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MICROBIAL TRANSPORT AND FATE IN THE SUBSURFACE

Pore-Scale Study of Flow Rate on Colloid Attachment
and Remobilization in a Saturated Micromodel

Qiulan Zhang,* A. Raoof, and S. M. Hassanizadeh

Abstract

Colloid attachment is an important retention mechanism. It
is influenced by colloid size, pore size, and flow rate, among
other factors. In this work, we studied colloid attachment
experimentally under various flow rates, as well as colloid
release in response to a rapid change of flow rate. Colloid
transport experiments under saturated conditions and with
different flow rates were conducted in a physical micromodel.
The micromodel was made of polydimethylsiloxane (PDMS),
which is a hydrophobic polymer. Colloids were hydrophilic
fluorescent carboxylate-modified polystyrene latex microspheres
with a mean diameter of 300 nm. We could directly observe
the movement of colloids within the pores using a confocal
microscope. We also obtained concentration breakthrough
curves by measuring the fluorescence intensity at the outlet of
the micromodel. In addition, our experiments were simulated
using a pore-network modeling, PoreFlow, based on the pore
structure of the micromodel. Local colloid concentrations were
calculated by solving local mass balance equations for all network
elements and then averaging resulting concentrations over the
whole micromodel. The measured breakthrough curves were
successfully simulated using PoreFlow. Observed and calculated
breakthrough curves showed that colloid attachment rate was
smaller for larger flow rate. Temporally enhance colloid release
(remobilization of attached colloids) was observed when the flow
rate was increased by a factor of 10. But no colloid remobilization
was observed when the flow rate decreased by a factor of 10.

Core Ideas

- Colloid remobilization in response to transients in flow rate was
visualized.

« Pore-network modeling was used to model concentration
breakthrough curves.

- At larger flow rate, less attachment was observed.
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OLLOID DEPOSITION in saturated porous media is

commonly described using colloid filtration theory,

developed initially by Yao et al. (1971). It assumes
that the colloid attachment rate cocfhicient is controlled by
three mechanisms: Brownian diffusion, interception, and sedi-
mentation. Colloid filtration theory successfully predicts col-
loid deposition under favorable chemical conditions when no
Derjaguin-Landau-Verwey-Overbeck (DLVO) energy barri-
ers are present. There are three major assumptions inherent to
the colloid filtration theory: (i) colloid and the surface collector
surfaces are both perfectly smooth, (ii) effects of hydrodynamic
forces are negligible, and (iii) colloids are small enough so that
straining effects are not significant. However, the surface of natu-
ral colloids and collectors always contain some roughness (Suresh
and Walz, 1996). Discrepancies of colloid attachment—detach-
ment between theoretical predictions and experimental results
are believed to result mainly from surface roughness (Suresh and
Walz, 1996; Hoek et al., 2003; Hocek and Agarwal, 2006) and
surface charge heterogencity (Bradford and Torkzaban, 2013).
Johnson etal. (2011) also argued that surface charge heterogene-
ity and surface roughness may result in enhanced colloid attach-
ment under unfavorable conditions. Indeed, colloid deposition
has been found to increase on rough surfaces in studies using
atomic force microscopy (Shellenberger and Logan, 2002; Chen
etal,, 2010) and with digital bright field microscopy (Morales et
al., 2009).

Another mechanism for colloid retention is reported to be
straining in saturated porous media. Straining was regarded as
the dominant retention mechanism under unfavorable attach-
ment conditions, for example, when DLVO energy barriers are
present (Bradford et al., 2002, 2003, 2005; Li and Johnson,
2005; Li et al., 2006; Xu et al., 2006, 2008; Johnson et al., 2007;
Shen et al., 2008; Du et al., 2013).

Colloid retention was also reported to be affected by flow
velocity in saturated porous media (Bradford et al., 2007, 2011;
Johnson et al., 2007; Du et al.,, 2013). Researchers found that at
higher flow velocity, colloid straining was less in porous media
under unfavorable chemical conditions. Colloid attachment—
detachment is also known to be affected by forces and torques
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that act on colloids (Cushing and Lawler, 1998; Torkzaban et
al., 2007). Under favorable conditions, the adhesive force due
to DLVO interactions dominates and therefore results in col-
loid retention (Torkzaban et al., 2007; Bradford et al., 2009).
However, under unfavorable conditions, hydrodynamic shear
may not be negligible (O’Neill, 1968; Weisbrod et al., 2002).
The induced shear force is opposed by the adhesive force due to
DLVO interactions (Bergendahl and Grasso, 1998; Cushingand
Lawler, 1998; Torkzaban et al., 2007; Bradford and Torkzaban,
2008).

