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One-dimensional virus transport in porous media
with time-dependent inactivation rate coefficients

Youn Sim and Constantinos V. Chrysikopoulos

Department of Civil and Environmental Engineering, University of California, Irvine

Abstract.

A model for virus transport in one-dimensional, homogeneous, saturated

porous media is developed, accounting for virus sorption and inactivation of liquid phase
and adsorbed viruses with different time dependent rate coefficients. The virus inactivation
process is represented by a pseudo first-order rate expression. The pseudo first-order
approximation is shown to simulate available experimental data from three virus
inactivation batch studies better than the frequently employed constant rate inactivation
model. Model simulations indicated that the pseudo first-order approximation, compared
to the constant inactivation, leads to extended survival of viruses and, consequently, more
distant migration. Results from a parameter sensitivity analysis demonstrated that
estimation of pseudo first-order inactivation rate coefficients from field observations
requires data collection near the source of virus contamination during initial stages of

virus transport.

Introduction

Viruses are submicron particles containing nucleic acids,
either RNA or DNA, in a protein coat called a “capsid.”
Viruses may lose their infectivity owing to disruption of coat
proteins and degradation of nucleic acid [Gerba, 1984]. This
process is known as inactivation. In subsurface formations,
inactivation is controlled mainly by the physicochemical char-
acteristics of viruses (e.g., size, chemical composition, protein
coat packaging) [Yamagishi and Ozeki, 1972] and external fac-
tors associated with geochemical heterogeneities of the porous
medium (e.g., formation properties, temperature variations)
[Yates and Yates, 1988]. Therefore the relatively complex na-
ture of subsurface formations may lead to spatially as well as
temporally variable virus inactivation.

Temporal variation of inactivation rate coefficients due to
variabilities of virus characteristics has been observed in sev-
eral experimental studies. Parkinson and Huskey [1971] and
Pollard and Solosko [1971] noticed that bacteriophage A and T,
populations consist of two subpopulations with different resis-
tances to heat (biphasic inactivation). They observed that the
most sensitive viruses inactivate rapidly, while the remaining
more resistant viruses undergo slower inactivation. Similarly,
Yamagishi and Ozeki [1972] reported that the inactivation of
bacteriophage A exhibits two or more distinct phases (mul-
tiphasic inactivation), corresponding to subpopulations under-
going sequential inactivation with different inactivation rate
coefficients. Grant et al. [1993] also observed multiphasic se-
quential inactivation of bacteriophage A during batch experi-
ments with and without the presence of sand.

Traditionally, models for virus transport through porous for-
mations assume that the inactivation rate coefficients are con-
stant [Yates and Ouyang, 1992; Chrysikopoulos and Sim, 1996].
It should be noted, however, that sequential inactivation of a
virus population requires two or more discrete first-order rate
coefficients, each governing a different inactivation phase
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[Crane and Moore, 1986]. For mathematical simplicity the mul-
tiphasic sequential inactivation can be approximated by a
pseudo first-order expression with a time-dependent inactiva-
tion rate coefficient.

The present work introduces a model for one-dimensional
virus transport in homogeneous, saturated porous media ac-
counting for virus sorption and inactivation with time-
dependent rate coefficients. The inactivation process is repre-
sented by a pseudo first-order expression with time-dependent
rate coefficients determined from available experimental data.
Model simulations are compared to the frequently considered
case of constant inactivation rate coefficients. Furthermore,
sensitivity analysis is conducted to evaluate the response of the
virus transport model to inactivation rate fluctuations.

