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1 Executive Summary

The main purpose of this project was to improve the fundamental mechanistic understand-
ing and quantification of long-term colloid mobilization and colloid-facilitated transport
of radionuclides in the vadose zone, with special emphasis on the semi-arid Hanford site.
While we focused some of the experiments on hydrogeological and geochemical conditions
of the Hanford site, many of our results apply to colloid and colloid-facilitated transport
in general. Specific objectives were (1) to determine the mechanisms of colloid mobiliza-
tion and colloid-facilitated radionuclide transport in undisturbed Hanford sediments under
unsaturated flow, (2) to quantify in situ colloid mobilization and colloid-facilitated ra-
dionuclide transport from Hanford sediments under field conditions, and (3) to develop
a field-scale conceptual and numerical model for colloid mobilization and transport at the
Hanford vadose zone, and use that model to predict long-term colloid and colloid- facilitated
radionuclide transport.

To achieve these goals and objectives, we have used a combination of experimental,
theoretical, and numerical methods at different spatial scales, ranging from microscopic in-
vestigations of single particle attachment and detachment to larger-scale field experiments
using outdoor lysimeters at the Hanford site. Microscopic and single particle investigations
provided fundamental insight into mechanisms of colloid interactions with the air-water
interface. We could show that a moving air water interface (such as a moving water front
during infiltration and drainage) is very effective in removing and mobilizing particles from a
stationary surface. We further demonstrated that it is particularly the advancing air-water
interface which is mainly responsible for colloid mobilization. Forces acting on the colloids
calculated from theory corroborated our experimental results, and confirm that the detach-

ment forces (surface tension forces) during the advancing air-water interface movement were



stronger than during the receding movement. Theory indicates that, for hydrophilic col-
loids, the advancing interface movement generally exerts a stronger detachment force than
the receding, except when the hysteresis of the colloid-air-water contact angle is small.

We quantified the interaction forces (capillary forces) between colloids and the air-water
interface by using force tensiometry. These measurements showed that capillary forces easily
can exceed the attractive forces between colloids and the liquid-solid interface. Natural
subsurface particles from the Hanford vadose zone where used for these measurements.
Surface coatings and wetting conditions affect the magnitude of the capillary forces, but
the most important parameter affecting the capillary force is the surface roughness and
shape of the colloids. Irregularly-shaped particles with sharp edges showed the largest
capillary forces, because the air-water interface gets pinned at edges. The implication of
this phenomenon is that subsurface particles, which often contain edges and are irregularly
shaped, are more readily mobilized than spherical model particles. This further emphasizes
the important role of capillary forces in fate and transport of colloids in the vadose zone.

Field experiment using a vadose zone lysimeter facility at the Hanford site showed that
surface-applied Eu colloids can be translocated rapidly under natural precipitation as well
as artificial irrigation. Small amounts of applied colloids were translocated from the surface
to a depth of two meters within two months and only 20 mm of cumulative infiltration.
Large water infiltration events, mimicking snow melt, enhanced movement of Eu colloids.
Nonetheless the majority of Eu colloids remained in the top 30 cm of the soil after 3.5 years
of monitoring. These results suggest that colloid and radionuclide transport can occur in
the near-surface vadose zone at Hanford under field conditions, but that the magnitude of
the transport is less than what has been reported from laboratory studies.

Water flow rates in deep vadose zone sediments at Hanford vary from 0 to 100 mm //year.



We studied colloid mobilization from undisturbed sediment cores under a flow rate of 18
mm /year, a typical low flow rate at Hanford. Under this low flow rate, we observed con-
tinuous colloid mobilization from the sediments, although the total amounts of colloids
mobilized are small, only 0.5% of available colloids were mobilized during 5 years of obser-
vations. These results demonstrate that colloidal particles are mobile even under the low
recharge rates found in a semi-arid site like Hanford.

Under higher flow rates, we would expect colloid transport to be even more pronounced.
Higher flow rates occur locally at Hanford when flow is channeled because of subsurface
layerings or subsurface structures, like the high level waste storage tanks. In such cases,
the local recharge due to this “subsurface funnel flow” is much greater than 100mm/yr.

These results of our study are particularly relevant for colloid mobilization and trans-
port related to three process in the vadose zone at Hanford: (1) water infiltration into
sediments during rainfall or snowmelt events, (2) groundwater fluctuations as caused by
river stage fluctuations, and (3) steady-state, low-flow recharge in deep vadose zone sedi-
ments. Transient water flow, like during infiltration or groundwater level fluctuations, are
most conducive for colloid mobilization, but even during steady-state, low-flow recharge,
colloids can be mobile, although to a much lesser extent. The results of this project have led
to a comprehensive and fundamental understanding of colloid transport and mobilization

under unsaturated flow conditions at the Hanford site.



2 Comparison of Actual Accomplishments with
Goals and Objectives of the Project

Objective 1: Determine the mechanisms of colloid mobilization and colloid-facilitated ra-
dionuclide transport in undisturbed Hanford sediments under unsaturated flow

Mechanistic investigations of colloid mobilization and transport were conducted a different
spatial scales, both experimentally as well as theoretically.

Systematic studies using confocal microscopy were conducted to determine how effec-
tive moving air-water interfaces are in mobilizing colloids from stationary surfaces. Investi-
gations using a single cylindrical flow channel showed that the advancing air-water interface
was significantly more effective in detaching colloids from the glass surface than the receding
interface. Most of the colloids were detached during the first passage of the advancing air-
water interface, while the subsequent interface passages did not remove significant amounts
of colloids. Forces acting on the colloids calculated from theory corroborate our experi-
mental results, and confirm that the detachment forces (surface tension forces) during the
advancing air-water interface movement were stronger than during the receding movement.
Theory indicates that, for hydrophilic colloids, the advancing interface movement generally
exerts a stronger detachment force than the receding, except when the hysteresis of the
colloid-air-water contact angle is small and that of the channel-air-water contact angle is
large. The experiments and theoretical calculations also showed that there is a critical
velocity of the air-water interface beyond which no colloids are removed anymore. This
velocity is related to the expansion of the water film forming at the solid surface as water
and air move through a capillary channel.

Colloids were modified to test the hypothesis that colloid shape has a dominant effect
on colloid detachment. To make sure the differently shaped colloids had all the same surface
properties, we modified spherical microspheres to form rods, barrels, ellipsoids, and disks.
Barrels, which had an edge where the air-water interface was pinned, were removed the
most by the moving air-water interface. The pinning of the air-water interface proved to
be the most important factor leading to increased colloid removal and mobilization.

Force tensiometry was used to quantify capillary forces as a function of position of
the air-water interface on model and natural particles. We have shown that capillary
forces exerted at the air-water interface can exceed DLVO and gravity forces, and that
moving air-water interfaces during infiltration can mobilize, i.e., detach, soil particles from
stationary surfaces. In porous media, while under dry conditions, the capillary force is
a strong attachment force of particles to stationary surfaces, under wet conditions, the
capillary force becomes a mechanism of detachment of particles from stationary surfaces.
Such wet conditions occur during infiltration or drainage. We quantified such detaching
capillary forces for differently shaped particles and found that measured capillary forces on
natural particles can be approximated by a volume-equivalent ellipsoid. Thus, assuming



an ellipsoidal shape allows us to better predict capillary forces experienced by natural
particles in porous media. Capillary forces become more important the smaller the particles
are, because the gravity force decreases faster with particle size than the capillary force,
and the capillary pressure scales inversely with the particle radius. Thus, particularly for
particles in the colloidal size range, the capillary forces will play a dominant role.

Theory was developed to calculate the capillary forces based on particle shape. For
non-symmetrical particles, the calculation of the capillary force requires consideration of
undulating interface lines, making the the theory complex and involved. The theory allows
to approximate natural subsurface particles as volume-equivalent ellipsoids.

Objective 2: Quantify in situ colloid mobilization and colloid-facilitated radionuclide trans-
port from Hanford sediments under field conditions

A field experiment was conducted to quantify transport of an intrinsic radionuclide colloid
at the Hanford site. As a surrogate for intrinsic Am and Eu colloids, we used non-radioactive
Eu-hydroxy-carbonate colloids, Eu(OH)(CO3). The colloids were applied to the surface of
field lysimeters and migration of the colloids through the sediments was monitored using
wick samplers. The lysimeters were exposed to natural precipitation or artificial irrigation.
Wick outflow was analyzed for Eu concentrations and particle counts, supplemented by elec-
tron microscopy and energy-dispersive x-ray analysis on selected samples. Small amounts
of Eu colloids were detected in the deepest wick sampler (2.14 m depth) 2.5 months after
application and cumulative precipitation of only 20 mm. We observed rapid transport of Eu
colloids under both natural precipitation and artificial irrigation, i.e., the leading edge of the
Eu colloids moved at a velocity of 3 cm/day within the first two months after application.
Large water infiltration, mimicking Chinook snowmelt events in late winter/early spring,
caused peaks of Eu in the wick outflow. Elevated Eu concentrations were detected in 1.22
and 2.14 m depth 2.5 years after application, which is consistent with long-term recharge
estimates at the site. However the main mass of Eu remained in the top 30 cm of the soil.
The observed rapid movement of Eu in the homogeneous Hanford Lysimeters was caused
by transient water flow near the soil surface. Based on mechanistic laboratory studies, it is
likely that the Eu colloids were mobilized and translocated by moving air-water interfaces.
The main peak of Eu, however, moved at slower rate, consistent with long-term recharge.
To investigate whether the in situ natural colloids can be mobilized and transported
in undisturbed, deep vadose zone sediments at the Hanford site under typical, semi-arid
recharge rates, we used an undisturbed sediment core. We sampled an undisturbed sed-
iment core (50 cm i.d., 59.5 cm height) from a depth of 17 m at the Hanford 200 Area.
The core was setup as a laboratory lysimeter and exposed to a low infiltration rate of 18
mm /year by by applying simulated pore water onto the surface. Particle concentrations
were quantified in the column outflow, and selected samples were examined microscopically
and for elemental composition (TEM and EDX). Measured water contents and potentials



were used to calibrate a numerical model (Hydrus-1D), which was then applied to simu-
late colloid mobilization form the sediment core. The results showed that during 5.3 years
of monitoring, natural colloids like silicates, aluminosilicates, and Fe-oxides were observed
in the core outflows indicating the continuous mobilization of in situ colloids. The total
amount of particles mobilized within 5.3 years corresponded to 0.5% of the total dispersible
colloids inside the core. The fitted release rate coefficient was six to seven orders of mag-
nitude smaller than coefficients reported from previous studies, where disturbed Hanford
sediments and higher flow rates were used. Our findings demonstrate that even under
low recharge rates and water contents typical for semi-arid, deep vadose zone sediments,
particles can continuously be mobilized, although the total mass of particles is low.

Objective 3: Develop a field-scale conceptual and numerical model for colloid mobilization
and transport at the Hanford vadose zone, and use that model to predict long-term colloid
and colloid-facilitated radionuclide transport

Colloid and colloid-facilitated contaminant transport mechanisms have been incorporated
into the multiphase flow and transport model PFLOTRAN. Our results demonstrate that
under field conditions with transient flow, colloid mobilization and transport occurs in Han-
ford sediments. Small amounts of Eu colloids could be translocated by natural precipitation
or irrigation to a depth of 2.14 m within 2.5 months, corresponding to an overall colloid
transport velocity of 3 cm/d. Estimates of recharge at the Hanford site range from 1 to 100
mm /year. Considering a volumetric water content of 0.1 m3/m3, the recharge estimates
translate to a pore water velocity of 1 to 100 cm /year (equal to 0.003 to 0.3 cm/d), which is
considerably slower than what we observed based on the fast Eu transport. This indicates
that the near surface transport of a portion of Eu can be rapid, exceeding recharged-based
velocity estimates by more than a factor of ten. While a small portion of Eu colloids moved
rapidly by preferential flow, the main peak of Eu, however, moved at slower rate, consistent
with long-term recharge.

While semi-arid conditions in general are not conducive for colloid transport, the dry
summer and wet winter climate at the Hanford site leads to infiltration fronts that penetrate
the soil to several meters. These infiltration fronts with their associated moving air-water
interfaces provide a means for mobilization and transport of colloids in the near-surface
vadose zone.

In the deep vadose zone, we had the premise that particle mobilization is hindered
under the low water contents and low steady-state flow rates. However, we did observe
continuous particle release. Our study showed that in situ colloid mobilization occurred
at a steady-state flow rate of 0.05 mm/d (= 18 mm/y) in an undisturbed sediment core.
Although release rate and mass recovery of particles were much lower than reported from
previous studies where colloid mobilization from disturbed, sediment columns was reported,
we did observe a continuous flux of particles leaving the sediment core.



Our results show that in semi-arid regions, the thick vadose zone with its low water
content and flow rates does not necessarily constitute a perfect filter for particle transport.
Even under low, steady-state flow rates, particles were mobilized. The continuous particle
mobilization observed here may be a possible pathway for colloid-facilitated contaminant
transport at the US DOE Hanford site.
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3 Summary of Project Activities

This section provides a summary of the experimental methods and results of the project.
A detailed account of these activities is given in the attached technical manuscripts in the
Appendix.

3.1 Motivation

Radioactive wastes stores at Hanford and other nuclear facilities pose a threat to the envi-
ronment when waste are accidentally released. Knowledge of fate and transport of waste
constituents is a requirement for effective clean-up and long-term management of contami-
nated sites. While some contaminants, like Cs, Am, Pu, sorb strongly to soil and sediment
surfaces and are therefore expected to be retained near the location of their release, it has
been shown that colloidal particles can facilitate the movement of these contaminants if the
contaminants either associate with the colloids or form colloids themselves. Research from
laboratory experiments has shown that colloids can be mobilized from soils and sediments
under unsaturated and transient flow. How far-reaching and effective this process is for ra-
dionuclide migration in the vadose zone at Hanford, however, is not known. In this project
we addressed the following major question: How effective are colloids in enhancing the
mobility of radionuclides in the Hanford vadose zone, and what is the long-term magnitude
of this transport process?

3.2 Research Objectives

The general goal of this project was to improve the fundamental mechanistic understand-
ing and quantification of long-term colloid mobilization and colloid-facilitated transport of
radionuclides in the vadose zone, with special emphasis on the semi-arid Hanford site. The
specific objectives were to:

1. Determine the mechanisms of colloid mobilization and colloid-facilitated radionu-
clide transport in undisturbed Hanford sediments under unsaturated flow.

2. Quantify in situ colloid mobilization and colloid-facilitated radionuclide transport
from Hanford sediments under field conditions.

3. Develop a field-scale conceptual and numerical model for colloid mobilization and
transport at the Hanford vadose zone, and use that model to predict long-term
colloid and colloid-facilitated radionuclide transport.
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3.3 Overall Research Design

The objectives of this study were accomplished through a combination of experimental,
theoretical, and numerical investigations at different spatial and temporal scales. Spatial
scales ranged from microscopic scale, single particle scale, column scale, to the field scale.
At the microscale and single particle scale, we used microscopic and tensiometric techniques
to elucidate fundamental mechanistic interactions of colloids with the air-water interface.
At the column scale, we used (1) a geocentrifuge to separate effects of flow rates and water
contents on colloid mobilization, and (2) an undisturbed sediment core to quantify long-
term colloid mobilization under flow rates typical for the low recharge in the deep Hanford
vadose zone. At the field scale, we studied Eu-colloid transport in several lysimeters located
at the Hanford site under natural and artificial precipitation. Theoretical and numerical
models were used to analyze and generalize the experimental data.

3.4 Mechanistic Investigations on Colloid Transport in Unsaturated Porous
Media

3.4.1 Colloid Interactions with Air-Water Interface

(References: Aramrak et al., 2011; Aramrak et al., 2012)

3.4.1.1 Motivation Previous experiments have shown that when water infiltrates or
drains from soil or sediment, colloidal particles tend to be mobilized and leached as the
infiltration or drainage fronts moves through the medium. We hypothesized that it is the
interaction of the colloids with the moving air-water interface that is responsible for the
colloid mobilization.

3.4.1.2 Materials and Methods To determine how effective moving air-water inter-
faces are in detaching colloids from surfaces, we deposited fluorescent, negatively-charged,
carboxylate-modified polystyrene colloids (diameter of 1 pm) into a cylindrical glass chan-
nel. Hydrophilic carboxylate-modified microspheres (FluoSpheres, Lot Number 28120W,
Molecular Probes Inc., Eugene, OR) were selected as the colloid models. The microspheres
had a specific density of 1.055 g/cm? and surface charge of 0.0175 mol, /g (Molecular Probes
Inc., Eugene, OR). The colloids were hydrophilic with an advancing air-water contact angle
of 60 degrees and a receding contact angle of 40 degrees. After colloid deposition, two
air bubbles were sequentially introduced into the glass channel and passed through the
channel at different velocities (0.5, 7.7, 72, 982, and 10,800 cm/h). The passage of the
bubbles represented a sequence of receding and advancing air-water interfaces (Figure 1).
Colloids remaining in the glass channel after each interface passage were visualized with
confocal microscopy and quantified by image analysis (Figure 2). To check whether the col-
loids removed by the moving air-water interfaces were initially deposited in the secondary
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Figure 1. Schematic of experimental setup for air-water interface displacement.

energy minimum (i.e., unfavorable condition) or primary energy minimum, we conducted
another set of experiments by changing the solution chemistry. We calculated an appro-
priate solution chemistry using DLVO theory to determine a solution that will cause the
secondary minimum to disappear. We calculated an appropriate solution chemistry using
DLVO theory to determine a solution that will cause the secondary minimum to disappear.
We deposited the colloids into the channel as described above and then changed the solu-
tion chemistry to 0.1 mM CaCly; and pH 4.7. Visualization and quantification of colloids
deposited on the glass channel was done before and after changing the solution chemistry
at all the specific velocities indicated above.

To determine the effect of particle shape on colloid removal, we modified polystyrene
colloids to form rods, elliptical disks, and barrels, plate-like, and edge-shaped natural par-
ticles. The different shapes were made by encasing microspheres into a film of polyvinyl
alcohol (PVA), liquifying the microspheres with either hot oil or toluene, and stretching
this film to different aspect ratios using a material tension tester.

Theoretical calculations were performed to determine the expected detachment forces
a well as the thickness of the water film as a function of flow velocity. Calculations showed a
strong dependence of the detachment forces as a function of contact angle. Calculated shear
forces were found to be insignificant compared to detachment forces. We also calculated

13



Figure 2. Experimental setup to quantify colloid detachment by moving-air-water interfaces.

contact and induction times during colloid and air-water-interface interactions, i.e., the time
it takes for the air-water interface to form a colloid-water-air interface line with a colloid
when the air-water interfaces approaches the colloid.

3.4.1.3 Principal Results A typical sequence of confocal images showing colloid depo-
sition and detachment after receding and advancing air-water interface movements is shown
in Figure 3. The initial spatial distribution of the colloids on the glass surface represents
our reference from which we calculated colloid detachment. After passage of the receding
air-water interface, more colloids are visible upstream of the interface, and we consider
these colloids being attached the thinning air-water interface trailing the interface front.
We could identify the interface location optically because the colloids viewed through water
and air phases had different brightness in the confocal microscope. After passage of the
advancing air-water interface, only a small fraction of colloids were removed. The following
advancing air-water interface showed a pronounced accumulation of colloids at the inter-
face, and after passage of the interface, a large fraction of colloids were removed from the
glass surface.

Table 1 shows the quantitative amounts of colloids detached after passage of the air-
water interfaces as a function of interface velocity. The hydrodynamic force caused by
the flow itself was not able to remove colloids from the glass surface at any velocity, as
no colloids were removed during flow in absence of an air bubble, and the surface tension
force indeed was the dominant force causing colloid detachment. Colloid detachment was
most pronounced at low flow velocities (1, 10, and 100 cm/h). The majority of the colloids
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Initial Condition Receding Interface After Receding

Interface Movement

Advancing Interface After Advancing

Figure 3. Sequence of confocal images showing colloids deposited on a glass channel before,
during, and after air-water interface movements.
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Table 1. Colloid detachment (%) from a glass surface after the passages of air-water inter-
faces.

Colloid detachment (%) at different velocities

1 10 100 1000 10000
(0.5)* (7.7) (72) (982) (10,800)
(cm/)

Initial state 0 Aa 0 Aa 0 Aa 0 Aa 0 Ab
Flow (no bubble) 0Aa 0.01 £0.01 Aa 0.01+£0.01 Aa 0.02+0.02 Aa  0.024+0.03 Ab
After receding-1 5+6 Aa 5+5 Aa 9+6 Aa 2+4 Aa 0.44+0.7 Ab
After advancing-1 88 +£10 Ba 85+ 10 Ba 80+ 6 Ba 72 4+ 28 Ba 1+2Bb
After receding-2 0 Aa 0 Aa 0.2+0.5 Aa 1+2 Aa 0.1+0.3 Ab
After advancing-2 345 Aa 2+4 Aa 2+2 Aa 12+ 21 Aa 0.1+0.3 Ab

* Numbers in parentheses are measured velocities. Data represent means and standard devia-
tions measured from 12 replications. Different capital letters (A, B, and C) indicate statistical
differences column-wise; and different lower cases (a, b, and c) indicate statistical differences
row-wise; both at o = 0.01.

were removed by the first advancing interface (advancing-1), and no significant difference in
colloid detachment was observed among the three lowest velocities of 1, 10, and 100 cm /h.
Indeed for all interface passages, the amounts of colloids detached were not a function of
interface velocities in the range of 1 to 100 cm/h; however, for faster velocities (1,000 and
10,000 cm/h), colloid detachment drastically decreased.

Shape-modified colloids showed a preference for removal of colloids with edges (barrels
and disks) (Figure 4). The advancing air-water interface was much more effective in re-
moving colloids than the receding interface. Interestingly, even the receding interface could
not remove colloids, no matter what shape the colloids had.

3.4.2 Capillary Forces between Particles and the Air-Water Interface

(References: Chatterjee et al., 2012)

3.4.2.1 Motivation In these experiments, we quantified the capillary forces (surface
tension forces) acting on natural subsurface particles. No experimental and theoretical
quantification of the capillary forces for natural particles have been reported to date, and
our data show that the capillary force is a dominant force. We generalize the results by
also using a series of standard shaped model particles.

3.4.2.2 Materials and Methods The particles were collected from 20 m depth from
a trench face at the Hanford Environmental Restoration Disposal Facility, located 13 km

16
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Figure 4. SEM images of four selected shapes of colloids: (a) sphere, (b) rod, (c) barrel, and
(d) elliptical disk. (Scale bars: 1 um) (left) and percentage detachment of deposited colloids
as function of shapes by AWI: Different letter indicating statistical difference determined
by (a) LSD and (b) Tukey’s at the 95% confidence level (right).

away from the Columbia River between the 200E and 200W areas of the Hanford Reser-
vation. We selected particles with typical mineralogy for the Hanford sediments: basalt,
granite, hematite, magnetite, mica, milky quartz, and clear quartz. Standard-shaped model
particles were used to delineate the dependency of the measured forces on particle shape.
Particles were characterized for air-water contact angles, shape, and surface roughness. The
particle outlines in the xy- and xz-planes were determined by scanning electron microscopy
and used to quantify the dimensions along the three coordinate axes. The capillary forces
between the particles and the air-water interface were measured with a tensiometer (Fig-
ure 5). We determined the forces as a function of position of the air-water interface at the
particle. Force measurements were made for “as is” particles, i.e., as collected from the field,
as well as for particles washed and treated to remove soluble organic surface coatings.

Theory was developed to calculate capillary forces for non-spherical, irregularly-shaped
particles. The theory available for spherical particles was expanded to ellipsoidal particles
and is based on a force balance approach:

f=fowo+ fut+fs+ fot o (1)

where the terms are the DLVO force (fprvo), the gravity force (fy), the surface tension
force (f), the buoyancy force (f;), and the hydrostatic pressure force (f,). If the particle is

17



Figure 5. Process tensiometer and schematic of capillary force measurements for natural
subsurface particles.

symmetric, the force balance f is parallel to the z-direction (Figure 6a), but if the particle
is asymmetric, the directions of f; and f, forces are determined by the contact angle of the
air-water interface at the particle surface. Further, for asymmetric particles, the interface
line is undulating in quadrupolar fashion. If f < 0 the particle will be detached from the
solid surface, if f > 0 the particle will remain pinned to the solid surface.

We further developed the theory for a spherical particle to a triaxial ellipsoid. Theoret-
ical calculations of capillary forces on ellipsoidal particles showed that the contact line is of
an undulating, elliptic shape rather than a flat ellipse. The force balance on an ellipsoidal
particle is then given as:

f = 4darE(ey,)y cos Bsin ¢, + mabApgz. cos® f — gApgabc(Q +3sin B —sin®B)  (2)

where a, b, and ¢ are the semi-principal axes of the ellipsoid along the three coordinate
axes x, y, and z, respectively, x is the ratio representing increase in contact line due to
undulation, E(e,,) is the complete elliptic integral of the second kind with eccentricity e,
[ is the parametric latitude, ~ is the surface tension of water, ¢. is the angle of inclination
of the undistorted air-water interface at the three-phase contact line, Ap = (p; — p,) is the
difference between the two fluid densities p; (water) and p, (air), g is the acceleration due
to gravity, and z. is the deflection depth (position of the average contact line on the z-axis).
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Figure 6. Forces acting (a) on a smooth, ellipsoidal particle with semi-principal radii a, b,
¢, and (b) on an asymmetric, rough particle in contact with an air-water interface, where
v = (37” — 0 — ¢.) and « is the wedge angle for a sharp point on a surface where pinning
occurs.
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Figure 7. Force-position curves of sphere, circular cylinder, and ellipsoid (theoretical) and
a dry, uncleaned quartz particle (experimental) during immersion.

3.4.2.3 Principal Results Figure 7 shows the dimensionless force-position curves for
the dry PTFE particles of standard shapes and for the quartz particle. We use quartz
as example here to illustrate the behavior of a natural sediment particle. The shape of
the curves for the standard particles are related to their geometries. The curves for the
PTFE sphere and disk are symmetrical with the immersion and emersion curves almost
exact mirror images. Both particles show a large snap-off force, with the disc showing the
most pronounced snap-off effect due to interface pinning. The tent and the quartz particle
also show snap-off force, due to interface pinning. However, during emersion, there was
no snap-in for both the tent and the quartz particle, as the interacting surface area of the
particle with the air-water interface is small.

For the natural particles, the snap-off forces are, in general, smaller than the maximum
capillary forces, but in some cases the snap-off force equals the maximum force. This occurs
when the air-water interface is pinned at the particle surface strong enough so that snap-
off happens under conditions represented by the Gibbs extension of the Young Equation.
The more pronounced the pinning, the more likely the air-water interface snaps off at the
maximum capillary force.

Theoretical and experimental values of capillary forces were of similar order of magni-
tude. The sphere gave the smallest theoretical capillary force, and the circular cylinder had
the largest force due to pinning of the air-water interface. Pinning was less pronounced for
natural particles when compared to the circular cylinder. Ellipsoids gave the best agree-
ment with measured forces, suggesting that this shape can provide a reasonable estimation

20



of capillary forces for many natural particles.

3.4.3 Interaction between Hanford Colloid and Humic Acids

3.4.3.1 Materials and Methods Colloids (operationally defined in this work as parti-
cles with diameters less than 2 um) were isolated from fine Hanford sediments representative
of those found underneath the Hanford radioactive waste tank farms. An aliquot of the
prepared colloid stock solution was treated with 30% vol/vol HoOs to serve as an OM-free
control suspension. Total metal e.g., Al, Ca, Fe, Mg, Mn (microwave-assisted HNO3/HF
digestion followed by ICP-OES), C and N (C/N analyser) concentrations were determined
for the isolated colloids. Sorption isotherm experiments were carried out using Suwannee
River FA and Aldrich HA standard materials. Sorption experiment solutions (pH 7, 1 mM
CaCl, background) with colloid concentrations of 1 g L' and FA or HA concentrations
ranging from 0 to48 mg L~! were used. No-colloid control solutions were also used. Sorp-
tion experiment suspensions were equilibrated on a shaker (17 hours, room temperature)
and aliquots of reacted suspensions were used for characterization. Colloids were then cen-
trifuged out of solution and metal (ICP-OES), C and N (TOC analyzer) concentrations
in the equilibrium aqueous phases were determined. Natural, FA /HA-reacted and H202-
treated colloids were characterized using FTIR spectroscopy and SEM-EDAX. Changes in
colloid particle size (at pH 7 and 1 mM CaCly) and electrophoretic mobility at different
values of pH (4, 5, 7, 8, 9, 10) and sorption experiment solution ionic strength (0.01, 0.1
and 1 mM CaCly) were measured using dynamic light scattering.

3.4.3.2 Principal Results Results from this investigation indicated that the maxi-
mum sorption capacity of Suwannee River FA on Hanford colloids was about 4 mg C/g and
a Langmuir type adsorption isotherm shape was observed, suggesting monolayer sorption of
FAs on these colloids. At pH 7 and 1 mM CaCls ionic strength, no differences in particle size
were observed between the natural colloids and FA-reacted colloids but a greater particle
size was found for the HyOs-treated colloids, suggesting aggregation of particles in absence
of organic matter coatings. Also, under these conditions, the natural and FA-reacted col-
loids had more negative electrophoretic mobility values than the HyOs-treated colloids.
Furthermore, electrophoretic mobility values for the FA-reacted colloids generally became
increasingly negative with increasing FA reaction concentration. These findings suggest
that OM stabilizes the Hanford colloids. Results from this investigation of the interactions
between Hanford colloids and HS indicate that natural OM and HS do have a stabilizing
effect on colloids from the Hanford radioactive waste repository. The impact of these find-
ings is that OM has the potential to increase the reactivity of Hanford colloids towards
contaminants and ultimately influence their participation in colloid-facilitated contaminant
transport.
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3.5 Column-Scale Investigations on Transport in Unsaturated Hanford Sedi-
ments and Porous Media

3.5.1 Using a Geocentrifuge to Elucidate Effects of Flow Rates and Water Content on
Colloid Transport and Mobilization

(References: Knappenberger et al., 2012)

3.5.1.1 Motivation Water content and flow rate play an important role in colloid mo-
bilization in unsaturated porous media. It is important to determine the role and the
interplay of these factors to obtain a mechanistic understanding of the colloid mobiliza-
tion process. Unfortunately, under normal gravity, water content and flow rate cannot be
independently controlled (the relationship between water content and hydraulic conduc-
tivity is hysteretic, but we do not have experimental control over hysteresis). Only with
geocentrifuges we can vary each factor independently.

3.5.1.2 Materials and Methods In unsaturated porous media water flow is described
by the Darcy-Buckingham-law:

o = K () (%ﬂ + 1) ®)

where g, is the flux density, K (1,,) is the unsaturated hydraulic conductivity and ,, is the
matric potential of the media. After Eqn. 3 the water flow is a function of the unsaturated
hydraulic conductivity and the gradient of matric and gravimetric potential. The gradient
of the gravimetric potential is 1 under gravity. If an unsaturated water flow is developed
in a centrifugal field, Eqn. 3 can be rewritten as:

R 0

where p is the density of the liquid, w is the angular speed, and r is the radius from the
center of rotation. In a centrifugal field it is possible to realize different flux densities
¢ at constant matric potentials v, and hence constant water contents by varying the
angular speed. Or, a flux density can be realized at different matric potentials 1), and
water contents, respectively. Consequently, in a centrifugal field, it is possible to overcome
the limitations of the Darcy-Buckingham-law of only realizing a certain flux density at a
certain water content. In terms of colloidal research, this means that effects of water content
and pore water velocity can be considered independently by performing unsaturated flow
experiments in a centrifugal field.

Column Setup: We used a plexiglass column with an inner diameter of 5.08 cm and a
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Figure 8. Column setup and principal arrangement of data acquisition devices.

length of 15 cm (Figure 8). At the bottom we used a nylon membrane, mesh size 500 on top
of a metal frit. The suction was applied with a vacuum pump via a vacuum chamber. The
applied suction on the bottom of the column was controlled with a pressure sensor under
the metal frit. In a distance of 4 and 11cm from the bottom we installed tensiometers
and TDR probes to measure the water potential and the water content. The suction on
the tensiometers was measured with pressure sensors. The reflection curve on the TDR
probes was measured with a Tektronixs cable tester and logged with a data logger. We
designed the TDR probes to fit the column and used state-of-the-art 3D printing techniques
to produce the probes. The liquids were introduced into the column through a porous stone
to ensure an even distribution over the whole cross-sectional area of the column.

Porous Media: We used Baker silica sand as a porous medium. The sand was
pretreated with 2 M HCI at 90 °C temperature for 24 h to remove organic components and
has a porosity of € = 0.377 and a bulk density of p, = 1.65g/cm?. The saturated pore
volume (pvs) in the column is 114.62 cm?.

Model Colloids: We used two kinds of carboxylate modified polystyrene colloids with
a diameter of 26 and 220nm. We used a concentration of 2.5- 10" particles/L for the 26 nm
colloids and a concentration of 102 particles/L for the 220 nm colloids.

Nitrate Tracer and Solution Chemistry: A 0.2 M NaNOQOj solution was used as a
tracer to evaluate the unsaturated flow conditions. We applied the NaNOj prior to the col-
loid experiments to check for uniformity of the flow conditions between single experiments.
The solution chemistry was changed during our experiments to vary colloid attachment
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Table 2. Sequence of liquids applied in colloid experiments.
Phase Pore Volumes Description

A 2 nano pure water

B 4 0.2mM NaNOs

C 2 nano pure water

D 2 1.67mM NaHCO3 , 1.67mM Nay,CO3, 100 mMol NaCl

E 7 1.67mM NaHCO3 , 1.67mM NayCOg3, 100 mMol NaCl, colloids
F 5 1.67mM NaHCO3 , 1.67 mM NayCOg, 100 mMol NaCl

G 10 nano pure water

conditions. We used a total of three different solutions for colloid transport: nano pure
water (liquid I), nano pure water with high ionic strength (liquid II), and nano pure water
with high ionic strength and colloids (liquid IIT). Nano pure water with an electrical con-
ductivity of less than 5.5-1079Sm™! acted as a starting liquid (liquid I). We buffered nano
pure water at pH 10 (1.67 mM NaHCOj3 and 1.67 mM Nay,CO3) and added 100 mM NaCl to
increase the ionic strength to 106 mMol (liquid II). The stock of liquid II was split and
colloids were added to one part (liquid IIT).

Sequence of Liquids: We introduced nano pure water at the beginning of the exper-
iments and developed a steady state flow. After reaching a steady state flow, we introduced
the different liquids in a certain sequence for the two different colloids. Every sequence
was repeated three times. First we introduced three sequences of the 220 nm colloids and
subsequently we introduced three sequences of the 26 nm colloids. We applied the NaNO;
prior to the colloid experiments. The sequences of liquids are shown in Table 2.

Experiments Under Gravity and Centrifugal Force: The silica sand was in-
troduced into the water filled column to ensure saturated conditions. The liquids were
introduced to the column with a peristaltic pump. After a series of 220nm and 26 nm
colloids experiments, we removed the sand from the column, sonicated and washed it with
deionized water. For the experiments under centrifugation we used the geocentrifuge facil-
ity at the Idaho National Laboratory (50 g-tonne Actidyn Systemes model C61-3, France).
The experimental platform has a size of 70 cm length by 50 cm depth by 60 cm height. The
radius of centrifugation is 2m. The geocentrifuge accepts a pay load of 500 kg and accel-
erations up to 130g. The centrifuge experiments were the same as the experiments under
gravity but we used a piston pump to introduce the liquids into the column. First, we
acquired a calibration curve by setting the centrifuge to different accelerations (2g, 10g,
20g, 30g and 40g) and applying different flow rates. Then we calculated the correspond-
ing pore water velocities according to different accelerations (Figure 9). Based on these
measurements we designed the experiments accordingly.

Spectrophotometry: We used a spectrophotometer to measure the colloid concentra-
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Figure 9. Different pore water velocities over effective saturation (S.) at different accelera-
tions. The solid line in the 1g case was calculated based on van Genuchten parameters.

tions in the outflow of the column. Solarization resistant fiber optics were used (QP400-2-
SR) to connect the light source to the spectrophotometer. We measured the concentrations
of all liquids before every experimental series by injecting the liquid into the flow cell.

3.5.1.3 Principal Results Figure 10 shows the breakthrough and release curves for
the 26 and 220 nm colloids and for effective saturations of 0.2, 0.3, 0.6 and 1. Overall, the
breakthrough curves decrease with decreasing effective saturation. The first breakthrough
curve of a series of three experiments is less pronounced than the second and third break-
through curve. In case of the 26 nm colloids and an effective saturation of S, = 0.3, no
breakthrough occurred for the first run of the series (Figure 10E). The release curves for
220 nm colloids under saturation were very pronounced and reached values of 3.8, 2.2 and
2.3C/Cy for run 1, 2 and 3, respectively. Figure 11 shows the mass balance for the 26 and
220 nm colloids. Overall, larger amounts of 26 nm colloids are retained.

The runs within a series of experiments as well as the effective saturation levels had
highly significant effect. Even release curves, whose shape was apparently alike (e.g., Fig-
ure 10A, 10C, 10D) had highly significant differences. The adjusted R2-values were 0.61
and 0.69 for breakthrough and release curves for 26 nm colloids and 0.82 and 0.39 for break-
through and release curves for 220 nm colloids, respectively.

Under saturated conditions (S, = 1), introduced colloids can attach to primary and
secondary energy minima. That means an introduced colloid can either pass the column
without attachment or the colloid can attach to a primary or secondary energy minimum. If
attached to a secondary energy minimum, the particle will be released again after changing
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Figure 11. Colloid retention mass balance in geocentrifuge experiments.

the solution chemistry (change from phase F to G, Table 2). Consequently the secondary
energy minimum will vanish and the retained colloids will be released (Figure 10). For
220nm colloids, all colloids were leached out, i.e., colloids have only been retained in a
secondary energy minimum. However, 23% of 26 nm colloids remain retained in the column.
That means colloids also have to be retained in a primary energy minimum as no other
attachment sites are available.

Under unsaturated conditions (S, < 1), besides the mentioned primary and secondary
energy minima, colloids can also attach to the liquid-gas-interface. With decreasing water
content, the liquid-gas-interface is increasing and hence more attachment sites for colloids
become available. For both colloid sizes, the retention increases with decreasing effective
saturation (Figure 11). We assume that more colloids are retained at the liquid-gas-interface
as the effective saturation is decreasing.

More detailed mass balance data are listed in Table 3. For the 26 nm colloids, the series
at an effective saturation of S, = 0.3 does not fit into the overall pattern. In the other series,
the percentages for the breakthrough curves increase with increasing saturation from 15.9 %
at Se = 0.2 to 55.2% at S, = 1. With less saturation, less colloids pass the column after
introduction. We attribute this effect to a larger liquid-gas interface. The colloids find more
attachment sites at this interface. The percentage of released colloids, however, is constant
for S = 0.2 and S, = 0.3 as well as S. = 0.6 and S, = 1.0. The Kruskal-Wallis test for
breakthrough, release and retention is significant at p = 0.023, p = 0.036 and p = 0.033,
respectively.

For the 220 nm colloids, the percentages for the breakthrough curves increase with
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Table 3. Mass balance for breakthrough and release curves and overall retention (in per-
cent). Mean values and standard deviations are listed in this table. The p-values are
computed with a Kruskal-Wallis test over all effective saturation values.

effective Saturation S,
0.2 0.3 0.6 1.0 p-value
26 nm colloids
Breakthrough 159 + 8.0 4.5+ 4.6 29.1 £10.6 55.2+14.8 0.023
Release 121+ 51 1324+ 24 594+ 18 544+ 1.1 0.036
Retention 7204+ 94 8234+ 44 65.0+ 89 39.3 +13.7 0.033
220 nm colloids
Breakthrough 14.3 + 1.6 34.7+ 7.3 514+ 5.6 70.6 4+ 6.4 0.016
Release 75+ 40 65+ 26 6.6+ 3.7 291+ 9.3 0.092
Retention 7824+ 24 588 4+ 51 419+ 21 03+ 3.1 0.016

increasing saturation from 14.3 % at S, = 0.2 to 70.6 % at S, = 1. The percentage of for the
release curve is constant for unsaturated conditions and is significant higher for saturated
conditions. The missing liquid-gas interface in the saturated condition obviously allows
more colloids to be trapped in the secondary energy minimum. Under unsaturated con-
ditions, the liquid-gas interface is available as attachment site and the number of colloids
that are trapped in the secondary energy minimum is smaller but constant. The differ-
ences are not significant p = 0.092. If only the unsaturated conditions are considered in the
Kruskal-Wallis test, the p-value even increases to p = 0.837.

Overall, the 220nm colloids show a more consistent pattern and the mass balance
data has a smaller standard deviation compared to the 26 nm colloids. However, we can
determine attachments of 26 nm colloids to the solid-liquid interface in the primary energy
minimum. We do not have evidence for such an attachment for the 220 nm colloids.

3.5.2 Colloid Mobilization in an Undisturbed Sediment Core under Semi-Arid Recharge
Rates

(References: Liu et al., 2012)
3.5.2.1 Motivation The Hanford site is characterized by a Mediterranean, semi-arid
climate where deep recharge rates are low, ranging from near zero to 100 mm/y. It is unclear

whether at these low, steady-state flow rates, colloids can be mobilized and transported.
Here, we used an undisturbed sediment core to (1) test whether natural colloidal materials
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can be mobilized and translocated under conditions typical for the deep vadose zone at the
Hanford Site and (2) to quantify the extent of the colloid mobilization. We hypothesized
that under the low and steady-state recharge rate at the semi-arid Hanford site, colloid
mobilization and transport is low, but existent.

3.5.2.2 Materials and Methods An undisturbed sediment core was collected from the
Hanford Environmental Restoration Disposal Facility (ERDF). The core was taken from
an uncontaminated layer of the sand-dominated facies association of Hanford Formation
sediments from a depth of 17 meters below ground surface (Figure 12a). A flat, horizontal
bench of sediment was prepared by digging into the slanted wall of the ERDF pit. Then
an intact, undisturbed core sample was taken by using a stainless steel cylinder (10 GA
T-304, .D. = 50 cm, height = 59.5 cm). A front-loader with a 3-m wide bucket was used to
push the cylinder into the sediments (Figure 12b). When the core was completely inserted
into the sediments, the sediments around the core were excavated, and a bevelled stainless
steel plate was pushed along the bottom of the core to shave the core off the underlaying
sediments (Figure 12c). About 17 liters of liquid nitrogen was poured onto the surface of
the core to freeze the top of the core to provide stability for transportation. A wooden
plate was tightened to the top of the cylinder, and the core was moved to Washington State
University (Figure 12d).

The sediment core in the stainless steel column was set up as a lysimeter (Figure 12f) in
a dark coldroom at 12.4 + 0.3 °C, corresponding to the long-term average air temperature
at the Hanford site. The column was irrigated uniformly by using a peristaltic pump
and a sprinkler. The irrigation rate was chosen to fall within the range of annual rainfall
at the Hanford site. Based on the mass balance of the sediment core, we determined
the actual infiltration rate to be 0.05 mm/day (= 18.25 mm/y), which corresponds to
irrigation minus evaporation rates. This rate represents a low recharge rate typical for the
Hanford site; rates have reported to range from 0 to 100 mm/y. (We note that due to
subsurface channeling of flow, e.g., due to flow redirection by HLW tanks, local recharge
can be substantially larger). Column outflow water was analyzed for particle size and
electrophoretic mobility, pH, electrical conductivity, and UV /VIS absorbance at 280 nm.
Absorbance was translated to particle concentrations by using a calibration curve developed
from a colloid stock solution. Selected outflow samples were analyzed by transmission
electron microscopy (TEM) and energy dispersive x-ray analysis (EDX).

We used HYDRUS-1D (Version 4.14) to analyze the water flow and colloid transport
in our experiments. The unsaturated hydraulic properties were parameterized by the van
Genuchten-Mualem equations. The model was run in inverse mode to determine the un-
saturated hydraulic properties of the sediments. For the van Genuchten-Mualem model,
we fitted the parameters «, n, and K,, with m = 1 — 1/n, for each of the observation
nodes. For the colloid transport modeling, we assume that the pool of the colloids is ini-
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tially uniformly distributed within the core and that the colloids are initially attached to
the stationary sediments. We further assume that, as water flows through the core, colloids
can be mobilized by a first-order kinetic colloid release:

oC  pdS _ 3*C _ J,0C

2% oo Pz 0 (5)
08
= =-ps (6)

where C represents the colloid concentration suspended in the aqueous phase (mg/cm?),
S is the colloid concentration attached to the sediments (mg/g), ¢ is time (day), p is the
bulk density (g/cm?), 2z denotes the coordinate parallel to the flow direction (cm), and 3 is
the first-order colloid release rate coefficient (d~1). A zero flux condition was used at the
upper boundary (J,,C(0,t) = 0) and a zero-gradient was used at the bottom boundary (¢
= 0).

3.5.2.3 Principal Results Chemical and colloidal characteristics of the sediment out-
flow are shown in Figure 13. Electric conductivity varied between 500 and 2000 ©S/cm,
corresponding to ionic strengths of 7.2 to 29 mmol/L. The critical coagulation concentra-
tion for in situ colloids from Hanford sediments has been reported to be 1.7 to 3.8 mmol/L
for Ca dominated systems. As the ionic strength in our core exceed the critical coagulation
concentration, we did not expect any colloid dispersion to occur. The particle counts indeed
indicate that colloid transport was not prominent in our sediment core. The initial outflow
samples had particle counts below 10 kCounts/s, which is within the background noise of
the dynamic light scattering instrument. No electrophoretic mobility and size measure-
ments could be made for such low particle counts. In 2009, the particle counts increased up
to 50 kCounts/s, which suggests the presence of particles in the outflow. Electrophoretic
mobility and size measurements were made for these samples, but have to be considered
with caution, as the particle counts still did not meet the required minimum value for accu-
rate measurements (>50 kCounts/s). Electrophoretic mobility values, nonetheless, yielded
reasonable results for Hanford sediments (—1 to —3 (um/s)/(V/cm)). The particle concen-
tration in the outflow ranged from generally 20 to occasionally 537 mg/L (Figure 13e), and
we observed a continuous release of colloids (Figure 13f).

Figure 13f shows a continuous particle release from the sediment core at a rate of 148.1
mg/year. Over the total period of the experiment since colloid outflow was observed (967
days), a total of 0.392 g of particle were collected, corresponding to a cumulative particle
flux of 0.2 mg/cm?. The dispersible particles in the sediments was determined 84.1 g (0.441
g/kg sediments). The mobilized particles over 967 days constitute 0.5% (by mass) of the
dispersible particles.

Model simulations could be fitted well to the experimental data (Figure 13f). The
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fitted colloid release coefficient was 8 = 7 x 107% day~!, with lower and upper limit of 5.5
and 9.5 x 1076 day~!, determined by adjusting the parameter 3 to fully encompass the
experimental data (Figure 13f). Using the same model with disturbed column experiments,
we had previously found a range of colloid release rates from 10.1 day~! to 120 day~* for
a flow rates from 259.2 mm/d to 414.7 mm/d. These values are six to seven orders of
magnitude higher than the rate observed in the undisturbed sediments. This large difference
in release rates indicates that particle release is considerably smaller in our undisturbed core
under the much lower flow rate than in disturbed, packed columns at considerable high flow
rates.

