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Understanding colloid mobilization during transient flow in soil is important for addressing colloid and
contaminant transport issues. While theoretical descriptions of colloid detachment exist for saturated
systems, corresponding mechanisms of colloid mobilization during drainage and imbibition have not
been considered in detail. In this work, theoretical force and torque analyses were performed to examine
the interactive effects of adhesion, drag, friction, and surface tension forces on colloid mobilization and to
outline conditions corresponding to the mobilization mechanisms such as lifting, sliding, and rolling. Col-
loid and substrate contact angles were used as variables to determine theoretical criteria for colloid
mobilization mechanisms during drainage and imbibition. Experimental mobilization of hydrophilic
and hydrophobic microspheres with drainage and imbibition fronts was investigated in hydrophilic
and hydrophobic channels using a confocal microscope. Colloid mobilization differed between drainage
and imbibition due to different dynamic contact angles and interfacial geometries on the contact line.
Experimental results did not fully follow the theoretical criteria in all cases, which was explained with
additional factors not included in the theory such as presence of aggregates and trailing films. Theoretical
force and torque analyses resulted in similar mobilization predictions and suggested that all mobilization
mechanisms contributed to the observed colloid mobilization.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Understanding mobilization of previously deposited colloids or
in situ formed colloids in soil is important for assessing concentra-
tion of mobile colloids and colloid-associated transport of contam-
inants (e.g., [1,2]). Several reviews of colloid mobilization and
transport in soil and model systems have been published (e.g.,
[3–5]). However, understanding of the mechanisms controlling
colloid mobilization in unsaturated systems is still limited com-
pared to saturated systems [4–6].

El-Farhan et al. [7] and Saiers et al. [8] were among the first to
emphasize the role of air–water interface (AWI) in mobilization of
soil colloids during transient events, i.e., drainage and imbibition,
in unsaturated porous media. Zhuang et al. [9], Cheng and Saiers
[1,10], and Chen et al. [6,11] investigated colloid mobilization in
column experiments during both drainage and imbibition, but
reported inconsistent results on which event was more efficient
in colloid mobilization. Visualization experiments to date involved
mostly indirect visualization methods such as enumeration of col-
loids after the passage of air bubbles or successive drainage and
imbibition fronts [12–18], which did not distinguish effects of
drainage and imbibition. Recently, Aramrak et al. [19] and Lazous-
kaya et al. [20] observed colloid mobilization during drainage and
imbibition directly with a confocal microscope, but worked with a
limited range of colloid and substrate properties.

Several researchers indicated that colloids were mobilized on
the contact line (where AWI contacts the solid) [14,20,21] and then
were transported with the AWI. Lazouskaya et al. [20] used the
term front, which encompassed both AWI and the contact line,
and therefore emphasized the importance of both in colloid
mobilization.

Theoretical descriptions of particle detachment from substrates
in either air or water phases are available in the literature (e.g.,
[22–25]); ‘‘detachment’’ in these studies is equivalent to ‘‘mobili-
zation’’. An attached particle will detach from the substrate when
the external forces exceed the adhesion force (between the particle
and the substrate) or applied torques on the particle offset the
corresponding resisting torque [24,26,27]. Depending on the direc-
tions and magnitudes of the forces and torques acting on the
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Fig. 1. Colloids interacting with imbibition (A and B) and drainage (C and D) fronts
on a hydrophilic and a hydrophobic substrate. Two interface positions on the
particle (for the two surface tension force directions, i.e., / > h and / < h) are
shown. The earlier interface position is represented with the dashed line; only
surface tension force F�r and position angle /� are shown for this interface. For the
later interface position, the direction and components of surface tension force and
other forces are shown. Force arrows do not represent force magnitudes. The large
arrows indicate flow direction.
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particle, it can be mobilized via lifting off from the substrate, slid-
ing, or rolling along the substrate. It is important to recognize that
mobilization by sliding or rolling may not necessarily lead to col-
loid separation from the substrate, which corresponds to the differ-
ent modes (i.e., mobile and immobile) of adhesion as studied in
Boks et al. [28]. Previously, rolling has been declared as the most
likely mobilization mechanism for particles fully submerged in
air or water phases (e.g., [24,25]).

