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Batch sorption experiments were carried out with the bacteriophages MS2 and fX174. Two types of reactor
vessels, polypropylene and glass, were used. Consistently lower concentrations of MS2 were found in the liquid
phase in the absence of soil (control blanks) than in the presence of soil after mixing. High levels of MS2
inactivation (;99.9%) were observed in control tubes made of polypropylene (PP), with comparatively little
loss of virus seen in PP tubes when soil was present. Minimal inactivation of MS2 was observed when the
air-water interface was completely eliminated from PP control blanks during mixing. All batch experiments
performed with reactor tubes made of glass demonstrated no substantial inactivation of MS2. In similar
experiments, bacteriophage fX174 did not undergo inactivation in either PP or glass control blanks, implying
that this virus is not affected by the same factors which led to inactivation of MS2 in the PP control tubes. When
possible, phage adsorption to soil was calculated by the Freundlich isotherm. Our data suggest that forces
associated with the air-water-solid interface (where the solid is a hydrophobic surface) are responsible for
inactivation of MS2 in the PP control tubes. The influence of air-water interfacial forces should be carefully
considered when batch sorption experiments are conducted with certain viruses.

Application of wastewater effluents to land for treatment
purposes must take into consideration the potential for
groundwater pollution due to virus transport through the sub-
surface. A number of studies have clearly documented the
ability of viruses to migrate significant distances through soil,
resulting in groundwater contamination (16, 21, 41). One of
the major factors limiting virus transport is sorption to soil
particles (14, 46). The factors which influence virus sorption to
soil have been extensively studied (7, 15, 17, 24, 28, 29, 42) but,
to date, have not been fully characterized. Furthermore, the
majority of available data are of a qualitative, rather than a
quantitative, nature.

Traditionally, virus sorption has been analyzed by the batch
equilibrium method, which quantifies the partitioning of virus
between solid and liquid phases at equilibrium (7, 28). The
method consists of mixing a suspension of virus solution and
soil in a batch reactor vessel, or tube. The soil-virus suspension
is mixed or shaken to allow complete and thorough contact
between soil particles and the aqueous phase. After equilib-
rium partitioning is reached, virus concentrations in the aque-
ous phase are measured and the amount of virus sorbed to the
soil is calculated based on mass balance considerations. A
control sample (virus and water, no soil) is used to determine
whether virus loss may occur due to factors other than sorption
to soil during the shaking process (e.g., inactivation or sorption
to the reactor vessel). Several investigators using the batch
equilibrium method for studying bacteriophage sorption to soil
have reported unexplained results associated with anomalous
control samples (6, 18, 30). In these studies, virus concentra-
tions in control tubes (virus and water) were consistently lower

than in experimental tubes (virus, soil, and water) after shaking
or mixing. Furthermore, the reactor vessels used were all made
of polypropylene (PP). One possible explanation of this anom-
alous behavior is the inactivation of viruses due to the presence
of an air-water interface (AWI) in the batch reactor vessel. To
facilitate mixing, batch tubes are only partially filled with soil
and virus solution, thereby leaving an AWI present within the
tube, as was the case in the three studies mentioned above (6,
18, 30).

Previous work has shown that shaking viral suspensions or
exposing viruses to AWIs may lead to inactivation of virus
particles (2, 5, 8, 9, 26, 37–40). These studies suggest that
viruses in solution approach the AWI via convection and dif-
fusion and that they are sorbed and subsequently inactivated at
the AWI by forces deforming the virus particle. By shaking a
virus suspension, the AWI is continuously being regenerated,
providing a renewed location for virus inactivation. Virus cap-
sids have localized polar and nonpolar regions (27), making
them similar in nature to amphipathic molecules, which are
known to accumulate at the surfaces of aqueous systems (35).
At the AWI, hydrophobic regions of the virus will partition out
of solution and into the gas phase via the reconfiguration of
capsid proteins. This reconfiguration, or denaturation, may
result in the loss of virus infectivity. To date, it has not been
proposed that loss of bacteriophage in certain batch adsorption
studies (6, 18, 30) was the result of virus inactivation associated
with the presence of an AWI.

