
Evaluation of the feasibility for in situ
bioremediation of mineral oil-contaminated soil

Item Type text; Dissertation-Reproduction (electronic)

Authors Chech, Andrea M.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:36:40

Link to Item http://hdl.handle.net/10150/280259

http://hdl.handle.net/10150/280259


NOTE TO USERS 

Page(s) not included in the original manuscript and are 

unavailable from the author or university. The manuscript 

was scanned as received. 

89 

This reproduction is the best copy available. 

UMI 





EVALUATION OF THE FEASIBILITY FOR IN SITU BIOREMEDIATION OF 

MINERAL OIL-CONTAMINATED SOIL 

By 

Andrea Marie Chech 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF SOIL, WATER, AND ENVIRONMENTAL SCIENCE 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 3  



UMI Number: 3089914 

UMI 
UMI Microform 3089914 

Copyright 2003 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Conmiittee, we certify that we have 

read the dissertation prepared by Andrea M. Chech 

entitled Evaluation of the Feasibility for In Situ 

Bloremediation of Mineral Oil-Contaminated Soil 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Date 

'Andre-a-^Bcramrr Date 

/ h j e ̂  
Mary W. Olsen Date 

Date Ian Pep 

Date Thomas L. Thompson 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify' that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fiilfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 

Library to be made available to borrowers under rules of the 
Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 

acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 

manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 

when in his or her judgment the proposed use of the material 
is in the interests of scholarship. In all other instances, 
hov • • ^ 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

I would like to acknowledge and give thanks to the following for their assistance 
and support in working toward my degree: 

Special thanks to Adria Bodour, now Dr. Bodour, and Susan Curtis for our "pre-
oral examination" get-togethers. Without their help, there wouldn't be a Ph.D. A 

special, special thanks to Dr. Bodour for jump-starting me to get me back on 
track. You are truly what the work "Professor" means. You go, girl! Oops.. .Dr.! 

Dr. Donald J. Eckert, Professor, The Ohio State University who diligently advises 
his students even after they grow up and leave the nest. Thank you for reading all 

the parts and pieces and for pumping up my spirits when they were sorely 
lagging. 

Dr. Raina Maier, my advisor, for her help in reviewing and editing the paper. 

Finally, thank you to Chuck Curto, my life's partner, for your support, 
emotionally, and finally financially, through the writing of this paper. I love how 
you read the Literature Review though you didn't understand a word of it and 

suffered with a computer on the kitchen counter. Thank you. 



5 

DEDICATION 

This paper is dedicated to my parents. I love you both. 

To my mother, deceased, who gave me a card stating, "A woman's place is 

anywhere she wants to be!" when I graduated with my Master's in dirt. She always told 

me that I could do whatever I wanted. 

To my father, for all his assistance in every way possible with this research 

(including a couple stints in the greenhouse) and his never-ending belief that "You can 

do. I know you can". I could not have done this without your support, Pop. 



6 

TABLE OF CONTENTS 

LIST OF TABLES 8 

LIST OF FIGURES 9 

ABSTRACT 10 

PREFACE 12 

CHAPTER 1. LITERATURE REVIEW 15 
INTRODUCTION 15 
TERMINOLOGY. 16 
MINERAL OIL 16 

Production.... 16 
Uses. 17 
Components of a Mineral Oil 18 
Health hazards 20 

REMEDIATION STRATEGIES 21 
Bioremediation. 22 
PhytoremedHation 29 

Direct Uptake 33 
Rhizosphere Effect 35 
Application of Phytoremediation 39 

Nutrient AddiHon 40 
Biosurfactant Addition. 43 

Biosurfactant Involvement in Oil Bioremediation 44 
Utilization in bioremediation 45 

RESEARCH GOALS 47 

CHAPTER 2 - MATERIAL AND METHODS 48 
SOILS 48 
PREUMINARY PLANT TESTING 48 

Groundcover Plants 49 
Fertilizer Study SO 
Rhamnolipid Study SO 
Data Collection SI 

LYSIMETER STUDY 51 
Lysimeter Tank Preparation SI 
Experimental Design S2 
Planting S2 
Irrigation: S3 



7 

Non-contaminated Control Soil 54 
Nutrient Addition 54 
Rhamnolipid Production, 55 

Solutions 55 
Nutrient Agar ....55 
Kay's mineral media (KMM) 55 
Mineral Salts Media 56 

Pre-culture and culture 56 
Rhamnolipid harvest and extraction 56 

Preparation of Rhamnolipid Solution 57 
Soil sampling 57 
Mineral Oil-Soil Extraction 58 
Gas chronuttography. 58 
Extraction Recovery Rate 59 
Enumeration of bacteria 60 
Leachate collection and analysis 61 
Statistical Analysis 61 

CHAPTER 3. RESULTS 71 
SOIL CHARACTERIZATION 71 
PREUMINARY PLANT TESTING 71 
MINERAL OIL EXTRACTION EFFICIENCY. 72 
LYSIMETER STUDY. 73 

Plant Response. 73 
Fate of Mineral Oil. 74 
Mineral Oil-Degrading Bacteria 76 
Heterotrophic Bacteria 76 

LEACHATE ANALYSIS 77 

CHAPTER 4. DISCUSSION 104 
MINERAL OIL REMOVAL 104 
EFFECT OF PLANTS ON MINERAL OIL REMOVAL 107 
EFFECT OF FERTILIZER ON MINERAL OIL REMOVAL 109 
EFFECT OF BIOSURFACTANT ON MINERAL OIL REMOVAL 110 
CONCLUSIONS. ILL 

CHAPTER 5. A RHAMNOLIPID BIOSURFACTANT REDUCES 
CADMIUM TOXICITY DURING NAPHTHALENE 
BIODEGRADATION 112 

REFERENCES 117 



8 

List of Tables 

Table 1. Soil properties 
Table 2. Groundcover plants and grasses considered 
Table 3. Preliminaiy plant testing: applied treatments 
Table 4. Preliminary plant testing: amendment applications and data collection per 

species 
Table 5. Lysimeter tanks: applied treatments 
Table 6. Lysimeter tanks; plant species 
Table 7. A comparison ofinitial and Week 24 mineral oil concentrations-24 

Week 
Table 8. Effect of different treatments on rates of mineral oil loss - 24 Week 
Table 9. ANOVA results for rate of change in mineral oil concentration - 24-

Week 
Table 10. A comparison of mineral oil degrading bacterial counts - 28 Week 
Table 11. ANOVA results for mineral oil degraders - 28 Week 
Table 12. A comparison of heterotrophic bacterial counts - Week 4 through 28 
Table 13. ANOVA results for heterotrophic bacterial counts - Week 4 through 28.. 

63 
64 
65 

66 
67 
68 

78 
79 

80 
81 
82 
83 
84 



9 

List of Figures 

Figure 1. Lysimeter tank bottom installation 69 
Figure 2. Greenhouse set-up 70 
Figure 3. Preliminary plant study 85 
Figure 4. Plant death associated with preliminary plant study 85 
Figure 5. Lysimeter tanks in greenhouse 86 
Figure 6. Unloading the old soil from the tanks 86 
Figure 7. Old soil remaining in tank 87 
Figure 8. Fiberglass disk used as "new bottom" 87 
Figure 9. Fiberglass tape to seal tank bottom 88 
Figure 10. Drain hole and newly inserted fiberglass bottom 88 
Figure 11. Leachate collection bottles 89 
Figure 12. Control - Week 20 90 
Figure 13. Grass treatment - Week 24 90 
Figure 14. Grass and fertilizer treatment - Week 24 91 
Figure 15. 24-Week linear regression - mineral oil concentration - no treatment.... 92 
Figure 16. 24-Week linear regression - mineral oil concentration - fertilizer 

addition 93 
Figure 17. 24-Week linear regression - mineral oil concentration - biosurfactant 

addition 94 
Figure 18. 24-Week linear regression - mineral oil concentration -

fertilizer/biosurfactant addition 95 
Figure 19. 24-Week linear regression - mineral oil concentration - plant addition... 96 
Figure 20. 24-Week linear regression - mineral oil concentration - plant/fertilizer 

addition 97 
Figure 21. 24-Week linear regression - mineral oil concentration -

plant/biosurfactant addition 98 
Figure 22. 24-Week linear regression - mineral oil concentration -

plant/fertilizer/biosurfactant addition 99 
Figure 23. Mneral oil degrading bacterial culturable counts 100 
Figure 24. EflFect of plants on mineral oil degrading bacterial culturable counts 101 
Figure 25. Heterotrophic degrading bacterial culturable counts 102 
Figure 26. EflFect of plants on heterotrophic bacterial culturable counts 103 



10 

ABSTRACT 

A greenhouse lysimeter experiment was performed to evaluate the use of in-situ 

bioremediation and phytoremediation to reduce mineral oil concentrations in a weathered 

contaminated soil. The hypotheses for the study were (1) a combination of microbial-

and phyto-remediation would yield a best remediation strategy, and (2) the addition of 

low levels (10 mg/L) of a biosurfactant would stimulate and increase the rate of 

remediation by increasing the bioavailability of the mineral oil in the soil. The results 

indicate, on average, a higher rate of mineral oil removal occurred m planted lysimeter 

tanks versus non-planted lysimeter tanks. Specifically, for unplanted treatments an 

average of 22% of the mineral oil was removed in 24 weeks in comparison to the planted 

treatments for which an average of 54% of the mineral oil was removed. The effect of 

application of fertilizer on mineral oil degradation was unclear, but a visual inspection 

showed that vegetated tanks receiving fertilizer had better growth. No conclusions can be 

made regarding the addition of biosurfactant. Though a couple of the lysimeter tanks 

receiving biosurfactant performed relatively well, overall, the results were inconclusive. 

Enumeration of mineral oil degraders showed that there was a statistical difference 

between planted tanks and unplanted tanks with planted tanks having higher numbers. 

These results help support the conclusion that plants enhanced mineral oil degradation. 

Enumeration of total heterotrophs showed that there was no statistical significant 

difference between the planted and unplanted treatments. In conclusion, this study 

demonstrated that a low-cost, low-maintenance approach to facilitate remediation of 
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weathered mineral oil contaminated soil is a combination of microbial- and phyto-

remediation. 
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Preface 
In accordance with the laws of thermodynamics, electric power generation and 

transmission are less than 100% efficient processes. Energy losses occur at the fuel 

conversion point (generation), the voltage boosting (via transformers) point, and through 

the resistance of the transmission medium (high voltage lines). Much of this 'lost' 

energy is dissipated as heat energy, including significant energy (heat) losses at the point 

of voltage boosting via transformers. Because of this heat buildup within transformers, 

heat dissipation is required. Transformer oils are used for this purpose because of their 

heat dissipation properties as well as their low conductivity properties. Like any option 

for dissipating transformer heat, there are economic costs and environmental risks. The 

enviroimiental risks of using mineral oils include the potential to release these petroleum 

compounds to the environment through leakages, containment ruptures, accidental spills, 

etc. 

The terminology used in the petroleum industry can be confusing to the non-

petroleum geologist as many terms are used as broad, general terms to encompass a 

variety of different products. For this reason, several terms need to be defined before 

continuing. Petroleum and petroleum oil is a term applied to crude oil and its products. 

Mineral oil is used to describe any petroleum oil, in contrast to animal or vegetable oils 

but is used widely as a descriptive term for refined or distilled petroleum oil. Fuel oil 

encompasses a broad range of petroleum distillate products, including gasoline, kerosene, 

jet fuels and diesel fuels, in essence, a power source. Transformer oils are oUs that have 

insulating characteristics as well as lubrication properties whereas lubricating oils do not 
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have the msulation characteristics of transformer oils. Lubricant, on the other hand, is a 

general term for any oil used for lubricating properties regardless of its insulation 

properties. The derivation of these products is defined in detail in the Chapter 1, 

Literature Review. 

Mineral oil hydrocarbons are the most frequently occurring environmental 

contaminants (Margesin et al, 1999). Approximately 10% of the total consumption of 

mineral oil is considered lost oil, oil that cannot be collected (deCaro and Gaset, 1999). 

The International Agency for Research on Cancer (1984) reported 528 million gallons of 

used lubricating oil are released into the environment every year. Since 1990, there have 

been 4,813 reported incidents of mineral oil release, some specifically defined as 

transformer oil spills, in the United States (National Response Center). During the year 

2000, 1,038 gallons of transformer oil and 3,181 gallons of mineral oil were released in 

54 incidents recorded (National Response Center). 

The overall objective of this research was to develop a cost eflfective remediation 

of mineral oil-based transformer oil contaminated soil under leaking transformers at the 

electric power-generating facilities. A common phenomenon at electric generating sites 

is the slow leakage of mineral oil fi-om transformers as seals and gaskets degrade. This 

mineral oil does not contain polychlorinated biphenyls (PCBs) and as such, is regarded as 

a nuisance rather than as hazardous material. For southeastern Arizona, the normal 

clean-up method for contaminated soil under transformers is excavation. The average 

clean-up cost of this material is estimated to be $24.00 to $40.00 per ton of contaminated 

soil. 
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The Electric Power Research Institute (EPRI), founded in 1973, is a non-profit 

energy research consortium for the benefit of its utility members, their customers and 

community. Members companies of EPRI provide fiinding for research associated with 

the electric power industry. The electric power-generating industry began evaluating 

ways to economically reduce the concentration of transformer oil in the small sites under 

the transformers. Removal has been the most common cleanup method for soil 

contaminated with mineral oils, especially small sites such as those described above. 

However, removing contaminated soil has several liabilities, such as increased risk of 

contaminatmg other ecosystems during transport and disposal, limited availability of 

acceptable landfill space, and relatively high costs. Thus alternative methods for 

remediation are being evaluated. 

The goal of this study was to reduce the concentration of mineral oil contaminated 

under transformers at electric generating facilities using bioremediation and 

phytoremediation strategies. Specifically, the project involved the remediation of a 

transformer oil-contaminated soil fi^om a southeastern Arizona coal-burning power plant. 

The soil used in this experiment did not contain PCB's. 
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Chapter 1. Literature Review 

Introduction 

The literature review discusses remediation of soil contaminated with a variety of 

petroleum products; preference is given to fuel oils and lubricants. These products are 

mineral oil-based hydrocarbon products. Current research involving the biodegradation, 

bioremediation, and phytoremediation of petroleum products are presented. 

Crude oil consists of a mixture of alkane, alicyclic, and aromatic organic 

compounds, the concentration of each dependent of the formation from which it was 

obtained. Through a number of anthropogenic means, such as leakage of industrial 

effluents, transportation, storage, and disposal of petroleum products, these compounds 

have entered and contaminated the environment (Cemiglia, 1992). Once the organic 

compounds enter the environment, they can undergo volatilization, photooxidation, 

chemical oxidation, bioaccumulation, sorption to soil, leaching, and/or microbial 

degradation. Microbial degradation has been shown to be a major process contributing to 

the decontamination and remediation of petroleum contaminants in soil (Park et al, 

1990). 

Mineral oil, a refined product of crude oil, is the basic precursor for industrial oils 

(lubricants), pharmaceutical products, cosmetics, plastics, and many pesticides. Mineral 

oils are frequent contaminants of water and soil. Historically, many of the products were 

not considered as "harmful to the environment" due to their derivation from a natural 

source. The unbranched, low molecular weight aliphatic hydrocarbons (C0-C4) are 

readily degraded by the microbial community and thus, pose no serious threat to the 
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environment. The higher, molecular weight, branched aromatic compounds represent a 

risk to the environment as they are more resistant to degradation and some compounds 

are toxic due to their mutagenic and carcinogenic properties. As adverse environmental 

and health eiBFects of petroleum hydrocarbons have become known, increasing attention is 

being given to cleanup efforts of contaminated areas. 

Terminology 

Mineral oil is a term synonymous with crude oil. In addition, the general public 

often associates the term with highly refined oil, clean of contaminants. This overlap of 

word usage can cause much confusion in dealing with mineral oil and its various 

products. Thus, in the research described, the following terms will be used 

interchangeably: mineral oil, petroleum, and petroleimi oil are defined as oil derived fi*om 

crude oil refining. Xenobiotic, organic hydrocarbons and hydrocarbons compounds are 

interchangeable except where noted. Polycyclic aromatic hydrocarbons are 

interchangeable with polyaromatic hydrocarbons. Transformer oil is a dielectric fluid. 

Lubricants describe oils used for lubrication irregardless of insulating capabilities. 

Mineral Oil 

Production 

The refining of crude oil produces a variety of products during the initial 

distillation process. A brief description of the refining steps and the distillation products 

is given in this section. The distillation products are separated by general categories. 

The process of refining consists of four main steps: 
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1. Distillation - the constituents of crude oil are separated into fractions, or 

components in a distillation tower, or pipe still. Dififerences in fractions can 

resuhs with a temperature difference of as little as 5°C. The primary fractions 

from low to high boiling point are: 

• Fuels Oils - generally defined as power sources 
o hydrocarbon gases (e.g. ethane, propane), 
o naphtha (e.g. gasoline), 
o jet fuels, 
o kerosene, 
o transformer oils (oils having insulating characteristics as well as 

lubrication properties), and 
o diesel fuel (heating oil). 

• Lubricating Oils - automobile, hydraulic lubricants, and the highly refined 
"clean" mineral oil 

• Petroleum residues - compounds remaining at the bottom of the distillation 
tower 

o Bunker Fuels 
o Asphalts 

2. Cracking - the process in which large-molecule hydrocarbons are converted to 

small-molecule, lower-boiling liquids or gases. 

3. Refining - a general term used to mdicate additional steps to purify or modify the 

oil. 

4. Reforming - a thermal or catalytic refining process in which the hydrocarbon 

molecules of naphtha are rearranged to improve its octane number. 