Our results suggest that even in semi-arid regions, the thick vadose zone with its low
water content and flow rates does not necessarily constitute a perfect filter for particle
transport. The continuous particle mobilization may constitute a pathway for contaminant
and colloid-facilitated contaminant transport at the US DOE Hanford site. Transport will
be exacerbated when recharge locally is enhanced due to subsurface channel flow.

3.6 Field-Scale Eu Colloid Transport at the Semi-Arid Hanford Site

3.6.1 Transport of Europium Colloids in Vadose Zone Lysimeters
(References: Liu et al., 2012)

3.6.1.1 Motivation There exist no field experiments on colloid mobilization and trans-
port at the Hanford Site. Several field lysimeter stations have been installed and operated
at the Hanford site to study recharge, evapotranspiration, and mineral weathering. We
used these these lysimeters to study colloid transport under field conditions.

3.6.1.2 Materials and Methods The study was conducted at the Hanford 300 Area
Lysimeter site. The facility consists of six non-weighing lysimeters, each 7.6 m deep. Two of
the lysimeters are 2.7 m in diameter and four lysimeters are 0.6 m in diameter (Figure 14).
The 300 Area Lysimeters were installed in 1978 and all of them were kept free of vegetation
for the past 34 years. These lysimeters were filled with a uniform sandy layer consisting of
Hanford sediments and had a coarse sand layer at 5.7 m depth. The sandy layer’s hydraulic
conductivity is 173 cm/d at saturation and 9 x 107 em/d at —5 kPa. For our study, we
used four lysimeters: the South Caisson (SC) and Lysimeters 1, 2, and 3 (Figure 14).

We installed fiberglass wicks to collect pore water samples from the lysimeters under
unsaturated conditions. Fiberglass wicks have been found to be useful devices to collect
pore water and soil colloids. The wicks were installed into the lysimeters in horizontal
orientation at 0.31, 0.61, 1.22 and 2.14 m (1, 2, 4, and 7 feet). In Lysimeter 2, the wicks
were installed at 0.61, 0.92, 1.22 and 2.14 m (2, 3, 4, and 7 feet) depths, because the access
port at the 1-foot depth was inaccessible. A 50-cm long piece of the wicks was used as a

32



2005 2006 2007 2008 2009 2010

0 300 600 900 1200 1500 1800
77—
9 Ha)Ed | .
8 — '{’.‘?.'"", ] ‘.-v.f"- - N 'y_,_‘, - #
-6 .
Y
2 50 3] Particle counts E
c 40 :
3 3o o]
S 10f (-
u == ke |

8 (c) Electrophoretic mobility

1
N -
T
Smu"'—d
e
=
[E—

2000 |-

£ 1500 <d>

(S) R

o 1000 F ; g
= 500 | | - N
L o8 g cec Econesmizn

S 400

€ 200[

~ O-g KU] Cumulative partlcle qux PR

E, 02 —— Observed
L e Simulated (B = 7x10°/d)
g 0.1 [ - - - simulated (B =5.5x10"/d)
0.0 i —-—I--Slmulated (B= 95x10 ld)

! | ! | ! |
0 300 600 900 1200 1500 1800
Day

Figure 13. Characterization data of outflow from sediment core. (a) pH, (b) Particle counts,
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(a) Cross-Section View
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Figure 14. Schematic of Hanford 300 Area Lysimeter Facility. Only the South Caisson,
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(b) Top View
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South Caisson Lysimeter

Lysimeter 1, Lysimeter 2, and Lysimeter 3 were used in our experiments.

hanging water column to provide tension for pore water sampling (Figure 15). This tension
matches the water potential in the lysimeters and therefore provides little disturbance of the
flow field. A 250 mL polypropylene bottle was placed at the bottom of each wick sampler

to collect pore water.

Eu-hydroxy-carbonate colloids (Eu(OH)(COs)) were synthesized in our laboratory.
A 6 x 1073 M europium stock solution was prepared by dissolving europium chloride
(EuCl3-5H50) in double-distilled water, and then passed through a 0.2 pm filter. The
filtered solution was mixed with 1.5 M urea and small amounts of acid (7 x 10~* M HNO3
and 2x10™* M H,SOy) in a 750 mL Pyrex bottle to adjust the pH to 5.1. The concentration
of Eu colloids in this stock solution was 237.7 mg/L (measured gravimetrically by drying an
aliquot), corresponding to a particle number concentration of 4.1 x 103 number/L (calcu-
lated based on average colloid diameter of 108 nm and specific density of 8.78 g/cm3). We

used the Eu-hydroxy-carbonate colloids as a representative intrinsic radionuclide colloid.

A colloid suspension was then manually sprayed onto the lysimeter surface. A total of
3 mm of the suspension was applied to the lysimeters on March 11, 2009. Whereas the South
Caisson Lysimeter was uncovered, receiving natural precipitation, and allowing evaporation,
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25cm

Figure 15. (a) Cut-open 3/4 inch PVC tube for wick support, (b) mounting of fiberglass
wick (c) installation of wick sampler into lysimeter, (d) installed wick samplers showing the
PVC tube containing hanging water column and the outflow sampling bottle.
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Lysimeters 1, 2, and 3 were irrigated and then covered to minimize evaporation. Lysimeter
1 received an annual recharge of 124 mm/year, which equals twice the 26-year drainage
average at the site. Lysimeter 2 was irrigated with four times the natural drainage, and
Lysimeter 3 received an additional 100 mm/year simulated Chinook snowmelt event.
Outflow pore water from the fiberglass wicks was collected once a month by replacing
the polypropylene bottles. Additionally, we took soil cores from the surface at different
times. The collected pore water was first sonicated for 5 minutes and then analyzed for
outflow volume, pH, electric conductivity, electrophoretic mobility, particle size, particle
number, and particle mass concentration. Electrophoretic mobilities and particle counts
were quantified by using dynamic light scattering, and repeated 5 times for each sample.
Selected samples were examined microscopically using Transmission and Scanning Elec-
tron Microscopy, and Energy Dispersive X-ray analysis. The amount of Eu colloids was
quantified by measuring the Eu concentration in the outflow samples or soil extracts.

3.6.1.3 Principal Results Figure 16a shows the daily natural precipitation and the
irrigation from January 2009 to March 2012 for each of the lysimeters. The daily precipita-
tion (South Caisson) was taken from the Hanford Meteorological Station and the irrigation
(Lysimeters 1, 2, 3) was measured when it was applied. The natural precipitation oc-
curred in much greater frequency than the irrigation, but the seasonal pattern was similar,
not identical, because the irrigation was based on the long-term precipitation record. The
Chinook events applied to Lysimeter 3 are indicated by arrows. In 2009, the Chinook sim-
ulation was applied at two separate days. The total application during a Chinook event
exceeded 100 mm because the Chinook was added to the regular irrigation in that month.

While the Eu data for the South Caisson did not show a clear breakthrough pattern,
we did detect Eu peaks in the irrigated lysimeters. Lysimeter 1 shows a Eu peak on
June 29, 2009 at 1.22-m depth and on July 16, 2009 at 2.14-m depth. Similar patterns
could be observed for Lysimeter 2 and 3. These initial peaks of Eu are corroborated by
particle counts in the outflow samples (Figure 16d). Europium concentrations and particle
counts declined during summer 2009 in most samples, because no outflow was collected,
particularly for the top two wick samplers. The 2.14-m wick sampler showed continuous
movement of Eu throughout the year in Lysimeters 1 and 2. A second peak of Eu could be
detected in Spring 2010 in all lysimeters, caused by the elevated precipitation and irrigation
during the preceding winter season. Particle counts, however, were not as pronounced as
in 2009.

The Chinook events in Lysimeter 3 caused pronounced water infiltration and produced
Eu peaks in the wick outflow, particularly in 2009. In 2010, the topmost wick (0.31 m)
showed elevated Eu concentrations as a result of the Chinook event; correspondingly, there
were increased particle counts in the wick outflow. The 0.61 m wick also showed elevated
particle counts, however, no Eu was detected. The 2011 Chinook event, however, did not
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produce an Eu peak in the outflow.

The electrophoretic mobility data indicate that the wick outflow always contained par-
ticles, with electrophoretic mobilities between —0.5 to —3 (um/s)/(V/cm). The pH of the
wick outflow varied between 8.2 and 8.5. At that pH, the measured electrophoretic mobil-
ity of the water-dispersible, native colloidal fraction of the Lysimeter sediments (without
Eu colloids) was —2.5 (um/s)/(V/cm), and that of the Eu colloids (from the application
suspension)) was —3.0 (um/s)/(V/cm). This indicates that the outflow samples contained
native colloidal material from the sediments. Figure 17 shows SEM images of wick outflow
from May 28, 2009. The images reveal native colloidal materials (platy clay minerals, Fig-
ure 17a) as well as spherical particles (Figure 17b), which we identified as Eu colloids with
the help of energy-dispersive x-ray analysis (Figure 18).

Our results demonstrate that under field conditions with transient flow, colloid mo-
bilization and transport occurred in Hanford sediments. Small amounts of Eu colloids
could be translocated by natural precipitation or irrigation to a depth of 2.14 m within
2.5 months. Assuming steady-state flow, this corresponds to a colloid transport velocity of
3 cm/d. Estimates of recharge at the Hanford site range from 1 to 50 mm/year. Considering
a volumetric water content of 0.1 m3/m?, the recharge estimates translate to a pore water
velocity of 1 to 50 cm/year (equal to 0.003 to 0.14 cm/d), which is considerably slower
than what we observed based on the Eu transport. This indicates that the near surface
transport of Eu can be rapid, exceeding recharged-based velocity estimates by more than
a factor of ten. The measured maximal transport velocity of 3 cm/d, suggests that some
of the Eu was transported by preferential flow.

The observed rapid movement of Eu in the homogeneous Hanford Lysimeters was
caused by transient water flow near the soil surface. Based on the mechanistic laboratory
studies reported above, it is likely that the Eu colloids were mobilized and translocated
by moving air-water interfaces. The main peak of Eu, however, moved at slower rate,
consistent with long-term recharge.

3.6.2 Field-Scale Conceptual and Numerical Model for Colloid Mobilization and Transport

3.6.2.1 Motivation Mathematical models for colloid and colloid-facilitated transport
are typically based on the advection-dispersion equation (ADE). For non-steady state flow,
the ADE is usually coupled with the Richards equation describing water flow in variably-
saturated porous media. The ADE for colloid-facilitated transport includes specific re-
actions of contaminants and colloids with the solid-water and the air-water interfaces.
Alternatively, flow and transport can be modeled as two-phase flow (air-water), and a
number of multiphase flow codes are available, for instance, FLOTRAN, NUFT, STOMP,
and TOUGH2. These codes describe simultaneous flow of aqueous and gas phases under
gravity, capillary, and viscous forces.
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Figure 17. Scanning electron microscopy images of colloidal particles in wick outflow from

different times.
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Figure 18. Energy dispersive x-ray spectra (EDX) and corresponding TEM images of wick
outflow samples from (a) May 28, 2009, Lysimeter 1 (0.61-m depth), (b) June 18, 2009,
Lysimeter 1 (0.31-m depth). The Eu La-level emission line at 5.8 keV indicates the presence
of Eu. The large peaks for C, Ni, and Cu keV are from the microscopy stub.
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3.6.2.2 Materials and Methods The model PFLOTRAN was used to simulate col-
loid transport through the Hanford Vadose Zone at the 200 area. FLOTRAN is a reactive
flow and transport code that simulates two-phase (air and water) flow in variably saturated,
nonisothermal porous media. Flow is governed by gravity, capillary, and viscous forces, and
solves mass balance equations for water, air, and energy. The code handles multicompo-
nent reactive chemical transport involving aqueous, gaseous, and mineral species. Chemical
reactions include homogeneous aqueous speciation reactions, heterogeneous gaseous specia-
tion, mineral precipitation and dissolution reactions, ion-exchange, and sorption reactions.
The rates of mineral reactions are described through kinetic rate laws.

Colloid-facilitated transport is implemented in PFLOTRAN based on surface complex-
ation reactions at the colloid surface. Competition between mobile and immobile colloids
and stationary mineral surfaces is taken into account. Colloid filtration processes are not
currently implemented into PFLOTRAN. A colloid is treated as a solid particle suspended
in solution or attached to a mineral surface. Colloids may be generated through nucleation
of minerals in solution, although this effect is not included currently in the code.

Three separate competing reactions may take place involving mobile and immobile
colloids and mineral surfaces

>XP 4+ VA = > S (7a)
J

>X}j“+2y}‘,? ;= >5" (7b)
J

>Xi+ ) vpA = >S; (7¢)
J

for surface complexes >S5, >S™ and >S; and empty sorption sites >X >X™ >X™
where the superscripts s, m, and im denote mineral surfaces, and mobile and immobile
colloids, respectively. The species A; form a set of primary species in terms of which all
other reactions may be formulated. The corresponding reaction rates are denoted by 1",
I™ and I}, respectively. In addition, precipitation and dissolution reactions with minerals
M may occur with reaction rate I according to the reaction

Y vd = M. (8)
J

The transport equations for primary species based on Richards equation, mobile (m)
and immobile colloids (im), read

0 -
GV Ve = =Y RIE R Y vl = vids (9)
k s s
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0
=Sy + Vg5 = I, (10a)

ot
8 im im
S = (10b)
0
50 = I (10c)

In these equations g, denotes the colloid Darcy velocity which may be greater than the
fluid Darcy velocity g given by

Lk,
7= V(p—pgz), (11)

with permeability k, relative permeability k, a function of liquid saturation s;, pressure p,
fluid density and viscosity p, u, acceleration of gravity g, and porosity ¢. The quantities
\Ifé and Qé refer to the total concentration and flux of the jth primary species defined,
respectively, as

o= CL+ Y vl (12)

and
@ = (- DV, (13)

with diffusion/dispersion coefficient D. The total concentration and flux account for aque-
ous homogeneous reactions, assumed to obey conditions of local equilibrium, given by

ZVﬂAj — -Az (14)
J

The sorption reaction rates may be eliminated from the primary species transport
equations and replaced by sorbed surface complex concentrations to yield

0 L
En [@Sllpé' + Z (psivipSit + VRS + Z ijS,f;)}
k s

LV (Qg ta.y ujks;;l> = =S vl (15)
k s

This result is obtained by substituting the left-hand sides of Eqns.(10a)—(10c) for the re-
action rates. The mobile sorbed concentration appears in both the accumulation and flux
terms, unlike the immobile and mineral sorbed concentrations. This is because of the flux
term appearing in Eqn.(10a).

In the kinetic case either form of the primary species transport equations given by
Eqn. (9) or (15) can be used provided it is coupled with the appropriate kinetic equations
given by Eqns.(10a)—(10c).
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The mobile case leads to additional equations that must be solved simultaneously with
the primary species equations. A typical expression for I;”* might be
L = ke(Sy = S (16)
with rate constant kg and where S;. is a known function of the solute concentrations.
In this case, Eqn.(10a) must be added to the primary species transport equations.

Further reduction of the transport equations for the case where a flux term is present in
the kinetic equation is not possible in general for complex flux terms.

Sorption Isotherm: As follows from the mass action corresponding to the surface complex
reaction the equilibrium sorption concentration S;* is given by

WKL Q)

g% _ — 17
F 1+, KiQ 17)
and the empty site concentration by
w
ged —, 18
X 1+, KiQ 18)

for selectivity coefficients K}, and where the ion activity product )y is defined by
Qe = ] (Ci)™" (19)
J

The site concentration w satisfies the relation

w = Sx+ Y Sk (20)
k

and is constant.

Retardation: Under the special circumstances of a sufficiently dilute solution so that the
sorbed and aqueous concentrations can be treated as approximately constant, it is possible
to define a retardation coefficient R; as

1+ K™+ Km 4 K
R; = J ] 2 (21)
1+ f K

where f. = |g./q| > 1, and where the distribution coefficients K*, K™ and K7 are defined
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as

KJm - \I/l Zyjk k> (22&)
K™ = \Iﬂ Z i, grim, (22b)
K = Z oS, (22¢)

With these definitions the solute transport equations ignoring diffusion/dispersion take the

aa_\I:+V< ) Zujs . (23)

and is valid under the assumption that R; ~ constant.

form

Two limiting cases are of interest for Eqn.(21). In the absence of a mobile compo-
nent (K]m ~ 0), then R, reduces to the usual retardation coefficient based on sorption on
stationary mineral and colloid surfaces

Rj~1+ K™+ K >1. (24)
If, on the other hand, the mobile component is dominant, K" > K}m + K7, then

1+ K"

o~ I < 25
T4 f K T (25)

and the solute advances unretarded and possibly more rapidly than a non-reacting tracer.

3.6.2.3 Principal Results An example is presented in Figure 19 showing the effects
of competition between sorption on a stationary mineral surface and mobile and immobile
colloids for conditions of local equilibrium surface complexation reactions. The concentra-
tion profiles are compared to a non-sorbing tracer. A Darcy flow velocity of 1 m/y with
a porosity of 0.5 in a fully saturated porous medium is considered. A total surface site
density for colloids and mineral of 50 mol/dm? is used in the simulations with a colloid
concentration of 1077 mol/dm3. A single surface complex for colloids and a mineral is used
with the complexation reactions

>X+Aaq) = >XA, (26a)
>cX +Aaq) = >cXA, (26b)
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Figure 19. Normalized concentration plotted as a function of distance for a mineral sorbing
solute (blue), non-sorbing tracer (green), and colloid-facilitated species transport (red).

with selectivity coefficients of 107*. The species >cX and >cXA refer to colloids and >X
and >XA to the mineral. The simulations are carried out for 0.5 y.

As can be seen from the figure, the mineral sorbing solute is the most retarded and
retardation of the colloid-facilitated species is intermediate between no retardation and
retardation by the stationary mineral surface.
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The objective of this study was to quantify transport of Eu colloids in the vadose zone at the
semi-arid Hanford site (Washington State). Eu-hydroxy-carbonate colloids, Eu(OH)(CO3), were
applied to the surface of field lysimeters and migration of the colloids through the sediments was
monitored using wick samplers. The lysimeters were exposed to natural precipitation or artificial
irrigation. Wick outflow was analyzed for Eu concentrations and particle counts, supplemented
by electron microscopy and energy-dispersive x-ray analysis on selected samples. Small amounts
of Eu colloids (<1%) were detected in the deepest wick sampler (2.14 m depth) 2.5 months
after application and cumulative precipitation of only 20 mm. We observed rapid transport of
Eu colloids under both natural precipitation and artificial irrigation, i.e., the leading edge of the
Eu colloids moved at a velocity of 3 cm/day within the first two months after application. Large
water infiltration, mimicking Chinook snowmelt events in late winter/early spring, caused peaks
of Eu in the wick outflow. Elevated Eu concentrations were detected in 1.22 and 2.14 m depth 2.5
years after application, which is consistent with long-term recharge estimates at the site. However

the main mass of Eu remained in the top 30 cm of the soil.
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1 Introduction

The Hanford Nuclear Reservation in Washington State was established in 1943 as a Pu
production facility. The site lies within the Pasco Basin of the Columbia River and is char-
acterized by a semi-arid, Mediterranean climate. Between 1944 and 1990 more than 100,000
tons of nuclear fuel were reprocessed at Hanford, and a considerable amount of radioactive
and hazardous waste has been released to the subsurface sediments.!

Colloids are ubiquitous in the pore waters of vadose zone sediments and the movement of
colloids can facilitate the transport of sorbing contaminants.? In situ colloid mobilization and
transport has been investigated both under water-saturated®* and unsaturated conditions.>%
Colloid mobilization is generally hindered by increased ionic strength and low pH.” However,
in contrast to groundwater systems, in the vadose zone physical factors play a vital role in
colloid mobilization.®? For instance, transient flow conditions can cause colloid mobilization
within unsaturated porous media.®10:11

In arid and semi-arid regions such as U.S. Department of Energy’s Hanford site, it is
expected that colloid transport through the vadose zone is less pronounced than in more
humid regions. First, vertical water fluxes in arid and semi-arid regions are limited, and
recharge rates are low. Second, the low water contents of soils and sediments in arid and
semi-arid regions will limit colloid movement because the thickness of water films may be
thinner than colloids themselves, which leads to pinning of colloids to stationary soil particles
by capillary forces.'"'? However, during intense precipitation events, for instance caused by
thunderstorms or snowmelt, a considerable amount of water infiltrates into the soils within

a short period of time. This can cause a pronounced infiltration front, which in turn can

mobilize and move colloids. Moving infiltration fronts have been shown to mobilize colloids,
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both in laboratory column experiments*®!! and field studies.? 31

Due to their mobility in the vadose zone, colloids have the potential to facilitate the
transport of contaminants. Contaminants can either be sorbed to in situ colloids or form
colloidal particles themselves.?? Radionuclide contaminants tend to sorb strongly to soil
minerals and some radionuclides can form intrinsic colloids, i.e., form their own colloidal
phase.? Colloid-facilitated radionuclide transport is of particular concern at nuclear weapons
facilities and test sites. At the Nevada Test Site in the US'® and the Mayak Production Site in
Russia,'® colloid-facilitated radionuclide transport has been reported to have occurred under
water-saturated conditions, but there is currently no field evidence of such transport at the

semi-arid Hanford site; even though laboratory studies using Hanford sediments have shown

d17:18 19,20

colloid-facilitated transport of Cs under both saturate and unsaturated conditions.
At the Hanford site, colloid-facilitated radionuclide transport is of concern for elements
like Cs, Sr, Pu, Am, and Eu. While Cs and Sr can associate with native colloids present in

17221 glements like Pu, Am, or Eu can form intrinsic colloids.???3 Radioactive

the subsurface,
Eu and Pu are of concern in contaminated soils in the Hanford 100 Area?* and also occur in
waste tanks.?’

Although, climatic conditions and the thick vadose zone at Hanford are not conducive
for colloid movement in general, there are certain circumstances when colloid transport may
be occurring. At Hanford, most precipitation occurs during the winter months, and some of
the precipitation is in form of snow.?6 Warm, adiabatic winds descending from the Cascade
Mountains occur frequently during winter time. These winds, called Chinook, can cause
snow to melt within a short period of time, leading to considerable water infiltration into the

soils and sediments.?%2” In addition, numerous intentional (unlined ponds, cribs, trenches)

and unintentional discharges (spills, waterline leaks), exceeding normal recharge rates, have
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occurred at various locations at the Hanford site.! Under such conditions, colloid mobilization
and transport is likely.

Several field lysimeter stations have been installed and operated at the Hanford site to
study recharge, evapotranspiration, and mineral weathering.?®2? These lysimeters are excel-
lent tools to study colloid transport under field conditions. The objective of our study was
to quantify colloid transport under field conditions at the Hanford site using field lysimeters.
Eu-hydroxy-carbonate colloids were applied to the surface of field lysimeters, and the lysime-
ters were either exposed to natural precipitation or artificial irrigation. We hypothesized that
transient infiltration events are conducive for mobilization and transport of Eu colloids in the

near-surface vadose zone at Hanford.

2 Materials and Methods

Hanford Field Lysimeters. The study was conducted at the Hanford’s 300 North Lysime-

ter site. A detailed description of the facility is given elsewhere.30:3!

The facility consists of
six non-weighing lysimeters, each 7.6 m deep. Two of the lysimeters are 2.7 m in diameter
and four lysimeters are 0.6 m in diameter (Figure 1). The 300 Area Lysimeters were installed
in 1978 and all of them were kept free of vegetation for the past 34 years. These lysimeters
were filled with a uniform sandy layer consisting of Hanford sediments and had a 0.3 m thick
coarse sand layer at 5.7 m depth. The uniform sandy layer consists of 95% sand, 3% silt, 1%
clay, and 1% gravel defined as material between 2 and 10 mm.3? For our study, we used four
lysimeters: the South Caisson (SC) and Lysimeters 1, 2, and 3 (Figure 1).

Soil water content in each lysimeter from 0.3 to 7.6 m (1 to 25 feet) depth was periodically

monitored by using a neutron probe (Campbell Pacific Nuclear Corp., CA). The probe was
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inserted into the lysimeters vertically through aluminum access tubes (Figure 1).
We installed fiberglass wicks to collect pore water samples from the lysimeters under
unsaturated conditions. Fiberglass wicks have been found to be useful devices to collect

33,34 The wicks were installed into the lysimeters in horizontal

pore water and soil colloids.
orientation at 0.31, 0.61, 1.22 and 2.14 m (1, 2, 4, and 7 feet) depths. In Lysimeter 2, the
wicks were installed at 0.61, 0.92, 1.22 and 2.14 m (2, 3, 4, and 7 feet) depths, because the
access port at the 1-foot depth was inaccessible. A 50-cm long piece of the wicks, enclosed in
a PVC tube, was used as a hanging water column to provide tension for pore water sampling.
This tension matches the water potential in the lysimeters?® and therefore provides little
disturbance of the flow field. A screw cap of a 250 mL polypropylene bottle was glued to the
end of the PVC tube so that a sampling bottle could be attached to the end of the wicks for
outflow collection. A little hole was drilled into the screw cap to allow pressure equilibration.
When outflow was collected, the sampling bottles were always replaced with a new, unused
bottle.

The PVC tube along the hanging water column had an access port from which we could
pull out fibers from the wick to examine the wick quality over the course of the experiment.
Figure S1 (Supporting Information) shows an example of the fiber conditions in February 2010

and March 2012. The images show the smooth fiber surface covered with colloidal materials,

i.e., native soil minerals, like kaolinite and quartz. No clogging of fibers was observed.

Colloid Materials. Eu-hydroxy-carbonate colloids (Eu(OH)(COg)) were synthesized
in our laboratory as described in the supporting information. Europium is frequently used
as an analogue to study the geochemistry of radioactive actinides, such as Am(III), Cm(III),

and Pu(III).>*37 We used the Eu-hydroxy-carbonate colloids as a representative intrinsic
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radionuclide colloid. The standard solubility product of Eu(OH)(CO3) has been reported to
be log Ks, = —20,3 and the dominant species of Eu is expected to be solid Eu(OH)(CO3)
under the pH conditions of our experiments (pH 8 to 8.5).3%3% A flocculation test with
1 M CaCly and Eu colloids in a Hanford pore water sample verified that indeed all Eu was
present in the particulate phase.

The Eu particles showed some non-uniformity in their size distribution, with a mean and
standard deviation of the diameter of 108 + 17 nm (measured from TEM and SEM images,
Figure 2). The specific density of the particles was 8.78 g/cm? (theoretically calculated with
crystallographic unit-cell parameters obtained from XRD), the electrophoretic mobility was
—3.240.1 (um/s)(V/cm) (measured by dynamic light scattering at pH = 8 and 1 mM NaCl),
and the air-water contact angle was 64 degrees (measured by the sessile drop method using

a digital goniometer as described in Shang et al.%?).

Colloid Application and Irrigation Scenarios. Colloid suspension (number con-
centration: 4.1 x 10'® number/L; mass concentration: 237.7 mg/L) was transferred into a
backpack sprayer (Solo 3-Gallon Standard Piston Pump Sprayer, Gempler’s). We performed
initial uniformity tests in the laboratory by spraying water on a filter paper and collection
trays were used to determine the application rate. The colloid suspension was then manually
sprayed onto the lysimeter surface. A total of 3 mm of the suspension was applied to the
lysimeters on March 11, 2009.

Whereas the South Caisson Lysimeter was uncovered, receiving natural precipitation,
and allowing evaporation, Lysimeters 1, 2, and 3 were irrigated and then covered between

irrigations with a styrofoam-insulated plastic cap to minimize evaporation. Lysimeter 1

received an annual irrigation of 124 mm/year, which equals twice the 26-year average of the
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yearly drainage at the site.3? Lysimeter 2 was irrigated with four times the natural drainage,
and Lysimeter 3 received an additional 100 mm/year simulated Chinook snowmelt event
(Table 1).

Irrigation was performed with a movable sprinkler and started in April 2009. Irrigation
distribution and intensity were guided by the typical natural rainfall intensities recorded
at the Hanford Meteorological Station?® and the expected recharge. In the hot summer
months (June, July, August), no irrigation was applied, as the small amount of precipitation
during these months evaporates back into the atmosphere. We scaled the remaining irrigation
proportional to the long-term natural rainfall (Lysimeter 1), and used multifold irrigations for
Lysimeters 2 and 3 (Figure 3). The chemical composition of the irrigation water mimicked
that of the natural precipitation at the site (we collected and analyzed rain water from
the Hanford Meteorological Station in February 2009): 0.0527 mM Na*, 0.0417 mM K™,
0.017 mM Ca?*, 0.0434 mM C1~, 0.0395 mM NO3~. The pH was 6.4 and the ionic strength

0.1 mM.

Colloid Sampling, Characterization, and Quantification. Outflow pore water
from the fiberglass wicks was collected once a month by replacing the sample bottles. The
collected pore water was first sonicated for 5 minutes and then analyzed for outflow volume,
pH, electric conductivity, electrophoretic mobility, particle size, particle counts, and Eu mass
concentration. Electrophoretic mobilities and particle counts were measured by using dy-
namic light scattering (ZetaSizer 3000HSa, Malvern Instruments Ltd., Malvern, UK), and
repeated 5 times for each sample. Particle counts were only used as a qualitative indicator
for the presence of particles in the outflow. Selected samples were examined microscopically

using Transmission and Scanning Electron Microscopy, and Energy Dispersive X-ray Anal-
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ysis (JEOL 1200 EX Transmission Electron Microscope; Hitachi S-570 Scanning Electron
Microscope; Philips CM-200).

Vertical soil cores were collected on October 14, 2010 (1.5 years after start of the irriga-
tion) and March 23, 2012 to assess depth distribution of Eu. Three cores were taken from
each lysimeter from the surface to a depth of 30 cm in 5-cm increments. For the South Cais-
son, cores were taken with a 54-mm (i.d.) bulk density sampler (Soil Moisture Equipment
Co.). For Lysimeters 1, 2, and 3, soil cores with i.d. of 23 mm were taken. Europium was
extracted from the soil cores as described in the supporting information. No Eu was detected
in non-contaminated soil samples.

The amount of Eu colloids was quantified by measuring the Eu concentration in the
outflow samples or soil extracts. The pH of the samples was adjusted to pH below 3 by
adding HCI to dissolve the Eu particles. It is expected that Eu(OH)(CO3) will completely
dissolve below pH 5.5.3%3% Then an aliquot of the sample was filtered through a 0.22 pm
membrane. The acidified filtrate was then analyzed for Eu by using ICP-MS (Agilent 7700,
Quantum Analytics, Inc.). The detection limit for Eu analysis at the 99% confidence interval,
determined from blank samples,*! was 0.37 pg/L. The measured concentration of dissolved
Eu is used as a proxy for the Eu colloids, and we hereafter report only the Eu concentrations.
The wick samples are presented as mass of Eu per volume of outflow water, and the soil core

samples are presented as mass of Eu per volume of bulk soil.

3 Results

Precipitation, Irrigation, and Wick Outflow. Figure 3 shows the daily natural precip-

itation and the irrigation from January 2009 to March 2012 for each of the lysimeters. The
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daily precipitation (South Caisson) was taken from the Hanford Meteorological Station?® and
the irrigation (Lysimeters 1, 2, 3) was measured when it was applied. The natural precipi-
tation occurred in much greater frequency than the irrigation, but the seasonal pattern was
similar, although not identical, because the irrigation was based on the long-term precipita-
tion record. The Chinook events applied to Lysimeter 3 are indicated by arrows. In 2009,
the Chinook simulation was applied on two separate days. The total application during a
Chinook event exceeded 100 mm because the Chinook was added to the regular irrigation in
that month.

The cumulative outflow collected from each wick sampler is shown in Figure S2 (Sup-
porting Information). The fiberglass wick samplers performed well in collecting soil waters
at different depths for all the lysimeters; i.e., all wicks collected outflow. Compared with the
cumulative inflow, the wicks collected generally less water; however, in some cases the wick
outflow exceeded the inflow. Particularly, the 0.92 m (3 feet) wick in Lysimeter 2 was efficient
in collecting outflow, exceeding the inflow by more than a factor two.

For the South Caisson, the top two wicks consistently collected less outflow than the
bottom two wicks, which we attribute to evaporation from the soil surface affecting the top
most wicks. The wick outflow in the South Caisson and Lysimeter 1 were similar, although
the cumulative inflow was much larger for the South Caisson. This was because Lysimeter 1
had a cover to prevent evaporation and the irrigation was based on long-term drainage rates.

Our data indicate that we indeed could mimic the long-term drainage.

Colloid Transport in Lysimeters. Figure 3 shows the Eu concentrations measured
in the wick outflow (as a proxy for the Eu colloids). Particle counts and electrophoretic

mobilities are shown in Figure S3 (Supporting Information). Europium was applied to the
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lysimeters on March 11, 2009 (Julian day 70, indicated by the vertical arrow), and first outflow
samples were collected on May 18, 2009 (Julian day 138). Europium was detected in all four
lysimeters on the first sampling date. The upper wick samplers (0.31 and 0.61-m depth) had
higher Eu concentrations than the lower wicks (1.22 and 2.14-m depth). Following the first
detection of Eu, there was a continuous outflow of Eu in all lysimeters, with Eu concentrations
less than 40 pg/L. Europium concentrations in outflow waters were generally larger in the
irrigated lysimeters than in the non-irrigated South Caisson.

While the Eu data for the South Caisson did not show a clear breakthrough pattern,
we did detect Eu peaks in the irrigated lysimeters (Figure 3). Lysimeter 1 shows a Eu
peak on June 29, 2009 (Julian day 180) at 1.22-m depth and on July 16, 2009 (Julian day
197) at 2.14-m depth. Similar patterns could be observed for Lysimeter 2 and 3. A second
peak of Eu could be detected in Spring 2010 in all lysimeters, consistent with the elevated
precipitation and irrigation during the preceding winter season. The Chinook events in
Lysimeter 3 caused pronounced water infiltration and produced Eu peaks in the wick outflow,
particularly in 2009. In 2010, the topmost wick (0.31 m) showed elevated Eu concentrations
as a result of the Chinook event; correspondingly, there were increased particle counts in the
wick outflow. In Fall/Winter 2011, large Eu peaks were detected in Lysimeters 1, 2, and 3.
The Eu concentrations in the wick outflow were several orders of magnitude larger than the
previous concentrations, particularly in Lysimeters 1 and 3. No elevated Eu concentrations
were observed in the non-irrigated South Caisson though.

The particles in the wick outflow had electrophoretic mobilities between —0.5 to —3
(um/s)/(V/cm) (Figure S3, Supporting Information). At the pH of the wick outflow (pH 8.2
to 8.5), measured electrophoretic mobility of the water-dispersible, native colloidal fraction

of the Lysimeter sediments was —2.5 (um/s)/(V/cm), and that of the Eu colloids was —3.2
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(pm/s)/(V/cm). This indicates that the outflow samples contained native colloidal material
from the sediments, although the electrophoretic mobility data of the outflow samples have
to be regarded as qualitative only, because the particle counts were very low most of the time.
SEM images of wick outflow reveal native colloidal materials (platy clay minerals, Figure 4a)
as well as spherical particles (Figure 4b), which we identified as Eu colloids with the help of
energy-dispersive x-ray analysis (Figure S4, Supporting Information).

Soil cores from the top 30-cm of the lysimeters, taken on October 14, 2010 (Julian day
652), indicated that most of the Eu was located in the top 10 cm of the soil (Figure S5,
Supporting Information). There was considerable variance in the amount of Eu recovered
from the individual soil cores, which we attribute to analytical uncertainties and spatial
non-uniformity of the Eu distribution inside the lysimeter. A t-test showed no significant
differences between the mass recoveries of the soil cores (at a significance level of 5%), except
between Lysimeter 1 and 2. In the South Caisson, most of the Eu was located in 0 to 5-cm
depth, whereas in the other lysimeters, most of the Eu was in the 0 to 10-cm depth interval.
Another set of soil cores taken on March 23, 2012, showed that the bulk of the Eu was still
located in the top 30 cm of the soil (Figure S5, Supporting Information) and the variance of
the amount of Eu recovered was similar to the first sampling date. The t-test indicated no

significant differences among the lysimeters with respect to the mass recovery.

Water Contents. The South Caisson, which was exposed to atmospheric conditions,
had considerable fluctuations of the water contents in the top 2 m (Figure S6, Supporting
Information). These fluctuations were caused by seasonal changes in precipitation and evap-
oration. Infiltration of precipitation, as observed in late spring, penetrated to about 2-m

depth. Below 2-m depth, the water content in the South Caisson represents the long-term
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steady-state condition.

The irrigated lysimeters (Lysimeter 1, 2, and 3) showed a distinct infiltration front caused
by the winter irrigation (Figure S6, Supporting Information). The infiltration front became
most pronounced in spring 2010, and the penetration depths of the fronts corresponded to the
amount of cumulative irrigation in each lysimeter: 2.5 m in Lysimeter 1 (120 mm infiltration
until March 2010), 3.5 m in Lysimeter 2 (242 mm infiltration), and 4 m in Lysimeter 3 (342

mm infiltration).

4 Discussion

Eu Colloid and In Situ Particle Transport. Electrophoretic mobility data and elec-
tron microscopy images indicate that wick outflow consisted of both Eu colloids and native
particles from the sediments. Given the rather small difference in electrophoretic mobility,
we conclude that the Eu colloids and native particles were translocated individually, but

via similar transport mechanisms. Movement of native particles along with radionuclide col-

41516 17-20

loids has been reported from other fiel and laboratory studies and is therefore not

unexpected.

Total Amount of Eu Colloids Translocated. There were considerable differences
in the amounts of Eu collected in the different wicks (Table 2). This was in part due to
considerable variability in collection efficiencies for water outflow among the wicks. This
different collection efficiency is likely because of non-uniform contact of the wicks with the
surrounding soil or non-uniform flow pathways in the lysimeters. Generally, the wicks that
showed larger amounts of Eu outflow also had higher water outflows (Table 2). The two

topmost wicks in the South Caisson were affected by evaporation, and collected less outflow
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than the two bottom wicks and the least amounts of Eu. Over the experimental period,
much more Eu was recovered from the soil cores (61 to 112%) than from the wick outflow
(0.02 to 11%). This suggests that only a small fraction of Eu colloids was mobilized by the
precipitation and irrigation events into deeper soil depth, and the bulk of Eu remained close
to the soil surface.

Such significant retention of colloids and radionuclides in the surface soil was also seen
in other field studies. From a field study in Rocky Flats, CO, Ryan et al.’ reported that Pu
transport was largely confined to the upper 15 to 20 cm of the soil. Plutonium was associated
with soil particles and possibly also transported as an intrinsic colloid.® Similarly, Crancon

1.42 reported that several years after surface contamination with U, only a small fraction

et a
of U moved farther than 20 cm, and this fraction was associated with water-dispersible humic
colloids. Burkhardt et al.*3 found surface applied polystyrene beads to be mainly confined

to the soil surface after 100 mm of rainfall simulation, with only a small fraction detected in

deeper layers.

Eu Colloid Transport and Irrigation Patterns. Within the first two months after
Eu application, the lysimeters (South Caisson, Lysimeters 1, 2, 3) received a total of 20, 29,
57, and 159 mm precipitation/irrigation, respectively. All lysimeters contained Eu in the
pore water at all sampling depths at the first sampling date; however, the concentrations
of Eu were larger in the irrigated Lysimeters 1, 2, and 3 than in the non-irrigated South
Caisson. While it is generally observed that increasing water content or flow rates lead to

10,13,20,44,45 i1y gome field studies

more colloid mobilization, particularly in laboratory studies,
a poor correlation between rainfall intensity and colloid transport was reported.>*® Under

field conditions, non-uniform flow pathways such as macropore flow can cause exhaustion of
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dispersible particles moving with the infiltration water.*”
Transient flow has been recognized as a major driver for colloid mobilization and trans-

t,511:2047 and our results indicate that transient natural precipitation or irrigation causes

por
colloid transport. Extended dry periods between infiltration events have also been found
to promote colloid mobilization by inducing physical strains on soil particles during drying
which leads to an increase in dispersible particles.*” At the Hanford site, the extensive dry

period during summer is likely conducive for colloid mobilization during the following wet

winter period.

Mechanisms of Eu Colloid Transport. Most of the Eu peaks were observed from
2009 to 2010 (Julian day 138 to 500). Afterwards, the Eu concentration curves tailed off
except for several larger peaks during winter 2011. In previous field studies, similar patterns
of tailing off of colloid concentrations have been reported.®!34849 Although the experimental
time and irrigation frequency of those studies were not as long or as often as in our study, in
general, the first flush or initial infiltration event led to the highest colloid release followed by
a lower, more stable colloid release. We attribute the large peaks during winter 2011 to the
movement of Eu with matrix water flow, as the transport velocity for these large peaks (0.12
to 0.22 cm/d) is consistent with the long-term recharge estimates at the Hanford site.?8:30:32

Although Eu colloids had a negative surface charge, the bulk of the Eu was retained
in the top 30-cm of the soil. Such pronounced surface retention in field experiments has
also been reported for negatively-charged polystyrene colloids.*® DLVO calculations (using
measured surface properties and solution chemistry and the DLVO theory described in Shang

et al.!!) indicate that our Eu colloids would not be attracted to the solid phase, as there was

a repulsive energy barrier of more than 100 kT. Colloids were therefore retained most likely
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50,51 12

by straining or wedging, as well as trapping in water films. Temporarily retained
colloids can be later dislodged and mobilized with increasing water content, moving air-water
interfaces, and re-connected water paths.

The observed rapid movement of Eu in the Hanford Lysimeters was likely caused by
transient water flow or preferential flow near the soil surface. Small amounts of Eu colloids
could be translocated by natural precipitation and irrigation to a depth of 2.14 m within
2.5 months. This corresponds to an overall colloid transport velocity of 3 cm/d. This ve-
locity suggests that some of the Eu was transported by preferential flow. Based on a review
of field experiments where preferential flow was reported, Nimmo®? deduced a maximum
velocity of 8 cm/d (geometric mean) for the case of intermittent infiltration. Velocities of
2 to 40 cm/d for preferential flow of colloids has been reported from a field study where
polystyrene colloids were applied to the surface of an agricultural soil followed by simulated
rainfall irrigation.*3 Although not directly comparable, our measured velocity lies within the
same order of magnitude as those reported from other field experiments where preferential
flow was inferred.5?

Based on mechanistic laboratory studies, it is likely that the fast moving Eu colloids
were mobilized and translocated within preferential flow pathways by moving air-water in-

20,53-5T7 Moving air-water interfaces have been demonstrated to be very effective in

terfaces.
mobilizing and translocating colloids from surfaces,?**®59 flow channels,®”%° and porous me-

dia.?9%3 Repeated infiltration events, such as the ones experienced in our field experiment,

will likely cause colloid mobilization and translocations via air-water displacement fronts.

Implications for Colloid Transport and Mobilization at Hanford Site. Our

results demonstrate that under field conditions with transient flow, colloid mobilization and
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transport occurred in Hanford sediments. Small amounts of Eu colloids could be translocated
by natural precipitation or irrigation to a depth of 2.14 m within 2.5 months, corresponding
to an overall colloid transport velocity of 3 cm/d. Estimates of recharge at the Hanford site

3

28:30.32 Considering a volumetric water content of 0.1 m?/m?,

range from 1 to 100 mm/year.
the recharge estimates translate to a pore water velocity of 1 to 100 cm/year (equal to 0.003
to 0.3 cm/d), which is considerably slower than what we observed based on the fast Eu
transport. This indicates that the near surface transport of a portion of Eu can be rapid,
exceeding recharge-based velocity estimates by more than a factor of ten. While a small
portion of Eu colloids moved rapidly by preferential flow, a larger peak of Eu, however,
moved at slower rate, consistent with long-term recharge.

While semi-arid conditions in general are not conducive for colloid transport, the dry
summer and wet winter climate at the Hanford site leads to infiltration fronts that penetrate
the soil to several meters. These infiltration fronts with their associated moving air-water
interfaces provide a means for mobilization and transport of colloids in the near-surface vadose

zone.

Supporting Information Available

Supporting information include details on colloid synthesis, Eu extractions, images of fiber-
glass wicks, time series of wick outflow, energy-dispersive x-ray spectra, concentration-depth
profiles of Eu in lysimeters, and water content profiles for each lysimeters. This information

is available free of charge via the Internet at http://pubs.acs.org.
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Table 1. Irrigation scenarios for the different lysimeters.

Lysimeter Diameter Cover Natural Rainfall Irrigation
(i) (mm /year)
South Caisson 1.35 no natural rainfall none
Lysimeter 1 0.3 yes® none 124°
Lysimeter 2 0.3 yes none 248
Lysimeter 3 0.3 yes none 248 4 100°

¢ Lysimeters 1-3 were covered all the time, except when irrigation was applied.
b 26-year average natural drainage rate is 62 mm/year.

¢ Simulates a 100 mm Chinook snowmelt event, applied in spring.
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Table 2. Cumulative outflow of europium (in % of the amount of Eu applied) and water (in
mm) at each sampling depth from May 28, 2009 to March 23, 2012. Values are scaled by

wick collection area to represent the entire lysimeter cross-section.

Lysimeter Depth  Cumulative Eu Outflow Cumulative Water Outflow
(m) (%) (mm)
South Caisson  0.31 0.02 223
0.61 0.02 98
1.22 0.10 518
2.14 0.10 417
Lysimeter 1 0.31 5.20 379
0.61 3.62 120
1.22 10.87 350
2.14 10.03 529
Lysimeter 2 0.61 0.07 233
0.93 0.54 1674
1.22 0.33 239
2.14 0.04 109
Lysimeter 3 0.31 0.23 528
0.61 0.28 637
1.22 2.06 312

2.14 0.06 195
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(b) Top View

North Caisson Lysimeter
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Lysimeter 1

Instrumentation

Lysimeter 2

South Caisson Lysimeter

Figure 1. Schematic of Hanford’s 300 North Lysimeter site. Only the South Caisson, Lysime-

ter 1, Lysimeter 2, and Lysimeter 3 were used in our experiments. (Note that in Lysimeter 2,

the wick samplers were placed at 0.61, 0.93, 1.22, and 2.14 m.)
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(a) (b)

500 nm 500 nm

Figure 2. Electron microscope images of Eu-hydroxy-carbonate colloids applied to the field

lysimeters: (a) TEM and (b) SEM images.
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Figure 3. Time series of precipitation and Eu concentration in wick outflow (mass of Eu per
volume of outflow solution) for each of the lysimeters (a to d). Inserts show full-scale of Eu
peaks observed in Fall/Winter 2011. Note the different scales of the y-axis in Lysimeter 3

(precipitation) and Lysimeters 1 and 3 (inserts). (this is a color figure)
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Figure 4. Scanning electron microscopy images of colloidal particles in wick outflow from
May 28, 2009. (a) Platy clay minerals from Lysimeter 2, 0.61-m depth, (b) Eu colloids from

South Caisson, 1.22-m depth.
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—Supporting Information—

Transport of Europium Colloids in Vadose Zone Lysimeters at the Semi-Arid

Hanford Site

Ziru Liu®, Markus Flury®*, Z. Fred Zhang®, James B. Harsh®, Glendon W. Gee®, Chris

E. Strickland®, Ray E. Clayton®

@ Department of Crop and Soil Sciences, Washington State University, Puyallup, WA 98374,
USA

b Pacific Northwest National Laboratory, Richland, WA 99354, USA

¢ Department of Crop and Soil Sciences, Washington State University, Pullman, WA 99164,

USA

Supporting information include details on colloid synthesis, Eu extractions, images of
fiberglass wicks, time series of wick outflow, energy-dispersive x-ray spectra, concentration-
depth profiles of Eu in lysimeters, and water content profiles for each lysimeters. This infor-

mation is available free of charge via the Internet at http://pubs.acs.org.



