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Visualization of the role of the gas-water interface on the fate
and transport of colloids in porous media

Jiamin Wan! and John L. Wilson
Department of Geoscience, New Mexico Institute of Technology, Socorro

Abstract. This paper exposes the significant role played by the gas-water interface in
the fate and transport of colloids in porous media and also introduces a micromodel
method to allow direct visualization of colloid behavior in pore networks. The gas-
water interface was created by trapping air in the pore space. Various types of latex
and clay particles, as well as bacteria, were studied. The results suggest that the gas-
water interface sorbs not only hydrophobic but also hydrophilic particles. The degree
of sorption is controlled by particle surface hydrophobicity, solution ionic strength, and
particle charge sign. Sorption increases with increasing particle hydrophobicity and
solution ionic strength, while positively charged particles have a very strong affinity for
the gas-water interface. The sorption on the gas-water interface is essentially
irreversible, in that the capillary free energy provides a large attractive force to hold
particles on the gas-water interface after its rupture. These findings reveal a mechanism
of vadose zone transport: A static gas-water interface behaves as a sorbent phase
retarding the transport of particulate contaminants. The visualization method developed
in this research is very useful for the investigation of particulate contaminant behavior

and interface-related transport, especially in the context of bioremediation.

Introduction

Colloids are typically considered to be particles that range
in size from 1 nm to 10 wm, including mineral fines, organic
macromolecules, bacteria, viruses, etc. Organic and inor-
ganic pollutants adsorb onto mobile colloids in the subsur-
face environment, thereby enhancing pollutant mobility
[McDowell-Boyer et al., 1986; Buddemeier and Hunt, 1988;
MecCarthy and Zachara, 1989; Gschwend, 1992]. In addition,
some colloids are themselves toxic or virulent (i.e., bacteria
and viruses). Colloid transport is concerned with colloid
movement and sorption to and desorption from solid sur-
faces in porous aquifer media. In order to avoid specifying
mechanisms, we chose the general and somewhat vague
term ‘‘sorption’ to describe the adhesion or attachment of
colloids onto any interface. Historically, research on trans-
port has focused on water-saturated porous media, but there
are often other fluid phases present. Gas is one of the major
fluid phases in the subsurface. In the vadose zone a contin-
uous gas phase shares pore space with the agueous phase. In
the saturated zone, gas bubbles may be generated by variouns
processes: entrapment of air as the water table fluctuates,
organic and biogenic activities, or the emergence of gas from
solution as the aqueous phase pressure drops, etc. In a
common three-phase system of solid, water, and gas, with a
water-wet solid surface, we have two principal interfaces:
solid-water and gas-water. Although the solid-water inter-
face has been extensively studied, the gas-water interface
has been neglected. In this paper we present a study of the
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role of this interface using a visualization tool, the etched
glass micromodel.

Interactions of fine-grained minerals and gas bubbles have
been extensively studied in the field of froth flotation
[Laskowski, 1974; Derjaguin et al., 1984; Fuerstenau, 1980;
Leja, 1982; Hornaby and Leja, 1983; Jameson, 1985]. In
froth flotation, valuable metals are separated from gangue
minerals by selective sorption to gas bubbles running up
through a mineral-surfactant-water slurry. The important
differences between the present research and the flotation
process are as follows: (1) The mineral particles in a flotation
process are macroscopic particles compared to the micro-
scopic colloids in a groundwater system. (2) In flotation the
mineral particle surfaces are treated with the specific surfac-
tants that impart a hydrophobic character to the desired
particles. The surfaces of the bubbles are stabilized by
adding surfactants. Natural porous media systems are essen-
tially free of surfactant. (3) Flotation applications occur in a
reactor vessel, whereas our study concerns porous media.
The similarity between the two processes is in the surface
forces that control the adhesion when particles and bubbles
approach each other. These forces are also universal for any
interacting surfaces in a liquid phase. They are electrostatic,
van der Waals, and solvation forces [Israelachvili, 1991;
Derjaguin et al., 1987; Hirasaki, 1991].

