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ABSTRACT 

Major waterborne outbreaks have occurred due to Cryptosporidium parvum 

presence in potable water supplies in the U.S. and Great Britain. Accurate knowledge of 

the processes affecting the transport of oocysts in saturated porous media is vital in 

assessing the susceptibility of groundwater and bank filtration processes to 

contamination. The overall goal of this study was to examine the transport and fate of the 

target pathogens in model systems using natural sands. Specifically, this research sought 

to quantify the transport of Cryptosporidium parvum through saturated porous media, 

focusing on straining as a possible retention process. 

Experiments conducted using fine Vinton and Eustis sand resulted in high levels 

of oocyst removal, with effluent recoveries less than 0.5%. To observe the effects of 

larger pores on the transport of oocysts, three experiments were conducted using coarse 

Vinton sand under different conditions. First, an experiment was conducted using 

105oocysts/ml C. parvum in NaCl solution. Second, an experiment was performed under 

similar conditions, except with a larger pore water velocity. A third experiment was 

conducted, this time changing the electrolyte solution to deionized (DI) water. The 

breakthrough curves were analyzed for oocyst recovery in conjunction with the oocyst 

distribution in the soil column. On average, effluent removal for the coarse sand was 

22%-33%. 

The results of this study indicate that straining was involved in oocyst removal. 

There was no significant increase in the effluent recovery of oocysts when using the 



-9-

different residence time and electrolyte solution, suggesting that attachment is not the 

principal mechanism of oocyst removal. Spatial distribution curves, relating oocysts 

removed by the soil and distance traveled within the column, also do not agree with the 

classic colloid attachment theory. The results of scanning electron microscopy (SEM) 

analysis suggest that the coarse sand grains may significantly impact straining and 

attachment due to grain angularity and the presence of internal porosity. 



1.1. Background: 
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The presence of pathogens in potable water supplies and their potential impact on 

human health is one of the most critical environmental issues. There have been many 

outbreaks of diseases associated with waterborne pathogens annually in the United States, 

and more frequently in developing communities throughout the world. The most 

common methods of disinfection are ozonation and chlorination, but unfortunately these 

methods are often not effective against certain pathogens (Walker and Stedinger, 1999; 

Kim and Corapcioglu, 2004). The resistance of Cryptospodridium oocysts to common 

disinfection procedures has caused severe outbreaks in the U.S. and Great Britain, where 

the population relies heavily on the local groundwater supply. In the U.S., the 1993 

Milwaukee Cryptosporidium Outbreak caused over 403,000 people to experience 

sickness, due to contamination of the drinking water. New York City, whose water 

supply has longed been applauded for its abundance and purity has increased its attention 

towards pathogenic contamination in public water supplies (Walker and Stedinger, 1999). 

The first confirmed cases of Cryptosporidium in tap water in the UK emerged in 

1989, when there were separate outbreaks in Oxfordshire and North Humberside. More 

recently, the latest municipal outbreak overseas, where the discovery of Cryptosporidium 

parvum in public water supply came shortly after an outbreak in northeast of Scotland. 

Approximately 140,000 people were infected, (BBCnews, 200 I). The response by the 
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US and UK health agencies to the outbreaks in their respective country , was to urge the 

population to boil the water prior to drinking, cooking and even the bathing infants. The 

pathogen is responsible for about 5,000 cases of Cryptosporidiosis every year in the UK. 

(BBC news, 2001; Hayes et. al., 1989; Damault, et al. , 2003; Damault, et al. , 2004 ; Kirn 

and Corapcioglu, 2004; Kim, et al., 2005; Kuznar and Elimelech, 2005). 

There have been many provisions outlined by governmental environmental 

protection agencies that serve as guidelines or standards of drinking water. In water 

treatment processes, common chemical disinfectants are generally ineffective to 

inactivate Cryptosporidium oocysts because the parasite has a thick impervious wall , 

making it resistant to conventional treatment. The guidelines also suggest that because of 

its size, Cryptosporidium can be effectively filtered out of surface waters. In the 

subsurface many authors hypothesize that the oocysts are trapped and seldom travel far 

enough or in sufficient concentrations to cause illness . As much as one oocyst can cause 

an infection although some have reported a minimum of approximately 10 are necessary 

to cause illness (Tufenkji and Elimelech, 2005a; 2005b; 2005c ). 

1.2. Cryptosporidium parvum and Cryptosporidiosis: 

The gastrointestinal parasite Cryptosporidium parvum is protected by an outer 

shell, which allows it to survive outside the body for long periods of time . C. parvum 

oocysts are present in the environment in the form of 4-6 ~Lrn diameter oocysts (Brush , et 
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al., 1999; Darnault, et al.2003). It occurs in the manure of farm animals and pets, which 

may be washed into rivers and streams by run off during rainfall events. Kim and 

Corapcioglu, (2004 ), suggest that large numbers of oocysts are released in the 

environment via feces of infected animals and humans, which can enter surface waters 

through surface runoff and sewage discharge. There is also suspicion that the oocysts can 

enter the subsurface through transport in highly permeable soils and poss ibly drainage 

(Mawdsley, et al. ; 1996; Walker and Stedinger, 1999; Damault, et al. , 2003 ; Damault, et 

al., 2004; Kim, et al., 2005) . 

Cryptosporidiosis is the illness caused by the parasite Cryptosporidium parvum. 

It has been recognized as a disease since 1907, but not recognized as a human di sease 

linked to livestock until 1976. In 1987 the first report of the disease that was connected 

with municipal water supply in Georgia, where 13 ,000 became ill (Mawdsley et al. , 

1996). The can be spread through school visits to farms, while the organism can also be 

spread from person to person through poor hygiene. The symptoms of waterborne illness 

are generally characterized by gastrointestinal illness, such as vomiting, diarrhea, 

stomach cramps, upset stomach with possibly slight fever that normally do not require 

medical treatment. The illness tends to strike older people and children; hence becoming 

a great concern for public health officials. Especially because these symptoms are much 

more serious among infants, the elderly, and those who have compri sed immune systems 

(Bradford, et al. , 2004). 
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1.3 Statement of the Problem: 

The transport of colloid particles through porous media is influenced by retention 

processes such as attachment, deposition, or filtration (figure 1.1 ). Colloid attachment is 

the removal of particles from solution through the collision and fixation to the porous 

medium grain. According to classic colloidal transport theory, attachment is the primary 

retention mechanism influencing colloid transport. It is dependent on particle to particle, 

particle to media, and solvent properties such as van der Waals interactions and 

hydrodynamic forces (McDowell-Boyer et al., 1986). 

0 
0 

0 0 

0 
0 

0 0 0 0 0 

Figure 1.1 Schematic describing the mechanisms currently represented by the classic 
filtration theory (modified from Tufenkji and Elimelech): 1. sedimentation or gravitational 
settleling, 2. is transport through advection or interception, and 3. Brownian diffusion. 
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Several studies have previously analyzed the transport and retention behavior of 

Cryptosporidium oocysts in small laboratory-scale columns using porous media and glass 

beads (Mawdsley et al., 1996; Brush et al., 1999; Bradford et al. , 200 l ; Tufenkji et al. , 

2004). The experiments were conducted, varying transport parameters such as velocities, 

particle size distribution, and physicochemical aspects (pH and ionic strength) in the 

column. Effluent removal and spatial distributions of oocysts in the soil were analyzed 

using first-order ( clean-bed) attachment theory (Tukenjki et al., 2004 ). According to this 

theory, there is a pronounced exponential decrease in colloid concentration with distance 

in the porous media from the inlet. It was observed that major oocyst retention occurs at 

the column inlet, and increases with decreasing distance in the porous medium, and with 

decreasing grain size. However, the spatial distribution curves reported by some 

researchers are not agreeable. This discrepancy has been attributed to heterogeneous 

surface properties of the porous medium grains and the colloids. This disagreement may 

also be due to straining, which unlike attachment has received minimal study, and is not 

considered in classic colloid theory. Straining is the trapping of colloid particles in the 

down-gradient pore throats that are too small to allow particle passage. Pore size 

exclusion (Bradford et al., 2001) was additionally observed in previous studies, it is 

attributed to chemical a force that favors surface interactions between the colloids and the 

soil grain, causing clustering and aggregation. Straining and filtration are different; in 

that filtration is the process in which oocysts are retained by the soil due first-order 

attachment, whereas straining occurs when the pore space available for oocyst passage is 

restricted. 
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The expected scientific outcome of this project was to better comprehend the 

processes controlling C. parvum oocysts removal in natural porous medium. When 

coupled with a robust analytical model, the results can be used as the basis for parameter 

estimation for intermediate and field scale experiments. It will also aid in the overall 

quantification of the processes governing colloid transport in saturated media, and can 

possibly serve as a basis for understanding colloidal movement in the vadose zone . 

1.4 Literature Review: 

The transport mechanisms of protozoan bio-colloids are still not fully understood . 

Numerous studies have examined the effects of soil type on the movement of both 

bacteria and viruses, but only a handful have conducted experiments using protozoan 

oocysts. There recently have been several studies conducted on the transport of 

Cryptosporidium oocysts through saturated media (Mawdsley, et al. , 1996; Brush, et al. , 

1999; Harter, et al. 2000; Tufenkji and Elimelech 2004a, 2004b, 2004c; Tufenkji et al. , 

2005; Elimelech, et al. , 2003a, 2003b; Bradford and Schijven, 2002 ; Bradford, et al. , 

2002; Bradford, et al. , 2003; Bradford, et al. , 2004; Bradford and Bettahar, 2005). 

Mawdsley et al. ( 1996) conducted experiments using intact, undisturbed 

homogeneous soil cores in loamy sand, silt loam and clay loam to study the individual 

effects of soil variables on microbial movement. The soils were irrigated for five days to 

ensure it had reached its maximum water holding capacity. The main contribution of 
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their work is that unlike previous studies, they observed greater movement of oocysts in 

clay soils, even though the other studies were conducted in disturbed soil columns. 

Previously, it has been reported that high organic matter as well as clay particles 

increases sorption due to the large surface area and negative charge of bacteri a and 

viruses. Through the rapid flow of water through macropores, oocysts can bypass the 

filtering and adsorptive effects of the soil, increasing the pathogen transport. To confirm 

this, they destructively sampled the soil cores to determine the distribution of oocysts 

remaining within the soil. They found that a majority of oocysts were located in the top 

few centimetres of soil, and in agreement with the classic colloid attachment theory, the 

oocysts concentration decreased with depth in the column. A significantly higher number 

of oocysts were recovered from the silty loam soil than from loamy sand or clay. In finer 

soils , the oocyst concentration in the effluent was lower, the small pore sizes prevents the 

oocysts from passing through the clay. They suggested that the filtering of C. parvum 

oocysts at the soil surface is a major factor in determining the extent of its transport. As 

other particles remain at the soil surface, they will have a filtering effect. Mawdsley et al. 

(1996) demonstrated with purified oocysts applied in high concentrations, the oocysts can 

travel with the water through the soil; e.g. leaching of oocysts through the undisturbed 

soil profile does occur. 

Brush et al. ( 1999) investigated the surface runoff and leaching behavior of 

oocysts in laboratory columns, with the governing assumption that oocysts are subj ected 

to simple advection-dispersion processes, in addition to instantaneous reversible sorption . 

This study was an attempt to determine whether or not C. parvum can move through 
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porous media. Evidence suggests that colloids of similar sizes can also travel over 

significant distances, posing a risk for groundwater contamination. The experiments 

were conducted in coarse grain soils and natural aquifer soil, with a mean grain diameter 

grater than 0.5 mm, with gravels and fractured rocks . 

Harter et al. (2000) presented profiles of retained C. parvum oocysts in columns 

packed with natural sands and sediments. They strived to quantitatively understand the 

fate and transport of C. parvum relevant to oocysts transport at the laboratory and small 

field scale. They assumed that for the contamination of drinking water, gravity 

dominated fluid movement infiltrated directly into the unsaturated and saturated zone, 

that this can occur into the subsurface far from the source, and lastly that infiltration can 

occur from contaminated surface water bodies, such as rivers. The transport was 

modeled using the classic advection-dispersion equation (ADE), although in their 

version, it accounted for permanent deposition (attachment), and first-order, rate-limited 

adsorption-desorption. Harter et al. (2000) incorporated the Classic filtration theory by 

including the definition of first-order attachment coefficient in terms of single-collector 

efficiency based on the work of Rajagopalan and Tien (1976) which was later modified 

by Tufenkji et al. (2004), as in equations 1.12 and 1.13. The contribution of this work 

resides in realizing that double-layer interactions are not significant for solutions of 

higher than 0.00 IM ionic strength in agreement with Tan et al. (1994) who suggested that 

the movement of bacteria through disturbed saturated soil occurs under extreme 

conditions of ionic strength. In fact, the collision efficiency was found to vanish at this 

strength. The collision efficiency decreases with pore water velocity. They observed 
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earlier breakthrough of C. parvum when compared to chloride, and noticed that the 

velocity enhancement inconsistent, with tailing in the later part of the curve. They 

concluded their model partially reproduces the behavior observed, although the soil 

recovery profiles shows to be agreeable with the classic filtration theory . 

