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Static and dynamic batch experiments were conducted to
study the effects of temperature and the presence of
sand on the inactivation of bacteriophage MS2 and PRD1.
The experimental data suggested that the inactivation
process can be satisfactorily represented by a pseudo-first-
order expression with time-dependent rate coefficients.
The time-dependent rate coefficients were used to determine
pertinent thermodynamic properties required for the
analysis of the molecular processes involved in the inactivation
of each bacteriophage. A combination of high temperature
and the presence of sand appears to produce the
greatest disruption to the surrounding protein coat of
MS2. However, the lower activation energies for PRD1
indicate a weaker dependence of the inactivation rate on
temperature. Instead, the presence of air-liquid and air-
solid interfaces appears to produce the greatest damage to
specific viral components that are related to infection.
These results indicate the importance of using thermodynamic
parameters based on the time-dependent inactivation
model to better predict the inactivation of viruses in
groundwater.

Introduction
Sources of pathogenic viruses to drinking water supplies
include septic tanks, broken sewer lines, improperly con-
structed landfills, open dumps, or intentional groundwater
recharge and crop irrigation with treated municipal waste-
water (1, 2). In all these cases, viruses released into the
subsurface environment may remain infective and survive
for a considerable period of time (i.e., weeks to months). As
a consequence, these microorganisms can infiltrate through
the unsaturated zone and, upon reaching the water table,
can continue to migrate downstream to points of withdrawal.

The most important processes controlling the fate and
transport of viruses in the subsurface are sorption and
inactivation (3, 4). Virus sorption is affected by several factors
including viral surface properties, groundwater quality, and
soil surface charges (5). The process of virus inactivation can
result from alteration of the surrounding protein coat

contained in the viral capsid. Early studies determined that
the inactivation of viruses in groundwater appears to be
influenced by a number of factors including virus type, soil
characteristics, groundwater quality, and the presence of
microorganisms (6-9). However, published results on the
significance of some of these factors on virus inactivation
are not consistent. The only factor found to consistently
control the inactivation of viruses in groundwater is tem-
perature (10). Viruses and viral nucleic acids are presumably
inactivated by a first-order process, and the reaction is strictly
dependent on temperature (i.e., the reaction appears to be
monomolecular) (11). However, various attempts to predict
virus inactivation in groundwater as a function of temperature
by using constant inactivation rate coefficients have been of
limited success (12, 13). One possible explanation for these
differences might be the presence of two (biphasic) or more
(multiphasic) viral subpopulations undergoing sequential
inactivation with different inactivation rate coefficients (14-
17). Therefore, accurate prediction of virus inactivation
should account for temporal variation of the inactivation
rate coefficients.

In the present investigation, the inactivation process is
represented by a pseudo-first-order expression with a time-
dependent rate coefficient. Static and dynamic batch experi-
ments were performed to compare the effects of temperature
and the presence of sand on the time-dependent rate
coefficient. Finally, the ability to more accurately predict the
inactivation of viruses in groundwater by using thermody-
namic parameters obtained from time-dependent inactiva-
tion rate coefficients is discussed.

Materials and Methods
Bacteriophage Assays. The single-stranded RNA male-
specific coliphage, MS2, and the double-stranded DNA
somatic Salmonella typhimurium phage, PRD1, were used
as model viruses in this study. These bacteriophages have
been used extensively in virus inactivation studies and are
considered to be good model viruses because they behave
more conservatively (lower sorption) than many pathogenic
viruses and are capable of surviving for significant periods
of time in groundwater (18-21). Bacteriophage concentra-
tions were measured by using the double-agar-layer assay
method (22). PRD1 bacteriophage was analyzed by using
Salmonella typhimurium LT2 (ATCC no. 15277) as the host
bacterium. For the analysis of MS2 bacteriophage, E. coli
HS(FFamp)R (ATCC no. 700891) were used as the host
bacterium with the same concentration of antibiotics, as
described by Debartolomeis and Cabelli (23).

The double-agar-layer assay method was performed by
preparing a mixture of 1.0 mL of host bacteria, 4.0 mL of
molten soft agar (50 °C), and 1.0 mL of sample. To ensure
that all host bacteria were in log-phase growth, 0.1 mL of
prepared stocks of each host were transferred to a test tube
containing 10 mL of trypticase soy broth (Difco) and placed
in a shaker at 37 °C for 4 h or until cultures were visibly
turbid. The mixture was gently vortexed and poured onto
the appropriate plating medium. Plates were incubated at
37 °C for 24 h. The concentrations were determined by
counting the number of plaques on each plate. Plates were
made in duplicate, and the concentration was averaged from
the plaques counted on each plate. The double-agar-layer
assay used for this study was estimated to have a detection
limit of 0.5 plaque-forming units (PFU)/mL.

