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and immobile colloids is described using a linear reversible kinetic model. Colloid trans
assumed to be decoupled from virus transport; that is, we assume that colloids are not affec
the presence of attached viruses on their surface. The governing equations are solved num
using an alternating three-step operator splitting approach. Themodel is verified by fitting thr
of experimental data published in the literature: (1) Syngouna and Chrysikopoulos (201
(2) Walshe et al. (2010), both on the co-transport of viruses and clay colloids under sa
conditions, and (3) Syngouna and Chrysikopoulos (2015) for the co-transport of viruses an
colloids under unsaturated conditions. We found a good agreement between observe
fitted breakthrough curves (BTCs) under both saturated and unsaturated conditions. Th
developed model was used to simulate the co-transport of viruses and colloids in porous
under unsaturated conditions, with the aim of understanding the relative importance of
processes on the co-transport of viruses and colloids in unsaturated porous media. Th
retention in porous media in the presence of colloids is greater during unsaturated condit
compared to the saturated conditions due to: (1) virus attachment to the air–water interface
and (2) co-depositionof colloidswith attached viruses on its surface to theAWI. A sensitivity a
of the model to various parameters showed that the virus attachment to AWI is the most se
parameter affecting the BTCs of both free viruses and total mobile viruses and has a significan
on all parts of the BTC. The free and the total mobile viruses BTCs are mainly influen
parameters describing virus attachment to the AWI, virus interaction with mobile and im
colloids, virus attachment to solid–water interface (SWI), and colloid interactionwith SWI an
The virus BTC is relatively insensitive to parameters describing themaximum adsorption cap
the AWI for colloids, inlet colloid concentration, virus detachment rate coefficient from th
maximum adsorption capacity of the AWI for viruses and inlet virus concentration.
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and Chrysikopoulos, 2013, 2015; Walshe et al., 2010
engineered nanoparticles (Cai et al., 2014). Colloids have
observed to act as carriers to transport contaminants.
have been found to either enhance (Cai et al., 2014; Chen
2005; Flury and Qiu, 2008; Jin et al., 2000; Pang and Sim
2006; Saiers and Hornberger, 1996; Walshe et al., 201
retard (Flury and Qiu, 2008; Syngouna and Chrysikop
2013; Vasiliadou and Chrysikopoulos, 2011; Walshe
2010; Yang et al., 2012) the movement of strongly adso
contaminants in porous media depending on the re
importance of the colloid and contaminant interactions
the porousmedium, and contaminant interactionwith co
Failure to account for the role of colloids in contam
transport can lead to serious underestimation or overes
tion of the travel distances of groundwater contaminant

Groundwater gets contaminated with pathogenic ba
viruses, and protozoa from various sources such as
tanks, leaking sewer lines, sanitary landfills, land applic
of wastewater and treatment plant sludge, and artificial rec
of groundwater. Viruses in groundwater are of major co
because of their small size, high infectivity and persis
(Hijnen et al., 2005; Schijven and Hassanizadeh,
Yates et al., 1985). A number of factors such as the
velocity (Hijnen et al., 2005; Keller et al., 2004; Syngoun
Chrysikopoulos, 2012), solution chemistry (Bales et al.,
Knappett et al., 2008; Loveland et al., 1996; Sadeghi et al.,
2013; Zhuang and Jin, 2002; Zhuang and Jin, 2008)
of virus (Chu et al., 2001; Syngouna and Chrysikop
2012; Zhuang and Jin, 2002), temperature (Yates et al., 1
grain size and shape (Knappett et al., 2008; Syngoun
Chrysikopoulos, 2012), soil surface characteristics (Chu
2001; Zhuang and Jin, 2002), degree of water satu
(Anders and Chrysikopoulos, 2009; Chu et al., 2001; Tork
et al., 2006a,b), and presence of colloids (Jin et al,
Syngouna and Chrysikopoulos, 2013, 2015;Walshe et al.,
have been found to affect virus transport in porous m
Syngouna and Chrysikopoulos (2013) andWalshe et al. (
conducted column experiments to study the co-tran
of viruses and clay colloids under saturated conditions
observed that colloids can either enhance or retar
transport of viruses depending on the relative importa
the interaction of the colloid and the virus with the p
medium and virus–colloid interactions. Also, virus retent
porousmedia increases in the presence of clay colloids be
of the retention of some clay-bound viruses in the co
due to colloid attachment to the grain surface (Syngoun
Chrysikopoulos, 2013, 2015; Walshe et al., 2010).
researchers have studied the effect of the degree of
saturation on virus (and colloid) transport in porous
(Anders and Chrysikopoulos, 2009; Chu et al., 2001; Saie
Lenhart, 2003; Torkzaban et al., 2006a,b; Wan and W
1994a). They observed that the virus (and colloid) retent
porous media increases as the degree of saturation dec
due to: (i) the attachment of the virus (and colloid)
air–water interface (AWI) and (ii) the increased depo
at the solid–water interface (SWI) caused by the re
diffusion length at low water contents. Similar results
found in colloid transport experiments in micromodels
two-phase flow, performed recently by Zhang et al. (201
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saturation on virus transport in unsaturated porous m
have been widely studied separately from each other. Rec
Syngouna and Chrysikopoulos (2015) conducted colum
periments to study the co-transport of viruses and clay co
under unsaturated conditions. They observed that th
more virus retention in porous media in the presence o
colloids during unsaturated conditions as compared t
saturated conditions.

Many researchers have developed mathematical m
to simulate the colloid- or bacteria-associated transp
contaminants in porous media under saturated cond
(Corapcioglu and Jiang, 1993; Corapcioglu and Kim,
Jiang and Corapcioglu, 1993; Kanti Sen et al., 2004; Kim
Corapcioglu, 1996; Saiers and Hornberger, 1996; van deW
and Leijnse, 1997) as well as variably saturated cond
(Choi and Corapcioglu, 1997; Massoudieh and Ginn,
Simunek et al., 2006, 2012). Also, contaminant tran
in porous media, in the presence of both bacteria
colloids, has been modeled by Bekhit et al. (2009), Kim
Corapcioglu (2002a,b) and Kim et al. (2003). The
models describe the transport of dissolved contaminant
as metal ions, organic matter, pesticides, radionuclides
the presence of colloids or bacteria. One major diffe
between transport of dissolved contaminants and v
under unsaturated conditions is that dissolved contam
do not directly interact with the AWI under unsatu
conditions. But, viruses are themselves colloids and h
they may have interactions with the SWI and AWI. H
the previously published colloid-facilitated contam
transport models cannot be applied to simulate the co-tra
of viruses and colloids under unsaturated conditions. Vasi
and Chrysikopoulos (2011) and recently, Katzouraki
Chrysikopoulos (2014) developed models to simulat
co-transport of bacteria and colloids, and viruses and co
in saturated porous media.

The objective of the current study is to develop a
dimensional mathematical model to simulate the co-tran
of viruses and colloids in partially saturated porous m
under steady-state flow conditions. The developed mo
used to simulate the results of three sets of experim
conducted by (a) Syngouna and Chrysikopoulos (2013
(b) Walshe et al. (2010) for the co-transport of viruse
clay colloids under saturated conditions, and (3) Syngoun
Chrysikopoulos (2015) for the co-transport of viruses an
colloids under unsaturated conditions. A sensitivity anal
themodel to various parameters under unsaturated cond
is performed so as to understand the relative importa
various processes on the co-transport of viruses and collo
unsaturated porous media.

2. Mathematical model

In this section, we provide a mathematical model f
co-transport of viruses and colloids in porous media
unsaturated flow conditions. This is the first mathem
formulation of these processes for unsaturated cond
A three-dimensional model for the co-transport of viruse
colloids under fully saturated conditions has been re
published by Katzourakis and Chrysikopoulos (2014).



Unsaturated porous medium can be idealized as having
three phases: aqueous phase, solid phase and the air phase.
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Fig. 1 shows the schematic of the unsaturated porous m
indicating the different forms in which colloids and virus
exist. Colloids can exist in three different forms:mobile co
in aqueous phase, immobile colloids attached to SW
immobile colloids attached to AWI, and viruses can exist
different forms: free viruses in aqueous phase, attached t
attached to AWI, attached to mobile colloids, and att
to immobile colloids at SWI and AWI. Various assum
involved in this model are: (1) colloids do not affe
flow through the porousmedium, (2) colloid transport
affected by the presence of deposited viruses on its su
and (3) virus inactivation is negligible. Fig. 2 show
conceptual representation of various interactions a
viruses, colloids, SWI and AWI in an unsaturated p
media. Both the colloid and virus deposition onto the S
assumed to be reversible whereas their deposition on
AWI is assumed to be irreversible. The virus deposition
the mobile as well as immobile colloids is assum
be reversible.

