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Colloid attachment to liquid–gas interfaces is an important process used in industrial applications to
separate suspended colloids from the fluid phase. Moving gas bubbles can also be used to remove
colloidal dust from surfaces. Similarly, moving liquid–gas interfaces lead to colloid mobilization in the
natural subsurface environment, such as in soils and sediments. The objective of this study was to
quantify the effect of moving air–water interfaces on the detachment of colloids deposited on an air-
dried glass surface, as a function of colloidal properties and interface velocity. We selected four types
of polystyrene colloids (positive and negative surface charge, hydrophilic and hydrophobic). The colloids
were deposited on clean microscope glass slides using a flow-through deposition chamber. Air–water
interfaces were passed over the colloid-deposited glass slides, and we varied the number of passages
and the interface velocity. The amounts of colloids deposited on the glass slides were visualized using
confocal laser scanning microscopy and quantified by image analysis. Our results showed that colloids
attached under unfavorable conditions were removed in significantly greater amounts than those attached
under favorable conditions. Hydrophobic colloids were detached more than hydrophilic colloids. The
effect of the air–water interface on colloid removal was most pronounced for the first two passages
of the air–water interface. Subsequent passages of air–water interfaces over the colloid-deposited glass
slides did not cause significant additional colloid removal. Increasing interface velocity led to decreased
colloid removal. The force balances, calculated from theory, supported the experimental findings, and
highlight the dominance of detachment forces (surface tension forces) over the attachment forces (DLVO
forces).

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Gas bubbles in a fluid can be used to remove particles from
solid surfaces. When a gas bubble moves over a particle that is
adhered to a solid surface, strong capillary forces form between
the bubble and the particle, and the particle may detach from the
adhering surface [1,2]. This principle is used in industrial applica-
tions, for instance to clean silicon wafers [3].

Various chemical and physical parameters affect the efficiency
of gas bubbles to detach particles from a solid surface. Buss-
cher and coworkers used a horizontal parallel-plate flow cham-
ber to study detachment of Latex particles from uncoated and
coated quartz or microscope glass slides [1,2,4,5]. They found
that a moving liquid–air interface generates a very strong detach-
ment force on adhered particles. The surface tension-based de-
tachment force was several orders of magnitude larger than the
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adhesion force [1]. Particle detachment from surfaces by moving
air-bubbles was more efficient for large liquid–air surface tensions
and large particle sizes [2,4,5]. It was also observed that the more
air-bubbles moved over a surface, the more particles were re-
moved [2,4].

That gas bubbles form strong capillary forces with particles at
the gas–liquid–solid interface is known from theory, and forces
have experimentally measured by atomic force microscopy [6–8].
The detachment process caused by air-bubbles involves intercep-
tion, thinning of the liquid film, film rupture, formation of a three-
phase line, and stabilization of particle–bubble aggregates [2,9,10].
A particle can attach to an air-bubble only when the particle–
bubble contact time is larger than the induction time, that is the
necessary time to thin the liquid film and form the three-phase
contact line [10]. The interaction force between a bubble and a
particle is strongly dependent on the particle–bubble contact an-
gle. This dependency is used in flotation to separate suspended
particles, where hydrophobic particles are preferentially removed
by attachment to liquid–gas interfaces in form of bubbles raising
to the surface of a liquid [2,7,10,11].
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Table 1
Selected properties of polystyrene colloids and suspension chemistry used in the experiments

Polystyrene
colloids

Diametera

(μm)
Contact

angleb

(deg)

Surface
chargea

(meq/g)

Experimental conditions

CaCl2 conc.
(mM)

pH
(–)

Electrophoretic mobilityc

(μm/s)/(V/cm)
ζ -potentiald

(mV)
Colloid conc.
(particles/L)

Amidine-modified 1.0 ± 0.04 76.9 ± 1.8 0.0092 10 5.9 0.58 ± 0.12 7.4 ± 1.5 1.9 × 109

Amino-modified 1.0 ± 0.02 20.3 ± 1.9 0.1047 6 5.9 0.15 ± 0.02 1.9 ± 0.2 7.2 × 108