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

33

S1 Colloid Synthesis

Eu-hydroxy-carbonate colloids (Eu(OH)(COs3)) were synthesized in our laboratory accord-
ing to procedures described by Matijevic and Hsu®!' with some modifications outlined be-
low. A 6 x 1073 M europium stock solution was prepared by dissolving europium chloride
(EuCls-5H20) in double-distilled water, and then passed through a 0.2 pm filter. The fil-
tered solution was mixed with 1.5 M urea and small amounts of acid (7 x 10~* M HNOj3 and
2x 107* M H3S0y,) in a 750 mL Pyrex bottle to adjust the pH to 5.1. The bottle was heated
in a microwave oven for about 2 min to a solution temperature of 85°C, and then put into an
ice bath to stop colloid formation. After cooling, the suspension was immediately dialyzed to
an electrical conductivity of 0.05 dS/m using dialysis tubing (Spectra/por, 45 mm, MWCO
of 12,000-14,000). The Eu-hydroxy-carbonate colloids were suspended in an aqueous solu-
tion containing 2% Liquinox with pH 7.5 and electrical conductivity of 140 uS/m. Liquinox
was used to better disperse the particles in the stock solution. We assume that dilution
and washing of the particles by precipitation and irrigation would remove Liquinox from the
surfaces shortly after application to the Lysimeters. If the Liquinox did remain, it would be
expected to modify particle behavior; however, because the experiment did not require that
the particles consist of a clean mineral surface, this would not affect our interpretation of
results. After application to soil, any particle is likely to acquire organic surfactants from
natural organic matter that would modify surface properties.

The concentration of Eu colloids in the stock solution was 237.7 mg/L (measured gravi-
metrically by drying an aliquot), corresponding to a particle number concentration of 4.1 x
10'3 number /L (calculated based on average colloid diameter of 108 nm and specific density

of 8.78 g/cm?). The concentration of Eu itself in this suspension was 157.7 mg/L (calculated
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based on Eu colloid mass concentration and the molecular weight of Eu(OH)(CO3)).

S2 Wick Installation

The fiberglass wicks (12.5 mm diameter, Catalog no. 1381, Peperell, MA) were pre-treated
and cleaned using the procedures described in Czigany et al..33 The wicks were then mounted
onto a cut-open PVC tube (3/4 inch or 19.05 mm i.d.), and the wicks were folded once to
provide better contact with the surrounding soil when installed. The exposed lengths of
the wicks in contact with the soil were 0.56 m for the 2.7 m diameter lysimeter and 0.2 m
for the 0.6 m diameter lysimeter. The wicks were installed into the lysimeters in horizontal
orientation by drilling a 25.4 mm access hole, and manual insertion of the wick-mounted PVC
tube. The exposed cross-section of the wicks was used to calculate the flux of water and Eu

colloids.

S3 Extraction of Eu from Sediments, Mass Recovery and Flocculation Experi-

ment

Lysimeter Soil Cores: The soil cores taken from the field lysimeters were dried at 105°C
and then thoroughly mixed. An aliquot of 4 grams of sediment was then extracted for Eu
using a 1:5 wt/wt solid:liquid ratio. The extraction solution was deionized water adjusted to
pH 1 by adding HCI. Europium colloids will dissolve at this pH. After 24 hours of reciprocal
shaking, the samples were centrifuged at 22,100 RCF for 25 min, the supernatant filtered
through a Nr. 42 Whatman Filter paper, and the filtrate analyzed for Eu by ICP-MS (Agilent
7700, Quantum Analytics, Inc., CA).

Mass Recovery Testing: Four grams of uncontaminated Hanford sediments, taken

adjacent to the lysimeters and oven-dried at 105°C, were spiked with 1 mL of stock solution
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of Eu colloids mimicking the application of Eu colloids in the field experiment. After 24
hours of incubation at room temperature, the sediments were shaken with a HCI solution
(pH 1) at a solid:liquid ratio of 1:5 for 24 hours. Then the samples were centrifuged at 22,100
RCF for 25 min. The pH of the supernatant was checked and found to be below pH 2. The
supernatant was then filtered through a 0.45 pm syringe filter and analyzed for Eu with
ICP-MS (Agilent 7700, Quantum Analytics, Inc., CA). The Eu recovery was then calculated
based on mass balance. The mass recovery for Eu was 87 4+ 5%. We also verified the Eu
extraction rates for longer incubation times. For that purpose, 30 g of sediment was placed
into a 5-cm diameter soil can and spiked with 5.77 mL of Eu stock solution, mimicking a
3-mm application of stock solution of the field experiment. After 1 day, 1 week, and 1 month,
Eu was extracted at a 1:5 solid:liquid ratio, and Eu quantified as stated above; the mass
recoveries were 72 + 5%, 122 + 14%, and 123 4+ 5%, respectively.

Flocculation Experiment: Five outflow samples with high Eu concentrations were
used in a flocculation experiment to check whether Eu was present as a dissolved phase. We
added CaCly as flocculant to 10 mL of outflow sample (CaCly in the samples was 1 M).
Then the samples were shaken and placed in a sample holder for sedimentation for 24 hours.
The supernatant was then filtered through a 0.1 pm syringe filter and analyzed for Eu with
ICP-MS (Agilent 7700, Quantum Analytics, Inc., CA). No Eu should be detected, indicating

that there was no Eu in the dissolved phase.
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10 pm 10 pm

Figure S1. Scanning electron microscope images of fiberglass wicks taken from intact wick
braids at the hanging water column section of the wicks. Fibers were pulled off the wick
braids with clean tweezers on February 23, 2010, from (a) Lysimeter 2, 0.93-m depth, (b)
Lysimeter 3, 0.31-m depth; and on March 23, 2012, from (c¢) South Caisson, 0.31-m depth

and (d) South Caisson, 0.61-m depth.
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d). Note the different scales of the y-axis in Lysimeter 3 (precipitation). The volume of the

outflow water (mL) was converted to a corresponding water flux (mm) by dividing by the

exposed area of the wicks (diameter of the cut-open PVC tube times the length of the wick)

in the lysimeter, so that inflow and outflow fluxes can be compared.
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Figure S3. Time series of particle counts (kilocounts per s) and electrophoretic mobility of
colloids in wick outflow. The data contain gaps, which are indicated by the broken lines and
missing data points. These data gaps correspond to none or non-sufficient outflow collected
from the wicks, so that no Eu and particle counts could be measured (particle count mea-
surements were discontinued in January 2011 due to instrument failure). (this is a color
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(b)

10 12 14 16

Figure S4. Energy dispersive x-ray spectra (EDX) and corresponding TEM images of wick

outflow samples from (a) May 28, 2009, Lysimeter 1 (0.61-m depth), (b) June 18, 2009,

Lysimeter 1 (0.31-m depth). The Eu La-level emission line at 5.8 keV indicates the presence

of Eu. The large peaks for C, Ni, and Cu keV are from the microscopy stub. Arrows indicate

the location of the center of the x-ray beam.



40

—
£
) :
B 20/ |
F) 20 —=— October 14, 2010 59 +30% 204, —s— October 14, 2010 105 + 8%
(m) —o-—March 23,2012 61 23% : —o-March 23,2012 93%7%
254 254,
g South Caisson & Lysimeter 1
30 . : : : 30 . : : :
5 10 15 20 25 0 5 10 15 20 25
0 0
—_ — o
g 10 10+
e :
- 15 154 )
roy j
[} 20 14 —=— October 14,2010 73 8% 20+ —=— October 14, 2010 84 +27%
o Y o March 23,2012 112 £34% 19 ~o-—-March 23,2012 88x9%
25| | 254
Lysimeter 2 Lysimeter 3
30 ysime 30 Lysime

0 5 10 15 20 25 0 5 10 15 20 25
Eu Concentration (mg/dm3) Eu Concentration (mg/dm?3)

Figure S5. Depth profiles of Eu concentrations (mass of Eu per volume of bulk soil) in the
top 30 cm of the lysimeters on October 14, 2010 and March 23, 2012. Error bars denote +
one standard deviation based on three soil cores in each lysimeter. The percentage numbers
represent the total amount of Eu present in the top 30 cm as percentage of the amount

initially applied to the lysimeter surfaces.
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Abstract. The semi-arid US DOE Hanford site has a deep vadose zone with low recharge
rates. Contaminants originating from nuclear waste processing are expected to move slowly
through the vadose zone. The movement of certain contaminants can be facilitated by
colloids. We hypothesized that the low recharge rates and low water contents in semi-
arid regions, however, tend to inhibit movement of colloidal particles, thereby reducing the
risk for colloid-facilitated contaminant transport. The goal of this study was to investigate
whether in situ natural colloids can be mobilized and transported in undisturbed, deep vadose
zone sediments at the Hanford site under typical, semi-arid recharge rates. We sampled
an undisturbed sediment core (50-cm i.d., 59.5-cm height) from a depth of 17 m below
ground at the Hanford 200 Area. The core was set up as a laboratory lysimeter and exposed
to an infiltration rate of 18 mm/year by applying simulated pore water onto the surface.
Particle concentrations were quantified in the column outflow, and selected samples were
examined microscopically and for elemental composition (TEM and EDX). Measured water
contents and potentials were used to calibrate a numerical model (HYDRUS-1D), which was
then applied to simulate colloid mobilization from the sediment core. During 5.3 years of
monitoring, natural colloids like silicates, aluminosilicates, and Fe-oxides were observed in
the core outflow, indicating the continuous mobilization of in situ colloids. The total amount
of particles mobilized during 5.3 years corresponded to 0.5% of the total dispersable colloids
inside the core. The fitted colloid release rate coefficient was six to seven orders of magnitude
smaller than coefficients reported from previous studies, where disturbed Hanford sediments
and higher flow rates were used. Our findings demonstrate that even under low recharge
rates and water contents typical for semi-arid, deep vadose zone sediments, particles can

continuously be mobilized, although the total mass of particles is low.
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1 Introduction

The US Department of Energy Hanford site served as a Pu processing facility from 1934
to 1989. During the decades of Pu production, large amounts of radioactive nuclear waste
(including Cs, Am, U) were generated. Considerable amounts of the nuclear waste were
directly discharged to the ground, while much of the highly-radioactive waste was stored in
massive tanks buried below ground surface [Gephart, 2003].

Leakage from those waste tanks has been confirmed first in 1959 [Zachara et al., 2007].
Radioactive isotopes of elements like Cs, Sr, Tc, Pu, and Am were detected in the tank
wastes from three of the Hanford site’s largest tanks SX-108, BX-102, and T-106 [Jones
et al., 2000a; Jones et al., 2000b; Jones et al., 2001]. Leaked tank wastes reacted with
the surrounding sediments, causing dissolution and precipitation of minerals [Mashal et al.,
2004; Mashal et al., 2005a; Mashal et al., 2005b; Deng et al., 2006]. The more mobile tank
contaminants, such as anionic 99TCOZ, CrO?[, and U(VI), have been reported to migrate to
groundwater at the Hanford site [Knepp, 2002b; Knepp, 2002a; Myers, 2005]. Less mobile
contaminants, such as cationic radionuclides, potentially can be transported via colloidal
particles [Zhuang et al., 2003; Chen et al., 2005; Cheng and Saiers, 2010].

Many radionuclides are not very mobile due to adsorption reactions on sediment surfaces
or precipitation in relatively insoluble solid phases. However, when the associated solid
phase falls in the colloidal size range, particle transport can be an important mechanism of
subsurface contaminant transport [McCarthy and Zachara, 1989; Honeyman, 1999]. Colloid
and colloid-facilitated radionuclide transport has been intensively investigated at the Hanford
site [Flury et al., 2002; Cherrey et al., 2003; Zhuang et al., 2003; Zhuang et al., 2004; Chen

and Flury, 2005; Chen et al., 2005; Czigany et al., 2005a]. These studies showed that both



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

native and neo-formed colloids can facilitate the migration of radionuclides such as '37Cs,
and that colloid-facilitated transport can occur under both saturated and unsaturated flow
conditions. Decreasing water content has been shown to lead to reduced colloid transport
as colloids are trapped in water films. However, transient flow conditions can lead to more
colloid mobilization caused by moving air-water interfaces, which can scour colloids from
surfaces [Saiers and Lenhart, 2003; Zhuang et al., 2007; Shang et al., 2008; Aramrak et al.,
2011].

The Hanford site is characterized by a Mediterranean, semi-arid climate [Harvey, 2000].
In this climate, while winter precipitation causes substantial water infiltration near the soil
surface, deep recharge rates are low [Hsieh et al., 1973; Gee, 1987; Gee et al., 1992b; Gee
et al., 1994; Gee et al., 2005b]. Using different methods to estimate recharge rates (lysimeters,
chloride mass balance), Gee and co-workers have reported recharge rates ranging from near
zero to 100 mm/y [Gee et al., 1992a; Gee et al., 2005a]. Model simulations performed for
the Hanford tank farms showed that as recharge rate decreased (50 mm/y, 30 mm/y, and
10 mm/y), peak arrival time of contaminants was delayed and the peak concentration was
reduced [Khaleel et al., 2007].

Colloid and colloid-facilitated contaminant transport has been documented from labo-
ratory experiments using disturbed Hanford sediments [Cherrey et al., 2003; Chen et al.,
2005; Cheng and Saiers, 2010]. A lysimeter field study at the Hanford site showed that in
situ colloids and Eu could be transported from the soil surface down to 2.1 m depth within
2.5 months under natural and forced rainfall conditions [Liu et al., 2012]. While colloid and
Fu movement in this field study were likely caused by transients in the near-surface water

flow [Liu et al., 2012], under deep vadose zone conditions, with its steady-state, low recharge
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rate, colloid transport is likely less pronounced. No information, however, is available about
colloid movement in the deep vadose zone at Hanford.

Based on previous laboratory results obtained with disturbed Hanford sediments, we
know that colloid transport and mobilization is strongly impacted by water content or flow
rate—the lower the water content or flow rate, the less colloids leached from columns [Cherrey
et al., 2003; Chen et al., 2005; Shang et al., 2008]. Similar results were found in other porous
materials [Kaplan et al., 1993; Saiers and Lenhart, 2003; Gao et al., 2006]. Cumulative
amounts of colloids mobilized from packed Hanford sediments were about 50 times smaller
at a water content of 0.21 c¢cm3/cm?® than at 0.32 cm?®/cm? [Shang et al., 2008]. Colloid
breakthrough curves at a water content of 0.11 cm?/cm? not only showed 5 times smaller
peak concentration than at 0.4 cm®/cm3, but also considerable tailing [Cherrey et al., 2003].
These results suggest that colloid transport and mobilization under the low water contents
in the deep vadose zone at Hanford will be limited, but nonetheless possible.

The objectives of this study were to (1) test whether natural colloidal materials can be
mobilized and translocated under conditions typical for the deep vadose zone at the semi-arid
Hanford site, and (2) to quantify the extent of the colloid mobilization. We hypothesized
that under the low and steady-state recharge rate at the semi-arid Hanford site, colloid
mobilization and transport is limited, but nonetheless existent. We monitored water flow and
colloid transport using an undisturbed sediment core, collected from 17 m below ground at

the Hanford site, and mimicked the natural recharge under controlled laboratory conditions.
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2 Materials and Methods

2.1 Undisturbed Sediment Core

An undisturbed sediment core was collected on March 8, 2003 from the Hanford Environmen-
tal Restoration Disposal Facility (ERDF), which is located between the Hanford 200 West
and East areas (Figure 1). The core was taken from an uncontaminated layer of the sand-
dominated facies association of Hanford Formation sediments from a depth of 17 m below
ground surface (Figure 2a). A flat, horizontal bench of sediment was prepared by digging
into the slanted wall of the ERDF pit. Then an intact, undisturbed core sample was taken
by using a stainless steel cylinder (10 GA T-304, i.d. 50 cm, height 59.5 cm). A front-loader
with a 3-m wide bucket was used to push the cylinder into the sediments (Figure 2b). When
the core was completely inserted into the sediments, the sediments around the core were
excavated, and a bevelled stainless steel plate was pushed along the bottom of the core to
shave the core off the underlaying sediments (Figure 2c¢). About 17 liters of liquid nitrogen
were poured onto the surface of the core to freeze the top of the core to provide stability
for transportation. A wooden plate was tightened to the top of the cylinder, and the core
was moved to Washington State University (Figure 2d). Small cores (5.7-cm diameter Soil
Core Sampler, Soilmoisture Equipment Corp, Santa Barbara, CA) and bucket samples of
sediments were collected for bulk density and particle size analysis.

The core comes from the sand-dominated facies association of the Pleistocene Hanford
Formation sediments [Pace et al., 2003; Reidel and Chamness, 2007]. The sediments at
the sampling location had fine- and coarse-textured layers, and our core was sampled out

of a coarse-textured layer (Figure 2e). These coarse-textured sands consist mainly of illite,
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smectite, kaolinite, vermiculite, mica, quartz, feldspars, and pyroxene [Mashal et al., 2004].
The colloidal size minerals include smectite, kaolinite, illite, and quartz [Czigany et al., 2005b].
The bulk density of the sediments was 1.6 g/cm?, the porosity 0.396 cm?/cm?, and the sand,

silt, and clay fractions were 92%, 6%, and 2%, respectively [Shang et al., 2008|.

2.2 Experimental Setup

The sediment core in the stainless steel column was set up as a lysimeter (Figure 2f) in a
dark coldroom at 12.4 4+ 0.3 °C, corresponding to the long-term average air temperature at
the Hanford site [Hanford Meteorological Station, 2012]. We assume that the temperature
at 17-meters depth, where the core was taken, equals the long-term average air-temperature.
A schematic of the experimental setup is shown in Figure 3. Five porous cup tensiometers
(i.d. 0.6 mm, length 2.9 cm, Soil Moisture Equipment Corp.) and five, custom-made 3-rod
Time Domain Reflectometry probes (TDR, diameter of the rods = 2.5 mm, length of the
rods = 20 cm) were inserted into the column to monitor matric potential and volumetric
water content, respectively. The tensiometers and TDR probes were installed oppositely
at depths 9.5, 19.5, 29.5, 39.5, and 49.5 cm. The tensiometers were fitted with pressure
transducers (PX26, Omega Engineering, Stamford, CT) and connected to a data logger
(CR10X, Campbell Scientific Inc., Logan, UT). The TDR probes were connected to a TDR-
100 and a CR10X data logger (Campbell Scientific Inc.). Water potentials and water content
were monitored hourly. Tensiometers were calibrated with a hanging water column, and
periodic re-calibrations were made to correct for drift, and TDR probes were calibrated using
packed sediments with controlled water contents. Specific calibrations curves were developed

for each tensiometer and TDR probe.
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A Plexiglass plate, containing 12 sections fitted with porous membranes, was attached
to the bottom of the column. Each section had a drain connected to a Tygon tube, through
which a hanging water column could be applied. The membranes had a bubbling pressure
of 90 cm-H50O, corresponding to a pore size of 32 pum, which is big enough to allow colloidal
particles to pass through. Due to failure of the suction system of these membranes, we
installed a fiberglass wick (12.5 mm diameter, Catalog no. 1381, Peperell, MA) on June
30, 2010 at 3 cm above the bottom. The fiberglass wick was mounted on a cut-open PVC
tube (3/4 inch i.d.) and inserted radially through the entire diameter of the column. A
57-cm hanging piece of the wick provided tension for collecting outflow (Figure 3). Outflow
was collected in glass vials (from the 12 sections of the bottom plate), and in a 250-mL
polyethylene bottle (from the wick).

The entire column was placed on a load-cell (AL H22-1K, capacity 500 kg, resolution
100 g, Indiana Scale Co.) which was monitored daily. Two UV lamps (Spectroline X-Series,
254 nm, Spectronics Corp, New York) were positioned close to the column surface and turned

on three times a day for 60 minutes to prevent microbial growth at the surface.

2.3 Irrigation and Infiltration

The column was irrigated uniformly by using a peristaltic pump (Ismatec CP 78001-20,
Glattbrugg, Switzerland) and a sprinkler. The sprinkler consisted of 48 Teflon tube drippers
(Western Analytical, i.d. 0.15 mm) arranged in a uniform pattern. Irrigation started in July
2005 with a sprinkling rate of 100 mL/d, corresponding to an irrigation rate of 0.5 mm/d (=
182 mm/y). As this rate was too low for continuous irrigation, sprinkling was intermittent

(every 35 minutes we sprinkled for a period of 5 minutes). The irrigation water consisted of
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0.5 mM NaBr, 0.3 mM KCI, and 0.4 mM CaCls, adjusted to pH 8 with NaOH, to mimic the
chemical composition of Hanford pore water [Serne et al., 2002].

The irrigation rate was chosen to fall within the range of annual rainfall at the Hanford
site [Hanford Meteorological Station, 2012]. Based on the mass balance of the sediment
core, we determined the actual infiltration rate to be 0.05 mm/day (= 18.25 mm/y), which
corresponds to irrigation minus evaporation rates. This infiltration rate represents a low
recharge rate typical for the Hanford site; recharge rates have reported to range from 0 to
100 mm/y [Gee, 1987; Gee et al., 2005a]. First outflow from the column was observed in
March 2008. Outflow occurred from all of the outflow sections initially, but later on, several
sections ceased to yield outflow. Due to this inconsistent outflow pattern, we decided to
install a fiber glass wick in June 2010, which, after an initial spike of outflow, then collected

consistent outflow. The outflow was in steady-state after the wick was installed.

2.4 OQOutflow Characterization and Data Analysis

Column outflow water was analyzed for electrophoretic mobility (ZetaSizer 3000HSa, Malvern
Instruments Ltd., Malvern, UK), pH, electrical conductivity, and particle concentration
with UV/VIS absorbance at 280 nm (Ocean Optics USB4000-UV-VIS, Ocean Optics Inc.,
Dunedin, FL). Absorbance was translated to particle concentrations by using a calibration
curve developed from a colloid stock solution. The stock solution was obtained by leaching
a packed sediment column (i.d. 4.3 cm, length 22.5 cm) with five pore volumes of irrigation
solution under saturated conditions to dislodge mobile colloids. The mass of mobilized col-
loids was determined gravimetrically. The detection limit for the absorbance measurements

was 1.83 mg/L, determined following the procedure described in Skoog et al. [1996]. Selected
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outflow samples were analyzed by transmission electron microscopy (TEM) and energy dis-
persive x-ray analysis (EDX) (JEOL 1200 EX Transmission Electron Microscope; Philips
CM-200). For these microscopic measurements, the outflow samples were sonicated, and a
drop of solution was placed on a carbon-nickel microscopy stub and air-dried.

The hourly monitoring data for water potential and water content were averaged on a
daily basis, and the time series data then smoothed with a twenty-five point, second-order
Savitzky-Golay algorithm. This procedure eliminated noise from the data, but preserved the

general shape of the curves.

2.5 Water Flow Modeling

We used HYDRUS-1D (Version 4.14, Simiinek et al. [2009]) to analyze the water flow and col-
loid transport in our experiments. The unsaturated hydraulic properties were parameterized
by the van Genuchten-Mualem equations [van Genuchten, 1980]. The modeling domain was
discretized in 0.5-cm spaced nodes, with observation points selected at the position where
the sensors were installed. An additional observation point was located at the bottom of
the core. The initial condition was given in terms of the measured matric potentials at the
observation points, with linear interpolation between the points.

The upper boundary condition was selected as constant flow with the measured infil-
tration rate. In a previous study, we also modeled the water flow with a time-dependent
upper boundary condition, following the intermittent sprinkling, and we found no differences
compared with constant flow [Vogs, 2009]. The lower boundary was set as a seepage face
with a 2-cm HoO matric potential, which accounts for the resistance provided by the bottom

plate.
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The model was run in inverse mode to determine the unsaturated hydraulic properties
of the sediments. For the van Genuchten-Mualem model, we fitted the parameters a, n,
and K, with m = 1 — 1/n, for each of the observation nodes. The core was divided in 5
layers, each having distinct hydraulic properties in terms of the fitting parameters. Residual
and saturated water contents (6, and 65) were fixed according to measured values, as was
the parameter [ = 0.5. Initial values for the parameter estimation were chosen from Vogs
[2009]. Parameters were then determined by inverse modeling using the Levenberg-Marquardt
algorithm with data from the beginning of the irrigation until day 1400, the time period for
which we had continuous data for matric potential and water content. Water content and
water potential data were weighted by their respective standard deviations as implemented

in HYDRUS-1D.

2.6 Colloid Transport Modeling

For the colloid transport modeling, we assumed that the pool of the colloids is initially
uniformly distributed within the core and that the colloids are initially attached to the sta-
tionary sediments. We further assumed that, as water flows through the core, colloids can be

mobilized by a first-order kinetic colloid release [Shang et al., 2008]:

oC  pdS _ &*C_ J,oC

o oo P00 0n @
oS
=65 @

where C represents the colloid concentration suspended in the aqueous phase (mg/cm?),

S is the colloid concentration attached to the sediments (mg/g), ¢ is time (day), p is the
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bulk density (g/cm?), z denotes the coordinate parallel to the flow direction (cm), and J3
is the first-order colloid release rate coefficient (d=!). A zero flux condition was used at
the upper boundary (J,C(0,t) = 0) and a zero-gradient was used at the bottom boundary
(0C/0z = 0). The amount of colloids present in the column for mobilization were C(z,0) =0
and S(z,0) = Sy, where Sy was determined by leaching a packed sediment column as described
in Section 2.4. We consider that reattachment of colloids after release is considered negligible.

The transport model (Equations 1 and 2) was coupled with the water flow model de-
scribed above within HYDRUS-1D. Simulated cumulative colloid outflow from the model was
fitted to the experimental colloid outflow data by adjusting the first-order colloid release rate

coefficient .

3 Results and Discussion

3.1 Water Potentials, Water Contents, and Outflow

The water monitoring data are summarized in Figure 4. The initial condition of the sediments
was close to a no-flow equilibrium, with the water contents ranging from 0.08 to 0.1 cm?/cm?.
After 200 days of irrigation, the rate of increase in water potentials and water contents
dropped considerably. The top two water content sensors remained fairly constant, but the
three lower sensors indicate that the core then wetted up from the bottom. This was because
the porous membrane sections in the bottom plate did not yield any outflow, indicating
that their intended purpose of draining water under suction was not working properly, likely
because of air trapping under the membranes causing a break in the capillary connection.
After the first outflow was recorded, the top two sensors (water potential and content) indicate

drying of the core. After the fiber glass wicks were installed, the core started to drain at a
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higher rate, mainly draining out the lower part of the core, as indicated by the TDR sensor
at 49.5-cm depth.

The simulated matric potentials followed the experimental data well, while the water
contents showed more deviations between model and data, particularly for the lower two
sensors (Figure 5). The overall regression coefficient of the model fit was R? = 0.987. The
initial infiltration phase was not fitted as well as the later, steady-state conditions. The fitted

model parameters are listed in Table 1.

3.2 Colloid Transport

General Observations. Chemical and colloidal characteristics of the outflow are shown in
Figure 6. The pH of the outflow remained fairly constant between pH 7.5 and 8.5, but showed
a lower value after the wick was installed, followed by an increase to pH 8.5. Electrolytic
conductivity varied between 500 and 2000 pS/cm, corresponding to ionic strengths of 7.2
to 29 mmol/L estimated with the Marion-Babcock equation [Sposito, 2008]. Electrolytic
conductivity values are in the range of those reported from pore waters from Hanford sediment
cores from the 200 Area; Serne et al. [2002] lists values of 200 to 6700 xS/cm for pore water
from Hanford Formation sediments. The critical coagulation concentration for in situ colloids
from Hanford sediments has been reported to be 1.7 to 3.8 mmol/L for Ca dominated systems
[Czigany et al., 2005b]. As the ionic strength in our core exceed the critical coagulation
concentration, we do not expect any colloid dispersion to occur.

The initial outflow samples had particle counts below 10 kCounts/s, which is within the
background noise of the dynamic light scattering and, no electrophoretic mobility could be

made for such low particle counts. In 2009, the particle counts increased up to 50 kCounts/s
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and electrophoretic mobility measurements were made for these samples (Figure 6¢), but
have to be considered with caution, as the particle counts still did not meet the required
minimum value for accurate measurements (>50 kCounts/s). Electrophoretic mobility values,
nonetheless, yielded reasonable results for Hanford colloids (—1 to —3 (um/s)/(V/cm)) [Shang
et al., 2008].

Colloid Concentrations and Flow Rates. The particle concentrations in the
outflow were generally 50 mg/L, with occasionally higher concentrations up to 400 mg/L,
and we observed a continuous release of colloids (Figure 6e). The particle concentrations
in the outflow were higher than we had expected based on previous reports. In a previous
study using the same coarse Hanford sediments as used in this study, Shang et al. [2008]
investigated colloid release from packed sediments under different flow rates varying from
0.018 to 0.288 cm/min (= 259 to 4147 mm/d), and observed a positive relationship between
the amount of colloids released and flow rate. Colloid concentration in column outflow for a
flow rate of 518 mm/d were reported to be 5 to 150 mg/L [Shang et al., 2008]. The lowest
flow rates of Shang’s study were three to four orders of magnitude larger than the flow rate
in our study here, and based on the strong dependency of the amount of colloid released on
flow rate (or water content) observed by Shang et al. [2008], we would have expected much
smaller colloid concentrations in our outflow samples.

Using coarse Hanford sediments similar to ours, Cherrey et al. [2003] investigated the
effect of different water saturations (and flow rates) on colloid transport. Cherrey et al. [2003]
did not study in situ colloid mobilization, but rather colloid transport through disturbed
sediments where colloidal suspensions were passed through packed sediment column under

different water contents and flow rates. They showed that colloids were more and more
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retained inside the sediments as the volumetric water content decreased from saturation to
0.11 ecm?/cm? (corresponding to flow rates of 59,000 to 72 mm/d, respectively). Transport
was inhibited, but still occurred at a water content of 0.11 cm?/cm?® [Cherrey et al., 2003],
a water content similar to the one in our undisturbed sediment core, although the flow rates
in Cherrey et al. [2003] were three orders of magnitude higher.

Similar results of decreasing colloid transport and mobilization with decreasing water
content or flow rates in Hanford sediments have been reported by others [Chen et al., 2005;
Cheng and Saiers, 2010]. Gamerdinger and Kaplan [2001] studied colloid transport and
deposition in unsaturated sand and Yucca mountain tuff, and they observed that decreasing
water content resulted in more colloid deposition, thus less colloid transport.

Using a field lysimeter, Kaplan et al. [1993] applied a one time irrigation of 51 mm/h for
2 hours onto a lysimeter surface and monitored water outflow with a zero-tension drainage
port at 1.5-m depth. They observed colloid concentrations in the outflow ranging from 300 to
1700 mg/L. In a field study on an agricultural soil, Villholth et al. [2000] monitored particle
concentrations in drain lines installed at 1.1-m depth. They applied drip irrigation 12 mm/h
for 3 hours, and measured particle concentrations ranged from 0 to 130 mg/L [Villholth et al.,
2000]. Although some of the lowest water contents reported in previous studies are similar
to the ones in our study here, our flow rate was considerably lower. We are not aware of any
study where colloid mobilization was studied and reported under such a low flow rate as the
0.05 mm/d used in our study.

From field and laboratory studies on colloid transport and mobilization, it was reported
that the first flush of irrigation or rainfall generally produced the most colloid release [El-

Farhan et al., 2000; Schelde et al., 2002; Vendelboe et al., 2011] and that the amount of
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colloids released increased with increasing water content (and correspondingly increasing flow
rate) [Kaplan et al., 1993; Villholth et al., 2000; Gamerdinger and Kaplan, 2001]; however,
there is not always a strong correlation between colloid mobilization and rainfall intensities
or discharge rate [Biddle et al., 1995; Jacobsen et al., 1997; Ryan et al., 1998; Worrall et al.,
1999]. For instance, using soil from Rocky Flats, Colorado, Ryan et al. [1998] reported a
poor correlation between particle concentrations and discharge rate. In their case, a lower
discharge rate of 83 mm/h mobilized more particles than a higher discharge rate of 167
mm/h. Such results can be explained by slow particle re-generation and diffusion-limited
colloid mobilization in the soil between rainfall events [Jacobsen et al., 1997; Ryan et al.,
1998; Schelde et al., 2002; Majdalani et al., 2008|.

Continuous Colloid Release and Total Amounts of Colloids Released. Fig-
ure 6d shows a continuous particle release from the sediment core, and based on the total
amount of colloids released over the experimental period, we calculated a colloid release rate
of 755 mg/(m?-year). Over the total period of the experiment since colloid outflow was ob-
served (967 days), a total of 0.392 g of particles were collected, corresponding to a cumulative
particle flux of 2 g/m?2. The total amount of dispersible particles in the sediments was esti-
mated to be 84.1 g (0.441 g/kg sediments). Based on this, the mobilized particles over 967
days constitute 0.5% (by mass) of the total dispersible particles.

Compared to the low recovery rate in our study, Shang et al. [2008] reported considerably
higher colloid release rates of up to 2885 mg/(m?-hour) in packed Hanford sediments having

3. Disturbance and drying of the

volumetric water contents between 0.21 to 0.32 cm?/cm
sediments, as well as higher water content and flow rate, likely contributed to the differences

in the rates and amounts of colloids released between the Shang study and our experiments.
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Disturbance has been found to promote colloid release also in other studies. It was for
instance reported that about twice as many colloids were released in disturbed compared to
undisturbed glacial outwash sediments [Bunn et al., 2000]. As disturbance dislodges colloids
physically from sediment or soil particles, the increased colloid mobilization from packed
disturbed sediment is not unanticipated.

Model Simulations. Model simulations of colloid release could be fit well to the
experimental data (Figure 6d). Colloid transport parameters used for the modeling are listed
in Table 2. The fitted colloid release coefficient was 8 = 7 x 107% day~!, with lower and
upper limits of 5.5 and 9.5 x 107% day~!, determined by adjusting the parameter 3 to fully
encompass the experimental data (Figure 6d, Table 2). Using the same model, Shang et al.
[2008] reported a range of colloid release rates from 10 day~! to 120 day~! for flow rates
from 259 mm/d to 415 mm/d. These values are six to seven orders of magnitude higher than
our rate. This large difference in release rates indicates that particle release is considerably
smaller in our undisturbed core under the much lower flow rate than in the disturbed, packed
column of Shang et al. [2008] at considerably higher flow rates and water contents.

Nature of Released Colloids. Figure 7 shows the energy dispersive x-ray spectra
and corresponding TEM images of outflow samples at different times. Colloid-size particles
were observed in all outflow samples. Energy dispersive x-ray spectra indicate the presence of
O, Na, Al, S, Si, Cl, K, Ca, Fe, and Br. While Na, Cl, Ca, and Br are likely contributed by the
irrigation solution, O, Al, Si, K, and Fe indicate the existence of silicates, aluminosilicates,
and Fe-oxides or hydroxides. Exact identification of minerals was not possible because not
enough material was available for x-ray diffraction. Although the particle counts and particle

concentrations were low during the experiment, colloidal-size particles could be consistently
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found in TEM images corroborating the continuous mobilization of colloids from the sediment

core.

3.3 Implications

This study was conducted to investigate whether particles can be mobilized and translocated
under conditions typical for the deep vadose zone in semi-arid regions. While we had the
premise that particle mobilization is hindered under the low water contents and low steady-
state flow rates in the deep vadose zone in semi-arid regions, we did observe continuous
particle release. Our 5.3-year study showed that in situ colloid mobilization occurred at a
steady-state flow rate of 0.05 mm/d (= 18 mm/y) in an undisturbed sediment core. Although
release rate and mass recovery of particles were much lower than reported from previous
studies where colloid mobilization from disturbed, sediment columns was reported, we did
observe a continuous flux of particles leaving the sediment core.

We are not aware of other studies that have reported colloid mobilization and transport
in undisturbed sediments under flow rates as low as 18 mm/y, so we can not compare our
findings directly with other reports. However, the rates and amounts of colloid releases in our
study are several orders of magnitude smaller than reported from other colloid mobilization
studies using similar sediments, and are also smaller than amounts of colloid release reported
from agricultural soils.

Our results show that in semi-arid regions, the thick vadose zone with its low water
content and flow rates does not necessarily constitute a perfect filter for particle transport.
Even under low, steady-state flow rates, particles were mobilized. The continuous particle

mobilization observed here may be a possible pathway for colloid-facilitated contaminant
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transport at the US DOE Hanford site.
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Table 1. Van Genuchten-Mualem parameters used for unsaturated water flow simulation.

The lower and upper limits of the optimized parameters indicate the 95% confidence interval.

Depth 04 a n K,
cm cm?/em3 em ™! -] cm/d
Lower Optim. Upper Lower Optim. Upper Lower Optim. Upper

95% 95% 95% 95% 95% 95%
9.5 0.082 0.16 0.17 0.18 5.96 6.25 6.53 42 48 55
19.5 0.084 0.20 0.21 0.22 3.81 3.96 4.10 19 22 24
29.5 0.087 0.08 0.09 0.09 8.14 8.83 9.51 347 401 454
39.5 0.094 0.40 0.42 0.43 2.25 2.29 2.33 16 18 20
49.5 0.099 0.25 0.27 0.28 3.43 3.65 3.88 251 289 327

@ ¢,: measured; 0; = 0.394 cm®/cm? for all layers, measured; [ = 0.5 for all layers.



Table 2. Colloid transport parameters used in HYDRUS-1D.

Parameters Unit Value
Longitudinal dispersivity® cm 3
Molecular diffusion coefficient in free water” em?/d 5.8 x 1074
Bulk density*® g/cm? 1.6
Colloid release rate coefficient? d—! 7 x 1076
Colloid release rate coefficient upper limit®© d—! 9.5 x 107
Colloid release rate coefficient lower limit® d—! 5.5 x 1076
Initial particle concentration in liquid phase/ mg/cm3 0
Initial sorbed concentration® mg/g 0.441

@ Bohne [2005].

b Calculated with the Stokes-Einstein equation using a particle diameter of
500 nm and a temperature of 12.4°C.

¢ Measured experimentally.

¢ Fitted with HYDRUS-1D.

¢ Adjusted to encompass the experimental data.
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Figure 1. Map of the Hanford Site, Washington State. The sediment core was taken

from the Environmental Restoration Disposal Facility (ERDF) at a depth of 17 meters below

ground surface.
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(f)

Figure 2. Sampling of sediment core and experimental setup. (a) Location of sampling in
the ERDF pit, (b) insertion of steel cylinder into sediments, (c) shave-off of cylinder from

sediments, (d) lift-off, (e) sediment layering of Hanford formation, and (f) laboratory setup.
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Figure 3. Schematic of the laboratory setup.
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Figure 4. Cumulative infiltration, water potentials, water contents, and cumulative outflow

during the course of the experiment. Data represent daily averages. (This is a color figure)
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Figure 6. Characterization data of outflow from sediment core. (a) pH, (b) Electrolytic
conductivity, (c¢) Electrophoretic mobility ((um/s)(V/cm)), unit is not shown in the figure

due to space limit, (d) Cumulative particle flux.
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Abstract.

Air-water interfaces interact strongly with colloidal particles by capillary forces. The mag-
nitude of the interaction force depends, among other things, on the particle shape. Here, we
investigate the effects of particle shape on colloid detachment by a moving air-water interface.
We used hydrophilic polystyrene colloids with four different shapes (spheres, barrels, rods,
and oblong disks), but otherwise identical surface properties. The non-spherical shapes were
created by stretching spherical microspheres by using a film of polyvinyl alcohol (PVA). The
colloids were then deposited onto the inner surface of a glass channel. An air bubble was
introduced into the channel and passed through the channel, thereby generating a receding
and an advancing air-water interface. The detachment of colloids by the air-water inter-
faces was visualized by a confocal microscope, quantified by image analysis, and differences
in detachment were statistically analyzed. For all colloid shapes, the advancing air-water
interface caused pronounced colloid detachment (>63%), whereas the receding interface was
ineffective in colloid detachment (<1.5%). Among the different colloid shapes, the barrels
were most readily removed (94%) by the advancing interface, followed by the spheres and
oblong disks (80%), and the rods (63%). Colloid detachment was significantly affected by
colloid shape. The presence of an edge, like in a barrel-shaped colloid, promoted colloid
detachment because the air-water interface is being pinned at the edge. This suggests that
the magnitude of colloid mobilization and transport in porous media is underestimated for
edged particles and overestimated for rod-like particles when a sphere is used as a model

colloid.
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1 Introduction

Particle shape is known to be an important parameter that strongly affects properties and
uses of colloids in research and industrial applications. In pharmacy, drug carriers are being
designed as a nano- and micro-fabricated particles in certain shapes and sizes for promoting
drug delivery [Pan et al., 2011; Elsabahy and Wooley, 2012]. For instance, filament-shaped
carriers have been found to remain better in circulation than spherical carriers as they are less
readily taken up by immune cells, and consequently filament-shaped drug-carriers promoted
anticancer drug delivery and minimized tumor size in mice [Geng et al., 2007]. At the same
adhesive strength, oblate particles have been shown to be better suited for delivery of both
drugs and contrast dyes than spherical particles, thus shape-optimizing designs for particles
are important for improving drug-delivery as well as imaging contrast [Decuzzi and Ferrari,
2006].

In mineral flotation, particularly at low flotabilities (i.e., in absence of a collector),
angular mineral particles are observed to accumulate faster than round ones, because edged
particles promote thinning and rupturing of air-water interfaces better than do smooth, round
particles [Vizcarra et al., 2011]. Additionally, in filtration processes, during aerosolizing by
a nebulizer, cubic particles were removed from a filter less effectively than were spherical
particles, indicating that particle shape properties are significantly contributing to removal
efficiency [Boskovic et al., 2005].

Particle shape also affects the fate and transport of colloidal particles in porous media.
Only few experiments have been conducted to investigate the effect of particle shape on
transport in porous media. Rod-like bacteria, for example, were reported to be retained

more than nearly spherical bacteria in saturated columns filled with quartz sand [Weiss et al.,
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1995]. However, in this experiment the shape effect was not independent from the surface
properties of the bacteria, as different strains of bacteria were used [Weiss et al., 1995]. The
effect of particle surface properties may be normalized or at least reduced, if shape-different
particles are produced from the same original particles. Spherical polystyrene can be formed
into different shapes by embedding them into a polyvinyl alcohol (PVA) film and subsequent
mechanical stretching to form rod-shaped particles [Ho et al., 1993] or more complex shapes
[Champion et al., 2007]. Such shape-modified polystyrene particles have been used to study
the effect of particle shape on particle transport and mobilization in porous media [Salerno
et al., 2006; Liu et al., 2010].

Rod-like particles modified according to the methods described by Champion et al. [2007]
were found to have increasing retention as the aspect ratio increased from 1:1 to 3:1 under
saturated transport in a glass bead-packed column [Salerno et al., 2006]. However, retention
of rod-shaped polystyrene particles with an aspect ratio 7:1 was less than that of spheri-
cal particles, which was attributed to less straining of the rod-shaped particles [Liu et al.,
2010]. Retention of the rod-shaped particles was reported to occur in both the primary and
secondary energy minima, whereas the spherical particles were retained in the secondary
minimum [Liu et al., 2010]. These different modes of particle attachment were attributed
to differences in electrostatic properties (i.e., electrophoretic mobility) between the particles
and alignment of the major axis of the rod-shaped particles with the collector [Liu et al.,
2010].

Under unsaturated flow conditions, air-water interfaces play an important role in particle
mobilization and retention. Particle shape is expected to affect the interaction forces at an air-

water interface. Capillary forces depend on the air-water-solid interface length, and the longer
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the interface line, the stronger is the capillary force. These effects have been demonstrated
both theoretically as well as experimentally [van Nierop et al., 2005; Lehle et al., 2008; Shang
et al., 2009; Danov and Kralchevsky, 2010; Chatterjee et al., 2012]. Further, particles with
sharp edges cause the air-water interface to get pinned at these edges, causing an increase in
the capillary force and slip-pin behavior of the air water interface in a dynamic system [Singh
and Joseph, 2005; Ally et al., 2012; Chatterjee et al., 2012].

Microscopic investigations have demonstrated that moving air-water interfaces can de-
tach particles from stationary surfaces. Particles with different surface properties (charge,
contact angles), different interfacial velocities, and surface tensions have been studied [Leenaars
and O’Brien, 1989; Noordmans et al., 1997; Gomez-Suarez et al., 1999; Gomez-Suarez et al.,
2000; Gomez-Suarez et al., 2001; Sharma et al., 2008; Lazouskaya et al., 2011]. In a recent
study [Aramrak et al., 2011], we focused on detachment of deposited spherical particles by
advancing and receding air-water interfaces, and found that the advancing interface is much
more effective than the receding one at detaching particles from a stationary surface.

Here, we expand upon these studies by investigating the detachment of non-spherical
particles. Our objective was to quantify the effect of particle shape on particle detachment
from a solid surface by a moving air-water interface. We hypothesized that particles with
edges are most readily detached by an air-water interface, and that elongated particles are
the least detached because the air-water-solid interface line formed on an elongated particle
is the shortest if the particle is aligned parallel to the flow streamlines. We modified spherical
microspheres to create barrel-, rod-, and oblong disk-shaped particles and deposited them
onto the inner surface of a glass channel. Microscopic visualization and image analysis were

then used to quantify the colloid detachment caused by the passage of an air-water interface.
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2 Materials and Methods

2.1 Colloids and Shapes

We used spherical, fluorescent, negatively charged, carboxylate-modified polystyrene colloids
(FluoSpheres, Lot Number 28120W, Molecular Probes Inc., Eugene, OR) with a diameter
of 1 um. We modified the shape of these particles to form rods, oblong disks, and barrels.
These shapes represent surrogates of rod-like, plate-like, and edge-shaped particles, respec-
tively. The different shapes were made by enclosing the spherical particles in a polyvinyl
alcohol (PVA) film and stretching the film according to the methods described by Champion
et al. [2007]. In these methods, the resulting colloid shape is controlled by the PVA film
thickness, the plasticizer (glycerol), the liquefaction method (hot silicone oil or toluene), and
the stretching dimension (aspect ratio) and stretching order.

We first prepared a 5% (wt/vol) PVA solution by dissolving PVA in water at 85°C as the
medium for creating barrels and oblong disks, and a 10% (wt/vol) PVA solution for creating
rods. Glycerol at a final concentration of 0.5% and 2% (wt/vol) was subsequently added
to the PVA solution for barrels and oblong disks, respectively. Spherical colloids were then
added to the PVA solution to yield a colloid mass concentration of 0.14% (wt/vol) colloids.
The colloid-PVA suspension (10 mL) was then poured onto a flat 19 cm x 24.5 cm surface of
a mirror glass and let evaporate at room temperature. The dried film (thickness of 35 um for
the 5% PVA and 70 pum for the 10% PVA) could then be readily peeled of the glass surface.

The film was then cut into 2.5 cm x 8 c¢m pieces and marked with a marker at a target
area of 2.5 cm X 4 cm, with the edge portions being used to attach the film during the

stretching step. All the films were stretched in one dimension by a mechanical tension tester
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(Model 3345, Instron®, Canton, MA) at a stretching rate of 0.4 mm/s. The tension tester
instrument was equipped with a temperature-controlled container where liquids can be filled
in. In the case of the barrels, the film was stretched with a ratio of 1.6 before dipping the film
in hot silicon oil at 130°C for 12 min. For the rods, the film was first heated in silicon oil at
120°C for 5 min, and then stretched with a ratio of 2.4 while immersed in the hot oil. For both
of these cases, after stretching, the film was solidified by air cooling for 30 min. For the oblong
disks, the film was first immersed in toluene for 3 h, stretched with a ratio of 4.9, air-dried
for 10 h, and immersed in isopropanol for 12 h to remove the toluene. We intended to use the
toluene stretching procedure for elliptical disks as described by Champion et al. [2007], but
we instead obtained oblong disks even after repeated trials. We included the oblong disks into
our experiment as they had a high aspect ratio as well as edges. After the stretching step, the
films were dissolved in 30% isopropanol/water at 65°C and the suspension was centrifuged
at 13,000 rpm for 25 min (RCF = 20,384). The centrifugation step was repeated 10 times
with 30% isopropanol/water to wash all the PVA away from the colloids. The colloids then
were recovered, resuspended in deionized water, and kept in the dark at 4°C.