2.1. Colloid transport

The governing equation for colloid transport
unsaturated porous medium accounting for colloid depo
onto the SWI and AWI is given as:

∂ θccð Þ
∂t

þ ρb
∂sc
∂t

þ ∂ AAWIscað Þ
∂t

¼ ∂
∂z

DL
cθ

∂cc
∂z

� �
−

∂ qcccð Þ
∂z

where, cc [ML−3] ismass concentration of colloids in the aq
phase (mass of colloids per unit volume of aqueous pha
Fig. 1. Schematic representation of unsa
n
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c

concentration adsorbed to AWI (mass of colloids per un
of AWI), θ is the water content, ρb [ML−3] is the bulk den
the porous medium, AAWI [L2 L−3] is the specific area
AWI,DL

c [L2T−1] is the dispersion coefficient of colloids, qc
[LT−1] is the Darcy flux of colloids, vc [LT−1] is the pore-
velocity of colloids, z [L] is the spatial coordinate and t [T]
time.

Colloid deposition onto the SWI is assumed to be des
by either a one-site linear reversible kinetic model (Corap
andChoi, 1996;Noell et al., 1998; Vasiliadou andChrysikop
2011) or a two-site kinetic model with site-1 being reve
and site-2 being irreversible (Compere et al., 2001; Yan,
The correspondingmass balance equations for colloid adso
to SWI with one-site (Eq. (2)) and two-site (Eq. (3a–c)) k
models are:

ρb
∂sc
∂t

¼ kcsθcc−kscρbsc

ρb
∂sc1
∂t

¼ kcs1θcc−ksc1ρbsc1

ρb
∂sc2
∂t

¼ kcs2θcc

∂sc
∂t

¼ ∂sc1
∂t

þ ∂sc2
∂t

where the subscripts 1 and 2 refer to sites 1 and 2, respec
kcs [T−1] and ksc [T−1] are the colloid attachmen
detachment rate coefficients for SWI, respectively.
turated porous medium with colloids and viruses.



Pore-scale visualization studies (Sirivithayapakorn and
Keller, 2003; Wan and Wilson, 1994b) have observed that the
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Fig. 2. Conceptual representation of various interactions in an unsaturated porous media.
(Inspired from Fig. 1 of Simunek et al., 2006.)
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colloids are retained irreversibly at the AWI by the cap
forces under steady-flow conditions. The mass balance
tion for colloid deposition onto AWI, assuming a second-
irreversible kinetic model with blocking (Corapcioglu and
1996; Lenhart and Saiers, 2002; Saiers and Lenhart, 2
is given as:

∂ AAWIscað Þ
∂t

¼ kcaθccψc

where kca [T−1] is the colloid attachment rate coef

for AWI, ψc ¼ sca maxð Þ−sca
sca maxð Þ

is the Langmuir blocking fun

representing the fraction of the AWI available for c
deposition and sca(max) [ML−2] is the maximum adso
capacity of AWI for colloids. The specific AWI area, A
calculated using the formula derived by Cary (1994) (
on the capillary tube analogy) expressed in terms of th
Genuchten water retention function parameters as giv
Niemet et al. (2002) (Kim et al., 2008):

AAWI ¼
ρgn
σ

m
α
B w; zð Þ 1−Iu w; zð Þ½ �

u ¼ Θ1=m Θ ¼ θ−θr
θs−θr

w ¼ m−
1
n

z ¼ 1þ 1
n

where ρ [ML−3] is the density of water, g [LT-2]
gravitational constant, σ [MT−2] is the surface tensi
y
-
r
i,
,

Þ

t

s

Þ

Þ

e
f

function of w and z, Iu(w, z) is the incomplete beta fun
of w and z, Θ is the relative saturation, θs is the satu
water content and θr is the residual water content.

2.2. Virus transport

The governing equation for virus transport in an unsa
ed porous medium accounting for virus deposition on
SWI and AWI and virus attachment to mobile and imm
colloids is given as:

∂ θcð Þ
∂t

þ ρb
∂s
∂t

þ ∂ AAWIsað Þ
∂t

þ ∂ θsmcccð Þ
∂t

þ ρb
∂ simscð Þ

∂t
þ ∂ AAWIsimascað Þ

∂t

¼ ∂
∂z

DLθ
∂c
∂z

� �
þ ∂
∂z

DL
cθ

∂ smcccð Þ
∂z

� �
−

∂ qcð Þ
∂z

−
∂ qcsmcccð Þ

∂z

where, c [pfu L−3] is free virus concentration in the aq
phase (number of viruses per unit volume of aqueous p
s [pfu M−1] is the virus concentration adsorbed to
(number of viruses per unit mass of dry soil), sa [pfu L
the virus concentration adsorbed to AWI (number of v
per unit area of AWI), smc [pfu M−1], sim [pfu M−1] an
[pfu M−1] are the virus concentrations attached to m
colloids, immobile colloids at SWI and immobile collo
AWI, respectively (number of viruses per unit mass of m
or immobile colloids), DL [L2T−1] is the dispersion coef
of viruses, q = θv [LT−1] is the Darcy flux and v [LT−1]
pore-water velocity.



Virus deposition onto the SWI is assumed to be described by
a linear reversible kinetic model (Anders and Chrysikopoulos,
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2009; Chu et al., 2001; Torkzaban et al., 2006a,b):

ρb
∂s
∂t

¼ kvsθc−ksvρbs

where kvs [T−1] and ksv [T−1] are the virus attachmen
detachment rate coefficients for SWI. Themass balance eq
for virus attached to AWI, assuming a second-order irreve
kinetic model with blocking (Chu et al., 2001), is given as

∂ AAWIsað Þ
∂t

¼ kvaθcψv

where kva [T−1] is the virus attachment rate coefficient fo

ψv ¼ sa maxð Þ−sa
sa maxð Þ

is the Langmuir blocking function for

attachment to AWI, representing the fraction of the
available for virus deposition and sa(max) [pfu L−2]
maximum adsorption capacity of AWI for viruses.

Virus interaction with mobile and immobile collo
assumed to be described by a linear reversible kinetic m
The mass balance equations for viruses attached to the m
colloids in case of one-site (Eq. (10)) and two-site (Eq.
kinetic models for colloid interaction with the SWI c
written as:

∂ θsmcccð Þ
∂t

¼ ∂
∂z

DL
cθ

∂ smcccð Þ
∂z

� �
−

∂ qcsmcccð Þ
∂z

þ kattmcθc−kdetmcθsmccc−kcsθsmccc
þ kscρbscsim−kcaθsmcccψc

∂ θsmcccð Þ
∂t

¼ ∂
∂z

DL
cθ

∂ smcccð Þ
∂z

� �
−

∂ qcsmcccð Þ
∂z

þ kattmcθc

−kdetmcθsmccc−kcs1θsmccc þ ksc1ρbsc1sim1

−kcs2θsmccc−kcaθsmcccψc

3. Solution of the governing equations
Þ

d
n
e

Þ

I,

s

I
e

s
l.
e
)
e

Þ

Þ

mass balance equation for viruses attached to imm
colloids at SWI corresponding to one-site (Eq. (12)) and
site (Eq. (13a–b)) kinetic models for colloid interaction
the SWI is given as:

ρb
∂ sim1sc1ð Þ

∂t
¼ kattimθc−kdetimρbsim1sc1

þ kcs1θsmccc−ksc1ρbsim1sc1

ρb
∂ sim1sc1ð Þ

∂t
¼ kattimθc−kdetimρbsim1sc1

þ kcs1θsmccc−ksc1ρbsim1sc1

ρb
∂ sim2sc2ð Þ

∂t
¼ kattimθc−kdetimρbsim2sc2 þ kcs2θsmccc

∂ simscð Þ
∂t

¼ ∂ sim1sc1ð Þ
∂t

þ ∂ sim2sc2ð Þ
∂t

where kattim [T−1] and kdetim [T−1] are the virus attachme
detachment rate coefficients for immobile colloids at SW
mass balance equation for viruses attached to the imm
colloids at the AWI is given as:

∂ AAWIsimascað Þ
∂t

¼ kattimaθc−kdetimaAAWIsimasca þ kcaθψcsmcc

where kattima [T−1] and kdetima [T−1] are the virus attach
and detachment rate coefficients for immobile colloids a
s in an
e-site
d sima)
solved

