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ABSTRACT 

Sustainable management options for contaminated soils are required and will be evaluated. In situ 
remediation could be beneficial over ex situ technologies due to a reduction in costs and lack of solid 
disposal requirements. Selection of the most appropriate remediation technology must coincide with 
the environmental characteristics of the site and the ongoing sediment fate and transport processes. 
To be sustainable, the risk to human health and the environment at the site must be reduced, and 
not be transferred to another site.  Cost-effectiveness and sustainable solutions are significant factors 
in determining the treatment. Both in situ and ex situ treatment approaches are available but 
decisions must be made based on the information available. The application of biosurfactants has 
been evaluated as alternatives to chemical reagents due to their surface active and emulsifying 
properties, low toxicity, biodegradability, unlimited applicability and relative low production cost for 
sustainable remediation. Studies showed that for effective application of biosurfactants, they should 
be selected based on pollutant characteristics and properties, treatment capacity, costs, regulatory 
requirements, and time constraints. Moreover, understanding of the mechanisms of interaction 
between biosurfactants and heavy metal and hydrocarbon contaminants or the contaminated 
environment can assist in selection of the appropriate biosurfactants for sustainable remediation. 
This paper will include research on various environmental applications of biosurfactants and future 
directions.  

Keywords: contaminated soils, biosurfactants, sustainability, heavy metals, organic contaminants, 
remediation 

1 INTRODUCTION 

Contaminants are emitted into the soil environment from various sources including spills, leaks, 
accidents, improper storage or transport or improper management of wastes and landfills (Yong et al., 
2014). Contaminants can be of inorganic or organic forms and some examples include petroleum 
hydrocarbons, metals, chlorinated hydrocarbons, pesticides, among others.  

To restore soils and sediments, a variety of remediation techniques can be considered. The options are 
based on biological, chemical and/or physical methods (Yong et al., 2014). The selected management 
methods must not only be effective but must also be sustainable (Mulligan, 2019). Some of the criteria 
for achieving sustainable remediation should include effective use of resources and costs. Wastes and 
emissions generated must be minimized.  In addition, non-toxic materials should be used as much as 
possible.  

Two options are available for contaminated soil, in situ or ex situ treatment. Disposal after excavation 
(i.e., dig and dump) of the soil in a secure landfill or disposal facility is not sustainable. Treatment of the 
contaminated soil and subsequent reuse of the treated soil can be an expensive procedure, especially 
at large sites.   

To determine the most appropriate sustainable technology, the procedure in Figure 1 is suggested. In 
general, available technologies are classified as physical, chemical and biological.  In situ methods 
reduce transportation requirements compared to ex situ ones where the soil is excavated and treated. 
In situ processes include (a) bioremediation, (b) air or steam stripping or thermal treatment for extracting 
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volatile compounds or flushing soluble contaminants (c) chemical oxidation treatments for oxidation and 
(d) stabilization/ solidification with additives such as lime or cement for heavy metals or organics.  
Phytoremediation involves the selection of the most suitable types of plants according to the pollutant. 
Ex situ techniques include excavation of the soil followed by biological treatment processes, 
solidification/stabilization, vitrification, incineration, physical separation, and/or washing. Other 
technologies related to nanotechnologies are also being developed (Babaee et al., 2018).  

Some guidelines for site remediation exist to reduce environmental impacts (ASTM, 2013; ASTM, 2016). 
An ASTM guide (ASTM E2876-13) includes environmental, social and economic aspects. Reduction in 
the amounts of materials used, wastes generated and water impact are key elements of best 
management practices (BMPs). BMPs should be adopted to reduce the environmental footprint of the 
remediation. Suggestions for a greener cleanup BMPs are included in the guideline.  For example, for 
pump and treatment, biobased products can be used such as biological surfactants. Mulligan (2014) 
has shown that biodegradable, non-toxic products called biosurfactants (e.g., rhamnolipids and 
sophorolipids) can be produced from waste materials and can be employed for soil flushing or washing 
for metal and organic contaminants or for enhanced biodegradation of organic pollutants. Figure 1 
shows the process of sustainable remediation.  

