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[1] In this work, we study colloid transport through a porous medium under steady-state
and transient two-phase flow conditions. The porous medium was a PDMS micromodel and
the immiscible fluids were water and fluorinert-FC43. Given that the micromodel was
hydrophobic, fluorinert was the wetting phase, and water was the nonwetting phase. We
used hydrophilic fluorescent microspheres (dispersed in water) with mean diameter of 300
nm. We directly observed colloid movement and fluids distribution within pores of the
micromodel using a confocal laser scanning microscope. We also obtained concentration
breakthrough curves by measuring the fluorescence intensity in the outlet of the
micromodel. The breakthrough curves showed that, under steady-state flow at different
water saturations, more colloids were retained at lower saturations. Our visualization results
suggested that the enhanced attachment was due to the retention of colloids onto fluorinert-
water interfaces (FWIs) and fluorinert-water-solid contact lines (FWSCs). At the end of a
steady-state two-phase flow experiment, we changed the micromodel saturation by injecting
either water (drainage) or fluorinert (imbibition). We found remobilization of colloids
during imbibition events, but no remobilization was observed during drainage.
Visualization showed that colloids deposited on solid-water interfaces (SWIs) were
dislodged by moving FWSCs during imbibition. We simulated breakthrough curves by
modeling colloids interactions with SWIs and FWIs separately. Remobilization of colloids
attached to SWI was modeled as a first-order kinetic process and the rate coefficient was
assumed proportional to temporal rate of change of saturation. Colloids attachment to and
detachment from FWIs were modeled as an equilibrium process. Generally, good
agreements between experimental results and simulation were obtained. This is the first
study of colloid transport in two-phase flow, where pore-scale visualization, breakthrough
concentration measurement, and modeling of results are combined.
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1. Introduction

[2] Over the past few decades, considerable research has
been done to understand the behavior of colloidal particles
and viruses in partially saturated porous media, through
laboratory works, field studies, and numerical simulations.
An important aspect of colloid behavior is the remobiliza-
tion of attached colloids. Recently, colloids remobilization
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has drawn significant attention due to its potential for
enhancing contaminant transport through the vadose zone
to the groundwater [Saiers et al., 2003; Zhuang et al.,
2009]. Remobilization of colloids has been found to be sen-
sitive to the following factors: properties of colloids and
soils [Bradford and Kim, 2012], solution ionic strength and
pH [Torkzaban et al., 2006a; Zevi et al., 2009; Zhuang
etal., 2010; Sadeghi et al., 2011], and flow patterns [Saiers
and Lenhart, 2003 ; Torkzaban et al., 2006a, 2006b; Shang
et al., 2008 ; Zhuang et al., 2007, 2009; Cheng and Saiers,
20091].

[3] In particular, it was observed that temporal changes
in flow conditions can cause a significant increase of the
rate of colloid detachment. For example, Saiers and Len-
hart [2003] observed in column experiments that increase
in water flow rates and water saturation led to enhanced
colloid release, compared to steady-state flow conditions.
Similarly, Shang et al. [2008] reported remobilization of
colloids due to a step increase in water saturation and flow
rates. Not only imbibition, but also drainage is found to
cause colloids remobilization, as observed by Zhuang et al.
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[2007] and Cheng and Saiers [2009]. Transients in chemi-
cal conditions can also cause colloids remobilization. Flury
et al. [2003] reported that colloids can be mobilized when
low ionic strength pore water displaces high ionic strength
pore water. Bradford et al. [2012] also found that decrease
in ionic strength can result in colloid remobilization. Virus
remobilization was observed by Sadeghi et al. [2013] when
reducing the calcium concentration of the inflow solution,
keeping the ionic strength constant.

[4] Colloids transport processes in unsaturated media are
complex. Generally, enhanced colloid attachment has been
observed at lower saturations. Interestingly, different
authors have given different reasons for this enhanced
attachment. In some studies, increased colloids retention at
lower saturation was mainly attributed to irreversible col-
loids attachment to air-water interfaces (AWIs) [e.g., Wan
and Wilson, 1994a, 1994b; Wan and Tokunaga, 2002 ; Siri-
vithayapakorn and Keller, 2003 ; Keller and Sirivithayapa-
korn, 2004; Torkzaban et al., 2006a]. Some other
researches, however, have assumed colloid attachment to
the AWI to be a reversible process in their numerical mod-
eling [Torkzaban et al., 2006b]. Some experimental studies
have questioned the significance of colloid attachment to
AWI. For example, Chen and Flury [2005] suspended an
air bubble in a micromodel; they did not observe any col-
loid attachment to AWI. Another group of researchers, e.g.,
Crist et al. [2004, 2005] and Zevi et al. [2005, 2006, 2009],
found that air-water-solid (AWS) contact lines are the pri-
mary locations for enhanced colloids retention. Lazouskaya
and Jin [2008] suggested that in a dynamic system, if col-
loid retention at AWI does not occur in the primary mini-
mum, then colloid retention at AWS becomes dominant. In
addition to attachment to SWI, AWI, and AWS; film
straining has been reported as another important mecha-
nism for colloids retention under unsaturated conditions
[Wan and Tokunaga, 1997; Veerapaneni et al., 2000].
Apparently, our knowledge of mechanisms of colloids
transport in unsaturated porous media is still limited.

