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Transport and deposition of nanoparticles in porous media is a multi-scale problem governed by several pore-
scale processes, and hence, it is critical to link the processes at pore scale to the Darcy-scale behavior. In this
study, using pore network modeling, we develop correlation equations for deposition rate coefficients for nano-
particle transport under unfavorable conditions at the Darcy scale based on pore-scale mechanisms. The
upscaling tool is a multi-directional pore-network model consisting of an interconnected network of pores
with variable connectivities. Correlation equations describing the pore-averaged deposition rate coefficients
under unfavorable conditions in a cylindrical pore, developed in our earlier studies, are employed for each
pore element. Pore-network simulations are performed for a wide range of parameter values to obtain the break-
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Deposition through curves of nanoparticle concentration. The latter is fitted with macroscopic 1-D advection-dispersion
Upscaling equation with a two-site linear reversible deposition accounting for both equilibrium and kinetic sorption. This
Pore-network modeling leads to the estimation of three Darcy-scale deposition coefficients: distribution coefficient, kinetic rate constant,
Darcy scale and the fraction of equilibrium sites. The correlation equations for the Darcy-scale deposition coefficients, under
unfavorable conditions, are provided as a function of measurable Darcy-scale parameters, including: porosity,
mean pore throat radius, mean pore water velocity, nanoparticle radius, ionic strength, dielectric constant, vis-
cosity, temperature, and surface potentials of the particle and grain surfaces. The correlation equations are
found to be consistent with the available experimental results, and in qualitative agreement with Colloid Filtra-

tion Theory for all parameters, except for the mean pore water velocity and nanoparticle radius.
© 2016 Published by Elsevier B.V.
1. Introduction Sasidharan et al., 2014; Tufenkji and Elimelech, 2005), physical and

chemical heterogeneity of grains and the particle surfaces (Li et al.,
2008; Sasidharan et al., 2014; Schijven and Simunek, 2002; Shen et al.,
2015; Tufenkji and Elimelech, 2005), temperature (Syngouna and

Colloids are particles with size in the range between 10 nm to 10 pm,
and are ubiquitous in the subsurface (Bradford and Torkzaban, 2008;

DeNovio et al., 2004). They exist in the subsurface in various forms
such as bacteria, viruses, protozoa, humic substances, clays, mineral pre-
cipitates, engineered nanoparticles, etc. Prediction of nanoparticle de-
position rates in porous media has several applications such as
movement of pathogenic viruses and engineered nanoparticles in the
subsurface, deep bed and river bank filtration for water treatment, and
(bio)remediation of contaminants by engineered nanoparticles. Nano-
particle deposition in porous media is controlled by several factors
such as the flow velocity (Li et al., 2008; Tong and Johnson, 2006;
Zhang et al., 2013), grain size (Li et al,, 2008; Shen et al., 2008), nanopar-
ticle size (Sasidharan et al., 2014; Shen et al., 2008; Tong and Johnson,
2006), pH (Sadeghi et al., 2011), ionic strength (Sadeghi et al., 2011;
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Chrysikopoulos, 2010), and degree of saturation (Zhang et al., 2013).
One expects complex mechanistic relationships between the deposition
rate coefficients and the above-mentioned factors (Johnson et al.,
2007a).

Because of their small size (<100 nm), nanoparticles may interact
with the porous medium in a different way compared to the larger col-
loids, resulting in different retention mechanisms for nanoparticles and
micron-sized particles. In contrast to the micrometer-sized particles, for
which sedimentation and interception are the most dominant transport
mechanisms, Brownian diffusion is the dominant transport mechanism
for nanoparticles. Apart from this, the effect of the physical and chemical
heterogeneity of the grain surface, and deposition in the primary mini-
mum of the Derjaguin-Landau-Verwey-Overbeek (DLVO) energy pro-
file (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) are
more significant for nanoparticles as compared to micron-sized
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particles due to their small size (Petosa et al., 2010). This emphasizes
the need to study nanoparticles separately from larger, micrometer-
sized colloids to better understand nanoparticle retention mechanisms.

Transport of nanoparticles in porous media spans over a wide range
of length scales, from the sub-pore scale, where the particle-soil interac-
tion forces determine the deposition, up to the Darcy scale, where the
governing macroscopic equations of nanoparticle transport are formu-
lated (Elimelech and O’Melia, 1990; Wood et al., 2004). Particle reten-
tion at the Darcy scale is due to the lumped effects of processes
occurring at the pore scale. Therefore, by incorporating the pore-scale
physics into the Darcy-scale model, we may upscale particle transport
from pore to the Darcy scale. Colloid deposition rate in porous media
under favorable conditions (i.e., in the absence of electrostatic repulsion
between colloid and grain surface) can be predicted using Colloid Filtra-
tion Theory (CFT) for micron-sized particles (Li et al., 2005; Nelson and
Ginn, 2011; Rajagopalan and Tien, 1976; Tufenkji and Elimelech, 2004),
which provides a first-order irreversible kinetic model (Yao et al., 1971).
In CFT, the particle removal is described using a single collector. It is as-
sumed that a control volume in the continuum scale comprises a collec-
tion of identical collectors. Therefore, the upscaling is based on the
assumption that the processes observed and equations developed at
the microscale holds at the macroscale (Logan et al., 1995; Molnar et
al,, 2015; Nelson and Ginn, 2011). CFT expresses the attachment rate co-
efficient in terms of single collector contact efficiency, 1)o, defined as the
ratio of the rate at which colloids strike the collector surface to the rate
at which particles flow toward the collector. Three individual retention
mechanisms contribute to 10: Brownian diffusion, interception, and
sedimentation (Yao et al., 1971). Several correlation equations for 1)
are available in the literature (e.g., Kamai et al., 2015; Long and
Hilpert, 2009; Ma et al., 2013; Messina et al., 2015; Nelson and Ginn,
2011; Rajagopalan and Tien, 1976; Tufenkji and Elimelech, 2004; Yao
et al.,, 1971), which differ in the domain geometries, range of parameter
values, and physical mechanisms or forces considered in modeling
transport of colloid to the collector surface (Molnar et al., 2015). The
existing correlation equations have been found to overpredict particle
deposition at low flow velocity conditions (<10~ m/s), which are typ-
ical of groundwater flow, and for nanoscale particles, leading to 1
values being larger than unity (Ma et al., 2013; Nelson and Ginn,
2011; Petosa et al., 2010). Instead of using the results from the mecha-
nistic pore-scale models, Kamai et al. (2015) developed a new correla-
tion equation for 1)y under favorable conditions by using experimental
data to parameterize mechanistically based 7)o equation of Rajagopalan
and Tien (1976). This is done to account for the physical processes
and natural complexities (heterogeneities, incomplete mixing within
and between pores, and particle-collector and particle-particle interac-
tions such as aggregation and agglomeration) in realistic porous media,
which were not included in the mechanistic microscopic model. Col-
loids and grain surfaces are usually negatively charged under the pre-
vailing environmental conditions, which lead to repulsive force acting
between them, making the conditions unfavorable for particle deposi-
tion (Johnson et al., 2007a, b; Molnar et al., 2015). Under unfavorable
conditions, in order to account for the reduction in particle deposition,
due to the presence of an energy barrier between the colloid and the
grain surface, the expression for attachment rate coefficient based on
CFT is multiplied by a factor «, called attachment efficiency (o < 1)
(Tufenkji and Elimelech, 2004). CFT assumes the attachment efficiency
to be independent of system hydrodynamics and grain sizes. Neverthe-
less, experimental results indicate that attachment efficiency is affected
by the flow velocity (Johnson et al., 2007b; Keller et al., 2004; Shen et al.,
2010; Tong and Johnson, 2006; Zhang et al., 2015) as well as grain diam-
eter (Ren et al., 2001; Shen et al., 2008). Although attachment efficiency
can be calculated using the theoretical expressions derived based on
DLVO theory of colloidal stability (Derjaguin and Landau, 1941;
Verwey and Overbeek, 1948) (Shen et al., 2007, 2010; Spielman and
Friedlander, 1974), a quantitative relationship between « and various
controlling factors (such as system chemistry, hydrodynamics, particle

size, and collector size) is not available yet. Bai and Tien (1999),
Elimelech (1992), and Park et al. (2012) derived empirical expressions
for a in terms of various dimensionless physico-chemical parameters.
However, the applicability of their formulation is restricted to the
range of experimental conditions under which they are developed,
and are incapable of revealing the underlying retention mechanisms
(Maetal, 2011). Chang and Chan (2008) developed a correlation equa-
tion for o by using a triangular network model to represent the porous
medium and adopting the Brownian dynamic simulation method to
track colloidal particles moving through the network. The correlation
equation was developed as the sum of contributions from four individ-
ual deposition mechanisms: Brownian diffusion, DLVO interactions,
sedimentation, and interception (Chang and Chan, 2008). Mechanis-
tic-based correlation equations to predict the colloid deposition rates
under unfavorable conditions do not exist. Colloid deposition rate coef-
ficients are often determined by fitting the colloid breakthrough curve
(BTC), obtained from experiments, to the advection-dispersion-deposi-
tion models.