A general agreement of previous colloid transport studies is that they have 

focused on the quantification of clean bed first-order attachment coefficients to describe 

particles removal in porous medium. Based on this theory, colloid removal by the filter 

bed decreases exponentially with depth (Mawdsley, et al. , 1996; Brush, et al. , 1999; 

Harter, et al., 2000). Colloid attachment theory also produces an optimum parti cle size 

for transport for a given aqueous-porous media. Smaller particles can be removed more 

efficiently by diffusive transport, whereas larger particles can be removed more 

efficiently by interception and sedimentation . 

Bradford et al. (2002, 2004) observed that decreasing grain size produces a lower 

effluent concentration of oocysts, greater oocysts retention occurred in the soil near the 

column inlet, delayed breakthrough of oocysts, in addition to concentration tailing. The 

latter does not agree with theoretical expectations. The discrepancies have been 

attributed to soil surface roughness and charge variability, heterogeneity in colloid 

characteristics, detachment, time dependent attachment behavior, and the straining of 

colloids. 

Straining is the trapping of colloid particles in the down-gradient pore throats that 

are too small to allow particle passage. Straining is hypothesized to be significant when 

the colloid diameter ratio is greater than 5% of the median grain diameter of the porous 
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medium (Bradford et al., 2001 ). Bradford and colleagues hypothesized that when 

colloids are retained in smaller pores, they decrease the effective pore size of the media , 

increasing subsequent particle retention in the pore. Their objective was to investi gate 

the influence of straining on colloid transport and fate in saturated porous medi a. Soil 

column experiments were conducted with varying soil grain size distribution and yellow

green latex colloid sizes to represent the sizes of typical pathogenic bacteria (0.45 , 1.0, 

2.0 and 3.2 µm). The porous media consisted of glass beads, and a variety of particle 

sizes of Ottawa Sand to encompass the heterogeneity in particle size distribution found in 

aquifer materials. The fate and transport of these colloids were analyzed through 

temporal changes in effluent concentration (breakthrough curves) and final spatial 

distribution of colloid particles remaining in the soil with respect to location within the 

soil column or length traveled. 

The study showed strong evidence of straining given the relationship between 

colloid size and particle size, and once again, the peak colloid concentration decreased 

with an increase in colloid size. Cryptosporidium oocysts effluent removal increased in 

homogeneous media, while porous medium heterogeneity increased straining due to the 

decreased pore size, therefore indicating that colloids can indeed benefit from soil 

heterogeneity in terms of removal. The conclusion was that pore exclusion is a physical 

consequence of attachment (sorption) which decreases the size of the pore space, 

consequently increasing the chance of trapping the colloid, due to straining. The 

hypothesis was that colloids may inhibit further removal by straining in these porous 

networks and colloid mass removal with depth therefore approaches a more uniform 
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value. In subsequent work (2003) they modeled their results using the classic advection-

dispersion equation (ADE), using first-order attachment-detachment, but incorporating 

the Classic filtration theory (CFT) into the attachment term. Bradford et al 2002, 2003 

models yielded a gradual transition compared to data modeled without straining. 

Although the observed behavior is consistent for systems with high retention due to 

straining, they suggested that detachment could not solely account for the discrepancies 

because of the hypothesized straining. 

Recently, Bradford et al. (2004) and Bradford and Bettahar (2005) developed a 

model accounts for attachment, detachment, as well as an irreversible first-order straining 

term ( equation 1.1 ). The aqueous-phase oocysts mass balance equation: 

( 1.1) 

Ea11 - a(pbSau) _ e k C- k S 
.\'W - at - w a ll Pb det at/ 

(1.2) 

In a slightly different notation than those presented in Section 1.5 , the above 

formulation uses the clean bed attachment-detachment theory to describe colloid 

interactions with porous media, and includes the straining mass transfer coefficient (l/l si,) 

in the rate of attachment term represented by equations 1.3 and 1.4: 
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( 1.3) 

(1.4) 

Equation 1.4 is based on the previous findings that oocyst retention by straining 

occurs primarily at the column inlet. The number of trapped oocysts should decrease 

with increasing distance due to size exclusion and limited advection including transverse 

dispersivity which keeps mobile oocysts within the larger pore networks (Mawdsley et 

al., 1996; Bradford and Schijven, 2002; Bradford, et al., 2003; Bradford, et al. , 2004; 

Kuznar and Elimelech, 2004; Bradford and Bettahar, 2005). Attachment is expected to 

play a significant role in oocyst retention in geochemical heterogeneous media and is 

also dependent on the distance traveled within the column. Tufenkji and Elimelech 

(2005) have presented evidence for dual mode filtration. 

Tufenkji et al (2004) work differs from that of Bradford and colleagues in that 

they investigated the physicochemical filtration through the use of polystyrene latex 

particles of comparable size to provide insight into the mechanisms controlling the 

removal of oocysts. In quantifying the amount of influence exerted by repulsive 

electrostatic forces, it is helpful to vary the pH and ionic strength of solution as these 

plays an important role on colloid-solute and colloid-media interactions. Tufenkj i and 

Elimelech (2004) propose that under the presence of predicted repulsive energy barrier, 

the occurrence of chemical heterogeneities in the form of near neutrally or positively 
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charged reg10ns of particle and collector surfaces can give nse to local favorable 

deposition conditions. The conclusion is that the measurements of retained 

Cryptosporidium parvum oocysts concentration are found to be considerably different 

with predictions of oocysts transport based on classical colloid filtration theory . Further 

work by Tufenkji and Elimelech (2005) emphasized the importance of examining the soil 

profile of retained particles in effort to better understand the mechanisms of particle 

removal in porous media. The deposition of C. parvum oocysts and latex particles on the 

glass beads increase with increasing ionic strength as expected. Comparison of 

breakthrough curves for both Cryptosporidium oocysts and latex particles indicated that 

latex model particles behaved similarly to C. parvum oocysts. This indicates that the 

behavior of oocysts filtration through saturated porous media at the same ionic strength, 

are independent of solution chemistry, and that physical mechanisms are important in the 

removal of oocysts. 

Any potential for straining is based on the system geometry which indicates that 

straining could have a significant influence when the ratio of the particle diameter to the 

median grain diameter ( dp/d50) is greater than 0.05 according to Sakthivadivel, or 0. 154 

according to Herzig et al. as referenced in Tufenkji et al. (2004). Through environmental 

scanning electron microscopy (ESEM) imaging they suggested that grain size distribution 

and geometry also play a role in straining. The general agreement is that the classic 

colloid filtration theory does not account for the influence of straining and cannot be used 

to model and estimate oocyst removal and travel distances in granular porous media. 

Tufenkji et al. (2005) has developed a dual porosity model that accounts for the 



- 23-

distribution in deposition (attachment) rate of colloids, due to the variability in colloidal 

interaction between particles and collector grains. 

1.5. Development of formulations-flow equation and solute flux: 

Currently, water supplies are most commonly threatened by degraded water 

quality contaminated with pathogens. These issues involve the movement of pathogens in 

groundwater under both saturated and unsaturated conditions. The focus is on the 

physical mechanisms controlling solute transport, the relationship to bio-colloid transport 

in saturated porous media. In solute transport literature, colloids are referred to as 

particles ranging between 10 nm- IO µm. Governing equations used for colloid transport 

are essentially the same equations governing the transport of solutes. 

For solute transport, characterizations of the aquifer properties are necessary to 

quantify water supplies, these are typically determined through pumping tests. The 

interpretation of these tests requires further knowledge of pumping tests and well 

hydraulics. At the small scale, parameters such as the porosity are calculated using the 

theoretical relationships of bulk density and particle density. Grain size distributions are 

obtained through sieve analysis (figure 2.1, 2.2, 2.3) presented in section 2. The detailed 

column properties of experimental columns are presented in Appendix C. 

The movement of water through the porous medium is described by the general 

equation 1.5: 
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~[K aHJ+~[K aHJ+~[K aHJ=s aH (1.5) ax X ax ay y ay az Z az s at 

For flow in saturated, heterogeneous, and anisotropic porous media, the above 

equation (1.5) is derived based on continuity or mass balance principles, and Darcy's law 

for flow through porous media. This equation can be simplified for a one-dimensional 

case and in Einstein notation is: 

( 1.6) 

In the above equation, the hydraulic conductivity (K) is in tensor form, and H is 

the hydraulic gradient, or head drop per length of porous media. Since the K varies 

spatially and directionally it is an important parameter in transport in larger scales due to 

the presence of a hydraulic conductivity variable field (K-field). The flow of 

groundwater is a reasonable estimate of the rate and direction of movement of solutes 

through the subsurface. The bulk displacement of solute particles due to flowing 

groundwater is known as advection. It is the movement of a contaminant along with the 

groundwater. The solute will move through the soil at the rate of water movement in the 

pore space, at the average pore water velocity. Under flowing conditions , advection is 

often the primary mechanism causing the movement of dissolved constituents. 

Specifically, it describes the movement of solute "particles" along streamlines with a rate 
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equal to the local groundwater velocity which is the Darcy's flux divided by the porosity 

of the soil to account for the connected pore space that effectively contributes to fl ow. 

Purely adjective transport is referred to as plug flow. 

In water, a solute will move from a region of high concentration to an area of 

lower concentration. Molecular diffusion process is described by Fick's first law 

( equation 1. 7), which says that the mass flux of solute (F) is proportional to the diffusion 

coefficient (DJ) and the concentration gradient ( ac I ax) . It will occur only if there is a 

concentration gradient present, even if the fluid is moving. Fickian diffusion described 

by equation 1. 7: 

F=-Dd(~) (1.7) 

For systems where the concentration of solutes is changing with time, the change 

m concentration is proportional to the diffusion coefficient and to the second order 

change in concentration with distance in porous medium ( a2c I 8x 2
). In the porous media 

diffusion cannot proceed as fast because of tortuosity in the porous medium. Therefore, 

the effective diffusion coefficient is used to account for the shape of the flow path 

followed by the water molecules in the soil. Solutes can also move through the 

subsurface with groundwater through advection. 
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The amount of solute that is transported is a function of its concentration in the 

groundwater and the quantity of the ground water flow. In a one-dimensional flow 

normal to a unit cross sectional area of porous media, the amount of water flowing is the 

Darcy's flux. The average linear water velocity is the rate at which the flux of water 

across a unit cross sectional area of pore space occurs, and it is smaller than Darcy 's flux 

due to tortuosity. The effective porosity is the collection of interconnected pores, in 

which flow can occur. Solute transport through porous media is generally described by 

the advective-dispersion equation (ADE). The derivation is also based on conservation 

of mass going in and out of a small representative volume, similar to the derivation of the 

groundwater flow equations. The total mass of solute per unit area into the system is a 

sum of advective and dispersive transport. For a saturated, homogeneous, isotropic 

porous medium the ADE is (Fetter, 1999): 

ac a2c ac (acJ - = D--
2 

- v- + - or more generally 
at ax ax at rxn 

ac _ D a2c _ v(acJ-Pb as+ (ac) 
at ax 2 ax e a, at rxn 

( 1.8) 

(Dispersion) (Advection) (Sorption) 
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1.6. Clean Bed Attachment and Classic Colloid Filtration Theory: 

The reaction term indicates that it is possible to have a biological , chemical 

reaction, or radioactive decay . 'C' is the aqueous concentration of solute, ' S ' is the 

concentration sorbed per weight of solid (' sorbed concentration'), D is the hydrodynamic 

dispersion, Pb is the bulk density of the medium and 8 is the volumetric water content or 

porosity (/) in the case of a saturated medium. Equation 1.8 can be implemented to suit 

many processes. Initially, sorption was the main process of focus , and includes 

adsorption, absorption, combined into the term 'sorption', in addition to ion exchange 

process. Adsorption is the process by which a solute clings to a solid surface while 

absorption occurs when the aquifer particles are porous and the solute can diffuse into the 

particle and be sorbed onto interior surfaces. Sorption in terms of colloid transport is the 

deposition of the colloid onto the surface of soil grains, and possibly into porous grains . 

(References) Cation exchange is the process in which cations may become attracted to 

regions of negative charge (Bedient, 1999). C. parvum is negatively charged and 

therefore is expected to be attracted to soil particles. 

