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ABSTRACT 

Batch and column experiments were performed to 

investigate the adsorption of bacteriophage MS-2 to 

silica at pH 5. Linear isotherm analysis of batch 

experiment data gave partition coefficient (Kp) estimates 

of 270 cm3/g and 580 cm3/g for 4°C and 24°C, 

respectively. Breakthrough-type column experiments 

indicated that sorption and desorption were slow, as 

evidenced by a slow approach to breakthrough and tailing 

of the desorption limb. A non-equilibrium advection-

dispersion model with all adsorption sites on the silica 

assumed to be kinetically controlled was used to model 

the column data. The model-generated parameters yielded 

Kp estimates 1000-fold smaller than those given by 

isotherm analysis and indicated that the time scale for 

desorption is on the order of 1-6 hours. 
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CHAPTER 1 

INTRODUCTION 

Colloidal particles (particles with diameters less 

than 1 pm) are prevalent in natural aquatic environments. 

Figure 1 shows a comparison of the various sizes of solid 

matter commonly found in aquatic systems. Many of the 

important chemical reactions in natural waters occur at 

phase boundaries (air-water or solid-water interfaces). 

The abundance of colloidal matter in natural waters, 

combined with its high surface area per unit mass, make 

it an extremely reactive component of natural aquatic 

systems. 

Colloids are an important groundwater quality 

concern because of their potential ability to enhance the 

transport of other contaminants (e.g. trace metals and 

radionuclides) and because they may be contaminants 

themselves (e.g. viruses or asbestos). It has often been 

assumed that contaminants such as trace metals were 

either suspended in the mobile liquid phase or sorbed to 

the solid soil matrix and hence immobilized. Colloids 

may enhance contaminant transport either by sorbing and 

transporting the contaminant or by competing with the 

contaminant for binding sites on the solid soil phase. 

In other cases a significant fraction of the colloids, 

which may themselves be potentially hazardous, may remain 

in the mobile aqueous phase, depending on colloid and 

soil type and ambient water chemistry. Concern about the 
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role of colloids in groundwater quality has further 

increased following recent studies indicating that 

colloids may move faster than the mean groundwater 

velocity (e.g. Keswick et al.f 1982; Grondin, 1987; 

Harvey, et al., 1989; Bales, et al., 1989). An extensive 

review of colloid transport literature may be found in 

McDowell-Boyer, et al. (1986). 

Much attention has recently focused on the 

importance of viruses as colloidal contaminants in 

groundwater systems. The practice of land-spreading of 

wastewater effluent has led to concerns about the 

contamination of groundwater by pathogenic viruses and 

bacteria. According to Craun (1979), almost half of the 

waterborne disease outbreaks in the U.S. are attributable 

to contaminated groundwater. 

The two primary factors that determine the fate of 

viruses in groundwater are survival and adsorption to the 

soil matrix. Virus survival is strongly influenced by 

temperature; numerous studies have indicated that viruses 

persist longer at lower temperatures. Yates et al. 

(1985) studied over 100 groundwater samples and found 

that temperature was the most significant measured factor 

affecting virus inactivation, explaining over 77 percent 

of the observed differences in virus survival over a 

temperature range of 4°C to 23°C. Other factors such as 

pH, extent of adsorption to soil, soil moisture content, 

and microbial antagonism may also be important (Yates, et 



11 

al., 1987). 

In saturated groundwater systems, the nature of both 

the soil matrix and the virus itself play important roles 

in determining the extent of virus retention. Moore, et 

al. (1981) studied the adsorption of poliovirus by 34 

minerals and soils. They found a negative correlation 

between soil organic content and extent of adsorption, 

and relatively stronger adsorption on iron oxides than on 

silicates. Although pH and surface area showed little 

correlation with adsorption, these factors may be 

significant in systems where other factors (organic 

carbon content, cation exchange capacity, etc...) are 

held constant. Surge and Enkiri (1978) studied the 

adsorption of bacteriophage 0X-174 to five soils. For 

four of the soils, they found significant positive 

correlations between adsorption and cation exchange 

capacity, specific surface area, and organic carbon 

content; there was a negative correlation between 

adsorption and pH. The soil not conforming to these 

findings had a very high organic carbon content, which 

the authors hypothesize may have blocked the pathways of 

the virus to adsorption sites. Murray and Parks (1980) 

studied poliovirus adsorption to several oxide surfaces, 

and concluded that adsorption is strongly influenced by 

the isoelectric point of the sorbent and its ability to 

generate large van der Waals potentials. Zerda et al. 

(1985) studied the adsorption of MS-2 bacteriophage to 
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silica surfaces altered to provide various surface 

charges, and found that adsorption was strongest in 

systems where the silica surface charge was opposite to 

virus surface charge. 

Of the recent studies concerning virus adsorption to 

soils, few have involved well-characterized mineral 

surfaces. Many laboratory column and batch studies have 

been performed in soil systems that are further 

complicated by the presence of organic matter (either 

sorbed or in solution) and unmeasured amounts of virus 

inactivation. As a consequence, many of the results are 

qualitative and not helpful in predicting virus behavior 

in other soil systems. 

Transport models have been used to fit the empirical 

data obtained from these studies (e.g., Vilker and Burge, 

1980; Corapcioglu and Haridas, 1985), yet a comprehensive 

model describing virus transport in real groundwater 

systems has not emerged. The development of a model to 

predict virus transport in the subsurface is particularly 

important in light of evidence noted above that colloidal 

particles may travel more rapidly than mean groundwater 

velocity. Additional virus sorption and transport 

studies with controlled experimental parameters (pH, 

temperature, ionic strength, flow rate, etc...) and on 

well-characterized surfaces are needed if the factors 

controlling virus retention and transport are to be fully 

understood. This understanding is a prerequisite to the 
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formulation of a general virus transport model. 

The purpose of this research was to examine the 

sorption of a well-characterized virus (MS-2 

bacteriophage) to clean silica. Adsorption isotherms 

were developed in a series of batch experiments and were 

used to estimate partition coefficients for the 

adsorption of MS-2 to silica. Breakthrough-type column 

experiments were performed to determine the extent of 

adsorption and desorption of MS-2 in a silica-containing 

column under conditions more similar to groundwater flow 

than those of batch experiments. 
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CHAPTER 2 

BACKGROUND 

2.1 Virus-Surface Interactions 

Viruses are colloidal particles that carry an 

electrical charge that depends on the pH of the 

suspending medium. The degree of partitioning of these 

colloids between aqueous and surface phases is a function 

of the type of solute-surface interaction. Partitioning 

onto the surface may be due either to adsorption, which 

involves specific or non-specific colloid-surface 

interaction, or hydrophobic partitioning, which is a non

specific interaction driven by exclusion of the colloid 

from the aqueous phase. 

The interaction of viruses with solid surfaces is 

thought to be governed largely by electrostatic and van 

der Waals forces (Gerba, 1984; Murray and Parks, 1980) . 

Electrostatic, double-layer interactions have been 

described by Gouy (1910, 1917) and Debye and Huckel 

(1923). Double-layer theory states that charged 

particles (or colloids) in solution attract counterions 

of opposite charge from the surrounding solution. A 

tightly bound "Stern layer" of counterions forms at the 

particle surface and partially counteracts its charge. A 

more diffuse layer of counterions, the "Gouy layer", 

extends farther out into the solution. The thickness of 

the Gouy layer is a function of the ionic strength of the 

suspending medium and the charge of electrolytes in 
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solution, and determines the distance over which 

particles and surfaces repel each other. 

Van der Waals forces are always attractive and arise 

from London-type dispersion forces, dipole-dipole 

interactions, and induction forces. London dispersion 

forces are due to the motion of electrons in molecules 

creating rapidly oscillating dipoles. Dipole-dipole 

interactions are caused by the orientation of polar 

molecules in a way that causes mutual attraction. 

Induction forces occur because a polar molecule induces a 

dipole in nearby non-polar molecules. Dipole-dipole and 

induction forces are thought to be subordinate to 

dispersion forces except for strongly polar molecules 

(Leja, 1982) . 

The interaction between colloids and surfaces is 

thought to result from a balance between van der Waals 

attraction and electrostatic repulsive forces, as 

described by the DLVO theory of colloid stability (Verwey 

and Overbeek, 1948). Murray and Parks (1980) 

investigated the adsorption of poliovirus to solid 

surfaces and concluded that van der Waals and double-

layer interactions were the predominant forces governing 

adsorption. 

2.2 Equilibrium Sorption Models 

The extent of colloid binding to the solid phase at 

equilibrium has been described by adsorption isotherms. 

To use these isotherm models, and, in fact, to use the 
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term "adsorption" to describe virus attachment to 

surfaces, one must make the assumption that binding is 

reversible. Information on the detachment of viruses 

from surfaces is scarce, hence this assumption may not be 

wholly correct. Isotherms will nevertheless be used to 

describe the batch experiment data in this study. It is 

hoped that the results of this study will shed some light 

on the reversibility question. 