Pore-network modeling offers a valuable tool for investigating the
macroscopic behavior by accounting for the relevant physics at the un-
derlying pore scale. Using pore-network modeling, fluid flow and trans-
port processes are simulated directly at the microscopic scale without
assuming a-priori macroscopic equations. This is done by idealizing
the pore spaces as an interconnected network of pore elements (i.e.,
pore bodies and pore throats) of different sizes which are variably con-
nected to each other, and simulating flow and transport through the
network of pores (Raoof, 2011). Details on pore-network modeling
can be found in Raoof et al. (2013). Pore-network models have been
widely used to study the adsorption of solutes (Raoof et al., 2010;
Sugita et al., 1995), reactive solute transport and porosity evolution
(Raoof et al., 2013), particle transport (Chang and Chan, 2008; Kim
and Whittle, 2006; Lee and Koplik, 2001; Sharma and Yortsos, 1987),
multiphase flow in porous media (Niasar et al., 2009, 2010; Raeesi and
Piri, 2009; Valvatne et al., 2005), biofilm growth and permeability re-
duction (Qin and Hassanizadeh, 2015; Suchomel et al., 1998; Thullner
et al., 2002), macroscopic dispersion (Acharya et al., 2007; Armatas,
2006; Bijeljic and Blunt, 2007; Bijeljic et al., 2004; Li et al., 2014;
Vasilyev et al., 2012), reaction rates (Knutson et al., 2007; Li et al.,
2006; Meile and Tuncay, 2006), and hydraulic conductivity (Thullner
et al,, 2002; Van Marcke et al., 2010; Vervoort and Cattle, 2003).

The objectives of this study are to upscale nanoparticle transport in
porous media from pore scale to the Darcy scale using pore-network
modeling, and to develop correlation equations for the Darcy-scale de-
position rate coefficients under unfavorable conditions in terms of ten
measurable parameters at Darcy scale, including porosity, mean pore
water velocity, mean pore throat radius, nanoparticle radius, solution
ionic strength, liquid viscosity, surface potentials of nanoparticles and
grain surfaces, temperature, and solution dielectric constant. Applying
pore scale parameters within the pore network modeling, we account
for the effects of pore-scale deposition mechanisms, pore structure
and pore connectivity on the deposition rate coefficients at the Darcy
scale. Although physical and chemical heterogeneity of the soil affect
nanoparticle retention under unfavorable conditions, here we assume
that the grain surface is homogeneous in order to illustrate the effect
of parameters such as porosity, mean pore water velocity, mean pore
throat radius, nanoparticle radius, solution ionic strength, liquid viscos-
ity, surface potentials of nanoparticles and grain surfaces, temperature,
and solution dielectric constant on nanoparticle deposition under unfa-
vorable conditions. We use PoreFlow, a three-dimensional multi-direc-
tional pore-network model developed by Raoof et al. (2010, 2013),
which represents a porous medium as an interconnected network of
pore throats and pore bodies with random pore connectivities to repre-
sent randomness of pore structures. The simulations are performed for a
range of flow velocity values (1078 to 3 x 10~ m/s), representing
groundwater flow velocities (Nelson and Ginn, 2011). We followed
the approach of Raoof and Hassanizadeh (2010) and Raoof et al.
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(2010) to upscale nanoparticle transport in porous media from pore to
the Darcy scale. Raoof and Hassanizadeh (2010) derived expressions
for the effective attachment and detachment rate coefficients for a sin-
gle tube, for solutes undergoing equilibrium adsorption at the surface
of a cylindrical pore as a function of pore-scale parameters, such as the
equilibrium distribution coefficient, pore radius, and solute diffusion co-
efficient. Next, the tube-scale relations were incorporated into a pore-
network model to upscale solute transport to the Darcy scale, and to de-
rive quantitative relationships between Darcy-scale adsorption param-
eters and the pore-scale flow and adsorption parameters (Raoof et al.,
2010). The sequence of steps that we have followed to develop the
Darcy-scale correlation expressions for nanoparticles are:

(1) Derive correlation equations for the average nanoparticle deposi-
tion rate coefficients in a cylindrical pore in terms of nine pore-
scale parameters: the pore radius, nanoparticle radius, mean
flow velocity, solution ionic strength, fluid viscosity, tempera-
ture, fluid dielectric constant, and nanoparticle and collector sur-
face potentials (Seetha et al., 2015a).

Incorporate these pore-scale correlation equations in a multi-di-

rectional pore-network model (Raoof et al., 2010) to simulate the

transport of nanoparticles at Darcy scale for a range of values of
measurable Darcy-scale parameters.

(3) Average the resulting nanoparticle concentration at the outlet of
the pore network to get the nanoparticle BTC.

(4) Fit the resulting nanoparticle BTC against 1-D advection-disper-
sion-deposition equation, in order to determine the values of
Darcy-scale deposition rate coefficients, and

(5) Develop correlation equations for the Darcy-scale nanoparticle
deposition rate coefficients by performing a multiple-linear re-
gression analysis between the estimated Darcy-scale deposition
rate coefficients and various measurable parameters.

(2

~—

2. Deposition rate coefficients of nanoparticles in a cylindrical pore

Seetha et al. (2015a) developed correlation equations for the pore-
averaged deposition rate coefficients of nanoparticles in a cylindrical
pore under unfavorable conditions as a function of several pore-scale
parameters including: pore radius, nanoparticle radius, mean flow ve-
locity, solution ionic strength, fluid viscosity, temperature, fluid dielec-
tric constant, and nanoparticle and collector surface potentials, as
briefly described below.

Seetha et al. (2015a) divided the pore space into three different re-
gions, namely, bulk, diffusion, and potential regions, based on the dom-
inant processes and forces acting within each region. Transport of
nanoparticles in the cylindrical pore was simulated by solving the ad-
vection-diffusion equation in the bulk and diffusion regions, subject to
a first-order reversible kinetic deposition at the pore wall. The expres-
sions for the mass transfer rate coefficients between the pore and the
wall regions were derived in terms of the interaction energy profile act-
ing between the nanoparticle and the collector. Five dimensionless

pore-scale parameters were formulated: Ng;, Np;, Pe, A and \*. Here Ng;

2 2
= %represents the sum of squares of surface potentials of nano-

particle and collector surfaces, where ys;and s, are the surface poten-
tials of the nanoparticle and collector, respectively, ¢ is the dielectric
constant of water, & is the permittivity of vacuum, a is the nanoparticle
radius, kg is the Boltzmann constant, and T is the absolute temperature.
The dimensionless coefficient Ny, = a represents the ratio of nanopar-

ticle radius to double layer thickness; where i = |/2000N,le? /€€oksT is

the inverse Debye-Huckel length, N, is Avogadro number, I is the solu-
tion ionic strength, and e is the elementary charge. The Péclet number,

Pe = %, is defined as the ratio of the advective transport flux to the dif-

fusive transport flux, where v,,, is the mean flow velocity, R is the pore
radius, D.. is the nanoparticle bulk diffusion coefficient given by Stoke-