Uses 

Mineral oil is used to produce a variety of products during the distillation process 

as described above. In addition, the consumer industry uses a highly refined clean 
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mineral oil in specialized products. Products derived wholly or in part from the highly 

refined mineral oils include a variety of special purpose oils, pharmaceuticals, laxatives, 

cosmetics, processing media, plastics, and fungicides, insecticides, and herbicides in the 

agricultural industry. 

A variety of lubricants are derived from mineral oil, including transformer oils, 

automobile fluids, and hydraulic fluids. Approximately 1% of the total mineral oil 

consumption is used to formulate lubricants (Bartz, 1998). Transformer oils are distilled 

off crude oil in between the kerosene and diesei oils while lubricating oils are distilled off 

after diesei fuels. In the electric power industry, the majority of lubricants are 

transformer oils, used for lubricating and corrosion resistance properties as well as for 

their insulation and coolant properties. 

Historically, when producing transformer oil, polychlorinated biphenyls (PCBs) 

were added in the final step of production as an anti-oxidant to prevent oxidation of the 

oil under high temperatures. PCBs are highly carcinogenic and no longer being used in 

this capacity. Contamination of the environment by non-PCB containing transformer oil 

has not generated much attention due to the assumption of non-carcinogenicity, and thus, 

very little research has been done on the remediation of oil-contaminated soil. 

Components of a Mineral Oil 

Crude oil is formed by a series of chemical reactions from organic material 

deposited during previous geological eras. The composition will vary depending on the 

source and geological history of the deposit from which it is derived with the components 

numbering in the hundreds. Many compounds are similar in chemical and physical 
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properties thus, complete separation and identification of the individual components is 

difficult or impossible even with the advanced analytical methods and techniques for oil 

analysis. For evaluating contamination levels and decision-making in remediation 

strategies, general knowledge of the components of the oil is required. 

A number of studies have been performed to separate the components of oils into 

fi-actions or classes based on similarity in structure. In general, an unresolved complex 

"hump" dominates the gas-chromatograph-flame ionization detector (GC-FID) 

chromatograms of oil. Fuel oils and lubricating oils, being a product of crude oil 

refining, exhibit the same difficulty in obtaining a complete identification of hydrocarbon 

components. Generally, these oils are highly refined oils consisting of a complex mixture 

of saturated straight- and branched-chain paraffinic (alkanes), naphthenic (cycloalkanes), 

and aromatic hydrocarbons with 15 or more carbons. Boiling points range fi-om 300 to 

600°C. 

In recent years, the Emergencies Science Division of Environment Canada has 

developed analytical methods to supply compositional and structural information to 

identify and characterize oil samples based on the use of biomarker compounds 

(triterpanes and steranes) (Wang et. al., 1994). Biomarker compounds have been used 

extensively by petroleum geochemists to chemically characterize petroleum deposits. 

But only recently have such techniques been used for fingerprinting oil samples to 

identify source. Using biomarker compound techniques, Wang et al (1994) fi-actionated 

crude oil, weathered oil and oil-spill-related samples into aliphatic, aromatic and 

biomarker compounds. They were able to identify and characterize 281 compounds (102 
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aliphatic, 126 aromatic, and 53 biomarker hydrocarbons) in Alberta Sweet Mix Blend 

(ASMB) oil, commonly used in laboratories in Canada as a reference material. These 

methods are currently being evaluated to characterize the chemical composition and 

determine the source of unknown spilled oils and to monitor oil-weathering processes. 

The mineral oil product used in this experiment is transformer oil. The Material 

Safety Data Sheet (MSDS) for the transformer oil used in the research presented in this 

paper classifies the oil as electric insulating oil. The Components section of the MSDS 

described the oil as "distillates (petroleum), hydrotreated light naphthenic". This defines 

the oil as being derived firom a crude oil containing very little waxy (paraffinic) 

compounds and as a compound that is comprised mainly of hydrogenated cycloparaflfins, 

single or double benzene rings with associated side-chain groups. In most cases, 

transfomier oil will contain significant amounts of biomarker (terpanes and steranes) 

compounds (personal communication, Z. Wang, Environmental Technology Centre), 

little or no n-alkanes and concentrations of polyaromatic hydrocarbons (PAHs) and 

alkylated (C0-C4) PAHs are very low. Paschke et al. (1992) were able to differentiate 84 

polycyclic aromatic compounds in a lubricating oil sample, yet the total aromatic fi-action 

of the oil did not exceed 0.04%. 

Health hazards 

Health hazards associated with mineral oils can occur through respiratory 

inhalation and direct ingestion. A brief summary of the health hazards associated with 

these pathways follows; 

Respiratory: causes lipid pneumonitis, occurs from oral ingestion and when used as a 
vehicle for application of drugs to nasal mucous membranes. When used in nasal 
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sprays or drops, it gravitates to the lower lobes of the lungs where it causes fibrosis 
and can be fatal. 

Ingestion: interferes with healing of some post-operative wounds. It decreases 
absorption of vitamin A, vitamin K, and may produce hypoprothrombinemia. 

Carcinogenicity: most often associated with the polychlorinated biphenyls (PCBs) 
originally added to transformers oils as an anti-oxidant though they contain certain 
amount of PAHs naturally. Mineral oil used for medicinal and cosmetic purposes has 
been found to contain several carcinogenic PAHs including benzo[b]fluoranthene, 
benzo[k]fluoranthene and benox[a]pyrene. 

Remediation Strategies 

Remediation efforts for mineral oil hydrocarbons have been hindered by a variety 

of problems including biological, physical and chenucal barriers. Traditional pump and 

treat technologies used to remediate contaminated saturated zones and capillaiy fringes 

involve the removal of contaminated water by pumping, treating the contaminated water 

to remove or detoxify the contaminants, and re-injecting the treated water. Three-

quarters of the listed Superfund sites employ the traditional pump and treat method for 

the saturated zone. Sites where this technology is used are still heavily contaminated 

after years of treatment because of residual, trapped, and absorbed contaminants within 

the soil matrix. For shallow areas of contamination, excavation is the most common 

remediation strategy. However, for some areas of contamination, excavation is not 

always an economically feasible option. Therefore, cost effective in situ cleanup 

strategies are being sought and evaluated for use on such sites. 

Remediation strategies are being developed that combine both biological and 

chemical approaches. A variety of xenobiotic compounds are degraded by numerous 

microbial populations both in soil and water environments (Gianfreda and Ninnipieri, 
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2001; Cerniglia, 1992). Enhancement of microbial activity is an important factor in 

designing new, cost-effective remediation strategies. Enhancements include (1) 

enhancing the oxygen concentration of the medium, (2) increasing soil moisture content, 

(3) enriching the nutrient concentration through the additions of nitrogen, phosphorus, 

and other nutrients, and (4) increasing solubility of the hydrocarbons by addition of 

surfactants/chemicals. 

Ph5^oremediation, the use of green plants to remove pollutants from the 

environment, is an emerging technology rapidly gaining acceptance as an approach to 

remediating soils, groundwater, and wastewaters contaminated with organic 

hydrocarbons and heavy metals (Cunningham and Berti, 1993; van der Lelie et al, 2001). 

Acceptance of this strategy is due in part to its low-cost (when compared to classical 

remediation techniques), its aesthetic aspects, and its increasing reception by regulating 

agencies as a viable remediation option. 

Bioremediation 

In 1989, the grounding of the tank vessel Exxon Valdez created the largest oil spill 

in United States territorial waters, and subsequently, the largest containment and cleanup 

operations utilizing large-scale bioremediation technology ever mobilized in the U.S. 

history (Glaser, 1991, Pritchard et al 1991 and 1992, and Pritchard and Costa, 1991). 

Wolfe et al. (1994) analyzed field observations, data, model outputs, and theoretical 

considerations on the processes that affected the distribution and transformations of the 

spilled oil. In a reconstruction of a spatial-temporal mass balance from the time of the 

spill through the summer of 1992, the resuhs showed biodegradation of the spilled oil to 
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be the most significant factor in removal of oil from the environment. Approximately 

50% of the spilled oil had been biodegraded during the 1989-1992 period, either in situ 

on beaches or in the water column (Wolfe, et al, 1994, Sugai et al, 1997). These results 

agreed with previous studies indicating that microbiological degradation of petroleum 

hydrocarbons (PHCs), either by a single microorganism or by a community of 

microorganisms, is the major process in degradation of contaminated soil (Sims et al, 

1990). 

The impact of PHC contaminants in the environment has been more extensively 

studied than any other single class of pollutants, thus the biodegradation of aliphatic, 

alicyclic, and aromatics has been well investigated and documented (Baldwin, 1922, 

Atlas and Bartha, 1972, Raymond et al, 1976, Walker et al, 1976, Atlas, 1981; Pfaender 

and Buckley, 1984; Hill 1984; Leahy and Colwell, 1990; Song, et al 1990; Cemiglia, 

1992; AUard and Neilson, 1997; Sugai et al 1997; Wang et al 1998; Haus et al 2000; 

Margesin et al 2000; Gianfreda and Nannipieri, 2001; Salanitro, 2001; Bhupathiraju et 

al 2002). Microbial degradation processes include (1) mineralization, in which the 

organic compound is being used as a carbon and energy source; (2) cometabolism, the 

compound is transformed into metabolic products but is not used as an energy source; 

and (3) accumulation, the compound is incorporated into the microorganism but not 

degraded (i.e., hyperaccumulation of metals and other contaminants such as benzene, 

toluene, and pentachlorophenol) (Susala et al. 2002). The transformation of xenobiotics 

to innocuous products by microorganisms and the inexpensive costs associated with such 

clean-up efforts enhance the potential for bioremediation as a cleanup strategy. 
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The most common reported response to addition of organic compounds to soil has 

been increased microbial counts and activity. Pfaender and Buckley (1984) investigated 

microbial activity in soil when exposed to PHCs and reported that microbial communities 

rapidly increased in response to PHC exposure. Dibble and Bartha (1979) found 

microbial activity positively correlated vdth increased amounts of hydrocarbons up to a 

concentration of 5% hydrocarbon while Joergensen et al (1995) reported an increase in 

the biomass of the soil microflora at up to 1% concentration of oil in the soil. LGser et al. 

(1999) reported a short lag phase was followed by fast microbial degradation of 

hydrocarbons regardless of the contaminant (i.e., diesel fiael, n-hexadecane, or 

phenanthrene). In the evaluation of an aged contaminated soil fix)m the Petroleum 

Harbour in Amsterdam, The Netherlands, van Gestel et al. (2001) reported the 

contribution of oil-degrading bacteria to the total bacterial community in the polluted soil 

ranged between <0.01 and 10% of culturable bacteria. Interestingly, the bacterial 

populations were not correlated with soil oil concentration in samples where the soil had 

been contaminated numerous times over the years since the late 1800's. 

Early studies of bioremediation focused on elucidation of the degradation 

pathways of individual compounds. Complete mineralization or partial degradation can 

be achieved by single microorganisms or by communities of microorganisms (Gibson & 

Subramanian, 1984; Cemiglia, 1984). Cemiglia (1992) and Salanitro (2001) summarized 

previous research regarding the microbial degradation of individual species and outlined 

the general principles of microbial degradation of polycyclic aromatic hydrocarbons with 

special emphasis on the biochemical mechanisms for the degradation. Bossert and 
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Bartha (1984) summarized the structure, biodegradability and toxicity relationship of 

petroleum hydrocarbons based on structure and number of carbon atoms. The classes 

described are as follows; 

• n-alkanes. alkvlaromatics and aromatic hydrocarbons. C^-Cg ranges: 

Compounds have relatively high solvent-type membrane toxicity. Though 

biodegradable at low concentrations, most are removed by volatilization. 

• n-alkanes. n-alkvlaromatics. & aromatic compounds. Cin-C?? ranees: 

Compounds have the least toxicity and are most readily biodegradable. 

• n-alkanes. alkylaromatics and aromatic compounds. >C?2: Compounds have 

relatively low toxicity to the microbial population. Due to their low water 

solubility and their solid state at ambient temperatures, microorganisms do not 

easily degrade them. 

• Cvcloalkanes of Cim and below: Compounds having high solvent-type 

membrane toxicity. 

• Branched alkanes and cvcloalkanes. Cin-C?? ranges: Compounds are less 

biodegradable than their n-alkane and aromatic analogs. Due to the branching 

and the subsequent tertiary and quaternary carbons, P-oxidation is inhibited. 

• Highly condensed aromatic & cvcloparaflSnic svstems with four or more 

condensed rings: These compounds are most resistant to biodegradation. 

In recent years, research has focused on the degradation of mixtures of organic 

compounds, in-situ degradation of hydrocarbons, and methods to increase the degradation 

rates of hydrocarbons. Work performed by Nocentini et al (2000) evaluated the 



influence of different soil physical-chemical characteristics on biodegradation of three 

dijfferent petroleum products (kerosene, diesel fuel, and a lubricating mineral oil). The 

degradation rate of the compounds depended on the nature of the hydrocarbon mix; the 

kerosene being relatively easy to degrade while complete degradation of the mineral oil 

contaminated soil was difficult to achieve. In addition, the researchers reported the soil 

type influenced the degradation of heavier molecular weight compounds, whereas soil 

type did not affect degradation rates of the lighter molecular weight compounds (i.e., 

lubricating oil degradation was highly dependent on soil type while kerosene and diesel 

fuel degradation were not influenced by soil type). Finally, the lubricating oil 

chromatograms recorded at the beginning and at the end of the experiment differed only 

in concentration indicating that the degradation of the lubricating oil constituents was 

controlled by biodegradability and water solubility, as well as probably being related to 

mass transfer phenomena. 

Many components of petroleum oils have limited biodegradation potential and 

will persist in the environment due to limited solubility, non-bioavailability due to 

sequestration via sorption and incorporation into soil organic complexes, or the lack of 

enzymatic activity needed for degradation of the compounds. Leahy and Colwell (1990) 

reported that the saturated constituents of PHCs were most rapidly degraded, followed by 

the light aromatic compounds, then the high-molecular weight aromatics. The remaining 

compounds, generally asphaltines and resins, have limited biodegradability and are 

considered recalcitrant. Wolfe et al (1994), in an analysis of the fate of the oil from the 

Exxon Valdez, reported elevated toluene biodegradation potential 12 days after the oil 
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spill and elevated biodegradation rates for C'^'-naphthalene and C^'^-hexadecane during 

the first year after the spill. The higher molecular weight aromatic compounds exhibited 

slower degradation and were most likely adsorbed onto particulate matter prior to 

complete degradation. Wang et al. (2001) quantitatively determined the chemical 

composition changes of a light crude oil resulting from the weathering of the oil. The 

samples indicated the presence of highly abundant w-alkanes and isoprenoid compounds 

starting from n-Cn and higher concentrations of a number of target PAHs as well as five 

alkylated PAHs (alkylated, C0-C4-, naphthalene, phenanthrene, dibenzothiophene, 

fluorine, and chrysene homologous series) remaining after 24 years exposure to weather 

and biodegradation under cold, marine environmental conditions. 

Limitations to biodegradation of PHCs include the lack of available nutrients, 

moisture, and molecular oxygen. Physiological factors that may affect microorganisms' 

ability to degrade the oil include: 

• the organisms possessing the necessary catabolic activity to degrade the 
contaminant at a reasonable rate to bring the concentration of the contaminant to a 
level that meets regulatory standards (Alexander, 1994); 

• the presence, or lack thereof, of cosubstrates that induce expression of degradative 
enzymes in a cometabolism process; 

• the ability of hydrophobic compounds to be solubilized and transported into 
bacterial cells to the intercellular location of the degradative enzyme system and; 

• toxicity of the hydrocarbon compounds and intermediate by-products during 
degradation. 

Environmental factors can also cause inhibition of degradation of normally 

degradable compounds including: 

• sorption and transport between multiple phases and surface sites (bioavailability). 
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• availability of oxygen and moisture, 

• availability of inorganic and organic nutrients necessary during catabolic 
activities, and 

• soil temperature and pH. 

If any one factor is unfavorable for degradation, the oil may persist in the 

environment. A great deal of time and effort has been devoted to improving degradation 

of hydrocarbons by controlling one or more of the above factors. In ex situ remediation, 

the above environmental factors can be controlled to promote degradation of the oil. In 

in situ remediation, control over environmental factors is difficult, if not impossible, to 

achieve. 

Methods to overcome these limitations and enhance bioremediation to increase 

the rate of microbial metabolism (enhanced bioremediation) have been investigated and 

reviewed extensively (Raymond et al, 1976; Bossert and Bartha, 1984; Wang et al, 

1998; Gianfreda and Nannipieri, 2001; van Gestel et al, 2001; Wang et al, 2001). A 

successful bioremediation project may require the use of several strategies to effectively 

improve the process and overcome the limitations. Wang et al (2001) reported tillage of 

an aged, oil-contaminated soil promoted weathering and biodegradation of the spilled oil 

while substantially increasing the plant recolonization. Jergensen et al (2000) found the 

addition of an organic material (composting) and an inorganic fertilizer decreased the lag 

period for degradation of a mineral oil concentration in soil, a lag period that was clearly 

evident when no nutrients were added. The research presented in this paper mvolved the 

use of plants, addition of nutrients, and the addition of a biosurfactant, separately and in 

combination with one another. 
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Phytoremediation 

Phytoremediation is defined as the use of green plants to remove pollutants from 

the environment or to render them harmless (Cunningham and Berti, 1993). The basic 

idea of plants as a tool for remediation of environmental contamination and cleansing of 

contaminated waters dates back centuries and has led to the current use of constructed 

wetlands. Phytoremediation has been used to reduce the concentration of many types of 

contaminants, such as metals, radionuclides, solvents, explosives, and polycyclic 

hydrocarbons (US EPA, 1998). The use of plants for the remediation of organic 

contaminants is a rapidly growing field, one that may be applicable for in situ treatment 

of contaminated soils. However, there is very little known of the mechanisms by which 

plants also influence degrader organisms or the ecology of the communities in the 

rhizosphere and its impact on the degradation of organic contaminants. 