Carboxylate-modified 1.1 ± 0.04 19.5 ± 1.7 0.0175 10 4.3 −1.69 ± 0.03 −21.5 ± 0.4 2.7 × 109

Sulfate-modified 1.0 ± 0.03 104.9 ± 1.3 0.0017 10 4.3 −2.18 ± 0.17 −27.8 ± 2.1 3.6 × 109

a Values provided by manufacturer.
b Equilibrium contact angles measured with a goniometer (DSA 100, Krüss, Hamburg, Germany). The contact angle for the glass slide was 12.5 ± 0.5◦ .
c Measured with a ZetaSizer 3000HSa (Malvern Instruments Ltd., Malvern, UK) at the electrolyte concentration and pH indicated in the table.
d Obtained from measured electrophoretic mobilities using the von Smoluchowski equation [22]. The ζ -potentials for the glass slides were −32.5 ± 0.5, −33.4 ± 0.2,

−33.3 ± 0.4, and −33.3 ± 0.4 mV for the solutions of the amidine, amino, carboxylate, and sulfate colloids, respectively.
Moving liquid–gas interfaces are also important for porous me-
dia flow and transport phenomena. It is likely that a moving
liquid–gas interface can detach particles from porous media sur-
faces and carry particles along. In previous experiments, we have
shown that a considerable amount of colloidal particles can be
captured at the liquid–gas interface, and moved through a porous
medium with an infiltration front [12]. Calculations using a numer-
ical solution of the Young–Laplace equation have shown that sub-
surface colloids can be lifted from mineral surfaces by expanding
water films [13]. From microscopic visualization using transparent
micromodels, it is known that colloids can attach to the liquid–gas
interfaces during transport through porous media [14,15]. Siriv-
ithayapakorn and Keller [16] observed that colloids (Latex parti-
cles) attach to the air–water interface and move with them, and
colloids formed clusters when air-bubbles dissolved.

The effects of moving air-bubbles on the detachment of sub-
micron-sized particles (usually Latex particles) from initially wet
solid surfaces have been investigated under different physical and
chemical conditions [1–5]. However, the effects of moving liquid–
gas interfaces over initially dry surfaces have not yet been inves-
tigated. The movement of liquid–gas interfaces over initially dry
surfaces occurs frequently in natural unsaturated porous media
(e.g., the vadose zone), when water infiltrates or imbibes dry soil
or sediments. In this work, we examined the detachment of col-
loids, attached to a solid surface under initially air-dry conditions,
when the surface is wetted and a liquid–gas interface is moved
over the colloids.

Our main objective was to study the effect of moving liquid–
gas interfaces on detachment of colloidal particles from an air-
dry solid surface. We hypothesized that hydrophobic colloids are
more easily removed than hydrophilic colloids by a liquid–gas in-
terface. We further hypothesized that more colloids detach from
the solid surface when colloids are attached under unfavorable as
compared to favorable conditions. We deposited hydrophilic and
hydrophobic colloids under favorable and unfavorable conditions
onto glass slides and quantified colloid detachment after passages
of air–water interfaces as a function of number of passages and
interfacial velocities. Experimental data were then compared with
theoretical force calculations.

2. Materials and methods

2.1. Colloids

We selected four different types of polystyrene colloids for the
experiments: hydrophobic amidine-modified, hydrophilic amino-
modified, hydrophilic carboxylate-modified, and hydrophobic sul-
fate-modified microspheres (Molecular Probes Inc., Eugene, OR).
The carboxylate-modified and sulfate-modified microspheres were
negatively charged while the amidine-modified and amino-modi-
fied microspheres were positively charged. All four colloids were
fluorescent with an excitation wavelength of 505 nm and an emis-
sion wavelength of 515 nm (yellow-green). The specific density of
all four colloids, according to the manufacturer, was 1.055 g/cm3.
The air–water contact angles of the colloids were measured by the
sessile drop method with a goniometer (DSA 100, Krüss, Hamburg,
Germany). Properties of the colloids are listed in Table 1.