Einstein relation as D..= (kgT/6mua), and pt is the dynamic viscosity of
water. Finally, A = §is the interception parameter (ratio of nanoparticle
radius to pore radius), and A* = A/a, where A is the characteristic wave-
length of the interaction, usually taken as 100 nm. The pore-scale model
results were used to obtain nanoparticle breakthrough concentration by
averaging the concentration of mobile nanoparticles over a control vol-
ume within the pore. Similarly the average attached concentration was
obtained by averaging the concentration of immobile nanoparticles
over the surface of the pore within the control volume. The resulting
BTCs and attached concentration curves obtained from the pore-scale
model were fitted against a 1-D advection-dispersion equation with
equilibrium or kinetic deposition model to obtain the values of pore-av-
eraged deposition rate coefficients. In the case of an equilibrium model,
we estimated K’p=Kp/R, where Kp [L] is the equilibrium distribution
coefficient at the pore wall. In the case of kinetic model, Da,, and
Dag.; were estimated, where Dage = kyR/Vy, is the Damkohler number
corresponding to the rate coefficient for nanoparticle attachment to
the pore wall, Dage; = KkgetR/Vy, is the Damkdhler number corresponding
to the rate coefficient for nanoparticle detachment from the pore wall,
and kg [T~ '] and kg [T '] are the average rate coefficients for nano-
particle attachment and detachment at pore scale. Seetha et al.
(2015a) found that under unfavorable conditions, nanoparticle deposi-
tion at the pore scale is best described by an equilibrium model at low
Péclet numbers (e.g., Pe = 0.05) and a kinetic model at high Péclet num-
bers (e.g., Pe = 50). There exists an intermediate range (around Pe = 5),
where both equilibrium and kinetic models can describe nanoparticle
deposition. We derived correlation equations for the pore-scale nano-
particle deposition rate coefficients (K’p or Dag and Dage;) under unfa-
vorable conditions. This was done by performing a multiple-linear
regression analysis between the estimated deposition rate coefficients
(K'p or Dagg: and Dage,) for a single pore and various pore-scale param-
eters (Ng1, Npg, Pe, A and \*). We obtained:

K}y = pyNg1P?Np; P PeP AP N (1)

Dagie) = q1Ng192Np, % Pet A% \+* 2a
(att) 1

Da gery = r1NEg1 N, PE't exp(rsAN* (2b)

Here, p;, g, and r; (i =1, 2, ..., 6) are coefficients in correlation equa-
tions for Kp, Dag;; and Dage;, respectively.

Seetha et al. (2015a) classified nanoparticles into three groups:
Group I (A" 25), Group II (2 £A"<5), and Group Il (1 £ A" <2). The es-
timated values of coefficients in Egs. (1), (2a), (2b) for the three nano-
particle groups are given in Tables 4-6 of Seetha et al. (2015a). The
pore-scale correlation equations were found to be consistent with the
column-scale and pore-scale experimental results, and in qualitative
agreement with CFT.

3. Pore network modeling

In this study, we use PoreFlow (Raoof et al., 2013), which is a com-
plex pore-network modeling tool capable of simulating fluid flow and
multi-component reactive and adsorptive transport under saturated
and variably saturated conditions. The porous medium is represented
as a three-dimensional multi-directional pore-network model
consisting of an interconnected network of spherical pore bodies and
cylindrical pore throats (Raoof et al., 2010). In order to mimic realistic
porous media processes, network models should reproduce the main
morphological and topological features (e.g., distribution of pore sizes
and coordination number distribution, respectively) of real porous
media. One of the main features of PoreFlow is that the pore throats
can be oriented in several different directions, allowing a maximum
pore coordination number of 26. Detailed information about the net-
work generation is given in Raoof and Hassanizadeh (2009). The radius
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of the pore bodies is given by an uncorrelated truncated lognormal
probability distribution. The radius of the pore throat is determined
from the sizes of the two pore bodies it is connecting (Raoof and
Hassanizadeh, 2009; Raoof et al., 2010). The equations governing the
flow and transport through the network are given in Raoof et al.
(2010), and are briefly described below.

3.1. Simulating flow through the network

Fluid flow through the network is simulated by imposing two differ-
ent pressures at the inflow and outflow boundaries of the network. All
other boundaries of the network parallel to the overall flow direction
are considered as no-flow boundaries. Assuming laminar flow, the dis-
charge g;; through a given pore throat ij is described by Hagen-Poiseuille
equation:

Ry*
9 ="gr (Pi=P) 3)

where Rj; is the radius of the pore throat, | is the length of the pore
throat, and P; and P; are the pressures at pore bodies i and j, respectively.
Under steady-state flow conditions, the sum of discharges of all pore
throats connected to a pore body must be zero:

Zi
2. q;=0 4)
Jj=1

where z; is the coordination number of the pore body i (which is be-
tween 2 and 26). Eq. (4) is valid for all pore bodies except for those at
the inlet and outlet boundaries. Eqs. (3)-(4) are prescribed for all pore
bodies and throats in the network, which results in a linear system of
equations, with a sparse, symmetric and positive-definite coefficient
matrix, to be solved for pore body pressures (Raoof et al., 2013). Then,
the discharge through pore throats can be calculated using Eq. (3). As-
suming the network to be a representative elementary volume, the av-
erage water velocity through the network, v can then be calculated as
(Raoof et al., 2013)

- Q
V= on (5)
where Q is the total discharge through the network which is the sum of
fluxes through all pore throats at the inlet or outlet boundary of the net-
work, 6 is the network porosity, and A, is the cross-sectional area of the
network perpendicular to the overall flow direction.

3.2. Simulating nanoparticle transport through the network

Following Raoof et al. (2010), we assume that the pore bodies and
pore throats are completely mixed domains. This results in one (aver-
age) concentration being assigned to each pore body or pore throat.
We consider only advective transport through pore bodies and neglect
the nanoparticle deposition in the pore bodies. Hence, the governing
equation for particle transport in a given pore body, i, can be written as:

dc; Niy
Vigr = ]; ;i — QiCi (6)

where V; is the volume of the pore body i, ¢; is the average nanoparticle
concentration in the pore body, c; is the average nanoparticle concen-
tration in the pore throat ij, Q; is the total water flux leaving the pore
body given as, Q; = Z?IZ‘”] gij» and Ny, is the number of pore throats
flowing into the pore body i.

For a pore throat, we consider advective transport only, but linear ki-
netic deposition is also taken into account. Thus, the governing equation

for nanoparticle transport in a pore throat is given as:

dc;j
Vi = 45695~V (Kaci—Si) 7)

where Vj; is the volume of the pore throat ij, o [T~ '] is the first-order
kinetic rate constant equal to the detachment rate coefficient, Ky =

%’J’ [-] is the equilibrium distribution coefficient, kqe;; [T~ '] is the at-
tachment rate coefficient, and s;; is the average attached concentration
in the pore throat. The corresponding equation for the average attached
concentration in a pore throat is given as

ds;;
gt = @i (Kaiici—si) ®)

Seethaetal. (2015a) found that under unfavorable conditions, nano-
particle deposition in a cylindrical pore is best described by an equilib-
rium model at low Péclet numbers and by a kinetic model at high
Péclet numbers. However, at an intermediate range, both equilibrium
and kinetic models can describe nanoparticle deposition. Hence, at
low Péclet numbers, nanoparticle deposition is described using an equi-
librium model such that K = R%}K p.jj where Ky ; is calculated for each

throat ij, and Kp jj=K'p,; Ry; [L] is a function of various dimensionless
pore-scale parameters (Ngq, Npg, Pe, A and \*) as given by Eq. (1). The at-
tached concentration in the cylindrical pore is expressed in terms of
number of attached particles/pore surface area and number of attached
particles/pore volume in Seetha et al. (2015a) and Raoof et al. (2010),
respectively. This resulted in the multiplication factor of 2/R;; in
Kp,ij to define Ky ;. To implement equilibrium adsorption, governing
Egs. (6)-(8) are solved by setting a very large value for «;. At large
Péclet numbers, where kinetic model prevails, K4 can be calculated

knowing ki and o; as Ky = kg;f’. where kgt ij = Dagqr,ij Vin,ij/Rij and
oj= Dager,jj Vm,ij/Ryj are functions of various dimensionless pore-scale
parameters (Ngq, Npy, Pe, A and \*) as given by Egs. (2a) and (2b),
respectively.

