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The transport behavior of pathogenic microorganisms and nanoparticles (NPs) in
the subsurface is usually studied by performing laboratory soil column experiments.
Parameters describing colloid deposition on grain surfaces are estimated by fitting
observed breakthrough curves with an appropriate one-dimensional model. However,
predictive tools to estimate colloid deposition parameters, knowing the system properties
such as soil type, colloid type, solution chemistry, and flow velocity, are useful in
estimating the travel distances of pathogenic microorganisms in the subsurface. Such
predictive models are rare, except the colloid attachment rate coefficient predicted by
colloid filtration theory (CFT) under favorable conditions. Although a couple of theoretical
and empirical predictive models are available for estimating the deposition parameters
under unfavorable conditions, they were developed for a small set of data, and their
applicability to a wide range of conditions is unexplored. In this study, several sets of
column-experimental data from literature, covering a wide range of experimental
conditions, were analyzed to understand key factors that control colloid deposition.
Empirical relationships were developed for deposition rate coefficients and sticking
efficiency of various colloidal types [viruses, bacteria, graphene oxide (GO) NPs, silver
(Ag) NPs, titanium dioxide (TiO2) NPs, and carboxylate-modified latex (CML) colloids]
vis-a-vis 11 physicochemical parameters such as porosity, mean pore-water velocity,
median grain size, colloid radius, solution ionic strength, surface potentials of colloids and
grains, Hamaker constant, temperature, viscosity of water, and dielectric constant. While
deposition of viruses and CML colloids on grain surfaces was found to be reversible,
deposition of bacteria, GO NPs, Ag NPs, and TiO» NPs was found to be irreversible.
The empirical equations proposed in this study can predict deposition rate coefficients
more closely (p < .001, R = 0.69 — 0.85) than CFT (p < .7, R < 0.41). The
performance of CFT in predicting the attachment rate coefficients of viruses, bacteria,
GO NPs, TiO» NPs, and CML colloids was found to improve significantly when estimated
rate coefficients were multiplied by the sticking efficiency calculated using the empirical
expression proposed in this study (o < .001, R? = 0.65 — 0.95).
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INTRODUCTION

Colloidal contaminants, such as pathogenic microorganisms
(viruses, bacteria, and protozoa) and engineered nanoparticles
(ENPs) enter the subsurface from various sources, including
landfill leachates, industrial discharges, and land application of
wastewater. Understanding the fate and transport of colloids
in the subsurface is therefore essential to prevent groundwater
contamination and protect human health.

The various mechanisms for retention of colloids in soil
include deposition on grain surfaces, blocking, straining, and
ripening. Colloid transport in porous media is usually studied
by performing soil column experiments in the laboratory,
and colloid retention parameters (attachment and detachment
rate coefficients, maximum adsorption capacity of the soil,
and straining coeflicient) are in turn estimated by fitting the
observed breakthrough curves with one-dimensional advection-
dispersion equation with terms accounting for appropriate
retention mechanisms. Literature shows that the rate coefficients
of attachment and detachment of colloids to grain surfaces
depend on various physicochemical factors, such as, flow velocity
(Hendry et al., 1999; Tong and Johnson, 2006; Syngouna and
Chrysikopoulos, 2013; Sasidharan et al, 2017a), grain size
(Bradford et al., 2003; Knappett et al., 2008; Mitropoulou et al.,
2013; Bai et al.,, 2016), colloid size (Tong and Johnson, 2006;
Johnson et al., 2007), solution pH (Jewett et al., 1995; Sadeghi
et al,, 2011; Fang et al., 2013), ionic strength (Li et al., 2004;
Johnson et al., 2007; Torkzaban et al., 2008a; Sadeghi et al.,
2011; Fang et al., 2013), soil type (Chu et al., 2003; Schinner
et al, 2010), colloid type (Li et al., 2004; Li and Johnson,
2005; Bai et al., 2016; Hedayati et al., 2016; Sasidharan et al.,
2017a), temperature (Kim and Walker, 2009; Chrysikopoulos
and Aravantinou, 2014; Schijven et al., 2016; Sasidharan et al.,
2017b), and type of soil treatment (Tian et al., 2010). Predictive
tools to estimate colloid attachment and detachment rate
coeflicients as functions of various physicochemical parameters
influencing them will be useful in estimating the travel distances
of various colloidal contaminants in groundwater (Schijven
et al., 2000). However, such tools are rare, except for the
theoretical expression for attachment rate coefficient under
favorable conditions (interaction energy between colloid and
grain surface being attractive at all separation distances) given
by the colloid filtration theory (CFT; Yao et al.,, 1971), which
describes deposition using a first-order irreversible kinetic
model. However, environmental conditions in the subsurface are
predominantly unfavorable for deposition (Ryan and Elimelech,
1996; Wan and Tokunaga, 2002). Unfavorable conditions for
deposition arise when the interaction energy profile between the
colloid and grain surface contains an energy barrier (Tufenkji
and Elimelech, 2005). Under unfavorable conditions, colloid
detachment from the grain surface is also important, and
hence, deposition is usually described using a reversible kinetic
model. Since the rate of deposition under unfavorable conditions
is lower than under favorable conditions, the expression for
attachment rate coefficient given by CFT is multiplied by a
factor, @ (¢ < 1), called the sticking efficiency. Sticking
efficiency is affected by various factors, such as, flow velocity,

grain size, colloid size, solution pH and ionic strength, soil
type, colloid type, and temperature (Keller et al., 2004; Tong
and Johnson, 2006; Shen et al., 2008). However, theoretical
expressions to estimate the value of o as a function of the
above-mentioned system parameters are not available. Bai and
Tien (1999), Elimelech (1992), Park et al. (2012), and Sadeghi
et al. (2011) derived empirical expressions for « in terms
of the various factors affecting it. Bai and Tien (1999) used
several sets of experimental data on the transport of polystyrene
latex particles through columns packed with glass beads, and
derived a correlation equation for « in terms of flow velocity,
colloid size, solution ionic strength, surface potentials of colloid
and collector, temperature, viscosity, Hamaker constant, and
dielectric constant of water. Elimelech (1992) used a semi-
empirical approach to derive a quantitative relationship between
« and parameters characterizing the system chemistry (colloid
size, surface potentials of colloid and collector, ionic strength,
and Hamaker constant) for the transport of latex particles
through glass bead-packed columns. Park et al. (2012) and
Sadeghi et al. (2011), using several sets of experimental data
on the transport of Cryptosporidium parvum Oocysts and
bacteriophage PRD1 through columns packed with sand or
glass beads, derived empirical equations for « as a function of
pH and ionic strength. The above empirical expressions were
derived considering only a subset of factors affecting o, and
their applicability to a wider range of experimental conditions
is unexplored.