Static and Dynamic Batch Experiments. A low-ionic-
strength phosphate buffered saline (PBS) solution was
prepared with 0.25 mM Na2HPO4, 1.2 mM NaCl, and 0.037
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mM KCl in UV-disinfected distilled water with a specific
conductance of 17.8 µS/cm and adjusted to a pH of 7.5 with
HCl. The resulting specific conductance of the pH-adjusted
PBS solution was about 200 µS/cm and corresponds to an
ionic strength of 2 mM. Prepared stocks of bacteriophage
MS2 and PRD1, with concentrations in excess of 108 PFU/
mL, were diluted with the PBS solution to yield bacteriophage
concentrations of about 5.0 × 105 and 5.5 × 105 PFU/mL,
respectively.

Over 100 oven-baked 40-mL borosilicate glass bottles were
filled with 10 mL of the pH-adjusted PBS solution containing
bacteriophage MS2 and PRD1. Half of the bottles were filled
with 10 g of no. 60-sieved, presoaked, oven-dried Monterey
sand (RMC Industries, Decatur, GA) and gently vortexed to
ensure that the sand was completely wetted by the PBS
solution.

The bottles were arranged into four groups (three static
and one dynamic) with two sets of bottles in each group.
Each set consisted of 14 bottles containing virus suspensions
with sand and 14 bottles containing virus suspensions without
sand. For the static batch experiments, one group of bottles
was placed in a refrigerator at 4 °C, one group was placed
in a constant-temperature room at 15 °C, and one group was
placed in an incubator at 25 °C. The dynamic batch
experiment was performed with all the bottles attached to
a small benchtop tube rotator (Glas-Col, Terre Haute, IN)
placed in the constant-temperature room at 15 °C. The bottles
were rotated end-over-end, allowing the sand to mix within
the PBS solution containing each bacteriophage. At selected
times during the experiment, one bottle of each set was
chosen at random. Then 1.0 mL of the PBS solution was
removed and then assayed for bacteriophage MS2 and PRD1
by using the double-agar-layer assay method. Subsequently,
the used bottles were discarded.

Theoretical Calculations
Time-Dependent Inactivation. Sim and Chrysikopoulos (24)
and Chrysikopoulos and Vogler (25) have shown that
experimental data from numerous batch inactivation studies
can be described by a pseudo-first-order expression with a
time-dependent rate coefficient as follows:

where C is the concentration of suspended viruses in the
liquid phase, t is time, and λ0 is the time-dependent
inactivation rate coefficient of suspended viruses given by:

where λ0 is the initial inactivation rate coefficient, and R is
the resistivity coefficient. Substituting eq 2 into eq 1 and
solving the resulting expression subject to the initial condition
C(0) ) C0, where C0 is the initial virus concentration, yields

For the limiting case where the inactivation rate coefficient
is considered constant (i.e., λ(t) ) λ), the preceding equation
reduces to the form (1):

It should be noted that the parameters λ0 and R can be
obtained by fitting eq 3, and λ by fitting eq 4, to the data
collected from the static or dynamic batch virus inactivation
experiments.

Thermodynamic Parameters. The initial inactivation rate
coefficient, which depends on temperature and the presence
of sand, can be expressed by the empirically derived Arrhenius
equation:

where Ea is the Arrhenius energy of activation, A is the
preexponential factor, R ) 8.314 J/mol‚K is the universal gas
constant, and T is temperature in Kelvin. This approach relies
on the concept that a molecule must acquire, through random
collisions with other molecules, a certain amount of energy,
Ea, before it can undergo a reaction (9). Consequently, the
activation energy of the inactivation process can be defined
as (26):

where Ω is the slope of the plot of ln λ0 versus 1/T (Arrhenius
plot).

By following basic reaction rate theory, the effects of
temperature and the presence of sand on the virus inactiva-
tion process can be determined by assuming that a ther-
modynamic equilibrium exists between the concentration
of infective viruses and viruses in an activated (transition)
state as follows:

where C• is the concentration of suspended viruses in an
activated (transition) state and Co is the concentration of
noninfective viruses. The equilibrium of suspended viruses
in the liquid phase with suspended viruses in the activated
(transition) state is defined by a pseudoequilibrium (or
“steady-state”) constant,K•, given as:

Furthermore, the first-order expression for the formation of
suspended viruses in the activated state can be described by

where k is the reaction rate coefficient of the overall
inactivation process, which is given by the following rela-
tionship:

where kB ) 1.381 × 10-23 J/K is the Boltzmann constant, and
h ) 6.626 × 10-34 J/sec is Planck’s constant (27). In view of
eqs 1 and 9, the time-dependent rate coefficient can be
expressed as:

