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assumed to be decoupled from virus transport; that is, we assume that colloids are not affected by
the presence of attached viruses on their surface. The governing equations are solved numerically
using an alternating three-step operator splitting approach. The model is verified by fitting three sets
Keywords: of experimental data published in the literature: (1) Syngouna and Chrysikopoulos (2013) and
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M(’d?li“g (2) Walshe et al. (2010), both on the co-transport of viruses and clay colloids under saturated
Sﬁgampm conditions, and (3) Syngouna and Chrysikopoulos (2015) for the co-transport of viruses and clay

Colloid colloids under unsaturated conditions. We found a good agreement between observed and
fitted breakthrough curves (BTCs) under both saturated and unsaturated conditions. Then, the
developed model was used to simulate the co-transport of viruses and colloids in porous media
under unsaturated conditions, with the aim of understanding the relative importance of various
processes on the co-transport of viruses and colloids in unsaturated porous media. The virus
retention in porous media in the presence of colloids is greater during unsaturated conditions as
compared to the saturated conditions due to: (1) virus attachment to the air-water interface (AWI),
and (2) co-deposition of colloids with attached viruses on its surface to the AWI. A sensitivity analysis
of the model to various parameters showed that the virus attachment to AWI is the most sensitive
parameter affecting the BTCs of both free viruses and total mobile viruses and has a significant effect
on all parts of the BTC. The free and the total mobile viruses BTCs are mainly influenced by
parameters describing virus attachment to the AWI, virus interaction with mobile and immobile
colloids, virus attachment to solid-water interface (SWI), and colloid interaction with SWI and AWIL.
The virus BTC is relatively insensitive to parameters describing the maximum adsorption capacity of
the AWI for colloids, inlet colloid concentration, virus detachment rate coefficient from the SWI,
maximum adsorption capacity of the AWI for viruses and inlet virus concentration.

© 2015 Elsevier B.V. All rights reserved.

Unsaturated porous medium

1. Introduction zone through infiltration events, chemical perturbations,
weathering, biological activities etc. Because of their large

Colloids are abundant in the subsurface in both Organic surface area to volume ratioy they have Significant adsorp_
and inorganic forms such as clays, humic substances, metal tion capacity for a variety of contaminants such as metal ions
oxides and biocolloids. They get mobilized from the vadose (Grolimund et al., 1996; Pang and Simunek, 2006; Pang et al.,
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(Pang and Simunek, 2006; Vasiliadou and Chrysikopoulos,
2011; Yang et al,, 2012), viruses (Jin et al., 2000; Syngouna
and Chrysikopoulos, 2013, 2015; Walshe et al,, 2010) and
engineered nanoparticles (Cai et al,, 2014). Colloids have been
observed to act as carriers to transport contaminants. They
have been found to either enhance (Cai et al., 2014; Chen et al.,
2005; Flury and Qiu, 2008; Jin et al., 2000; Pang and Simunek,
2006; Saiers and Hornberger, 1996; Walshe et al., 2010) or
retard (Flury and Qiu, 2008; Syngouna and Chrysikopoulos,
2013; Vasiliadou and Chrysikopoulos, 2011; Walshe et al.,
2010; Yang et al., 2012) the movement of strongly adsorbing
contaminants in porous media depending on the relative
importance of the colloid and contaminant interactions with
the porous medium, and contaminant interaction with colloids.
Failure to account for the role of colloids in contaminant
transport can lead to serious underestimation or overestima-
tion of the travel distances of groundwater contaminants.
Groundwater gets contaminated with pathogenic bacteria,
viruses, and protozoa from various sources such as septic
tanks, leaking sewer lines, sanitary landfills, land application
of wastewater and treatment plant sludge, and artificial recharge
of groundwater. Viruses in groundwater are of major concern
because of their small size, high infectivity and persistence
(Hijnen et al, 2005; Schijven and Hassanizadeh, 2000;
Yates et al., 1985). A number of factors such as the flow
velocity (Hijnen et al.,, 2005; Keller et al., 2004; Syngouna and
Chrysikopoulos, 2012), solution chemistry (Bales et al., 1991;
Knappett et al., 2008; Loveland et al., 1996; Sadeghi et al., 2011,
2013; Zhuang and Jin, 2002; Zhuang and Jin, 2008), type
of virus (Chu et al, 2001; Syngouna and Chrysikopoulos,
2012; Zhuang and Jin, 2002), temperature (Yates et al,, 1985),
grain size and shape (Knappett et al., 2008; Syngouna and
Chrysikopoulos, 2012), soil surface characteristics (Chu et al.,
2001; Zhuang and Jin, 2002), degree of water saturation
(Anders and Chrysikopoulos, 2009; Chu et al., 2001; Torkzaban
et al, 2006a,b), and presence of colloids (Jin et al, 2000;
Syngouna and Chrysikopoulos, 2013, 2015; Walshe et al., 2010)
have been found to affect virus transport in porous media.
Syngouna and Chrysikopoulos (2013) and Walshe et al. (2010)
conducted column experiments to study the co-transport
of viruses and clay colloids under saturated conditions. They
observed that colloids can either enhance or retard the
transport of viruses depending on the relative importance of
the interaction of the colloid and the virus with the porous
medium and virus-colloid interactions. Also, virus retention in
porous media increases in the presence of clay colloids because
of the retention of some clay-bound viruses in the column
due to colloid attachment to the grain surface (Syngouna and
Chrysikopoulos, 2013, 2015; Walshe et al, 2010). Many
researchers have studied the effect of the degree of water
saturation on virus (and colloid) transport in porous media
(Anders and Chrysikopoulos, 2009; Chu et al., 2001; Saiers and
Lenhart, 2003; Torkzaban et al., 2006a,b; Wan and Wilson,
1994a). They observed that the virus (and colloid) retention in
porous media increases as the degree of saturation decreases
due to: (i) the attachment of the virus (and colloid) to the
air-water interface (AWI) and (ii) the increased deposition
at the solid-water interface (SWI) caused by the reduced
diffusion length at low water contents. Similar results were
found in colloid transport experiments in micromodels under
two-phase flow, performed recently by Zhang et al. (2013a,b).

The effect of the presence of colloids on virus transport
in saturated soil and the influence of the degree of water
saturation on virus transport in unsaturated porous media
have been widely studied separately from each other. Recently,
Syngouna and Chrysikopoulos (2015) conducted column ex-
periments to study the co-transport of viruses and clay colloids
under unsaturated conditions. They observed that there is
more virus retention in porous media in the presence of clay
colloids during unsaturated conditions as compared to the
saturated conditions.

Many researchers have developed mathematical models
to simulate the colloid- or bacteria-associated transport of
contaminants in porous media under saturated conditions
(Corapcioglu and Jiang, 1993; Corapcioglu and Kim, 1995;
Jiang and Corapcioglu, 1993; Kanti Sen et al., 2004; Kim and
Corapcioglu, 1996; Saiers and Hornberger, 1996; van de Weerd
and Leijnse, 1997) as well as variably saturated conditions
(Choi and Corapcioglu, 1997; Massoudieh and Ginn, 2007;
Simunek et al., 2006, 2012). Also, contaminant transport
in porous media, in the presence of both bacteria and
colloids, has been modeled by Bekhit et al. (2009), Kim and
Corapcioglu (2002a,b) and Kim et al. (2003). The above
models describe the transport of dissolved contaminants such
as metal ions, organic matter, pesticides, radionuclides etc. in
the presence of colloids or bacteria. One major difference
between transport of dissolved contaminants and viruses
under unsaturated conditions is that dissolved contaminants
do not directly interact with the AWI under unsaturated
conditions. But, viruses are themselves colloids and hence,
they may have interactions with the SWI and AWI. Hence,
the previously published colloid-facilitated contaminant
transport models cannot be applied to simulate the co-transport
of viruses and colloids under unsaturated conditions. Vasiliadou
and Chrysikopoulos (2011) and recently, Katzourakis and
Chrysikopoulos (2014) developed models to simulate the
co-transport of bacteria and colloids, and viruses and colloids,
in saturated porous media.