We also exposed spherical microspheres to the PVA treatment, heating, and extraction,
but without doing the stretching step, to check whether the chemical treatments and tem-
perature exposures would cause any changes in surface properties of the particles. These
spherical microspheres were used as control against which experiments with the differently
shaped colloids were compared. This kind of treatment of spherical colloids as controls to

compare against shape-modified colloids was also done by Salerno et al. [2006].
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2.2 Colloid Characterization

Shape-modified colloids were examined with a scanning electron microscope (SEM) equipped
with a field emission electron gun (FEI Quanta 200F, FEI Co., Hillsboro, OR) to confirm their
expected shapes and check for uniformity. We measured characteristic lengths, i.e., major
and minor axes or diameters of barrels, rods, oblong disks, and spheres. Electrophoretic
mobilities and zeta potentials were determined by using dynamic light scattering (DelsaNano
C Particle Analyzer, Beckman Coulter Inc.) under a fixed background solution of 1 mM
CaCly at different pH values. Based on the function of electrophoretic mobilities versus pH,
we selected pH 5.5 for the solutions to suspend the colloids for our experiments. At this pH,
the colloids were all negatively charged and similar among different shapes (Figure 1). All
the following measurements were done with colloids suspended in a solution of pH 5.5 and
1 mM CaCly and were carried out at room temperature (18 to 20°C).

The advancing and receding contact angles of the colloids were determined by using
a manual goniometer (Model 147 50-00-115, Rame-Hart Instrument Co., Netcong, NJ). We
measured the contact angles of colloids which were air-dried on a soda-lime glass slide (25 mm
x 75 mm, Fisher brand, Fisher Scientific). Several drops of a colloid suspension (1 mM CaCly
with pH 5.5) was air-dried on the slide to form a colloid cover. The advancing contact angle
was determined by dosing a drop of colloid-free solution (1 mM CaCly, pH 5.5) with a syringe
until the measurement approached to constant value. For the receding contact angle, we
measured the contact angles while decreasing the drop size by withdrawing solution with the
syringe. Both contact angles were measured with three replications for each colloid shape.
These contact angles are macroscopic measurements, and may not represent microscopic

measurements [Decker et al., 1999]. We also determined the advancing and receding contact
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angles on the glass slide without colloid coating, which we used as a surrogate for the glass

channel we used for colloid deposition described below.

2.3 Colloid Deposition

We deposited the colloids onto the inner surface of a hydrophilic glass channel as described
in a previous study [Aramrak et al., 2011]. The channel had a diameter of 3.7-mm diameter
and a length of 7.5-cm, and was cleaned with acetone, ethanol, and double-deionized water.
Details on the design, the cleaning procedure, and the surface characterizations of the glass
channel are given in Aramrak et al. [2011]. Electrophoretic mobility characteristics were
measured on a suspended powder ground from the glass channel (Figure 1).

A colloid suspension (pH 5.5, 1 mM CaCly, colloid concentration of 3.6 x 10! particles/L)
was circulated through the glass channel for 2 h at a flow rate of 0.33 mL/min (mean velocity
of 186 cm/h). Non-deposited colloids were rinsed off by flushing with a colloid-free solution
(pH 5.5, 1 mM CaCly). The channel was then kept saturated with the aqueous solution and

transferred to the stage of a confocal microscope for the colloid detachment experiments.

2.4 Colloid Detachment by Air-Water Interface

For the air-water interface experiments, an air bubble was injected into the glass channel
by introducing air into the connected Tygon tubing, as described in Aramrak et al. [2011].
We used a constant flow rate of 0.9 uL/min (mean velocity of 0.5 cm/h inside the channel
calculated with Hagen-Poseuille). This flow rate corresponds to a Reynolds number of 0.01
(Re = puV Dy /; where p,, is the density of water (kg/m?), V is the mean velocity (m/s), Dy
is the inner diameter of the channel (m), and p is the dynamic viscosity of water (kg/(m-s)),

indicating that the flow inside the channel is laminar. Under this flow rate, the water film
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thickness in the air-filled channel is estimated to be about 0.03 pm [Aramrak et al., 2011].
At this water film thickness, we expect that an air-water-colloid contact line will form for all
our colloids when the air-bubble moved through the channel. All experiments were done at
room temperature (18 to 20°C) and repeated 8 times, where each replicate constitutes a new

glass channel.

2.5 Colloid Visualization and Quantification of Detachment

Deposited colloids on the glass surface were visualized with a laser scanning confocal micro-
scope (Axiovert 200 M equipped with LSM 510 META, Carl Zeiss Jena GmbH, Germany).
An area of 900 pm x 900 pm at the bottom section of the horizontally-oriented glass channel
was scanned by the microscope. A passage of an air bubble constitutes the movement of a
receding (front of bubble) and an advancing (back of bubble) air-water interface. A first scan
with the microscope provided the initial distribution of the colloids, and subsequent scans
were made after passage of the receding air-water interface, during the presence of the air
bubble, and after passage of the advancing air-water interface.

The confocal microscope images were analyzed with the ImageJ software [NIH, 1999] to
quantify the amounts of colloids present. More details on colloid visualization and quantifi-

cation are given in Aramrak et al. [2011], where the same techniques were used.

2.6 Orientation of Colloids

The confocal imaging does not allow determining the orientation of the colloids, we only can
see whether a colloid is present or not. To visualize the orientation of deposited colloids, we
used SEM. For that purpose, a 2 mm x 8 mm section of a microscopy cover glass slide was

inserted into the glass channel. The small glass slide was cleaned in the same manner as the
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glass channel, marked to recognize the flow direction, inserted into the glass channel, and then
colloids (rods, barrels, and oblong disks) were deposited as described above. The channel was
then drained (i.e., a receding air-water interface moved over the deposited colloids during this
drainage step) and air dried. Previous experiments [Aramrak et al., 2011] have shown that
the receding air-water interface does not detach significant amounts of colloids from the glass
surface. The orientation of the non-spherical colloids on the glass slide was then visualized

by SEM.

2.7 Re-deposition of Colloids

Another set of experiments was conducted to check whether colloids would re-deposit at the
same location when another deposition was made after a detachment experiment. We only
used spherical colloids for these experiments. We hypothesized that colloids would re-deposit
at the same location from where they have been detached. The first deposition was visualized
and recorded by confocal microscopy, and then followed by a detachment by a moving air-
water interface (receding and advancing) as previously described. The second deposition
step was made in situ, without moving the channel under the confocal microscope, so that
the positions of the colloids in the microscope view would not change. After the second
deposition was visualized, a second air-water interface (receding and advancing) was passed
over the colloids, followed by a third re-deposition. Confocal images of colloid deposition
were analyzed by the subtraction mode of the ImageJ software to compare the location of
deposited colloids. The experiment was repeated three times, with a new glass channel each

time.
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2.8 Statistical Data Analysis

We analyzed the detachment of colloids as the function of particle shape (spheres, barrels,
rods, and oblong disks) by using a one-way ANOVA with LSD and Turkey pair-wise com-
parison to determine statistical differences at the 95% confidence level [SAS Institute Inc.,

1990).

3 Theoretical Approach

The maximum detachment force exerted by an air-water interface on a spherical colloid
deposited on a flat surface is given by [Noordmans et al., 1997; Sharma et al., 2008; Aramrak
et al., 2011]:

EwmeQWRﬁﬂmp<z)aEa, a < 90° (1)

where F} ;,qq is the vertical component of the detachment force due to surface tension, R, is
the radius of the particle, v is the surface tension of water, 6 is the colloid-air-water contact
angle, and « is the glass-air-water contact angle. The factor 27 R, represents the length
of the air-water-colloid interface line, and for non-spherical colloids this factor has to be
adapted. We use two different approximations to estimate the detachment force for non-
spherical colloids: (1) we consider the colloids to be spheres having the same surface area
as the non-spherical colloids, i.e., surface-area-equivalent colloids, and (2) we estimate the
actual air-water-interface length geometrically by considering the orientation of the colloids

with respect to the movement of the air-water interface.
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3.1 Effective Radius

We define an effective radius (ae) as the radius of a sphere having the same surface area as
the non-spherical colloid [Salerno et al., 2006; Liu et al., 2010]:

S
— 2
Qeff An ( )

where S is the surface area of the colloid, which depends on the size and shape (we do not
consider roughness here). For a rod-shaped colloid, the surface area S;,q can be estimated

as [Salerno et al., 2006; Liu et al., 2010]:

2mca
Srod = 27T62 + ( e

) arcsin e (3)

where ¢ is the minor semi-axis, a is the major semi-axis, and e is the ellipticity of the rod,
which is approximated by e = /1 — ¢?/a?.
For a barrel, we estimate the surface area by calculating the surface area of two frustums

of cones, excluding the face-to-face area of the two bases, as follows:
Sharrel = 2 [W(T + R)s + nr? + WRQ] — 27 R? (4)

where 7 is the end-portion radius, s is the slanted height (s = /(R — )2 + h2, where h is the
height of the barrel), and R is the center portion radius. For an oblong disk, the surface area
is obtained by quantitatively analyzing SEM images, i.e., measuring the area of individual
segments. The effective radii of the different shapes of colloids were then determined by

Equation (1).

3.2 Perimeter Length

We estimated the length of the actual air-water-colloid interface line by considering the

orientation of the colloids with respect to the moving air-water interface. We consider the
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two extreme cases of longitudinal and perpendicular alignment of the colloids along the flow
direction, i.e., we align the colloids either by their major or minor axis. The contact line
shapes for the different alignments are shown in Table 1. We measured the perimeter lengths
from SEM images. The perimeter lengths were then normalized by the perimeter of the

spherical colloid, and represented as dimensionless ratios (Table 1).

3.3 DLVO Forces

We calculated DLVO forces between colloids and the glass channel according to Gregory [Gre-
gory, 1975; Gregory, 1981; Sharma et al., 2008]. For the non-spherical colloids, we assume
in the DLVO calculations that the colloids are spherical with a diameter of a surface-area
equivalent sphere [Liu et al., 2010]. For spheroidal-shaped particles, DLVO forces can be cal-
culated based on the approach of Bhattacharjee et al. [2000]. The DLVO forces will depend
on specific orientation of particles with respect to the flat collector surface (i.e., end-on or
side-on configuration) [Bhattacharjee et al., 2000; Adamczyk, 2006]; however, as we do not
have experimental evidence of the specific configuration in our flow channel, and we also have
non-spheroidal particle shapes, we did not quantify the DLVO forces with a shape-dependent

approach, but use the equivalent-shape approach as an approximation.

4 Results and Discussion

4.1 Characterization of Colloids and Glass Channel Surface

We speculated that the plasticization procedure with PVA, toluene, and hot silicone oil could
deactivate, i.e., destroy, some of carboxylate functional groups, resulting in overall less nega-

tive surface charges at higher pHs. The results of the electrophoretic mobility measurements



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

15

indeed confirmed that the chemical treatments used to change the colloid shape also changed
the surface charges (Figure 1la). In general, the electrophoretic mobilities of colloids at pH
> 5 increased when either toluene or silicone hot oil was used as heating source. The data
for pH < 5 were less conclusive. PVA-treated spheres had smaller electrophoretic mobilities
at pH > 5 and higher electrophoretic mobilities at pH > 5 than the non-treated spheres,
suggesting that the PVA created more pH-dependent surface functional groups on the colloid
surface. The hot oil and toluene treatments, however, indeed destroyed some of the carboxy-
late functional groups, causing the colloids to become less negative at pH > 5 as compared
to the non-treated colloids.

Given these results, it is important, for comparative purposes, to use spheres that have
undergone plasticization treatment as the control for our experiments, so that surface prop-
erties among different colloid shapes remain similar. In our case, we selected spheres treated
with hot oil at 130°C to be the control treatment because of their overall electrophoretic
mobilities as a function of pH falling in the same range compared to non-spherical colloids
(Figure 1b).

Electrophoretic mobilities among the different shapes of the colloids generally did not
vary, but were most similar between pH 5 and 6 (Figure 1b). Statistical analysis confirmed
our observation, indicated by insignificant differences among colloids at pH 5.5, except for
the glass channel (Table 2). We observed that the glass channel had higher negative surface
charges than the colloids.

Based on Figure 1b, we selected chemical conditions at pH 5.5 for deposition and de-
tachment experiments, which are discussed later. Table 2 summarizes geometrical and sur-

face properties of the different colloids. Advancing and receding contact angles were not
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significantly different among the colloids, but the static contact angles showed significant
differences. These data indicate that the basic surface properties (i.e., dynamic contact an-
gles and electrophoretic mobilities) were not significantly different among the different colloid
shapes, suggesting that the shape of particles, which is our physical property of interest, is
independent from surface properties.

SEM micrographs of colloid shapes after plasticization are shown in Figure 2. The rods
had considerably higher aspect ratio than the barrels, but a smaller aspect ratio than the
oblong disks. The barrel had a distinct edge at each end. The SEM micrograph insert
in Figure 2d also shows that the oblong disks had edges, but these were less pronounced
than those of the barrels. The SEM images overall also show that the shape modification
produced uniform particles, with little variation among the particles, as indicated by the

narrow standard deviation of the shape parameters (Figure 2, Table 2).

4.2 Effect of Shapes on Colloid Detachment by an Air-Water Interface

Our results here and previous results [Aramrak et al., 2011] indicate that the receding air-
water interface could not remove substantial amounts of deposited colloids. The removal of
colloids was mostly from the advancing air-water interface. Figure 3 shows the visualization
of each shape of colloids at the initial deposition (left column) and after the passage of
the advancing air-water interface (right column). At the initial deposition, the amounts of
colloids among the different four shapes within a confocal microscopic area of 900 pum X
900 um were in the range of 65 to 85 particles. After the advancing air-water with the mean
velocity of 0.5 cm/h had passed over, the detachment of each shape of colloids was found to

be qualitatively in the following order (from more detachment to less detachment): barrel >
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sphere ~ oblong disk > rod.

Figure 4 shows the quantitative analysis of these detachment data. The advancing air-
water interface was found to dominate the receding interface in detaching deposited colloids
regardless different colloid shapes. Statistical differences of the detachment of rods, barrels,
and oblong disks compared to spheres confirmed the visual observations. Compared to the
spheres, the barrels were found to be significantly more detached by the advancing air-water
interface, but the rods were significantly less detached, while the oblong disks did not show
significant differences in detachment (Figure 4).

The detachment of rods was significantly less than that of spheres. With their higher
aspect ratio compared to the spheres, the rods in general have a higher surface area than the
spheres, so should also have a longer air-water interface line than the spheres, thereby being
exposed to larger surface tension forces and more detachment. However, if the rods align with
their major axis along the flow streamlines in the channel, then the air-water interface line
will be smaller than that of the spheres, thereby experiencing less surface tension energy for
detachment compared to spheres. That the orientation of attached rod-shaped particles with
respect to streamline in a porous medium affect transport behavior has also been reported
by others [Salerno et al., 2006; Liu et al., 2010].

Based on theoretical considerations using DLVO theory [Bhattacharjee et al., 2000;
Adamczyk, 2006; Liu et al., 2010], we would expect that the adhesive DLVO forces for a
rod-shaped colloid is different from that of a spherical colloid. The net adhesive force will
depend on the spatial arrangement of the colloid with respect to the planar surface of the
collector. For non-favorable attachment conditions, i.e., in presence of a secondary energy

minimum, the rod-shaped colloids would be expected to attach in an end-on configuration,
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where the longitudinal axis of the rod is perpendicular to the planar surface [Bhattacharjee
et al., 2000]. This arrangement would reduce the adhesive force as compared to side-on con-
figuration, or even to a spherical colloid with a surface-area equivalent radius. However, we
have no experimental evidence whether end-on or side-on configurations are obtained by our
non-spherical colloids, we cannot calculate reliable DLVO forces.

Salerno et al. [2006] and Liu et al. [2010] studied transport of rod-shaped particles
through saturated glass bead columns. They used spherical carboxylate-modified latex mi-
crospheres with particle diameter of 1 ym [Salerno et al., 2006] and 0.5 ym [Liu et al., 2010].
Rod-shaped particles were produced according to Ho et al. [1993] and Champion et al. [2007].
Salerno et al. [2006] reported that the collision efficiency increased when the colloid aspect
ratio increased from 1:1 to 2:1 and 3:1. Liu et al. [2010] reported that the colloid shape af-
fected transport, but that rod retention did not increase with higher aspect ratios, even when
the aspect ratio was as high 7:1. Liu et al. [2010] mentioned that the retention of rods oc-
curred in both the primary and secondary energy minima, whereas the spheres were retained
in the secondary minimum. These different modes of particle attachment were explained
by differences in electrostatic properties (i.e., electrophoretic mobility) between spheres and
rods, and also by differences in alignment of the rods with the collector surface [Liu et al.,
2010]. In our experiments, we maintained similar electrostatic properties (i.e., electrophoretic
mobility) among the different colloids by treating the spheres, used as controls, similarly as
the non-spherical colloids and selecting an appropriate solution chemistry for the detach-
ment experiments, so that differences in surface chemical properties among colloids should
be minimal.

Barrels showed significantly higher detachment by the moving air-water interface than
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any other colloid shape in our experiments. Barrels had a higher aspect ratio than the spheres
(Table 2), but had edges on which the moving air-water interface could get pinned during
the air-bubble movement. This pinning will lead to an increased surface tension force acting
on the colloids. Our findings agree with current studies of theoretical and experimental
capillary forces of edge-shaped particles in contact with an air-water interface [Singh and
Joseph, 2005; Shang et al., 2009; Chatterjee et al., 2012]. Shang et al. [2009] reported
that the pinning of the air-water interface at the edge of particle increased the effective
contact angle and the contact line perimeter (radius), thereby generating order-of-magnitude
higher capillary forces than experienced by smooth spheres. We do not have capillary force
measurements for barrel-shaped particles, but we speculate that the edges of our barrels is
similar in its effect on the surface tension force as the edges in the circular cylinder reported
by Shang et al. [2009] and Chatterjee et al. [2012]. We therefore attribute the pronounced
detachment of barrels by the air-water interface to the pinning of the interface line at the
edges.

The detachment of oblong disks was not significantly different from that of the spheres.
The average thickness of the oblong disks was about 60 pm, which was still thicker than
the expected water film thickness (30 pym) [Aramrak et al., 2011], so that a colloid-air-water
interface line should have formed, and consequently, colloids were detached by the moving
air-water interface. Although we do not have direct evidence, we suspect that the presence
of the edges oblong disks caused the air-water interface line to get pinned, but that the
perimeter of the pinned interface line was much smaller than in case of the barrels, thereby

making the overall detachment force less than that of the barrels.
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4.3 Colloid Orientation

We expected that our non-spherical particles would align with the flow direction of the colloid
suspension during deposition. Xu et al. [2008] studied the straining of peanut-shaped particles
in sand columns and found that particles tended to align their major axis along the flow
direction when the particles entered pore-restricted space. The alignment increased as the
aspect ratio of the particles increased [Xu et al., 2008|. In our experiments, we did not observe
perfect alignment of the colloids along the flow direction, rather we found some considerable
deviations of the alignment of the major axis, particularly for the barrels (Figure 5). The
quantitative analysis of the orientation showed that the angles of the major axis with respect
to the flow direction were 55 + 18° for the barrels, 38 4 22° for the rods, and 21 + 15 for the
oblong disks. The closer the oriented angles to 0°, the more perfect was the alignment of the
colloids, whereas an angle of 90° would indicate perpendicular alignment. Our data generally
show that the higher the aspect ratio of the colloids, the better and more consistent was the
alignment of the major axis along the flow direction. The barrels, however, were aligned more
in perpendicular orientation than in axial direction of the flow rate, as their orientation was
> 45°. The high standard deviation of the angles for all colloid shapes indicates a high degree
of non-uniformity of the attachment orientation. Non-uniform orientation of non-spherical
colloids with respect to the flow direction in our experiment may be explained by the fact
that the ratio between the colloid size and the channel diameter in our case was constant,
thereby no pore-space gradient from the widest to narrowest of the constriction was present

in our case compared to experiments reported by Xu et al. [2008].
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4.4 Detachment Forces

Detachment forces calculated with Equation (1) are summarized in Table 1. The detachment
forces increase as expected with increasing effective radius (sphere = barrel < rod < oblong
disk), but the increase in force is not that substantial, the detachment force for the oblong
disk is only 12% larger than for the sphere. Calculating the interface line length based on
the major and minor axes provides a larger span of detachment forces, and the forces differ
substantially. Using the major axis for the calculations shows that the detachment force for
the rods increased by 110% and for the oblong disk by 132% as compared to the spheres.

Compared with the experimental detachment data (Figure 4), however, the theoretical
detachment forces do not agree well: the experimental sequence of detachment increased in
the order rod < sphere ~ oblong disk < barrel, which does not correspond to sequences of
forces shown in Table 1, neither for the effective radii nor the major or minor axes.

If we, however, also consider the orientation of the particles with respect to the flow
direction, then we find a better agreement between experimental detachment and theoretical
detachment forces. The rods and oblong disk tended to have their major axes aligned with the
direction of the air-water interface movement, i.e., exposing their minor axis to the air-water
interface, while the barrels were more aligned along their minor axis. This would translate
to increasing theoretical detachment forces as follows: oblong disk < rod < sphere < barrel,
which is in better agreement with the experimental data.

Nevertheless, the perimeter length approach does not consider the effect of the edges of
the colloids (i.e., barrel and oblong disk), which was reported to cause increased capillary
forces due to pinning of the air-water interface [Singh and Joseph, 2005; Chatterjee et al.,

2012]. The effect of the particle edges should have exacerbated detachment of the barrels and
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oblong disks, and our experimental data qualitatively agree with this: barrels were detached
the most (have the largest detachment force and have edges), whereas oblong disks had the
smallest detachment force but have edges, and the disks were detached similarly to spheres
which would have a considerably higher detachment force. This suggests that the edge effect
was considerable and important.

According to the calculated DLVO profiles, we assume that most of our colloids attached
to the glass surface in the primary energy minimum as indicated by a low in energy barrier
(<35 kT) and low attractive secondary energy minima (—0.1 kT) for all four differently-
shaped colloids. The attachment force in the primary minimum strongly depends on the
colloid-glass channel separation distance. If we assume a separation distance of 0.1 nm
[Weronski and Elimelech, 2008; Aramrak et al., 2011}, then the maximum attractive DLVO
forces for all four shapes of the colloids were in the order of 10~° mN. This force is of the
same order of magnitude as the detachment force (Table 1). Given that the air-water interface
was effective in removing colloids from the glass surface, the actual detachment force must
have exceeded the attachment force. The attachment force is highly dependent on separation
distance: if we assume that attached colloids have a separation distance of 0.2 nm, then
the attachment force will decline to the order of 1076 mN, which is one order of magnitude

smaller than the detachment force.

4.5 Re-deposition

Figure 6a shows the locations and amounts of the first colloid deposition (yellow dots). After
the passage of a receding and advancing air-water interface (one air bubble), the remaining

of the deposited colloids are shown in Figure 6b. After the second deposition of colloids,



469

470

471

472

473

474

475

476

477

479

480

481

482

483

484

485

486

487

488

490

491

23

none of the newly deposited colloids (white dots in Figure 6¢) were found at the locations
were colloids had deposited in the first deposition step. The second air bubble removed all
of the newly deposited colloids (white dots) plus some of the colloids deposited in the first
deposition (yellow dots) (Figure 6d). Colloids deposited during the third deposition step
were all attached at locations not coinciding with previous attachment locations (red dots
in Figure 6e). Only two colloids from the third deposition step remained after movement of
the third air bubble (Figure 6f). We observed that some colloids from the first deposition
remained attached even after three passages of advancing air-water interfaces (yellow dots in
Figure 6d and f).

When we plot all three colloid deposition images together (Figure 7), it becomes clear
that the re-deposition occurred at different places every time. The colloids therefore are un-
likely to have a preferential location to deposit after subsequent depositions. Some colloids,
however, were so strongly attached that even multiple moving air-water interfaces could not
remove them (yellow dots Figure 6f). These locations are likely associated with preferen-
tial attachment locations. Shen et al. [2012b] theoretically and experimentally investigated
attachment and detachment of deposited carboxylated micro- and nanospheres from rough
surfaces as a function of solution ionic strength under water saturated conditions. They
reported that surface roughness of the collector can enhance the attachment of colloids in
primary minima (i.e., at the concave and the convex parts of the surface roughness) and in
secondary minima. Under low ionic strength (i.e., 0.001 M), two-dimensional DLVO profiles
also show that the secondary energy minima are deeper at the concave than the convex parts,
thereby the colloids deposited at the concave parts remain attached even after changing the

solution ionic strength [Shen et al., 2012a].
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We had expected that surface roughness of the glass channel affects the location of colloid
deposition, but we did not find any preferential deposition pattern from our re-deposition
experiment (Figures 6 and 7), implying that most of the colloids, except possibly those that
were not detached after multiple air-water interface passages, were randomly deposited on

the surface of the glass channel used in our study.

5 Implications

Previous mechanistic experimental and theoretical studies have reported that particles with
edges experience an increased capillary force due to a moving air-water interface as compared
to particles with smooth, round shapes [Shang et al., 2009; Ally et al., 2012; Chatterjee et al.,
2012]. Our experiments on particle detachment from a glass surface confirm such findings.
Our pore-scale experiments showed that the magnitude of colloid detachment depended on
colloid shape, with edges having the most pronounced effect. Edges are commonly found in
colloids present in natural porous media, such as soils and sediments, and it can therefore
be expected that such colloids are more likely detached and mobilized by moving air-water
interfaces than are smooth colloids without edges. On the contrary, we found that elongated
particles, such as rods, experienced less detachment than spheres. Bacteria are often in rod-
shaped form, and it therefore can be expected that this particular shape tends to minimize
capillary forces as long as the particles will orient themselves along the streamlines of the
water flow. Indeed, experiments in porous media have confirmed that the shape of the particle
affects colloid transport [Weiss et al., 1995; Salerno et al., 2006; Xu et al., 2008; Liu et al.,
2010]. However, the shapes of colloids in those studies were restricted to rod-like particles

and flow was under saturated flow conditions. Our pore-scale investigations with colloids
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of different shapes provide a better understanding on how edge-shaped and non-spherical

colloids detach under unsaturated conditions.
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Table 1. Perimeters of interface lines and effective radii (i.e., surface-area-equivalent radii)

of different colloid shapes and estimated maximum detachment forces calculated by Equa-

tion (1).

Shape Interface

Line

Interface Line

Shape

Normalized Length  Detachment

of Interface Line

Forces (mN)

Sphere /

Real radius Q 1.0 3.28 x 10~°
Rod \ Effective radius @ 1.1 3.70 x 10~°
Major axis © 2.1 6.89 x 107°
Minor axis Q 0.6 1.88 x 107°
Barrel Effective radius 1.0 3.15 x 10~5
Major axis @ 1.3 4.17 x 107°
Minor axis Q 0.8 2.56 x 10~°
Oblong Disk Effective radius Q 1.2 3.67 x 107°
Major axis 2.4 7.61 x 107°
Minor axis - 0.01 2.97 x 1077
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Figure Captions

Figure 1.  Electrophoretic mobility as function of pH for (a) spherical colloids
exposed to different treatments, and (b) four differently-shaped colloids and
the glass channel. All measurements were made with a 1 mM CaCly solution.
Error bars are + one standard deviation. . . . .. ... ... 0 0oL

Figure 2.  SEM images of four colloid shapes used in the experiments: (a) sphere,
(b) rod, (c) barrel, and (d) oblong disk. Insert shows a magnification of the
edge portion of the oblong disk. (Scale bar: 1 ym) . . . ... ... ... ...

Figure 3.  Confocal micrographs of deposited colloid at (left) initial deposition
and (right) after detachment by the advancing air-water interface (AWTI). The
plots show the confocal microscope view used to analyze for colloid detachment
(900 pm x 900 pm). . ...

Figure 4.  Percentage detachment of deposited colloids with different shapes by a
moving air-water interface (AWI). Different letters indicate statistical differ-
ences determined by LSD (uppercase letters) and by Tukey’s (lowercase letters)
at the 95% confidence level. Error bars are standard deviations. . . . . . ..

Figure 5.  Orientation of shape-modified colloids during deposition examined by

field emission SEM: (a) rod, (b) barrel, and (c) oblong disk. (Scale bar: 2 pm)

33



631

632

633

634

635

636

637

638

639

640

641

Figure 6.  Visualization of spherical colloids deposited at (a) initial deposition, (b)
colloids remaining after movement of one air bubble, (c) second deposition,
(d) colloids remaining after movement of another air bubble, and (e) third
deposition, (f) colloids remaining after movement of a third air bubble. Figures
are not real confocal microscopy images, as the positions the colloids has been
highlighted with different colored dots. Yellow, white, and red indicate colloids
deposited during the first, second, and third deposition steps, respectively. The
plots represent an area of 900 pym x 900 pm. . . . . .. ...
Figure 7. Location of three replications of colloid deposition. Yellow, white, and
red highlight the location of deposited colloids during the first, second, and

third deposition, respectively. . . . . . . .. ... L Lo
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Figure 2. SEM images of four colloid shapes used in the experiments: (a) sphere, (b) rod,
(c) barrel, and (d) oblong disk. Insert shows a magnification of the edge portion of the oblong

disk. (Scale bar: 1 pm)



37

Initial Deposition — After Advancing AWI

Flow
Direction

Barrel

Oblong Disk Oblong Disk

Figure 3. Confocal micrographs of deposited colloid at (left) initial deposition and (right)
after detachment by the advancing air-water interface (AWI). The plots show the confocal

microscope view used to analyze for colloid detachment (900 pm x 900 pm).
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are standard deviations.



39

~
Ll

Flow Direction

Figure 5. Orientation of shape-modified colloids during deposition examined by field emis-

sion SEM: (a) rod, (b) barrel, and (c) oblong disk. (Scale bar: 2 ym)
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1 1 Flow Direction 1

Figure 6. Visualization of spherical colloids deposited at (a) initial deposition, (b) colloids
remaining after movement of one air bubble, (c¢) second deposition, (d) colloids remaining
after movement of another air bubble, and (e) third deposition, (f) colloids remaining after
movement of a third air bubble. Figures are not real confocal microscopy images, as the
positions the colloids has been highlighted with different colored dots. Yellow, white, and red
indicate colloids deposited during the first, second, and third deposition steps, respectively.

The plots represent an area of 900 pym x 900 pm.
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Figure 7. Location of three replications of colloid deposition. Yellow, white, and red
highlight the location of deposited colloids during the first, second, and third deposition,

respectively.
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ABSTRACT: In the vadose zone, air—water interfaces play an important role in particle
fate and transport, as particles can attach to the air—water interfaces by action of capillary
forces. This attachment can either retard or enhance the movement of particles,
depending on whether the air—water interfaces are stationary or mobile. Here we use
three standard PTFE particles (sphere, circular cylinder, and tent) and seven natural
mineral particles (basalt, granite, hematite, magnetite, mica, milky quartz, and clear
quartz) to quantify the capillary forces between an air—water interface and the different
particles. Capillary forces were determined experimentally using tensiometry, and
theoretically assuming volume-equivalent spherical, ellipsoidal, and circular cylinder
shapes. We experimentally distinguished between the maximum capillary force and the
snap-off force when the air—water interface detaches from the particle. Theoretical and
experimental values of capillary forces were of similar order of magnitude. The sphere

gave the smallest theoretical capillary force, and the circular cylinder had the largest force due to pinning of the air—water
interface. Pinning was less pronounced for natural particles when compared to the circular cylinder. Ellipsoids gave the best
agreement with measured forces, suggesting that this shape can provide a reasonable estimation of capillary forces for many

natural particles.

1. INTRODUCTION

Soil particles in the colloidal fraction are relevant for their role
in facilitation of subsurface contaminant transport."”> In
unsaturated porous media, such as vadose zone sediments,
the presence of the air—water interface plays an important role
on fate and transport of colloids. Colloids can attach to
stationary air—water interfaces in porous media.>* It has been
observed that colloids can be mobilized during infiltration®~®
and drainage”'® events. Sharma et al.'' demonstrated that
colloids attach and move along with air—water interfaces such
as an infiltration front through a porous medium. Mechanistic
studies involving pore-scale visualization confirm that colloids
can be captured at the air—water interface and carried along
with the moving air—water interface.">~"”

When a particle is attached to an air—water interface the
particle experiences forces both due to surface tension and
pressure differences. In a porous medium, these forces can
cause a strong attraction of a particle to the stationary solid
surfaces when the water saturation is low, and air—water
interfaces pin the particles to solid surfaces.*'®' As water
saturation increases and liquid films become thicker, this
particle pinning disappears,'”*° and particles are even subject to
a repulsive force that can lead to particle detachment from the
solid surface.**" Theoretical calculations confirm that capillary
forces can exceed DLVO forces.>'7***

Macroscopic techniques like tensiometry have been used to
directly measure the capillary forces between a spherical particle
and the air—water interface.***> More recently, microscopic

-4 ACS Publications  © 2012 American Chemical Society
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techniques like atomic force microscopy have been used to
measure capillary forces for colloidal sized-particles.”>**™*° In
these experiments, the measurements are usually done with
spherical particles. Sphere tensiometry (i.e., using a sphere for
tensiometric force measurements) has even been proposed as
an alternative method to the de Noiiy ring and Wilhelmy plate
methods for measuring surface tensions and contact angles.*”

Capillary forces acting on a spherical particle can be
calculated from theory using numerical solutions of the
Young—Laplace equation.”**>***> For particles with non-
spherical but regular shapes, especially those with sharp edges
the numerical solution becomes more complicated due to
additional boundary conditions that need to be applied.***®
The shape and surface properties of the particle determine the
orientation of the air—water interface meniscus. The scale and
degree of the roughness affects the magnitude of the capillary
force and also determines how the interface moves across the
solid surface, i.e., whether the interface slips or jumps, and
where it jumps. No-slip conditions arise due to surface
roughness conditions, where the air—water interface is
temporarily being pinned.>***

In previous experiments,”’ our group has quantified capillary
forces on regularly shaped particles (spheres, cylinders, cubes)
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using tensiometry, and we have also made some force
measurements on natural subsurface particles. Here, we expand
upon those previous measurements, by focusing on natural
subsurface particles and by quantifying the effects of particle
shape and roughness. We further investigate the effect of
natural surface coatings on the magnitude of the capillary force.

2. THEORY

Forces on a Particle in Contact with an Air—Water
Interface. Figure 1 shows a schematic of an ellipsoidal and an

Figure 1. Forces acting (a) on a smooth, ellipsoidal particle with
semiprincipal radii 4, b, ¢, and (b) on an asymmetric, rough particle in
contact with an air—water interface, where y = (37/2 — 0 — ¢,) and
a is the wedge angle for a sharp point on a surface where pinning
occurs (see eq 3). Note that the interface line along the particle is
undulating.

irregularly shaped particle attached to a solid surface and in
contact with an air—water interface. The theory g)resented here
follows the discussion presented in Zhang et al.”* We consider
that the solid surface is horizontal and that the air—water
interface at x — oo is also horizontal. The forces acting on the
particle in a static system are (1) the DLVO force (fpryvo), the
(2) the gravity force (f,,), the (3) surface tension force (f,),
the (4) buoyancy force (f;), and the (5) hydrostatic pressure
force (f,). The force balance on the particle is then given as™!

f=fowo th Th+th th (1)

The sum of the surface tension (f,) and hydrostatic pressure
(f,) forces is also known as the capillary force. If the particle is
symmetric, the force balance f is parallel to the z-direction
(Figure 1a), but if the particle is asymmetric (Figure 1b), the
directions of f, and f, forces are determined by the contact
angle of the air—water interface at the particle surface. Further,
for asymmetric particles, the interface line is undulating in
quadrupolar fashion.**™*" If f < 0 the particle will be detached
from the solid surface, if f > O the particle will remain pinned to
the solid surface.
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Forces on an Ellipsoidal Particle at an Air—Water
Interface. Here, we extend the theory for a spherical particle to
a triaxial ellipsoid. Theoretical calculations®®™* of capillary
forces on ellipsoidal particles showed that the contact line is of
an undulating, elliptic shape rather than a flat ellipse. We
calculated the length of the undulating contact line following
the approach of van Nierop et al.** (see Supporting
Information for details). The force balance on an ellipsoidal
particle is then given as

f= 4aKE(exy)y cos P sin ¢, + mabApgz, cos? B

- gApgabc(Z + 3sinP — sin> B) @)

where a, b, and ¢ are the semiprincipal axes of the ellipsoid
along the three coordinate axes , y, and z, respectively, k is the
ratio representing increase in contact line due to undulation,
E(e,,) is the complete elliptic integral of the second kind with
eccentricity e,, f is the parametric latitude (Figure S.1,
Supporting Information), y is the surface tension of water, ¢, is
the angle of inclination of the undistorted air—water interface at
the three-phase contact line, Ap = (p, — pg) is the difference
between the two fluid densities p; (water) and p, (air), g is the
acceleration due to gravity, and z, is the deflection depth
(position of the average contact line on the z-axis).

Forces on a Irregularly-Shaped Particle at an Air—
Water Interface. The movement of the air—water interface
(the macroscopic interface) on a solid surface is dependent on
the geometry and the surface properties of the solid surface. In
the case of ideally smooth surfaces, the air—water interface
intersects the solid surface at an angle and a position determined
by the capillary forces and the equilibrium air—water—solid
contact angle.

In a dynamic system, where the air—water interface moves
over a particle, surface roughness can cause the air—water
interface to be pinned at surface discontinuities. While for a
smooth particle, the air—water—solid interface line adjusts its
position to the respective equilibrium position (Figure 1a), the
pinning at surface discontinuities for rough particles causes the
air—water interface to exceed its equilibrium configuration
(Figure 1b). The increase in the contact angle can mathemati-
cally be formulated by the Gibbs extension of the Young
equation:35

60<6<180°—(x+60 (3)
where « is the wedge angle and 0, is the equilibrium contact
angle for the vertical face (Figure 1b). The pinning causes the
air—water interface to distort. These distortions cause large
forces on the air—water interfaces, which tend to give way
suddenly when the interface is moved beyond a critical
distance, causing the contact line to snap off.

The approximation of a natural particle as a right, circular
cylinder takes into consideration the maximum force due to the
condition described by eq 3. The equation for the force balance
on a right, circular cylinder®" is

f= —2nrysin(0 — n/2) — Apg(zg + L)nr? (4)

where L is the length of the cylinder.
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Dimensionless Variables. The distances and forces can be
represented in dimensionless form™* as follows (capital letters
represent dimensionless variables):

X =ux¢; and Z =z fc; and

R=rfc;andH=hJc, (5)
Ry =y J¢; and Ry = rya and Ry = r, [c; (6)

where %, y, and z are the directions parallel and perpendicular to
the undisturbed air—water interface, r is the radius of the
particle measured from the z-axis, & is the distance of the base
of the particle from the undisturbed interface, and ¢ is the
capillary constant ¢, Apg/y, where Ap is the density
differences between the liquid and the gas, and y is the surface
tension. The dimensionless capillary force F is given as

__f
r3Apg

F

)

where f is the dimensional force.

3. MATERIALS AND METHODS

Particles. We used three particles of well-defined, standard
shape and several natural sediment particles. The standard
particles were made of PTFE and consisted of a sphere, a
cylindrical disk, and a tent. The natural sediment particles came
from the Hanford formation at the U.S. Nuclear Hanford
Reservation in south-central Washington. The sediments were
collected from 20 m depth below surface from a trench face at
the Hanford Environmental Restoration Disposal Facility. The
sediments were air-dried and sieved through meshes with
nominal sizes 1 and 2 mm; the fraction between 1 and 2 mm
was collected. We placed these sediments then under a
dissection scope and picked individual particles with tweezers.
We selected particles with typical mineralogy for the Hanford
sediments: basalt, granite, hematite, magnetite, mica, milky
quartz, and clear quartz. Three particles for each type of particle
were selected and stored in 20 mL glass vials. Figure S.3
(Supporting Information) shows photographic images of the
particles.

Individual sediment particles were mounted on J-shaped
hooks made of steel wires with diameter of 0.5 mm (Figure S.4,
Supporting Information). The lower end of the hooks was
flattened with a file, and the hooks were cleaned by rinsing
successively with acetone, ethanol, and deionized water.
Particles were then attached to the hooks with instant glue
(Dr. Bond SuperGlue, ITW Inc., Solon, Ohio). The lower end
of the hook was attached to the bottom of the particle so that it
did not interfere with the movement of the interface when it
approaches the particle surface from the top. Particles were
always handled with clean tweezers to avoid surface
contamination.

Particle Characterization. Particles were characterized for
air—water contact angles, shape, and surface roughness. The
air—water—solid contact angle was determined using a
goniometer (CA Goniometer Model 50—00—115, Ramé-Hart
Instrument Co., Netcong, NJ). The PTFE particles and the
natural particles as obtained were mounted on a microscopy
slide using double-sided tape. A microsyringe (steel needle with
0.5 mm o.d.) was used to put a drop of water (25 L) centered
0.3 mm away from the edge of the particle, so that the particle
touched the side of the drop.
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For electron microscopic characterizations, the particles were
coated with platinum—palladium to a thickness of 3 nm under a
sputter coater (Model 108auto, Cressington Scientific, Watford,
England). The particles were then examined under an environ-
mental scanning electron microscope (SEM) equipped with a
field emission electron gun (FEI Quanta 200F, FEI Co,
Hillsboro, OR). The particles were kept oriented under the
SEM in the same manner as for the force-position and contact
angle measurements. If observed directly from above, this gives
the xy-plane view of the particle. Additional images were taken at
a 90° view (xz-plane) to determine the overall cross-section of
the particle. Particle dimensions were measured with the SEM
measuring software. The SEM analysis was done after the contact
angle and capillary force measurements (see below), because the
surface properties were irreversibly altered by the sputter coating,

The particle outlines under the SEM in the xy- and xz-planes
were used to determine the dimensions along the three
coordinate axes. Figure 2 shows SEM images perpendicular to
the xy-plane. We further calculated a root-mean-square value of
the coordinates x, y, z, as well as a volume-equivalent spherical
radius and ellipsoidal semimajor axes for each particle (see

Figure 2. PTFE sphere, disk, and tent (a—c), and natural sediment
particles (d—j) under field emission SEM, viewed perpendicular to the
xy-plane.

dx.doi.org/10.1021/es2038933 | Environ. Sci. Technol. 2012, 46, 4411—4418
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Supporting Information for details on calculations and Tables S.1
and S.2 for summary of data).

Capillary Force Measurements. The capillary forces
between the particles and the air—water interface were measured
with a tensiometer (Process Tensiometer K100, Kriiss GmbH,
Hamburg, Germany). The precision of the tensiometer micro-
balance is 0.02 mg corresponding to a force of 0.196 uN. The
J-shaped steel hook with the particle attached was fastened to
the microbalance of the tensiometer (Figure S.4, Supporting
Information). A glass cup (inner diameter 65.7 mm, height
37.9 mm) was filled with deionized water (electrical conductivity
of 5.5 uS m™') and placed into the temperature jacket of the
tensiometer (kept at 23 °C).

The particle and the hook were initially in the air phase. The
particle on the hook was kept stationary, while the air—water
interface, formed in the glass cup below, was moved upward at
a constant velocity of 1.0 mm min~’, so that it approached the
particle from the bottom (Figure S.4, Supporting Information).
The interface made contact with the bottom part of the steel
hook first, before wetting the particle itself. The tensiometer
measured the force exerted on the microbalance after every
position increment of 0.05 mm. These measurements were
continued until the entire particle was completely immersed in
water and the air—water interface had detached from the
particle and passed to a position above the particle. The air—
water interface was then lowered at the same velocity until the
particle came back to its initial position above the interface in
the air phase. By plotting force versus position, we obtained the
so-called force-position curves.

Each particle was measured in a specific sequence of
immersion and washing. First, the particle under air-dry
conditions was mounted onto the tensiometer and immersed
into the water to measure a force-position curve. This
represents an initially dry particle, taken “as is” from the
sediments, with its surface not modified by wetting or washing.
Then, the particle was again immersed into the water, for five
repeated cycles without allowing it to dry. These measurements
represent force-position curves for an initially wet particle. After
this sequence, the particle was washed with acetone and
ethanol, and then air-dried for five minutes. The solvent rinsing
was performed to remove soluble organic matter coatings on
the particle surface. This cycle (one measurement for the air-
dry particle and five for the wet particle) of immersion-
emersion mentioned above was repeated with the cleaned
particle. The data were then used to construct force-position
curves for (1) dry, (2) wet, (3) cleaned-dry, and (4) cleaned-
wet particles. The replicated runs for the wet (noncleaned and
cleaned) particles were averaged and used to calculate error
bars (standard deviations) for the force-position curves, and to
determine the measurement precision.

For each particle, we used the same water in the glass cup,
but we changed the water for every new particle. Surface
tension of the water was measured before and after each force-
position curve with the Wilhelmy plate method. The errors in
force measurements are discussed in the Supporting
Information.

4. DATA ANALYSIS

The force position curves were analyzed to determine the forces
exerted on the particle by the moving air—water interface. We
were particularly interested in the maximum detachment forces
as well as the snap-off forces. The maximum detachment force is
defined at the maximum force recorded by the tensiometer in
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upward vertical direction, whereas the snap-off force is the force
recorded when the air—water interface snaps of from the solid
surface. The snap-off force was observed from the force—distance
curve when the measured force decreased markedly within a
short distance increment, which we found by computing the first
derivative of the force—distance curve. The position where the
change in force with change in position is maximal is the point of
snap off.

We used the theory for a sphere (eq S.5, Supporting
Information), a circular cylinder (eq 4), and a triaxial ellipsoid
(eq 2) to calculate the forces acting on a particle in contact with
the air—water interface as a function of the deflection depth z..
The force plotted versus deflection depth gives the theoretical
force-position curve.”* We computed these theoretical curves
for all particles (PTFE standard particles and natural sediment
particles). To compute the forces for the natural particles, we
approximated the particle shapes as spheres, cylinders, and
ellipsoids, and used the measured shape parameters to calculate
maximum and volume-equivalent radii and semimajor axes.

The theoretical calculations provide the maximum force;
however, except for the cylindrical particle the snap-off force
cannot be calculated because spheres and ellipsoids have no
edges on which pinning can occur. A cylindrical particle should
ideally have a snap-off force identical to the maximum force in
the theoretical force-position curves.