2.2. Suspension chemistry

We intended to deposit colloids under both favorable and unfa-
vorable conditions onto microscope glass slides. Colloid deposition
is favorable in the absence of repulsive interaction, i.e., surface
charges are opposite for glass slide and colloids, whereas unfavor-
able in the presence of repulsive interaction, i.e., similar surface
charges. For that purpose, we first determined electrophoretic mo-
bilities and ζ -potentials at different pH and ionic strengths for
each of the colloids and glass slides. We then selected those so-
lutions in which the colloids did not aggregate in solution and also
did not form aggregates on the glass slides after air drying. For ex-
ample, amino-modified colloids formed aggregates up to 6-layers
thick during the deposition process on the glass slide at pH 4.1
and a CaCl2 concentration of 0.5 mM, but formed single-particle
depositions on the glass slides at pH 5.9 and 6 mM CaCl2. Based
on Derjaguin–Landau–Verwey–Overbeek (DLVO) calculations using
measured ζ -potentials and ionic strengths, we chose appropriate
solution conditions, such that favorable and unfavorable attach-
ment conditions were obtained. The final experimental conditions
chosen are shown in Table 1.

2.3. Deposition surface and deposition chamber

A flow chamber, an open flat channel made of Plexiglas, was
used to deposit the colloids on a glass microscope slide (7.5 cm ×
2.5 cm) (frosted microscope slides, pre-cleaned, Fisher Scientific).
The channel was rectangular in shape with a dimension of 16 cm×
2.7 cm × 1 cm without a top cover. Both sides of the channel were
connected (length wise) with Tygon tubing, and a peristaltic pump
(Ismatec IP4, Glattburg, Switzerland) was used to supply solution
from an inflow bottle to the inlet port and to suck the solution
out of the channel from the outlet port. For colloid deposition, the
channel was filled with a specific colloid suspension (Table 1) and
recirculated. The flow rate in the channel was 50 mL/h. A micro-
scope slide was then placed into the flow chamber, and submerged
into the suspension. The colloid suspension was recirculated for
four hours to deposit colloids onto the microscope slide. Then, the
inflow was switched to a colloid-free solution having the same so-
lution chemistry as the colloid suspension for another four hours
to rinse the slide free of unattached colloids. A dye tracer test
showed that the flow was uniform and indicated that four hours
was sufficient to rinse the channel free of residual solution. Sam-
ples from the outflow were analyzed for colloids to verify that the
four-hour rinse was sufficient to remove all unattached colloids.
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Fig. 1. Setup for the moving liquid–gas interface experiments (arrows pointing to the
right and left indicate the directions of flow during up- and downward movement
of the liquid–gas interface, respectively).

After the four-hour rinse, the flow was stopped and the solution in
the channel was evaporated at room temperature. The deposition
experiments were done in a laminar air-flow chamber (Laminar
Airflow Cabinets, NuAire Corp., Plymouth, MN) to prevent contami-
nation by dust. After air-drying, we cleaned the bottom side of the
glass slide with moistened Kimwipe tissue (Kimberly-Clark Corp.,
Roswell, GA), so that only the upper side of the slide contained
deposited colloids.

We measured the air–water–solid contact angle for the glass
slides with the sessile drop method (DSA 100, Krüss, Hamburg,
Germany), and the ζ -potentials by crushing the glass in a mor-
tar with a pestle to produce colloidal-sized fragments that were
then analyzed by dynamic light scattering for their electrophoretic
mobility (ZetaSizer 3000HSa, Malvern Instruments Ltd., Malvern,
UK).

2.4. Confocal microscopy and image analysis

We visualized the colloids on the microscope slide with a laser
scanning confocal microscope (Axiovert 200M equipped with LSM
510 META, Carl Zeiss Jena GmbH, Germany). We used a 10× mag-
nification lens for visualization and image capturing, which was
sufficient to see single colloidal particles. Cross marks were made
with a diamond-point pen on the microscope slide, so that the
slide always could be positioned at the same locations on the
confocal microscope. We selected 18 locations on each slide for
imaging, with each image covering an area of 900 μm × 900 μm.