The purpose of this study was to examine the role of the
AWI in virus sorption experiments. The batch equilibrium
method was used (i) to quantify sorption of MS2 and fX174 to
different soils and more importantly (ii) to determine the mode
of virus inactivation as a function of the interfacial forces
present in the dynamic reactor vessel.

MATERIALS AND METHODS

Bacteriophage stocks and enumeration. Two bacteriophages, MS2 and
fX174, were used as model viruses in this investigation. Bacteriophage MS2,
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obtained from the American Type Culture Collection (ATCC 15597B1), is an
icosahedral, single-stranded RNA phage with a diameter of approximately 26 nm
(34) and an isoelectric point of 3.9 (47). Bacteriophage fX174 (ATCC 13706B1)
is an icosahedral, single-stranded DNA phage with a diameter of approximately
23 nm and an isoelectric point of 6.6 (1).

MS2 and fX174 were grown on lawns of host Escherichia coli (ATCC 15597
and ATCC 13706, respectively) by the agar-overlay method (3). Bacteriophages
were harvested and suspended in phosphate-buffered saline composed of the
following: NaCl (0.1 mol liter21), KCl (0.003 mol liter21), and Na2HPO4 (0.02
mol liter21). pH was adjusted to 7.45 with HCl. Harvested virus was centrifuged
for 15 min at approximately 12,000 3 g in a model SS-34 rotor (7 6 1°C) followed
by filtration through a succession of 0.45-mm-pore-size membrane filters
(Gelman Sciences, Ann Arbor, Mich.). The concentrations of prepared stocks
typically ranged from 1010 to 1012 PFU per ml. Before use, a small fraction of the
prefiltered virus was passed through a series of 0.2- and 0.05-mm-pore-size
polycarbonate membrane filters (COSTAR Corp., Pleasanton, Calif.) to remove
viral aggregates.

Enumeration of MS2 and fX174 was performed according to the PFU method
(3) with the aforementioned bacterial hosts. One milliliter of sample and 1 ml of
log-phase E. coli were combined in a tube of molten Trypticase soy agar (Difco
Laboratories, Detroit, Mich.) and poured onto Trypticase soy agar plates to be
incubated overnight at 37°C. Replicate plating was performed on each sample,
with countable numbers of plaques ranging from 25 to 250 per plate.

Experimental soils. The soil materials used were Ottawa sand (OS), Tujunga
loamy sand (TLS), and Greenfield sandy loam (GSL). OS (Fisher Scientific, Los
Angeles, Calif.) is a uniform quartz sand with a mean grain diameter of 0.6 to 0.8
mm, no clay fraction, and an organic carbon content of 0 mg g21 (28). The sand
was washed with detergent and rinsed thoroughly with distilled water prior to
oven drying at 105°C for 24 h. TLS (6.7 mg of organic carbon g21, 4.5% clay) (10)
and GSL (9.21 mg of organic matter g21, 9.5% clay) (13) were taken from two
University of California field sites located in southern California; samples were
obtained from the top 30 cm of the soil surface. Both soils were air dried for 24 h,
passed through a 2-mm-pore-size sieve, and oven dried at 105°C for 24 h prior to
use.