5. RESULTS AND DISCUSSION

Interpretation of Force-Position Curves. Figure 3 shows
an example of a force-position curve for a PTFE sphere. The
solid line shows the measured capillary force experienced by the
particle as the particle moved through the air—water interface.
A zero force indicates that the particle does not experience any

PTFE bead (gnap offy—

(Snap in)—=, ::. —
= 2r 2 Vo 1E
Z ' Emersion ! !! E
E ; N >
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2+ Immersion snapot =
—force | O
---- dfidz
4 ! . ,
-4 0 4 12

position (mm)

Figure 3. Example of a force-position curve for a PTFE sphere (r =
2.78 mm) showing the various segments of the curve during one
immersion-emersion cycle and the differentiated force-position curve
(dashed line).

net force due to the air—water interface. (The tensiometer
balance is tared with the weight of the particle.) A positive force
indicates that the particle is being pulled downward, that is, into
the water phase, whereas a negative force indicates that the
particle is pulled upward, that is, out of the water phase
(compare Figure 1). The single-headed arrows along the plot
show the direction of movement of the particle with respect to
the air—water interface (immersion or emersion).

Initially, the particle is in the air-phase (net force is zero),
when the particle contacts the air—water interface a downward
capillary force (attractive capillary force) is recorded, indicated
by the sudden occurrence of a net downward force. The
magnitude of the net downward force at this position cannot be
interpreted quantitatively because of the particle is attached to
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the hook at the bottom; however, the snap-in can be detected
unequivocally. This position of the air—water interface snap-in
at the bottom of the particle is recorded for each particle and
the z-value at this position is set to zero, that is, our reference
position. During the immersion of the particle into the water
phase, the force changes from positive to negative and reaches a
minimum (or maximum negative force) at a distance of about
6.9 mm. This minimum corresponds to the maximum upward
force experienced by the particle (including buoyancy). The
air—water interface snaps off the particle just before the force
recording becomes constant at a distance of about 8.2 mm.
The constant force recorded after snap-off corresponds to the
buoyancy. The maximum upward force (repulsive capillary
force, foay) and the snap-off force ( fsmp_off) are then determined
by the difference between the recorded minimum force and the
buoyancy force.

The emersion curve parallels the immersion curve, but is
shifted because of hysteresis of the contact angle. The hysteresis
of the contact angle not only affects the maximum forces
exerted by the air—water interface, but also changes the
position where the maximum forces and snap-off and snap-in
occur.

The dashed curve in Figure 3 is the rate of change of the
capillary force with respect to the change in position in the
z-direction (df/dz) of the air—water interface. We use this
curve to identify the exact position of the particle with respect
the interface where the maximum upward force (df/dz = 0) and
the snap-off occur (df/dz = max). In the following, we present
the force-position curves in dimensionless form, so that
different particles can be better compared with each other.

Theoretical Maximum Capillary Forces and Pressures.
Figure 4 shows theoretical force-position curves for the

0.3¢ 1
Z 0.0t :
£ R
8.03} Quartz . ]
S --- Sphere
W= [ e Ellipsoid

------- Cylinder SR
0.6+ Experimental (Dry) A

0.0 05 1.0
dimensionless position

Figure 4. Force-position curves of sphere, circular cylinder, and
ellipsoid (theoretical) and a dry, noncleaned quartz particle
(experimental) during immersion. For the standard shapes, we used
the calculated volume-equivalent dimensions (r,) of the quartz
particle. [Dimensions of particles in mm are: sphere r = 1.13; ellipsoid
(a, b, ¢) = (147, 1.17, 0.83); cylinder (r, h) = (1.47, 0.83); quartz
(% 3 z) = (1.54, 1.22, 0.81)].

immersion of a sphere, an ellipsoid, and a circular cylinder
compared with the measured curve for the quartz particle. For
the theoretical curves, we assumed that the standard-shaped
particles have the same volume as the quartz particle. The
spherical particle shows the smallest forces during immersion,
because it has the smallest circumference, and the cylinder
shows the largest force, because the air—water interface is
being pinned at the edges. The ellipsoid gives the closest
approximation to the quartz particle in terms of the maximum
capillary force.
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Capillary forces can be translated to pressure by division by
the particle cross-section. Capillary pressures associated with
maximum forces were in the range of 100 Pa (Table S.3,
Supporting Information). This indicates that, in porous media,
the capillary forces on such milimeter-scale particles are
important under fairly saturated conditions, for example during
infiltration or imbibition.

Experimental Maximum and Snap-Off Capillary Forces.
Figure S shows the dimensionless force-position curves for the

0.04 .
0.01 B A snap-in
& snap-off
0.00-
-0.01
8
8 PTFE
% 003 -0.04 Disc . S
€ R 4 0 1 2 38
2 003 0.2 '
[
£
T
0.00 0.0
~0.03 ,Quartz

0.
-0.76 0.00 0.75
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1.50

Figure S. Experimental force-position curves of dry PTFE sphere, disk,
and tent, and quartz (both cleaned and noncleaned). Filled arrows
indicate snap-in, empty arrows indicate snap-off. Dimensions of
particles are listed in Table S.1.

dry PTFE particles of standard shapes and for the quartz
particle. We use quartz as example to illustrate the behavior of
a natural sediment particle (results for the other sediment
particles are shown in Figure S.6, Supporting Information). The
shape of the curves for the standard particles are related to their
geometries. The curves for the PTFE sphere and disk are
symmetrical with the immersion and emersion curves almost
exact mirror images. Both particles show a large snap-off force,
with the disk showing the most pronounced snap-off effect due
to interface pinning. The tent and the quartz particle also show
snap-off force, due to interface pinning. However, during
emersion, there was no snap-in for both the tent and the quartz
particle, as the interacting surface area of the particle with the
air—water interface is small.

The experimental force-position curves show that particles
with a smooth surface show a more pronounced difference
between maximum and snap-off forces. The PTFE sphere, with
its smooth surface and minimal pinning of the air—water
interface, shows a pronounced difference between maximum
and snap-off force. The tent shows an even more pronounced
difference between the two forces, because the snap-off force is
small due the minimal interaction area of the tent tip with the
air—water interface. A summary of all the experimental forces is
given in Table S.4 (Supporting Information).

For the natural particles, the snap-off forces are, in general,
smaller than the maximum capillary forces, but in some cases
the snap-off force equals the maximum force. This occurs when
the air—water interface is pinned at the particle surface strong
enough so that snap-off happens under conditions represented
by the Gibbs extension of the Young Equation (eq 3). The
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more pronounced the pinning, the more likely the air—water
interface snaps off at the maximum capillary force.

Effect of Solvent Cleaning. We expected that the solvent-
cleaning would remove some organic coatings, and therefore,
the cleaned particles would have a smaller contact angle than
the noncleaned particles. This should manifest itself in smaller
maximum upward and snap-off forces for the solvent-cleaned
particles, but this was not observed in all cases. Basalt, milky
quartz, hematite, and quartz showed larger forces for cleaned
than for noncleaned particles (Tables S.4, Supporting
Information). Closer examination of the force—distance curves
shows that the snap-oft forces for these four particles occurred
at a greater z position for the clean particles compared to the
noncleaned particles (Figure S), suggesting that pinning was
more pronounced for the clean particles. We infer that surface
coatings may have covered and smoothed surface roughness,
and that after solvent cleaning, more surface roughness was
accessible to the air—water interface.

Figure 6 illustrates a complete measurement of force against
position for the immersion of a quartz particle in the order they

0.1 T T
9 i~ Quartz
o i (immersion)
»n 0.0} e 1
[ S e L N e
Q@ I
5 i
-01F DY P
c | Ny
g ---- Dry (clean) '\:','
= e Wet (clean)
T.0.2 n y

-1 0 1 2

dimensionless position

Figure 6. Force-position curves of a quartz particle during a sequence
of immersion showing changes during the dry and wet stages (both
cleaned and noncleaned).

were performed: first the immersion of the dry, noncleaned
particle, then the wet, noncleaned particle, followed by the
immersion of a cleaned and air-dried particle and last for the
wet, cleaned particle. The initial, noncleaned dry particle
showed large maximum and snap-off forces (solid line). After

wetting, the forces decreased, and snap off occurred earlier,
indicated by the shift of the Z position to a smaller value.
Similarly, the solvent-cleaned particle showed a left shift of the
force—distance curve compared with the noncleaned particle.
The solvent-cleaning also made the force—distance curve more
symmetrical, indicating the cleaning reduced contact angle
hysteresis.

Effect of Hysteresis. The immersion and emersion loops
of the force—distance curves should, in the ideal case (ie., in
the absence of contact angle hysteresis and surface roughness),
be symmetrical. The PTFE sphere indeed had a symmetrical
curve, but the natural particles deviated from this symmetry,
in some cases considerably (Figures S and S.6, Supporting
Information). In general, the emersion curves were smoother
than the immersion curves, which we attribute to the smaller
contact angle during emersion (receding contact angle).

Comparison of Experimental and Theoretical Capil-
lary Forces. Table 1 summarizes the experimental and
calculated maximum capillary forces. The calculated forces
are based on either the volume-equivalent or the maximum
radius. The volume-equivalent radius tended to overestimate
the measured radius, as shown for the PTFE sphere. For the
sphere, the volume-equivalent radius was 14% higher than the
measured radius. This led to a larger theoretical capillary force
for the volume-equivalent radius than for the maximum radius.
The theoretical calculations for the PTFE disk also over-
estimated the measured value. For the PTFE tent, using the
volume-equivalent parameters provided close theoretical force
values for both the sphere and the ellipsoidal shape. The
theoretical calculations for a circular cylinder shape over-
estimated the force considerably, because the cylinder shape
does not take into consideration the linearly reducing cross-
section of the tent.

For the natural sediment particles, assuming a spherical shape
(sphere) generally lead to an underestimation of the measured
capillary force (Table 1). Assuming a circular cylinder, we
overestimated the capillary force, whereas the ellipsoidal shape
provided the best approximation of the capillary force.

6. IMPLICATIONS

Previous investigations have shown that capillary forces
exerted at the air—water interface can exceed DLVO and gravity

Table 1. Maximum Capillary Forces (Experimental and Theoretical)

capillary force (uN)

theoretical
radius (mm) experimental sphere cylinder ellipsoidb
particle Tee Tonax (dry, noncleaned) Tee Fmax Tve Fnax e Tmax

PTFE sphere 3.17 2.79 —1305 —-2150 —1652

PTFE disk 2.09 2.40 —1292 —1510 —1961

PTFE tent 225 2.99 —1204 —1096 —1903 —-1718 —3000 —1446 —1565
basalt 1.18 1.78 —537 —221 —473 —1895 —1161 —738 —423
granite 1.17 1.46 —467 —-297 —414 —998 —868 —479 —388
hematite 1.00 1.22 -279 —284 —374 =515 —676 —420 —396
magnetite 0.79 1.16 —422 —-180 —-298 —389 —637 =377 —432
mica 0.85 135 —526 —116 —246 —426 —769 —-559 —-506
milky quartz 1.07 1.01 =7 -396 =373 —-560 —524 —479 =312
quartz 1.13 1.53 —402 —247 —403 —601 —936 —472 —543

“Volume-equivalent spherical radius. bUndulating contact line. “Maximum of the three semimajor axes. “Uses the maximum values of the three
semimajor axes of the particle to scale the volume equivalent spherical radius to give a volume-equivalent ellipsoid equal in volume to the real
particle. “Using the maximum values of the three semimajor axes of the particle, does not give a volume-equivalent particle.
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821-2 . . . .
forces,**'™> and that moving air—water interfaces during

infiltration can mobilize, i.e., detach, soil particles from stationary
surfaces.""'*'” In porous media, while under dry conditions, the
capillary force is a strong attachment force of particles to
stationary surfaces, under wet conditions, the capillary force
becomes a mechanism of detachment of particles from stationary
surfaces. Such wet conditions occur during infiltration or
drainage. Here, we quantified, such as detaching capillary forces
for differently shaped particles and found that measured capillary
forces on natural particles can be approximated by a volume—
equivalent ellipsoid. Thus, assuming an ellipsoidal shape allows
us to better predict capillary forces experienced by natural
particles in porous media. Capillary forces become more
important the smaller the particles are, because the gravity force
decreases faster with particle size than the capillary force, and
the capillary pressure scales inversely with the particle radius.
Thus, particularly for particles in the colloidal size range, the
capillary forces will play a dominant role.
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Theoretical calculations of capillary forces on an ellipsoidal
particle, data on measurement precision, and calculations of
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Table A. Colloid detachment (%) from a glass surface after the passages of air-water interfaces.

Colloid detachment (%) at different velocities

1 10 100 1000 10000
(0.5)* (7.7) (72) (982) (10,800)
(cm/h)

Initial state 0 Aa 0 Aa 0 Aa 0 Aa 0 Ab
Flow (no bubble) 0Aa 0.01£0.01 Aa 0.01+0.01 Aa 0.02+0.02 Aa 0.02 £ 0.03 Ab
After receding-1 5+6 Aa 5+5 Aa 9+6 Aa 2+4 Aa 0.44+0.7 Ab
After advancing-1 88 4+ 10 Ba 85+ 10 Ba 80+ 6 Ba 72 4+ 28 Ba 1+2Bb
After receding-2 0 Aa 0 Aa 0.2+£0.5 Aa 1+2 Aa 0.1£0.3 Ab
After advancing-2 345 Aa 2+4 Aa 2+2 Aa 12+ 21 Aa 0.1+0.3 Ab

* Numbers in parentheses are measured velocities. Data represent means and standard deviations mea-
sured from 12 replications. Different capital letters (A, B, and C) indicate statistical differences column-

wise; and different lower cases (a, b, and c) indicate statistical differences row-wise; both at e = 0.01.
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ABSTRACT: Moving air—water interfaces can detach colloidal
particles from stationary surfaces. The objective of this study
was to quantify the effects of advancing and receding air—water

interfaces on colloid detachment as a function of interface
velocity. We deposited fluorescent, negatively charged, carbox-

ylate-modified polystyrene colloids (diameter of 1 ym) into a
cylindrical glass channel. The colloids were hydrophilic with an
advancing air—water contact angle of 60° and a receding

contact angle of 40°. After colloid deposition, two air bubbles
were sequentially introduced into the glass channel and passed
through the channel at different velocities (0.5, 7.7, 72, 982, and

10800 cm/h). The passage of the bubbles represented a sequence of receding and advancing air—water interfaces. Colloids
remaining in the glass channel after each interface passage were visualized with confocal microscopy and quantified by image
analysis. The advancing air—water interface was significantly more effective in detaching colloids from the glass surface than the
receding interface. Most of the colloids were detached during the first passage of the advancing air—water interface, while the
subsequent interface passages did not remove significant amounts of colloids. Forces acting on the colloids calculated from theory
corroborate our experimental results, and confirm that the detachment forces (surface tension forces) during the advancing
air—water interface movement were stronger than during the receding movement. Theory indicates that, for hydrophilic colloids,
the advancing interface movement generally exerts a stronger detachment force than the receding, except when the hysteresis of the
colloid-air—water contact angle is small and that of the channel-air—water contact angle is large.

1. INTRODUCTION

One of the most striking phenomena in nature related to
particle—air—water interface interactions is the rolling of water
droplets on Lotus leaves."” Due to the hydrophobic surface of
Lotus leaves, water droplets roll off the slanted leaf, and as they
roll downward driven by gravity, dust particles are removed from
the leaf surface, resulting in a self-cleaning process, called the
“Lotus-Effect”.” * The removal of dust particles is due to attach-
ment of the particles to the air—water interface.” This self-
cleaning process observed with Lotus leaves has several industrial
parallels, including cleaning of wafers in microelectronics.® One of
the most prominent examples of an industrial application of
particle—air—water interface attachment is froth flotation, used in
the mining industry to separate different minerals based on the
preferential attachment to gas bubbles.””

Moving air—water interfaces also occur in geologic media, i.e.,
the unsaturated subsurface or the vadose zone. The unsaturated
subsurface is a three-phase system, consisting of air, water, and
solid phases, and air—water interfaces move when water infiltrates
or drains from the system. Such infiltration and drainage events
occur frequently in nature during rainfall events. It has been
reported that infiltration fronts can mobilize substantial amounts

v ACS Publications ©2011 American chemical Society

of particles from sediments or soils.” " Particles themselves can
be contaminants or can associate with contaminants, thereby
providing a pathway for contaminant transport.'>~'* Thus, the
interaction of particles and moving air—water interfaces is an
important process in subsurface systems with regard to environ-
mental protection.

Particles attached to the air—water interface experience strong

. 15-17 .
capillary forces. These forces can exceed solid—water
adhesion forces by several orders of magnitude,'”'® and this is
the basis for dust and colloid removal by moving air—water
interfaces used in microelectronics.”® Several mechanistic stud-
ies on how moving air—water interfaces can be used to remove
colloidal particles from a solid surface have been reported.>'® >
In these studies, colloids were deposited on the inner surface of a

6,18,19,21,22 :
parallel plate flow chamber or onto a microscopy
:1.23 o .

slide,” and then removed by passing air—water interfaces over
the deposited colloids. The results showed that colloid detach-
ment by the air—water interface was more effective when colloids
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were deposited under unfavorable as compared to favorable
conditions,*"** when the velocity of the air—water interface
decreased,”"**> when colloidal size increased,” when colloids
were hydrophobic as opposed to hydrophilic,”> and when the
air—liquid surface tension increased.

Experimental evidence indicates that, while colloid detachment
by a moving air—water interface generally increases with decreas-
ing interface velocity, the sensitivity of detachment to interface
velocity is stronger the larger and more hydrophobic the colloids
are.’” A linear relationship between the air—water interface
velocity and the amount of colloid detachment was observed
for velocities in the range of 700 to 5000 cm/h;*! however, at
lower interface velocities of 0.4 to 400 cm/h, Sharma et al.** found
no linear relationship, yet the general trend of decreasing detach-
ment with increasing velocity was confirmed. Detachment of
colloids with opposite charge to the collector surface was more
sensitive to interface velocity as compared to detachment of
colloids deposited on a like-charged collector surface.”**

The effect of moving air—water interfaces on the detachment of
colloidal particles from both initially wet solid surfaces®'®'>"2*
and initially air-dried surfaces™ has been investigated under
different physical and chemical conditions. Both initially wet and
dry conditions occur often in nature. In the subsurface, the air—
water interface passes over initially air-dried surfaces when water
infiltrates or imbibes dry soils or sediments, while the interface
passes over initially wet surfaces when water imbibes into moist
soil or when drainage occurs. Column-scale experiments with
porous media have shown that colloidal particles are mobilized
from sediments during infiltration and drainage events,”?* 2% and
it has indeed been demonstrated that the air—water interface is
contributing considerably to the mobilization.''

The interaction force between the air—water interface and a
particle depends on the air—water—solid contact angle, for both
the particle and the collector surface.'® As advancing and
receding interfaces have different contact angles with respect to
particle and collector surface, the detachment force will be
different as well.'®*° Gomez-Suarez et al.'” showed theoretically
that detachment forces are larger for advancing than receding
interfaces, but no experimental evidence has been reported from
microscopic-scale experiments so far.

Our objective was to experimentally test the effect of ad-
vancing and receding air—water interfaces on detachment of
colloidal particles from a solid surface. We used microscopic
visualization to quantify colloid detachment from a hydrophilic
glass surface by a sequence of advancing and receding air—water
interfaces as a function of interface velocity.

2. EXPERIMENTAL SECTION

Approach. Our general experimental approach was to deposit
colloidal particles onto a glass surface and then expose the deposited
colloids to successive air—water interface passages. As the air—water
interface moved over the deposited colloids, we quantified the colloid
removal by using confocal microscopy and image analysis. Air—water
interfaces were generated by inserting air bubbles into a water-filled
capillary tube. Displacement experiments were carried out with in situ
confocal microcopy so that we could differentiate between advancing and
receding interfaces. All experiments were conducted at ambient tempera-
ture (18 to 20 °C). Figure 1 shows a schematic of the experimental setup.

Glass Channel Design. A cylindrical channel (3.7 mm inner
diameter and 7.5 cm length) made of soda-lime glass was used as a
surrogate for a pore channel. We cleaned the channel by first using
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Figure 1. Schematic of experimental setup for air—water interface
displacement.

compressed air to blow out dust (using a cleaning duster), then soaking in
99% acetone for 20 min, rinsing with 95% ethanol, scouring with an
ethanol wet cotton swab, rinsing again with ethanol, followed by rinsing
with double-deionized water. The rinsing procedures were repeated five
times. The channel was finally dried at room temperature. Two 1-cm-
long sections of a sterile stainless steel hypodermic needle (1.2 mm
diameter, Monoject 250, Tyco) were glued with epoxy (General Purpose
Epoxy, PermaPoxy, Permatex Inc., Solon, OH) to both sides of the
channel. A small piece of a 6-mm-diameter glass rod with inner diameter
of 1.5 mm was used to provide end-piece support for the needle tube.
Two rectangularly shaped (25 mm X 10 mm) microscopy glass slides
were glued to both ends of the channel to provide a support platform.

Colloids and Suspension Chemistry. Hydrophilic carboxylate-
modified microspheres (FluoSpheres, lot number 28120W, Molecular
Probes, Inc,, Eugene, OR) were selected as the colloid models in our
experiment. The microspheres were negatively charged, fluorescent with
an excitation/emission wavelength of 505/515 nm (yellow—green), had
a diameter of 1.0 um, a specific density of 1.055 g/cm?, and surface
charge of 0.0175 mol,/g (Molecular Probes, Inc., Eugene, OR).

We intended to deposit colloids onto the inner surface of the glass
channel as single, nonaggregated particles under nonfavorable condi-
tions. We first tested solutions with different chemistry and used DLVO
(Derjaguin—Landau—Verwey—Overbeek) calculations to optimize un-
favorable attachment conditions. We first determined electrophoretic
mobilities and {-potentials of the colloids and the channel at different
pH values. For the glass channel, we ground the glass channel with a
mortar to a fine powder and we then suspended the powder in aqueous
solution. Electrophoretic mobilities were measured by dynamic light
scattering (ZetaSizer 3000HSa, Malvern Instruments Ltd., Malvern,
UK). All measurements were made in a solution of 1 mM CaCl, at
different pH. Zeta potentials were derived from electrophoretic mobi-
lities using the von Smoluchowski equation.”” Using the measured zeta
potentials, we then selected the pH value for the suspension that
resulted in nonfavorable attachment conditions, i.e., where the DVLO
profile showed a secondary energy minimum. The selected solution
had pH 4.7 and 1 mM CaCl,.

Characterization of Surface Properties of Glass Channel
and Colloids. We determined advancing and receding air—liquid—
solid contact angles with the tangent method by using a digital goni-
ometer (DSA 100, Kriiss, Hamburg, Germany). The liquid phase for
these measurements was the aqueous solution determined above (1 mM
CaCl, and pH 4.7). For the glass channel, we used a soda-lime
microscopy slide (25 mm X 75 mm, Fisher brand, Fisher Scientific) as
a surrogate. The slide was cleaned in the same manner as the glass
channel described above. For colloids, a drop of a diluted microsphere
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Table 1. Surface Properties of Colloids and Glass Channel (Soda-Lime Glass) (in 1 mM CaCl, and pH 4.7)

contact angle (deg)

materials advancing receding
carboxylate-modified microspheres 60.1+3.0 39.7+1.0
glass channel 272 +1.6 204+29

electrophoretic mobility (um/s)(V/cm) G-potential (mV)

—3.01+£0.02
—1.93£0.05

—383+03
—24.6+0.7

suspension (0.5% by weight) was evaporated on a double-sided tape
attached to the microscopy slide in a laminar flow chamber. This produced
a uniform layer of colloids on the slide. For the contact angle measure-
ments, we continuously dosed liquid onto the solid surface (either glass or
colloids) at a rate of S uL/min and used a final drop size of 12 uL,
following the procedures described by Shang et al.*® The measured
contact angles are macroscopic contact angles, and may differ from
microscopic angles.” Electrophoretic mobilities and zeta potentials were
determined as described above. Table 1 shows the characterization data.

Deposition of Colloids. Colloids were deposited onto the inner
surface of the glass channel by circulating a colloid suspension through
the channel. The deposition suspension was 1 mM CaCl,, pH 4.7, and
had a colloid concentration of 3.6 x 10" particles/L. The channel was
connected to Tygon tubing and a peristaltic pump (Ismatec IP4,
Glattburg, Switzerland). Before the colloid suspension was introduced,
the channel system was preconditioned with deionized water and the
colloid-free solution for 20 min each, using a flow rate of 20 mL/h
(average velocity in the channel 186 cm/h). Channel outflow of the
preconditioning solution was discarded. The colloidal suspension was
sonicated in an ultrasonic water bath for 1 min and then introduced into
the channel. The Erlenmeyer flask containing the colloid suspension, the
pump, and the channel formed a closed loop where the channel outflow
recirculated into the Erlenmeyer flask at a flow rate of 20 mL/h. The
colloidal suspension was recirculated for 2 h.

After the deposition, the channel was flushed for 4 h with the colloid-
free solution to remove unattached colloids from the channel. After this
flushing, the flow was stopped, and the channel, including the Tygon
tubing, was removed from the pump. To prevent potential dust
contamination, the colloidal deposition experiments were done in a
laminar air-flow chamber (Laminar Airflow Cabinets, NuAire Corp.,
Plymouth, MN). The channel was then transferred to a confocal
microscope for the interface displacement experiments.

Visualization and Quantification of Colloids. We used con-
focal microscopy to visualize the colloidal particles deposited inside the
channel. Confocal or phase-contrast microscopy allows visualization of
single colloids and has been used extensively in air—water interface
displacement experiments.'*>"**3° We used a laser scanning confocal
microscope (Axiovert 200 M equipped with LSM 510 META, Carl Zeiss
Jena GmbH, Germany) and focused the field of view at the bottom of the
channel with a magnification of 10. This allowed us to identify individual
colloids. We scanned a fixed area of 900 ¢¢m by 900 ¢m during the course
of the interface displacement experiments. Scanning of one image lasted
15 s. The images were then analyzed by the Image] software®" to quantify
the number of colloids.

Air—Water Interface Displacement Experiments. For the
air—water interface displacement experiments, we used a syringe pump
(KDS 200, KD Scientific, USA) to control the flow rates. One of the
Tygon tubes of the channel system was connected to the pump and
colloid-free solution (1 mM CaCl,, pH 4.7) was passed through the
channel at a constant flow rate. The inflow Tygon tube was bent into a
U-shape and filled half with the colloid-free solution, leaving the end
portions of the tube air-filled. After connecting to the channel and the
pump, we had two air bubbles trapped in the inflow tube (Figure 1).
These two air bubbles moved through the glass channel and provided a
sequence of receding and advancing interface displacements: receding-1,

advancing-1, receding-2, and advancing-2. Scanning confocal micro-
scopy images were recorded before and after each interface passage over
the scanning area. One initial image was recorded before flow was started
to check whether the solution without an air—water interface will
remove colloids. In addition, we recorded a scanning image of the
interface itself (which was only possible at the low flow rates due to the
time required to acquire an image). Each experiment was repeated 12
times, using a new channel for each replicate, i.e., each replicate was a
completely independent experiment.

To examine the effect of the air—water interface velocity on colloid
detachment, we varied the velocities by using the syringe pump. Our target
velocities were 1, 10, 100, 1000, and 10 000 cm/h, but we were not able to
exactly obtain these values. The experimentally measured velocities were
0.5,7.7,72,982, and 10 800 cm/h, respectively. Although these measured
velocities did not exactly match our target velocities, they were of the same
order of magnitude. In the following, we use the target velocities when
discussing and presenting the results, but we use the measured velocities to
represent the data in tables, in figures, and in calculations.

The lower interface velocities (1, 10, and 100 cm/h) in our experiment
were in the range of those used by Sharma et al.** who used velocities from
0.4 to 400 cm/h, the medium velocities (1000 and 10 000 cm/h) were in
the range of those used by Gomez-Suarez et al.*! who showed velocities
from 700 to S000 cm/h. The velocities of 1000 and 10 000 cm/h are in the
range of the velocities reported for Haines ]'umps,32’33 which have velocities
in the range of 1000 to 100000 cm/h.3*3% The velocities used in our
experiments correspond to Reynolds numbers of 0.01 to 115, indicating
that the flow inside the channel was laminar at all velocities used.

To check whether the colloids removed by the moving air—water
interfaces were initially deposited in the secondary energy minimum
(i.e., unfavorable condition) or primary energy minimum, we conducted
another set of experiments by changing the solution chemistry. We first
calculated an appropriate solution chemistry using DLVO theory to
determine a solution that will cause the secondary minimum to
disappear. On this basis, we expected that, by changing the solution
chemistry to the no-attachment condition (0.1 mM CaCl,, pH 4.7), all
colloids deposited in the secondary energy minimum would be released
even without passage of air—water interfaces. We deposited the colloids
into the channel as described above and then changed the solution
chemistry to 0.1 mM CaCl, and pH 4.7. Visualization and quantification
of colloids deposited on the glass channel was done before and after
changing the solution chemistry at all the specific velocities indicated
above. In these experiments, no air—water interface was present. As
shown in the Results and Discussion section below, no colloids were
removed at 0.1 mM CaCl, and pH 4.7, and therefore, we repeated these
experiments by lowering the ionic strengths to 0.01, 0.001, and
0.0001 mM CaCl,. Experiments were replicated three times.

Determination of the Effect of the Bubble Size. The faster
the velocity of the air—water interface was, the more difficult it was to
capture the colloidal images with the confocal microscope. To ease this
step, we increased the size of the air bubble, providing a longer time for
taking the images. To test whether the size of the air bubble in the tubing
and channel affected colloid detachment, we did a series of experiments
with two different bubble sizes. Air bubbles of 0.26 mL (standard bubble
size used in our experiments) and 0.94 mL were introduced into the
channel, and interface displacement experiments were conducted at a
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velocity of 100 cm/h. Colloid detachment was visualized and quantified
as described above. For each bubble size, we used 12 replicates. We
found that the bubble size did not affect the experimental results, and
we therefore used the bigger air bubbles for the experiments at velocities
of 1000 and 10000 cm/h.

Data Analysis. The images of colloids captured by the confocal
microscope were analyzed by using the Image] software. Besides
counting the total number of particles on the images, we used the mode
of subtraction between images before and after interface movements to
locate colloids that have remained stationary, colloids that have changed
location, and colloids that have been removed. We analyzed the
detachment data, i.e., the percentages of colloids detached after the
passages of advancing and receding air—water interfaces, by using a one-
way ANOVA and Turkey pairwise comparison to determine statistical
differences at the 99% confidence level.*®

3. THEORETICAL CONSIDERATIONS

DLVO Forces. We calculated colloid—glass surface interaction
energies and forces by using DLVO theory according to the
approach presented in Sharma et al.>> The DLVO forces were
calculated by differentiating the energy profile with respect to
distance. The DLVO profiles for our chosen solution chemistry
(1 mM CaCl,, pH 4.7) showed the existence of a weak secondary
energy minimum, where colloids would attach under nonfavor-
able conditions. When we reduced the ionic strength (0.1 mM
CaCl,, pH 4.7), the secondary minimum disappeared.

Surface Tension Forces. If an air—water interface is in
contact with a solid particle, the net force acting on the particle
is the sum of gravity, buoyancy, and interfacial forces. For small
particles (radius <500 ¢m), the gravity and buoyancy forces are
negligible compared to the interfacial forces."®***”** In our
experiments, we used particles with radius of 0.5 um, and
consequently, the interfacial force is the dominant force. When
an air—water interface is in contact with a particle, the surface
tension (interfacial) force F, normal to the interface orientation
can be calculated by®"®

F, = 27R,y sin ¢ sin(6 — ¢) (1)

where R, is the radius of the particle, y is the surface tension of
water, ¢ is the filling angle, and 0 is the contact angle of the
air—water interface with the particle. To obtain the maximum
surface tension force,” we can differentiate eq 1 and obtain the
maximum force when ¢ = /2. In the case where the air—water
interface is bounded to a solid interface at one end, like in case of
an interface in a glass channel, the surface tension force vector is
tilted because of the nonsymmetry caused by the air—water—
solid contact angle a (Figure 2). The maximum surface tension
force F, . is then given by18’23

0
Fy max = 27Ry sin” <E> cos 0L O < 90°, vertical component

(2)

and
YAAW o .
Fy max = 27TRyY sin 2 sin oL O < 90°, horizontal component

(3)

where o is the contact angle of the air—water interface with the
glass surface. Because the contact angles 0 and a are hysteretic
with respect to the direction of the interface movement, it follows

Figure 2. Schematic of surface tension force acting on a deposited
colloid during receding and advancing air—water interface movement.

that the surface tension force will differ between advancing and
receding interfaces. However, whether the surface tension force
during advancing or receding interface movement is greater
depends on the magnitude of the contact angle hysteresis and
the absolute values of the contact angles."® In our experiments,
the vertical component (eq 2) of the surface tension force acts
against the adhesive DLVO force, resulting in lifting the de-
posited colloids up from the glass surface. The horizontal
component (eq 3), on the other hand, will cause sliding and
translocation of the deposited colloids over the glass surface.

Shear Force. In a dynamic system, when a moving air—water
interface contacts a deposited particle, in addition to the surface
tension force, a shear force acts on the particle. The shear force
F; can be expressed by

F, = 1.7(6m)u @)v (4)

where u is the dynamic viscosity of water, H is the water film
thickness, and V is the velocity of the liquid phase and the
air—water interface. The shear force is maximal when the particle
is completely exposed to the moving liquid, i.e,, when H/2 = R,..

Dynamic Thickness of Water Film. When an air bubble
moves along with the fluid in a tube, a water film separates the air
bubble from the tube wall; thus, the air—water interface does not
make direct contact with the solid tube surface. Particles depos-
ited on the tube surface generally will be detached by a moving
air—water interface only if their diameters are larger than the
water film thickness. For an air bubble moving in a tube, the
thickness of the water film degends on the velocity of the
air—water interface. Bretherton® approximated the film thick-
ness H as function of the air bubble velocity V as

2/3
H_ 0.643 (?) ()

w

where w is the diameter of the flow channel, u is the dynamic
viscosity, and y is the surface tension. Equation S shows that
increasing the velocity leads to an increased liquid-film thickness
at the channel wall.

Contact and Induction Time during Colloid and Air—
Water-Interface Interaction. Colloid attachment to the

9988 dx.doi.org/10.1021/1a201840q |Langmuir 2011, 27, 9985-9993



Langmuir

Figure 3. Modes of translocation of colloidal particles: (a) before and
(b) after receding air—water interface passage. A: translocated into the
field of view from upstream, R: removed from the solid surface, T:
translocated to new position, and D: separated from colloid cluster.
Images represent a fluid and interface velocity of 100 cm/h.

air—water interface is a time-dependent process, controlled
by the contact time and the induction time.*' The contact time t, is
the time of physical contact of the colloid with the air—water
interface. The induction time ¢ includes the times of thinning
of the water film, the film rupture, and the formation of the
air—water—solid interface line. Only colloids that contact the
air—water interface for a time longer than the induction time
will attach to the air—water interface. Thus, only if . > # can
attachment occur.*!

In our experimental system, the contact time f. can be
estimated by

2R
t=—2L 6
s (©
where R, is the colloid radius and V'is the interface velocity. The
induction time # can be calculated as**
3uRER,
t = & (7)
8myh?,

where Ry is the film radius, m is the mobility factor (1 for a
completely retarded and 4 for a completely free bubble surface),
and h, is the critical thickness of film rupture, which is given by42

he = 23.3[y(1 — cos 6,)]*' (8)

where h, has units of nm, the surface tension ¥ is in mN/m, and
0, is the advancing contact angle.
The film radius R¢ can be approximated by*>*

0.60
R — TR, (656.9 — 87.4 In Ry) (Vteor) (9)

180

where Vis the air—water interface velocity, and ¢, is the collision
contact time.*” In eq 9, the units are R¢ (um), V (cm/s), teq (s).
The collision contact time can be calculated by**

nZRg(pp + 1.5pﬂ)f

3 (10)

teol =

where p, and pg are the density of the particle and water,
respectively, fis a nonlinear function depending on the properties

of the particle and the surface tension of the fluid. We assumed
that our fis equal to 5 according to Schulze.*

4. RESULTS AND DISCUSSION

Visualization and Modes of Colloid Translocation. We
observed that the deposited colloids had different modes of
translocation after the passage of an air—water interface. We
illustrate the different modes for the passage of a receding
interface at a velocity of 100 cm/h. Figure 3 shows the position
of deposited colloids before (a) and after (b) passage of the
air—water interface. The flow and the direction of the interface
movement in the images are from top to bottom. Arrow A shows
a colloidal particle that has moved into the image from upstream,
i.e,, has translocated into the field of view, either by sliding along
the glass surface or by redeposition. Arrow R shows an area where
colloids have been removed after the passage of the interface,
while Arrow T shows a colloid that has apparently translocated
along the direction of flow, likely by sliding along the glass
surface. Arrow D shows a colloid cluster that has been broken up
after passage of the air—water interface.

Figure 4 illustrates the general patterns observed during
passages of an advancing and a receding air—water interface.
The initial spatial distribution of the colloids on the glass surface
(a) represents our reference from which we calculate colloid
detachment. As the receding air—water interface moves over
the field of view (b), more colloids are visible upstream of the
interface, and we consider these colloids being attached at the
thinning air—water interface trailing the interface front. We
could identify the interface location optically because the colloids
viewed through water and air phases had different brightness in
the confocal microscope. After passage of the advancing air—
water interface (c), we only see colloids remaining attached to
the glass surface; compared with the initial amount of colloids,
only a small fraction have been removed. The following ad-
vancing air—water interface showed a pronounced accumulation
of colloids at the interface (d), and after passage of the interface, a
large fraction of colloids have been removed from the glass
surface.

Figure 5 shows an example of the sequence of images of the
colloid distribution that we used for the quantitative data analysis
for each set of experiments. The images represent the condition
(a) before flow was started, (b) after flow was started but just
before the air—water interface passed over the field of view, (c)
after passage of the first receding interface, (d) after passage of
the first advancing interface, (e) after passage of the second
receding interface, and (f) after passage of the second advancing
interface. It can be seen that (1) the flow itself without the
passage of an air—water interface could not translocate or detach
colloids from the glass surface (images a versus b); (2) the
passage of the first receding interface did not remove as many
colloids as did the first passage of the advancing interface (images
c versus d); and (3) the passage of the second receding and
second advancing interface was not causing substantial additional
removal of colloids from the glass surface (images c through f).
While these general patterns were observed in all our experi-
ments, the quantitative magnitude of colloid translocations
differed as a function of interface velocity as discussed below.

Colloid Attachment to the Glass Surface. The DLVO
calculations indicated that the colloids attached to the glass
surface under unfavorable conditions. However, the secondary
energy minimum was too weak (~ —0.1 kT) to keep colloids
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Figure 4. Detachment of deposited colloids from the solid surface by advancing and receding air—water interfaces: (a) initial condition, (b) during
receding air—water interface movement, (c) after passage of receding air—water interface, (d) during advancing air—water interface movement, and (e)
after passage of advancing air—water interface. R: position of receding air—water interface at the glass surface; A: position of the advancing air—water

interface. Images represent a fluid and interface velocity of 100 cm/h.

Figure S. Detachment of deposited colloids after two successive air bubble movements: (a) initial condition before flow, (b) just before passage of the
air—water interface, (c) after passage of first receding interface (receding-1), (d) after passage of first advancing interface (advancing-1), (e) after passage
of second receding interface (receding-2), and (f) after passage of second advancing interface (advancing-2). Images represent a fluid and interface

velocity of 100 cm/h.

attached. Our experiments showed that colloids remained at-
tached to the glass surface after deposition and also after lowering
the ionic strength to 0.1 mM CaCl,. The colloids did not detach
even after sequentially lowering the ionic strengths to 0.01, 0.001,
and 0.0001 mM CaCl,. We thus conclude that the attached
colloids were all located in the primary energy minimum. It has
been reported that chemical heterogeneities can cause differ-
ences in selectivity of attachment sites,*** and local hetero-
geneities on glass surfaces can provide favorable attachment sites

for negatively charged polystyrene colloids, particularly under
low ionic strengths.*® We assume that the distance between
colloid and glass surface, when attached in the primary minimum,
was 0.1 nm."’

Effect of Air—Water Interface Velocity on Colloid Detach-
ment. Figure 6 and Table A (Supporting Information) show the
quantitative amounts of colloids detached after passage of the
air—water interfaces as a function of interface velocity. The
percent detachment represents the number of colloids detached
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Figure 6. Detachment of deposited colloids as a function of air—water
interface velocity. Solid symbols represent the advancing interface and
open symbols represent receding interface. Symbols are arithmetic
means and bars represent &+ one standard deviation.

by the respective air—water interface relative to the number of
colloids just before the air—water interface has passed. The
hydrodynamic force caused by the flow itself was not able to
remove colloids from the glass surface at any velocity, as no
colloids were removed during flow in absence of an air bubble
(Table A, Supporting Information), and the surface tension force
indeed was the dominant force causing colloid detachment.
Colloid detachment was most pronounced at low flow velocities
(1, 10, and 100 cm/h). The majority of the colloids were
removed by the first advancing interface (advancing-1), and no
significant difference in colloid detachment was observed among
the three lowest velocities of 1, 10, and 100 cm/h. Indeed, for all
interface passages, the amounts of colloids detached were not a
function of interface velocities in the range of 1 to 100 cm/h;
however, for faster velocities (1000 and 10 000 cm/h), colloid
detachment drastically decreased. At a speed of 10 000 cm/h, no
colloids were removed by any interface passage. While these
general patterns were observed for all different interface passages,
they were most pronounced for the first advancing interface
(advancing-1).

Our data corroborate the results from Sharma et al,** who
observed the same velocity dependence of colloid detachment
for carboxylate-modified polystyrene beads. Sharma et al.**
operated with a narrower range of velocities and observed
velocity-invariant detachment for velocities of 0.4, 0.8, 4, and
40 cm/h, but they observed decreased colloid detachment at an
interface velocity of 400 cm/h. Gomez-Suarez et al.*® found that
colloid detachment from a quartz collector surface was depen-
dent on interface velocity in the range of 700 to 5000 cm/h, with
tewer colloids being detached as the velocity increased. Gomez-
Suarez at al.”® observed that less than 20% of colloids were
detached by an air bubble (one receding and one advancing
interface passage) at a velocity of 5000 cm/h. In our experiment,
the detachment of colloids by the first air bubble (receding-1 and
advancing-1) also decreased as the velocities increased from 100
to 1000 cm/h and was less than 1% at velocity of 10000 cm/h
(Figure 6). Our range of air—water interface velocities (1 to
10 000 cm/h) extends the ranges used in previous works, and our
results and previous data indicate that the detachment of colloids
significantly depends on the air—water interface velocity be-
tween 100 and 10 000 cm/h (Table A, Supporting Information).

Effect of the Sequence of Air—Water Interface Passage on
Colloid Detachment. Here, we discuss the effect of the se-
quence of interface passages for velocities less than 100 cm/h, i.e.,
for velocities where colloid detachment was invariant of interface
velocity. The first interface passage (receding-1) had only a small

Figure 7. Percentage of colloid detachment for successive interface
movements at different interface velocities. Bars are arithmetic means
and lines represent £ one standard deviation. The numbers in paren-
theses are the measured velocities of the air—water interface.

o =20°
w =27°

0 60 120 180 20 40 60
6 (degree)

6 (degree)

Figure 8. Maximum detachment force (eq 2, in dimensionless form
(Fymax/ (27RY)) exerted by an air—water interface acting on a colloid
deposited on glass-channel surface as a function of colloid—air—water
contact angle (6) and glass—air—water contact angle (). (a) Full view,
and (b) detailed view showing the regions of 6 and o in our experiments
(see Table 1).

effect on colloid detachment: only about S—10% of the attached
colloids were detached (Figure 7). Most colloids were then
detached by the first advancing interface passage (advancing-1)
(80—88% (Figure 7). The subsequent second receding interface
(receding-2) caused almost no further colloid detachment, while
the second advancing interface (advancing-2) again detached
significant, but small, amounts of colloids (2—3%).

Comparison of Experimental Results with Theory. With
the exception of the 10000 cm/h velocity, the advancing air—
water interfaces were always more effective in detaching colloids
than were the receding interfaces. On the basis of theory, it is
indeed expected that the surface tension force causing detach-
ment (eq 2) is larger for an advancing interface than for a
receding interface for our experimental system. Figure 8a shows
the maximum detachment force in dimensionless form as a
function of the contact angles 6 (colloid—air—water) and o
(glass—air—water). The contact angles 6 and a have opposite
effects on the detachment force. This behavior is not because the
surface tension force itself decreases with increasing a, but
because the angle of the force vector changes (see Figure 2).
Increasing o will decrease the vertical component of the surface
tension vector.

Figure 8b shows a magnification of the area of interest for our
experiments. At a receding contact angle 6 = 40° and o = 20°,
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Table 2. Forces Exerted on the Colloids during Passage of
Advancing and Receding Air—Water Interfaces”

receding air—water advancing air—water

forces interface (uN) interface (uN)
Fpivo at 0.1 nm 3.14 %1072 3.14 x 1072
separation
Fy max (vertical 249 x 102 5.05x 102
component)
Fy max (horizontal 9.07 x 1073 258 x 1072
component)
Fymax at 0.5 cm/h 1.99 x 10~# 1.99 x 10~#
Fymax at 7.7 cm/h 3.06 x 1077 3.06 x 1077
Fymax at 72 cm/h 287 x10°° 287 x10°°
Fomax at 391x 10°° 391x10°°
982 cm/h
Fymax at 430 x10°* 430x10°*
10800 cm/h

“ Forces were calculated with eqs 2, 3, and 4.

when the first interface passes over the colloids (point R), the
dimensionless detachment force is Fy n./(27TRy) = 0.11, but
when the advancing interface passes (point A, where 6 = 60° and
a = 27°), the detachment force increases to F ./ (277RY) =
0.22, which constitutes an increase of 50%.

Table 2 summarizes the quantification of forces exerted on
colloids during the passage of receding and advancing air—water
interfaces. The DLVO and hydrodynamic forces, Fpyyo and
F, maw are not a function of receding and advancing contact
angles, and therefore are the same during receding and advancing
events. For the vertical component of F,, ..., which is opposite in
direction to Fppyo, the advancing F,, ..., exceeded the Fpyvo by
about 38% while the receding F,, ,ox was 21% less than Fppyo.
These force calculations corroborate our experimental results,
i.e,, most colloids were detached during passage of the advancing
interface, but less than 1% during that of the receding interface
(Figure 7). The horizontal component of F,, ,,,, is smaller than
Fprvo and does not contribute to the detachment force because
its direction is normal to Fpyyo. The hydrodynamic force Fy
increases linearly with air—water interface velocity, but was
negligible relative to the other forces. Indeed, our experiments
showed less than 1% colloid removal at the highest air—water
interface velocity of 10000 cm/h (Figure 6).

As the velocity increases, the water film thickness separating
the air bubble from the channel wall increases (Figure 9).
Depicted in Figure 9 are also the film thicknesses at our
experimental velocities. At the three lowest velocities, the film
thicknesses are all smaller than the colloid diameters, indicating
that the colloids will form an air—water—solid interface with the
air bubble. At a velocity of 1000 cm/h, the film thickness is larger
than the colloid radius, but of similar magnitude, whereas at
10000 cm/h, the film thickness is an order of magnitude larger
than the colloid diameter. This suggests that at a velocity of
10000 cm/h, there will be no air—water—colloid interface
forming, and consequently, no colloids will be removed, as there
exists no detaching surface tension force. This is corroborated by
our experimental results. At a velocity 1000 cm/h, theoretically,
no colloids should be removed either, but our experimental
results show that colloids were removed. The amount of colloids
removed was not as large as for the lower three velocities, but still,
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Figure 9. Water film thickness as a function of the velocity of the
air—water interface. Dashed line is calculated with eq S, symbols
represent our experimental air—water interface velocities and the
numbers show the corresponding water film thickness.

there was no significant difference in removal between the lower
three and the 1000 cm/h velocity. We attribute this result to the
fact that the colloid diameter and the film thickness at 1000 cm/h
are of similar magnitude.