Although colloid detachment from grain surfaces is important
under unfavorable conditions, no quantitative relationship
between the detachment rate coefficient and the factors affecting
it exists, except for the correlation equation for nanometre-sized
particles derived by Seetha et al. (2015a, 2017). Seetha et al.
(2015a, 2017) upscaled nanoparticle (NP) transport in porous
media under unfavorable conditions from pore to the Darcy scale
using pore network modeling, and derived correlation equations
for attachment and detachment rate coefficients in terms of 10
Darcy-scale parameters, including porosity, mean pore radius,
mean pore-water velocity, NP radius, ionic strength, dielectric
constant, surface potentials of colloid and collector, temperature,
and viscosity of the solution. They also derived expressions for
attachment efficiency as a function of the above parameters.
However, since Seetha et al. (2015a, 2017) assumed that surface
properties of the porous medium and NPs were homogeneous,
and NPs were spherical in shape, they did not account for the
effect of: (a) heterogeneity of the grain surface and NPs and (b)
shape of the NPs on particle deposition.

Quantitative  relationships  between attachment and
detachment rate coeflicients of colloidal contaminants, such as
viruses, bacteria, and ENPs, and the various physicochemical
parameters controlling them have not been developed yet.
Empirical expressions offer the advantage of accounting for
additional factors influencing colloid deposition, such as
heterogeneity of grain surfaces and colloids and the shape
of colloids, which are difficult to account for in theoretical
models. In this study, several sets of column-experimental
data for a variety of experimental conditions reported in
literature were analyzed, and empirical relationships between
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attachment and detachment rate coefficients vis-a-vis the various
physicochemical system parameters were developed for the
transport of viruses, bacteria, graphene oxide (GO) NPs, silver
(Ag) NPs, titanium dioxide (TiO,) NPs, and carboxylate-
modified latex (CML) colloids through porous media composed
of glass beads or quartz sand.

METHODOLOGY

Experimental Data to Develop Empirical

Equations
Literature shows that the rate coefficients for colloid (viruses,
bacteria, ENPs, and CML colloids) attachment to, and
detachment from grain surfaces depend on 11 physicochemical
parameters (Seetha et al., 2017): porosity (6 [-]), mean pore-water
velocity (v [%] ), median grain size (dso [L]), colloid radius
(a [L]), solution ionic strength (I [Molar]), surface potentials
of colloids (Y.[ML>*T3I"']) and grains (l/lg[MLZT_3I_1]),
Hamaker constant (H [ML2T2%]), temperature (T [K]),
viscosity of water (u [ML™!T~']), and dielectric constant
(¢ [-]). Hence, experimental data from research papers that
reported all the above-listed parameter values, along with values
of deposition rate coefficients for colloid transport through
laboratory columns, were selected. In this study, only data
from experiments performed using a monovalent background
electrolyte were considered. There can be multiple retention
mechanisms involved in the transport of colloids reported in a
given study. For example, Qi et al. (2014) studied the transport
of GO NPs through columns packed with quartz sand, and the
transport behavior was described using a model that accounted
for irreversible attachment and straining. However, in this study,
only information on colloid attachment rate coefficient on to
the grain surface was considered, assuming that deposition on
grain surfaces and straining are two independent mechanisms.
In another study, Torkzaban et al. (2008a) found that the
retention of CML colloids to Ottawa sands is described using a
one-site reversible kinetic model with blocking. In this study,
only the values of rate coeflicients of colloid attachment and
detachment on to the grain surface were considered, thereby
trying to estimate the values of deposition rate coefficients
to an initially clean collector. Foppen et al. (2005) fitted the
breakthrough data of E. coli using a two-site kinetic model, with
site 1 being irreversible and site 2 being reversible. In this paper,
the rate coeflicient of attachment to only the irreversible site was
considered, because most studies report that bacteria deposition
on the grain surface is irreversible (Redman et al., 2004; Foppen
et al., 2007; Torkzaban et al., 2008b; Kim and Walker, 2009; Bai
etal., 2016).

The column-experimental papers selected to analyse the
deposition of viruses, bacteria, GO NPs, Ag NPs, TiO, NPs,
and CML colloids are listed in Tables 1-6, respectively,

along with experimental conditions and mechanisms
behind observed retention. The selected data includes
41 datasets (Supplementary Table 1) depicting various

environmental conditions reported in five papers (Syngouna and
Chrysikopoulos, 2012, 2013, 2015; Sasidharan et al., 2017a,b) for

the transport of viruses such as MS2, PRD1, and X174 through
columns packed with quartz sand or glass beads (Table 1).
Table 1 shows that virus deposition on grain surface is described
using a one-site reversible kinetic model for most experimental
conditions. Six papers (Redman et al., 2004; Foppen et al.,
2005, 2007; Torkzaban et al., 2008b; Kim and Walker, 2009; Bai
et al., 2016) comprising 22 datasets (Supplementary Table 2)
were selected for the analysis of deposition behavior of bacteria
through sand and glass beads (Table 2). It is clear from Table 2
that the deposition of bacteria on solid grains is predominantly
described using a one-site irreversible kinetic model. The
different types of bacteria considered in this study are E. coli
XL-1 Blue (Kim and Walker, 2009), E. coli D21g (Redman
et al., 2004; Foppen et al., 2005, 2007; Torkzaban et al., 2008b),
and Klebsiella Oxytoca (Bai et al., 2016). The deposition trend
vis-a-vis the physicochemical parameters for GO NPs through
sand was analyzed using experimental results from three papers
(Qi et al., 2014; Sun et al., 2015; Wang et al., 2017) constituting
31 datasets (Table3 and Supplementary Table 3). Similarly,
for Ag and TiO, NPs, 21 datasets (Liang et al.,, 2013, 2020;
Park et al, 2016) and 23 datasets (Fang et al, 2013; Bayat
et al,, 2015; Lv et al., 2016) were analyzed, as listed in Tables 4,
5, respectively. The corresponding experimental datasets are
listed in Supplementary Tables 4, 5, respectively. Tables 3-5
show that for experimental conditions considered in this study,
ENP deposition on grain surface is described using a one-site
irreversible kinetic model. Table 6 lists six selected papers (Li
and Johnson, 2005; Li et al, 2005; Tong et al, 2005; Tong
and Johnson, 2006; Johnson et al.,, 2007; Torkzaban et al.,
2008a) comprising 50 datasets (Supplementary Table 6) used
to understand the deposition behavior of CML colloids through
glass beads and quartz sand. Table 6 shows that deposition of
CML colloids on solid grains is mostly described using a one-site
reversible kinetic model.

For each of the colloid types considered in this study, selected
column-experimental data were analyzed to develop empirical
equations for attachment and detachment rate coefficients as a
function of 11 dimensional parameters as given below:

ke =f (0,7, dso,a, 1, Y, Vg H, T, 1) (1)

ki =g (0,7, dso,a, I, Ve, Yrg, H, T, 1, €) (2)

where k, [%] and ky [%] are the rate coefficients for colloid
attachment to and detachment from grain surfaces, respectively.

Dimensionless Parameters Controlling
Colloid Deposition

Eleven dimensional parameters influencing colloid deposition
were grouped into eight dimensionless parameters, including
6,Pe, A, \*, Ng1, Ng2, Npr, and H*. Here, Pe = g—j: is the

kgT
6TTa
coefficient, kg is the Boltzmann constant, A = d% is the

Peclet number, D, = is the particle bulk diffusion

interception parameter, A* = % where A is the characteristic

nssoa(wcz+¢g2)

wavelength of interaction (A = 100 nm), Ng; = T
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TABLE 1 | Experimental conditions in papers selected to analyse deposition of viruses.