The pore-scale correlation equations predict k<o (Seetha et al,,
2015a), which results in negligible deposition of nanoparticles. This is in
contrast with some experimental results on nanoparticle retention
under unfavorable conditions (Knappett et al., 2008; Li et al., 2008;
Sasidharan et al., 2014; Shen et al., 2008; Tong and Johnson, 2006;
Tufenkji and Elimelech, 2005). This implies that processes other than
nanoparticle-collector interactions, such as, physical and chemical het-
erogeneity of both nanoparticle and the grain surface plays an impor-
tant role in nanoparticle deposition under unfavorable conditions
(Shen et al.,, 2011, 2015; Tong and Johnson, 2007; Torkzaban and
Bradford, 2016; Trauscht et al., 2015). The pore-scale model developed
by Seetha et al. (2015a) for a smooth and chemically homogeneous pore
was very complex due to the combined effect of many pore-scale pa-
rameters and various forces (compiled into three different partial differ-
ential equations to be solved simultaneously for different locations
across the pore) on nanoparticle deposition. Incorporating microscopic
chemical and physical heterogeneity of the pore surface into the math-
ematical model would extremely complicate the model and the feasibil-
ity to perform modeling for a wide range of parameters. Moreover, there
is a lack of sufficient information to model the physical and chemical
heterogeneity of soil grain surfaces which would result in a large uncer-
tainty in the parameter values and the obtained results. Hence, in this
study while incorporating the pore-scale correlation equations devel-
oped by Seetha et al. (2015a) into the pore-network model, the effects
of microscopic physical and chemical heterogeneity of the grain surface
are accounted for by introducing a multiplier to Kp Eq. (1) and k¢ Eq.
(2a). We chose a value of 100 for the multiplier which also ensured
that the ratio of attachment to detachment rate coefficients at the
Darcy scale is approximately around 0.01, a value more realistic as ob-
served from experimental data.
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The governing Eqs. (6)-(8) when applied to all pores results in a lin-
ear system of equations, which are solved numerically using a fully im-
plicit finite difference scheme (Raoof et al., 2010). Nanoparticle
breakthrough concentration, ¢, is obtained by averaging the concentra-
tion of pore bodies at the outflow boundary of the network. The concen-
trations of pore bodies are weighted by their discharges, resulting in a
flux-averaged concentration, as given below.

_ Z%qwo@}l
Lt)=|= ""=| — 9
() { SN, 9

Co

where L is the network length, N; denotes the number of pore bodies at
the outlet boundary of the network, and cg is the inlet nanoparticle
concentration.

3.3. Parameters governing nanoparticle transport at Darcy scale

The six dimensionless parameters describing nanoparticle transport
at Darcy scale are Ngy, Npy, Pep, Aavg, A", and 6. The definitions and the
physical interpretation of these dimensionless parameters are given in
Table 1.

4. Modeling average (1-D) nanoparticle transport at Darcy scale

The nanoparticle transport at 1-D Darcy scale is described using ad-
vection-dispersion equation, with the deposition being described using
a two-site model with terms accounting for both equilibrium and kinet-
ic sorption Egs. (10)-(11).

oc 0s ’c _oc

S=5,+5 (11)

where D; is the dispersion coefficient at Darcy scale, 5 is the average
nanoparticle attached concentration, and S, and S, are the average at-
tached concentrations at the equilibrium and kinetic sites, respectively.
The nanoparticle deposition onto equilibrium and kinetic sites are as-
sumed to be described by first-order models, and the corresponding
governing equations are given in Egs. (12)-(13), respectively.

Se = fKpp)C (12)
05, o
% = ap) [(1—f)Kpp)c—5¢] (13)

where Kpp) = 'Zf—‘;‘)’) [-] is the Darcy-scale equilibrium distribution coeffi-

cient, kae(py [T~ '] is the rate coefficient for nanoparticle attachment at
Darcy scale, aqpy [T~ '] is the first-order kinetic rate constant equal to
the detachment rate coefficient at Darcy scale, and f[-] is the fraction
of sites assumed to be in equilibrium with the liquid phase. Substituting

Table 1
Darcy-scale parameters.

Parameter  Definition  Interpretation
Ng1 nesa(i+y3)  Represents the magnitudes of surface potentials
T kT
Np Ka Ratio of nanoparticle radius to double layer thickness
Pep gj Average network Péclet number, where R is the mean
. pore throat radius
Aavg ¢ /R Average interception parameter
A" A /a Ratio of characteristic wavelength of interaction to
the nanoparticle radius
0 Porosity

Egs. (11)-(13) into Eq. (10) leads to

de ot _dc .
(1+/Ko)) 5 = Dy —v5 —amy [(1=F)Kope—Si] (14)

Hence, the complete two-site model describing nanoparticle transport
at 1-D Darcy scale is given by Eqgs. (13)-(14).

The value of D; is estimated by first simulating transport of a
non-reactive tracer through the network, and then fitting the cor-
responding BTC obtained from the network with 1-D advection-
dispersion model with no deposition. The values of the parameters
describing nanoparticle deposition at Darcy scale, such as Kp(p),
apy, and fare estimated by fitting the nanoparticle BTC obtained
from the pore-network model (Section 3) against the 1-D advec-
tion-dispersion-deposition model i.e., Eqs. (13)-(14). The 1-D
governing equations are solved numerically using an alternating
three-step operator splitting approach, with the advection, disper-
sion and reaction operators being solved using explicit finite vol-
ume, fully implicit finite difference, and fourth-order Runge-Kutta
methods, respectively (Seetha et al., 2015b).

Fig. 1 compares the nanoparticle BTC obtained from the pore-net-
work model and the corresponding fitted curve with the 1-D model. It
can be seen that the 1-D model accurately fits the BTC.

5. Correlation equations for nanoparticle deposition rate coeffi-
cients at Darcy scale

Pore-network model simulations are performed for a range of values
of network parameters (Table 2), consistent with the range of values of
pore-scale parameters for which the pore-scale correlation equations
under unfavorable conditions were developed by Seetha et al.
(2015a). All simulations are performed using a network of the size 20
x 20 x 51 pore bodies in the x, y and z directions (with z being the
flow direction), and having a mean co-ordination number of 3.9,
which represents a porous medium of sand type. The pore body radii
are assumed to be lognormally distributed with a standard deviation
of 0.1R,,, where Ry, is the mean pore body radius. For all simulations,
the average pore-water velocity through the network lies between
10~7 and 6 x 10~® m/s, which is consistent with the typical groundwa-
ter velocities in sandy aquifers. The pore-network model simulations
are performed under unfavorable conditions for various combinations
of network parameters, which resulted in a total of 600 simulations de-
scribing nanoparticle transport at the Darcy scale.

The estimated values of nanoparticle deposition parameters at Darcy
scale (Kp(p), Kart(p), and f) obtained from the pore-network simulations
formed the data set that was used to develop correlation equations for
the Darcy-scale deposition coefficients (Kpp), Ddas(p), and f) in terms

01 ¢ BTC from PNM
' —1-D Model
(6

0014 o
<&

0.001 T - . )

0 20000 40000 60000 80000
t (min)

Fig. 1. Comparison of nanoparticle BTC obtained from the pore-network model
(diamonds) and the 1-D Darcy-scale model (solid line) for Ng; = 10, Np; = 50, Pep =
0.088, Aqyg = 0.00012, A" = 10, and 6 = 0.392.
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Table 2
Range of values of network parameters used in the
simulations.

Parameter Value

Ngq 10-400

Npr 5.5-100

Pep 0.05-50

Aavg 0.00004-0.001
N 1-10

0 0.3-0.5

of six dimensionless Darcy-scale parameters (Ng1, Npi, Pep, Aqvg, A", and

0) as given in Egs. (15)-(17), where Dagp) = @ [-]is the Damkéhler
number corresponding to the rate coefficient for nanoparticle attach-
ment at the Darcy scale, and R is the mean pore throat radius.

Kpp) = a1Ng1Np,® Pep™Aqyg N 67 (15)
Dgu(py = biNg1”2Np” Pep® Ay A QP (16)
f= In (q N1 Np & Pep® Ay N* 967) (17)

In Eqgs. (15)-(17), a; b;and ¢; (i = 1, 2, ..., 7) are constant parameters.
The values of these constants are estimated by performing a multiple-
linear regression analysis between the estimated nanoparticle deposi-
tion parameters at the Darcy scale and the six dimensionless Darcy-
scale parameters. Egs. (15)-(17) are formulated based on the assump-
tion that the pore surface heterogeneity (or pore-scale multiplier)
does not affect the values of the coefficients that appear in the power
of different Darcy-scale parameters. To support this, we performed
pore-network simulations with three different values of pore-scale mul-
tiplier: 1, 100, and 500. We observed that the trend between the esti-
mated Darcy-scale deposition parameters (Kp(p), k() and f) vs the
various Darcy-scale parameters, such as Ngy, Npy, Peayg, Aqvg and N\ re-
main unaltered irrespective of the value of the pore-scale multiplier,
and the trend lines are parallel to each other in most of the cases. This
indicates that the pore-scale multiplier has an effect only on the con-
stant coefficient terms (i.e., a;, b; and c¢;) in the correlation equations
for the Darcy-scale deposition rate coefficients (Eqs. 15-17). The results
obtained in this study are based on applying a constant value of 100 for
the multiplier in the pore-scale correlation equations Egs. (1) and (2a).