When using isotherms to describe the adsorption of 

viruses such as MS-2, concentrations are commonly given 

in "plaque-forming units" (PFU), which represent the 

number of active viruses present. One such model is the 

Langmuir isotherm (Langmuir, 1918) which is based on the 

assumptions that: 

1. adsorption is reversible; 

2. the maximum number of sites, Sn, is constant; 

3. sorption is limited to monolayer coverage of the 

surface; and 

4. all adsorption sites are energetically equal. 

The Langmuir isotherm describes sorption by the equation: 

S = S. (C) (1) 
KL"1 + C 

where S is sorbed concentration (PFU/mg), C is aqueous 

concentration (PFU/ml), SO is the maximum sorbed 

concentration (PFU/mg), and KL is an empirical constant. 

A linear form of this equation is: 

I = _L_ + 1 
S S. S. KL C 

(2) 



17 

A plot of 1/S versus 1/C yields a line with intercept 

1/S. and slope 1/S.KL. At low aqueous concentrations, 

the Langmuir isotherm reduces to the linear isotherm: 

s = ( c ) ( s. ) ( KL ) ( 3 ) 

with partition coefficient Kp = s.KL. 

Another relationship that has been used to describe 

virus association with solid surfaces is the Freundlich 

isotherm. This model does not require the assumption of 

site homogeneity. The isotherm is expressed: 

s = ( KF ) en ( 4 ) 

where KF and n are constants. The relationship is linear 

for n = 1. A plot of log S versus log C gives a line 

with slope nand intercept KF. 

The linear isotherm is: 

s = ( KP ) (c) ( 5) 

where KP is the partition coefficient. This is the same 

as the Langmuir isotherm at sufficiently low aqueous 

concentrations, and to the Freundlich isotherm when n = 

1.0. 

2.3 Transport Models 

The governing equation for one-dimensional virus 

transport through porous media is the same as that 

describing solute transport. Accounting for sorption of 

the solute or colloid to the solid phase, the equation is 

(van Genuchten and Wierenga, 1976): 
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( 6 )  

where t is time (T), v is the mean pore water velocity 

(LT-1), x is distance (L) , * is soil bulk density (ML-3), 

© is the volumetric soil water content (LL-3), and D is 

coefficient is a function of molecular diffusion and mean 

pore water velocity (Freeze and Cherry, 1979): 

where a is the dispersivity of the porous medium (L) and 

D* is the molecular diffusion coefficient for the solute 

(or colloid) in the porous medium (L2T_1). Equation 5 

assumes steady-state flow and a constant soil-water 

content, and does not account for the existence of 

immobile flow regions within the porous medium. In 

addition, the relationship between sorbed and aqueous 

solute concentration must be known, and boundary and 

initial conditions must be assumed in order to solve the 

model equation. 

The initial condition used in this study is: 

where Ct is the initial colloid concentration. 

A constant-concentration or constant-flux boundary 

condition may be chosen to describe the upper end of the 

soil column. The constant-concentration condition is: 

the dispersion coefficient (L2T_1) The dispersion 

D = a(v) + D* (7) 

C(x,0) = Ci ( 8 )  

C(0,t) = Co (9) 
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where Co is the input solution concentration. This 

boundary condition may lead to mass-balance errors for 

column experiments with a constant chemical application 

rate and large values of D/v (van Genuchten, 1981). The 

constant-flux boundary condition is: 

<-Df:+ vC) 

x=0 

VCo 
(10) 

The constant flux boundary condition is used in this 

study, although the choice of upper boundary condition 

made essentially no difference for the low D/v values 

(approximately 0.03 cm) that were present in these 

experiments. 

The lower boundary condition used in this study is: 

f (oo'') = 0 (11) 

The assumption of infinite column length inherent in this 

boundary condition is clearly false. However, van 

Genuchten (1981) states that the small influence of the 

imposed boundary conditions on solutions of the model 

allows for close approximation to a finite system, 

especially for reasonably long soil columns. 

The simplest case of equation (6) obtains when 

sorption is linear (equation 5), sorption reactions are 

fast, and no immobile fluid regions exist within the 

porous medium. Then, substitution of (5) into (6) gives: 



(12) 

where the retardation factor R = 1 + Kp0/O. Using the 

dimensionless variables: 
p = gL (13) 

T = tv (i4) 
L 

Z = X (15) 
L 

equation (12) may be non-dimensionalized to: 

_ L £ c _ a c  
& p dz 2  dz { l b )  

This is the equilibrium transport model. 

The first-order-kinetic (non-equilibrium) model also 

assumes that no immobile fluid regions exist within the 

column, but allows for first-order kinetics to govern 

sorption at all sites. In this case, an additional 

equation is required to describe sorption. The 

adsorption of species A (here, the virus) onto a silica 

surface site, X, is stated as: 

kf 

A + X A-X (17> 

kb 

where A-X represents a sorbed virus particle and kf and 

kb are the forward and reverse (adsorption and 

desorption) reaction rates (t_1), respectively. The rate 

equation is: 
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ed(A) = -e(kf*)(A)(X) + #(kb)(A-X) (18) 
dt 

The mass balance for surface sites is: 

XT = (X) + (A-X) = constant (19) 

For small virus concentration (A), XT is approximately 

equal to (X), thus kf a kf*(X) s kf * (XT ) , and: 

e d(A) = -©(kf)(A) + 0(kb)(A-X) (20) 
dt * ' 

At equilibrium, 3(A) ~ 0 , and the partition coefficient 
at 

is: 

Kp = 0 (kf )_ — (A—X) /oil 
0Tkb) (A) l21' 

Substituting equation (21) into equation (20) yields: 

diAl - ~Kp (kb)(0)(A) + 0kb (A-X) (22) 

Then substituting the relation: 

* d (A-X) = -e d (A) 
dt dt 

into equation (22) results in: 

(23) 
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d(A-X) = kt [Kp (A) - (A-X)] (24) 
dt 

Reverting to the previous notation that S is sorbed 

concentration and C is aqueous concentration (of species 

A-X and A, respectively, in the above derivation), and 

using the following dimensionless variables: 

0 - 1 = (25) 
R 1 + (*/©)Kp 

w = 0 (KP ) (kb ) (L) = kb (R - 1) (L) (26) 
©v v 

Ci = C/Co (27) 

C2 = S / (KP ) (Co ) (28) 

together with those of equations (13) through (15), 

equations (6) and (24) may be non-dimensionalized: 

p dT p)  dT p a2
2 c>z (29> 

(l-pw? = ulCj-Ca] (30) 
ol 

The two-region transport model assumes that there 

are mobile and immobile fluid regions, with diffusion-
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controlled transfer between the two. The governing one-

dimensional transport equation in this case is: 

where subscripts e and i refer to the mobile and immobile 

regions respectively, © is the volume fraction of the 

mobile or immobile region, f is the fraction of sorption 

sites in the mobile region, and all other parameters are 

as descibed previously. Sorption is assumed to be linear 

and fast to reach equilibrium in both regions: 

Mass transfer between the two regions is described by: 

where ore is a mass transfer coefficient. By substituting 

(32) and (33) into (31) and (34) and introducing the 

following dimensionless parameters: 

Se = KP (Ce ) (32) 

Si = KP (Ci ) . (33) 

„ °c, ds 
el~+$a-f)-^- = 0r[ce-cl] (34) 

(35) 

vfe,r 
(36) 

_ e, +6, +$kp 

e,+e. (37) 



„ et+f$Kp 

P 6t+8i+QKp 
(38) 

_  s2-kpci . 3 g j  
2  K p ( C 0 - C i )  

(31) becomes (29) and (34) becomes (30). 



CHAPTER 3 

METHOD OF INVESTIGATION 

25 

A series of batch and column experiments were 

performed to determine the extent of MS-2 bscteriophage 

adsorption to silica. Batch experiments consisted of 

allowing equilibrium sorption of various concentrations 

of MS-2 virus solutions to Min-u-sil 30 silica in order 

to develop isotherms for both 4°C and 24°C. Column 

experiments, performed at 4°C to limit inactivation of 

MS-2, consisted of monitoring both adsorption and 

desorption phases of the breakthrough curve of MS-2 

solutions through a column packed with 45-90 pm silica 

beads. A pH of 5 was used for both batch and column 

experiments, which was low enough to insure measurable 

adsorption, yet not so low as to inactivate virus. 

3.1 Batch-Experiment Procedure 

Experiments were performed in 4-ml vials containing 

2 ml of buffer plus 0.5 to 1.0 g of silica. Use of 0.75 

g of silica produced approximately two orders of 

magnitude of adsorption, which was significantly greater 

than experimental variability or observed inactivation 

and allowed use of virus titres as low as 10® plaque-

forming units (PFU)/ml. Preliminary batch experiments 

indicated that there was significant sorption (or 

inactivation) of MS-2 in polypropylene vials at pH 5. 
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For this reason, glass vials with teflon cap inserts were 

used for all batch experiments. It was also determined 

that the presence of significant headspace (and hence 

CO2) in the vials made pH control difficult. 