Model Development

Governing Equations

The transient virus transport through one-dimensional, ho-
mogeneous, saturated porous media, accounting for virus ad-
sorption and inactivation, is governed by the following partial
differential equation [Sim and Chrysikopoulos, 1995]:

aC(t,x) paC*(t,x) 9*C(t, x) aC(t, x)
o e o P o U
— MOC(t, x) — A (1) %C*(t, x), (1

where C is the liquid phase virus concentration [M/L?]; C* is
the adsorbed phase virus concentration (virus mass/solids
mass) [M/M]; D is the hydrodynamic dispersion coefficient
[L*1t]; U is the average interstitial velocity [L/T]; A and A* are
the time dependent inactivation rate coefficients of liquid
phase and adsorbed phase viruses, respectively, [1/T]; p is the
bulk density of the solid matrix [M/L?]; 8 is the porosity of the
porous medium (liquid volume/aquifer volume) [L*/L?]; ¢ is
time [T]; and x is the spatial coordinate in the direction of flow
[L]. The left-hand side of (1) consists of the accumulation
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Figure 1. Batch inactivation experimental data (circles). (a)
Poliovirus at 1°C with distilled water under anaerobic condi-
tions adopted from Hurst et al. [1980]. (b) Bacteriophage A
at =15°Cwith 10 mM NaCl electrolyte and pH 7 under aerobic
conditions adopted from Grant et al. [1993]. (c) Bacteriophage
AT at 60°C with 10 mM MgSO, under aerobic conditions
adopted from Parkinson and Huskey [1971]. Simulated concen-
tration history is based on the pseudo first-order inactivation
model (solid curves) and constant rate inactivation model
(dashed lines).

terms, whereas the last two terms represent the inactivation of
suspended and adsorbed viruses, respectively.

Assuming that the adsorption process consists of virus dif-
fusion to the outer layer of a solid particle by nonequilibrium
mass transfer and virus immobilization onto the solid particle
while in equilibrium with the liquid phase virus concentration
in the outer layer, also accounting for inactivation of adsorbed
viruses, the accumulation of adsorbed viruses can be repre-
sented by the following mass balance equation:

p aC*(t, x)

C T = MO, x) = Oy, 0] = A*(1) § €7 (e, ),

(2)

where k is the mass transfer rate constant [1/T], and C,, is the
liquid phase virus concentration in direct contact with solids
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[M/L?]. Furthermore, it is assumed that the following linear
equilibrium relationship is valid:

C*(t, x) = K,C,f(t, x), (3)

where K, is the partition or distribution coefficient (liquid
volume/solids mass) [L*/M].

Time-Dependent Inactivation

In the present work, inactivation rate coefficients are con-
sidered to be time dependent, and, consequently, the inactiva-
tion of viruses in the liquid phase and solid phase are described
by the modified first-order rate expressions

dc(t)
dC*(t) . .

respectively, where the time-dependent inactivation rate coef-
ficients of viruses in the respective phases are described by

(6)
(7

where ), and A§ are the initial inactivation rate coefficients of
viruses in the respective phases [1/T], and « and a* are the
resistivity coefficients of viruses in the respective phases [1/T].
The magnitude of « is proportional to the resistivity of the
dominant subpopulation, because the overall inactivation is
controlled by the dominant subpopulation. The inactivation
rate coefficients of viruses in the liquid phase are assumed
to be twice as large as the coefficients of adsorbed viruses
(A = Ao/2) [Reddy et al., 1981; Yates and Ouyang, 1992]. Fur-
thermore, the resistivity coefficient of adsorbed viruses is con-
sidered to be equal to the resistivity coefficient of viruses in the
liquid phase («* = «). Substituting (6) into (4) and solving the
resulting expression subject to the initial condition C(0) = C;,,
where C; is the initial liquid phase virus concentration, yields

C@)
In [ C, ]
The parameters A, and « can be obtained by fitting (8) to
existing experimental data.

Figure 1 presents virus inactivation experimental data fitted
by both (8) and the constant inactivation rate model (A(f) = A).
The estimated parameters for both inactivation rate models
considered together with the corresponding residual sums of
squared error (sse) are listed in Table 1. Clearly, the pseudo
first-order inactivation rate model simulates the experimental
data much better than the constant inactivation rate model,
which fails to match the data at early and late times (see Figure
1). The slope of a tangent to a solid curve represents the
inactivation rate coefficient at the particular time.