ð15Þ

ð16Þ

ð17Þ

ð18Þ

ð19Þ

ð20Þ

ð21Þ
Eqs. (1)–(4) and (7)–(14) constitute the complete set of coupled equations governing the co-transport of colloids and viruse
unsaturated porous medium. They comprise nine equations for nine variables (cc, sc, sca, c, s, sa, smc, sim and sima) in case of a on
kineticmodel for SWI colloid attachment and eleven equations in terms of eleven variables (cc, sc1, sc2, sca, c, s, sa, smc, sim1, sim2 an
in case of a two-site kinetic model for SWI colloid attachment. The complete set of governing Eqs. (1)–(4) and (7)–(14) are
subject to the following initial and boundary conditions:

cc z;0ð Þ ¼ sc z;0ð Þ ¼ sca z;0ð Þ ¼ 0

c z;0ð Þ ¼ s z;0ð Þ ¼ sa z; 0ð Þ ¼ smc z;0ð Þ ¼ sim z;0ð Þ ¼ sima z;0ð Þ ¼ 0

cc 0; tð Þ ¼ cc0 t ≤ tin
0 t N tin

�

c 0; tð Þ ¼ c0 t ≤ tin
0 t N tin

�

smccc 0; tð Þ ¼ 0

∂cc
∂z

L; tð Þ ¼ 0

∂c
∂z

L; tð Þ ¼ 0



∂smccc L; tð Þ ¼ 0 ð22Þ

is the
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∂z

where cc0 and c0 are the inlet colloid and free virus concentrations, respectively, tin is the duration of the input pulse and L

inside
ations
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iruses

olloid
solved
rshed,
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rators
rator.
In this
e part
).We
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are:

ð23Þ

ð24Þ

ð25Þ

ion of
virus

ð26Þ

ð27Þ

ð28Þ

ð29Þ

ca

ð30Þ
length of the column. Eqs. (15) and (16), respectively, indicate that there is no colloid and virus concentrations present
the column initially. Eqs. (17) and (18), respectively, are the Dirichlet boundary conditions for colloid and virus concentr
at the inlet of the column. Eq. (19) implies that there are no viruses attached onto the mobile colloids entering at the
Eqs. (20), (21) and (22) represent the Neumann type boundary conditions for aqueous phase colloids, free viruses, and v
attached to mobile colloids, respectively, at the column outlet.

As colloid transport is assumed to be not affected by the presence of attached viruses on its surface, equations governing c
transport are solved first at every time step and then virus transport equations are solved. The governing equations are
numerically using an alternating three-step operator splitting approach (Barry et al., 2000; Gasda et al., 2011; Kaluaracbchi andMo
1995) which allows splitting the coupled set of governing equations into advection, dispersion, and reaction operators which ar
solved sequentially over the first half of each time step with the order of the solution of the advection, dispersion and reaction ope
switched in the second half of the time step. The solution from one operator forms the initial condition for the following ope
Operator splitting method offers the flexibility of choosing the numerical scheme best suited for the solution of each operator.
study, we use an explicit finite volume method based on Monotone Upwind Schemes for Conservation Laws to solve advectiv
which is globally second-order accurate andnon-oscillatory (Putti et al., 1990; Ratha et al., 2009; Soraganvi andMohanKumar, 2009
use a second-order Godunov-type scheme with a minmod limiter for the piecewise linear interpolation of concentration in each c
calculating the advective flux at the cell interfaces, and Hancock's scheme for time splitting which is a two-step second-order ac
explicit scheme (Putti et al., 1990; Ratha et al., 2009; Soraganvi andMohan Kumar, 2009). The stability of the above scheme depen
Courant number, cu ¼ vΔt

Δz , which should be less than or equal to one. The dispersive part is solved using a fully implicit finite diffe
method, and the reaction part using a fourth-order Runge–Kuttamethod. The uncoupled equations corresponding to colloid transp
one-site kinetic model for colloid attachment to the SWI and the sequence of solving them during the first half of each time step

Advective transport :
∂ θccð Þ
∂t

¼ −
∂ qcccð Þ

∂z

Dispersive transport :
∂ θccð Þ
∂t

¼ ∂
∂z

DL
cθ

∂cc
∂z

� �

Reaction :

d θccð Þ
dt

¼ −kcsθcc þ kscρbsc−kcaθccψc

ρb
dsc
dt

¼ kcsθcc−kscρbsc
d AAWIscað Þ

dt
¼ kcaθccψc

8>>>>><
>>>>>:

The order of solving the splitted Eqs. (23)–(25) is reversed during the second half of each time step. Following the solut
colloid transport, virus transport equations are solved at every time step. Similarly the splitted equations corresponding to
transport and the sequence of solving them during the first half of each time step are:

Advective transport for viruses attached to mobile colloids :
∂ θsmcccð Þ

∂t
¼ −

∂ qcsmcccð Þ
∂z

Dispersive transport for viruses attached to mobile colloids :
∂ θsmcccð Þ

∂t
¼ ∂

∂z
DL

cθ
∂ smcccð Þ

∂z

� �

Advective transport for free viruses in aqueous phase :
∂ θcð Þ
∂t

¼ −
∂ qcð Þ
∂z

Dispersive transport for free viruses in aqueous phase :
∂ θcð Þ
∂t

¼ ∂
∂z

DLθ
∂c
∂z

� �

Reaction :

d θcð Þ
dt

¼ −kvsθcþ ksvρs−kvaθcψv−kattmcθcþ kdetmcθsmccc−kattimθcþ kdetimρbsimsc−kattimaθcþ kdetimaAAWIsimas

ρb
ds
dt

¼ kvsθc−ksvρbs

d AAWIsað Þ
dt

¼ kvaθcψv

d θsmcccð Þ
dt

¼ kattmcθc−kdetmcθsmccc−kcsθsmccc þ kscρbscsim−kcaθsmcccψc

ρb
d simscð Þ

dt
¼ kattimθc−kdetimρbsimsc þ kcsθsmccc−kscρbsimsc

d AAWIsimascað Þ
dt

¼ kattimaθc−kdetimaAAWIsimasca þ kcaθψcsmccc:

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

The order of solving the splitted Eqs. (26)–(30) is reversed during the second half of each time step.



4. Model verification
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The model developed is verified using the column e
mental data of (1) Syngouna and Chrysikopoulos (2013
(2) Walshe et al. (2010) who studied the co-transp
viruses and clay colloids in porous media under satu
conditions, and (3) Syngouna and Chrysikopoulos (201
the co-transport of viruses and clay colloids in pa
saturated porous media. The model verification also pro
us the range of values of the parameters describing
attachment and detachment rate coefficients with the co
(kattmc, kattim, kattima, kdetmc, kdetim, kdetima) to be use
unsaturated virus transport simulations.

4.1. Simulation of experiments of Syngouna and Chrysiko
(2013)

Syngouna and Chrysikopoulos (2013) studied th
transport of bacteriophages, MS2 or ΦX174 with kaolin
montmorillonite under saturated conditions in a 30-cm
column with 2.5 cm diameter, packed with 2-mm dia
glass beads. The packed column had a bulk dens
1.61 g cm−3 and a porosity of 0.42. The column was p
horizontally to minimize the gravity effects. All experi
were performed with sterile distilled deionized water (d
(pH = 7, ionic strength = 0.0001 M). A fresh colum
packed for each experiment. One set of experiment
performed with viruses and clay colloids separately in or
determine their individual transport characteristics. An
set of co-transport experiments was performed to inves
the effect of the presence of clay colloids on virus tran
Four sets of co-transport experiments were perfo
ΦX174-kaolinite, ΦX174-montmorillonite, MS2-kaolinit
MS2-montmorillonite. For each experiment, the clay co
suspension and the viral suspension were injected sim
neously into the packed columnat the same flow rate for
volumes (PVs), followed by 3 PVs of ddH2O. All experi
were performed at three different flow rates of 2.5, 1.
0.8 mL min−1, corresponding to pore water velocities o
0.74 and 0.38 cm min−1, respectively. All experiments
carried out at room temperature (25 °C). Chloride, in the
of KCl, was chosen as the conservative tracer for the tran
experiments. Detailed information about the experime
available in Syngouna and Chrysikopoulos (2013).

We assumed a two-site linear kinetic model for clay c
attachment to the solid grains, with a reversible an
irreversible site. Hence, our model with the set of Eqs. (1
(3a–c) for colloid transport, and Eqs. (7), (8), (11) and (1
for virus transport are used to fit the observed breakth
curves from the co-transport of colloids and viruses
saturated conditions with the initial and boundary cond
specified by Eqs. (15)–(22).