 
 
Figure 1. Steps in a sustainable remediation process (adapted from Mulligan 2019) 
 
 
EPA (2009) has summarized how to incorporate sustainability objectives into the project. The core 
elements are: 

• Protection of land and ecosystems  

• Minimization of water use and the impact on water resources  

• Reducing energy use and maximizing renewable energy  

• Minimization of air pollutants and GHG emissions  

• Reduction, reuse and recycling of wastes and materials.  

 
Various types of footprint analysis or lifecycle assessment (LCA) can be performed to determine more 
sustainable options for remediation. The references of ISO 14044 (2006) or EPA documents (USEPA 
Life Cycle Assessment, Principles and Practice, EPA/600/R-06/060 (May 2006) or USEPA Methodology 
for Understanding and Reducing a Projects Environmental Footprint, EPA 540-R-12-002 (Feb. 2012b) 
can be used for these procedures.  
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Biosurfactants have shown potential for environmental applications for organic and/or inorganic 
contaminants. Therefore, the objectives of this paper are to demonstrate the use of biosurfactants for 
sustainable environmental remediation technologies and waste materials for their production and to 
identify future research directions. 
 
 
2 BIOSURFACTANTS  
 
2.1 Characteristics of biosurfactants 
 
Remediation of contaminated soil and water with biosurfactants is promising due to their high 
biodegradability, metal affinity and effectiveness for promoting biodegradation, and low toxicity and 
critical micelle concentration (CMC). Various mechanisms of ion exchange, solubilization, mobilization 
and complexation enhance metal removal. Biosurfactants are produced by bacteria or yeast. The most 
common ones are anionic or neutral that are rhamnolipids, sophorolipids or lipopeptides (Biermann et 
al., 1987). CMCs typically vary between 1 and 200 mg/L and from 500 to 1500 daltons in molecular 
mass (Lang and Wagner, 1987). Production is from soluble carbohydrates, or hydrophobic, insoluble 
substrates such as oils. 
 
2.2 Rhamnolipids 
 

Most remediation studies have been performed with rhamnolipids. Positively charged metals can be 
removed by rhamnolipids added to soil and sediment as reviewed by Mulligan (2014b). Juwarkar et al. (2007) 
showed the rhamnolipid decreased toxicity and enhanced microbial activity of Azotobacter and Rhizobium, 
thus indicating improved soil quality. Toxicity reduction of the rhamnolipid treated soil was shown by the increase 
in biomass levels and survival of two species of worms (Eisenia fetida and Lumbricus terrestris) (Slizovsky et 
al., 2011). 
 
It has also been demonstrated that anions of chromium and arsenic can also be removed by rhamnolipids. 
Hexavalent chromium extraction and reduction to Cr(III) was achieved in kaolinite, soil and water (Massara et 
al., 2007; Ara and Mulligan, 2015). Mining residues were also studied for removal of the As(V) form, at high pH 
by rhamnolipids (Wang and Mulligan, 2009b, Arab and Mulligan 2020). Cu, Zn, and Pb removal is also positively 
correlated with that of arsenic.  
 
Surfactant can also be added as a foam (surfactant solution with injected air) which is more suitable of 
low permeability soil. It was found that a 0.5% rhamnolipid foam solution was beneficial for cadmium and 
nickel removal from a contaminated sandy soil (Mulligan and Wang, 2004) and for fresh water sediment 
treatment co-contaminated with polycyclic aromatic hydrocarbons (PAHs), Pb, Zn, and Ni (Alavi and 
Mulligan, 2011).  
 