The increased degradation of hydrocarbons in vegetated soils has been well 

documented (Hsu and Bartha, 1979, Aprill and Sims, 1990; Knaebel and Vestal, 1992, 

Lee and Banks, 1993; Anderson et at, 1994, Boyle and Shann, 1994; Gunther et ah, 

1996, Nedunuri et al, 2000). Susurla et al. (2002) provides a general summary of 

application methods by which plants effect remediation of contaminated sites and 

descriptions of test sites where phytoremediation strategies have been applied. Several 

comprehensive reviews have been published on phytoremediation and its applications in 

the remediation of metal and organic contaminated soil systems (Sims and Overcash, 

1983; Shrimp et al, 1993; Erickson et al, 1994; Cunningham et al, 1996; Cunningham 

etal, 1997; Crowley a/., 1997; Salted a/., 1998; Susarla e/ar/., 2002). 



Recent research evaluating the reduction of organic contaminants in soil 

phytoremediation includes both laboratory and field-scale experiments. Palmroth et al. 

(2002), performing a laboratory experiment using a soil collected from the A and B-

horizons of a mixed coniferous forest, found hydrocarbon removal was significant 

(P<0.05) when plants were present. In studying the effect of various plant species on 

removal of diesel fuel, they found a legume mixture was most effective in removal of 

diesel range organics. Removal of hydrocarbons ranged from 96 to 99% after 180 days 

in the legume treatment and 83-84% under grass treatment while 70% of added diesel 

fiiel remained in the soil in non-vegetated controls. Gunther et al. (1996) evaluated the 

degradation of aliphatic hydrocarbons in a laboratory scale soil column experiment. A 

defined mixture of saturated, unsaturated and branched chain aliphatics and PAHs were 

added to an agricultural top soil:sand mixture (2:1 w/w ratio). In glass columns planted 

with ryegrass (Lolium perenne L.) or left unplanted, they reported a faster disappearance 

of aliphatic hydrocarbons in a rhizosphere soil, three percent remaining after 22 weeks, 

compared to an unvegetated system, where 18% of the aliphatic hydrocarbons remained 

after 22 weeks. 

Laboratory studies performed under controlled environments are usefiil for 

characterizing the short-term degradation potential but fail to account for the structural 

and dynamic nature of the rhizosphere in situ, thereby making the data difficult to 

elucidate degradation mechanisms (Crowley et al, 1997). Phytoremediation, and the 

associated biodegradation, in the field would be influenced by factors such as soil 

heterogeneity, temperature, and availability of oxygen and water. Therefore, field studies 
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need to be performed that account for the spatial variability associated with field 

conditions, i.e., randomized block design to compare treatment performance or sufficient 

replicates of different treatments for proper accounting of variability. 

Haigh (1995) applied various synthetic lubricants, a mineral oil-based lubricant, 

and natural vegetable oil to an agricultural soil located at an experimental field station. 

Close House, in Heddon-on-the-Wall, Northumberland. When compared to previously 

reported laboratory-based studies (Haigh, 1992), the loss of the oil was much lower in the 

field studies. In another field study, Nedunuri et al. (2000) utilized geostatistical 

concepts to characterize the variability in the degradation of organic compound at a crude 

oil spill site in an agricultural field. The study investigated the influence of three 

vegetative treatments and one control plot undergoing natural attenuation on total 

petroleum hydrocarbon degradation. Using various parameters obtained fi^om the 

experimental plots, the researchers investigated how these factors influenced fiiture 

concentrations. Overall, the authors reported spatial variability caused the inability to 

predict the exact hydrocarbon concentration in the soil over time but it was possible to 

predict the average behavior of hydrocarbon degradation over time (i.e., the degradation 

of hydrocarbon will be influenced by the heterogeneity of the soil material thus the 

concentration of the oil not able to be predicted, however, the compound will follow a 

general pattern of degradation). 

In contrast to the positive results reported when plants were present. Sung et al. 

(2002) evaluated the effectiveness of vegetation in the breakdown of trinitrotoluene 

(TNT) and 2,2',5,5'-tetrabromobiphenyl (PBBs) in a fi"eshly contaminated soil and found 



no significant difference between the rates of disappearance of contaminant in a 

vegetated soil versus one under fallow conditions. Pichtel and Liskanen (2001) assessed 

the decomposition of diesel range organics (DRO) in a soil planted with a grass mix, 

legume mix, and an unvegetated control with nitrogen-phosphorus-potassium (NPK) 

fertilizer added. They found DRO removal under legume mix was more rapid than under 

the grass mix but overall there was no significant difference in DRO removal after 150 

days. 

It appears that the presence of plants reduces the lag time associated with the 

degradation of hydrocarbons present in the soil. Lee and Banks (1993), Siciliano and 

Germida (1997), and Chaineau et al. (2000) reported plants influence degradation of 

hydrocarbons by two methods: 1) plants can directly take up hydrocarbons for 

metabolism, storage, or volatilization, or 2) plant root exudates stimulate the activity of 

the microorganisms in the rhizosphere, the region of soil surrounding the roots, thus 

increase the rates of biodegradation. Chang and Corapcioglu (1998) summarized 

previous work describing six processes by which plants can assist in the remediation of 

toxic wastes: 1) modification of the physical and chemical properties of the soil; 2) 

increased microbial populations in the rhizosphere due to release of root exudates and 

carbon compounds; 3) release of oxygen in the rhizosphere as well as increasing porosity 

of the upper soil zones; 4) intercepting and retarding the movement of organic chemicals; 

5) stimulation of co-metabolic transformations of recalcitrant chemicals; and 6) 

decreasing movement of contaminants and water to the groundwater by the plant 

mediated process of hydraulic lift. Caldwell and Richards (1989) described hydraulic lift 
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as improved effectiveness of water uptake by deep roots caused by water efflux from the 

upper roots. Direct uptake and rhizosphere effects will be discussed in the following 

sections. 

Direct Uptake 

Direct uptake of organic contaminants was not evaluated in the present study, 

therefore, only a general overview and summary of research pertaining to this subject will 

be included in this literature review. 

Direct uptake by plants is comprised of uptake by the roots and possible 

translocation to aboveground plant tissue via the transpiration stream. Briggs et al. 

(1983) reported active uptake and surface adsorption of non-ionized compounds by roots 

consisted of two processes: 1) establishment of equilibrium between the concentrations of 

the organic component in the solution of the root and the solution surrounding the root, 

and 2) sorption of the chemical onto the lipid and lipid-like solids of the root. 

Cunningham et al (1996) and Cunningham et al. (1997) reported root uptake has been 

found to be directly proportional to the octanol/water partition coefficient (Kow) of a 

compound. Lipophilicity is related to the Kow and is defined as the "balance between the 

affinity of the chemical for aqueous phases and that for lipid-like phases" (Bromilow and 

Chamberlain, 1995). The more lipophilic a compound, the better able it is to partition 

into roots. Uptake into shoots is regarded as a passive process and is determined by the 

transpiration stream concentration factor (concentration in the transpiration 

stream/concentration in external solution) and the transpiration rate. 
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Research resuhs have been inconsistent with regard to plant uptake and the 

feasibility of this aspect for use in remediation of organic contaminants in soil. Newman 

et al. (1997) reported that Poplar trees {Populus trichocarpa x P deltoides clone [Hll-

11]) were capable of taking up and biotransforming trichloroethylene (TCE) into several 

known metaboUc products thereby demonstrating its potential for in situ remediation of 

TCE. Corseuil and Moreno (2001) investigated the use of phytoremediation for 

remediation of groundwater contaminated with gasoline-ethanol mixtures. Using cuttings 

of WiUow trees (Salix baylonicd) cultivated hydroponically, they found the cuttings were 

able to reduce contaminant concentrations by more than 99% during a 5-day period. 

Resuhs from tests suggested the depletion of ethanol from the solution was due to root 

uptake and sorption to plant biomass. In addition, the results suggested benzene removal 

was initially caused by sorption onto the root biomass but plant uptake and biological 

degradation became the predominant mechanisms over time. 

Plant uptake of mineral oil compounds has not been as favorable or as consistent 

as TCE, benzene, and ethanol. Chaineau et al. (1997), in evaluating the phytotoxicity of 

fuel oil hydrocarbon and its effect on inhibition of germination and growth of selected 

plants, found plants did not uptake fuel oil HC when grown at soil concentrations 

compatible wdth plant growth. In an evaluation of the chromatogram of the saturated and 

aromatic fractions of the leaves and the stems and the chromatograms of the fiiel, the 

comparison showed no fuel oil hydrocarbons detected in the shoots and stems. In 

contrast, they did report that maize plants cultivated in an uncontaminated environment 

and transplanted to heavily contaminated soils rapidly absorbed the fiiel oil, detected at 
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high concentrations in the stems and leaves. In the studies mentioned previously, 

Palmroth et al (2002) found diesel fuel removal from the soil was accelerated when 

plants were present, yet analysis of shoot and root tissues indicated grass roots 

accumulated diesel range organics minimally in the roots (10 g/kg soil in dry plant tissue) 

and the legume did not accumulate at detectable levels. These results agreed with Pichtel 

and Liskanan (2001) where the authors, using a grass mix and a legume mix to 

phytoremediate DRO contaminated soil, reported reductions of DRO of 93% and 

complete degradation without and with the addition of fertilizer, respectively. However, 

no diesel range organics were detectable in the grass shoots. In contrast, Pichtel and 

Liskanan reported n-aUcanes in the C32 to 43 ranges, long-chain odd w-alkanes are typical 

of hydrocarbons produced by plants, were observed in plant shoots suggesting that the 

hydrophobicity of the DRC compounds limited plant uptake. 

Rhizosphere Effect 

The rhizosphere, defined as the zone of soil under the influence of the root, is 

distinctive from the bulk soil due to the root influences. Rhizosphere effects include: 

• Increased microbial numbers & activity as a result of growth on carbon substrates 
provided by rhizodeposition; 

• Diverse species of heterotrophic bacteria enhancing transformation of xenobiotics 
(degraders & cometabolizers) and plasmid transfer among bacteria; 

• Analogs of various xenobiotics contained in root exudates provide specific 
substrates upon which subsets of the microbial community selectively metabolize 
or co-metabolize xenobiotics; and 

• Evapotranspiration of water by the plants increases mass flow of water-soluble 
contaminants to the root area. 
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Large microbial populations, on the order of 10^ organisms per g of rhizosphere soil, 

inhabit the rhizosphere as a result of growth on root cortical cells and carbon substrates 

secreted by roots. The structure of the roots provides a large surface area for colonization 

by the microbes (Alexander, 1977). In addition, the presence of the microorganisms may 

also induce the release of additional organic molecules from the plants. These substrate-

ahering processes affect the composition of bacteria by increasing diversity of the 

heterotrophic bacteria and the metabolic activity of the microorganism found in the 

rhizosphere. Much research has been conducted to isolate individual mechanisms by 

which the degradation of hydrocarbons in the rhizosphere occurs but no one factor has 

been concluded as the source. It appears that the above effects, working together, 

increase the degradation of hydrocarbons in the rhizosphere area. 

The root effects include exudation of compounds as well as providing an area of 

microbial attachment. Leigh et al. (2002) studied the growth dynamics of mulberry fine 

roots. Net production of fine roots occurred during spring and summer followed by a 

period of mortality in fall. Annual mortality averaged 58% and was associated with 

release of phenolic compounds upon decay of the roots. The authors proposed the fine 

root turnover to be considered as an injector system facilitating rhizodegradation by 

releasing microbial substrates into the soil thereby promoting the growth and activity of 

aromatic-degrading microorganisms. In addition, the root turnover provided oxygen, a 

necessary compound for the dioxygenase and monooxygenase enzyme-catalyzed first-

step degradation of aromatic compounds under aerobic conditions (Cemiglia, 1992). 
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Thus, the root turnover is able to provide a long-sustained injection of substrates for 

microorganisms in the rhizosphere. 

There is an extensive literature on the character and behavior of the rhizosphere 

(Shrimp et al, 1993; Cunningham et al, 1996; Crowley et at, 1997). In one of the 

earliest studies, Hsu and Bartha (1979) reported an enhanced rate of parathion 

mineralization in the presence of root exudates when compared to nonplanted soil. While 

the viable count showed no difference between treatments, there was increased 

degradation of parathion due possibly to a shift in the microbial character that is not 

reflected by viable count (i.e., population selection of parathion degrader or co-metabolic 

activity). As the rhizosphere is associated with the soil adhering to the root surface or 

within 5 mm of the root surface, the lack of difference in the viable counts was attributed 

to the mixing of the rhizosphere and non-rhizosphere soil prior to plating of the soil 

extract. Giinther et al. (1996) found elimination of hydrocarbons in the rhizosphere area 

was accompanied by an increase in microbial numbers and activities. Microbial growth, 

evaluated from plate counts, showed a substantial increase of colony-forming-units/gram 

(cfii/g) of soil initially followed by a declining microbial population; the maximum 

number of viable counts occurring at week five with 5 x 10^ cfu/g of soil for vegetated 

soil obtained from the rhizosphere and 3 x 10^ cfii/g soil for unvegetated soil, more than 

an order of magnitude higher in the vegetated soil. 

Recent studies evaluated the growth of heterotrophic bacteria versus hydrocarbon-

degrading bacteria in contaminated soils. Margesin et al. (2000) reported the number of 

heterotrophic microorganisms remained constant after contamination with diesel oil 



during the 88-day experiment. On the other hand, they found the number of 

hydrocarbon-degrading microorganisms increased with time showing that soil 

microorganisms adapted readily to the hydrocarbon contamination. Interestingly, the 

number of hydrocarbon-degrading microorganisms was negatively correlated (P<0.0001) 

with the hydrocarbon content of the soil. Results reported by Chaineau et al. (2000) were 

not consistent with these findings. When fiiel oil was present in a rhizosphere soil, the 

number of heterotrophs increased, peaking between 20 and 40 days, then decreased to a 

level at least 10 times greater than the initial count. The hydrocarbon-degraders 

increased, peaking between 20 and 40 days, then decreased and remained constant after 

80 days at a level lO'^ times greater than the initial counts. Interestingly, when plants, 

fertilizer, and fuel oil were present, the counts remained 10 times higher than in the bare 

soil, indicating the presence of the fuel oil. Plants affected the bacterial counts with the 

greatest increase occurring in the hydrocarbon-degrading bacteria. In an unpolluted soil, 

the addition of plants and fertilization did not affect the total heterotrophic counts, yet the 

hydrocarbon-degrading bacteria increased 100 times in the first 20 days of treatment, 

indicating the addition of the plants and fertilizer enriched for the hydrocarbon-degrading 

species. 

Unfortunately, few studies have been performed evaluating the rhizosphere or its 

influence on mineral oil degradation. A greater quantity of research has been performed 

on single compounds, such as pyrene or anthracene, or mixtures of polycyclic aromatic 

hydrocarbons. Siciliano and Germida (1999) determined if bacterial inoculants increased 

the phytoremediation of chlorobenzoates by enhancing the "rhizosphere effect". Using a 
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soil artificially contaminated with solid 2-chlorobenzoic acid, they found inoculating 

Dahurian wild rye seeds with a bacterial inoculant containing Dahurian wild rye-P. 

aeruginosa strain R75, Dahurian wild rye-P. savastanoi strain CBS 5, and Dahurian wild 

rye-strains R75+CB35 increase degradation 26% compared to the non-inoculated plant 

and approximately 60% compared to non-planted soils. Banks et al. (1999) investigated 

the fate of ^"^C-labelled benzo[a]pyrene in the rhizosphere of tall fescue. They reported 

the major sink for the contaminant was the soil matrix in both planted and unplanted 

soils, yet significantly more degradation of the compound occurred in the planted soil 

when compared to the unvegetated soil. The planted soil had an order of magnitude more 

bacteria as determined by both plate and direct counts. 

Application of Phytoremediation 

Scientists have studied phytoremediation extensively as an appropriate method of 

soil remediation, yet the mechanisms by which plant physiology and microbiology effect 

phytoremediation are still poorly understood. Likewise, the modifying effects of 

hydrology and other environmental factors on this process are not well known, thereby 

limiting our capacity to manipulate these controlling factors to maximize the effective 

application of phytoremediation. Plants are complex organic matrixes that exude organic 

hydrocarbons during normal growth, masking the effect of remediation strategies. In 

addition, the majority of the research involving the use of plants in remediation of 

hazardous wastes has been conducted in laboratories under controlled conditions. As 

with most published studies on phytoremediation, Sursala et al. (2002) state that more 

extensive field research needs to be conducted and that phytoremediation must be applied 



under site-specific conditions as the soil type, soil texture, heterogeneity, nutrient status, 

depth to groundwater are just a few of the parameters that will affect the growth of plants 

and the subsequent removal of soil contaminants. 

Nutrient Addition 

Microorganisms intake nutrients such as nitrogen, phosphorus, potassium, and 

essential micronutrients during growth. The input of large quantities of organic carbon 

sources results in rapid depletion of available inorganic nutrients. The inorganic nutrients 

most often limiting in the degradation of oil compounds are nitrogen (N) and phosphorus 

(P). Although not all contaminated sites respond to nutrient additions, the addition of N 

fertilizer has been observed to enhance the degradation of oil contamination in aquatic 

and soil systems (Song et al, 1990, Pritchard and Costa, 1991, Braddock et al, 1997; 

Walworth et a., 1997; Braddock et al, 1999; Brook et al, 2001). 

