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ABSTRACT 

Nanosilver has the ability to anchor to the bacterial cell wall and subsequently penetrate it, 

thereby causing structural changes in the cell membrane and death of the cell. The bacterial 

responses to the presence of nanosilver usually vary depending on the concentration of 

nanosilver particles, exposure conditions and the bacterial physiological stage. Since bacterial 

anabolism dependents upon a stoichiometric ratio of carbon and inorganic nutrients, the carbon 

to nitrogen ratio (C/N) thus plays an important role of bacterial responses to the exposure of 

nanosilver. This study investigated the responses of Escherichia coli to the exposure of 

nanosilver under variable growth conditions. It was discovered that E. coli grown under different 

growth conditions had least resistance to the toxicity of nanosilver when cultured under carbon 

limited conditions. However, the presence of rhamnolipid, a commonly utilized biosurfactant for 

soil remediation increased the resistance of E. coli to nanosilver. The transport of E. coli cultured 

under carbon limited conditions was further studied in silica sand columns. E. coli adsorption in 

silica sand increased when cultured in the presence of nanosilver. On the contrary, E. coli 

adsorption in silica sand was significantly reduced when cultured in the presence of rhamnolipid. 

The results suggest that the resistance of E.coli to nanosilver can be improved by diminishing the 

carbon limitation in growth condition and the transport impact of nanosilver can be diminished 

by adding rhamnolipid.  

Key words: Echerichia coli; Macro-Nutrient, Nanosilver, Rhamnolipid, and Transport. 



1 
 

CHAPTER ONE 

INTRODUCTION 

1.1 Nanosilver 

Nanosilver is the nano sized particles of silver. Nowadays, nanosilver is widely used in 

consumer and medical products, because it has the unique properties at the nanoscale. 

Concerning about the various application of nanotechnology in nanosilver, the publics and 

government become to pay attention to nanosilver’s potential risk to our environment, including 

in aquatic ecosystems and agricultural soil. (Wijnhoven et al., 2009) 

1.1.1 Naonsilver’s properties 

Nanosilver can be regarded as a special state of silver, so nanosilver has some properties 

which are the same as bulk silver. However, the nanosilver also has some unique properties 

which are decided by its nanoscale. 

1.1.1.1 Silver background information Silver is a basic element in chemistry, which is 

called Argentum (Ag) in Latin. Small amount of pure silver exists in the natural environment, 

most of silver occurs as ore naturally. Metallic silver has a relatively stable chemical property: it 

is hard to be corroded by chemicals; it has pretty good thermal and electrical conductivity; it is 

slightly harder than gold, so it is very ductile and malleable; its reflectance rate can be as high as 

99%. Metallic salts of silver can be commonly found in the environment. The free silver ion is 

Ag+. Ag2+ and Ag3+ are not unstable in the aquatic environment. (Smith & Carson, 1977) 

In previous time, silver has been widely used in different applications. Table I (Wijnhoven et al., 

2009) lists a general usage of silver metal and silver compounds. Based on these usages, we can 

find that silver can be applied as anti-microbial agents. Compared with other organic anti-
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microbial agents, silver is believed to have less risk of harmful effects on the human 

body(Dastjerdi & Montazer, 2010). Little research showed that element silver has general 

toxicity to human body at low concentrations, while its therapeutic property can works against a 

wide spectrum microorganisms and disease- causing organisms at that low concentrations(Jeong, 

Yeo, & Yi, 2005; Lok et al., 2006). However, some hypothesis are still under discussing, for 

example, releasing free silver ion from silver substance may lead to toxic effect.  (Drake & 

Hazelwood, 2005)  

Table I. Various uses of silver and silver compounds. 

Silver compunds Silver and silver alloys 

Photography Jewelry 

Batteries  Silverware 

Bactericide  Electronic components 

Catalysts  Heat sink 

Medicinals  Solders 

Lubrication  Brazing alloys 

Cloud seeding  Superconductors 

Window coating  Dental amalgams 

Mirrors  Bearings 

Flower preservative  Coinage/medals 

Electroplating  Bactericide 

Cosmetics  

Sanitation of swimming pools, hot  

tubs/spas, drinking wate  

 

1.1.1.2 Nanosilver is a different type of silver Even though, many national and 

international organizations have proposed different definitions for nanomaterials, no regulatory 
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definition has been totally accepted at the European level (European Commsion Joint Research 

Center, 2010). However, the term nanomaterial generally refers to materials which are on a 

nanoscal. To be defined as nanoscale, the material with external dimensions, or internal 

structures should have an upper limit of 100 nm (e.g., European Standardization Committee; 

International Organization for Standardization [ISO]; and Organization for Economic 

Cooperation and Development [OEC]). Also, at nanoscale, those materials should perform 

different properties and behavior from the coarser bulk materials which are with similar chemical 

compositions). According to ISO 14644-6: 2007, the definition of particles includes liquids. But, 

micelles and single polymer molecules are excluded from the definition of engineered 

nanomaterials by American Chemistry Council, because some nanocarriers diameters are larger 

than 100 nm although the internal functional features may be smaller than 100 nm.  

Nanosilver is the nanoparticle of silver which is between 1 nm and 100 nm in size. 

Nanosilver can be produced by several methods, including photo-catalytic reduction(Chang, Lin, 

Chan, Hsu, & Chen, 2006), chemical reduction process(Yu, 2007) photo-chemical or radiation-

chemical reduction, metallic wire explosion, sono-chemical, polyols(Nersisyan, Lee, Son, Won, 

& Maeng, 2003), matrix chemistry, photo-reduction(Courrol, Silva, & Gomes, 2007), reverse 

micelle-based methods(Xie, Ye, & Liu, 2006) and biological synthesized(Sathishkumar et al., 

2009). Produced from different methods possess, nanosilver particles can have different 

properties which is based on various particle diameters, shapes, and so on. For instance (Fig 

1(Khan et al., 2012)), using reducing agents to form nanosivler with different kind of polymer 

stabilizers, or different concentration of polymer stabilizers, can lead to different formation rate 

and particle size distribution(Khan et al., 2012).  
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Based on nanoscale, nanosilver has a large surface area to volume ratio which means 

nanosilver has increased number of particles per unit area and is believed to help nanosilver 

perform maximum toxicity to bacteria(Yeo & Jeong, 2003). As other nanomaterials, nanosilver 

particles also have surface effect and quantum size effect. Therefore, nanosilver’s chemical 

property become more active than silver, which means that nanosilver can release free silver ion 

more easily than silver(Wijnhoven et al., 2009).  