For colloids to be removed by an air—water interface, a
colloid—air—water interface has to be formed. The critical time
scales for this process are the contact time f. and the induction
time #; (eqs 6 and 7). The contact times in our experiments were
from 0.03 to 720 ms, depending on the interface velocity, whereas
the induction times were on the order of 10 ~* ms. Although the
induction time, because of its empirical nature, may not be taken
as an absolute value, it was several orders of magnitude smaller
than the contact time, indicating that the film thinning, film
rupture, and formation of the three-phase contact line was not a
rate-limiting step. Overall, the theoretical calculations corroborate
the experimental results, although the absolute calculations need
to be considered approximate due to uncertainties in DLVO
separation distances and contact angle measurements.

5. IMPLICATIONS

Moving air—water interfaces are of importance in many
natural phenomena. Examples reach from sliding and rolling
water droplets on leaves to the movement of water in porous
media. The strong interaction of the air—water interface with
colloids and particles has led to several industrial applications
were moving air—water interfaces are used for colloid removal
and particle separation.

Our results show the predominance of the advancing air—
water interface movement over the receding interface movement
on the detachment of deposited, hydrophilic colloids. Only in the
special case where the colloid—air—water contact angle hyster-
esis is small compared to the channel—air—water contact angle
hysteresis can the advancing interface movement become more
dominant for hydrophilic colloids. On the basis of microscopic
visualizations and pertinent theory, we can generalize the effects
of advancing and receding air—water interface movements on
detachment of deposited colloids. Theoretical analysis shows
that the detachment force (surface tension force) is dependent
on the combination of the colloid-air—water and glass-air—water
contact angles.

B ASSOCIATED CONTENT

© Ssupporting Information. A table showing colloid re-
moval at different interface velocities and air—water interface
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stages, including the results of the statistical significance tests.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Table A. Colloid detachment (%) from a glass surface after the passages of air-water interfaces.

Colloid detachment (%) at different velocities

1 10 100 1000 10000
(0.5)* (7.7) (72) (982) (10,800)
(cm/h)

Initial state 0 Aa 0 Aa 0 Aa 0 Aa 0 Ab
Flow (no bubble) 0Aa 0.01£0.01 Aa 0.01+0.01 Aa 0.02+0.02 Aa 0.02 £ 0.03 Ab
After receding-1 5+6 Aa 5+5 Aa 9+6 Aa 2+4 Aa 0.44+0.7 Ab
After advancing-1 88 4+ 10 Ba 85+ 10 Ba 80+ 6 Ba 72 4+ 28 Ba 1+2Bb
After receding-2 0 Aa 0 Aa 0.2+£0.5 Aa 1+2 Aa 0.1£0.3 Ab
After advancing-2 345 Aa 2+4 Aa 2+2 Aa 12+ 21 Aa 0.1+0.3 Ab

* Numbers in parentheses are measured velocities. Data represent means and standard deviations mea-
sured from 12 replications. Different capital letters (A, B, and C) indicate statistical differences column-

wise; and different lower cases (a, b, and c) indicate statistical differences row-wise; both at e = 0.01.
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ABSTRACT

Contact angles of aluminosilicate clays are difficult to determine. Not only does their small particle size
present measurement difficulties, but contact angles may vary with relative humidity and cation compo-
sition. In this paper, we determined the effects of relative humidity and exchangeable cations on contact
angles of three aluminosilicate clays (smectite, kaolinite, illite). Contact angles were measured on clay
films with the sessile drop method under different relative humidity (19, 33, 75, 100%), and with clays
saturated either with Na, K, Mg, or Ca. The results showed that the water contact angles on smectite
increased with relative humidity between 19 and 75%, but for kaolinite and illite, little differences in
water contact angles between 19 and 75% relative humidity were observed. For all three clays, how-
ever, the water contact angles decreased at 100% relative humidity as compared to the lower relative
humidities. Cations affected not only the adsorption of water but also the surface charge, and both fac-
tors influenced the contact angles of the clays. Negligible effect of the different cations Na*, K*, Mg?*, or

Ca?* on contact angles was observed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Subsurface colloids are small, discrete solid particles indige-
nously present in subsurface natural porous media, which can be
mobilized by means of surface and hydrodynamic forces [1]. Col-
loidal particles generally have dimensions between 1 nm and 2 pum
[2,3]. They possess an electric surface charge, and are typically
smaller than inter-granular pores in natural porous media, such
as soils and sediments. In soils and sediments, there exist a variety
of inorganic and organic colloidal particles, including aluminosili-
cate clays, oxides, hydroxides, viruses, bacteria and protozoans, and
natural organic matter [4].

Inorganic colloids influence contaminant fate in soils and
geological media. Colloids can facilitate the transport of con-
taminants [5-9]. Whether or not colloids move through the
subsurface, depends on their surface properties. The surface prop-
erties of colloids control their wettability, flocculation-dispersion,
ion exchange, sorption, flotation, and transport [10]. Interfacial
interactions are governed, among other factors, by contact angle
and surface free energy.

* Corresponding author at: Department of Crop and Soil Sciences, Washington
State University, Pullman, WA 99164, USA. Tel.: +1 509 335 1719;
fax: +1 509 335 8674.
E-mail address: flury@wsu.edu (M. Flury).

0927-7757($ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2009.10.013

Contact angles are particularly important when colloidal par-
ticles are interacting with the air-water interface, such as during
transport in water-unsaturated porous media or during flotation
processes. When an air-water-solid interface line forms on a col-
loid, strong capillary forces pin colloids to the air-water interface,
and the absolute magnitude of the force depends on the con-
tact angle [11-14]. For transport of colloids in water-unsaturated
porous media, the capillary force is generally the dominant force
acting on the colloids [15-17].

Determining contact angles is challenging because contact angle
measurement are affected by many factors, including temperature
[18-21], water content [21-24], relative humidity [25], organic
matter [26], particle size [21], surface roughness [27-29], surface
heterogeneity [30-32], presence of hydrophobic organic com-
pounds [10], and surface cations [33,34]. For aluminosilicate clays,
the pretreatment is also important, as clays often have organic com-
pounds and different cations associated with them [35-38]. The
presence of organic materials in clays tends to increase the water
contact angle [39-41].

Many surfaces possess a surface roughness or have a porous
structure, both of which can affect the contact angle measure-
ments. The use of conventional Wilhelmy plate and Washburn
wicking methods to determine contact angles of porous materials
has been critically reviewed and found to yield erroneous mea-
surement results [42,43]. Similarly, surface roughness can lead
to the establishment of a non-equilibrium contact angle, where
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the air-water-solid contact line is pinned at surface irregularities,
thereby preventing the liquid-air interface to reach the thermo-
dynamic energy minimum [44]. Della Volpe et al. [44] proposed
to mechanically disturb the measurement system by using a loud-
speaker to force the system to reach the energy minimum, thereby
establishing the stable equilibrium contact angle. This method of
establishing the equilibrium contact angle is also called vibration-
induced equilibrium contact angle, and can be used for both the
Wilhelmy plate [44] as well as the sessile drop method [45,46].

It has been argued that most Wilhelmy plate and sessile drop
measurements on rough surfaces have yielded non-equilibrium
contactangles[44].DellaVolpe et al.[44] reported that roughnesses
as low as R; = 3.3 nm, where Ry is the arithmetic mean deviation
of the vertical profile, caused non-equilibrium contact angles. This
suggests that surface roughness is likely going to affect contact
angle measurements for most surfaces. Meiron et al. [45] exper-
imentally measured apparent contact angles and calculated ideal
contact angles calculated from the Wenzel equation for water and
ethylene glycol on a model surface (wax coated abrasive paper),
and found the contact angles to be equal for surface roughness
of Ry = 1.3 pm, suggesting that a surface with such a roughness
could be considered smooth with respect to an equilibrium contact
angle [45]. The critical surface roughness when roughness is affect-
ing contact angle is likely dependent on the specific material used
[47-49].

Shang et al. [49] compared sessile drop, Wilhelmy plate, thin-
layer wicking, and column wicking methods to determine contact
angles of clay minerals, and found deviations in contact angles
ranging from 10° to 40° for the same clays. The results from the
dynamic sessile drop method showed that the surface roughness of
smectite, kaolinite, and illite had little influence on contact angles,
whereas hematite showed a pronounced slip/stick pattern caused
by pinning of the contact line at the rough surface [49].

Aluminosilicate clays often have a structural negative charge
that is balanced by exchangeable cations. The nature of these
cations changes the contact angle of the clays. Janczuk et al. [50]
studied the effects of adsorbed H*, Na*, K*, Ca2*, Mg2*, Ba2*, and
AI3* on contact angles and surface wettability of kaolinite. Contact
angles ranged from 15° to 28° for water and from 21° to 34° for
diiodomethane. The dispersion components coupled with differ-
ent cations were not significantly different, and the non-dispersion
components were affected by the type of cations due to the entropy
of hydration of various ions. There were some deviations of Ba2* and
K* from the dependence between the nondispersion component
and hydration energy of the ions. Similar results were also founded
for bentonite, which is a mixture of clay minerals (montmorillonite,
mica, feldspar and other minerals) [50]. Giese and van Oss [33] mea-
sured contact angles for smectite clays that were saturated with
different cations (Li, Na, K, NHg, Ca, Mg, Ba, Cs, Sr) and determined
surface free energy components. The authors did not report contact
angles per se, but listed surface free energy components calculated
from contact angles. They found that the Lifshitz-van der Waals
component y; was similar among different types of smectites and
different cations on the surface. Overall, no systematic trends of sur-
face free energy components with regard to the type of cation on
the surface were observed [33]. As the cation type may affect test
liquid adsorption, surface micropores, cation hydration, and surface
charge density, contact angles, which were generally used to quan-
tify surface energy, may not reflect the true surface energy [51].

The effects of cations and anions on contact angles and surface
free energies of cholesterol have been studied by Chibowski et al.
[34]. The presence of cations and anions increased polar acid-base
interactions, especially the electron-donor component of the sur-
face free energy, and the contact angle decreased compared to
when ions were absent. Chibowski et al. interpreted this as a con-
sequence of the presence of a hydration shell around the ions.

When the surface shows roughness, it is difficult to separate
the effects of surface roughness and surface chemistry. A way to
separate the effects of surface roughness and surface chemistry
is to use molecularly smooth surfaces. Nishimura et al. [52] used
cleaved muscovite mica, and determined contact angles for differ-
ent cation treatments. They found that freshly cleaved mica had a
smaller water contact angle (< 10°) than cation-treated mica. The
contact angles followed the sequence Li (10-15°), Mg (10-20°), and
H and K (30-35°). The contact angle of a smooth solid surface, like
freshly cleaved mica, is not only related to vapor pressure but also
affected by the structure and properties of the adsorbed water film
at the solid/gas interface [53].

Aluminosilicate clays associate with water molecules, and the
amount of water and the thickness of the water films on the clay
surfaces is controlled, in part, by the vapor pressure or relative
humidity of the surrounding atmosphere [54,55]. It is expected that
increasing water association with the clays will lower the water-
solid contact angle [25]. Chassin et al. [25] equilibrated smectite at
different relative humidity and determined contact angles with the
sessile drop method. They found that adsorbed water molecules
on the clay surface modified the free surface energy of the clay,
and the higher the relative humidity, the lower were the contact
angles. Similar results were reported for peat material, where con-
tact angles decreased with increasing relative humidity [56].

The effects of cations and relative humidity on contact angle
have been studied mainly for smectite clay, but little consideration
has been given to the effects of the pretreatment of the clays and to
different types of clays. In this study, we therefore focused on inves-
tigating the effects of pretreatment, adsorbed cations, and relative
humidity on contact angles of three typical aluminosilicate clays:
smectite, kaolinite, and illite. We saturated the clays with Na*, K*,
Mg2*, or Ca2* and adjusted the relative humidity to 19, 33, 75, or
100%. We measured contact angles as a function of time by using
the static sessile drop method.

2. Materials and methods

2.1. Clay minerals

We used three aluminosilicate clays: Arizona smectite (SAz1),
Georgia kaolinite (KGalb), and illite. The smectite and kaolinite
were obtained from the Clay Minerals Repository (University
of Missouri), and illite (No. 36, Morris, Illinois) from Ward's
Natural Science (Rochester, NY). The clays, as received from the
suppliers, were fractionated by gravity sedimentation in a sodium
hexametaphosphate solution (0.5 g/L) to obtain particles smaller
than 2 wm in diameter. Selected general properties of the clays
used in this study are shown in Table 1. The particle shapes were
determined by transmission electron microscopy (JEOL 1200EX
TEM) (Fig. 1).

2.2. Pretreatment of clays and saturation with different cations

Subsamples of the size-fractionated clays were then treated to
remove organic matter with H,O, and to remove iron oxides using
the citrate-dithionite method [57]. After these pretreatments,
we lowered the pH of the clay suspensions to 4 by titration with
0.1 M HCI to remove acid-soluble impurities. The pH 4 suspensions
were shaken for 3 h, and the supernatant decanted after centrifu-
gation. This procedure was repeated three times. Then, the clay
suspensions were washed with deionized water by shaking the
suspensions for 3 h followed by centrifugation and decantation.
This washing procedure was repeated until the suspensions
reached pH 6.

Finally, the clays were saturated with Na, K, Mg, or Ca by treating
with 1M NacCl, 1 MKCI, 0.5MMgCl,, or 0.5M CaCl,, respectively.
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Table 1
General properties of aluminosilicate clays used in this study.
Clay type Origin/designation Layer charge per half unit-cell CEC d-spacing (nm) Mineral composition
(elementary charge, e) (cmol./kg)
Smectite? SAz-1 0.25-0.40 70-110 1.3-1.6 98% smectite [1% quartz, 1% other]
KaoliniteP-< KGa-1b < 0.01 1-10 0.7 96% kaolinite and trace dickite [3%
anatase, 1% crandallite+mica and/or
illite]
Illite®-© Morris No. 36 0.60-0.90 160-230 1 nad

2 Mermut and Lagaly [70].
b Auerbach [71].

¢ Chipera and Bish [72].

4 na: values not available.

The suspensions were shaken for 3h, centrifuged, supernatant
decanted, and the clays dialyzed in deionized water until the elec-
trical conductivity of the dialysate was about 1 wS/cm [58]. With
these pretreatments, we obtained two types of size-fractionated
(< 2 pm) clays: (1) non-treated clays as obtained from the sup-
plier, and (2) clays saturated with Na, K, Mg, or Ca, and dialyzed
to 1 S/cm, pretreated to remove OM, Fe, and acid-soluble impu-
rities. All clays were stored in concentrated suspensions at room
temperature until use.

Treatment-specific characteristics of the clays are shown in
Table 2. Average hydrodynamic particle size and electrophoretic
mobility were measured by dynamic light scattering using a Zeta-
sizer 3000HAS (Malvern Instruments Ltd., Malvern, UK).

2.3. X-ray diffraction

The K-saturated smectite was analyzed by X-ray diffraction
to determine interlayer characteristics (Philips XRG 3100 diffrac-
tometer equipped with a graphite monochromater and with Cu-K
« radiation, Philips Analytical Inc., Mahwah NJ). X-ray diffraction
patterns were recorded at room temperature and after heating the
clay to 100 and 300°C.

2.4. Preparation of clay films
Diluted stock suspensions (with deionized water) were used to
coat microscope cover glass slides (2.2 cm x 2.2 cm) with clays fol-

lowing the procedure described by Wu [59]. The slides were first

Table 2
Treatment-specific characteristics of aluminosilicate clays.

cleaned with acetone and water, and then covered with a drop
of 1.5mL clay suspension (1-2%, w/v). The suspension was then
evaporated for 2 days under laminar air flow at 20 °C. The relative
humidity of the laboratory air during air-drying was about 33%.

2.5. Control of relative humidity

After air-drying, the clay-coated slides were placed into air-tight
plastic boxes (volume 900 mL), in which we controlled the relative
humidity at 19, 33, 75, and 100%. Humidity control was achieved
by placing a beaker of silica gel desiccant, saturated MgCl, solu-
tion, saturated NacCl solution, or deionized water, respectively, into
the box. The system was equilibrated for several days. The rela-
tive humidity was monitored by a humidity meter (Model 445814,
Extech Instruments, Waltham, MA), which indicated the vapor
pressure reached equilibrium after 3 h.

Aliquots of the equilibrated clay samples were removed and
analyzed for their disjoining pressure using a WP4 dewpoint
meter (Decagon Devices, Pullman, WA). Relative humidities and
disjoining pressures of equilibrated clays are shown in Table 3.
Water contents and d-spacings of smectite clays for different
cation saturations, with data collected from the literature, are
summarized in Table 4.

2.6. Electron microscopy

The clay films were examined with a field emission scanning
electron microscope (FEI-Quanta 200F, FEI Company, Hillsboro, OR)

Minerals

Particle size? (nm)

Electrophoretic mobility? (wms=1)/(Vcm™1)

Particle shape®

Non-treated clays

Non-treated smectite 446 +7
Non-treated kaolinite 364+1
Non-treated illite 541+3
Smectite dialyzed to 1 wS/cm
Na-smectite 747 £ 57
K-smectite 817 +£177
Mg-smectite 1031+ 15
Ca-smectite 1069 + 198
Kaolinite dialyzed to 1 uS/cm
Na-kaolinite 1019 + 159
K-kaolinite 1145+ 118
Mg-kaolinite 1085+ 110
Ca-kaolinite 1280+ 43
Illite dialyzed to 1 wS/cm
Na-illite 742 4+ 58
K-illite 579 + 68
Mg-illite 858 £48
Ca-illite 915+ 181

-1.214+0.01 Irregular thin flakes
-1.70+0.02 Hexagonal platy
-1.50+0.01 Irregular platy
—-2.91+0.03 Irregular thin flakes
—2.97 +£0.02 Irregular thin flakes
-1.274+0.03 Irregular thin flakes
-1.124+0.01 Irregular thin flakes
—2.64+0.06 Hexagonal platy
-1.11+£0.16 Hexagonal platy
—0.88+0.07 Hexagonal platy
—0.244+0.01 Hexagonal platy
-3.26+0.04 Irregular platy
-3.144+0.05 Irregular platy
-1.69 £ 0.06 Irregular platy
-1.58 +£0.05 Irregular platy

+ denotes one standard deviation.
2 Measured by dynamic light scattering.

b Measured in deionized water, 0.1 mM NaCl, KCI, MgCl, and CaCl, electrolyte background for the corresponding clays, respectively.
¢ Determined by electron microscopy (TEM).



4 J. Shang et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 353 (2010) 1-9

Fig. 1. Transmission electron micrographs of the aluminosilicate clays: (a) Ca-
smectite, (b) Ca-kaolinite, and (c) Ca-illite.

under controlled relative humidity. The conditions in the micro-
scope chamber were set to —1°C, and the desired vapor pressures
of water were set to 19, 33, 75, and 100% relative humidity, respec-
tively. The films for non-treated and Ca-saturated clays are shown
in Fig. 2. The pictures for the Ca-saturated clays at different rela-
tive humidity were taken with the same specimen, without moving
the microscope stage, so that the view remained the same. At
19% relative humidity, there was little structure visible, and the

surfaces appeared smooth. As relative humidity was increased,
more surface structure appeared, but at 100% relative humidity,
the surfaces appeared smoother again. Smectite swells as relative
humidity increases, and it appears that the initial swelling caused
the film surface to become rougher, but at complete swelling, the
surface was smoothed out again. For kaolinite and illite, the 19% rel-
ative humidity sample appeared to be the smoothest; more surface
roughness was visible for the 33, 75, and 100% relative humidity
samples. For all clays, the films of the non-treated clays showed
more surface structure than the films of the treated clays.

2.7. Contact angle measurements

Static contact angles were determined with the sessile drop
method using a digital goniometer (Drop Shape Analysis System,
DSA100, Kriiss GmbH, Hamburg, Germany). In a comparative study,
we found that the sessile drop method is the preferred method for
determining contact angles of smectite, kaolinite, and illite [49].
Our goniometer was equipped with an environmental chamber and
a micro-syringe steel needle of 0.5-mm diameter. We placed sil-
ica gel or a paper towel soaked with the appropriate salt solution
into the environmental chamber to maintain relative humidity. For
contact angle measurements, the syringe needle was positioned
0.2 mm from the surface of the clay film, and a drop of the test lig-
uid (2 pL) was dispensed at a constant rate of 105 wL/min. The drop
shape was monitored with a digital camera for 20s, and contact
angle, drop diameter, and volume were recorded. Contact angles
at 0s were deemed the most accurate angles, but the evolution of
the angles for 20s was recorded to assess the time-dependency
of the measurements, which can reveal fluid imbibition or sur-
face interactions [49]. The contact angle was calculated by the
Young-Laplace method (fitting of Young-Laplace equation to the
drop shape). The measurements were repeated five times for every
sample.

It has been pointed out that contact angle measurements on
rough and porous surfaces may not provide the true equilibrium
angles, unless the system is triggered into a thermodynamic equi-
librium by using vibrational disturbance [44-46]. It is therefore
possible that our contact angles do not reflect the true equilib-
rium contact angles, but the absence of a slip/stick pattern during
dynamic contact angle measurements [49] suggests that surface
roughness in our samples had little, if any, effect on the contact
angle.

2.8. Test liquids

We used polar and apolar liquids for the contact angle mea-
surements: double deionized water (E-pure, Barnstead, electric
conductivity ~1 nS/cm), formamide (99.5% purity, from Acros
Organics, New Jersey, USA), and diiodomethane (> 99% purity,
from Acros Organics) [49].

3. Results and discussion
3.1. Interlayer characteristics of smectite

The X-ray diffraction patterns indicated that the pretreatment
procedure resulted in formation of hydroxy-Al (Al-OH) in the inter-
layers of smectite. The interlayer spacing reduced from 1.20 nm at
room temperature to 1.02 nm at 100 °C, indicating a small amount
of Alx(OH)y(3x_y) polymer formation in the interlayers. The further
reduction of the interlayer spacing to 1.00 nm at 300 °C suggests
that the Al-OH interlayer was not extensive.

The electrophoretic mobility data (Table 2) indicate that the
surfaces of smectite were free of the Al-OH precipitates, as the
electrophoretic mobility of the untreated clays for monovalent ions
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Table 3
Relative humidity and disjoining pressures of clays.

Relative humidity (%)

Disjoining pressure (10° J/m3)

Humidity control (at 20°C)

Measured Literature? Measured® Calculated®
19 nad < —570¢ —2246 Silica gel desiccant
33 33 < —570° —1500 Saturated MgCl, solution
75 75 —470 -389 Saturated NacCl solution
100 100 -0.5 0 Double deionized water

2 Based on saturated salt solutions from Lide [73].

b Measured with a WP4 dewpoint meter.

¢ Calculated from relative humidity using the Kelvin equation.
d Data not available.

¢ Samples were drier than the lowest measurable potential.

Table 4

Water content and d-spacing of smectite saturated with different cations at different relative humidity (RH).

RH (%) (at 20-30°C) Water adsorption (g/g) RH (%) (at 24.5°C) d-spacing (nm)4
Na2b K2 MgP Cabe Na K Mg Ca
19 0.06-0.067 0.035 0.307 0.15-0.21 Oven dry 1.004 1.050 1.300 1.220
33 0.1 0.055 0.33 0.19-0.24 15 1.263 1.211 1.414 1.328
75 0.19-0.21 0.28 0.43 0.30-0.31 31 1.564 1.228 1.608 1.564
94-100 0.28 0.175 0.50 0.31-0.50 88 1.640 1.232 1.639 1.610

2 SAz-1 smectite, saturated with different ions [37].

b SAz-1 smectite, saturated with different ions [74].

¢ Ca-montmorillonite [25].

4 Ca-montmorillonite, sample C3 lamellar repeat distance [75].

was lower than those of the treated clays. This shows that external
surfaces of treated smectite were “cleaner”, i.e., more free of impuri-
ties than those of the untreated smectite. The Al-OH formed during
the pretreatment procedure was apparently confined to the inter-
nal surfaces of the clay, and therefore did not affect the external
surfaces.

3.2. Effect of relative humidity

To assess the effects of relative humidity on contact angles,
we measured contact angles at four different relative humidities
(Table 5 and Fig. 3). Overall, we did not observe clear trends in
contact angles as a function of relative humidity. However, contact
angles with water tended to be lowest at 100% relative humidity.
Correspondingly, the contact angles for the apolar diiodomethane
were usually highest at 100% relative humidity.

Increasing relative humidity increases the amount of water on
the clay surfaces (Tables 3 and 4). At relative humidities of 19, 33,
and 75%, the water is likely present as a few molecules hydrat-
ing exchangeable cations [60]. It is likely that water is present as

Table 5
Contact angles (0s) of aluminosilicate clays for different relative humidity.

islands rather than a continuous layer [60,61]. Moreover, for smec-
tite the water is initially adsorbed into the interlayer as opposed to
the external surfaces; the amount of water adsorbed for different
interlayer cations is listed in Table 4. The table indicates that diva-
lent ions, like Ca, cause more water adsorption at a given relative
humidity than monovalent ions, like Na and K. Likewise, smaller
cations lead to adsorption of more water than larger cations with
the same charge. Related to the amount of water adsorbed, the d-
spacings of smectite for divalent ions are generally larger than for
monovalent ions at lower relative humidity. Little difference exists
in the d-spacing between Mg and Ca [62].

According to Laird [63], water adsorption on smectite occurs
initially on internal and external surfaces alike. When the rela-
tive humidity increases, water fills the interlayer with a two-layer
hydrate structure (relevant to Ca and Mg saturated smectites), then
water preferentially hydrates cations on external surfaces, because
further expansion of the interlayer is energetically unfavorable
[63]. Water at the external surface is clustering around exter-
nal cations, not forming homogeneous layers [63], which would
explain why there is no clear trend in contact angles for water

Clay mineral Relative humidity (%) Contact angle
Water (°) Formamide (°) Diiodomethane (°)
Ca-smectite 19 37.5+0.9A 17.2+0.6A 35.8+1.2A
33 42.5+0.4B 14.44+0.7B 37.6+0.4B
75 47.6+0.9C 28.1+1.3C 49.4+0.8C
100 35.1+£0.7A 44.7+1.3D 56.7+0.6D
Ca-kaolinite 19 19.9+0.7A 15.9+0.8A 18.4+0.6A
33 17.0+0.5B 11.0+0.6B 18.0+0.8A
75 20.6 £1.0A 16.9+0.8A 23.8+0.9B
100 17.3+1.3B 15.44+0.5A 53.5+1.4C
Ca-illite 19 28.3+0.6A 21.3+£0.7A 27.7+1.1A
33 26.1+1.4B 17.2+0.8B 27.3+1.5A
75 249+1.5B 27.4+1.7C 34.0+1.3B
100 21.6+1.2C 25.6+1.4C 51.2+1.4C

+ denotes one standard deviation. Letters (A, B, C) denote statistical differences column-wise at a confidence level of 5% (t-test): if letters are different between two numbers

for a specific clay mineral and for a given test fluid, the values are significantly different.
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Fig. 2. Field emission scanning electron micrographs of the film surfaces at different relative humidity (RH) for smectite, kaolinite, and illite.

between 20 and 80% relative humidity observed in our experiments
(Fig. 3a). The decrease in contact angle only occurs at 100% relative
humidity (Fig. 3a), when the external surface is finally covered with
a continuous water film.

For kaolinite, adsorption of water occurs via interaction with
mineral surface groups (-OH) and adsorbing water molecules

encounter a more homogeneous surface (no charge sites/no
exchangeable cations). Literature data indicate that adsorption
of water on kaolinite is less than 0.018 g/g for relative humidi-
ties less than 80%, and 0.108 g/g for a relative humidity of 100%
[64,65]. Compared with smectite (0.175-0.50 g/g at 100% relative
humidity), kaolinite adsorbs little water (0.108 g/g at 100% relative
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Fig. 3. Initial contact angles (0s) for aluminosilicate clays at different relative
humidities. (a) Ca-smectite, (b) Ca-kaolinite, (¢) Ca-illite. Error bars indicate 4+ one
standard deviation.

humidity) [64]. Therefore, we expect less of an effect of the relative
humidity on contact angle of kaolinite (Fig. 3b). Reported water
contact angles on kaolinite for the sessile drop method were about
18° under saturated water vapor [66,50].

For illite, there is higher charge density, which results in a lower
contact angle compared to smectite, and a smaller change of contact
angle with increasing water because the surface is more uniform,
i.e., has fewer nonpolar regions (Fig. 3c).

The effects of relative humidity and cations on interlayer spac-
ings and water adsorption on smectite are summarized in Table 4.
Both interlayer spacing and amount of water adsorbed increase
monotonously with relative humidity (Table 4); however, the water
contact angles only increase between 19 and 75% relative humidity,
and then decrease for 100% relative humidity (Table 5). A similar
observation was reported by Chassin et al. [25], who noted that
at high relative humidity (> 90%), the properties of the solid are
masked by a continuous water film. Chassin et al. [25] categorized
the wetting properties of Ca-smectite into three stages: (1) below

Table 6
Contact angles (0s) of aluminosilicate clays for different types of cations at relative
humidity 33%.

Clay mineral Contact angle

Water (°) Formamide (°)  Diiodomethane (°)
Non-treated smectite 23.8+1.7A 10.8+1.2A 42.1+2.5A
Ca-smectite 42.5+0.4B 144+0.7B 37.6+0.4B
Na-smectite 39.2+0.6B 14.3+0.7B 37.1+0.2B
K-smectite 38.5+1.0B 10.1 £ 0.8A 37.1+1.0B
Mg-smectite 40.9+0.9B 10.7+£1.1A 37.6+0.8B
Non-treated kaolinite ~ 16.9+0.7A  13.3+1.4A 21.8+1.7A
Ca-kaolinite 17.0+£0.5A 11.0+0.8A 18.0+0.4B
Na-kaolinite 17.1 £1.4A 12.8 £0.8A 22.6+0.8A
K-kaolinite 171 +£1.9A 12.2+0.7A 21.3+1.8A
Mg-kaolinite 17.5+1.6A 12.2+0.8A 19.3+0.9AB
Non-treated illite 34.2+09A 11.9+1.5A 27.6+1.2A
Ca-illite 26.1+1.4B 17.2+0.8B,C 273+ 1.5A
Na-illite 24.1+1.5B 15.8+0.6C 27.3+1.0A
K-illite 26.0+1.2B 19.7+0.5B 28.0+1.1A
Mg-illite 233+0.7B 16.8 +1.0B,C 26.5+0.6A

+ denotes one standard deviation. Letters (A, B, C) denote statistical differences
column-wise at a confidence level of 5% (t-test): if letters are different between two
numbers for a specific clay mineral, the values are significantly different.

18% relative humidity (water content < 0.15 g/g), the hydration of
Caions masks the surface oxygen atoms, and both polar and disper-
sive components of the surface free energy decrease as compared
to oven-dry conditions; (2) between 20 and 90% relative humid-
ity (water content 0.2 to 0.5 g/g), increasing water coverage of the
surface decreases the dispersive component; and (3) above 90%
relative humidity (water content > 0.5g/g), the adsorbed water
approximates that of liquid water in terms of wetting. A similar
conceptual model has been presented by Cases et al. [67]. Our
experimental data qualitatively corroborate this conceptual model.

3.3. Effect of exchangeable cations

We tested the effect of different cations on contact angles by
using a constant relative humidity of 33%. The two different pre-
treatments resulted in different composition of the exchangeable
cations on the clay surfaces. The non-treated clays contained trace
amounts of organic matter, and different types of cations on the
surface. For the Ca-saturated clay dialyzed to 1 uS/cm, all the
exchangeable cations were replaced by Ca.

Electrophoretic mobilities measured for the different treat-
ments shown in Table 2 show an interesting trend: for all clay
minerals, the Na-saturated clay had lower (more negative) elec-
trophoretic mobility than the non-treated clays. By and large, the
Na-saturated clays also showed lower electrophoretic mobility
than other cation saturations; for smectite and illite the Na and K
electrophoretic mobility were similar. Saturation with Ca and Mg
generally resulted in the highest (least negative) electrophoretic
mobility. This effect of bivalent cations on electrophoretic mobility
is expected based on their strong attraction to the mineral surfaces,
i.e., they form outer sphere complexes with clay surfaces [68].

The contact angle measurements showed good reproducibil-
ity, as indicated by small standard deviations ranging from 0.5° to
2.5° (Table 6). The non-treated smectite had significantly smaller
water contact angles than the dialyzed smectites. The surface cation
composition of the non-treated smectite was 2.2% Mg, 4.0%Ca,
0.047%Na, and 0.16%K [69]. Our water contact angle of 23.8° on
the non-treated smectite was similar to the value of 21.8° measured
on smectite where no organic matter, Fe, or acid-soluble impurities
were removed [59]. On the contrary, non-treated illite had a larger
contact angle than the dialyzed illite. The surface cations reported
for dry samples were 0.25% Mg, 0.03% Ca, and 0.037% Na [69]. We
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found no differences in contact angles among treatments for kaoli-
nite. Generally, we observed little differences in contact angles
among the different treatments after dialysis, suggesting that the
specific cation on the surface of the clays did not significantly affect
contact angles.

The effect of cations was, in part, confounded by the different
water contents of the clays. Different cations caused clays to have
different water contents at a constant relative humidity (Table 4).
The greater the hydration energy of the cation, the larger the water
content of the clay (Table 4). Based on the water content, we would
expect the contact angles to increase in the following sequence
Mg < Ca < Na < K. Our experimental data, however, do not fol-
low this trend (Table 6), likely because the differences in water
contents are not pronounced enough, or because water structure
is as important as water content and cations with more negative
hydration energies will alter the structure of the water.

4. Conclusions

Our results showed that contact angles of aluminosilicate clays
were little affected by relative humidity between 19 and 75%, but
a smaller contact angle was observed at 100%, caused likely by
the expansion of the adsorbed water film on the clay surface at
100% relative humidity. The type of exchangeable cations did not
cause a significant change in contact angles as cations affect mul-
tiple factors related to contact angle. While for illite, the contact
angles decreased after the pretreatment, i.e. the mineral became
more hydrophilic, the opposite was found for smectite, where the
mineral became more hydrophobic after pretreatment. Kaolinite
contact angles were not affected by the pretreatmemt.
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This paner Jescribes xperimental approaches and apnaiatus i . have develcr 1 e

study soluts and colloid transport in porous media -~ sing - daho lat mal _aboratucy’s "-im radiis oo |
tuge. The cxnerimen.al techniques incluae water flux scaiing with applied w o¢'eravion at the oy .

column and sub-atmospheric pressure contrel at t..z column base, automaticn . ¢

a

ta wollecu o

cemete ~serimental control over the internet. These aoparatus include w const vt cisplacement | s
pump, 1 custom designed uyuid fra iion colle ter based on swiwhing vulve tecliolony, and w o
wwiziure monitoring equipment. Zuccess.ul deve.comern. of these experiments techniques .ad
went 13 illustrate 1 through aoplicuion to transnori of a consecvative tracer thr. 1igh unsaturat o
column, with centrifugal accelecaticn up to 40 g. Cevelopment of cnch »pevime otid equipment th
vithstand high accelerations enhance's the < eatrifuge technique to ronduct highly <outioued ume avar
solute/c >lloia transport ex periments and allows in- fght liquid sample collertion ~t thi « fln at,

I Ny Lo lT ot

" re sclection and design subsurface environ-
~ent.] restoration straicgies (including monitcied
natura) attenuation) srequentiy relies on the use ¢
<ophisticated numerical models that courle irans
port and biogeochemical drocesses to predict he
fate and transnort of contaminants and introducea
rem~diation agents in heterogen, ous subsurfic:
media. hese models are typically validated by
comparing modeling results to ‘large-scale’ field
research demonstrations and ‘small-scale’ labora-
tory experiments. Although controlled field experi-
ments have the advantage of being representative
of the field-scale problem, such experiments are
costly, difficult to condurt, "mit the use of relevant
contaminants, and offer little divect control over
voundary conditions. Conversely, laboratory ~ol-
umn eaperiments, which are generally inexpi'nsive
and betier controlled, are of limited value Fecaus:.
they do not closely mimic field conditions. eactive
transport studies conducted in unsaturated vorous
media compounds these limitations due to the
c«tensive length of time need to transport a tracer
through the porous media (e.g. up to 300 days

n laboratory sand packea clumn e~ oo
(‘ardine et al. 1993a, b). “xreiunents condw. .
large centrifuges can nelp b lae the gap 1 v+ .
i 1d and lab axperiments because the exprri
Sackuges are large cnough fo mcerporate e
feld-scale conditions. ~“hey cin uIso signif c.om
reduce the time necessary fur unsaturated tias 5o
£pe riments because flow rates through the oc.or
media can be controiled at vrescribed v e
content conditions.

£ mathematical description »f 2 stea .o ~i1e
unsaturated flov field i + wentrifuge hw: v en
described by limmo i b (1087 Nume. o
authors have presented s:anng laws for wate - |
and solute transport in «znuifuge experi uent
(e.g., Garnier et al. .000). . hese scaling re'itic.-
ships allow us to design experiments where we « 1u
increase the velocity of wat=r through the s+
while maintaining moisture otential and
content essentially unaffected This increas=s soln;
adveciion reduces the time necessary for verar o
flow experiments; {or cxam=le, 1 solute t.-np v
experiment ihat might take a year to conuuct «
the bench top could ke completed in a week in
centrifuge operating at 50-gs.

[
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Calicugly available cabinet-
e centnfuges (Jenca to2might 1990, 1998,
Tamerdinger ¢ laplan 2000) have been used to
¢v2luate miscible solute transport in unsaturated
Lot their applicati *n is limited to small samples
vLem length 3.3 em diameter or ~45 cm?) of
1o nogeneous materials. In addition, most small
wontrifuges are limited to simplistic controlled flux
applicauon at the surface and free drainage at the
¢ wer boundary and lack in-flight monitoring of
muoisture contents, pressures and solute concentra-
1618, & easnrements of these variables are physi-
o117 acquired after stopp.ag the centrifuge.

.. 1pe centrifuges overcome many of the limita-
wens of the cabinew-size centrifuge in conducting
soaute transpori ex“eriments in unsaturated soils.
~ lvantages include large sample sizes (beth in
omeier and leagtn), tottor esperimental control
o the boundary conditions, in-flight monitoring
-« the state variables, and multi-dimensional test-
1. 2O cameras ¢an be mounted and used to
Loonitor the e vemeni oI wc 1-aqueous phase lig-

Wds (5 1-L) and dyes, and record other changes
.t =xperimental system. Flow-through con-

v ity cells can be mounted in the system =.g.,
Ceasley 7 Cavvidou, 1693) to obtamn in-tlight
tacer breakthrough-curves. Iracion collectors
(8¢ M ethods sectic n) can be added to collect efflu-
=t eamplas . - subseat nt chemical analyses.

~he addition .n computass on the hvb of large
e Ltrruge systeras essentially permit “bench-seale™

y = eaperimer ts -~ 1 b2 conducted under enhanced
aovelerations with ully automated control. At
tue “diho Natioral Laboratery (TN..). we have

cvi'oped wols aud chnioues to conduct flux

.ntrolled uns teratca solue transport experi-
1 ats with collecticn ¢ £ the column ¢ Tluent while
_2-ilight. This adv ncement in automation and
conire ! extends the limits of miscible sclute trans-

ort in unsaturated soils to solute concentrations

It toder epresent those in the prototype. This
parer describes the ~quipment and controls neces-
aqry to conduc, such experiments end verifies its
aprilicability using 1 one-dimensional sand-packed
column experiment conducted over a range of cen-

rifugal acceleration.

AU T BT

2 OAZIC NATICNAL, LA3ORATCOKY
JENTRITUCSE FACILITY

""he .daho Mati. aal _aboratory centrifuge is a 2-m
radius, SV g-tenne Actidyn Cystemes model Ch1-3

¢ atrifuge (Figure 1) that can carry an experimen-
tal package as leree as 70 cm long by 50 cm thick
hy 40 cm high anc 50 kg mass at accelerations
up w 130 g (Smith et al. 2002). An experimental
package is built in & cage-like aluminum support

Ligure 1. Photograph of the experiment.] . i .
installed on the platfo.m of the INL 2-meter . at 1u-

iNote the column (center), solute tank (upper lefr+ - -
(upper right), and efflu.nt campling syste:a '

right).

structure that both suprorts the experiment 1
provides secondary containment in case of + -
o failure,

-n-flight experimental control and -~cai.r
ing ¢. experiments is accomplished using o Jat-
acqu-sition system employing a wireless w1 *wor'
huo. The hub links ~omputers in the contivor .
~ith 1 ational Instruments data acquisiiun
tems mounted directly on the centrifuge. “ 0 *imu
monitoring data is collected using ..ab V" 3%/ nnit-
ware nd stored and displuyed on control Lo .
computers whe collaborating crsear ' re = ¢
access the data v:a the vep.

3 mET..CS

Tracer evneriments through unscturated o1l ar
typically conducted by nacking a column with soul
applying a solution tc the surfae vntil o stedy

state flow fic.d is established througa the « ~um .
switching the background solution to one that
contains . tracer, and measuring the tr~.or con-
centration as ~ function of time .t the bottom of
the soil ~olumn.

The experimental setup 15 illustrated in ¥igure *
Two tanks under atmospheric pressure :or
tain a 330-ppm . 3r background solution and a
2000-ppm KR~ tracer solution. A solenonid 3-way
valve controls which of the solutions 1. pumped
to the column. A remotely controlled F.ncynova
pump (model 2-4) is used to "djust the flow rate t.:
the top of the soil column. An experiment is con-
ducted by placing the experimental package v the

1466



] A
[ sac younc ! Vive Pump  Florweter
_olution R

[ 1 ;',’]. 7
[emeai ) Lk | ﬂ i| Dispersion Cap
Iz | [ D
— ! 1 lioiuture i . natric pater .}
) [ i monituning weation
© uView eperiment | ; Soil Column
contral and dala “ i
~wauiziton system J“ tdoistire and matric po’ i |
L =j| monitonng location
i | Porous Piate Assembly
i
N _ _{Efocent sampiing
V" Coum control | _ = ——d=—ry —ystem__ ¢
ECS —

Eawteite e
(o]

Tzuce A, schematic illustrating the major experimen-
¢} comp ments of solute transport experiments through
unsaturated porous media.

centrifuge platform and sninnirg the centrifuge at

consian, sp-2d to ebtain the desired centrifugal
accelcration. The 3-way valve is set to the 330-ppm
T 3r backercvnd solution and a constant flux is
dclivered o the top of the column via the pump.
A constunt vacuum is anplied te the effluent col-
lection system at the base of the soil column. ~he
vacuum is adjusted until the monitoring equirn-
ment (caraciiance probes and tensiometers) indi-
~ates tha the water flux throusa fle seil ~olumn
‘s .n steady state. Su this time, the 3 +vay valve is
switched te the 2000-ppm K Br tracer solution and
the ltacton collector is activated to collect discrete
erluent samples at a pre Jetermined rate.

""he test column is constructed from a 3.7-cm
~1amcter by lo-cm long multi-niece _=yan cylin-
der (“Figure 3 and parcked with = 2-to 0.075-mm
diutuete T canay soil. At the top of this test column,
t cap with a porous stone diffuser was used to
spread the input solution over the surface of the
culumn The cap was not rigidly attached to the
column but wwas pressed against the soil surface
using a large compression sy ing, to »msure good
cortact with the soil. The moisture content "nu
mairic potential were monitored in the soil column
at two locations approximately «.5 cm from each
end. Joil moisture was measured using a Decagon
Echo 10 rrobe, where the electrodes have been
modified to wrap around the inner circumference
of the cxperimental column (ivattson et al. 2006).
Small 1.5-cm diameter porous ceramic cups were
attached to Honeywell Z02C7 46D pressure
transducers (U to 15 psi range) to measure the soil
matric potential. The bottom oi the column was
set as a constant pressure bounadary using a Versa-
por 1.2 um diameter filter supported by a porous
stone between the soil and the lower fluid collection
chambe.. A constant vacuum was appiied to the
lower fluid collection chamber.

The experiment is remotely centrolled and
monitored using a computer program written
using Lab¥v13iW software. This program controls

Figure 3. Multi-piece lexan column used for 1 dimen-
sicnal solute transport experiments. A key teature of the
~olumns is the installed capacitance water content probes
and the mini tensiometers.

the 3-way valve switching ot the influent bac'
ground and tracer application, the pump . ate, and
the effluent collection system. M onitoring of th-
. periment is also accomplished using LabV. EW
programs. Intient water flow rate, soil mioistus.
sHil matric potential, applied vacuvm at the Jowc:
boundary, and the effluent electrical conducti .
can all be monitored at a user rpecified interval.
“nfluent flow rates ure recorded using a Jensiriov
ACL-1430-24 liquid mass flow meter capabli ot
easuring rates as low as 150 nL nin''. Tue lowe,
boundary vacuum is controlled by adjusung e
pressure of air supplied throuch the contrify 4.
.otary joint to a venturl vacutm pump (€ ol
Zermer) moeunted on the retating centrifuge ” e
vacuuin is monitored using 4 -oney ¢l | essur
transducer (26PC CF 60, U to 15 psi range) 1»
trical conductivity of the effluent selution w -~
measured using 1 M_icroelectrode .model 16460
fiow-thru cunductivity eloctrode.

“hen samples are required for chemicaf n.i/
ses, the method has been to perivdically stop the
centrifuge to physically remove an effluent san-
ple (e.g., Antoniadis > McKinley, 20G0). .\ beuter
approach is to collect samples 1. light, how v .
commercially available fraction collectois f2'l
to operate on the centrifuge due to their inability
to physically operate at high accelerations. Due t -
this failure, we designed and built an effluent sam
pling system capable of working in our centrifugs
experime ats (Figure 4). A fundamental aiiference
between our sampling system and commerciallv
available fraction collectors is the .eliance on valves
and air rressure to move fluids to stationary sam-
ple vials rather that -ttempting to move the sample
vials. Column effluent is allowea to fill 4 sample
accumulation connection tube between two loree
bore stainless steel 3-way valves (Figure 4a). Cace
the effluent valve connection tube is full, efflueni
flows into a waste container. To collect a sample
both valves are activated (Figure 4B). When in the
‘B’ position, the top valve isolates the column from
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Franr Schematic of the geotechnical centrifugs
eftluent collection system. Porous media.

s av'ograpl of the centrifuge »ff'uent coll.c-

o 4ot o (shown schematically in Sige = 4b). Note the
¢ wo o hingle nressure rotor valve (ce atel)

aocotusn «alleciaor chambe, and the bottom
vy 0 e the olleruon tuh firom the wast-
o - ssurized ueas usdd to transpore the
e elendon tube to o 2 noct switch-
g v ove o couecte to 13-ml sawnnle collection
vivs o Size v yith wee velvee 10t~ B posi-
1 Freoofom the column ao~tanulates above
o oee T L valve pfter Lol ftimae Las
puste H ity the a~ umuleion tub > the valves

owr o ot o chelr original posttivn to collect the
ne-1 s mple  Jalve switching is performed via a
Coahwie 77y agrar th o allows auto mated opera-
COr v ine « hient eollection feo subsequent lab -
160wy on.lyscs Timing of the sample collection
s orconte controlled. I7ultipl- L y-port switching
velves ¢an we taisy-chained together wo allow adai-
tlon. sampios to be collected.

