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ABSTRACT             

An experimental and numerical study were conducted to investigate the ability of 

bio-surfactant produced by the microbe Bacillus mojavensis strain JF-2 to recover 

residual oil from consolidated porous media. Experiments showed that the bio-surfactant 

at concentrations as low as 40.0 ppm (0.04 mg/scc) and viscosified with 1000.0 ppm of 

polymer could recover 10.0 % to 40.0 % of residual oil when injected through sandstone 

cores at typical field rates.             

A 2-phase, 10-component microbial enhanced oil recovery numerical simulator 

was modified to include reservoir salinity and facilitate surfactant and polymer injection. 

The effects of reservoir brine salinity and divalent ion effects on bio-surfactant and 

polymer adsorption, polymer retention, polymer viscosity, bio-surfactant interfacial 

tension and the shear rate effect on polymer viscosity were added to the simulator. Core 

flood experiments where JF-2 bio-surfactant viscosified with partially hydrolyzed 

polyacrylamide was injected into Berea cores at waterflood residual oil saturation were 

simulated. The effects of brine salinity and hardness on surfactant and polymer behavior 

were tested and the core flood simulation results compared with the experimental results. 

           After the laboratory and simulation studies, a residual oil recovery method based 

on non-aqueous phase liquid (NAPL) contaminant removal from aquifers is discussed 

and functional form of the transport equation presented. In this method, residual oil is 

treated as another chemical species dispersed in porous media instead of a phase that is 

uniformly distributed across the media.
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EXPERIMENTAL AND NUMERICAL SIMULATION STUDY  

OF MICROBIAL ENHANCED OIL RECOVERY USING 

BIO-SURFACTANTS  

CHAPTER 1  

INTRODUCTION             

Microbial enhanced oil recovery (MEOR) has long been considered by scientists 

and microbiologists as a relatively cheap method to recover tertiary oil from reservoirs1. 

MEOR can recover tertiary oil by improving macroscopic sweep efficiency through 

microbially induced permeability profile modification; or reducing interfacial tension 

between oil and water with microbial bio-surfactants to lower the capillary trapping 

forces; or stimulating the reservoir porosity and permeability with microbial products 

such as acids, or combining all three mechanisms1. This dissertation focuses on the 

application of bio-surfactants produced by microbes to recover residual oil trapped within 

the pores of a rock.  

           At the end of waterflooding of reservoirs, a large quantity of oil may remain 

trapped within the reservoir. The oil is retained by capillary forces acting on oil globules 

within the porous medium. Surfactants reduce capillary forces by lowering the interfacial 
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tension between oil and water. This allows any displacing force such as the viscous force 

of injected or flowing surfactant to recover some of this oil.  Microbial bio-surfactants are 

similar to synthetic surfactants in terms of the oil recovery mechanism. What 

differentiates them from synthetic surfactants is that they are generated in situ, inside the 

reservoir, by microbes when sufficient nutrients and suitable conditions are present.  

1.1 Laboratory experiments and numerical simulation of bio-surfactant based 

tertiary oil recovery.  

           For this dissertation, the ability of the bio-surfactant produced by a microbe called 

Bacillus mojavensis (earlier known as Bacillus subtilis) strain JF-2 to recover residual oil 

was investigated2. Studies3,4 have reported that this bio-surfactant can reduce the 

interfacial tension between oil and water to nearly 0.001 dynes/cm as compared to 29-40 

dynes/cm  for normal oil-water IFT without any surfactant. Laboratory experiments have 

reported that the JF-2 bio-surfactant when viscosified with a polymer achieved high oil 

recoveries from sand packs that were at waterflood residual oil saturation5. In this work, 

the bio-surfactant flooding studies were extended to Berea sandstone cores to investigate 

the bio-surfactant s ability to recover residual oil from consolidated porous media.  

           Since laboratory core experiments are time consuming, it is not feasible to conduct 

them every time a new microbial recovery process is tested. For testing and development, 

an accurate numerical simulator can be a valuable tool for researchers. Simulation 

provides the ability to test different recovery processes under varying conditions without 

having to resort to time consuming laboratory experiments. A MEOR simulator 

previously developed by Xhang6 was modified to improve its ability to predict oil 

recovery by bio-surfactant treatment. Changes made to the simulator included modifying 
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the interfacial tension bio-surfactant concentration relationship, incorporating a polymer 

flow model, modeling polymer retention and the resulting permeability reduction and 

introducing brine salinity and modeling salinity effects on surfactant and polymer 

behavior. 