Theoretical conceptualization of colloid mobilization with
receding and advancing fronts (corresponding to drainage and
imbibition, respectively) was originally developed by Leenaars
[29] and Leenaars and O’Brien [30] and has been adopted in later
studies (e.g., [12,19,20]). The conceptualization is based on the
analysis of major forces acting on a colloid on the contact line
including surface tension force, adhesion force, and hydrodynamic
drag force. Among the forces, the surface tension force (also known
as capillary force) was identified as the dominant force responsible
for colloid mobilization with displacement fronts [16,29,31]. While
these studies provided thorough investigation of the role of the
surface tension force in colloid mobilization, the mechanisms of
colloid mobilization in two-phase system (i.e., lifting, sliding, and
rolling) and corresponding mobilization conditions have not been
considered in detail. Shang et al. [31] considered torque balance
and rolling possibility for a partially submerged colloid, but to
the best of our knowledge, the role of rolling in colloid mobiliza-
tion on the contact line during imbibition and drainage has not
been previously addressed. Extensive analysis of the surface ten-
sion force was performed by Gao et al. [32] and Zevi et al. [33],
but was applied to colloid retention on the contact line.

In addition to the forces acting on colloids, colloid mobilization
and retention have been previously linked to water films that are
ubiquitously present in unsaturated porous media (e.g., [34–36]).
The ratio of colloid size to film thickness is the major parameter
determining potential retention and mobilization (e.g., [34,36]).
In addition to the ‘‘static’’ films, e.g., due to adsorbed water or high-
er water content [37], there are films associated with dynamic pro-
cesses such as precursor and trailing films observed for advancing
and receding fronts [38], which may play an exclusive role in col-
loid mobilization.

In this work, we investigated colloid mobilization during drain-
age and imbibition in rectangular capillary channels. The specific
objectives were to (1) develop theoretical criteria of colloid mobi-
lization via lifting, sliding and rolling mechanisms during both
drainage and imbibition, and (2) examine these criteria experi-
mentally in channels by employing hydrophilic (contact angle gen-
erally <90�) and hydrophobic (contact angle generally >90�)
colloids and substrates. Special attention was given to thin film
configurations and their potential effects on colloid mobilization.
2. Theoretical considerations

2.1. Forces acting on colloids on the contact line

Fig. 1 provides a conceptual schematic of a colloid attached to
hydrophilic and hydrophobic substrates and interacting with imbi-
bition and drainage fronts. Fig. 1 also shows two front positions
relative to a colloid in each configuration, corresponding to the
two surface tension force maxima (as discussed further). Also
shown are the adhesion force (directed toward the substrate),
hydrodynamic drag force (directed with the flow), and friction
force.

Adhesion force (FA), the physicochemical interaction force be-
tween a colloid and the substrate, is calculated with the extended
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [3,39–41] as
a sum of van der Waals (FvdW), electrostatic (Fel), hydrophobic
(FH), and Born repulsion (FB) forces. Details on each force can be
found in the literature [41–44]. Inclusion of Born repulsion in
DLVO calculations results in a finite depth of the primary minimum
and a more accurate prediction of the force required for colloid
mobilization [3,45]. The maximum adhesion force can be found
as the maximum attractive (negative) force in the DLVO force
profile.

Drag force (FD) exerted on the attached spherical particle in an
imposed shear flow can be calculated as (e.g., [46,47])

FD ¼ �1:701ð6plGr2Þ ð1Þ

where the sign depends on whether drainage (�) or imbibition (+) is
considered in Fig. 1, l is fluid viscosity, r is colloid radius, and G is
shear rate. The fluid velocity parallel to the substrate is modeled as
vy = Gz where z is the distance from substrate. Because Eq. (1) is de-
rived for a fully submerged stationary particle in a linear shear flow,
the drag force on a partially submerged particle will be smaller (e.g.,
[19]).

Surface tension force (Fr) acts along the contact between a col-
loid and AWI and is expressed as

Fr ¼ 2prr sin / sinðh� /Þ ð2Þ

where r is the liquid surface tension, h is the dynamic contact angle
on the colloid surface, and / is the angle determining the AWI posi-
tion on the colloid surface ([29]; Fig. 1). As liquid advances (or re-
cedes) along the particle surface, / changes from 180� to 0� (or 0�
to 180�), and surface tension force assumes two magnitude max-
ima, Fr = 2prrsin2(h/2) (surface tension force is directed away from
the liquid for / < h and this maximum occurs at / ¼ h=2) and Fr = -
�2prrsin2(90� + h/2) (surface tension force is directed toward the
liquid for / > h and this maximum occurs at / = 90� + h/2). For a
particle on the contact line, the components of maximum surface
tension force (Fig. 1) also depend on the substrate dynamic contact
angle, a, and are determined as