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

2. Mathematical model

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



84 N. Seetha et al. / Journal of Contaminant Hydrology 181 (2015) 82-101

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

2.1. Colloid transport

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

6(6cc) asc a(AAWISca)_ a ¢ acc _a(qccc)
at Pea T o ‘a‘:(DL 0 ) 3z M

0z

where, c. [ML ™3] is mass concentration of colloids in the aqueous
phase (mass of colloids per unit volume of aqueous phase), s.

[MM™1] is the colloid mass fraction adsorbed to SWI (mass
of colloids per unit mass of soil), s, [ML™2] is the colloid
concentration adsorbed to AWI (mass of colloids per unit area
of AWI), 6 is the water content, p, [ML™ 3] is the bulk density of
the porous medium, Aaw; [L?> L™3] is the specific area of the
AWI, D [L2T~ '] is the dispersion coefficient of colloids, . = 6v,
[LT~ '] is the Darcy flux of colloids, v [LT~'] is the pore-water
velocity of colloids, z [L] is the spatial coordinate and ¢ [T] is the
time.

Colloid deposition onto the SWI is assumed to be described
by either a one-site linear reversible kinetic model (Corapcioglu
and Choi, 1996; Noell et al., 1998; Vasiliadou and Chrysikopoulos,
2011) or a two-site kinetic model with site-1 being reversible
and site-2 being irreversible (Compere et al., 2001; Yan, 1996).
The corresponding mass balance equations for colloid adsorption
to SWI with one-site (Eq. (2)) and two-site (Eq. (3a—c)) kinetic
models are:

0s,

Pp a_tc = kO —kscPpSc (2)
0s,

Pp a—? = kcsl bc, _kscl PbSc1 (33)
0s,

Pp TE.Z = ks, 0c, (3b)

% _ ascl + ascz
ot ot ot
where the subscripts 1 and 2 refer to sites 1 and 2, respectively,

kes [T7'] and ks [T™'] are the colloid attachment and
detachment rate coefficients for SWI, respectively.

(30)

Fig. 1. Schematic representation of unsaturated porous medium with colloids and viruses.
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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.)

Pore-scale visualization studies (Sirivithayapakorn and
Keller, 2003; Wan and Wilson, 1994b) have observed that the
colloids are retained irreversibly at the AWI by the capillary
forces under steady-flow conditions. The mass balance equa-
tion for colloid deposition onto AWI, assuming a second-order
irreversible kinetic model with blocking (Corapcioglu and Choi,
1996; Lenhart and Saiers, 2002; Saiers and Lenhart, 2003),
is given as:

a(AAWI Sca)

ot (4)

= kcagcclpc
where ke, [T~!] is the colloid attachment rate coefficient

for AWI, = Swmw “a s the Langmuir blocking function
C

Sca(max)

representing the fraction of the AWI available for colloid
deposition and Scq(max) [ML™?] is the maximum adsorption
capacity of AWI for colloids. The specific AWI area, Aawy is
calculated using the formula derived by Cary (1994) (based
on the capillary tube analogy) expressed in terms of the van
Genuchten water retention function parameters as given in
Niemet et al. (2002) (Kim et al., 2008):

pgnm

Apwi o a (w,2)[1=1,(w,2)] (3)
_ pl/m _6—06, 1 .. 1
u==0 Ofes_er w=m—— zfl+n (6)

where p [ML™3] is the density of water, g [LT?] is the
gravitational constant, o [MT~2] is the surface tension of

water, m [-], n [-] and o [L™!] are the van Genuchten water
retention function parameters, B(w, z) represents the beta
function of w and z, I,,(w, z) is the incomplete beta function
of w and z, © is the relative saturation, 6 is the saturated
water content and 0, is the residual water content.

2.2. Virus transport

The governing equation for virus transport in an unsaturat-
ed porous medium accounting for virus deposition onto the
SWI and AWI and virus attachment to mobile and immobile
colloids is given as:

6(96> 0s a(AAWISu) a(osmccc) a<simsc> a(AAWISimuSm)
a Par a o b o at )
_ a Bc a c a(smccc) _ a(qc) _ a(qcsmccc)
oz (DLOE) Tz (DL =% > 0z 0z

where, ¢ [pfu L™3] is free virus concentration in the aqueous
phase (number of viruses per unit volume of aqueous phase),
s [pfu M~'] is the virus concentration adsorbed to SWI
(number of viruses per unit mass of dry soil), sq [pfu L™2] is
the virus concentration adsorbed to AWI (number of viruses
per unit area of AWI), Spe [pfu M1, sim [pfu M~ 1] and Sjpq
[pfu M~!] are the virus concentrations attached to mobile
colloids, immobile colloids at SWI and immobile colloids at
AW]I, respectively (number of viruses per unit mass of mobile
or immobile colloids), D, [L?T~'] is the dispersion coefficient
of viruses, ¢ = 6v [LT™ !] is the Darcy flux and v [LT™ ] is the
pore-water velocity.
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Virus deposition onto the SWI is assumed to be described by
a linear reversible kinetic model (Anders and Chrysikopoulos,
2009; Chu et al., 2001; Torkzaban et al., 2006a,b):

0s
Pp ot = kys0c—Kkg,ppS 8)

where ks [T™'] and kg, [T™'] are the virus attachment and
detachment rate coefficients for SWI. The mass balance equation
for virus attached to AWI, assuming a second-order irreversible
kinetic model with blocking (Chu et al,, 2001), is given as:

0AwiSa) _
T - kvagapv (9)

where k,, [T~ ] is the virus attachment rate coefficient for AWI,
Y, = Same0 "% s the Langmuir blocking function for virus

Sa(max)
attachment to AWI, representing the fraction of the AWI
available for virus deposition and Sqmax) [pfu L72] is the
maximum adsorption capacity of AWI for viruses.