Early difficulties with pH control also prompted a 

rigorous vial washing procedure designed to insure 

removal of all detergent. Vials, caps, and inserts were 

autoclaved for 20 minutes after each experiment, rinsed 

to remove excess silica, and soaked in RBS-35 detergent 

(Pierce Chemical Co., Rockford, IL) for at least 24 hr. 

Vials were rinsed with approximately 20 volumes of 

distilled water, and vials and inserts were soaked in 

distilled water for 2 hr. Vials were then baked for 30 

min at approximately 300°C to dry and sterilize, and caps 

and inserts were autoclaved for 20 min. 

At the start of a batch experiment, 0.75 g of Min-u-

sil 30 was placed in several clean, sterile vials. For 

both 4°C and 24°C experiments, buffer, vials, and silica 

were brought to the appropriate temperature before 

beginning the experiment. Virus stock was diluted to the 

desired titre (106 to 109 PFU/ml) in pH 5 buffer, and 2.0 

ml of virus-containing buffer was pipetted into a silica-

containing vial and into a non-silica-containing control 

vial. A small amount of each sample was retained as a 

"zero time" sample; it was immediately diluted in TRIS so 

that the number of plaques per petri dish would range 

from 30-300, and cooled to 4°C to limit inactivation. 
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The virus-containing vials were then hand shaken to mix 

and placed on a rotating shaker (Labquake Shaker, 

Labindustries, Berkeley, CA) that revolved at 12 

rotations per minute. 

After 60 min had elapsed (or 30 or 90 min in time 

curve experiments), vials (including control vials) were 

removed from the shaker and centrifuged at approximately 

3500 rpm (setting #7) in a table-top centrifuge 

(International Clinical Centrifuge Model #CL, 

International Equipment Co., Needham Heights, MA). 

Approximately 1 ml of supernatant was removed for viral 

assay, and the remaining supernatant was reserved for pH 

measurement. Any samples that showed pH variation of 

more than 0.05 units (i.e. samples below pH 4.95 or above 

5.05) were discarded. Supernatant samples were diluted 

in TRIS to titres expected to produce countable plates, 

and these dilutions were assayed by the procedure 

outlined below. 

The extent of virus inactivation during each 

experiment was estimated by comparing the titre of the 

zero-time sample with that of the control vial: 

percent inact. * 0 time titre - control titre x (100). (40) 
0 tine titre 

Any samples that showed greater than 50 percent 

inactivation were discarded. 

Sorbed concentration (S) in [PFU/mg silica] was 

calculated as titre in the control vial minus titre in 

the silica-containing vial, multiplied by the liquid-to-
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solid ratio in the silica-containing vial: 

(control titre - silica titre) (2.0 ab buffer) = S (41) 
(750 silica) 

Aqueous concentration (C) in [PFU/ml] was simply the 

virus titre in the supernatant of the silica-containing 

vial. 

To develop a time curve for adsorption of MS-2 to 

Min-u-sil 30 under the conditions outlined above, batch 

experiments were performed at 4°C with a virus 

concentration of 106 PFU/ml. Vials were removed from the 

shaker at 30, 60, and 90 min, and their supernatant 

concentrations were determined. Isotherm batch 

experiments were performed at both 4° C and 24° C with 

virus titres of 106, 107, 10B, and 109 PFU/ml. All 

samples in isotherm experiments were shaken for 60 

minutes. 

3.2 Column-Experiment Procedure 

Column experiments were performed at 4°C in a 15-cm 

long x 0.9-cm internal diameter glass chromatography 

column with teflon fittings (Spectrum Medical Industries, 

Inc., Los Angeles, CA). The column experiment apparatus 

is shown in Figure 2. The column was filled with Potters 

45-90 pm silica (Potters Industries, Hasbrouck Heights, 

NJ) by the tap and fill method (Snyder and Kirkland, 

1979). The weight of silica added was recorded and used 

to estimate dry bulk density (0), porosity (0), and pore 

volume of the column as follows: 
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# = g silica/column volume, cm3 

0 = 1 - 0/p 

pore volume = ©(column volume, cm3) 

where p = density of silica [g/cm3]. 

An Ismatec peristaltic pump (Cole Parmer Instrument 

Co., Chicago, IL) was used to provide a constant flow 

rate through the column. The column was flooded from the 

bottom by using the pump at a low flow rate to minimize 

air entrapment. The pump was then attached to the top of 

the column and pH 5 buffer was run through the column for 

at least 40 pore volumes at one pore volume/hr to insure 

equilibration of the buffer with the silica. The pH's of 

the input reservoir and column effluent were checked 

periodically, and experiments were performed only after 

effluent reached pH 5 ± 0.02. 

Experiments were run at flow rates of approximately 

one pore volume/hr using virus titres of approximately 2 

x 104 PFU/ml. In a preliminary investigation, it was 

determined that the tygon tubing used in the peristaltic 

pump caused a reduction in virus titre until 

approximately one pore volume of solution containing 

virus had passed through it. Thereafter, one pore volume 

of solution containing virus was run through the tubing 

prior to the start of an experiment. Flow rates were 

checked at least every hour during the course of 

experiments, and it was found that variation was less 

than three percent from the mean. 
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Experiments consisted of passing approximately six 

pore volumes of virus solution through the column, 

followed by at least 25 pore volumes of virus-free 

buffer. After the first 6 hr of virus input, the virus 

reservoir and contaminated tygon tubing were replaced 

with a reservoir of virus-free buffer and clean tubing. 

For the first 10 pore volumes, 10 min continuous samples 

of column effluent were taken in sterile glass dilution 

tubes. These samples were immediately diluted one order 

of magnitude in TRIS and stored at 4°C for assay. Assays 

were performed every 3-4 hours. Approximately 10 pore 

volumes after the experiment began, the sampling schedule 

was reduced and samples were taken periodically for up to 

78 hr depending on the experiment. Reservoir samples 

were taken every hour during the first 10 hours (i.e. the 

virus reservoir was saved and sampled after the switch to 

virus-free influent) and periodically thereafter to 

determine the extent of virus inactivation during the 

course of the experiment. 

3.3 Media Preparation 

Tris buffered saline solution (TRIS) consisted of 

63.2 g Trizma Base (Sigma Chemical Co., St. Louis, MO), 

163.6 g NaCl, 7.46 g KC1, 1.13 g NazHPCU, and 1600 ml 

distilled water. The solution was shaken to mix and 

adjusted to pH 7.2 by addition of HC1. Thirty-two ml of 

solution was added to 368 ml of distilled water and the 
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resulting solution was mixed with a magnetic stir bar and 

sterilized by for autoclaving 20 min. Dilution tubes 

were made by placing 2.7 ml of sterile TRIS in sterile 

test tubes, then capping with sterile rubber stoppers. 

Trypticase soy broth (TSB) consisted of 30 g tryptic 

soy broth powder (Gibco Laboratories, Madison, WI or 

Difco Laboratories, Detroit, MI) and 1.0 L distilled 

water. The solution was warmed while mixing with a 

magnetic stir bar, aliquoted (3 ml into 10-ml glass test 

tubes and 100 ml into 250-ml flasks), capped, and 

sterilized by autoclaving for 20 min. 

Trypticase soy agar (TSA) used for overlay tubes 

consisted of 30 g TSB powder, 10 g Bactoagar (Difco 

Laboratories, Detroit, MI), and 1.0 L distilled water. 

The solution was heated to boiling while mixing with a 

magnetic stir bar, and 3 ml was aliquoted into 14-ml 

glass test tubes. Tubes were capped and sterilized by 

autoclaving for 20 min. 

Trypticase soy agar (TSA) plates were made from 40 g 

tryptic soy agar powder (Gibco Laboratories, Madison, WI 

or Difco Laboratories, Detroit, MI) and 1.0 L distilled 

water. The solution was heated while mixing with a 

magnetic stir bar and autoclaved for 20 min. Using a 

sterile 10-ml Cornwall, 10 ml was dispensed into 

disposable 100mm x 15mm plastic petri dishes (Becton 

Dickinson Company, Lincoln Park, NJ). 

All media were stored at 4°C until needed. 
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3.4 Host Preparation 

The host bacteria use in MS-2 assays was Escherichia 

coli B (ATCC 15597). E. coli spread plates were prepared 

from a laboratory culture of E. coli that was suspended 

in glycerol and stored at -20°C. A wire loop was flame 

sterilized and used to spread a small amount of the E. 

coli culture on a TSA plate. The plate was incubated 24 

hr at 37°C, then stored at 4°C. New spread plates were 

made every 2 weeks. The spread-plate method allows 

individual bacterial colonies to be used for assays, and 

allows simple visual inspection of colonies to assure 

purity. 