Some researchers have studied the combined effect of DLVO
force and hydrodynamic force on colloid attachment to and
detachment from a collector surface (Cleaver and Yates, 1973;
Sharma etal.,, 1992; Bergendahl and Grasso, 1998; Burdick et al.,
2005; Seetha et al., 2014). Bergendahl and Grasso (1998) illus-
trated how polystyrene microspheres attached to glass beads in a
packed column could be detached by hydrodynamic shear force,
depending on the flow velocity and the magnitude of the DLVO
interaction forces. Johnson et al. (2007) demonstrated that large
colloids may experience a larger hydrodynamic shear force at a
given flow rate and solution chemistry.

As a surrogate for experimental work, one can use pore-scale
models to provide detailed information on transport processes at
the microscopic (pore) scale. Moreover, using pore-scale model-
ing, it is possible to develop macroscale relationships for attach-
ment—detachment rates. One widely used approach is the use of
a pore-network model (PNM). Compared with other pore-scale
modeling approaches, PNMs allow simulation of transport pro-
cesses over larger domain sizes, thus making it possible to upscale
processes from the pore scale to the macroscale (see, e.g., Raoof
et al,, 2013). Pore-network modeling has been extensively used
to obtain pore-scale information (Nsir and Schéfer, 2010; Bodla
et al., 2010; Varloteaux et al., 2012; Raoof and Hassanizadeh,
2012). For example, PNM approaches have been used in the
upscaling of reactive—adsorptive transport (Acharya et al., 2005;
Raoof et al., 2010; Kohne et al., 2011).

Theeffect of flow rate on colloid attachment under steady-state
saturated conditions has been studied by a number of researchers.
But the role of transients in flow rate in colloid remobilization is
notyet well understood. The aim of this study was to examine the
effect of flow rate on colloid retention and transients in flow rate
on colloid remobilization in saturated porous media at the pore
scale. Pore-scale visualization experiments and concentration
breakthrough measurements were conducted at various flow
velocities in a polydimethylsiloxane (PDMS) micromodel. We
also used pore-network modeling, PoreFlow (Raoof et al., 2013),
to obtain more quantitative pore-scale information on the
dependence of the attachment—detachment coeflicient on the
flow rate. We further provided comparisons of the pore-network
simulation results to experimental data.

Materials and Methods
Micromodel Experiments

The PDMS micromodel used in our experiments contained 98
pore bodies (large pores) connected by 217 pore throats (smaller
pores). The flow network of the micromodel was designed based
on Delaunay triangulation (see Karadimitriou et al.,, 2012); it is
shown in Fig. 1. The flow network covered an area of 1 mm by

10 mm, with a mean pore size of 30 pm and a uniform depth
of 30 pm. The properties of the micromodel are shown in Table
1. The PDMS micromodel was treated by a silanization process
(see Karadimitriou, 2013, Chapter 5). In this process, a solution
of silane in 96% pure ethanol was used to make the micromod-
els uniformly and stably hydrophobic. Fluorescent carboxylate-
modified polystyrene microspheres with a mean diameter of 300
nm (Polysciences Inc. GmbH) and a particle density of 1.055 g/
cm® (reported by the manufacturer) were acquired (Polysciences
Inc. GmbH) and used as model colloids. The particles were
hydrophilic and had negatively charged surfaces. The colloid
suspension was diluted by dispersing it in deionized (DI) water
to reach a final concentration of around 5.8 x 10*° particles per
liter. Before the dilution, the suspension was sonicated in an
ultrasonic bath for 2 min to ensure uniform particle distribution.
The stock solution was also sonicated before using it in experi-
ments. The pH of the stock solution was monitored and kept
between 6.8 and 7.0 during the experiments. Also, the value of
ionic strength was kept constant at 1.2 x 10 mM.

Details of the experimental set-up can be found in Zhang et
al. (2013). A schematic representation of the setup is shown in
Fig. 2. Using a confocal laser microscope, images were acquired
of the movement of colloids in the micromodel. The microscope
was also used to measure the colloid concentration breakthrough
curves in the outlet channel, as described below. A dual-direction
syringe pump was used to control the flow rates of the liquid and
colloid suspension via a three-way valve.