A(t) = Agexp (—at),

A*(t) = Ajexp (—a*1),

Ao

o

[exp (—ar) —1]. (®)

Initial and Boundary Conditions

The appropriate initial and boundary conditions for a semi-
infinite, one-dimensional porous formation in the presence of
a continuous source of viruses are [Sim and Chrysikopoulos,
1995]

C(0,x) =C*(0,x) =0, 9
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aCl(t, 0)
-D —ar + UC(t, 0) = UC,, (10)
aC(t, »)
ey - 0, (11)

where C, is the source concentration. The condition (9) es-
tablishes that there are no initial liquid phase and adsorbed
virus concentrations within the porous medium. The constant
flux boundary condition (10) implies virus concentration dis-
continuity at the inlet. The downstream boundary condition
(11) preserves concentration continuity for a semi-infinite sys-
tem. The governing virus transport equation (1) in conjunction
with the relationships (2), (3), (6), and (7) is solved numerically
subject to initial/boundary conditions (9)—(11). The numerical
solution is obtained by using the International Mathematics
and Statistics, Inc., (IMSL) one-dimensional partial differential
equation (PDE) solver MOLCH [IMSL, 1991].

Model Simulations

The effect of temporally variable inactivation on liquid phase
virus concentration in saturated porous media is investigated
by conducting model simulations. The fixed parameter values
used for virus transport simulations are D = 32.04 cm?*/hr and
U = 5.04 cm/hr [Bales et al., 1991]; K, = 2.08 X 10~ % ml/mg
[Vilker, 1981]; k = 1.2 hr™* [Vilker and Burge, 1980]; p = 1.5
g/cm?® [Yates and Ouyang, 1992]; and 6 = 0.25 [Park et al.,
1992]. The pseudo first-order inactivation rate parameters are
estimated from the experimental data collected by Grant et al.
[1993] (see Figure 1b).

At early time the simulated concentration profile for the
case of pseudo first-order inactivation is lower than the one for
the case of constant inactivation rate (see Figure 2a), whereas
at late time the concentration levels are reversed (see Figure
2b). The temporally variable inactivation allows rapid inacti-
vation of the most sensitive subpopulations at early time and
extended survival of the most resistive subpopulations at late
time. Therefore viruses may remain infective in porous media
for an extended period of time and thus travel farther down-
stream from the source.

Parameter Sensitivity Analysis

In order to investigate the response of the virus transport
model to perturbations of the pseudo first-order inactivation
parameters o and A, a formal parameter sensitivity analysis is

Table 1. Estimated Virus Inactivation Parameters for
Three Data Sets
Poliovirus Bacteriophage Bacteriophage
Parameter (1°C)* A (=15°C)F AT (60°C)f
Time Dependent Inactivation
Ao, d7! 0.25 2.66 226.02
a,d™! 0.42 241 24.65
sse 0.68 0.27 1.67
Constant Inactivation
A d7! 0.018 0.17 32.28
sse 2.45 0.40 26.71

*Hurst et al. [1980].
tGrant et al. [1993].
tParkinson and Huskey 1971].
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Figure 2. Liquid phase virus concentration snapshots for
pseudo first-order (solid curves) or constant rate (dashed
curves) inactivation at (a) ¢ = 0.05 days and (b) # = 10 days.

conducted. A parameter sensitivity coefficient that represents
the degree of spatial and temporal change in the dependent
variable (i.e., concentration) due to the fluctuation of a partic-
ular model parameter was obtained by differentiating the de-
pendent variable with respect to the parameter of interest
[Koda et al., 1979; Knopman and Voss, 1987].

The sensitivity coefficients with respect to the resistivity co-
efficient for liquid phase and adsorbed virus concentrations are
given by

aC(t, x)

Z(t,0) = — (12a)
aC*(t, x)

Z3t x) = —— (12b)

respectively. Differentiating the governing equations (1)—(3)
with respect to « yields
0Za(t,x) pdZi(t,x)
+ — - =
at 0 Jat

9°Z, 9Z,,
9x? x

+ A [tC(t, x) — Z(t, x)] — A*(2) %Z’Z(r, x), (13)

p IZ4(t, x)

s Z(t, x)

] AR () %z*;(z, x).
(14)

Similarly, the corresponding initial and boundary conditions
are obtained from (9)—(11) as follows:

Z,0,x)=2Z%0,x) =0, (15)
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Figure 3. Variation of Z, as a function of (a) time and (b)

space.