[s] Recently, to better understand the above mecha-
nisms, studies involving direct observations of colloid
transport in unsaturated porous media have been con-
ducted. Some experiments were performed in a capillary
channel with moving air-water interfaces [Sharma et al.,
2008; Aramrak et al., 2011]. Others were performed in a
micromodel or in soil [see e.g., Wan and Wilson, 1994a,
1994b; Chen and Flury, 2005; Gao et al., 2006]. All these
experiments were performed with air and water as the two
immiscible phases. But, it is difficult to control air flow rate
in a network of pores. Also, in some visualization experi-
ments, the two fluids must have the same index of refrac-
tion; this is not possible with air and water. So in some
experiments, two immiscible liquids have been employed.
Moreover, colloid transport in porous media involving two
liquids is important in some industrial applications.
Recently, transport of colloids in oil-water system and their
behavior close to the oil-water interface, were studied by
Leunissen et al. [2007]. Zevi et al. [2010] employed water
and low-viscosity silicone oil as the wetting and nonwet-
ting phases to study pathogen transport during two-phase
flow. Zhang et al. [2013] also used two liquids, namely
water and fluorinert, and studied the effect of interfaces on
the distribution of colloids in a PDMS micromodel.

[6] In this work, we report on results of experiments per-
formed in a PDMS micromodel under steady-state and tran-
sient two-phase flow conditions. Our aim was to study
pore-scale processes that affect the remobilization of
attached colloids, when fluid saturation is changed, i.c.,
when imbibition or drainage occurs. In particular, we were
interested in the role of fluid-fluid interfaces in the remobi-
lization. Another objective was to formulate a macroscale
model of colloid transport and remobilization and produce
experimental data for verifying it. We directly observed the
distribution and movement of colloids by means of a confo-
cal microscope. We also measured the concentrations of
colloids as a function of time in the outlet reservoir. We
performed transport experiments under steady-state flow
(of one of the phases) followed by imbibition or drainage.
To simulate the remobilization of colloids, the rate of col-
loid detachment from solid surfaces was modeled as a lin-
ear function of the rate of change of saturation. The
remobilization of colloids attached to fluid-fluid interfaces
was modeled as a function of the change in interfacial area.
This is the first study of colloid transport in two-phase
flow, where pore-scale visualization, breakthrough concen-
tration measurement, and modeling of results are com-
bined. Video images, included as supporting information,
provide insightful images of the movement of colloid in a
network of pores occupied by two immiscible liquids.

2. Experimental Materials and Methods

[71 We have performed experiments on transport of col-
loids in a micromodel. The details of our experimental
setup can be found in Zhang et al. [2013]. A schematic
representation of the setup is shown in Figure 1. The
micromodel pore network covered an area of 1 mm X 10
mm. It contained around 90 pore bodies and 200 pore
throats, with mean pore size of 30 um, and porosity of
40%. The micromodel ended in an outlet channel, leading
to an outlet reservoir. Details of micromodel fabrication
and construction were described in Karadimitriou et al.
[2013]. To make the micromodel uniformly and stably
hydrophobic, the micromodel was treated by a silanization
process [see Karadimitriou, 2013, chap. 5]. Using a con-
focal microscope, images were acquired of the movement
of phases and colloids within the micromodel. The micro-
scope was also used to measure the concentration of col-
loids in the outlet channel, as described shortly. A dual-
direction syringe pump was used to control the flow rates
of liquids and colloid suspension via a three-way valve.
The pump could be used to inject water (with or without
colloids) or fluorinert through three different inlets of the
micromodel.

[8] The two fluids in our study were fluorinert and water.
We chose fluorinert instead of air, mainly because fluori-
nert and water have almost the same refractive indices.
This is necessary for using confocal microscopy and being
able to focus at different depths of the micromodel. Given
the fact that the micromodel was hydrophobic, fluorinert
was the wetting phase, and water was the nonwetting
phase. The colloids used in this study were carboxylate-
modified polystyrene fluorescent microspheres with a mean
diameter of 300 nm and a particle density of 1055 kg m>.
They were hydrophilic and had negatively charged
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surfaces. The colloid suspensions were prepared by dispers-
ing the microspheres in deionized (DI) water to reach a
final concentration of around 5.8 X 10'® particles/L. The
pH of the suspension was measured 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. All experi-
mental conditions are listed in Table 1.

[9] The experiments were conducted in three stages. The
first stage was designed to create steady-state flow of water
at constant water saturation with no colloids. We performed
experiments at three different water saturations: 100%,
60%, and 40%, denoted as experiment 1, experiment 2, and
experiment 3, respectively.