Two types of experiments were performed: steady-state and
transient. The steady-state experiments were conducted in two
stages. In the firsz stage, a fully saturated steady-state flow of water
with no colloids was established. To do this, the micromodel was
placed vertically and then flushed with carbon dioxide for a few
minutes to expel the air. The micromodel was then positioned
horizontally on the stage of the confocal microscope and con-
nected to the injection tubes. Next, DI water was introduced
into the micromodel at a specified constant flow rate to displace
and dissolve the carbon dioxide, until a fully saturated steady-
state flow of water was established. We performed three sets of
experiments at three different flow rates: 50, 250, and 500 nL/
min. These are denoted by g, 54, and 10g, respectively.
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Fig. 1. The micromodel flow network.

Table 1. Properties of the pore network (the micromodel).

Parameters Values
Number of pore bodies 98
Number of pore throats 217
Mean pore body size (diameter) 30 pm
Depth of the flow network 30 pm

Area of the flow network 1 mm x 10 mm
Porosity 0.39
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Fig. 2. Schematic representation of the experimental set-up.

In the second stage, still under steady-state flow conditions and
keeping the flow rate constant, a particle suspension was injected
for 20 min. This was followed by the injection of colloid-free DI
water for 25 min, again without changing the flow rate. Thus, the
second stage of each experiment (i.c., colloid transport during
steady-state flow) lasted 45 min.

We also performed transient flow experiments. For these
experiments, a third stage was added to the above-mentioned
procedure. At the start of stage three, the flow rate was abruptly
changed by a factor of 5 or 10. Four series of transient flow rate
experiments were conducted: flow rate increased from 250 nL/
min to 2.5 pL/min, from 50 nL/min to 250 nL/min, from 250
nL/min to 1.25 pL/min, and decreased from 500 nL./min to 50
nL/min.

Theoretical Calculation of Interaction Energies/Forces

The interaction energies among colloids and between colloids
and the PDMS surface were estimated using the classic DLVO
theory (Derjaguin and Landau, 1941; Verwey and Overbeck,
1948). The van der Waals attraction was calculated based on an
expression proposed by Gregory (1981), whereas the electrical
double layer interaction for a sphere with a surface was estimated

using an equation presented by Norde and Lyklema (1989).

A

4

The total interaction energy (AG_ ) can be expressed as follows

(Gregory, 1981):

AG,

tot

= 647‘5R(k_T)2 Viaexp(—kh)
ve b \ [1]
AR 532 0
SR 228+
o 1y, TS5y,

where R is the radius of the particle; € is the dielectric permit-
tivity of the liquid (in this case, 80.1 for DI water); 4 is the
Boltzmann constant; 7 is absolute temperature; v is the ion
valence; e is the electron charge; ~, = tanh[vel, /(44T)] x is the
Debye—Hiickel reciprocal length; A is the separation distance;
A,,, is the Hamaker constant; and X\ is a characteristic length of
100 nm. The two terms in this equation are due to electrostatic
and van der Waals interaction energies, respectively.

The calculated DLVO interaction energy profile between the
colloid (in DI water) and the PDMS surface is shown in Fig. 3.
For these calculations, the zeta potential of polystyrene micro-
spheres was taken to be —36.6 mV (measured using a Zetasizer,
Malvern Instruments), and the zeta potential of the PDMS sur-
face was taken to be —80 mV (Sze et al., 2003). A value of 3.9 x
107! J was used for the Hamaker constant of the polystyrene—
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Fig. 3. Calculated Derjaguin-Landau-Verwey-Overbeek energy
profile for the interaction between colloid with polydimethylsiloxane
surface.

water—PDMS system, as calculated in other studies (Israelachvili,
1992; Bradford and Torkzaban, 2008). As can be seen in Fig. 3,
a significant energy barrier exists between the colloid and the
PDMS surface, while a secondary minimum is absent, which
means that colloid attachment to the PDMS surface is highly
improbable in DI water. One should note that we did not con-
sider any surface charge heterogeneity and surface roughness in
our calculations. Hydrophobic interactions are also neglected in
the calculations.

On a rough surface, a colloid may experience a friction force
against movement. A schematic of forces acting on a colloid,
with radius R, attached to a rough PDMS solid surface in moving
water is shown in Fig. 4. The forces shown in the figure are Van
der Waals force (F, ), electrostatic force (F,), drag force (F,),
friction force ( ) and resisting

F..), hydrodynamic torque (T,

hydro

torque (77

resist:

The total DLVO force is given by
d
FDLVO = E(Actot ) [2]

The drag force can be expressed as follows (Goldman et al., 1967;
O’Neill, 1968):

av., ,
Fy =10.2057p(—)R 3
D i 6R) (3]

where | is the water dynamic viscosity and OF/OR is the shear
rate to be calculated at a distance of R from the surface.
The friction force is given by

Fiie =ReFprvo (4]

where 1 is the static friction coefficient.

