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ABSTRACT 

 Rhamnolipid biosurfactant is a bacterial biosurfactant produced by several Pseudomonas 

species, which can wet hydrophobic soils by lowering the cohesive and/or adhesive surface 

tension, allowing the water to spread out more evenly and better penetrate the hydrophobic soils. 

Because of its bio-degradability, rhamnolipid biosurfactant applications cause minimal adverse 

effects to the soil and groundwater as compared with that of chemical wetting agents. 

Rhamnolipid biosurfactant applications save water consumption during agricultural irrigation, 

especially under draught conditions. This research was designed to investigate the effectiveness 

of rhamnolipid biosurfactant applications in agricultural soils and key functioning properties. 

Performance of the rhamnolipid biosurfactant was explored in intact soil column experiments 

using agricultural soil. Investigating the impact of the rhamnolipid biosurfactant wetting agent 

fate and transport of organic concentration. Concluding rhamnolipid biosurfactants work 

effectively at low concentrations, from 12 to 6 percent and would be suitable for biosurfactant 

production and use.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Biosurfactant Background 

 Surfactants, an assortment of surface-active-agent molecules extracted from fats having a 

hydrophilic head with a long hydrocarbon chain tail. On the contrary to producing surfactants 

from chemical synthesizing, biosurfactants are produced from microbes. The term biosurfactant 

is used to distinguish the surfactants produced from microbes from those that are manufactured 

primarily from petrochemical sources. Some biosurfactants can be derived renewably by 

chemical methods and from other molecules not rhamnolipid based. Methyl-sulphonates of fatty 

acid methyl esters, a normal soap can be a bio-based surfactant (Henkel et al., 2012). 

 Surfactants have a vast amount of useable properties, production worldwide reports to 

over 15 million tons per year (Henkel et al., 2012). Most production of surfactants is in the 

detergent sector and they are for cleaning purposes, almost half of all production worldwide.  

Biosurfactants are easily biodegradable. They have a high surface activity and minimal toxicity 

(Chen, 2004; Zhu et al., 2012). Biosurfactants are renewable resources and have additionally 

shown antimicrobial effects, widely used as emulsifying agents in cleaning products, also used in 

cosmetics, oil recycling and the biomedical industry.  Comparing biosurfactants to synthetic 

surfactants, researchers have found that biosurfactants are more effective over a much broader 

range of pH levels. Giving biosurfactants a greater use in environmentally conscious areas, 

particularly close to groundwater consumptions areas being welled for potable drinking. 

 High priced substrates and low concentration yields are keeping biosurfactant production 

minimal and keeping synthetic surfactants in maximum demand. Cheap surfactant growth 
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substrates are in high demand in order to economically compete with synthetic surfactants, for 

example using wastewater as a biosurfactant substrate.  

 The biosurfactant molecules in a colloid mixture move to the air-liquid interface and or 

solid-liquid interface. Clinging to the nonpolar substances with the nonpolar biosurfactant tail 

possibly moving some of that substance into the colloid mixture suspended. Potentially forming 

spherical micelles if other biosurfactant molecule tails are available or bonding to the soil pore 

walls decreasing the soils surface tension. Micelle formation is where the biosurfactants polar 

heads combine together creating the outer barrier in a spherical shape, along with the nonpolar 

tails clinging together on the inside. The nonpolar tails of soap attach to human oils dragging the 

oils for extraction with the water and possibly forming micelles.  

 Rhamnolipids are an important bacterial biosurfactant. The carboxylic functional group 

of the bacteria configures its hydrophilic and hydrophobic characteristics based upon the in-situ 

conditions, electrolytic strength, and pH. The polar qualities of the rhamnolipid are due to the 

rhamnosyl groups.   

1.2 Rhamnolipid Composition  

 Rhamnolipids are composed of a dimer of 3 hydroxyfatty acids linked together with beta 

glycosidic bonded to a mono or di rhamnose moiety (Soberon-Chavez et al., 2005). These alkyl 

chains of congeners range from C8 to C12, some chains can contain unsaturated compounds. 

Observing under normal reproductive conditions in liquid culture, the two utmost plentiful 

rhamnolipids are rhamnosyl-rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-Rha- C10-

C10), and a di-rhamnolipid and rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-

C10) (Soberon-Chavez et al., 2005). Rhamnose can be found from variety of sources including 

citrus peels, rutin, oak bark, polysaccharides from plants, or microorganisms (Maier and 
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Soberon-Chavez, 2000; Soberon-Chavez et al., 2005).  Shown in Figure 1, the rhamnolipid 

biosurfactant molecule comprises structurally a hydrocarbon hydrophobic tail and hydrophilic 

head.  

1.3 Rhamnolipid Production 

 There are a vast amount of applications biosurfactants can be used for, from 

environmentally safe wetting agents and washing agents, to emulsifying agents. An 

economically productive biosurfactant manufacturing plant is in need of being produced. It has 

been proven that rhamnolipids being produced using a fermentation processes can be produced at 

a United States cost of $5-20/kg. Compared to a synthetic surfactant production at a United 

States cost of $1-3/kg, a decrease in Rhamnolipid manufacturing cost will increase production 

(Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005).  

 The biosynthesis of rhamnolipids is controlled by metabolic pathways, such as 

Figure 1. Structure of Rhamnolipid Biosurfactant. 
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deoxythymidinediphosphate activated sugars synthesis, and fatty acids. The bacteria 

Pseudomonas aeruginosa yields rhamnolipids through three sequential reactions. The gene RhlA 

is partaking in the synthesis of free HAAs (hydroxyalkanoyloxy, alkanoic acids) and the fatty 

acid dimer moiety of rhamnolipids. Next yielding the mono-rhamnolipids, the previous 

sequential reaction is catalyzed by the membrane-bound RhlB rhamnosyltransferase. Using the 

deoxythymidinediphosphate rhamnose and an HAA as a predecessor (Soberon-Chavez et al., 

2005). In result these compounds are the substrates, with the RhlC gene producing the di-

rhamnolipids. Additionally operons are formed grouping the RhlC genes with a gene in which 

the function is unknown (Dossel et al., 2012; Venkatesh and Vedaraman, 2012). Additionally the 

gene RhlG is the enzyme held accountable for extracting the fatty acid precursors of the 

rhamnolipids absent from the general biosynthetic pathway, also effecting PHA 

(polyhydroxyalkanoates) synthesis.  

 The P. aeruginosa bacterium uses lipidic intercellular signals for its cell-to-cell 

communication. This along with the environmental conditions and quorum-sensing responses all 

effect polyhydroxyalkanoates production in addition to the biotechnical compounds (Maier and 

Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). The quorum-sensing responses control the 

creation of numerous virulence-associated traits incorporating rhamnolipids as well as various 

other genes.   

 There are many potential strategies for cultivating rhamnolipid biosurfactants.  

and integrated microbial/enzymatic processes. Limitations for production include phosphorus, 

carbon, and nitrogen. It was found that under denitrifying and minimal phosphorus conditions, 

rhamnolipid production was high. Cultivating in anaerobic conditions nitrate presence is 

preferable, the bacterial Pseudomonas aeruginosa uses nitrate as an electron acceptor. Studies 
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have shown and demonstrated that nitrogen oxide is the best nitrogen source for rhamnolipid 

production (Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). Nitrate, 

ammonium, and urea are found to be strong nitrogen sources. Yielding rhamnolipids is possible 

using a wide range of carbon sources for bacterial growth; strong carbon sources include n-

alkanes, ethanol, glycerol, glycerolipids, glucose and lignocellulose (Henkel et al., 2012).  

 Studies have shown that using continuous culture production applications results in 

problems with foaming due to a surplus of culture media. It is proven that the foam amount is 

mainly dependent upon the initial pH and glucose concentration, whereas the amount of foam 

increases with increasing basicity and glucose concentration (Reiling et al., 1986). Lately it has 

been theorized that a lack of iron is a catalyst in facilitating P. aeruginosa into producing 

rhamnolipids. Decreasing the oxygen transfer rate in instruction to protect itself from oxidative 

stress (Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). In most studies 

rhamnolipid production yields were around 30g/L. Fermenting for 167 hours yielded 70g/L, this 

result is long and expensive. 

 In forming full-scale industrial production, fermentation kinetics is on the forefront of 

succeeding. During testing of rhamnolipid fermentation the production first increases following a 

decrease. Noting the dissolved oxygen degreases significantly in the middle and late stages due 

to the process being an aerobic process. Additionally rhamnolipid and biomass production 

increases greatly as a result of increased stirring speed. The pH should be kept around 7.0-7.5 

and stirred from 0 to 24 hours, then from a pH of 6.0-6.5 for the remaining fermentation period. 

Properly controlling the pH during fermentation process concluded in an increase of 4 g/L 

compared to a standard batch fermentation process (Zhu et al., 2012). Additionally peptone has 

proven to be a great nitrogen source in glycerol substrates compared to inorganic sources for 
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production. Concluding that the metabolic flux can be altered within manufacturing time zones 

to increase the yield of rhamnolipid production by controlling pH, stirring speed, and time (Zhu 

et al., 2012). Commercially producing biosurfactants economically is of great importance for a 

viable sustainable future.  

1.4 Rhamnolipid Properties 

 Rhamnolipids have proven to have a great solubilization capacity and or the ability to 

reduce interfacial tension. Studies have shown that water surface tension can be deducted from 

73 to 35 mN/m with the use of rhamnolipids. Substrates are used to form rhamnolipids using 

sugars, glycerol, and plants oils. Some have even used crude glycerol extracted in post biodiesel 

manufacturing as a substrate. It is know that at extreme low levels of rhamnolipid concentration 

mobilization of hydrocarbons is hesitant. As a result the energy driving the solubility and 

mobilization ability of rhamnolipid biosurfactants must be understood.  The critical micelle 

concentration is the concentration at which the biosurfactants begins to form micelles and the 

soil pore surface tension no longer decreases. Experimentally the critical micelle concentration 

can be found using a tensiometer for the surface tension measurement as the experiment is 

conducted. Many other methods such as light scattering, electrophoresis, conductivity, and dyes 

can be used (Cai et al., 2011). The energy and forces between the biosurfactants molecules and 

the soil-air-water interface create the qualities functionally that initiate the performance of the 

rhamnolipids. Both the silica sand and the bacteria are negatively charged. When the bacteria 

gets close enough to the substrate repulsive electrostatic interactions occur. The bacterium 

overcomes these forces and barriers getting close to the slica sand. The new tug or force on the 

soil decreases the soil pore surface tension. Ultimately decreasing the pore water pressure, where 
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the Lewis acid/base and Lifshitz-van der Waals interaction free energies are the driving force for 

this interaction and adhesion (Chen, 2004).  

1.5 Rhamnolipid Applications 

 World cleaning objectives create the greatest market for biosurfactants, the detergent 

sector, covers over 50% of worldwide production, a total market value of over 60 billion USD, 

for the year 2004 (Henkel et al., 2012).  Rhamnolipids concentrations can be produced at up to 

100 g/l and higher (Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005).  One 

potential market for these biosurfactants is bioremediation engineering. Where the biosurfactant 

molecules degrade oil for example within the subsurface or above. Using the decreased soil pore 

water pressure ultimately to move the oil with the increased water flow and extracted out of the 

subsurface. This practice can be conducted as an in-situ or ex-situ treatment application. Most 

likely not using the rhamnolipids to just biodegrade the contaminants due to the vast amount of 

time it takes decompose the contaminants. The biosurfactants are used to flush the nonpolar 

material of interest out of the area to be collected and treated.  The inflow of water and 

biosurfactants mobilize the non-aqueous phase liquids, reducing soil pore and NAPL interfacial 

surface tension. The flushing mechanism using biosurfactants is environmentally conscious to 

the hazards synthetic surfactant residues can cause. Mostly due to the rhamnolipid biosurfactant 

biodegradability, performance in adsorption and decrease of soil pore surface tension. It is also 

noted that regulating the ionic strength is especially significant in subterranean rhamnolipid 

engineering applications (Raza et al., 2010).  Baked goods may also use rhamnolipids; 

biosurfactants increase food texture and stability however none have been approved for use 

(Henkel et al., 2012). Pharmaceutical ingredients may use microbial biosurfactants, as well as 

surgical applications as an anti-adhesive material for slipping equipment, parts, or liquids into or 
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out of the human body. In addition, within rhamnolipids is a source used to create high quality 

flavored compounds, the stereospecific L-rhamnose. The health care and cosmetic businesses use 

vast amounts of surfactants, from acne pads to antidandruff products, insect repellents, hair 

color, deodorants, lipstick, tooth paste and even denture cleaners. All of which can use 

biosurfactants for the health of their customers, for the biosurfactants have naturally 

biodegradable qualities.  