Following the approach of Seetha et al. (2015a), we classified the
nanoparticles into three groups based on their sizes: Group I (A" 2 5),
Group II (2 £ A" <5), and Group III (1 £ A" <2). The estimated values
of coefficients in Egs. (15)-(17) for the three nanoparticle groups are
given in Tables 3-5. Fig. 2 compares the estimated values of deposition
parameters obtained from the pore-network model (by applying a mul-
tiplier of 100 in the pore-scale correlation equations) with the corre-
sponding values predicted by the Darcy-scale correlation expressions
(Egs. (15)-(17)).It can be seen that there is a reasonable agreement be-
tween the calculated values and those predicted by the correlation
equations. The predicted trends for the Darcy-scale deposition rate coef-
ficients (Kppy and Dag(py) vs the various Darcy-scale parameters (Ng;,
Npy, Pep, Aqyg and N*) (Egs. (15)-(17)) are consistent with the predicted
trends for the pore-scale deposition rate coefficients (K, and Ddg) Vs
the various pore-scale parameters (Ng;, Np;, Pe, A and \*) (Egs.
(1)-(2a)). The coefficients, a;, b; and c; in Egs. (15)-(17) are here on-
wards called as the multipliers, and for a given soil, their values need
to be found by comparing the values of the Darcy-scale deposition pa-
rameters predicted by the correlation equations (Egs. (15)-(17))
against the estimated values of nanoparticle deposition rate coefficients
from column or field experiments obtained by fitting the corresponding
BTCs with 1-D advection-dispersion-deposition model.

Table 3
Values of coefficients in the Darcy-scale correlation equations for the deposition rate coef-
ficients of Group I nanoparticles.

Favorability Unfavorable (Ng;210)
Coefficients of dimensionless  a, —0.095 b, —0.097 ¢ —0.021
expression® as 0.326 bs 0.337 c;  0.08
ay —0.184 by —0.161 ¢4 —0.071
as 0.28 bs 0279 ¢ 0.041

ag 0.163 bs  0.160 cs  0.067
az 0.685 b7 1.259 c;  0.068

%RMSE 476 1.73 12.76

R? 0.96 0.96 0.84

Coefficients of dimensional d, 0.258 ey 0.266 fo 0.061
expression” d; 0115 e; 0.9 f; 0053

d; 0.184 e, 0161  f, 0.071
ds  0.095 es 0097  fs 0.021
ds  0.163 es 0168  f; 004

d, 0.184 e, 0839 f, 0071
ds 0463 es 144 fs 0112
dy  0.165 eg 0198  fo 0039
dio 0685 ewo 1259  fi, 0.068

¢ Coefficients in Egs. (15)-(17).
b Coefficients in Eqs. (18)-(20).

Egs. (15)-(17) can be written in dimensional form, which results in
correlation equations for Kp(p), Kart(p), and fin terms of ten dimensional

measurable parameters at Darcy scale (&, T, 1, i1, ¥, I, V, R, a and 6) as
given in Egs. (18)-(20).

—d S
Kooy = die T (4,7 +4) 1w 4R ~“ahph (18)
K _ —ey T3, ,—ey 2 2\ 7% 1es er b —es €0 10
kaap) = €16~ TP (Y +457) IPVR a0 (19)
=1 —forf3—fa 2 2 Rk fo5 _f777f8 —fogfio
f= In(fre B Thpte(p? +y,%) oy IR aho (20)

The values of constants, d; e; and f; (i = 2, ....,10), in Egs. (18)-(20)
are given in Tables 3-5. Values of coefficients d;, e; and f; depend on Ny,
kg, e, &g and A, as given below:

dy = alna2+a4200033 /260 {NAO.SH3kB—(a2+0vsﬂg+a4)ea20a2705ﬂ3)\uﬁ] 1)
ey = by 2120007 /267 [Ny0 9 eg (02705510 gheo'z 0N (22)
Table 4

Values of coefficients in the Darcy-scale correlation equations for the deposition rate coef-
ficients of Group Il nanoparticles.

Favorability Unfavorable (Ng;220)
Coefficients of dimensionless  a, —0.099 b, —0.103 ¢ —0.03
expression® as 0.34 bs 0.355 c; 0.109
ay —0211 by —0.187 ¢4 —0.095
as 0.408 bs 0.444 Cs 0.077
as 0310 bs 0366 s —0.005
a; 0.022 b 0.512 c7 —0.107
%RMSE 435 193 11.88
R? 0.95 0.94 0.92
Coefficients of dimensional d> 0.269 e 0.281 fo 0.084
expression” d; 0140 e;  0.113 f; 007

d; 0211 e, 0187  f; 0095
ds  0.099 es 0103  f; 003

ds 017 es 0178  fs 0055
d, 0211 e, 0813 f, 0095
ds 0619 es 1632  f; 0172
dy 0128 eg 0143  fo  —0.067
dip  0.022 ewo 0512 fip  —0.107

¢ Coefficients in Egs. (15)-(17).
b Coefficients in Eqs. (18)-(20).




N. Seetha et al. / Journal of Contaminant Hydrology 200 (2017) 1-14 7

Table 5
Values of coefficients in the Darcy-scale correlation equations for the deposition rate coef-
ficients of Group Il Nanoparticles.

Favorability Unfavorable (Ng;240)
Coefficients of dimensionless  a, —0.076 b, —0.076 ¢, —0.026
expression® as 0.346 bs 0.369 c; 0126
ay —0.194 by —0.185 ¢4 —0.101

as 0539 bs 0601 ¢ 0.092
as  0.794 bs  0.900 ce 0.166
a; 0457 b, 0957 ¢, 0113

%RMSE 341 1.84 1544

R? 0.96 0.94 0.89

Coefficients of dimensional d, 0.249 ey 0.26 fo 0.089
expression” d;  0.097 e; 0076 f;  0.064

d; 0194 e, 0185  f, 0.101
ds  0.076 es 0076  fs 0026
ds 0173 es 0185  f;  0.063
d, 0194 e, 0815 f, 0101
ds 0734 es 1785  fy  0.193
dy —0179 es —019 f, 0075
dio 0457 eww 0957  fio 0113

¢ Coefficients in Egs. (15)-(17).
b Coefficients in Egs. (18)-(20).

fl = €2 +Ca 200053 /2 664 NAO.5C3 ]cB—(Cz+0-553+C4)e63 80(‘2 —0.5¢3 }\CG (23)

The correlation equation for «p) (obtained from Egs. (18)-(19) as
o py = kare(p)/Kp(py) is found to be insensitive to all parameters, except
for v, R and 6.

6. Comparison with observed trends from literature

The trends predicted by the correlation equations (Eqgs. (18)-(20))
for the Darcy-scale deposition coefficients (Kp(p), Kase(p). and f) vs the
ten Darcy-scale parameters will be discussed, followed by comparison
of the predicted trends with the observed trends from column-scale or
batch-scale experimental data available in the literature.

6.1. Effect of dielectric constant

As the solution dielectric constant increases, the electrostatic repul-
sive force between the particle and the collector increases. Hence, nano-
particle deposition decreases, resulting in decreasing values of Kp(p) and
kaee(py (Egs. (18)-(19)). Also, the fraction of sites where equilibrium de-
position occurs, f, decreases with increasing dielectric constant (Eq.
(20)), which indicates that kinetic processes become more important
under unfavorable conditions.

6.2. Effect of temperature

When temperature increases, the particle diffusion coefficient in-
creases. This increases the rate of transfer of particles to the grain sur-
face, and hence increased deposition leading to a positive correlation
between Kpp) (and kas(py) vs T (Eqs. (18)-(19)), which is also consis-
tent with the experimental observations (Chrysikopoulos and
Aravantinou, 2014; Syngouna and Chrysikopoulos, 2010), as given in
Table 6.