Virus interaction with mobile and immobile colloids is
assumed to be described by a linear reversible kinetic model.
The mass balance equations for viruses attached to the mobile
colloids in case of one-site (Eq. (10)) and two-site (Eq. (11))
kinetic models for colloid interaction with the SWI can be
written as:

a(gsmccc) 3 <DL696(5mcCc)> _ a(chmcCc)

a0z 0z oz
+ kattmcec_ kdelmcgsmc Cc— kcs Osmccc
+ kscpbscsim_kcagsmcccdjc (10)

oz 3z z + KaemcfC

- kdetmc 6Smccc - kcsl Bsmc Cc+ kscl PbSc1Sim1
- kcsZ Osmccc - kca 65mcccll’c

a(esmccc) a <DLCea(SmcCc)> _ a(QcSmcCc)
(11)

3. Solution of the governing equations

where Kaeme [T7'] and Kgeane [T ] are the virus attachment
and detachment rate coefficients for the mobile colloids. The
mass balance equation for viruses attached to immobile
colloids at SWI corresponding to one-site (Eq. (12)) and two-
site (Eq. (13a-b)) kinetic models for colloid interaction with
the SWI is given as:

a(simlsc])

Pp ot = kam’mec_ kde[impbsiml Sc1

+ kcsl Bsmccc_ksclpbsimlscl (12)

a(simlsd) —k

Pp ot atﬁmec—kdeu'mpbsimlsd
+ kcsl Gsmccc_ksclpbsimlscl (133)
0(SimaS
Pp % = katu‘mec_kdetimpbsimzscz + kcs205mccc (13b)
a(simsc) a(simlscl) a(sim2sc2)
= 13
ot a o (130

where Kaerim [T~ ] and kgegim [T~ 1] are the virus attachment and
detachment rate coefficients for immobile colloids at SWI. The
mass balance equation for viruses attached to the immobile
colloids at the AWI is given as:

a(AAWIsimasca)

ot = kam’maec_kden’maAAWlSimaSca + kcaelw[’csmccc (]4)

where Kqgima [T~ '] and Kgegima [T~ '] are the virus attachment
and detachment rate coefficients for immobile colloids at AWI.

Egs. (1)-(4) and (7)-(14) constitute the complete set of coupled equations governing the co-transport of colloids and viruses in an
unsaturated porous medium. They comprise nine equations for nine variables (c, S, Sca, G, S, Sa» Sme Sim and Simg) in case of a one-site
kinetic model for SWI colloid attachment and eleven equations in terms of eleven variables (c¢, S¢1, Sc2, Scar G, S» Sa Sme» Sim1 Simz aNd Sima)
in case of a two-site kinetic model for SWI colloid attachment. The complete set of governing Eqs. (1)-(4) and (7)-(14) are solved

subject to the following initial and boundary conditions:
CC(Z, 0) = SC(Z, 0) = Sm(Z, 0) =0

€(z,0) = 5(2,0) = 54(2,0) = Spc(2,0) = (2, 0) = Sjpyq(2,0) = 0
_JCo t< tin
CC(O7 t) - { O t> tin

e tst
c(07t)7{0 iy

SmcCc(0,8) =0

de, B
R Ln=0

Jc

5 Ln=0

(15)
(16)

(17)

(18)

(19)

(20)

(1)
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0ScC,

57 (L,t)=0 (22)
where c.o and cg are the inlet colloid and free virus concentrations, respectively, t;, is the duration of the input pulse and L is the
length of the column. Egs. (15) and (16), respectively, indicate that there is no colloid and virus concentrations present inside
the column initially. Eqs. (17) and (18), respectively, are the Dirichlet boundary conditions for colloid and virus concentrations
at the inlet of the column. Eq. (19) implies that there are no viruses attached onto the mobile colloids entering at the inlet.
Egs. (20), (21) and (22) represent the Neumann type boundary conditions for aqueous phase colloids, free viruses, and viruses
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 colloid
transport are solved first at every time step and then virus transport equations are solved. The governing equations are solved
numerically using an alternating three-step operator splitting approach (Barry et al., 2000; Gasda et al., 2011; Kaluaracbchi and Morshed,
1995) which allows splitting the coupled set of governing equations into advection, dispersion, and reaction operators which are then
solved sequentially over the first half of each time step with the order of the solution of the advection, dispersion and reaction operators
switched in the second half of the time step. The solution from one operator forms the initial condition for the following operator.
Operator splitting method offers the flexibility of choosing the numerical scheme best suited for the solution of each operator. In this
study, we use an explicit finite volume method based on Monotone Upwind Schemes for Conservation Laws to solve advective part
which is globally second-order accurate and non-oscillatory (Putti et al., 1990; Ratha et al., 2009; Soraganvi and Mohan Kumar, 2009). We
use a second-order Godunov-type scheme with a minmod limiter for the piecewise linear interpolation of concentration in each cell for
calculating the advective flux at the cell interfaces, and Hancock's scheme for time splitting which is a two-step second-order accurate
explicit scheme (Putti et al., 1990; Ratha et al., 2009; Soraganvi and Mohan Kumar, 2009). The stability of the above scheme depends on
Courant number, ¢, = %4, which should be less than or equal to one. The dispersive part is solved using a fully implicit finite difference
method, and the reaction part using a fourth-order Runge-Kutta method. The uncoupled equations corresponding to colloid transport for
one-site kinetic model for colloid attachment to the SWI and the sequence of solving them during the first half of each time step are:

Advective transport : % _ @) (23)

0z
Dispersive transport : a(g?) = % <DLCG %) (24)
d(6c
% = _kcsecc + kscpbsc_l(caecc¢c
Reaction : { p, % = kes0Cc—KseppSc (25)
d(AgwiS
( A(\;\;l ca) _ kcaeccd]c

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

Advective transport for viruses attached to mobile colloids : a(GSa”ECC‘) =— a(qCES);CCC) (26)
Dispersive transport for viruses attached to mobile colloids : % = % <DLCG %) (27)
. . . a(6c) a(qc)
Advective transport for free viruses in aqueous phase : B TR (28)
Dispersive transport for free viruses in aqueous phase : % = % (DLO %) (29)
d(6c)
T = _kvsec + ksva—kmOCl,bv—kammGC + kdermcesmccc_kuttimec + kden’mpbsimsc_kam‘maec + kden’maAAWISimaScu

ds
Py ¢ = kys0c—kgpps
d(AswiS
( /:1‘/;” a) = kvaearl’v
d(6s,,.c.)
( dn;c = katuncoc_kdetmcesmccc_kcsesmccc + kscpbscsim_kcaesmcccl//c

d(SimSc)
Pp % = kaltimecfkderimpbsimsc + kcsesmcccfkscpbsimsc

d(AAWlsimasca)
dt

Reaction :

= kam’magc_kdetimuAAWIsimasca + kcaelljcsmccr

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

The model developed is verified using the column experi-
mental data of (1) Syngouna and Chrysikopoulos (2013) and
(2) Walshe et al. (2010) who studied the co-transport of
viruses and clay colloids in porous media under saturated
conditions, and (3) Syngouna and Chrysikopoulos (2015) for
the co-transport of viruses and clay colloids in partially
saturated porous media. The model verification also provided
us the range of values of the parameters describing virus
attachment and detachment rate coefficients with the colloids
(kattmc- katrimv katn’mav kdem‘wv kdetim- kdetima) to be used for
unsaturated virus transport simulations.

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

Syngouna and Chrysikopoulos (2013) studied the co-
transport of bacteriophages, MS2 or ®X174 with kaolinite or
montmorillonite under saturated conditions in a 30-cm long
column with 2.5 cm diameter, packed with 2-mm diameter
glass beads. The packed column had a bulk density of
1.61 g cm™> and a porosity of 0.42. The column was placed
horizontally to minimize the gravity effects. All experiments
were performed with sterile distilled deionized water (ddH,0)
(pH = 7, ionic strength = 0.0001 M). A fresh column was
packed for each experiment. One set of experiments was
performed with viruses and clay colloids separately in order to
determine their individual transport characteristics. Another
set of co-transport experiments was performed to investigate
the effect of the presence of clay colloids on virus transport.
Four sets of co-transport experiments were performed:
@dX174-kaolinite, ®X174-montmorillonite, MS2-kaolinite and
MS2-montmorillonite. For each experiment, the clay colloidal
suspension and the viral suspension were injected simulta-
neously into the packed column at the same flow rate for 3 pore
volumes (PVs), followed by 3 PVs of ddH,0. All experiments
were performed at three different flow rates of 2.5, 1.5 and
0.8 mL min~', corresponding to pore water velocities of 1.21,
0.74 and 0.38 cm min~', respectively. All experiments were
carried out at room temperature (25 °C). Chloride, in the form
of KCI, was chosen as the conservative tracer for the transport
experiments. Detailed information about the experiments is
available in Syngouna and Chrysikopoulos (2013).