The tank vessel Exxon Valdez oil spill provided a unique opportunity to test the 

feasibility of bioremediation in the field. The enrichment of oil-degrading 

microorganisms would occur naturally thus causing necessary nutrients to become 

limited. The simplest approach for enhancing the natural degradation of the oil was the 

addition of nitrogen and phosphorus into the environment. Pritchard and Costa (1991) 

and Wolfe et al (1994) present the results of the bioremediation strategies and the mass 

balance of the fate of the oil. In summary, the addition of the fertilizer provided the 

much-needed nutrients as a stimulus for the oil-degrading bacteria, thereby overcoming 

the nutrient limitations that can occur under these conditions. The success of the field 

demonstration program associated with the Exxon Valdez oil spill opened up the field of 



bioremediation making it a viable option for remediation of contaminated sites. With the 

genesis of a new remediation technique comes the need for a better understanding of how 

to enhance this technique for use in the field. 

Recent research on the addition of fertilizers to oil contaminated soils has been 

positive. In 1995, Haigh reported that the addition of nitrogen to oil contaminated field 

plots enhanced the loss of mineral oil lubricants in the soil. However, a second nitrogen 

application 3 months later did not fiirther enhance degradation. Overall, five months 

after the initial nitrogen application, mineral oil concentrations in treated plots were 

significantly lower than in untreated areas. Venosa et al. (1996) reported that 

introduction of fertilizers into oil-contaminated soil enhanced the degradation of 

hydrocarbons via biostimulation. In a study to evaluate several soil biological methods 

for usefiilness in monitoring and assessing bioremediation, Margesin et al. (2000) 

supplemented mineral oil contaminated soils vwth different nitrogen and phosphorus 

sources. They reported hydrocarbon degradation was significantly lower in unfertilized 

pans of contaminated soil than in pans to which fertilizer had been applied. Furthermore, 

the addition of phosphorus, independent of the nitrogen source, enhanced bioremediation 

of the oil. Wang et al. (1998) reported total petroleum hydrocarbon (TPH), total saturate, 

and total n-alkane degradation losses of 9-41%, 5-47%, and greater than 90%, 

respectively, when nutrients were present, in contrast to 3-15%, 0-13%, and 16-28%, 

respectively, when nutrients were not present. 

Walworth et al (1997) examined the relationship between soil N levels and 

hydrocarbon degradation in order to provide a clearer understanding of the effects of N 
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fertilizer in bioremediation. They found when nitrogen concentrations were low; 

nitrogen concentration governed the degradation of the hydrocarbons. At high nitrogen 

concentrations, the water potential in the soil governed degradation of the hydrocarbons. 

As stated previously, many remediation projects may utilize a number of 

strategies to enhance degradation of mineral oil hydrocarbons. Pichtel and Liskanen 

(2001), in a growth chamber study performed to compare the decomposition of selected 

diesel-range compounds in a rhizosphere versus non-vegetated soil, reported a 93% 

reduction and complete degradation of diesel-range organics in soil without and v^th the 

addition of fertilizer, respectively, planted under either grass or legume mixtures. The 

authors reported the type of inorganic nutrients applied impacted the degradation of the 

hydrocarbons. They reported diesel-range organics decreased by 36% within 50 days and 

disappeared completely by 150 days when a N-P-K fertilizer was applied. Using urea as 

a N source, the authors reported that 64% and seven percent of the DROs remained after 

50 and 150 days, respectively. Whether vegetated or unvegetated, the decrease was 

greatest when a complete N-P-K fertilizer was applied. 

In contrast to the positive results mentioned above, Palmroth et al (2002) found 

the addition of N-P-K fertilizer to a diesel fuel contaminated soil planted v^th poplars 

(Populus deltoides x Wettsteinii), pine {Pinus sylvestris), or a legume mixture (Trifolium 

repens and Pisum sativum) positively affected removal of the fuel after 60 days, but there 

was no further degradation over the next 273 days. In treatments planted with a grass 

mixture containing Red fescue (Festuca rubra), Smooth meadowgrass {Poa pratensis), 

and Perennial ryegrass {Lolium perenne), the addition of NPK fertilizer did not enhance 



the removal of diesel fuel during the course of the experiment. Venosa et al. (1996) 

suggested the addition of fertilizers might be unnecessary if soil nutrient background 

concentrations are appropriate for remediation. 

Biosurfactant Addition 

Nocentini et al. (2000), in an evaluation of the influence of the soil texture and 

physical-chemical properties on the bioremediation of mineral oil, found that the carbon 

in a lubricating mineral oil was not readily available to the soil's indigenous bacteria. 

Low water solubility of these compounds increases their sorption to surfaces limiting 

their availability to microorganisms for degradation. Microbial physiological limitations 

to the degradation and removal of mineral oil hydrocarbons in the soil include the 

inability of hydrophobic compounds to be solubilized and transported into the bacterial 

cells to the intercellular location of the degradative enzyme system (Churchill et al, 

1995) while environmental factors may include limitations of sorption and transport 

between multiple phases and surface sites (bioavailability) of the organic compounds. 

The addition of surfactants to a contaminated environment is a developing 

technology in remediation. Numerous publications detail the addition of surfactants or 

formation of surfactants by microbial populations and its affect on degradation of 

hydrocarbons and mineral oil hydrocarbon compounds (Oberbremer and Miiller-Hurtig, 

1989; Aronstein et al, 1991; Falatko and Novak, 1992; Desai and Banat, 1997; Zhang et 

al., 1997; Maila and Cloete, 2002). Biosurfactants, produced by a microbe, plant, or 

animal, are especially advantageous as they are able to reduce surface and interfacial 
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tensions in both aqueous solutions and soil hydrocarbons mixtures. These biosurfactants 

have a low toxicity and are highly biodegradable. 

Biosurfactant Involvement in Oil Bioremediation 

Biosurfactants are amphipathic organic compounds with both hydrophilic and 

hydrophobic moieties. These compounds have been found to increase the aqueous 

solubility of hydrophobic organic compounds (HOCs) and emulsify organic 

contaminants. Furthermore, they have the capability of changing cell wall properties 

increasing transport into the bacterial cells. 

Increased solubility of the hydrophobic organic compounds occurs due to two 

mechanisms. The first mechanism by which solubility is increased is the preferential 

partition of the hydrophilic and hydrophobic moieties at the interface between the fluid 

phases, such as an oil/water interface. This reduces the surface and interfacial tensions 

increasing the apparent solubility of the oil thus, increasing its bioavailability to 

microbial degradation. 

The second mechanism is by the formation of biosurfactant structures called 

micelles. Surfactant molecules will spontaneously form micelles or bi-layer structures at 

a specific concentration known as the critical micelle concentration (CMC). 

Hydrocarbons will begin to partition into the organic interior of the micelle, thereby 

encapsulating the hydrocarbon and forming emulsions. The emulsified hydrocarbon 

allows for greater contact between the hydrocarbon and the bacteria, thereby facilitating 

attachment and degradation. 



Surfactant-facilitated transport of a substrate across a cell membrane has been 

reported by Laha et al (1995). Al-Tahhan and Maier (1999) demonstrated that the 

application of a rhamnolipid biosurfactant resulted in higher cell hydrophobicity while 

Zhang and Miller (1994) showed that cells with higher cell hydrophobicity had a faster 

degradation rate than cells with lower cell hydrophobicity. 

Utilization in bioremediation 

Desai and Banat (1997) present a comprehensive review of biosurfactants and 

their possible use in industry. Unfortunately, much of the previous research has focused 

on the use of pure cultures or mixed cultures of known degraders and specific 

compounds. In an investigation of the efifect of rhamnolipid biosurfactant on the 

degradation of octadecane, Zhang and Miller (1992) reported low rhamnolipid 

concentrations had a strong effect on surface tension of the octadecane while high 

concentrations had a negligible effect. In addition, they found low rhamnolipid 

concentrations increased the aqueous dispersion of octadecane. The insoluble octadecane 

was dispersed as fine particles floating on the surface of the solution. Increasing the 

rhamnolipid concentration diminished the efifect on both. Zhang and Miller (1994) 

examined the efifects of low and high concentrations of a rhamnolipid biosurfactant on 

hydrophobicity of octadecane-degraders and its relationship to octadecane degradation. 

They concluded that octadecane degradation in the presence of a rhamnolipid 

biosurfactant was controlled by both aqueous dispersion of the hydrocarbon and cell 

hydrophobicity. For cells exhibiting low initial hydrophobicity, the rhamnolipid induced 

a rapid increase in cell hydrophobicity and subsequent biodegradation of the octadecane. 
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In contrast, the addition of rhamnolipid to cells exhibiting high initial cell hydrophobicity 

either inhibited or did not affect the measured hydrophobicity. 

The reported effects of surfactants on biodegradation in a soil system have been 

contradictory. De Jonge et al. (1997) studied the relationship between bioavailability and 

the composition of oil contaminants in soil. The results indicated that the bioavailability 

of oil at high concentrations was controlled by the solubility of the compound. In 

contrast, bioavailability of oil at low concentrations was controlled by desorption and 

diflRision of the compound. The application of a biosurfactant may affect both limitations 

and thus, increase the degradation of mineral oil compounds. 

Aronstein et al (1991) reported the addition of low concentrations of surfactants 

increased biodegradation of sorbed aromatic compounds (phenanthrene) in soil but the 

addition of the surfactant and subsequent phenanthrene desorption from soil material did 

not correlate well with phenanthrene degradation. They concluded the surfactant 

increased the instantaneous rate of desorption allowing for a continuous supply of 

hydrocarbon compounds available for biodegradation. They also hypothesized that the 

presence of the surfactants altered the strength of sorption or formed a complex with the 

substrate increasing the bioavailability of the compounds to the microorganisms though 

not solubilizing the compounds. 

As stated previously, many studies involving biosurfactants have been performed 

using either known degrader culture or specific compounds. Few studies have applied 

biosurfactants in a field situation much less with mineral oil contaminants. One study 

involving mineral oil was presented by Riis et al. (2000). Using residual oil extracted 
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from the material of a bio-pit with stagnating degradation and a highly contaminated 

sludge from a soil-washing plant, the suitability of a group of surfactants (fatty acid 

acylated amino acids) to stimulate degradation of the mineral oils was evaluated. Resuhs 

indicated the addition of several evaluated surfactants increased the degradation of the 

residual oil by 20-60%. The authors attributed the increased degradation to interfacial 

activity as well as possible stimulation of bacterial growth and propagation by the use of 

the surfactant as an additional carbon source. 

Research Goals 

Using bioremediation and phytoremediation strategies, a controlled greenhouse 

study was performed in 1-meter diameter lysimeters to simulate in situ conditions. The 

effect of microbial remediation alone and a combination of microbial and 

phytoremediation was compared. The hypotheses for the study were the following: 

1. A combination of microbial- and phytoremediation would jaeld a best remediation 

strategy. The development of a rhizosphere will increase population diversity that 

will increase the microbial degradation of mineral oil. 

2. The addition of low levels (10 mg/L) of a biosurfactant will stimulate and increase the 

rate of remediation by increasing the bioavailability of the mineral oil in the soil. 
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Chapter 2 - MATERIAL AND METHODS 

Soils 

Two sandy loam soils classified as fi"om the Ugyp soil series (very deep, well-

drained, moderately rapid permeable soil found in stream terrances and alluvial fans) 

were used in this study. A soil contaminated with used transformer oil (a mineral oil) 

was obtained fi^om around a leaking underground storage tank at Apache Electric Power 

Cooperative headquarters in Benson, Arizona. Approximately 19.1 cubic meters of 

contaminated soil was excavated and transported to The University of Arizona 

Environmental Research Laboratory (ERL) in Tucson, Arizona. The soil was minimally 

mixed, to establish a consistent mineral oil concentration in the soil, using a tractor 

equipped with a fi^ont-end loader prior to loading into the lysimeter tanks. A control soil, 

i.e. a soil not contaminated with used transformer oil, was obtained from near the storage 

tank site. The control soil was a surface soil whereas the soil containing mineral oil was 

obtained from around the undergound storage tank. Soil characteristics are summarized 

in Table 1. 

Preliminary Plant Testing 

A preliminary study was performed to identify plants best suited for use in the 

lysimeters. Plants having a growth habit of less than 0.6 m were necessary for in-situ use 

at the electric generating power plant as areas of contamination occur under the 

transformer where there is often less than 1 m of space between the ground surface and 

the lower surface of the transformer. The landscape plants chosen have low-growing 

habits, usually less than 0.3 m height. The candidate plants chosen (Table 2) were 
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comprised of six low-growing groundcover landscape species and a ryegrass. The 

ryegrass, considered a medium to tall grass, is relatively easy to maintain by mowing. 

The objectives of this study were to evaluate (1) if the candidate plant species capable of 

surviving in the contaminated soil, (2) effect of fertilizer type, organic or inorganic, on 

plant growth in the contaminated environment, and (3) two rhamnolipid concentrations 

for possible plant inhibitory effects during the course of the experiment. 

Groundcover Plants 

To evaluate the survival of the groundcover plants in the soil, landscape plants in 

20.3 cm diameter containers, were obtained from a local nursery. The plants were 

allowed to acclimate to greenhouse conditions for 24 hours then transplanted to 25.4 cm 

pots containing the contaminated soil. In addition, two groundcover plants from each 

species hsted were planted in the control soil to evaluate growth without the presence of 

transformer oil hydrocarbons. 

The following procedure was followed during the transplant of each plant: the 

contaminated soil was homogenized and a layer of test soil was placed in the bottom of 

the transplant container and the plants placed upon it. The plants were removed from the 

nursery container and the soil clinging to the root mass was removed, where possible, to 

allow for more root/soil contact. Additional soil was added around the roots until all 

roots were completely covered. Water was applied until drainage occurred 

(approximately 1 L total volume applied). The transplanting and watering of the plants 

was considered the start of the experiment, Day 0. For pots requiring grass, grass was 

planted in the following manner: a 25.4 cm pot was filled with contaminated soil, grass 



seed was scattered on the soil then gently raked into the upper 1/3 cm of the soil using a 

claw cultivator. Using a 23 L/minute sprinkler head, water was applied until drainage 

occurred. Thereafter all plants were watered on an as needed basis. 

Table 3 lists the treatments applied in the Preliminary Plant Study. Table 4 lists 

the rhamnolipid concentrations, fertilizer type and data collection dates per candidate 

species. 

Fertilizer Study 

All fertilizers were applied per label instructions. Miracle Gro® All-purpose 

Water Soluble Plant Food (15-30-15), the inorganic fertilizer, was applied at planting and 

on Day 21. Old Farmer's Almanac® Flower and Herb Organic Fertilizer (6-8-6) was 

applied at planting and on Day 22 to the groundcover species (applied 2 tablespoons at 

planting and 1 tablespoon, thereafter). Annual ryegrass (Lolium multiflorum) received 

organic fertilizer at planting and on Day 28 of the study. 

Rhamnolipid Study 

Two rhamnolipid concentrations, 10 mg/L and 1000 mg/L, were evaluated for 

their affect on plants growth in the contaminated soil. Rhamnolipid solutions were made 

in the following manner: 0.393 g potassium hydroxide (KOH) was dissolved in 1 L of 

deionized water and brought to pH 7 with 1 M HCl for a final concentration of 0.007 M 

KOH. A known mass of the crude rhamnolipid, rhamnolipid that has not been purified, 

was dissolved in the 0.007 M KOH solution, i.e. 0.010 g rhamnolipid/L solution for a 

final concentration of 10 mg/L, 1.0 g rhamnolipid/L solution for a final concentration of 

1000 mg/L. For each pot requiring rhamnolipid, 300 mL of the rhamnolipid solution 



were applied to the soil during normal watering on the days specified (Table 4). A 300 

mL aliquot of 0.007 M KOH solution was applied to the non-rhamnolipid receiving pots. 

Data Collection 

Table 4 lists the type and dates of data collection. Visual condition, plant height 

and longest branch length measurements were obtained twice during the experiment on 

the four initial candidate groundcover plants. The two additional groundcovers, vetch, 

and annual ryegrass were assessed as living or date on Day 26 and Day 38, respectively. 

Lysimeter study 

The feasibility for timescale bioremediation of a mineral oil-contaminated soil 

was evaluated using lysimeter tanks in a controlled greenhouse study. Circular lysimeter 

tanks, approximately 100 cm diameter and 120 cm depth, were located in a greenhouse 

facility at the ERL facility. Eight treatments were evaluated and performed in triplicate, 

described in Section 3.2. 

Lysimeter Tank Preparation 

Lysimeter tanks were fitted v^dth a fiberglass bottom at an 80 cm depth. 

Installation of the fiberglass bottoms in each tank proceeded as follows; the soil in the 

tank was leveled with a slight slope for drainage purposes then covered with 2.54 cm 

sand. A plywood disc, 0.64 cm width, was fitted into the bottom of the tank. A 

fiberglass disc, placed on the plywood, was sealed into place using fiberglass tape. A 

polyvinylchloride (PVC) drain with spigot was inserted approximately 0.6 cm above the 

fiberglass bottom at the deepest point of the tank, sealed using silicon sealant, and 10.2 x 

7.6 cm square of fiberglass screenmg glued in the tank, covering the drain hole, to 



prevent soil loss through the drain. A layer of sand was placed on the new fiberglass 

bottom to a depth to cover the drain, approximately 5-cm depth of sand (Figure 1). 