1.6 Rhamnolipid Biodegradation 

 Rhamnolipid involvement in the degradation of hydrocarbons is achieved by improving 

the contaminants bioavailability to degrading microorganisms. Biosurfactants compared to 

synthetic surfactants are found to have efficient biodegradation qualities, creating a lower 

irritancy when applied to humans, thus more compatible with the human skin compared to 

synthetic surfactants (Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). Soil tests 

have concluded that rhamnolipid biosurfactants biodegrade in normal agricultural soil within 8 to 

12 days (Maier and Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). A relatively low 

period of time compared to synthetic surfactants, in which the byproduct residues can remain 

indefinitely in the medium. It has been suggested that rhamnolipids have two mechanisms to 

enhance degradation. First the rhamnolipid molecules interact with the degrading cell, 

transforming the cell’s surface to being more hydrophobic.  Secondly biodegradation is achieved 

by increasing the contaminants bioavailability to the degrading cells due to the increase in 

hydrocarbon solubility. Rhamnolipids also cause a decrease in the lipopolysaccharide (LPS) a 

crucial hydrophilic component of the bacterial Pseudomonas aeruginosa cell surface (Maier and 

Soberon-Chavez, 2000; Soberon-Chavez et al., 2005). Proving its role is the same function 

towards other cellular structures. The biodegradability of rhamnolipids makes them a preferred 



  9 

carbon source in diversified inhabitants. In the case of rhamnolipids being used as a carbon 

source, the concentration of rhamnolipids in the area is too high, over the critical micelle 

concentration. The surplus amount of rhamnolipids will subdue the degradation of hydrocarbons 

until a hefty percentage of the rhamnolipids are degraded.  

 The qualities that the rhamnolipid biosurfactant contain show the ability for it to achieve 

practical industry duties. Rhamnolipids have been researched since 1949, and show the greatest 

number of patent and publications pertaining to glycolipid biosurfactants (Muller et al., 2012). 

Rhamnolipids come from renewable resources, they are biodegradable, and display minimal 

aquatic toxicity, displaying constructive features as microbial biosurfactants. 

1.7 Objectives 

 Florida has a subtropical climate that is attractive for outdoor activities such as golf and 

agriculture. Florida also produces a large portion of the United States citrus, vegetable and 

sugarcane crops. Owing to the large water consumption, water conservation is extremely 

important. Usually hydrophobic soils can cause problems on golf courses and other turf areas by 

creating hard-to-wet spots. These hard-to-wet spots become a serious turf management problem 

during the summer months, especially during periods of drought. Despite frequent irrigation, the 

soil in these spots resists wetting, resulting in patches of dead or severely wilted turf. For many 

cases applied water can wet the turf but cannot adequately penetrate the soil surface to reach the 

root zone. Subsequently, irrigation water runs off the surface and is wasted. 

 In order to conserve water consumption, chemically sythesized surfactants called wetting 

agents are popularly utilized to break down the barriers blocking water infiltration and transport, 

allowing water to easily enter the soil and moisture to spread more evenly throughout the soil 

profile. Research has been conducted on the effectiveness of wetting agents on hydrophobic 
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soils. In general, the results show that the extent of improvement in infiltration rate is affected by 

the type of wetting agents used, their dilution ratio, previous usage of wetting agents in the soil, 

and the water content of the soil at the time irrigation is practiced. Several studies have shown 

that the infiltration rate of a hydrophobic soil, once it has been wetted, remains higher than it was 

before it was wetted, even if it is allowed to dry out again. 

 Non-bio based wetting agents wet hydrophobic soil by lowering the cohesive and/or 

adhesive surface tension, which allows the water to spread out more evenly and allows for better 

penetration into the hydrophobic soils just as biosurfactants do. While enhancing water 

penetration, chemical wetting agent applications may bring an adverse impact on the soil and 

groundwater at the same time. Meanwhile usage brings concerns focusing on the detergent 

formulations resulting in negative side effects in the ecosystem being wetted. After use, residual 

wetting agents molecules and their degradation products are discharged to groundwater or 

directly to surface waters, then dispersed into different environmental compartments. Due to 

their widespread use and high consumption, non-bio based wetting agents and their degradation 

products have been detected at various concentrations in surface waters, sediments, and sludge-

amended soils near areas of use. Taking health and environmental sustainability into 

consideration, the rhamnolipid biosurfactant produced by several Pseudomonas species, is 

drawing more and more attention.  

 The useful characteristics of the rhamnolipid biosurfactant molecular structure consist of 

a hydrophobic group and a hydrophilic group altering the properties of fluid-soil interface by 

aggregating at the air–water and soil interfaces, resulting in a reduced solution surface tension. 

As the rhamnolipid biosurfactant concentrations increase, there is a critical concentration beyond 

which rhamnolipid biosurfactant monomers start aggregating to form micelles, termed the 
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“critical micelle concentration” (CMC). The micelles aggregate due to the hydrophilic heads 

combining with other polar heads, while the non-polar or hydrophobic tails bond with other non-

polar tails and or substances. Rhamnolipid biosurfactant micellization and adsorption on the soil 

media will possibly occur during applications. In order to assess the possible applications of 

rhamnolipid biosurfactant applications in agricultural fields we need to understand the organic 

recovery distribution behavior, the effects of this wetting agent in the field.  

 This research was designed to investigate the effectiveness of the rhamnolipid 

biosurfactant in agricultural soils. Performance of rhamnolipid biosurfactant organic transport in 

intact soil columns collected from agricultural soils was explored. In addition, thermodynamic 

analysis was conducted to explain the rhamnolipid biosurfactant behavior and driving forces 

causing surface tension decrease.  
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 Rhamnolipid Biosurfactant Production and Extraction 

 After inoculated with 1 ml (1.0%) stationary phase culture, Pseudomonas aeruginosa 

(ATCC 9027) was grown in a 250-ml Erlenmeyer flask containing 100 ml Kay’s minimal 

medium, which consisted of 0.3 g NH4H2PO4, 0.2 g K2HPO4, 0.2 g glucose, 0.5 mg FeSO4 and 

0.1 g MgSO4·7H2O [25].  The flask was continuously trembled at 250 rpm on a Gyratory Water 

Bath (Model G76, New Brunswick Scientific Co. Inc., Edison, NJ) at 37oC for 24 hrs.  2 ml of 

above the culture was used to inoculate 200 ml of phosphate-limited proteose peptone-glucose-

ammonium salt medium, which consisted of 1.0 g NH4Cl, 1.5 g KCl, 19.0 g Tris-HCl, 5 g 

glucose, 1 g proteose peptone and 0.4 g MgSO4·7H2O, adjusted to pH 7.2 in a 1000-ml flask.  

This flask was placed on the Gyrotory Water Bath Shaker at 250 rpm for 60 hrs.   

 The extraction of rhamnolipid followed the method modified from Zhang and Miller 

[25].  The collected culture supernatant was first centrifuged at 7,000 × g for 15 minutes to 

remove P. aeruginosa cells.  Rhamnolipid was then precipitated by acidification to a pH of 2.0.  

After centrifuged at 12,100 × g for 20 minutes, the precipitate was extracted with chloroform-

ethanol (2:1).  Extract was then transferred to a round bottom flask connected to a 

rotoevaporator.  The evaporation process was allowed to proceed until the precipitation turned to 

a honey-color, viscous consistency, which was then freeze dried.  Rhamnolipid was purified and 

analyzed by thin-layer chromatography.  For the column experiments, the rhamnolipid 

concentration was suspended in the sterilized buffer to make rhamnolipid biosurfactant solutions 

to be tested for surface tension.  
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2.2 Surface Tension Measurement 

 Water surface tension in the rhamnolipid biosurfactant was measured using a Kruss K10 

tensiometer (Krüss GmbH, Germany) with a platinum plate. Each measurement was repeated 

five times and the average of the results were reported. The temperature was held constant at 

20.0oC by circulating thermo-stated water through a jacketed vessel containing the sample. The 

experimental uncertainty of these surface tension measurements was approximately 0.1 mN/m. 

2.3 Measurement of Surface Thermodynamic Properties 

 Rhamnolipid biosurfactant thermodynamic properties were estimated by means of 

contact angle measurements (Contact Angle Meter, Tantec, Schaumburg, IL) on three solid 

surfaces of polypropylene, polymethylmethacrylate (PMMA) and polyamide (Nylon) (Aldrich 

Chemical Co., Inc., Milwaukee, Wisconsin) following the method described by Grasso et al. 

(Grasso et al., 1996). Surface thermodynamic properties of these solid surfaces were estimated 

using an apolar liquid, odomethane and two polar liquids, formamide and water in advance 

following the same method. After the contact angle measurements, rhamnolipid biosurfactant 

thermodynamic properties were calculated according to the van Oss-Chaundhury-Good equation 

(van Oss, 1994): 

  Equation (1) 

where θ is the measured contact angle (degree); γLW is the Lifshitz-van der Waals component of 

free energy (J/m2); and γ+ electron-acceptor parameter and γ- electron-donor parameter of Lewis 

acid/base component of free energy (J/m2). In above equation, subscript “L” denotes for ionic 

liquids and “S” for solid surfaces. When above equation was used for solid surface 

thermodynamic property characterization, subscript “L” denotes for diiodomethane, formamide 

or water. Total free energy can be expressed as: 

 )(2)2)(cos1( LSLS
LW
L

LW
SLL

LW
L

+−−++− γγ+γγ+γγ=γγ+γθ+
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        Equation (2) 

where γ is the total free energy (J/m2). 

2.4 Isotherm Experiments 

 Batch isotherms were used to determine rhamnolipid biosurfactant sorption on soil 

media. A series of 25 ml vials containing rhamnolipid biosurfactant solutions (20 ml) at the 

concentrations of 0.25, 0.5, 1, 5, 10, 15, 20, and 30 mg/L and 4 g porous soil media (including 

blank controls) (sealed with Teflon-lined screw caps) were agitated on a Wrist Action Shaker 

(Burrel Scientic, Model 75) for 24 hrs (pre-determined to be sufficient) to reach equilibrium. The 

suspension was then centrifuged at 12000 × g for 15 min, after which rhamnolipid biosurfactant 

concentration in the supernatant was measured. 

2.5 Soil Source  

 The soil used in the laboratory was collected from Florida A&M University’s agricultural 

research and extension field facilities in Quincy, Florida. Soil samples were collected up to 3 feet 

below the surface. The collected soil samples were sealed in a Styrofoam cooler and delivered to 

the laboratory immediately for analysis. The results showed that the soil of this field had a pH 

between 6.0 and 7.2 and was strongly humic with humus content between 3.5 and 7%.  

2.6 Soil Characterization 

 The soil varied slightly in soil types: 40% clay soil, 30% sandy clay, and 30% highly 

clayey sand, thus representing the variety of soil types in south region of America. Besides the 

soil properties presented before, the soil particle size distribution was characterized by a sieve 

analysis. Based on the sieving analysis, around 97.56% of the particles were found to be smaller 

than 0.425 mm, i.e., passing through the 40 sieve. Around 0.461% of the particles were found to 

be smaller than 0.075 mm, i.e., passing through the 200 sieve (Figure 2). In addition to soil 

−+γγ+γ=γ 2
LW
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particle size distribution, the soil hydraulic properties were characterized using the pressure-plate 

methods.  

 

Figure 2. Soil Particle Size Distribution from Sieving Analysis. 