These three forces also may exert a nonzero torque on the col-
loid even if their own resultant is zero. The adhesive torque for
colloids is expressed as

];esist = FDLVO lx [5]

The hydrodynamic torque caused by a drag
force is given as (Goldman et al., 1967; O’'Neill, 1968):

=
Waler ¢ ‘Water
U?\
Fpic
1 T PDMS solid snrface
v

Points around which rolling occur

Fig. 4. Schematic of forces acting on an adhering colloid in moving
water.

Thydro = FDly [6]

where /_and l are the lever arms of the DLVO and drag forces,
respcctlvcly If the roughness height is denoted by 7, the lever
arms are given by the following:

lyzR—r

/. :\/R2 71]2 :\/ZVRfrz

Pore-Network Modeling

Using pore-network modeling, fluid flow as well as flux of
colloids and their adsorbed mass can be calculated at the scale
of individual pores. We constructed a two-dimensional PNM
of our micromodel, using PoreFlow (Raoof et al., 2010). The
flow and transport formulations can be found in Supplemental

Material 1 (Appendix A).

Results
Effect of Flow Rate on Colloid Attachment

Figure 5 presents the results of colloid concentration break-
through curves measured and simulated at the outlet reservoir
of the PDMS micromodel at three different flow rates. As can
be seen, when the flow rate was g, the normalized efluent con-
centration reached a maximum of ~0.68. When the flow rate
was increased five times (to S¢), the maximum concentration
went up to ~0.8. At a flow rate of 10g, even less attachment was
observed, as a maximum concentration of ~0.95 was reached.
This reduction in colloid removal at higher flow rates is at odds
with the colloid filtration theory, according to which the attach-
ment coefficient is proportional to v'%. According to colloid fil-
tration theory, attachment should be larger at higher velocities.
That may be the case, but we know that is partially because the
drag force increases with the flow rate, as can be seen from Eq.
[3] and Eq. [4], whereas the adhesive force remains constant.
This means that the colloid detachment coeflicient will be larger
at higher flow rates, such that the net effect of higher flow rates is
an increase in removal rates of colloids.
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Fig. 5. Measured and simulated effluent concentration (C) breakthrough curves of colloid transported at different flow rates (g, 5g, and 10q). PNM,

pore-network model.

Effect of Rapid Flow Rate Change on Colloid
Remobilization

As explained earlier, we did experiments in which the flow
rate was abruptly changed at the end of stage 2. In experiments in
which the flow rate increased by a factor of 10 (from 250 nL/min
to 2.5 pL/min), we observed a clear remobilization of attached
colloids. This is seen as a spike in the breakthrough curve in Fig.
6. Based on mass balance calculations, ~11.5% of the remaining
colloids was remobilized. In experiments in which the flow rate
increased by a factor of five (from 500 nL/min to 2.5 pL/min),
very little remobilization of attached colloids occurred (as can be
seen in Fig. 6). In a new transient experiment, at the end of stage
3, we also conducted an experiment in which the flow rate was
decreased rapidly from 104 to q. We did not observe a remobili-
zation of colloids.

Real-time images of colloid remobilization during the rapid
increase of flow rate can be found in Supplemental Material 2
(video). In the video, the change in the flow rate required a time
period of 10 s. The video shows that after the rapid increase in the
flow rate, some of the colloids that were attached to the PDMS
surface in the upright pore throats were released, but some of
them reattached downstream during their transport.

Three processes are involved when colloids are detached from
the solid surface: sliding, lifting, and rolling. Previous stud-
ies have shown that rolling is the main mechanism for colloid
detachment (Sharma et al., 1992; Burdick et al., 2001). We ear-
lier used Fig. 3 to illustrate that colloid behavior is determined
by force balance and torque balance. Only when the hydrody-
namic torque overcomes the resisting torque can rolling occur.
Inspection of Eq. [1-6] shows that an increase in the flow rate
leads to an increase in the drag force and the hydrodynamic
torque. Thus, a stably attached colloid can then be released.
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o 0.6 . '
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Fig. 6. Measured and simulated concentration breakthrough curves
under transients in flow rate at the outlet reservoir of the micromodel
during transient experiments. The top graph is for the increase of flow
rate by a factor of 5, the bottom one by a factor of 10.
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Discussion