Although K•cannot be measured directly, it can be related to
other standard thermodynamic parameters as follows (11):

where G• is the free energy of formation of the activated
(transition) state, H• is the standard enthalpy of formation
of the activated (transition) state, and S• is the standard
entropy of formation of the activated (transition) state. In
view of eqs 2 and 10-12, the value of the thermodynamic
parameter G• required to undergo the inactivation process

dC(t)
dt

) -λ(t)C(t) (1)

λ(t) ) λ0 e-Rt (2)

ln[C(t)
C0

] )
λ0

R
[exp(-Rt) - 1] (3)

ln[C(t)
C0

] ) -λt (4)

λo ) A exp[-Ea

RT ] (5)

Ea ) -ΩR (6)

C T C• f Co (7)

K• )
C•

C
(8)

dC(t)
dt

) -kC• (9)

k )
kBT

h
(10)

λ(t) ) kK• (11)

∆G• ) -RT ln K• ) ∆H• - T∆S• (12)
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can be expressed as follows:

Results and Discussion
Model Simulations. The parameters λ0 and R were deter-
mined by fitting eq 3 to the observed normalized bacte-
riophage log-concentrations, whereas λ values were deter-
mined by linear regression fit to eq 4 of the same experimental
data. Note that eq 3 represents time-dependent inactivation,
whereas eq 4 assumes that the inactivation rate is constant.
Table 1 shows the λ0, R, and λ values for both MS2 and PRD1
with and without sand at 4, 15, and 25 °C. It should be noted
that sand containing only trace amounts of ferric oxyhy-
droxide coatings or organic carbon was used in this study in
order to avoid virus adsorption onto the sand grains (28).
Furthermore, the low ionic strength of the final PBS solution,
along with the low bacteriophage concentrations in the virus
suspensions, minimizes any possible loss of virus infectivity
due to Brownian coagulation (29-31).

The MS2 concentrations from the static batch experiments
with and without sand at temperatures of 4, 15, and 25° C
are shown in Figure 1. The plots indicate that MS2 inactivation
is affected by the ambient temperature. It should be noted
that normalized bacteriophage concentrations over 1 are due
to slight variations in the initial concentration of the virus
suspensions present in each bottle. Also presented in Figure
1 are the corresponding simulated concentration histories
for both time-dependent and constant inactivation rates
(based on the parameter values listed in Table 1 at 4, 15, and
25 °C). The simulated concentration histories for the time-
dependent inactivation match the experimental data slightly
better than using constant inactivation rates. Sim and
Chrysikopoulos (24) made a similar observation. The tem-
poral variability of the inactivation rate coefficient has been
attributed to multiphasic sequential inactivation caused by
the presence of two or more subpopulations of bacteriophage
that exhibit different heat sensitivities (11, 17, 25). The
magnitude of R is proportional to the resistivity of the
dominant subpopulation because the overall inactivation is

controlled by the dominant subpopulation (24). Temporally
variable inactivation allows for rapid inactivation of the most
sensitive subpopulations and slower inactivation of the more
resistive subpopulations. Note that, in the presence of sand,
λ0 increases faster with increasing temperature than for the
case where there is no sand present, whereas R is greatest
at 25°C in the absence of sand.

The static batch PRD1 inactivation experimental data with
and without sand, as well as the corresponding simulated
concentration histories for both time-dependent and con-
stant inactivation rates, based on the parameter values listed
in Table 1 at 4, 15, and 25 °C, are shown in Figure 2. Clearly,
the temperature as well as the presence of sand have only
a minor effect on PRD1 inactivation under the conditions
examined in this work. Note that, for PRD1, the observed

TABLE 1. Fitted Inactivation Parameters for Bacteriophage
MS2 and PRD1

conditions λ0 (day-1) r (day-1) λ (day-1)