[10] In order to achieve 100% water saturation, the
model was put vertically and then flushed with carbon

Table 1. Experimental Conditions of Micromodel Measurements

Schematic representation of the experimental setup.

dioxide for few minutes to expel the air. After that, the
micromodel was put horizontally on the stage of the confo-
cal microscope and connected to the injection tubes. Then,
DI water was introduced into the micromodel at the rate of
150 nL/min in order to displace and dissolve the carbon
dioxide, leading to a fully saturated micromodel. To create
steady-state unsaturated flow conditions, first the micromo-
del was saturated with fluorinert. Then, water was injected
at a rate of either 500 nL/min or 850 nL/min to establish a
water saturation of approximately 40% or 60%, respec-
tively. We continued the flow at the corresponding rate
until visualization images showed a stable flow field, where
the fluid-fluid interfaces did not move anymore. In all three
experiments, the micromodel was flushed under steady-
state flow for approximately 5 h.

Experiment Experiment Experiment
Parameter 1 2 3
Flow rate during stage 1 (nL/min)—steady-state flow without colloids 150 850 500
Flow rate during stage 2 (nL/min)—steady-state flow with colloids 150 850 500
Flow rate during imbibition (nL/min)—injecting fluorinert to displace water 150 150 150
Flow rate during drainage (nL/min)—injecting more water 2500 2000
Initial water saturation (%) 100 60 (£2) 40 (+2)
Final water saturation in imbibition experiments (%) 20 (*+2) 15(%£2) 20 (*2)
Final water saturation in drainage experiments (%) 80 (£5) 55(£5)
pH 6.8 6.8 6.8
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[11] The water distribution was visualized by a setup
developed by Karadimitriou et al. [2012] and saturation as
well as capillary pressure was determined using image
analysis software IDL. Saturation of water was calculated
as the ratio of the pixels which corresponded to the nonwet-
ting phase (water dyed with ink), over the total number of
pixels of the flow network. Average capillary pressure of
the collection of all interfaces within the flow network was
calculated as the average of local capillary pressures
weighted with local interfacial areas. We performed sepa-
rate experiments to obtain the saturation-capillary pressure
curves for each micromodel.

[12] The second stage involved colloids transport under
steady-state flow conditions. In both saturated and unsatu-
rated experiments, keeping flow rate the same as during
steady-state flow, the particle suspension was injected for
20 min. This was followed by the injection of colloids-free
DI water for 25 min without changing the flow rates. So the
second stage of experiment, i.e., colloids transport under
steady-state flow, lasted for 45 min. The third stage
involved transient two-phase flow and remobilization of
attached colloids. This started either with injecting fluori-
nert (causing imbibition) to displace the water phase and
reduce its saturation; or increasing the flow rate of water to
increase its saturation (causing drainage).

[13] During the experiments, colloids distribution and
their interactions with solid-water interfaces (SWIs),
fluorinert-water interfaces (FWIs), and fluorinert-water-
solid contact lines (FWSCs) within the flow network were
directly observed by confocal microscopy. In addition to
still images, real-time images were also taken for subse-
quent review and analysis of colloids interactions with the
moving interfaces and contact lines. All experiments were
repeated, and fluids distribution was found reproducible.
Then the experiments were repeated under the same condi-
tions as visualization experiments, but this time the confo-
cal microscope was used to measure concentration in the
outlet channel as a function of time. The measured break-
through curves were reproducible too. The concentration
was determined by measuring the fluorescence intensity of
particles at a focus surface (in the horizontal middle plane)
of the micromodel outlet channel at a speed of 834 ms/
frame. Colloids above and below this focus surface were
out of confocal focus, but we assumed the colloids distribu-
tion was uniform over the depth. First a calibration curve
was prepared by injecting known concentrations of water-
colloid suspension into the outlet channel of the micromo-
del via the outlet reservoir. By measuring the fluorescence
intensity of various known concentrations, the calibration
curve was obtained. The confocal images were all taken at
low intensities (<100 uW) to avoid bleaching of the fluo-
rescent dye.

3. Mathematical Model

[14] For modeling the experiments, two-phase flow
equations as well as colloid transport equations were
employed and solved numerically.

3.1.

[15] We assumed that the solid phase is rigid and the
fluid phases are incompressible. Thus, the combination of

Flow Equations

mass balance equations and Darcy’s law led to the follow-
ing set of governing equations for fluorinert and water

AY: Kk,
¢%f+V-<MfV%>=O M
—¢%+V~ (@va):o @)

where subscripts f'and w indicate fluorinert and water (wet-
ting and the nonwetting phase, respectively), ¢ is the
porosity; S, is the a-phase saturation; K is the intrinsic per-
meability [L?]; &, is the o-phase relative permeability;
is the dynamic viscosity [M L~' T ']; and P, is the
a-phase pressure [M T ? L™ ']. Because the micromodel
was put horizontally on the stage of the microscope, we did
not consider gravity.

[16] We also employed the following constitutive equa-
tions for relative permeability and capillary pressure [Mua-
lem, 1976; van Genuchten, 1980]

oy =Se[1=(1=82)") 3)
b= (1=8,) "2 (1=8,1/m)>" “

1
Pw—P/:Pc(S):;(Sefl/"’—l)l/" O]

where m = 1 — 1/n is the parameter n can be related to the
pore size distribution, « [Pa”'] can be interpreted as the
inverse of the entry pressure, S, is the effective saturation,
defined as S, = (S;— S,p/(1 — S,y), where S, < 5,< 1.