/ < h :

Fz
r ¼ 2prr sin2ðh=2Þ cos a ð3Þ
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Fy
r ¼ 2prr sin2ðh=2Þ sina ð4Þ

/ > h :

Fz
r ¼ �2prr sin2ð90� þ h=2Þ cos a ð5Þ

Fy
r ¼ �2prr sin2ð90� þ h=2Þ sin a: ð6Þ

In case of imbibition, the particle will first experience the max-
imum surface tension force according to Eqs. (5) and (6), then, if
not mobilized, it will experience the maximum force according
to Eqs. (3) and (4). This sequence is reversed for drainage. Also,
advancing and receding contact angles instead of the equilibrium
contact angle should be used for imbibition and drainage cases,
respectively.

Friction force (Ff) acts at the particle contact with the substrate
and is proportional to the net normal (downward) force (FN) hold-
ing the particle and substrate together (e.g., [24,27]):

Ff ¼ lf FN ð7Þ

where lf is the coefficient of static friction, which varies between
0.1 and 2 [24]. For the configuration in Fig. 1, the friction force is
determined as

Ff ¼ �lf FN ¼ �lf ðF
z
r þ FAÞ; Fz

r þ FA < 0 ð8Þ

where the sign depends on whether drainage (�) or imbibition (+) is
considered, and FA has a negative value.
2.2. Theoretical conditions of colloid mobilization based on force and
torque balances

In this work, we define colloid mobilization with drainage or
imbibition fronts as colloid displacement from the initial position
with the front. Conditions of colloid mobilization via lifting and
sliding for partially submerged particles can be determined from
the analysis of forces in z- and y-directions (Fig. 1), following the
analogy with fully submerged particles (e.g., [24]). The major
forces acting in z-direction include adhesion force and the z-com-
ponent of surface tension force. The net upward force on a particle
in z-direction will lead to particle lifting when

Fz
r þ FA > 0: ð9Þ

In the y-direction, the major forces include drag and friction
forces and the y-component of surface tension force. The balance
of these forces determines whether the particle will slide in y-
direction or remain attached. Sliding occurs when

Fz
r þ FA 6 0 and jFy

r þ FDj > jFf j ð10Þ

when neither lifting, nor sliding conditions are satisfied, the particle
remains attached, or pinned, to the substrate. Pinning condition can
be expressed as

Fz
r þ FA 6 0 and jFy

r þ FDj < jFf j ð11Þ

Colloid mobilization due to rolling can occur when a net non-
zero torque occurs. Fig. 2 illustrates the torques identified for imbi-
bition and drainage fronts. These include the resisting torque due
to adhesion force and applied torques due to drag and surface ten-
sion forces. Point O denotes the point of rotation in each configura-
tion, and all torques are calculated with respect to point O [22].
There is no torque due to friction force, which is aligned with point
O. Rolling occurs when

jFDlDj þ jFrlrj > jFAlAj: ð12Þ
where lD, lr, and lA are the lever arms corresponding to drag, surface
tension, and adhesion forces, respectively. The lever arm for drag
force is calculated as lD = 1.37r [46,47]. The lever arm for the adhe-
sion force can be determined as the radius of adhesive contact be-
tween the particle and the substrate using Johnson–Kendall–
Roberts (JKR) theory [22,48]. For particles attached in the primary
minima it is found as lA = (4FAr/K)1/3 where K is the composite
Young’s modulus (K = 4.014 � 109 N m�2 for glass and polystyrene
contact) [27,49]. Because lA is small and particle deformation is
not known, the lever arm for the surface tension force lr can be
approximated as rsina (the dotted line in Fig. 2). Eq. (12) is approx-
imate and has two important limitations. First, only one of the sur-
face tension force maxima causes the torque, which opposes the
resisting torque as shown in Fig. 2. These are Fr = –2prrsin2(90� + -
h/2) for drainage (/ > h) and Fr = 2prrsin2(h/2) for imbibition
(/ < h), except for a � 0� during drainage and a � 180� during imbi-
bition for which the other two maxima are effective (due to the fi-
nite lA length). Second, lA represents the adhesive contact due to the
DLVO forces only and does not account for the additional load due
to normal surface tension force component.

2.3. Thin film configurations

Thin liquid films, i.e., precursor and trailing films, form on
hydrophilic surfaces when liquid is receding or advancing, corre-
sponding to drainage and imbibition, respectively.