The images captured by the confocal microscope were analyzed
using the ImageJ software [17]. With ImageJ, we determined the
number of individual particles as well as the percentage of area
covered by particles on each image. For the data analysis, we used
the number of particles; the area of the individual particles was
not constant because some particles were not exactly in the fo-
cal plane of the microscope, and therefore individual particles ap-
peared in non-uniform size.

2.5. Air–water interface displacement experiments

After the colloids were deposited and the glass slides were air
dry, the slides were mounted vertically into a 200 mL glass beaker
using a clamp and a laboratory stand (Fig. 1). A colloid-free aque-
ous solution of the same chemical composition as the deposition
solution was then pumped into the beaker at a specific flow rate of
60 mL/h with a peristaltic pump (Ismatec IP4, Glattburg, Switzer-
land). This caused the water level in the beaker to rise with a
constant velocity of 4 cm/h. As the water level rose, the air–water
interface moved over the colloid-deposited glass slide. When the
solution reached the top of the beaker, we continued the pumping
for 10 min to allow the beaker to overflow. This ensured that the
colloids that were attached to the air–water interface were flushed
away from the air–water interface. Then, the water was pumped
out of the beaker at the same flow rate as the inflow rate. When
the beaker was empty, the slide was air dried, and removed for
confocal microscopy and image analysis. After image analysis, the
slide was remounted into the beaker, and another air–water inter-
face was passed over the slide at the same flow rate as described
above. This procedure was repeated in total three times, so that six
liquid–gas interfaces (three upward, three downward) moved over
each slide.

The effect of the interface velocity on colloid removal was
tested by varying the pump rate of the solution inside the beaker.
The interfacial velocities were 0.4, 0.8, 4, 40, and 400 cm/h. These
velocities are considerably smaller than those used by Gomez-
Suarez and co-workers [2,4], whose velocities ranged from 700
to 5000 cm/h. We chose our velocities to be more typical for
saturated and unsaturated flow in soils [18]. For the velocity ex-
periments, we used amino- and carboxylate-modified colloids to
represent positive and negative surface charges. Only one up and
down movement of the interface was used, because the multiple
passage experiments showed that most colloids detached during
the first two interface movements (see Section 4.1).

2.6. Statistical analysis

The experimental data were analyzed by a one-way ANOVA
and Tukey pair-wise comparison to determine statistical differ-
ences among experimental treatments [19]. A 95% confidence level
was chosen for these statistical tests.

3. Theory

3.1. DLVO forces

The DLVO profiles for the colloids and their interaction with the
glass surface were calculated according to [20]:
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where �Gel is the electrostatic interaction energy, ε is the dielec-
tric permittivity of the medium, R is the radius of the colloids, k
is the Boltzmann constant, T is the absolute temperature; z is the
ion valence, e is the electron charge, ψ0,1 and ψ0,2 are surface po-
tential of the colloids and the glass slide, respectively, which are
taken as the colloid and the glass ζ -potentials, h is the separation
distance, κ is the inverse Debye–Hückel length,
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where n j is the number concentration of the ions in solution, and
z j is the ion valence.

The van der Waals interaction energy was calculated by [21]:
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where A is the effective Hamaker constant of colloid–water–glass
system, and λ0 is a characteristic length of 100 nm. The effec-
tive Hamaker constant (A = A123) was calculated using individual
Hamaker constants of colloid, water, and glass [22].
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√
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A22 )(

√
A33 − √

A22 ), (3)
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Fig. 2. Normalized DLVO energy profiles for different colloids interacting with glass surface for the experimental conditions used in our experiments: (a) full view and
(b) detailed view of secondary minima.

Fig. 3. Detachment of carboxylate-modified microspheres from glass slide after moving the liquid–gas interface: (a) no interface movement, (b) 2 interface movements,
(c) 4 interface movements, and (d) 6 interface movements. S: single colloidal particle, C: colloid cluster, and D: displaced colloidal particle.
where A11 is the Hamaker constant of the colloids, A22 is the
Hamaker constant of the fluid, and A33 is the Hamaker constant
of the glass.