Batch sorption study. Batch sorption experiments were performed in 15-ml PP
centrifuge tubes (Fisher Scientific) and in Pyrex glass screw-cap tubes (16 by 125
mm; Fisher Scientific). Glass tubes were washed with detergent, soaked in 6 N
HCl, rinsed thoroughly in deionized water, autoclave sterilized, and oven dried
at 105°C overnight. A minimum of six different virus stock concentrations (;102

to 107 PFU ml21) were used to establish the isotherm curves. Physiological
conditions (i.e., presence of phosphate-buffered saline) were used in an effort to
promote virus stability and thereby eliminate potential confounding factors
which could contribute to inactivation. Experimental tubes received 10 ml of
virus stock solution and 10 g of sand or soil; control tubes received only virus
solution (10 ml). A 1:1 ratio of soil to virus solution was used in each batch
experiment. Soil-virus suspensions were mixed for 3 h at 7 6 1°C by rotating the
tubes end over end (;20 rpm) on a tube rotator (Fisher Scientific) so that the soil
remained in a dynamic state. The 3-h reaction time was chosen based on initial
studies (performed with glass tubes) which demonstrated that equilibrium sorp-
tion was reached within the first 1.5 h of mixing (data not shown). The suspension
was then transferred to Teflon tubes (Nalgene, Rochester, N.Y.) and centrifuged
for 10 min at approximately 12,000 3 g in a model SS-34 rotor at 7 6 1°C.
Control tubes were treated in the same manner as experimental tubes. All
experiments were performed in triplicate. Virus sorption was determined with
the following formula:

CS 5 @~CI 2 CL!/M# (1)

where CI, CL, and CS are, respectively, the concentrations of virus in the control
liquid phase (PFU per milliliter), in the experimental liquid phase (PFU per
milliliter), and adsorbed to the soil (PFU per gram) and M is the total mass of
soil per unit volume of virus suspension (grams per milliliter) used in each batch
experiment. In the instances where MS2 concentrations were lower in control
tubes than in experimental tubes, CS values could not be determined because of
the negative result of CI 2 CL.

Determination of the air-water-solid effect on the fate of MS2. Only the
behavior of MS2 was examined in this study, since fX174 did not undergo
inactivation during batch adsorption experiments in PP control blanks. Four
types of reactor vessels were selected for this study: 15-ml PP centrifuge tubes,
50-ml PP centrifuge tubes (Fisher Scientific), 250-ml PP bottles (Fisher Scien-
tific), and Pyrex glass screw-cap tubes (16 by 125 mm). The volume of MS2
solution added to each tube was varied while the starting concentration of MS2
(C0) was held constant at ;105 PFU ml21. Tube types and the volumes of
solution added were as follows: 15-ml PP tubes with 4, 5, 7, 9, 10, 11, 13, 15, and
15.7 ml of solution; 50-ml PP tubes with 10, 25, and 50 ml of solution; 250-ml PP
bottles with 10, 50, 100, and 250 ml of solution; and glass tubes with 5, 10, and
15 ml of solution. It should be noted that the measured total capacities (no gas
phase present) for the 15-ml PP, 50-ml PP, 250-ml PP, and glass tubes were,
respectively, 15.7, 55.5, 304, and 17.4 ml. No soil was added so that comparisons
could be made between any changes in MS2 concentration and the total volume
of phage suspension added to each tube. The experimental procedure was iden-
tical to that for the control blanks described in the batch sorption study, with two
exceptions: (i) centrifugation was not performed and (ii) a series of tubes was
held static to act as nonshaken controls, with solution volumes being the same as
those in the experimental tubes. The 15-ml PP tubes receiving 15.7 ml of MS2
solution were filled to capacity so that no gas phase (no AWI) was present within
the tube. This was accomplished by aseptically immersing the tube and cap into
a 2-liter beaker of virus suspension and attaching the cap so that no air bubbles
remained. To maintain the solution in a dynamic state during mixing, 15 Teflon
beads (average diameter, ;6 mm; Norton Performance Plastics, Akron, Ohio)
were added to each tube. Preliminary studies revealed that MS2 did not sorb to
the Teflon beads (data not shown).

