
 

 

 

 

Abstract 
 

Virus transport through groundwater is limited by attachment to mineral surfaces and inactivation. Current virus transport 
models do not consider the implications of the reversibility of virus attachment to minerals. To explore the reversibility of 
virus attachment to mineral surfaces, we attached PRDI, a bacteriophage considered to be a good model of enteric viruses, to 
quartz and ferric oxyhydroxide-coated quartz surfaces over a range of pH values in equilibrium "static columns." Following 
attachment, we detached the viruses by replacing the pore solution with solutions of equal and higher pH. The extent of virus 
attachment followed an attachment "edge" that occurred at a pH value about 2.5-3.5 pH units above the pHIEP of the mineral 
surfaces. Viruses attached below this edge were irreversibly attached until the pH of the detachment solution exceeded the 
pH value of the attachment edge. Viruses attached above this edge were reversibly attached. 
Derjaguin-Landau-Verwey-Overbeek (DLVO) potential energy calculations showed that the attachment edge occurred at the 
pH at which the potential energy of the primary minimum was near zero, implying that the position of the primary minimum 
(attractive or repulsive) controlled the equilibrium distribution of the viruses. The results suggest that the reversibility of 
virus attachment must be considered in virus transport models for accurate predictions of virus travel time. 

1. Introduction 
 

Half of the population of the United States relies on 
groundwater for their drinking water supply [I]; however, 
only about half of these public water supply systems are 
reducing microbial pathogen occurrence by disinfection 
and treatment [2]. Owing to the proximity of some of these 
groundwater supplies to anthropogenic sources of 
microbial pathogens, including leaking septic tanks and 
sewage lines, groundwater recharge with waste 

water effluent, and land application of sludge [3,4], and the 
lack of adequate disinfection, untreated groundwater was 
responsible for one-third of the waterborne outbreaks of 
disease in recent decades [5]. Viruses are believed to be the 
most disinfection-resistant microbial pathogen and exhibit 
the most conservative transport behavior [2]. Virus 
transport in groundwater is limited by (1) virus removal 
through inactivation, or the loss of infective capability; (2) 
virus removal by irreversible attachment to mineral 
surfaces; and (3) virus retardation by reversible attachment 
to mineral surfaces. 

Virus attachment to aquifer sediments is primar- 
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ily controlled by electrostatic interactions between surfaces 
[3,4,6-10]. Viruses are colloid-sized particles composed of 
capsid proteins encapsulating infectious genetic material 
(nucleic acids). Surface charge on viruses is caused by 
ionization of the typical amino acid groups that comprise 
proteins. Surface functional groups on these amino acids 
are dominated by carboxyl and amine groups, which yield 
viruses with amphoteric surfaces and pHIEP values (the pH 
at which the net surface charge is zero) ranging from 3 to 7 
[11]; thus, viruses may be positively or negatively charged 
in natural waters. Because most aquifer grain surfaces are 
negatively charged in the pH range of natural waters (pH 

4-9), virus transport at pH values below the pHIEP of the 
virus will be limited by attachment. At pH values above 
the virus pHIEP, both virus and mineral surfaces are 
negatively charged and removal by attachment will be 
diminished. However, certain minerals (e.g. sesquioxides, 
carbonates) are positively charged in the pH range of 
natural waters. These minerals, although low in 
abundance, have high surface areas and will significantly 
affect virus transport [10-16]. 

Virus transport through groundwater can be modeled in 
the same way that colloid filtration theory represents the 
interactions of Brownian colloids with "collector" surfaces 
[17,18]. The attachment of colloids to surfaces depends on 
the hydrodynamics of colloid approach to the surface 
(quantified by the single collector efficiency, n) and the 
surface chemical interactions between approaching colloid 
and surface (quantified by the collision efficiency, a). The 
interactions between surfaces are characterized by the 
Derjaguin-Landau-Verwey-Overbeek (DLVO) potential 
energy [19,20]. The DLVO profile between like-charged 
surfaces is typically characterized by (1) the primary 
maximum, the energy barrier to attachment and 
detachment; (2) the primary minimum, the deep energy 
"well" located close to the surface; and (3) the secondary 
minimum, the shallow energy well located some distance 
away from the surface (Fig. 1a). A vastly different DLVO 
profile results in the case of oppositely charged surfaces or 
at high ionic strengths; only the primary minimum exists 
and the profile is attractive at all separation distances (Fig. 
1b). 

Colloid attachment in the primary minimum is typically 
considered to be irreversible without substantial 
perturbation of solution chemistry resulting in highly 
repulsive conditions [21,22]. Similar behavior has been 
observed for virus attachment, with changes in pH or 
surface modifications required to promote release [23,24]. 
The magnitude of the energy barrier to detachment (-(φmax1-
φmin1)) typically is much greater than the average thermal 
energy possessed by the colloids; therefore, the kinetics of 
detachment are 
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expected to be extremely slow [25]. In contrast, colloid 
attachment in the secondary minimum has been 
hypothesized to be reversible because the depth of the 
secondary minimum (φmin2) is comparable to the thermal 
energy possessed by the colloids [26,27]. 