Each lysimeter tank was filled with contaminated soil to within 13 cm of the top, 

the soil leveled, and the edges tamped down to inhibit preferential drainage water 

drainage at the soil/tank interface. The final soil depth was approximately 52.8 cm in 

each tank. In one tank, due to an initial soil depth of less than 80 cm, the soil was 

brought within 5 cm of the top of the tank. 

With the drains closed, 95 L of water were applied to each tank to saturate the 

soil; two applications of 38 L and one final application of 19 L, applied 24 hours later. 

Drains were closed for 48 hours, then opened and remained open during the course of the 

experiment. During the initial 48-hour wetting period, and the subsequent 24-hour 

acclimation time, less than 500 mL of leachate drained fi^om any one tank. 

Application of water to the soil in the tanks is considered the start of the 

experiment and is considered Day 0 for the lysimeter study. 

Experimental Design 

The experiment was a randomized complete block design with eight treatments 

replicated three times for a total of 24 lysimeter tanks. Figure 2 illustrates the locations 

of the blocks in the greenhouse with respect to the evaporative cooler located on the 

south end of the greenhouse. Table 5 details the treatments evaluated. 

Planting 

After consultation with Seed Research of Oregon, Inc. (Phoenix, AZ), it was 

decided that a 1:1 mixture of Perennial Ryegrass {Lolium perenne) and Fawn Fescue 



(Festuca armdinacea v. Fawn) would be seeded into the soil. The ryegrass is a cool 

season, fast germinating species but the root system in somewhat shallow. The fescue is 

a cool season grass with a deep fibrous root system and more tolerant of the heat and 

drought conditions that occur in southwest Arizona. On Day 5, a 1:1 mixture of 

perennial ryegrass {Lolium perenne) and Fawn fescue {Festuca arundinacea v. Fawn) 

(United Horticulture, Tucson, AZ) was planted in the tanks requiring vegetation. Grass 

was planted at a seeding rate of 34.2 g seed/m^ soil (16.8 g of each species). The grass 

seed was planted in each tank requiring vegetation in the following manner: In 

preparation for seeding, the soil was loosed to a depth of 2.54 cm, the required amount of 

each seed of each species was weighed out and mixed, the seed was hand spread onto the 

loosened surface, and raked into the soil using a claw cultivator. All tanks, including 

tanks not requiring seed, were watered lightly at planting, daily thereafter until the grass 

germinated and attained a height of approximately 2.54 cm, then every second day during 

the summer months. Due to lack of seed germination and stand establishment, the tanks 

were replanted on Days 34, 49 and 81 with a mixture of ryegrass and fescue. On Day 92, 

bermuda grass {Cynodon dactylon (L.) Pers.) was planted in the tanks at the rate of 4.9 g 

seed/ m^ (4.8 g/tank). Grass seed was watered daily for approximately 2 weeks then 

watered as needed thereafter. 

Irrigation: 

In preparation for the onset of the lysimeter experiment, 25 gallons of water, two 

10-gallon applications and a final 5-gallon application, were applied to each tank 
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beginning three days prior to sampling. The 25-gallon volume was calculated based on 

volume of soil in each tank and achieving approximately 15% moisture capacity. 

After seeding, all tanks were watered lightly to moisten the seed and the soil to a 

depth of 1.3 cm. Tanks were watered daily for one week with enough water to moisten 

the upper 3.7 cm of soil. Three gallons of water were applied to each tank three weeks 

after seeding vdth an additional six-gallon application 4 days alter. Soil samples taken 

three days later verified the soil was moist at sampling depth. Water was applied on an 

"as needed" basis for the remaining time of the experiment, with three to six gallons of 

water being applied to each tank every few days. 

Non-contaminated Control Soil 

A soil obtained fi^om the same location of the contaminated soil but not impacted 

by the used mineral oil, was used as a control. The purpose of the control was to evaluate 

background concentration of organic compounds, with and without the presence of 

plants. In addition, heterotrophic bacterial counts and mineral oil-degrading bacterial 

counts could be obtained for comparison with counts obtained with contaminated soil. 

The soil was placed in 5-gallon plastic containers and placed along the center aisle of the 

greenhouse, near the lysimeter tanks (Figure 1). 

Nutrient Addition 

Ammonium-phosphate fertilizer (16-20-0) (Ace Hardware®, Oakbrook, DL) was 

applied every 5 week with the first application occurring during week 5 with an initial 

application rate of 32 g/tank (6.4 mg N/kg soil and 3.4 mg P/kg soil). Subsequent 

fertilizer was applied at a rate of 64 g fertilizer/tank (12.8 mg N/kg soil and 6.8 mg P/kg 
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soil). Fertilizer was spread by hand onto the soil surface then raked into the upper 1.3 cm 

soil, when possible. A 15 L volume of water was applied to the soil using a shower head 

hose-nozzle. 

Rhamnolipid Production 

Pseudomonas aeruginosa IGB83 (IGB83) produces a mixture of mono- and di-

rhamnolipid of which the concentrations of the rhamnolipid species are not consistent. 

Production is very sensitive to media composition and dissolved oxygen. The presence 

of glucose appears to enhance the production of rhamnolipid. Rhamnolipid production 

occurs when the cells have reached stationary phase and increases significantly with time 

up to 72 hours. 

Solutions 

The following solutions are used in the production of rhamnolipid from 

Pseudomonas aeruginosa IGB83. 

NUTfUENTAGAR 

Provided by Difco, Detroit, MI. 

KAY'S MINERAL MEDIA (KMM) 

One mL of Solution B was added to 100 mL Solution A and autoclaved. Solution 

C was prepared, autoclaved, and then a 1 mL aliquot was added to Solution A. 

SOLUTIONA 

Per 100 mL, 0.3 g (NH4)H2P04, 0.2 g K2HPO4, and 0.2 g glucose in ddwater. 
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SOLUTIONB 

Per 100 mL, 0.045 g FeS04 in ddwater. 

SOLUTION C 

Per 100 mL, 10 mg MgS04*7H20 prepared in ddwater. 

MINERAL SALTS MEDIA 

In a 1 L flask, 2.5 g NaNOg, 0.4 g MgS04-7H20, 1.0 KCl, 1.0 g NaCl, 0.05 g 

CaCl2-2H20, and 10 mL of 85% H3PO4 in approximately 800 mL ddwater. A 1 mL 

aliquot of a solution prepared of 0.05 g FeS04'7H20, 0.15 g ZnS04'7H20, 0.15 g 

MnSOrHjO, 0.03 g H3BO3, 0.015 g CoCl2-6H20, 0.015 g CuS04-5H20 and 0.010 g 

Na2Mo04-2H20 dissolved in 100 mL ddwater was added to the flask. The pH was 

adjusted to 7.0 with KOH pellets and brought to a final volume of 1 L with ddwater. 

Pre-culture and culture 

To make a pre-culture, IGB83 was streaked onto nutrient agar (Difco, Detroit, 

MI) plates and incubated at 37°C for 24 hours. At 24 hours, a loopful of bacteria fi^om 

the plate was inoculated into 100 mL of KMM and placed on a 200-revolutions-per-

minute (RPM) shaker at 37°C for 24 hours. 

For production of the culture, three mL of the above pre-culture were inoculated 

into a 1 L sterile Erlenmeyer flask containing 300 mL of autoclaved MSM amended with 

30 mL of a 30% glucose solution (previously autoclaved). 

Rhamnolipid harvest and extraction 

Rhamnolipid was harvested using a two-step process. During the first step, the 

cells were removed fi-om the solution by placing the culture in centrifuge bottles and 
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centrifuging at 15,300 g for 10 minutes. The supernatant was collected and combined 

into a 1 L flask. 

In the second step, the rhamnolipid was precipitated from the supernatant by 

reducing the pH of the solution to pH 2 with concentrated hydrochloric acid. The 

acidified supernatant was centrifuged at 15,300 g for 10 minutes. The supernatant was 

discarded. The pellet was transferred to a separatory fijnnel and extracted three times 

with a 25-mL aliquot of a 9:1 mixture of chloroform/methanol mixture. The organic 

phase was collected and solvent was removed usuig a rotoevaporator. 

Preparation of Rhamnolipid Solution 

Rhamnolipid solutions for the lysimeter tanks were prepared by dissolving 17.85 

g crude rhamnolipid in tap water. The solution pH was adjusted to 7.2 with a 5 M KOH 

solution and brought to a final volume of 1 L with tap water. When applied to the tank, 

approximately 1 L of the rhamnolipid solution was placed in a 2-gallon plastic watering 

can and additional tap water was added for a 2 L final volume. The solution was applied 

to the soil, making sure the entire surface was covered with the solution. A 2 L volume 

of tap water was applied in the same manner to tanks not requiring rhamnolipid solution. 

Soil sampling 

The first set of soil samples was taken afl;er the wetting period but prior to 

planting of the grass seed. A composite soil sample was made from three soil cores taken 

in each tank to a depth of 45 cm. A portion of the composite sample was removed and 

placed in a Wheaton 125 mL glass jar fitted with a Teflon-lined screw cap lid. All soil 

samples were kept on ice during transport to the lab and subsequently stored at 4°C. This 



method was followed during all sampling events. Soil samples were collected every 4 

weeks for 24 weeks. 

Mineral Oil-Soil Extraction 

Mineral oil was extracted from each sample within 12 days of sample collection. 

Extraction of the oil was completed by the following method; a 10 mL aliquot of 

dichloromethane (DCM) was added to a 20 g soil sample placed in a 50 mL Pyrex 

centrifuge tube, sonicated for 20 minutes' then centrifuged for 25 minutes at 1430 RCF x 

g to sediment the soil. The supernatant was removed and the process repeated two 

additional times, the first with 10 mL and the second with 5 mL DCM. The DCM 

fractions were pooled and brought to a volume of 25 mL. The samples were stored in 

Teflon-lined crimp-top vials at 4°C (for a maximum of 40 days). Mineral oil 

concentration in the sample was determined by gas chromatography. 

Gas chromatography 

Samples were analyzed with a Shimadzu 17-A Gas Chromatograph (GC) 

(Pleasanton, CA). The GC was equipped with a crossbond 5% diphenyl-95% dimethyl 

polysiloxane (Restek RTX-5 flised silica capillary column (Columbia, MD)) and a flame 

ionization detector (FID). The carrier gas was helium and the FID fuel source was 

hydrogen and oxygen. Flow rate was 1 mL/minute. The temperature of the injection port 

and FID detectors were 325°C. The temperature program was as follows: initial 

temperature of 45°C held for 2 minutes, ramp of 10°C/minute to 350°C, final temperature 

held for 15 minutes. Sample concentrations were determined using an external standard 
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curve. External standards ranged from 62.5 mg/L to 2000 mg/L mineral oil dissolved in 

DCM. The limit of detection was 62.5 mg/L, 

Extraction Recovery Rate 

To determine the efficiency of the extraction method, mineral oil-contaminated 

soils were spiked with phenanthrene with final concentrations of 400 mg/L and 1,000 

mg/L phenanthrene. Phenanthrene was applied to the contaminated soil using the 

following method: O.Olg or 0.025 g phenanthrene, for final concentrations of 400 and 

1,000 mg/L phenanthrene, respectively, were dissolved in 2 mL chloroform to which 10 g 

of soil was added. The chloroform, phenanthrene, and soil were mixed and the 

chloroform was allowed to evaporate for approximately 24 hours. The extraction of 

phenanthrene from the soil followed the procedures as described in Section 3.8, 

Samples were analyzed by gas chromatography as described in Curtis (1999) and 

summarized as follows: samples were analyzed on a Shunadzu 17-A GC (Pleasanton, 

CA) equipped with a crossbond 5% diphenyl-95% dimethyl polysiloxane (Restek RTX-5 

fused silica capillary column (Columbia, MD)) and a FID. The carrier gas was helium, 

and the FID source of fuel was hydrogen and oxygen. Flow rate was 1 mL/minute. The 

temperature of the injection port and FID detectors were 250°C. The temperature 

program was as follows: initial temperature of 90°C held for 5 minutes, ramp of 

10°C/niinute to 250°C, final temperature held for 5 minutes. Sample concentrations were 

determined using an external standard curve; standards ranged from 100 mg/L to 2000 

mg/L phenanthrene in DCM. 
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Enumeration of bacteria 

Previous research from this laboratory found culturable bacterial plate counts 

varied significantly between air-dried and moistened samples. The results indicated a 

period of three to four days was necessary for stabilization of bacterial counts after 

moistening of the soil. Thus, the soil in the lysimeter tanks and the control containers 

was moistened for a 3-day period prior to initial soil sampling and subsequent plating to 

determine culturable heterotrophic and mineral oil-degrading bacterial counts. 

Bacteria were enumerated by the dilution plate method procedure as follows; 

suspensions of 1 g of moist soil and 9 mL of sterile water were shaken using a vortex 

mixer, sub-samples of the suspension were serially diluted in sterile Eppendorf tubes 

containing 0.9 mL sterile water, and 0.1 mL sub-sample was spread onto the appropriate 

medium. Cultural heterotrophic bacteria were enumerated using R2A media (Difco, 

Detroit, MI). Mineral oil-degrading bacteria were enumerated using an autoclaved 

mineral salts media with transformer oil as the soil carbon source. Mineral salts media 

plates were incubated at room temperature for 2 weeks while R2A media plates were 

incubated at room temperature for 1 week before enumeration. 

Mineral salts media was prepared by dissolving 1.0 g KH2PO4, 1.0 g Na2HP04, 

0.5 g NH4NO3, 0.5 g (NH4)2S04, 0.2 g MgS04*7H20 and 1.0 mL of a solution containing 

1.0 g CaCl2*2H20, 0.2 g FeCU, and 0.2 g MnS04*2H20 dissolved in 100 mL distilled 

water, in 1 L ultrapure water. The pH was adjusted to 7.2 with 1 M NaOH and 

autoclaved. A 568.2 ^1 aliquot of used mineral oil obtained from a transformer at an 
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electric generating plant was aseptically transferred to the sterile hot media and 

thoroughly mixed with the media prior to pouring into sterile petri dishes. 

Leachate collection and analysis 

If leaching from the tanks occurred, leachate from each lysimeter tank was 

collected and pooled during the 4-week period between soil samplings and the total 

volume recorded. A 125 mL aliquot of the pooled leachate was removed, placed in a 

Teflon-lined screw-capped Wheaton 125 mL glass bottle, and stored at 4°C until 

extraction of mineral oil was performed. Mineral oil extraction was performed within 14 

days of sub-sample collection. Mineral oil content in the leachate samples analyzed as 

follows: a 10 mL aliquot of the leachate sample was placed in a 125 mL separatory 

furmel equipped with a glass stopper, 10 mL DCM was added and the contents mixed. 

After separation of the liquids, the DCM layer was removed to a 50 mL volumetric flask. 

The process was repeated two additional times, first with 20 mL, the second with 10 rtiL. 

The DCM fraction was pooled and brought to a 50 mL final volume. The samples were 

stored in Teflon-lined crimp-top vials at 4°C (for a maximum of 40 days). Mineral oil 

concentration in the sample was determined by gas chromatography as described in 

Section 3.9. 

Statistical Analysis 

Analysis of variance (ANOVA) was used to evaluate the mineral oil 

concentration, mineral oil degrading bacterial plate count, and heterotrophic bacterial 

plate count data (dependent variables) with Plant, Fertilizer, and Surfactant as 

independent variables. For mineral oil concentration data, prior to ANOVA analysis, the 
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data set for each tank was subjected to a linear regression to estimate of the slope of each 

curve and obtain a rate of mineral oil loss. 
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Table 1. Soil properties 

Soil 
Soil 

Particle Size 
Distribution pH 

EC 
(mmhos/ 

cm) 

NO3-N PO4-P TOC 
Soil Texture % % % 

Sand Silt Clay 
(water) 

EC 
(mmhos/ 

cm) (ppm) (ppm) (%) 

Non-
contaminated 

Sandy 
Loam 

76.8 16.5 6.7 8.07 1.85 244 4 0.34 

Contaminated 
Sandy 
Loam 

71.1 15.3 13.6 8.05 0.53 4 9 0.62 
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Table 2. Groundcover plants and grasses considered 

Plant species Growth characteristics 

Groundcover Species 
Dalea greggii Height = 45-60 cm, Spread = 90-152 cm 
Trailing Indigo Bush Fast-growing evergreen prostrate shrub, excellent ground 

cover for desert, tolerates heat, desert soil, and aridity when 
established 

Drosanthemum rosea Height = 5-13 cm, Spread = 30-90 cm 
Dewplant likes sun, hardy to 0°C, very drought tolerant 

Gazania rigem Height =10-15 cm. Spread = 60-180 cm 
Trailing Gazania Likes sun, hardy to -4°C, trailing variety spreads rapidly by 

long trailing stems. 

Myoporum parvifolium Height = 15-30 cm, Spread = 60-152 cm 
Myoporum Evergreen groundcover, moderate aridity resistant but 

better with some summer water. 

Oenothera berlandieri Height = 10-20 cm. Spread = 60-180 cm 
Mexican Primrose Likes sun, hardy to -7°C, thrives with little or no care once 

established. 

Phyla nodiflora Creeps and spreads to form flat, ground-hugging mat sturdy 
(Lippia repens) enough to serve as a lawn. 
Lippia 

(Vicia sp.) Legume, spreads by underground rootstocks. Grows well 
Vetch on a variety of soils, including clays and alkali soil. 