After the tubes were mixed for 3 h and the solutions were assayed for MS2, a
select number of samples were treated by adding various eluants directly to the
MS2 suspension and continuing the mixing process. The following eluants were
added (values given reflect the final eluant concentration in the batch tubes):
2.5% (wt/vol) beef extract (Beef Extract V; Becton Dickinson and Co., Cock-
eysville, Md.), 2.0% (vol/vol) Tween 80 (Aldrich Chemical Co., Milwaukee,
Wis.), 0.6% (wt/vol) gelatin (Sigma Chemical Co., St. Louis, Mo.), and 0.15 mol
glycine (Sigma Chemical Co.) liter21. Beef extract, Tween 80, and glycine were
prepared in 0.05 mol of Na2HPO4 liter21 and adjusted to a pH of 9.5 (glycine was
adjusted to a pH of 10.0) with NaOH or HCl as needed. The gelatin was
prepared in 0.02 mol of Na2HPO4 liter21 and adjusted to a pH of 7.5 with HCl.
Upon addition of eluant to the vessel, each sample was remixed for an additional
0.5 h and reassayed to determine if MS2 had been desorbed from the vessel walls.
All experiments were performed at 7 6 1°C to limit virus inactivation due to
temperature effects.

RESULTS

Batch sorption study. Table 1 presents the MS2 sorption
data from batch experiments performed in PP tubes. Solution-
phase MS2 concentrations in the control blanks (CI) were on
average 2.34 log10 units lower than in the tubes containing soil.
Consequently, calculation of sorbed-phase MS2 concentra-
tions (CS) by the traditional mass balance method (equation 1)
was not possible because of the resultant negative value for the
term CI 2 CL. The input concentrations may be used as control
values; however, if this is done, there is no way to distinguish
between the effects of adsorption to soil and other factors
which might influence virus fate during the experiment (e.g.,
natural inactivation, container wall effects, and influence of the
AWI). When the same experiments were performed with glass
tubes, no substantial loss of MS2 was observed in the control
blanks, thereby permitting the quantification of sorbed-phase

TABLE 1. MS2 batch adsorption data from experiments performed with PP tubesa

Input concn
(PFU ml21)

Control blank concn
(CI) (PFU ml21)

Solution-phase concn (CL) (PFU ml21) in:

OS TLS GSL

3.24 3 102 (1.00 6 1.26) 3 100 (2.63 6 0.42) 3 102 (2.17 6 0.28) 3 102 (1.30 6 0.28) 3 102

2.40 3 103 (3.32 6 1.29) 3 100 (2.45 6 0.50) 3 103 (1.68 6 0.31) 3 103 (1.32 6 0.34) 3 103

2.57 3 104 (2.24 6 0.42) 3 102 (2.56 6 0.21) 3 104 (1.81 6 0.41) 3 104 (1.56 6 0.18) 3 104

4.17 3 105 (8.32 6 0.61) 3 102 (3.77 6 0.36) 3 105 (3.29 6 0.22) 3 105 (2.69 6 0.37) 3 105

3.98 3 106 (1.58 6 0.37) 3 104 (2.21 6 0.41) 3 106 (2.94 6 0.25) 3 106 (2.53 6 0.33) 3 106

4.16 3 107 (1.82 6 0.35) 3 105 (4.08 6 0.26) 3 107 (3.38 6 0.48) 3 107 (2.80 6 0.28) 3 107

a Sorbed-phase concentrations (CS) were not calculated because CL is greater than CI. The concentrations are means 6 standard deviations.
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MS2 (CS). OS did not adsorb MS2; values of CI and CL were
not significantly different at a significance level of 0.1% (Stu-
dent’s t test) at any of the concentrations tested.

Adsorption of MS2 to TLS and GSL was quantified by the
Freundlich isotherm, CS 5 KFCL

1/n, where CS is the quantity of
virus sorbed to the soil (PFU per gram), CL is the concentra-
tion of virus remaining in the liquid phase (PFU per milliliter),
and KF (Freundlich constant) and 1/n are constants. The pa-
rameters KF and 1/n were estimated by linear regression of the
log10-transformed data (i.e., log10 CS versus log10 CL). Figure
1A presents the isotherms and corresponding Freundlich con-

stants for MS2 adsorption to TLS and GSL from experiments
performed with glass tubes. Data from the MS2 PP batch
studies are not presented as isotherms because of the negative
CS term resulting from CL being greater than CI (Table 1).