 Among the hydraulic properties of the soil, hydraulic conductivity is the most important 

one. In agricultural fields, unsaturated hydraulic conductivity K(ψ) can be related to saturated 

hydraulic conductivity Ks following the van Genuchten equation (Toride, 1995), 

    Equation (3) 

where α is inverse of the air-entry potential, ψ is water potential, n is parameter related to pore 

size distribution; and m = 1 – 1/n. Water saturation is also related to above parameters according 

to the following function (Toride, 1995), 
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      Equation (4) 

where θr is residual water content and θs is saturated water content. From the pressure-plate 

measurements, the hydraulic properties of the soil are summarized in Table 1. 

Table 1. Soil Hydraulic Properties. 

Soil Depth 0 - 20 cm 20 - 40 cm 40 - 60 cm 60 - 80 cm 80 - 100 cm 

Ks (cm/hr) 1.92 – 64.2 2.14 – 46.4 3.07 – 38.2 1.47 – 28.6 1.32 – 18.9 

θs 0.27 0.37 0.38 0.42 0.63 

θr 0.04 0.04 0.07 0.09 0.12 

α (m-1) 5.7 6.2 7.8 6.8 9.7 

n 1.07 1.09 1.35 1.29 1.57 

m 0.06 0.08 0.26 0.22 0.36 

Ks, saturated hydraulic conductivity, θs, saturated water content, θr residual water content, n, pore size, m= 1-1/n. 

 There was a general trend that the soil saturated hydraulic conductivity decreased with 

the increase of soil depth. However, both the saturated water content θs and the residual water 

content θr increased with the increase of soil depth. α, n and m followed the same trend with that 

of water content with vales in the range from 5.7 to 9.7 m-1 for α, 1.07 to 1.57 for n and 0.06 to 

0.36 for m. Using the permanganate-reduced iron modification of a semimicro-Kjeldahl 

procedure (Bremner and Mulvaney, 1982), the total nitrogen of the soil was found to in the range 

of 0.094 to 0.246%. The organic carbon was found to be ranged from 1.02 to 2.76% by the 

Mebius method (Mebius, 1960). For quantification and enumeration of the bacterial population 

within the soil, plate count method was utilized. Specifically, a general substrate or agar was 

used to propagate identifiable colony forming units (CFU). Plates were allowed 48 hours of 
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incubation before counting the colonies. The morphology of the colonies was in general 

consistent across all samples, which was circular in shape with variations in size. The color was 

typically pale yellow to tan. Some plates developed a light green pigmentation, which was 

determined to be a reaction of Pseudomonas bacterial species as identified by polymerase chain 

reaction (PCR) analysis (Figure 3). The plate counts showed that the soil samples had 1.97 × 106 

CFU/g soil, which was an average of five replications for the soil samples. 

Figure 3. Gel Electrophoresis of DNA Samples of Soil Bacterial Strains. 

2.7 Column Experiments 

 Rhamnolipid biosurfactant transport was evaluated in an intact soil column. The column 

(6.5-cm ID ×15.0-cm length) was vertically oriented (Figure 4) and the rhamnolipid 

biosurfactant was applied by a peristaltic pump (Masterflex, Cole-Parmer, Vernon Hills, IL) at a 
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rate of 0.05 cm/min to the soil column containing the soil sample. In order to study the impact of 

rhamnolipid biosurfactant concentration on rhamnolipid biosurfactant transport, rhamnolipid 

biosurfactant solutions at a percentage concentration of 6.25, 12.5, 25, 50, 75 and 100 were 

pumped through the column and drained into the fraction collector (Figure 4). For each column 

experiment, the flow was kept at steady state, i.e., with the inflow equally the outflow rate for an 

extensive period of time until rhamnolipid biosurfactant outflow concentrations stabilized. Lastly 

the rhamnolipid biosurfactant concentration was measured by a spectrophotometer (Figure 5). 

The amount of organic recovery and the rate at which the organics are recovered in each test tube 

of recovered transported solute determines the effectiveness of the rhamnolipid biosurfactant in 

decreasing the surface tension due to adsorption, and increasing the hydraulic conductivity. 

Figure 4. Peristaltic Pump, Soil Column, Fraction Collector. 
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Figure 5. Spectrophotometer. 

2.8 Kinetic Adsorption 

 Under saturated conditions, the wetting agent transport is controlled by kinetic adsorption 

instead of equilibrium adsorption processes. Which has been proven to be true for wetting agent 

transport in sand columns (Bradford et al., 2003; Bradford et al., 2002; Chen and Flury, 2005; 

Lenhart and Saiers, 2002; Matijevic, 1981):  
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where C is the colloid concentration in the liquid phase (g/m3); Dz is the apparent dispersion 

coefficient (m2/s); q is the specific discharge (Darcian fluid flux) (m/s); k1 is the deposition 

coefficient (s-1); kdes is the colloid desorption coefficient (s-1); ρb is the bulk density (g/m3); Cr is 

the retained colloid concentration (g/g); z is the axial coordinate (m); and t is time (s). In above 
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models, the wetting agent retention efficiency does not include the effect of excluded areas from 

already adsorbed wetting agents. In other words, only bare collector surfaces are considered for 

wetting agent adsorption. These models are only valid if the duration of the experiments is very 

short or the surface coverage remains very low (Privman et al., 1991; Ryde et al., 1991; Ryde 

and Matijevic, 2000). In this research, a fresh column was used for each series of column 

experiments. In addition, the duration was short (around 120 minutes per run). Owing to the low 

wetting agent input, these models are valid and the variations of k1 and kdes resulted from prior 

wetting agent adsorption can be ignored.  

 Also noted, preferential flows paths will be created in the soil column, due to the physics 

of soil, water, and gravity interacting. Suggesting if a similar experiment is to be conducted, 

transporting the biosurfactant through the soil column upwards instead of downwards as in this 

experiment may keep the soil characteristics more consistent. Minimizing the creation of 

preferential flow paths increasing the possibility of experimenting with varying soil conditions. 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

3.1 Rhamnolipid Biosurfactant Properties 

 Water surface tension was observed to decrease in the presence of Rhamnolipid 

biosurfactant as determined by the surfactant nature. When dispersed in water, hydrophilic 

monomer head groups of rhamnolipid molecules accumulate at the interface. In which have 

sufficient affinity to water to drag nonpolar groups into aqueous solutions.   

 Water surface tension decreased linearly with regard to rhamnolipid biosurfactant 

concentration until 40 mg/L (Figure 6). When rhamnolipid biosurfactant concentration was 

greater than 40 mg/L, water surface tension did not decrease any further, instead, it was 

Rhamnolipid Biosurfactant Concentration (mg/L)
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Figure 6.   Water Surface Tension Drop as a Function of Rhamnolipid Biosurfactant 

Concentration. (SigmaPlot 8.0, (-) Linear Regression Line, () data recorded Tensiometer test) 
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maintained at 30 to 35 mN/m. Therefore, the CMC of rhamnolipid biosurfactant was assumed to 

be 40 mg/L.  

 Contact angle measurement results on polypropylene, poly(methyl/methacrylate), and 

polyamide are summarized in Table 2. Based on the contact angle measurements, rhamnolipid 

biosurfactant surface thermodynamic properties were estimated and are presented in Table 3. 

Table 2.  Contact Angles of Rhamnolipid Biosurfactant. 

Concentration 
Rhamnolipid 

θPol 
(o) 

θPmma 
(o) 

θNylon 
(o) 

6.25 105.1 65.0 69.1 

12.5 103.9 64.4 68.0 

25 102.3 63.4 66.4 

50 96.9 58.9 60.0 

75 94.3 58.3 57.9 

100 95.4 61.6 60.8 

Pol Contact angles measured with polypropylene, Pmma Contact angles measured with poly(methyl/methacrylate), and Nylon 

Contact angles measured with polyamide. 

 

Table 3.  Surface Thermodynamic Properties of Rhamnolipid Biosurfactant. 

Concentration 
Rhamnolipid 

γLW 
(mJ/m2) 

γ+ 
(mJ/m2) 

γ- 
(mJ/m2) 

6.25 21.9 13.7 26.2 

12.5 23.4 12.5 26.9 

25 25.2 11.3 27.1 

50 27.9 7.15 28.9 

75 32.7 5.32 30.9 

100 37.2 5.26 33.1 

γLW is the Lifshitz-van der Waals component of free energy (J/m2); and γ+ electron-acceptor parameter and γ- 
electron-donor parameter of Lewis acid/base component of free energy (J/m2). 
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 Based on the contact angle measurements, rhamnolipid biosurfactant had a γLW value of 

37.2 mJ/m2. Rhamnolipid biosurfactant also had a monopolar surface since its γ- values were at 

least one order of magnitude greater than γ+ (33.1 mJ/m2 versus 5.26 mJ/m2). As water surface 

tension in the presence of rhamnolipid biosurfactant is determined by rhamnolipid biosurfactant 

thermodynamic properties, water surface tension variations in the presence of rhamnolipid 

biosurfactant can thus be described by its thermodynamic properties. When rhamnolipid 

biosurfactant is applied at low concentrations, a very compact monolayer can be formed at the 

interface with an interfacial volume fraction close to unity. Accumulation of the rhamnolipid 

biosurfactant at the interface follows the Frumkin and Freundlich adsorption isotherms (Dantas 

et al., 2009; Karakashev et al., 2008; Lin et al., 2002). Mathematically, the relationship of water 

surface tension drop in the presence of rhamnolipid biosurfactant can be related to the Gibbs free 

energy of the interactions between rhamnolipid biosurfactant molecules. In which the qualities 

and energy come from the hydrophobic interactions between amphiphiles and rhamnolipid 

biosurfactant molecules. When rhamnolipid biosurfactants are applied at high concentrations, 

interactions between rhamnolipid biosurfactant molecules may contribute to the formation of 

micelles. Micelle formation or amphiphilex association is determined by the nature of both 

hydrophobic and hydrophilic moieties of rhamnolipid biosurfactant (Cui et al., 2010; Inoue and 

Yamakawa, 2011). Micelle formation can be evaluated in terms of CMC, which is related to the 

total interaction free energy between rhamnolipid biosurfactant molecules when immersed in 

water, ΔG131
TOT (J/m2): 

       Equation (7) 

where ΔG131
TOT is the interaction free energy between rhamnolipid biosurfactant molecules 

(J/m2); Where A is the limiting area per surfactant molecule; k is the Boltzmann constant (1.38 × 

kTLn(CMC)AGTOT

131 =Δ
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10-23 J/K); and T is the absolute temperature (K). ΔG131
TOT can be calculated based on the 

surfactant and ionic liquid surface thermodynamic properties:   

       Equation (8) 

       Equation (9) 

     Equation (10) 

where ΔG131
LW is the Lifshitz-van der Waals interaction free energy (J/m2); ΔG131

AB is the Lewis 

acid/base interaction free energy (J/m2). As shown in equations 7 and 8, ΔG131
TOT is highly 

dependent upon rhamnolipid biosurfactant thermodynamic properties. In above equation, 

subscript “1” denotes for rhamnolipid biosurfactant and “3” denotes for water. 

 Based on the thermodynamic properties of rhamnolipid biosurfactant, the interaction free 

energies between rhamnolipid biosurfactant molecules submerged in water was calculated 

according to equations 7 - 10. ΔG131
LW. Gibbs free energy of Lifshitz-van der Waals interactions 

between rhamnolipid biosurfactant molecules was negative, indicating that ΔG131
LW contributed 

to rhamnolipid biosurfactant molecule attractions. However, G131
AB, Gibbs free energy of Lewis 

acid/base interactions between rhamnolipid biosurfactant molecules immerged in water was 

positive, indicating that G131
AB contributed to rhamnolipid biosurfactant molecule repulsion. 

ΔG131
TOT, the sum of ΔG131

LW and ΔG131
AB, was positive, demonstrating a strong spreading 

potential for the rhamnolipid biosurfactant molecules when dispersed in water. As ΔG131
AB was 

one order in magnitude greater than ΔG131
LW, ΔG131

AB was actually the driving force in 

determining rhamnolipid biosurfactant the spreading potential.  
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Table 4.  Interaction Free Energy of Rhamnolipid Biosurfactant. 

