Transport of dense colloids in porous media
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Abstract: The role of gravitational force on dense-colloid transport in porous media was investigated. Transport experiments were
performed with colloids in columns packed with glass beads placed in various orientations (horizontal, vertical, and diagonal). All
experiments were conducted under electrostatically unfavorable conditions. The experimental data were fitted with a newly
developed, analytical, one-dimensional, colloid transport model. The effect of gravity is incorporated in the mathematical model by
combining the interstitial velocity (advection) with the settling velocity (gravity effect). The results revealed that flow direction
influences colloid transport in porous media. The rate of particle deposition was shown to be greater for up-flow than for down-flow
direction, suggesting that gravity was a significant driving force for colloid deposition. Furthermore, a three-dimensional numerical
model was developed to investigate the simultaneous transport (cotransport) of dense colloids and viruses in homogeneous, water
saturated, porous media with horizontal uniform flow. The dense colloids are assumed to exist in two different phases: suspended in
the aqueous phase, and attached reversibly or irreversibly onto the solid matrix. The viruses are assumed to exist in four different
phases: suspended in aqueous phase, attached onto the solid matrix, attached onto suspended colloids, and attached onto colloids
already attached onto the solid matrix. The governing differential equations were solved numerically with the finite difference
schemes, implicitly or explicitly implemented so that both stability and speed factors were satisfied. Model simulations have shown
that the presence of dense colloid particles can either enhance or hinder the horizontal transport of viruses, but also can increase the
vertical migration of viruses.
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1. INTRODUCTION

The transport of colloids in porous and fractured media has long been recognized to be of
considerable importance to a number of environmental practical applications, including groundwater
pollution by microbial pathogens, in situ bioremediation of contaminated aquifers, and granular
filtration of water and wastewater. Numerous investigators have examined theoretically and
experimentally the various factors that affect colloid transport in porous and fractured media,
especially the effects of interstitial velocity, colloid particle size,>* collector size,'%1? solid matrix
porosity,'® collector roughness,®'#® jonic strength,'” water chemistry,?"?® gravitational
settling,*% and presence of suspended clays.?°-32

The effect of flow direction on colloid fate and transport in porous media has received relatively
minor attention. However, laboratory experiments with bench-scale model aquifers are traditionally
conducted with flow direction orthogonal to gravity (horizontal flow),>* whereas packed column
experiments are carried out with flow orthogonal to gravity,%*33¢ against gravity (up-flow),”? or in the
direction of gravity (down-flow).*** The up-flow direction is widely used because packed columns are
traditionally saturated using up-flow to reduce air entrapment. However, numerous of the published
studies do not report the flow direction used, and either neglect or regard insignificant the influence of
gravitational settling, which is potentially a significant retention mechanism.

Furthermore many pollutants, including biocolloids, in aqueous media are readily
adsorbed/attached onto colloidal particles, which often act as carriers. Several experimental and
theoretical studies have shown that, depending on the physicochemical conditions of the fractured
and porous media, colloids can either enhance or hinder the transport of organic and inorganic
pollutants'3. Multiple research groups have developed analytical and numerical mathematical
models to describe and predict colloid and biocolloid transport in fractured and porous media*1848,
Although there are numerous mathematical models available that describe colloid transport in porous
media, in this study, the frequently employed continuum approach was adopted. The phenomenological
colloid transport model developed by Sim and Chrysikopoulos* was extended firstly to account for
colloid sedimentation, in order to examine how the flow direction influences colloid fate and transport
in porous media and secondly to account for colloid-facilitated virus transport in three-dimensional,
water saturated, homogeneous porous media with uniform flow. To our knowledge, clay mineral


mailto:billiskatz@yahoo.gr

transport in columns packed with glass beads under various flow directions, and electrostatically
unfavorable conditions has not been previously explored.