Precursor films exist ahead of an advancing contact line only
when dynamic contact angle is small and the film spreading veloc-
ity exceeds the velocity of the contact line [50,51]. Precursor films
form and move under the action of attractive van der Waals forces
[52]. There are several simplified expressions in the literature that
can be used to estimate precursor film thickness (e.g., [50,52,53]).
Precursor films are thin, and reported film thickness values range
from a few nm [53] up to 100 nm [51].

Trailing (or entrained) films are left on the substrate after the
passage of receding contact lines. Film thickness generally depends
on the contact line velocity, which is commonly expressed in terms
of capillary numbers, Ca = lvy/r [50,54]. Trailing film thickness (h)
is calculated as [55,56]:

h ¼ 1:34RCa2=3 ð13Þ

where R is the radius of a capillary or half the distance between two
parallel plates. This expression is applicable to capillary numbers
between 5 � 10�3 and 10�5; correction for larger Ca can be found
in the literature (e.g., [54]). At Ca < 10�5, the experimentally mea-
sured films are thicker than predicted by Eq. (13) and no longer de-
pend on Ca [57]. At such low velocity, film becomes very thin and is
affected by surface forces [57]. Its thickness can be found from the
balance of capillary and van der Waals forces as [54]

h ¼ ð�AR=6prÞ1=3 ð14Þ
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where A is the Hamaker constant for the three phases across the
film. On a hydrophilic substrate, a stable film will be left behind
while on a hydrophobic substrate the film will thin quickly and rup-
ture due to hydrophobic forces (e.g., [58]). On rough surfaces, con-
tact line motion becomes unsteady (e.g., [57]), which additionally
affects film thickness.
3.
8

confocal 
microscope

valve
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m
m

Fig. 3. Key elements of experimental setup.
3. Materials and methods

Two fluorescent colloids were used: yellow-green carboxylate-
modified and red sulfate microspheres (F8823 and F8851, Molecu-
lar Probes/Invitrogen, Eugene, OR). Both colloids had diameters of
1 lm (1 � 10�6 m) and were suspended in the background solution
to final concentrations of 2 ppm (mg L�1), or 3.6 � 106 parti-
cles mL�1, of each colloid. Background solutions were prepared
by dissolving sodium chloride in deionized water to ionic strengths
of 0.01 mol L�1 or 0.10 mol L�1 and had pH � 5.6. Equilibrium con-
tact angles were measured as 29.8 ± 5.0� and 89.5 ± 0.5� for carbox-
ylate-modified and sulfate colloids, which will be referred to as
hydrophilic and hydrophobic colloids, respectively. Colloid zeta
potentials were measured with Zetasizer Nano ZS (Malvern Instru-
ments, Westborough, MA) for carboxylate-modified (yellow-green)
and sulfate (red) colloids as �42.9 ± 1.6 and �24.8 ± 2.1 mV at
0.01 mol L�1 and as �33.1 ± 2.8 and �15.4 ± 1.1 mV at 0.10 mol L�1

with n P 6 where n is the number of measurements. These values
were determined using Smoluchowski approximation.

Channels were the commercially available l-Slides VI0.4 (ibidi�,
Martinsried, Germany) with length, width, and height of 17.0 mm,
3.8 mm, and 0.4 mm, respectively. We used hydrophobic (un-
coated) and hydrophilic (ibiTreat) channels. Equilibrium and dy-
namic contact angles of the channels were estimated by imaging
water meniscus on the channel wall with a confocal microscope
(using a 10� lens). The equilibrium contact angles were deter-
mined as 95 ± 3� and 39 ± 5� for hydrophobic and hydrophilic
channels, respectively. The values for dynamic contact angles were
determined at the flow rate of 0.04 mL h�1 and are provided in Ta-
ble 1. Both channels were negatively charged. Although zeta poten-
tials of the channels could not be measured, the estimate obtained
from the manufacturer for similar conditions allowed an assump-
tion of �30 mV for both channels (at the ionic strengths of
0.01 mol L�1 for hydrophobic and 0.10 mol L�1 for hydrophilic
channels).

We performed imbibition and drainage experiments in hydro-
phobic and hydrophilic channels with suspensions that contained
the two types of colloids simultaneously (see a summary in Table 1).
Prior to displacement experiments (Fig. 3), colloids were deposited
on the substrate (channel surface) in a systematic manner. For
hydrophobic channels, colloid suspension with the ionic strength
Table 1
Measured and calculated characteristics of colloid mobilization in channels.