References Porous media Virus dsp (wm) Colloid radius, Background Pore-water Porosity, 9 pH lonic Zeta potential of Zeta potential Retention
a (nm) electrolyte velocity, v strength, colloid, ¥¢ (mV) of grain mechanism
(cm/min) I (mM) surface, Vg
(mV)
Syngouna and Acid washed ®X174, MS2 110, 520, 13 (®X174), 12.5Phosphate buffer 0.39-1.31 0.39-0.43 7 1.2 —31.15 (®X174), —58.08 to Irreversible deposition
Chrysikopoulos quartz sand 1,440 (MS2) solution —33.5 (MS2) —64.72
(2012)
Syngouna and Acid washed dX174, MS2 2,000 13 (®X174), 12.5DDI water 0.38,0.74, 1.21 0.42 7 0.1 —40.4 (MS2), —31.78 —54.6 Reversible deposition
Chrysikopoulos glass beads (MS2) (OX174)
(2013)
Syngouna and Acid washed dX174, MS2 2,000 13 (®X174), 12.5DDI water 0.74 0.42 7 0.1 —31.78 (®X174), —54.6 Reversible deposition
Chrysikopoulos glass beads (MS2) —40.4 (MS2)
(2015)
Sasidharan et al. Acid washed MS2, PRD1, 210 14 (MS2), 14.5  Storm water 0.07,0.35 0.41 7,73 0.002, —12.6, —22.4 (MS2), —27.2, —31.5 Reversible deposition with
(2017a) quartz sand dX174 (PRD1), 34 0.014 —14.8, —23.3 (PRD1), blocking and inactivation
(®X174) —18.7, -238.8
(®X174)
Sasidharan etal.  Acid washed ®X174, PRD1 210 13.5 (#X174),  NaCl 0.007 0.4 5.5-56.8 10, 50 —17, =30 (®X174)  —15,-27 Two-site kinetic deposition:
(2017Db) quartz sand 31.5 (PRD1) —20, —33 (PRD1) site 1- irreversible and site 2 -
reversible
TABLE 2 | Experimental conditions in papers selected to analyse deposition of bacteria.
References Porous media Bacteria dsp (0m) Colloid radius, Background Pore-water Porosity, 6 pH lonic Zeta potential of Zeta potential Retention mechanism
a (um) electrolyte velocity, v strength, / colloid, y¢ (mV) of grain
(cm/min) (mM) surface, Vg
(mvV)
Redman et al. Acid washed E. coliD21g 205 0.85 KClI 1.26 0.43 5.6-6.8 1,3.2,100 —21.5t0 —61.4 —11.6to Irreversible deposition
(2004) quartz sand —38.5
Foppen et al. (2005) Autoclaved E. coli 350 0.5 Tap water 0.01 to 0.05 0.4 7 10 —44.32 —32.08 2-site kinetic model: site
quartz sand 1- Irreversible
deposition, and site 2:
reversible deposition
Foppen et al. (2007) Acid washed E. coliD21g 196 0.715 NaCl 2.784t0 3.25 0.439 5 —165.5 -78.3 2-site kinetic model: site
quartz sand 1- Irreversible
deposition, and site 2:
reversible deposition
Torkzaban et al. Acid washed E. coliD21g 205 0.92 KClI 0.66 0.43 5.6-5.8 10-100 —21to —49 —11.2t0 —22 Irreversible deposition
(2008b) quartz sand with blocking
Kim and Walker Acid washed E. coliD21g, 275 0.48 (E. coli KClI 1.02 0.46 5.6 —5.8 10, 20 —20.1t0 —84.8 (E. coli —14to —23 Irreversible deposition
(2009) quartz sand E.coli XL-1 D21g), 0.55 (E. D21g),—60.1 (E. coli
Blue coli XL-1 Blue) XL-1 Blue)
Bai et al. (2016) Autoclaved E. coli, Klebsiella 360, 0.55 (E. coli), NaCl 0.95,1.077 0.34,0.44 5.89 0.1 —41 (E. coli), —33.2 —12.510 Irreversible deposition
quartz sand Oxytoca 900 0.79 (Klebsiella (Klebsiella Oxytoca) —39.6
Oxytoca)
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TABLE 3 | Experimental conditions in papers selected to analyse deposition of GO NPs.

References Porous media dso (0m) Colloid radius, Background Pore-water Porosity, 0 pH lonic strength, Zeta potential Zeta potential Retention
a (nm) electrolyte velocity, v I (mM) of colloid, V¢ of grain mechanism
(cm/min) (mV) surface, /4
(mV)

Qietal. (2014) Quartz sand 255 125-210 NaCl 0.347, 0.694 0.42 4.8-5.8 10-50 —13.9to0 —49 —30to -75 Irreversible deposition
with blocking and
straining

Sun et al. (2015) Quartz sand 150 - 295 NaCl 0.52 0.39-0.41 49-54 20 -30.73 —25.54 to Irreversible deposition

925 —39.92 with blocking
Wang et al. (2017)  Quartz sand 350,950 80-120 KOl 0.513, 0.606 0.33, 0.39 7 1,10 —18.42 to —23.63 to Irreversible deposition
—43.31 —48.88 with blocking
TABLE 4 | Experimental conditions in papers selected to analyse deposition of Ag NPs.
References Porous media dsp (bm) Colloid radius, Background Pore-water Porosity, 6 pH lonic strength, Zeta potential Zeta potential Retention
a (nm) electrolyte velocity, v I (mM) of colloid, /¢ of grain mechanism
(cm/min) (mV) surface, V4
(mV)

Liang et al. (2013)  Quartz sand 240-607  20.25-30 KNO3 0.07-1.98 0.35-0.43 6-7 1-5 -32t0-16.9 55 Irreversible deposition
with blocking

Park et al. (2016)  Quartz sand 250 50 NaCl 1.1 0.370 7.3 10-100 —48.3t0 —50.9 —60to —65 Irreversible deposition
with blocking and
straining

Liang et al. (2020)  Quartz sand 510 40-60 KNO3 1.40 0.500 4-9 5-50 —59t0-304 —17.7to —57.4 Irreversible deposition

with blocking
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TABLE 5 | Experimental conditions in papers selected to analyse deposition of TiO, NPs.

References Porous media dso (wm) Colloid radius, Background Pore-water Porosity, 0 pH lonic strength, Zeta potential Zeta potential Retention
a (nm) electrolyte velocity, v I (mM) of colloid, v of grain mechanism
(cm/min) (mV) surface, Vg
(mV)

Fang et al. (2013) River sand 200 123.5-976 DI water 0.177-0.182 0.350 2.6-9.6 0.1-50 2.4t0 -36.4 —22 Irreversible and
reversible deposition
with straining

Bayat et al. (2015)  Limestone sand 150 110-155 NaCl 0.65 0.340 6.2 0.003-500 1.6-9.1 23.1-33.1 Irreversible deposition
with blocking

Lv et al. (2016) Quartz sand 275-920 40--0 NaCl 0.57 0.330 6.65 0.1-10 —29.91t0 —38.1 —30.4to —51.1 lrreversible deposition

TABLE 6 | Experimental conditions in papers selected to analyse deposition of CML colloids.