2. MATHEMATICAL DEVELOPMENT

2.1 One Dimensional Transport of Dense Colloids

Based on the continuum approach, the transport of colloids (including biocolloids) in one-
dimensional, homogeneous, water saturated porous media with first-order attachment (or filtration)
and inactivation, assuming that an effective velocity term accounts for both the interstitial as well as
the particle settling velocity is governed by the following partial differential equation:
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where C [M/L?] is the concentration of colloids in suspension; C* [M/M] is the concentration of
colloids attached on the solid matrix; t [t] is time; pp [M/L?] is the bulk density of the solid matrix;
0 [-] is the porosity of the porous medium; D [L?/t] is the hydrodynamic dispersion coefficient; A
[1/1] is the transformation rate constant of suspended colloids (e.g., inactivation, which refers to
loss of infective capability or die-off of suspended biocolloids); A* [1/t] is the transformation rate
constant of colloids attached on the solid matrix; and Ui [L/t] is the total (or effective) particle
velocity, which for colloids subject to gravitational forces accounts for gravitational settling:
Ug=U+Ug 2
where U [L/t] is the interstitial velocity, and Us) [L/t] is a modified version of the traditional “free
particle” settling velocity in static water columns,*’ to “restricted particle” settling in granular
porous media under directional flow conditions:

(0-0,) ¢
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where fs [-] is the correction factor accounting for particle settling in the presence of the solid
matrix of granular porous media, pw [M/L®] and pp, [M/L?] are the densities of the suspending fluid
(water) and the colloid particle, respectively; uw [M/(L-t)] is the dynamic viscosity of water, and g

[L/t?] is the gravity vector along the direction of the interstitial flow defined as:
84 =8, sinp i 4)
where gz [M/t?] is the acceleration due to gravity in the negative z-direction (indicated by the
subscript in parentheses), B [°] is the angle of the main flow direction with respect to the horizontal
x-direction, and i is the unit vector parallel to the flow. For up-flow 0°<p<90°, whereas for down-
flow -90°<B<0°. Furthermore, it should be noted that for the case of diagonal (or inclined)
orientation, although the gravity vector component g )=gzsinp i, is accounted for in the one-
dimensional model as gravity effect, the vector component g¢j=-g-2Ccosp j, is not necessarily
balanced and can cause colloid deposition or lateral dispersion. The vector component gj cannot
be considered in the one-dimensional model used in this study.

The correction factor fs [-] converts the average free particle sedimentation velocity to the
average sedimentation velocity through water saturated porous media:?*

- b+0.67 (5)
b+0.93/¢

where b represents the ratio of the average free settling segment length to the grain radius, and ¢ [-]
(0<e<1) is an empirical correction factor arising from influences of the grain surface. It should be
noted that fs~0.9 when the grains of the granular porous media contribute only to tortuosity and do
not provide additional frictional resistance.?*

It should be noted that the governing colloid transport equation (1) is essentially the colloid
transport model provided by Sim and Chrysikopoulos* with U replaced by Uit Also, (3) is the



balance among gravity, buoyancy and viscous forces, implicitly assumes that the colloids are small,
uniform spheres, and there is a distinct density difference between the colloids and the suspending
fluid. The rate of colloid attachment onto the solid matrix is described by the following first-order
equation:*
0, 9C"(tx) 0, LQy
0 p" ch(t,x) k. 5 C (t,x) N 5 C (t,x) (6)
where k. [1/t] is the attachment rate constant, and kr [1/t] is the detachment rate constant.
The initial and boundary conditions employed are:
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where Co [M/L?] is the source concentration of colloids suspended in the aqueous phase, and tp [t]
is the colloid broad pulse duration. The first condition (7) states that porous medium is initially free
of colloids. Condition (8) is a typical constant flux boundary condition, which implies
concentration discontinuity at the inlet of the porous medium.*? Condition (9) describes that a
concentration-continuity is preserved at the downstream boundary of the semi-infinite porous
medium. The analytical solution to the partial differential equations (1) and (6), subject to the initial
and boundary conditions (7)-(9), with U instead of Ui, has been derived by Sim and
Chrysikopoulos.*®

It should be noted that the present colloid transport model is different from traditional models
only in the velocity term, Ui, Which is essentially an effective velocity and accounts for both the
interstitial velocity as well as the free particle settling velocity. The various model parameters can
be estimated by fitting the analytical solution to the experimental data with the nonlinear least
squares regression package “ColloidFit,”*® which can be obtained for free from the authors upon
request.