Experimental conditions Dynamic
contact angle, a
(n P 5), �

% Hydrophilic colloids
mobilized, n P 3 (image
pairs)

% Hydrop
mobilized
pairs)

Hydrophobic
channel

Imbibition 108.6 ± 1.6 Displacement and
redeposition

Displacem
redeposit

Drainage 82.7 ± 5.4 87.9 ± 5.3 84.5 ± 8.7

Hydrophilic
channel

Imbibition 69.7 ± 1.1 99.7 ± 0.5 98.7 ± 1.4

Drainage 6.9 ± 0.2 Up to 6.3a Up to 7.7

a The % colloids mobilized under these conditions is close to 0; here, we report the h
of 0.01 mol L�1 was pumped through the channel for 3 h at the flow
rate 1 mL h�1; then, the suspension was switched to background
solution, which was flushed for 1 h to remove unattached colloids.
The same procedure was performed for hydrophilic channels, but at
a higher ionic strength (0.10 mol L�1). Because hydrophilic ibidi
channels had more negative surfaces than hydrophobic ones, they
were used at higher ionic strength to achieve sufficient colloid
coverage. Drainage experiment was then continued by allowing
air entry into the system and by observing the front at the flow rate
of 0.04 mL h�1. Additional step was performed prior to imbibition
experiment: after 1 h of flushing with background solution the
channel was disconnected from the outlets and was left to evapo-
rate for 2 days. During each imbibition experiment, background
solution was introduced into the channel at the flow rate of
0.04 mL h�1.

During displacement experiments, the channels were visualized
with a confocal microscope (Zeiss 5 LIVE DUO, Carl Zeiss, Inc., Jena,
Germany) using a 25� water-immersion lens (LD LCI Plan-Apo-
chromat 25�, NA 0.8). For imaging both colloid types simulta-
neously, two lasers were used: Argon/2 (488 nm, for imaging
green channel) and DPSS 561-10 (561 nm, for imaging red chan-
nel). To observe the contact line, the imaging was performed in
the channel mode, i.e., a transmission channel was used along with
the green and red channels. Imaging rate was 0.4 frames s�1, and
images were acquired with the resolution of 800 � 800 pixels
and pixel size of 0.45 lm. The images were further processed with
advanced imaging software Volocity 5.4 (PerkinElmer Inc., Wal-
tham, MA) to obtain the numbers of colloids attached to the sub-
strate before and after front passage. Behavior of the two colloids
hobic colloids
, n P 3 (image

Surface tension force
components calculated for
hydrophilic colloids, N

Surface tension force
components calculated for
hydrophobic colloids, N

z, Eqs. (3)
and (5)

y, Eqs. (4)
and (6)

z, Eqs. (3)
and (5)

y, Eqs. (4)
and (6)

ent and
ion

�4.77 � 10�9 1.42 � 10�8 �3.57 � 10�8 1.06 � 10�7

6.74 � 10�8 �2.00 � 10�7 3.64 � 10�8 �1.08 � 10�7

1.89 � 10�9 1.48 � 10�8 1.42 � 10�8 1.11 � 10�7

�2.68 � 10�8 �2.09 � 10�7 �1.45 � 10�8 �1.13 � 10�7

5.18 � 10�9 1.40 � 10�8 3.88 � 10�8 1.05 � 10�7

�7.32 � 10�8 �1.98 � 10�7 �3.95 � 10�8 �1.07 � 10�7

a 1.48 � 10�8 1.78 � 10�9 1.11 � 10�7 1.34 � 10�8

�2.10 � 10�7 �2.52 � 10�8 �1.13 � 10�7 �1.36 � 10�8

ighest colloid removal observed in the experiments.
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was investigated under identical experimental conditions by ana-
lyzing the two fluorescent channels separately from the same
image.
Fig. 4. Mechanisms and criteria (substrate and colloid dynamic contact angles, a
and h) of colloid mobilization based on the two surface tension force maxima (A and
B). The values were obtained from calculations with Eqs. (9)–(11) (for 1-lm
colloids, water surface tension, the whole range of a and h, 0–180�, and the
maximum adhesion force, �4.2 � 10�9 N).
4. Results and discussion

4.1. Mobilization criteria based on colloid and substrate dynamic
contact angles

Surface tension force maxima (Eqs. (3)–(6)) depend on colloid
radius, surface tension, and colloid and substrate dynamic contact
angles. Because the analyzed forces (except for the drag force) are
proportional to colloid size, at low flow rate the force analysis is
not sensitive to changing colloid size (for particles with
r < 10 lm). Substantial changes in surface tension are not common.
Therefore, colloid and substrate contact angles are the most impor-
tant parameters affecting colloid mobilization by displacement
fronts hence form the criteria for colloid mobilization in this work.