The steps followed for fitting the observed BTCs fro
co-transport experiments of Syngouna and Chrysikop
(2013) are briefly described here. For any flow rate, fir
pore-water velocity and the dispersion coefficient values
estimated by fitting the tracer breakthrough curve. Colloid
viruses were assumed to travel at the same velocity and
the same dispersion coefficient as the tracer during
individual and co-transport experiments. Next, the viru
colloid BTCs from the individual transport experiments
-
d
f
d
r
y
d
s
s
r

s

-
r
g
r
f
d
s
)
s
s
o
r
e
t.
:
d
l
-
e
s
d
,
e

t
s

d
n
d
)
h
r
s

e
s
e
e
d
e
h
d
e

ksc1 & kcs2), respectively. The colloid deposition paramet
the solid surface (kcs1, ksc1 and kcs2) were also estimated
the colloid BTC of the co-transport experiments. This al
us to determine the effect of the presence of viruses on c
deposition behavior. The parameters estimated by fittin
BTC of viruses from the individual transport experimen
and ksv) and colloids from the co-transport experimen
ksc1 and kcs2) were used as input while fitting the free viru
from co-transport experiments. The free virus BTC durin
co-transport experiments was fitted so as to estimate the
attachment and detachment rate coefficients for the m
and immobile colloids (kattmc, kattim, kdetmc, kdetim), ass
that the rate coefficients for virus interaction with the m
and immobile colloids are the same (kattmc = kattim, kde
kdetim). The parameters were estimated using Leven
Marquardt algorithm. Finally, knowing all parameter v
we used our model to obtain the total mobile virus BTC d
the co-transport experiments and compared our results
experimental data. The total mobile virus concentration
sum of the free virus concentration and the virus concent
attached to the mobile colloids (c + smccc).

Though we fitted the breakthrough curves of a
transport experiments at three different flow rates, he
show the verification for the flow rate of 0.8 mL min−1

Fig. 3 shows the observed and fitted BTCs of MS2, Φ
kaolinite and montmorillonite during the individual tran
experiments at Q = 0.8 mL min−1. It can be seen th
model fits the observed BTCs reasonably well. Fig. 4 show
observed and fitted BTCs of colloids and viruses during t
transport of ΦX174-kaolinite, ΦX174-montmorillonite,
kaolinite and MS2-montmorillonite at Q = 0.8 mL min−

fitted values of parameters at three different flow rat
given in Table 1. It can be seen from Fig. 4 that themodel r
are in good agreement with the observed data of colloid
viruses and total mobile viruses for all co-transport e
ments. Comparison of Figs. 3c, 4a and e show that the be
of kaolinite colloids in soil is significantly affected b
presence of the viruses. Similar results are obtaine
montmorillonite (compare Figs. 3d, 4c and g). In all
values of rate coefficients for colloid attachment to glass
are larger during co-transport experiments compared
transport of colloids alone. One hypothesis is that v
attached to glass beads reduce the negative charge of
surfaces. The zeta potentials of MS2 and ΦX174
−40.4 ± 3.7 mV, ΦX174: −31.78 ± 1.25 mV) ar
negatively charged than the glass beads (−54.6 ± 2.4 m
the chemical conditions used in Syngouna and Chrysikop
(2013). Hence, the viruses deposited onto the glass
enhance the favorability of colloid deposition onto the
beads. This justification is supported by experimental res
Yang et al. (2012) who observed from column experi
that the bacteria retention in quartz sand increased
presence of bentonite. Also, they observed that the ba
retentionwasmore in the case of sandwith attached ben
present on its surface initially but with no benton
suspension as compared to the case when the bentonit
present in the suspension but with no attached ben
present on the sand initially. The increased bacterial ret
in the case of sand with attached bentonite present



surface initially but with no bentonite in suspension might be
because of the enhanced attachment of bacteria to bentonite
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Fig. 3. Observed and fitted BTCs from Syngouna and Chrysikopoulos (2013) for (a) MS2, (b)ΦX174, (c) kaolinite and (d) montmorillonite during individual transport
experiments at Q = 0.8 mL min−1.
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already adsorbed to sand. As bentonite was found to b
negatively charged than the sand under the chemical c
tions used by Yang et al. (2012), the bentonite attached to
decreased the surface charge of sand making it less ne
and thus increasing the bacterial deposition onto sand
measured the zeta potential of the bacteria with and w
bentonite particles in suspension and found that bot
comparable, which indicated that the presence of benton
not have obvious influence on the electrokinetic proper
bacteria. The zeta potential of sand with attached ben
was less negative than without attached bentonite, indi
that the attachment of bentonite onto quartz sand decr
the surface charge of quartz sand. From Figs. 3 and 4, it c
seen that both the MS2 and ΦX174 retention increases
presence of clay colloids due to (i) the attachment of viru
mobile and immobile colloids and (ii) increased attachm
clay colloids to grain surface in the presence of vi
Recently, Katzourakis and Chrysikopoulos (2014) teste
accuracy of their three dimensional model for the co-tran
of colloids and viruses in water saturated porous med
fitting the experimental data of Syngouna and Chrysikop
(2013). The model of Katzourakis and Chrysikopoulos (
differs from our model due to the following reasons: (1)
attachment to the irreversibly deposited colloidswas neg
in Katzourakis and Chrysikopoulos (2014) whereas our m
accounts for that; (2) Katzourakis and Chrysikopoulos (
included virus inactivation terms in their model where
have not considered the virus inactivation in the model
duration of the experiments modeled in this study (Syn
and Chrysikopoulos, 2013, 2015; Walshe et al., 2010) ar
s
-
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the colloid concentration in the mobile and immobile p
As colloid concentration is usually much larger than the
concentration (Syngouna and Chrysikopoulos, 2013,
Walshe et al., 2010), we assumed in this paper also that
attachment to colloids is not limited by the colloid conc
tion. Because of the above differences in the two mode
estimated parameter values are also different betwee
model and that of Katzourakis and Chrysikopoulos (2014

4.2. Simulation of experiments of Walshe et al. (2010)

Walshe et al. (2010) studied the co-transport of kao
and bacteriophage MS2 in a 2-m long column with an in
diameter of 19 cm, packed with heterogeneous gravel a
materials under saturated conditions. The packed colum
an effective porosity of 0.26, a bulk density of 1.91 g cm−3

pore volume of 15 L. Tapwater, which is untreated groun
ter sourced from deep alluvial gravel aquifers, was used
background electrolyte. A series of column experiments
conducted to investigate virus transport in the absenc
presence of kaolinite aswell as the impact of pH, ionic str
dissolved organic matter, and flow rate on the co-transp
viruses and kaolinite. All experiments were carried ou
temperature of about 18 °C. The base case experimen
carried out to study virus transport with and without kao
colloids in unmodified tapwater (pH 7.5, ionic str
1.65 mM, and dissolved organic matter b 0.1 mg L−1

flow rate of 104 mL min−1. For the co-transport experim
the solution containing kaolinite andMS2wasmixed ove
in the dark to ensure the maximum attachment of MS2



to kaolinite prior to the injection of the solution into the
column. The injection solutions contained approximately

ratio
in th

influent). After the injection of one PV of the colloid–virus
solution, the column was flushed with tapwater for two PVs,
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Fig. 4.Observed and fitted BTCs of colloids (left column) and viruses (right column) during co-transport experiments from Syngouna and Chrysikopoulos (2013) for (a,
b)ΦX174-kaolinite, (c, d)ΦX174-montmorillonite, (e, f) MS2-kaolinite, and (g, h) MS2-montmorillonite at Q= 0.8 mL min−1. (Free virus (fitted): The observed free
virus BTC from the experiments is fitted with our model, Total mobile virus (simulated): Total mobile virus BTC is predicted using the parameter values estimated by
fitting the free virus BTC).
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300mg L−1 kaolinite andMS2 phagewith a total concent
of 1000 pfu mL−1 (free MS2 +MS2 attached to colloids
n
e

which did not contain any colloids or viruses. Be
experiments the column was thoroughly flushed with n



Table 1
Fitted values of model parameters for the experimental data of Syngouna and Chrysikopoulos (2013)a.