We assumed a two-site linear kinetic model for clay colloid
attachment to the solid grains, with a reversible and an
irreversible site. Hence, our model with the set of Eqs. (1) and
(3a—c) for colloid transport, and Egs. (7), (8), (11) and (13a-c)
for virus transport are used to fit the observed breakthrough
curves from the co-transport of colloids and viruses under
saturated conditions with the initial and boundary conditions
specified by Egs. (15)-(22).

The steps followed for fitting the observed BTCs from the
co-transport experiments of Syngouna and Chrysikopoulos
(2013) are briefly described here. For any flow rate, first the
pore-water velocity and the dispersion coefficient values were
estimated by fitting the tracer breakthrough curve. Colloids and
viruses were assumed to travel at the same velocity and have
the same dispersion coefficient as the tracer during both
individual and co-transport experiments. Next, the virus and
colloid BTCs from the individual transport experiments were

fitted with our model so as to estimate the virus and colloid
deposition parameters for the solid surface (ks & ks, and Kcs;,
ksc1 & kes2), respectively. The colloid deposition parameters for
the solid surface (kes;, kse; and kcs») were also estimated from
the colloid BTC of the co-transport experiments. This allowed
us to determine the effect of the presence of viruses on colloid
deposition behavior. The parameters estimated by fitting the
BTC of viruses from the individual transport experiment (ks
and ks,) and colloids from the co-transport experiment (Kcs;,
ksc1 and ks») were used as input while fitting the free virus BTC
from co-transport experiments. The free virus BTC during the
co-transport experiments was fitted so as to estimate the virus
attachment and detachment rate coefficients for the mobile
and immobile colloids (Ka¢tmes Kattims Kdetmes Kdetim), assuming
that the rate coefficients for virus interaction with the mobile
and immobile colloids are the same (Kutme = Kattim, Kdetme =
Kgeiim). The parameters were estimated using Levenberg-
Marquardt algorithm. Finally, knowing all parameter values,
we used our model to obtain the total mobile virus BTC during
the co-transport experiments and compared our results to the
experimental data. The total mobile virus concentration is the
sum of the free virus concentration and the virus concentration
attached to the mobile colloids (¢ + SpcCc).

Though we fitted the breakthrough curves of all co-
transport experiments at three different flow rates, here we
show the verification for the flow rate of 0.8 mL min~"' only.
Fig. 3 shows the observed and fitted BTCs of MS2, ®X174,
kaolinite and montmorillonite during the individual transport
experiments at Q = 0.8 mL min~ . It can be seen that the
model fits the observed BTCs reasonably well. Fig. 4 shows the
observed and fitted BTCs of colloids and viruses during the co-
transport of dX174-kaolinite, ®X174-montmorillonite, MS2-
kaolinite and MS2-montmorillonite at Q = 0.8 mL min~—'. The
fitted values of parameters at three different flow rates are
given in Table 1. It can be seen from Fig. 4 that the model results
are in good agreement with the observed data of colloids, free
viruses and total mobile viruses for all co-transport experi-
ments. Comparison of Figs. 3c, 4a and e show that the behavior
of kaolinite colloids in soil is significantly affected by the
presence of the viruses. Similar results are obtained for
montmorillonite (compare Figs. 3d, 4c and g). In all cases,
values of rate coefficients for colloid attachment to glass beads
are larger during co-transport experiments compared to the
transport of colloids alone. One hypothesis is that viruses
attached to glass beads reduce the negative charge of their
surfaces. The zeta potentials of MS2 and $X174 (MS2:
—404 + 3.7 mV, ®X174: —31.78 4+ 1.25 mV) are less
negatively charged than the glass beads (—54.6 + 2.4 mV) at
the chemical conditions used in Syngouna and Chrysikopoulos
(2013). Hence, the viruses deposited onto the glass beads
enhance the favorability of colloid deposition onto the glass
beads. This justification is supported by experimental results of
Yang et al. (2012) who observed from column experiments
that the bacteria retention in quartz sand increased in the
presence of bentonite. Also, they observed that the bacteria
retention was more in the case of sand with attached bentonite
present on its surface initially but with no bentonite in
suspension as compared to the case when the bentonite was
present in the suspension but with no attached bentonite
present on the sand initially. The increased bacterial retention
in the case of sand with attached bentonite present on its
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Fig. 3. Observed and fitted BTCs from Syngouna and Chrysikopoulos (2013) for (a) MS2, (b) ®X174, (c) kaolinite and (d) montmorillonite during individual transport

experiments at Q = 0.8 mL min~ "

surface initially but with no bentonite in suspension might be
because of the enhanced attachment of bacteria to bentonite
already adsorbed to sand. As bentonite was found to be less
negatively charged than the sand under the chemical condi-
tions used by Yang et al. (2012), the bentonite attached to sand
decreased the surface charge of sand making it less negative
and thus increasing the bacterial deposition onto sand. They
measured the zeta potential of the bacteria with and without
bentonite particles in suspension and found that both are
comparable, which indicated that the presence of bentonite did
not have obvious influence on the electrokinetic properties of
bacteria. The zeta potential of sand with attached bentonite
was less negative than without attached bentonite, indicating
that the attachment of bentonite onto quartz sand decreased
the surface charge of quartz sand. From Figs. 3 and 4, it can be
seen that both the MS2 and ®X174 retention increases in the
presence of clay colloids due to (i) the attachment of viruses to
mobile and immobile colloids and (ii) increased attachment of
clay colloids to grain surface in the presence of viruses.
Recently, Katzourakis and Chrysikopoulos (2014) tested the
accuracy of their three dimensional model for the co-transport
of colloids and viruses in water saturated porous media by
fitting the experimental data of Syngouna and Chrysikopoulos
(2013). The model of Katzourakis and Chrysikopoulos (2014)
differs from our model due to the following reasons: (1) Virus
attachment to the irreversibly deposited colloids was neglected
in Katzourakis and Chrysikopoulos (2014) whereas our model
accounts for that; (2) Katzourakis and Chrysikopoulos (2014)
included virus inactivation terms in their model whereas we
have not considered the virus inactivation in the model as the
duration of the experiments modeled in this study (Syngouna
and Chrysikopoulos, 2013, 2015; Walshe et al., 2010) are very