The toxicity of free silver radical makes nanosilver becomes a broad-spectrum 

antimicrobial material. The general mechanism of nanosilver’s anti-bacterial function can be 

explained as this: first, metal ions are released to destroy or pass through the cell membrane, and 

bond to the functional group(-SH group) of cellular enzymes; second, the enzymatic activity will 

be significantly decreased to cause micro-organism metabolisms change and inhibit their growth; 

finally, the cell will die(Kim et al., 2007). Also, the metal ions catalyzed the production of 

oxygen radicals which cause the oxidation of molecular structure in bacteria’s organism. Such a 

mechanism will produce active oxygen diffusing from fiber to the surrounding environment; 

therefore, metal ions inhibit the multiplication of micro-organisms. In addition, silver ions can 

cause denaturation of protein and cell death, because they can react with nucleophilic amino acid 

residues in proteins, and attach to function groups of membrane or enzyme proteins ( i.e., 

sulfhydryl, amino, imidazole, phosphate and carboxyl) (Kaur, Saxena, & Vadehra, 1985). R-S-S-

R bonds can be formed via reaction between silver in oxidic form and sulfhydryl groups, by 

which respiration blocking and cell death can occur(Kumar et al., 2004). Silver including Ag 

ions or nanoparticles can be attached to the bacteria because of electrostatic interaction with 

negative charge of bacterial cell wall(Sathishkumar et al., 2009). Low concentrations of Ag+ can 
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lead to a massive proton leakage through the membrane and cell death(Percival, Bowler, & 

Russell, 2005). 

By the antibacterial properties, nanosilver is able to kill a broad-spectrum of Gram-

negative and Gram-positive bacteria, including Eschericia(Fig 2; (Li et al., 2008).  

Current research show that Gram-negative bacteria’s cell wall can be anchored to and 

penetrated by nanosilver, then the cell membrane will be changed to increase the  cell 

permeability.(Sondi & Salopek-Sondi, 2004) At the same time, silver nanoparticles can form free 

radicals and subsequent free radicals which can induce membrane damage. These radicals 

randomly transport in cytoplasmic and ultimately cause cell death(Danilczuk, Lund, Sadlo, 

Yamada, & Michalik, 2006). In addition, silver iron performs strongly interaction with 

compound such as DNA, which may interrupt cell duplication and DNA replication and also 

ultimately lead to cell death(Hwang et al., 2008). Besides other research suggests that 

nanoparticles can modulate the membrane structure and affect the surface signaling, so that the 

growth of bacteria will be inhibited(Shrivastava et al., 2007). 

1.1.2 Naonsilver’s applications 

Based on nanosilver’s antibacterial properties, nanosilver is commonly applied in consumer 

and medical product. In the food production chain, nanotechnologies are being used in 

production, processing, safety and packaging phases. And nanosilver is used in the processing, 

conservation and consumption phase. In other consumer products, nanosilver’s application can 

be found in: electronics, filtration, purification, neutralization, sanitization, personal care and 

cosmetics, household products, textile and shoes. In medical products, nanosilver technology is 

mainly utilized in coating the medical device to prevent infections; extensively nanosilver 
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technology is applied in wound management for instance the treatment of burns; advanced 

nanosilver technologies are expected to be used in drug delivery, to diagnostics and 

imaging(Wijnhoven et al., 2009). 

Furthermore, nanosilver technologies are to be developed in environmental engineering, for 

instance, in water treatment process(Shannon et al., 2008). Engineers want to use nanosilver’s 

antibacterial properties to deal with the disinfection procedure, so that a broad-spectrum of 

microbes can be killed. And the efficiency of disinfection can be improved, comparing with 

those using traditional disinfectants such as chlorine and ozone(Morones et al., 2005). Existing 

research suggests that nanosilver will not produce disinfection byproduct which may be harmful 

to human health and the environment. Also research shows that nanosilver can effectively 

control the microbial pathogens without concerning about the resistance reaction(Li et al., 2008).  

1.1.3 Naonsilver’s fate in environment 

The widespread usage of nanosilver inspires the industry to keep testing and looking for 

new utilizations for nanosilver. By this way, people will have more opportunities to exposure to 

nanosilver(Wijnhoven et al., 2009). Meanwhile, discoveries have reported that the growing 

application of nanosilver in food product, medical product, consumer product lead to increase the 

production volume of disposal of nanosilver in the environment(Hendren, Mesnard, Droege, & 

Wiesner, 2011).  

Considering that people exposure to nanosilver, animal studies and clinic case have been 

conducted to estimate what adverse effect the nanosilver will cause to human health. Current 

reports demonstrate that nanosilver in the food product and medical device can enter the body 

directly, and it will cause harmful effect once the nanosilver passes through the sensitive organ 
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and its concentration is high enough to damage the tissue. This part of nanosilver will be 

probably absorbed by animal or human body (Ji et al., 2007; Takenaka et al., 2001). 

Furthermore, most of nanosilver in other products such as consumer product will be 

released to municipal wastewater, which has been demonstrated experimentally (T. Benn, 

Cavanagh, Hristovski, Posner, & Westerhoff, 2010; Geranio, Heuberger, & Nowack, 2009). The 

municipal wastewater treatment plant can remove part of nanosilver by discharging it to the 

environment via agricultural land application of wastewater treatment bio solids. The rest of 

nanosilver particles may retain in the treated wastewater stream and enter surface water 

environments, potentially leading to disruption of ecosystems. (T. M. Benn & Westerhoff, 2008) 

1.2 Microbial surface and bacterial transport 

E.coli is one kind of microbe naturally existing in the environment and mainly living in 

humans or animal intestine. It has a variety of strains and most of them are harmless for human, 

but some strains like E.coli O157:H7 can be pathogenic. In environmental engineering, E.coli is 

regarded as an indicator organism when testing the pathogen in potable water source, because the 

fecal coliform in agricultural land is cited as a major source of pathogenic microorganisms in 

surface and groundwater system. Also E.coli commonly exits in the bioremediation system like 

other microbes working as a decomposer. Therefore, several aspects of research chose E.coli as 

the experiment material including the bacterial transport(Jamieson, Gordon, Sharples, Stratton, & 

Madani, 2002). 
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1.2.1 E.coli and microbial surface  

Based on the membrane structure, E.coli is classified as Gram-negative bacteria. The key 

different component in the cell wall of Gram-negative bacteria is the peptidoglycan (Fig 3; V. 

Poinsot, et al,2012). There is one thin lay of peptidoglycan outside the cytoplasmic membrane, 

with the additional composition of phospholipids and lipopolysaccharides in the outer 

membrane(Wijnhoven et al., 2009).  

According to the existing discovery, the carbon source and nutrient elements play the 

important role on the growth of microorganism. By changing the stoichiometric ratio of carbon 

and nutrient (for instance, nitrogen, phosphors, sulfur, potassium, calcium, and magnesium), 

microbial anabolism can be controlled (G. Tchobanoglous, et al, 1991). Therefore, change of the 

microbial surface can be achieved by changing the carbon and nitrogen conditions on microbial 

growth(McEldowney & Fletcher, 1986). The impact of limiting substrate or nutrient on 

microbial growth results in the differences of lipopolysaccharide production efficiency(Ellwood 

& Tempest, 1972). And the impact of limiting substrate or nutrient on microbial surface 

thermodynamics results in the difference of hydrophilic surface(G. Chen & Strevett, 2003).  