To establish criteria for colloid mobilization via lifting and slid-
ing mechanisms, we first calculated adhesion forces for both
hydrophilic and hydrophobic colloids interacting with hydrophilic
and hydrophobic channel surfaces using the extended DLVO the-
ory. The hydrophobic forces calculated following the approach of
Yoon and Mao [41] and Lazouskaya and Jin [59] were not found
substantial in all cases. For estimation of van der Waals and Born
repulsion forces, we used the Hamaker constant corresponding to
polystyrene–water–quartz system at 1 � 10�20 J (e.g., [60]). The
calculated DLVO energy profiles had a finite primary minimum,
an energy barrier, and a secondary minimum at all conditions.
The corresponding forces necessary to detach colloids from the
DLVO primary and secondary minima were found from the force
profiles and were on the order of 10�9 N and 10�14–10�12 N,
respectively. The maximum adhesion force was �4.2 � 10�9 N.
Drag force, determined with Eq. (1), was on the order of 10�13 N
(at the velocity of 1 � 10�5 m s�1) and was omitted in further cal-
culations due to its relative insignificance compared to other forces
involved. The value lf = 1 was used in the friction force
calculations.

The values of z- and y-components of the maximum surface
tension forces, calculated with Eqs. (3)–(6) for the whole range of
colloid and substrate contact angles (0–180�) were used to deter-
mine colloid mobilization mechanisms following Eqs. (9)–(11).
Mobilizations criteria, i.e., colloid and substrate dynamic contact
angles corresponding to each mobilization mechanism, are pre-
sented in Fig. 4 (for both surface tension force maxima).

The two diagrams combined show that the majority of possible
contact angle combinations lead to colloid mobilization, except for
the left bottom corner (a � 0–45� and h � 0–15�) and the right top
corner (a � 135–180� and h � 165–180�). For many contact angle
combinations in Fig. 4, colloids can be potentially mobilized with
both surface tension force maxima (for example, for a = 70� and
h = 60�).

Fig. 4 contains two important features. First, the region for the
sliding mechanism to operate lies between no-mobilization and lift-
ing, implying that, for a given colloid contact angle h, there exists a
range of substrate contact angle a where a previously attached col-
loid becomes mobile tangentially to the substrate due to a front
movement. This colloid may stop sliding (thus remain attached
to the substrate) or be lifted off, depending on the conditions of
the local surface that the colloid enters.

The second feature concerns the likely scenario of colloid mobi-
lization during imbibition and drainage. During imbibition, the
condition of / > h (Fig. 4B) occurs before that of / < h (Fig. 4A).
Therefore, Fig. 4 would imply that for a hydrophobic substrate,
during imbibition lifting could take place before sliding while dur-
ing drainage sliding may occur first, followed by lifting. Similar
observations can be made concerning a hydrophilic substrate.

Although the results in Fig. 4 were obtained relative to a specific
adhesion force, they can be extended to other physicochemical
conditions. We examined potential effects of substrate and colloid
zeta potentials and Hamaker constant on the maximum adhesion
force. Zeta potential in the range from �10 to �80 mV typical for
quartz [61] did not affect the maximum adhesion force consider-
ably: it changed within the same order of magnitude. The depth
of primary minimum increases with Hamaker constant indicating
a stronger adhesion force in Eqs. (9)–(11). Such changes could
modify the contact angle boundaries by several degrees in the left
bottom and right top corners in Fig. 4 but the general trend would
remain the same. In general, calculation of the adhesion forces is
recommended prior to application of the mobilization criteria in
Fig. 4 for conditions other than discussed in this work. Other
parameters, which can modify results in Fig. 4, are friction coeffi-
cient and front velocity. Smaller lf will increase the ranges of sub-
strate contact angles for sliding (Eq. (10)), hence the variation of lf

needs to be taken into consideration. Drag force can no longer be
omitted if the front velocity is several orders of magnitude larger
than the values considered in this study.