ATEDUS VA TN T

“roe = al design and equinment was tested
L selies of preliminary exp:iiments to verity the
est~Ylishi. ot of a one-dimensional now field a*
lng - cas oot dhat the tiee st put could
‘oS Core oLt Al fiow was

P

effectively unidirectional through out the column, red
dye was added to the tracer solution for one test. Th
test was conducted similar to a normal trace =xpe:
ment except the test was stopped when the r¢ 1 tve
nearly reached the end of the column. Zubs quent
visual inspection of the dye distribution at the ton of
the soil surface confirmed that there is sufticient cap-
illary dispersion in the porous stone to evenly spre !
the influent across the top of the soil. { ibsequent
destructive sampling of the column incicated an Lven
red staining of the sand throughout the column.

A second equipment test was conducted t-
evaluate the comparability of solute break through
curves determined by the in-flight electric:’
eornductivity cell and post-experimental analysis ot
bromide concentration. Our results suggest a 1,00
correspondence betweer the breakthrough curves
derivea from the conductivity measurerreni au
the _r~ concentrations determinca by 1on chrc
matograph (Zionex . [-320) analysis of collects d
effluent sumnpler (Tigure 9). A single value for th
velocity 013 ~o2 min™) aad the disp sion coul
feient (0.0 n® min 'Y were estimt u using
non-linear parameter cstumation sprea ishe =t pre -
grair and an analyticul solnton to the ~onve “tion—
‘ispersion equation (Viaith ¢ ¢ 1990 The
breakth cugh curves -alculat d from these *alues
aescribe both ke normalized bromide efflu_ut
samples .n i the normalized conductivity mras-
urements. This result suggests thut (0 the =«
wients .avolving only the N 3r tracers das ribed 11
this report breakthrough curves deriv ! froni th
easier-ta-collect continuous electrical conductiv
ity measurements cir reflective of bicakthroug,t
cu.ves eollected usir ¢ the »ffluent sompling sy
tem an. hai breanthrough cuives ~an be alfined
solely from the in-line conductivity 11 asursment.
=xperiments using multiple reactive and/or con-
servative tracers would, however requue the wol
of the erf! ient sampling system ~ad subeqe o
post-esperimental chemical ar~lysis.

Zuccess of the equipment testing =Xp.ri-ients
gave confidence that tracer transport experiment
in unsaturated soil could be conducted on the INL
centrifuge at 1, 10, 20, 30, and 40 times earth’s
gravitational acceleration. Since the vertical flux of
water through soil is dependent on the body force
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[1] Capillary forces acting at the air-water interface play an important role in colloid
fate and transport in subsurface porous media. We quantified capillary forces between
different particles (sphere, cylinder, cube, disk, sheet, and natural mineral particles) and a
moving air-water interface. The particles had different sizes and contact angles (ranging
from 14° to 121°). Theoretical calculations using the Young-Laplace equation were
used to support and generalize the experimental data. When the air-water interface moved
over the particles, there were strong capillary forces acting on the particles in the direction
of the moving interface. The measured maximum capillary forces were similar to

those calculated by the Young-Laplace equation. The larger the contact angles and the
larger the particle size, the stronger were the capillary forces. Particles with irregular shape
and sharp edges experienced greater forces than smooth particles. Generalization of

the results indicates that capillary forces exerted by a moving air-water interface can
readily exceed attractive Derjaguin-Landau-Verwey-Overbeek (DLVO) and gravity forces
for typical subsurface particles, and a moving air-water interface is therefore an effective
mechanism for mobilization of particles in porous media. Particles in the colloidal size

range are particularly susceptible for mobilization by a moving air-water interface.

Citation:

Shang, J., M. Flury, and Y. Deng (2009), Force measurements between particles and the air-water interface: Implications

for particle mobilization in unsaturated porous media, Water Resour. Res., 45, W06420, doi:10.1029/2008 WR007384.

1. Introduction

[2] Interfacial capillary forces between solid, liquid, and
gas phases can cause solid particles to be attracted to, or
repelled from, each other, depending on the contact angle
forming at the solid-liquid-gas interface and the movement
of the liquid-gas interface relative to the solids. It has been
commonly observed that liquid bridges can cause strong
attraction between particles [Hunter, 2001; Sur and Pak,
2001; Steenhuis et al., 2006; Gao et al., 2008]. When there
is a liquid film on a flat surface, strong capillary forces will
pin the particles to the surface, but when the liquid film
expands, the particles may be lifted off the flat surface
because the particles are being strongly attached to the
liquid-gas interface. Surface tension, contact angles, particle
densities, sizes, and shapes determine whether the detach-
ment of a particle from a surface by liquid film happens and
determine the order of magnitude of the forces involved
[Gillies et al., 2005].

[3] Colloids play an important role in subsurface con-
taminant transport. Mobile colloids can enhance and facil-
itate transport of contaminants [Kretzschmar et al., 1999].
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Whether this colloid-facilitated transport of contaminants
occurs depends on whether colloids are present, mobile, and
associate with contaminants [Honeyman, 1999]. In unsatu-
rated soils and sediments, colloids are often attached to
larger mineral particles, and for such colloids to become an
effective carrier for contaminants, the colloids have to be
mobilized, i.e., detached from the larger soil minerals.
Chemical as well as physical factors play a role in colloid
mobilization [McCarthy and McKay, 2004; Flury and Qui,
2008]. In this paper we focus on the physical factors related
to the liquid-gas interface.

[4] While the importance of liquid-gas interfaces on
colloid mobilization and transport in porous media has been
recognized, it is not clear what the exact mechanisms of
colloid mobilization by liquid-gas interfaces are. Colloids
may be trapped in pendular liquid rings [ Wan and Tokunaga,
1997], strained in thin liquid films [Veerapaneni et al.,
2000; Saiers and Lenhart, 2003], attached to the liquid-
gas interface [Wan et al., 1994; Abdel-Fattah and El-Genk,
1998b; Sirivithayapakorn and Keller, 2003; Auset et al.,
2005; Lazouskaya and Jin, 2008], or attached to the solid-
liquid-gas phase interface [Chen and Flury, 2005; Crist et
al., 2005]. Colloid mobilization can occur when liquid films
expand, thereby releasing trapped colloids from pendular
liquid rings. It has also been shown that capillary forces
acting between colloids and the liquid-gas interface can
mobilize colloids [Shang et al., 2008a, 2008b; Sharma et
al., 2008a, 2008b]. Theoretical considerations indicate that
capillary forces can exceed Derjaguin-Landau-Verwey-
Overbeek (DLVO) forces [Scheludko et al., 1976; Preuss
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and Butt, 1998a, 1998b; Shang et al., 2008a]. Experiments
with natural colloids in sediments [Sharma et al., 2008a]
and synthetic polystyrene beads [Sharma et al., 2008b]
showed that a moving liquid-gas interface can indeed
capture and mobilize particles that are initially attached to
stationary surfaces.

[s] When colloids are at the liquid-gas interface, it is
energetically unfavorable for the colloids to detach from the
interface [Israelachvili, 1992; Abdel-Fattah and El-Genk,
1998b, 1998a]. When a colloid is attached to a liquid-gas
interface, the attachment is considered irreversible [Abdel-
Fattah and El-Genk, 1998a]. Colloids can aggregate at a
stationary liquid-gas interface [Williams and Berg, 1992]
and can also aggregate when an air bubble slowly dissolves
in a porous medium [Sirivithayapakorn and Keller, 2003].
While colloid attachment to liquid-gas interfaces has been
investigated extensively in the past, as mentioned above, the
quantification of the forces acting on particles already attached
to the liquid-gas interface has not received as much attention.

[6] Colloid attachment onto the gas-liquid interface is
important for industrial solvent extraction and surface
cleaning processes. During solvent extraction processes,
colloidal particles tend to aggregate at the liquid-gas inter-
face [Williams and Berg, 1992; Abdel-Fattah and El-Genk,
1998a]. Foams and emulsions are stabilized by the strong
attachment of particles at the liquid-gas or liquid-liquid
interface [Binks, 2002; Du et al., 2003; Gonzenbach et
al., 2006]. In most cases, the attachment or assembly of
colloidal particles at air-water interfaces is controlled by
adjusting the surface hydrophobicity of colloidal particles.
For surface cleaning, surfactants are used to change the
property of the gas-liquid interface where “dirty” colloi-
dal particles or droplets can be detached [Hiemenz and
Rajagopalan, 1997; Abdel-Fattah and El-Genk, 1998a].

[7] The forces acting between a particle and a liquid-gas
interface can be measured by tensiometry [Zhang et al.,
1996, 1997] or atomic force microscopy [Preuss and Butt,
1998a, 1998b; Gillies et al., 2005]. In most cases, spherical
particles are used for force measurements, and sphere
tensiometry has even been proposed as an alternative to
du Notiy ring and Wilhelmy plate methods for measuring
surface tensions and contact angles [Gunde et al., 1995;
Ecke et al., 1999].

[8] The capillary forces acting on a spherical particle at
the liquid-gas interface can be described by the Young-
Laplace equation, and numerical solutions have been de-
veloped for spherical particles [Princen, 1969; Zhang et al.,
1996, 1997, 1999]. For particles with sharp edges, the
boundary condition for the contact angle at the sharp edges
requires additional assumptions [Hesla and Joseph, 2004;
Singh and Joseph, 2005], making the solution of the Young-
Laplace equation more complicated. For particles with
irregular shape, neither experimental measurements nor
theoretical calculations are available.

[v] We hypothesize that capillary forces play an impor-
tant role in the mobilization and transport of colloids in
porous media. Under relatively dry conditions, when solid
surfaces are covered with a thin water film, colloid particles
will be pinned to the porous media surface by capillary
forces, but when water films expand, the same capillary
forces can cause particles to detach and move along with
moving liquid-gas interfaces.
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[10] The overall objective of this study was to quantify
the forces acting on a solid particle when an air-water
interface passes over the particle, with the goal to clarify
the role of moving air-water interfaces on colloid mobili-
zation in porous media. Specifically, we (1) quantify, both
experimentally and theoretically, the forces acting on par-
ticles of different shape as a function of air-water interface
position and (2) discuss the implications for colloid mobi-
lization under unsaturated flow conditions in porous media.

2. Theory

2.1. Force Balance for a Particle in Contact With a
Liquid Film

[11] Consider a particle attached to a flat surface covered
by a liquid film (Figure 1). We assume that the density (p,)
of the gas phase is much smaller than that of the liquid (p;)
and the solid phases (p,) and thus can be neglected. We use
the following conventions: (1) the position of the horizontal
bottom line of the particle is the reference position, (2) the
position above the reference position is positive, and
(3) downward forces are positive and upward forces nega-
tive. The vertical components of the forces acting on the
particle are as follows: (1) DLVO forces (fprvo) between
the particle and the surface (downward or upward depend-
ing on surface charges and solution chemistry), (2) weight
(f.») of the particle (downward), (3) surface tension force (f;)
(downward or upward depending on contact angle),
(4) buoyancy force (f,) (upward), and (5) hydrostatic
pressure force (f,,).

[12] If the sum of the above forces,

F = forvo +fw +fs +fo + 1, )

is negative, F' < 0, then the particles will detach from the
solid surface and will float at the air-water interface (upward
repulsive force); if F > 0, the particle will be pinned to the
solid surface (downward attractive force). The sum of
surface tension and hydrostatic pressure force is commonly
called the capillary force, feap.

[13] For a particle of constant size, the force balance in
equation (1) depends on the thickness, H, of the liquid film,
such that the net force can either be positive or negative. In
the following, we discuss the forces acting at the particle-
liquid-gas interface as a function of liquid film thickness.
We discuss the theoretical forces and compare with exper-
imental measurements.

2.2. Forces on a Sphere at a Liquid-Gas Interface

[14] The forces acting on a sphere at a liquid-gas interface
have been worked out in relation to flotation and sphere
tensiometry [Princen, 1969; Huh and Mason, 1974, 1976;
Schulze, 1977; Fieber and Sonntag, 1979; Zhang et al.,
1996; Singh and Joseph, 2005]. We assume that a spherical
bead with radius R is adhering to point B on a horizontal
solid surface and that the contact angle of the bead is ¢
(Figure 1a). When a water film builds up on the flat solid
surface, the water film forms a meniscus and a contact line
(4C) around the sphere. We designate the immersion angle
as v, the distance from the center bottom B of the bead to
the horizontal air-water interface as y, and the deflecting
depth of the water film as z, (Figure la). The vertical
components of the forces exerted on the sphere are (see
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also the notation section for explanation of symbols and
their dimensions)

4
fo= gwR3 g )

Jo = _§R3(1 — cos ¢)*(2 + cos ) pg, 3)

where R is the radius of the sphere or cylinder, p, is the
density of the solid phase, g is the gravitational acceleration,
1 is the filling angle between the center of the colloidal
sphere and the water-colloid contact line, and p; is the
density of the liquid phase. The vertical component of the
surface tension force (downward if ¢ + 6 < 180°, upward if
1 + 6 > 180°) can be calculated as [Zhang et al., 1996;
Singh and Joseph, 2005]

fs = —(27Rsin 1))y cos(270 — ¢ — 0) = (27R sin )y sin(¢ + 6),
4)

where «y is the liquid surface tension and 6 is the water
contact angle of the particle. The hydrostatic pressure
force is given as [Zhang et al., 1996; Singh and Joseph,
2005]

Jfy = m(Rsin)* Ap = m(Rsin )’ pgzo, (5)

where Ap is the pressure difference and z, is the
deflection depth. To simplify the discussion, we can take

(a) A sphere and (b) a cylinder adhering to a horizontal solid surface in contact with a water

the weight of the particle in the air phase to be 0 by a
balance, and we assume for the moment that the net
DLVO force fprvo is 0. We will expand the discussion to
the more general case later. Then, equation (1) can be
written as

F = —27Rsin)ysin(y) + 6) — §R3(l — cos )2 (2 + cos 1) p,g
+ (Rsin )’ pgzo- (6)

The deflection depth z, is related to the height of the
water film H by [Zhang et al., 1996]

H =zo+ R(1 + cos ). (7)

2.3. Forces on a Cylinder at a Liquid-Gas Interface

[15] For particles with sharp edges or rims, such as
cylinders, cubes, and prisms, the contact line moves along
the smooth vertical surfaces as the liquid film expands or
shrinks until it comes to rest at the sharp edge of the top
surface (Figure 1b). Further movement of the liquid-gas
interface will not change the contact line; rather, the contact
angle changes. This is in conflict with the Young equation,
which states that the equilibrium contact angle is constant.
In this case, we can use the Gibbs extension to Young’s
equation [Singh and Joseph, 2005]:

0()<9<1800—Oé+00, (8)
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where « is the wedge angle and 6 is the equilibrium contact
angle for the vertical face. The angles 6y and 180° — « + 6
are the limits of the contact angle 6 according to the Gibbs
extension (Figure 1b).

[16] We describe the forces exerted on a cylindrical
particle as follows [Princen, 1969; Hesla and Joseph,
2004; Singh and Joseph, 2005]. We assume that a cylinder
with radius R and length L is adhered to point B on a
horizontal solid surface and that the contact angle between
the water-air interface and the vertical edge of the cylinder
is 0 (Figure 1b). When a liquid film builds up on the flat
solid surface, the water film forms a meniscus around the
cylinder, and the contact angle is the advancing contact
angle between the cylinder and the liquid. When the liquid-
gas interface reaches the sharp edge of the top surface of the
cylinder, the contact angle 6 increases from 6 = 6, to
maximal € = 180° — « + 6. The vertical components of
the forces exerted on the cylinder are

fu=mRpgL ©)

fy = —mRpglL, (10)
where L is the height of cylinder. If the contact angle 6 at the
pinned interface is larger than 90°, the surface tension and
pressure forces are given by [Singh and Joseph, 2005]

fo = —2mRysin(0 — 90°) (11)

fp =—pg(H — L)7R*. (12)

When the weight of the particle is tared in the air phase with
a balance and we neglect the DLVO forces for the moment,
equation (1) becomes

F = —27Rysin(0 — 90°) — p,gH7R>. (13)

For the calculation of the pressure force, we need to know
the height of the water film H as a function of the deflection
depth z, [Singh and Joseph, 2005]:

H=1z+L. (14)

Equations (6) and (7) (for the sphere) and (13) and (14) (for
the cylinder) can be solved numerically as described in
section 2.4 and allow us to calculate the force exerted by the
liquid-gas interface as a function of water film height.

2.4. Numerical Solution

[17] The solutions of equations (6), (7), (13), and (14)
require knowledge of the relation between the angular
inclination of the interface ¢ and the height of water film
H. This relation can be obtained by solving the Young-
Laplace equation. We consider an unbounded liquid-gas
interface in contact with an axisymmetric particle (Figure 1).
The Young-Laplace equation describes the shape of the
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axisymmetric meniscus [Princen, 1969; Veerapaneni et
al., 2000]:

d?y/dx?
[1+ (dy/av)’]

dy/dx
x[l + (dy/dx)z]

3/2 1/2 _gply:() (15)

together with the boundary conditions,

d
&y = —tan ¢, at

(16)

X = X0

d_

P 0 at

(17)

X — 00,

where x is the horizontal distance measured from the axis of
symmetry, y is the vertical distance from the liquid-gas
interface, x, is the horizontal distance to the intersection of
the particle and the liquid-gas interface, and ¢, is the
angular inclination of the interface to the horizontal line at
the intersection. By scaling with the capillary constant ¢ =
Vpig/y we can define the following dimensionless
variables [Princen, 1969; Veerapaneni et al., 2000]:

X=cx and  p=cy, (18)
where X is the dimensionless horizontal distance measured
from the axis of symmetry and p is the dimensionless
vertical distance from the interface. The Young-Laplace
equation can then be transformed into a system of dimension-
less differential equations [Princen, 1969; Veerapaneni et
al., 2000]:

dsin¢g sin

B — =0 (19)
dx  —Xcos¢
dp  ip+sing’ (20)
dp  xsin(¢)
a6 Tng 2

with the boundary conditions [Princen, 1969; Veerapaneni
et al., 2000]
% =% (22)

¢:¢07 j/:yAO at

$p=0, p=0 at X — o0, (23)
where ¢ is the angular inclination of the interface to the
horizontal, ¢ is the angular inclination of the interface, and
(X0, ¥0) are the dimensionless coordinates of the intersection
of the particle and the liquid-gas interface.

[18] Equations (19)—(23) have to be solved by numerical
integration. Because the integration starts at infinity, an
appropriate starting point has to be chosen. We followed
the approach described by Zhang et al. [1996], which uses
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Figure 2. Examples of theoretical force-position curves
for a sphere with R = 0.5. Contact angles of water on the
spheres are noted. The weight of the sphere in air is tared to
0. Letters indicate geometrical configurations and respective
positions in the force-position curves shown for 6 = 60°.

modified Bessel functions to find the starting point:

sin(¢*) = Bk (&%), (24)
7 = Bho(), 25)
= ) sin(s") (26)

where (X*, y*, ¢*) is an initial point on the liquid-gas
interface used for the integration, ¢* is the dimensionless
angle of the initial point on the liquid-gas interface, and kg
and k&, are modified Bessel functions of the second kind of
order 0 and order 1, respectively, and B is an integration
constant.

[19] The solution of the Young-Laplace equation has to
satisfy the following conditions at the contact line with the
particle:

For a sphere

% = Rsin¢ (27)
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For a cylinder

% = R, (28)

where R is the dimensionless radius of the sphere or cylinder.
We solved the system of equations (equations (19)—(28)) by
a fourth-order Runge-Kutta method using MATLAB
(version 6.5.1, The MathWorks, Natick, Massachusetts).

[20] The solution of the Young-Laplace equation in
combination with equations (6), (7), (13), and (14) can be
used to develop force-position relationships [Huh and
Mason, 1974; Fieber and Sonntag, 1979; Gunde et al.,
1995; Zhang et al., 1996]. An example of such a relation for
a sphere, which is initially in the air phase and which is
subsequently passing through a liquid-gas interface, is
shown in Figure 2. The schematic at the top of Figure 2
shows the relative movement of the particle and the liquid-
gas interface. The particle is moved through the liquid-gas
interface, and we neglect the presence of the solid-liquid
interface, as we are interested in just the liquid-gas interface
for the moment. In Figure 2 (bottom), we plotted the
calculated dimensionless force /= F/(R’p,.g), where p,, is
the density of water versus relative position ///R (dimen-
sionless form H = c¢H and R = cR) for contact angles 6 = 0°,
60°, 90°, 120°, and 180°.

[21] We illustrate the behavior of the force for a spherical
particle with a contact angle of 60° that is denser than the
fluid. The curve begins at point A, where the sphere just
touches the liquid-gas interface; then the liquid-gas interface
jumps to its equilibrium condition at the sphere (point B),
and an attractive capillary force is exerted. As the sphere
moves downward, the capillary force decreases, and the
buoyancy force starts to increase until at point C no net
force (F = 0) is exerted. When the sphere moves farther
down, the net force becomes negative, i.e., in the upward
direction, until a maximum upward force is reached at point
D; further downward movement of the sphere causes the
upward force to reduce again, until at point E the maximum
deformation at the liquid-gas interface is reached; then the
interface snaps off the sphere, and the force recovers to ' =
—4m7/3, corresponding to the dimensionless buoyancy force.

[22] For 6 = 0°, the snap off occurs at point (2, —47/3),
where ' = —47/3 is the buoyancy force. If the contact angle
0 is greater than 0°, surface tension and pressure cause an
additional upward force, as shown by the increasing max-
imal upward force in Figure 2. The larger the contact angle,
the larger is the maximum upward force and the larger is the
maximum deformation of the liquid-gas interface.

[23] In contrast to a sphere, for a cylindrical particle the
liquid-gas interface pins at the sharp edge when the inter-
face reaches the edge. The contact angle 6 between cylinder
and interface will increase as the liquid-gas interface moves
upward. The contact angle is bounded by the Gibbs exten-
sion (equation (8)). If the equilibrium contact angle 6, <
120°, then the maximum upward capillary force occurs at
0 =180° —90° + 0,. If 6, > 120°, then the maximum force
occurs when 0 < 180° —90° + 0.

[24] The theoretical force-distance curves can be used to
determine the maximum upward force F. (point D in
Figure 2) and the maximum immersion depth H ., at which
the snap off occurs. The results for the total maximum
upward forces (Fmax = fcapmax +./b) are plotted in Figure 3a
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for spheres and Figure 3b for cylinders. Figure 3 shows that
(1) for a given radius R, the maximum upward force
increases with contact angle 0; (2) for a given contact angle
0 > 0, the maximum upward force and maximum deforma-
tion (dimensionless) increase when the size of the particle is
reduced; and (3) for a given contact angle 6 > 0, the slopes
of the maximum force-radius curve and of the maximum
immersion depth-radius curve become increasingly steeper
when R is reduced. The forces for the cylinders exceed
those of the spheres with the same radii and contact angles.
If the contact angle is larger than 90°, little differences in the
maximum capillary forces for the cylinders are observed,
particularly if the particle size is small (Figure 3b).

[25] Figure 3 can be used to determine whether a particle
can float at the air-water interface. For instance, the weight
of a spherical particle with dens1ty of 2 65 g cm°, typical
of soils and sediment particles, is 37TR psg. The dlmensmn-
less weight for such a part1cle using water as the fluid for
the scaling is f 7TR3 08/ (R?p.g) = va/pw 11.1. When
the particle size R decreases toa certaln value, e.g., R = 0.5
for 0 = 60°, the upward force equals the weight of the
particle, and the particle will float on the interface. When
the surface of the particle becomes more hydrophilic, the
size of the particle must become smaller before flotation can
occur.

2.5. DLVO Forces

[26] If we assume that the soil particles are spherical, we
can use DLVO theory for a sphere-plate system to calculate
colloid-sediment interaction energies. The total interaction
energy can be calculated as [Gregory, 1975, 1981]

kT\?
AGt = 64meR e T Y, exp(—rh)

_AR[, 5.32h o
-2 (0
“on { o n( +5.32h>}’

(29)

where the left-hand term is the electrostatic and the right-
hand term is the van der Waals interactive energy,
respectively; € is the dielectric permittivity of the liquid; &
is the Boltzmann constant; 7'is the absolute temperature; v is
the ion valence; e is the electron charge; x is the Debye-
Hiickel reciprocal length; /4 is the separation distance; and
A is the Hamaker constant; Y; = tanh[vet)y /(4kT)], where
1o, are the surface potential of the colloids and the
sediments, respectively; and )\, is a characteristic length of
100 nm. The total DLVO or adhesive force is

forvo = < (BGu). (30)

We assumed a separation distance of # = 0.3 nm [Elimelech
et al., 1995; Sharma et al., 2008a] to calculate the value of
the total DLVO force.

3. Materials and Methods
3.1. Particles Used for Force Measurements

[27] We used particles of well-defined geometry as well
as natural soil particles for the force measurements. The
particles of well-defined geometry consisted of spheres,
cylinders, disks, and sheets (Table 1). These particles were
all purchased from McMaster-Carr (Santa Fe Springs,
California) and were cleaned by sequential immersion in
acetone (once), ethanol (once), and deionized water (more
than three times). The dimensions of the particles were
measured with a micrometer caliper with an error of
+0.01 mm. The density of the each type of material was
calculated from the average weight and average volume.

[28] The natural subsurface particles were obtained from
the sediments of the Hanford Environmental Restoration
Disposal Facility, located 8 miles from the Columbia River
between the 200 east and 200 west areas of the Hanford site
(south-central Washington State, United States). Five dif-
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Table 1. Characteristics of Spherical Beads and Sharp-Edged
Particles

Sphericity®/ Contact

Diameter/ Height Density  Angle

Shape Material® Length (mm) (mm) (g cm ) (deg)

Sphere glass  2.37°, 3.16,° 3.95,° <0.01 2.46 64 £ 1
4.76, 6.34

Sphere steel 1.00,¢ 2.00, 3.00, <0.01 7.85 83+ 1
4.00, 5.00

Sphere PTFE 2.37,°3.17,°3.97° <0.01 2.16 121 +3
4.76,° 6.35

Cylinder  steel 4.76 4.76 7.85 83 + 1

Cylinder PTFE 4.76 4.76 2.16 121 +3

Cube steel 4.76 4.76 7.85 83+ 1

Cube PTFE 4.76 4.76 2,16 121 +3

Disk steel 4.76 2.00 7.85 83+ 1

Disk PTFE 4.76 2.00 2,16 121 +3

Sheet steel 4.76 2.00 7.85 83+ 1

Sheet PTFE 4.76 2.00 216 121 +3

Glass, heat-resistant borosilicate; steel, bearing-quality aircraft-grade
E52100 alloy, chrome coated; PTFE, virgin electrical grade fluoropolymer.

"Difference between measured maximum and minimum diameters.

Particles can be floated by pure water (on the basis of a flotation
experiment).

ferent types of particles (three particles each) with size
between 1 and 5 mm were selected (Table 2 and Figure 4).
Particles were identified optically and microscopically. The
particles were cleaned by sequential immersion in ethanol
for 24 hours and deionized water for 24 hours, followed by
air drying.

[20] The particles were mounted onto U-shaped hooks
made of steel wire (Figure 5). We used these U-shaped
hooks so that we could investigate the forces acting on the
particles when a liquid-gas interface expands and moves
over the particles. As the hook is attached to the bottom of
the particle, it does not interfere with the liquid-gas inter-
face. Two different diameter wires were used; a 0.5-mm
wire was used for the three smallest spheres, the regular-
shaped polytetrafluoroethylene (PTFE) objects, and a 0.78-mm
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wire was used for the two largest spheres and the regular-
shaped steel objects. The wires were cut to about 7-cm-long
segments and were bent into hooks. The tips of the hooks
were flattened with a file to ensure enough contact area with
spheres and regular-shaped objects. The hooks were cleaned
in the same manner as the particles. The glass and steel
particles were then glued onto the hooks using Instant Krazy
Glue (Elmer’s Products, Inc., Columbus, Ohio). As the
PTFE particles were difficult to glue to the hooks, a hole
was drilled into each PTFE object with a microdrill (Dremel
Moto-Tool model 395, Dremel, Racine, Wisconsin). A
small amount of glue was applied into the hole, and the
tip of the hook was inserted into the hole. The natural
subsurface particles were glued onto the tip of the hook in
the middle of one side.

3.2. Contact Angle Measurement

[30] We determined the advancing air-water-solid contact
angle on the particles by using a goniometer (Drop Shape
Analysis System, DSA100, Kriiss GmbH, Hamburg,
Germany). A spherical bead (4 or 4.76 mm in diameter) or
a natural Hanford sediment particle (=3 mm in diameter)
was mounted on a microscopy slide using double-sided tape.
A microsyringe with a steel needle (outer diameter 0.5 mm)
was used to deposit a drop of water next to the bead or
particle a short distance apart (0.2 mm). The test liquid (5 L
of water) was then continuously dispensed at a flow rate of
5 uL min~'. The advancing contact angle was continuously
measured by the goniometer.

3.3. Force-Position Curve Measurements

[31] We measured the forces between the particles and the
air-water interface by using a tensiometer (Process Tensi-
ometer, K100, Kriiss GmbH, Hamburg, Germany). The
hook with an attached particle was mounted onto the
microbalance of the tensiometer. The air inside the sample
chamber of the tensiometer was saturated with moisture by
keeping wet paper towels inside the chamber. A cup with
65 mm inner diameter was used to hold the water in which
the particle was immersed. Nanopure water with an electri-

Table 2. Characteristics and Maximum Capillary Force of Natural Hanford Sediments With Irregular Shape

Maximum Capillary Force®

Theoretical
Number of Maximum Maximum Maximum Angle
Sediments Particle Length (mm)  Width (mm)  Height (mm)  Contact (deg)  Experimental (uN)  Sphere (uN)  Cylinder (uN)
Basalt 1 1.57 1.50 1.12 23+£3 —220 + 15 —14 —148
2 2.99 1.97 1.04 23 +3 —370 £+ 20 —27 —308
3 3.37 2.60 1.32 23+£3 —247 + 11 —31 —356
Quartz 1 2.11 1.91 1.08 37+3 —321 + 17 —49 -319
2 3.23 2.80 1.24 37 +3 —254 £ 12 -76 —527
3 3.86 3.23 1.55 37+3 —523 £20 —92 —653
Granite 1 1.97 1.71 1.11 22+3 —194 + 15 —16 —183
2 432 3.34 1.29 22+3 —197 £ 19 -37 —466
3 3.42 2.92 1.04 22+3 —265 + 13 -29 —392
Biotite 1 1.49 1.58 1.20 37 +4 —103 +9 —34 —216
2 2.45 245 0.20 37+4 —427 £ 17 —57 —378
3 3.13 2.75 0.11 37 +4 —496 + 27 —74 —505
Calcite 1 3.1 2.68 1.77 14+3 —13+2 —11 —207
2 3.85 3.12 1.78 14+3 —95+7 —13 —234
3 3.28 2.92 1.05 14 +3 —94 + 38 —11 —216

“Here + denotes one standard deviation. Theoretical calculations of maximum capillary forces for spheres and cylinders are based on maximum lengths

of Hanford sediments and are therefore maximum expected forces.
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No. 1
No. 2

No. 3

Basalt Quartz Granite Biotite Calcite

Figure 4. Five different natural Hanford sediment parti-
cles (basalt, quartz, granite, biotite, and calcite) with
irregular shapes.

cal conductivity of 1.0 uS m~' was used. Temperature of
the water in the cup was controlled by a temperature jacket
with a circulating water bath at 20 = 0.5°C. The precision of
the tensiometer was 0.02 mg or 0.196 uN.

[32] At the beginning of the measurements, the hook and
the particle were in the air phase, and the tensiometer
balance was tared to 0. The particle was then successively
immersed into the water by raising the water cup, whose
velocity was controlled by the tensiometer. The force on the
object was recorded in 0.05-mm position increments as
the particle passed through the air-water interface. When
the particle was completely immersed in the water, the water
cup was lowered at the same velocity until the particle was
in its original position above the air-water interface. This
sequence was repeated five times for each particle. The data
were then used to construct force-position curves.

[33] As the force measured is dependent of the surface
tension of the fluid, we verified the surface tension of the
water in the cup using the Wilhelmy plate method.
The surface tensions of water before and after immersion
of the objects did not change significantly. Average surface
tension was 72.4 £ 0.4 mN m™~ before each force-position
measurement cycle and 72.0 £ 0.3 mN m™' after the
measurements.

[34] An initial test was performed to assess the effect of
immersion velocity on the force measurements. For this test,
we used only one size (4.8 or 5.0 mm) of each sphere type.
We determined force-position curves at interface velocities
ranging from 0.25 to 10 mm min . Standard errors of the
force for different velocities were within 4%, suggesting
that the air-water interface reached equilibrium with the
bead at speeds up to at least 10 mm min~'. We selected an

(a) Sphere (b) Cylinder (c) Cube
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immersion speed of 1.0 mm min~' for the experimental
measurements.

4. Results and Discussion
4.1.

[35] Figure 6 shows examples of measured force curves.
These curves can be categorized into the following seg-
ments. Before the hook touches the air-water interface, the
weight of the sphere and hook was tared to 0; no net force is
recorded (stage a). When the bottom of the hook touches the
water, a downward attractive (positive) force, due to the
capillary force on the hook itself, is recorded (stage b).
When the hook is further immersed into water, the attractive
force reduces, and when the air-water interface bends
downward, capillary and buoyancy forces on the hook
cause an upward lifting (negative) force (stage c). The
upward force reaches its maximum just before the air-water
interface detaches from the horizontal part of the hook and
the force recovers to nearly zero (stage d). Once the particle
touches the air-water interface, a maximum downward
attractive force is recorded (stage e). As the particle con-
tinues to be immersed into the water, the surface tension and
buoyancy forces cause the force to become smaller until it
becomes an upward lifting (negative) force; the force
reaches a minimum and then increases slightly (stage f).
When the maximum deformation of the air-water interface
is reached, the deformed air-water interface snaps back to its
original flat surface (stage g). The surface tension force on
the wire and the buoyancy forces on the object and wire
contribute to the upward force thereafter; the slight slope
observed as the particle is continued to be immersed
corresponds to the increase of the buoyancy force (stage h).

[36] During emersion the forces are downward (positive)
throughout the emersion process, except for the portion of
the curve where the particle is completely immersed in the
fluid and the buoyancy force points upward. The hysteresis
observed between immersion and emersion is due to contact
angle hysteresis (advancing versus receding). In addition,
the nonsymmetry due to the presence of the hook contrib-
utes to hysteresis.

[37] The measured force-position curves are, for the large
part, affected by the interactions of the hook with the air-
water interface. The relevant sections for the particle inter-
actions with the air-water interface are stages e, f, g, and h.
We are particularly interested in the magnitude of the
upward lifting forces during particle immersion and the
maximum upward force just before snap off of the particle
from the air-water interface. The maximum upward capil-

Force-Position Curves

(d) Disk (e) Sheet (f) Natural Particle

Figure 5. Different shape particles: (a) sphere, (b) cylinder, (c) cube, (d) disk, (e) sheet, and (f) natural

particle with hooks.
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Figure 6. (a) Schematic of immersion of a particle into
water, (b) corresponding measured force-position curve for
a 3-mm diameter steel sphere, (c) a 4.76 mm diameter and
4.76 mm height steel cylinder, and (d) a Hanford biotite
particle. Here feapmax is the maximum upward capillary
force.

lary force feapmax can be determined from the force-position
curves as the difference Af between the maximum upward
force before snap off and the force just after snap off
between stage g and stage h (Figure 6). As there is only an
insignificant movement of the horizontal section of the air-
water interface with respect to the particle during snap off,
the measured force fcapmax is not affected by buoyancy
differences.
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[38] Figure 6 also shows that for all the particles inves-
tigated in our study, we measured upward repulsion forces,
i.e., the air-water interface caused an upward force when the
interface moved over the particles. The tensiometer meas-
urements were well suited to quantify the forces, even for
the irregular-shaped sediment particles.

4.2. Maximum Capillary Force

[39] For spherical particles, the maximum capillary force
Jeap,max increased with radius and hydrophobicity of the
beads (Figure 7a). Experimental data generally agreed well
with calculated values. For PTFE, the relative errors were
less than 5%, and for steel they were less than 9%. For
glass, the errors were greater (up to 43% for the smallest
sphere), which was likely caused by the small forces
measured. In dimensionless form (Figure 7b), the maximum
capillary force, fcapmax, decreased when the particle size
increased, and the slopes of the curve were steeper for small
particle sizes.

[40] Figure 8 shows the theoretical maximum capillary
forces for spheres and cylinders with different contact
angles. The theoretical maximum capillary forces for the
cylinders are always greater than those for spheres with the
same diameter and contact angle. In contrast to the sphere,
the liquid-gas interface pins at the sharp edge of the
cylinder, and as a consequence, the effective contact angle
exceeds the equilibrium contact angle (Gibbs extension).
The pinning increases not only the effective contact angle
but also the effective perimeter (radius) on which the
surface tension force acts, thereby contributing to additional
increase of the maximum capillary force as compared to a
smooth spherical particle. These factors cause particles with
sharp edges to have larger negative capillary forces than
particles with smooth edges.

[41] Figure 8 also shows that the maximum capillary
force drastically increases as the dimensionless particle size
becomes smaller. Although we do not have experimental
data to verify the forces at small particle size, the calcu-
lations imply that for colloidal particles (size <10 pm),
capillary forces are becoming exceedingly important.

[42] The experimental and theoretical forces for the steel
and PTFE particles with sharp edges are summarized in
Table 3. The cubes and sheets had the strongest experimen-
tal maximum capillary forces because their perimeter was
the largest. No theoretical calculations for the rectangular
perimeters were done, so we cannot compare with theory.
For the cylindrical particles (cylinder and disk), the exper-
imental data agree well with theoretical calculations.

[43] The sediment particles with irregular shapes have
sharp edges on the surface, which will increase the maxi-
mum capillary forces, causing the particle to float or detach
from a solid surface. Table 2 shows that the sediment
particles had negative capillary forces as the air-water
interface passed over the particles. We cannot calculate
the capillary forces for the natural particles theoretically,
but we can approximate the maximum capillary force by
using a sphere and cylinder equivalent, i.e., a sphere and
cylinder having a diameter equal to the maximum length of
the natural particle. The maximum repulsive (upward)
forces measured for the sediment particles were consider-
ably larger than theoretical values for equivalent spheres
(Table 2). The values for a cylinder are generally closer to
the experimental values, although deviations of up to a
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Figure 7. Measured (open symbols) and theoretical (dashed lines) maximum capillary force of spherical
beads as a function of sphere radius: (a) dimensional and (b) dimensionless form. Error bars represent

plus or minus one standard deviation.

factor of 2 were observed (Table 2). For calcite, the
experimental values were closer to the sphere than to the
cylinder calculations, which can be explained by the rela-
tively smooth surface of the calcite particles (Figure 4).

4.3. Force Balance Considerations

[44] Now we discuss the more general case in which the
DLVO forces are considered. If the particle is in contact
with a solid-liquid interface, the particle experiences DLVO
forces, which can be calculated with equation (30). We are
interested in colloid detachment and mobilization in natural
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subsurface media, so we consider the case of natural
subsurface particles here. For illustrative purposes, we are
using DLVO parameters as used by Shang et al. [2008a]:
particle radius = 250 nm, electrophoretic mobility = —3.18 +
0.07 (um s Y (Vem™), ¢ potential = — 40.1 = 0.9 mV, and
water contact angle = 25.9 + 2.5°. Sediments (the stationary
phase) and particles are assumed to have the same proper-
ties. The sediments are assumed to be flat plates.

[45] To illustrate the importance of the DLVO forces, we
plotted the different forces as a function of ¢ potential for a
particle with radius 250 nm and contact angle § = 25.9°
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Figure 8. Theoretical maximum capillary force (feap max) on (top) a sphere with radius R and (bottom) a
cylindrical cylinder (L = 2R) for different radii and contact angles: (a, c¢) dimensional and (b, d)

dimensionless form.
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Table 3. Maximum Capillary Forces (Upward Forces) for Regular-
Shaped Particles With Sharp Edges

Maximum Capillary Force

Size Contact  Experimental Theoretical
Material Shape (mm x mm) Angle (deg) Force (uN) Force® (uN)
Steel  cylinder 4.76 x 4.76 83+ 1 —1468 £ 17 —1497
cube 476 x 476 83+ 1 —1608 + 10 na
disk  4.76 x 2.00 83 +£1 —1497 + 6 —1497
sheet 4.76 x 2.00 83 +1 —1554 + 26 na
PTFE cylinder 4.76 x 476 121 +3 —1545+3 —1553
cube 476 x 476 121 +3  —1580 + 36 na
disk 476 x 2.00 121 +3 —1565 + 2 —1553
sheet 4.76 x 2.00 121 +3 —1634 +2 na

“Na means theoretical data not available.

(Figure 9). This particular size and contact angle were
chosen on the basis of experimental measurements with
sediments taken from the Hanford site [Chen and Flury,
2005; Shang et al., 2008a]. The contact angle is also within
the range of experimentally measured contact angles for
various subsurface colloids [Shang et al., 2008b]. Figure 9
shows that for colloids with radius 250 nm and contact
angle 6 = 25.9°, the attractive net DLVO force is always
smaller than the maximum repulsive capillary force, even
though the net DLVO force increases when ( potential
increases from —100 to +100 mV. No matter what the
surface charge of particles, the DLVO forces at the separa-
tion distance 0.3 nm are smaller than the repulsive capillary
force.

[46] The different forces acting on a spherical particle as a
function of particle size and contact angle are shown in
Figure 10. Figure 10a shows that for a particle with contact
angle 6 = 25.9° (1) the maximum capillary force and the
DLVO forces are dominant in the system when particle
radius is less than about 0.1 mm, and (2) the buoyancy and
weight forces become more important when particle radius

0.1
e | fw+ fm.vo|(attractive)
0.08 == 0~ | fcappayt+ Fb|(repulsive)
z
o 0.06% 6 6-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-
S 0.04
I.E o-0-9
B 0.02 - ._.—o—o—o—°’°'.—._
. 0—0-0-.—0—0"’._._
0 T T T
-100 -50 0 50 100

C potential (mV)

Figure 9. Net attractive and net maximum repulsive forces
acting on a spherical particle in contact with an air-water
interface as a function of { potential for fixed particle radius
250 nm, contact angle 25.9°, and density of 2.65 g cm .
Here f,, is weight, fprvo 1s the sum of van der Waals force
and electrostatic force, feapmax is the maximum upward
capillary force, and f;, is the buoyancy force. The ¢ potential
of sediments is fixed to —40.1 mV.
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Figure 10. Attractive and repulsive forces acting on
spherical particle with ¢ potential —40.1 mV in contact
with an air-water interface as a function of (a) particle radius
for a fixed contact angle (25.9°) and (b) contact angle for a
fixed particle radius (250 nm).

is larger than about 0.1 mm. The net forces show that the
maximum repulsive forces are dominating up to a particle
size of 0.48 mm, after which attractive forces start to
dominate. This means that particles less than 0.48 mm
can be lifted off the sediment surfaces by the maximum
total upward force (the sum of maximum capillary and
buoyancy force).

[47] To show the effects of the contact angle, the different
forces are plotted as a function of contact angle for a particle
with radius 250 nm (Figure 10b). Figure 10b shows that
(1) the buoyancy and weight forces are small compared to
other two forces, and (2) for colloids with radius 250 nm,
the maximum repulsive capillary force and the attractive net
DLVO force are the dominant forces to determine colloid
retention and release. For contact angles less than 15°,
attractive forces are dominant; above this contact angle
repulsive forces dominate. This suggests that the repulsive
forces are dominant for a large range of surface charges,
particle sizes, and contact angles.

[48] In the previous considerations, the gravity force is
considered to be pointing in the opposite direction from the
repulsive capillary force, and the gravity force contributes
an attractive component between the particle and the
sediment surface. If the gravity force points in the direction
parallel to or in the direction of the repulsive capillary force,
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it will contribute an additional detachment force. According to
our calculations of the torque balances, the gravity force
(weight), however, is considerably smaller than capillary and
DLVO forces for colloidal particles; only for large particles,
the gravity force will become important (Figure 10).

5. Implications for Colloid Mobilization in the
Vadose Zone

[49] Our experiments demonstrate that capillary forces
acting at the air-water interface in porous media can cause
strong repulsion of particles from the stationary surfaces
when water films expand or move through the porous
medium. No matter whether the surface charge of particles
is negative or positive, the maximum repulsive capillary
force is larger than the net DLVO force. For particles in the
size range of fine sands, silt, and clay, the repulsive capillary
force also exceeds attractive DLVO and gravity forces. The
capillary force is therefore a dominant force in colloid
mobilization in unsaturated soil and sediments. The repul-
sive capillary force becomes more dominant the smaller the
particle; that is, particles in the colloidal size fraction
(diameter <2 pm) will be most affected by the repulsive
capillary force. In addition, a rough and irregular surface
shape causes the capillary force to increase as compared to a
smooth, spherical shape, making natural particles even more
prone to detachment and mobilization due to moving air-
water interfaces.

[s0] For the repulsive capillary force to be effective, a
liquid film must build up around particles and the film must
expand beyond the diameter of the particles themselves so
that a lift off can occur. In soils and sediments, some of the
small particles are likely already completely covered with a
liquid film, so the repulsive capillary force will not act on all
the particles, even when an infiltration or drainage front
moves through the medium. This will cause only a fraction
of the colloids to be detached and mobilized by moving
water fronts. On the other hand, if soils are initially dry, then
it is expected that an infiltration front will remove more
particles than if the soil is initially wet. This is in qualitative
agreement with experimental observations of colloid mobi-
lization in field soils, which showed that more colloids were
mobilized after periods of drying [Totsche et al., 2007;
Majdalani et al., 2008].

[s1] While the capillary forces discussed in this paper
may be dominant in coarse-textured soils and sediments,
other mechanisms likely will also contribute to colloid
mobilization in silty and clayey soils. Majdalani et al.
[2008] hypothesized that capillary stresses during drying
cause flaws and cracks in pore walls, which subsequently
promotes colloid mobilization during infiltration. Prolonged
drying, however, may lead to increased cohesion between
particles, particularly in clayey soils, so fewer colloids will
be removed during subsequent infiltration [Kjaergaard et
al., 2004; Majdalani et al., 2008]. Nonetheless, repulsive
capillary forces will play an important role, even in fine-
texture soils and sediments.

Notation

Latin symbols
A Hamaker constant [M L* T2].
B integration constant [dimensionless].
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capillary constant ¢ = \/p,g/v [L™"].
electron charge (1.6 x 10~ C) [Q].
sum of van der Waals force and electro-
static force between the particle and the
surface (downward or upward depending
on surface charges and solution chemis-
try) [M L T?].

buoyancy force (upward) [M L T2].
pressure force due to pressure difference
across the curved air-water interface
ML T?.

sum of surface tension and hydrostatic
pressure force [M L T ]

maximum upward capillary force
[MLT?].

surface tension force (downward or up-
ward depending on contact angle)

ML T2

weight of the particle (downward)
[MLT?].

dimensionless force.

sum of dimensionless surface tension and
dimensionless hydrostatic pressure force.
sum of forvos s fos fo and f, [M L T77].
dimensionless sum of forces of fprvo, fus
Js f, and f,,.

dimensionless maximum upward force.
gravitational acceleration [L T 2].
separation distance [L].

height of water film [L].

dimensionless height of water film above
reference line.

dimensionless maximum height of water
film above reference line.