3.5 MS-2 Stock Preparation 

Thirty to forty TSA plates containing approximately 

104 PFU of MS-2 per plate were prepared by the assay 

procedure outlined below. Plates were incubated at 37°C 

for 24 hr until confluent plaques were visible. Five ml 

of sterile TRIS was dispensed onto each plate, and plates 

were left at room temperature (24°C) for 2 hr to allow 

MS-2 to diffuse into the overlying TRIS. Plates were 

then swirled slightly by hand, the phage-containing TRIS 

was poured into a 250-ml polypropylene centrifuge bottle, 

and the solution was centrifuged at 10,000 rpm for 10 min 

in a Beckman J2-21 centrifuge (Beckman Instruments, 

Irvine, CA) to pellet any agar present. A sterile 0.45-
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Mm pore size filter (Millipore Corporation, Bedford, MA) 

was prepared by passing 10 ml of TSB and then 20 ml of 

TRIS through the filter to limit virus adsorption. The 

supernatant from the centrifuged virus/TRIS solution was 

passed through the pre-treated filter into a sterile 250-

ml flask to remove E. coli. The centrifuged, filtered 

phage stock was pelleted by centrifugation at 25,000 rpm 

for 2 hr in a Beckman L8-70 ultracentrifuge. After 

centrifugation, approximately 29 ml of supernatant was 

removed from the centrifuge tube and discarded. The 

remaining 1 ml of concentrated phage stock was 

resuspended in approximately 2 ml of TRIS by repeated 

suction and exhaust action of a 1 ml autopipet. The 

phage stock was further diluted in approximately 10:1 

volume ratio of TRIS to stock, then transferred to 

sterile 4-ml glass vials with teflon caps. The vials 

were covered with parafilm to further reduce chance of 

contamination, and stored at 4°C. This procedure 

resulted in virus stocks of 5 x 1011 to 5 x 1012 PFU/ml. 

New virus stock was prepared whenever virus titre 

decreased by an order of magnitude (90 percent) from the 

original concentration in the vials. 

3.6 Assay Procedure 

The procedure outlined below was used for phage 

enumeration following all batch and column experiments. 

It is esentially the method of Adams (1959). 
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Eighteen to 24 hr prior to assay, a flame-sterilized 

wire loop was used to transfer an E. coli colony from a 

TSA E. coli stock plate to a test tube containing 3 ml of 

sterile TSB. The test tube was vortexed 10 s to mix, 

then placed in a 37°C incubator. Three hours prior to 

assay, 1.0 ml of this stationary-phase E. coli culture 

was transferred to a 250-ml flask containing 100 ml of 

TSB. The flask was then placed in either a 37°C water 

bath shaker or on a shaker table in a 37°C incubator. 

During this 3-hour period, the E. coli enters the log-

phase of growth. 

Also prior to assay, TSA plates were warmed to room 

temperature to permit easier pouring of plates and reduce 

condensation. Overlay tubes were placed in a steamer to 

melt and then placed in a 49°C water bath and allowed to 

equilibrate. Experimental samples were serially diluted 

by pipetting 0.3 ml of sample into a dilution tube 

containing 2.7 ml of TRIS to produce an order of 

magnitude (i.e. 10-fold) dilution. Each sample was 

diluted in this manner until an estimated titre of 10 

PFU/ml was reached. 

The phage assay itself consisted of adding 1.0 ml of 

log-phase E. coli culture to an overlay tube, followed by 

0.1 ml of a diluted MS-2 sample. The tube was then 

vortexed 5 s, and its contents were poured onto a TSA 

plate and swirled to cover the plate. When the overlay 

agar had solidified, plates were inverted and placed in a 
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37*C incubator for 18-24 hr. Plaques were then counted 

using an automatic plaque counter (Model #C-100, New 

Brunswick Scientific Company, New Brunswick, NJ). 

For each sample, an attempt was made to plate those 

dilutions expected to have 10 to 300 plaques per plate. 

Plates with more than 300 plaques are difficult to count, 

which may lead to counting errors. Plates with fewer 

than 10 plaques are statistically unreliable. It was 

found that plates with 150-250 plaques give the most 

internally consistent results. Two (in column 

experiments, three) plates of each desired dilution were 

poured, and the plaque counts for all plates in the 

desired PFU/plate range were averaged for each sample. 

3.7 Buffer 

A 2 x 10~2M NaHz PO« buffer containing 10"4M CaCl2 

was used in all batch and column experiments. The buffer 

was prepared by adding 2.4g of anhydrous Nafc PO4 and 0.1 

ml of 1.0 M CaCl2 to enough double distilled water to 

yield 1.0 L of solution. The buffer was then mixed with 

a sterile magnetic stir bar, brought to the appropriate 

temperature (4°C or 24°C depending on the experiment), 

and adjusted to pH 5 (±0.02 pH units) by addition of 1 N 

HC1 or NaOH. The pH of the buffer was checked before 

each experiment and readjusted if necessary. 
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3.8 Silica Preparation 

Min-U-Sil 30 (PGS, Berkeley Springs, WV) was used in 

all batch experiments. Approximately 75 g of silica was 

placed in each of four 250-ml polycarbonate centrifuge 

bottles, 200 ml of 0.1 M NH4OH was added, and the mixture 

was shaken to suspend the silica. Bottles were 

centrifuged for 5 min at 5000 rpm (Beckman Model J2-21 

centrifuge), and the supernatant was poured off. 200 ml 

of 1.0 M HCl was added, bottles were shaken and 

centrifuged as before, and the supernatant was discarded. 

This procedure was repeated with 200 ml of 0.5M HCl, and 

then with 200 ml of double distilled water. Distilled 

water rinses were repeated until the supernatant reached 

approximately pH 5 {seven distilled water rinses in all). 

The Min-U-Sil 30 was then transferred to a 600 ml beaker, 

covered with a watchglass, and dried 28 hr at 110°C. The 

surface area of the Min-U-Sil 30, measured by N2 

adsorption, was 1.99±0.04 m2/g. 

Silica beads used in column experiments (45-90 pm, 

stock number 2530, Potters Industries, Hasbrouck Heights, 

NJ) were refluxed before use to remove Na2 0. 

Approximately 100 ml of Si02 beads were wetted with 

distilled water, rinsed with 500 ml of 1.0 N NH4OH in a 

vacuum funnel, and then rinsed to below pH 11 with 

distilled water. Silica was then refluxed in 500 ml of 2 

N HCl for 4 hr, rinsed with distilled water, and refluxed 

for two more 2 hr periods in 500 ml of 2 N HCl. 
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Distilled water was used to rinse the silica to 

approximately pH 4, silica was refluxed in distilled 

water for 1 hr, rinsed with distilled water, and dried at 

110°C overnight. The surface area of the silica beads, 

measured by N2 adsorption, was 0.057±0.001 m2/g. 

Silicas were stored in glass bottles with ground 

glass stoppers. 
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CHAPTER 4 

RESULTS 

Batch experiments were run at 4°C and 24°C to 

determine the extent of MS-2 adsorption to silica. 

Column experiments were run at 4°C to investigate the 

adsorption of MS-2 to silica under saturated flow 

conditions. All experiments were performed at a pH of 5. 

The isoelectric point of Si02 is 2.0 (Stumm and Morgan, 

1981), and that of MS-2 is 3.9 (Zerda, 1982), thus both 

are predominantly negatively charged at pH 5. 

4.1 Batch Experiment Results 

Four separate batch experiments were performed with 

silica-containing and control vials shaken for 30, 60, 

and 90 min in each experiment. The mean adsorption 

percentages in the four experiments were 97.65 ± 1.65, 

99.28 ± 0.36, and 97.92 ± 1.31 for 30, 60, and 90 min, 

respectively. Sorption appears to reach equilibrium by 

60 min, therefore subsequent batch experiments were 

performed for 60 min. 

Freundlich isotherm plots of adsorption data and 

best-fit lines (linear regression) for 4°C and 24°C are 

shown in Figure 3. The resulting parameters and 

correlation coefficients are shown in Table 1 (see also 

Chapter 2, equation 4). In both cases, the slope of the 

line is very close to unity indicating an approximately 

linear relationship between sorbed and aqueous 

concentration. Correlation coefficients of 0.99 for both 
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Log C (PFU/mL) 

Figure 3. Freundlich isotherms for 4°C (•) and 
24°C (A), power fit. 
r* -0.99 for 4°C 
r* -0.99 for 24°C 
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TABLE 1. Partition Coefficient Estimates from Batch Experiments 

I. Freundlich Analysis 

Temp. KF n r2 
<°C) (mL/ma) 
24 0.59 1.01 0.99 
4 0.28 0.998 0.99 

II.Lanamuir Analysis 

Temp. KP S m  KL r2 
(°C) (mL/ma) (PFU/ma) (mL/PFU) 
24 0.48 2.18xl06 2.81x10"7 0.98 
4 0.34 2.97xl0« 1.13x10-® 0.72 

III. Linear Analysis 

Temp. KP r2 
(°C) (mL/ma) 
24 0.58 0.97 
4 0.27 0.93 
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temperatures indicate good fits to the data. 

Plots used to obtain Langmuir isotherm parameters 

Sa, KL, and KP are shown in Figure 4A (see also Chapter 

2, equations 1-3). Best fit lines were plotted through 

the data by linear regression analysis, and parameters 

and correlation coefficients are shown in Table 1. 

Figure 4B shows Langmuir isotherms for the two 

temperatures. The maximum sorbed concentration, Sn, (the 

point at which the Langmuir curves level off) is much 

lower than the highest observed adsorbed concentrations. 