References Porous media dso (km) Colloid radius, Background Pore-water Porosity, 0 pH lonic strength, Zeta potential Zeta potential Retention

a (um) electrolyte velocity, v I (mM) of colloid, ¥ of grain mechanism
(cm/min) (mV) surface, Vg
(mV)

Li and Johnson Acid washed 510 0.5, 0.55 MOPS and 0.139t0 0.556  0.360 6.92 1-20 —56.22 to —31.73 to Reversible deposition

(2005) quartz sand NaHCO3 —69.49 —99.74

Li et al. (2005) Acid washed 510 0.55 NaCl 0.139, 0.278 0.37 6.92 20-50 (Acid —48.5t0 —70 —57.5t0 —67.5 Reversible deposition

glass beads, (Acid-washed (Acid-washed washed SLGB), (Acid washed
Acid-washed glass beads), glass beads), 3-20 (Acid SLGB), —52.5
quartz sand 0.18391t0 0.556  0.36 (Acid washed quartz to —69.5 (Acid
(Acid washed washed quartz sand) washed quartz
quartz sand) sand) sand)
Tong et al. (2005)  Acid washed 360 0.55 NaCl 0.139 and 0.38 6 6, 20 —55to —60 —651t0 —67.5 Reversible deposition
glass beads 0.278

Tong and Johnson  Acid washed 510 0.5,1 NaCl 0.139t0 0.556  0.38 2,6.72 20, 50 —2.3to —59 —10to —69.5 Reversible deposition

(2006) glass beads

Johnson et al. Acid washed 360 0.55and 2.85  NaCl 0.139t0 0.556  0.380 6 10-20 —15to —70 —65to —70 Reversible deposition

(2007) glass beads

Torkzaban et al. Ottawa sand 240,360 0.55 DI water 0.28 t0 0.87 0.34 10 6, 60 —71to -110 —70 Reversible deposition

(2008a)
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represents the magnitudes of surface potentials of colloid and
2Yc¥g
(v +5%)
represents the ratio of surface potentials of colloid and soil
grains, Np; = ka represents the ratio of colloid radius to Debye
length, k = /2000 N4Ie2/eeokpT represents the inverse Debye
length, N, is the Avogadro number, e is the elementary charge

grains, &y is the permittivity of vacuum, N

of the particle, and H* = k}% is the dimensionless Hamaker
constant. The corresponding dimensionless rate coeflicients are
Da, = @ and Da; = kd?o, where Da, and Da, are

Damkohler numbers for colloid attachment to and detachment
from grain surfaces, respectively. Table 7 lists the range of values
of dimensionless parameters for each colloid type for which
empirical equations were developed in this study.

Variation of Dimensionless Deposition Rate

Coefficients With Individual Parameters

The selected column-experimental data were analyzed to
identify the trend and the relationship between Da, and
Da, vis-a-vis each of the eight dimensionless parameters
(O,Pe, A, A.*, NEI) NEz, NDL’ andH*). Figures 1A,B show
that a power-law relationship describes the variation of Da, vs
Pe, A, and 6. Since the values of both Ng; and Ng, change
with Npg, the variation of Da, vis-a-vis Ngi, Ng, and Npg
was plotted in Figures 1C,D, which show that a power-law
relationship exists between them. Figures 1IE-G show that the
variation of Day with Ng;, Ng2, Npp, and Pe can be described
using a power-law function. No dataset showing the variation of
Da, or Da, vs A* and H*was found.

RESULTS AND DISCUSSION

Empirical Equations for Deposition Rate

Coefficients of Colloids

Section Variation of Dimensionless Deposition Rate Coefficients
With Individual Parameters and Figures 1A-G indicate that a
power-law relationship describes the variation of Da, and Day
with respect to the various dimensionless parameters. Hence, in
this study, the following empirical relationships between Da, and
Day vis-a-vis the eight dimensionless parameters were assumed
for all the six different types of colloids considered:

In Da, = p1 + p2 In6 + p3ln Pe + pyln A + ps
In A* + psInNEg1 + p7InNEg2 + psinNpr, +p9lnH* (3)

InDay = q1 + q2 In6 + g3ln Pe + quln A + g5
In \* 4+ q6InNE1 + q7InNg2 + qsInNpyr, + qolnH* (4)

where p1, p,, ....p9 and qi, q2, ....q9 are coefficients
whose values were estimated using multiple-linear regression
analysis. Empirical equations for deposition rate coefficients were
developed separately for viruses, bacteria, GO NPs, Ag NPs, TiO,
NPs, and CML colloids. As mentioned previously, in published
literature, the deposition of viruses and CML colloids is described
using a first-order reversible kinetic model, whereas that of
bacteria and ENPs (GO NPs, Ag NPs, and TiO, NPs) is described

using a first-order irreversible kinetic model. Hence, Equation 4
is applicable only to viruses and CML colloids. Estimated values
of coefficients in empirical Equations 3, 4 for viruses, bacteria,
GO NPs, Ag NPs, TiO, NPs, and CML colloids are given in
Table 8.

Equations for the dimensionless deposition rate coefficients,
ie., Equations 3, 4, were converted into dimensional form,
resulting in empirical equations for k, and k; in terms of 11
dimensional parameters (v;;, 0, dso,it, a, L&, Ve, ¥g, T, H)
as follows:

ko = V20" gy a® 17 e (Y + ¥2)” (W) O T H™ (5)

ka = s1726% gy a* 176 (Y2 + Yr3)” (Yerg) O T H2 - (6)

where rq, 12, ....r;2 and sy, sz, ....s12 are the coeflicients. The
values of coefficients 15, r3,..r12 and sy, s3, ....s;2 for all six
colloidal types are listed in Table 8. The values of r; and s; were
calculated in terms of various constants as given below:

r1 = exp(p;)6P3 w3 Ps 2000%Fs 2F7

NP K P HPotOSPsER) ooy oPe=0ps ) ps ) )

s1 = exp(q)6% w93+ 2000048 297

0.598 ,—(q3+q6+0.5q8+q9) q6—0.5q3
AN Ky B .g; AD] (8)

The Hamaker constant was not found to have a significant
impact on the model performance for Da, and Day of viruses
and was hence excluded from the model (Table 8). Similarly,
porosity was found to have a negligible effect on the detachment
rate coefficient of viruses and was thus excluded from the
model (Table 8). Given the negligible variation in the value of
the Hamaker constant for the experimental dataset of bacteria
considered in this study (Table 7), it was not included in the
model for Da, (Table 8). Similarly, variation in the value of
porosity is minimal for the experimental data of TiO, and was
excluded from the model for Da, (Table 8). Additionally, the
Hamaker constant was found to have a negligible effect on the
predicted value of Da, for TiO, NPs and was also not included in
the equation for Da, (Table 8).