Another version of the ADE equation is given by Tufenkji et al. In this version 

the ADE accounts for the permanent deposition (attachment) of colloids through the first-

order kinetic deposition ( equation 1.10). Bradford et al (2002, 2004) and Harter et al 

(2000) literature accounts for the reversible deposition by modifying equation 1.9 and 

1.10, yielding as = k
0
C - kdS. Equation 1.9 describes the transport and filtration of at 
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colloids is by advection, hydrodynamic dispersion, and interactive processes between the 

colloids and the solids surface: 

( 1.9) 

The colloid filtration coefficient is the deposition process explicitly illustrated by 

equation 1.10: 

( 1.10) 

At the small, laboratory scale system is considered to be at steady state, with 

negligible hydrodynamic dispersion. The rate of particle deposition or attachment as 

specified in the Bradford et al. (2001, 2002) literature is spatially and temporally 

invariant, leading to a constant specified ka value. The solution is a first order 

C = C
0
)-~x) attachment coefficient rate . This is also known as the Clean Bed 

Attachment Theory (Brush et al., 1998). Equation 1.10 can also be modified to account 

for the single-collector particle removal efficiency ( equation 1.10), this is known as the 

Classical Filtration Theory (CFT) used in many models of colloid and microorganism 

transport. 
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k = 3(1- B) V 

a 2d 7J 
C 

(1.11) 

Harter et al. (2000) presents a different version of the advection-dispersion 

equation to account for the permanent filtration of colloids through first order term, and 

sorption using the left-most term in equation 1.12. The modified equation is: 

ac + Pb as = vD a2c - v( ac + k cJ 
at e at ax2 ax a 

(1.12) 

Many authors have formulated their sets of equations in order to create a 

consistent parameters used in their model analysis, however these formulations were 

influenced by the orginial work of Rajagopalan and Tien (1976), and more recently 

modified by Tufenkji and Elimelech, Tufenkji et al. The important issues are to identify 

the parameters which can be calculated from the effluent breakthrough curves and 

recognize the many similarities between the solute transport equation and colloid based 

on clean bed attachment and filtration theories. In addition, to recognize the differences 

in how each theory defines the terms contributing to the attachment rate coefficient and 

that otherwise both theories are the same. Initially, the general advection-dispersion 

equation is derived to account for flow at macroscopic scale, as well as for the pore scale, 

including intra-pore and inter-pore flow, which have been studied to occur in existing 

systems. Mainly, in terms of colloid transport, it is necessary to account for first-order 

attachment and detachment of colloids onto and from the soil particles. By observing the 



- 30-

rate of attachment, one must note that statistically, there is a probability that the colloids 

will find a soil particle and will collide ( collision efficiency), and moreover, the 

probability that once it collides, it can stick or attach to the particle. These terms are 

incorporated in the classic filtration theory through the single-collector contact ( 11 0) and 

removal efficiency ( 11). 

The collector efficiency (11) is the attachment to solid surfaces due to colloid 

advection and diffusion, interception buoyancy and Derjaguin-Landau-Verwey-Overbeek 

(DL VO) attractive forces. The Peclet number, interception number, the gravitation 

number and the London-van der Waals content express these four characteristics in 

dimensionless form (Harter et al., 2000). A correction factor is introduced that accounts 

for the pore geometry and its influence on packed bed collector efficiency. According to 

Tufenkji et al. (2004), the single- collector efficiency can be calculated as follows: 

n = 2 4Al /3 N-O.OSIN-0.7 15 N0.052 + 0 SSA Nl. 675 N0.125 + O 22 N -0.24NI. I IN0 .053 
'I o ' s R PE vdW · S R A ' R C vdW (1.13) 

The collision efficiency ( a) represents an empirical constant to account for the 

repulsive forces at the collector surface (double-layer repulsion) , which not included in 

this equation, but will prevent a fraction of the colloids from attachment. The reverse , 

detachment of colloids can be treated equivalent to a sorption-desorption, first-order , 

rate-limited, adsorption-desorption processes. These terms individually or combined 
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have successfully been applied to modeling the transport of bio-colloids such as viruses 

and bacteria (Blandford et al., 2005, and Brusseau et al., 2005). 

1.7. Experimental Overview: 

Several studies have documented the presence of C. parvum in animal and human 

wastes, connecting these as sources of contamination of aquatic environments . Yet, there 

is little information concerning the fate and transport of these organisms in the 

subsurface. In order to better assess the risks posed by pathogens present in surface and 

ground waters , knowledge of the mechanisms involved in the transport of these 

pathogens are very much needed. This study sought to evaluate the transport of 

Cryptosporidium parvum oocysts through subsurface. The processes affecting transport 

and fate in the laboratory are addressed through a systematic approach that individually 

accounts for mechanisms present in the saturated porous media. 

The approach was a series of column experiments conducted using soil samples, 

following quantitative analysis. In the first phase, a laboratory column experiment was 

conducted using the Vinton soil collected from the Karsten Turf Center for Research in 

Tucson, Arizona. Prior to injecting an initial Cryptosporidium suspension, a conservative 

tracer test was conducted i.e. pentafluorobenzoic acid (PFBA) was used and analyzed 

with an UV-visible spectrophotometer. The effluent was analyzed using standard 

procedure for oocyst enumeration (EPA), using antibodies for staining the pathogens 
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(Bradford et al., 2001; Tufenkji and Elimelech, 2004; Tufenkji et al. , 2004; Brusseau et 

al., 2005). The oocysts become fluorescent, allowing for individual oocysts to be 

counted under a UV-light microscope. The results were used to obtain a temporal 

distribution using moment analysis. Recovery of oocysts from the soil was obtained by 

segmenting the soil inside the column incrementally . 

A series of experiments were completed varying the initial C. Parvum 

concentration usmg both fine and coarse sands. The coarse material to assess the 

hypothesis that straining would be minimal. Variations should be for a concentration 

varying at least one order of magnitude, higher or lower, than the initial concentration. 

Both the breakthrough and spatial distribution curves were used in a model to explicitly 

account for all of the mechanisms involved in colloidal transport in natural media. 



CHAPTER2 
METHODS AND MATERIALS 

2.1. Overview of the porous medium: 
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The soil used in these experiments was Vinton sand, collected in Tucson , AZ, and 

Eustis Soil from Gainesville, Florida. The properties of these soils are shown along with 

coefficients of uniformity (CU) and particle distribution curves in figures 2.1 through 2.4. 

The coarse Vinton material was collected from the lysimeter site (d5o=2.62, CU= 1.35). 

The preparation of the soil includes a series of sieving and measurement of the 

percentage of each particle diameter between 1.4 mm and 4 mm in order to obtain a 

coefficient of uniformity to be approximately equal to 3. The final mixed coarse Vinton 

soil has a d50 of 3.1 mm, and a CU of 1.39 (figure 2.1 ). Initially, this pore diameter was 

chosen to avoid any possibility of straining as a transport mechanism in this system, 

given the large ratio between colloid and grain size. Figure 2.2 shows the particle 

distribution for the original Vinton soil, including both the coarse and fine grain fractions , 

although sieved with 2 mm sieve to remove foliage. 
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Particle Distribution--Made Coarse Vinton Soil 
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Figure 2.1: Coarse Vinton Soil Particle Distribution based on sieve analysis. The d 10 is 2.30 
mm, d50=3.05 mm, d60=3.20, and CU= 1.39. 

Particle Distribution--Full Vinton Analysis 
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Figure 2.2: Original Vinton Soil Particle Distribution based on sieve analysis. The d10 is 
0.22 mm, d50=0.61mm, d60=0.72 and CU= 3.27 
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The Vinton sand is the fine fraction of the original Vinton sand collected from the 

lysimeter site. It was obtained by removing the bulk of the coarse material and so me 

debris, by sieving it with a number 10-sieve (2 mm). This is the soil termed ' lysimeter 

soil' , it has a d50 equal to 0.26 mm, and a CU of 2.0 (figure 2.3 ). 

Eustis soil was used in its natural form, it was also sieved with a number 10-sieve 

(2 mm opening) to remove natural environmental debris such as foliage and small tree 

particles. A particle distribution test indicates that the mean particle diameter (d50) is 

0.27 mm, and a coefficient of uniformity (CU) is 2.3. Figure 2.4 shows the particle 

distribution of Eustis soil and its respective properties. 

Particle Distribution--Lysimeter Soil 
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Figure 2.3: Lysimeter Soil (Vinton soil) Particle Distribution. This is the natural Vinton soil 
from the site, sieved with a 2mm opening sieve to eliminate environmental debris and some 

pebbles. The d 10 is 0.16 mm, d50=0.26 mm, d60=0.31, and CU= 2.00. 
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Particle Distribution--Eustis Soil 
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Figure 2.4: Eustis Soil Particle Distribution based on Sieve Analysis. The d10 is 0.14 mm, 
d50=0.27 mm, d60=0.28 and CU= 2.27 

2. 2. Cryptosporidium parvum stock solution and size distribution: 

Cryptosporidium parvum oocysts were purchased from Waterborne, Inc (New 

Orleans, LA) with a concentration of 108 oocysts in 10 ml, along with the antibodies 

Crypto-a-Glo™ used for the enumeration procedure. The kit uses the principle of direct 

immunofluorescence. The antibody reagent contains a fluorescein-labeled mouse 

monoclonal antibody made to epitomes of Cryptosporidium parvum. The reagents will 

only bind to oocysts, which will appear bright apple-green when viewed under a 
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fluorescent microscope. The oocysts are suspended in 5% formalin solution for oocys ts 

inactivation. Since the oocysts are permanently inactivated, they do not pose a biological 

hazard. In addition, growth and decay variables can be eliminated throughout the 

analysis. 

Digital images were collected at the University of Arizona Imaging Center using a 

Nikon 0-70 camera, and processed with ImageJ (National Health Institute, USA) 

software to measure the C. Parvum oocysts collected throughout this study. There were 

thirty pictures taken at random fields, which we visually excluded those that appeared to 

be folded while attached to a cluster. Figure 2.6 shows the histogram distribution of the 

measurements taken with cumulative counts. Figure 2.SA represents the longitudinal 

measurements and 2.5B represents the transverse measurements. Approximately one 

hundred oocysts were measured transversely and longitudinally for accuracy. The C. 

parvum oocysts range from 4.30-4.80 µm (±0.46 µm standard deviation) in diameter. 

Figure 2.5 are examples of the photograph used to measure the size of C. parvum. The 

scale in the photos was also helpful to calibrate the measurements taken using ImageJ. 
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Figure 2.SA: Snap shots of C. parvum from a series of pictures taken to measure the 
diameter of the oocysts used in this study. One hundred measurements were taken 
transversely and across yielding an average of 4.55 µm. Part A illustrates a tight 
arrangement of oocysts, in which some appear to be folded. 
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Figure 2.58: Snap shots of C. parvum from a series of pictures taken to measure the 
diameter of the oocysts used in this study. One hundred measurements were taken 
transversely and across yielding an average of 4.55 µm. Part B shows the smaller clutters 
that are often seen during the counting process. 
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Figure 2.6: Cryptosporidium parvum size distribution. A-Longer side distribution, a of 
0.478 µm. B-shorter side, with a of 0.464 µm. The overall diameter ranges between 4.3-4.8 
µm, with an average diameter of 4.55 µm, and an overall standard deviation (cr) of 0.47 µm, 
variance, c?- is 0.390 µm 2 

• 

2.3. Column Experiments: 

The experiments were conducted with a stainless steel column (HLPC 7 .10 cm 

long and 2.1 cm in diameter; All tech, Deerfield, IL). The weight of the column without 

the end screws (referred to as the bare column), is measured in addition to the weight of 

the empty column with the screw and three-way valve, and with soil. The column is 

packed through the inlet with dry soil ensuring homogeneity. Great care is emphasized to 
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avoid tiny particles in the grooves of the column by wrapping the column with wax paper 

before packing. The column is saturated with several pore volumes of 0.01 M NaCl 

solution at flow rate 0.19 ml/min for five days for fine sands, and four days for coarse 

Vinton soil. The low flow rate is necessary not to disturb the packing, or displace small 

particles into the sample. The flushing removed a small amount of very fine sediment 

particles, which can interfere with the UV-vis spectrophotometer (Shimadzu UV-1601, 

Columbia, MD). 

I 
7.1 cm 

:1 
Figure 2.7: Experimental set up of the stainless steel column. The accuflow pump is 
attached to the inlet portion of the valve, leaving the bottom available to bring the solution 
used to valve-point. 
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Flow was generated using a single piston high-pressure liquid chromatography 

pump (Accuflow, Fisher Scientific, Inc; Pittsburgh, PA). The weight of the column was 

measured after saturation. Three effluent samples were collected prior to injecting the 

suspensions, e.g. blanks for background correction, and two samples of the initial tracer 

concentration for mass balance analysis. 

2.4. Conservative tracer experiment: 

For the pentafluorobenzoic acid (PFBA) non-conservative tracer test, we inj ected 

250 mg/L PFBA solution into the column; after three blanks (2 ml each) have been 

collected. The blanks consist of the effluent NaCl solution after it has passed through the 

entire column. They are used to correct for background readings of effluent samples. 

Two control (Co) samples of the solution reservoir are collected before and after the 

experiment, Co 1 and Co2 respectively. The pump and tube system were flushed with the 

PFBA solution, injecting it at the bottom of the column, at valve point (see figure 2. 7). 

These methods simplifies the calculations for the dead volume, by eliminating the dead 

space accrued from the three-way valve, the pump tubing, and pump (section 2.3). 