2.2 Three Dimensional Transport of Dense Colloids

The proposed colloid facilitated virus transport model assumes that the colloids partition
between the aqueous phase and the solid matrix, while viruses may attach onto colloidal particles in
the aqueous phase, onto the solid matrix, and onto colloids previously attached onto the solid

matrix. Consequently, colloid particles can be suspended in the aqueous phase C, [Mc/L?], or
attached onto the solid matrix Cc* [Mc/Ms]. Viruses can be suspended in the aqueous phase C,

[MV/L3], directly attached onto the solid matrix C, [My/Mg], attached onto suspended colloid

particles (virus-colloid particles) C,. [M\/Mc], and attached onto colloid particles already attached
onto the solid matrix (or equivalently virus-colloid particlsfes attached onto the solid matrix) CV*C*

[My/Mc]. To simplify the notation, the various masses are indicated as follows: M is the mass of
colloids, My is the mass of viruses, and M;s is the mass of the solid matrix. Also, the subscripts c, v,
and vc represent colloid, virus and virus-colloid, respectively.

The transport of suspended colloid particles in three-dimensional saturated, homogeneous porous
media with uniform flow, accounting for nonequilibrium attachment onto the solid matrix, is
governed by the following partial differential equation,® which is extended to include gravity
terms:
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where t [t] is time; x [L] is the Cartesian coordinate in the longitudinal direction; y [L] is the
Cartesian coordinate in the lateral direction; z [L] is the Cartesian coordinate in the vertical
direction; pp [Ms/L®] is the bulk density of the solid matrix; 6 [-] is the porosity of the porous
medium; Dxc, Dy, D« [L?%/t] are the longitudinal, lateral, and vertical hydrodynamic dispersion
coefficients of the suspended colloids, respectively; Fc [McJ/L3] is a general form of the colloid

source configuration; Uy [L/t] is the average interstitial velocity along the x-direction; and U

cs(=i)
[L/t] and Ucsk) [L/t] are the +x-directional and negative z-directional components of the “restricted
particle” settling velocity. The colloid accumulation term is described by the following
nonequilibrium equation:3?
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where r._.. [L1/t] is the rate coefficient of the colloid attachment onto the solid matrix, and r. [1/t]
is the rate coefficient of the colloid detachment from the solid matrix;

The transport of suspended viruses in three-dimensional water saturated porous media,
accounting for virus attachment onto (a) the solid matrix, (b) suspended colloid particles, and (c)
colloid particles already attached onto the solid matrix, as well as for first-order decay (inactivation)
of suspended and attached viruses with different decay rates, is governed by the following partial

differential equation,®? which is extended to include gravity terms:
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where Xv [1/1] is the decay rate of viruses suspended in the aqueous phase; kw [1/1] is the decay

+F (t,x,y,2)

vk

rate of viruses attached onto the solid matrix; )»VC [1/1] is the decay rate of virus-colloid particles

suspended in the aqueous phase; A ., [1/t] is the decay rate of virus-colloid particles attached onto
the solid matrix; Uvsck) [L/t] is “restricted” settling velocity of the viruses; and Uycsck) [L/t] is
“restricted” settling velocity of the virus-colloid complexes and F (t,X,y,z) [MV/L%] is a general

form of the viruses source configuration.
The second mass accumulation rate that appears on the left side of (12) is described by the
following nonequilibrium relation:?
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rate coefficient of virus detachment from the solid matrix.
The third mass accumulation rate that appears on the left side of (12) can be expressed by the
following extended equation:*2
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where r, VC[L3/MC t] is the rate coefficient of virus attachment onto suspended colloid particles;

r,.., [1/t] is the rate coefficient of virus detachment from suspended colloids; r,. ... [1/t] is the rate

coefficient of virus-colloid particle attachment onto the solid matrix; r,

coefficient of virus-colloid particle detachment from the solid matrix.
The fourth mass accumulation rate that appears on the left side of (12) can be expressed by the
following extended equation:?
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where r, ... [L3Mct] is the rate coefficient of virus attachment onto colloids already attached onto

the solid matrix. r,.. , [1/t] is the rate coefficient of virus detachment from virus-colloid particles

attached onto the solid matrix.
2.3 Initial and boundary conditions

The initial condition and the appropriate boundary conditions for a three-dimensional confined
aquifer with finite dimensions are as follows:
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where the subscript i represents either viruses (i=v) or clay colloids (i=c); Lx, Ly, Lz, [L] are the
length, width, and height of the porous medium, respectively; C_ is the initial constant aqueous

phase concentration of species i (virus or colloids), and tp [t] is the time period over which colloids
and viruses are injected (inserted) in the porous medium.