Experimental Method and Materials
Glass Micromodels

Glass micromodels are created by etching a pore network
pattern onto two glass plates which are then fused together
in a furnace [Chatzis, 1982; Wilson et al., 1990; Buckley,
1991; Conrad et al., 1992]. Micromodel transparency allows
microscopic investigation of fluid flow in a pore network
composed of pore bodies connected by pore throats. Al-
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Figure 1.
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though the network is only two-dimensional, the pores have
a complex three-dimensional structure. Pore wedges, com-
posed of corners of the pore bodies and throats where the
gliass plates meet, are a feature of the third dimension. The
glass used for making micromodels has a chemical compo-
sition of 72% Si0);, 147 Nu, (), 3.8% Ca0. and other trace
metal oxides. In the presence of water, glass is covered with
surfuce hydroxyl groups; the glass-water interface is nega-
tively charged at neutrul pH. The surface energy of glass is
very similar to that of bulk aquifer solids. Thus the glass
surface plays the role of the solid surface. Conventional
micromodels have pore sizes varying from 0.1 to a few
millimeters. The smaller pores are the more difficult to
fabricate. Previous techniques were modified in this re-
search. Pore sizes were reduced to a few micrometers, and
four similar micromodels were fabricated in one glass plate
at a time as illustrated in Figure I. Micromodels were not
reused in this research because of the difficulties of removing
all of the attached particles while preserving a homogeneous
surface chemistry. The pore volume in these micromodels
was about 0.1-0.2 mL, measured by water weight. The pore
network covered an area of about 3 cm®. Micromodels with
three different pore network patterns were generated, and
Figure 2 shows their microphotographs taken from actual
micromode] networks. Figure 24 shows a portion of a
homogeneous quadrilateral network having 1225 pore bod-
ies. An air bubble is trapped in each of the pore bodies in this
photo. Pore bodies and pore throats are sized at about 200
pum and 50 pm in diameter, respectively. Figure 25 shows
part of a homogeneous hexagonal network having 1116 pore
bodies in each model. Pore bodies and throats are sized 300
am and 20-100 um, respectively, in diameter. Figure 2¢ has
a heterogeneous network with preferential flow paths. Pore
sizes vary from 4 to 400 um in diameter. This paper focuses
on effects of surface chemistry, and most of the experiments

A glass micromodel plate containing four micromodels with heterogencous networks, (1 inch

in this rescarch were carried out in guadrilateral networks,
Although the influence of pore contiguration is not discussed
in this paper, these phatos show the potential of using this
technique to study the effect of fluid dynamics on colloid
collision efficiency, and other related subjects,

Colloidal Particles

Fluorescent latex microspheres (Interfacial Dynamics
Company) were used as model particles in this research
hecause they were easy to ohserve, had well-defined physi-
cal-chemical characteristics, und were manufactured with-
out surfactant. The yellow-green fluorospheres we chose can
be more efficiently illuminated than other color types. Ac-
cording to the manufacturer’s report, the fluorescent dyes
have no significant effect on the surface properties of the
latex particles. Clay and bacteria were also tested because of
their importance in groundwater. The six types of particles
and their size and surface characteristics are listed in Table
I: (1) Hydropbhilic, negatively charged latex: These high—
surface charge density, hydrophilic latexes are manufac-
tured from hydrophobic sulfate charge-stabilized latexes.
The process consists of grafting carboxylic acid polymers to
the particle surfuce to produce a porous, highly charged
surface layer. The final functional! surface groups are pre-
dominantly carboxylate with an insignificant amount of
sulfate. (2) Hydrophobic, negatively charged latex: These
microspheres are also stabilized by sulfate charges, but the
surface functional groups are sulfate and hydroxylate. Their
hydrophobicity is attributed to low charge density. (3) Pos-
itively charged, hydrophobic latex: The only surface func-
tional group present on these particles is amidine. The
surface charge density is relatively low, and the particles
have a hydrophobic surface. According to manufacturer’s
report these latex particle suspensions are surfactant-free.
We used the purchased products without further cleaning.
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Figure 2. Three pore networks used in this study: (a) quadrilateral network; (b) hexagonal network; (¢)
heterogeneous network.