Rhamnolipid biosurfactant 
percentage concentration (%) 

ΔG132
LW 

(mJ/m2) 
ΔG132

AB 
(mJ/m2) 

ΔG132
LW+AB 

(mJ/m2) 

6.25 -0.0002 0.37 0.37 

12.5 -0.056 0.83 0.77 

25 -0.24 1.05 0.81 

50 -0.75 3.10 2.35 

75 -2.20 5.86 3.38 

100 -4.09 7.76 3.67 

ΔG131
LW, Gibbs free energy of Lifshitz-van der Waals interactions, G131

AB, Gibbs free energy of Lewis acid/base 
interactions. 

 

3.2 Batch Adsorption Isotherms 

 At low concentrations, rhamnolipid biosurfactant had linear adsorption isotherms on the 

soil (Figure 7). Rhamnolipid biosurfactant partition coefficient between the aqueous phase and 

the soil was calculated based on the following equation for  

eqs

s

eq0

s CK
M

V)CC(
q =

−
=        Equation (11) 

where qs is the sorbed rhamnolipid biosurfactant concentration on the soil (mg/kg), C0 is the 

initial rhamnolipid biosurfactant aqueous concentration (mg/L); Ceq is the rhamnolipid 

biosurfactant aqueous equilibrium concentration (mg/L); V is the aqueous volume; Ms is the 

mass of the soil (kg); and Ks is the rhamnolipid biosurfactant partition coefficient between the 

aqueous phase and silica sand (L/kg). The rhamnolipid biosurfactant had a partition coefficient 

of 3.20 L/kg on the soil.   
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Figure 7. Rhamnolipid Biosurfactant Sorption Isotherms. (SigmaPlot 8.0, (--) Linear and (-) 
Exponential Regression Lines, (●) = (Ceq,qs)) 

 
 The sorption isotherm can be described by linear or Freundlich isotherms. For the linear 

sorption, the simulated equation is y = 3.5289(x). For the Freundlich isotherm, the equation is y 

= 3.325x^1.2059, K equals 3.25 and n equals 1.2059. The results showed that the Freundlich 

isotherm described the sorption best.  

 At high concentrations, rhamnolipid biosurfactant sorption on the soil became flat (Figure 

8). It was assumed that when rhamnolipid biosurfactant was supplied at higher concentrations, 

rhamnolipid biosurfactant started to form micelles, which prevented rhamnolipid biosurfactant 

sorption on the soil. 
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Figure 8. Rhamnolipid Biosurfactant Sorption Isotherms. (SigmaPlot 8.0, Fit Curve, (●) = 
(Ceq,qs), (-) = Fitting Curve) 

 

3.3 Rhamnolipid Biosurfactant Column Transport 

 Rhamnolipid biosurfactant breakthrough curves had a broad and diffuse infiltration front 

(Figure 9 - Figure 14). This behavior demonstrated that the retention of rhamnolipid 

biosurfactant on the soil increased in time. When steady state was reached, the percentage of 

rhamnolipid biosurfactant that can be recovered from the soil column depended on the 

percentage concentration. Because no significant rhamnolipid biosurfactant biodegradation was 

observed in preliminary experiments, rhamnolipid biosurfactant loss due to biodegradation was 

assumed minimal.  Therefore, rhamnolipid biosurfactant not recovered in the elusion was 

assumed to be adsorbed on sites or regions of the soil that displayed slow desorption kinetics. 

Retardation of rhamnolipid biosurfactant was manifested by delayed breakthroughs.  
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Figure 9.Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 100%. 

(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) recorded percentage organic recovery 
(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 

 

Figure 10. Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 75%. 

(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) percentage organic recovery 
(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 
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Figure 11. Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 50%. 

(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) percentage organic recovery 
(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 

 

Figure 12. Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 25%. 
(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) percentage organic recovery 

(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 
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Figure 13. Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 12.5%. 
(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) percentage organic recovery 

(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 

 

Figure 14. Rhamnolipid Biosurfactant Transport at a Percentage Concentration of 6.25%. 
(SigmaPlot 8.0, Normalize Ternary Data, Fit Curve, (●) percentage organic recovery 

(Spectrophotometer), (-) Fitting Curve)(Soil Column (6.5-cm ID ×15.0-cm length)) 
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 Rhamnolipid biosurfactant at low concentrations had early breakthroughs. In the column 

experiments, rhamnolipid biosurfactant transport was found to be well represented by the 

advection-dispersion equation based on a local equilibrium assumption. It was interesting to 

observe that rhamnolipid biosurfactant had greater recovery at low and high concentrations. 

However, at moderate concentrations, rhamnolipid biosurfactant had low recovery. It was 

assumed that rhamnolipid biosurfactant retention in the soil was owing to its sorption. However, 

rhamnolipid biosurfactant micelles that were formed at high concentrations might prevent 

rhamnolipid biosurfactant sorption in the soil column. To better investigate this phenomena, 

rhamnolipid biosurfactant dispersion coefficient and retardation factor were plotted against 

rhamnolipid biosurfactant percentage concentration (Figure 15 and Figure 16). 

 

Figure 15. Dispersion Coefficient as a Function of Rhamnolipid Biosurfactant Percentage 

Concentration. (SigmaPlot 8.0, Fit Curve, (●) = (Dz,%conc.), (-) = Fitting Curve)  
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Figure 16. Retardation Factor as a Function of Rhamnolipid Biosurfactant Percentage 

Concentration. (SigmaPlot 8.0, Fit Curve, (●) = (Rd,%conc.), (-) = Fitting Curve) 
 

 Based on the model simulation, which proceeded by an implicit, finite-difference scheme 

and optimization by minimizing the sum of squared differences between observed and fitted 

concentrations using the nonlinear least-square method, retardation factor was observed to first 

increase and then decrease with the increase of rhamnolipid biosurfactant percentage 

concentration and shown in Figure 16. Since retardation factor can be expressed as (1+ρbKs/φ), 

retardation variation was due to the partition change of rhamnolipid biosurfactant in the media. 

Taking into consideration of the rhamnolipid biosurfactant micelle formation, rhamnolipid 

biosurfactant retardation factor can be calculated as: 

      

Equation (12) 

where Kd,surf is the linear partition coefficient of rhamnolipid biosurfactant. The sorption of 

rhamnolipid biosurfactant during transport at high concentrations was considered to be 

controlled by rhamnolipid biosurfactant micelle partitioning between the aqueous phase (Kmic) 
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and the aqueous phase (Kadm). In addition, it was also controlled by an apparent, time-dependent 

distribution coefficient (Kd, app) under non-equilibrium conditions. ρb and n are the bulk density 

and effective porosity of the media; q is the adsorbed rhamnolipid biosurfactant; and Cmir is the 

concentration of micelles. 

 It was expected that rhamnolipid biosurfactant thermodynamic properties played the key 

role in controlling rhamnolipid biosurfactant transport. We therefore plotted rhamnolipid 

biosurfactant transport parameters again ΔG131
TOT, sum of ΔG131

LW and ΔG131
AB (Figure 18 and 

Figure 19). It was discovered that dispersion coefficient decreased with the increase of ΔG131
TOT. 

Retardation factor was observed to first increase and then decrease with the increase of ΔG131
TOT. 

This indicated that ΔG131
TOT was the driving force for rhamnolipid biosurfactant transport 

behaviors. 
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Figure 17. Retardation Factor as a Function of Rhamnolipid Biosurfactant Concentration. 

(SigmaPlot 8.0, Fit Curve, (●) = (Rd,conc.), (-) = Fitting Curve) 



  34 

 

Figure 18. Dispersion Coefficient as a Function of ΔG131
TOT

.
 (SigmaPlot 8.0, Fit Curve, (●) = 

(Dz,interaction energy), (-) = Fitting Curve) 

 

Figure 19. Retardation Factor as a Function of ΔG131
TOT 

. (SigmaPlot 8.0, Fit Curve, (●) = 
(Rd,interaction energy), (-) = Fitting Curve) 
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 The similar data curve results in all of the graphs show the working steps in rhamnolipid 

biosurfactant interaction with moisture, soil, and organics. As the rhamnolipid biosurfactant 

concentration increases and or interaction of free energy increases the adsorption will linearly 

occur until the critical micelle concentration occurs. The dispersion coefficient increases 

accordingly, as does the retardation factor. Confirming that the water is flowing faster compared 

to the adsorbed biosurfactant. At a higher biosurfactant concentration than the critical micelle 

concentration, the wasted biosurfactant energy is stored in the non-productive non-adsorbed 

biosurfactant molecules, blocking adsorption. This presence of useless energy clogs productive 

biosurfactant work decreasing the dispersion, retardation factor, performance, and wasting 

biosurfactants produced.  
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CHAPTER FOUR 

CONCLUSION 

 The rhamnolipid microbial biosurfactant produced and excreted by numerous 

Pseudomonas species was found to lower the adhesive and/or cohesive soil surface tension of 

hydrophobic soils, permitting the water to flow freely and evenly in hydrophobic soil. 

Rhamnolipid applications increase agricultural soil hydraulic conductivity reducing water 

consumption during agricultural irrigation especially under draught conditions. The experiments 

and research conducted were designed to examine rhamnolipid biosurfactant effectiveness in 

agricultural soil, and key properties. Due to rhamnolipids biodegradability, applying the 

biosurfactants to soil applications compared to using chemical wetting agents reduces the 

potential for adverse impacts on the groundwater and soil.  

 As theorized the thermodynamic properties of the rhamnolipid biosurfactant in water and 

soil control the result of the soil surface tension. Rhamnolipids lowered the water surface tension 

from 73 to 35 mN/m, a total decrease of 38 mN/m. The water surface tension decreased linearly 

with increasing rhamnolipid concentration until a rhamnolipid concentration of 40 mg/L, 

concluding the critical micelle concentration. At this concentration the effectiveness of the 

biosurfactant is at its greatest, any higher and the surplus of biosurfactant molecules are getting 

in the way of the productive biosurfactant molecules. The column experiments investigated the 

biosurfactant fate and transport of the organic matter concentration.  Pumping the biosurfactant 

at different concentrations through the soil columns displayed the biosurfactants effectiveness at 

recovering organic molecules and increasing soil hydraulic conductivity. Proving rhamnolipid 

biosurfactant effectiveness with a data simulation of over 80 percent organic recovery at low 

concentration levels, 12-6 percent.  The results from the column experiment represent the 
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advection-dispersion equation correctly. The biosurfactant organic recovery was relatively high 

at low concentrations, minimal at medium concentrations and high at high concentrations. The 

high concentration of organic recovery at high concentrations may account for the 

biosurfactant’s formation of micelles preventing rhamnolipid adsorption onto the media. 

Rhamnolipids in soil use both the Lifshitz-van der Waals and the Lewis acid/base interaction free 

energies as the working qualities compelling rhamnolipid performance. However the Lewis 

acid/base interaction free energy was found to be the determining factor and driving force in 

rhamnolipid biosurfactant spreading and surface tension decreasing potential. In addition the 

dispersion coefficient was found to decrease with increasing rhamnolipid concentration and 

adsorption concluded to being linear at low concentrations and relatively flat at high 

concentrations. The retardation factor agrees with high productivity at a low concentration 

recording a relatively high retardation factor at a low rhamnolipid concentration. Concluding 

effective adsorption compared to water flow, (Figure 19).  

 Given the relative high price of biosurfactants, using a concentration of 12 to 6 percent 

rhamnolipid biosurfactant percentage, would be an economical and effective quantity for an 

environmentally conscious project. Rhamnolipid biosurfactants are effective and applicable for 

projects of contaminant recovery and or to increase water infiltration and spreading potential. 