The reversibility of virus attachment is an important 
factor in predicting virus transport. Completely irreversible 
attachment leads to eventual attenuation of the virus plume, 
while viruses undergoing completely reversible attachment 
are retarded but not attenuated. Depending on the 
composition of the mineral surface, reversible and 
irreversible attachment has been observed for poliovirus to 
several oxide and metal surfaces in equilibrium batch 
experiments [13]. In column transport studies, Bales et al. 
[23,24] observed reversible virus attachment; however, 
virus detachment was much slower than virus attachment, 
suggesting that neither completely irreversible nor 
completely reversible attachment describes virus transport. 
Harvey and Garabedian [28] found that bacterial transport 
through an aquifer was best described by a combination of 
irreversible and reversible attachment terms that represent 
bacterial 

deposition in the primary and secondary minimum, 
respectively. 

The goal of this research was to explore the reversibility 
of virus attachment as a function of solution pH and 
mineralogy of the porous media. We hypothesized that 
viruses attached in the absence of an energy barrier 
inhibiting attachment would be irreversibly attached 
because they would be attached in a deep primary minimum 
(Fig. 2). Subsequently, a substantial increase in solution pH 
would be required to increase electrostatic repulsion and 
detach the viruses. Viruses attached in the presence of an 
energy barrier would predominantly be reversibly attached 
in the secondary minimum and their detachment would 
exhibit a greatly reduced dependence on solution pH. To 
test these hypotheses, we attached the bacteriophage PRD1 
to quartz and ferric oxyhydroxide-coated quartz surfaces at 
pH values ranging from 3 to 9. Following attachment, we 
detached the viruses in solutions of equal or higher pH 
ranging up to pH 11. The attachment and detachment 
results were compared to DLVO potential energy profiles 
calculated for the PRDI-mineral systems over the range of 
pH values tested. 

Fig. 2. Hypothesized mechanisms of virus attachment and detachment related to chemical conditions and hypothetical DLVO profiles. (a) Attachment is nearly 

complete where a net attractive potential energy profile exists, and detachment cannot occur until the near-surface region is sufficiently repulsive. (b) Attachment 

under repulsive conditions where a barrier to attachment exists. Attachment is minimal and occurs in the secondary minimum and detachment is possible because 

of the shallow depth of the secondary minimum. 
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2. Methods 
2.1. Materials 
Viruses 

The bacteriophage PRD1 was used as a model for 
naturally occurring pathogenic enteric viruses. 
Bacteriophages are similar to enteric viruses in size, shape, 
and surface characteristics [29]. PRDI, originally isolated 
from Kalamazoo, Michigan sewage [30], has a diameter of 
62 nm and a hydrophobic lipid layer beneath its protein 
capsid [31]. PRDI has a reported pHIEP of slightly less than 
4 determined by microelectrophoresis in a buffer containing 
10-4 M calcium and phosphate [23]. 

Significant variability (± 30% of the mean of replicate 
plates) in the standard plaque assay for this phage [32] and 
the concomitant difficulty in determining the extent of virus 
attachment led us to develop methods to radiolabel the 
PRD1 for enumeration using liquid scintillation. 
Radiolabeling also affords the benefit of allowing for the 
determination of total virus concentrations rather than 
infective virus concentrations, the result of the plaque assay 
technique. Murray and Parks [13] note that this is a very 
important distinction when attempting to model the 
attachment and detachment of viruses within a 
thermodynamic framework because the surface coverage of 
attached viruses can be determined. The ratio of total to 
infective virus particles has been found to be on the order of 
102-104 [13]. 

PRD1 was cultured by infecting Salmonella 
typhimurium grown in a dextrose or glucose growth media 
deficient in methionine (DMEM; ICN Biomedicals) at a 
multiplicity of infection (MOI) of 5. The PRD1 virions 
were radiolabeled by adding 50 mCi/L of a 35S-labeled 
methioninecysteine compound (Tran35S-LabelTM, ICN 
Biomedicals) 5 min after infection [31,33]. The culture was 
incubated until the host cells ruptured (lysis) and released 
new viruses (approximately 2 h). The culture was then 
centrifuged in a Sorvall RC-5B with a GSA rotor for 15 
min at 10 000 rev /min to remove cellular debris. Any 
remaining debris was removed by filtering through 0.2 µm 
cellulose acetate bottle filters (Corning). The PRD1 

Fig. 3. Results of the rate-zonal separation of PRDI. Fractions were collected 

from the bottom of the centrifuge tube (1, bottom; 11, top). Coincidence of 

the 35S radioactivity peak with the infectivity peak demonstrates that a 

majority of the full, intact PRD1 virions were radiolabeled. The secondary 

peak at the top of the tube probably represents unincorporated radiolabel and 

protein fragments. Fractions 4, 5 and 6 were pooled for dialysis and used in 

the experiments. 

was then pelleted by centrifuging for 6 h at 20 000 rev /min 
in a Sorvall SS-23 rotor and resuspended by sequentially 
washing each tube with 5 ml of phosphate-buffered saline 
(PBS; ionic strength I=0.140M; 0.9 mM KH2P04; 6.4 mM 
NaHPO4). 

Rate-zonal centrifugation was performed to assure that 
the radiolabeled and infectious viruses were isolated in the 
same fractions E33]. The resulting suspension was layered 
on top of a 5-20% (w/v) sucrose step gradient formed by 
hand and centrifuged for 45 min at 23 000 rev min-1 and 
23ºC in the SW41 rotor of a Beckman ultracentrifuge [31]. 
The centrifuge tubes were fractionated into I ml samples, 
and assayed for titer and radioactivity. The peak fractions 
were coincident (Fig. 3) and were pooled and dialyzed 
(Spectra/Por 1 dialysis tubing) overnight three times against 
a four-hundredfold volume of PBS. 