6.3. Effect of solution viscosity

Egs. (18)-(19) show that Kp(py and kqy(py decrease with increasing
solution viscosity. Increase in solution viscosity lowers the particle dif-
fusion coefficient, and reduces the rate of transfer of particles to the
grain surface. In addition, the drag force acting on the particle near to
the grain surface increases. Hence, nanoparticle deposition decreases
with increasing viscosity.

6.4. Effect of ionic strength

The Darcy-scale correlation equations predict that Kpp), katt(py and f
increase with increasing solution ionic strength and decrease with in-
creasing values of surface potentials on nanoparticle and grain surface.
This trend is consistent with the column-scale experimental results
found in the literature (Cai et al., 2014; Compere et al., 2001;
Elimelech and O’Melia, 1990; Johnson et al., 2007b; Kang et al., 2015;
Knappett et al., 2008; Li et al., 2005; Litton and Olson, 1996; Sadeghi
et al,, 2011; Sasidharan et al.,, 2014; Shen et al., 2007; Tosco et al.,
2012; Tufenkji and Elimelech, 2005; Wang et al., 2012). This is due to
the reduction in the electric double layer thickness around the particle
and the grain surface, and the reduction in the negative surface poten-
tials of the particle and grain surface with increasing ionic strength,
thereby reducing the repulsive force between them. Table 6 shows the
consistency between the trends predicted by the correlation equations
and the observed trends from the literature.

6.5. Effect of mean pore water velocity

Eqgs. (18)-(20) predict that an increase in the mean pore water ve-
locity causes a decrease of Kp(p), increase of kg (p), and decrease of f.
The expression obtained in this study for kqp)y vs V is consistent with
the column experimental results of Compere et al. (2001), Kang et al.
(2015), Li et al. (2008), Sasidharan et al. (2014), Seetha et al. (2015b)
and Vasiliadou and Chrysikopoulos (2011), as shown in Table 6. Howev-
er, there are also results from some column experiments that show that
estimated values of Darcy-scale attachment rate coefficient for nanopar-
ticles and colloids decrease with increasing pore water velocity (Keller
et al,, 2004; Li et al., 2005; Tong and Johnson, 2006; Tosco et al., 2012).

6.6. Effect of mean pore throat radius

The diffusion length from the bulk solution toward the grain surface
increases with R In addition, porosity and the specific surface area of the
porous medium decrease with increasing R. Hence, nanoparticle deposi-
tion decreases, resulting in a negative correlation between both Kp(p)
and kqe(py Vs R, and a positive correlation between both Kp(py and
kast(py vs porosity (Egs. (18)-(19)). The fraction of sites where equilibri-
um deposition occur decreases with increasing pore throat radius and
decreasing porosity (Eq. (20)), due to the dominance of advective
transport compared to the deposition. This trend agrees with the
available column experimental results as shown in Table 6 (Knappett
et al,, 2008; Li et al., 2008; Shen et al., 2008; Chrysikopoulos and
Aravantinou, 2014).

6.7. Effect of nanoparticle radius

Egs. (18)-(19) predict a positive correlation between both Kppy and
katt(py vs the nanoparticle radius for Group I and I nanoparticles and a
negative correlation for Group IIl nanoparticles (Tables 3-5). This is
due to the dominance of advective transport for larger particles at a
given mean pore water velocity. This result is in contrast to column ex-
perimental observations available in the literature for nanoparticle
transport in porous media. For example, Sasidharan et al. (2014), and
Zhuang et al. (2005) observed decreased retention with increasing par-
ticle size for Group I and Il nanoparticles. This discrepancy may be be-
cause the range of values of Pep used in deriving our correlation
equations is 0.05-50 (pore water velocity = 10~7-6 x 10™° m/s),
while the column experiments (Sasidharan et al., 2014; Zhuang et al.,
2005) were performed at Pep values (~100-3000) which were orders
of magnitude greater than the values used in this study. The effect of
nanoscale heterogeneity of the grain surface is not considered in this
study, which may contribute to the increased retention of smaller parti-
cles (May and Li, 2013; Sasidharan et al., 2014). The results from this
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Fig. 2. Effect of various Darcy-scale parameters on the Darcy-scale deposition coefficients (solid line: estimated values obtained by fitting the BTCs from pore-network model, dotted line:
predicted values from correlation equations). The parameters used in the simulations are, a to I: Ng; = 20, Np, = 50, Pep = 0.71,Aqg = 0.0001, A" = 10, and 6 = 0.392,and m, n & 0: Ng; =

40, Np; = 50, Pep = 11.8, and Ay, = 0.0001.

study are consistent with the trends obtained from the column experi-
mental results of Shani et al. (2008) and Tong and Johnson (2006)
who studied the transport of Group 1 or Il and Group III nanoparticles
in porous media, though the value of Pe, (~300-5000) is larger than
the values used in this study (Table 6).

6.8. Comparison with experimental data

Fig. 3 compares the predicted values of attachment rate coefficient
obtained from the correlation equation Eq. (19) by taking the value of
multiplier, by, in Eq. (22) as unity, and the corresponding estimated
values obtained by fitting the observed BTCs with a 1-D model for the
column experimental results of Elimelech and O’Melia (1990), Li et al.
(2008), Sasidharan et al. (2014), Shen et al. (2008), and Tong and
Johnson (2006). Fig. 3 also shows the corresponding value of attach-
ment rate coefficient predicted by CFT. As not every single parameter

needed to predict the Darcy-scale deposition rate coefficients using
the correlation equations developed in this study is reported in the
above literature, for some cases we selected the corresponding typical
values (e.g., R is taken as equal to 0.25ds, where dsg is the median
grain size). The various 1-D models that were found to fit the experi-
mental data of the above literature are given in Table 6 (Elimelech and
0’Melia, 1990, Li et al., 2008, Sasidharan et al., 2014, Shen et al., 2008,
Tong and Johnson, 2006). Fig. 3 shows that the trends predicted by
the Darcy-scale correlation equation (Eq. (19)) for attachment rate co-
efficient are consistent with the observed trends from the column ex-
perimental results, and the predicted and the observed trends are
parallel to each other in most cases. This justifies the use of a multiplier
in the correlation equations, and its value for a given porous medium
can be found by dividing the fitted value of the attachment rate coeffi-
cient obtained from the experimental data with the predicted value
from the correlation equation.



Table 6

Observed trends from literature for comparison with Darcy-scale correlation equations.