Figures 2A, 3, 4, 5A compare the Da, values predicted
by the empirical equation developed in this study (Equation
3) with the corresponding values estimated by fitting the
column-experimental data with appropriate models reported
in the literature for viruses, bacteria, NPs, and CML colloids,
respectively. It is apparent that the values of Da, calculated
using the empirical equations developed in this study match
the corresponding values obtained from experimental data
reported in literature reasonably well. The empirical equations
were statistically significant with p < .001. Figures 2B, 5B
compare the Day values predicted by the empirical equation
developed in this study (Equation 4) with the corresponding
values obtained by fitting the column-experimental data with
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TABLE 7 | Range of values of dimensionless parameters for various colloidal types.

Dimensionless Viruses Bacteria GO NP Ag NP TiO, NP CML
parameter colloids

0 0.39-0.43 0.36-0.46 0.33-0.42 0.35-0.5 0.33-0.35 0.34-0.38

Pe 156.28-21,344 2,790.11-460,446.38  1,825.37-110,054.95 746.46-34,083.95 3,332.19-27,272.75  21,345.51-442,439.06
A 6.25x1070-1.62x107% 6.17x107%-4.49x107% 8.42x107°-1.97x10% 3.71x107%-2x10~*  4.63x107°-4.88x10° 0.001-0.008

A 2.941-8 0.11-0.21 0.31-1.25 1.63-4.43 0.1-2.34 0.035-0.2

Ne+ 3.83-36.01 280.31-13,243.60 37.07-552.36 12.43-188.31 45.92-906.65 71.369-11,344.873
Neo 0.63-1.00 0.63-1.00 0.73-0.99 0.12-0.98 0.14-1 0.44-1

Npr 0.065-23.071 18.25-952.91 8.24-235.90 2.34-51.79 0.63-714.82 51.789-1,320.15
H 1.05-1.82 1.58-1.70 1.55-2.59 0.59-13.09 2.47-3.39 0.936-1.68

Da, 3.93x107%-1.11x107"  9.52x107°-2.8x1072  6.76x107*-3x1072  1.50x1073-1.06x 10" 7.5x1077-0.013 1.08x1074-1.53x1072
Dagy 9.62x1076-0.092 0 0 0 0 2.07x107%-9.72x10~*

appropriate models reported in the literature for viruses and
CML colloids, respectively.

The empirical model predicted a positive trend for k, with
respect to mean pore-water velocity for all colloidal types, except
TiO, NPs (Equation 5 and Table 8). This is consistent with
experimental results reported in literature for viruses, bacteria,
Ag NPs, GO NPs, and CML colloids (Hendry et al., 1999; Liang
et al., 2013; Qi et al, 2014; Seetha et al., 2015b; Ma et al,,
2017). The empirical model predicted a negative trend for k,
with respect to mean pore-water velocity for TiO, NPs, which
is in line with the experimental data published by Toloni et al.
(2014). Equation 6 and Table 8 indicate that for viruses and CML
colloids, k,; increases with velocity. This is in agreement with
the experimental results reported by Chowdhury et al. (2011),
Syngouna and Chrysikopoulos (2013), Tong and Johnson (2006),
and Zhang et al. (2012).

The empirical model predicted a negative trend for k, vis-
a-vis grain size for all colloidal types, except bacteria (Equation
6 and Table 8). This is consistent with experimental studies
conducted with E. coli (Foppen et al., 2007). In addition, for
deposition of viruses and CML colloids, a positive correlation
was found between k; and grain size. As the grain size increases,
the specific surface area of the porous medium decreases and
the diffusion length to the grain surface increases. This results
in lesser attachment with increasing grain size. This trend is
consistent with CFT (Yao et al., 1971; Tufenkji and Elimelech,
2004) and experimental studies reported in literature for the
deposition of bacteriophages, GO NPs, AgNPs, TiO, NPs, and
CML colloids (Knappett et al., 2008; Kasel et al., 2013; Liang et al.,
2013; Sun et al., 2015; Lv et al., 2016).

As viscosity increases, the particle diffusion coeflicient
decreases leading to lesser transport of particles from the liquid
phase to the grain surface and from grain surface to the liquid
phase. This caused a negative correlation between k, and u for
viruses, AgNPs, TiO, NPs, and CML colloids (Equation 5 and
Table 8). However, a positive correlation between k, and p was
found for bacteria and GO NPs (Equation 5 and Table 8).

Diffusion coefficient of colloids increases with temperature,
resulting in a higher rate of transfer of colloids to the grain
surface, and hence increased deposition. This is consistent with

the empirical equation for k, (Equation 5) developed in this study
for all colloid types, except bacteria. Kim and Walker (2009)
performed experiments with different E. coli strains at varying
temperatures and observed that temperature did not significantly
affect bacterial deposition. They attributed the retention of
bacteria to biological processes rather than transport processes.

Colloid deposition on grain surface increases with ionic
strength because of decreasing electrostatic repulsive force
between colloids and soil grains, due to their less negative surface
potentials and compression of the double layer. This causes the
attachment rate coefficient to increase with ionic strength (Chen
and Zhu, 2004; Li et al., 2004, 2011; Johnson et al., 2007; Kim
and Walker, 2009; Fang et al., 2013) and decrease with increasing
values of (wcz + 1//(3) and (¥cg). Furthermore, the detachment
rate coefficient was expected to decrease with increase in ionic
strength. This is in line with the trend predicted by the empirical
equation for k, vis-a-vis ionic strength (Equation 5 and Table 8)
for all colloid types, except viruses. The opposite trend predicted
by the empirical model for viruses may be due to the narrow
range of ionic strength values in the data used for developing the
empirical equation. Additionally, Equation 5 and Table 8 show a
negative trend between k, vs (wcz + wgz) and (Y r) for all colloid
types, except viruses and bacteria.

The empirical equation for k, (Equation 5) predicts a negative
trend with respect to particle radius for all colloid types, except
viruses (Table 8). Since viruses are extremely small, diffusive
transport dominates advective transport, and k, (Equation 5)
showed a positive trend with respect to particle radius due to
increasing depth of the secondary minimum (Table 8). However,
this is not true for NPs. NPs tend to aggregate, and the size of
the aggregate is typically much larger than the size of individual
NPs. Therefore, as particle size increases, the diffusion coefficient
decreases, and the rate of transport of particles to the grain
surface decreases (Tong and Johnson, 2006; Shen et al., 2008;
Wang et al., 2012). As a result of their relatively large size, the
k, (Equation 5) for NPs, bacteria, and CML colloids showed a
decreasing trend with increasing particle radius (Table 8).