For batch experiments with rhamnolipids, the oil remediation efficiency was up to 84%, based on the 
experimental conditions. Optimum conditions to achieve the highest oil remediation performance 
included a rhamnolipid biosurfactant: nanoparticle ratio of 10:1 (wt%: wt%), pH 7, room temperature, 
and shaking speed of 60 rpm for 60 min. The remediation rate was improved by higher temperature 
and lower ionic strength. In the presence and absence of nanoparticles, rhamnolipid biosurfactant 
demonstrated a higher remediation efficiency than sophorolipid biosurfactant and ultraplex surfactant 
(Vu and Mulligan, 2022a). Other experiments with rhamnolipid and nanoparticles enabled maximum oil 
removal by the biosurfactant foam/nanoparticle, biosurfactant/nanoparticle, and biosurfactant-amended 
soil was about 3 times, 2.5 times, and 2 times more than the control, respectively (Vu and Mulligan, 
2022b). 
 
In another application, rhamnolipid with isolated microbial cultures from weathered oil could enhance 
the flocculation of the oil sands tailings compared to the control by 2.70 times (Mulligan and Roshtkhari, 
2016). The mechanism involved an increase in hydrophobicity of the tailings particles, followed by adsorption 
of the biosurfactants and other organic compounds that enabled the formation of a bridge between particles 
prior to sedimentation. The sedimentation of the tailings would enable reduction in the volume of the ponds. 
The surface and interfacial tension reduction and encapsulation in micelles of the oil was the main 
dispersion mechanism. Another study evaluated the biodegradability of these petroleum products by indigenous 
oil degrading bacteria in the presence of biosurfactants (Saborimanesh and Mulligan, 2015). 16S rRNA 
pyrosequencing indicated that Firmicute was the dominant phylum.  
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2.3 Sophorolipids 
 
The yeast Starmella bombicola (formerly known as Candida or Torulopsis bombicola) produces 
sophorolipids (Cooper and Paddock, 1984). The high yields make it a potentially the most cost-efficient 
biosurfactant. A crude sophorolipid enhanced metal removal from soils and sediments (Mulligan et al., 1999b, 
2001). Washing mining tailings by the sophorolipids (Arab and Mulligan, 2020) removed increasing 

amounts of arsenic, copper, and iron, as the temperature increased from 15 to 23◦C. Sophorolipid 
dispersion of biodiesel, diesel, and light crude-oil was studied by Saborimanesh and Mulligan (2018). 
Actinobacteria dominated in the diesel and Proteobacteria and Actinobacteria in the light crude oil. 
Addition of the sophorolipid with these cultures enabled dispersion and biodegradation of the hydrocarbons. 
 
Nanoparticles such as zero valent iron (nZVI) have been used in combination with biosurfactants such 
as sophorolipids to remediate contaminated soil. The large specific surface area of nanoparticles allows 
excellent interaction with contaminants such as oil to improve the solubility and enhance removal rates 
(Vu and Mulligan, 2022a). The oil pollutants adsorb on the nanoparticle surfaces. The biosurfactant 
reduces aggregation of the nanoparticles which can reduce their effectiveness by decreasing the surface 
area and active sites of nanoparticles. The biosurfactants also enhances the solubilization of the oil. The 
combination of nZVI and sophorolipid was able to remove 83% of the oil in an hour. In the form of a 
foam the same combination reduces the oil concentration on the soil by 67% in 30 min (Vu and Mulligan, 
2022a).  A summary of selected biosurfactant studies is shown in Table 1. 
 
Table 1.  Soil washing/flushing studies with biosurfactant addition  
 

Biosurfactant Medium Contaminant References 

Rhamnolipid, MEL, 
saponin 

Soil, sediment Zn, Cu, Pb, Oil Mulligan et al. (2007) 

Rhamnolipid Soil, water Cr Ara and Mulligan (2015) 

Rhamnolipid Mining residues As Wang and Mulligan 
(2009a,b) 

Rhamnolipid Sediments PAH, Pb, Zn, Ni Alavi and Mulligan (2011) 

    

Rhamnolipids + NPs* Soil Oil Vu and Mulligan (2022b)  