           This dissertation is divided into two parts. In the first part, experiments with JF-2 

bio-surfactant are reported. First, studies to develop a model between interfacial tension 

(IFT) and JF-2 bio-surfactant concentration and model brine salinity effects on IFT are 

described. Laboratory scale JF-2 bio-surfactant floods conducted on Berea sandstone 

cores at waterflood residual oil saturation are analyzed and reported next.    

           In the second part of the dissertation, the core flooding experiments were 

numerically simulated using a modified MEOR simulator. To be able to simulate the 

experiments, the simulator was modified to include salinity and shearing effects on 

surfactant and polymer behavior. These are the two most important mechanisms that 

adversely impact polymers and surfactants. Shearing occurs when the polymer flows 

through a rock resulting in the loss of viscosity. Brine salinity increases surfactant and 

polymer adsorption, increases the oil-water IFT and reduces polymer viscosity. High 

brine salinity is a primary cause for the loss of surfactant effectiveness and polymer 

solution viscosity in a reservoir7,8. Since field conditions involve the flow of  micellar-

polymer solutions through brine saturated porous media, it was important that the effects 

of aqueous phase salinity on bio-surfactant adsorption, IFT, polymer viscosity, polymer 

adsorption and the effect of shearing on solution viscosity be included in the simulator 

when modeling real reservoirs. The simulator was tested and the core flood experiments 

were simulated after the modifications were made.  
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           As part of the modifications, the mathematical relationships derived earlier in the 

experiments section between JF-2 bio-surfactant concentration and IFT and between 

change in IFT and aqueous phase salinity were added to the simulator. The simulator was 

also modified to use the trapping number instead of the capillary number to calculate new 

residual oil saturations and phase relative permeability. Studies indicate that the trapping 

number is a more useful measure of the forces that retain oil than just the capillary 

number9. The trapping number has been used and tested in other chemical flood 

numerical simulators10.    

1.2 A new model for surfactant based tertiary oil recovery.  

           A method to simulate residual oil mobilization in tertiary oil recovery as organic 

chemical contaminant removal from an aquifer is discussed. This method is motivated by 

the approach used by hydrologists and environmental engineers to simulate non-aqueous 

phase liquid contaminant (NAPL) removal from aquifers and soils11. It is believed that 

simulating tertiary recovery as a contaminant transport problem in a single aqueous phase 

would represent the physics of the process more realistically and could be simpler than 

the multiphase multicomponent finite difference simulation approach. An advantage of 

this method is that it can be used to simulate component transport by streamlines 

resulting in better reservoir description and reduced computation times12 .  

1.3 Chapter descriptions and summary.  

           Following the introductory first chapter, chapter two surveys the previous work 

reported on MEOR laboratory and field studies and the efforts to numerically model 

MEOR processes. Chapter three describes the laboratory experiments conducted to test 

the JF-2 bio-surfactant on Berea sandstone cores and generate data to develop 
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mathematical models to modify the MEOR simulator. In chapter four, development of the 

numerical models is described and in chapter five, the modifications to the simulator are 

tested. Some of the core flood experiments are simulated and results compared with their 

experimental values. In chapter six, the new approach to tertiary oil recovery simulation 

where residual oil recovery is treated as a chemical species transport problem is 

discussed. And in the last chapter, chapter seven, the conclusions and recommendations 

are presented.  
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CHAPTER II  

LITERATURE REVIEW             

In this chapter, a survey of existing literature on microbial enhanced oil recovery 

(MEOR) processes and processes related to micellar/surfactant-polymer flooding is 

presented. This survey will focus on laboratory experiments, mathematical modeling and 

numerical simulation of surfactant based MEOR and enhanced oil recovery (EOR).   

2.1 MEOR experimental work.   

           Donaldson et al.1 report that microbial enhanced oil recovery was first studied by 

Beckman in 1926 who discovered that certain microbes when grown in the presence of 

nutrients could free oil from oil saturated porous media. Zobell13,14, who experimentally 

demonstrated the release of oil from oil sands by certain sulfate reducing bacteria, 

continued Beckman s work. Yarborough and Coty15 report that the first ever MEOR field 

test was conducted by the Mobil Research Laboratory in 1954. Significant improvements 

in oil recovery were not observed but it provided scientists with an understanding of the 

interaction between different microbes in a reservoir and the importance of proper and 

sufficient nutrients. Since then, many field trials and laboratory studies have been done to 

study the mechanisms and processes in microbial enhanced oil recovery. Lazar16 and 
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Moses17 present comprehensive surveys of field trials around the world and analyze 

reasons for their success and failures.  