[17] The initial condition for each experiment was set to
the specified saturation given in Table 1 and the corre-
sponding pressure. For the inlet boundary condition, we
specified the flux of the nonwetting phase (water) for drain-
age experiments and the flux of the wetting phase (fluori-
nert) for imbibition experiments. The outlet boundary
pressure was set equal to zero.

3.2. Transport Equations

[18] We simulated colloid transport during stages 2 and
3 by advection-dispersion-sorption equations. As the col-
loids were hydrophilic, they were present in the water (i.e.,
the nonwetting phase) only. The governing equation for
colloids transport in the water phase is

¢

0S,C, 0 aC,, dq,,C,,
= )— D e~ (6)

ot *a("’SWD O Ox

where C,, [Number L °] is the number concentration of
colloids in water (number of colloids per unit volume of
water), D [L*> T~ '] is the dispersion coefficient, ¢,, [L T~ ']
is the flow rate, 7y, and 74, [Number L3 T'] are net rates
of attachment of colloids to SWIs and FWIs, respectively.
The net rate of attachment to FWIs can be expressed as

_ 9apCpy
T gy

(N

where ag, [L™'] is the specific fluorinert-water interfacial

- h . . —2
area per unit volume of porous medium; Cy, [Number L™ -]
is the concentration of colloids attached to the FWI given as
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the number of colloids per unit area of fluorinert-water inter-
face. According to the theory developed by Hassanizadeh
and Gray [1993], interfacial area depends not only on satura-
tion but also on capillary pressure. However, for the purpose
of this study, we assumed that as, only depends on satura-
tion. This is certainly justified in the case of imbibition
experiments, where the primary imbibition curve was fol-
lowed, along which there is unique relationship between sat-
uration and capillary pressure. Here we used the following
formula for ay, [Karadimitriou, 2013]

afw:ao(l _Sw)I-ZSw (8)

where a, is the specific interfacial area corresponding to
residual saturation of the medium.

[19] In principle, FWI colloid attachment/detachment
should be modeled as a kinetic process. But in our prelimi-
nary simulations, we found that the kinetic constant is large
and an equilibrium description provides satisfactory results.
This was in line with our findings when we simulated the
experimental results of Torkzaban et al. [2006a, 2006b]
[see Zhang et al., 2012].

[20] Therefore, we assumed a linear equilibrium parti-
tioning of colloids between water and fluorinert-water
interface, such that

Crw=KpCu ©)

where K7, [L] is the equilibrium distribution coefficient for
attachment to the FWI. Note that equations (7) and (9)
model both attachment of colloids to FWIs and their remo-
bilization. When fluorinert-water interfaces are created
(which occurs mainly during drainage), more colloids can
get attached to them. But, when interfaces are destroyed
(which occurs mainly during imbibition), attached colloids
are released back into the water phase.

[21] The attachment/detachment to/from SWI is
described by the following equation [due to Cheng and
Saiers, 2009]:

9psCs SN
= ' :¢kaj;ncw_(l_()b)pskfletcs_(l_d))pszkrem (I)Csi

i=1
(10)

VS at

where C, [M~'] is the number of colloids attached to the
SWI per unit mass of solid phase; p, [M L] is the mass
density of the PDMS solid grain; £, and &, [T '] are the
attachment and detachment rate coefficients of colloids to
and from the solid-water interface, respectively. The last
term in equation (10) models the colloids remobilization
from SWI due to transient flow. The time-dependent coeffi-
cient k', (1) and N, are defined shortly. Note that the last
term will be nonzero only in stage 3 of the experiments,
i.e., during transient conditions.

[22] For stage 2 (steady-state flow), the initial conditions
were C,,(x, 0) = 0 and Cy(x, 0) = 0. The inlet boundary con-
ditions were C,,(0, 1) = Cy (0<t<tyeeqing) and C,(0, £) =0
(seeding<t<tenq), Where ty.qing represents the final time of
colloids seeding and f¢.,, is the final time of steady-state
transport. For the outlet boundary, a zero concentration gra-
dient was assumed.

[23] For stage 3 of the experiments, the inlet boundary
condition was zero concentration, and for the outlet bound-
ary, a zero dispersion flux was imposed. The initial condi-
tions were C,(x, 0) = C,,o(x) and Cy(x, 0) = Cyy(x), where
C,0 and Cy are given by the profiles of the colloid concen-
tration in water and attached to SWIs, respectively. These
profiles were obtained from the distribution at the final
time of stage 2.

[24] Following Cheng and Saiers [2009], the remobiliza-
tion coefficient &/, (¢) is assumed to be related to the time
rate of change of saturation. Cheng and Saiers [2009]
hypothesized that remobilization of attached particles
occurs only in pores that are being emptied during drainage
or are filled during imbibition. Based on the variability in
pore size, the pores were divided into N, compartments.
Once a compartment i empties or fills as its entry pressure
P_; is reached, attached particles are assumed to be
removed from the pore walls of that compartment. Thus,
the remobilization coefficient for imbibition and drainage
is given by the following equations, respectively.