In addition to lifting and sliding, criteria for colloid rolling were
determined with Eq. (12). Calculations show that the applied tor-
que due to surface tension force is large and dominates the resist-
ing torque for most values of h and a except for the following cases:
for imbibition when a < 5� and h = 0–20� and when 5� < a < 175�
and h = 0–6�; and for drainage when a > 175� and h = 160–180�
and when 5� < a < 175� and h = 174–180�. The values a = 0� and
180�, a > 175� (imbibition), and a < 5� (drainage) were excluded
from the torque analysis due to uncertainties associated with lA
and lr. Although mobilization criteria found with force and torque
analyses overlap for most values of a and h, there are some combi-
nations of a and h, for which mobilization is expected either via
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lifting/sliding or rolling (e.g., rolling is predicted for a = 5–45� and
h = 6–14� during imbibition). Therefore, combined force and torque
analyses provide a more complete prediction of colloid mobiliza-
tion. These results also suggest that concurrent lifting/sliding and
rolling for the same a and h values cannot be excluded.
4.2. Experimental examination of the role of colloid and substrate
dynamic contact angles in colloid mobilization

Fig. 5 presents confocal images of the two types of colloids
interacting with imbibition and drainage fronts in hydrophobic
and hydrophilic channels. Quantitative information about colloids
mobilized under the four conditions is provided in Table 1.

There was no difference in mobilization of hydrophobic and
hydrophilic colloids as reflected in the percentages of mobilized
colloids in Table 1. This is in agreement with our mobilization cri-
teria (Fig. 4): both colloids have contact angles in the range where
they are subjected to similar mobilization mechanisms. This is in
general agreement with the results of Sharma et al. [18]: while
they observed slightly more mobilization of sulfate than carboxyl-
ate-modified colloids their contact angles differed from the ones
reported in this work. Although we used the equilibrium contact
angles measured for colloids in Eqs. (3)–(6), the corresponding dy-
namic contact angles are expected to fall within the approximate
range 10� < h < 170�, in which mobilization is effective. These re-
sults clearly show that, for both colloid contact angles, lifting and
sliding are determined by the substrate contact angle (Fig. 4).

On the hydrophobic substrate, imbibition (Fig. 5B) did not result
in considerable mobilization of colloids. Instead, some colloids
were displaced along the substrate (typically by 10–50 lm) and
redeposited. However, drainage (Fig. 5D) resulted in efficient
mobilization of colloids, removing more than 80% colloids. The
Fig. 5. Confocal images of colloids and imbibition and drainage fronts on hydro-
philic (A and C) and hydrophobic (B and D) substrates. The top and bottom parts of
each image represent conditions ‘‘before’’ and ‘‘after’’ front passage, respectively.
The large arrows indicate the direction of front movement shown for the water
phase. Note: Apparent yellow color in the images is due to overlapping of red and
yellow-green colloids. When the two channels are viewed separately, no yellow
color is observed. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
opposite was observed for the hydrophilic substrate (Fig. 5A and
C) where negligible colloid mobilization occurred during drainage
while imbibition resulted in almost complete (>95%) mobilization.
Aramrak et al. [19] also reported more mobilization of hydrophilic
colloids from the hydrophilic substrate with imbibition (80–88%)
than drainage (5–10%). Thus, colloid mobilization in channels var-
ied not only between hydrophilic and hydrophobic substrates, but
also between imbibition and drainage.

Colloid mobilization was in agreement with the force and tor-
que analyses for the cases in Fig. 5A and D, but not in Fig. 5B and
C. The force analysis predicts one or two effective colloid mobiliza-
tion mechanisms (sliding and/or lifting) to take place in all four
cases in Fig. 5. Similarly, the torque analysis (Eq. (11), Fig. 2) pre-
dicts rolling to occur for all four cases. Potential explanations on
why mobilization was not observed for the cases in Fig. 5B and C
include formation of aggregates and presence of thin films on the
substrate as discussed further.

For imbibition on hydrophobic substrate (a = 108�, Fig. 5B), in-
stead of being completely mobilized as predicted by the theory
(Fig. 4), colloids were ‘‘displaced’’ and redeposited (Fig. 5B, bot-
tom). This is likely due to particle aggregation on the hydrophobic
substrate. During channel preparation prior to imbibition, evapo-
rating receding contact lines pulled colloids into aggregates on
the hydrophobic substrate (Fig. 5B, top) whereas on the hydro-
philic substrate the contact lines did not affect colloid distribution
resulting in uniform coverage of single particles (Fig. 5A, top). Less
efficient mobilization of aggregates compared to single particles
was reported by Leenaars [29] and Leenaars and O’Brien [30],
due to different relative importance of forces for particles (or
aggregates) with r > 10 lm [8,13,29,62].