2.2 Bacillus mojavensis strain JF-2.            

Different bacteria are considered in MEOR. Lazar s16 survey of field trials 

indicated that the main species of MEOR bacteria are Clostridia, Pseudomonas and 

Bacillus. Marsh et al.18 studied and compared the properties of Clostridium and Bacillus 

bacteria. Clostridium was a good acid and gas producer and Bacillus was a good bio-

surfactant producer. Lin et al.3 observed that one of the strains of Bacillus called Bacillus 

licheniformis strain JF-2 anaerobically produced bio-surfactant that lowered interfacial 

tension between crude oil and brine from 29-35 dynes/cm to nearly 0.001 dynes/cm. 

Jenneman et al.19 studied the use of the JF-2 bio-surfactant to recover residual oil from 

sandstone cores. Folmsbee et al.2 renamed the bacterium to Bacillus mojavensis strain JF-

2. Lin et al.3 also reported that the critical micellar composition (CMC) of the JF-2 bio-

surfactant was equal to 11.0 ppm. The CMC is the surfactant concentration where the 

lowest IFT could be observed. Mulligan et al.20 reported that the JF-2 bio-surfactant is 

anionic in nature. This simplifies JF-2 bio-surfactant analysis because its behavior would 

be similar to well characterized synthetic anionic surfactants. Subsequently, Maudgalya5 

showed in laboratory flooding experiments that low concentrations of the JF-2 bio-

surfactant when mixed with a mobility reducing agent and a co-surfactant alcohol to 

increase the bio-surfactants salinity tolerance could recover significant fractions of 

residual oil from unconsolidated porous media.   
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2.3 Surfactants and enhanced oil recovery.  

           Rosen21 has written a very detailed text on surfactant behavior. Surfactants are 

used for oil recovery because of their ability to reduce the interfacial tension between oil 

and water and thereby mobilize the oil. Pursley et al.22 reported one of the earliest field 

tests that employed surfactants to recover oil from a waterflooded oil reservoir in the 

Loudon field, Illinois. The test used a sulfonate surfactant and resulted in a small 

improvement in the oil fraction of the produced fluids stream suggesting that the 

surfactant successfully mobilized some residual oil. Green and Willhite23 provide an 

extensive list of surfactant based field tests. Laboratory testing of surfactants for oil field 

applications is also widely reported in literature. Green and Willhite23 stated that anionic 

and non-ionic surfactants were more suitable for oil field recovery applications since they 

are relatively stable and have low adsorption tendencies. Winsor as reported by Lake24, 

Healy and Reed25 and Nelson and Pope26 extensively studied the effect of brine salinity 

on surfactant behavior. Winsor, according to Lake24 was the first person to show the 

shifting of a crude oil-water-surfactant microemulsion from a water external state to an 

oil external state as brine salinity increased. Healy and Reed25 described the change in 

micro-emulsion systems with increasing salinity in terms of Type I, II and III systems. 

This classification helped relate surfactant behavior to salinity and design surfactants that 

would work better under different reservoir salinities. Nelson and Pope26 showed the 

importance of having a salinity gradient in reservoirs. They explained how different 

salinities along the surfactant flow path could improve oil recoveries. The salinity 

gradient approach led to the use of treatment preflush to reduce salinity ahead of the 

surfactant and to improve surfactant performance. An important outcome of these studies 
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was the definition of an optimal salinity where the IFT between the microemulsion, oil 

and water was the lowest. The optimal salinity was an important design parameter for 

surfactant based enhanced oil recovery and helped estimate surfactant performance. 

Salter27 investigated the role of co-surfactant alcohols in surfactant treatments. He 

showed that adding water soluble low molecular weight alcohol to surfactant solutions 

increased their optimal salinity.             

Surfactant adsorption has been studied by many researchers. An important work 

was by Meyers and Salter28 who studied the role of salinity in increasing adsorption of 

anionic surfactants. Their work led to the use sacrificial chemical agents to lower brine 

salinity ahead of the surfactant. Wang29 showed that anaerobic conditions within porous 

media reduced surfactant adsorption. This was important because reservoirs usually are 

an anaerobic environment and more accurate estimates of surfactant requirements can be 

calculated through properly designed laboratory experiment with field cores. Healy et al.7 

studied surfactant flooding behavior in field cores. They explained the effect of flow rates 

and salinity on oil production and cumulative oil recovery. Smith and Malmberg30 

conducted experiments to measure adsorption losses during surfactant flow through 

porous media and Lawson31 explained the differences between anionic and nonionic 

surfactant adsorption.  