Concluding from the experimental evidence, a low concentration of rhamnolipid biosurfactant is 

an effective surface-active-agent. 
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APPENDIX 

A. GRAPHING DATA 

******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 
* * 

* nonequilibrium, two-site CDE (dimensionless/cm/min) * 
* * 

* DATA INPUT FILE: 1.txt * 
* * 

******************************************************************* 
MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETERS 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .1196E+02 Y 
R........ .1000E+01 Y 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
mu2...... .2703E-01 Y 

BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 
=========================================== 

SINGLE PULSE OF CONC. = 1.0000 & DURATION = 12.5000 
SOLUTE FREE INITIAL CONDITION 

NO PRODUCTION TERM 
PARAMETER ESTIMATION MODE 

========================= 
MAXIMUM NUMBER OF ITERATIONS = 100 

TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 
SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

ITER SSQ D.... R.... mu1.. mu2.. 
0 .3843E+01 .120E+02 .100E+01 .270E-01 .270E-01 
1 .3628E+01 .135E+02 .992E+00 .131E+01 .100E-06 
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2 .3320E+01 .188E+02 .433E+01 .138E+01 .100E-06 
3 .2415E+01 .171E+03 .243E+02 .190E+01 .100E-06 
4 .1183E+01 .174E+03 .250E+02 .100E-06 .100E-06 
5 .1178E+01 .166E+03 .227E+02 .100E-06 .100E-06 
6 .1169E+01 .150E+03 .212E+02 .100E-06 .100E-06 
7 .1159E+01 .136E+03 .197E+02 .100E-06 .100E-06 
8 .1147E+01 .122E+03 .182E+02 .100E-06 .100E-06 
9 .1133E+01 .108E+03 .168E+02 .100E-06 .100E-06 
10 .1126E+01 .947E+02 .154E+02 .149E-01 .100E-06 
11 .1123E+01 .818E+02 .141E+02 .381E-01 .100E-06 
12 .1119E+01 .689E+02 .127E+02 .645E-01 .100E-06 
13 .1114E+01 .557E+02 .113E+02 .935E-01 .100E-06 
14 .1106E+01 .423E+02 .983E+01 .126E+00 .100E-06 
15 .1092E+01 .285E+02 .837E+01 .162E+00 .100E-06 
16 .1063E+01 .142E+02 .689E+01 .205E+00 .100E-06 
17 .9952E+00 .933E+01 .692E+01 .174E+00 .100E-06 
18 .9530E+00 .579E+01 .675E+01 .161E+00 .100E-06 
19 .9068E+00 .288E+01 .651E+01 .161E+00 .100E-06 
20 .8147E+00 .427E+00 .623E+01 .169E+00 .100E-06 
21 .8110E+00 .331E+00 .623E+01 .167E+00 .100E-06 
22 .8086E+00 .249E+00 .622E+01 .166E+00 .100E-06 
23 .8071E+00 .166E+00 .622E+01 .164E+00 .100E-06 
24 .8064E+00 .504E-01 .622E+01 .163E+00 .100E-06 
25 .8060E+00 .326E-01 .622E+01 .162E+00 .100E-06 
26 .8058E+00 .276E-01 .621E+01 .162E+00 .100E-06 
27 .8056E+00 .247E-01 .621E+01 .161E+00 .100E-06 
28 .8055E+00 .228E-01 .621E+01 .160E+00 .100E-06 
29 .8054E+00 .214E-01 .621E+01 .159E+00 .100E-06 
30 .8053E+00 .204E-01 .621E+01 .159E+00 .100E-06 
31 .8052E+00 .196E-01 .621E+01 .158E+00 .100E-06 
32 .8052E+00 .190E-01 .621E+01 .158E+00 .100E-06 
33 .8051E+00 .185E-01 .621E+01 .157E+00 .100E-06 
34 .8051E+00 .181E-01 .621E+01 .157E+00 .100E-06 
35 .8050E+00 .177E-01 .621E+01 .157E+00 .100E-06 
36 .8050E+00 .174E-01 .621E+01 .156E+00 .100E-06 
37 .8050E+00 .172E-01 .621E+01 .156E+00 .100E-06 
38 .8050E+00 .169E-01 .621E+01 .156E+00 .100E-06 
39 .8049E+00 .167E-01 .621E+01 .156E+00 .100E-06 
40 .8049E+00 .165E-01 .621E+01 .155E+00 .100E-06 
41 .8049E+00 .163E-01 .621E+01 .155E+00 .100E-06 
42 .8049E+00 .162E-01 .621E+01 .155E+00 .100E-06 
43 .8049E+00 .160E-01 .621E+01 .155E+00 .100E-06 
44 .8049E+00 .159E-01 .621E+01 .155E+00 .100E-06 
45 .8049E+00 .157E-01 .621E+01 .154E+00 .100E-06 
46 .8048E+00 .156E-01 .621E+01 .154E+00 .100E-06 
47 .8048E+00 .155E-01 .621E+01 .154E+00 .100E-06 
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48 .8048E+00 .153E-01 .621E+01 .154E+00 .100E-06 
49 .8048E+00 .152E-01 .621E+01 .154E+00 .100E-06 
50 .8048E+00 .151E-01 .621E+01 .154E+00 .100E-06 
51 .8048E+00 .150E-01 .621E+01 .154E+00 .100E-06 
52 .8048E+00 .148E-01 .621E+01 .154E+00 .100E-06 
53 .8048E+00 .147E-01 .621E+01 .154E+00 .100E-06 
54 .8048E+00 .146E-01 .621E+01 .154E+00 .100E-06 
55 .8048E+00 .145E-01 .621E+01 .154E+00 .100E-06 
56 .8048E+00 .144E-01 .621E+01 .154E+00 .100E-06 
57 .8048E+00 .143E-01 .621E+01 .153E+00 .100E-06 
58 .8048E+00 .142E-01 .621E+01 .153E+00 .100E-06 
59 .8048E+00 .140E-01 .621E+01 .153E+00 .100E-06 
60 .8048E+00 .139E-01 .621E+01 .153E+00 .100E-06 
61 .8048E+00 .138E-01 .621E+01 .153E+00 .100E-06 
62 .8048E+00 .137E-01 .621E+01 .153E+00 .100E-06 
63 .8048E+00 .136E-01 .621E+01 .153E+00 .100E-06 
64 .8048E+00 .135E-01 .621E+01 .153E+00 .100E-06 
65 .8048E+00 .134E-01 .621E+01 .153E+00 .100E-06 
66 .8048E+00 .133E-01 .621E+01 .153E+00 .100E-06 
67 .8048E+00 .132E-01 .621E+01 .153E+00 .100E-06 
68 .8048E+00 .131E-01 .622E+01 .153E+00 .100E-06 
69 .8048E+00 .130E-01 .622E+01 .153E+00 .100E-06 
70 .8048E+00 .129E-01 .622E+01 .153E+00 .100E-06 
71 .8048E+00 .128E-01 .622E+01 .153E+00 .100E-06 
72 .8047E+00 .127E-01 .622E+01 .153E+00 .100E-06 
73 .8047E+00 .126E-01 .622E+01 .153E+00 .100E-06 
74 .8047E+00 .125E-01 .622E+01 .153E+00 .100E-06 
75 .8047E+00 .124E-01 .622E+01 .153E+00 .100E-06 
76 .8047E+00 .123E-01 .622E+01 .153E+00 .100E-06 
77 .8047E+00 .122E-01 .622E+01 .153E+00 .100E-06 
78 .8047E+00 .121E-01 .622E+01 .153E+00 .100E-06 
79 .8047E+00 .120E-01 .622E+01 .153E+00 .100E-06 
80 .8047E+00 .119E-01 .622E+01 .153E+00 .100E-06 
81 .8047E+00 .118E-01 .622E+01 .153E+00 .100E-06 
82 .8047E+00 .117E-01 .622E+01 .153E+00 .100E-06 
83 .8047E+00 .116E-01 .622E+01 .153E+00 .100E-06 
84 .8047E+00 .115E-01 .622E+01 .153E+00 .100E-06 
85 .8047E+00 .114E-01 .622E+01 .153E+00 .100E-06 
86 .8047E+00 .114E-01 .622E+01 .153E+00 .100E-06 
87 .8047E+00 .113E-01 .622E+01 .153E+00 .100E-06 
88 .8047E+00 .112E-01 .622E+01 .153E+00 .100E-06 
89 .8047E+00 .111E-01 .622E+01 .153E+00 .100E-06 
90 .8047E+00 .110E-01 .622E+01 .153E+00 .100E-06 
91 .8047E+00 .109E-01 .622E+01 .153E+00 .100E-06 
92 .8047E+00 .109E-01 .622E+01 .153E+00 .100E-06 
93 .8047E+00 .108E-01 .622E+01 .153E+00 .100E-06 
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94 .8047E+00 .107E-01 .622E+01 .153E+00 .100E-06 
95 .8047E+00 .106E-01 .622E+01 .153E+00 .100E-06 
96 .8047E+00 .105E-01 .622E+01 .153E+00 .100E-06 
97 .8047E+00 .105E-01 .622E+01 .153E+00 .100E-06 
98 .8047E+00 .104E-01 .622E+01 .153E+00 .100E-06 
99 .8047E+00 .103E-01 .622E+01 .153E+00 .100E-06 
100 .8047E+00 .102E-01 .622E+01 .153E+00 .100E-06 

CONVERGENCE CRITERIA NOT MET IN 100 ITERATIONS 
COVARIANCE MATRIX FOR FITTED PARAMETERS 

======================================= 
D.... R.... mu1.. mu2.. 

D.... 1.000 
R.... -1.000 1.000 

mu1.. .998 -.998 1.000 
mu2.. -.979 .979 -.985 1.000 

RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .34171392 
(COEFFICIENT OF DETERMINATION) 

MEAN SQUARE FOR ERROR (MSE) = .5748E-01 
NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

D.... .1024E-01 .6410E+02 .1598E-03 -.1375E+03 .1375E+03 
R.... .6217E+01 .5595E+02 .1111E+00 -.1138E+03 .1262E+03 
mu1.. .1529E+00 .2438E+01 .6272E-01 -.5075E+01 .5381E+01 
mu2.. .1000E-06 .1671E+01 .5986E-07 -.3583E+01 .3583E+01 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .1787 .0000 .1787 
2 1.0000 2.0000 .0000 .0000 .0000 
3 1.0000 3.0000 .3173 .3158 .0015 
4 1.0000 4.0000 1.0000 .5689 .4311 
5 1.0000 5.0000 .7359 .6005 .1354 
6 1.0000 6.0000 .8169 .6287 .1882 
7 1.0000 7.0000 .8077 .6539 .1538 
8 1.0000 8.0000 .5683 .6764 -.1081 
9 1.0000 9.0000 .3661 .6964 -.3303 

10 1.0000 10.0000 .7093 .7143 -.0050 
11 1.0000 11.0000 .5145 .7302 -.2157 
12 1.0000 12.0000 .5622 .7444 -.1823 
13 1.0000 13.0000 .6698 .7571 -.0873 
14 1.0000 14.0000 .6926 .7684 -.0757 
15 1.0000 15.0000 .8633 .7784 .0849 
16 1.0000 16.0000 .1861 .2356 -.0494 
17 1.0000 17.0000 .6815 .2101 .4714 
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18 1.0000 18.0000 .4397 .1873 .2524 
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******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 
* 

* nonequilibrium, two-site CDE (dimensionless/cm/min) * 
* * 

* DATA INPUT FILE: 2.txt * 
* * 

******************************************************************* 
MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETERS 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .2960E+01 N 
R........ .1000E+01 Y 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
mu2...... .2703E-01 Y 

BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 
=========================================== 

SINGLE PULSE OF CONC. = 1.0000 & DURATION = 12.5000 
SOLUTE FREE INITIAL CONDITION 

NO PRODUCTION TERM 
PARAMETER ESTIMATION MODE 

========================= 
MAXIMUM NUMBER OF ITERATIONS = 100 

TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 
SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