The radioactive count rates (counts per minute, or cpm) 
were measured by a Beckman LS3801 liquid scintillation 
counter following the manufacturer's instructions for 31 S. 
Aliquots of 2 ml were added to 5 ml of Ultima Gold XR 
scintillation cocktail (Packard) and counted for 15 min. 
This cocktail has a very high aqueous loading capacity 
(about 50%) and yielded excellent counting effi- 
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ciencies (≥97%) and small uncertainties (≤5%). 
Background counts that arose from the high incidence of 
solar radiation at increased elevation were measured by 
counting an equivalent volume of electrolyte solution and 
subtracting from the total count rate. 

The total virus particle concentration was determined by 
converting the absorbance at 260 nm of the stock 
suspension to the total PRD1 concentration using a 
conversion factor based on the extinction coefficient of the 
proteins in poliovirus and the molecular weight of PRD1 
[34-36]. The total PRD1 concentration was then correlated 
to the radioactivity to allow the measurement of PRD1 
concentrations via liquid scintillation counting of 
experimental suspensions. Total PRD1 concentrations were 
used to determine the equilibrium surface coverage based 
on a geometric space-filling model of the equivalent 
spherical surface area of the mineral and the projected 
spherical area of the virus. 

Minerals 
Quartz grains (99% pure as determined by the supplier, 

Aldrich Chemical) of size fraction 210-297 µm were used 
as one of the porous media. The surfaces of the quartz 
grains were prepared by washing 300 g in 800 ml of 0. 1 M 
NaOH for 3 h on a shaker bench [37] and rinsing 3 times 
with Milli-Q water (Millipore, 18.2 MS2 resistivity). The 
procedure was then repeated with 0.1 M HN03. The order 
of the base and acid wash was switched if the pH of the 
experiment was greater than 7. 

Quartz grains coated with ferric oxyhydroxides (referred 
to as Fe-quartz) were formed by adding anhydrous FeCl3 to 
a quartz suspension and precipitating iron oxyhydroxides at 
high pH with the addition of NaOH [38,39]. The sand was 
then dried at 105ºC overnight, rinsed through a 297 µm 
sieve to remove colloidal and fine particulate iron, and 
dried again at 105ºC. Fe-quartz particles for powder X-ray 
diffraction analysis were concentrated by filtering a 
suspension of fine particles isolated from the coated grains 
through a 0.45 µm membrane filter. The suspension was 
created by sedimentation of the coated grains in MilliQ 
water. 

Electrophoretic mobilities for the quartz and Fe-quartz 
were determined by laser Doppler-shift velocimetry 
(Brookhaven Zeta-Plus zeta potential analyzer) and 
converted to zeta potentials using the Smoluchowski 
equation. Nine mobility measurements in the experimental 
solutions at 25ºC were used to report a mean and standard 
deviation for each pH. The quartz suspension used for 
analysis was produced by crushing some quartz grains with 
a mortar and pestle and resuspending them in the 
experimental solution. The Fe-quartz suspension created for 
the X-ray diffraction analysis was diluted for the 
electrophoretic mobility measurements. 

Static columns 
Attachment and detachment experiments were conducted 

in 20 ml glass syringes (Popper & Sons) according to 
procedures adapted from bacterial attachment experiments 
[37] (Fig. 3). These "static columns" were soaked for 3 h in 
a 0.1 M NaOH bath to dissolve any residual radioactive 
viruses, rinsed with Milli-Q water, and then soaked for 3 h 
in a 0.1 M HCl bath to remove trace metals. Residual 
organic matter was finally oxidized by baking the columns 
for 6 h at 450ºC in a Thermodyne 62700 furnace. The same 
acid and base cleaning procedures were used for the 105 
mm polypropylene mesh (Spectramesh) used to hold the 
grains in the columns and the PVC stopcocks 
(Cole-Parmer) used to drain off the interstitial sample. 

The use of static columns has several advantages in 
mechanistic studies of colloid attachment and detachment 
behavior. Static columns allow the equilibrium 
determination of the fraction of viruses attached for a 
solid-solution ratio similar to that found in a natural system 
versus the very low solid-solution ratio typical of stirred 
batch experiments. The absence of an energy input from 
stirring ensures that Brownian diffusion is the only 
mechanism transporting PRD1 to the mineral surface. 
However, static column experiments are limited by the 
absence of a hydrodynamic flow field and the lack of a 
tangential component of the groundwater flow velocity, 
which may alter the equilibrium distribution of the viruses 
near the mineral surfaces. 
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2.2. Experimental procedure buffered at the same pH (Fig. 4). These viruses were 
allowed to equilibrate overnight. Previous kinetic virus 
attachment experiments demonstrated that attachment was 
rapid, with a majority of the viruses attaching in less than I 
h, and equilibrium was reached within 5 It [33]. A series of 
virus-free solutions ranging in pH from the attachment pH 
to pH 11 and increasing in increments of 1 pH unit was 
then added to the series of columns. To obtain a sample of 
the equilibrated virus suspension, a volume slightly less 
than the interstitial pore volume was then drawn off and 
counted to establish the amount of viruses left in solution. 
The difference in concentration was assumed to be attached 
on the surface and was determined according to 

where V0 is the initial virus concentration and Vfl is the 
sampled virus concentration. The remaining interstitial 
volume and a small volume of the added virus-free solution 
was then withdrawn and discarded, leaving only the 
virus-free solution in contact with the mineral grains. The 
columns were again allowed to equilibrate overnight and 
the interstitial concentration was then sampled to establish 
the amount of viruses detached at the various pH values. 
All attachment and detachment experiments were 
conducted at 10ºC by placing 

Fig. 4. Schematic of experimental apparatus showing multiple reaction static columns and experimental procedure. This particular set of static columns represents a 

set of experiments where the PRD1 was attached at pH 3 in all of the columns and detached in increasing increments of I pH unit in successive columns. 
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the static columns in an incubator prior to and during the 
experiments. 