Finally, the total DLVO forces were calculated as:

FDLVO = d

dh
(�Gtot) = d

dh
(�Gel + �Gvdw). (4)

Some of the parameters for the DLVO calculations are shown
in Table 1, and the Hamaker constant was chosen as that for a
polystyrene–water–glass system (polystyrene: A11 = 6.6 × 10−20 J,
water: A22 = 3.7 × 10−20 J, glass: A33 = 6.34 × 10−20 J; all data
taken from Israelachvili [23]; the combined Hamaker constant cal-
culated with Eq. (3) is A123 = 3.84 × 10−21 J).

The results of the DLVO calculations for the different colloids in
the chosen solutions are shown in Fig. 2. The DLVO calculations
showed favorable attachment for amidine- and amino-modified
microspheres i.e., a strong attractive force between colloids and
the glass surface; and unfavorable attachment for carboxylate- and
sulfate-modified microspheres i.e., colloids attached to the glass
surface in the secondary energy minimum. The repulsive peaks un-
der the unfavorable conditions were >400kT , and the attractive
secondary energy minima were about −1kT .

3.2. Surface tension forces

The total force exerted by a moving liquid–gas interface on a
colloidal particle is the sum of gravity, buoyancy, and interfacial
forces. However, the gravity and buoyancy forces can be neglected
for small particles with radii <500 μm [6,11,12,24]. In our ex-
perimental setup, when the liquid–gas interface moves in upward
direction over the vertically mounted glass slide, the horizontal
component of surface tension force (Fγ ) is the detachment force
(Fdet) which is opposed by the DLVO force (Fatt). The detachment
force (the maximum horizontal surface tension force) can be cal-
culated by [3,6,11,24]:

Fdet = 2π Rγ sin2
(

θ

2

)
cosα, (5)

where R is the radius of the particle, γ is the surface tension of
liquid, and θ and α are the contact angles for colloids and the glass
slide, respectively.

4. Results and discussion

4.1. Colloid removal during the passage of an air–water interface

Fig. 3 shows the images captured by confocal microscopy for
the carboxylate-modified colloids before and after passages of the
air–water interface for an interface velocity of 4 cm/h. The images
represent typical patterns out of the 900 μm × 900 μm area of the
18 images taken. Only the images for carboxylate-modified colloids
are presented here, the results for the other types of colloids were
qualitatively similar. Image (a) represents the initial pattern of col-
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Table 2
Percent colloids attached to the glass slide after movement of liquid–gas interface

Colloids Number of liquid–gas interfaces passing over deposited colloids

0 2 4 6

Percent of colloids remaining deposited on the glass slide (%)

Amidine-modified 100 Aa 7.1 ± 2.2 Ab 6.1 ± 2.9 Ab 6.1 ± 3.1 Ab
Amino-modified 100 Aa 35.3 ± 3.9 Bb 33.6 ± 3.9 Bb 32.9 ± 3.8 Bb
Carboxylate-modified 100 Aa 14.6 ± 4.8 Cb 10.5 ± 3.2 Cb 10.7 ± 2.9 Cb
Sulfate-modified 100 Aa 6.8 ± 1.1 Ab 5.5 ± 0.5 Ab 4.6 ± 1.0 Ab

Note. Data are means and standard deviations from 18 measurements. Different capital letters (A, B, and C) denote statistical differences column-wise; and different lower
cases (a and b) denote statistical differences row-wise; both at a significance level of 5%.
loid deposition without passage of an air–water interface. These
initial patterns show that the colloids were mostly deposited as
single particles (indicated by the letter “S” in the figures); but at
some locations, colloids were deposited as clusters of a few par-
ticles (indicated by the letter “C”). These clusters were examined
by higher-resolution confocal microscopy and found to be single
layers, i.e., colloids were deposited on the glass slide in close prox-
imity, but without touching each other. At the resolution of the
images shown in Fig. 3a, these clusters appear as single, large
dots.

After the passage of the air–water interface over the slides,
we observed that a considerable amount of colloids was removed
(Fig. 3). Quantitative image analyses showed that the majority of
the colloids were removed after the first two interface movements,
and subsequent interface movements did not cause much addi-
tional detachment of colloids. There was no significant increase in
the amount of colloid detachment after two passages (one upward
and one downward) (Table 2).