 

Sophorolipids +NPs Soil Oil Vu and Mulligan (2022a)  

Sophorolipids Mining residues As Arab and Mulligan (2020) 

*NPs denotes nanoparticles 
 

 
3 DISCUSSION  
 
The concept of industrial ecology is shown in Figure 2 and is based on protection of the environment 
and resource conservation (Mulligan, 2019). The overall process of production from wastes can be seen 
in Figure 3. Sustainable production of biosurfactants and their application for remediation should be 
considered this way. The approach of LCA as previously mentioned can be utilized to quantify emissions 
and wastes throughout the production process as seen in Figure 4 and to determine where the impacts 
can be minimized. As indicated by Marchant (2019), a full life cycle analysis (LCA) is necessary to identify 
where costs and impacts in the remediation process can be reduced. Recovery of the biosurfactants for 
reuse can also enhance process sustainability.   
 
Despite the advantages of biosurfactants over synthetic surfactants for remediation, the high cost of the 
biosurfactants has limited full scale application.  Crude forms and production from inexpensive or waste substrates 
can be employed (Mulligan and Gibbs, 1993). Waste materials will also improve the sustainability of the 
biosurfactants through cost reduction and waste reduction.  
 
For rhamnolipid production, various soluble sugars, hydrocarbons and vegetable oils (Liu et al. 2018).  A disadvantage 
of using waste substrates, however, is their inconsistent quality. Molasses, whey milk or distillery waste peels, various 
fruits and vegetables, wastes from coffee and tea, and cooking oils are examples of wastes for biosurfactant 
production (Mulligan, 2014). Olasanmi and Thring (2018) reviewed the role of biosurfactants towards 
environmental sustainability. Potential avenues of using renewable by-products or waste materials have 
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been identified to reduce costs and waste that would otherwise need further management. Banat et al. 
(2014) and Makkar and Cameotra (2002) have indicated that agroindustrial by-products, agricultural 
residues and food by-products and wastes can be used as substrates for biosurfactant production. 
Another advantage of using wastes is that they do not competed with food (Henkel et al. 201 Low-cost 
substrates can reduce the costs by up to 30%. Saisa-Ard et al. (2013) indicated that the raw materials 
account for 30 to 50% of the final product cost.  
 
Jimoh and Lim (2019) indicated that corn, for example, is much less expensive where it is produced. 
They summarized various renewable and industrial wastes that could be used as substrates for 
biosurfactant. The oil industry represented the largest proportion (35%), followed by agro-industrial 
wastes (20%), dairy products (18%), the food industry (15%) and then industrial wastes (12%). 
 
Another approach is to biostimulate the microorganisms to produce the biosurfactants in situ. This 
reduces soil transportation costs and reduces risk of contaminant exposure and degrades the organic 
contaminants. In situ biosurfactant production could be sustainable and cost effective due to the lower labor, 
material, energy, and transport requirements and thus stimulating in situ production could be beneficial. 
This has shown by the growth of anaerobic indigenous bacteria in oil sands tailings (Rezaeitamijani and 
Mulligan, 2021). In this study, 13 indigenous bacteria were isolated and identified. Eight of the isolated 
bacteria were facultative or anaerobe tolerant. Their biosurfactant production and their effect of surface 
tension was monitored in both aerobic and anaerobic conditions. Then the potential isolates were added to 
the stirred tank reactor, STR (with agitation) and anaerobic bottle (no agitation) to simulate the MFT condition. 
The bioremediation of residual hydrocarbons was examined for 8 weeks after bacterial addition. Both STR 
and anaerobic bottle showed hydrocarbon degradation 58.7% and 55.1% respectively which shows agitation 
won’t be necessary in the degradation.  The role of in situ biosurfactant production could also enhance natural 
attenuation processes in the soil and groundwater (Yong and Mulligan, 2019).  
 