(4) Na-montmorillonite (Source Clay, Columbia, Mississip-
pi): Particles were sorted with a centrifuge, and particle size
was measured with a scanning electron microscope. To
diminish the influence of organics, the clay particles were
washed with a series of solvents in the order of chloroform-
methanol-water. (5) Hydrophilic bacteria: Pseudomonas ce-
pacia 3N3A was isolated by Brockman et al. [1989] from
sediment samples from a depth of 203 m near Aiken, South
Carolina. (6) Relatively hydrophobic bacteria: Arthrobacter
sp. S-139 was isolated by Aaron Mills and others from a
shallow groundwater aquifer. Bacteria sizes were measured
with an optical microscope. Both strains were grown in 10%
PTYG broth at 27°C on a shaker (200 rpm). When the culture
reached a late logarithmic stage of growth (3648 hours),
cells were harvested by centrifugation (5000 X g for 10 min)
and washed three times in a sterile solution of 1.0 mMf
NaNO; at pH 6.6. Cells were then suspended in the same
solution. The concentrated suspension was stored by refrig-
eration.

Characterization of Particle Surface Hydrophobicity

Particle electrophoretic mobility is an indirect measure-
ment of particle surface hydrophobicity. The measurements
of electrophoretic mobility were conducted in a solution of
1.0 mM NaNO; and pH 6.6 at 25°C (see Table 1). Analyses

were carried out in a Coulter DELSA 440 (Doppler electro-
phoretic light scattering analyzer). The instrument monitors
the light scattered from the moving particles at four angles.
The reported mean was computed from these four analyses.

Contact angle is a relative measurement of the hydropho-
bicity of the surface which in most cases shows a correlation
with the surface free energy. We modified a technique to
measure surface contact angles of all particles presented in
this paper by using a thin particle layer in a classic captive
drop method [Gaudin et al., 1963]. Particle layers for contact
angle measurements were prepared with two methods, fil-
tering and smearing. There was no significant difference in
the results from the two methods. In the filtering method a
high-concentration particle suspension was filtered through a
0.45-pum pore size micropore filter. The filter, with a 50-100
pm thickness of packed particles, was fixed on a glass slide.
The slide was allowed to dry in a desiccator until the particle
layer began to crack (it took about 2 hours). The smearing
method was used for very fine particles including clay and
fine latex particles (=0.45 um) because they were difficult to
filter. A highly concentrated particle suspension was
smeared on a clean glass slide to a thickness of 50-100 wm.
The smearing slide took about 3-4 hours to dry. Contact
angles were measured directly with a microscope (Carl Zeiss

Table 1. Particles Used in Micromodel Experiments
Electrophoretic
Mobility, wm Contact Angle