Colloid deposition on grain surface increases with Hamaker
constant due to an increase in attractive force between the colloid
and soil grains. This is consistent with the empirical equation for
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FIGURE 1 | Variation of (A) Da, vs. Pe and A for Ag NPs, (B) Da, vs. Pe and 6 for Ag NPs, (C) Da, vs. Net and Np, for CML colloids, (D) Da, vs. Ne» and Np,. for
CML colloids, (E) Day vs. Ng1 and Np,. for CML colloids, (F) Dag vs. Np.and Ngs for CML colloids, and (G) Dag vs. Pe for ®X174. The fitted equations are (A,B)

Day = 02926 Pg0.1994-008 gnd B2 = 1, (C,D) Das = NoO%2Ney 1 2Ngy 078 and A2 = 1, (E,F) Dag = Net %7 Ney 27 Np, 118 and A2 = 1, and (G)

Day = 0.0026 Pe®%7 and R? = 0.89. The data (red circles) for this figure is from (A,B) Liang et al. (2013), (C,D) Johnson et al. (2007), (E,F) Johnson et al. (2007),
and (G) Syngouna and Chrysikopoulos (2013). The values of the other dimensionless parameters are (A,B) 1* = 4.43, Ng1 = 41.25, Ng» = 0.56, Np,. = 2.34, and

H* = 0.59, (C,D) 6 = 0.38, Pe = 221217.14, A = 0.0079, A* = 0.035, and H* = 1.68, (E,F) 6 = 0.38, Pe = 221217.14, A = 0.0079, »* = 0.035, and H* = 1.68, and
(G) 0 =0.42, A =6.5x1076, 1* = 7.69, Ngy = 31.74, Ngo = 0.96, Np, = 0.43, and H* = 1.82.

Frontiers in Water | www.frontiersin.org 9 March 2022 | Volume 4 | Article 827923


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Krishna and Seetha

Rate Coefficients of Colloids in Porous Media

TABLE 8 | Estimated values of coefficients in the empirical equations for the deposition rate coefficients of various colloids?®.

Attachment rate coefficient

Detachment rate coefficient

Viruses Bacteria GO NPs Ag NPs TiO, NPs CML Viruses CML
colloids colloids
01 —9.73 —49.28 5.49 —9.70 —4.37 —19.37 o —16.90 —5.44
(11.82) (10.12) (4.60) (11.85) (3.36) (7.11) (5.40) (5.29)
Po —9.82 —8.42 10.15 —2.05 0 —14.62 o)) 0 16.335
(11.30) (2.22) (2.29) (5.69) (3.96) (3.24)
Ps3 —0.66 0.26 0.09 -0.24 —2.96 —0.58 g3 0.11 —0.04
(0.31) (0.24) (0.19) (0.22) (0.44) (0.26) (0.53) (0.20)
Coefficients of P4 —1.15 —-3.87 0.71 —0.50 —3.38 0.10 Qs —1.44 —-1.78
dimensionless (0.54) (0.76) 0.37) (0.89) (0.58) (0.59) (1.45) (0.59)
empirical Ps —4.66 —2.14 2.73 2.58 —5.62 0.94 gs —2.42 —-0.73
equation® (0.97) (1.16) (0.66) (1.88) (0.99) (0.69) (3.29) (0.87)
Ps —1.36 —0.21 —0.62 —0.95 —0.23 —0.26 Je —0.24 0.49
(0.55) (0.23) 0.22) (0.23) (0.56) (0.16) (1.15) (0.15)
p7 —2.24 —0.42 —0.26 —0.58 —-0.11 —0.07 q7 2.67 —3.28
3.81) (1.67) (1.69) (0.29) (0.59) (1.15) (5.24) (1.32)
Ps —-1.12 1.34 1.33 1.22 0.28 1.63 Qs 0.67 —0.44
0.19) (0.38) 0.22) (0.47) ©.11) (0.25) (0.39) 0.18)
Po 0 0 4.06 0.11 0 0.42 Qg 0 —0.56
(1.14) (0.44) (0.60) (0.39)
R? 0.76 0.85 0.85 0.81 0.85 0.69 0.69 0.69
ra 0.34 1.26 1.09 0.76 —1.96 0.42 So 1111 0.96
ra —9.82 —-8.42 10.15 —2.05 0 —14.62 S3 0 16.34
Coefficients of ra —0.50 3.13 —1.61 -0.75 -0.57 —1.68 S4 0.556 0.74
dimensional Is —0.66 0.26 0.09 —0.24 —2.96 —0.58 S5 0.111 —0.04
empirical Ie 0.37 —0.35 —-1.21 —3.05 —0.68 —0.06 Se 1.522 —1.05
equation® rs —0.56 0.67 0.67 0.61 0.14 0.81 S7 0.334 —-0.22
rs -0.79 -0.88 —1.28 —1.56 -0.37 —-1.07 Sg —0.570 0.71
ry 0.89 0.21 —0.36 -0.37 -0.12 -0.18 So —2.903 3.77
r10 —2.24 —0.42 —0.26 —0.58 —0.11 —0.07 s10 2.667 —3.28
r1 2.58 -0.72 —4.21 0.47 3.05 —0.40 s —0.209 0.34
r2 0 0 4.06 0.11 0 0.42 s12 0 —0.56

a\Values within brackets represent the standard error of the estimated coefficients.
bCoefficients in Equations 3, 4.
¢Coefficients in Equations 5, 6.

k, (Equation 5), which predicted a positive trend with Hamaker
constant for GO NPs, Ag NPs, and CML colloids (Table 8). The
empirical equation for viruses, bacteria, and TiO, NPs did not
include the Hamaker constant, as there is less variability in its
value in the experimental dataset of these colloids considered in
this study.

Comparison With Models in Literature

The performance of empirical equations for Da, and Day
developed in this study was compared with CFT. CFT (Yao et al.,
1971) describes the deposition of colloids on grain surfaces under
favorable conditions using a first-order irreversible kinetic model
and the attachment rate coeflicient was calculated as:

where 79 is the single collector contact efficiency. Several
theoretical expressions are available in the literature (Rajagopalan
and Tien, 1976; Tufenkji and Elimelech, 2004; Ma et al,
2009; Nelson and Ginn, 2011) to calculate the value of nq for
different collector geometries, range of parameter values and
forces responsible for colloid attachment to the collector surface.
Kamai et al. (2015) developed a semi-empirical expression
for no by regressing the correlation equation for 1y proposed
by Rajagopalan and Tien (1976) against the experimentally
estimated values of 1 to find the coeflicients in the equation.
This helps to account for additional factors such as surface
heterogeneity of collectors, grain packing, incomplete mixing
within and between pores, and particle aggregation, which were
not accounted for in the mechanistic models for 7. In this study,

P _3(1-0)_ 9 expressions for 1o proposed by Tufenkji and Elimelech (2004)
a(CFT) = 3 dso Vo ©) and Kamai et al. (2015) were used to predict the value of k,(cpr)
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FIGURE 3 | Comparison of values of Da, predicted by the empirical equation
developed in this study for bacteria (red circles, R? = 0.85) vs the
corresponding estimated values reported in the literature

(Supplementary Table 2) obtained by fitting column experimental data with a
1D mathematical model. Also shown in the figure are the values of

Da, predicted by CFT with o calculated using the model of Tufenkji and
Elimelech (2004; black triangles, R? = 0.103), and Kamai et al. (2015; green
diamonds, R? = 0.156).

using Equation 9. Tufenkji and Elimelech (2004) proposed the
following equation for single collector contact efficiency (no(r )):

- - —0.634__ _
Nocrey = 0.2779A0334=07969=0.715 4. 0715 0715 (. 7)0.663 10052
- ~1.6755— - 0.125
11156 Aga" 42590125 g, —1:6755-0.125  —0125 1

_ pf)l.ll
(10)

0.4424a%8 9_1‘“d500'24§_1'“u_l'“(kBT)_°'°53H0'053 (pp

where A; is the porosity dependent parameter in Happel’s model,
ie, Ag =2(1—y°)/(2 — 3y +3y° —2¢y%),y = (1-0)'/3, p,
[ML~3] is the particle density, py [ML~3] is the fluid density, and
g [LT~2] is the acceleration due to gravity.