0 for P,—Pr>P;
Ky (1) = 0s,, (11)
( ) Nimp == fOV Pw_Pf < P
ot
0 for P,—Pr <P,
kﬁem t)= S, (12)
( ) Ndraa_t fOV Pw_Pf' ZPci

where P,, and P are the fluid pressures obtained by solving
equations (1-5); P,; is the entry pressure for each compart-
ment i; N;,, and N, are the empirical coefficients that
quantify colloids remobilization during imbibition and
drainage, respectively. The entry pressure for each com-
partment was determined from the capillary pressure-
saturation curve.

[25] The set of equations presented above were solved
with the aid of COMSOL 4.3a. The model was coupled to
the genetic algorithm [see Houck et al., 1995] optimization
module in MATLAB in order to determine model parameter
values. All model parameter values are given in Table 2.

4. Results

4.1. Colloids Transport and Retention Under
Steady-State Flow

[26] As mentioned earlier, colloid transport experiments
during steady-state flow were performed at three different
water saturations: 100%, 60%, and 40%. The seeding
lasted 20 min followed by 25 min of steady-state colloids-
free water flow. The measured breakthrough curves are
shown in Figure 2. It is clear that there was significantly
more retention at lower water saturations. The peak values
of normalized breakthrough concentrations are around
0.95, 0.80, and 0.65 for experiments 1, 2, and 3, respec-
tively. Also, the total mass recovered at the end of stage 2,
given in Table 3, was less at a lower saturation. Pore-scale
images with the size of 512 ym X 512 um, taken with con-
focal microscope from an area at the middle plane of the
micromodel (the same depth where the breakthrough con-
centrations were measured), helped us to see colloid
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Table 2. Parameters Determined From Fitting the Breakthrough Curves (Average * Standard Deviations)

Parameter

Experiment 1 Experiment 2 Experiment 3

Steady-state condition Dispersivity (cm)

SWI attachment coefficient, &5, (s™!)
SWI detachment coefficient, &S, (s 1)
K (m)

Nimp
ap(m™")
a(mh
N
NC
Ndr

Transient condition
(imbibition and drainage)

1.07 (+£0.096) X 103
0.1117 (+0.006) X 103

0.035 0.052
1.63 (+0.12) X 103

0.17 (+0.005) X103

0.09
1.58 (+0.14) X 1073
0.2167 (+0.017) X 103

0.75 (+0.1) 0.57 (£0.02)
1.53 0.32 0.26
2500 2500 2500
0.000395 0.000395 0.000395
5.17 5.17 5.17
5 5 5
0 0

attachment sites. An example is shown in Figure 3. The
particles observed in this image are either in water or
attached to the FWIs and FWSCs. There are also few col-
loids attached to SW1s.

4.2. Remobilization of Colloids During Imbibition

[27] As mentioned earlier, the seeding of colloids during
steady-state water flow (stage 2) was followed by transient
flow, basically changing the saturation (stage 3). In the case
of imbibition, this was achieved by stopping the flow of
water and injecting fluorinert at a rate of 150 nL/min. This
resulted in a sudden decrease of water saturation to the
residual value in all three experiments. When fluorinert
was observed coming out of the outlet reservoir, then we
stopped the experiments. The imbibition process caused a
remobilization of the colloids that were left in the micro-
model at the end of stage 2. The remobilization of colloids
resulted in a spike in the breakthrough concentration as can
be seen in Figure 2. The peak concentration is highest for
experiment 1 and lowest for experiment 3. The strength of
this remobilization (the peak concentration) depends on
two main factors: (1) the rate of saturation change (which
was a reduction from 100% to 20%, from 60% to 15%, and
from 40% to 20% in experiments 1, 2, and 3, respectively,
in increasingly longer times); (2) the accessibility of
emplaced colloids to the displacing fluorinert. In the case

1.2

Stage 3

Stage 2

+ Water saturation from 100% to 20%

= Water saturation from 60% to 15%

Water saturation from 40% to 20%

0.2

o0 Al
0 10 20 30 40 50 60 70
t (min)
Figure 2. Breakthrough curves measured in the outflow

reservoir, showing the impact of saturation on the transport
and remobilization of colloids under steady-state flow
(stage 2) and during imbibition (stage 3).

of saturated experiments, much more water (and thus col-
loids) was displaced during imbibition stage than in the
unsaturated experiments. That is why the peak in experi-
ment 1 was the highest. The amount of colloids remobi-
lized during this peak was very significant (see Table 3).
The ratios of remobilized colloids to the total remaining at
the end of stage 2 were 8.3%, 21.3%, and 11.3%,
respectively.

[28] Real-time images of the movement of colloids can
be found in supporting information (see Movie 1 and
Movie 2). Four images from experiment 2 (with initial
water saturation of 60%) are shown in Figure 4. The images
show that as the imbibition front advanced into the micro-
model, FWIs, and FWSCs, and colloids attached to them,
were pushed toward the outlet. Moreover, the moving
FWIs and FWSCs scoured the colloids attached to the solid
surface. We know that some of these colloids re-entered
the flowing water. This was the case with “interface 17
shown in Figure 4.