Q (mL min−1) Experiment Individual transport Co-transport

Virusb Colloidc Colloidd Viruse

kvs
(min−1)

ksv
(min−1)

R2 kcs1
(min−1)

ksc1
(min−1)

kcs2
(min−1)

R2 kcs1
(min−1)

ksc1
(min−1)

kcs2
(min−1)

R2 kattmc

(min−1)
kdetmc

(min−1)
R2 (free virus)

0.8 ΦX174-kaolinite 0.0041 0.01 0.94 0.015 0.0294 0.0096 0.97 0.045 0.187 0.026 0.92 0.0027 ~0 0.87
(0.0008) (0.003) (0.001) (0.003) (0.0002) (0.04) (0.1) (0.0005) (0.0002)

ΦX174-montmorillonite 0.0041 0.01 0.94 0.0194 0.0322 0.0055 0.98 0.011 0.0085 0.011 0.89 0.0036 ~0 0.92
(0.0008) (0.003) (0.001) (0.002) (0.0001) (0.001) (0.003) (0.001) (0.0002)

MS2-kaolinite 0.0079 0.0007 0.86 0.015 0.0294 0.0096 0.97 0.014 0.02 0.012 0.84 0.055 0.37 0.92
(0.0008) (0.0004) (0.001) (0.003) (0.0002) (0.002) (0.006) (0.0006) (0.02) (0.05)

MS2-montmorillonite 0.0079 0.0007 0.86 0.0194 0.0322 0.0055 0.98 0.024 0.038 0.0123 0.98 0.005 0.014 0.82
(0.0008) (0.0004) (0.001) (0.002) (0.0001) (0.002) (0.004) (0.0001) (0.002) (0.005)

1.5 ΦX174-kaolinite 0.0049 0.02 0.82 0.022 0.052 0.012 0.98 0.03 0.063 0.025 0.97 0.011 0.0015 0.54
(0.002) (0.016) (0.001) (0.004) (0.0002) (0.004) (0.01) (0.0006) (0.002) (0.0016)

ΦX174-montmorillonite 0.0049 0.02 0.82 0.015 0.036 0.0098 0.98 0.144 0.14 0.032 0.92 0.0069 0.0006 0.65
(0.002) (0.016) (0.0009) (0.004) (0.0003) (0.036) (0.036) (0.0007) (0.001) (0.001)

MS2-kaolinite 0.0088 0.00055 0.86 0.022 0.052 0.012 0.98 0.003 0.0086 0.012 0.96 0.014 ~0 0.36
(0.001) (0.001) (0.001) (0.004) (0.0002) (0.002) (0.01) (0.002) (0.001)

MS2-montmorillonite 0.0088 0.00055 0.86 0.015 0.036 0.0098 0.98 0.006 0.02 0.015 0.97 0.01 0.0014 0.76
(0.001) (0.001) (0.0009) (0.004) (0.0003) (0.001) (0.01) (0.001) (0.0009) (0.0009)

2.5 ΦX174-kaolinite 0.0085 0.035 0.22 0.0016 0.0057 0.0034 0.98 0.008 0.046 0.047 0.89 0.012 ~0 0.8
(0.027) (0.056) (0.018) (0.09) (0.018) (0.005) (0.08) (0.003) (0.0008)

ΦX174-montmorillonite 0.0085 0.035 0.22 0.018 0.054 0.016 0.94 0.017 0.11 0.03 0.98 0.01 ~0 0.93
(0.027) (0.056) (0.003) (0.02) (0.001) (0.004) (0.04) (0.0007) (0.0005)

MS2-kaolinite 0.044 0.146 0.95 0.0016 0.0057 0.0034 0.98 0.008 0.026 0.021 0.99 0.032 0.0003 0.43
(0.019) (0.05) (0.018) (0.09) (0.018) (0.0008) (0.01) (0.001) (0.003) (0.001)

MS2-montmorillonite 0.044 0.146 0.95 0.018 0.054 0.016 0.94 0.01 0.092 0.037 0.99 0.018 ~0 0.73
(0.019) (0.05) (0.003) (0.02) (0.001) (0.004) (0.04) (0.0005) (0.001)

a The standard errors associated with the estimated parameter values are given in parentheses.
b kvs and ksv obtained by fitting the virus BTC from individual transport experiments.
c kcs1, ksc1 and kcs2 obtained by fitting the colloid BTC from individual transport experiments.
d kcs1, ksc1 and kcs2 obtained by fitting the colloid BTC from co-transport experiments.
e kattmc and kdetmc obtained by fitting the free virus BTC from the co-transport experiments assuming kattmc = kattim and kdetmc = kdetim. The values of kcs1, ksc1 and kcs2 obtained by fitting the colloid BTC from co-transport

experiments and, kvs and ksv obtained by fitting the virus BTC from individual transport experiments were used as input for fitting the free virus BTC from the co-transport experiments.
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tapwater for about two days at the same flow rate. Detailed
information on column experiments is given by Walshe et al.
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(2010).
We assume a one-site linear kinetic model for ka

attachment to the gravel. Hence, the developedmodel wi
set of Eqs. (1) and (2) for colloid transport and Eqs. (7
(10) and (12) for virus transport are used to fit the obs
breakthrough curves from the co-transport of viruse
colloids under saturated conditions. As a pre-equilib
solution containing kaolinite and MS2 was applied a
column inlet, it is assumed that equilibrium was re
between the free MS2 and MS2 attached to the colloids
injection solution. Hence, the following boundary cond
for virus transport are used to model the experimental d
Walshe et al. (2010) for the co-transport experiments (
and Hornberger, 1996) along with Eqs. (16), (21) and (2

c 0; tð Þ ¼
kdetmcc0

0

kattmc þ kdetmc
t ≤ tin

0 t N tin

8<
:

smccc0 0; tð Þ ¼
kattmcc0

0

kattmc þ kdetmc
t ≤ tin

0 t N tin

8<
:

where c0
0
is the total virus concentration in the inj

solution which is the sum of concentrations of free virus
viruses attached to colloids in the injection solution. Eqs
(17) and (20) describe the initial and boundary conditio
the colloid transport.

The steps followed for fitting the observed BTCs fro
co-transport experiments of Walshe et al. (2010) are
described here. The pore-water velocity and the dispe
values were estimated by Walshe et al. (2010), based o
normalized first and second moment of the Bromide BT
used those values to calculate the dispersion coeffici
viruses and colloids, given asDL

c ¼ DL ¼ αLv, whereαL [L]
dispersivity of the tracer. First, we used our model to
virus BTC in the absence of colloids in order to estima
pore-water velocity of viruses (v) (in case the viruse
observed to travel faster than the tracer), virus attachmen
and detachment (ksv) rate coefficients for the solid su
Since no BTC of colloids in the absence of viruses was gi
Walshe et al. (2010), next we fitted the colloid BTC duri
co-transport experiments so as to estimate the pore-
velocity of kaolinite (vc) (kaolinitewas observed to travel
than the tracer in all experiments) as well as ka
attachment and detachment rate coefficients for the
surface (kcs and ksc). The parameters estimated by fittin
virus BTC from individual transport experiments (v, kvs an
and colloid BTC from the co-transport experiments (vc, k
ksc) were used as input while fitting the free virus BTC fro
co-transport experiments. Afterwards, the free viru
during the co-transport experiments was fitted so
estimate the virus attachment and detachment rate coeffi
for mobile and immobile colloids (kattmc, kattim, kdetmc, k
assuming the same rate coefficient for virus interaction
the mobile and immobile colloids (kattmc = kattim, kde
kdetim). Knowing all parameter values, we simulated the
mobile virus BTC during the co-transport experiments.
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MS2 breakthrough curves during the co-transport base
experiment. Fig. 5a, c and d show that in the presen
kaolinite, virus retention significantly increases. This is m
due to the attachment of MS2 to mobile and imm
kaolinite, which in turn gets retained inside the column
both MS2 and kaolinite are found to travel faster tha
tracer. The optimized parameter values are given in Ta
Fig. 5 shows that our model results fit the observed BTC
individual (Fig. 5a) as well as co-transport (Fig. 5b
c) experiments reasonably well. Also Fig. 5d shows that
is a good agreement between the observed and simulate
mobile virus BTCs.

Fig. 6 together with Fig. 5 show the effect of pH on t
transport of MS2 and kaolinite. The BTC of MS2 in the ab
of kaolinite was given only for the base case (pH = 7
Walshe et al. (2010). Hence for the other experim
conditions, we first fitted the kaolinite BTC during th
transport experiments so as to estimate the kaolinite tran
and deposition parameters (vc, kcs and ksc). Then, the fre
BTC during the co-transport experiments was fitted so
estimate the four unknown virus deposition parameters,
grain surface (kvs and ksv) and on colloids (kattmc =
kdetmc= kdetim). Finally, we simulated the totalmobile viru
during the co-transport experiments. The observed an
fitted BTCs for MS2 and kaolinite at pH = 6.5 and pH
during the co-transport experiments are given in Fig. 6. Fi
6a, and c show that our model quite well fitted the ka
BTCs at all pH values. It must be noted that the fitted val
kcs (dictated by the BTCs) decrease with decreasin
(Table 2). This is an unexpected trend because a decre
pH (from 7.5 to 6) shall lead to a decrease in the ne
surface charge of kaolinite (as the isoelectric point of ka
is reported to be 2.1) (See Chrysikopoulos and Syng
2012). At low negative surface charge, greater will b
retention of kaolinite, and hence larger kcs values are exp
Walshe et al. (2010) do not provide an explanation fo
unexpected trend in kaolinite retention with decreasing

In contrast to the observation of decreased colloid ret
in the porous medium with decreasing pH, the MS2 ret
was observed to increase with decreasing pH. This can b
from Fig. 5c and d, and Fig. 6b and d which show that bo
free and the total mobile MS2 peak concentrations decr
with decreasing pH. Figs. 5c and 6b and d show that the
good correspondence between the observed free viru
(solid circles) and the fitted free virus BTC (solid line) wi
virus attachment rate coefficients increasing with decr
pH (Table 2). This is because as pH decreases, then MS2,
and kaolinite become less negatively charged, makin
conditions more favorable for MS2 attachment to grav
kaolinite.