ITER SSQ R.... mu1.. mu2.. 
0 .1085E+02 .100E+01 .270E-01 .270E-01 
1 .4750E+01 .114E+01 .143E+01 .100E-06 
2 .4542E+01 .228E+01 .161E+01 .100E-06 
3 .4440E+01 .377E+01 .171E+01 .100E-06 
4 .4098E+01 .671E+01 .165E+01 .100E-06 
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5 .3322E+01 .164E+02 .120E+01 .100E-06 
6 .2570E+01 .145E+02 .571E+00 .100E-06 
7 .2514E+01 .152E+02 .540E+00 .100E-06 
8 .2463E+01 .158E+02 .513E+00 .100E-06 
9 .2418E+01 .164E+02 .489E+00 .100E-06 
10 .2382E+01 .170E+02 .469E+00 .100E-06 
11 .2354E+01 .174E+02 .452E+00 .100E-06 
12 .2333E+01 .177E+02 .439E+00 .100E-06 
13 .2318E+01 .180E+02 .428E+00 .100E-06 
14 .2307E+01 .182E+02 .421E+00 .100E-06 
15 .2299E+01 .183E+02 .415E+00 .100E-06 
16 .2293E+01 .184E+02 .411E+00 .100E-06 
17 .2289E+01 .185E+02 .408E+00 .100E-06 
18 .2287E+01 .186E+02 .406E+00 .100E-06 
19 .2285E+01 .186E+02 .404E+00 .100E-06 
20 .2283E+01 .186E+02 .403E+00 .100E-06 
21 .2282E+01 .187E+02 .402E+00 .100E-06 
22 .2281E+01 .187E+02 .401E+00 .100E-06 
23 .2281E+01 .187E+02 .401E+00 .100E-06 
24 .2280E+01 .187E+02 .401E+00 .100E-06 
25 .2280E+01 .187E+02 .400E+00 .100E-06 
26 .2280E+01 .187E+02 .400E+00 .100E-06 

COVARIANCE MATRIX FOR FITTED PARAMETERS 
======================================= 

R.... mu1.. mu2.. 
R.... 1.000 

mu1.. -.242 1.000 
mu2.. .311 -.471 1.000 

RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED =-.36066635 
(COEFFICIENT OF DETERMINATION) 

MEAN SQUARE FOR ERROR (MSE) = .7355E-01 
NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

R.... .1869E+02 .2941E+01 .6357E+01 .1270E+02 .2469E+02 
mu1.. .4003E+00 .2085E+00 .1920E+01 -.2494E-01 .8255E+00 
mu2.. .1000E-06 .9402E+00 .1064E-06 -.1918E+01 .1918E+01 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .1926 .0000 .1926 
2 1.0000 2.0000 .0000 .0000 .0000 
3 1.0000 3.0000 .0251 .0000 .0251 
4 1.0000 4.0000 .0838 .0006 .0832 
5 1.0000 5.0000 .2364 .0084 .2279 



  45 

6 1.0000 6.0000 .1407 .0413 .0994 
7 1.0000 7.0000 .0821 .1081 -.0261 
8 1.0000 8.0000 .1316 .1947 -.0631 
9 1.0000 9.0000 .2655 .2786 -.0131 

10 1.0000 10.0000 .2157 .3459 -.1302 
11 1.0000 11.0000 .3696 .3938 -.0241 
12 1.0000 12.0000 .4418 .4258 .0161 
13 1.0000 13.0000 .4808 .4470 .0338 
14 1.0000 14.0000 .3299 .4618 -.1318 
15 1.0000 15.0000 1.0000 .4728 .5272 
16 1.0000 16.0000 .7111 .4817 .2294 
17 1.0000 17.0000 .2014 .4870 -.2856 
18 1.0000 18.0000 .1478 .4762 -.3283 
19 1.0000 19.0000 .6172 .4327 .1845 
20 1.0000 20.0000 .3330 .3596 -.0266 
21 1.0000 21.0000 .2007 .2780 -.0773 
22 1.0000 22.0000 .3086 .2074 .1012 
23 1.0000 23.0000 .4686 .1557 .3130 
24 1.0000 24.0000 .2333 .1218 .1115 
25 1.0000 25.0000 .0034 .1011 -.0977 
26 1.0000 26.0000 .2899 .0886 .2013 
27 1.0000 27.0000 .2306 .0809 .1497 
28 1.0000 28.0000 .4551 .0758 .3793 
29 1.0000 29.0000 .5076 .0720 .4357 
30 1.0000 30.0000 .5544 .0689 .4856 
31 1.0000 31.0000 .5070 .0661 .4408 
32 1.0000 32.0000 .7484 .0636 .6848 
33 1.0000 33.0000 .3110 .0612 .2498 
34 1.0000 34.0000 .3479 .0589 .2890 
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******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 
* 

* nonequilibrium, two-site CDE (dimensionless/cm/min) * 
* * 

* DATA INPUT FILE: 3.txt * 
* * 

******************************************************************* 
MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETERS 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .3450E+01 N 
R........ .2040E+02 N 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
mu2...... .2703E-01 Y 

BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 
=========================================== 

SINGLE PULSE OF CONC. = 1.0000 & DURATION = 20.0000 
SOLUTE FREE INITIAL CONDITION 

NO PRODUCTION TERM 
PARAMETER ESTIMATION MODE 

========================= 
MAXIMUM NUMBER OF ITERATIONS = 100 

TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 
SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

ITER SSQ mu1.. mu2.. 
0 .4661E+01 .270E-01 .270E-01 
1 .4410E+01 .376E+00 .100E-06 
2 .4379E+01 .344E+00 .100E-06 
3 .4365E+01 .326E+00 .100E-06 
4 .4359E+01 .315E+00 .100E-06 
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5 .4355E+01 .309E+00 .100E-06 
6 .4353E+01 .305E+00 .100E-06 
7 .4352E+01 .303E+00 .100E-06 
8 .4352E+01 .302E+00 .100E-06 
9 .4351E+01 .301E+00 .100E-06 
10 .4351E+01 .301E+00 .100E-06 
11 .4351E+01 .301E+00 .100E-06 
12 .4351E+01 .301E+00 .100E-06 
13 .4351E+01 .300E+00 .100E-06 

COVARIANCE MATRIX FOR FITTED PARAMETERS 
======================================= 

mu1.. mu2.. 
mu1.. 1.000 

mu2.. -.791 1.000 
RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED =********** 

(COEFFICIENT OF DETERMINATION) 
MEAN SQUARE FOR ERROR (MSE) = .1554E+00 

NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

mu1.. .3004E+00 .2985E+00 .1006E+01 -.3111E+00 .9119E+00 
mu2.. .1000E-06 .2445E+01 .4091E-07 -.5008E+01 .5008E+01 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .5459 .0000 .5459 
2 1.0000 2.0000 .6094 .0000 .6094 
3 1.0000 3.0000 .8356 .0000 .8356 
4 1.0000 4.0000 .4968 .0004 .4964 
5 1.0000 5.0000 .3488 .0061 .3427 
6 1.0000 6.0000 .4777 .0304 .4474 
7 1.0000 7.0000 .5259 .0836 .4423 
8 1.0000 8.0000 .3379 .1600 .1778 
9 1.0000 9.0000 .4886 .2438 .2449 

10 1.0000 10.0000 .5604 .3202 .2402 
11 1.0000 11.0000 1.0000 .3820 .6180 
12 1.0000 12.0000 .3924 .4282 -.0358 
13 1.0000 13.0000 .5795 .4613 .1182 
14 1.0000 14.0000 .4432 .4848 -.0416 
15 1.0000 15.0000 .1417 .5019 -.3602 
16 1.0000 16.0000 .7548 .5149 .2399 
17 1.0000 17.0000 .3833 .5253 -.1420 
18 1.0000 18.0000 .0681 .5341 -.4660 
19 1.0000 19.0000 .4659 .5420 -.0761 
20 1.0000 20.0000 .2044 .5493 -.3450 
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21 1.0000 21.0000 .8647 .5562 .3085 
22 1.0000 22.0000 .1862 .5627 -.3765 
23 1.0000 23.0000 .4314 .5689 -.1375 
24 1.0000 24.0000 .8056 .5745 .2311 
25 1.0000 25.0000 .7975 .5746 .2228 
26 1.0000 26.0000 .7593 .5559 .2034 
27 1.0000 27.0000 .0000 .5081 -.5081 
28 1.0000 28.0000 .9991 .4368 .5622 
29 1.0000 29.0000 .6830 .3581 .3249 
30 1.0000 30.0000 .5005 .2866 .2139 
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******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 
* * 

* nonequilibrium, two-site CDE (dimensionless/cm/min) * 
* * 

* DATA INPUT FILE: 4.txt * 
* * 

****************************************************************** 
MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETER 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .4310E+01 N 
R........ .1000E+01 Y 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
mu2...... .2703E-01 N 

BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 
=========================================== 

SINGLE PULSE OF CONC. = 1.0000 & DURATION = 25.0000 
SOLUTE FREE INITIAL CONDITION 

NO PRODUCTION TERM 
PARAMETER ESTIMATION MODE 

========================= 
MAXIMUM NUMBER OF ITERATIONS = 100 

TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 
SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

ITER SSQ R.... mu1.. 
0 .1940E+02 .100E+01 .270E-01 
1 .8868E+01 .580E+01 .471E+00 
2 .4206E+01 .159E+02 .233E+00 
3 .1326E+01 .266E+02 .100E-06 
4 .1310E+01 .297E+02 .100E-06 
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5 .1291E+01 .290E+02 .100E-06 
6 .1287E+01 .289E+02 .100E-06 
7 .1286E+01 .288E+02 .100E-06 
8 .1286E+01 .288E+02 .100E-06 
9 .1286E+01 .287E+02 .100E-06 

COVARIANCE MATRIX FOR FITTED PARAMETERS 
======================================= 

R.... mu1.. 
R.... 1.000 

mu1.. -.162 1.000 
RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .78575837 

(COEFFICIENT OF DETERMINATION) 
MEAN SQUARE FOR ERROR (MSE) = .2858E-01 

NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

R.... .2875E+02 .1609E+01 .1787E+02 .2551E+02 .3199E+02 
mu1.. .1000E-06 .5327E-01 .1877E-05 -.1073E+00 .1073E+00 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .0198 .0000 .0198 
2 1.0000 2.0000 .0163 .0000 .0163 
3 1.0000 3.0000 .0122 .0000 .0122 
4 1.0000 4.0000 .0112 .0000 .0112 
5 1.0000 5.0000 .0000 .0004 -.0004 
6 1.0000 6.0000 .0033 .0032 .0002 
7 1.0000 7.0000 .0256 .0135 .0121 
8 1.0000 8.0000 .0086 .0376 -.0290 
9 1.0000 9.0000 .0245 .0787 -.0543 

10 1.0000 10.0000 .0147 .1354 -.1207 
11 1.0000 11.0000 .0407 .2026 -.1619 
12 1.0000 12.0000 .0572 .2741 -.2169 
13 1.0000 13.0000 .1145 .3442 -.2297 
14 1.0000 14.0000 .2598 .4088 -.1490 
15 1.0000 15.0000 .7036 .4657 .2379 
16 1.0000 16.0000 .4821 .5142 -.0321 
17 1.0000 17.0000 .7830 .5547 .2283 
18 1.0000 18.0000 .8323 .5878 .2444 
19 1.0000 19.0000 .8408 .6149 .2259 
20 1.0000 20.0000 .9867 .6370 .3497 
21 1.0000 21.0000 1.0000 .6551 .3449 
22 1.0000 22.0000 .9990 .6702 .3288 
23 1.0000 23.0000 .9259 .6830 .2430 
24 1.0000 24.0000 .9041 .6940 .2101 
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25 1.0000 25.0000 .9082 .7037 .2045 
26 1.0000 26.0000 .9018 .7124 .1894 
27 1.0000 27.0000 .9294 .7204 .2090 
28 1.0000 28.0000 .8877 .7278 .1600 
29 1.0000 29.0000 .9920 .7347 .2573 
30 1.0000 30.0000 .8224 .7409 .0814 
31 1.0000 31.0000 .8350 .7445 .0905 
32 1.0000 32.0000 .8126 .7401 .0725 
33 1.0000 33.0000 .6549 .7219 -.0670 
34 1.0000 34.0000 .7435 .6865 .0570 
35 1.0000 35.0000 .7052 .6353 .0699 
36 1.0000 36.0000 .6408 .5734 .0675 
37 1.0000 37.0000 .5136 .5071 .0065 
38 1.0000 38.0000 .3856 .4421 -.0565 
39 1.0000 39.0000 .3996 .3824 .0172 
40 1.0000 40.0000 .4208 .3302 .0906 
41 1.0000 41.0000 .3204 .2863 .0341 
42 1.0000 42.0000 .2930 .2505 .0426 
43 1.0000 43.0000 .3368 .2217 .1151 
44 1.0000 44.0000 .5142 .1989 .3152 
45 1.0000 45.0000 .3275 .1811 .1464 
46 1.0000 46.0000 .3420 .1670 .1750 
47 1.0000 47.0000 .2802 .1559 .1243 
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******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 
* 