Gomez-Suarez and co-workers [2,4] reported a nearly linear
relationship between the number of air-bubbles passed over de-
posited colloids at a speed of 5000 cm/h and the amount of col-
loid detachment. This observation was explained by the authors by
a limited capacity of air-bubbles to remove colloids. The authors
emphasized that the speed of the air-bubble movement played an
important role in detachment of colloids; the lower the speed of
the air-bubbles, the less the impact of the number of air-bubbles
on colloid detachment. At a lower speed (700 cm/h), however,
they also observed that most colloids were detached by a sin-
gle air-bubble [2]. The lower the velocity, the longer the contact
time for bubble-colloid interaction is, and the more particles attach
to the air-bubble [10]. In our experiments, the speed of the air–
water interface was several orders of magnitude lower (4 cm/h)
than the speed used by Gomez-Suarez and co-workers [2,4] (700
to 5000 cm/h). The contact time in our experiments was there-
fore so long, that most colloids attached to the air–water interface
in the first two passages of the interface, and subsequent inter-
face movements had an insignificant effect (Table 2). Furthermore,
the air–water interface in our experiment was so large compared
to the number and surface area of the colloids, that no limita-
tion of the carrying capacity of the interface for colloids is ex-
pected.

The first two passages of the air–water interface had a domi-
nant effect on colloid detachment, no matter whether the colloids
were attached under favorable or unfavorable conditions. As Fig. 2
shows, colloids deposited in the secondary minimum had a sep-
aration from the glass plate of about 18 nm. However, when the
water on the slide evaporated, the water-film became smaller and
smaller, and ultimately, the capillary forces, forming between the
colloids and the glass surface, pulled the particles closer to the
glass surface. The capillary forces exerted by a drying liquid film
for our experimental system were in the order of 10−7 N, as calcu-
lated using the Young–Laplace equation. These forces were a few
orders of magnitude stronger than the repulsive DLVO forces at
the energy barrier of the unfavorable attachment (≈10−14 N). It is
therefore likely that during drying, some colloids were pulled over
the repulsive energy barrier and moved into the primary energy
minimum. The colloids remaining in the secondary minimum and
a fraction of the colloids in the primary minimum were detached
after the first two passages of the air–water interface. The colloids
that were attached strongly enough to resist detachment by the
first two air–water interface passages remained attached even af-
ter subsequent interface movements.

We observed that some of the colloids on the glass slide were
displaced from the original position on the slides after passage of
the liquid–gas interface (Fig. 3, the displaced particles are denoted
by the letter “D”). The displacement was likely caused by the ver-
tical component of the surface tension force. We believe that these
particles were translocated along the glass slide without detaching
from the slide. It is unlikely that particles first detached from the
solid–water interface and attached to the air–water interface, and
then reattached to the solid–water interface, because the forces at
the air–water interface are usually so strong that the attachment to
the air–water interface can be considered irreversible in a system
like ours [25,26].

The hydrophobic colloids (amidine- and sulfate-modified) de-
tached in larger amounts than did the hydrophilic colloids (amino-
and carboxylate-modified) (Table 2). There was a significant dif-
ference in the amount of colloid remaining attached to the glass
slides after air–water interface movements between the hydropho-
bic and hydrophilic colloids (Table 2). Our experimental data are
consistent with force considerations, which show that the detach-
ment force was about 10−7 N for hydrophobic and 10−8 N for
hydrophilic colloids [Eq. (5)].

We found significantly less detachment of the hydrophilic,
positively-charged (amino-modified) colloids than of the hydro-
philic, negatively-charged colloids (carboxylate-modified) (Table 2).
The positively-charged colloids were deposited in the primary
energy minimum, and had a stronger attachment to the solid–
water interface than the negatively-charged colloids. Our experi-
mental observations are therefore in qualitative agreement with
theoretical expectations. Similar observations were reported by
Gomez-Suarez and co-workers [4], who found more removal of
negatively-charged polystyrene colloids from a negatively-charged
dimethyldichlorosilane (DDS) coated glass surface than from a
positively-charged 3-(2-aminoethylamino)propyldimethoxysilane
(APTS) coated glass surface [2].