small; and (3) In Katzourakis and Chrysikopoulos (2014), virus
attachment to the mobile and immobile colloids is limited by
the colloid concentration in the mobile and immobile phases.
As colloid concentration is usually much larger than the virus
concentration (Syngouna and Chrysikopoulos, 2013, 2015;
Walshe et al., 2010), we assumed in this paper also that virus
attachment to colloids is not limited by the colloid concentra-
tion. Because of the above differences in the two models, the
estimated parameter values are also different between our
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 kaolinite
and bacteriophage MS2 in a 2-m long column with an internal
diameter of 19 cm, packed with heterogeneous gravel aquifer
materials under saturated conditions. The packed column had
an effective porosity of 0.26, a bulk density of .91 gcm > and a
pore volume of 15 L. Tapwater, which is untreated groundwa-
ter sourced from deep alluvial gravel aquifers, was used as the
background electrolyte. A series of column experiments were
conducted to investigate virus transport in the absence and
presence of kaolinite as well as the impact of pH, ionic strength,
dissolved organic matter, and flow rate on the co-transport of
viruses and kaolinite. All experiments were carried out at a
temperature of about 18 °C. The base case experiment was
carried out to study virus transport with and without kaolinite
colloids in unmodified tapwater (pH 7.5, ionic strength
1.65 mM, and dissolved organic matter < 0.1 mg L™!) at a
flow rate of 104 mL min~ . For the co-transport experiments,
the solution containing kaolinite and MS2 was mixed overnight
in the dark to ensure the maximum attachment of MS2 phage
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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) dX174-kaolinite, (c, d) #X174-montmorillonite, (e, f) MS2-kaolinite, and (g, h) MS2-montmorillonite at Q = 0.8 mL min~'. (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).

to kaolinite prior to the injection of the solution into the
column. The injection solutions contained approximately
300 mg L™ ! kaolinite and MS2 phage with a total concentration
of 1000 pfu mL~" (free MS2 + MS2 attached to colloids in the

influent). After the injection of one PV of the colloid-virus
solution, the column was flushed with tapwater for two PVs,
which did not contain any colloids or viruses. Between
experiments the column was thoroughly flushed with normal



Table 1

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

Q(mLmin~!)  Experiment Individual transport Co-transport
Virus® Colloid® Colloid? Virus®
kvs ksv R2 kCS1 kscl kcsZ RZ kcsl kscl k(sz R2 kattmc kdetmc Rz (free Vil'US)
(min~')  (min™") (min~™")  (min™')  (min™") (min~')  (min~')  (min~") (min~')  (min™")
0.8 @X174-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)
$X174-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)
15 PX174-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)
$X174-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 $X174-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)
$X174-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 k,s and kq, obtained by fitting the virus BTC from individual transport experiments.

€ kest, kse1 and ke, obtained by fitting the colloid BTC from individual transport experiments.

9 kesq, ksey and ke, obtained by fitting the colloid BTC from co-transport experiments.

€ Kateme and Kgeqme obtained by fitting the free virus BTC from the co-transport experiments assuming Kaeme = Kartim and Kgegme = Kgerim- The values of ke, ks; and ke obtained by fitting the colloid BTC from co-transport
experiments and, ks and ks, 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.
(2010).

We assume a one-site linear kinetic model for kaolinite
attachment to the gravel. Hence, the developed model with the
set of Egs. (1) and (2) for colloid transport and Egs. (7), (8),
(10) and (12) for virus transport are used to fit the observed
breakthrough curves from the co-transport of viruses and
colloids under saturated conditions. As a pre-equilibrated
solution containing kaolinite and MS2 was applied at the
column inlet, it is assumed that equilibrium was reached
between the free MS2 and MS2 attached to the colloids in the
injection solution. Hence, the following boundary conditions
for virus transport are used to model the experimental data of
Walshe et al. (2010) for the co-transport experiments (Saiers
and Hornberger, 1996) along with Egs. (16), (21) and (22):

0 kdetmcco t<t 31
c0,0)= Kagtme + Kaetme " (31)
0 t>ti

kuttmcCO/
t< tin

S1eCeo 0. 0) = {m (2
0

t>t;,
where cO’ is the total virus concentration in the injection
solution which is the sum of concentrations of free viruses and
viruses attached to colloids in the injection solution. Egs. (15),
(17) and (20) describe the initial and boundary conditions for
the colloid transport.

The steps followed for fitting the observed BTCs from the
co-transport experiments of Walshe et al. (2010) are briefly
described here. The pore-water velocity and the dispersivity
values were estimated by Walshe et al. (2010), based on the
normalized first and second moment of the Bromide BTC. We
used those values to calculate the dispersion coefficient of
viruses and colloids, given asD; = D; = o v, where ¢y [L] is the
dispersivity of the tracer. First, we used our model to fit the
virus BTC in the absence of colloids in order to estimate the
pore-water velocity of viruses (v) (in case the viruses are
observed to travel faster than the tracer), virus attachment (k,s)
and detachment (ks,) rate coefficients for the solid surface.
Since no BTC of colloids in the absence of viruses was given in
Walshe et al. (2010), next we fitted the colloid BTC during the
co-transport experiments so as to estimate the pore-water
velocity of kaolinite (v.) (kaolinite was observed to travel faster
than the tracer in all experiments) as well as kaolinite
attachment and detachment rate coefficients for the solid
surface (ks and k). The parameters estimated by fitting the
virus BTC from individual transport experiments (v, k,s and ks,)
and colloid BTC from the co-transport experiments (v, k. and
ksc) were used as input while fitting the free virus BTC from the
co-transport experiments. Afterwards, the free virus BTC
during the co-transport experiments was fitted so as to
estimate the virus attachment and detachment rate coefficients
for mobile and immobile colloids (Katme Kattims Kdetme: Kdetim)s
assuming the same rate coefficient for virus interactions with
the mobile and immobile colloids (Kume = Kattim» Kdetme =
Kgetim)- Knowing all parameter values, we simulated the total
mobile virus BTC during the co-transport experiments.

Fig. 5 shows the observed and fitted breakthrough curves
for MS2 in the absence of kaolinite, and kaolinite and
MS2 breakthrough curves during the co-transport base-case
experiment. Fig. 53, ¢ and d show that in the presence of
kaolinite, virus retention significantly increases. This is mainly
due to the attachment of MS2 to mobile and immobile
kaolinite, which in turn gets retained inside the column. Also
both MS2 and kaolinite are found to travel faster than the
tracer. The optimized parameter values are given in Table 2.
Fig. 5 shows that our model results fit the observed BTCs from
individual (Fig. 5a) as well as co-transport (Fig. 5b and
c) experiments reasonably well. Also Fig. 5d shows that there
is a good agreement between the observed and simulated total
mobile virus BTCs.

Fig. 6 together with Fig. 5 show the effect of pH on the co-
transport of MS2 and kaolinite. The BTC of MS2 in the absence
of kaolinite was given only for the base case (pH = 7.5) in
Walshe et al. (2010). Hence for the other experimental
conditions, we first fitted the kaolinite BTC during the co-
transport experiments so as to estimate the kaolinite transport
and deposition parameters (v, ks and kg). Then, the free MS2
BTC during the co-transport experiments was fitted so as to
estimate the four unknown virus deposition parameters, on the
grain surface (k,s and ks,) and on colloids (Kuetme = Kattims
Kdetme = Kaerim)- Finally, we simulated the total mobile virus BTC
during the co-transport experiments. The observed and the
fitted BTCs for MS2 and kaolinite at pH = 6.5 and pH = 6
during the co-transport experiments are given in Fig. 6. Figs. 5b,
6a, and c show that our model quite well fitted the kaolinite
BTCs at all pH values. It must be noted that the fitted values of
kes (dictated by the BTCs) decrease with decreasing pH
(Table 2). This is an unexpected trend because a decrease in
pH (from 7.5 to 6) shall lead to a decrease in the negative
surface charge of kaolinite (as the isoelectric point of kaolinite
is reported to be 2.1) (See Chrysikopoulos and Syngouna,
2012). At low negative surface charge, greater will be the
retention of kaolinite, and hence larger k. values are expected.
Walshe et al. (2010) do not provide an explanation for this
unexpected trend in kaolinite retention with decreasing pH.