Drought-resistant. 
Grasses 

Annual ryegrass Short-lived, non-creeping, cool season bunchgrass. 
(Lolium multiflorum) High germination rate that ranks as one of the best among 

the cool-season turfgrasses allowing it to establish quickly. 
Poor cold hardiness, medium heat tolerance and good wear 
tolerance. Uses large amounts of water and prefers neutral 
to slightly alkaline soils. 
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Table 3. Preliminary plant testing: applied treatments 

Soil Type Fertilizer Biosurfactant 

Non-contaminated ~ ~ 

Contaminated ~ ~ 

Contaminated ~ 10000 mg/L 

Contaminated Inorganic* 10 mg/L 

Contaminated Inorganic 1000 mg/L 

Contaminated Organic^ 10 mg/L 

Contaminated Organic 1000 mg/L 

Inorganic - Miracle-Gro All-puroose Fertilizer (0.25 Tablespoon/L, 4 L/m^) 
^Organic - Old Farmer's Almanac Flower and Herb Fertilizer 



Table 4. Preliminary plant testing: Amendment applications and data collection per species 

Plant species Biosurfactant 
Inorganic 
Fertilizer 

Organic 
Fertilizer 

Data Collection 
Plant species Biosurfactant 

Inorganic 
Fertilizer 

Organic 
Fertilizer Visual 

condition Height 
Branch 
length 

Living/ 
dead 

Dalea greggii 
Trailing Indigo Bush Day 8 Planting and 

Day 21 
Day 8 

Day 21 
Day 8 

Day 21 
Day 8 

Day 21 Day 26 

Drosanthemum rosea 
Dewplant Day 8 Planting and 

Day 21 
Day 8 
Day 21 

Day 8 
Day 21 

Day 8 
Day 21 

Death 26 

Gazania rigens 
Trailing Gazania Day 8 

Planting and 
Day 21 

Day 8 
Day 21 

Day 8 
Day 21 

Day 8 
Day 21 

Day 15 

Myoporum parvifolmm 
Myoporum Day 8 

Planting and 
Day 21 

Day 8 
Day 21 

Day 8 
Day 21 

Day 8 
Day 21 

Day 26 

Oenothera berlandieri 
Mexican Primrose Day 18 

Planting 
and Day 22 Day 26 

Phyla nodiflora 
(Lippia repens) 
Lippia Day 18 

Planting 
and Day 22 Day 26 

Vicia sp. 
Vetch 

Planting 
and Day 27 Day 38 

Annual ryegrass 
(Lolium multiflorum) 

Planting 
and Day 21 Day 38 

On Os 
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Table 5. Lysimeter tanks: applied treatments 

Treatment Plants Biosurfactant^^^ Fertilize/^^ Comments 

1 No No No control 

2 No No Yes fertilizer control 

3 No Yes No Biosufactant 
control 

4 No Yes Yes 

5 Yes No No plant control 

6 Yes No Yes 

7 Yes Yes No 

8 Yes Yes Yes 

^^^amnolipid was applied at a rate of 25 mg rhamnolipid/kg soil 
^^^ertilizer was applied at an initial rate of 33 g/m^ soil, then 66 g/m^ of soil thereafter 



68 

Table 6. Lysimeter tanks: plant species 

Species Description 

Perennial ryegrass • Short-lived, non-creeping, cool season bunchgrass. 
(Lolium perenne) • High germination rate that ranks as one of the best 

among the cool-season turf grasses allowing it to 
establish quickly. 

• Poor cold hardiness, medium heat tolerance and good 
wear tolerance. Uses large amounts of water and 
prefers neutral to slightly alkaline soils. 

Dwarf Tall fescue • Densely tufted, cool season, moderately drought-
(Festuca arundinacea v. tolerant perennial bunchgrass with deep fibrous root 
Fawn) system. 

• Occurs in all soil textures, on deep soil. 
• Able to tolerate wet, poorly drained sites. 
• Variety Fawn fescue - matures earlier than other 

varieties, has more spring vigor. 

Annual ryegrass • Cool season bunchgrass. 
(Lolium multiflorum) • Short-lived, non-creeping. 

• Neutral to slightly alkaline soils. 
• Medium heat tolerance, poor cold hardiness. 

Bermuda grass • Warm-season, hardy perennial grass that spreads by 
(Cynodon dactylon (L.) both above-ground and below-ground stems. 
Pers.) • Above-ground runners allows it to spread rapidly. 

• Succeeds on nearly all fertile soils. 
• Extremely drought-resistant. 
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Figure 1. Lysimeter tank bottom installation 
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Figure 2: Greenhouse set-up 
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CHAPTER 3. RESULTS 

Soil Characterization 

The soil used in the experiment is a fine sandy loam and has a pH and TOC of 

8.05 and 0.62, respectively, for the mineral oil-contaminated soil. The initial mineral oil 

concentration in the lysimeter tanks ranged fi'om 379 mg/kg soil to 2909 mg/kg soil. The 

wide range in concentration was most likely due to the variability of the oil spill across 

the area of contamination, the heterogeneous nature of the material (i.e., the presence of 

gravel, rocks, and small boulders not removed prior to loading into the lysimeter tanks), 

and incomplete mixing with the front-end loader. 

Preliminary Plant Testing 

During the the Preliminary Plant Test experiment, it became obvious that the 

groundcover vegetation would not be suitable for use in the Lysimeter Tank Experiment 

due to toxicity of the mineral-oil contamination (Figures 3 and 4). The Trailing Gazania 

and Myoporum died by Day 21 of the experiment while the remaining vegetation were 

unhealthy, exhibiting nutrient deficiency or toxicity symptoms, i.e. yellowing leaves, 

necrotic spots on leaves, or slow growth. Of the non-groundcover species tested, a 

ryegrass proved to be the most tolerant of the mineral oil-contaminated soil. Ryegrass 

has been used in previous studies (not reported in this paper) at the electric generating 

power plant from where the contaminated soil was obtained, thus this plant was chosen 

for use in the Lysimeters Study. 

The use of organic fertilizer versus inorganic fertilizer did not appear to affect the 

growth or death of the vegetation. Therefore, it was decided that an inorganic ammonium 



phosphate fertilizer would be used in the Lysimeter Study, as this is the most common 

fertilizer type used by vegetable and fruite growers in the electric generating power plant 

area. 

The unhealthy state of the groundcover plants made it difficult to evaluate the 

effect of the high and low biosurfactant amendments. Since no visual difference was 

observed among the plants that received or did not receive the biosurfactant treatment, it 

was decided to work with the low biosurfactant treatment, 10 mg/L, in the Lysimeter 

Study. This choice was based on two previous results from our laboratory. The first was 

that low concentrations of biosurfactant increase the bioavailability of hydrocarbons to 

degrading organisms (Al-Tahhan et al., 2000). The second was that it was observed in a 

greenhouse study that pepper plant growth was severely inhibited in the presence of large 

amounts of biosurfactant (unpublished data). 

Mineral Oil Extraction Efficiency 

A control experiment was performed to measure the recovery of mineral oil from 

an uncontaminated soil by the extraction method used in this experiment. Recovery 

percentages for the extraction method for samples contaminated with 400 mg/L and 

1,000 mg/L mineral oil were 77% and 79%, respectively. Therefore, the extraction 

method used in this paper may underestimate the mineral oil concentration by 20% or 

more since the contaminated soil is aged. 

Mineral oil is an extremely complex mixture in which boiling points of 

components can vary over a wide range of a few to several hundred degrees. As such, 

mineral oil is shown as an unresolved hump in analysis by a gas chromatograph. To 
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evaluate if there was a visible change in components of the mineral oil during the 41-

week experiment, gas chromatograms for each sampling point were compared visually 

for changes in the chromatograms. Visual inspection of all sampling point 

chromatograms revealed that there was little change in the components of the mixture, 

changing mainly in height of the hump. 

Lysimeter Study 

Plant Response 

Perennial ryegrass and Fawn fescue were sown in the lysimeters allocated to the 

vegetation treatments on April 6, 1999. Plant emergence was not uniform and the grass 

shoots that did emerge began to brown on the tips and wilt when a height of three to five 

centimeters was attained. The tanks were reseeded on May 5 (week 4) and May 20 

(week 6) with the perennial ryegrass/fescue mix, and June 21 (week 11) with annual 

ryegrass/fescue mix, in an attempt to establish a uniform stand of vegetation. Plant 

emergence continued to be sparse and wilting occurred within a short time for many of 

the shoots. On July 2 (week 12), a warm-season grass species used extensively in the 

Tucson area, Bermuda grass, was seeded into the contaminated soil of the vegetation 

treatments. Within a few weeks, a small amount of vegetation was established with 

hopes that more would grow during the ensuing summer months. Select photographs are 

presented in Figures 12, 13, and 14. 

Examination of the tanks that were vegetated showed that few tanks actually 

established a uniform grass stand. Vegetation was most healthy m the tanks that received 

fertilizer application suggesting that nutrient addition is important in this contaminated 



soil. It should be pointed out that even some of the vegetated tanks receiving fertilizer 

did not achieve a uniform grass stand. The vegetated tanks that received no fertilizer 

application or that received biosurfactant application established only sparse vegetation 

during the course of the 41-week experiment. In general for all tanks, the vegetative 

growth response was slow during the first 16 to 20 weeks of the experiment, then 

increased between week 20 and 24 (mid-August to mid-September). By week 28, visible 

inspection indicated the Bermuda grass was beginning to die back and the fescue and 

ryegrass were emerging. 

Fate of Mineral Oil 

The mineral oil concentration in each of the 24 lysimeter tanks was determined 

every 4 weeks for 28 weeks. The triplicate data sets for each treatment were plotted as a 

function of time for the control and 7 treatments and are presented in Figures 15 to 22. 

Mineral oil removal ranged fi*om 5.9% to 65.4%. A comparison of the initial and week 

24 mineral oil concentrations is presented in Table 7. Rates of mineral oil loss were 

obtained by a linear regression of the mineral oil concentration data fi^om 0 to 24 weeks 

(Table 8). This timefi^ame was chosen because visual inspection of the mineral oil 

concentrations indicated the lowest concentration occurred in most tanks at week 24. The 

increase of mineral oil concentration between weeks 24 and 28 is attributed to the 

possible presence of carbon compounds released during the death and subsequent 

breakdown of the shoots and roots of the Bermuda grass, which began to die back at 

week 24 as the fescue and ryegrass began to emerge. Previous work has shown that these 

plant materials can influence the measurement of hydrocarbons such as mineral oil 



75 

(Leigh et al., 2002). Finally, an ANOVA was performed on the rate data to evaluate 

significance of treatments (Table 9). In all cases, the percent mineral oil removed was 

higher in treatments that received plants. The ANOVA results confirm that plants are 

significant (P<0.05) but neither fertilizer or biosurfactant or any combination of 

plants/fertilizer/surfactant are significant. 

Removal rates in Table 8 are shown for each individual tank since there was large 

variability between replicates. Close examination of the individual tank data sets 

suggests that higher removal rates tend to be associated with higher initial mineral oil 

concentrations. The ANOVA results confirm that initial mineral oil concentration, as 

well as plants, significantly (P<0.05) affected the rate of mineral oil removal. Therefore, 

to fiirther compare the effect of plants on mineral oil removal rates, the data were 

categorized into three different initial mineral oil concentration ranges: 400 to 600, 600 to 

800, and 900 to 1200 mg/Kg. These ranges were subjectivley chosen. For the lowest 

initial mineral oil concentration range (400 to 600 mg/Kg), the average rate of mineral oil 

removal was 5.2 ± 2.8 for unplanted treatments and was 7.9 ± 3.5 for planted treatments 

indicating no statistical difference between planted and unplanted treatments. For the 

middle initial mineral oil concentration range (600 to 800 mg/Kg), the average rate of 

mineral oil removal was 5.9 ± 3.2 for the unplanted treatments in comparison to 15.7 ± 

1.4 for the planted treatments indicating that in this case there was a statistical difference. 

Similarly, for the highest initial mineral oil concentration range (900 to 1200 mg/Kg) the 

removal rate was 8.3 ± 7.0 for unplanted treatments in comparison to 21.8 ± 2.1 for the 

planted treatments indicating a statistical difference. 
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Mineral Oil-Degrading Bacteria 

A subsample of the composite soil sample taken for mineral oil analysis was used 

to obtain culturable counts of mineral oil-degrading bacteria and total heterotrophic 

bacteria. Culturable counts for mineral oil degraders generally increased over the 

duration of the experiment for treatments receiving plants and did not change for 

treatments not receiving plants (Figure 23 and Table 10), 

A closer examination of these data from week 0 to week 28 indicates that the 

increase in mineral oil-degraders treatments receiving plants was not large but it was 

statistically significant (1.72 ± 0.22 x 10^ at time 0, and 5.97 ± 1.6 x 10^ at time 28 

weeks) (Figure 24). In contrast, for treatments receiving no vegetation, there was no 

significant change in the mineral oil-degrader population. Note that a slightly different 

timeframe was chosen for this analysis (week 0 to week 28) than for the mineral oil 

analysis (week 0 to week 24). This was done for two reasons. First, the plant stand was 

healthier at week 28 than at week 24, and second, there was a consistent anomalous drop 

in counts both in planted and unplanted treatments at week 24. 

An ANOVA analysis of these results confirmed the eflFect of plants and also 

indicated an effect of fertilizer on culturable mineral oil degraders (P < 0.05) (Table 11). 

There was no effect of biosurfactant, biosurfactant and fertilizer on culturable mineral oil 

degraders. 

Heterotrophic Bacteria 

Heterotrophic bacteria were also enumerated throughout the study, however since 

the time 0 counts were lost due to an error in sample processing, data are shown for 

weeks 4 to 28 (Figure 25). All tanks, regardless of treatment behaved similarly. There 
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was a general decline in total culturable heterotrophs from week 4 until the end of the 

experiment (Table 12). An ANOVA analysis of these data from week 4 to week 28 

indicated an effect of plants and fertilizer on culturable heterotrophic bacteria (P < 0.05) 

(Table 13). This effect is most readily seen in Figure 26, where, though heterotrophic 

bacterial counts declined during weeks 4 through 24, there was a sharp increase between 

week 24 and week 28. There was no effect of biosurfactant or biosurfactant and fertilizer 

on culturable heterotrophic bacteria 

Leachate analysis 

Very little leaching from the tanks occurred. Leachate was collected during the 

period between the 4-week sampling periods and pooled. Mineral oil concentration in all 

leachate samples was below detectable limits in all samples. 



Table 7. A comparison of initial and Week 24 mineral oil concentrations - 24 Week 

Treatment 

Initial mineral 
oil 

(mg/kg dry soil 
± s.d.) 

Week 24 
mineral oil 

(mg/kg dry soil 
± s.d.) 

Percent 
Gain/Loss 

(%) 

1 (No treatment) 605 ±128 454 ± 276 -25.0 

2 (Fertilizer only) 1057 ± 886 780 ± 725 -26.2 

3 (Biosurfactant only) 623 ± 298 586 ± 405 -5.9 

4 (Fertilizer and biosurfactant) 907 ± 302 615 ±225 -32.2 

5 (Plants only) 677 ± 322 234 ± 69 -65.4 

6 (Plants and fertilizer) 948 ± 247 597 ± 297 -37.0 

7 (Plants and biosurfactant) 1399±1316 568 ±413 -59.4 

8 (Plants, fertilizer and 737 ± 245 338 ± 90 -54.1 
biosurfactant) 



Table 8. Effect of different treatments on rates of mineral oil loss - 24 Week 

Replicate 1 Replicate 2 Replicate 3 

Rate of Initial Rate of Initial Rate of Initial 
Treatment mineral mineral oil mineral mineral oil mineral mineral oil mineral 

oil loss concentration oil loss concentration oil loss concentration 
(mg/kg (mg/1^ soil) (mg/kg (mg/kg soil) (mg/kg (mg/kg soil) (*>*8^8 

soil/week) soil/week) soilAyeek) soil/week) 

Control -1.9 704 -6.1 651 -6.1 461 -4.7 

Fertilizer Addition -11.2 2078 -6.0 480 -9.7 614 -9.0 

Biosurfactant Addition 1.1 955 -0.8 379 -9.3 535 -3.0 

Fertilizer/Biosurfactant -10.3 967 -15.6 1175 -3.9 580 -9.9 
Addition 

Plants -23.3 1042 -5.9 558 -13.3 432 -14.1 

Plants/Fertilizer 4.8 1208 -16.0 717 -23.4 918 -11.5 

Plants/Biosurfactant -60.1 2909 -13.9 799 -8.4 490 -27.5 

Plants/Fertilizer/Biosurfactant -17.3 770 -18.8 963 -4.0 477 -13.4 
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Table 9. ANOVA results for rate of change in mineral oil concentration, 24-Week 

Source df Mean-Square F-ratio P 
Plant 1 374.661 4.275 0.056 
Pert 1 40.095 0.457 0.509 
Surf 1 30,542 0.348 0.564 
Plant X Pert 1 50.226 0.573 0.461 
Plant X Surf 1 16.915 0.193 0.667 
Pert X Surf 1 15.649 0.179 0.679 
Plant X Pert x Surf 1 4.062 0.046 0.832 
Initial Mineral Oil Concentration 1 1166.719 13.312 0.002 
Error 15 87.644 

Bolded data are significant at P<0.05 
r^°0.64 



Table 10. A comparison of mineral oil degrading bacterial counts - 28 Week 

Treatment 
WeekO 

(cfu/g soil ± s.d.) 
Week 28 

(cfu/g soil ± s.d.) 