[29] During imbibition, we also had local drainage. For
example, we can see that water is pushed into large pore B
(see Figure 4a) displacing fluorinert. The interface corre-
sponding to this local drainage is interface 2. Some of the
colloids attached to interface 2 were redeposited on the
SWI in pore B, as visible in areas indicated by white circles
in Figures 4c and 4d. Some of the remobilized colloids ori-
ginated from immobile water blubs that were trapped in the
pore network and got reconnected during imbibition and
moved out of the network. But due to the limitations of the
objective lens, we could not capture this phenomenon.

4.3. Colloids Transport During Drainage

[30] In the case of experiments 2 and 3 (with a water sat-
uration of 60% and 40%, respectively), we also performed

Table 3. Calculated Colloid Mass Recovered in the Micromodel
Effluent

Mass Balance (%)

Remobilized During

Imbibition Spike
Remaining % of Total % of
Experiment at the End Injected Remaining
Number of Stage 2 Colloids of Stage 2
Experiment 1 12 (%2) 1(£0.1) 8.3
Experiment 2 30 (=4) 6.4(*0.4) 21.3
Experiment 3 47 (£5) 5.3(*0.2) 11.3
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Figure 3. A confocal microscope image of micromodel
(image size 512 um X 512 um) during unsaturated steady-
state flow: S, PDMS solid; W, water; and F, fluorinert.
White arrows indicate the flow path and direction. Green
dots are colloidal hydrophilic particles.

drainage experiments; i.e., we expelled fluorinert and
increased water saturation. This was achieved by increasing
the flow rate of fresh water by a factor of four. The meas-
ured breakthrough concentration curves are shown in Fig-
ure 6. Real-time images of parts of micromodel are also
shown in Movie 3 and Movie 4 of supporting information.

[31] Contrary to the case of imbibition, we did not find
any peak in the breakthrough curves, which means no
remobilization, occurred during drainage. The main reason
for the lack of remobilization in our drainage experiments
is that FWIs and FWSCs moved very little and the distribu-
tion of water and fluorinert did not change much. Because
the micromodel was fluorinert-wet, despite the fourfold
increase in water injection rate, the water saturation change
was small: from 60% to 80% and from 40% to 55% in
experiments 2 and 3, respectively. From the real-time
images shown in Movie 3 and Movie 4 of supporting infor-
mation, we can see that even some FWIs were destroyed as
water pockets get reconnected; the released colloids got
attached to other FWIs downstream. In fact, drainage (i.e.,
the increase of water saturation in our case) generally leads
to an increase in fluid-fluid interfacial area [see e.g., Kara-
dimitriou et al., 2013]. So there is no decrease in the num-
ber of attachment sites in our drainage experiments, and
therefore no remobilization.

4.4. Simulation of Breakthrough Curves

[32] Experimental results were simulated based on the
model presented earlier in this paper. For the stage 2 of
experiments, only colloid transport equations had to be
solved as the flow velocity was known and constant. Data
from the stage 2 were used to determine the values of
attachment and detachment coefficients k), and k), (for
solid phase) as well as the distribution coefficient K7, (for

FWI). The fitted values are given in Table 2. As we can

see, the value of attachment coefficient, £, is larger for
experiments with smaller water saturation. The value of
detachment coefficient, k), is 1 order of magnitude
smaller than the attachment coefficient. Also, it does not
show a clear correlation with saturation. The values of the
FWI distribution coefficient K7, are the same for stage 2
and stage 3. This is to be expected as this coefficient
accounts for local equilibrium between colloids in water
and attached to interfaces; so it should be independent of
saturation.

[33] For stage 3 of experiments (transient flow), flow
equations were solved too. Parameter values determined
from steady-state experiment were kept unchanged for the
transient part. Results of simulation of the three imbibition
experiments are shown in Figure 5, and for the two drain-
age experiments, they are given in Figures 6a and 6b. The
agreement between simulations and data is very good. In
particular, it is encouraging that the remobilization parts of
the curves are closely followed by the simulations.

5. Discussion and Conclusions

[34] In this study, we employed three approaches to
investigate colloid transport and in particular the remobili-
zation of colloids under transient two-phase flow conditions
in a porous medium. The first approach was pore-scale vis-
ualization using a confocal laser microscope, which
allowed direct observation of movement of colloids and
fluid-fluid interfaces. Due to the limitation of the objective
lens of confocal microscope, we could monitor only a few
pores in a single image at any given time. Nevertheless, the
visualization gives us valuable insight in attachment as
well as remobilization mechanisms as interactions of col-
loids with fluid-fluid and fluid-solid interfaces can be
directly observed. The second approach was the measure-
ment of the effluent concentration, which provided quanti-
tative information on the macroscale behavior of the
colloid transport through the micromodel.