MS2

Static Batch Experiments
4 °C, sand 1.5 × 10-2 2.5 × 10-5 2.0 × 10-2

4 °C, no sand 2.6 × 10-2 3.3 × 10-6 2.7 × 10-2

15 °C, sand 6.6 × 10-2 3.4 × 10-6 7.6 × 10-2

15 °C, no sand 6.0 × 10-2 6.7 × 10-6 6.7 × 10-2

25 °C, sand 2.6 × 10-1 4.3 × 10-5 3.0 × 10-1

25 °C, no sand 1.2 × 10-1 9.2 × 10-3 7.9 × 10-2

Dynamic Batch Experiments
15 °C, sand 7.1 × 10-2 4.2 × 10-3 7.2 × 10-2

15 °C, no sand 9.1 × 10-2 6.7 × 10-5 9.5 × 10-2

PRD1

Static Batch Experiments
4 °C, sand 3.1 × 10-3 5.3 × 10-4 4.0 × 10-3

4 °C, no sand 6.7 × 10-3 1.9 × 10-4 7.7 × 10-3

15 °C, sand 2.0 × 10-3 3.0 × 10-4 1.9 × 10-3

15 °C, no sand 2.1 × 10-3 3.5 × 10-5 5.2 × 10-3

25 °C, sand 9.1 × 10-3 6.1 × 10-5 1.0 × 10-2

25 °C, no sand 3.3 × 10-2 1.8 × 10-2 1.4 × 10-2

Dynamic Batch Experiments
15 °C, sand 1.2 × 10-1 1.5 × 10-2 5.8 × 10-2

15 °C, no sand 1.1 × 10-4 1.2 × 10-2 1.9 × 10-3

∆G• ) -RT ln[λ0h

kBT] (13)

FIGURE 1. Experimental data for MS2 inactivation under static
batch conditions with sand (solid circles) and without sand (open
circles) at temperatures of (a, d) 4 °C, (b, e) 15 °C, and (c, f) 25 °C.
Simulated concentration histories are based on the time-dependent
inactivation model (solid curves) and constant rate inactivation
model (dotted curves).

FIGURE 2. Experimental data for PRD1 inactivation under static
batch conditions with sand (solid squares) and without sand (open
squares) at temperatures of (a, d) 4 °C, (b, e) 15 °C, and (c, f) 25 °C.
Simulated concentration histories are based on the time-dependent
inactivation model (solid curves) and constant rate inactivation
model (dotted curves).
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greater inactivation at 4 °C than at 15 °C suggests a minor
effect of temperature might exist during the inactivation
process. It should be noted that λ0 for PRD1 in the presence
of sand is affected by temperature to a lesser extent than the
case where there is no sand present. The increased R value
for PRD1 at 25 °C in the absence of sand indicates the presence
of a large subpopulation that is relatively insensitive to heat.

Figure 3 shows the bacteriophage inactivation experi-
mental data from the dynamic batch experiment at 15 °C
with and without sand, together with the corresponding
simulated concentration histories for both time-dependent
and constant inactivation rates. On the basis of the similar
λ0 and λ values for the static and dynamic batch experiments
at 15 °C listed in Table 1, the presence of an air phase has
little effect on the inactivation process of the dominant MS2
subpopulation. Thompson et al. (32) observed a similar lack
of MS2 inactivation under similar batch conditions. However,
there is a slight increase in R values during the dynamic
batch experiments, especially in the presence of sand. Such
an increase in the magnitude of R suggests that a subpopu-
lation of MS2 bacteriophage exists with a slightly higher
sensitivity to the presence of an air phase. In contrast, the
increased inactivation rate for PRD1 during the dynamic
batch experiment with sand, along with the increased R values
with and without sand, suggest that the presence of air-
liquid and air-solid interfaces, instead of temperature, sand,
or the presence of air-liquid interfaces, are responsible for
the greatest damage to specific viral components that are
required for infection.

Inactivation Thermodynamics. The native structure of
proteins is maintained by a complex interplay of various
forces that act to fold and hold their primary structure, the
polypeptide chain, in a specific conformation (11). Therefore,
the molecular process of virus inactivation occurs when
protein conformation is altered or destroyed by some
environmental stress and the altered protein molecules lose
their ability to infect the host cell. To analyze the molecular
processes involved in the inactivation process, the λ0 values
listed in Table 1 were used to determine the thermodynamic
parameters Ea, ∆G•, ∆H•, and ∆S• for each of the bacterioph-
ages considered in this study. It should be noted that these
parameters describe the thermodynamics of the formation
of the activated (transition) state shown in eq 7 and, as such,
provide information on the energy requirements to undergo
the inactivation process. Equilibrium values for virus inac-
tivation are required to obtain thermodynamic parameters
for the complete inactivation process shown in eq 7. However,

it is not possible to obtain these values because the alteration
that causes virus inactivation is irreversible or, at least, difficult
to reverse (11).