1.2.2 Bacterial transport and column study 

Bacteria transport helps to predict the microbe’s fate in the subsurface, for instance, 

contaminating drinking water supplies or functioning in bioremediation(G. Chen & Strevett, 

2003). More and more focus has been put on the bioremediation of contaminated soil and 

groundwater by degradative microbes. The process of this kind of bioremediation is known as 

bioaugmentation, which has been reported as a successful method to deal with chlorinated 

solvents. By adding and dispersing bacteria, contaminants can be degraded or transformed, so 
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that bioaugmentation is an attractive and viable remedial option(DeFlaun et al., 2001). However, 

further application of bioaugmentation is limited by the research of predictably microorganisms’ 

transportation under both laboratory and field conditions, especially in the contaminated areas of 

subsurface. Therefore, bacteria transport controlled by the physical, chemical and biological 

method is an important research aspect(Fuller et al., 2000).  

The major transport modes of microorganism in the soil are through movement with 

filtrating water and sediment. Physical filtration and adsorption are believed to be the primary 

limitation for bacterial mobility (Gerba and Bitton 1984). Meanwhile, the physic-chemical 

properties of bacterial surface can impact the bacterial transport, based on the surface 

thermodynamics.  

Column study is usually used to quantitatively describe the bacterial transport in porous 

media(Tan, Bond, & Griffin, 1992). Several column studies have been conducted to examine 

these processes in further detail with considerable interest directed towards the role of macropore 

transport of bacteria(Fontes, Mills, Hornberger, & Herman, 1991). Previous research examined 

the influence of soil physio-chemical properties on bacterial transport by changing the soil 

columns; examined the retarded movement of bacterial transport when other chemical 

compounds were existed. 

1.3 Pseudomonas aeruginosa rhamnolipid 

Pseudomonas aeruginosa is an environmental bacterium which can produce 

rhamnolipid(Lyczak, Cannon, & Pier, 2000). Rhamnolipid is one kind of biosurfactant which are 

amphiphilic molecules composed of a hydrophobic fatty acid moiety and a hydrophilic portion 

composed of one or two rhamnose(Soberon-Chavez, Lepine, & Deziel, 2005). Based on its 
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tension-active properties, rhamnolipid have many potential industrial and environmental 

applications. In environmental application, people found that rhamnolipid plays important roles 

on the characterization of surface, surface coating and the usages as additives for environmental 

remediation (Maier & Soberon-Chavez, 2000; Stanghellini & Miller, 1997). 

As surfactants, Rhamnolipid can reduce the surface tension and perform emulsification which 

is because of that: surfactants may affect the physicochemical properties including solubility, 

dissociation, and volatilization. Therefore, these molecules are regarded as surfactants and be 

made use of its ability to solubilize and promote the uptake of hydrophobic substrates. In other 

words, rhamnolipid can let the cell surface become more hydrophobic and improve the 

mobilization. At the same time surfactants can enhance the biodegradation of poorly soluble 

contaminants by increasing the bioavailability (Al-Tahhan, Sandrin, Bodour, & Maier, 2000; 

Beal & Betts, 2000; Itoh & Suzuki, 1972; Koch, Kappeli, Fiechter, & Reiser, 1991; Zhang & 

Miller, 1994). Also, rhamnolipid can be utilized to develop the hydrophilic characteristics of 

dried farm earth.  

The biosynthetic pathway of rhamnolipid has been discovered that P. aeruginosa produces 

rhamnolipid by three sequential reactions which are shown as Fig 4.(Maier & Soberon-Chavez, 

2000). For lab experiment, the production of rhamnolipid biosurfactant and the extraction of it 

have been demonstrated in recent research. (Liu et al., 2011) 
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Fig 1. a-c Transmission electron micrograh and particle sized distribution of Ag 
nanoparticles stabilized without polymer(a) and stabilized by 5 g/L PVA(b) and 3g/L 
PVP(c) 
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Fig 2.-Various mechanisms of antimicrobial activities exerted by nanomaterials 

 

 

Fig 3. Scheme of the surface of Gram-negative bacteria. 
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Fig 4. The Pseudomonas aeruginosa rhamnolipid biosynthetic pathway 
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Fig 4. Continued  
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CHAPTER TWO 

E.COLI GROWTH IN THE PRESENCE OF NANOSILVER UNDER 

VARIABLE GROWTH CONDITION 

2.1 E.coli strains and growth condition 

The interested bacteria strain, E.coli k12, was selected to be test in this experiment. To get 

target microbes which have different surface membrane, variable growth condition has been used. 

The diversity of growth condition is based on the ratio of carbon(C) and nutrient (N). To 

estimate the growth phase under different growth condition, Monod-type kinetic has been 

applied and all the necessary data were collected. 

2.1.1 Materials and methods 

A pure culture of E. coli k12, obtained from ATCC (catalog No. 29181) was used in this 

research. E. coli was grown in minimal media, which contained 5.44 g KH2PO4 and 6 mL salt 

solution in 1 L deionized water. The sale solution had a composition of 10 g/L MgSO4·7H2O, 

1.0 g/L MnCl2·4H2O, 0.4 g/L FeSO4·7H2O and 0.1 g/L CaCl2·2H2O. Glucose served as the 

carbon source and ammonium chloride served as the nitrogen source. The combination of carbon 

and nitrogen sources at different C/N ratios formed 6 different medium formulations (Table 2). 

Initial pH of the media was adjusted to 7.4 with 1 N HCl or 1 N NaOH. The media were then 

sterilized by autoclaving (121⁰C and 1 atm) for 20 minutes. Glucose was filter-sterilized and 

aseptically added to the autoclaved minimal media. 
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Table 2. Medium formulations 

 C/N Limitation 

C=0.2 g/L 5:1 N/A 

C=0.2 g/L 30:1 N 

C=0.2 g/L 1:1.5 C 

C=1 g/L 5:1 N/A 

C=1 g/L 30:1 N 

C=1 g/L 1:1.5 C 

 

After inoculation for two hours, E. coli cultures at different medium formations were added 

sterilized nanosilver stock solution to make a nanosilver concentration of 1 mg/L (Sigma-Aldrich, 

St. Louis, MO) and put on a tube rotator (Model 270600, Boekel Scientific, Feasterville, PA). E. 

coli cultures were sampled every two hours for up to 25 hours by Adenosine Triphosphate (ATP) 

analysis (G. Chen & Strevett, 2001). The light emission produced by the reaction of ATP 

extracted from the cultured cells with luciferase as measured by a luminometer (TD-20/20, 

Turner Design, Sunnyvale, CA) was compared with an ATP standard (2.5 ×10-8 g/mL ATP 

which is equivalent to 5 ×107 cells/mL) (10 μg/mL ATP in HEPES buffer, Turner Design) to 

give viable bacterial cell numbers.  