Fig. 7 together with Fig. 5 show the effect of ionic str
on the co-transport ofMS2 and kaolinite. They show that
ionic strength increases, both the colloid and virus ef
concentrations decrease. It can be seen from Fig. 7a and
there is a good agreement between the observed and the
BTCs of kaolinite at different ionic strengths. Also, Fig. 7b
show that the fitted BTCs of free viruses (solid line) mat
observed free virus BTCs (solid circles) during the co-tran
experiments at different ionic strengths. Both the colloi



MS2 rate coefficients of attachment to the solid grains (kcs and
kvs) increase with increasing ionic strength (Table 2). This is

oubl
essed

making the conditions more favorable for kaolinite and MS2
attachment to the solid grains and also MS2 attachment to
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Fig. 5.Observed and fitted breakthrough curves for the base case experiment fromWalshe et al. (2010) for (a) MS2 in the absence of kaolinite, (b) kaolinite during the
co-transport experiment, (c) free MS2 during the co-transport experiment and (d) total mobile MS2 during the co-transport experiment. (Free virus (fitted): The
observed free virus BTC from the experiments is fitted with our model, Total mobile virus (simulated): Total mobile virus BTC is predicted using the parameter values
estimated by fitting the free virus BTC).
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because as the ionic strength increases, the diffuse d
layers around the gravel, kaolinite and MS2 get compr

Table 2

Fitted values of model parameters for the experimental data of Walshe et al.

Experiment Tracerb Colloidc

pH v
(cm min−1)

DL

(cm2 min−1)
vc
(cm min−1)

kcs
(min−1)

7 (base case) 1.417 21.26 2.587 0.0321
(0.06) (0.0008)

6.5 1.533 23.0 2.56 0.015
(0.05) (0.0004)

6 1.517 21.233 2.702 0.0129
(0.1) (0.0009)

Ionic strength (cacl2)
0 (base case) 1.417 21.26 2.587 0.0321

(0.06) (0.0008)
0.54 mM 1.517 19.717 3.041 0.047

(0.26) (0.004)
0.72 mM 1.517 24.267 1.915 0.057

(0.06) (0.002)

a The standard errors associated with the estimated parameter values are g
b v and DL from Walshe et al. (2010).
c vc, kcs and ksc obtained by fitting the colloid BTC from co-transport experi
d For the base case experiment, v, kvs and ksvwere obtained by fitting the vi

the free virus BTC from the co-transport experiments assuming kattmc = kattim
transport experiments and, v, kvs and ksv obtained byfitting the virus BTC from
co-transport experiments. For the other experiments, kvs, ksv, kattmc and kdetmc

kattmc = kattim and kdetmc = kdetim. The values of vc, kcs and ksc obtained by fitt
virus BTC from the co-transport experiments.
e
,

kaolinite. Table 2 shows that kattmc decreases with incr
ionic strength, which is not expected. Figs. 6b and 7d show

a
(2010) .

Virusd

ksc
(min−1)

R2 v
(cm min−1)

kvs
(min−1)

ksv
(min−1)

kattmc

(min−1)
kdetmc

(min−1)
R2(free
virus)

0.00055 0.98 1.872 0.0033 0.0108 0.0025 0.0007 0.76
(0.00005) (0.09) (0.001) (0.004) (0.0005) (0.0001)
0.0002 0.98 1.533 0.0079 0.028 0.0102 0.00197 0.96
(0.0001) (0.02) (0.2) (0.03) (0.006)
0.0007 0.94 1.517 0.143 0.012 0.047 0.0366 0.78
(0.0002) (0.78) (0.09) (0.42) (0.47)

0.00055 0.98 1.872 0.0033 0.0108 0.0025 0.0007 0.76
(0.00005) (0.09) (0.001) (0.004) (0.0005) (0.0001)
0.00057 0.79 1.517 0.004 0.001 0.0015 0.0003 0.69
(0.0001) (0.03) (0.06) (0.02) (0.003)
0.00029 0.98 1.517 0.0379 0.004 0.00036 0.0018 0.76
(0.00003) (0.1) (0.08) (0.1) (0.5)

iven in parentheses.

ments.
rus BTC from individual transport experiments. Then, kattmc and kdetmc obtained by fitting
and kdetmc = kdetim. The values of vc, kcs and ksc obtained byfitting the colloid BTC from co-
individual transport experimentswere used as input forfitting the free virus BTC from the
were obtained by fitting the free virus BTC from the co-transport experiments assuming
ing the colloid BTC from co-transport experiments were used as input for fitting the free
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Fig. 7. Observed and fitted BTCs of kaolinite (left column) and MS2 (right column) during co-transport experiments from Walshe et al. (2010) at ionic strength =
0.54mMCaCl2 (a and b) and ionic strength= 0.72 mMCaCl2 (c and d). (Free virus (fitted): The observed free virus BTC from the experiments is fittedwith ourmodel,
Total mobile virus (simulated): Total mobile virus BTC is predicted using the parameter values estimated by fitting the free virus BTC).
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Fig. 6.Observed and fitted BTCs of kaolinite (left column) andMS2 (right column) during co-transport experiments fromWalshe et al. (2010) at pH=6.5 (a and b) and
pH=6 (c and d). (Free virus (fitted): The observed free virus BTC from the experiments is fittedwith ourmodel, Total mobile virus (simulated): Totalmobile virus BTC
is predicted using the parameter values estimated by fitting the free virus BTC).
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there is a mismatch between the observed (open squares) and
the simulated (dashed lines) total mobile virus BTCs. Based on
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the personal communications with the authors of Walshe
(2010), we know that the gravel used in packing the co
had native colloids present on it initially. The amou
resident colloids present on gravel packing is unknown
the same columnwas used for all the experiments. The re
colloid concentration would have certainly been affect
experimental changes of pH and ionic strength. These ch
could not be modeled in this study due to the lack of nec
information. Table 2 shows that except for the base
experiment, the standard errors of the estimated para
values describing virus deposition (kvs, ksv, kattmc and k
during the co-transport experiments are rather large
could be due to the lack of enough information fo
estimation of the four unknown parameters (kvs, ksv,
and kdetmc). We also observed that there is a strong corre
among the four estimated parameters.

4.3. Simulation of experiments of Syngouna and Chrysiko
(2015)

Syngouna and Chrysikopoulos (2015) studied the e
of clay colloids, kaolinite or montmorillonite, on
transport of bacteriophages, MS2 or ΦX174 in va
saturated porous media. The experiments were cond
in 15.2-cm long columns with 2.6 cm internal diam
packed with glass beads at two different satura
(1) fully saturated conditions, and (2) unsaturated c
tions (degree of saturation ~ 0.81–0.93). A fresh colum
packed for each experiment and the packed column
porosity of 0.42. A constant flow of 1.5 mL/min i
downward direction was maintained during the e
ments. The mean pH of the column influent rem
constant at 7.0 ± 0.2 for the duration of each experi
Two sets of experiments were performedwith viruses an
particles separately, in order to determine their indi
transport characteristics. Four sets of co-transport experi
(ΦX174-kaolinite,ΦX174-montmorillonite,MS2-kaolini
MS2-montmorillonite) were performed to investigat
effect of the presence of clay colloids on virus transpo
each experiment, the clay colloidal suspension and the
suspension were injected simultaneously into the p
column for three PVs, followed by three PVs of ddH2
experiments were carried out at the same flow rate a
room temperature (25 °C). Chloride, in the form of KC
chosen as the nonreactive tracer. Detailed information
the experiments is available in Syngouna and Chrysikop
(2015).