[35] Our third approach was the numerical simulation of
the breakthrough curves. For describing the remobilization
of colloids as a result of saturation change, we adapted the
remobilization model of Cheng and Saiers [2009]. They
assumed that the colloid remobilization occurs only in
pores where fluid saturation changes drastically, for exam-
ple due to snap-off. This means that the remobilization
starts in larger pores during drainage (and then in a hierar-
chy of smaller and smaller pores), but it starts in smaller
pores during imbibition (and then in a hierarchy of larger
and larger pores). Cheng and Saiers [2009] did not explic-
itly model colloid attachment/detachment related to fluid-
fluid interfaces. They lumped it into the attachment/detach-
ment processes at solid-wetting phase interface. We used
Cheng and Saier’s model to describe colloid release from
solid surfaces, but we explicitly accounted for fluid-fluid
interfaces and corresponding attachment and remobiliza-
tion. Moreover, we did not explicitly model the evolution
of interfaces with time. Instead, we assumed that the fluid-
fluid interfacial area is a function of saturation. This
assumption is valid during the primary imbibition process.
Through visualization experiments, we clearly observed
colloids attached to the FWSCs. But, in the simulation, we
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Figure 4. Real-time images of colloids transport during imbibition in stage 3 of experiment 2 (initial
water saturation of 60%). Times are given from the start of stage 2 (see also Figure 1). (a) Right before
the start of imbibition, =45 min; (b) =45 min 16 s; (¢) =45 min 31 s; and (d) £ =46 min 22 s.
Arrow shows the direction of the flow: S, PDMS matrix; F, fluorinert; and W, water.

did not explicitly model colloids attached to/detached from
FWSC; this effect was lumped into attachment to SWI.

[36] Similar models, accounting for attachment of col-
loids to fluid-fluid interfaces were proposed by Schfifer
et al. [1998], Simanek et al. [2006], and Kim et al. [2008].
They modeled colloid accumulation to fluid-fluid interfaces
depending on the varying specific fluid-fluid interfacial
area. In all three cases, they studied colloid transport under
steady-state flow conditions; so no remobilization was
considered.

[37] Our micromodel was hydrophobic which means that
water was the nonwetting phase and fluorinert was the wet-
ting phase. The colloids were hydrophilic and could not
disperse in fluorinert. So our experiments would be similar
to the transport of colloids in a hydrophobic soil. Therefore,
a direct application of our results to natural soil is not pos-
sible. But we can learn about the role of fluid-fluid interfa-

ces and the effect of change in water saturation on colloids
behavior.

[38] Our results clearly show a very significant increase
in colloids removal during steady-state flow under unsatu-
rated conditions compared to saturated conditions. It must
be noted that the flow rate in all experiments was the same.
So the average pore velocity was higher in unsaturated
experiments. Higher velocities should lead to less attach-
ment. Yet we had more attachment under unsaturated con-
ditions. After injecting a pulse of colloids, 88% of colloids
were found in the effluent of the water-saturated micromo-
del as opposed to 70% and 53% when the micromodel satu-
ration was 60% and 40%, respectively.

[39] The enhanced removal of colloids under unsaturated
conditions has been reported by many researchers. Various
authors have mentioned (a combination of) different mech-
anisms for this enhanced attachment. For example,
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Figure 5. Measured (dots) and fitted (line) breakthrough curves of (a) experiment 1 (from water satura-
tion 100% to 20%), (b) experiment 2 (from 60% to 15%), and (c) experiment 3 (from 40% to 20%).
becomes smaller because the pore space is shared by water
and fluorinert. Thus, the colloids have to travel closer to the
pore walls and they have a higher chance of getting
in our

adsorption of viruses to the solid-water interface. The
explanation for this mechanism is as follows. Under unsat-

urated conditions, the thickness of a water pathway attached. This mechanism could not occur
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Figure 6. Breakthrough curves of (a) experiment 2 (drainage causing increase of water saturation from
60% to 80%) and (b) experiment 3 (drainage causing increase of water saturation from 40% to 55%).
Measured data are shown as dots and simulation results are shown as solid lines. Note that the steady-

state flow parts of the curves are identical to the results shown in Figure 2.
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micromodels and we did not find enhanced attachment to
the solid phase. When comparing images from saturated
and unsaturated experiments, we did not find observable
differences in the number of colloids attached to the solid-
water interface. In fact, in our micromodel, at any given
location, the pore space was not being shared by the two
fluids. Any given pore segment was filled either by water
or by fluorinert. So the thickness of a pathway filled by the
wetting phase was not different under different saturations.
Second, our numerical simulation results did not show a
significant increase of attachment to the solid phase. The
estimated values of attachment and detachment coefficients
are given in Table 2. We see that the values of the ratio of
kS, /K, for the three experiments are not drastically differ-
ent. It could be that we did not see a significant increase in
attachment because the colloids were dispersed in water,
which was the nonwetting phase in our micromodel.