* nonequilibrium, two-site CDE (dimensionless/cm/min) * 
* * 

* DATA INPUT FILE: 6.txt * 
* * 

******************************************************************* 
MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETERS 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .1196E+02 Y 
R........ .1000E+01 Y 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
mu2...... .2703E-01 Y 

BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 
=========================================== 

SINGLE PULSE OF CONC. = 1.0000 & DURATION = 40.0000 
SOLUTE FREE INITIAL CONDITION 

NO PRODUCTION TERM 
PARAMETER ESTIMATION MODE 

========================= 
MAXIMUM NUMBER OF ITERATIONS = 100 

TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 
SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

ITER SSQ D.... R.... mu1.. mu2.. 
0 .1431E+02 .120E+02 .100E+01 .270E-01 .270E-01 
1 .1412E+02 .121E+04 .171E+01 .184E+00 .176E+00 
2 .1164E+02 .605E+03 .233E+01 .465E+00 .566E+00 
3 .9552E+01 .303E+03 .898E+01 .107E+01 .283E+00 
4 .6711E+01 .190E+03 .304E+02 .100E+01 .100E-06 
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5 .2990E+01 .193E+03 .836E+02 .100E-06 .100E-06 
6 .2915E+01 .192E+03 .772E+02 .100E-06 .100E-06 
7.2887E+01 .182E+03 .738E+02 .100E-06 .100E-06 
8 .2859E+01 .171E+03 .705E+02 .100E-06 .100E-06 
9 .2827E+01 .160E+03 .673E+02 .100E-06 .100E-06 
10 .2791E+01 .149E+03 .640E+02 .100E-06 .100E-06 
11 .2748E+01 .137E+03 .607E+02 .100E-06 .100E-06 
12 .2699E+01 .126E+03 .574E+02 .100E-06 .100E-06 
13 .2642E+01 .115E+03 .540E+02 .100E-06 .100E-06 
14 .2575E+01 .104E+03 .507E+02 .100E-06 .100E-06 
15 .2496E+01 .923E+02 .473E+02 .100E-06 .100E-06 
16 .2403E+01 .811E+02 .441E+02 .100E-06 .100E-06 
17 .2293E+01 .702E+02 .408E+02 .100E-06 .100E-06 
18 .2165E+01 .596E+02 .377E+02 .100E-06 .100E-06 
19 .2020E+01 .495E+02 .347E+02 .100E-06 .100E-06 
20 .1859E+01 .401E+02 .319E+02 .100E-06 .100E-06 
21 .1688E+01 .316E+02 .294E+02 .100E-06 .186E-04 
22 .1534E+01 .242E+02 .272E+02 .100E-06 .572E-01 
23 .1386E+01 .178E+02 .254E+02 .100E-06 .125E+00 
24 .1254E+01 .125E+02 .239E+02 .100E-06 .189E+00 
25 .1158E+01 .875E+01 .228E+02 .100E-06 .239E+00 
26 .1106E+01 .654E+01 .221E+02 .100E-06 .267E+00 
27 .1084E+01 .544E+01 .217E+02 .100E-06 .277E+00 
28 .1074E+01 .492E+01 .214E+02 .100E-06 .277E+00 
29 .1068E+01 .467E+01 .213E+02 .100E-06 .273E+00 
30 .1064E+01 .454E+01 .212E+02 .100E-06 .268E+00 
31 .1062E+01 .446E+01 .211E+02 .100E-06 .263E+00 
32 .1060E+01 .442E+01 .210E+02 .100E-06 .260E+00 
33 .1059E+01 .439E+01 .210E+02 .100E-06 .257E+00 
34 .1058E+01 .437E+01 .210E+02 .100E-06 .254E+00 
35 .1058E+01 .436E+01 .210E+02 .100E-06 .253E+00 
36 .1057E+01 .435E+01 .209E+02 .100E-06 .252E+00 
37 .1057E+01 .434E+01 .209E+02 .100E-06 .251E+00 
38 .1057E+01 .434E+01 .209E+02 .100E-06 .250E+00 
39 .1057E+01 .433E+01 .209E+02 .100E-06 .250E+00 
40 .1057E+01 .433E+01 .209E+02 .100E-06 .250E+00 
41 .1057E+01 .433E+01 .209E+02 .100E-06 .249E+00 
42 .1057E+01 .433E+01 .209E+02 .100E-06 .249E+00 
43 .1057E+01 .433E+01 .209E+02 .100E-06 .249E+00 

COVARIANCE MATRIX FOR FITTED PARAMETERS 
======================================= 

D.... R.... mu1.. mu2.. 
D.... 1.000 

R.... .705 1.000 
mu1.. -.560 -.839 1.000 

mu2.. .428 .789 -.938 1.000 
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RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .84302211 
(COEFFICIENT OF DETERMINATION) 

MEAN SQUARE FOR ERROR (MSE) = .2201E-01 
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ON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

D.... .4329E+01 .3199E+01 .1353E+01 -.2104E+01 .1076E+02 
R.... .2092E+02 .2489E+01 .8405E+01 .1591E+02 .2592E+02 
mu1.. .1000E-06 .1121E+00 .8924E-06 -.2253E+00 .2253E+00 
mu2.. .2492E+00 .5112E+00 .4875E+00 -.7786E+00 .1277E+01 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .0214 .0000 .0214 
2 1.0000 2.0000 .0000 .0000 .0000 
3 1.0000 3.0000 .0015 .0000 .0015 
4 1.0000 4.0000 .0031 .0012 .0018 
5 1.0000 5.0000 .0133 .0117 .0016 
6 1.0000 6.0000 .0070 .0465 -.0395 
7 1.0000 7.0000 .0062 .1128 -.1065 
8 1.0000 8.0000 .0556 .2027 -.1471 
9 1.0000 9.0000 .0329 .3005 -.2677 

10 1.0000 10.0000 .2061 .3927 -.1866 
11 1.0000 11.0000 .2683 .4713 -.2029 
12 1.0000 12.0000 .2794 .5340 -.2546 
13 1.0000 13.0000 .3261 .5821 -.2560 
14 1.0000 14.0000 .4794 .6183 -.1388 
15 1.0000 15.0000 .7224 .6454 .0771 
16 1.0000 16.0000 .6403 .6659 -.0256 
17 1.0000 17.0000 .7833 .6820 .1013 
18 1.0000 18.0000 .7834 .6948 .0885 
19 1.0000 19.0000 .8100 .7056 .1044 
20 1.0000 20.0000 .7616 .7149 .0468 
21 1.0000 21.0000 .8634 .7231 .1403 
22 1.0000 22.0000 .8376 .7305 .1071 
23 1.0000 23.0000 .8869 .7373 .1496 
24 1.0000 24.0000 .9120 .7437 .1683 
25 1.0000 25.0000 .8041 .7496 .0545 
26 1.0000 26.0000 .8825 .7551 .1274 
27 1.0000 27.0000 .8915 .7603 .1312 
28 1.0000 28.0000 .8397 .7653 .0744 
29 1.0000 29.0000 .8419 .7699 .0719 
30 1.0000 30.0000 .9093 .7743 .1350 
31 1.0000 31.0000 .9103 .7785 .1318 
32 1.0000 32.0000 .8599 .7824 .0775 
33 1.0000 33.0000 .8781 .7861 .0919 
34 1.0000 34.0000 .9655 .7896 .1758 
35 1.0000 35.0000 1.0000 .7930 .2070 
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36 1.0000 36.0000 .9234 .7961 .1273 
37 1.0000 37.0000 .9193 .7991 .1203 
38 1.0000 38.0000 .9065 .8019 .1046 
39 1.0000 39.0000 .8961 .8045 .0916 
40 1.0000 40.0000 .8923 .8070 .0853 
41 1.0000 41.0000 .8949 .8094 .0855 
42 1.0000 42.0000 .9185 .8116 .1068 
43 1.0000 43.0000 .9287 .8137 .1150 
44 1.0000 44.0000 .8480 .8145 .0335 
45 1.0000 45.0000 .7818 .8060 -.0241 
46 1.0000 46.0000 .9129 .7730 .1399 
47 1.0000 47.0000 .8094 .7084 .1011 
48 1.0000 48.0000 .2238 .6201 -.3963 
49 1.0000 49.0000 .2836 .5237 -.2401 
50 1.0000 50.0000 .2469 .4330 -.1861 
51 1.0000 51.0000 .2242 .3558 -.1316 
52 1.0000 52.0000 .0790 .2943 -.2153 

******************************************************************* 
* * 

* CXTFIT VERSION 2.1 (4/17/99) * 
* ANALYTICAL SOLUTIONS FOR ONE-DIMENSIONAL CDE * 

* NON-LINEAR LEAST-SQUARES ANALYSIS * 
* * 

* stw90. * 
* nonequilibrium, two-site CDE (dimensionless/cm/min) * 

* * 
* DATA INPUT FILE: 7.txt * 

* * 
******************************************************************* 

MODEL DESCRIPTION 
================= 

DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 
FLUX-AVERAGED CONCENTRATION 

REDUCED TIME (T), POSITION(Z) 
(ALL PARAMETERS EXCEPT D AND V ARE DIMENSIONLESS) 

CHARACTERISTIC LENGTH = 15.0000 
FOR DIMENSIONLESS PARAMETERS 
INITIAL VALUES OF COEFFICIENTS 
============================== 

NAME INITIAL VALUE FITTING 
V........ .6040E+01 N 
D........ .1196E+02 Y 
R........ .1000E+01 Y 
beta..... .4810E+00 N 

omega.... .4760E+00 N 
mu1...... .2703E-01 Y 
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mu2...... .2703E-01 Y 
BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 

=========================================== 
SINGLE PULSE OF CONC. = 1.0000 & DURATION = 25.5000 

SOLUTE FREE INITIAL CONDITION 
NO PRODUCTION TERM 

PARAMETER ESTIMATION MODE 
========================= 

MAXIMUM NUMBER OF ITERATIONS = 100 
TWO-REGION PHYSICAL NONEQUILIBRIUM MODEL 

SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 
ITER SSQ D.... R.... mu1.. mu2.. 

0 .4935E+01 .120E+02 .100E+01 .270E-01 .270E-01 
1 .2935E+01 .157E+03 .323E+01 .553E+00 .100E-06 
2 .1592E+01 .505E+02 .817E+01 .477E+00 .100E-06 
3 .6934E+00 .189E+02 .101E+02 .186E+00 .100E-06 
4 .5433E+00 .440E+02 .143E+02 .100E-06 .100E-06 
5 .5397E+00 .420E+02 .141E+02 .100E-06 .100E-06 
6 .5368E+00 .405E+02 .139E+02 .100E-06 .100E-06 
7 .5345E+00 .394E+02 .138E+02 .100E-06 .100E-06 
8 .5326E+00 .384E+02 .136E+02 .100E-06 .100E-06 
9 .5311E+00 .376E+02 .135E+02 .100E-06 .100E-06 
10 .5299E+00 .370E+02 .134E+02 .100E-06 .100E-06 
11 .5290E+00 .364E+02 .133E+02 .100E-06 .100E-06 
12 .5283E+00 .359E+02 .133E+02 .100E-06 .100E-06 
13 .5277E+00 .355E+02 .132E+02 .100E-06 .100E-06 
14 .5273E+00 .352E+02 .131E+02 .100E-06 .100E-06 
15 .5269E+00 .349E+02 .131E+02 .100E-06 .100E-06 
16 .5266E+00 .347E+02 .131E+02 .100E-06 .100E-06 
17 .5264E+00 .345E+02 .130E+02 .100E-06 .100E-06 
18 .5262E+00 .343E+02 .130E+02 .100E-06 .100E-06 
19 .5261E+00 .342E+02 .130E+02 .100E-06 .100E-06 
20 .5259E+00 .341E+02 .130E+02 .100E-06 .100E-06 
21 .5258E+00 .340E+02 .129E+02 .100E-06 .100E-06 
22 .5257E+00 .339E+02 .129E+02 .100E-06 .100E-06 
23 .5257E+00 .338E+02 .129E+02 .100E-06 .100E-06 
24 .5256E+00 .337E+02 .129E+02 .100E-06 .100E-06 
25 .5256E+00 .337E+02 .129E+02 .100E-06 .100E-06 
26 .5255E+00 .337E+02 .129E+02 .100E-06 .100E-06 
27 .5255E+00 .336E+02 .129E+02 .100E-06 .100E-06 
28 .5255E+00 .336E+02 .129E+02 .100E-06 .100E-06 
29 .5255E+00 .336E+02 .129E+02 .100E-06 .100E-06 
30 .5254E+00 .335E+02 .129E+02 .100E-06 .100E-06 
31 .5254E+00 .335E+02 .129E+02 .100E-06 .100E-06 
32 .5254E+00 .335E+02 .129E+02 .100E-06 .100E-06 

COVARIANCE MATRIX FOR FITTED PARAMETERS 
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======================================= 
D.... R.... mu1.. mu2.. 