After growth until late stationary state, E. coli was collected and centrifuged at 2500 RPM 

for 20 minutes. The centrifuged pellets were washed twice with a sterilized buffer solution 

(potassium phosphate monobasic-sodium hydroxide buffer, Fisher Scitific, Pittsburgh, PA) and 

then re-suspended in sterilized nano-pure de-ionized water to make a bacterial suspension. This 

suspension was used for the column transport experiments. During the washing process, soluble 

exopolysaccharide (if any) was stripped off the bacteria(G. Chen & Strevett, 2001). For transport 

in the column, the growth of E. coli was assumed to be minimal due to the lack of substrate or 
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nutrient and short retention time. Consequently, E. coli surface properties should remain 

unchanged during transport. The size of E. coli was measured using a Malven Zetasizer 3000 

Hsa (Malvern Instrument Ltd., Malvern, Worcs, UK) as described by Meinders et al. which was 

around 1.2 μm(Meinders, vanderMei, & Busscher, 1995). Above experiments were conducted in 

triplicate and the inconsistency was within 5% (95% CI, t-test). 

2.2 Growth in the presence of rhamnolipid 

In the subsurface soil, surfactants are commonly utilized for the remediation of contaminated 

soil. Rhamnolipid is a biosurfactant, which has shown promising usage due to its lower toxicity, 

higher biodegradability and, hence, greater environmental compatibility. The presence of 

rhamnolipid may possibly reduce the impact of nanosilver on E. coli growth and transport. 

2.2.1 Materials and methods 

The rhamnolipid was produced as described below. 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 media. The flask was continuously trembled 

at 250 RPM on a Gyratory Water Bath (Model G76, New Brunswick Scientific Co. Inc., Edison, 

NJ) at 37⁰ C for 24 hours. 2 mL of above culture was used to inoculate 200 mL of phosphate-

limited proteose peptoneglucose-ammonium salt media, which was then placed on the Gyrotory 

Water Bath Shaker at 250 RPM for 60 hours. The extraction of rhamnolipid followed the method 

modified from Zhang and Miller(Zhang & Miller, 1994). Briefly, 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 pH 2.0. After centrifuged at 12,100 × g for 

20 minutes, the precipitate was extracted with chloroform-ethanol (2:1). Extract was then 
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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. 

Rhamnolipid was purified and analyzed by thin-layer chromatography. After rhamnolipid 

purification, impact of nanosilver on E. coli growth was evaluated in the presence of 10 mg/L 

rhamnolipid. Specifically, after inoculation for two hours, E. coli cultures at different medium 

formations were added with sterilized nanosilver (1 mg/L) together with 10 mg/L rhamnolipid. E. 

coli growth was monitored and similarly, stationary state E. coli was collected and prepared for 

transport experiments. Similarly, these experiments were conducted in triplicate and the 

inconsistency was within 5% (95% CI, t-test). 

2.3 Column experiment 

E. coli transport experiments were conducted in silica sand columns. Silica sand was collected 

from Destin Beach. Based on the sieving analysis, around 92.4% of silica sand was found to be 

smaller than 0.425 mm, i.e., passing through the 40 sieve. Around 0.38% of silica sand was 

found to be smaller than 0.075 mm, i.e., passing through the 200 sieve. The specific area 

concentration of the silica sand was found to be 126.1 ± 7.6 m27 /g by a surface area analyzer 

using krypton adsorption isotherms (ASAP 2010, Micromeritics, Norcross, GA). Before being 

packed in the column, silica sand was sterilized at 121°C for 20 minutes. The columns (6.5-cm 

-cm length) were vertically oriented and E. coli suspension was applied to the column 

by a peristaltic pump (Masterflex, Cole- Parmer, Vernon Hills, IL) at a rate of 0.1 cm/min. The 

effluent was collected by a fraction collector and measured for E. coli concentration using ATP 

analysis. 
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Fig 5. Peristaltic pump, column and fraction collector (from left to right) 

 

 

 

 

 

 

 

 

 

Fig 6. UV-Vis and ATP analysis instrument 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

3.1 In the absence of nanosilver 

E. coli displayed log and stationary phases when grown in the culturing media in the absence 

of nanosilver. A representative growth curve under different growth conditions is illustrated in 

Fig 7-12. (The experiments were conducted in triplicate and the inconsistency was within 5%). 

For the same carbon to nitrogen ratio, more nutrients generated more biomass (Fig 10-12 as 

compared to Figure 7-9). When carbon or nitrogen was limited, E. coli growth was less 

pronounced as compared to that of no carbon or nitrogen limitation (Figure 8 and 9 as compared 

to Figure 7 and Figure 12 and f as compared with Figure 9). If E. coli growth is coupled with 

nutrient depletion E.coli growth, E. coli concentration over time can be described by the 

following equation (Bhalla and Warheit, 2004): 

                                                                                                                                                               
where X is the E. coli concentration (cells/L); S is the limiting nutrient concentration (g/L); 

μmax is the E. coli maximum specific growth rate (hr-15 ); Kc is the half-saturation coefficient 

(g/L); kd is the E. coli decay rate coefficient (hr-16 ); and t is the elapsed time (hr). By ignoring 

the decay rate coefficient, the yield coefficient, Y (cells of E. coli per g limiting nutrient) can be 

estimated based on E. coli production and the limiting nutrient depletion, such that: 
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where X0 and S0 are the initial E. coli and limiting nutrient concentrations. By substituting 

equation (2) into equation (1), E. coli growth can be expressed as: 

                                                                                                                 

E. coli growth in the absence of nanosilver was simulated against Equation (3) using an 

implicit, finite-difference scheme. All the parameters were optimized by minimizing the sum of 

squared differences between observed and fitted E. coli concentrations using the nonlinear least-

square method. Based on the simulation, E. coli had the greatest μmax value when there was no 

carbon or nitrogen limitation (2.18 hr-1 19 for C=0.2 g/L and 2.34 hr-1 for C=1.0 g/L). When 

carbon or nitrogen was limited (determined by comparing the residual carbon or nitrogen to the 

predetermined half-velocity coefficient), the μmax value decreased, which was more pronounced 

for nitrogen limitation than that of carbon limitation, indicating nitrogen played a more important 

role than that of carbon in cell growth (Table 3). 