It is not surprising that the parameters obtained from 

Figure 4B are unreliable: the best-fit lines obtained 

from this data are strongly influenced by a few outlier 

points at low concentrations (high 1/C). For this 

reason, Langmuir parameters Sa and KL, obtained from the 

intercepts and slopes of the best-fit lines, do not 

describe the data well. 

Linear isotherm analysis of the data for each 

temperature is presented in Table 1 and Figure 5. 

Partition coefficients obtained from linear analysis are 

nearly the same as for the Freundlich analysis due to the 

fact that Freundlich parameter n is near 1.0 at both 

temperatures. Langmuir analysis produced Kp's that were 

slightly smaller for 24°C data and larger for 4°C data 

than those obtained by Freundlich or linear methods. 

4.2 Column Experiment Results 

Four breakthrough-type column experiments were 
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Figure 5. Linear isotherms for 4°C (C) and 
24°C (~), linear fit. 
r 1 ~ 0.93 for 4°C 
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performed. Experiments 1 and 4 (Figures 6 and 7) show a 

slow rise of the adsorption limb to a C/C© value of 1.0. 

The jaggedness of the curves is a result of the inherent 

variability in the plaque-assay procedure. No virus was 

detected in the effluent until approximately 0.9 to 1.0 

pore volumes had passed through the column. This may 

indicate that dispersion of the virus front is small, 

and/or that there is significant inactivation of the 

first virus to pass through the column. On the other 

hand, the retardation seen in the curves (C/Co = 0.5 at 

2.7 and 1.9 pore volumes for experiments 1 and 4, 

respectively) may be the result of dispersion and/or slow 

sorption. Experiments 1 and 4 reached peak effluent 

concentrations of Co at 4.5 and 5.0 pore volumes, 

respectively. Both experiments also show very rapid 

declines in effluent concentration between 1 and 1.5 pore 

volumes after virus input is stopped. This indicates 

slow desorption, possibly accompanied by inactivation of 

the virions as they desorb. The mass in/mass out ratios 

of experiments 1 and 4 were 0.85 and 0.69, respectively, 

so it is apparent that inactivation and/or slow 

desorption are contributing to the observed 

characteristics of the curves. 

Experiment 4 was concluded with a desorption phase 

using pH 7.0 buffer. After effluent concentration had 

dropped to C/Co < 0.01, pH 7.0 buffer containing no CaCl2 

was applied to the column. This resulted in a secondary 
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Figure 6. MS-2 column experiment 1 breakthrough 
curve. Dashed line indicates virus input 
pulse. Co • 2.62 x 104 PFU/mL, pH * 5.0, 
velocity • 0.0037 cm/a, flow rate * 0.94 
pore volumes/hr. 
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Figure 7. MS-2 column experiment 4 breakthrough 
curve. Dashed line indicates virus input 
pulse. Co > 1.59 x 10* PFU/mL, pH - 5.0 
(except for desorption step noted on figure), 
velocity « 0.0035 cm/s, flow rate - 0.84 pore 
volumes/hr. 
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desorption peak which reached a concentration of C/Co = 

0.06 (Figure 6). 

Experiment 2 was performed on a column that had not 

been fully purged of virus after the previous experiment. 

The sorption limb of this curve (Figure 8) is thus very 

steep and the first effluent virus was detected almost 

immediately. The desorption limb is interesting, 

however: the rapid decline shown in experiments 1 and 4 

is again exhibited, and the column was then monitored for 

157 pore volumes (approximately 4 days) during which 

effluent concentration fell to levels at which virus was 

no longer detected. The fact that virus was not detected 

in the eluant does not mean that eluant concentration was 

zero; three plates were poured per sample with each plate 

receiving 0.01 mL of eluant (due to the dilution 

procedure). If one of the three plates had contained one 

plaque, the concentration would have been 33 PFU/mL, 

which is equivalent to C/Co = 9 x 10"4 for experiment 2. 

If none of the three plates contained plaques, the 

observed concentration was necessarily termed zero, but 

clearly some plaques might have been observed if many 

more plates had been poured. As in experiment 4, 

calcium-free pH 7.0 buffer was then applied to the column 

and a secondary desorption peak was detected. It appears 

that full desorption of MS-2 from the column requires 

some sort of chemical perturbation; in this case both an 

increase in pH and a decrease in Ca+• concentration may 
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Figure 8. MS-2 column experiment 2 breakthrough 
curve. Dashed line indicates virus input 
pulse. Co - 3.49 x 104 PFU/mL, pH - 5.0 
(except for desorption step noted on figure), 
velocity • 0.0037 cm/a, flow rate • 0.94 pore 
volumes/hr. 
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have contributed. 

Experiment 3 was unsuccessful for undetermined (but 

probably microbiological) reasons. The adsorption limb 

of the experiment again appeared to rise slowly. 

Unfortunately, the plaques on most plates were too faint 

to count, and the entire midsection of the experiment 

showed poor E. coli growth and no plaques at all. Mass 

balances for experiments 2 and 3 could not be determined 

due to the difficulties cited above. 

Samples were taken from the virus input reservoir 

during each experiment in order to determine the extent 

of inactivation occurring. For experiment 1, samples 

were taken hourly for the first 5 hrs (4.5 pore volumes) 

only. For the other three experiments, samples were 

taken periodically for the entire duration of the 

experiment. A typical reservoir titre versus time curve 

is shown in Figure 9. In no case was there significant 

loss in the virus titre of the input reservoir over the 

course of an experiment. This does not mean, however, 

that virus inactivation was not a factor inside the 

column itself. Virions passing through the column may be 

subject to both physical and chemical disruption that 

would not occur in a standing reservoir. 
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Figure 9. Reservoir titre versus tine for column 
experiment 4. Dashed line indicates 
mean reservoir titre. 
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CHAPTER 5 

DISCUSSION 

The effect of temperature on the extent of 

adsorption seen in batch experiments is discussed. Data 

from column experiments 1 and 4 are fit to the model 

equations presented in Chapter 2 by use of the non-linear 

least squares computer program CFITIM (van Genuchten, 

1981). The transport parameters obtained from the 

program are used to gain insight into the physical 

processes occurring within the column. 

5.1 Batch Experiments 

The good fit of the batch experiment data to the 

Freundlich isotherm with a slope near 1.0 (Figure 4 and 

Table 1) is consistent with the findings of several other 

researchers. Burge and Enkiri (1978) described 

adsorption of bacteriophage 0X-174 to four soils by means 

of the Freundlich isotherm, and obtained n values 

(isotherm slopes) ranging from 0.81 to 1.10. Atherton 

and Bell (1983) found that the adsorption of MS-2 to 

magnetite conformed to a Freundlich isotherm with a slope 

of 1.017. Bitton, et al. (1976) described adsorption of 

poliovirus 1 to magnetite by a Freundlich isotherm, and 

found that slopes ranged from 0.715 to 2.590 depending on 

ambient water chemistry. Moore, et al. (1981) found that 

a Freundlich isotherm with a slope of 1.2 described the 

adsorption of poliovirus 2 to Ottawa sand. Zerda (1982) 

used Freundlich isotherms to describe the adsorption of 
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poliovirus and MS-2 to surface-modified silicas. In most 

of these studies, isotherm slopes were near 1.0, 

indicating that the data might also be adequately fit by 

a linear isotherm. In this study, Freundlich isotherm 

slopes were 1.01 and 0.998, hence linear isotherm 

analysis gave Kp's similar to those of Freundlich 

analysis (Table 1). 

An interesting characteristic of the batch-

experiment data is the fact that adsorption appears to be 

greater at 24°C than at 4°C. One possible explanation 

for this might be the protective effect against virus 

thermoinactivation provided by solids. It has been 

established that increased temperature results in 

increased virus inactivation (Hurst, et al., 1980; Yates, 

et al., 1985). In particular, Yates, et al. found that 

inactivation rates of MS-2 in groundwater were 

significantly higher at 24°C than at 4°C. The few 

studies that have included investigation of virus 

inactivation in systems containing solids have indicated 

that the presence of solids may protect viruses against 

thermoinactivation (Bitton, et al., 1979; LaBelle and 

Gerba, 1980; Sobsey, et al., 1980; Liew and Gerba, 1980). 

While the degree of protection afforded by solids has not 

been quantified, if protection was perfect (no 

inactivation of viruses on the surface) and greater 

inactivation occurred in the 24°C control vial than in 

the 4°C control vial the apparent sorbed concentration 



54 

calculated for 24°C would be too high. For the amount of 

inactivation observed in the aqueous phase at 24°C and 

assuming the protective effect is perfect, this would 

have the effect of decreasing the 24°C linear isotherm Kp 

to 0.46 mL/mg. This would mean that the effect of 

temperature on adsorption is less pronounced than these 

experiments indicate. 

Alternatively, adsorption may actually be greater at 

24°C than at 4°C in these 60 min batch experiments. One 

possible explanation for this is that the batch 

experiment system had not reached equilibrium at 60 min. 