Otherwise, the calculations presented here have to be modified to account for the ex tra 

dead space. Fifteen samples of PFBA (2 ml) were collected using the fraction collector 

(RediFrac, Pharmacia LKB, Uppsala, Sweden). The system was flushed up to valve 

point with NaCl to obtain the eluent portion of the breakthrough curve. Approximately, 
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thirty samples were collected after the entire experiment, which corresponds to 

approximately five to six pore volumes. 

The tracers are analyzed using UV-Vis spectrophotometer (Shimadzu UV-1601, 

Columbia, MD) spectrophotometer, at 11.=243 nm. Approximately 5 ml of the flushing 

solution (NaCl) is used for calibration. The spectrometer presents results in terms of 

absorbance (mS), which is converted into concentration using the calibration curve for 

PFBA. The calibration acts as a standard for all of the experimental readings (figure 2.8). 

The blank concentrations are averaged and subtracted from each effluent sample, as well 

as from the average control, which is used to normalize the individual sample 

concentrations and obtain the breakthrough curve by plotting against the non-dimensional 

pore volume. 
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Figure 2.8: PFBA Standard Curve. Solution is prepared using 0.01 M NaCl, at 243 nm 
wavelength. 
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2.5. Cryptosporidium parvum experiment: 

The reservoir contains oocysts was made from the 10 ml original stock containing 

107 oocysts. Generally, the reservoir contained enough solution to ensure proper 

operation of the pump in terms of flow rate. Two mililiters of stock of C. parvum oocysts 

in 58 ml of 0.01 M NaCl or deionized water (DI) water in the case of low ionic strength 

experiment. The final concentration injected into the column was I 05 oocysts/ml , unless 

modified for low oocyst concentration experiments, in which case the reservoir contains 

103 oocysts/ml. In the experiments using DI water, the reservoir and the PFBA were 

prepared using DI. Only one blank (2 ml) was necessary, since the soil has had time to 

wash away impurities during saturation and with tracer. The reservoir concentrations 

were collected before and after Cryptosporidium injection into the column, starting right 

at valve point. This was achieved by first turning the valve to the opposite side ( down, 

see figure 2. 7) and flushing approximately 10 ml out of the pumping tube prior to 

injecting into the column. 

The procedure follows as described in the tracer test (section 2.4), except that a 

suspension of C. parvum oocysts was used. In this study, deionized water and sodium 

chloride were the only solutions used. 
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2.6. Preparation of soil sample: 

After each experiment, the soil column was weighted. The soil was incrementally 

collected in segments into the 15 ml centrifuge tubes by the first, second, third and fourth 

remaining centimeters (Figure 2.9). Soil samples were prepared for enumeration by 

adding 10 ml of (deionized water) DI water, followed by 30 seconds in the centrifugation, 

and five minutes of rest fro the soil particles to settle. From the supernatant, 0.5 ml was 

mixed with 4.5 ml of DI water for the staining (enumeration) sample. Chapter 3 

describes the calculations used herein for the analysis. 

Figure 2.9: Summary of soil collection method. First the column lies horizontally, for ease 
of pushing the soil. After carefully opening the ends of the column, the soil is pushed in 1 
cm increments. The first centimeter is representative of the bottom, or the inlet. The 
remaining 4.1 cm is collected last. 
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2.7. Enumeration Procedure: 

The enumeration procedure follows EPA method 1622 for Cryptosporidium 

parvum direct detection, standard for enumeration of pathogens . The antibody 

enumeration of the samples essentially is the staining of the samples, which becomes 

fluorescent under UV lamp because the antibody solution that is bound to the surface of 

the oocyst and becomes excited under light. The oocysts are counted on 50 random fields 

(16,350 total), at l ,OOOx magnification. 

The following is the procedure described in Brusseau et al. , 2005. Effluent 

samples are vacuum-filtered through 0.22-µm pore diameter cellulose acetate 

membranes. The membranes are treated with phosphate buffer solution. The oocysts are 

stained with 0.5 ml of antibody (Crypto-a-glo, Waterborne, Inc; New Orleans, LA) for a 

minimum of 40 minutes. The antibody solution contains monoclonal antibodies specific 

for E. intestinalis. Slides were prepared with DABCO-Glycerol Mounting Medium. The 

filters were washed twice with PBS and placed on the DABCO-coated slide and 

incubated. The cover slip is placed on the slide and secured with good quality clear nail 

polish. The counting of the enumerated oocysts is counted using a UV-light Microscope 

(Olympus BH2-RFCA; Melville, NY). This same procedure applies to the staining of 

soil samples. 



CHAPTER3 
EXPERIMENTAL DATA ANALYSIS 

3.1. Calculation of dead volume: 
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The first step was to take measurements of the column parts including the effluent 

tube, screws, bare (no screws), and with the three-way valve. Next the column was 

flushed with deionized (DI) water, and then the weight of the saturated column was 

measured. The dead volume will be used to estimate the pore volume used in the 

breakthrough analysis. To do this, the weight of the empty bare column is subtracted 

from the weight of the saturated bare column, yielding the volume of water in the 

column, (water density of 1 g/cm3). Next, the volume of the column is calculated using 

the inner diameter and height of column, and subtracted from the volume of water in the 

column. The pore volume of the column is the difference between the water weight and 

the dead space of the bare column. 

The dead space used in the moment analysis of the breakthrough curve is 

calculated just as described above, except the measurements now include the column 

with the 3-way valve and an end screw approximately 10% higher. It is also possible to 

calculate the pore volume based on the porosity of the medium packed. Generally this 

value is more accurate, that is, the retardation factor (R) is closer to 1 at 50% of the total 

normalized initial concentration. 
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3.2. Moment Analysis-Conservative Tracer and C. parvum: 

From the breakthrough curves of the PFBA tracer, it is possible to perform an 

accurate moment analysis . Here we used the calculated dead space of the column, which 

includes both the tubing and the 3-way valve. The data is converted in terms of non

dimensional pore volumes (subtracting the dead space from the cumulative volume of 

sample at midpoint and dividing by the pore volume of the column). The sample 

concentrations are obtained at sample midpoint in order to ensure accuracy of sampling 

during the period of sampling. The concentration of the tracer is obtained through the 

calibrated PFBA curve (figure 2.7), and adjusted for the background values. This 

concentration is normalized with the average C0 (non-dimensional). 

To generate a Cryptosporidium breakthrough curve, each sample concentration is 

normalized with the initial injection concentration and plotted against the number of non

dimensional pore volumes. A pore volume is the amount of water that passed through the 

soil column. As in section 3 .2, it is possible to obtain the retardation factor and 

equivalent recoveries from the breakthrough curves based on standard temporal moment 

analysis; first and zeroeth moments respectively. These values were compared to the 

analytical values based on both effluent and soil recoveries. Another method to quantify 

C. parvum recoveries is to simply sum the individual effluent counts, and soil recoveries. 

The next section describes this method. 
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Through temporal moment analysis, the normalized concentrations are used to 

estimate the zeroeth moment, first normalized, retardation and effluent recovery. The 

equations are as follows: 

(3.1) 

(3.2) 

R = Ml Norm - 0. 5 * M 0 (3.3) 

where C is the normalized concentration, and it is the non-dimensional time, ~Ln is the 

moment, and n indicates the moment order. R is the retardation factor, and !',,.t is the 

sequential increment in tenns on non-dimensional time (pore volume). In this study, the 

R-factor is not considered because of the nature of microbial breakthrough curves, and 

the resultant curves show that both the pathogens and the non-reactive tracers appear at 

the same time. 

The temporal moment analysis can be less robust when dealing with 

microorganisms, due to the scattered data observed in the breakthrough curves. The 

same analysis is performed as a check to the analytical solution. The only difference is 

that the Co is obtained after the enumeration procedure, where we count the number of 

oocysts in fifty random fields. After counting each effluent sample ( oocysts per field) , 

we multiply by the total number of fields (F) and divide by the sample size to obtain the 
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sample concentration per volume. We normalize this concentration to the average Co and 

proceeding according to the equations presented in section 3.2. 

3.3. Analytical method-C. parvum Effluent Recovery: 

The total amount of Cryptosporidium injected is calculated as well as the total 

number of oocysts injected (total C. parvum injected multiplied by the average C0 ), and 

the recovery is calculated as the sum of each individual sample concentration 

( oocysts/ml) and divided by the total number of oocysts injected. The total recovery for 

the experiment is the sum of the effluent recovery and the soil recovery that is described 

in the next section. 

3.4. Analytical method-C. parvum Soil Recovery: 

After systematically sectioning the soil (figure 2.8), and adding IO ml of DI water, 

we filter 5 ml of supernatant. A volume was taken from the supernatant and mix with a 

volume of DI to a total volume of 5 ml. This dilution changes according to the 

experimental conditions. The results presented here, have a dilution factor between (2-5). 

After staining the samples, the oocysts were counted in 50 random fields and 

calculate the total number of oocysts by multiplying the number of oocysts per field by 
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the number of fields and multiplied by the dilution factor. For example, if 0 .5 ml of 

supernatant is taken and added into 4.5 ml of DI water, the dilution factor is 2. The total 

number of oocysts in each sample is calculated by multiplying by the sample volume ( I 0 

ml). 
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CHAPTER4 
RESULTS: COARSE VINTON SAND 

The experiments reported in this study were conducted using a variety of natural 

porous media. The specific conditions for each experiment are presented in Appendix C. 

The figures and tables are a reflection of the important parameters analyzed for the coarse 

Vinton soil. In the next chapter, a few results are presented for the fine soils as a basis of 

comparison for the experiments conducted with the coarse sand. However, this work 

focuses on the evidence of straining and the mechanisms we believe are effectively 

contributing to the retention of C. parvum during transport through the porous media. 

These results are compared to that of other published studies, based on the coefficient of 

attachment (k011) obtained for colloid experiment using C. parvum and latex model 

particles of similar mean particle diameters. 

4.1. Coarse Vinton Sand Experiments: 

Figure 4.1 shows the results of the Cryptosporidium experiments, contrasted with 

the conservative tracer (PFBA) behavior in coarse Vinton sand, including the baseline 

experiment, a high velocity experiment, and DI water to lower the strength of electrolyte 

solution. Overall, the breakthrough of C. parvum was comparable to that of the 

conservative tracer, showing a peak recovery of approximately 75% lower than the tracer, 

and arriving nearly at the same time. The scattering in these curves are expected, as for 
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any microbial curves. There is a pronounced tailing in the elution portion of the curve 

that could be caused by delay in detachment from the soil particles, agreeing also with the 

observed behavior reported in previous studies. 

The variability of the recoveries obtained in these experiments, table 4.1 , can be 

observed through the standard deviation, which then can be used to estimate a range of 

expected recoveries for a given experimental condition. The expected ranges are 22%-

44% effluent, 43%-50 % soil, and 70%-100% for total recovery. The upper range is 

based on feasibility instead of calculated standard deviations, given that it is not 

physically possible to obtain greater than 100% recovery. The baseline experiment is 

comparable to the other coarse Vinton experiments as discussed above, although the total 

recovery was high. 

The first experiment was the base experiment (regular conditions), conducted 

with a Cryptosporidium concentration of 105 oocysts/ml and 0.01 M NaCl solution. It 

yielded a total recovery of 70%, with effluent recovery being 21.9%, and a soil recovery 

of 53.3%. This result is comparable to another set of coarse Vinton experiments under 

regular conditions which report an average of 39% in effluent recovery , 63.6% soil 

recovery and a total of 102.6% were observed. Table 4.1 reports the individual soil and 

effluent recoveries. Figure 4.1 shows the C. parvum breakthrough curves, and figure 4.2 

shows the soil recovery profiles. 
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Coarse Vinton Sand C0 =105oocysts/ml in 0.01 NaCl solution 
Effluent Soil Total Velocity Residence kau (hr- 1

) 

Recovery Recovery Recovery (cm/hr) Time (hr) C = C
0 

exp(-ka
11 

· tr) 
(o/'o) (o/'o) (<Yo) 

21.94 53.30 75.24 7.32 0.96 1.58 
39.41 49.69 89.10 6.91 1.02 0.91 
38.55 77 .54 116.09 6.98 1.01 0.94 
33.30 60.18 93.48 7.07 1.00 1.15 

High velocity experiment, Co=l05oocysts/ml in 0.01 NaCl solution 
32.45 37.5 70.0 77.02 0.09 12.51 

Coarse Vinton in DI water C0 =105oocysts/ml 
22.44 52.56 75.00 7.17 0.98 1.52 

Table 4.1: Coarse Vinton Soil in regular conditions (C0 =105oocysts/ml in 0.01 M NaCl 
solution), high velocity and in DI water. *Experiments were conducted by J. Santamaria. 
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Coarse Vinton C. parvum and PBFA 
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Figure 4.1: Summary of breakthrough curves for coarse Vinton experiments. A (CVl) has 
an effluent recovery of 21.94%, B (CV2) is 32.45%, and C (CV3) has the effluent recovery 
of 22.44%. 
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Soil-Phase Recovery--Coarse Vinton 

A. Coarse Vinton Soil 

1000000 
y=5.2886-0.07296x 

R=-0.7409 
p-value=0.2591 

• C. Parvum 
--Linear Fit 

• 

• 

B. Coarse Vinton Soil at high v 

y=4.87306-0. 04689x 
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Figure 4.2: Summary of Soil recovery profiles obtained by segmenting the column into the 
first, second, third and remaining fourth centimeter. The equations were fitted using a 
standard linear regression. The p-value indicates the probability that the R ( correlation 
coefficient) is zero. A has a soil recovery of 53.3%, Bis 37.5% and C is 52.7% 
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Given a less-than perfect mass balance, the recoveries are believed to be more 

accurate by summing the individual recoveries for effluent and soil. In each experiment, 

the soil was segmented incrementally and plotted as average oocysts per cumulative 

depth on a semi-log plot. A linear fit function was used to estimate the linearity and it 

shows that oocysts recovery does not decrease linearly with increasing depth . The soil 

profiles (Figure 4.2) are not consistent with other coarse porous medium studies (Brush et 

al., 1999, Harter et al., 2000). Additional experiments were conducted in order to 

quantify the mechanism responsible for the oocyst retention in the porous media. Two 

experiments were conducted varying residence time and ionic strength since these 

variables would indicate the presence of chemical effects in the system. 