Unlike MS2, fX174 did not undergo substantial inactivation
in the PP control blanks during mixing. fX174 CI values av-
eraged 93% of input (data not shown) compared to MS2 CI
values, which averaged just 0.4% of input (Table 1). CI values
from batch experiments performed with glass tubes were sim-
ilar to those seen in the PP studies (94 versus 93% of input).
Figure 1B and C show the fX174 adsorption data from batch
experiments performed with PP and glass tubes, respectively.
Adsorption of fX174 was greatest to GSL, followed by that to
TLS and OS. Except in experiments with TLS, fX174 KF
values were greater when the batch experiments were done
with PP tubes. Adsorption of fX174 to all three porous media
was much greater than that of MS2 (Fig. 1A).

Determination of the air-water-solid effect on the fate of
MS2. Batch experiments performed with the three different PP
containers showed an increase in the rate of MS2 loss (over 3 h
of mixing) as the starting volume of virus solution was de-
creased (Table 2). When the 15-ml PP tubes were completely
filled with solution and there was no AWI present (i.e., 15.7-ml
solution volume), the MS2 inactivation rate was very low (Ta-
ble 2). The presence of a small amount of gas phase increased
the inactivation rate by more than 1 order of magnitude (0.056
versus 0.599 h21). Although a considerable amount of AWI
was present in the 50-ml PP (50-ml solution volume) and the
250-ml PP (100- and 250-ml solution volumes) containers dur-
ing mixing, MS2 inactivation rates were much lower than those
observed in the 15-ml PP tubes. In the glass tube experiments,
no pronounced MS2 inactivation was observed, even when the
initial volume of solution was varied. None of the static con-
trols (nonrotated) exhibited substantial decreases in MS2 con-
centration (data not shown). This was true for each of the four
container types and the different volumes tested. Final concen-

FIG. 1. MS2 and fX174 Freundlich adsorption isotherm plots for OS (cir-
cles), TLS (squares), and GSL (triangles). (A) MS2 adsorption data from exper-
iments performed with glass tubes. No significant adsorption of MS2 to OS was
observed (see the text). (B) fX174 adsorption data from experiments performed
with glass tubes. (C) fX174 adsorption data from experiments performed with
polypropylene tubes. All values of KF are in milliliters per gram.

TABLE 2. Data from batch experiments (no soil) examining
the air-water-solid effect on the fate of MS2a

Tube type MS2 solution
vol (ml) Mean C/C0 6 SDb Decay rate (a)

(h21)c

PP, 15 ml 4 (3.09 6 0.52) 3 1024 1.170
5 (5.81 6 0.27) 3 1024 1.078
7 (1.25 6 0.27) 3 1023 0.968
9 (2.44 6 0.23) 3 1023 0.871

10 (2.54 6 0.38) 3 1023 0.866
11 (3.50 6 0.23) 3 1023 0.818
13 (5.98 6 1.06) 3 1023 0.741
15 (1.59 6 0.29) 3 1022 0.599
15.7 (6.81 6 3.01) 3 1021 0.056

PP, 50 ml 10 (7.79 6 0.86) 3 1024 1.037
25 (1.76 6 0.77) 3 1022 0.584
50 (1.93 6 0.63) 3 1021 0.238

PP, 250 ml 10 (6.67 6 1.29) 3 1024 1.058
50 (8.86 6 1.16) 3 1022 0.351

100 (2.93 6 0.77) 3 1021 0.178
250 (8.96 6 1.04) 3 1021 0.016

Glass 5 (1.04 6 0.16) 3 100 0.000
10 (8.12 6 0.63) 3 1021 0.030
15 (9.60 6 0.87) 3 1021 0.006

a All batch experiments were conducted for 3 h at 7 6 1°C.
b C0 5 1.57 3 105 PFU ml21.
c Assuming first-order decay.
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trations of MS2 in the PP static controls typically ranged from
74.2 to 99.7% of input values.