In that case, one would expect that the 24°C vials would 

be closer to equilibrium (i.e. sorption would be greater) 

when the experiments were terminated. A more thorough 

series of time curve experiments would be required to 

determine whether this was true. Another possibility is 

that sorption was greater at 24°C due to the unfolding of 

viral proteins on the adsorbent surface. According to 

Zittle (1953), the unfolding of proteins is endothermic 

and hence is favored at higher temperatures. 

5.2 Conservative Tracer Dispersion 

The column was characterized by using NaCl as a 

conservative tracer. Characterization was done after MS-

2 runs were performed in order to assure that NaCl in the 

column did not interfere with virus sorption or cause 

inactivation of the virus. NaCl breakthrough experiments 

were run at three flow velocities in order to determine 
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the relationship between average pore water velocity (v) 

and dispersion coefficient (D). Dispersion coefficients 

were calculated from Peclet number estimates obtained 

from CFITIM equilibrium model fits of the breakthrough 

curves. Tracer breakthrough curves and model fits are 

shown in Figure 10, and the resulting dispersion 

coefficient versus pore water velocity curve is shown in 

Figure 11. 

Table 2 gives the parameters obtained from 

equilibrium model fits to the tracer data. The model 

gave a good fit in each case, retardation factors were 

near 1.0, and Peclet numbers were large indicating that 

dispersion was minimal. The pore-water-velocity (v in 

cm/s) versus dispersion-coefficient (D in cm2/s) 

relationship obtained from a linear fit of the data was: 

D = 0.0303 (v) + 1.92x10"6 r2 = 0.99 (42) 

5.3 MS-2 Column Experiments 

The rapid fall and long tailing of the MS-2 

breakthrough-curve desorption limbs caused difficulty in 

modeling the entire breakthrough curves. Modeling of the 

full curve was sometimes not feasible with the CFITIM 

program, and more often resulted in parameters that 

seemed unreasonable for the system. Where only the 

adsorption half of the curve was modeled, pulse was fixed 

at a value greater than the largest measured adsorption 

limb pore volume, because the modeled first half of the 
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Figure 10. Equilibrium model fits of NaCl breakthrough 
curves. 
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Figure 11. Average pore water velocity versus dispersion 
for the three conservative tracer experiments 
shown in Figure 10. 
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TABLE 2. Conservative Tracer Equilibrium Model Fits 

Conditions— 
Exp't. Pulse 

P.V. 
V 

cm/s 
Peclet 

Model 
R.F. 

Fit 
Disp. 
cm2/s 

SSQ8 

1 
S.E.b 

2.07 0.0014 436 
(55) 

1.02 
(0.0028) 

4.82xl0-9 0.07 

2 
S.E. 

1.74 0.0030 518 
(69) 

1.02 
(0.0029) 

8.69x10-° 0.08 

3 
S.E. 

2.11 0.0058 483 
(48) 

1.02 
(0.0022) 

1.80x10-" 0.04 

a - sum of squared errors 

b - standard error 
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experiment was essentially a continuous virus input 

experiment. The desorption limb fits shown for these 

cases was obtained by calculating the curve from the 

parameters given by CFITIM for the adsorption limb fit. 

It was also found that the non-equilibrium models could 

not be run successfully unless either pulse or Peclet 

number was fixed. The modeling program was fairly 

insensitive to changes in Peclet number, hence Peclet 

number was fixed at values estimated from the 

conservative-tracer velocity versus dispersion curve 

(Figure 11 and equation 42). 

An attempt was made to run the MS-2 column 

experiments at flow rates slow enough to allow 

equilibrium sorption to occur. Batch experiments seemed 

to indicate that sorption reached equilibrium in 1 hr, so 

column experiments were run at flow rates slightly less 

than 1 pore volume per hr. The asymmetry of the MS-2 

breakthrough curves (Figures 6-8) seems to show that 

despite these slow flow rates, equilibrium was not 

obtained. Column-experiment data were nevertheless 

modeled with the CFITIM equilibrium model, if only to 

test the simplest hypothesis and possibly confirm the 

intuition that the column was not in equilibrium. Only 

the adsorption limb of the curves could be fit with this 

model; parameters obtained are given in Table 3. In all 

cases, the partition coefficients obtained were about 

1000-fold smaller than the value given by linear isotherm 
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TABLE 3. Bpii1ihri.ua Model Fits, NS-2 Experiments 

txnditicns model fit 
Exp V 

an/s 
Pulse 
P.V. 

Peclet Disp. 
ctf/s 

Peclet Disp. 
ctf/s 

R Ki> 
atf/a 

SS(? 

1 
S.E.1 

0.0037 6.0 3.58 
(0.62) 

1.6xl0-2 2.18 
(0.07) 

0.26 0.12 

lc 
S.E. 

0.0037 6.0 483 1.2xl0"4 — — 2.64 
(0.08) 

0.36 1.88 

4 
S.E. 

0.0035 6.0 — — 1.65 
(0.33) 

3.2xl0-2 1.70 
(0.10) 

0.15 0.13 

CO 0.0035 6.0 486 l.lxlO-4 — — 2.02 
(0.08) 

0.22 2.79 

a - sum of squared errors 

b - standard error 

c - Peclet mmber fixed 
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analysis of the batch experiment data (KP = 270 cm3/g), 

though all experiments were run at pH 5. This is 

probably due in part to the fact that the Min-U-Sil beads 

used in the batch experiments had about 35 times more 

surface area per gram than the silica beads used in the 

column experiments. In addition, the difference may be 

due partly to differences in the surface characteristics 

of the two types of silica beads. When the Peclet number 

was fixed, the equilibrium model did not produce a good 

fit to the data. When Peclet number was not fixed, the 

model forced a good fit by iterating to a very low value 

of P. Low P values cause asymmetry in curves fit by the 

equilibrium model. 

In order to better see the degree of non-equilibrium 

in the system, an analysis following Rose (1977) was 

performed on the equilibrium model fits of the NaCl and 

MS-2 breakthrough experiments. The data were plotted as 

log (D/Do) vs. log (vdp/Do), where D is the equilibrium 

model dispersion coefficient in cm2/s (for model runs 

where Peclet number was allowed to vary), Do is the 

molecular diffusion coefficient (cm2/s), and dp is the 

mean diameter of the silica particles (cm). This plot is 

shown in Figure 12. Lines with slopes of one were drawn 

through the mean of the data to allow easy visual 

comparison. The MS-2 line lies above that of the 

conservative tracer, indicating that the dispersion 

coefficient estimated by the model is too large (Peclet 
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Figure 12. Plot of log (D/D«) vs. log (vdp/Do) for 
equilibrium model fits of NaCl and MS-2 
column experiments. 
o « MS-2 
- NaCl 



63 

number is too small). It thus appears that a non-

equilibrium model would better explain the observed 

asymmetry of the breakthrough curves. 

One possible hypothesis that might account for the 

asymmetry of the curves is that some of the sites in the 

column are less accessible to the virions than others. 

If advective transport to sites occurred in the more open 

pore spaces, but diffusive transport was responsible for 

virus transport to sites in less mobile regions, the two-

region model presented in Chapter 2 might provide an 

appropriate representation of the system. Peclet numbers 

were fixed in order to run this model, and results of the 

model runs are shown in Table 4. Attempts to fit entire 

breakthrough curves resulted in large retardation 

factors, yet inspection of the adsorption limbs of the 

curves would indicate that R values should be in the 

neighborhood of 2.5. Modeling of the entire curve also 

results in a larger sum of squared errors in each case, 

although this is at least in part because the adsorption 

limb fit SSQ values do not contain the error present in 

fitting the latter half of the curve. The small omega 

values obtained are indicative of non-equilibrium; omega 

values near 100 indicate equilibrium conditions. The 

curves generated for the adsorption limb-only fits are 

shown in Figures 13 and 14. The desorption limbs 

generated by the parameters obtained from the adsorption 

limb fits do not approximate the data well. The observed 
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TABL£ 4. T»K>-regicn Model Fits, MS-2 Experiments 

-conditions model fit-
Exp v Peclet8 Disp. Pulse Pulse R f) omega Kp SSQF» 

(xlO-4) 
an/s cm2/s P.V. P.V. ca?/q 

lc 0.0037 483 1.15 6.00 — 2.71 0.34 2.20 0.38 0.09 
S.E." (0.08) (0.03) (0.31) 

1« 0.0037 483 1.15 4.61 3.93 3.43 0.43 0.58 0.53 0.87 
S.E. (0.08) (0.45) (0.06) (0.08) 

4° 0.0035 486 1.08 6.00 — . 2.68 0.35 1.23 0.37 0.07 
S.E. (0.08) (0.02) (0.11) 

4» 0.0035 486 1.08 4.34 4.26 4.16 0.25 0.54 0.69 0.68 
S.E. (0.05) (0.71) (0.04) (0.06) 

a - Peclet lumber fixed 

b - SUB of squared errors 

c - adsorption limb of breakthrough curve fit, pulse fixed at 6.0 pore volunes 

d - standard error 

e - entire breakthrough curve fit (sorption and desorption) 
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Figure 13. Two-region model fit of adsorption limb, 
MS-2 column experiment #1. 
o - observed 
— - fitted 
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Figure 14. Two-region model fit of adsorption limb, 
MS-2 column experiment #4. 
o - observed 
— - fitted 
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rapid drop in eluant concentration followed by long 

tailing at low concentration are indicative of a slow 

desorption rate (partially "irreversible" sorption), 

possibly combined with some inactivation, which is not 

accounted for by the model. As was the case for the 

equilibrium model fits, the Kp values estimated by the 

two-region model fits are considerably smaller than the 

value obtained by linear isotherm analysis of batch 

experiment data. 