Deposition of clay colloids onto the solid grains
unsaturated conditions is modeled as a one-site linear k
process. Both the colloid and virus attachment to the AW
best described using a linear irreversible model. Henc
developedmodel, with the set of Eqs. (1), (2) and (4) for c
transport, and Eqs. (7), (8), (9), (10), (12) and (14) for
transport are used to fit the observed breakthrough c
from the co-transport of colloids and viruses under unsatu
conditions, with the initial and boundary conditions spe
by Eqs. (15)–(22). Under saturated conditions, a tw
kinetic model with a reversible and an irreversibl
describes colloid deposition onto the SWI. The values o
l.
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et al., 2008).
The steps followed for fitting the observed BTCs

the co-transport experiments of Syngouna and Chrysikop
(2015) under unsaturated conditions are the same a
described in Section 4.1 for those of Syngouna
Chrysikopoulos (2013). While fitting the virus BTC
individual transport experiments under unsaturated c
tions, the virus deposition parameters for the solid surfa
& ksv) and AWI (kva) were estimated. Similarly, the c
deposition parameters for the solid surface (kcs and ks
AWI (kca) were estimated from the colloid BTC of th
transport experiments. The parameters estimated by fitti
BTC of viruses from the individual transport experiment (
and kva), and colloids from the co-transport experiment (
and kca)were used as inputwhile fitting the free virus BTC
co-transport experiments under unsaturated condition
free virus BTC during the co-transport experiments was
so as to estimate the virus attachment and detachmen
coefficients for the mobile and immobile colloids (kattmc,
kattima, kdetmc, kdetim, kdetima), assuming that the rate coeffi
of virus interaction with the mobile and immobile colloi
the same (kattmc = kattim = kattima, kdetmc = kdetim = kd
Finally, knowing all parameter values, the total mobile
BTC during the co-transport experiments under unsatu
experiments was simulated and the results were compa
the experimental data.

Fig. 8 shows the observed and fitted BTCs for colloid
viruses during the co-transport ofΦX174 andmontmoril
under saturated and unsaturated conditions. The model
lines) fits the observed BTCs of colloids (open diamonds
free viruses (open squares) during the co-transport e
ments under both saturated (Fig. 8a and b) and unsatu
conditions (Fig. 8c and d) reasonably well. The correspo
values of fitted parameters are given in Table 3. Also, F
shows that the simulated (dotted line) and the observed
squares) total mobile virus BTCs matches well under un
rated conditions. Virus retention in porous media durin
transport experiments is greater under unsaturated cond
(Fig. 8d) as compared to the saturated conditions (Fig. 8b
is due to: (1) increased attachment of viruses and collo
the SWI, (2) virus attachment to the AWI, and (3
deposition of colloids with attached viruses on its surf
the AWI. The fitted values of parameters for the co-tran
experiments of MS2-kaolinite and MS2-montmorilloni
also given in Table 3.

5. Simulations for unsaturated conditions and
sensitivity analysis

In order to identify the most sensitive parameters aff
virus transport in the presence of colloids under unsatu
conditions, the mathematical model developed in the c
study is used to calculate the sensitivity index of v
parameters. This is done by performing a sensitivity anal
the model for 16 parameters, as shown in Table 4. The ra
parameter values are taken from the fitting of experim
data of Syngouna and Chrysikopoulos (2013), (2015
Walshe et al. (2010), presented in previous sections, an
from the literature (Anders and Chrysikopoulos, 2009; B



et al., 2006; Chu et al., 2001; Compere et al., 2001; Corapcioglu
and Choi, 1996; Lenhart and Saiers, 2002; Noell et al., 1998;
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Fig. 8.Observed and fitted BTCs of colloids (left column) and viruses (right column) from Syngouna and Chrysikopoulos (2015) during the co-transport ofΦX174 and
montmorillonite at saturated (a and b), and unsaturated (c and d) conditions. (Free virus (fitted): The observed free virus BTC from the experiments is fitted with our
model, Total mobile virus (simulated): Total mobile virus BTC is predicted using the parameter values estimated by fitting the free virus BTC).
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Saiers and Hornberger, 1996; Saiers and Lenhart, 2003; S
et al., 1998; Torkzaban et al., 2006a,b; Vasiliadou
Chrysikopoulos, 2011). During the sensitivity analysi
varied only one of the model parameters, keeping all
parameter values constant.We consider a finite columno
with uniform saturation and flow. Unless specified, para
values used in the simulations are the same as those gi
Table 5. In the simulations, the colloids and viruses are in
simultaneously and continuously for five PVs follow
flushing the column with a colloid-free and virus-free so
for another five PVs. The virus BTCs are presented in ter
concentrations of free virus (c/c0) as well as total mobile
((c + smccc)/c0).

Fig. 9 shows the BTCs of viruses and colloids from indi
transport simulations and co-transport simulations
saturated and unsaturated conditions for the parameter
given in Table 5. Our results prescribe that virus retention
absence of colloids is greater under unsaturated cond
compared to saturated conditions due to virus attachm
the AWI (Fig. 9a), which is expected. Similarly, the c
retention is greater under unsaturated conditions compa
saturated conditions due to colloid attachment to the
(Fig. 9b). Fig. 9c shows that the virus retention during t
transport experiments is greater under unsaturated cond
compared to the saturated conditions due to: (1)
attachment to the AWI and (2) attachment of colloids
attached viruses on its surface to AWI.
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concentration decreases with increasing kcs, kca and sc
and, as a result, the effluent total mobile virus concent
decreases. Also, thedifference between the totalmobile a
free virus concentration decreases with increasing kcs, k
sca(max) values. The opposite trend was observed with in
ing ksc and cc0.

The sensitivity analysis of the model to the param
describing virus interactions with the SWI and AWI rev
that both the free and the total mobile virus concentr
decrease with increasing kvs and kva values. Also, the diffe
between the total mobile and the free virus concentr
decrease with increasing kvs and kva values.

Regarding the parameters describing virus interaction
the mobile and immobile colloids, we find that the free
concentration decreases and the peak total mobile
concentration increases with increasing kattmc. Also
difference between the total mobile virus concentratio
the free virus concentration increases with increasing kat
exactly opposite trend was observed with increasing
values. The free virus and the peak total mobile
concentrations decrease with increasing kattim and
thereby reducing the difference between the total mobi
free virus peak concentrations. The opposite trend
observed with increasing kdetim and kdetima. Also, as
increases, the tail concentration in the free virus BTC dec
once the input pulse is stopped whereas the tail concent
in the totalmobile virus BTC increases due to the detachm



Table 3
Fitted values of model parameters for the experimental data of Syngouna and Chrysikopoulos (2015)a.

Experiment Degree of saturation
(%)

Individual transport Co-transport

Virusb Colloidc Colloidd Viruse

kvs
(min−1)

ksv
(min−1)

kva
(min−1)

R2 kcs1
(min−1)

ksc1
(min−1)

kcs2
(min−1)

kca
(min−1)

R2 kcs1
(min−1)

ksc1
(min−1)

kcs2
(min−1)

kca
(min−1)

R2 kattmc

(min−1)
kdetmc

(min−1)
R2 (free
virus)

ΦX174-montmorillonite 100 0.018 0.175 – 0.91 0.043 0.17 0.0038 – 0.99 0.046 ~0 ~0 – 0.77 0.0133 ~0 0.44
(0.016) (0.19) (0.004) (0.02) (0.0004) (0.003) (0.002)

83 0.197 1.05 0.0186 0.91 0.014 0.087 – 0.025 0.98 0.076 0.197 – 0.069 0.96 0.011 ~0 0.73
(0.2) (1.2) (0.001) (0.003) (0.03) (0.0007) (0.02) (0.06) (0.001) (0.001)

MS2-kaolinite 100 0.018 0.34 – 0.86 0.23 0.32 0.01 – 0.99 0.025 0.26 0.058 – 0.9 0.012 ~0 0.8
(0.04) (0.8) (0.02) (0.03) (0.0005) (0.01) (0.2) (0.001) (0.001)

83 0.016 0.205 0.0125 0.69 0.055 0.161 – 0.036 0.96 ~0 ~0 – 0.069 0.62 0.019 0.0014 0.58
(0.03) (0.5) (0.003) (0.009) (0.03) (0.0008) (0.004) (0.002) (0.003)

MS2-montmorillonite 100 0.018 0.34 – 0.86 0.043 0.17 0.0038 – 0.99 0.042 ~0 ~0 – 0.93 0.016 0.00055 0.88
(0.04) (0.8) (0.004) (0.02) (0.0004) (0.001) (0.009) (0.001)

81 0.016 0.205 0.0125 0.69 0.014 0.087 – 0.025 0.98 0.0059 0.045 – 0.072 0.93 0.0086 ~ 0 0.85
(0.03) (0.5) (0.003) (0.003) (0.03) (0.0007) (0.003) (0.07) (0.003) (0.0009)

a The standard errors associated with the estimated parameter values are given in parentheses.
b Parameters obtained by fitting the virus BTC from individual transport experiments.
c Parameters obtained by fitting the colloid BTC from individual transport experiments.
d Parameters obtained by fitting the colloid BTC from co-transport experiments.
e kattmc and kdetmc obtained by fitting the free virus BTC from the co-transport experiments assuming kattmc= kattim= kattima and kdetmc= kdetim= kdetima. The values of colloid deposition parameters obtained by fitting the colloid

BTC from co-transport experiments and virus deposition parameters obtained by fitting the virus BTC from individual transport experiments were used as input for fitting the free virus BTC from the co-transport experiments.