2.4 Three dimensional model solution strategy

The unknown variables of the numerical model presented are six: C., C., C,, C .., C and

Cv*. To explicitly solve for all six unknowns, a six by six system of equations must be formed,

ve'’

which rapidly increases the required matrix size and thus the number of calculations. However, in
this study an alternative procedure was employed. Three sets of equations, consisting of two by two
systems of equations, where formed, which were solved in an iterative manner. Note that the two
solution procedures produce exactly the same results, but the proposed alternative procedure
provides greater speed with lower memory requirements. The systems were solved as follows: (i)
Equations (10), (11) where solved simultaneously by the semi implicit Crank-Nicolson method in

order to determine C_, and CC*. (i) These C, and CC* concentrations were used in (12) and (13),
which were solved together with the Pardiso solver in order to get initial estimates for C,, and CV* .

(iii) The estimates C, and C . along with the previously calculated C, and C ., were used in the
system of coupled equations (V14) and (15), which was solved with the Intel® ocde solver to obtain
initial estimates for C,. and C . .. (iv) The estimated C,. and C . . values where fed back to step
(i) in order to produce better estimates for C, and CV*, which in turn where employed in step (iii)
to improve C,, and CV*C* estimates. (v) Steps (ii) through (iv) where repeated till all of the C,,

CV*C,, ,C, and CV* values provided by successive iterations did not differ more than 5%.

The above steps were repeated sequentially until all unknown concentrations were calculated for
the required time period. It should also be noted that for the numerical simulations presented in this
study, each physical model was discretized into a number of cells, nx, which was kept as low as
possible to produce fast solutions, but high enough to allow for a quite small relative error (1-5%).
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Figure 1. Restricted particle settling velocity as a function of column orientation and flow direction for colloids (clay:
dp=2 um, py=2.65 glcm?), bacteria (P. putida: dp=2.2 um, p,=1.45 g/cmq), and viruses (bacteriophage MS2: dp,=25 nm,
0=1.42 g/cm®). Here f,=0.9.

2.6 Model Simulations

To illustrate the effect of gravity on restricted particle settling in porous media, equation (3) was
plotted in Figure 1 as a function of the angle of the main flow direction for both down-flow and up-
flow directional flow conditions for hypothetical, relatively dense colloid particles, bacteria and
viruses. It should be clarified here that the restricted particle settling is affected by particle size but



also by particle density. Therefore, as shown in Figure 1, the restricted particle settling of colloids
and bacteria is affected by gravity, but the settling of small virus particles is practically unaffected
by gravity. As expected, Usi is positive for down-flow conditions and negative for up-flow
conditions; whereas, for horizontal flow Usi=0. Consequently, Uiw>U for down-flow conditions,
Utot<U for up-flow conditions, and Utwt=U for horizontal flow.

The model simulations presented in Figure 2 indicate that flow direction can significantly affect
the transport of dense and/or large colloids. Clearly, there is faster breakthrough for down-flow (see
Figure 2a), and lower peak colloid concentrations at the column exit for up-flow (see Figure 2b).
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Figure 2. Simulations of normalized colloid break through curves for packed columns with various orientations and
flow directions under: (a) continuous, and (b) broad pulse inlet boundary conditions. Here U=4 cm/hr, D=22.5 cm?/hr,
6=0.45, ;,=1.63 g/cm®, A=A*=0 hr?, k.=k=0 hr!, x=15 cm, d,=5 zm, p,=1.15 g/cm?, and t,=2 hr.