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

Fig. 7 together with Fig. 5 show the effect of ionic strength
on the co-transport of MS2 and kaolinite. They show that as the
ionic strength increases, both the colloid and virus effluent
concentrations decrease. It can be seen from Fig. 7a and c that
there is a good agreement between the observed and the fitted
BTCs of kaolinite at different ionic strengths. Also, Fig. 7b and d
show that the fitted BTCs of free viruses (solid line) match the
observed free virus BTCs (solid circles) during the co-transport
experiments at different ionic strengths. Both the colloid and
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Fig. 5. Observed and fitted breakthrough curves for the base case experiment from Walshe 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).

MS?2 rate coefficients of attachment to the solid grains (k. and
kys) increase with increasing ionic strength (Table 2). This is
because as the ionic strength increases, the diffuse double
layers around the gravel, kaolinite and MS2 get compressed,

making the conditions more favorable for kaolinite and MS2
attachment to the solid grains and also MS2 attachment to
kaolinite. Table 2 shows that kg, decreases with increasing
ionic strength, which is not expected. Figs. 6b and 7d show that

Table 2
Fitted values of model parameters for the experimental data of Walshe et al. (2010).
Experiment  Tracer® Colloid® Virus?
PH v DL Ve kcs ksc RZ v kvs ksv kﬂrtrm: kdetmc RZ( free
(emmin~!) (cm?min~') (cmmin~') (min~') (min"!) (emmin~!) (min~') (min~!) (min~') (min~!) virus)
7 (base case) 1.417 21.26 2.587 0.0321 0.00055 0.98 1.872 0.0033 0.0108  0.0025 0.0007 0.76
(0.06) (0.0008)  (0.00005) (0.09) (0.001) (0.004) (0.0005) (0.0001)
6.5 1.533 23.0 2.56 0.015 0.0002 098 1.533 0.0079  0.028 0.0102 0.00197 0.96
(0.05) (0.0004)  (0.0001) (0.02)  (02) (0.03)  (0.006)
6 1.517 21.233 2.702 0.0129 0.0007 094 1.517 0.143 0.012 0.047 0.0366 0.78
0.1) (0.0009)  (0.0002) (078)  (0.09)  (0.42)  (0.47)
Ionic strength (cacl,)
0 (base case) 1.417 21.26 2.587 0.0321 0.00055 098 1.872 0.0033 0.0108 0.0025 0.0007 0.76
(0.06) (0.0008)  (0.00005) (0.09) (0.001) (0.004) (0.0005) (0.0001)
0.54 mM 1.517 19.717 3.041 0.047 0.00057 0.79 1.517 0.004 0.001 0.0015 0.0003 0.69
(0.26) (0.004)  (0.0001) (0.03)  (0.06) (0.02)  (0.003)
0.72 mM 1.517 24.267 1.915 0.057 0.00029 098 1.517 0.0379  0.004 0.00036 0.0018 0.76
(0.06) (0.002)  (0.00003) (0.1) (0.08)  (0.1) (0.5)

2 The standard errors associated with the estimated parameter values are given in parentheses.

b v and D, from Walshe et al. (2010).

€ v, kes and k. obtained by fitting the colloid BTC from co-transport experiments.

9 For the base case experiment, v, k,s and k, were obtained by fitting the virus BTC from individual transport experiments. Then, Kqmc and Kgeqmc obtained by fitting
the free virus BTC from the co-transport experiments assuming Kaeeme = Kaetim and Kaeeme = Kdetim. The values of v, ks and ks obtained by fitting the colloid BTC from co-
transport experiments and, v, k,s and ks, 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. For the other experiments, kys, Ksy, Kateme and Kgeeme Were obtained by fitting the free virus BTC from the co-transport experiments assuming
Kattme = Kattim and Kgeeme = Kdetim- The values of v, k. and k. obtained by fitting the colloid BTC from co-transport experiments were used as input for fitting the free
virus BTC from the co-transport experiments.
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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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there is a mismatch between the observed (open squares) and
the simulated (dashed lines) total mobile virus BTCs. Based on
the personal communications with the authors of Walshe et al.
(2010), we know that the gravel used in packing the column
had native colloids present on it initially. The amount of
resident colloids present on gravel packing is unknown. Also
the same column was used for all the experiments. The resident
colloid concentration would have certainly been affected by
experimental changes of pH and ionic strength. These changes
could not be modeled in this study due to the lack of necessary
information. Table 2 shows that except for the base case
experiment, the standard errors of the estimated parameter
values describing virus deposition (kys, Ksy, Kateme and Kgegme)
during the co-transport experiments are rather large. This
could be due to the lack of enough information for the
estimation of the four unknown parameters (kys, Ksy, Kattme
and kgeqme)- We also observed that there is a strong correlation
among the four estimated parameters.

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

Syngouna and Chrysikopoulos (2015) studied the effects
of clay colloids, kaolinite or montmorillonite, on the
transport of bacteriophages, MS2 or ®X174 in variably
saturated porous media. The experiments were conducted
in 15.2-cm long columns with 2.6 cm internal diameter,
packed with glass beads at two different saturations:
(1) fully saturated conditions, and (2) unsaturated condi-
tions (degree of saturation ~ 0.81-0.93). A fresh column was
packed for each experiment and the packed column had a
porosity of 0.42. A constant flow of 1.5 mL/min in the
downward direction was maintained during the experi-
ments. The mean pH of the column influent remained
constant at 7.0 £ 0.2 for the duration of each experiment.
Two sets of experiments were performed with viruses and clay
particles separately, in order to determine their individual
transport characteristics. Four sets of co-transport experiments
(X174-kaolinite, #X174-montmorillonite, MS2-kaolinite and
MS2-montmorillonite) were performed to investigate the
effect of the presence of clay colloids on virus transport. For
each experiment, the clay colloidal suspension and the viral
suspension were injected simultaneously into the packed
column for three PVs, followed by three PVs of ddH20. All
experiments were carried out at the same flow rate and at
room temperature (25 °C). Chloride, in the form of KCl, was
chosen as the nonreactive tracer. Detailed information about
the experiments is available in Syngouna and Chrysikopoulos
(2015).

Deposition of clay colloids onto the solid grains under
unsaturated conditions is modeled as a one-site linear kinetic
process. Both the colloid and virus attachment to the AWI are
best described using a linear irreversible model. Hence, the
developed model, with the set of Eqs. (1), (2) and (4) for colloid
transport, and Egs. (7), (8), (9), (10), (12) and (14) for virus
transport are used to fit the observed breakthrough curves
from the co-transport of colloids and viruses under unsaturated
conditions, with the initial and boundary conditions specified
by Egs. (15)-(22). Under saturated conditions, a two-site
kinetic model with a reversible and an irreversible site
describes colloid deposition onto the SWI. The values of van

Genuchten water retention parameters for glass beads used in
the fitting are « = 0.158 cm™ !, n = 6.8 and 6, = 0.014 (Kim
et al., 2008).