0Z (¢, 0)
- D——+UZJt,0)=0, (16)
dx
Ix - Y ( )

The sensitivity coefficients Z, and Z* are evaluated by solving
(13) and (14) subject to (15)—(17) together with the governing
equations (1) and (2) subject to conditions (9)-(11). A numer-
ical solution is obtained by MOLCH [IMSL, 1991].

The sensitivity coefficients with respect to the initial inacti-
vation rate coefficient for liquid phase and adsorbed virus
concentrations are given by

aC(t, x)

Z)\O(l‘, x) = 67)\0’ (1821)
aC*(t, x

Z3(t, x) =73§\0 ), (18b)

respectively. The desired partial differential equations are ob-
tained in a fashion similar to the case of resistivity coefficient

azz)\o aZ)\n
at ax2 7 ax

aZ)\(t,x) p aZ%(t, x)
+ — =
Jat 0

—[exp (—at)]C(t, x) — A(t) Z),(t, x) — A*(¢) %Z’KO(I, X),

(19)

S¥ie]

aZ3(t, x) Z5,(t, x)
T: k|:ZA0(t, x) —T]
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— A0 § 230, ). (20)
The sensitivity coefficients Z, and Z *;\O are evaluated by solv-
ing numerically (19) and (20) subject to conditions (15)-(17)
with substitution of Z,, and Z7, by Z, and Z7 , in conjunction
with the governing equations (1) and (2) subject to conditions
(©)~(11).

Figure 3a shows that at different locations within the one-
dimensional porous medium, Z , approaches a zero value with
increasing time because the system reaches a steady state,
where C(t, x) is insensitive to variations in «. The impact of «
on liquid phase virus concentration is most significant near the
source. However, it should be noted that although the peak
value of Z , decreases with increasing distance from the source,
the time interval over which « influences the liquid phase
concentration increases with increasing distance from the
source. The spatial variation of Z_, at different simulation
times is illustrated in Figure 3b. It is observed that the peak
value of Z, progressively decreases with increasing time be-
cause the system approaches a steady state. Therefore liquid
phase virus concentrations are highly sensitive to « near the
source and during early stages of virus transport. The temporal
and spatial variations of the sensitivity coefficient Z, = exhibit
similar trends to the ones observed for Z, in Figure 3.

Summary

This study introduces a model for one-dimensional virus
transport in saturated, homogeneous porous media. Unlike
other virus transport models reported in the literature, this
model accounts for inactivation of liquid phase and adsorbed
viruses with different time-dependent inactivation rate coeffi-
cients which are represented by functional relationships deter-
mined from experimental data. The significant impact of tem-
porally variable inactivation rate coefficients on virus transport
was demonstrated by model simulations. It was concluded
from a formal parameter sensitivity analysis that virus trans-
port data collected in the vicinity of the source of contamina-
tion at early time are most reliable for estimation of inactiva-
tion rate coefficients.

The model is particularly useful for improving our under-
standing of virus inactivation processes in conjunction with
studying virus transport through packed columns under con-
trolled laboratory conditions. The applicability of this model to
field investigations is limited to relatively homogeneous sub-
surface formations. The methodology of this work can provide
a starting point for generalization to multidimensional virus
transport in heterogeneous porous or fractured media.

Acknowledgments. This work was sponsored jointly by the Na-
tional Water Research Institute and the University of California, Wa-
ter Resources Center, as part of Water Resources Center Project
UCAL-WRC-854. The content of this manuscript does not necessarily
reflect the views of the agencies and no official endorsement should be
inferred.

References

Bales, R. C., S. R. Hinkle, T. W. Kroeger, and K. Stocking, Bacterio-
phage adsorption during transport through porous media: Chemical
perturbations and reversibility, Environ. Sci. Technol., 25(12), 2088 -
2095, 1991.