[40] Another mechanism for enhanced attachment under
unsaturated conditions is reported to be attachment to fluid-
fluid interfaces [e.g., Wan and Wilson, 1994a, 1994b;
Powelson and Mills, 2001; Keller and Sirivithayapakorn,
2004 ; Torkzaban et al., 2006a, 2006b] and fluid-fluid-solid
contact lines [see e.g., Crist et al., 2004, 2005; Zevi et al.,
2009]. This seems indeed to be the main mechanism for
enhanced attachment according to our experimental results.
We certainly observed a large number of colloids attached
to FWIs and FWSCs. Also, we clearly had more interfaces
and contact lines at lower saturations. So even if the attach-
ment per surface area of interface was constant, there was
more attachment at lower saturations. For a satisfactory
simulation of breakthrough curves, we needed to include
the attachment of colloids to interfaces and contact lines.

[41] Finally, a third mechanism for enhanced attachment
is reported to be the straining of colloids by thin films of
water [see e.g., Wan and Tokunaga, 1997; Auset et al.,
2005]. We could not investigate this effect in our experi-
ments. First of all, the wetting phase (that could form a
film) was fluorinert in our case. But, fluorinert was devoid
of colloids. So colloids could not be trapped in such films.
Second, wetting phase films are expected to be a few nano-
meters thick and the objective lens of our microscope was
not able to see such a thin film.

[42] We also performed transient experiments to investi-
gate the effect of saturation change on remobilization of
attached colloids. We performed both imbibition and drain-
age experiments, starting from different initial saturations.
Before transient experiments, a pulse of colloids were
injected (during steady-state flow) in order to emplace col-
loids in the micromodel. Both pore-scale images and break-
through curves showed a significant remobilization of
colloids occurring during imbibition (i.e., fluorinert dis-
placing water, which contained colloids). As can be seen in
Movie 1 and Movie 2, as soon as fluorinert started to dis-
place water, FWI interfaces, with colloids attached to them,
were pushed toward the micromodel outlet. Moving inter-
faces also scoured colloids attached to the solid surface. In
the breakthrough curve, we see a distinct spike in concen-
tration. The peak concentration was largest for the experi-
ment 1, where the water saturation dropped from 100% to
about 20% in a short time. This was a saturation change of
80%. A lower peak concentration was observed in experi-
ment 2, where the water saturation was reduced from 70%

to 15% (giving a saturation change of 55%). The lowest
peak concentration was reached in experiment 3, where the
water saturation changed only 20% (from 40% to 20%). So
clearly the strength of remobilization depends on the
degree of saturation change. At the same time, a reduction
of the water saturation leads to the creation of more fluid-
fluid interfaces. So remobilized colloids could reattach to
new FWIs. This is why the overall percentage of emplaced
colloids that were remobilized is lower in the case of
experiment 1 (see Table 3) as many new interfaces were
created in that case.

[43] We also performed drainage experiments, where
water saturation was increased from an initial value of 60%
to 80% in experiment 2 and from 40% to 55% in experi-
ment 3. Contrary to imbibition experiments, we found no
remobilization of attached colloids. The main reason for
this result is that the saturation change, and thus the change
in fluids distribution, was small. This also meant that there
was not much change in amount of interfacial area. So the
water flow field did not change much before and after
drainage. Another reason is that there were no colloids
available in the fluorinert to be remobilized.

[44] The main forces that control the remobilization of
attached colloids due to saturation change are DLVO forces
as well as hydrodynamic and capillary forces. Colloids are
subject to forces and torque due to water flow, as well as
surface tension when touched by a fluid-fluid interface.
These nonDLVO forces are likely to play a significant role
under unsaturated conditions. Bradford and Torkzaban
[2008] have reported that capillary forces can be several
orders of magnitude bigger than DLVO force and hydrody-
namic force. The capillary forces help pin the colloid at the
FWSC and FWI. Under transient unsaturated conditions,
the colloids attached to the solid surface can be dislodged
by a moving FWI and/or FWSC due the pulling of capillary
forces, leading to colloid remobilization. The force balance
is described by Shang et al. [2008, 2009] in detail, which
calculated and directly measured forces exerting on col-
loids, and suggested that capillary forces play the dominant
role in controlling colloid remobilization.

[45] Our results are only partially comparable to the
studies reported in the literature. Some studies have shown
that remobilization occurs during both drainage and imbibi-
tion [Saiers et al., 2003 ; Zhuang et al., 2007; Cheng and
Saiers, 2009], even with a stronger remobilization during
drainage [Cheng and Saiers, 2009]. But, these drainage
experiments involved displacement of the wetting phase
(which was water containing colloids) by air (the nonwet-
ting phase). In our case, drainage means the displacement
of fluorinert (which has no colloids) by water (injected
without colloids). So if the injected fresh water does not
disturb the residual water much, we should not find remobi-
lization, as observed in our experiments.

[46] In summary, our experiments show that micromodel
experiments combined with confocal laser microscopy pro-
vides valuable insights in the behavior of colloids in porous
media filled by two fluid phases. Fluid-fluid interfaces and
fluid-fluid-solid contact lines play a major role in the reten-
tion as well as remobilization of colloids. So any quantita-
tive modeling of colloid transport under unsaturated
conditions must include modeling of interfaces (and pref-
erably contact lines) and their effects on the colloids.
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