Boltzmann constant (1.38x1072 J K™")
[ML* T2 67'].

modified Bessel function of the second
kind of order 0 [dimensionless].
modified Bessel function of the second
kind of order 1 [dimensionless].

height of cylinder [L].

radius of sphere or cylinder [L].
dimensionless radius of sphere or
cylinder.

absolute temperature [6].

ion valence [dimensionless].

horizontal distance measured from the
axis of symmetry [L].

dimensionless horizontal distance mea-
sured from the axis of symmetry.
dimensionless horizontal distance mea-
sured from the axis of symmetry to where
the liquid-gas interface meets the particle.
dimensionless horizontal distance of the
initial point on the liquid-gas interface.
vertical distance measured upward/down-
ward from the interface [L].
dimensionless vertical distance of the
initial point on the liquid-gas interface.
dimensionless vertical distance measured
upward/downward from the interface.
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zo deflection depth related to the length of
the water film [L].
yo dimensionless vertical distance measured
upward/downward from the interface to
where the liquid-gas interface meets the
particle.
Greek symbols
« wedge angle [degrees].
v liquid surface tension [M T2].
AGy, total interaction energy [M L* T2
Ap pressure difference [M L™' T2].
e permittivity of the liquid [? T* L™> M "].
T, surface potential of the colloids and the
sediments or the liquid-gas interface
MT3L*1"].
pa  density of air phase [M L]
p; density of liquid phase [M L]
ps density of solid phase [M L]
pw density of water [M L],
6 water contact angle of the particle
[degrees].
0o equilibrium contact angle for the vertical
face of the particle with sharp edges
[degrees].
¢ angular inclination of the interface to the
horizontal [degrees].
¢, angular inclination of the interface to the
horizontal line when the interface meets
the particle surface [degrees].
¢* dimensionless angle of the initial point on
the liquid-gas interface.
x Debye-Hiickel reciprocal length [L™'].
Ao characteristic length of system [L].
1 filling angle between the center of the
colloidal sphere and the water-colloid
contact line [degrees].

[52] Acknowledgment. This material is based upon work supported
by the U.S. Department of Energy, Office of Science (BER), under award
E-FG02-08ER64660.

References

Abdel-Fattah, A. 1., and M. S. El-Genk (1998a), On colloidal particle
sorption onto a stagnant air-water interface, Adv. Colloid Interface Sci.,
78, 237-266.

Abdel-Fattah, A. 1., and M. S. El-Genk (1998b), Sorption of hydrophobic,
negatively charged microsphere onto a stagnant air/water interface,
J. Colloid Interface Sci., 202, 417—429.

Auset, M., A. A. Keller, F. Brissaud, and V. Lazarova (2005), Intermittent
filtration of bacteria and colloids in porous media, Water Resour. Res.,
41, W09408, doi:10.1029/2004WR003611.

Binks, B. P. (2002), Particles as surfactants—Similarities and differences,
Curr. Opin. Colloid Interface Sci., 7, 21-41.

Chen, G., and M. Flury (2005), Retention of mineral colloids in unsaturated
porous media as related to their surface properties, Colloids Surf. A, 256,
207-216.

Crist, J. T., Y. Zevi, J. F. McCarthy, J. A. Troop, and T. S. Steenhuis (2005),
Transport and retention mechanisms of colloids in partially saturated
porous media, Vadose Zone J., 4, 184—195.

Du, Z., M. P. Bilbao-Montoya, B. P. Binks, E. Dickinson, R. Ettelaie, and
B. S. Murray (2003), Outstanding stability of particle-stabilized bubbles,
Curr. Opin. Colloid Interface Sci., 19, 3106—3108.

Ecke, S., M. Preuss, and H. J. Butt (1999), Microsphere tensiometry to
measure advancing and receding contact angles on individual particles,
J. Adhesion Sci. Technol., 13, 1181—-1191.

Elimelech, M., J. Gregory, X. Jia, and R. A. Williams (1995), Particle
Deposition and Aggregation: Measurement, Modelling, and Simulation,
Butterworth-Heinemann, Oxford, U. K.

SHANG ET AL.: FORCES BETWEEN PARTICLES AND AIR-WATER INTERFACE

W06420

Fieber, C., and H. Sonntag (1979), Theoretical consideration on the applic-
ability of the sphere method for measuring interfacial tension and contact
angle, Colloid Polym. Sci., 257, 874—881.

Flury, M., and H. Qiu (2008), Modeling colloid-facilitated contaminant
transport in the vadose zone, Vadose Zone J., 7, 682—697.

Gao, B., T. S. Steenhuis, Y. Zevi, V. L. Morales, J. L. Nieber, B. K. Richards,
J. F. McCarthy, and J.-Y. Parlange (2008), Capillary retention of colloids in
unsaturated porous media, Water Resour. Res., 44, W04504, doi:10.1029/
2006WR005332.

Gillies, G., M. Kappl, and H.-J. Butt (2005), Direct measurements of par-
ticle-bubble interactions, Adv. Colloid Interface Sci., 114, 165—172.

Gonzenbach, U. T., A. R. Studart, E. Tervoort, and L. J. Gauckler (2006),
Ultrastable particle-stabilized foams, Angew. Chem. Int. Ed., 45, 3526—
3530.

Gregory, J. (1975), Interaction of unequal double layers at constant charge,
J. Colloid Interface Sci., 51, 44—51.

Gregory, J. (1981), Approximate expressions for retarded van der Waals
interaction, J. Colloid Interface Sci., 83, 138—145.

Gunde, R., S. Hartland, and R. Mader (1995), Sphere tensiometry: A new
approach to simultaneous and independent determination of surface ten-
sion and contact angle, J. Colloid Interface Sci., 176, 17-30.

Hesla, T. L., and D. D. Joseph (2004), The maximum contact angle at the
rim of a heavy floating disk, J. Colloid Interface Sci., 279, 186—191.
Hiemenz, P. C., and R. Rajagopalan (1997), Principles of Colloid and

Surface Chemistry, 3rd ed., Marcel Dekker, New York.

Honeyman, B. D. (1999), Colloidal culprits in contamination, Nature, 397,
23-24.

Huh, C., and S. G. Mason (1974), The flotation of axisymmetric particles at
horizontal liquid interfaces, J. Colloid Interface Sci., 47, 271-289.

Huh, C., and S. G. Mason (1976), Sphere tensiometry: An evaluation and
critique, Can. J. Chem., 54, 969—978.

Hunter, R. J. (2001), Foundations of Colloid Science, 2nd ed., Oxford Univ.
Press, Oxford, U. K.

Israelachvili, J. (1992), Intermolecular and Surface Forces, Academic,
London.

Kjaergaard, C., L. W. de Jonge, P. Moldrup, and P. Schjonning (2004),
Water dispersible colloids: Effects of measurement method, clay content,
initial soil matric potential, and wetting rate, Vadose Zone J., 3, 403—
412.

Kretzschmar, R., M. Borkovec, D. Grolimund, and M. Elimelech (1999),
Mobile subsurface colloids and their role in contaminant transport, 4dv.
Agron., 66, 121-193.

Lazouskaya, V., and Y. Jin (2008), Colloid retention at air-water interface in
a capillary channel, Colloids Surf. 4, 325, 141—151.

Majdalani, S., E. Michel, L. Di-Pietro, and R. Angulo-Jaramillo (2008),
Effects of wetting and drying cycles on in situ soil particle mobilization,
Eur. J. Soil Sci., 59, 147—-155.

McCarthy, J. F., and L. D. McKay (2004), Colloid transport in the subsur-
face: Past, present, and future challenges, Vadose Zone J., 3, 326—337.

Preuss, M., and H.-J. Butt (1998a), Direct measurement of particle-bubble
interactions in aqueous electrolyte: Dependence on surfactant, Langmuir,
14, 3164-3174.

Preuss, M., and H.-J. Butt (1998b), Measuring the contact angle of indivi-
dual colloidal particles, J. Colloid Interface Sci., 208, 468—477.

Princen, H. M. (1969), Equilibrium shape of interfaces, drops, and bubbles.
Rigid and deformable particles at interfaces, Surf. Colloid Sci., 2, 1-84.

Saiers, J. E., and J. J. Lenhart (2003), Colloid mobilization and transport
within unsaturated porous media under transient-flow conditions, Water
Resour. Res., 39(1), 1019, doi:10.1029/2002WR001370.

Scheludko, A., B. V. Toshev, and D. T. Bojadjiev (1976), Attachment of
particles to a liquid surface (capillary theory of flotation), J. Chem. Soc.
Faraday Trans. 1, 72, 2815-2828.

Schulze, H. D. (1977), New theoretical and experimental investigations on
the stability of bubble/particle aggregates in flotation: A theory on the
upper particle size on floatability, Int. J. Miner. Process., 4, 241-259.

Shang, J., M. Flury, G. Chen, and J. Zhuang (2008a), Impact of flow rate,
water content, and capillary forces on in situ colloid mobilization during
infiltration in unsaturated sediments, Water Resour. Res., 44, W06411,
doi:10.1029/2007WR006516.

Shang, J., M. Flury, J. B. Harsh, and R. L. Zollars (2008b), Comparison of
different methods to measure contact angles of soil colloids, J. Colloid
Interface Sci., 328, 299-307.

Sharma, P., H. Abdou, and M. Flury (2008a), Effect of the lower boundary
condition and flotation on colloid mobilization in unsaturated sandy
sediments, Vadose Zone J., 7, 930—-940.

13 of 14



W06420

Sharma, P., M. Flury, and J. Zhou (2008b), Detachment of colloids from a
solid surface by a moving air-water interface, J. Colloid Interface Sci.,
326, 143—150.

Singh, P., and D. D. Joseph (2005), Fluid dynamics of floating particles,
J. Fluid Mech., 530, 31-280.

Sirivithayapakorn, S., and A. Keller (2003), Transport of colloids in un-
saturated porous media: A pore-scale observation of processes during the
dissolution of air-water interface, Water Resour. Res., 39(12), 1346,
doi:10.1029/2003WR002487.

Steenhuis, T., et al. (2006), Biocolloid retention in partially saturated soils,
Biologia, 61, S229—S233.

Sur, J., and H. K. Pak (2001), Capillary force on colloidal particles in a
freely suspended liquid thin film, Phys. Rev. Lett., 86, 4326—4329.

Totsche, K. U., S. Jann, and 1. Kogel-Knabner (2007), Single event-driven
export of polycyclic aromatic hydrocarbons and suspended matter from
coal tar-contaminated soil, Vadose Zone J., 6, 233—-243.

Veerapaneni, S., J. Wan, and T. Tokunaga (2000), Motion of particles in
film flow, Environ. Sci. Technol., 34, 2465—-2471.

Wan, J. M., and T. K. Tokunaga (1997), Film straining of colloids in
unsaturated porous media: Conceptual model and experimental testing,
Environ. Sci. Technol., 31, 2413-2420.

SHANG ET AL.: FORCES BETWEEN PARTICLES AND AIR-WATER INTERFACE

W06420

Wan, J. M., J. L. Wilson, and T. L. Kieft (1994), Influence of the gas-water
interface on transport of microorganisms through unsaturated porous
media, Appl. Environ. Microbiol., 60, 509—-516.

Williams, D. F., and J. C. Berg (1992), The aggregation of colloidal parti-
cles at the air-water interface, J. Colloid Interface Sci., 152, 218—-229.
Zhang, L., L. Ren, and S. Hartland (1996), More convenient and suitable

methods for sphere tensiometry, J. Colloid Interface Sci., 180, 493—503.

Zhang, L., L. Ren, and S. Hartland (1997), Detailed analysis of determina-
tion of contact angle using sphere tensiometry, J. Colloid Interface Sci.,
192, 306-318.

Zhang, P., W. P. Johnson, and R. Rowland (1999), Bacterial tracking using
ferrographic seperation, Environ. Sci. Technol., 33, 2456—2460.

Y. Deng, Department of Soil and Crop Sciences, Texas A&M University,
College Station, TX 77843, USA.

M. Flury and J. Shang, Department of Crop and Soil Sciences,
Washington State University, Pullman, WA 99164-6420, USA. (flury@
wsu.edu)

14 of 14



Journal of Colloid and Interface Science 328 (2008) 299-307

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier.com/locate/jcis

Comparison of different methods to measure contact angles of soil colloids

Jianying Shang?, Markus Flury ®P-* James B. Harsh?, Richard L. Zollars©

4 Department of Crop and Soil Sciences, Center for Multiphase Environmental Research, Washington State University, Pullman, WA 99164, USA
b pepartment of Biological Systems Engineering, Washington State University, Pullman, WA 99164, USA
¢ Department of Chemical Engineering, Washington State University, Pullman, WA 99164, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 29 July 2008

Accepted 12 September 2008
Available online 20 September 2008

Keywords:

Colloids

Contact angle
Silicates

Clay

Wilhelmy plate
Thin-layer wicking
Sessile drop

We compared five different methods, static sessile drop, dynamic sessile drop, Wilhelmy plate, thin-
layer wicking, and column wicking, to determine the contact angle of colloids typical for soils and
sediments. The colloids (smectite, kaolinite, illite, goethite, hematite) were chosen to represent 1:1 and
2:1 layered aluminosilicate clays and sesquioxides, and were either obtained in pure form or synthesized
in our laboratory. Colloids were deposited as thin films on glass slides, and then used for contact
angle measurements using three different test liquids (water, formamide, diiodomethane). The colloidal
films could be categorized into three types: (1) films without pores and with polar-liquid interactions
(smectite), (2) films with pores and with polar-liquid interactions (kaolinite, illite, goethite), and (3) films
without pores and no polar-liquid interactions (hematite). The static and dynamic sessile drop methods
yielded the most consistent contact angles. For porous films, the contact angles decreased with time, and
we consider the initial contact angle to be the most accurate. The differences in contact angles among the
different methods were large and varied considerably: the most consistent contact angles were obtained
for kaolinite with water, and illite with diiodomethane (contact angles were within 3°); but mostly the
differences ranged from 10° to 40° among the different methods. The thin-layer and column wicking

methods were the least consistent methods.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The most common methods to determine contact angles are
the sessile or pendant drop and the Wilhelmy plate methods. For
porous materials, the wicking or capillary rise method is often
used [1]. For spherical particles, methods have been developed
to determine contact angles based on force measurements [2,3],
confocal microscopy [4], and film trapping [5]. The contact angle
of colloidal particles, however, is difficult to measure because the
small particle size (<2 pm in diameter) poses considerable chal-
lenges with existing contact angle measurement methods.

Different methods have been described in the literature to de-
termine contact angles of colloids. The sessile drop method can
be used to measure static and dynamic contact angles of col-
loids. As the sessile drop method requires a flat surface upon
which a liquid drop can be placed, colloids are often deposited
as a film onto a microscope slide or filter paper [6-10]. Smooth
films have been made with synthetic colloids, such as Latex micro-
spheres [11], mineral colloids, such as smectites and hematite [9,

* Corresponding author at: Department of Crop and Soil Sciences, Center for Mul-
tiphase Environmental Research, Washington State University, Pullman, WA 99164,
USA. Fax: +1 509 335 8674.

E-mail address: flury@mail.wsu.edu (M. Flury).

0021-9797/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2008.09.039

12], bacteria, such as Pseudomonas cepacia 3N3A, Arthrobacter sp.,
Escherichia coli [13,14], and viruses, such as hepatitis A [15]. Spher-
ical, monodisperse particles, like microspheres are often used with
the sessile drop method [11]. Among soil colloids, smectites are
particularly suitable for the sessile drop method, because these
clays are swelling, and form a water impermeable surface [9]. If
the colloidal film is porous, then the liquid drop will penetrate
into the film, and as a consequence the contact angle changes with
time [9,16]. Kaolinite, for instance, forms a porous film, into which
water readily infiltrates [9].

The sessile drop method has also been used to determine con-
tact angles for soil particles. Bachmann and coworkers [17-19]
used double-sided adhesive tape to mount a layer of powdered
or sieved soil particles on a glass microscope slide. They deter-
mined static contact angles for different soil types, varying in
texture, mineral and organic matter composition, and geographic
origin [19].

The Wilhelmy plate method is commonly used for materials
with a well-defined wetting length, so that the contact angle can
be calculated from the measured capillary force. The Wilhelmy
plate method has been used to determine contact angles of gold
colloids [20] and soil materials [19,21], where the particles were
deposited or glued to a flat plate, which was then used as the Wil-
helmy plate.


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcis
mailto:flury@mail.wsu.edu
http://dx.doi.org/10.1016/j.jcis.2008.09.039

300 J. Shang et al. / Journal of Colloid and Interface Science 328 (2008) 299-307

Table 1
Characteristics of colloids.

Sample Particle Electrophoretic ¢ potential® Particle shape®
diameter? mobility? (mV)
(nm) (ums~")/(Vem™)
Ca-smectite (SAz1) 1069 + 198 —1.124+0.01 —14.2+0.1 Irregular thin flakes
Ca-kaolinite (KGalb) 1280+43 —0.24+0.01 —3.0+0.1 Hexagonal platy
Ca-illite (No. 36) 915+ 181 —1.58+£0.05 —20.1+£0.6 Irregular platy
Goethite 1814438 2.10+0.04 26.6+0.6 Acicular
Hematite 146+ 1 2.77+0.02 35.24+0.3 Spherical

=+ denotes one standard deviation.

4 Measured by dynamic light scattering at pH 6.0 and 0.1 mM CaCl, electrolyte background.

b Calculated from the von Smoluchowski equation.
¢ Determined by electron microscopy (SEM and TEM).

Table 2

Density, viscosity, air-liquid surface tension )1, and surface-tension components of test liquids at 20°C. [yﬂ'
acceptor component (polar); ¥, : electron-donor component (polar)].

W Lifshitz-van der Waals component (apolar); y]f: electron-

Liquid Density Dyn. viscosity " nw " "
(kgm™3) (Nsm~2) (mJm~2) (m] m~2) (mJm~2) (mJm~2)
Hexane 6632 0.00029°¢ 18.4 18.4 0 0
Water 998 0.00100 72.8 21.8 25.5 25.5
Formamide 1130° 0.003762 58.0 39.0 2.28 39.6
Diiodomethane 33207 0.00280? 50.8 50.8 0 0

Surface tensions and surface tension components are from van Oss [8].
@ From ].T. Baker and Acros Organic.

For powdered or porous materials, contact angles are often de-
termined with the column wicking method [8]. In this method, the
speed of the capillary rise into the porous medium is measured,
from which the contact angle can be determined. For successful
use of the column wicking method, the geometry of the porous
material should remain constant during the capillary rise. How-
ever, soil colloids, such as clay minerals, tend to cluster or shrink
and swell, causing the pore structure to change.

To prevent this problem, colloidal particles can be deposited
on a flat surface, forming a rigid thin layer of porous material
[16,22]. This method is known as thin-layer wicking [16]. It has
been used for a variety of particles, such as illite [16], kaolinite
[9], attapulgite [9], talc [16,23], hydrotalcite [24], hematite [12],
dolomite [23], calcite [23], basalt [25], limestone [25], silica [26,27],
and feldspar [28]. Costanzo et al. [12] have shown that for cubic
hematite particles, thin-layer wicking yields identical contact an-
gles as the sessile drop method.

More recently, contact angle methods based on film and gel
trapping [5,29], atomic force microscopy [3,30,31], and scanning
confocal microscopy [4] have been developed. These methods are
particularly useful for spherical particles in the micrometer size
range, but less suitable for soil colloids, which have irregular
shapes.

The determination of contact angles for soil colloids remains
challenging, and no ideal method has yet been described. It is
likely that different methods are optimal for different types of
colloids. The objective of this paper was, therefore, to compare dif-
ferent methods to determine contact angles of soil colloids. We
used the sessile drop, Wilhelmy plate, column wicking, and thin-
layer wicking methods to determine contact angles of five major
types of soil colloids (swelling and non-swelling aluminosilicate
clays, and (hydr)oxides). We discuss advantages and disadvantages
of the different methods, and make recommendations on the opti-
mal methods for specific colloids.

2. Materials and methods
2.1. Soil colloids

We used five typical soil colloids: three aluminosilicate clays
and two (hydr)oxides (Table 1). Arizona smectite (SAz1) and Geor-

gia kaolinite (KGalb) were obtained from the Clay Minerals Repos-
itory (University of Missouri), and illite (No. 36, Morris, Illinois)
was obtained from Ward’s Natural Science (Rochester, NY). All
the clays (smectite, kaolinite, illite), as received from the suppli-
ers, were fractionated by gravity sedimentation to obtain parti-
cles smaller than 2 pm in diameter. Hematite and goethite were
synthesized in our laboratory following Schwertmann and Cor-
nell [32].

The fractionated clay minerals were treated with Hy0, to re-
move organic matter and the citrate-dithionite method was used
to remove iron oxides. Then, to prevent APt precipitation on
the clay surfaces, the pH of the clay suspensions was lowered
to about 4 by titration with 0.1 M HCL The suspensions were
shaken for 3 h, and the supernatant was decanted after centrifu-
gation. This procedure was repeated three times. Finally, the clay
suspensions were washed with deionized water. Deionized water
was added, equilibrated for 3 h, and decanted after centrifuga-
tion. This washing procedure was repeated until the suspensions
reached pH 6. Finally, the clay minerals were made homoionic
and Ca-saturated by washing with 0.5 M CaClp, and dialyzed
with deionized water until free from chloride [33,34]. All colloids
were stored in concentrated suspensions at room temperature un-
til use.

Average hydrodynamic particle size and electrophoretic mobil-
ity were measured by dynamic light scattering using a Zetasizer
3000HAS (Malvern Instruments Ltd., Malvern, UK). The particle
shapes were determined by scanning and transmission electron
microscopy (Hitachi S520 SEM, JEOL 1200EX TEM). Selected prop-
erties of the colloids are shown in Table 1.

2.2. Test liquids

Polar and apolar liquids were used for the contact angle mea-
surements (Table 2): double deionized water (electrical conductiv-
ity 0.58 puS/cm, E-pure, Barnstead), formamide (99.5% purity, from
Acros Organics, Morris Plains, NJ), diiodomethane (99% purity, from
Acros Organics, Morris Plains, NJ), and hexane (100% purity, J.T.
Baker, Phillipsburg, NJ). Hexane was used as the low energy lig-
uid with contact angle of 0 degree, and was used to obtain the
capillary constant for the wicking methods.
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2.3. Sessile drop method (static and dynamic)

For the sessile drop method, a microscope cover glass slide
(2.2 cm x 2.2 cm), cleaned with acetone and deionized water, was
coated with colloids following the procedure described by Wu [9].
For the coating, concentrated colloid stock suspensions were first
diluted with deionized water to a concentration of about 1-2%
wt/vol, and stirred with a magnetic stir bar for several hours. Then,
1.5 mL suspension was placed on the microscope slide, evaporated
for two days under laminar air flow, and finally dried in an oven at
105 °C for 12 h. Glass slides were kept horizontal during the drying
process.

The contact angles were determined using a goniometer (Drop
Shape Analysis System, DSA100, Kriiss GmbH, Hamburg, Germany),
equipped with an environmental chamber and a microsyringe steel
needle of 0.5-mm diameter. The environmental chamber helped to
minimize evaporation. For static contact angle measurements, the
syringe needle was positioned 0.2 mm from the surface of the col-
loidal film, and a drop of the test liquid (2 pL) was dispensed at
a rate 1.75 uLs~!, After dispensing, the drop shape was monitored
with a digital camera for 20 s, and contact angle, drop diameter,
and volume were recorded. To determine the contact angle, the
drop contour was mathematically described by the Young-Laplace
equation using DSA100, and the contact angle was determined as
the slope of the contour line at the three-phase contact point. For
dynamic contact angle measurements, the drop volume was con-
tinuously increased and then decreased as contact angles were
recorded. We used a liquid dispensation rate of 5 pLmin~! to
increase the drop volume from O to 5 pL (advancing contact an-
gle), and then reversed the flow at the same rate to decrease the
drop volume again (receding contact angle). The contact angle was
taken as the average angle after the contact angle vs time curve
had reached a plateau.

2.4. Wilhelmy plate method

For the Wilhelmy plate method, we coated a cleaned micro-
scope cover glass on both sides with colloids. A 1.5-mL drop of 3%
wt/vol colloid suspension was placed on the glass slides and evap-
orated for 12 h under laminar air flow. Then, the slide was turned
over and the other side was coated with the same procedure. The
slide was dried for two days under laminar flow and then heated
in an oven at 105°C for 12 h. With this procedure, the slide was
completely covered with a thin film of colloids.

The contact angles were determined using a tensiometer (K100,
Kriiss GmbH, Hamburg, Germany). The wetted length of the coated
slides was measured by a digital micrometer caliper (precision
0.01 mm). The slide was suspended from the electronic microbal-
ance (precision 1 pg) and moved in and out of the test liquids at
a speed of 1 mmmin~!. The force acting on the balance was con-
tinuously measured. Advancing and receding contact angles were
obtained from immersion and emersion, respectively. The contact
angle was calculated according to cosé = (F — Fp)/(PyL), where
F is the measured vertical force (N), F}, is the buoyancy force (N),
P is the wetted length (m), and ;. is the surface tension of the test
liquid (Jm~2). The wetting length was measured with the caliper
for each colloid-covered slide. The colloidal film remained stable
on the glass slides during the contact time with the liquids (mea-
surements lasted 10 min).

2.5. Thin-layer wicking method
For the thin-layer wicking method, we prepared thin films of

colloids on a glass slide (2.4 cm x 4 cm), using the same procedure
as described for the Wilhelmy plate method. Because the slide was

larger than the ones used for the Wilhelmy plate method, we used
a 3 mL drop of colloid suspension.

The capillary constant was determined with hexane as the test
fluid. Before the hexane measurements, the coated slides were
equilibrated in a glass container with saturated hexane vapor for
one hour to equalize the spreading pressure [9]. For the wicking,
the slides were vertically dipped to a depth of 5 mm into the test
liquids contained in a sealed cylindrical glass container to prevent
evaporation. As soon as the slide was immersed into the liquid, the
wicking height was recorded with a video camera (iSight, Apple
Inc.). Recording was stopped when the wicking height was 2 cm.
The Washburn equation was used to calculate contact angles [35]:

2 Resnr cos@t

= 7%’
where x is the wicking distance (m) in the porous layer, t is
time (s), Regr is the effective pore radius (m) of the interparticle

capillaries in the porous layer, y1 is the surface tension of test lig-
uid (Jm~2), and 7 is the liquid viscosity (Nsm™2).

(1)

2.6. Column wicking method

For the column wicking method, colloid suspensions were
dried, ground into powders, and passed through sieves to ob-
tain aggregates between 106 and 250 pm in diameter. Spherical
glass beads (diameter of 120 pm) were used as standards. The
sample holder was an aluminum tube with an inner diameter of
12 mm (Kriiss GmbH, Hamburg, Germany). A 30-um mesh mem-
brane was placed into the sample holder to prevent the sample
powder from falling out. Two grams of dry powder were placed
into the sample holder with manual tapping (several times) to ob-
tain uniform packing of the aggregates. The packing densities were
111 gem™3 for smectite, 0.93 gcm ™ for kaolinite, 1.00 gcm™3
for illite, 0.50 gcm™3 for goethite, and 1.00 gcm™> for hematite;
the differences arose because of different particle densities, sizes,
and shapes. After packing, the holder was placed onto the elec-
tronic balance of the tensiometer. The weight gain of the sample
holder after contact with test liquids was recorded. The modi-
fied Washburn equation was used to calculate contact angles [36]:
w? = ctp?yLcosf/n, where w is the weight increase of the col-
umn (kg), p is the liquid density (kgm~3), and c is the capillary
constant (m°). The capillary constant ¢ was determined using hex-
ane as the test fluid.

2.7. Sample storage, measurement replication, and data reporting

After sample preparation as described for the individual meth-
ods above, the samples were stored in a desiccator until use for
the contact angle measurements. Samples were taken out from the
desiccator and used immediately. The relative humidity in the at-
mosphere during the measurements was 33%; except for the thin-
layer wicking method, which was performed in a sealed cylinder,
and the vapor pressure was therefore close to saturation.

All measurements were replicated 5 times, except the ten-
siometer measurements (Wilhelmy plate and column wicking
method), which were replicated 3 times. Data are reported as
means and standard deviations of the replicates. Statistical differ-
ences were analyzed at the 5% confidence level with a t-test.

3. Results and discussion
3.1. Colloid films
The thin colloid films prepared by deposition of colloids on the

glass slides are shown in Fig. 1. The electron micrographs show
that surface roughness varied among the films. Smectite, kaolinite,
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Fig. 1. Scanning electron micrographs of the film surfaces: (a) smectite, (b) kaolinite, (c) illite, (d) goethite, and (e) hematite.

illite, and goethite films all had considerable roughness, whereas
the hematite surface appeared smooth at the scale of the micro-
graphs. The smooth surface obtained for hematite was because
of the small and spherical particle size of the hematite colloids
(Table 1). Kaolinite, illite, and goethite surfaces show also the pres-
ence of pores.

3.2. Sessile drop method (static)

Fig. 2 shows the contact angles, drop diameters, and drop vol-
umes determined as a function of time after the liquid drop was
placed onto the colloid film. Only the data for smectite, kaolinite,
and hematite are shown; illite and goethite patterns were similar
to kaolinite, and are therefore not shown. Table 3 shows contact
angles at three time intervals for all colloids.

For smectite, contact angles of water and formamide decreased
and drop diameters increased with time, whereas the drop vol-
umes remained constant (Fig. 2). Contact angles, drop diameters,
and drop volumes of diiodomethane remained constant. The con-
stant drop volume indicates that there was no penetration of liquid
into the colloid film. Smectite swells in contact with water and in
the process seals the film surface [9]. The decreasing contact an-
gles of the polar liquids, water and formamide, may be explained
by hydration [37] and polar (acid-base) interactions [38].

For kaolinite the liquid drops infiltrated into the pores of the
colloid film, as indicated by the decrease in drop volume (Fig. 2).
As the drop volume decreased, the drop diameter for water and
formamide increased, and the contact angle decreased. The in-
crease in drop diameter was caused by two processes: (1) polar
(acid-base) interactions between the solid and the polar liquids,
and (2) drop imbibition into the pores of the colloid film. The
former process is similar to what was observed for smectite. The
latter process, however, causes false contact angle readings, as the

shape of the liquid-gas interface changes because of the imbi-
bition. Correct contact angle readings should therefore be done
at 0 s, i.e., before imbibition begins. The use of a digital goniome-
ter, such as the Kriiss Drop Shape Analysis System, allows to deter-
mine the contact angle immediately when the drop is placed on
the substrate, so that accurate readings at O s can be made. For di-
iodomethane, the drop volume also decreased, but at a much lower
rate than compared to water and formamide. The colloid film im-
bibed the diiodomethane, but the imbibition was slow because of
the high fluid viscosity. Illite and goethite showed very similar be-
havior to kaolinite (Table 3).

Contact angles for kaolinite and smectite with water were
reported in the literature. Reported values for the sessile drop
method range from 17.4° to 34° and 21.8° to 42.5° for kaolinite
and smectite, respectively [9,39-42].

For hematite, contact angles, drop diameters, and drop volumes
remained constant during the 20-s measurement period (Fig. 2).
This indicates that there were no interactions or imbibition of
liquid into the colloid film. We believe that this was because of
the spherical shape of the hematite particle, which formed a non-
porous film with a periodical surface roughness. Contact angles for
hematite reported in the literature vary considerably. This is likely
due to different types of hematite used in different studies. Val-
ues reported for cuboid hematite by Costanzo [12] are generally
smaller than our values.

Based on the experimental results, we can distinguish three
types of mechanisms during contact angle measurements with soil
colloids. For swelling films, like smectite, the colloid film seals it-
self when in contact with a polar liquid, but acid-base interactions
can cause the drop shape to change with time. The contact an-
gle change with time reflects the modification of the surface with
time. For non-swelling, porous films, such as kaolinite, illite, and
goethite, the drop shape changes because of both acid-base inter-



J. Shang et al. / Journal of Colloid and Interface Science 328 (2008) 299-307

303

T 70
o - — -
> 60 Smectite ] Kaolinite 1 Hematite
2 50 {5 . .
S T L L T R I T T B T L T
o 40 mﬂmmmnnmxmnug i 4
g
& 30 4, 1 1
- . ©00ggy,
§ 20 - $o305355 T — S ————————
g 10 Tay, i
o : : : : ; ; | | |
ABAGABALAANAAAASANAANRAL,ANAASAAAS, 4
£
E 44 e
- L anARSAAAAALAASAAAS A 00
2 janasssst o
@
E 00009
: : 1 | | : 1 | I |
)
3 00, °°o
4E> 2.0 4593888 o 3 OOOO"OQQ B R R R P Y I L
E - Sooa 10000006000,
g AAAAAA °°°°°°°oo
1.5 san 9000, B o Water
o RV %00, .
° Sabaan, Formamide
a 0an%8 08,8, 0,0 > Diiodomethane
1.0 T T T T T T T T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time (s)

Time (s) Time (s)

Fig. 2. Contact angles, drop diameters, and drop volumes as a function of time determined with static sessile drop method. Error bars (only shown for contact angles) indicate

standard deviations of five measurements.

Table 3
Contact angles of subsurface colloids determined using static sessile drop method.

Subsurface Time Contact angle
colloids (s) Water Formamide Diiodomethane
(degree) (degree) (degree)
Ca-smectite 0 55.7+1.4 31.2+£0.6 383+1.2
10 445+0.9 23.2+09 383+1.1
20 41.44+0.9 21.24+0.8 383£1.2
Ca-kaolinite 0 27.8+0.4 13.7+0.9 21.9+1.3
10 20.8+0.8 7.4+13 17.1+0.9
20 17.8+0.6 6.5+1.2 15.3+£0.5
Ca-illite 0 43.3+£0.3 21.1+£0.7 30.8+1.4
10 31.9+1.1 17.4+1.8 30.0£1.6
20 293+1.3 16.8+1.5 29.6+1.6
Goethite 0 22.8+1.8 241+£1.0 19.4+0.4
10 0+£0 15.3+3.0 12.8+£0.1
20 0£0 0+0 8.1+£0.4
Hematite 0 46.9+2.3 18.5+1.7 25.0+£0.8
10 46.5+2.4 18.5+1.8 255+1.0
20 46.4+2.4 18.5+1.8 254411

=+ denotes one standard deviation of 5 replicates.

actions and imbibition, thereby causing false contact angle read-
ings after the initial drop has been put on the colloid film surface.
Because of interactions and imbibition, the most accurate contact
angle should be the initial contact angle. For a non-swelling, non-
porous films, such as hematite, the drop shape remains stable over
time.

3.3. Sessile drop method (dynamic)

The dynamic sessile drop method can provide advancing and
receding contact angles as a function of time. We again only show
the data for smectite, kaolinite, and hematite, as illite and goethite
showed similar behavior as kaolinite (Fig. 3). The dashed lines in

the figure separate increasing from decreasing drop volume, as
controlled by the liquid supply syringe.

For smectite, as the drop volume of water and formamide
increased, the contact angles initially decreased and reached a
plateau (Fig. 3a). This plateau represents the mean advancing con-
tact angle [43]. For diiodomethane, the contact angle was constant
because there were no interactions with the solid surface. When
the drop volume was decreased after 60 s, the drop diameters for
formamide still increased, and then decreased. Receding contact
angles decreased for all three liquids, and did not reach a constant
value. For water and diiodomethane, the drop diameter remained
constant, indicating a non-slip boundary at the air-liquid-solid in-
terface [44], which will cause the contact angle to continuously
decrease as fluid is withdrawn from the drop.

For kaolinite, the advancing contact angles were fairly constant
for the three liquids (Fig. 3b). The diameters of the liquid drop in-
creased when the drop volume increased, and remained constant
for a few seconds after flow was reversed, and then decreased
quickly. The colloid film imbibed all three liquids, but the rate
of imbibition was much smaller than the rate of drop volume
increase, therefore, the imbibition had negligible effect, and the
advancing contact angles remained constant.

For hematite, the drop diameters for water and formamide re-
mained initially constant when the drop volume was increased,
but the contact angles increased at a high rate (Fig. 3c). When the
drop size exceeded a critical limit, the drop diameter jumped to
a new position, and remained constant again. This led to a typi-
cal slip/stick pattern of the advancing contact angle [44-46]. The
slip/stick pattern was bounded by a lower and upper critical con-
tact angle, and the range was larger for water than for formamide.
No distinct slip/stick pattern was observed for diiodomethane. The
different behavior among the three liquid drops can be explained
by their different Bond numbers: the water drop had the small-
est Bond number (Bo = 37), and could keep its shape better than
the formamide drop (Bo = 46), and the diiodomethane drop (Bo =
184).
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3.4. Wilhelmy plate method

From the Wilhelmy plate method, both advancing and reced-
ing contact angles can be obtained by immersion and emersion of
the coated colloid films. The forces measured as a function of im-
mersion depth for complete immersion-emersion loops were used
to construct force-distance curves. Only the linear portions of the
force curves were used to calculate the contact angles. The force
curves show a distinct contact angle hysteresis, with the advanc-
ing contact angles always larger than the receding ones (Table 4).
The largest hysteresis was observed for smectite and hematite

with water. We attribute this pronounced contact angle hysteresis
to swelling behavior (smectite) and surface roughness (hematite).
Hematite has the most pronounced surface roughness in the sense
of a periodic arrangement of its spherical particles, leading to both
acute and obtuse angles, which causes pronounced contact angle
hysteresis.

For kaolinite, illite, and goethite, the receding contact angles
were zero for all liquids (Table 4). Zero-degree receding contact
angles were also reported by Bachmann et al. [19], who measured
contact angles of soil particles (diameter < 0.063 or 2 mm) with
the Wilhelmy plate method. The zero-degree contact angles are
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Contact angles of test liquids for subsurface colloids using static sessile drop, dy-
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namic sessile drop, Wilhelmy plate, and thin-layer wicking methods.

Subsurface
colloids

Contact angles (degree)

Water

Formamide

Diiodomethane

Static sessile drop method (equilibrium contact angle)

Ca-smectite 55714 A 31.2+£0.6 A 383£1.2A
Ca-kaolinite 27.8+04 A 13.7£09 A 219+13A
Ca-illite 433+14A 21.1£0.7 A 308+1.4A
Goethite 228+19A 241+1.0A 19.4+04 A
Hematite 469+23 A 185£1.7 A 25.0+:08 A

Ca-smectite 419+258B 17.2+148B 46.94+0.7 B
Ca-kaolinite 26.2£2.0A 149+3.6 AB 10.8+1.9B
Ca-illite 240+3.2B 13.8+1.6 B 324+£32A
Goethite 250429 A 412+48B 13.84+0.8 B
Hematite 425+11.4A 354+83B 26.4+1.6 A
Wilhelmy plate method (advancing contact angle)
Ca-smectite 57.1+£25A 347+2.1A 50.9+0.6 BD
Ca-kaolinite 273£13A 11.1£09 A 208+1.9A
Ca-illite 30.0+£04 C 20.0+1.7 A 30.6+2.0 A
Goethite 142+248B 17.8+14C 8.7+23B
Hematite 71.7+£2.0B 423+10C 35.5+0.6 B
Wilhelmy plate method (receding contact angle)

Ca-smectite 99 +23C 53+10C 256 +£17C
Ca-kaolinite 0B 0C 0C

Ca-illite 0D 0C 0B
Goethite 0C 0D 0C
Hematite 323+ 11C 58+ 07D 234 +04C

Thin-layer wicking method (advancing contact angle)

Ca-kaolinite 293+£22A 19.8+03 B 52.0£3.1D
Ca-illite 56.8+3.4E 39.1£5.5D 342+49A
Goethite 341+34D 209+18 A 46.7+£29 D

Dynamic sessile drop method (advancing contact angle)

+ denotes one standard deviation of 5 replicates (except for Wilhelmy plate
method, where 3 replicates were used). Letters (A, B, C, D, E) denote statistical
difference column-wise for identical colloids: if letters are different between two
methods, then there is a significant difference at the 5% confidence level between
the methods.

likely caused by imbibition of liquid into the porous films or ag-
gregates during plate immersion. The Wilhelmy plate method has
successfully been used to determine contact angles for other types
of colloidal and porous materials, such as gold colloids [20] and
soil particles [19,21].

The Wilhelmy plate method generally leads to an underesti-
mation of the advancing contact angle when the plate surface is
rough, because the effective plate perimeter is larger than that de-
termined by a caliper [47]. For our colloids, we cannot quantify
the magnitude of this error, because we do not have a quantitative
measure of the surface roughness.

3.5. Thin-layer wicking method

We chose kaolinite, illite, and goethite as the samples for the
thin-layer wicking clay, because the films formed by these colloids
have microporous characteristics (Fig. 1). Smectite and hematite
films, which swell and have no microporosity, respectively, can-
not be used for the thin-layer wicking. Results for kaolinite, illite,
and goethite are shown in Fig. 4 and Table 4.

The experimental data follow the theoretical trend given by
Eq. (1) (Fig. 4), indicating that the thin-layer wicking method was
suited to calculate the contact angles. The effective pore sizes Ref
of kaolinite, illite, and goethite were 233, 173, and 387 nm, which
are all smaller than the particle diameters (Table 1). This is a con-
sequence of the platy and rodlike particle shape of the colloids,
which upon deposition orient themselves in a thin film, causing
the pore size to become smaller than the particle size [24]. To
show that the glass slide itself did not affect the liquid wicking
speed, we peeled off the thin colloidal film from the glass slide
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Fig. 4. Wicking distance squared versus time for different test liquids using thin-
layer wicking: (a) kaolinite, (b) illite, (c) goethite. The lines are linear trendlines of
the form x> = at, where a is a fitting parameter given as a = (RefryL cos6)/(21).
Error bars indicate standard deviations of three measurements.

(this could only be done for illite, the other colloidal films broke
apart when attempting to peel them off). The wicking results with
the illite film alone were identical to the ones with the illite film
on the glass slide. This confirmed that the glass slide itself did not
affect the measurement.

The contact angles obtained from the thin-layer wicking method
(Table 4) are different than those reported in the literature. For
kaolinite and the thin-layer wicking method, Wu [9] reported con-
tact angles of 46.1° for water, 27.2° for formamide, and 34.5° for
diiodomethane. For illite and goethite, we did not find literature
data. The values reported by Wu [9] are larger than ours, likely
because Wu [9] did not pretreat their kaolinite (no removal of or-
ganic matter and iron oxides).

3.6. Column wicking method

Fig. 5a shows the results for three replicates of the glass bead
measurements with hexane to check the method performance.
Three stages can be distinguished in the weight-time curves [48]:
in stage 1, at very short times, the bottom boundary of the sample
holder affects the measurements; in stage 2, interparticle pores are
filled, and a linear increase of the weight-time curve is obtained;
in stage 3, the pore space is either completely filled, resulting in a
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cease of the weight gain, or intraparticle pores begin to fill, result-
ing in a non-linear weight-time response. For our glass beads, no
intraparticle pores were present, and we obtained an ideal weight-
time response for hexane (Fig. 5a) as well as for the other fluids
(Fig. 5b).

For the soil colloids, however, most of the time no distinct
stage 2 could be identified (Figs. 5c-5f), and therefore, no con-
tact angles could be calculated. The pore structure of the packed
soil colloids changed as the fluid was imbibed, thereby, invalidating
the assumptions inherent in the Washburn equation. Colloids dis-
persed in water and formamide and, in addition, smectite swelled.
Thin-layer wicking, on the other hand, was better suited for con-
tact angle measurements because the colloids on the plates formed
a more rigid porous structure, and did not easily disperse [1].

Column wicking data for natural hematite data reported in the
literature for water (contact angle = 46°) [49] were very similar
to our sessile drop data of 46.9°. Nonetheless, the column wicking
method should be used with caution. In addition to the change in
pore structure, the column wicking method has the disadvantage
that it requires the validity of the Young equation. This require-
ment may not be fulfilled for all liquid-solid combinations. The
same potential shortcoming regarding the Young equation applies
also for the thin-layer wicking method.

3.7. Comparison of contact angles

The contact angle measurements are affected by many factors
(e.g., temperature, relative humidity, solid surface roughness, sur-
faces preparation, sample pretreatment). It is therefore not sur-
prising that a large variation of contact angles for soil colloids is
reported in the literature.

The contact angles obtained from the different methods in our
study are summarized in Table 4. The data show that there were
considerable differences in the contact angles determined using
the different methods. The best agreements among the different
methods were obtained with kaolinite (except for diiodomethane).
For water, the static and advancing contact angles with kaolinite
were within 3° for the different methods, and no significant dif-
ferences were observed (Table 4). For formamide, the static and
advancing contact angles with kaolinite were within 9° and, except

for the thin-layer wicking, the angles were again not statistically
different. Larger differences were observed for diiodomethane.

The other colloids generally showed large differences among
methods, but the differences among the methods and the colloids
were not consistent. For instance, for smectite, the static sessile
drop and the Wilhelmy plate method (advancing) gave similar con-
tact angles with water and formamide; but for illite, goethite, and
hematite, these two methods gave significantly different contact
angles (Table 4). For illite, goethite, and hematite, no consistent
patterns among different methods were observed. Differences in
contact angles among the methods ranged from 20° to 33° for wa-
ter, 20° to 25° for formamide, and 4° to 40° for diiodomethane
(Table 4).

The thin-layer wicking method often produced contact an-
gles that deviated considerably from those determined from other
methods (Table 4). Although thin-layer wicking has been fre-
quently used for powders [9,25-27], it appears that for our soil
colloids, its suitability is limited. The column-wicking method was
also not suited for contact angle measurement; similar observa-
tions were reported by others using powdered liposomes [50], mi-
croporous membranes [51], and soil materials [19,48].

Contact angles determined with a single method usually showed
a standard deviation of up to about 3 degrees (Table 4), so the
precision of the individual methods was good. However, the inter-
method variability was often much larger than the intra-method
variability. Thus, whereas the precision of a single method was
good, the method may not provide accurate results. The optimal
(most accurate) method for a given colloid has to be determined
on a case by case basis.

Based on all our measurements, and requiring that at least
two methods should give similar contact angles, we can make
the following recommendations for water (Table 5). For kaolinite,
all methods except column wicking were suitable and gave simi-
lar results. For smectite, the static sessile drop and the Wilhelmy
plate method are recommended. For illite, all methods gave sig-
nificantly different results, but dynamic sessile drop and Wilhelmy
plate methods gave the most similar contact angles. For goethite
and hematite, static and dynamic sessile drop methods are recom-
mended.
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Table 5
Recommended contact angle measurement methods for subsurface colloids with
water.

Subsurface Contact angle measurement method
colloid Static Dynamic Wilhelmy  Thin-layer  Column
sessile drop sessile drop plate wicking wicking
Ca-smectite X O X (@) (@)
Ca-kaolinite ~ x X X X (@)
Ca-illite O X X (@) (@)
Goethite X X O O (@)
Hematite X X O @) (@)

x denotes recommended method.
O denotes not recommended method.

4. Conclusions

Our results showed that large differences can exist between
contact angles of soil colloids measured with different methods.
Given the large differences among measurement methods, it is im-
portant to report contact angle always together with its detailed
measurements methods. Based on our systematic comparison of
different methods, we can recommend specific methods for typical
soil colloids (Table 5).

In terms of the contact angles themselves, our data show that
soil colloids generally have fairly large contact angles (equilib-
rium and advancing): kaolinite and goethite had a contact angle of
about 25°, smectite 40° to 50°, illite 25° to 45°, and hematite 45°.
There was a pronounced contact angle hysteresis—receding contact
angles were 10° for smectite, 32° for hematite, 0° for kaolinite, il-
lite, and goethite. Under natural subsurface conditions, colloids are
often coated with organic matter, which will make their contact
angles larger than the ones reported here.
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