97
N
.Seetha

etal./JournalofContam
inantH

ydrology
181

(2015)
82–101



colloids from SWI, which had more virus attached on it. As
kattima increases, the tail concentration in free virus BTC
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Table 4
Range of parameter values for the sensitivity analysis.

Parameter Range

kcs (min−1) 5 × 10−4–0.1
ksc (min−1) 5 × 10−5–0.5
kca (min−1) 0.001–0.1
kvs (min−1) 10−5–0.01
ksv (min−1) 10−6–0.1
kva (min−1) 5 × 10−5–0.1
kattmc, kattim, kattima (min−1) 5 × 10−4–0.05
kdetmc, kdetim, kdetima (min−1) 10−4–0.1
sca (max) (mg/cm2 AWI) 10−8–0.001
sa (max) (pfu/cm2 AWI) 104–106

Cc0 (mg/mL) 10–100
Cv0 (pfu/mL) 105–1010
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decreases once the input pulse is stopped. As the colloi
irreversibly attached to the AWI, the tail concentration
total mobile virus BTC decreases with increasing kattima.

In order to quantitatively describe the effect of v
parameters on the virus transport in the presence of co
we have calculated the sensitivity index for each parame
follows (Hamby, 1994):

Sensitivity Index; SI ¼ cmax−cmin

cmax

where cmax and cmin are the maximum and the min
effluent concentration valueswhen varying the paramete
its entire range. Sensitivity index represents the perce
change in the output when varying one parameter fro
minimum to themaximum value. In order to study the ef
various parameters on different parts of the BTC, we calc
the SI at five different pore volumes: 1 (rising limb),
(plateau), 6 (declining limb), and 10 (tail). Fig. 10 shows the
sensitivity index of various parameters at those five pore

icient
most
virus
n this
e BTC.
ainly
nt to
obile
virus
SWI

sitive
sition
ortion
ant in

Table 5
Model parameters used in the simulation.

Parameter Value

Column length, L (cm) 30
Column diameter (cm) 2.5
Saturated water content, θs 0.375
Residual moisture content, θr 0.053
α (cm-1) 0.0352
n 3.17687
Degree of saturation (%) 60
Water content, θ 0.225
Flow rate, Q (mL min-1) 0.5
Darcy velocity, q (cm min−1) 0.1
Pore-water velocity, v (cm min−1) 0.45
Dispersivity, λ (cm) 0.4
Cc0 (mg/mL) 10
Cv0 (pfu/mL) 106

kcs (min−1) 0.005
ksc (min−1) 5 × 10−4

kca (min−1) 0.01
kvs (min−1) 10−4

ksv (min−1) 10−5

kva (min−1) 0.001
kattmc, kattim, kattima (min−1) 0.01
kdetmc, kdetim, kdetima (min−1) 5 × 10−4

sca (max) (mg/cm2 AWI) 10−4

sa (max) (pfu/cm2 AWI) 105

PV

Fig. 9. BTCs of (a) viruses during individual transport, (b) colloids during co-
transport and, (c) free and total mobile viruses during co-transport simulations
at saturated and unsaturated conditions.
volumes. It can be seen from Fig. 10 that the rate coeff
for attachment of viruses to the AWI, kva, is the
sensitive parameter affecting the free and total mobile
BTCs for the range of parameter values considered i
study and it has a significant effect on all parts of th
The free and the total mobile virus BTCs are m
influenced by parameters describing virus attachme
the AWI (kva), virus interactions with mobile and imm
colloids (kattmc, kattim, kattima, kdetmc, kdetim, kdetima),
attachment to SWI (kvs), and colloid interaction with
and AWI (kcs, ksc, kca). The virus BTC is relatively insen
to sca(max), cc0, ksv, sa(max) and cv0. The colloid depo
parameters have a significant effect only on the tail p
of the free virus BTC, whereas they become less signific
the tail portion of the total mobile virus BTC.



6. Conclusions
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Fig. 10. Sensitivity index of various parameters describing virus and colloid transport at different pore volumes for (a) free viruses and (b) total mobile viruses.
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We have developed a mathematical model to sim
the co-transport of viruses and colloids in unsaturated p
media under steady-state flow conditions. The gove
equations are solved numerically using an alternating
step operator splitting approach. Themodel is verified by
the experimental data of (1) Syngouna and Chrysikop
(2013) and (2) Walshe et al. (2010), who studied th
transport of viruses and clay colloids under saturated c
tions, and (3) Syngouna and Chrysikopoulos (2015) for t
transport of viruses and clay colloids under unsatu
conditions. Themodel results are found to be in good agree
with the observed BTCs under both saturated and unsatu
conditions. Following this, the developed model was us
simulate the co-transport of viruses and colloids in p
media under unsaturated conditions. The virus retention
presence of colloids is greater during unsaturated conditi
compared to the saturated conditions due to: (1)
attachment to the AWI, and (2) co-deposition of colloid
attached viruses on its surface to AWI. A sensitivity anal
the model to various parameters showed that the
attachment to the AWI is themost sensitive parameter aff
both the free and the total mobile virus BTCs for the ran
parameter values considered in this study and has a sign
effect on all parts of the BTC. The free and the total mobile
BTCs are mainly influenced by parameters describing
attachment to the AWI, virus interactions with mobil
e
s
g
-
g
s
-
-
-

t

s
e
s
s

f
s
g
f
t
s
s

insensitive to parameters describing the maximum adso
capacity of the AWI for colloids, inlet colloid concentration
detachment rate coefficient from the SWI,maximumadso
capacity of the AWI for viruses and inlet virus concentrat

Nomenclature
AAWI Specific area of the AWI [L2 L−3]
B(w, z) Beta function of w and z [–]
c Free virus concentration in the aqueous

[pfu L−3]
c0 Inlet free virus concentration [pfu L−3]
c0 0 Total virus concentration in the injection so

[pfu L−3]
cc Mass concentration of colloids in the aqueous

[ML−3]
cc0 Inlet colloid concentration [ML−3]
DL Dispersion coefficient of viruses [L2T−1]
DL

c Dispersion coefficient of colloids [L2T−1]
g Gravitational constant [LT-2]
Iu(w, z) Incomplete beta function of w and z
kattim Virus attachment rate coefficient for the imm

colloids at SWI [T−1]
kattima Virus attachment rate coefficient for the imm

colloids at AWI [T−1]
kattmc Virus attachment rate coefficient for the m

colloids [T−1]



kca Colloid attachment rate coefficient for AWI [T−1]
kcs Colloid attachment rate coefficient for SWI [T−1]
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kdetim Virus detachment rate coefficient from the imm
colloids at SWI [T−1]

kdetima Virus detachment rate coefficient from the imm
colloids at AWI [T−1]

kdetmc Virus detachment rate coefficient from the m
colloids [T−1]

ksc Colloid detachment rate coefficient from SWI [
ksv Virus detachment rate coefficient from SWI [T
kva Virus attachment rate coefficient for AWI [T−1

kvs Virus attachment rate coefficient for SWI [T−1

L Length of the column [L]
m van Genuchten water retention function para

[–]
n van Genuchten water retention function para

[–]
q Darcy flux [LT−1]
qc Darcy flux of colloids [LT−1]
s Virus concentration adsorbed to SWI [pfu M−

sa Virus concentration adsorbed to AWI [pfu L−2

sa(max) Maximum adsorption capacity of AWI for v
[pfu L−2]

sc Colloid mass fraction adsorbed to SWI [MM−1

sca Colloid concentration adsorbed to AWI [ML−2

sca(max) Maximum adsorption capacity of AWI for co
[ML−2]

SI Sensitivity Index [–]
sim Virus concentration attached to immobile collo

SWI [pfu M−1]
sima Virus concentration attached to immobile collo

AWI [pfu M−1]
smc Virus concentration attached to mobile colloid

M−1]
t Time [T]
tin Duration of the input pulse [T]
v Pore-water velocity [LT−1]
vc Pore-water velocity of colloids [LT−1]
z Spatial coordinate [L]
α van Genuchten water retention function para

[L-1]
ψc Langmuir blocking function for colloid attachm

the AWI [–]
ψv Langmuir blocking function for virus attachm

AWI [–]
ρ Density of water [ML−3]
ρb Bulk density of the porous medium [ML−3]
σ Surface tension of water [MT−2]
θ Water content [–]
θr Residual water content [–]
θs Saturated water content [–]
Θ Relative saturation [–]
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