Arrhenius plots for MS2 and PRD1 inactivation for the
static batch experiments with and without sand using λ0

values listed in Table 1 are shown in Figure 4. The slopes of
the MS2 Arrhenius plots shown in Figure 4a indicate that the
energies of activation (formation of the transition state that
results in loss of infectivity) state required for MS2 to undergo
the inactivation process under the static batch conditions
were 93.9 kJ/mol in the presence of sand and 50.5 kJ/mol in
the absence of sand. Comparison of the slopes of the MS2
Arrhenius plots with and without sand shown in Figure 4a
indicates a crossover pattern with a greater λ0 in the absence
of sand at 4 and 15 °C and a greater λ0 in the presence of sand
at 25 °C. The slopes of the PRD1 Arrhenius plots shown in
Figure 4b indicate that the energies of activation required
for PRD1 to undergo the inactivation process under the static
batch conditions are 33.2 kJ/mol in the presence of sand and
49.0 kJ/mol in the absence of sand. For PRD1, the λ0 values
are greater in the absence of sand for all temperatures
considered in this study. The activation energies for the
inactivation of both MS2 and PRD1 are listed in Table 2.
Preston and Farrah (33) reported that low activation energies
(Ea < 160 kJ/mol; 1 calorie ) 4.184 J) indicate that virus
adsorption is a physical process rather than a chemical
process. The low activation energies for both bacteriophages
employed in this study suggest that electrostatic and/or
hydrodynamic interactions play a significant role in virus
inactivation. However, the standard entropy of formation of
the activated state is also an important factor in determining
the magnitude of the inactivation rate coefficient (11).

FIGURE 3. Experimental data for (a, b) MS2 and (c, d) PRD1
inactivation under dynamic batch conditions with sand (solid
symbols) and without sand (open symbols) at 15 °C. Simulated
concentration histories are based on the time-dependent inactivation
model (solid curves) and constant rate inactivation model (dotted
curves).

FIGURE 4. Arrhenius plots for (a) MS2 and (b) PRD1 inactivation
under static batch conditions with sand (solid symbols) and without
sand (open symbols). The slopes of the Arrhenius plots indicate the
activation energies in the presence of sand (solid line) and in the
absence of sand (dotted line).

TABLE 2. Thermodynamic Parameters for Bacteriophase MS2
and PRD1 Inactivation

Ea
(kJ/mol)

∆G• (kJ/mol)
4, 15, and 25 °C

∆H•

(kJ/mol)
∆S•

(J/mol‚K)

MS2
sand 93.9 103.5, 104.2, 104.4 91.6 43.3
no sand 50.5 102.3, 104.4, 106.4 48.1 195.5

PRD1
sand 33.2 107.2, 112.6, 112.8 32.4 272.5
no sand 49.0 105.4, 112.42, 109.6 49.8 206.2
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In view of the relationship in eq 12, it is clear that the
standard entropy of formation of the activated (transition)
state, ∆S•, can be determined directly from the change in
∆G• values as a function of temperature, where the y-
intercepts indicate the standard enthalpy of formation of
the activation (transition) state, ∆H•. The ∆G• values for the
inactivation of both MS2 and PRD1 under static batch
conditions at 4, 15, and 25 °C were determined from eq 13,
and they are listed in Table 2. Figure 5 presents the free
energy plots for MS2 and PRD1 inactivation with and without
sand. For MS2, it was determined from the slope of the free
energy plot shown in Figure 5a that ∆S• is equal to 43.3 J/mol‚
K in the presence of sand and 195.5 J/mol‚K in the absence
of sand. For PRD1, it was determined from Figure 5b that ∆S•

is equal to 272.5 J/mol‚K in the presence of sand and 206.1
J/mol‚K in the absence of sand. The ∆S• values listed in Table
2 indicate the presence of sand has a greater effect on
increasing disorder of the activated (transition) state for PRD1
(value is more positive) than it is for MS2. This results in
lower ∆G• values for MS2 and allows its inactivation process
to proceed at a faster rate than that of PRD1. In contrast, the
absence of sand has the effect of decreasing slightly the ∆S•

value for PRD1. It should be noted here that the results of
the static batch experiments performed during this study
provide similar ∆S• and ∆H• values to those reported by
Ginoza (11) at higher temperatures and suggest that protein
denaturation is the predominant mechanism involved in the
inactivation process of viruses.

The results from the dynamic batch experiments suggest
that the presence of air-liquid and air-solid interfaces has
the effect of decreasing ∆S• values for PRD1 during the
inactivation process as well. However, it is not clear from the
kinetic data collected during the dynamic batch experiments
whether protein denaturation is the cause of inactivation.
Using thermodynamic parameters based on the time-
dependent inactivation model provides a better method to
predict the inactivation of viruses in groundwater. Further-
more, the observed temporal variation of the inactivation

rate coefficients suggest that virus subpopulations may
remain infective in porous media for an extended period of
time and continue to migrate downstream to points of
withdrawal.
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