 
 
Figure 2. Concept of industrial ecology (adapted from Mulligan 2019) 
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Figure 3. Biosurfactant production using waste materials  

 
Figure 4. Life cycle assessment of biosurfactant production process (modified from Mulligan, 2019) 
 

In summary, biosurfactants have the potential for sustainable remediation of contaminated soils, sediments, 
and wastes (e.g., tannery and mining) due to their low toxicity, biodegradability, and effectiveness. However, 
the entire life cycle of the biosurfactant needs to be optimized for material, energy, and cost 
requirements. In situ stimulation for production of the biosurfactants is potentially a sustainable approach. 
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Scale-up studies are needed for future full-scale production. In addition, further studies on in situ 
biosurfactant production are needed to facilitate contaminant degradation and avoid the need for 
surfactant addition. 
 
The costs of biosurfactants need to be reduced to compete with synthetic surfactants. As substrates for 
biosurfactant production contribute substantially to the production cost, waste materials could be used 
due to their low costs. In addition, the sustainability of the process is improved as this will provide waste 
management with a circular economy concept. For determining the most suitable waste, availability, 
adequate nutrient and mineral contents, transportation costs and pre-treatment requirements must be 
taken into consideration. Waste pre-treatment (e.g., particle size reduction, ozonation, acid or enzyme 
hydrolysis) should be avoided if possible as this step can add extra costs for materials and processing.   
The selected wastes must contain nutrients and minerals to avoid the need for supplementation.  
 
 
4 ACKNOWLEDGEMENTS 
 
The author wishes to acknowledge the contributions of all graduate students who have contributed to 
the research on biosurfactants over the years.  
 
 
REFERENCES 
 
Alavi, A., and Mulligan, C. N. (2011). Remediation of a heavy metal and PAH-contaminated sediment by a 

rhamnolipid foam. In Proceedings of the Geo-Environmental Engineering 2011, Takamatsu, Japan, May 21-22, 
2011. Takamatsu.  

Ara, I., and Mulligan, C. N. (2015). Reduction of chromium in water and soil using a rhamnolipid biosurfactant. Geotech. Eng. 
J. SEAGS AGSSEA 46, 25–31. 

Arab, F., and Mulligan, C. N. (2018). An eco-friendly method for heavy metal from mine tailings. Environ. Sci. Poll. Res. 25, 
16202–16216. doi: 10.1007/s11356- 018-1770-3 

Arab, F., and Mulligan, C. N. (2020). Removal of arsenic by sophorolipids from mine tailings. Environ. Geotech. 7, 175–
188. doi: 10.1680/jenge.15.00016 

ASTM (2013). Standard Guide for Integrating Sustainable Objectives into Cleanup E2876-13, June 2013. 

ASTM (2016) Standard Guide for Greener Cleanups E2893-16, May 2016. 

Babaee, Y., Mulligan, C.N. and Rahaman, S. (2018). Removal of Arsenic (III) and Arsenic (V) from aqueous 
solutions through adsorption by Fe/Cu nanoparticles, Journal of Chemical Technology and Biotechnology 93(1), 
63-71.   

Banat, I.M.; Satpute, S.K.; Cameotra, S.S.; Patil, R.; Nyayanit, N.V. (2014) Cost effective technologies and 
renewable substrates for biosurfactants production. Front. Microbiol. 5, 1–18. DOI: 10.3389/fmicb.2014.00697 

Biermann, M., Lange, F., Piorr, R., Ploog, U., Rutzem, H., Schindler, J., Schmidt, R. (1987) Surfactants in consumer 
products. In J. Falbe (Ed.), Theory, Technology and Application, (pp 86-106) Heidelberg, Germany, Springer-
Verlag.  

Cooper, D. G., and Paddock, D. A. (1984). Production of a biosurfactant from Torulopsis bombicola. Appl. Environ. 
Microbiol. 47, 173–176. doi: 10.1128/ AEM.47.1.173-176.1984 

Jalali, F., and Mulligan, C. N. (2008). Enhanced Bioremediation of an oil and Heavy Metal Contaminated Soil by 
Stimulation of Biosurfactant Production, Geoenvironmental Engineering. 2008, Kyoto, June 12-14,2008. 