Percent 
Gain/Loss 

(%) 

1 

2 

3 

4 

(No treatment) 

(Fertilizer only) 

(Biosurfactant only) 

(Fertilizer and biosurfactant) 

1.2x10® ±3.3x10^ 

l.OxlO^i 4.2x10^ 

1.8x10^ ±5.1x10^ 

1.9x10® ±8.0x10' 

7.0x10' ± 4.8x10' 

1.3x10® ±7.2x10' 

5.5x10' ± 1.9x10' 

5.5x10® ±3,9x10® 

-42 

+24 

-69 

+188 

5 

6 

7 

8 

(Plants only) 

(Plants and fertilizer) 

(Plants and biosurfactant) 

(Plants, fertilizer and 
biosurfactant) 

2.5x10® ± 1.3x10® 

1.6x10® ± 1.5x10' 

1.4x10® ±5.3x10' 

1.4x10® ± 1.2x10' 

1.1x10® ± l.OxlO' 

6.6x10® ± 4.3x10® 

4.7x10® ±6.4x10® 

1.2x10^ ±2,9x10® 

-56 

+321 

+223 

+741 
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Table 11. ANOVA results far mineral oil degraders - 28 Week 

Source df Mean-Square F-ratio P 
Week 7 3.59871E+13 12.563 0.000 
Plant 1 1.37998E+14 48.175 0.000 
Fert 1 1.66976E+13 5.829 0.017 
Surf 1 7.74855E+12 2.705 0.102 
Week X Plant 7 1.46953E+13 5.130 0.000 
Week X Fert 7 1.60404E+13 5.600 0.000 
Week X Surf 7 9.10854E+12 3.180 0.004 
Plant X Fert 1 2.69925E+11 0.094 0.759 
Plant X Surf 1 5.34358E+11 0.187 0.667 
Surf X Fert 1 4.77005E+09 0.002 0.968 
Week X Plant x Fert 7 2.73550E+12 0.955 0.467 
Week X Plant x Surf 7 2.56285E+12 0.895 0.513 
Week X Fert x Surf 7 3.42226E+12 1.195 0.310 
Plant X Fert X Surf 1 5.16895E+12 1.804 0.182 
Week X Plant x Fert x Surf 6 9.90568E+11 0.346 0.931 
Error 128 2.86454E+12 
Bolded data are significant at P<0.05 

= 0.677 



Table 12. A comparison of heterotrophic bacterial counts - Week 4 through 28 

Treatment 
Week 4 

(cfu/g soil ± s.d.) 
Week 28 

(cfu/g soil ± s.d.) 

Percent 
Gain/Loss 

(%) 

1 

2 

3 

4 

(No treatment) 

(Fertilizer only) 

(Biosurfactant only) 

(Fertilizer and biosurfactant) 

9.1x10''±2.6x10^ 

7.8x10'±6.8x10^ 

9.5x10'±5.7x10^ 

8.3xlO'± 2.1x10' 

7.2x10® ±3.5x10^ 

1.2x10'± 1.0x10^ 

5.8x10® ± 1.1x10^ 

1.7x10'± 1.2x10' 

-92 

-85 

-94 

-80 

5 

6 

7 

8 

(Plants only) 

(Plants and fertilizer) 

(Plants and biosurfactant) 

(Plants, fertilizer and 
biosurfactant) 

8.4x10'± l.lxlO' 

9.3x10'±5.5x10^ 

6.9x10'± 1.5x10' 

8.8x10'±5.5x10^ 

8.0x10® ± 1.1x10® 

3.8x10'±9.8x10® 

2.5x10'±3.0x10' 

4.1x10'±5.0x10' 

-90 

-59 

-65 

-53 

00 u> 
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Table 13: ANOVA results for heterotrophic bacterial counts - Week 4 through 28 

Source df Mean-Square F-ratio P 
Week 6 1.40241E+16 44.525 0.000 
Plant 1 2.02940E+15 6.443 0.013 
Fert 1 2.78893E+15 8.855 0.004 
Surf 1 8.44334E+13 0.268 0.606 
Week X Plant 6 2.83880E+14 0.901 0.497 
Week X Fert 6 3.64142E+14 1.156 0.335 
Week X Surf 6 1.88131E+14 0.597 0.732 
Plant X Fert 1 3.41430E+14 1.084 0.300 
Plant X Surf 1 4.5903 lE+14 1.457 0.230 
Surf X Fert 1 3.60507E+14 1.145 0.287 
Week X Plant x Fert 6 2.49767E+14 0.793 0.577 
Week x Plant x Surf 6 5.22172E+14 1.658 0.138 
Week X Fert x Surf 6 8.73191E+13 0.277 0.947 
Plant X Fert X Surf 1 8.28149E+12 0.026 0.871 
Week X Plant x Fert x Surf 6 1.74995E+14 0.556 0.765 
Error 112 3.14972E+14 
Bolded data are significant at P<0.05 

= 0.74 



Figure 3. Preliminary plant study 

Figure 4. Plant death associated with 
preliminary plant study 



Figure 5. Lysimeter tanks in greenhouse 

Figure 6. Unloading the old soil from the tanks 



Fisure 7. Old soil remainins in tank 

Fisure 8. Fiberglass disk used as "new bottom 



Figure 9. Fiberglass tape to seal tank bottom 

Figure 10. Drain hole and newly inserted fiberglass 
bottom 
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Figure 12. Control - Week 20 

Figure 13. Grass treatment - Week 24 



Figure 14. Grass and fertilizer treatment - Week 24 



Figure 15. 24-Week linear regression - mineral oil concentration - no treatment 
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Figure 16. 24-Week linear regression - mineral oil concentration - fertilizer addition 
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Figure 17. 24-Week linear regression - mineral oil concentration - biosurfactant addition 
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Figure 19. 24-Week linear regression - mineral oil concentration - plant addition 
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Figure 20. 24-Week linear regression - mineral oil concentration plant/fertilizer addition 
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Figure 21. 24-Week linear regression - imineral oil concentration - plant/biosuH'actant addition 
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Figure 22. 24-Week linear regression - mineral oil concentration - piant/fertilizer/biosurfactant addition 
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Figure 23. Mineral oil degrading bacterial culturable counts 
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Figure 24. Effect of plants on mineral oil degrading bacterial culturable counts 
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Figure 25. Heterotrophic degrading bacterial culturable counts 
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CHAPTER 4. DISCUSSION 
The potential for in-situ biodegradation of mineral oil was evaluated in a 

greenhouse-scale lysimeter study. The addition of plants, fertilizer, and a biosurfactant 

were evaluated separately and in combination to determine whether the rate of mineral oil 

bioremediation could be enhanced. The hypothesis was that the addition of plants would 

aid in the development of a healthy microbial community, in particular a rhizosphere 

community that would increase mineral oil biodegradation activity. The fertilizer was 

added to aid in establishing plants and because hydrocarbon degradation is often limited 

by nitrogen and phosphorus deficiencies. The biosurfactant was tested because it has 

been shown to increase the bioavailablity of hydrocarbons, one of the limiting steps in 

bioremediation, by several mechanisms (Aronstein et al, 1991; Zhang and Miller, 1992). 

The first is by increasing the apparent solubility of the hydrocarbon by sequestering 

hydrocarbons in surfactant micelles. This mechanism was not operative in this study 

because the surfactant was added at a concentration below the critical micelle 

concentration. The second mechanism is facilitation of desorption of the hydrocarbon 

fi-om soil. The third mechanism is through interaction with the degrading cell surface 

creating hydrophobic regions that facilitate contact between the cell surface and the 

hydrocarbon. The two latter mechanisms are operative at surfactant concentrations below 

the critical micelle concentration. 

Mineral Oil Removal 

Typical of field studies, there was a great deal of variability in the mineral oil 

removal results in this study. Despite this, an ANOVA analysis indicated that the 
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addition of plants and the initial mineral oil concentration had a statistically significant 

effect on the rate of mineral oil removal. The effect of plants was a positive one, i.e. an 

increase in mineral oil removal. For mineral oil concentration, rate of removal directly 

related to the initial concentration, i.e. the higher the initial concentration, the higher the 

rate of removal. Neither fertilizer nor biosurfactant addition or any two-way or three-way 

combination of plants, fertilizer, and biosurfactant had a significant effect on rate of 

removal. 

The large difference in initial mineral oil concentration among the tanks suggests 

that some tanks received soil containing a "hot spot" of mineral oil. This is not unlikely 

given the area the soil was removed from. This was a leaking underground storage tank 

with a leak that was detected after several years and upon discovery, the tank was 

removed, the soil excavated and placed in a pile on-site at AEPCO. A portion of this soil 

was delivered to the Environmental Research Laboratory (ERL), University of Arizona. 

At ERL, the soil was mixed minimally with a front-end loader to try to obtain a generally 

uniform contaminated soil, yet maintain most of its heterogeneous nature before loading 

into the lysimeter tanks. Thus, it is not surprising that there might be hot spots of mineral 

oil contamination. 

Given the time that passed between the mineral oil spill at AEPCO and this 

experiment, and the fact that the mineral oil-contaminated soil was handled (e.g., mixed 

and aerated) several times, it is likely that the majority of the soil contained a "residual 

oil" or weathered oil contamination. However, the overall rates of mineral oil removal in 

tanks with high initial mineral oil concentrations tended to be higher than removal rates 
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in tanks with low initial mineral oil concentrations. This suggests that the mineral oil in 

soil containing high initial mineral oil concentrations may have been less weathered and 

contained compounds that were more readily degradable and more bioavailable than 

those in tanks with low initial mineral oil concentrations (Pinelli et al,, 1999; Nocentini et 

al., 2000). In a system where there are readily degradable components, oil degradation 

has been reported to proceed quickly during the first eight weeks of the experiment (van 

Gestal et al., 2001). This seems to have been the pattern in this study (Figures 15 to 22). 

A visual inspection of the GC profiles was performed to evaluate if there 

appeared to be a change in components of the oil during the 28-weeks evaluated. 

Research presented in the Literature Review of this dissertation suggests that the 

hydrocarbon components change as degradation occurs with n-alkanes being depleted 

very rapidly and rate of degradation decreasing with increasing number of carbon atoms. 

Examination of the chromatograms obtained at each sampling point yielded the 

observation that the chromatograms recorded at the beginning, during and at the end of 

the experiment diflfered only in concentration (height), not in shape. These results agreed 

with research presented by Nocentini et al. (2000) in their evaluation of a residual 

mineral oil concentration in static microcosms. They state that the degradation of mineral 

oil is controlled not only by biological processes of biodegradation but also is related to 

mass transfer phenomena. Further, De Jonge et al. (1997) report that for hydrocarbon 

concentrations below 4.0 g/kg, desorption and dii&sion become a rate-limiting factor. 
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Effect of Plants on Mineral Oil Removal 

As already mentioned, the only treatment that had a consistent significant positive 

effect on the rate of mineral oil removal was plants. This taken together with the fact that 

there was a statistically significant increase in mineral oil degraders in the planted 

lysimeters suggests that plants helped support a larger, more robust bacterial mineral oil 

degrading community. It is interesting that the actual increase in mineral oil degraders 

was not large, the average initial count was 1.72 ± 0.22 x 10^ and the average 28-week 

count was 5.97 ± 1.6 x 10^ which represents a 350% increase. However, this increase 

was substantial enough to cause a significant increase in the rate of mineral oil removal. 

The grasses used in this experiment were chosen for their ability to germinate and 

survive in the contaminated soil, their ability to survive under the desert conditions, and 

because they have an extensive root system. However, it should be noted that a variety of 

grasses and multiple plantings were needed to finally establish good growth in this 

system. For example, the perennial ryegrass/fescue mix initially planted has a highly 

fibrous root system with a large degree of branching. It is grown extensively in the 

southern Arizona and was capable of germinating in the contaminated soil. However, 

beginning in April, three seedings with the perennial mix and a fourth seeding with an 

annual mix did not establish a uniform above-ground plant stand even by July. Since 

fescue dies off during the high heat summer months and then re-establishes during the 

cooler fall months (September-November), a fifth seeding with Bermuda grass was 

performed in July to establish a plant stand during the hot summer months. Once 

established, the Bermuda grass formed a dense, though shallow rooted, vegetation. 
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Mineral oil removal commenced immediately upon initiation of the experiment, 

indeed the removals rates observed in the first 8 to 12 weeks in planted lysimeters were 

often higher than the overall rate (Figures 15 to 22). Yet the grasses planted did not form 

a uniform above-ground stand until 16 to 24 weeks (Figures 12 to 14). These resuhs 

imply that the below ground establishment of the grasses, e.g. the root system, may have 

been more extensive than suggested by the above ground growth. In fact, it is the plant 

root system, the rhizosphere, which would be expected to directly impact microbial 

counts in the soil. As shown in Figure 24, there was a significant difference between the 

planted and unplanted lysimeters as early as week 8. 

Normally it is expected that there will be an increase in microbial numbers and 

activity associated with a plant rhizosphere. The increase in microbial activity is 

associated with increased carbon availability due to root turnover and exudation of 

carbon compounds fi^om the roots, stimulation of co-metabolic transformations, increased 

oxygen supply provided to the rhizosphere, and the decrease of downward water 

movement due to the plant mediated process of hydraulic lift. This experiment showed 

the expected increase in numbers and activity of mineral oil degraders but surprisingly 

there was a decrease in total heterotrophic counts over the course of the experiment. In 

the planted treatments the average decrease was 67% (from 8.4 x 10^ to 2.8 x lO^CFU/g 

dry soil). For the unplanted treatments the average decrease was slightly higher, 88% 

(from 8.7 X 10^ to 1.1 X 10^ CFU/g dry soil). It is not clear why heterotrophic counts 

declined in this experiment. It is possible the heterotrophic counts decreased due to the 

lack of an available carbon source. The soil was not a surface soil where carbon inputs 
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could readily occur. This soil was obtained from below the surface, around an 

underground storage tank. Thus, the only readily available carbon source is the mineral 

oil. Nocentini et al. (2000) found mineral oil proved to have such limited bioavailability 

as a carbon source that bacterial activity was poorly affected by its presence. Thus, even 

with water and oxygen available due to the mixing of the soil, the primary carbon source 

is the oil, which is not readily degraded by most heterotrophs. In addition, there would 

most likely be a competition effect for the carbon made available from the plants (mineral 

oil degrading bacteria versus non-mineral oil degraders). A higher number of 

heterotrophic bacteria occurred when plants were present (Figure 26) but the available 

carbon was most probably not enough to impact the total heterotrophic growth 

substantially. Interestingly, when the Bermuda grass began to die back after Week 24, 

providing additional carbon with the mortality of the roots, an increase in counts is 

observed for both mineral oil degraders and total heterotrophs (Figures 24 and 26). 

Effect of Fertilizer on Mineral Oil Removal 

It has long been known that the application of fertilizer to a nutrient-poor soil 

increases the rate of biodegradation of hydrocarbon compounds (Song et al, 1990). In 

addition, Margesin et al (2000) found that the addition of a combination of N and P was 

more effective than the addition of a nitrogen source alone. Despite this, no significant 

effect was associated fertilizer addition in this experiment. The initial nitrogen 

concentration in the mineral oil contaminated soil, 4 mg N04-N/kg soil (Table 1), 

indicates nitrogen should not be limiting in this system. For example, Brook et al (2001) 

added nitrogen at a rate of 0.5-1.0 mg N/g soil to achieve non-limiting conditions. 
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Available nitrogen would be readily used by the microorganisms upon addition of 

moisture to the environment, thereby possibly causing a nitrogen-deficiency shortly after 

wetting. In addition, the addition of plants would be expected to increase the utilization 

of N resulting in deficiency. This was readily seen in tanks not receiving fertilizer 

(Figure 13). 

Effect of Biosurfactant on Mineral Oil Removal 

Biosurfactant was added as a treatment to investigate whether it could effectively 

increase bioavailability of the mineral oil to degrading microorganisms. The addition of 

surfactants, both synthetic and biological, to contaminated soil has been studied 

previously with mixed results (Aronstein et al, 1991; Falatko and Novak, 1992; Desai 

and Banat, 1997; Zhang et al, 1997; Maila and Cloete, 2002). In some cases 

hydrocarbon degradation was increased while in others, degradation was decreased. The 

ANOVA results obtained from this Study indicate the addition of the rhanmolipid 

biosurfactant did not have a significant effect on mineral oil degradation. However, a 

closer look at the different mineral oil concentration ranges tested indicated that 

biosurfactant addition had no effect at the low range, a significant positive effect in the 

middle range and a significant negative effect in the high range. These results are 

interesting, suggesting the possibility that biosurfactant addition improved bioavailability 

in the middle range, but at the high range the increase in bioavailability was also 

associated with mineral oil toxicity. However, this hypothesis would have to be tested 

further to determine whether it is valid. 
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Conclusions 

The research presented in this dissertation evaluated the use of in-situ 

bioremediation for mineral oil contaminated soil From the results obtained, it is readily 

apparent that the presence of plants caused an increase in the cultural counts of mineral 

oil degrading bacteria, with a concomitant increase in the removal of mineral oil. 

Contrary to other research presented, the application of fertilizer and/or a biosurfactant 

did not afifect the degradation of mineral oil, though the application of fertilizer did 

positively affect plant growth. One reason for the limited results obtained from this 

research may be due to the fact that the mineral oil contaminated soil was weathered oil 

thereby containing residual carbon compounds, often classified as recalcitrant. In 

addition, the application rate of applied fertilizer may have been suitable for plant growth 

but may not have provided enough nutrients for microbial growth. 
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Chapter 5. A rhamnolipid biosurfactant reduces cadmium 
toxicity during naphthalene biodegradation 

Experiments were performed to determine the effect of the concentration of 

rhamnolipid on cadmium complexation. The following article summarizes the 

experiments associated with this research. This article is included in this dissertation as 

research conducted by the author in association with her doctoral degree. 