The profile of the interaction energy between a colloid and
the PDMS surface (see Fig. 3) shows a repulsive energy barrier.
Thus, no attachment of colloids should have occurred. However,
in those calculations, we did not consider surface roughness. We
did some scanning electron microscope and atomic force micro-
scope measurements of the surface roughness of the PDMS
micromodel before and after silanization. It was found to be
around 50 nm after saline, which is significant relative to the size
of the colloids used (300 nm diam.). The theory of Bradford and
Torkzaban (2013) states that nanoscale roughness can alter the
energy barrier to allow primary minimum interactions, decreas-
ing the magnitude of the secondary minimum and creating a
finite depth of the primary minimum. As explained above (see
Fig. 4), surface roughness may produce forces that resist the slid-
ing or rolling of colloids along the PDMS surface. These forces
then oppose the hydrodynamic forces, and the microscopic
roughness alters the lever arms associated with the applied
hydrodynamic and resisting adhesive torques. In addition, based
on the results of Bradford and Torkzaban (2013), a colloid may
be immobilized in the presence of fluid flow due to nanoscale
heterogeneity on adhesive torques. Moreover, the surface rough-
ness may locally decrease the flow velocity near the wall, which
reduces the hydrodynamic force and Brownian motion, thus
causing more attachment to occur. The third explanation is
that colloid immobilization adjacent to macroscopic roughness
locations shares many similarities to grain—grain contact points
and may be viewed as a type of straining process (Bradford and
Torkzaban, 2013).

Another mechanism that may cause the retention of colloids
is straining at very small pore openings and around points of
contact of solid surfaces. Du et al. (2013) demonstrated theo-
retically that retention of colloids in DI water is mainly due to
colloids straining at stagnant zone where grain—grain contacts
exist. Other studies (e.g., Bradford and Bettahar, 2006; Bradford
etal.,, 2009; Torkzaban et al., 2010) also showed that the retained
colloids at lower ionic strength (<0.001 M) were mainly strained
at grain—grain junctions, which suggests that the main retention
mechanism at low ionic strength is straining. However, in our
micromodel, we did not have any grain—grain contact zones.
This is because the pore throats in our micromodel had parallel
walls (as seen in the video in Supplemental Material 2). Hence,
straining could not occur in our micromodel. Thus, our observa-
tion is similar to Johnson and Tong (2006) and Johnson et al.
(2010, 2011) in that the main attachment mechanism in the
micromodel was due to surface roughness.

Our findings disagreed with Shen et al. (2012), who reported
that the rough asperity (which is ubiquitous) on collector sur-
faces provides a tangential attraction force that can prevent col-
loids from being swept away by hydrodynamic shear. However,
we note that in their case, the solution ionic strength was much
larger than 0.01 M.

The PNM PoreFlow was used to simulate colloid break-
through curves. In doing so, we chose values of pore-scale detach-
ment coeficients for each pore, £ seei? and distribution coefficient,
K 0 which are defined in Supplemental Material 1 (Appendix
A), to fit the breakthrough curves as closely as possible. We found
different values of 4 s and K ” for different flow rates. In the

simulation, the formula kdcw_j = 0.0002 + 0.0009*v + 0.001*v?)
and kd,ij =3*R*(109.17 + 0.9786*v — 0.0085*v%) was used, where
Ris the radius of the pore and v is the flow rate. Results are shown
in Fig. 7. The measured and simulated breakthrough curves
are shown in Fig. 5 and Fig. 6. Generally good agreement was
obtained between the measurements and the simulations. This
provides confidence that our pore-network modeling approach
can be used to model the flow rate effect on colloid transport and
remobilization. Further work is needed to develop relationships
for macroscale attachment and detachment rate coefficients as a
function of flow rate.

Conclusions

In this study, microscopic colloid transport experiments
under saturated conditions and with different flow rates were
conducted in a physical micromodel. The movement of colloids
inside the micromodel was visualized by means of a confocal
microscope. Results demonstrate that flow rate affects colloid
attachment processes. Transients in flow rates cause colloid
remobilization only when the flow rate increased by a factor
of 10; no clear remobilization was observed when the flow rate
increased by a factor of 5. Analysis of forces and model results
show that only when the hydrodynamic forces and torque over-
come the resisting forces and torques does remobilization occur.
The experimental results could be successfully simulated using
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Fig. 7. (A) Detachment rate coefficient and (B) distribution coefficient
shown as a function of flow rate.
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pore network modeling and having attachment and detachment
rate constants as a function of flow velocity.

Supplemental Material

Supplement 1 (Appendix A): Pore Network Modeling.
Supplement 2: video of rapid flow rate change on colloid remo-
bilization during saturated flow in a micromodel.
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