To test for the residence time effects in the system, the second experiment was 

conducted at high velocity (77 cm/hr), that is, ten times higher than the velocity used in 

the other experiments. The results were 32.5%, 37.5% and 70%, effluent, soil and total 

recoveries respectively. This is a difference of approximately 5% on the total recovery , 

32.5% increased effluent recovery, followed by approximately 30% decrease in soil 

recovery, when compared to the baseline experiment. By increasing the velocity, the 

residence time of oocysts in the system decreases, leading to an expected increase in 

oocyst concentration in the effluent together with a decrease in soil recovery if standard 

colloid filtration is valid, that is attachment is the dominant removal mechanism. By 

observing figure 4.1 b, the effluent recovery does not significantly differ from that of 4.1 a, 

indicating that, contrary to initial thought, the decrease in residence time did not have a 
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significant impact on transport. In contrast, the impact is noticeable in the soil profile 

(figure 4.2b ), which shows to deviate more from linearity than the first experiment. 

An experiment was conducted using DI water to further examine the chemical 

effects of attachment on the transport of C. parvum in this system. The use of DI water 

here was intended to lower the potential for surface interactions responsible for 

attachment mechanisms. The total recovery was 75%, the effluent recovery was 22.4% 

and the soil recovery was 52.6%. This was a slight increase in effluent recovery from the 

regular coarse experiments, but not significantly larger as expected, and still similar to 

the high velocity (low residence time) experiment. When compared to the average 

baseline, the low electrolyte strength solution contributes to a 32.6% decrease in effluent 

recover, a 12.7% decrease in soil recovery, and a 19.8% decrease in total recovery. The 

results are not statistically different given the deviations between experiments (table 4.1 ). 

The DI experiment does not differ significantly from the experiments conducted 

using NaCl, as observed in the effluent breakthrough curves, figure 4.1 c. The respective 

soil profile, figure 4.2c, appears to behave more linearly and compares best to the first 

baseline experiment. Hence the recoveries cannot be attributed to the increased repulsive 

forces present in the DI system. The DI water is assumed to maximize the degree of 

repulsive colloidal interactions, decreasing the possibility for attachment, therefore 

increasing recovery. Any oocyst removal by the packed column with DI water can be 

attributed to the influence of a physical mechanism such as straining (Tufenkj i and 

Elimelech, 2004a; 2004c; Tufenkji, et al., 2004). 
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The coarse Vinton sand mix used had a mean particle diameter 3.05 mm. The 

aspect ratio for this system is 0.0015, two orders of magnitude smaller than the straining 

limits reported in the literature. Using the Sakthiviel and Herzig limits, mentioned by 

Tufenkji et al. , it was assumed initially, that given the large particle diameter of the 

coarse Vinton (d50=3.05 mm) any mechanisms observed here could be attributed to 

attachment processes alone. The small aspect ratio (d/ dc=O.0015) indicates that filtration 

of oocysts should not occur in this coarse sand, because the mean grain diameter was 

specifically tailored so that straining would be negligible in the system. However, the 

results presented above suggest that oocysts are being strained, regardless of the aspect 

ratio between colloid and grain size. This accumulation can prevent passage of 

subsequent oocysts, a similar behavior to that in which Bradford and colleagues termed 

pore size exclusion. Therefore it appears that straining is the responsible mechanism for 

the less than ideal recoveries observed in this material, but it is not included in the Classic 

filtration theory. The aspect ratios proposed in previous studies may therefore not be a 

representative parameter for this system. 

The original hypothesis was that straining was not a contributing factor in the 

system. Tufenjki et al. , (2004) suggested straining has been shown to be of importance 

when aspect ratio is less than 0.05 and in some cases, as low as 0.002 . This is because 

the limits proposed by Herzig and Sakthiviel are based on the assumption of 

homogeneous spherical grain collectors, entirely deviating from the natural porous media 

used in this study, disagreeing with the initial hypothesis. Another possibility to explain 

the deviant oocyst behavior from the CFT, is that the coarse grains are porous 
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themselves, if so, the oocysts can be trapped in these small pores. The importance of the 

inferred linear observation (after the first few centimeters) is not conclusive, because of 

the large soil sample increments in the second half of the column. However, it can be 

noted that the experiment with the low residence time deviates further from the ideal 

linear behavior than the other experiments shown in figure 4.2. The overall behavior is 

not agreeable with the classic colloid filtration theory, which accounts for attachment 

through the single-factor collision efficiency. Experiments conducted in the fine Vinton 

soil, also suggest the possibility of an additional removal mechanism which is 

collaborating with oocyst attachment. Figure 4.5 represents the same soil recoveries as 

for fine sands; elucidating the discrepancy between C. parvum transport in fine and 

coarse materials, figure 4.2. After eliminating the various mechanisms that would 

demonstrate a clear difference in recoveries between system conditions in the Coarse 

Vinton, straining seems to be an important transport mechanism for this system. 

4.2. Coefficient of attachment, katt: 

The attachment coefficient, ka is a measure of the first-order deposition rate, 

assumed for oocysts onto the surface of a collector grain . The deposition kinetics of 

colloids generally is limited by the frequency of collisions between colloids and matrix 

surfaces, and by the fraction of collisions resulting in colloid attachment to the matrix 

surfaces, namely the collision efficiency (Grolimund, et al. , 1998; Kretzschmar, et al. , 
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1997). In this study the coefficient of attachment (ka11) is the comparable parameter, 

obtained directly from the breakthrough and soil recovery curves. It is obtained directly 

from the experimental data; therefore it will give a measure of C. parvum behavior in the 

natural porous media in terms of a lumped parameter, representing an averaged parameter 

of all mechanisms, time, and distance within the column. It is important to note that since 

kau were obtained directly from the data sets; specific mechanisms cannot be infen-ed 

based on these values, hence the results of the experiments presented above must be used 

to elucidate the transport mechanisms present. 

Using the formulae presented by Tufenkji and Elimelech, Tufenkji et al, it is 

possible to calculate the attachment efficiency (a) and coefficient (k) through the 

breakthrough curves as well as through the intercept and slope of the soil profiles. In 

theory the coefficient of attachment obtained through effluent recovery and soil recovery 

profiles (slope and intercept) should be the same. The ideal agreement between the 

observed spatial distributions and those predicted by the colloid filtration theory yields a 

ratio of 1. Increasing ratios between these values tend to occur for experiments 

conducted at low ionic strength (Tufenkji and Elimelech, 2004a; 2004c; Tufenkji , et al. , 

2004). The attachment efficiency can then be converted into terms of coefficient of 

attachments by using the equations presented in Section 1.7. In this study, the k0 11 were 

obtained directly from the breakthrough and soil profile (semi-log) plot (figure 4.2). 

These results are presented in table 4.3. 
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katt (1/hr)-Coefficient of attachment estimates 

tr(hr- 1
) % k att C/Co katt, BTC k a/1, katt, slope 

Recovery Effluent Rec. ETC inter 

Ell 0.8 0.0 10.5 2.3E-04 10 
EJ2 0.9 0.1 8.2 4.2E-04 8.9 
VJl 1.0 0.8 5.0 0.0 4 .8 

CVJl 1.0 21.9 1.6 0.2 1.8 1.7 2.7 
CVJ2 0.1 32.5 12.5 0.3 15.2 17.6 34.0 
CYB 1.0 22.5 1.5 0.2 2.0 1.7 2.0 

Table 4.2: Summary of the katt (hr-1
) values obtained through first order equation, through 

the plateau of the breakthrough curves, namely kau, 8 rc and through soil profile semi-log 
plot. katt, intercept and katt, slope was calculated using the slope value, from the linear fit of the soil 
profile. ). The k-value are obtained through first-order attachment (C=C0e<-k1>). The percent 
difference between the kau and kau, 8 rc were calculated to be 5.2, 9.1, 4.8, 13.7, 21.2, and 26.3 
respectively to ensure consistency. 

In coarse sand experiments that used O.OlM NaCl as electrolyte solution, there 

was 90.8% difference between the kau of experiments conducted slow flow rate is 11 

times lower for a lower velocity (0.19 ml/min) than that conducted at high velocity (2 

ml/min), 10 times greater than that of the regular experiments. These results are 

presented in table 4.2. For the experiment conducted with DI water (CV3) and with 

small residence time (CV2) it is possible to observe a slight increase in the attachment 

values obtained through the breakthrough curve while showing a slight increase in soil 

profile observed values. Both of these experiments were conducted at relatively low 

ionic strength solution, and it is not possible to quantify colloidal interaction behavior in 

response to changes in ionic strength. On the other hand, the ratios kau, slope lkau, BTC and 

kau, intercept lkau, BTC are greater than one, it signifies an increased deviation between the 
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measured and predicted profiles of retained oocysts. This is discussed in detail in the 

next section. It must be noted however, that table 4.3 does not include the attachment 

coefficient values for the fine soil experiments because in order to accurately estimate 

such value it was necessary to obtain good mass balance, so that the normalized 

concentration is representative of mechanisms present in the system. 

4.3. Data comparison: 

Brush et al. ( 1999) conducted experiments usmg glass beads and coarse 

Accusand. The experimental conditions are somewhat helpful for comparison to those 

experiments presented here (Appendix D). Their soil recoveries averaged between 35%-

50% for glass beads, and 40%-65% for 12/20 Accusand. The effluent recoveries were 

60%-70% and 35%-78%. The reported attachment coefficient compares to the values 

reported by Tufenjki et al. (2004) and Harter et al. (2000) . However, the experiments 

were conducted at a flow rate two orders of magnitude higher than in their study, using 

ideal speherical collector grains, therefore the attachment coefficients reported are 

representative for that particular very low residence time condition. On the other hand, 

Harter and colleagues (2000) conducted similar experiments in coarse, medium, and fine 

sands, using a oocysts concentration of 105 oocysts/ml. Their parameters were calculated 

based on the work of Rajagopalan and Tien, which was later reworked by Tufenjki and 

colleagues. They reported the coefficient of attachment to range from 1.78-1.35 h( 1 in 
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the coarse sand, 9.9-3.6 hr- 1 in the medium sand, and 31.02 hr- 1 for the fine sand. Both 

the coarse and medium sands compare to the coarse Vinton sand particle distribution, 

averaging between 50%-87% in total recovery. 

They observed that while lowering the residence time of the oocysts in the 

column ( details are presented in Appendix D) a corresponding increase in effluent 

recovery, followed by a decrease in soil recoveries. This is indeed expected to occur, 

under first-order conditions, suggesting that their observations are consistent with classic 

filtration theory. Curiously, the linear behavior predicted by first-order approximation is 

not shown in the experiments conducted here. It is important to note that Harter et al. 

(2000) reported attachment parameters obtained directly from data, therefore represent a 

removal coefficient, which is not indicative of a single mechanism alone. Aspect ratios 

ranging from 0.0025-0.023 for both studies suggest that straining was not a factor in their 

system. The results presented in the Brush et al. are not conclusive of any particular 

mechanisms due to the fact they were not particularly targeting to identify the specific 

processes contributing to C. parvum transport. Although inspection of their aspect ratios 

suggests straining was not present in the system, the individual soil recoveries are similar 

to those reported for the Coarse Vinton. The results indicate the presence of straining as 

a removal process. 

Tufenkji and Elimelech, (2004) sought to investigate the mechanisms that gives 

rise to the diverging microbial behavior to that predicted by the Classic filtration theory , 

which according to their formulation ultimately reduces to the first-order attachment. 

They conducted a series of well controlled experiments using homogeneous grain 
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spheres, model latex particles, and Cryptosporidium oocysts. They also investigated the 

differences between the C. parvum oocysts and latex particles, and concluded their 

behavior is similar, despite of surface properties discrepancies in low ionic strength 

solutions. Studies of ionic strength influence in oocysts deposition are important for 

calculations of the attachment efficiency, the main culprit in the estimation of attachment 

coefficient using the CFT formulation ( equation 1.13). Tufenkji et al. (2004) 

systematically conducted a series of experiments to precisely determine the key processes 

that are actively contributing to the oocyst removal in the porous medium. 