Presence of thin films on the substrate is critical for colloid
mobilization because it can modify the surface tension force treat-
ment (e.g., by changing front position on the particle and prevent-
ing certain surface tension force configurations for a given
substrate contact angle) and, depending on film thickness, can re-
sult in film straining of colloids. The potential effects of thin films
could explain the limited mobilization observed in Fig. 5C and will
be considered in the next section.

4.3. Potential effects of film thickness

Among interfacial geometries in Fig. 1, stable films potentially
exist only on the hydrophilic substrate. Although our microscopic
observations cannot resolve film thickness, it can be estimated the-
oretically. Advancing contact angle in hydrophilic channels is rela-
tively large (a = 69.7�), and therefore no precursor film is expected
in Fig. 5A. For the small capillary number in our experiments
(Ca = 1.2 � 10�7), trailing film thickness in Fig. 5C was estimated
with Eq. (14) as �11.4 nm, with Hamaker constant for air–
water–quartz system equal to �1.0 � 10�20 J [63] and with the
channel half-width of 0.2 mm as parameter R. Because the pre-
dicted trailing film is thin, negligible colloid mobilization during
drainage in hydrophilic channels (Fig. 5C) was likely caused by col-
loid pinning within the extended meniscus at small receding con-
tact angle (a = 6.9�) and not within the trailing film. This film
configuration is similar to film straining [34], which involved
retention of hydrophilic colloids within disconnected films (equiv-
alent to a � 0�).

Trailing films thicker than predicted by Eq. (14) could occur due
to unsteady front motion. On rough surfaces, the contact line mo-
tion is unsteady [57] and accompanied with contact line jumps.
The velocity of interfacial jumps can substantially exceed the mean
front velocity [64] and thus result in thicker trailing films (Eq.
(13)). In this work, however, the channel surfaces were smooth
per manufacturer’s specification. Apart from pinning within the
film, no mobilization will take place for the films larger than
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colloid size due to lack of particle-front interception. Contact lines
in natural porous media, having hydrophilic and rough surfaces,
will move with interfacial jumps, and thus thicker trailing films
are expected than the ones calculated with Eq. (14) or based on
mean front velocity (Eq. (13)). Therefore, during drainage in natu-
ral porous media trailing film thickness can modify interfacial
geometry (e.g., front position on the particle) and make the pro-
posed theoretical analysis inaccurate.

5. Conclusions

Through analysis of force and torque balances for colloids on
the contact line, we provided theoretically determined criteria
for colloid mobilization by different mechanisms, i.e., lifting, slid-
ing, and rolling. Previously, rolling as a mechanism of colloid mobi-
lization on the contact line has not been considered, therefore, this
work represents a more complete treatment of colloid mobilization
during drainage and imbibition. Our analysis indicates that colloids
could experience both translational and rotational motion and be
mobilized via all three mechanisms, which are largely determined
by substrate dynamic contact angle.

Experimental results, however, did not fully agree with theoret-
ical predictions. The theory overestimates colloid mobilization in
the cases where additional parameters such as colloid aggregates
and trailing films, not included in the idealized analysis, affect
mobilization. These factors need to be considered prior to applica-
tion of the presented theoretical analysis.

The theoretical analysis and experimental observations suggest
that imbibition and drainage fronts mobilize colloids differently
because of the intrinsic differences (e.g., dynamic contact angles,
presence of films, and effective torques) between the two fronts.
Therefore, literature results on colloid mobilization by imbibition
and drainage in porous media should not be compared directly
without considering their differences. In addition, contact angles
are often not reported in the published studies for the investigated
model or natural systems, making comparison between different
studies more difficult. This work suggests that contact angle esti-
mates for the systems of interest would be very useful for an initial
colloid mobilization assessment.

The theoretical framework presented here is a comprehensive
description of the interface-scale colloid mobilization mechanisms
and can be utilized for conditions beyond the ones examined in
this study. It should be noted that additional factors would need
to be considered at larger scales to predict effective mobilization
and transport in porous media. In addition to the model systems
investigated in this work, accurate theoretical prediction of colloid
mobilization with displacement fronts in soil will benefit from
work with more realistic systems, including irregular and rough
colloids and substrates.
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