Reference Parameter Type of Particle Porous Value of parameter ~ Model Observed trend
studied experiment (size nm) medium studied
Syngouna and Chrysikopoulos, 2010 ~ Temperature Batch MS2 (25) Kaolinite 4°C Linear isotherm Equilibrium distribution coefficient increased when the temperature
DX174 (26) Bentonite 25°C increased from 4 to 25 °C.
Chrysikopoulos and Aravantinou, Temperature Batch MS2 (25) Quartz sand 4°C Freundlich isotherm Freundlich constant of viruses onto quartz sand was greater at 20 °C
2014 $X174 (26) 20°C than at 4 °C.
Compere et al., 2001 lonic Column Smectite (260) Very fine 8.5 x 107°-7.62 x A first-order two-site kinetic ~ The ratio of the attachment to the detachment rate coefficient, and the
strength experiment quartz sand 10~4 M (CaCly) model with attachment rate
reversible and irreversible coefficients at both reversible and irreversible sites increased with
deposition sites increasing ionic strength.
Elimelech and O’Melia, 1990 Ionic Column Polystyrene latex particles Glass beads 0.001-0.1 M CFT Deposition rate increased with increasing ionic strength under
strength experiment (46-753) unfavorable conditions.
Tufenkji and Elimelech, 2005 lonic Column Polystyrene latex colloids (63, 320, Soda-lime 3-300 mM KCl CFT Deposition increased with increasing ionic strength under unfavorable
strength experiment 3000) glass beads conditions.
Sadeghi et al., 2011 Ionic Column PRD1 (62) Quartz sand 1,10 and 20 mM Linear reversible kinetic Attachment rate coefficient increased with increasing solution ionic
strength experiment deposition strength.
Wang et al., 2012 Ionic Column Silica nanoparticles (8, 52) Accusand 1, 100 mM Nacl CFT Attachment rate coefficient increased with increasing ionic strength.
strength experiment
Sasidharan et al., 2014 Ionic Column Carboxyl-modified latex River sand 10-60 mM Nacl, Two-site kinetic model Attachment rate coefficients at both the sites increased with increasing
strength experiment nanoparticles (50, 100 nm) 0.5-3 mM CaCl, accounting for solution ionic strength.
irreversible deposition and
blocking on each site
Kang et al., 2015 lonic Column Carboxyl-functionalized carbon Quartz sand 0.1, 1 mM Nadl, First-order irreversible model ~Attachment rate coefficient increased with increasing solution ionic
strength experiment  black nanoparticles (77.2) 0.01-0.1 mM CaCl, strength.
Compere et al., 2001 Flow Column Smectite (260) Very fine 1.27 x 107°-0.0001 A first-order two-site kinetic ~ The ratio of the attachment to the detachment rate coefficient
velocity experiment quartz sand m/s model with decreased, and the attachment rate
reversible and irreversible coefficients at reversible and irreversible sites increased with
deposition sites increasing pore water velocity.
Li et al.,, 2008 Flow Column Nanoscale fullerene aggregate Ottawa sand 1.16 x 107°-9.3 x One-site irreversible kinetic ~ Attachment rate coefficient increased and the maximum retention
velocity experiment (120) 10~°m/s model with blocking capacity decreased as the
pore water velocity increased.
Vasiliadou and Chrysikopoulos, 2011 Flow Column Pseudomonas putida Glass beads 16x1074 First-order reversible kinetic ~ Attachment rate coefficient increased, and the ratio of attachment to
velocity experiment Kaolinite 243 x107% model detachment rate coefficients
3.25x 10" *m/s decreased with increasing pore water velocity.
Sasidharan et al., 2014 Flow Column Carboxyl-modified latex Natural graded 1.16 x 107°-2.3 x Two-site kinetic model that ~ Attachment rate coefficients at both the sites increased and the fraction
velocity experiment nanoparticles (50, 100 nm) river sand 1074 m/s accounted for of the solid surface area
irreversible deposition and available for deposition decreased with increasing flow velocity.
blocking on each site
Kang et al., 2015 Flow Column Carboxyl-functionalized carbon Quartz sand 2.2 x107°-45 x First-order irreversible model ~Attachment rate coefficient increased with increasing pore water
velocity experiment black nanoparticles (77.2) 10~°m/s velocity.
Syngouna and Chrysikopoulos, 2013 Flow Column MS2 (25) Glass bead 633 x 107°-2 x Linear reversible kinetic Attachment rate coefficient increased, and the ratio of attachment to
and Seetha et al. (2015b) velocity experiment $X174 (26) 1074 m/s model detachment rate coefficients
decreased as the pore water velocity increased.
Knappett et al., 2008 Grain size Column MS2 (25) Angular silica  0.34-0.7 mm Linear irreversible kinetic The estimated first-order kinetic attachment rate coefficient in fine
experiment sand model sand (dsp = 0.34 mm) is greater
than that in the medium sand (dsp = 0.7 mm).
Li et al.,, 2008 Grain size Column Nanoscale fullerene aggregate Ottawa sand 0.125-0.710 mm One-site irreversible kinetic ~ Attachment rate coefficient and the maximum retention capacity of the
experiment (120) model with blocking porous medium decreased
with increasing mean sand size.
Shen et al., 2008 Grain size Column Carboxyl-modified latex Glass beads 0.11 Two-site kinetic model with  Attachment rate coefficients at both the sites decreased with increasing
experiment microspheres (33, 66) 0.22 reversible grain size.
0.72 mm and irreversible sites
Chrysikopoulos and Aravantinou, Grain size Batch MS2 (25) Quartz sand 0.181 mm Freundlich isotherm Freundlich constant for viruses decreased with increasing quartz sand
2014 $X174 (26) 0.513 mm size.
1.44 mm
Tong and Johnson, 2006 Particle size  Column Carboxylate-modified latex Glass beads 100 Two-site linear kinetic model Estimated value of attachment rate coefficient decreased with
experiment microspheres (100, 200) 200 nm with reversible increasing particle size at a velocity of 4 m/d.
and irreversible sites
Shani et al., 2008 Particle size  Column Fluorescent microspheres (20, Natural dune 20 - Effluent peak breakthrough concentration increased, and hence the
experiment 200) sand 200 nm deposition decreased with increasing particle size.
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Fig. 3. Values of attachment rate coefficient vs various measurable Darcy-scale parameters from column experiments (Dashed lines: Predicted values from correlation Eq. (19), dotted
lines: predicted values from CFT, and solid lines: estimated values obtained by fitting the observed BTCs with a 1-D model). The values of parameters are (a) v,, = 4 m/d, (b) dso =
110 pm, (c) v, = 8 m/d, (d) @ = 15 nm, (e) a = 25 nm, IS = 50 mM, (f) dso = 355 pm, (g) a = 121 nm, and (h) a = 25 nm, v,, = 1 m/d. The values of other parameters are taken as
given in the corresponding literature. The 1-D models that correspond to the various column experimental data used here are given in Table 6.

7. Darcy-scale correlation equation versus colloid filtration theory

In this section, we compare the Darcy-scale correlation equation for
the attachment rate coefficient under unfavorable conditions developed
in this paper (Eq. (19)) with the Colloid Filtration Theory, which de-
scribes colloid attachment to the grain surface by a first-order irrevers-
ible kinetic model as (Tufenkji and Elimelech, 2004; Yao et al.,, 1971):

(24)

Here, kq(crry is the Darcy-scale attachment rate coefficient prescribed
by CFT, and d. is the average grain diameter. As diffusion is the dominant
transport mechanism for nanoparticle deposition onto the grain surface,

the total single collector efficiency (1)0) is approximately equal to the
single collector efficiency due to diffusion (1)p) (i.e., o=~mp). Tufenkji
and Elimelech (2004) and Bai and Tien (1999), based on theoretical
and empirical considerations, developed the following correlation equa-
tions for 1)p and « (Seetha et al., 2015a):

— — 5 —0.634 _
nDo(TO,663H 0.715V 0.715R a 0.796 (25)

IOA676‘u70.391 v —0.391 a0.2579 (26)

-03121
(o 0-98817—0.676 (%2 +!,//22)

Substituting for 19 and « in Eq. (24) from Egs. (25)-(26), respectively,
results in the following expression for the Darcy-scale attachment rate
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coefficient prescribed by CFT (Seetha et al., 2015a).

0676, —0.106 —1.634 05381

a

—03121
—0.98817—0.013, —1.106 (], 2 2
kate(py<€ T u (l/h +i, )

(27)

Comparison of Egs. (19) and (27) indicates that they both show the
same trends for all parameters, except for v, a and T. The inconsistency
for v and a may be due to the different range of values of v and a used
in the simulations performed in this study (v = 10~7-6 x 10~ % m/s;
a = 10-100 nm) and in deriving the correlation equations for 19 by
Tufenkji and Elimelech (2004) (v = 1.9 x 107°-0.0056 m/s; a =
10 nm-10 pm) and « by Bai and Tien (1999) (Darcy velocity =
0.001-0.004 m/s; a = 30 nm-5.7 yum). This is also supported by Fig. 3
which compares the values of Darcy-scale attachment rate coefficient
predicted by CFT (Eq. (24)) for various column experimental data
from literature (Elimelech and O’Melia, 1990; Li et al., 2008;
Sasidharan et al., 2014; Shen et al., 2008; Tong and Johnson, 2006)
with the corresponding values obtained from the correlation equation
Eq. (19).