Another notable feature of the two-region adsorption 

limb fits is that the generated values of p are nearly 

identical to the inverse of the R values obtained (1/R = 

0.37 for both experiments). The parameter p is 

proportional to the fraction of equilibrium sorption 

sites in the system. Low (5 values indicate that most 

sorption sites are slow. When p = 1/R, the two-region 

model is the same as the kinetic non-equilibrium model 

presented in Chapter 2 and all sites are assumed to be 

kinetically controlled. 

The one-site kinetically controlled model is 

intuitively appealing here as well. Given the fairly 

narrow size range of the silica beads (45-90 pm) and the 

fact that they are considerably larger than the virions 

(0.02 pm), it is possible that the assumption of some 

sites in the column being less accessible to the virions 

is incorrect. Furthermore, it is believed that for 

particles less than a few micrometers in diameter 



68 

transport to the media surface is predominantly by 

Brownian diffusion (McDowell-Boyerr et al., 1986). Given 

these two factors, a one-site kinetically controlled 

system seems a very reasonable hypothesis. The kinetic 

non-equilibrium model presented in Chapter 2 was thus 

used to model the column data. Model parameters obtained 

are shown in Table 5; observed versus fitted breakthrough 

curves are shown in Figures 15 and 16. It was again 

found that attempting to model the entire curve resulted 

in rather large errors and R values; plots of whole-

curve model fits are shown in Figure 17. In general, as 

would be expected from the fact that (J was close to 1/R 

in the two-region fits, the parameters obtained from the 

kinetically controlled model were quite similar to those 

generated by the two-region fits. The physical rationale 

behind using the one-site kinetic model is somewhat more 

appealing for this system, however. 

The values of the dimensionless rate constant omega 

obtained from the kinetic non-equilibrium model are quite 

low, indicating that the system is far from equilibrium. 

There may be several reasons, however, for the 

disequilibrium of the system. First, column experiments 

were run at less than one pore volume per hour because 

batch experiments seemed to indicate that equilibrium was 

reached in one hour. As noted above, however, it is 

quite possible that the batch experiments had not 

actually reached equilibrium. 
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TABLE 5. Kinetic Ncn-equilifcriun Model Fits, MS-2 Experiments 

-cattditicns model fit-
Exp v Peclet" Disp. Pulse Pulse R fe> caega Kp SSQ? 

(xlO-<) (xlO-4) 
cffi/s ctf/s P.V. P.V. szi cap/a 

lc 0.0037 483 1.15 6.00 — 2.73 2.85 2.00 0.38 0.10 
S.E.d (0.08) (0.19) 

le 0.0037 483 1.15 4.61 4.39 3.60 0.68 0.72 0.57 1.07 
S.E. (0.06) (0.51) (0.09) 

4C 0.0035 486 1.08 6.00 — 2.70 1.56 1.14 0.37 0.09 
S.E. (0.09) (0.09) 

# 0.0035 486 1.08 4.34 4.30 4.16 0.41 0.55 0.69 0.67 
S.E. (0.04) (0.70) (0.06) 

a - Peclet number fixed 

b - sun of squared errors 

c - adsorption limb of breakthrough curve fit, pulse fixed at 6.0 pore volvnes 

d - standard error 

e - entire breakthrough curve fit (sorption and desorptioo) 
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Figure 15. Kinetic non-equilibrium model fit of 
adsorption limb, MS-2 column experiment #1. 
o - observed 
— - fitted 
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Figure 16. Kinetic non-equilibrium model fit of 
adsorption limb, MS-2 column experiment #4. 
o - observed 
— - fitted 
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Figure 17. Kinetic non-equilibrium model fits of entire 
breakthrough curves. 
o - observed 
—- - fitted 
A: MS-2 column experiment #1 
B: MS-2 column experiment #4 
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Second, attempts to quantify the meaning of omega 

(or any of the parameters describing the system) are 

complicated by the unknown role of viral inactivation in 

the system. Despite the fact that MS-2 inactivation in 

the input reservoir was negligible, there may be 

inactivation due to mechanical disruption or chemical 

factors during transport, sorption and/or desorption 

within the column. Inactivation of the first virions to 

pass through the column might be partly responsible for 

the slow rise of the sorption limb, and inactivation of 

some virions as they desorb might contribute to the rapid 

decrease in virus observed in the eluant after the virus 

pulse was stopped. The largest mass in/mass out ratio 

obtained in any of the column experiments was 0.85. This 

means that significant inactivation is a possibility, 

although very slow detachment of bound viruses would also 

result in an apparent lack of mass balance. 

Despite the complicating factor of inactivation, 

sorption and desorption appear to be slow. In this 

model, w is directly proportional to the reverse reaction 

rate kb [s-1], also given in Table 5. These reverse 

reaction rates correspond to time scales of 1 - 6 hrs. 

It would appear from the breakthrough curves that slow 

desorption rates (small kb's) are reasonable for the 

system. In all model fits the amount of desorption 

occurring was overestimated, however, so the kb values 

obtained may actually be somewhat too large. Not only do 
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the curves show a very sharp drop to low C/C0 after the 

virus pulse was stopped, but tailing at low concentration 

may continue for at least 150 pore volumes, at which time 

there is still virus remaining in the column. This is 

shown in Figure 18, a semi-log plot of experiment 2, in 

which eluant concentration was monitored for the longest 

time of any of the column experiments. None of the 

models run account for this extremely slow desorption, 

possibly accompanied by some sorption that is 

irreversible in the absence of a chemical perturbation 

such as pH increase. 
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Figure 18. Semi-log plot of breakthrough curve, MS-2 
column experiment #2. 
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CHAPTER 6 

CONCLUSIONS 

The results of the batch experiments seem to 

indicate that adsorption is greater at 24°C than at 4°C. 

The explanation for this phenomenon is not apparent from 

the data. If the effect is real and is due to the 

unfolding of virus surface proteins, these results would 

be applicable only to proteinaceous colloids. If the 

effect is due to the fact that batch experiments had not 

reached equilibrium at 60 min, batch experiments of 

longer duration might show that sorption was actually the 

same or greater at lower temperatures. If protection by 

solids against thermoinactivation of viruses is causing 

apparent increased sorption at higher temperatures, then 

the actual effect of temperature on sorption will be 

difficult to determine. The time scale and degree of the 

protective effect of solids have not been quantified in 

the literature. The use of radiolabeled viruses or a 

non-biological colloid in batch experiments would 

eliminate the problem of inactivation, but unfortunately 

would make enumeration more difficult. 

It appears from column-experiment data that virus 

sorption is kinetically limited. The rapid drop in 

eluant virus concentration followed by long tailing on 

the desorption limb indicates that virus detachment is 

also slow. The time scale of the desorption step 

estimated from kinetic non-equilibrium model fits is on 
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the order of 1-6 hrs, but given that the model 

overestimated desorption these values are probably 

somewhat low. Furthermore, the appearance of an eluant 

peak after the addition of pH 7 buffer to the column 

implies that desorption of some of the virus may require 

a chemical impetus. A final desorption step using high 

pH buffer, or buffer containing soy broth or another 

substance that could successfully displace virions from 

sorption sites, would be useful in quantifying the amount 

of virus remaining sorbed. If care were taken to limit 

virus inactivation due to ionic strength or pH changes 

during this process, the secondary desorption step might 

indicate what fraction of the mass loss seen in these 

experiments (15 - 30 percent of virus input) was due to 

slow desorption as opposed to inactivation. In general, 

it is clear that more information is needed on rates of 

virus detachment from surfaces. 

The experiments performed in this study were 

specifically designed to limit the number of variables 

influencing the observed sorption behavior of the virus. 

While such limitations allow the experiments to provide 

insight into the sorption phenomenon, it also means that 

generalizations from the data obtained to real world 

situations must be made cautiously. The flow rates used 

in these column experiments (3 x 10-3 cm/s) are on the 

high end of flow rates likely for groundwater through 

clean sands (10-6 to 10-3 cm/s). This means that for at 
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least fast groundwater flow, non-equilibrium conditions 

may prevail. As noted above, estimated desorption time 

scales of 1 - 6 hrs are probably too low, so it seems 

likely that even for slow groundwater flow the slow 

desorption step might limit the rate at which virus could 

move through the subsurface. While these predictions are 

necessarily somewhat general, it is hoped that the 

results of this study can be combined with the results of 

other studies under controlled laboratory conditions, 

ideally with some quantification of inactivation, to 

provide a workable data base for modelling virus 

transport in porous media. 