Descriptive Term Particle Types Size, pm s tvlem™! 0,
Hydrophilic, negatively charged latex carboxylate latex 0.95 ~7.1 £ 0.2 <10°
Hydrophobic, negatively charged latex sulfate latex 1.05 -3.8 £0.2 127 =7°
Hydrophobic, positively charged latex amidine latex 0.60 +5.0 £ 0.3 109 = 5°
Clay Na-montmorillonite ~0.5 -2.9 £ 0.1 37 £ 3°
Hydrophilic bacteria bacteria 3N3A 1.2 X 0.8 -1.0 £ 0.3 25 = 3°
Hydrophobic bacteria bacteria S-139 1.0 X 0.8 —45*04 77 £ 3°
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Serevenpe!) hited with a gomometer oyepiece (§ iyada
44310, Tokyor o the unction of the drop of the selubion, the
layer of particles, aml the atmosphiere ot 24T Fhe solution
s | O mM NaNO, with pH 6 6 The initid water advane.
mg confadt angles are reported in Table 1. Fhe readings of
the imbral advancing siglen were Lhen about 2 s after the
waler drop contacied the surface. Bach reported contact
angle s the mean of =15 measarements. There are several
Iimtations with this method, The contact angle decreases
sath fime because the " pourous medium” of packed particles
smbibes water. The measured value depends on particle wize,
layer thickness, Liver moture cantent, and the cecordng
fame for the contact angle  Theretore this method measures
only telstive susface hydeophobictios under the same exper-
snental condions for the same category of particles. For
ovtple, do fol compare contact angles of latex particles
with bacteris te determime which one s more hydrophabic.
Alsoy do not atfempt to caloubite parhicle surface free enerpy
from these contact angle vilues,

In gencral, electruphoretic mobilty i mcasurcment of
porinde surtioce ohige for parhicles having same size and
density e the siame solution Susticce charge density
telated to st bace By drophobuaty but does not determane o,
Fhere v i penctad tremd tor sumbar nonbrogeme particles:
Ihe greater the clectraphsrtie mobility, thye Jower the sur-
tave bydropholoty, and the smaller the witer contict
angle In Tubic | this eelibienshap s shown by the dita for
btes partdes Phda for bacterss show an opposite conteli-
B, Thaet o, watter vontact angle incrcases with the icreis.
mp clectrophorete mobility  Yen Londres it of al. (14987
repotied the same vitrelation Lt bacters,

Experimental Procedure

A high-resolution ophcal mictscope 1Zenss Asiophot)
with fluoressent hghting, shrk fichd image and long working
distinee objechines was used. [unng expeniments o pre

puted ancromodel was mounted borzontally on the stage of

the microscope. Flow rde wie precsely controlled by o
syrnge pump (Hurvierd Apparitus, model 33400-001), Photo-
tucrographs and s vedeo recording were tiuken simulta-
neuusly,

In order 1o simubite groundwater conditions, the solution
chemnstry was dewgned conservatively  with exceptions
noted later. The wnic otrength of the solutions and suspen-
wuns wis 1O md NaNO, . A pH of 6.6 was maintained by
NaHOO i adl the solutions and suspensions. Alr was used
as the gas phase. Al chemicals used were prepared Bhing
distifled and deomzed wiater, Degassed solution was made
hy using deginsed-distilled-deionized water and maintained
un o vacuum line before use, Particle number concentration
wis hout § « 107 mi, for all of the suspensions except the
iy which i unknown. To simulate groundwater condi-
tions, the flow velocity was designed to be refatively low, but
wiy experimentally limited by the small pore volume of the
micromadels. Constant volume flow rate of 1.5 mL/h was
mamntained with exceptions noted later. The average linear
velocity in the micromodels is unknown. Had it been avail-
able. particle velocimetry could have been used to directly
valculate this parameter. But this technology has never been
applied to « micromodel. An indirect calculation using the
volumetric flom rate requires an estimate of porosity and
uther geometric factors. which have a different interpreta-
uon in wo-dimensional newworks, or destruction of the

models W0 measure their transverse pore cross-sectional
area. The indirect approach slso requires an estimation of in
site fluid saturation, which cannot be practically achieved by
the standard volumetric or gravimetric approaches in micro-
madely with only 0.15 ml. of pore volume. A rough calcu-
latson suggests an average linear velocity of 48 m/d for the
guadrilateral network. Based on the network patterns the
velocity was probably higher in the hexagonal network and
lowest in the random network.

