery of precious metals

Silver and gold nanoparticles

	
Biodispersan

exopolysaccharide from algae

	
Reduces energy needed to cleave the microstructure of ground limestone, solubilizes, and serves as a sequestering agent

Biosurfactant-producing organisms convert (Ag-Au) NO3 into silver/gold particles using enzymes such as nitrate reductase

	
[162,163,164]




	
Medications/pharmaceuticals

	
Gene delivery

Antimicrobial activity

	
Mannosylerythritol lipids (MEL)

Anionic isoform of surfactin rhamnolipids

	
Cationic liposomes containing MEL-A effectively increases the transfection of genes in mammal cells

Antimicrobial effect of biosurfactants manifests through activity similar to detergents

	
[165,166,167]




	
Anticancer activity

	
Sophorolipids

	
Biosurfactants as antiviral agents interrupt cell replication, favoring cell differentiation

	
[168]




	
Immunological adjuvants

	
Surfactin

	
Immunomodulating biosurfactants increase the migration of polymorphic nuclear cells and the lymphocyte transformation rate, stimulating the immune system

	
[169]




	
Antiviral activity

	
Ethyl ester of diacetate sophorolipid, surfactin

	
Biosurfactants inactivate viral lipid capsules and envelopes

	
[170]




	
Antiadhesive agents

	
Sophorolipids

	
Adsorption of biosurfactants to a substrate modifies hydrophobicity of surface, affecting microbial adhesion and the desorption process

	
[171]




	
Bioprocessing

	
Recovery of product

	
Sophorolipids

Rhamnolipids

	
Surfactant properties contribute to the reverse micellar extraction of antibiotics and proteins

	
[172,173]




	
Leather

	
Stabilizer, dispersant, humectant

	
Biodispersan

	
Degreasing agent used as detergent for the skin, emulsifier, tanning and dying, wetting, and penetration

	
[174]




	
Textiles

	
Dispersants, penetrating agents

	
Nonspecific trehalotetraestercHAL2

	
Removal of lipophilic components and oils from fibers as pretreatment; improved dispersion of dyes for uniform penetration into fibers

	
[174]




	
Paper

	
Cellulose processing

	
Biodispersan

	
Used for washing and de-resinification of pulp by de-foaming, dispersion, and evening of color

	
[174]




	
Paper manufacturing

	
Biodispersan

	
Chalk was effectively buried using biodispersan and used as filter in manufacturing of paper. Biosurfactant also used in calendaring through wetting, levelling, coating, and dying

	
[174]




	
Paint protection/coating

	
Stabilizers, dispersants

	
Biodispersan

	
Employed as dispersant as humectant agent during milling and stabilization to improve the mixture properties

	
[175]




	
Food industry

	
Food emulsifiers

	
Polymeric biosurfactants

	
Alteration of rheological characteristics for desired consistency and texture of foods using emulsification properties

	
[176]




	

	
Food stabilizer

	
Rhamnolipids

	
Alteration of rheological characteristics of foods for desired consistency and texture

	
[176]




	
Cosmetic industry

	
Emulsifiers, humectants, moisturizers, foaming agents

	
Sophorolipids

Rhamnolipids

MELs

	
Application of biosurfactants in cosmetics due to cytoprotective effect, low irritability, antiaging and antioxidant effects, moisturizing properties, wettability, tonifying of skin, and healing properties

	
[177,178,179]




	
Detergent for clothes

	
Foaming agent, dirt removal

	
Sophorolipids

MEL

	
Properties such as formation of foam, reduction of surface tension, and solubilization are suitable for the fabrication of detergents

	
[180]
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