In the higher pH attachment and detachment solutions, 
the initial pH value was not always maintained by the 
buffers. In the presence of quartz, the pH decreased by 
about I unit when the initial pH value was 9.0 or above. In 
the presence of Fe-quartz, the pH decreased by as much 2 
units at the highest initial pH of 11.0. The size of the 
decrease increased with the initial pH value. We suspect 
that the pH decrease was caused by consumption of OH -by 
quartz dissolution and proton release from surface Fe-OH 
groups. 

2.3. Experimental controls 

Two types of controls were performed: (1) an attachment 
control; and (2) an elution control. The attachment control 
consisted of a column, maintained for the duration of the 
attachment experiment, containing the virus suspension 
without mineral grains added. This control measured the 
amount of PRD1 attached to the columns walls and the 
polypropylene mesh. None of the attachment controls 
exhibited virus removals of ≥ 5%. Given the small 
variability in the scintillation measurement, most virus 
removals were zero. 

The elution control consisted of adding a virus free 
solution to the column after the various samples were 
withdrawn and immediately sampling this volume to test if 
any viruses were eluted by passing the solution through the 
matrix. No virus elution took place; all elution control 
sample concentrations were zero within the error of the 
scintillation measurement. 

2.4. DLVO potential energy calculations 

To assess the nature of virus interactions with mineral 
surfaces, we calculated DLVO potential energy profiles for 
the experimental conditions used. To quantify these 
interactions, we expressed the intersurface potential energy 
as the sum of van der Waals, double layer, and Born 
potential energies over the separation distance x (m) 
between the approaching surfaces 

(4) 

(5) 

(3) 
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(6) 

3. Results 

3.1. Zeta potential measurement 

(Fig. 5). The Fe-quartz particle suspension showed a large 
X-ray diffraction peak for quartz and smaller peaks for 
akagan6ite (β−FeOOH) and other forms of hydrous ferric 
oxides. The measured pHIEP falls roughly half-way between 
the pHIEP values expected for quartz (about 2.5) and ferric 
oxyhydroxides (7-8) [52]. The abundance of quartz in this 
suspension suggests that the measured pH,,, is lower than 
that of pure ferric oxyhydroxides because the suspension is 
a mixture of the quartz and ferric oxyhydroxides; however, 
we are not certain that this suspension is representative of 
the grain surfaces. The measured pHIEP may also be caused 
by the incorporation of silica in the ferric oxyhydroxide, 
which precipitated at high pH in the presence of quartz. 

Zeta potentials for the PRD1 for use in DLVO 
calculations were obtained from Bales et al. [23], who 
measured the pHIEP of PRD1 in a solution containing 10-4 
M calcium and phosphate. Our experiments were conducted 
in the presence of indifferent electrolytes; therefore, our 
experimental pHIEP for PRD1 may be somewhat different. 
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3.2. Calculated DLVO profiles 3.3. PRD1 attachment to quartz 

The calculated intersurface potential energy between 
quartz and PRD1 is attractive at all separation distances at 
pH 3 (Fig. 6a). At pH 7 and 9, the DLVO profile is 
repulsive at all separation distances. At pH 9, the primary 
minimum vanishes if the minimum separation distance is 
considered. The intersurface potential energy between 
PRD1 and the Fe-quartz is attractive at all separation 
distances at pH 4.4 (Fig. 6b). At pH 5.9-6.6, the DLVO 
profiles exhibit barriers to attachment and attractive 
primary minima. At pH 7.3 and above, the DLVO profiles 
exhibit repulsive potential energy at all separation 
distances. For these DLVO profiles, secondary minima 
were present but extremely small. The secondary minima 
depths were on the order of 10-3 kBT. 

PRD1 was attached to quartz surfaces at pH values of 
approximately 3.0, 5.0, 7.0, and 9.0 (Fig. 7a). PRD1 
attachment at pH 3.0 and 5.0 was nearly complete (greater 
than 90%), while attachment at pH 7.0 and 9.0 was 
minimal (below 10%). Given the small error of the 
scintillation measurements, attachment at pH 3.0 and 5.0 
was significantly different from 100% within a confidence 
interval of 2σ. 

Using the estimates of total PRD1 obtained by relating 
the light absorbance to the 35S count rate, fractional surface 
coverage by attached PRD1 

Fig. 6. Plots of the DLVO potential energy profiles for PRDI-mineral surface 

interactions. The dotted vertical line at a I nm separation distance represents 

a minimum separation distance. (a) DLVO potential energy for PRD1-quartz. 

(b) DLVO potential energy for PRD1-Fe-quartz. 