Kamai et al. (2015) developed the following equation for single
collector contact efficiency (noxnnG)):

— — —0.667 - _
no(kaNG) = ¥2[0.1912A4033 ¢~ 066790667 g, 5—0.667

M70‘667(kBT)0'667 + 0.1659Asa1'144070'1196 d5071.3831—)70.1196

M_O'1196H0'1196 4 1.858 x 10_3A5a1'53270_1'045d500'5573

51045 ( Pf) 1.045 —1.045]

Pp — [
(11)

The Damkohler number for attachment, predicted by CFT

k, d .
(Dag(crry)> was then calculated as Dagcrry = ~““=2. Since

deposition to the grain surface was found to be irreversible
in the case of bacteria and NPs, CFT was used to predict
the corresponding values of Da, for the experimental data
considered in this study. Figure3 shows that CFT [with g
calculated using models proposed by Tufenkji and Elimelech
(2004) and Kamai et al. (2015)] considerably overestimated the
value of Da, for the experimentally estimated In (Da,) values
< —6 for the deposition of bacteria, and that the performance
for no, calculated using the model suggested by Tufenkji and
Elimelech (2004) (p = .14, R* = 0.10), is poor compared to the
model proposed by Kamai et al. (2015) (p = .07, R? =0.16). Itis
also apparent from Figure 3 that in contrast to CFT, the empirical
equation developed in this study is capable of estimating the Da,
values for bacteria more closely to the experimentally estimated
Da, values.
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0.289) and Kamai et al. (2015) for (A) GO NPs (green diamonds, R? = 0.078), (B) AgNPs (green diamonds, R? = 0.007), (C) TiO» NPs (green diamonds, R? = 0.366).

Figure 4A compares the Da, values predicted by CFT and the
empirical model developed in this study (Equation 3 and Table 8)
with the Da, values estimated by fitting the experimental data
with a one-dimensional model for the deposition of GO NPs.
It is clear that the empirical model developed in this study is
capable of predicting the Da, values reasonably well, whereas the
performance of CFT is poor (p = .04 — .13, R = 0.08 — 0.14).
Figure 4B shows that for Ag NPs, with g calculated as per Kamai
etal. (2015) (p = .7, R> = 0.01), CFT underestimated the value
of Da, whereas with ¢ calculated as per Tufenkji and Elimelech
(2004) (p = .68, R? = 0.01), CFT overestimated the value of Da,
for In(Da,) < —4. Overall, for the entire range of Da, values for
Ag NPs, the empirical equation developed in this study (Equation
3 and Table 8) performed reasonably well. A comparison between
the Da, values for TiO, NPs predicted by CFT and the empirical

equation developed in this study (Equation 3 and Table 8) is
shown in Figure 4C. It is clear that with ¢ calculated as per both
Tufenkji and Elimelech (2004) (p = .01, R? = 0.29) and Kamai
et al. (2015) (p = .002, R* = 0.37), CFT overestimated the Da,
values for TiO, NPs by several orders of magnitude, whereas the
performance of the empirical equation developed in this study is
reasonably satisfactory.

The deposition of CML colloids on grain surfaces is
predominantly described using a reversible kinetic model, which
indicates unfavorable conditions for deposition. The attachment
rate coeflicient of colloids under unfavorable conditions can
be predicted using CFT by multiplying Equation 9 by «.
Although a theoretical expression for « as a function of various
physicochemical parameters is not available in literature, Bai and
Tien (1999) developed an empirical equation for « as a function
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1D mathematical model. Also shown in (A) are the values of Da, predicted by CFT with no calculated using the model of Tufenkji and Elimelech (2004; black triangles,
R? = 0.39) and Kamai et al. (2015; green diamonds, R? = 0.41) with the value of « calculated using the empirical equation developed by Bai and Tien (1999).

of various physicochemical parameters for the deposition of
polystyrene latex particles to glass beads, which is given below:

o = 2.989[NA0'676€1‘352 kaO.676 8070.9881]870.9881

(T)—0.676(1//52 + 1//;)*3-8231 (%wg)s.sulo‘e%

— - — 0.7031
0'3911/ 0'391(10'25790 10.391H (12)

W
Figure 5A shows the Da, values for CML colloids predicted by
CFT with 5o calculated using the expression derived by either
Tufenkji and Elimelech (2004) or Kamai et al. (2015) and o using
Equation 12. CFT overestimated (p < .001, R* = 0.39 —0.41) the
values of Da, and its performance was poorer than the empirical
equation developed in this study (Equation 3 and Table 8).

Figures 3, 4A,C, 5 show that CFT overpredicted the
deposition of bacteria, GO NPs, TiO, NPs, and CML colloids,
respectively, indicating that the attachment rate coefficient
predicted by CFT must be multiplied by the sticking efficiency to
make reasonable predictions. Sticking efficiency is calculated as
the ratio of experimentally estimated Da, and Dagcrr). Hence,
for the dataset given in Supplementary Tables 1-3, 5, 6,  values
were calculated separately using the 1y expressions proposed
by Tufenkji and Elimelech (2004) or Kamai et al. (2015), and
then used to find an empirical expression between « and eight
dimensionless parameters for viruses, bacteria, GO NPs, TiO2
NPs, and CML colloids, as given below:

ma=1+LIn0+InPe+IlyIn A+ I5In A" + g InNg
+17 InNg, + Ig InNpp + Iy InH*
(13)

where 1,15 ....ly are coefficients whose values are estimated
using multiple-linear regression analysis. Two separate equations

for o are proposed in this study for each colloid type,
corresponding to the calculation of 71y using expressions
proposed by either Tufenkji and Elimelech (2004) or Kamai et al.
(2015). For certain data points in Supplementary Tables 1-3, 5,
6, « was found to be greater than one, and such data points were
excluded from the regression analysis. The values of coefficients
I, ....Iy for various colloidal types are given in Table 9. CFT
underpredicted the deposition of Ag NPs (Figure 4B), indicating
that CFT is not suitable for predicting the attachment rate
coeflicient of Ag NPs. The general form of the equation for « in
terms of dimensional parameters is:

o= ml‘—/m29m3d;%4um5am51m7€ms(wcz + wg)rm

(Wed) ™ T (14)

where my, my,.... mp, are the coefficients. Table 9 lists the values
of coefficients my, ms. ... my; for various colloid types. The value
of mjcan be calculated as:

m; = exp(ll)6137rl3+l620000'518
oh [N2~5ls Kg(ls+ls+0.sls+l9)els 566 —0.5lg )\ls] (15)
Figure 6 compares the values of o predicted by the empirical
model (Equation 13 and Table 9) developed in this study for
various colloid types compared to the estimated values of o
obtained from CFT using the expressions for 7y proposed by
Tufenkji and Elimelech (2004) and Kamai et al. (2015). The
empirical model was found to predict the sticking efficiency
reasonably well for various colloids. A comparison between the
Da, values predicted by CFT by multiplying Equation 9 by o
calculated using the empirical model developed in this study
(Equation 13 and Table9), and the corresponding estimated
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TABLE 9 | Estimated values of coefficients in the empirical equations of « for various colloids?.