The visualization experiment procedure was as follows:
{11 A degassed solution was continuously pumped through a
clean micromodel at a refatively high rate of 15 mL/h to
saturate and chemically equilibrate the micromodel, until all
of the air bubbles were dissolved and the pH of effluent
eguisled that of influent. (2) The gas-water interface was
created, as residual air bubbles in the glass pore networks,
hy draining the model with air and then reimbibing particle-
free solution, The concept of o residuid nonwetting phase is
described by Wilson er al, | 190] and Conrad et al. [ 1992]. (3)
The micromadel was placed on the stage of the microscope,
A dilute purticle suspension wis injected at @ constant rate
{1.5 ml/hy for 3 pore volumes. Particle behavior was
vheerved and recorded. {4) The particle suspension was
replaced with a particle-free solution ot the same flow rate
until Wl free particles were displaced, leaving only particles
wttiched on interfaces. All of the photos presented later,
showing sorbed particles, were tiaken after this step. There-
fore the compurisons of results were based on the same
experiment canditions,

Experimental Results and Discussion
Gan-Water Interface and Hydrophilic Particles

Although classical eriteria separating hydrophilic and hy-
drophobic surfaces involve a water contact angle that is less
or grester thian some reference angle (usually 07 or %°
depending on the preference), this study refers, instead, to
relative hydrophilicity and hydrophobicity, We classify par-
tickes with Jow water contact angle as relatively hydrophilic
particles und those with greater contact angle as relatively
hydrophobic particies. For instance, we believe that most of
the naturully generated abundant inorganic colloids, such as
fines of clay, silica, and the other metal oxides, are relatively
hydrophilic.

Within the frumework of the DLVO theory the sum of the
van der Waals and electrical double layer interaction forces
forms the total energy of interaction [Derjaguin und Landau,
1941; Verwey and Overbeek, 1948). Knowing solution ionic
strength 1.0 mM, particle zeta potential —90 mV (from
measured electrophoritic mobility), and assuming zeta po-
tential of glass surface —60 mV [Elimelech and O’Melia,
1990}, and zeta potential of gas bubble ~40 mV [Lee and
MeCammon, 1984: Yoon and Yordan, 1986; Li and Soma-
sundaran, 19911, we calculated two pairs of interaction
potentials: those involving a negatively charged, hydrophilic
particle with a negatively charged, hydrophilic glass surface
and the same particle with a gas bubble. For the hydrophilic
particle-glass pair, the absolute value of repulsive electro-
static potential is greater than the attractive van der Waals
potential; thus the net interaction potential is repulsive. (We
neglect the repulsive hydration potential between two hy-
drophilic surfaces.) For the hydrophilic particle-gas bubble
pair the electrostatic force is repulsive, and van der Waals
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Plate 1.

Hydrophilic negatively charged latex particles (0.95 um) preferentially sorbed onto air bubbles

versus pore walls: (a) air bubble trapped in pore body of quadrilateral network; (b) air bubbles trapped
in heterogeneous network. Some fine pore throats physically plugged by particles.

force is also repulsive due to the positive complex Hamaker
constant [Hamaker, 1937, Van Oss et al., 1983; Li and
Somasundaran, 1991]. Hence the net interaction energy is
repulsive. Therefore, according to DLVO theory, the hydro-
philic particles used in this research should not sorb onto
either the glass-water or the gas-water interfaces.
Fluorescent carboxyl latex (diameter, 0.95 um; 6, < 10°),
Na-montmorillonite (diameter, 0.5 pum; 6, = 37°) and
bacteria 3N3A (1.2 X 0.8 um, 8, = 25°) were used to test

the behavior of hydrophilic particles at interfaces. The
visualized phenomena were recorded photographically and
on videotape. In Plate 1a a single air bubble is trapped in a
pore body of a quadrilateral network, and in Plate 15 a few
bubbles are trapped in a heterogeneous network. Both
pictures show that hydrophilic latex particles preferentially
sorb onto the air-water interface but very few particles
attach to the pore walls. Figure 3 is a sketch of an air bubble
trapped in a pore body of a glass micromodel. Figure 34 is a
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curvature of