For the hydrophobic colloids, however, no significant difference
in detachment between positively- and negatively-charged colloids
(amidine- and sulfate-modified) was observed (Table 2). Although
the positively-charged colloids were attached stronger than the
negatively-charged colloids to the solid–water interface, no differ-
ences in their removal was found. The force calculations (discussed
in Section 4.2 below) indicate that the detachment forces domi-
nated the attachment forces by orders of magnitude, and conse-
quently were overshadowing the effect of the attachment condi-
tions (favorable vs unfavorable).
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Fig. 4. (a) Detachment and attachment forces and (b) ratio of detachment and attachment force, in relation to separation distance for the different colloids.
4.2. Force balance and comparison with experimental results

The attachment forces [Eq. (4)] and the detachment forces
[Eq. (5)] as a function of separation distance for individual colloids
with a glass surface are shown in Fig. 4a. The detachment forces
dominated the attachment forces, except at small separation dis-
tances, and were much stronger for hydrophobic colloids than for
hydrophilic colloids. According to the force calculations, hydropho-
bic colloids should have been completely removed from the glass
slides, as the detachment forces were much larger than the at-
tachment forces. We assume the closest approach distance for the
solid–water interface interaction is 0.3 nm [27]. However, about 5–
10% of the colloids remained attached to the glass slides, even after
multiple passages of the air–water interface. We speculate that the
fraction of non-detachable colloids was either closer to the inter-
face as expected, or that other reasons (e.g., surface roughness,
variability in hydrophobicity) caused either stronger attraction or
weaker detachment than expected. It may also be possible that the
liquid–gas interface jumped over some particles without making a
three-phase contact line. Incomplete detachment has also observed
by others [28], and has been attributed to the statistical nature of
the detachment process.

The hydrophobic colloids (amidine-modified and sulfate-modi-
fied) experienced an about 10-times stronger detachment force
than the hydrophilic colloids (amino-modified and carboxylate-
modified), and consequently more hydrophobic colloids should be
removed by a passage of an air–water interface, as corroborated
by our experiments. The prominence of the detachment force for
hydrophobic colloids may also explain why there was so little dif-
ference in detachment between the hydrophobic colloids (amidine-
modified and sulfate-modified).

The theoretical sequence of colloid removal from the glass
slides is shown in Fig. 4b, where the ratio between detachment
and attachment forces is plotted. The hydrophobic, negatively-
charged sulfate-modified colloids should be removed the most
based on theory (Fig. 4b), and the experimental data are in qual-
itative agreement with this (Table 2). The hydrophilic, positively-
charged amino-modified colloids should be removed the least
based on theory, and the experiments corroborate this. In general,
the sequence of colloid detachment observed experimentally (Ta-
ble 2) is according to theory (Fig. 4b): the detachment followed
the sequence sulfate > amidine > carboxylate > amino.

The detachment force strongly depends on the value of the
contact angles θ and α. Both of these angles are hysteretic, i.e.,
we expect that during the upward movement of the interface,
the advancing contact angles are the relevant angles, and during
downward movement, the receding contact angles are relevant.
This would cause the detachment force [Eq. (5)] to be larger dur-
ing upward movement than during downward movement. Based
on this, we would expect that most colloids were removed during
the upward movement of the interface. We do not have experi-
mental data to confirm this hypothesis, as we only have colloid
removal data for a complete (up- and downward) sequence.

4.3. Effect of air–water interface velocity

Fig. 5 shows the amounts of colloids remaining at the glass
slides after passage of two air–water interfaces at different ve-
locities. The data generally indicate increased removal of colloids
with decreasing velocity of the air–water interface. The positively-
charged colloids (amino-modified) were more sensitive to interface
velocity than the negatively-charged colloids. However, the rela-
tionship between detachment and velocity was not linear as re-
ported by Gomez-Suarez and co-workers [2,4]. The velocity effect
observed by Gomez-Suarez and co-workers was explained by the
thickening of the liquid film between air-bubbles and the solid-
liquid interface with increased velocity, leading to a decrease in
the detachment force. In our experiments, the solid surface was
initially dry when the air–water interface passed over the solid
surface, so that the effect of the interface velocity can not be
due to film thinning/thickening between the solid surface and the
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Fig. 5. Detachment of colloids from solid surfaces as a function of air–water interface
velocity. Symbols are means and bars represent ± one standard deviation.

air–water interface, but rather due do film thinning/thickening be-
tween colloids and the air–water interface. Viscous forces are gen-
erally too small to be of relevance [4].