The steps followed for fitting the observed BTCs from
the co-transport experiments of Syngouna and Chrysikopoulos
(2015) under unsaturated conditions are the same as that
described in Section 4.1 for those of Syngouna and
Chrysikopoulos (2013). While fitting the virus BTC from
individual transport experiments under unsaturated condi-
tions, the virus deposition parameters for the solid surface (ks
& ks,) and AWI (k,,) were estimated. Similarly, the colloid
deposition parameters for the solid surface (k. and k) and
AWI (ko) were estimated from the colloid BTC of the co-
transport experiments. The parameters estimated by fitting the
BTC of viruses from the individual transport experiment (kys, ks,
and k), and colloids from the co-transport experiment (kcs, ksc
and k.,) were used as input while fitting the free virus BTC from
co-transport experiments under unsaturated conditions. The
free virus BTC during the co-transport experiments was fitted
so as to estimate the virus attachment and detachment rate
coefficients for the mobile and immobile colloids (Kg¢tmer Kattims
Kattimar Kdetmer Kdetimy Kdetima ), assuming that the rate coefficients
of virus interaction with the mobile and immobile colloids are
the same (kaetme = Kartim = Kattimar Kaetme = Kaetim = Kdetima)-
Finally, knowing all parameter values, the total mobile virus
BTC during the co-transport experiments under unsaturated
experiments was simulated and the results were compared to
the experimental data.

Fig. 8 shows the observed and fitted BTCs for colloids and
viruses during the co-transport of ®X174 and montmorillonite
under saturated and unsaturated conditions. The model (solid
lines) fits the observed BTCs of colloids (open diamonds) and
free viruses (open squares) during the co-transport experi-
ments under both saturated (Fig. 8a and b) and unsaturated
conditions (Fig. 8c and d) reasonably well. The corresponding
values of fitted parameters are given in Table 3. Also, Fig. 8d
shows that the simulated (dotted line) and the observed (filled
squares) total mobile virus BTCs matches well under unsatu-
rated conditions. Virus retention in porous media during co-
transport experiments is greater under unsaturated conditions
(Fig. 8d) as compared to the saturated conditions (Fig. 8b). This
is due to: (1) increased attachment of viruses and colloids to
the SWI, (2) virus attachment to the AWI, and (3) co-
deposition of colloids with attached viruses on its surface to
the AWI. The fitted values of parameters for the co-transport
experiments of MS2-kaolinite and MS2-montmorillonite are
also given in Table 3.

5. Simulations for unsaturated conditions and
sensitivity analysis

In order to identify the most sensitive parameters affecting
virus transport in the presence of colloids under unsaturated
conditions, the mathematical model developed in the current
study is used to calculate the sensitivity index of various
parameters. This is done by performing a sensitivity analysis of
the model for 16 parameters, as shown in Table 4. The range of
parameter values are taken from the fitting of experimental
data of Syngouna and Chrysikopoulos (2013), (2015) and
Walshe et al. (2010), presented in previous sections, and also
from the literature (Anders and Chrysikopoulos, 2009; Bekhit
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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 of X174 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).

et al,, 2006; Chu et al., 2001; Compere et al., 2001; Corapcioglu
and Choi, 1996; Lenhart and Saiers, 2002; Noell et al., 1998;
Saiers and Hornberger, 1996; Saiers and Lenhart, 2003; Schafer
et al, 1998; Torkzaban et al, 2006ab; Vasiliadou and
Chrysikopoulos, 2011). During the sensitivity analysis, we
varied only one of the model parameters, keeping all other
parameter values constant. We consider a finite column of sand
with uniform saturation and flow. Unless specified, parameter
values used in the simulations are the same as those given in
Table 5. In the simulations, the colloids and viruses are injected
simultaneously and continuously for five PVs followed by
flushing the column with a colloid-free and virus-free solution
for another five PVs. The virus BTCs are presented in terms of
concentrations of free virus (c/co) as well as total mobile virus
((c + smecc)/co)-

Fig. 9 shows the BTCs of viruses and colloids from individual
transport simulations and co-transport simulations under
saturated and unsaturated conditions for the parameter values
given in Table 5. Our results prescribe that virus retention in the
absence of colloids is greater under unsaturated conditions
compared to saturated conditions due to virus attachment to
the AWI (Fig. 9a), which is expected. Similarly, the colloid
retention is greater under unsaturated conditions compared to
saturated conditions due to colloid attachment to the AWI
(Fig. 9b). Fig. 9c shows that the virus retention during the co-
transport experiments is greater under unsaturated conditions
compared to the saturated conditions due to: (1) virus
attachment to the AWI and (2) attachment of colloids with
attached viruses on its surface to AWIL

The sensitivity analysis of the model to the parameters
describing colloid transport revealed that the effluent colloid
concentration decreases with increasing Kes, kcq and Sca(max),
and, as a result, the effluent total mobile virus concentration
decreases. Also, the difference between the total mobile and the
free virus concentration decreases with increasing ks, k., and
Sca(max) Values. The opposite trend was observed with increas-
ing ks and co.

The sensitivity analysis of the model to the parameters
describing virus interactions with the SWI and AWI revealed
that both the free and the total mobile virus concentrations
decrease with increasing ks and k,, values. Also, the difference
between the total mobile and the free virus concentrations
decrease with increasing ks and k4 values.

Regarding the parameters describing virus interaction with
the mobile and immobile colloids, we find that the free virus
concentration decreases and the peak total mobile virus
concentration increases with increasing Kggme Also, the
difference between the total mobile virus concentration and
the free virus concentration increases with increasing Kqumc. An
exactly opposite trend was observed with increasing Kgeeme
values. The free virus and the peak total mobile virus
concentrations decrease with increasing Kueim and Kagimas
thereby reducing the difference between the total mobile and
free virus peak concentrations. The opposite trend was
observed with increasing Kgesim and Kgetima. AlSO, as Kaetim
increases, the tail concentration in the free virus BTC decreases
once the input pulse is stopped whereas the tail concentration
in the total mobile virus BTC increases due to the detachment of



Table 3

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

Experiment Degree of saturation Individual transport Co-transport
(%) Virus® Colloid® Colloid? Virus®
kvs ksv kva Rz kcsl kscl kcsZ kca R2 kcsl kscl kcsz kca R2 kattmc kdetmc R2 (free
(min~") (min~') (min~") (min~') (min~") (min~') (min~!) (min~") (min~'") (min~!) (min—") (min~') (min~!) virus)
$X174-montmorillonite 100 0.018 0.175 - 091 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 091 0.014 0.087 - 0.025 0.98 0.076 0.197 - 0.069 096 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 - 09 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)

The standard errors associated with the estimated parameter values are given in parentheses.
Parameters obtained by fitting the virus BTC from individual transport experiments.
Parameters obtained by fitting the colloid BTC from individual transport experiments.
Parameters obtained by fitting the colloid BTC from co-transport experiments.

€ Kateme and Kgeeme Obtained by fitting the free virus BTC from the co-transport experiments assuming Kaeeme = Kaetim = Kattima aNd Kgerme = 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.
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Table 4

Range of parameter values for the sensitivity analysis.
Parameter Range
kes (min—1) 5x 1074-0.1
kse (min~—1) 5x 107°-0.5
Keq (min~") 0.001-0.1
kus (min~") 107°-0.01
ksy (min“) 1076-0.1
Kvq (min~") 5x 1075-0.1
Kattme, Kattims Kattima (Min~") 5 x 1074-0.05
kdetmcv kdetimv kdetima (min_ ! ) 10~ 4—0.1
Sca (max) (Mg/cm* AWI) 1078-0.001
Sa (max) (Pfu/cm® AWI) 10%-10°
Ceo (mg/mL) 10-100
Cio (pfu/mL) 10°-10"°

colloids from SWI, which had more virus attached on it. As
Kawima iNcreases, the tail concentration in free virus BTC
decreases once the input pulse is stopped. As the colloids are
irreversibly attached to the AWI, the tail concentration in the
total mobile virus BTC decreases with increasing Kaima.