The media used was pure quartz sand (d50=0.250 mm) and lime-green glass beads 

(d50=0.230 mm). The zeta potentials at various pH were measured and found that 

oocysts become less negative with increasing ionic strength. Their experiments were in 

agreement with DL VO theory which suggests the deposition of C. parvum oocysts will 

increase with increasing ionic strength (Bradford and Schijven, 2002; Tufenkji et al. 

2004; Abriola, et al.; 2004; Bradford and Bettahar, 2005; Bradford, et al. 2005). Also, 

through a series of calculations of double-layer interactions, accounting for van der Wall 

and surface potential (zeta potential) they concluded that Cryptosporidium is not likely to 

attach to quartz soil. Moreover, the coefficient of attachment estimated from their 

effluent curves, illustrates the correlation between k0 11 and ri (single-collector efficiency) , 

which varied by one order of magnitude. Their attachment coefficients ranged between 

43.2 hr- 1 
- 15 .84 hr- 1 with the single collector efficiency, ri ranging from 3 .0 x 10-3 

- I. I x 

10-2 for Cryptosporidium in 1-10 Mm KCI solution (Tufenkj i and Elimelech, 2004a; 

2004b; 2004c, 2005a; 2005b; 2005c; Tufenkji, et al., 2004; Walker and Stedinger, 1999; 
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Young and Komisar, 2005; Zhuang and Jin, 2003a; 2003b; Zhuang, et al. , 2004). The 

high deposition rate indicates high quantities of oocysts are removed. When compared to 

the model latex particles, C. parvum oocysts behave like colloidal particles of comparable 

size in filtration in the saturated porous media, k0 " 23.04 hr- 1
, even though the filtration 

behavior of the latex particles (d=4. l µm) has significant differences in electrokinetic 

properties (Chesnot, et al., 2002; Chesnot and Schwartzbrod, 2004). 

Tufenkji and Elimelech (2004) calculated a series of attachment coefficients 

based on the single collector efficiency (7.9 x 10-3), through manipulation of the 

equations they presented, their k0 11• BTC values based on the relative effluent recovery is 

0.54, 0.9, 3.71, 8.64, 19.3 (hr- 1
) increasing with ionic strengths 3, 10, 30, 100 and 300 

mM respectively (Tufenkji and Elimelech, 2004a; 2004c; Tufenkji , et al., 2004). 

Tufenkji and Elimelech (2005) report similar values for the attachment rate for latex 

particles (de= 0.330 mm, dp=3.0 µm), at 10 mM solution, kar,= 1.12 (h( 1
) , although all of 

the reported values are for an initial colloid concentration of 10 7 oocysts/ml and reported 

interstitial velocity of approximately 30 cm/hr, a pore water velocity that is 

approximately 10 times higher than those reported here for regular conditions . 

Table 4.4 shows the calculated values obtained from the breakthrough curves, 

intercept of semi-log soil profile plots (figure 4.2) and the slope of the linear fit. The 

ratios of the attachment rate coefficients shown give an indication of the agreement 

between the measured and predicted removal of oocysts . Tufenkji and Elimelech (2004) 

reported ratios katt. slope I katt, BTC of 4 7, 2 3, 4 .1, 2 .4 and 1. 1 , for karr. inrercepr lkarr. BTC 2. I , l. 3, 

0.6, 1.5, and 0.96. The ratios became larger for decreasing ionic strengths, an increased 
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deviation between the measured and predicted colloid removal. In their study, the large 

variation is indication that there is another removal mechanism present in which is not 

present in CFT. Given Tufenkji et al. observations, it is assumed for the purposes of this 

study that these DLVO interactions and other physicochemical processes are rather 

irrelevant to the observed oocysts behavior. In addition, their findings allows for some 

comparison between results obtained using the latex colloids. On the other hand, it is 

worthy of mention that the numerous studies conducted used a porous media 

representative of the fine sands used here (d50=0.27 mm). 

ka11 (hr- 1)-Coefficient of attachment estimates 

k au. ejjl. k au, BTC k au. inter k att, slope katt,inter / k att,BTC k att,slope lkatt,BTC 

CVl regular 4.39 5.00 4.81 7.61 0.96 1.52 
CV2 low t r 34.75 42.14 48.86 94.44 1.15 2.24 
CV3 DI 4.22 5.33 4.78 5.67 0.90 1.06 

Table 4.3: Summary of the katt (hr-1
) values obtained through first order equation, 

breakthrough CUrVeS, (katt, BTc) and through SOil profile semi-log plot, katt, intercept and katt, slope, 

and ratios of soil profile ka11 to ka11 obtained from the breakthrough curves. 

The coefficient of attachment for the experiment in Coarse Vinton soil (CV2) at 

high velocity, low tr, resulted in similar effluent recovery than that of the regular coarse 

experiment (CVI ). The overall recovery did not change considerably either, the soil 

recovery decreased from half to 3 7%, where as the effluent increased by 10%. The ratios 

obtained in this study are not as discrepant as previously reported. The values presented 

here are for the experiments conducted using coarse Vinton soil. Therefore the smaller 
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ratios inherently accounts for the larger pore space. Also, by influencing residence time 

in the column (CV2), the ratio nearly doubles, suggesting again, an increase in the 

correlation between predicted and expected oocyst removal. Moreover, comparisons of 

results using low ionic strength to the baseline experiments show there was not a 

significant change in effluent recovery. The attachment rate ratios show this by having a 

kau. slope I k011• BTC essentially equal to unity. This is consistent, since ideally , using DI water 

in the system decreases the repulsive forces caused by double-layer interactions, 

increasing removal in effluent ( decreasing attachment rate). 

The idea is that by increasing the pore size of the medium, straining would be 

negligible, and any variations from the expected behavior due to residence time or 

electrolyte solution would directly be evidence of attachment. This is particularly 

peculiar because of the aspect ratio (0.0015) intentionally created to eliminate filtration of 

the oocysts. The coarse Vinton soil profiles deviates from the classical filtration theory. 

Santamaria et al. (unpublished data) also shows that straining is an important factor in 

removal of the oocysts, as seen in figure 5.3. Previous studies have shown similar 

behavior for fine sands similar to the figure 4.2 ( coarse profile) , thus leading to the 

creation of dual deposition model based on favorable and unfavorable oocysts conditions 

in fine grain media. Favorable condition is that in which there are very little or no 

repulsive double-layer interactions present. Models reported in literature, are believed to 

predict significant deviation from the CFT at low ionic strength, although it exhibits 

reasonable agreement with the measured profiles, partially due to the incorporation of 

slow and fast attachment rates into these models. The different attachment rates seem to 
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be responsible for the rapid oocysts accumulation during the first few centimeters in the 

column and the assumingly linear (slow) attachment in the remaining length of column. 

Perhaps oocysts accumulation and aggregation at the inlet, this presumably can block 

passage to other incoming oocysts. Microbial oocysts behave similar to people in a 

hallway: one person stops to see an important announcement, and others will stop, 

agglomerating near each other to satisfy their curiosity, while slowly narrowing the space 

available for the other uninterested persons to pass. Slowly, the crowd will loose interest 

and will slowly separate itself, eventually creating ample space for others to comfortably 

pass. 

Straining is speculated to occur in the experiments conducted using coarse Vinton 

soil as seen in the soil profiles (figure 4.2). In calculating the attachment efficiencies and 

coefficient of attachment, it is necessary to make use of the length of the column and pore 

water velocities, both which are equally responsible for the time oocysts can spend in the 

column and should notably, decrease the number of oocysts found in the soil core 

samples (table 4.4), not the case in the second, high velocity experiment. It has been 

suggested that straining is a mechanism influencing C. parvum transport through porous 

media. Previous studies (Brush et al., 1999; Bradford et al., 2005; Tufenkji et al. , 2004) 

have suggested that grain shape, and porosity may be causing the straining behavior 

observed. Therefore, a preliminary SEM analysis was employed to observe the details of 

the coarse grains believed to contribute to a straining mechanism, details of this analysis 

are presented in Appendix B. 
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CHAPTERS 
RESULTS: FINE VINTON SAND AND EUSTIS SOIL 

To test the influence of site limitations on attachment, an experiment was 

conducted in fine Vinton media using a low oocyst concentration of I 03 oocysts/ml. The 

effluent and soil recovery were obtained as previously described in chapter 2. Ideally, a 

lower number of oocysts injected into the system should leave more sites available for 

attachment. Also, this would increase the collision and sticking capabilities as the sites 

would not be saturated with oocysts. The recoveries would be proportional to the initial 

concentration of oocysts injected. 

5.1. Fine Vinton Sand: 

To study the effect of concentration in the effluent recovery, and its influence on 

attachment site capacity, an experiment was conducted using low concentration of 

Cryptosporidium. Using a low oocyst concentration, 0. 79% of oocysts were recovered in 

the effluent, 0.3% in the soil, for a 1.09% total recovery. The averages for these 

experiments yield approximately 0.8% effluent and soil recoveries and less than 2% total 

recovery. The results for this experiment lie well within the expected range, obtained 

through statistical analysis of experiments conducted under regular conditions . The 
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effluent was not expected to have many oocysts, due to the aspect ratio of the system; 

most of the oocysts however were expected to be retained by the porous media. 

Vinton Sand C0 =Jn3oocystslml in 0.01 NaCl solution 
Effluent Soil Total Velocity Residence kau (hf 1

) 

Recovery Recovery Recovery (cm/hr) Time (hr) C = C
0 

exp(-kau · tJ 
('Yo) ('Yo) ('Yo) 

VS1 0.79 0.30 1.09 7.38 0.96 5.04 
vss 11 0.92 1.32 2.24 7.42 0.95 4.94 

Ave 0.85 0.81 1.66 7.40 0.95 4.99 
Table 5.1: Vinton Soil experiments with low C0 • 

1experiment conducted by Santamaria et 
al. (year). 

Figure 5.1 is a summary of the fine soil effluent recovenes. The left side 

represents the breakthrough for the PFBA which is the conservative tracer. The right side 

represents the extremely low recoveries of C. parvum. Both Eustis and Vinton soils have 

similar properties, aside from their differences in organic content. During the low 

concentration Vinton experiment, it is possible to observe an effluent one order of 

magnitude higher than that of Eustis in regular conditions. This is not conclusive of the 

mechanisms present in either system, since the different experimental procedures did not 

yield significantly different results, and poor mass balance, as shown in tables 5.1-5.3 . 

The soil profiles for each fine sand experiment are shown in figure 5.1 and 5.3. 

The next step in determining straining was to conduct the same experiments using 

another fine natural soil. Vinton soil has a mean particle diameter of 0.61 mm. When 

sieved to obtain the fine Vinton soil, the d50 is 0.26 mm. Similar to Eustis sand (section 
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5.2), the aspect ratio between C. parvum oocysts is 0.018, thus straining is expected to 

occur in this system. The soil and total recoveries are also well below expected values, 

indicating the system could be influenced by the low C. parvum concentration. However, 

due to the enumeration procedure and the counting of oocysts under a microscope, the 

soil samples are much harder to count, since oocysts are often times hidden behind soil 

grains left behind during the enumeration procedure. 
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Figure 5.1: Summary of breakthrough curves for Fine Sands. Experiment A (EJl) has an 
effluent recovery of 0.02%, B (EJ2) has the effluent recovery of 0.08%, and experiment C 
(VJl) has an effluent recovery of 0.79%. Experiments A and B were conducted under 
regular conditions, whereas experiment C was conducted using a low concentration of C. 
parvum (103 oocysts/ml) in 0.01 M NaCl solution. 
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Figure 5.2: Summary of Soil recovery profiles for the fine soils, obtained by segmenting the 
column into the first, second, third and remaining fourth centimeter. The equations were 
fitted using a first-order exponential fit. The R is correlation coefficient. 
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Figure 5.3: Summary of soil phase recovery profiles for the fine soils, obtained by 
segmenting the column into the first, second, third and remaining fourth centimeter. The 
equations were fitted using a standard linear regression. The p-value indicates the 
probability that the R ( correlation coefficient) is zero. A has a soil recovery of 95.39%, and 
B has a recovery of 164.70%. 
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E · t d t d ·th th 1 th concentrat1·on of 105 
xpenmen s con uc e w1 e regu ar pa ogen 

oocysts/ml, the average effluent recovery were 1. 73%; soil recovery was 50.80% for a 

total recovery of 51.42% (table 5.2). In the experiments conducted with low 

concentration of pathogens (103 oocysts), the effluent recovery were 0.79%; soil recovery 

was 0.30% and a total recovery of 1.09%. This is similar to another experiment in which 

effluent soil and total recoveries yielded 0.92%, 1.32% and 2.24% respectively. The 

average is 0.85%, 0.81 % and 1.66% for effluent, soil and totals recovery (table 5.1). The 

overall total recovery is approximately 20% smaller than that for coarse Vinton sand, 

with a significantly smaller effluent recovery (table 5.2). Statistical analysis of these base 

experiments yield a maximum effluent recovery of 4.24%, a soil recovery between 

10.84% and 90.76%, and a total recovery between 11.94% and 90.90% based on the 

standard deviation and a 95% confidence interval. 