The removal of colloids from the solid surface by a moving
air–water interface is considered to comprise of three different
steps: interception of the particle, attachment or thinning of the
liquid film in between the colloid and the air–water interface, and
stabilization of the colloid on the air–water interface [2,10]. The
detachment probability (Pd) can be defined as [10]:

Pd = P i × Pa × Ps, (6)

where P i is the interception probability, Pa the attachment prob-
ability, and Ps the stability probability. In our experiments, the
interception probability was P i = 1, because the air–water inter-
face was forced to intercept all the particles, i.e., we made the
air–water interface move over attached colloids by raising the wa-
ter level in the beaker. The attachment probability depended on
velocity of the air–water interface. The colloidal particles attached
to the air–water interface only if the contact time was larger than
the induction time. The induction time is the time for the liquid
film between the particle and the air–water interface to thin and
form a three-phase contact line. Therefore, the detachment of col-
loids from the solid surfaces only happens if the velocity of the
air–water interface is low enough that the contact time with the
colloid is greater than the induction time. We consider the stabil-
ity probability to be Ps = 1, because of the irreversibility of the
colloid attachment to the air–water interface, i.e., once the particle
attached to the interface, it remained there.

We therefore interpret the velocity effects seen in Fig. 5 as a
consequence of a changing attachment probability Pa. The veloci-
ties in our experiments (0.4 to 400 cm/h) were smaller than those
used by Gomez-Suarez and co-workers [2,28] in their air-bubble
experiments (700 to 5000 cm/h). The attachment probability Pa in
our experiments should therefore be greater than in the Gomez-
Suarez experiments, and the linear relationship between detach-
ment and velocity may not hold for our slow velocities.

5. Implications

In subsurface systems, like soils and sediments, moving air–
water interfaces are common, e.g., during infiltration and drainage
of water, air and water displace each other in continuous cy-
cles. Such moving air–water interfaces have a profound effect on
detachment of colloids from surfaces. As our experiments with
polystyrene microspheres showed, colloids can be mobilized effec-
tively when an air–water interface moves over an air-dried surface,
suggesting that during infiltration into a dry soil, colloids can read-
ily be captured at the air–water interface and moved along with
the displacement of the air–water interface. Even when the soil is
not air-dry, but rather contains residual moisture or has a higher
water content, an infiltrating or draining water front will be able
to remove colloids that are attached to the stationary mineral sur-
faces, as long as the colloids come into contact with the moving
air–water interface.

Our experiments further suggest that the majority of the col-
loids will be removed by the first air–water interface movements,
which helps to explain experimental findings on colloid mobiliza-
tion from porous media reported in literature. Several authors have
shown that during infiltration, the majority of the colloids is mobi-
lized with the first of a multiple infiltration sequence [13,29–32] or
at that the largest colloid concentrations were observed at the be-
ginning of elution curves [33,34]. We provide a mechanistic inter-
pretation for these findings; other factors also contribute to colloid
mobilization in porous media, but at least, the air–water interface
contribution can be substantial as shown by our experiments. Our
experiments reported here demonstrate clearly the important role
of the air–water interface for colloid mobilization and transport in
porous media.

The strong attachment of colloidal particles to liquid–gas inter-
faces, leading to removal of stationary surfaces, offers opportuni-
ties for management of subsurface systems in terms of flow and
transport. Infiltration fronts in soils can be readily generated by
flooding, for instance, and colloids may be effectively “washed” out
of a soil profile.

Supplementary material

The online version of this article contains additional supple-
mentary material.

Please visit DOI: 10.1016/j.jcis.2008.07.030.
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