Fig. 7. PRD1 attachment to and detachment from quartz grains as a function 

of pH. (a) Attachment edge for PRD1 to quartz grains. (b) Detachment of 

PRDI. from quartz grains. Filled symbols represent irreversibly attached 

viruses; i.e. viruses that remained attached when the pH of the detachment 

solution was the same as the pH of the attachment solution. Empty symbols 

represent reversibly attached viruses, i.e. viruses that detached when the pH 

of the detachment solution was the same as the pH of the attachment solution. 
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never exceeded 10-7 [33]. For similar initial virus 
concentrations of the smaller (27 nm diameter) and less 
negatively charged poliovirus, Murray and Parks [13] 
observed fractional surface coverages of about 10' on 
quartz. For these calculations, we assumed that single 
PRD1 virions were attaching to the mineral surfaces and 
that virus aggregation was not occurring even at the lowest 
pH values. For the initial virus concentrations used in these 
experiments ( 105106 pfu ml -1), Grant [ 5 3 ] predicted that 
virus aggregation is much slower than virus inactivation. 
For PRDI. at 10ºC, the temperature of these experiments, 
virus inactivation is a slow process (a log-order reduction 
in virus titer occurs on the order of at least days [54]); 
therefore, PRD1 aggregation is not expected. 

3.4. PRD1 detachiment from quartz 

PRD1 was detached from the quartz surface at final pH 
values ranging from the pH of attachment to pH 11 (Fig. 
7b). For PRD I attached at pH 3, detachment initiated at pH 
4.9. For PRD1 attached at pH 5, detachment initiated at 
about pH 5.5. Above these pH values, the amount of PRD1 
detached increased with the pH of the detachment solution. 
PRD I attached to quartz at pH 7 and 9 were detached to 
the solution at the same pH values at which they were 
attached. Again, the amount of PRD1 detached increased 
with increasing pH. 

At high pH values, relatively small amounts of PRD1 
were attached to the quartz surfaces. When we measured the 
detachment of this small amount of PRDI, the 35S count rate 
was not far above background; therefore, we attribute the 
large scatter in the amount of PRDI detached at the higher 
pH values to the relatively small amount of PRDI attached 
at these pH values. 

3.5. PRDI attachment of ferric oxyhydroxidecoated 
quartz 

PRD1 was attached to the Fe-quartz grains at pH values 
ranging from 4.4 to 9.0 (Fig. 8a). Attachment was nearly 
complete below pH 7.0. At pH 9, attachment did not occur. 
Surface coverage by PRD1 on the Fe-quartz grains was of 
similar 

3.6. PRD1 detachment from ferric oxyhydroxidecoated 
quartz 

PRDI was detached from the surface at final pH values 
ranging from pH 6 to 9.5 (Fig. 8b). For PRD1 attached 
below pH 7.3, detachment did not occur until the pH of the 
detachment solution exceeded pH 7.5. For PRDI attached 
at pH 7.6, detachment occurred at the pH of attachment. 

Fig. 8. PRDI attachment to and detachment from Fe-quartz grains as a 

function of pH. (a) Attachment edge for PRDI to Fe-quartz. (b) Detachment 

of PRDI from the Fe-quartz grains. Filled symbols represent irreversibly 

attached viruses; i.e. viruses that remained attached when the pH of the 

detachment solution was the same as the pH of the attachment solution. 

Empty symbols represent reversibly attached viruses, i.e. viruses that 

detached when the pH of the detachment solution was the same as the pH of 

the attachment solution. 

magnitude (about 10-7) to that observed on the pure quartz, 
assuming that the ferric oxyhydroxide coating did not 
substantially increase the grain radius used to calculate the 
geometric surface area available for attachment. 



 

 

 

PRD1 detachment from the Fe-quartz grains increased with 
increasing pH of the detachment solution in a manner 
similar to that observed in the PRD1-quartz system. 
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than 90%) of viruses at pH values below the attachment 
edges and the irreversibility of this attachment suggest that 
the viruses were attached in the primary minimum. 

The DLVO profiles cut off at a minimum separation 
distance of 1 nm (refer to the dotted vertical line in Fig. 6) 
displayed primary minima at repulsive potential energies 
under the same conditions. These DLVO profiles do not 
adequately describe the attachment results because the 
equilibrium distribution resulting from the repulsive 
primary minima would predict little attachment in the 
primary minima. 

4.2. Reversible PRD1 attachment 

4. Discussion 

4.1. PRD1 attachment behavior 

The extent of PRD1 attachment to the mineral grains 
closely resembles typical pH sorption "edges" for anions. 
The PRD1 attachment edge for quartz, defined by 50% 
attachment, occurs at pH 6 ( ± 1), about 3.5 pH units above 
the expected pHIEP of the quartz surface (Fig. 7a). The PRD1 
attachment edge for Fe-quartz occurs at pH 7.5 ( ± 0. 1), 
about 2.4 pH units about the measured pHIEP of the 
Fe-quartz surface (Fig. 8a). 

At the lowest pH values, the near-complete attachment of 
PRD1 is expected because the virus and mineral surfaces 
are oppositely charged. For PRD1-quartz at pH 3, we 
expect that the PRD1 is slightly positively charged and the 
quartz is slightly negatively charged. For PRD1-Fe-quartz 
at pH 4.4, the PRD1 is slightly negatively charged and the 
Fe-quartz is slightly positively charged. 