VS2 
VS3 
VS4 
VS5 

Effluent 
Recovery 

(%) 
5.52 
0.13 
1.11 
0.17 

Vinton Sand C0 =105oocysts/ml in 0.01 NaCl solution 
Soil Total Velocity Residence kau (hf1

) 

Recovery Recovery (cm/hr) Time (hr) C = C
0 

exp(-kau · tJ 
(%) (%) 

73.74 
27.86 
109.2 

73.87 
28.97 
109.37 

7.63 
7.34 
7.36 
7.31 

0.92 
0.96 
0.95 
0.96 

3.15 
6.92 
4.74 
6.64 

Ave 0.47* 50.8 51.42 7.39 0.95 6.29 
Table 5.2.: Vinton Soil in regular conditions (C0=105oocysts/ml in 0.01 M NaCl solution). 
VS are experiments referenced from Santamaria et al (unpublished data), but are part of 
this study. 
*VS2 was not included in the average due to error in processing the samples. 
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The plots represent the average oocysts found within each segment. Moreover, to 

confirm this is a truly exponential behavior, the same plot was obtained using a semi-log 

scale, and using a linear fit regression model (figure 5.3). The exponential behavior 

observed shows that oocysts are accumulated in the inlet, in the first centimeter of the 

column, and decreases with depth in the column. Bradford and colleagues have 

attributed this behavior to pore size exclusion, and ultimately straining. Due to the 

accumulation of the oocysts at the inlet, they decrease the effective pore space available 

for subsequent oocysts to pass. The low C0 Vinton experiment such small recovery that it 

was omitted from figure. The soil recovery was on average less than I%, in addition to 

not having good mass balance. By plotting the oocysts recovery obtained from the soil 

column, it is clear that there is an exponential decrease with depth. This suggests that 

given the experimental conditions and particle size, clean bed first-order attachment 

theory behavior is agreeable in the case of fine sands. Nonetheless , given the small 

particle diameter, and low aspect ratio, straining is expected to be a contributing 

mechanism in oocyst transport. 

In principle, colloid straining is controlled only by the size of the colloid and the 

pore size distribution characteristics. Many chemical factors can affect the aggregating 

behavior of the colloid particles and the effective pore size distribution. The total 

recovery is in general higher for Coarse Vinton sand than that for fine Vinton media, 

although well within the Vinton range. The effluent recovery is at least five times higher 

for experiments in coarse soil, and well above the range observed for fine Vinton media. 

Straining can be a factor in transport of C. parvum. Small pores are able to remove these 
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oocysts, but smce enumeration procedure is uncertain, the soil recovenes could be 

decreased; the effluent counting is much less susceptible to error. These plots shown by 

figure 5.3 and figure 4.2 shows the linear behavior obtained for the fine sand soil profiles 

coarse sand respectively do not agree with each other. The fine sands are represented by 

a linear soil profile . This discrepancy indicates the need of work to quantify the 

mechanism causing the initial non-linear behavior observed in the coarse sand soil 

profiles. 

5.2. Eustis Sand: 

To observe the C. parvum transport in another natural porous media, a set of 

experiments were conducted in Eustis Soil, comparable to fine Vinton soil. Eustis is a 

heterogeneous natural soil taken from the University campus in Gainsville, Florida has a 

mean particle diameter of 0.27 mm. Given its mean grain diameter, it is classified as fine 

sand. The average effluent recovery for Eustis soil was 0.05% and the soil recovery 

130.05%. The second set of experiments resulted in no oocysts found in the effluent, and 

69.70% recovered from the soil (table 5.4). All of the experiments conducted in Eusti s 

soil, were conducted using a 105 oocysts concentration, a velocity of approximately 7 

cm/hr (flow rate 0.19 ml/min), using 0.01 M NaCl electrolyte solutions. Figure 5.1 

compares the breakthrough curves for Eustis soil compared to the other fine Vinton sand 

experiments. The recoveries for soil are within range as those calculated for Vinton 
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experiments, however, Eustis sand has a smaller mean grain diameter, and could account 

for the small increase in soil recovery when compared to fine Vinton average under the 

same conditions (table 5.2). It seems that Eustis soil has a slight higher removal capacity 

than fine Vinton sand. 

In this scenario, the oocysts are expected to be strained, since they average 

approximately 4.55 µm m diameter, being much larger than the particle diameter. 

Tufenkji et al (2004) explain a model used to predict the potential for straining based on 

the system geometry which indicates whether or not it will significantly impact when the 

d/d5o is greater than 0.05. The ratio of the C. parvum oocysts to Eustis grain particles is 

0.01685; therefore, according to Sakthiviel et al. (1969) and Herzig et al. (1970) who 

suggest a limiting ratio of 0.154, this system is expected to have straining. 

Eustis Sand with C0 =105 oocysts/ml in 0.01 NaCl solution 
Effluent Soil Total Velocity Residence kau (hr-1

) 

Recovery Recovery Recovery (cm/hr) Time (hr) C = C
0 

exp(-ka
11 

• tJ 
('X>) (0/o) ('X>) 

EJl 0.02 95.39 95.41 8.69 0.81 10.52 
EAl 0.00 36.50 36.50 8.38 0.84 14.80 
EJ2 0.08 164.70 164.78 8.20 0.87 8.15 
EA2 0.00 102.9 102.9 8.69 0.81 NIA 
Ave J 0.05 130.05 130.1 8.45 0.84 9.33 
Ave A O 69. 70 69. 70 8.54 0.83 14.80 

Table 5.3: Summary of the Eustis soil experiments in regular conditions that is, 105 

oocysts/ml and O.OlM NaCl solution. 
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CONCLUSIONS 

The objective of this research was to quantify the transport of Cryptosporidium 

parvum through saturated porous media, focusing specifically on the possible evidence of 

straining in this system by observing the causes of oocysts removal directly. The focu s 

was on establishing a relationship between Cryptosporidium removal quantities for the 

coarse sands, contrasting with the removal of fine sands, in order to quantify the 

mechanisms responsible for the observed straining. 

The gastrointestinal parasite Cryptosporidium parvum occurs in the manure of 

farm animals and pets that are washed into rivers and streams by rain and flooding . 

When released in the environment in high numbers, they can enter surface waters through 

surface runoff, sewage discharge, and overland transport in highly permeable soils with 

possible drainage. Previous research observed the transport and retention behavior of 

Cryptosporidium oocysts in small laboratory-scale columns using porous media. The 

experiments were conducted by varying transport velocities, water quality, and pore size 

distribution. The effluent data and the spatial distributions were analyzed using first

order (clean-bed) attachment theory. The common observation is that major oocysts 

retention occurs at the column inlet, and that filtration increases with decreasing grain 

size. In addition, there is a pronounced exponential decrease in colloid concentration 

with size and distance in the porous media from the inlet. Generally, this behavior is 

attributed to attachment. Nevertheless, the spatial distribution curves previously reported 

in the literature and observed in this study; do not show the same trend. In the past, 
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variations from clean bed theory have been attributed to soil surface properties and 

colloid attachment, the pnmary process of colloid transport in porous media. This 

disagreement is concluded to be due to another physical mechanism, straining, which is 

not included in the classic filtration theory . 

Through the vanous experiments conducted here, it was possible to eliminate 

individual processes that could contribute to straining in the porous media, which are not 

at the moment, included in the classical filtration theory. A few researchers have made 

significant efforts to quantify non-ideal transport behavior in order to enhance modeling 

predictions. The focus of this work was to investigate the behavior of C. parvum in the 

heterogeneous natural coarse sand. First a baseline experiment was conducted to serve as 

the basis for comparison with the fine Vinton sand. A second experiment aided in 

observing the effects of residence time of oocysts in the column, which would influence 

sorption. This can be observed by an increase in effluent recovery followed by a 

decrease in soil recovery. A third experiment used DI water, to observe the influence of 

ionic strength on oocyst retention and attachment mechanisms. The low ionic strength 

increases the repulsive forces between colloid and grains; hence it was expected to yield a 

higher effluent recovery than those experiments conducted in NaCl solutions. 

To evaluate whether or not the oocyst accumulation could be influenced by the 

number of available collector sties, an experiment was conducted using low concentration 

of Cryptosporidium in the fine Vinton soil. These results indicate the recoveries were 

somewhat proportional to the initial concentration injected. When compared to the 
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expected range of recoveries for Vinton sand, the values obtained for the low initial 

concentration are well below the expected range of recovery. Therefore, given only two 

experiments were performed, it is only possible at this time to conclude that the initial 

concentration could affect effluent recoveries. Furthennore, four experiments were 

conducted in another fine natural porous media. Eustis soil is finer than Vinton, the 

results under regular conditions agree with the initial expectation; that a finer soil would 

retain more oocysts in the soil. The aspect ratios of the colloid to particle size in fine 

media indicate that even though the soil profile seems to agree with first-order filtration 

theory, straining is a contributing part of the system. 

The important observations regarding straining m the system comes from 

contrasting coarse sand results to that of fine Vinton, by observing their respective soil 

profiles and attachment coefficient. Much information regarding straining behavior is 

evident in soil profiles such as inlet accumulation; the coarse sand profile varies 

considerably from a linear behavior predicted by first-order attachment exhibited by the 

fine sands. In addition, the total recoveries of coarse sand experiments are essentially the 

same, after experimental variability is considered; eliminating the idea there may be 

attachment parameters affecting the oocyst transport in the porous media . 

The hypothesis that straining is affecting the transport of oocysts was tested by 

increasing pore size, and monitoring possible chemical interactions between the colloids 

and the soil matrix. The later ~as tested by changing chemical parameters that would 

affect attachment, namely residence time and ionic strength. In a system with large pore 

diameter, straining was not anticipated to occur. Consequently the results points to an 
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additional mechanism for oocyst removal , which is not included in the CFT. This finding 

led to a brief SEM analysis of the soil grains. In this step, a few porous grains were 

imaged to understand the scale and depth of its surface irregularities. The grain shape 

and angularity could also be responsible for increasing the limit aspect ratio in which 

straining occurs. 

An important finding in this study is that the aspect ratio limit currently used in 

literature may not accurately represent straining in a natural porous media. Previous 

studies have tested the classic filtration theory and Herzig et al. through experiments 

using glass beads. Tufenjki et al. have recently taken the next step by conducting 

experiments using pure quartz sand. It is important to recognize that the prev ious studies 

were conducted under ideal cases, using spherical homogenous sands, and glass beads as 

the porous medium. This study tested the classic filtration theory by conducting 

experiments using natural heterogeneous porous medium and C. parvum. The results 

presented herein, suggest that the limiting aspect ratio for straining is not representative 

of the natural, inherently heterogeneous system. Further experiments are suggested in 

order to determine a parameter that accounts for grain shape distribution. 

In conclusion, the experiments conducted here do test the hypothesis of physical 

straining in the system, and that established aspect ratios are below actual phys ica l limits 

of straining. Future experiments would be helpful using glass beads to investigate the 

influence of surface charge on the movement of colloids as well as confirming whether or 

not grain porosity an important factor in attachment, under same conditions as those 

experiments in this study. Latex colloids could be used for imaging purposes to identify 
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colloid distribution within the system. Most importantly more experiments should be 

conducted varying the initial concentration of C. parvum. Increasing the initial 

concentration of Cryptosporidium oocysts in the system would enhance the aggregation 

potential, which would in return, decrease the effluent concentrations. It would also be 

possible that due to the enhanced aggregation, pore exclusion would play a role in the 

transport mechanisms of the system, in which would delay effluent recovery leading to an 

apparent increase in removal by the soil. Further research is also suggested in the area of 

high resolution spectophotometry because of its potential to serve as means to observe 

the undisturbed distribution of colloids in future column experiments. Both techniques 

may be useful in quantifying the colloid behavior in laboratory scale columns, therefore 

aiding in the understanding of intermediate and field scale processes. 
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APPENDIX A-SYMBOLS AND NOT A TIO NS 

aqueous oocysts concentration 
(N/L3

) 

the number of oocysts 
time 
total oocysts flux (advective, 
diffusive and dispersive fluxes), 
N/L2T 

Oocyst mass transfer terms between 

the aqueous and solid phases due to 
attachment (N/L3T) 

Oocyst mass transfer terms between 

the aqueous and solid phases due to 
straining (N/L3T) 

solid-phase concentration of the 

attached oocysts (N/M) 

first-order oocysts detachment 

coefficient (T 1
) 

bulk density of soil (M/L3
) 

straining coefficient (T 1
) 

dimensionless oocysts straining 

function 

solid-phase the strained oocysts 

(N/M) 
parameter that controls the shape of 
the oocysts spatcial distribution 
the distance from the column inlet 
(L) 

Oocyst deposition rate coefficient 

length of the packed column 
Relative concentration 
single-collector removal efficiency 

predicted single-collector contact 
efficiency 

single-collector removal efficiency 
based on breakthrough curve 
diameter of collector grains 
mean grain diameter 
bulk density of porous medium 
hydrodynamic dispersion coefficient 

s 

V 

"A 
a 

YJ 
NrE 
NG 
NLo 

NR 
k1., 

pore-water velocity 
intial time 
initial injection concentration 
attachment (collision) efficiency 
Hamaker constant 
porosity-dependent parameter of 
Happel 's model 
attraction number 
Total number of particles deposited 
during column experiment 
Gravity number 
Peclet number 
Aspect ratio 

van der Waals number 
concentration of oocysts in 
suspended form 
concentration of C. parvum oocysts 
adsorbed reversibly on solids 
surface 

bulk density 

hydrodynamic dispersivity 
coefficient 
advective pore water velocity 

colloid filtration coefficient 
collision efficiency ( empirical 
constant) 
colletor efficiency 
Peclet number 
Gravitation number 
London- der Waals constant 
Interception number 
forward and reverse first-order 
sorption rate 
partitioning coefficient 
retardation factor 
volumetric water content of the 
medium 
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APPENDIX B 
PRELIMINARY SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS 

The coarse Vinton experiments were designed to investigate the mechanisms 

involved with attachment onto the soil grains. The aspect ratio (d/ dp) is large, so oocysts 

were not expected to be removed (strained) from soil. The total recovery is generally 

higher than that of regular Vinton soil, with the effluent recovery being much higher and 

soil recovery minimal. It is observed that none of these experiments, coarse and fine, 

showed any considerable increase in the effluent recovery, by altering the ionic strength 

and surface properties of the grains. In coarse Vinton sand , where straining was not 

expected to occur, experiments varying properties that would influence attachment, did 

not significantly alter the transport of C. parvum in the system. It is speculated that the 

shape of the porous grains, and its porosity may be actively contributing to straining in 

the coarse system, as well as increasing the aspect ratio in which straining would be 

negligible. 