a) top view
)t P vie air bubble

top V-phase

\_\..ml»« t line

b) side view , top 3-phase
. contact line

pore throat

bottom }-phase
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pore body

Figure 3. Sketch of trapped an bubhle an pore body of
placs mncromoded, explaminge the Jdath ning of ane bubble

tap vew cquinvalent to Plate T Fagure Yoas across sectionald
view alony the pore center hne In the top view the shaded
nng aroumd the exterior of the bubble represents the curva
ture ab the air bubble as it brdges the pore hady from top to
bottorn of the nncromodel The curvature approadhes the
top and bottom ot the nicromaodel at the thiee phase tun
water plass) contact hine represented here as the antenior
vincnmterence ot the shaded ning Light does not transmit
thiongh the muluple an water glass iyvers, therefore o dirk
nng is tormed. Inside ot thns three-phase contact nng the
water phase s a thin il Usually the fates particles are too
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bue ta enter this hlim, but we see some particles in Plate 15
have tound thenr way mto the film. This may be caused by
surface romghness. We also see a tew particles have been
stisned by same of the fine pores, perhaps plugging the
throats  The behavior of hvdrophnlic particles on the air
bubbles 15 mconsistent with the prediction based on DLV
theory. This unespected phenomenon wis also found in the
Loy and bactena expeniments. If there is any guestion about
the surtace hydrophilicity of carboxylate latex particles. the
sorption of clay particles s a real surprise. Figure 4 shows
Na-montmorilfomite particles accumulated onto the down-
stream portion of an air bubble i a pore body. The lower
wurve s the three-phase contact hine of top glass plate, air,
and water. The white spots are clay particles that accumu-
Lated near thas hine, winch s n focus, The upper curve is the
curvatire of the bubble, which 1s between two glass plates
and untoacused  Fryzmre S shows hydrophilic bacteria aceu-
mulated on g gas bubble trapped in o pore body.
Companing the partiioning of particles on the two inter-
faces, the net pan ntetachon encigy 1s repulsive between
plass surface and hydiophthe particle, and relatively attrae-
tinve hetween ann bubhle and hydrophilic particle. The ob-
served bulk result s consistent with the prediction for the
parr o phiss and hyvdropluhic particle, but inconsistent for
that o an bubble wand hydrophibe particle, Tt is clear that
there 1s an unknown attractive toice between a hydrophilic
particle and o gas bubble which 1s not assoctated with the
glass surface. We have twa hypotheses, The first is that
particles with suthicient kinetic encrgy imparted by the flow
penetrite the encrgy barner and reach the air-water inter-
fac e, where they are held by capalliary torces, The probahility
of this penctration depends on the patticle Kinetic energy and
the hewht ot the haner, Once o particle penetrates the
batricr, and ruptures the mterface, it will be retained by
capillary forces af it has any finite contact angle, as we

Figure 4. Nu-monmmorillonite particles (~0.5 um) accumulated on dqqutream side of air bubble
tranned 1n pore body of hevagonal network. Air bubble 1s about 300 um in diameter.
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Figure 5. Hydrophilic bacteria 3N3A (1.3 x 0.8 um) preferentially sorbed on air bubble trapped in a pore

body of the hexagonal network.