At slightly higher pH values, but still below the 
attachment edge, attachment of PRD1 to the mineral 
surfaces occurred despite the presence of repulsive double 
layer forces. For example, at pH 5, both the PRD1 and the 
quartz are negatively charged. In terms of DLVO theory, 
the attractive van der Waals forces must overcome the 
repulsive double layer forces for attachment to occur at 
these pH values. At pH values above the attachment edge, 
both PRD1 and the mineral surfaces possess greater 
negative charge and attachment is minimal owing to 
double layer repulsive forces in excess of van der Waals 
forces. 

The DLVO profiles calculated with the Born potential 
energy (Fig. 6) display repulsive primary maxima and 
primary minima located at attractive potential energy levels 
at pH 5 for PRD1-quartz and at pH 5.9-6.6 for 
PRD1-Fe-quartz. These profiles indicate that, at 
equilibrium, most of the viruses should be attached in the 
primary minimum. The nearly complete attachment (greater 

At pH values above the attachment edge, virus 
attachment was minimal (less than 10%). At these high pH 
values, the DLVO profiles calculated using the Born 
repulsion term displayed primary minima located at 
repulsive potential energies. The repulsive primary minima 
indicate that the majority of the viruses will not be attached 
in the primary minima at equilibrium. The minimal amount 
of virus attachment observed at high pH values agrees with 
this result. Attachment in the presence of repulsive barriers 
has typically been attributed to secondary minimum 
deposition. Coagulation theory and experiments showing 
the dependence of the stability ratio on colloid size have 
provided evidence in support of the existence of the 
secondary minimum and its role in coagulation [26,27]. 
Following this evidence, deposition in the secondary 
minimum has been proposed as an explanation of reversible 
bacterial attachment [28]. On the other hand, Elimelech and 
O'Melia [40] argued that colloids purportedly trapped in the 
secondary minimum would be carried to the stagnation 
point at the rear of the collector grain, where adequate 
space exists for only a few colloids deposited in the 
secondary minimum. The shallowness of our calculated 
secondary minima, on the order of 10-3 kBT, does not 
support the assertion that the depth of the secondary 
minima affects PRD1 attachment behavior. 

We suggest that the secondary minimum need not have a 
large capacity for deposited colloids nor does it need to be 
deep for this interfacial 
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region to affect colloid transport. Colloids that primarily 
diffuse toward grain surfaces (as is the case for viruses) 
will move through a diffusion boundary layer, a region 
around the collector grain in which diffusive transport 
dominates over advective transport. Colloids in the 
boundary layer may approach the surface; however, under 
strongly repulsive conditions such as those encountered 
above the attachment edge, these colloids will not attach in 
the primary minimum. Instead, the viruses accumulate in 
the boundary layer in front of the energy barrier. In time, 
diffusion and advection will carry them out of the boundary 
layer and back to the advective flow. Regardless of the 
depth of the secondary minimum, the transport of these 
colloids has been retarded by reversible attachment. In our 
experiments, we surmise that the 5-10% of PRD1 that 
attached to quartz and Fe-quartz at pH values above the 
attachment edge were situated in the diffusion boundary 
layer created by draining the static column suspension. 

4.3. Electrostatic control on virus attachment 

The agreement between these experimental results and 
DLVO profiles suggest that viruses can overcome double 
layer repulsion to attach irreversibly in the primary 
minimum. For PRDI, such behavior has been attributed to 
hydrophobic forces driving attachment [23]. Additional 
forces based on hydrophobic exclusion of the viruses from 
the bulk suspension are not necessary to describe our 
results. In our PRD1-quartz experiments, irreversible 
attachment occurs at pH 5 even though both the virus and 
quartz surfaces are negatively charged. Likewise, 
irreversible deposition occurs in the Fe-quartz system 
where barriers exist at pH 6 and pH 6.6. It appears that the 
relatively low zeta potential of the PRDI is insufficient to 
prevent irreversible attachment at pH values below the 
attachment edge. It should be noted that the amendment of 
a silica surface by the addition of hydrocarbon chains [23] 
will decrease the negative surface charge of the silica 
surface in addition to providing a potential hydrophobic 
"harbor" for virus attachment. Increased virus attachment 
may be more reasonably attributed to the decrease in 

double layer repulsion rather than hydrophobic expulsion 
of the viruses from solution. 
4.4. Repulsive barriers and attachment equilibrium 

Significant repulsive energy barriers exist at some pH 
values below the attachment edges (e.g. pH 5 in the 
PRD1-quartz system). Because the rate of colloid 
attachment to surfaces is predicted to be exponentially 
dependent on the size of the repulsive energy barrier E25], 
the presence of a primary maximum in the DLVO profile is 
expected to dramatically slow the rate of virus attachment. 
Despite the presence of repulsive energy barriers of up to 
20 kBT, virus attachment appears to have reached 
equilibrium within the 5 h duration of the experiment. In 
fact, kinetic experiments revealed that attachment at pH 
values below the attachment edge was fast, on the order of 
less than 1 h [33].  Many studies have shown that 
experimental colloid deposition rates are much faster than 
deposition rates predicted based on the size of the energy 
barrier [55-58], so this discrepancy between the relatively 
short times necessary to achieve equilibrium and the 
presence of significant repulsive energy barriers is not 
surprising. 