B.1. SEM analysis: 

In order to confirm the suspicion of having porous grain particles, 100 grains were 

separated and placed into one of five categories based on the naked-eye view . The gra ins 

were classified as super smooth, smooth, crevassy, porous and aggregated. The samples 
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were coated with PdAu for higher resolution pnor to using the Scanning Electron 

Microscope. A secondary electron detector (SE) was used in conventional mode at 25 

kV accelerating voltage to observe the grain details at a convenient size. The 

magnification and scales of each sample are shown with the pictures (figures BI through 

BS) . Work by Wood W. (1990), reported these terms as intragranular porosity which can 

lead to intragranular diffusion. Since diffusion is a time-dependent mechanism, it can be 

contribution to unfavorable behavior, and slow attachment as suggested in the dual 

deposition model presented by Tufenkji and Elimelech. 

B.2 SEM-sample preparation: 

First, the coarse Vinton grain population was partitioned into five categories of 

based on the surface observed with the naked eye: super smooth, smooth, crevassy, 

porous and aggregated. Using the University of Arizona Scanning Electron Microscope 

facility (Department of Material Science), we ran and Energy dispersive (X-ray) 

microanalysis, EDS on a few grains. Prior to observing the samples, we coated them 

with 300 a (thickness) Gold palladium (AuPd), using Hummer IV (Anatech, LTD). This 

was necessary in order to have higher resolution of the small grain pores we expected to 

see. Next, a secondary electron detector (SE) was used in conventional mode at 25 kV 

accelerating voltage. The magnification and scales of each sample are shown with the 

pictures (figures B l-B5). 
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B.3. Hitachi S-2460N Scanning Electron Microscope: 

Hitachi S-2460N Scanning Electron Microscope Conventional has a high vacuum 

plus "Variable Pressure" (V.P.) scanning electron microscopy, both in low vacuum 

conditions with or without specimen preparation. Specifications for the Hitachi S-2460N 

are: resolution of 4 nm in high vacuum mode, 6 nm in low vacuum mode. A 

magnification of x20 to approximately 200,000 ( 41 steps). Accelerating voltage ranging 

between 0.5 to 25 kV (39 steps). The sample size is 150 mm in diameter (max) EDS 

detector for X-ray microanalysis. SE detector selection, Operating vacuum in V.P. mode: 

1.0 - 270 Pa (0.01 - 2 Torr) in sample chamber. 

B.4. Images of Coarse Vinton Soil 

SEM images of Coarse Vinton-Super Smooth 

Figure Bl: SEM images taken at accelerating voltage of 25.0 kV. Al. has a magnification of 40x. A2 
has a magnification of 8,000x. 
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Smooth Grains 

Figure B2: Smooth Coarse Vinton Grains, accelerating voltage of 25.0 kV. Bl has a magnification of 
40x. B2 has a magnification of 300x, and B3 is 600x. 
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Semi-Porous Grains 

Figure B3: SEM images for Semi-porous grains, taken at accelerating voltage of 25.0 kV. Cl. has a 
magnification of 40x, C2 of 300x, and C3 of 6,000x. 
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Porous Coarse Grains 

Figure B4: SEM images for porous grains, taken at accelerating voltage of 25.0 kV. Dl and El have 
a magnification of 40x, D2 and E2 of 300x, and D3 and E3 are 6,000x. 
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Figure BS: SEM images for Aggregated samples, taken at accelerating voltage of 25.0 kV. Fl. has a 
magnification of 40x, F2 of 300x, and F3 of 6,000x. 
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APPENDIX C-Experimental Data 

Table Cl: Crye_tose_oridium e_. Ex~erimental Summari 
Eustis Soil Eustis Soil Vinton Soil Coarse Coarse Coarse 

Vinton Vinton Vinton 
Flush Sin NaCl NaCl NaCl NaCl NaCl DI water 

[O.OJM] [O.OJM] [O.OJM] [O.OJM] [O.OJM] 
Q (ml/min) 0.19 0.19 0.19 0.19 2.00 0.19 
q (cm/min) 0.05 0.05 0.05 0.05 0.58 0.05 
v (cm/min) 0.14 0.14 0.12 0.12 1.28 0.12 

tr (min) 48.70 51.93 57.69 57.48 5.46 58.67 
V (cm/hr) 8.69 8.20 7.38 7.32 77.02 7.17 
q (cm/hr) 3.29 3.30 3.30 3.29 34.65 3.29 

tr (hr) 0.81 0.87 0.96 0.96 0.09 0.98 

Co 10 5 10 5 10 3 10 5 10 5 10 5 

( oocysts/ml) 
Recovery(%) 95.41 164.78 1.10 75 .20 70.00 75 .00 

soil 95.39 164.70 0.30 53.30 37.50 52.56 
effluent 0.02 0.08 0.79 21.94 32.45 22.44 

Retardation 2.20 2.25 1.82 1.91 1.60 2.26 

katt (1/hr) katt (1/hr) katt (1/hr) katt (1/hr) katt (1/hr) katt (1/hr) katt (1/hr) 

effluent CICo 10.49 8.20 5.04 1.58 12.51 1.52 
kau (1 I sec) 2.91E-03 2.28E-03 1.40E-03 4.40E-04 3.48E-03 4.22E-04 

Plateau K att 9.95 8.939 4.797 1.801 15.167 1.92 
katt (] /sec) 2.76E-03 2.48E-03 1.33E-03 5.00E-04 4.2 lE-03 5.33E-04 

C/Co Plateau 2.34E-04 4.194£-04 0.01 0.177 0.255 0.15 
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Table C2: Column information Summar! 
Experimental ID ESl ES2 VSl CVl CV2 CV3 

Soil Type Eustis Soil Eustis Soil Vinton Soil Coarse Coarse Coarse 
Vinton Vinton Vinton 

Flushing Solution NaCl NaCl NaCl NaCl NaCl DI water 
[O.OJM] [O.OJM] [O.OJM] [O.OJM] [O.OJM] 

Column Height ( cm) 7.05 7.10 7.10 7.01 7.01 7.01 
Column inner diameter (cm) 2.10 2.10 2.10 2.10 2.10 2.10 
Column volume ( cm3

) (formula) 24.39 24.59 24.59 24.28 24.28 24.28 
Dead space "naked" cm3 1.41 0.91 0.91 0.82 0.82 0.82 
Dead space (screw and valve) 1.71 1.01 1.01 0.92 0.92 0.92 
cm3 

Weight empty column (g) 693 .80 657.40 657.40 656.20 656.20 656.20 
Weight of column w/dry sand (g) 733.90 696.30 693.40 691.60 691.60 691.00 
Weight of the saturated column 743.70 705.60 703.00 702.30 702.30 701.60 
w/sand (g) 
Weight of the sand in column (g) 40.10 38.90 36.00 35.40 35.40 34.80 

Water weight ( after saturation 9.80 9.30 9.60 10.70 10.70 10.60 
w/sand), g 
Bulk density (M/V) g/cm3 1.64 1.58 1.47 1.46 1.46 1.43 

Porosity f 0.38 0.40 0.45 0.45 0.45 0.46 
Pore Volume (Vcol* f) cm3 9.25 9.91 11.01 10.92 10.92 11.15 
Pore Volume (Water weight- 8.39 8.39 8.69 9.88 9.88 9.78 
'naked' dead s~_~e) cm3 



Table C3: Average Column properties throughout the study. 

Weight of the sand in column (g) 
Water weight ( after saturation 
w/sand), g 
Bulk density (M/V) g/cm3 

Porosity f 
Pore Volume (Gravimetric) cm3 

Pore Volume (Water weight)cm3 

Difference (%) between PV s 
Difference(%) in R-value 

Coarse Eustis 
Average Average 

35.20 39.50 
10.67 9.55 

1.45 
0.45 
11.00 
9.85 
12.32 
9.92 

1.61 
0.39 
9.58 
8.39 
10.44 
12.25 
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Table C4: Comparisson of Katt values obtained from effluent recovery and from plateaus of breakthrough curves 
katt (1/hr) 

Date tr (11hr) effl. C/Co Plateau Katt Plateau Katt Difference 
recovery (%) 

ESl Eustis Soil 0.81 0.020 2.34E-04 10.49 9.95 5.16 
ES 3 Eustis Soil 0.87 0.083 4.19E-04 8.20 8.94 -9.05 
VSl Vinton Soil 0.96 0.790 0.010 5.04 4.80 4.82 
CVl Coarse Vinton 0.96 21.936 0.177 1.58 1.80 -13.73 
CV2 Coarse Vinton 0.09 32.451 0.255 12.51 15.17 -21.24 
CV3 Coarse Vinton 0.98 22.445 0.150 1.52 1.92 -26.32 

*the negative sign indicates a decrease in value when the Katt is obtained through the average plateau peak. 
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APPENDIX D-Tabulations of literature data 

Brush et al. 1999 

Experiment Medium dp vX 104 t,X 10-4 Soil Effluent1 katt, btc X 103 

(cm/hr) (hr-1
) Recovery recovery (hr-1

) 

(mm) (%) (%) 

1 Glass 2 4.0 2.8 35 70 1.3 
2 Glass 2 4.0 2.7 39 61 1.8 
3 Glass 2 4.2 2.6 50 60 2.0 

mean 4.1 2.7 41 64 1.7 

4 sand 12/20 4.2 2.6 65 35 4.0 

5 sand 12/20 4.0 2.7 49 50 2.5 

6 sand 12/20 4.1 2.6 40 78 0.9 

mean 4.1 2.7 52 54 2.3 

7 shale 3.5 3.1 48 63 1.5 
8 shale -- 3.8 2.9 55 51 2.3 
9 shale -- 4.0 2.7 28 73 1.2 

mean 3.7 2.9 44 62 1.6 
1 values were estimated from the breakthrough curves published. 
2 Column length is 10.9 cm, diameter 3.8 cm, Q=20 ml/min 
3 porosity was 0.32, 0.33, and 0.36 for glass, sand, and shale respectively 
4 Aspect ratio are calculated d/ dp: 0.0025 and 0.0039 
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Harter et al. 2000 
Experiment Medium dp V fr Mass Effluent Total a A 1

katt, btc katt, int 

(mm) (cm/hr) (hr-1
) retained recovery recovery (cm-1

) (hr-1
) (hr-1

) 

(%) (%) (%) 

cs 1.90 59.17 0.2 15.00 74.00 84 0.95 0.03 1.78 
2 cs 1.90 5.88 1.7 40.00 10.00 50 0.37 0.23 1.35 0.94 
3 MS 0.46 61.67 0.2 73.00 20.00 87 1.1 0.16 9.86 10.25 
4 MS 0.46 5.88 1.7 74.00 0.22 74 0.69 0.61 3.59 0.73 
5 FS 0.22 58.75 0.17 40.00 0.52 41.0 0.9 0.5 31.02 6.18 

Initial Co 105 oocysts/ml C. parvum diameter of 5 µm 
1 values calculated by ').,·v and using C=C0 * exp(-k0 u *t) 
2 Aspect ratio are calculated d/ dp.- 0.0026, 0.011 , 0.023 for coarse, medium, and fine sands 
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