 

Table 3. E. coli growth parameters in the absence of nanosilver and death rate in the presence of 

nanosilver 

 C/N μmax (hr-1) Kc (g/L) kd (hr-1) ksilver (hr-1) 

C=0.2 g/L 5:1 2.18   2.65 1.20 2.79 

C=0.2 g/L 30:1 1.67 2.89 0.72 3.10 

C=0.2 g/L 1:1.5 2.09 2.29 1.20 1.55 

C=1 g/L 5:1 2.34 3.30 1.92 2.48 

C=1 g/L 30:1 1.97 3.59 0.96 3.72 

C=1 g/L 1:1.5 2.26 2.50 1.44 1.86 
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Fig 7. E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =5:1 C=0.2 g/L) 

 

 

 

 

 

 

 

 

Fig 8.  E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =30:1 C=0.2 g/L) 
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Fig 9.  E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =1:1.5 C=0.2 g/L) 

 

 

 

 

 

 

 

 

 

 

 

Fig 10.  E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =5:1 C=1 g/L) 
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Fig 11. E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =30:1 C=1 g/L) 

 

 

 

 

 

 

 

 

 

 

Fig 12.  E. coli growth curves in the absence of nanosilver and death curves in the presence of 

nanosilver (C/N =1:1.5 C=1 g/L) 
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3.2 In the presence of nanosilver 

In the presence of nanosilver, E. coli displayed an exponential decay. The decay was most 

pronounced when carbon was limited (Table 3, the last column). Nanosilver inhibited E. coli 

growth by first anchoring to the cell wall and subsequently penetrating it, leading to the death of 

the cells. Therefore, E. coli surface components played a key role of cell responses to the 

presence of nanosilver. E. coli grown under different growth conditions resulted in different 

macromolecular surface components. In our prior research, it was discovered that E. coli had 

different surface properties especially lipopolysaccharide production under different growth 

conditions (G. Chen & Strevett, 2003). When carbon was limited, E. coli had the least 

lipopolysaccharide production, making E. coli more venerable to the presence of nanosilver. In 

the presence of rhamnolipid, instead of decay, E. coli displayed slight growth. This was because 

E. coli cell surface hydrophobicity increased owing to the adsorption of rhamnolipid, preventing 

nanosilver to attach to E. coli cells. 

3.3 Transport and adsorption 

Breakthrough curves of E. coli cultured under C/N of 1:1.5 in the absence and presence of 

nanosilver were characterized by a self-sharpening front, which became broader and diffuser at 

the elution limb (Fig 13).  
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Fig 13.Transport breakthrough curves of E. coli cultured in variable growth conditions 

The long-lasting tails of the breakthrough curves indicated kinetic-controlled E. coli retention 

in the column. Under saturated conditions, E. coli transport is controlled by kinetic adsorption 

and equilibrium adsorption processes, (Bradford, Simunek, Bettahar, Van Genuchten, & Yates, 

2003; Bradford, Yates, Bettahar, & Simunek, 2002; Gang Chen, 2008; G. Chen & Flury, 2005; 

Di Palma, Ferrantelli, Merli, & Petrucci, 2002; Lenhart & Saiers, 2002) 

         [      ]     [   ]                                                                                                                  
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where C is the E. coli concentration (cells/L); Dz is the apparent dispersion coefficient (cm2 

/min); q is the specific discharge (Darcian fluid flux) (cm/min); k1 is the deposition coefficient 

(min-1); ρb is the media bulk density (g/L); Cr is the kinetically adsorbed E. coli (cells/g silica 

sand); z is the axial coordinate (cm); and t is time (min). Above models are only valid if the 

duration of the experiments is short and the surface coverage remains very low (Cheung, Chu, et 

al., 1997, Li and Zhao, 2003). In this research, a fresh column was used for each series of column 

experiments. In addition, the duration was short (around 150 minutes per run). Therefore, above 

equations should be valid to be utilized to describe E. coli transport. For E. coli transport, a 

pulse-type boundary condition was used for the upper boundary and a zero gradient was assumed 

for the lower boundary (Weiss, Mills, et al., 1995): 

                 {                                                                                                                                 

    |                                                                                                                                                                                                                                 

where t0 is the during of injection (min) and C0 is the initial E. coli concentration (cells/L). The E. 

coli breakthrough curves were simulated against Equations (4) and (5) using an implicit, finite-

difference scheme. All the parameters were optimized by minimizing the sum of squared 

differences between observed and fitted concentrations using the nonlinear least-square method 

(Toride, 1995). Equations (4) and (5) assumed that E. coli had linear adsorption isotherms. Based 

on this assumption, retardation of E. coli grown in the absence and presence of nanosilver was 

similar (2.87 for C = 0.2 g/L and 2.56 for C = 1g/L as compared to 2.67 for C = 0.2 g/L and 2.37 

for C = 1 g/L). In the presence of rhamnolipid, retardation of E. coli transport decreased to 1.43 

(for C = 0.2 g/L) and 1.48 (for C = 1 g/L). It was likely that the mobility of E. coli would be 
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impacted with rhamnolipid adsorption. The decrease of retardation of E. coli transport was 

owing to the adsorption of rhamnolipid on E. coli surfaces. 

In reality, E. coli might have nonlinear adsorption isotherms on silica sand. A method has been 

developed to allow rapid determination of nonlinear adsorption isotherm by integrating the 

diffuse front of the breakthrough curves (Burgisser, Cernik, et al., 1993). 

Based on this method, the concentration of reversibly adsorbed E. coli (equilibrium adsorption) 

on silica sand, S, can be obtained by integrating the experimental record of the retention time t(c) 

if the dispersion term can be neglected (D = 0): 

          ∫              ∫                                                                                                   

where t0 = L/v and is the average E. coli travel time in the column (min). The insignificant role 

of hydrodynamic dispersion on bacterial transport has been proven by Unice and Logan (Unice 

and Logan, 2000Unice and Logan, 2000). In their research, they demonstrated that 

hydrodynamic dispersion can be neglected for Pe > 100. For this research, all the column 

experiments were performed 1 with Pe > 100, thus equation (8) can be used to determine the E. 

coli adsorption isotherms. 

E. coli adsorption isotherms were obtained using equation (8) from E. coli transport 

breakthrough curves (Fig 14).  
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Fig 14.Equilibrium adsorbed E. coli on silica sand as a function of E. coli equilibrium 
concentration 

Based on the transport breakthrough curves of E. coli grown under different growth conditions, 

the adsorption isotherms of E. coli grown under different growth conditions were determined, 

which followed Langmuir adsorption isotherms on silica sand: 

                                                                                                                                           
where S is the adsorbed E. coli on silica sand (cells/g silica sand); α is the mass of E. coli 

required to completely cover a unit mass of silica sand (cells/g silica sand); Ce is the E. coli 

equilibrium concentration (cells/L); and K is the Langmuir adsorption constant, which increases 

with the increase of the binding energy of adsorption (L/cell). The α values and K values were 

obtained using numerical simulation. E. coli grown in the absence of nanosilver had α values of 

0.0146 cells/g silica sand (for C = 0.2 g/L) and 0.0164 cells/g silica sand (for C = 1g/L).   