The DLVO profiles calculated with the Born potentials 
for both the PRD1-quartz and PRD1-Fe-quartz systems 
show transitions from attractive primary minima to 
repulsive primary minima at pH values very close to the pH 
values at which reversibility began to occur. As observed 
for attachment, it appears that the potential energy of the 
primary minimum relative to the potential energy of the 
bulk suspension dictates the equilibrium distribution of the 
viruses. Viruses attached at low pH are attached in primary 
minima located at attractive potential energies. These 
viruses remain attached until the increase in pH elevates the 
primary minimum to repulsive potential energies. When the 
primary minimum is elevated to a repulsive potential 
energy, the viruses attached in the primary minimum detach 
to re-establish the appropriate equilibrium distribution 
between the surface and the bulk solution. 

The DLVO profiles cut off at the minimum separation 
distance of 1 nm cannot be used to explain the data. Based 
on the relative potential 



 

 

 

 

 

energies of the primary minimum and the bulk solution, 
reversible attachment would be expected at a pH value 
between 3 and 5 for PRD1-quartz and between 5.9 and 6.6 
for PRD1-Fe-quartz. These predictions clearly do not 
match the experimental results. 

Using the DLVO profiles calculated with the Born 
potentials, the expected kinetics of virus transport over the 
energy barrier again appear to be violated. Just as viruses 
approaching the surface appear to overcome the repulsive 
energy barrier ( - (φmax - φmin2) much faster than expected, 
viruses vacating the primary minimum appear to overcome 
the repulsive barrier to detachment ( - (φmax - φmin1) quickly. 
If actual colloid deposition rates are always more rapid 
than predicted deposition rates, as noted above, it is 
conceivable that actual colloid transport in the opposite 
direction, detachment, could also occur more rapidly than 
expected. 
 
4.5. Relating PRD1 attachment behavior to mineral 
surface chemistry 

Fig. 9. Detachment of PRD1 from both mineral surfaces as a function of ∆pH, 

the difference between the measured detachment pH and the pHIEP of the 

mineral surface. 
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these data may be attributed to the difference in the 
magnitude of the PRD1 surface charge at the different pH 
values. 

Efforts to model virus transport in groundwater will be 
aided by the observation that the pH at which reversibility 
of virus-mineral attachment will occur can be normalized to 
the pHIEP of the aquifer media. For PRD1, attachment 
became reversible at ∆pH = 2.4-3.0 pH units above the 
mineral pHIEP values. Further investigation is required for 
viruses with different pHIEP values. The pHIEP of PRD I is 
on the low end of virus pHIEP values; for example, Murray 
and Parks [13] reported poliovirus pHIEP values of about 6.6 
for infectious poliovirus and ≤ 5.7 for non-infectious 
poliovirus. If the pHIEP Of the virus increases, the virus 
surface charge will be less negative at any given pH; 
therefore, the mineral surface charge will have to be more 
negative to promote reversible attachment. For this to 
occur, a higher value of ∆pH will be necessary. If the 
surface properties of both the virus and mineral surfaces are 
known, it should be possible to construct regions of virus 
attachment behavior (e.g. irreversible attachment, reversible 
attachment, no 
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attachment) based on the pHIEP values of the viruses and 
minerals. Currently, the surface properties of many enteric 
viruses, like hepatitis A, Norwalk, and human 
immunodeficiency viruses, are not known. 

4.6. Alternative DLVO calculations 

Our virus attachment data agree well with the calculated 
DLVO profiles if we interpret the equilibrium distributions 
of the viruses by the position of the primary minimum 
relative to 0 "' = 0; however, there are many uncertainties 
involved in the DLVO calculations. The size of the 
secondary minimum is especially sensitive to ionic strength 
and the magnitude of the double layer potential energy. The 
HHF expression [41] that we used to calculate the double 
layer potential energy is an approximate solution of the 
Poisson-Boltzman equation. Adaptations of the HHF 
expression to sphere-sphere and sphere-plate geometries 
are also approximations. More accurate expressions of the 
double layer potential energy have been derived (see, for 
example, Refs. [59-60]) and some of these expressions 
provide more accurate fits to measured surface forces [61]. 
According to comparisons with measured surface forces, 
the HHF double layer expression over predicts the 
repulsive force between surfaces. At the relatively small 
zeta potentials encountered on the mineral and virus 
surfaces in this work, the error between the HHF double 
layer potential and the actual potential is not expected to be 
large; however, correction of this error would decrease the 
size of the repulsive energy barrier that must be overcome 
to achieve equilibrium and increase the depth of the 
secondary minima. 

Some of the critical parameters inserted into the 
potential energy calculations may be inaccurate. First, the 
use of zeta potentials as surface potentials in the double 
layer potential energy calculation may underestimate actual 
surface potentials and the double layer potential energy. 
Combining the use of zeta potentials with the use of a 
minimum separation distance should minimize this error; 
however, our attachment data do not agree with the DLVO 
profiles cut off at the minimum separation distance of I nm. 
We must also consider the 

possibility of inaccuracy of the measured zeta potentials. 
Our measurement of the zeta potential of the fine particles 
isolated from the quartz and Fe-quartz grains may have 
introduced some bias into the double layer potential energy 
calculations if these particles were not representative of the 
grain surfaces. The PRD1 zeta potentials were obtained by 
Bales et al. [23] in the presence of the 
potential-determining ions calcium and phosphate, while 
our experiments were conducted in the presence of 
electrolytes not expected to affect the virus surface 
potentials, sodium nitrate and the biological buffers. 