The initial research conducted in association with this article was performed by 

the author of this paper during 1994 and 1995 and is shown in Figures 1 and 2. The 

growth of naphthalene in the presence of cadmium and the effect of rhamnolipid on 

microbial growth were conducted at this time. Todd Sandrin, continued this research 

project in association with his doctoral degree. 
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A model cocontaminated system was developed to determine whether a metal-complexing biosurfactant, 
rhamnolipid, could reduce metal toxicity to allow enhanced organic biodegradation by a Burkholderia sp. 
isolated from soil. Rhamnolipid eliminated cadmium toxicity when added at a 10-fold greater concentration 
than cadmium (890 fJiM), reduced toxicity when added at an equimolar concentration (89 (AM), and had no 
effect at a 10-fold smaller concentration (8.9 (jiM). The mechanism by which rhamnolipid reduces metal toxicity 
may involve a combination of rhamnolipid complexation of cadmium and rhamnolipid interaction with the cell 
surface to alter cadmium uptake. 

Forty percent of hazardous waste sites on the U.S. Environ
mental Protection Agency's National Priority List are cocon
taminated with organic and metal pollutants. Previous studies 
have shown that biodegradation of organic contaminants is 
often severely inhibited by toxic metals, such as cadmium (19, 
20). Increasing interest in bioremediation warrants develop
ment of strategies that can be successfully implemented in 
cocontaminated sites, yet few efforts have been made to de
velop such strategies. Effective strategies to enhance organic 
biodegradation in the presence of toxic metals include reduc
ing the bioavailable concentration of the toxic metal and re
ducing interactions of the toxic metal with the cell. 

Attempts to reduce bioavailable metal concentrations in co-
contaminated soils have included amendment with kaolinite 
and montmorillonite clays (2, 3, 11), wherein reductions in 
metal toxicity were observed. Recently, modified clay com
plexes (metal-chelating ligands bound to clay particles via a 
cationic surfactant) and a chelating resin (Chelex) were found 
to reduce cadmium toxicity during biodegradation of naphtha
lene by Pseudomonas putida ppo200 (14). Reductions in tox
icity were assumed to be related to the metal-complexing char
acteristics of both the modified clay and the resin, despite the 
fact that metal chelators, such as EDTA, can alter cell surface 
properties through the release of lipopolysaccharide (LPS) 
(5-7,12). Because LPS confers a considerable negative charge 
upon the cell surface (18) which favors electrostatic interac
tions with cations, removal of LPS may reduce the magnitude 
of the negativity of the cell surface charge, thus reducing in
teractions with cations, such as cadmium. The mechanism by 
which metal-chelating agents reduce toxicity clearly warrants 
further exploration. 

We have previously studied a rhamnolipid biosurfactant pro
duced by various Pseudomonas aeruginosa strains capable of 
selectively complexing cationic metal species, such as cadmium 
(Cd^^), lead (Pb^"^), and zinc (Zn^^) (8,17, 21, 22), increasing 
the bioavailability of substrates with limited aqueous solubili
ties (9, 24-27), and increasing cell surface hydrophobicity (1, 
26). Delivery of a biosurfactant into cocontaminated sites for 
in situ treatment may be more environmentally compatible and 
more economical than using modified clay complexes or metal 

* Corresponding author. Mailing address: Department of Soil, Wa
ter, and Environmental Science, 429 Shantz Building, University of 
Arizona, Tucson, AZ 85721. Phone: (520) 621-7231. Fax: (520) 621-
1647. E-mail: rmaier@ag.arizona.edu. 

chelators, such as EDTA. For these reasons, the objective of 
this research was to develop a model system to determine the 
effect of rhamnolipid on the capability of a metal-sensitive 
microorganism to degrade an organic contaminant. Naphtha
lene was chosen as the model organic contaminant because of 
its ubiquity at hazardous waste sites and its demonstrated bio-
degradability (16). Cadmium, the second most common metal 
found at Superfund sites (4), was chosen as the model metal. 
The biosurfactant used in this study was a monorhamnolipid 
produced by P. aeruginosa 9027, prepared as previously de
scribed (24, 25). A naphthalene-degrading bacterium was ob
tained from an uncontaminated loamy sand (Hayhook soil) by 
serial enrichment in 50 ml of mineral salts medium (MSM) 
containing 15 mg of naphthalene, monobasic potassium phos
phate (1 g/liter), dibasic sodium phosphate (1 g/liter), ammo
nium nitrate (0.5 g/liter), ammonium sulfate (0.5 g/liter), mag
nesium sulfate (0.2 g/liter), calcium chloride (0.02 g/liter), iron 
chloride (0.002 g/liter), and manganese sulfate (0.002 goiter). 
Enrichment flasks were maintained at 23°C on a rotary shaker 
at 200 rpm. Metabolic (tetrazolium redox technology; BIO-
LOG, Hayward, Calif.) and 16S ribosomal DNA sequence 
analyses (23) were used to identify the naphthalene-degrader 
as a Burkholderia sp. (NCBIU37342). The Burkholderia sp. was 
maintained on the same media. 

Cadmium complexation. Experiments were performed to 
determine the effect of the concentration of rhamnolipid on 
cadmium complexation. Rhamnolipid was added at concentra
tions of 0, 8.9, 89, and 890 p-M to polypropylene beakers 
containing 89 jjiM cadmium in 10% MSM and stirred at 150 
rpm for 15 min. MSM was used at only 10% of the normal 
concentration to minimize interactions between the rhamno
lipid and salts in the medium. Concentrations of free cadmium 
were determined using an ion-selective cadmium electrode 
(model 94-48; Orion Research, Cambridge, Mass.). The ion-
selective electrode measures only free, uncomplexed cadmium. 
An ionic strength adjuster (ISA), 5 M NaNOj, typically used in 
this type of analysis, was not employed in these experiments. In 
preliminary studies, it was found that the addition of ISA to 
solutions containing rhamnolipid produced inaccurate mea
surements of the amount of complexed cadmium. It is proba
ble that the large quantities of added sodium cations were 
exchanging cadmium cations from cation binding sites on the 
rhamnolipid molecules. Omission of ISA in these studies was 
appropriate for the following reasons, (i) The ionic strength of 
all treatments was nearly identical, (ii) The electrode func-
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FIG. 1. Effect of cadmium concentration on the growth of a Burkholderia sp. 
on naphthalene. Each point represents the mean protein concentration for 
triplicate flasks. Error bars represent standard deviations. 

tioned properly and accurately without ISA, as demonstrated 
by the characteristic calibration slope obtained (Orion Re
search, Inc. [Technical Services], personal communication). Of 
the three rhamnolipid concentrations tested, the 890 (j.M 
rhamnolipid treatment reduced the concentration of free cad
mium to 11.2 ± 0.47 |xM, while 8.9 and 89 |xM concentrations 
of rhamnolipid did not significantly reduce the free cadmium 
concentration. 

Growth on naphthalene in the presence of cadmium. Initial 
experiments were performed to determine the concentration 
of cadmium that is most toxic to the Burkholderia sp. In these 
experiments, a cadmium nitrate (0, 0.89, 8.9, 45, 89, and 450 
JJLM) solution was added to 125-ml Nalgene flasks containing 
50 ml of MSM and 15 mg of crystalline naphthalene. Potassium 
nitrate was added as necessary to equalize nitrate concentra
tions among the flasks. All flasks were inoculated with approx
imately 5 X 10® CFU of the Burkholderia sp. and then incu
bated on a rotary shaker at 200 rpm and 23°C. Samples (1 ml 
each) were taken periodically for protein determination by the 
method of Lowry et al. (13) as a measure of naphthalene 
biodegradation. 

The effect of cadmium on the growth of the Burkholderia sp. 
on naphthalene is shown in Fig. 1. As the cadmium concen
tration increased, cadmium toxicity increased, resulting in a 
delay or complete inhibition of growth. For example, in the 
presence of 8.9 |JLM cadmium, the onset of exponential growth 
was delayed. At 45, 89, and 450 (j-M concentrations of cad
mium, no measurable growth occurred during the 76-h exper
iment. 

Effect of rhamnolipid on growth. To determine the eifect of 
rhamnolipid on growth in the presence of a toxic level of 
cadmium, 89 p,M cadmium was added to 125-ml flasks con
taining 10% MSM, 15 mg of crystalline naphthalene, and 0, 
8.9, 89, or 890 jxM rhamnolipid to yield a final volume of 50 ml. 
Each flask was inoculated and incubated as described above. 
One-millihter samples were removed periodically to determine 
the protein content. 

The effect of increasing concentrations of rhamnolipid on 
naphthalene biodegradation in the presence of 89 (jlM cad
mium is shown in Fig. 2. As expected, in the absence of rham
nolipid, essentially no growth was observed. Rhamnolipid add
ed at a 10-fold-smaller concentration than cadmium (8.9 |JLM 
rhamnolipid versus 89 (JLM cadmium) also had no effect on 

growth. This was expected, since there was essentially no cad
mium complexation at this rhamnolipid level. Rhamnolipid 
added at an equimolar concentration resulted in substantial 
growth, but growth was delayed. Rhamnolipid added at a 10-
fold-higher concentration (890 |xM rhamnolipid; 89 (xM cad
mium) eliminated the effects of cadmium toxicity. 

In contrast to the conclusions of Malakul et al. (14), these 
results cannot be explained by cadmium complexation alone. 
Only 890 (jlM rhamnolipid significantly reduced the bioavail-
able cadmium concentration (to 11.2 ± 0.47 (JLM). This level of 
cadmium should be inhibitory to the Burkholderia sp., which is 
sensitive to as little as 8.9 fxM cadmium (Fig. 1). In addition, 89 
|xM rhamnolipid did not significantly reduce the concentration 
of bioavailable cadmium and should therefore completely in
hibit growth (Fig. 1). The inability of the complexation data to 
completely explain the reductions in cadmium toxicity sug
gested that an additional mechanism(s) of toxicity reduction 
was involved. Several possibilities were considered and are 
discussed in the following sections. 

Utilization of naphthalene and rhamnolipid as carbon 
sources. Growth studies with 890 |xM rhamnolipid in MSM 
showed that the Burkholderia sp. did not grow qn rhamnolipid 
as a sole source of carbon and energy (data not shown). The 
effect of rhamnolipid (0, 8.9, 89, or 890 jxM) on the growth of 
the degrader on naphthalene in the absence of cadmium was 
also investigated. While the growth rates were similar in the 
absence and presence of rhamnolipid, a decrease in the lag 
period and an increase in the cell yield were associated with 
greater concentrations of rhamnolipid (data not shown). This 
was likely due to rhamnolipid increasing the bioavailability of 
naphthalene, as has been shown previously for octadecane, 
hexadecane, and phenanthrene (9, 24-27). Thus, rhamnolipid 
had a stimulative effect on degradation of naphthalene by the 
Burkholderia sp. in both the presence and absence of cadmium. 

To further differentiate whether the effects of rhamnolipid 
are to reduce cadmium toxicity or to enhance naphthalene 
bioavailability, the effect of rhamnolipid on the biodegradation 
of glucose (a substrate with high bioavailability) in the pres
ence of cadmium was determined. In this experiment, condi
tions were identical to those described above, except that glu
cose (300 mg/liter) rather than naphthalene was used as the 
sole source of carbon and energy. Rhamnolipid mitigated cad-
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FIG. 2. Effect of the rhamnolipid (RhI) concentration on the growth of a 
Burkholderia sp. on naphthalene in the presence of 89 jxM cadmium. Each point 
represents the mean protein concentration for tripHcate flasks. Error bars rep
resent standard deviations. 



VOL. 66, 2000 EFFECT OF RHAMNOLIPID ON NAPHTHALENE BIODEGRADATION 4587 

miura toxicity during biodegradation of glucose in a manner 
similar to that observed for naphthalene (data not shown). 
This suggests that the effect of rhamnolipid in systems contain
ing cadmium is to reduce cadmium toxicity and that enhanced 
bioavailability may be a secondary effect that plays a minor role 
in changing the lag period or the cell yield. 

Effect of rhamnolipid on LPS release. In addition to increas
ing organic solubility and complexing metals, rhamnolipid has 
recently been shown to increase cell surface hydrophobicity in 
P. aeruginosa by inducing the release of LPS from the outer cell 
membrane (1). We hypothesized that rhamnolipid would sim
ilarly cause a loss of LPS from the Burkholderia sp. used in this 
study. In this case, the uptake of cadmium would be reduced 
due to an overall reduction in the negative charge on the cell 
surface that decreases the interaction of the cationic cadmium 
form (Cd^"^) with the cell surface. It is also possible that re
leased LPS molecules could bind cationic cadmium via charged 
functional groups, such as 2-keto-3-deoxyoctonic acid. To test 
this hypothesis, the release of LPS was measured using sodium 
dodecyl sulfate-polyaciylamide gel electrophoresis analysis. 
Cells were grown in 10% MSM containing 300 mg of naphtha
lene/liter for 48 h, adjusted to an optical density at 600 nm of 
LO, and then centrifuged at 12,100 X g for 10 min and resus-
pended in 0, 8.9, 89, or 890 [i-M rhamnolipid in 10% MSM. 
Each suspension was vortexed and incubated on a rotaiy 
shaker (200 rpm) at 25''C for 24 h. Cell suspensions were then 
centrifuged, and the supernatants were removed and con
centrated to 10 X by lyophilization and resuspension in ster
ile double-distilled water. Each concentrated supernatant 
preparation (10 (xl) was electrophoresed on a 4% stacker 
and 12.5% vertical resolving gel (16 by 18 by 0.15 cm) against 
1 and 10 (xg of F. aeruginosa serotype 10 LPS (Sigma, St. Louis, 
Mo.) for comparison. Two hundred volts were applied until the 
samples had migrated approximately 14 cm. Gels were run at 
4°C in a Tris-Tricine running buffer (Bio-Rad, Hercules, Cal
if). LPS were visualized by silver staining (10), and the density 
of LPS bands was analyzed using the SpotDenso feature of 
Alphalmager Software (Alpha Innotech, San Leandro, Calif.). 

The gel in Fig. 3 shows a background level of LPS release in 
cells not treated with rhamnolipid (lane 4). LPS release in
creased with increasing concentrations of added rhamnolipid 
(lanes 5 to 7). Based on a densitometric analysis of the bands, 
8.9 |jlM rhamnolipid increased LPS release over background 
levels by a factor of 1.3, 89 (xM rhamnolipid increased release 
by a factor of 1.5, and 890 |xM rhamnolipid doubled release. As 
shown in the control lanes, rhamnolipid was not stained (lane 
3), while protein, represented by bovine serum albumin (BSA), 
was stained (lane 2). Since protein is a significant component 
of the outer membrane, it is reasonable to assume that a re
lease of LPS may be accompanied by a release of LPS-associ-
ated proteins. For this reason, the bands from the samples 
(lanes 4 to 7) may represent both protein and LPS; however, 
previous work (10) has shown that only LPS molecules migrate 
to the bottom of the gel. The results presented here support 
this finding: BSA (lane 2) failed to migrate one-half of the 
length of the gel, while LPS standards from P. aeruginosa 
serotype 10 (lanes 8 and 9) migrated nearly the entire length of 
the gel. As such, the bands near the bottom of the gel from 
supernatants of Burkholderia sp. (lanes 4 to 7) represent LPS. 

Summaiy. This appears to be the first report of the use of a 
biosurfactant to reduce metal toxicity during the biodegrada
tion of an organic contaminant in a cocontaminated system. In 
the model cocontaminated system studied herein, reductions 
in cadmium toxicity were observed for 89 and 890 jjlM rham
nolipid treatments. At an 890 jxM concentration of rhamno
lipid, both metal complexation and increased LPS release were 
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of con
centrated (lOx) supernatants of suspensions of a Burkholderia sp. The gel was 
stained using a silver-staining procedure for LPS. Lanes: 1, buffer; 2, 5 |xg of 
BSA; 3, 4485.6 (ig (890 jiM) of rhamnolipid; 4, supernatant of the Burkholderia 
sp. treated only with MSM; 5, supernatant of the Burkholderia sp. treated with 8.9 
|xM rhamnolipid; 6, supernatant of the Burkholderia sp. treated with 89 ĵlM 
rhamnolipid; 7, supernatant of the Burkholderia sp. treated with 890 |xM rham
nolipid; 8, 1 (Jig of P. aeruginosa serotype 10 LPS; 9, 10 |xg of P. aeruginosa 
serotype 10 LPS. The gel was imaged and the band density (integrated density 
value) was determined using the SpotDenso function of Alphalmager (Alpha 
Innotech, San Leandro, Calif.). 

observed. In this system, naphthalene biodegradation occurred 
at normal rates. At 89 (jlM rhamnolipid, very little cadmium 
complexation was measured, but LPS release increased. In this 
case, naphthalene degradation occurred, but with a longer lag 
period and at a slower rate. At 8.9 jjiM rhamnolipid, no cad
mium complexation occurred, and only a slight amount of LPS 
was released. In this case, no naphthalene degradation oc
curred. These data suggest that rhamnolipid reduces cadmium-
induced inhibition of naphthalene degradation through a com
bination of cadmium complexation and release of LPS from 
the cell. This is in contrast to previous work with modified clay 
complexes and chelating resins that focused solely on metal 
complexation to reduce metal toxicity (14). The fact that 
rhamnolipid reduced cadmium toxicity during biodegradation 
of both naphthalene (a substrate with limited aqueous solubil
ity) and glucose (a substrate with essentially unlimited aqueous 
solubility) suggests that the ability of rhamnolipid to increase 
substrate bioavailability does not play an important role in 
reducing cadmium toxicity. Finally, this research demonstrates 
that rhamnolipid can induce the jrelease of LPS from bacteria 
of a gram-negative genus {Burkholderia) that does not produce 
rhamnolipid. This suggests that rhamnolipid may be able to 
reduce metal toxicity to microbial consortia in cocontaminated 
soils through a combination of metal complexation and cell 
surface alteration, resulting in enhanced rates of bioremedia-
tion. This has been verified for two cocontaminated soil sys
tems (15). 
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