3. EXPERIMENTAL APPROACH
3.1 Clay colloids

The clays used in this study were kaolinite (KGa-1b, is a well-crystallized kaolin from
Washington County, Georgia),®” and montmorillonite (STx-1b, a Ca-rich montmorillonite, white,
from Gonzales County, Texas), purchased from the Clay Minerals Society, Columbia, USA. KGa-
1b has a specific surface area of 10.1 m?/g, and a cation exchange capacity of 2.0 meg/100 g.3 STx-
1b has a specific surface area of 82.9 m?/g,*® and assuming that the characteristics of STx-1b are
comparable to those of STx-1, which is the previous batch of montmorillonite from the same area,
its cation exchange capacity is 84.4 meqg/100 g.* The <2 um colloidal fraction was collected and
purified as described in Rong et al.*® The hydrodynamic diameters of the clay particles, were
determined by the zetasizer to be dy=843+126 nm for KGa-1b, and dp=1187+381 nm for STx-1b.3
The optical density of the clay colloids was analyzed at a wavelength of 280 nm by a UV-vis
spectrophotometer, and the corresponding clay concentrations were determined twice as outlined by
Chrysikopoulos and Syngouna.?” The colloid suspensions were prepared in high-purity distilled
deionized Milli-Q water (ddH20) with specific conductivity of 0.055 uS/cm, ensuring that the pH
is close to neutral, which actually ranged between 6.7 and 7. The electrokinetic features (zeta
potentials) of the clay colloid suspensions in ddH20 are unfavorable to deposition (negative zeta
potentials, high DLVO energy barriers) at pH>2.1.2"



3.2 Column Experiments

Flow through experiments were carried out with KGa-1b and STx-1b clays as model colloids in
a 2.5 cm diameter and 30 cm long Chromaflex glass column packed with 2 mm in diameter glass
beads (Fisher Scientific, New Jersey). Glass beads were chosen as model porous media because
they are chemically non-reactive with the solutions used in this study.

Constant flow of sterile ddH2O at flow rate of Q=1.5 mL/min, corresponding to pore water
velocity of U=0.74 cm/min, was maintained through the packed column with a peristaltic pump. For
each experiment, three pore volumes of the clay colloid suspension were injected into the packed
column, followed by three pore volumes of ddH20. Note that the columns were placed horizontally
(B=0°), vertically (B=%90°), and inclined (B=x45°). A fresh column was packed for each
experiment. Chloride, in the form of potassium chloride, was chosen as the nonreactive tracer for
the transport column experiments. One set of flow through experiments was performed with clay
colloid transport in horizontal (f=0°), a second set in vertical (=%90°), and a third set in inclined
(B=%45°) columns. For all sets, three pore-volumes of solution were injected into the packed
column, followed by three pore volumes of ddH20. All experiments were carried out at room
temperature (~25°C).

4. RESULTS AND DISCUSSION

The normalized KGa-1b and STx-1b flowthrough experimental data are presented in Figure 3,
together with the fitted model predictions. The parameters Ui, D and k¢ were estimated with the
nonlinear least squares regression package “ColloidFit” by fitting the analytical solution to the
experimental KGa-1b and STx-1b breakthrough concentrations. Note that in order to keep the
number of the fitted parameters equal to three, it was assumed that k;, A, and A* are negligible.* The
fitted parameters Uit D and k. together with their corresponding 95% confidence intervals are
listed in Table 1. Traditionally, packed column dispersion coefficients are determined from tracer
behavior; however, in this study, although tracer experiments were conducted and analyzed, the
dispersion coefficient for the colloid transport data collected was treated as a fitted parameter,
because colloid dispersivities are significantly different than tracer dispersivities.” From the fitted
Ut values listed in Table 1, the fitted restricted particle settling velocity was easily obtained as
Usi=Utot-0.74 cm/min, because for all experiments of this study U was fixed at 0.74 cm/min. Note
that Us) is a function of both colloid size and density.

From Table 1 it is evident that all fitted Us values followed the theoretical trend suggested by (3)
(Us@=0 for horizontal flow, Usi>0 for down-flow, and Usi<O0 for up-flow). Based on the fitted k¢
values listed in Table 1, particle attachment is generally higher for up-flow than down-flow
experiments. This observation is in agreement with the results reported by Basha and Culligan®®
who conducted experiments under unfavorable conditions using smooth as well as rough bead
packs, and observed that for down-flow experiments, straining was the primary filtration
mechanism in the smooth bead packs, whereas, both straining and attachment by surface asperities
were important filtration mechanisms in the rough bead packs, but roughness did not affect
significantly the filtration process for up-flow experiments. In contrast, Ma et al.?® found that
colloidal deposition rate constants, under conditions favorable to deposition, were slightly higher
for down-flow than up-flow experiments.