D.... 1.000 
R.... .968 1.000 

mu1.. -.872 -.948 1.000 
mu2.. .506 .653 -.843 1.000 

RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .77262696 
(COEFFICIENT OF DETERMINATION) 

MEAN SQUARE FOR ERROR (MSE) = .2102E-01 
NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 
================================================ 

95% CONFIDENCE LIMITS 
NAME VALUE S.E.COEFF. T-VALUE LOWER UPPER 

D.... .3352E+02 .6006E+02 .5581E+00 -.9018E+02 .1572E+03 
R.... .1287E+02 .1168E+02 .1102E+01 -.1119E+02 .3693E+02 
mu1.. .1000E-06 .4367E+00 .2290E-06 -.8994E+00 .8994E+00 
mu2.. .1000E-06 .8048E+00 .1243E-06 -.1658E+01 .1658E+01 

------------------ORDERED BY COMPUTER INPUT------------------- 
CONCENTRATION RESI- 

$ NO DISTANCE TIME OBS FITTED DUAL 
1 1.0000 1.0000 .0000 .0126 -.0126 
2 1.0000 2.0000 .1721 .1198 .0523 
3 1.0000 3.0000 .2251 .2528 -.0277 
4 1.0000 4.0000 .3953 .3638 .0315 
5 1.0000 5.0000 .2829 .4492 -.1663 
6 1.0000 6.0000 .3845 .5142 -.1297 
7 1.0000 7.0000 .4497 .5645 -.1148 
8 1.0000 8.0000 .5023 .6043 -.1020 
9 1.0000 9.0000 .4542 .6364 -.1822 

10 1.0000 10.0000 .5886 .6631 -.0745 
11 1.0000 11.0000 .6217 .6857 -.0640 
12 1.0000 12.0000 .9011 .7052 .1959 
13 1.0000 13.0000 .9172 .7225 .1947 
14 1.0000 14.0000 .7579 .7379 .0200 
15 1.0000 15.0000 .8686 .7518 .1167 
16 1.0000 16.0000 .8757 .7646 .1110 
17 1.0000 17.0000 .8779 .7764 .1015 
18 1.0000 18.0000 .7271 .7874 -.0603 
19 1.0000 19.0000 .8501 .7977 .0524 
20 1.0000 20.0000 .7059 .8073 -.1014 
21 1.0000 21.0000 1.0000 .8164 .1836 
22 1.0000 22.0000 .7892 .8250 -.0358 
23 1.0000 23.0000 .6989 .8331 -.1342 
24 1.0000 24.0000 .8199 .8408 -.0208 
25 1.0000 25.0000 1.0575 .8481 .2094 
26 1.0000 26.0000 .9572 .8549 .1023 



  59 

REFERENCES 

 
Bradford, S.A., Simunek, J., Bettahar, M., Van Genuchten, M.T. and Yates, S.R., 2003. 

Modeling colloid attachment, straining, and exclusion in saturated porous media. 
Environmental Science & Technology, 37(10): 2242-2250. 

 
Bradford, S.A., Yates, S.R., Bettahar, M. and Simunek, J., 2002. Physical factors affecting the 

transport and fate of colloids in saturated porous media. Water Resources Research, 
38(12): -. 

 
Bremner, J.M. and Mulvaney, C.S., 1982. Nitrogen-Total. In: A.L. Page and R.H. Miller 

(Editors), Methods of Soil Analysis. SSSA, Madison, WI, pp. 595-624. 
 
Cai, L.F., Gochin, M. and Liu, K.L., 2011. A facile surfactant critical micelle concentration 

determination. Chemical Communications, 47(19): 5527-5529. 
 
Chen, G., 2004. Rhamnolipid biosurfactant behavior in solutions. Journal of Biomaterials 

Science-Polymer Edition, 15(2): 229-235. 
 
Chen, G. and Flury, M., 2005. Retention of mineral colloids in unsaturated porous media as 

related to their surface properties. Colloids and Surfaces a-Physicochemical and 
Engineering Aspects, 256(2-3): 207-216. 

 
Cui, X.H. et al., 2010. Mechanism of the Mixed Surfactant Micelle Formation. Journal of 

Physical Chemistry B, 114(23): 7808-7816. 
 
Dantas, T.N.C., Neto, A.O., Moura, E.F., Scatena, H. and Fonseca, J.L.C., 2009. Counterion 

Nature and Alkylammonium Halide Adsorption Thermodynamics. Journal of Dispersion 
Science and Technology, 30(7): 1046-1049. 

 
Dossel, J., Meyer-Hoffert, U., Schroder, J.M. and Gerstel, U., 2012. Pseudomonas aeruginosa-

derived rhamnolipids subvert the host innate immune response through manipulation of 
the human beta-defensin-2 expression. Cellular Microbiology, 14(9): 1364-1375. 

 
Grasso, D. et al., 1996. Impact of physiological state on surface thermodynamics and adhesion of 

Pseudomonas aeruginosa. Environmental Science & Technology, 30(12): 3604-3608. 
 
Henkel, M. et al., 2012. Rhamnolipids as biosurfactants from renewable resources: Concepts for 

next-generation rhamnolipid production. Process Biochemistry, 47(8): 1207-1219. 
 
Inoue, T. and Yamakawa, H., 2011. Micelle formation of nonionic surfactants in a room 

temperature ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate: Surfactant 
chain length dependence of the critical micelle concentration. Journal of Colloid and 
Interface Science, 356(2): 798-802. 

 



  60 

Karakashev, S.I., Nguyen, A.V. and Miller, J.D., 2008. Equilibrium Adsorption of Surfactants at 
the Gas-Liquid Interface. Interfacial Processes and Molecular Aggregation of Surfactants, 
218: 25-55. 

 
Lenhart, J.J. and Saiers, J.E., 2002. Transport of silica colloids through unsaturated porous 

media: Experimental results and model comparisons. Environmental Science & 
Technology, 36(4): 769-777. 

 
Lin, S.Y., Lee, Y.C. and Shao, M.M., 2002. Adsorption kinetics of C12E6 at the air-water 

interface. Journal of the Chinese Institute of Chemical Engineers, 33(6): 631-643. 
 
Maier, R.M. and Soberon-Chavez, G., 2000. Pseudomonas aeruginosa rhamnolipids: 

biosynthesis and potential applications. Applied Microbiology and Biotechnology, 54(5): 
625-633. 

 
Matijevic, E., 1981. Particle Adhesion and Removal in Well Defined Model Systems. Abstracts 

of Papers of the American Chemical Society, 182(Aug): 39-Coll. 
 
Mebius, L.J., 1960. A Rapid Method for the Determination of Organic Carbon in Soil. Analytica 

Chimica Acta, 22(2): 120-124. 
 
Muller, M.M. et al., 2012. Rhamnolipids-Next generation surfactants? Journal of Biotechnology, 

162(4): 366-380. 
 
Privman, V., Frisch, H.L., Ryde, N. and Matijevic, E., 1991. Particle Adhesion in Model 

Systems .13. Theory of Multilayer Deposition. Journal of the Chemical Society-Faraday 
Transactions, 87(9): 1371-1375. 

 
Raza, Z.A. et al., 2010. Surface properties and sub-surface aggregate assimilation of rhamnolipid 

surfactants in different aqueous systems. Biotechnology Letters, 32(6): 811-816. 
 
Reiling, H.E. et al., 1986. Pilot-Plant Production of Rhamnolipid Biosurfactant by Pseudomonas-

Aeruginosa. Applied and Environmental Microbiology, 51(5): 985-989. 
 
Ryde, N., Kallay, N. and Matijevic, E., 1991. Particle Adhesion in Model Systems .14. 

Experimental Evaluation of Multilayer Deposition. Journal of the Chemical Society-
Faraday Transactions, 87(9): 1377-1381. 

 
Ryde, N.P. and Matijevic, E., 2000. Deposition and detachment studies of fine particles by the 

packed column technique. Colloids and Surfaces a-Physicochemical and Engineering 
Aspects, 165(1-3): 59-78. 

 
Soberon-Chavez, G., Lepine, F. and Deziel, E., 2005. Production of rhamnolipids by 

Pseudomonas aeruginosa. Applied Microbiology and Biotechnology, 68(6): 718-725. 



  61 

Toride, N.L., F.J.; van Genuchten, M. Th., 1995. The CXTFIT Code for Estimating Transport 
Parameters from Laboratory or Field Experiments, Version 2.1, U.S. Salinity Laboratory, 
Riverside, CA. 

 
van Oss, C.J., 1994. Interfacial Forces in Aqueous Media. Marcel Dekker, New York. 
 
Venkatesh, N.M. and Vedaraman, N., 2012. Remediation of soil contaminated with copper using 

Rhamnolipids produced from Pseudomonas aeruginosa MTCC 2297 using waste frying 
rice bran oil. Annals of Microbiology, 62(1): 85-91. 

 
Zhu, L.Q. et al., 2012. Enhanced rhamnolipids production by Pseudomonas aeruginosa based on 

a pH stage-controlled fed-batch fermentation process. Bioresource Technology, 117: 208-
213. 

  



  62 

BIOGRAPHICAL SKETCH 

 

TYLER DILLARD RENFRO 

 
EDUCATION 

Florida State University, Tallahassee, FL 

 
Master of Science, Civil Engineering, August 3, 2013 
Bachelor of Science, Civil-Environmental Engineering, April 28, 2012 
Minor in Physics  
 
Relevant Graduate Coursework, grade received 
 Foundation Engineering, A 
 Advanced Soil Mechanics, A 
 Applied Environmental Engineering Chemistry, B 
 Air Pollution Control Engineering, A 
 Remediation Engineering, A 
 Sustainable Green Design, A 
 Applied Engineering Microbiology, A  
 Specialty in Environmental and Geotechnical Engineering 
 
CERTIFICATIONS 

Fundamentals of Engineering 
Florida Board of Professional Engineers 
 

CLUBS 

American Society for Civil Engineers 
 
SKILLS 

Communication, presentational, Microsoft: Word, Excel, and PowerPoint. Autodesk: Storm and 
Sanitary Analysis, AutoCAD Civil 3D, both on PC and Mac 2012, Mathcad, Sketchup  
 
BUSINESS 

AnySauce.com, 2010-2012. First business in the Student Business Incubator at Florida State 
University, over one thousand dollars in gross revenue. 
 
RESEARCH ARTICLE UNDERGRAD 

 I composed and presented a research article to the Big Bend Chapter of the Institute of 
Transportation Engineers Committee in the fall of 2011. Entitled Motorcycle Moped Light Bill, 
the article gave solutions to the motorcycle moped collision problems associated with 
transportation.  
 Conclusions strive to improve the standard perception of motorcycles visual 
appearances, by adding a gap between the front lights, along with color luminance 
recommendations.   
 


	The Florida State University
	DigiNole Commons
	7-9-2013

	Rhamnolipid Biosurfactant Transport In Agricultural Soils
	Tyler Dillard Renfro
	Recommended Citation