Jimoh, A.A. and Lin, J. (2020) Bioremediation of contaminated diesel and motor oil through the optimization of 
bosurfactant produced by Paenibacillus sp. D9 on waste canola oil, Bioremediation J. 24, 21-40. 
Doi.org/10.1080/10889868.2020.1721425  

Juwarkar, A. A., Nair, A., Dubey, K. V., Singh, S. K., and Devotta, S. (2007). Biosurfactant technology for remediation 
of cadmium and lead contaminated soils. Chemosphere 68, 1996–2002.  doi: 10.1016/j.chemosphere.2007.02.027 

Henkel, M., Müller, M.M., Kügler, J.H., Lovaglio, R.B., Contiero, K., Syldatk, C., Hausmann, R. (2012) Rhamnolipids 
as biosurfactants from renewable resources: Concepts for next generation rhamnolipid production. Process 
Biochemistry, 47, 1207-1219. 

Lang, S. and Wagner, F.  (1987) Structure and properties of biosurfactants. In N. Kosaric, W.L. Cairns and N.C.C 
Gray (Eds), Biosurfactants and Biotechnology, (pp. 21-45). Marcel Dekker, New York.  

Liu, Z., Li, Z., Zhong, H., Zeng, G., Liang, Y., Chen, M., Wu, Z., Zhou. Y., Yu, M. and Shao, B. (2017) Recent 
advances in the environmental applications of biosurfactants; A review. J. Environ. Chem. Eng. 5, 6030-6038. 

30



 
Application of Biosurfactants as Sustainable Environmental Remediation 

Makkar, R.S.; Cameotra, S.S. (2002) An update on the use of unconventional substrates for biosurfactant 
production and their new applications. Appl. Microbiol. Biotechnol. 2002, 58, 428–434. DOI:  10.1007/s00253-
001-0924-1 

Marchant, R. (2019). The future of microbial biosurfactants and their applications, In I. M. Banat and R. Thavasi 
(Eds), Microbial Biosurfactants and their Environmental and Industrial Applications (pp. 364–370).) Boca Raton, FL: 
CRC Press,  doi: 10.1201/b21950-14 

Massara, H., Mulligan, C. N., and Hadjinicolaou, J. (2007). Effect of rhamnolipids on chromium contaminated soil. Soil 
Sediment. Contam. Internat. J. 16, 1–14. doi: 10.1080/15320380601071241 

Mulligan, C. N. (2014). Enhancement of remediation technologies with biosurfactants. biosurfactant: future trends 
and challenges. In C. N. Mulligan, S. K. Sharma, and A. Mudhoo (Eds.) Biosurfactants Research and 
Application, p p . 231–276, Boca Raton, FL: CRC Press. doi: 10.1201/b1 6383 

Mulligan, C. N. (2019). Sustainable Engineering, Principles and Implementation. Boca Raton, FL: CRC Press. doi: 
10.1201/9780429027468 

Mulligan, C. N., and Gibbs, B. F. (1993). Factors influencing the economics of biosurfactants. In N. Kosaric, (Ed.)  
Biosurfactants, Production, Properties, Applications (pp. 329–371). New York, NY,  Marcel Dekker. 

Mulligan, C. N., and Roshtkhari, S. (2016). Application of microbial culture and rhamnolipid for improving sedimentation 
of oil sand tailings. J. Biorem. Biodegrad. 7, 1000358. doi: 10.4172/2155-6199.1000358 

Mulligan, C. N., and Wang, S. (2004). Remediation of a heavy metal contaminated soil by a rhamnolipid foam, In 
Proceedings of the Fourth BGA Geoenvironmental Engineering Conference, Stratford-Upon-Avon, U.K., June 
2004. Stratford-Upon-Avon. doi: 10.1680/geimogacl.32774. 0065 

Mulligan, C. N., Oghenekevwe, C., Fukue, M., and Shimizu, Y. (2007). Biosurfactant enhanced remediation of a mixed 
contaminated soil and metal contaminated sediment,” in Proceedings of the Seventh Geoenvironmental Engineering 
Seminar, Japan-Korea- France, Grenoble, France, May 19–24, 2007. Grenoble. 