Only a fraction of the injected clay colloids was recovered at the column effluent, due to clay
colloid deposition onto the glass beads. The calculated mass recovery, My, values listed in Table 1
suggested that there was more mass retained in the columns under upward than downward flows.
With the exception of KGa-1b with VU mode (see exp. 2 in Table 1), higher mass recoveries were
observed for both clays for VD than DD flow directions, and for downward than upward flows. For
the same flow conditions, higher retention of KGa-1b than STx-1b was observed (see Table 1),
which could be attributed to the higher hydrophobicity of KGa-1b. This observation is in agreement



with previous studies.?’”*! The first normalized temporal moment for each breakthrough curve was
calculated with (14) and listed in Table 1. Also, the ratio of the first normalized temporal moment,
of the colloid, My, for the two clays (KGa-1b, STx-1b) to My for the tracer CI was computed for
each flow direction employed (see Table 1). It is worthy to note that, with the exception of exp. 7,
velocity enhancement (M1)/M1n>1) was observed for both of the clay colloids and all of the flow
conditions considered in this study. The observed early breakthrough of the two clays, compared to
the conservative tracer, is attributed to size exclusion.”?® The relatively large clay particles were
excluded from small pores spaces, and sampled the more conductive ranges of the interstitial
velocity distribution.® Consequently, the clay particles were transported faster than the conservative
tracer. Finally, Figure 4 represents an example of 2D cotransport simulation using default parameter
values found in literature.®?
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Figure 3. Experimental data (symbols) and fitted model simulations (curves) of (a-e) KGa-1b and (f-j) STx-1b
breakthrough in columns packed with glass beads with (a,f) horizontal, (b,g) vertical up-flow, (c,h) vertical down-flow,
(d,i) diagonal up-flow, and (e,j) diagonal down-flow directional flow conditions. Here, H-horizontal, VU-vertical up-
flow, VD-vertical down-flow, DU-diagonal up-flow, DD-diagonal down-flow.
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Figure 4. Contour plots on the x-z plane for: (a-f) viruses (solid curves) and colloid particles (dashed curves), and (g-I)
viruses (solid curves) and virus-colloid particles (dotted curves) during virus and colloid cotransport in the presence of
gravitational effects. Here (a,g) t=150 hr, (b,h) t=1050 hr, (c,i) t=2010 hr, (d,j) t=3000 hr, (e,k) t=5700 hr, (f,I) t=6900
hr, and y=15 m.

Table 1. Experimental conditions, fitted parameter values, and estimated mass recoveries

Co Utot b Us(i) ¢ D b kc b M Muye/M
Exp. mg/L Flow (cm/min) (cm/min) (cm?/min) (1/min) (%) 1@V
No (clays) Direction?
mol/L
(tracer)
KGa-1b
1 62.8 H 0.737414+0.0018 0.00000 1.061440.098 0.0103+0.001 53.5 1.19
2 50.3 vu 0.73841+0.0008 -0.00159 0.2968+0.036 | 0.0236+0.001 | 32.6 1.05
3 67.6 VD 0.74193+0.0009 0.00193 0.5984+0.026 | 0.0037+0.001 79.5 1.12
4 56.6 buU 0.73474+0.0015 | -0.00526 | 0.6790+0.063 | 0.0233+0.001 | 37.6 1.07
5 66 DD 0.74330+0.0016 | 0.00330 | 0.6554+0.052 | 0.0153+0.004 | 47.9 1.05
STx-1b
6 100.1 H 0.73895+0.0004 0.00000 0.7377+0.052 0.0123+0.001 58.6 1.16
7 105.9 vu 0.73827+0.0016 -0.00174 0.5521+0.018 0.0164+0.001 65 0.89




8 | 1023 VD 0.74219+0.0013 | 0.00219 | 0.5272+0.029 | 0.00330.001 | 938 | 1.01
9 75.9 DU 0.732640.0023 | -0.00736 | 1.1751+0.094 | 0.0123£0.001 | 615 | 1.31
10 | 825 DD 0.74439+0.0026 | 0.00438 | 0.5157+0.072 | 0.004820.000 | 831 |  1.06
Tracer
0.01 H 0.74016+0.0001 _ 0.1369£0.033 100
001 | VU, VD | 0.73985+0.0002 - 0.1671+0.041 100
001 | DU,DD | 0.73995£0.0001 ~ 0.1568£0.031 100

aH-horizontal, VU-vertical up-flow, VD-vertical down-flow, DU-diagonal up-flow, DD-diagonal down-flow. ? Fitted with
ColloidFit. ¢ Evaluated with equation (2).
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