Chrysikopoulos, C. V., and Y. Sim, One-dimensional virus transport in



SIM AND CHRYSIKOPOULOS: TECHNICAL NOTE

homogeneous porous media with time dependent distribution coef-
ficient, J. Hydrol., in press, 1996.

Crane, S. R., and J. A. Moore, Modeling enteric bacterial die-off: A
review, Water Air Soil Pollut., 27, 411-439, 1986.

Gerba, C. P., Applied and theoretical aspects of virus adsorption to
surfaces, Adv. Appl. Microb., 30, 133168, 1984.

Grant, S. B, E. J. List, and M. E. Lidstrom, Kinetic analysis of virus
adsorption and inactivation in batch experiments: Virus adsorption,
virus inactivation, and equilibrium isotherms, Water Resour. Res.,
29(7), 2067-2085, 1993.

Hurst, C. J., C. P. Gerba, and 1. Cech, Effects of environmental vari-
ables and soil characteristics on virus survival in soil, Appl. Environ.
Microbiol., 40(6), 1067-1079, 1980.

International Mathematics and Statistics Libraries, Inc., IMSL MATH/
LIBRARY User’s Manual, ver. 2.0, Houston, Tex., 1991.

Knopman, D. S., and C. I. Voss, Behavior of sensitivities in the one-
dimensional advection-dispersion equation: Implications for param-
eter estimation and sampling data, Water Resour. Res., 23(2), 253—
272, 1987.

Koda, M., A. H. Dogru, and J. H. Seinfeld, Sensitivity analysis of
partial differential equations with application to reaction and diffu-
sion processes, J. Comput. Phys., 30, 259-282, 1979.

Park, N., T. N. Blanford, and P. S. Huyakorn, VIRALT: A modular
semi-analytical and numerical model for simulating viral transport in
ground water, Int. Ground Water Model. Cent., Colo. School of
Mines, Golden, Colo., 1992.

Parkinson, J. S., and R. J. Huskey, Deletion mutants of Bacteriophage
Lambda, 1, Isolation and initial characterization, J. Mol. Biol., 56,
369-384, 1971.

2611

Pollard, E. C., and W. Solosko, The thermal inactivation of 7, and A
Bacteriophage, Biophys. J., 11, 66-74, 1971.

Reddy, K. R., R. Khaleel, and M. R. Overcash, Behavior and transport
of microbial pathogens and indicator organisms in soils treated with
organic wastes, J. Environ. Qual., 10(3), 255-266, 1981.

Sim, Y., and C. V. Chrysikopoulos, Analytical models for one-
dimensional virus transport in saturated porous media, Water Re-
sour. Res., 31(5), 1429-1437, 1995. (Correction, Water Resour. Res.,
32(5), 1473, 1996.)

Vilker, V. L., Simulating virus movement in soils, in Modeling Waste
Renovation: Land Treatment, edited by 1. K. Iskandar, pp. 223-253,
John Wiley, New York, 1981.

Vilker, V. L., and W. D. Burge, Adsorption mass transfer model for
virus transfer in soils, Water Res., 14, 783-790, 1980.

Yamagishi, H., and H. Ozeki, Comparative study of thermal inactiva-
tion of phage ¢80 and Lambda, Virology, 48, 316-322, 1972.

Yates, M. V., and Y. Ouyang, VIRTUS, a model of virus transport in
unsaturated soils, Appl. Environ. Microbiol., 58(5), 1609-1616, 1992.

Yates, M. V., and S. R. Yates, Modeling microbial fate in the subsur-
face environment, Crit. Rev. Environ. Control, 17(4), 307-344, 1988.

C. V. Chrysikopoulos (corresponding author) and Y. Sim, Depart-
ment of Civil and Environmental Engineering, University of Califor-
nia, Irvine, CA 92717-2175. (e-mail: costas@max.eng.uci.edu)

(Received March 4, 1996; revised May 6, 1996;
accepted May 14, 1996.)