2.4 Polymers in micellar-polymer flooding. 

           Polymers are added to surfactant micellar solutions to reduce the adverse effects of 

reservoir heterogeneity and improve surfactant sweep efficiency. Green and Willhite32 

report the use of polymers to improve the surfactant sweep efficiency in numerous field 

tests. Mungan8, Gogarty33, Smith 34, and Dauben and Menzie35 studied polymer 
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application as a mobility control agent in waterflooding and surfactant flooding. Hirasaki 

and Pope36 investigated polymer retention and adsorption in porous media. They 

described mathematical models for retention and adsorption and how they caused 

permeability reduction. Gogarty37 investigated the effects of shearing and mobility 

control on polymer flow through porous media and showed that close to the wellbore 

shearing could be high and result in the permanent loss of viscosity of the polymer 

solution. Dawson and Lantz38 investigated an important phenomenon in polymer flooding 

called inaccessible porevolume which caused earlier than expected breakthrough of 

polymer solutions. Martin and Kantamukkala39 concluded through laboratory 

experiments that the level of hydrolysis of polymers, especially polyacrylamides affected 

the level of adsorption and that calcium and sodium chloride salts adversely affected 

polymer viscosity and mobility control. Camilleri et al.40 presented mathematical models 

that incorporated the work described above and other phenomena. 

2.5 Mathematical simulation.      

           Knapp et al.41 developed a numerical model to simulate a microbial plugging 

process. The model investigated the growth and retention of microbes as a stationary 

phase leading to reduction of permeability of the porous media. The model assumed that 

development of the stationary phase was due to biomass retention and convective 

transport was the dominant method of microbial transport. Later, Zhang et al.42 developed 

a one dimensional multi-component model that simulated biomass growth, metabolic 

product formation and nutrient consumption in a MEOR process. The model used a 

modified Monod equation to describe bacterial growth when two nutrients (substrates) 

were present. Permeability reduction was assumed to be caused by pore surface retention 
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and pore throat plugging by the microbes. Sarkar et al.43 presented a one dimensional, two 

phase compositional numerical model for bacteria transport in a MEOR process where oil 

recovery was by bio-surfactant based interfacial tension reduction and selective plugging 

of higher permeability regions by biomass generated by microbial growth. Islam44 then 

presented a mathematical formulation that described microbial movement in a 

multidimensional system where microbe and nutrient transport equations were coupled to 

phase flow equations. A drawback of this formulation was that it neglected physical 

dispersion as a transport mechanism.  

           Chang et al.45 incorporated the governing equations for microbial and nutrient 

transport into a three dimensional, three phase black oil model. It simulated microbial 

activities from the net flux of microbes by convection and dispersion, microbial growth 

and decay, chemotaxis, nutrient consumption and deposition of microbes on rock grain 

surfaces. An IMPES simulator solved for pressure and phase saturations and a direct 

sparse matrix solver was used to obtain solutions for component transport equations.            

As an extension of his previous work where a multicomponent transport model 

was developed42, Zhang6 developed a three dimensional multiphase MEOR simulator. 

Along with Monod type growth of microbes in the presence of two or more nutrients, the 

simulator incorporated a model for alcohol induced microbe and product generation 

inhibition. Component transport was simulated by the fifth order Runge- Kutta-Fhelberg 

(RKF) or Method Lines (MOC) integration method.            

The use of the trapping number instead of the capillary number was first reported 

by Hornof and Morrow46. They performed laboratory experiments to evaluate the effect 

of buoyancy on residual oil saturation. The defined a dimensionless number called the 
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Bond number as the ratio between gravity and capillary forces. Jin47 then combined the 

Bond and the capillary numbers into another non-dimensional entity called the transport 

number. Jin47 also incorporated the transport number into a three dimensional reservoir 

simulator called UTCOMP.  

2.6 A new model for surfactant based tertiary oil recovery. 

           Stegemier48 conducted experiments to visualize residual oil distribution in 

waterflooded oil saturated porous media and related porous media properties to the 

distribution and morphology of residual oil. Stegemier48 showed residual oil in water wet 

reservoirs was distributed as isolated ganglia surrounded by water. Conrad et al.49 showed 

through laboratory experiments with packed glass beads and different porous media that 

organic chemical contaminant distribution in aquifers and soils was similar to residual oil 

saturation in reservoirs.             

A number of scientists have studied contaminant transport for many years. 

Chevalier and Jason50 conducted a literature review of two dimensional displacement 

experiments of non-aqueous phase liquids (NAPLs) in porous media. They report the 

important studies in the field of lighter and denser organic pollutant removal. Lake et al.51 

presented a fundamental mass balance equation for chemical transport through porous 

media. The equation was useful to develop models that described surfactant and polymer 

transport for improved oil recovery. In their work, Lake et al.51 presented variations of 

the equation and described the conditions in which the variations were valid. Zheng and 

Bennet52 have written a detailed text on chemical species transport and recovery useful 

for hydrologists and engineers. They derived models for transport of chemical species 

that included chemical reactions and physical adsorption and desorption of species from 