However, for E. coli cultured in the presence nanosilver, α values decreased to 0.0219 cells/g 

silica sand (for C = 0.2 g/L) and 0.0264  cells/g silica sand (for C = 1 g/L). Cultured in the 
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presence of rhamnolipid, α values increased to 0.0514 cells/g silica sand (for C = 0.2 g/L) and 

0.0479 cells/g silica sand (for C = 1 g/L). The K values had similar trend as those of α. The 

underlying principle behind the adsorption isotherms resulted from forms of bonding between E. 

coli and adsorption receptor sites on silica sand. Therefore, the nanosilver and rhamnolipid 

adsorption on E. coli changed the bonding energy between E. coli and adsorption receptor sites 

on silica sand. By plotting E. coli retardation factor as a function 1 of α and K, it was found that 

E. coli retardation exponentially decreased with the increase of α and K (Fig 15). 

E. coli also displayed irreversible adsorption or kinetic adsorption on silica sand, which was 

evidenced by the reduced mass recovery during the transport. The kinetic adsorption was best 

described by the deposition coefficient. As shown in Fig 16, as compared to those cultured in the 

absence nanosilver, E. coli cultured in the presence nanosilver had greater deposition (deposition 

coefficient of 1.88 hr-1 for C = 0.2 g/L and 1.97 hr-1 for C = 1 g/L as compared to 1.53 hr-1 for C 

= 0.2 g/L and 1.12 hr-1 for C = 1 g/L). Cultured in the presence of rhamnolipid, E. coli deposition 

decreased dramatically (deposition coefficient of 0.298 hr-1 for C = 0.2 g/L and 0.187 hr-1 11 for 

C = 1 g/L). 
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Fig 15.Retardation factor of E. coli transport as a function of E. coli adsorption parameters 

 

 

 

 

 

 

 

 

 

Fig 16.Deposition coefficient of E. coli cultured under different growth conditions 
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APPENDIX 

SIMULATION DATA  

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

     *     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:  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........     .4310E+01      N 

      R........     .1000E+01      Y 

      beta.....     .4810E+00      N 

      omega....     .4760E+00      N 

      mu1......     .2703E-01      Y 

      mu2......     .2703E-01      N 
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     BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 

     =========================================== 

       SINGLE PULSE OF CONC. =    1.0000 & DURATION =    1.0000 

       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    .1834E+01  .100E+01  .270E-01 

      1    .2618E+00  .120E+01  .886E+00 

      2    .4572E-01  .155E+01  .161E+01 

      3    .1324E-01  .215E+01  .193E+01 

      4    .4382E-02  .270E+01  .177E+01 

      5    .3907E-02  .279E+01  .169E+01 

      6    .3901E-02  .280E+01  .169E+01 

      7    .3901E-02  .281E+01  .169E+01 

      8    .3901E-02  .281E+01  .169E+01 

 

     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

         R....  mu1.. 

         R....  1.000 

         mu1..  -.063  1.000 

 

       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .90635571 

       (COEFFICIENT OF DETERMINATION) 
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     MEAN SQUARE FOR ERROR (MSE) =   .1696E-03 

 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

                                               95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .2807E+01   .8565E-01 .3277E+02   .2630E+01    .2984E+01 

      mu1..  .1688E+01   .5780E-01 .2921E+02   .1569E+01    .1808E+01 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                        CONCENTRATION         RESI- 

$    NO    DISTANCE       TIME        OBS        FITTED       DUAL 

      1      1.0000       .2000       .0000       .0000       .0000 

      2      1.0000       .4000       .0000       .0000       .0000 

      3      1.0000       .6000       .0000       .0020      -.0020 

      4      1.0000       .8000       .0096       .0183      -.0087 

      5      1.0000      1.0000       .0500       .0527      -.0027 

      6      1.0000      1.2000       .1114       .0894       .0220 

      7      1.0000      1.4000       .1307       .1165       .0142 

      8      1.0000      1.6000       .1154       .1312      -.0158 

      9      1.0000      1.8000       .0993       .1246      -.0253 

     10      1.0000      2.0000       .0854       .0960      -.0106 

     11      1.0000      2.2000       .0721       .0634       .0087 

     12      1.0000      2.4000       .0596       .0394       .0202 

     13      1.0000      2.6000       .0496       .0254       .0242 

     14      1.0000      2.8000       .0389       .0182       .0207 

     15      1.0000      3.0000       .0314       .0147       .0167 

     16      1.0000      3.2000       .0239       .0128       .0111 

     17      1.0000      3.4000       .0204       .0117       .0087 

     18      1.0000      3.6000       .0143       .0109       .0034 

     19      1.0000      3.8000       .0121       .0103       .0018 

     20      1.0000      4.0000       .0093       .0097      -.0004 
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     21      1.0000      4.2000       .0071       .0092      -.0021 

     22      1.0000      4.4000       .0046       .0087      -.0041 

     23      1.0000      4.6000       .0036       .0082      -.0047 

     24      1.0000      4.8000       .0014       .0078      -.0064 

     25      1.0000      5.0000       .0000       .0074      -.0074 

 

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

     *     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:  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........     .4310E+01      N 

      R........     .1000E+01      Y 

      beta.....     .4810E+00      N 

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

      mu2......     .2703E-01      N 

 

     BOUNDARY, INITIAL, AND PRODUCTION CONDITIONS 

     =========================================== 

       SINGLE PULSE OF CONC. =    1.0000 & DURATION =    1.0000 

       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    .1485E+01  .100E+01  .270E-01 

      1    .2389E+00  .127E+01  .748E+00 

      2    .6228E-01  .178E+01  .117E+01 

      3    .1781E-01  .237E+01  .110E+01 

      4    .1252E-01  .254E+01  .974E+00 

      5    .1246E-01  .256E+01  .968E+00 

      6    .1246E-01  .257E+01  .967E+00 

      7    .1246E-01  .257E+01  .967E+00 

 

     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

     R....  mu1.. 