Empirical expressions for the attachment efficiency, c, for Group I, Il
and Il nanoparticles can be derived by comparing Eqs. (19) and (24),
with 1)y being substituted with Eq. (25). We obtain:

_ . —0.097 L —0.194
uocg—0266T—0.626 (%2 _szz) 0.168,,0.5547,0.354 0194 0,994 (28)
—02817—0.603 (| 2 2\ 70193 0178 0.528-0.528750-002 0,939
Qg ORI 060 (2 4y, 2) 017805260 928000 go (29)
—0.2617—0.6385 [, 2 2\ 70976 0,185 053-0.53p —0.151 -0.606
Qo008 (2 4y, 2) 01053033 R 01510 (30)

The trend predicted by Egs. (28)-(30) for the various parameters are
consistent with the empirical correlation for o derived by Bai and Tien
(1999) (Eq. (26)), except for v and . A reason for this discrepancy for v

may be due to the large values of velocity (Darcy velocity = 0.001-
0.004 m/s) used in deriving the empirical correlation equation (Eq.
(26)) as compared to the values used in this study. In this regard, con-
flicting results are found in the literature. Many researchers have ob-
served, from column experiments, that the experimental attachment
efficiency decreases with increasing pore water velocity (Anders and
Chrysikopoulos, 2005; Johnson et al., 2007b; Keller et al., 2004; Shen
et al., 2010; Tong and Johnson, 2006). But, column experimental results
of Sasidharan et al. (2014), Syngouna and Chrysikopoulos (2013), and
Vasiliadou and Chrysikopoulos (2011) show that the attachment effi-
ciency (calculated using Eq. (24), knowing the fitted value of attach-
ment rate coefficient) increases with increasing pore water velocity.
The positive correlation predicted by Egs. (28)-(30) for v are also con-
sistent with the study of Kim and Lee (2014), who performed column
experiments to study the transport of titanium dioxide nanoparticles
through sand at low range of values of pore water velocities (v = 2.4
x 1076-4.9 x 10~* m/s) which are more relevant to typical field condi-
tions. The experimental attachment efficiency was found to increase
with increasing pore water velocity (Kim and Lee, 2014). This is be-
lieved to be due to the increased mass transfer of nanoparticles to the
sand surface with increasing flow velocity, resulting in a higher chance
of particle collisions, and therefore an increase in c.. Kim and Lee (2014)
observed that the empirical correlation equation available in the litera-
ture (Bai and Tien, 1999), which predict decreasing values of o with in-
creasing flow velocity, is applicable only for pore water velocities > 4
x 10=% m/s. Pelley and Tufenkji (2008) found from column experi-
ments that, under unfavorable conditions, the experimental attachment
efficiencies of latex nanoparticles (with diameters 50, 110 and
1500 nm) onto quartz sand increased with increasing particle size.
Litton and Olson (1996) studied the influence of particle size on the de-
position kinetics of carboxyl latex microspheres (with diameters 245,

481 and 755 nm) in granular quartz beds, and found the experimental
attachment efficiency to follow a positive correlation with particle
size. Both of above studies attributed the increased particle deposition
with particle size to the contribution of secondary minimum deposition
for larger particles. This supports the trend predicted by Eqgs. (28)-(30).

8. Conclusions

In this study, we upscaled nanoparticle transport from pore to the
Darcy scale by incorporating the correlations equations for the pore-av-
eraged deposition rate coefficients of nanoparticles under unfavorable
conditions (developed by Seetha et al. (2015a)) into a multi-directional
pore-network model, PoreFlow (Raoof et al., 2013). Breakthrough
curves of nanoparticles obtained from the pore-network model are de-
scribed using a 1-D advection-dispersion equation, with deposition
being described by a two-site linear reversible model with terms ac-
counting for both equilibrium and kinetic sorption. Correlation equa-
tions for the Darcy-scale deposition coefficients of nanoparticles under
unfavorable conditions are derived as a function of ten measurable
Darcy-scale parameters, including: porosity, mean pore throat radius,
mean pore water velocity, nanoparticle radius, ionic strength, dielectric
constant, viscosity, temperature, and surface potentials of the particle
and grain surfaces. The correlation equations developed in this study
are valid for the cases where nanoparticle deposition onto the grain sur-
face is described using a two-site model accounting for both equilibrium
and kinetic sorption. The Darcy-scale correlation equations for the dis-
tribution coefficient and the attachment rate coefficient show a positive
correlation with porosity, ionic strength, and temperature, whereas a
negative correlation is found with mean pore throat radius, dielectric
constant, viscosity, and surface potentials of the particle and grain sur-
faces. The Darcy-scale distribution coefficient decreases with increasing
mean pore water velocity, whereas the attachment rate coefficient fol-
lows the opposite trend. Nanoparticle deposition at Darcy scale is
found to have a positive correlation with nanoparticle radius for small
particles, and a negative correlation for large particles due to the greater
effect of hydrodynamic forces on larger particles. Kinetic sorption is
found to become important as the favorability of the surface for deposi-
tion decreases. The correlation equations are found to be consistent
with the observed trends from column experiments available in the lit-
erature, and are in agreement with colloid filtration theory for all pa-
rameters, except for the mean pore water velocity and nanoparticle
radius. This discrepancy may be due to the different range of values of
pore water velocity and particle radius considered in this study and in
the CFT. We also derived expressions for attachment efficiency in
terms of the ten measurable Darcy-scale parameters. The Darcy-scale
empirical formulas developed in this study contain free multipliers
whose values need to be determined from calibration.

9. Notation

a nanoparticle radius [L]

A interception parameter [-]

Aavg average interception parameter [-]

Ac cross-sectional area of the network perpendicular to the over-
all flow direction [L2]

G average nanoparticle concentration in the pore body i
[no.L™3]

Gjj average nanoparticle concentration in the pore throat ij
[no.L™3]

Co inlet nanoparticle concentration to the network [no. L™3]

c nanoparticle breakthrough concentration from the pore
network [no. L™3]

Dagy, Dagee Damkohler numbers corresponding to the rate coefficient
for nanoparticle attachment to and detachment from the pore
wall in a cylindrical pore [-]

d. average grain diameter [L]
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dispersion coefficient at Darcy scale [L2 T~ 1]

particle bulk diffusion coefficient [L2 T~ ]

elementary charge [IT]

fraction of sites assumed to be in equilibrium with the liquid
phase at Darcy scale [-]

solution ionic strength [Molar]

average rate coefficients for nanoparticle attachment and
detachment in a cylindrical pore [T™!]

Darcy-scale attachment rate coefficient prescribed by CFT [T~ ']
rate coefficient for nanoparticle attachment at Darcy scale
(T']

attachment rate coefficient in the pore throat ij [T~ !]
Boltzmann constant [M [2 T=2 9]

equilibrium distribution coefficient in the pore throat ij [-]
equilibrium distribution coefficient in a cylindrical pore in the
model of Seetha et al. (2015a) [L]

dimensionless equilibrium distribution coefficient in a cylin-
drical pore in the model of Seetha et al. (2015a) [-]
Darcy-scale equilibrium distribution coefficient [-]

length of the pore throat [L]

network length [L]

Avogadro number [-]

dimensionless parameter representing the magnitudes of
surface potentials [-]

dimensionless parameter representing the ratio of nanoparti-
cle radius to double layer thickness [-]

number of pore throats flowing into the pore body i [-]
number of pore bodies at the outlet boundary of the network
[-]

pressures at pore bodies i and j, respectively [ML™! T~2]
Péclet number of a cylindrical pore [-]

Average network Péclet number [-]

discharge through a given pore throat ij [L> T~ ']

total discharge through the network [L*> T~ 1]

total water flux leaving the pore body i [L> T~ 1]

radius of cylindrical pore [L]

mean pore throat radius [L]

radius of the pore throat connecting pore bodies i and j [L]
mean pore body radius [L]

average attached concentration in the pore throat ij [no. L™3]
average nanoparticle attached concentration at Darcy scale
[noL™3]

average attached concentration at the equilibrium site at
Darcy scale [no L™3]

average attached concentration at the kinetic site at Darcy
scale [no L3]

absolute temperature [6]

mean flow velocity in cylindrical pore [LT!]

average water velocity through the network [LT™']

volume of the pore body i [L?]

volume of the pore throat ij [L?]

coordination number of the pore body i [-]

attachment efficiency [-]

first-order kinetic rate constant equal to the detachment rate
coefficient at Darcy scale [T™]

first-order kinetic rate constant equal to the detachment rate
coefficient in the pore throat ij [T~ ]

dielectric constant of water [-]

permittivity of vacuum [PT*M~'L™3]

inverse Debye-Huckel length [L™!]

characteristic wavelength of the interaction [L]
dimensionless parameter representing the ratio of character-
istic wavelength of the interaction to nanoparticle radius [-]
dynamic viscosity of water [ML™! T~ ]

single collector efficiency due to diffusion [-]

Mo total single collector contact efficiency [-]

Y1,  surface potentials on the nanoparticle and collector
[ML2~ T3]

0 porosity [-]
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