Olasanmi, I.O. and Thring, R.W. (2018), The role of biosurfactants in the continued drive for environmental 
sustainability. Sustainability, 10, 4817 DOI: 10.3390/su10124817 

Rezaeitamijani, M. and Mulligan.C.N. (2021). Anaerobic biodegradation of hydrocarbons by Mature Fine Tailings 
indigenous bacteria with biosurfactant production capacity, GeoNiagara, Sept 26-29, Niagara Falls, Canada. 

Saborimanesh, N., and Mulligan, C. N. (2018). Dispersion of weathered biodiesel, diesel and light crude oil in the presence 
of sophorolipid biosurfactant in seawater. J. Environ. Eng. 144:04018028. doi: 10.1061/(ASCE)EE.1943-7870. 
0001369 

Saborimanesh, N., and Mulligan, C. N. (2015). Effect of sophorolipid biosurfactant on oil biodegradation by the natural oil-
degrading bacteria on the weathered biodiesel, diesel and light crude oil. J. Biorem. Biodegrad. 6, 1000314. doi: 
10.4172/2155-6199.1000314 

Saisa-Ard, K., Maneerat, S., Saimmai, A. (2013) Isolation and characterization of biosurfactants-producing bacteria 
isolated from palm oil industry and evaluation for biosurfactants production using low-cost substrates. J Biotechnol 
Comput Biol Bionanotechnol 94, 275-284.  https://doi.org/10.5114/bta.2013.46421 

Slizovsky, I. B., Klsey, J. W., and Hatzinger, P. B. (2011). Surfactant- facilitated remediation of metal-contaminated soils: 
efficacy and toxicological consequences to earthworms. Environ. Toxicol. Chem. 30, 112–123. doi: 10. 1002/etc.357 

USEPA (2009). Green Remediation: Integrating Sustainability Environmental Practices into Remediation of 
Contaminated Sites 

Vu, K.A. and Mulligan, C.N. (2022a) Remediation of oil-contaminated soil using Fe/Cu nanoparticles and 
biosurfactants, Environmental Technology, DOI: 10.1080/09593330.2022.2061381 

Vu, K.A. and Mulligan, C.N. (2022b). Utilization of a biosurfactant foam/nanoparticle mixture for treatment of oil 
pollutants in soil, Environmental Science and Pollution Research, 29, 88618–88629, DOI 10.1007/s11356-022-
21938-9. 

Wang, S., and Mulligan, C. N. (2009a). Arsenic mobilization from mine tailings in the presence of a biosurfactant. Appl. 
Geochem. 24, 928–935. doi: 10.1016/j. apgeochem.2009.02.017 

Wang, S., and Mulligan, C. N. (2009b). Rhamnolipid biosurfactant- enhanced soil flushing for the removal of arsenic and heavy 
metals from mine tailings. Proc. Biochem. 44, 296–301. doi: 10.1016/j.procbio.2008.11.006 

Yong, R. N., and Mulligan, C. N. (2019). Natural and Enhanced Attenuation of Contaminants in Soils, 2nd Edn. Boca 
Raton, FL: CRC Press. doi: 10.1201/ 9781315159195 

 

 

 

31



INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 9th 
International Congress on Environmental Geotechnics 
(9ICEG), Volume 1, and was edited by Tugce Baser, Arvin 
Farid, Xunchang Fei and Dimitrios Zekkos. The conference 
was held from June 25th to June 28th 2023 in Chania, Crete, 
Greece. 

https://www.issmge.org/publications/online-library