Second, the Hamaker constants chosen for the 
calculation of the van der Waals potential energy for these 
systems were taken from Murray and Parks' [13] estimates 
for poliovirus-mineral systems. If the Hamaker constants 
are too high, the DLVO profiles are too attractive; if the 
Hamaker constants are too low, the DLVO profiles are too 
repulsive. 

Third, the Born collision parameters chosen for the 
calculation of the Born potential was taken as the same 
value used by Ruckenstein and Prieve [25] and Barouch et 
al. [45]. According to Feke et al. [44], the value of a= 5A 
was obtained as a fitting parameter for interatomic 
potentials. Ryan and Gschwend [22] adjusted the collision 
parameter to 20 A to fit colloid release data for a hematite 
colloid-quartz grain system. If the collision parameter is too 
low, then the depth of the primary minimum has been 
overestimated. 

Fourth, the implementation of DLVO theory assumes 
that the surfaces are homogeneously charged, an 
assumption that is unlikely to be true. Recently, the charge 
heterogeneity of porous media surfaces has been cited as an 
explanation for measured colloid deposition rates far in 
excess of those predicted using DLVO energy barriers [62]. 
The microscopic variability in grain mineralogy leading to 
charge heterogeneity probably poses an even greater 
problem in the interpretation of the detachment results 
using DLVO energy barriers. The microscopic variability 
will also give rise to heterogeneity in the Hamaker constant, 
which would lead to significant variations in the Born 
repulsion at the short separation distances that control the 
depth of the primary minimum. 
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4.7. Implications of reversibility on virus transport 
predictions 

Virus transport through aquifers has been modeled using 
irreversible attachment terms, reversible "adsorption" 
terms, and combinations of the two terms [23,24,63-66]. 
The time scales for irreversible and reversible attachment 
are only important relative to the time scales for 
groundwater flow. The irreversible attachment terms are 
borrowed from colloid filtration theory, in which colloid 
deposition onto collector grains is assumed to be fast and 
irreversible [17]. Irreversible attachment will reduce the 
number of mobile viruses and may completely remove the 
mobile viruses if enough attachment sites are available 
along the flow path from the virus source to an affected 
wellhead. Irreversible attachment will not decrease the 
velocity of the viruses that avoid attachment. Because 
irreversible attachment does not retard the transport of 
viruses that avoid attachment, additional time for virus 
removal by inactivation is not provided. For virus transport, 
the arrival of only 2 viruses per 107 1 of water is a cause 
for regulatory concern [67]; therefore, irreversible 
attachment of viruses may not provide optimal protection 
for wellheads if virus inactivation is the primary virus 
removal mechanism. 

Reversible "adsorption" of viruses to mineral surfaces 
implies that virus transport is retarded but not attenuated. If 
virus attachment to aquifer grains is completely reversible, 
eventually all viruses will reach the affected wellhead; 
however, their average transport time from the virus source 
to the wellhead will be greater than that of the 
groundwater. This retardation affords additional time for 
virus removal by inactivation. 

In many cases, virus and bacteria breakthrough data have 
been best fit by a combination of both irreversible and 
reversible attachment terms [23,28]. For virus transport 
through a homogeneous porous medium, the application of 
the two attachment terms allows the virus breakthrough 
data to be accurately fit; however, virus attachment to the 
homogeneous porous media does not justify the application 
of two attachment processes. Our results suggest that virus 
attachment to a homogeneous mineral surface will be either 
irreversible 

PRD1 attachment to quartz and ferric 
oxyhydroxide-coated quartz is characterized by attachment 
"edges" that occur at a pH value about 2.5-3.5 units above 
the pHIEP of the mineral surfaces. Below this pH, PRD1 
attachment is nearly complete and irreversible. Above this 
pH, PRD1 attachment is minimal and reversible. PRD1 
attached at pH values below the attachment edge can be 
detached by increasing the pH of the detachment solution 
to a pH above the attachment edge. 

The attachment "edge" occurred at a pH that produces 
DLVO primary minima located at potential energies near 
zero. At pH values below the attachment edge, the primary 
minima are negative, or produce attractive potential 
energies. At pH values above the attachment edge, the 
primary minima are positive, or repulsive. The equilibrium 
distribution of PRD1 between the primary minimum and 
the bulk suspension appears to be dictated by the potential 
energy of the primary minimum. Equilibrium distributions 
were achieved in less than 5 h despite the presence of 
significant repulsive energy barriers to both attachment and 
detachment. 

The PRD1 attachment behavior and its correlation to 
DLVO potential energy profiles suggest that viruses 
attached below the attachment edge are attached 
irreversibly in the primary minimum. Viruses attached in 
the primary minimum may be detached by a small increase 
in pH, as evidenced by sharp demarcation in the 
irreversible to reversible virus attachment with increasing 
pH. The viruses reversibly attached above the attachment 

5. Conclusions 

or reversible depending on the pH of attachment, but not 
both. For virus transport through a heterogeneous porous 
medium, such as that encountered in the bacteria transport 
field test conducted by Harvey and Garabedian [28], the 
application of two attachment terms may be justified by the 
existence of different minerals to which bacteria attachment 
may be irreversible or reversible; e.g. quartz and ferric 
oxyhydroxide at a pH value between the pHIEP values of the 
two minerals. 
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edge would be attached in secondary minima; however, our 
DLVO calculations produced secondary minima too 
shallow to explain virus attachment. Instead, we 
hypothesize that these viruses temporarily reside in the 
diffusion boundary layer around porous media grains 
created by sampling the static columns. 
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