Of the four eluting agents tested on the mixed samples, none
produced a significant increase in the concentration of MS2
(data not shown). The largest detectable increase in the titer of
MS2 (43%) occurred after the addition of 0.6% gelatin to the
250-ml PP bottles (10-ml solution volume). This corresponded
to an increase in C/C0 from 6.69 3 1024 to 1.17 3 1023. In no
case did C/C0 values approach C0 after addition of eluant.

DISCUSSION

Loss of MS2 was observed in PP vessels lacking soil (Tables
1 and 2) but not in glass vessels (Table 2). Loss due to adsorp-
tion by the PP container walls is not supported by our elution
experiments. Speculation that MS2 inactivation might be spe-
cific to PP vessels was eliminated when similar studies with
polystyrene, Teflon, and polyethylene tubes revealed similar
rates of inactivation (data not shown). The possibility of losses
being due to temperature and turbulence effects was also elim-
inated based on data from the controls.

Previous studies have shown that viruses and proteins can
lose viability upon exposure to AWIs (2, 12, 19, 39, 40). How-
ever, our data suggest that factors other than the AWI alone
are responsible for viral inactivation. The lack of MS2 inacti-
vation in the glass tubes with AWI present indicates that the
forces responsible for virus loss are present in the PP system
but not in the glass system or that if they are present in the
glass system, they do not influence virus fate in the same
manner. This possibility implies that the site of phage inacti-
vation is not simply the AWI itself, since the AWI is the same
in both systems (glass and PP), but rather is the interface at
which the liquid, solid, and gas phases meet (the triple-phase-
boundary [TPB]). As Fig. 2 depicts, the TPB is the line, or
perimeter, at which the AWI meets the container wall.

Although the mechanism of inactivation is not fully under-
stood, we propose the following. Viruses in solution reach the
AWI, where they adsorb, via convection and diffusion. This
adsorption is dominated by electrostatic, hydrophobic, hydra-
tion, and capillary forces; solution ionic strength; pH; and
various other factors (25, 33, 36, 43–45). As a virus adsorbs to
the AWI, hydrophobic domains on the protein capsid partition
out of the solution and into the more nonpolar gas phase. We

suggest that such exposed domains on the virus capsid are
susceptible to forces at the TPB which are not present at the
AWI itself.

Unlike the AWI, the balance of forces at the TPB will be
influenced by the surface characteristics of the solid (tube).
Glass is hydrophilic, with a contact angle against water of ,45°,
while PP is a hydrophobic organic polymer with a contact angle
of 108° (4). Figure 3 demonstrates the interaction of a water
droplet with glass and PP surfaces at equilibrium. The forces
acting on the water droplet will balance at equilibrium accord-
ing to Young’s equation, gSA 5 gSW 1 gAW z cosu, where gSA,
gSW, and gAW are, respectively, the solid-air, solid-water, and
air-water surface tensions and cosu is the cosine of the angle of
contact between liquid and solid. From Fig. 3 it is clear that the
forces influencing an exposed virus particle at the TPB will be
much different from those at the bulk AWI. Since the air-water
surface tension (gAW) will be the same for both systems, the
other forces (i.e., gSA and gSW) will be dictated by the type of
tube used. Furthermore, it has been demonstrated that the
orientations of water molecules at large hydrophobic surfaces
are considerably different from those in bulk water (22).

We propose that virus particles partitioned at the TPB ex-
perience destructive forces as a result of the reconfiguration of
water molecules near the hydrophobic PP surface. Virus pro-
teins projecting into the gas phase may also interact with the
PP surface at the TPB. As the AWI is sheared away from the
PP wall during mixing, partitioned virus particles may experi-
ence shear stress. Such forces may cause structural changes to
a virus capsid, resulting in loss of infectivity.