no expression by Tufenkji and Elimelech (2004)

1o expression by Kamai et al. (2015)

Viruses Bacteria GONPs  TiO2 NPs CML Viruses Bacteria GO NPs  TiO2 NPs CML
colloids colloids
Coefficients of I —9.81 —56.17 —5.68 —64.14 —29.23 —12.95 —47.73 —-9.84 —52.54 —19.22
dimensionless (12.85) (23.66) (34.95) (19.46) (6.06) (12.95) (24.73) (45.74) (10.62) (6.25)
empirical I> —7.36 —-8.19 8.20 —56.41 —21.53 —-8.08 —7.30 5.79 —45.81 —18.66
equationP (12.21) (2.44) (16.49) (14.84) (3.22) (12.05) (2.54) (21.75) (23.83) (4.23)
I3 0.03 1.08 0.72 —4.42 —-0.58 —-0.35 1.04 0.35 —4.41 —0.65
(0.43) (0.35) (0.28) (1.34) (0.23) (0.48) (0.37) (0.23) (4.84) (0.22)
N -0.97 —4.01 -0.33 —4.80 —1.05 —1.45 -3.25 —1.02 —4.61 —-0.68
(0.61) (2.48) (2.70) (1.35) (0.57) (0.66) (2.59) (3.52) (4.90) (0.58)
Is —4.03 -0.27 2.55 —8.49 —-0.15 —4.31 0.73 2.93 -8.32 0.03
(1.12) (3.52) (2.41) (2.46) ©.77) (1.17) (3.66) (2.81) (8.94) (0.82)
Is —1.49 0.25 -0.78 —0.07 —-0.39 —1.09 0.20 —-0.67 —0.64 —0.62
(0.61) (0.23) (0.59) (0.18) (0.18) (0.65) (0.24) (0.71) (0.64) (0.52)
Iz -0.97 1.27 —2.51 -1.30 —-0.33 -0.77 0.63 -1.18 0.53 —-0.68
(6.17) (3.93) (2.35) (0.09) (0.84) (5.30) (4.13) (2.82) (0.33) (0.80)
lg —1.06 1.63 1.49 0.23 1.32 —-0.98 1.45 1.71 0.34 1.04
(0.42) (0.88) (0.35) (0.05) (0.19) (0.43) (0.92) (0.46) (0.19) (0.19)
Io 1.13 1.15 1.73 213 1.47 2.32 3.24 1.06 6.84 1.78
(5.04) 6.17) (9.04) (4.14) (0.45) (5.15) (11.21) (12.006) (16.02) (0.42)
R? 0.70 0.83 0.93 0.99 0.79 0.68 0.82 0.88 0.92 0.75
Coefficients of m4 0.03 1.08 0.72 —4.42 —-0.58 -0.35 1.04 0.35 —4.41 —-0.65
dimensional my —7.36 -8.19 8.20 —56.41 —21.53 —8.08 —7.30 5.79 —45.81 —18.66
empirical ma 0.99 5.10 1.05 0.38 0.47 1.10 4.29 1.37 0.20 0.04
equation® my 0.03 1.08 0.72 —4.42 —0.58 —-0.35 1.04 0.35 —4.41 —-0.65
ms 0.54 -0.78 —1.44 —0.55 —-0.55 0.44 —1.30 —2.56 —0.99 —0.938
mz —0.53 0.82 0.75 0.12 0.66 —0.49 0.72 0.86 0.17 0.52
mg —0.96 —-0.57 —1.53 -0.18 -1.05 —0.60 -0.52 —1.53 —0.81 —1.14
mg —2.46 -1.02 1.73 1.24 —-0.06 -0.32 -0.43 0.50 -1.17 0.07
Mmio 0.97 1.27 —2.51 -1.30 —-0.33 -0.77 0.63 -1.18 0.53 —-0.68
miq 0.86 —-3.30 —2.42 2.23 -1.16 —-0.39 -5.20 —-1.59 -1.97 —-0.99
Mmiz2 1.13 1.156 1.73 213 1.47 2.32 3.24 1.06 6.84 1.73

a\Values within brackets represent the standard error of the estimated coefficients.
bCoefficients in Equation 13.
CCoefficients in Equation 14.

values obtained from experimental data reported in the literature
for viruses, bacteria, GO NPs, TiO, NPs, and CML colloids, is
shown in Supplementary Figure 1. It is clear from Figures 3—
5 and Supplementary Figure 1 that the performance of CFT in
predicting the Da,, values improved (p < .001, R* = 0.65—0.95)
when Dagcrry (Equation 9) was multiplied by « calculated using
the empirical model developed in this study (Equation 13 and
Table 9).

CONCLUSION

Empirical equations to estimate the first-order deposition rate
coefficients of viruses, bacteria, GO NPs, Ag NPs, TiO, NPs, and
CML colloids to grain surfaces were developed as a function of
11 physicochemical parameters, including porosity, mean pore-
water velocity, median grain size, colloid radius, solution ionic
strength, surface potentials of colloids and grains, Hamaker

constant, temperature, viscosity of water, and dielectric constant.
Deposition of bacteria, GO NPs, Ag NPs, and TiO, NPs was
described using an irreversible kinetic model, whereas the
deposition of viruses and CML colloids was described using a
reversible kinetic model. It was found that a power-law relation
describes the variation of deposition rate coefficients with respect
to various physicochemical parameters. The empirical model
developed in this study was found to predict the attachment
and detachment rate coefficients of various colloids reasonably
well, and its performance was found to be better than that
of CFT. The discrepancy between the simulated and expected
trend of deposition rate coefficients of viruses and bacteria vis-
a-vis certain parameters may be due to: (a) the broad range of
values of parameters and associated deposition rate coefficients
depicting varying experimental conditions simulated in this
study, (b) different sources of soil used in different studies,
leading to differences in grain size distribution and surface
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properties of soils, (c) differences in the surface properties
of synthetic colloids and biocolloids used in different studies,
and (d) biological factors that are not accounted for in this
study. Although the model is expected to perform well in terms
of predicting the rate coefficients for an unknown dataset if
the parameter values, soil type, and mineral composition of
soil satisty the conditions considered in model formulation, its
performance outside the considered parameter range, and in
particular, for soils with different mineral compositions, needs
to be explored further. Empirical expressions were developed
for the sticking efficiency of viruses, bacteria, GO NPs, TiO,
NPs, and CML colloids as a function of various physicochemical
parameters, which were found to improve the performance
of CFT in predicting the attachment rate coeflicients of
these colloids.
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