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

- o —C
Sensitivity Index, SI=-"& Tt
Cmax

where Cpax and Cpi, are the maximum and the minimum
effluent concentration values when varying the parameter over
its entire range. Sensitivity index represents the percentage
change in the output when varying one parameter from its
minimum to the maximum value. In order to study the effect of
various parameters on different parts of the BTC, we calculated
the SI at five different pore volumes: 1 (rising limb), 2 & 5

Table 5

Model parameters used in the simulation.
Parameter Value
Column length, L (cm) 30
Column diameter (cm) 2.5
Saturated water content, 6 0.375
Residual moisture content, 6, 0.053
a(cm™) 0.0352
n 3.17687
Degree of saturation (%) 60
Water content, 6 0.225
Flow rate, Q (mL min™") 0.5
Darcy velocity, g (cm min~') 0.1
Pore-water velocity, v (cm min~ ') 045
Dispersivity, A (cm) 0.4
Cco (mg/mL) 10
Cyo (pfu/mL) 108
kes (min—1) 0.005
kse (min—1) 5x 1074
kea (min~") 0.01
kys (min—1) 104
ksy (min—1) 1073
kyo (min~1) 0.001
kattmcv kattimr kattima (min’ 1) 0.01
kdc[mo kden’mx kdetima (minil) 5 x ]074
Sca (max) (mg/sz AWI) 10_4
Sa (max) (pfu/cm? AWI) 10°
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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.

(plateau), 6 (declining limb), and 10 (tail). Fig. 10 shows the
sensitivity index of various parameters at those five pore
volumes. It can be seen from Fig. 10 that the rate coefficient
for attachment of viruses to the AWI, k,, is the most
sensitive parameter affecting the free and total mobile virus
BTCs for the range of parameter values considered in this
study and it has a significant effect on all parts of the BTC.
The free and the total mobile virus BTCs are mainly
influenced by parameters describing virus attachment to
the AWI (k,,), virus interactions with mobile and immobile
colloids (kattmo kattimv kattimav kdetmc» kdetimv kdetima)v virus
attachment to SWI (k,s), and colloid interaction with SWI
and AWI (ks, ksc, kca). The virus BTC is relatively insensitive
tO Sca(max)» Ccor Ksw» Sagmax) and cyo. The colloid deposition
parameters have a significant effect only on the tail portion
of the free virus BTC, whereas they become less significant in
the tail portion of the total mobile virus BTC.
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6. Conclusions

We have developed a mathematical model to simulate
the co-transport of viruses and colloids in unsaturated porous
media under steady-state flow conditions. The governing
equations are solved numerically using an alternating three-
step operator splitting approach. The model is verified by fitting
the experimental data of (1) Syngouna and Chrysikopoulos
(2013) and (2) Walshe et al. (2010), who studied the co-
transport of viruses and clay colloids under saturated condi-
tions, and (3) Syngouna and Chrysikopoulos (2015) for the co-
transport of viruses and clay colloids under unsaturated
conditions. The model results are found to be in good agreement
with the observed BTCs under both saturated and unsaturated
conditions. Following this, the developed model was used to
simulate the co-transport of viruses and colloids in porous
media under unsaturated conditions. The virus retention in the
presence of colloids is greater during unsaturated conditions as
compared to the saturated conditions due to: (1) virus
attachment to the AWI, and (2) co-deposition of colloids with
attached viruses on its surface to AWI. A sensitivity analysis of
the model to various parameters showed that the virus
attachment to the AWI is the most sensitive parameter affecting
both the free and the total mobile virus BTCs for the range of
parameter values considered in this study and has a significant
effect on all parts of the BTC. The free and the total mobile virus
BTCs are mainly influenced by parameters describing virus
attachment to the AWI, virus interactions with mobile and

immobile colloids, virus attachment to SWI, and colloid
interaction with SWI and AWI. The virus BTC is relatively
insensitive to parameters describing the maximum adsorption
capacity of the AWI for colloids, inlet colloid concentration, virus
detachment rate coefficient from the SWI, maximum adsorption
capacity of the AWI for viruses and inlet virus concentration.

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 phase
[pful™?]

Co Inlet free virus concentration [pfu L~3]

co’ Total virus concentration in the injection solution
[pful™]

Cc Mass concentration of colloids in the aqueous phase
ML~

Cco Inlet colloid concentration [ML™3]

Dy Dispersion coefficient of viruses [>T~ ']

D° Dispersion coefficient of colloids [L2T!]

g Gravitational constant [LT2]

I,(w, z) Incomplete beta function of w and z

Kattim Virus attachment rate coefficient for the immobile
colloids at SWI[T™]

Kattima Virus attachment rate coefficient for the immobile
colloids at AWI [T™]

Kateme Virus attachment rate coefficient for the mobile
colloids [T~ 1]
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kea Colloid attachment rate coefficient for AWI [T~ ]

Kes Colloid attachment rate coefficient for SWI [T !]

Kdetim Virus detachment rate coefficient from the immobile
colloids at SWI [T~ 1]

Kaetima  Virus detachment rate coefficient from the immobile
colloids at AWI [T~ ']

Kaetme Virus detachment rate coefficient from the mobile
colloids [T™]

Ksc Colloid detachment rate coefficient from SWI [T~ 1]

Ky Virus detachment rate coefficient from SWI [T~]

Kva Virus attachment rate coefficient for AWI [T~ 1]

Kys Virus attachment rate coefficient for SWI [T™!]

L Length of the column [L]

m van Genuchten water retention function parameter
(-]

n van Genuchten water retention function parameter
(-]

q Darcy flux [LT™1]

e Darcy flux of colloids [LT™ ]

S Virus concentration adsorbed to SWI [pfu M ™|

Sq Virus concentration adsorbed to AWI [pfu L™2]

Sqmaxy ~Maximum adsorption capacity of AWI for viruses
[pful=?]

S¢ Colloid mass fraction adsorbed to SWI [MM™!]

Sca Colloid concentration adsorbed to AWI [ML™2]

Sca(max) Maximum adsorption capacity of AWI for colloids
[ML~?]

SI Sensitivity Index [-]

Sim Virus concentration attached to immobile colloids at
SWI [pfu M~ 1]

Sima Virus concentration attached to immobile colloids at
AWI [pfu M~ 1]

Sme Virus concentration attached to mobile colloids [pfu
M~

t Time [T]

tin Duration of the input pulse [T]

v Pore-water velocity [LT™']

Ve Pore-water velocity of colloids [LT™ ]

z Spatial coordinate [L]

a van Genuchten water retention function parameter
15

e Langmuir blocking function for colloid attachment to
the AWI [-]

Uy Langmuir blocking function for virus attachment to
AWI [-]

p Density of water [ML ™3]

Pb Bulk density of the porous medium [ML™3]

o Surface tension of water [MT 2]

0 Water content [-]

0, Residual water content [-]

05 Saturated water content [-]

C] Relative saturation [-]
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