The role of the air-water interface in MS2 inactivation is
clearly demonstrated in Table 2. The presence of a small area
of AWI caused a considerable increase in the viral inactivation
rate in the 15-ml tubes. Moreover, the experimental data relate
the magnitude of MS2 inactivation to the relative amount of
TPB within the system. Assuming that viruses are completely
inactivated at the TPB line, and that mass transfer at the
interface is a first-order process, the following relationship (11)

FIG. 2. Schematic of a PP tube (partially filled with phage suspension) de-
picting the air, water, and solid phases, as well as the TPB.

FIG. 3. Water droplets resting on PP and glass surfaces. Shown are the
equilibrium forces involved (i.e., gAW, gWS, and gAS), the AWI, and the TPB.
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applies: dC/dt 5 (Ak/V) z C, where C is the virus concentration
in solution [ML23], t is time, k is the mass transfer coefficient
[LT21], V is the volume of solution [L3], and A is the interface
through which the mass transfer occurs [L2]. For the TPB, this
interface (A) is equal to the length of the TPB (L) times an
infinitesimal thickness (Dz). The effective virus inactivation
rate (a) is then given as a 5 Ak/V 5 (L/V)Dzk. Thus, the
inactivation rate is proportional to the ratio of TPB length to
solution volume (L/V). Figure 4 shows experimentally deter-
mined inactivation rates plotted versus the ratio L/V. The ratio
L/V was estimated by averaging the minimum and maximum
TPB perimeters occurring during one revolution of the sample
tube (Fig. 2). Figure 4 clearly indicates that MS2 decay in the
PP tubes increases with increasing L/V and is independent of
the starting concentration of virus. The nonlinearity of the
relationship is due to more rapid mixing at lower solution
volumes (larger void volumes).

The protective effect of the TLS and GSL (Table 1) is likely
due to the accumulation of clay-sized particles at the AWI (23,
43). Clay adsorption to the AWI may prohibit viruses from
reaching it or alter the forces at the TPB so that MS2 inacti-
vation is prevented. It is not clear why MS2 inactivation was
negligible in the presence of OS, as the particles are too large
to accumulate at the AWI. It is possible that traces of deter-
gent remained on the sand after washing, thereby preventing
MS2 inactivation (36).

fX174 is resistant to the interfacial forces which appear to
cause inactivation of MS2. The reasons for this observation are
as yet unclear; however, Trouwborst and coworkers (40) re-
ported a wide range of effects from exposure to large AWIs on
four bacteriophage and two animal viruses. These data, in
conjunction with ours, suggest that interfacial inactivation is
dependent upon the type of virus under investigation. Further-
more, a batch study investigating the adsorption of fX174 to
five soils (7) did not report any bacteriophage loss in PP con-
trol tubes, supporting the evidence presented here.

Although the batch equilibrium method has sometimes been
shown to be inadequate for predicting virus sorption during
subsurface transport (20, 31, 36), it remains the primary
method for obtaining adsorption coefficient values. In virus
adsorption studies it is important to generate accurate data
from both control and experimental samples. We have shown
that reliable data from control samples may be difficult to
acquire, particularly when working with MS2 bacteriophage in
PP vessels. The loss of MS2 seen in our batch adsorption
experiments with PP tubes has been documented elsewhere (6,
18, 30) and may have gone unreported in many other instances.
The results presented here suggest that there are three factors
which should be more closely considered before batch adsorp-
tion experiments are conducted with certain viruses. These
factors include (i) the type of reactor vessel used, (ii) the type
of virus under investigation, and (iii) the presence of an AWI
within the batch system. Our findings may also have applica-
tion to reports of greater viral inactivation during transport
through unsaturated soils (31, 32), where the AWI is a signif-
icant component of the system, as opposed to saturated soils,
where AWIs are generally not present.
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