     R....  1.000 

     mu1..  -.071  1.000 
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       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .90931734 

       (COEFFICIENT OF DETERMINATION) 

 

       MEAN SQUARE FOR ERROR (MSE) =   .5665E-03 

 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

                                            95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .2567E+01   .7927E-01 .3238E+02   .2402E+01    .2731E+01 

      mu1..  .9669E+00   .5286E-01 .1829E+02   .8573E+00    .1077E+01 

 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                        CONCENTRATION         RESI- 

    NO    DISTANCE       TIME        OBS        FITTED       DUAL 

      1      1.0000       .2000       .0000       .0000       .0000 

      2      1.0000       .4000       .0000       .0001      -.0001 

      3      1.0000       .6000       .0000       .0062      -.0062 

      4      1.0000       .8000       .0400       .0445      -.0045 

      5      1.0000      1.0000       .1100       .1136      -.0036 

      6      1.0000      1.2000       .2275       .1804       .0471 

      7      1.0000      1.4000       .2325       .2271       .0054 

      8      1.0000      1.6000       .2125       .2492      -.0367 

      9      1.0000      1.8000       .1925       .2274      -.0349 

     10      1.0000      2.0000       .1525       .1688      -.0163 

     11      1.0000      2.2000       .1300       .1097       .0203 

     12      1.0000      2.4000       .1075       .0691       .0384 

     13      1.0000      2.6000       .0875       .0465       .0410 

     14      1.0000      2.8000       .0700       .0349       .0351 

     15      1.0000      3.0000       .0575       .0291       .0284 

     16      1.0000      3.2000       .0500       .0259       .0241 



38 
 

     17      1.0000      3.4000       .0400       .0238       .0162 

     18      1.0000      3.6000       .0350       .0222       .0128 

     19      1.0000      3.8000       .0325       .0209       .0116 

     20      1.0000      4.0000       .0250       .0196       .0054 

     21      1.0000      4.2000       .0150       .0185      -.0035 

     22      1.0000      4.4000       .0075       .0174      -.0099 

     23      1.0000      4.6000       .0025       .0164      -.0139 

     24      1.0000      4.8000       .0000       .0155      -.0155 

 

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

     *     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:  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 
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      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 =    1.0000 

       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    .1719E+01  .100E+01  .270E-01 

      1    .2396E+00  .120E+01  .855E+00 

      2    .4164E-01  .156E+01  .151E+01 

      3    .1158E-01  .211E+01  .174E+01 

      4    .3280E-02  .254E+01  .160E+01 

      5    .2704E-02  .264E+01  .154E+01 

      6    .2685E-02  .266E+01  .153E+01 

      7    .2685E-02  .267E+01  .153E+01 

      8    .2685E-02  .267E+01  .153E+01 
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     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

         R....  mu1.. 

         R....  1.000 

         mu1..  -.066  1.000 

 

       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .95094738 

       (COEFFICIENT OF DETERMINATION) 

 

       MEAN SQUARE FOR ERROR (MSE) =   .1167E-03 

 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

                                         95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .2667E+01   .6014E-01 .4434E+02   .2542E+01    .2791E+01 

      mu1..  .1533E+01   .4103E-01 .3736E+02   .1448E+01    .1618E+01 

 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                      CONCENTRATION         RESI- 

    NO    DISTANCE       TIME        OBS        FITTED       DUAL 

      1      1.0000       .2000       .0000       .0000       .0000 

      2      1.0000       .4000       .0000       .0000       .0000 

      3      1.0000       .6000       .0080       .0035       .0045 

      4      1.0000       .8000       .0538       .0266       .0272 

      5      1.0000      1.0000       .0802       .0694       .0108 

      6      1.0000      1.2000       .1073       .1109      -.0036 

      7      1.0000      1.4000       .1409       .1394       .0015 

      8      1.0000      1.6000       .1411       .1528      -.0117 

      9      1.0000      1.8000       .1231       .1394      -.0163 

     10      1.0000      2.0000       .1048       .1026       .0022 
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     11      1.0000      2.2000       .0830       .0654       .0176 

     12      1.0000      2.4000       .0564       .0403       .0161 

     13      1.0000      2.6000       .0367       .0266       .0101 

     14      1.0000      2.8000       .0303       .0199       .0104 

     15      1.0000      3.0000       .0320       .0165       .0155 

     16      1.0000      3.2000       .0220       .0147       .0073 

     17      1.0000      3.4000       .0189       .0136       .0053 

     18      1.0000      3.6000       .0134       .0127       .0007 

     19      1.0000      3.8000       .0089       .0120      -.0031 

     20      1.0000      4.0000       .0067       .0113      -.0046 

     21      1.0000      4.2000       .0045       .0106      -.0061 

     22      1.0000      4.4000       .0031       .0100      -.0069 

     23      1.0000      4.6000       .0027       .0095      -.0068 

     24      1.0000      4.8000       .0013       .0089      -.0077 

     25      1.0000      5.0000       .0005       .0084      -.0080 

 

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

     *     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:  4.txt                                     * 

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

 

 

     MODEL DESCRIPTION 

     ================= 

        DETERMINISTIC NONEQUILIBRIUM CDE (MODE=2) 

        FLUX-AVERAGED CONCENTRATION 

        REDUCED TIME (T), POSITION(Z) 
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        (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........     .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 =    1.0000 

       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    .1499E+01  .100E+01  .270E-01 

      1    .2117E+00  .126E+01  .767E+00 

      2    .3578E-01  .175E+01  .122E+01 

      3    .6871E-02  .228E+01  .121E+01 
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      4    .5317E-02  .237E+01  .112E+01 

      5    .5317E-02  .237E+01  .112E+01 

      6    .5317E-02  .237E+01  .112E+01 

 

     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

         R....  mu1.. 

         R....  1.000 

         mu1..  -.073  1.000 

 

       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .96005396 

       (COEFFICIENT OF DETERMINATION) 

 

       MEAN SQUARE FOR ERROR (MSE) =   .2312E-03 

 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

 

                                                95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .2369E+01   .5486E-01 .4319E+02   .2256E+01    .2483E+01 

      mu1..  .1121E+01   .3811E-01 .2942E+02   .1042E+01    .1200E+01 

 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                        CONCENTRATION         RESI- 

   NO    DISTANCE       TIME        OBS        FITTED       DUAL 

      1      1.0000       .2000       .0000       .0000       .0000 

      2      1.0000       .4000       .0000       .0002      -.0002 

      3      1.0000       .6000       .0000       .0110      -.0110 

      4      1.0000       .8000       .0417       .0599      -.0182 

      5      1.0000      1.0000       .1263       .1287      -.0024 
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      6      1.0000      1.2000       .1954       .1832       .0122 

      7      1.0000      1.4000       .2354       .2160       .0194 

      8      1.0000      1.6000       .2180       .2234      -.0054 

      9      1.0000      1.8000       .1563       .1852      -.0289 

     10      1.0000      2.0000       .1160       .1238      -.0078 

     11      1.0000      2.2000       .0887       .0750       .0137 

     12      1.0000      2.4000       .0734       .0472       .0262 

     13      1.0000      2.6000       .0604       .0336       .0268 

     14      1.0000      2.8000       .0474       .0273       .0201 

     15      1.0000      3.0000       .0354       .0240       .0114 

     16      1.0000      3.2000       .0217       .0219      -.0002 

     17      1.0000      3.4000       .0177       .0204      -.0027 

     18      1.0000      3.6000       .0137       .0190      -.0053 

     19      1.0000      3.8000       .0060       .0178      -.0118 

     20      1.0000      4.0000       .0023       .0167      -.0144 

     21      1.0000      4.2000       .0020       .0157      -.0137 

     22      1.0000      4.4000       .0000       .0147      -.0147 

     23      1.0000      4.6000       .0000       .0138      -.0138 

     24      1.0000      4.8000       .0000       .0129      -.0129 

     25      1.0000      5.0000       .0000       .0121      -.0121 

 