APPENDIX A 

COLUMN EXPERIMENT DATA 
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MS-2 Experiment #1: 

Temp. = 4°C pH = 5.0 

velocity = 0.0037 cm/s 

Co = 2.62 x 10« PFU/mL 

pulse = 4.61 pore vol. 

flow rate = 0.94 pore volumes/hr 

Pore 
Volumes C/Co 

0 . 0  0 . 0  
0.32 0.0 
0.46 0.0 
0.62 0.0 
0.77 0.0 
0.91 0.04 
1.06 0.21 
1.21 0.25 
1.36 0.24 
1.51 0.36 
1.66 0.38 
1.80 0.39 
1.95 0.41 
2.11 0.44 
2.25 0.41 
2.40 0.45 
2.55 0.48 
2.70 0.50 
2.85 0.66 
3.00 0.61 Pore 
3.14 0.63 Volumes C/C© 
3.29 0.73 6.95 0.08 
3.59 0.80 22.92 0.004 
3.89 0.84 23.07 0.003 
4.03 0.80 
4.19 0.78 
4.34 0.85 
4.54 1.01 
4.68 1.03 
4.82 0.94 
4.97 0.96 
5.10 0.99 
5.25 1.00 
5.39 0.58 
5.53 0.13 
5.67 0.13 
5.82 0.09 
5.95 0.08 
6.10 0.16 
6.24 0.06 
6.38 0.06 
6.52 0.08 
6.67 0.09 
6.80 0.08 
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MS-2 Experiment #2; 

Temp. = 4°C pH = 5.0 Co = 3.49 x 10« PFU/mL 

velocity = 0.0037 cm/s pulse = 4.75 pore vol. 

flow rate = 0.94 pore volumes/hr 

Pore 
Volumes C/Co 

0.00 0.00 
0.63 0.00 
0.79 0.01 Pore 
0.94 0.14 Volumes C/Co 
1.09 0.43 65.07 0.002 
1.25 0.53 65.21 0.003 
1.40 0.60 157.61 0.0 
1.55 0.68 157.88 0.0 
1.71 0.66 158.14 0.003 
1.86 0.74 158.40 0.01 
2.02 0.71 158.66 0.14 
2.17 0.83 158.93 0.04 
2.32 0.78 159.18 0.02 
2.48 0.81 159.45 0.02 
2.63 0.89 159.72 0.02 
2.78 0.78 159.97 0.01 
2.94 0.89 160.24 0.01 
3.09 0.95 160.51 0.02 
3.24 1.05 160.76 0.01 
3.40 1.05 161.03 0.01 
3.70 0.95 161.29 0.01 
5.25 0.62 
5.40 0.39 
5.68 0.13 
5.82 0.09 
5.96 0.07 
6.10 0.06 
6.24 0.04 
6.38 0.04 
6.52 0.05 
6.67 0.05 
6.80 0.03 
6.94 0.03 
7.31 0.04 
7.52 0.04 
8.50 0.03 
9.07 0.04 
9.64 0.03 

10.20 0.03 
10.77 0.03 
11.34 0.04 
11.90 0.02 
19.25 0.01 
21.65 0.01 
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MS-2 Experiment #4: 

Temp. = 4°C pH = 5.0 Co = 1.59 x 10« PFU.mL 

velocity = 0.0035 cm/s pulse = 4.34 pore vol. 

flow rate = 0.84 pore volumes/hr 

Pore 
•lumes C/Co 
0.00 0.00 
0.57 0.00 
0.72 0.00 
0.85 0.00 
0.99 0.28 
1.14 0.41 Pore 
1.56 0.38 Volumes C/Co 
1.69 0.42 7.57 0.004 
1.83 0.47 7.99 0.01 
1.98 0.54 8.41 0.004 
2.11 0.51 8.83 0.01 
2.25 0.59 9.25 0.004 
2.40 0.60 11.43 0.004 
2.53 0.60 11.77 0.01 
2.67 0.60 12.12 0.002 
2.81 0.66 20.17 0.0 
2.95 0.62 20.32 0.004 
3.09 0.65 20.46 0.002 
3.24 0.64 20.59 0.0 
3.37 0.65 20.74 0.0 
3.51 0.67 
3.66 0.77 
3.79 0.82 
3.93 0.81 
4.08 0.77 
4.21 0.78 
4.35 0.81 
4.50 0.75 
4.63 0.84 
4.77 0.94 
4.92 0.97 
5.05 1.01 
5.19 0.96 
5.34 0.29 
5.47 0.08 
5.61 0.02 
5.67 0.02 
5.89 0.01 
6.03 0.02 
6.18 0.01 
6.31 0.02 
6.45 0.004 
6.73 0.01 
7.15 0.01 
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Conservative tracer column run ttl: 

Clow rate = 1.28 mL/hr = 0.37 pore volumes/hr 

pulse = 2.07 pore volumes 

Pore 
Volumes C/Co 

0 . 0  0 . 0 0  
0.90 0.00 
0.91 0.02 
0.97 0.02 
0.99 0.39 
1.01 0.54 
1.03 0.67 
1.06 0.76 
1.09 0.86 
1.13 0.94 
1.17 0.97 
1.21 0.99 
1.22 1.00 
1.23 1.00 
2.90 1.00 
2.93 0.99 
3.00 0.97 
3.03 0.90 
3.07 0.71 
3.09 0.53 
3.12 0.38 
3.14 0.28 
3.17 0.19 
3.19 0.15 
3.22 0.08 
3.32 0.02 
3.39 0.00 
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Conservative tracer column run #2: 

flow rate = 2.48 mL/hr = 0.72 pore volumes/hr 

pulse = 1.74 pore volumes 

Pore 
Volumes 

0 . 0  
0.89 
0.91 
0.93 
0.96 
0.98 
1.02 
1.04 
1.06 
1.09 
1.11 
1.18 
1.33 
2.63 
2 . 6 6  
2.70 
2.72 
2.75 
2.77 
2.79 
2 . 8 2  
2.84 
2 . 8 8  
2.90 
2.94 
3.13 

C/Co 
0 . 0 0  
0 . 0 0  
0.01 
0.07 
0 . 2 0  
0.39 
0.63 
0.73 
0 . 8 0  
0 . 8 6  
0.91 
0.97 
1.00 
1.00 
0.99 
0.91 
0.78 
0.64 
0.47 
0.31 
0 . 2 1  
0.14 
0.09 
0.07 
0.05 
0 . 0 0  



Conservative tracer column run #3: 

flow rate = 4.77 mL/hr = 1.39 pore volumes/hr 

pulse = 2.11 pore volumes 

Pore 
Volumes C/Co 

0.0 0.00 
0.89 0.00 
0.90 0.01 
0.94 0.08 
0.97 0.28 
0.99 0.44 
1.02 0.59 
1.05 0.74 
1.11 0.86 
1.16 0.91 
1.21 0.95 
1.62 0.99 
1.73 1.00 
2.99 1.00 
3.02 0.99 
3.05 0.91 
3.06 0.88 
3.09 0.75 
3.11 0.61 
3.13 0.46 
3.15 0.33 
3.19 0.19 
3.22 0.11 
3.27 0.07 
3.58 0.01 
3.70 0.00 
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BATCH EXPERIMENT DATA 
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(1) Temperature = 24°C 

AQUEOUS 
CONC, C 
PFU/mL 

2.26X106 

3.00X103 

7.10X106 

6.10X10° 

6.15X10* 

6.05X103 

5.20X106 

1.02X107 

7.75X10° 

8.65X104 

4.45X103 

SORBED 
CONC, S 
PFU/mq 

1.57X106 

1.79X103 

4.38X106 

4.36X10° 

4.70X104 

3.08X103 

3.99X106 

5.41X106 

5.87X10° 

4.75X104 

3.29X103 

LOG C 

6.35 

3.48 

6.85 

5.79 

4.79 

3.78 

6.72 

7.01 

5.89 

4.94 

3.65 

LOG S 

6 . 2 0  

3.25 

6.64 

5.64 

4.67 

3.49 

6.60 

6.73 

5.77 

4.68 

3.52 

PERCENT 
INACTIVATION 

5 

50 

24 

12 

22 

39 

(-7) 

12 

(-6) 

18 

36 



(2) Temperature = 4°C 

AQUEOUS SORBED LOG C LOG S PERCENT 
CONC, C CONC, S INACTIVATION 
PFU/mL PFU/ma 

1.95X107 4.48X10® 7.29 6.65 20 

1.50X106 3.80X10° •
 

00
 

5.58 32 

1.27X103 3.20X10" 5.10 4.51 44 

1.26X10" 4.53X103 4.10 3.66 11 

1.30X107 4.79X106 7.11 6.68 (-4) 

1.09X10' 3.49X10" 5.04 4.54 25 

1.25X10" 4.53X103 4.10 3.66 1 

5.05X103 1.81X103 3.70 3.26 40 

1.47X10" 1.78X103 4.17 3.25 40 
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