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

      *     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:  5.txt                                     * 

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

     MODEL DESCRIPTION 

     ================= 



45 
 

        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........     .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 =     .8000 

       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.. 
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      0    .2702E+00  .100E+01  .270E-01 

      1    .3922E-01  .122E+01  .303E+00 

      2    .1700E-01  .139E+01  .315E+00 

      3    .1612E-01  .142E+01  .299E+00 

      4    .1612E-01  .143E+01  .298E+00 

      5    .1612E-01  .143E+01  .298E+00 

 

     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

         R....  mu1.. 

         R....  1.000 

         mu1..  -.095  1.000 

 

       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .97170010 

       (COEFFICIENT OF DETERMINATION) 

 

       MEAN SQUARE FOR ERROR (MSE) =   .7008E-03 

 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

                                    95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .1425E+01   .3401E-01 .4190E+02   .1355E+01    .1495E+01 

      mu1..  .2981E+00   .3065E-01 .9726E+01   .2347E+00    .3615E+00 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                        CONCENTRATION         RESI- 

$    NO    DISTANCE       TIME        OBS        FITTED       DUAL 

      1      1.0000       .2000       .0153       .0000       .0153 

      2      1.0000       .4000       .0460       .0342       .0118 

      3      1.0000       .6000       .1879       .2279      -.0400 

      4      1.0000       .8000       .4449       .4056       .0393 
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      5      1.0000      1.0000       .5369       .4893       .0476 

      6      1.0000      1.2000       .4180       .4931      -.0751 

      7      1.0000      1.4000       .3106       .3227      -.0121 

      8      1.0000      1.6000       .2071       .1635       .0436 

      9      1.0000      1.8000       .1304       .0959       .0345 

     10      1.0000      2.0000       .0882       .0723       .0159 

     11      1.0000      2.2000       .0652       .0620       .0032 

     12      1.0000      2.4000       .0575       .0551       .0024 

     13      1.0000      2.6000       .0499       .0495       .0004 

     14      1.0000      2.8000       .0307       .0445      -.0138 

     15      1.0000      3.0000       .0307       .0400      -.0093 

     16      1.0000      3.2000       .0307       .0360      -.0053 

     17      1.0000      3.4000       .0268       .0324      -.0056 

     18      1.0000      3.6000       .0345       .0291       .0054 

     19      1.0000      3.8000       .0268       .0262       .0006 

     20      1.0000      4.0000       .0153       .0235      -.0082 

     21      1.0000      4.2000       .0153       .0211      -.0058 

     22      1.0000      4.4000       .0077       .0190      -.0113 

     23      1.0000      4.6000       .0038       .0170      -.0132 

     24      1.0000      4.8000       .0000       .0153      -.0153 

     25      1.0000      5.0000       .0000       .0137      -.0137 

  

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

     *     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:  6.txt                                     * 

     ******************************************************************* 
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     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........     .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 =     .8000 

       SOLUTE FREE INITIAL CONDITION 

       NO PRODUCTION TERM  

 

     PARAMETER ESTIMATION MODE 

     ========================= 

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

       SOLUTION AND SORBED PHASE DEGRADATION RATES ARE INDEPE NDENT 

 

     ITER     SSQ        R....     mu1.. 

      0    .3295E+00  .100E+01  .270E-01 

      1    .1739E+00  .124E+01  .286E-01 

      2    .1268E+00  .139E+01  .100E-06 

      3    .1198E+00  .145E+01  .100E-06 

      4    .1190E+00  .148E+01  .100E-06 

      5    .1190E+00  .149E+01  .100E-06 

      6    .1190E+00  .149E+01  .100E-06 

 

     COVARIANCE MATRIX FOR FITTED PARAMETERS 

     ======================================= 

         R....  mu1.. 

         R....  1.000 

         mu1..  -.034  1.000 

 

       RSQUARE FOR REGRESSION OF OBSERVED VS PREDICTED = .89125827 

       (COEFFICIENT OF DETERMINATION) 

 

     MEAN SQUARE FOR ERROR (MSE) =   .5407E-02 

     NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS 

     ================================================ 

       95% CONFIDENCE LIMITS 

      NAME      VALUE     S.E.COEFF. T-VALUE      LOWER        UPPER 

      R....  .1485E+01   .6561E-01 .2264E+02   .1349E+01    .1621E+01 

      mu1..  .1000E-06   .5167E-01 .1935E-05  -.1072E+00    .1072E+00 

     ------------------ORDERED BY COMPUTER INPUT------------------- 

                                        CONCENTRATION         RESI- 

   NO    DISTANCE       TIME        OBS        FITTED       DUAL 



50 
 

      1      1.0000       .2000       .0000       .0000       .0000 

      2      1.0000       .4000       .1903       .0299       .1604 

      3      1.0000       .6000       .3023       .2464       .0559 

      4      1.0000       .8000       .5485       .4903       .0582 

      5      1.0000      1.0000       .6829       .6233       .0596 

      6      1.0000      1.0667       .6269       .6485      -.0216 

      7      1.0000      1.2000       .5597       .6558      -.0961 

      8      1.0000      1.3333       .4926       .5545      -.0619 

      9      1.0000      1.4667       .4478       .3928       .0550 

     10      1.0000      1.6000       .3582       .2571       .1011 

     11      1.0000      1.7333       .2911       .1729       .1182 

     12      1.0000      1.8667       .2575       .1276       .1299 

     13      1.0000      2.0000       .2127       .1041       .1086 

     14      1.0000      2.1333       .1567       .0911       .0656 

     15      1.0000      2.2667       .1119       .0828       .0291 

     16      1.0000      2.4000       .1231       .0765       .0466 

     17      1.0000      2.5333       .1008       .0712       .0296 

     18      1.0000      2.6667       .0560       .0665      -.0105 

     19      1.0000      2.8000       .0448       .0621      -.0173 

     20      1.0000      2.9333       .0448       .0581      -.0133 

     21      1.0000      3.0667       .0448       .0543      -.0095 

     22      1.0000      3.2000       .0224       .0508      -.0284 

     23      1.0000      3.3333       .0224       .0475      -.0251 

     24      1.0000      3.3333      -.0112       .0475      -.0587 
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