describe for desorption below. The second hypothesis is that
the hydration force between the gas bubble and hydrophilic
particle is attractive. DLVO theory cannot explain all the
known facts about the stability of colloids and thin liquid
films. The discrepancies are ascribed to ‘‘solvation’ of the
surfaces. Solvation implies formation of boundary layers of
special molecular structure, different from that of the bulk
liquid. The first shell of water molecules around a particle
surface is usually referred to as the primary hydration shell.
This is where the water molecules are most restricted in their
motion. The effect propagates out beyond the first shell; thus
in the second hydration shell the water molecules are some-
what free to rotate and exchange with bulk water; in the third
shell they are even more so, extending a few molecular
diameters. This region of modified solvent structure is re-
ferred to as the solvation zone. When the solvation zones of
two surfaces overlap, a short-range force arises that is now
usually referred to as a solvation or structure force and,
when water is the solvent, hydration force [Israelachvili,
1991]. The orientation and density of water molecules in the
hydration zone are important in determining the overall
hydration force. Understanding of the water molecular
structure at the gas-water interface is still in its infancy. Gas
is nonpolar and hydrophobic. Water density at the gas-water
interface is lower than bulk water density. There is an
attractive interaction between water molecules and a hydro-
philic surface, and thus water density at a hydrophilic
surface is higher than the bulk density. A repulsive force
arises when the density of water between the two surfaces
increases as they approach each other, while an attractive
interaction arises if the density falls, that is, if the region
between the two surfaces becomes depleted of water. For
two sufficiently hydrophobic surfaces the latter should result
in the attraction of the two surfaces toward each other
[Christenson and Claesson, 1988]. The degree of the hydra-
tion force between a gas bubble and a hydrophilic particle

should lie somewhere in between that for two hydrophilic
surfaces and for two hydrophobic surfaces.

Sorption and Particle Surface Hydrophobicity

Colloids in the subsurface environment have a wide range
of surface wettability. Various types of natural and man-
made organic colloids are hydrophobic. Also, the adsorption
of organic matter onto hydrophilic particles can alter their
surface wettability. Plate 2 shows the distribution of hydro-
phobic latex particles (diameter, 1.05 um; 9, = 127°) in a
single pore with a trapped air bubble. In comparing sorptive
behavior as a function of hydrophobicity (all the other
experimental conditions are the same), we see many more
hydrophobic latex particles sorbed onto both the air bubble
and the pore walls (Plate 2) than we saw earlier with
hydrophilic ones (Plate 1). Hydrophobic latex particles show
a greater affinity to both air-water and glass-water interfaces
because, first, a hydrophobic surface of a latex particle has
lower charge density than a hydrophilic one does and
therefore the electrostatic repulsive force is lower. Second,
the hydration force for hydrophobic particles is relatively
more attractive than for hydrophilic ones. This phenomenon
is also shown by the bacteria experiments. In Figure 6 the
relatively hydrophobic bacteria S-139 (1.0 x 0.8 um; 6, =
77°) greatly prefer the gas-water interface. In addition, many
more bacteria sorbed onto the glass surface relative to the
hydrophilic bacteria in Figure 5. Comparing the sorption of
latex particles and bacteria on the gas-water interface, we
notice that many bacteria appear to have crossed the three-
phase contact line and entered into the apparent two-phase
contact area of glass and air (where there is a thin water
film).

Sorption and Particle Surface Charge Sign

A suspension of positively charged latex particles (diam-
eter, 0.60 um; 6, = 109°) was pumped through the micro-
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Figure 6.
of hevagomal networh

muodels using the same expenmental proceduie Plate 3
shows an entine ag bubble and the adjacent ghiss surface
vonvered by sarhed paricles Both antertaces have o higher
athirsty for pasitively charged hvdiophobac particles rather
than tor the negatively charged hydrophobic partidles shown
cather i Plate 2 Those particles were mote hydrophabig
v 12T and lager (HOS o In Plate 4 the focus s on
the Top three phase vontact bne and the curvatuse s shghtly
off tocus, but we van sec that the whole boundiny arca s
solid with the sorbed particles. The increased sorption of
paticdes on the ghass surface 1s due 1o the atttactinv e electro-
static fotce between the oppositely charged particle and
ghisss surfuces, The moreased sorption on the gas-water
mntertace 18 also catsed by an attractive clectrostatic foree.,
We beliese that the negative polunty of bubble surface is due
to water molecule reonentation. Several researchers have
reported, i the floatation Iiterature, negative values for
clectrostatic mohalny [Lee and Mo Cammaon, 1983 Yoon and
Yordan, V986 Lt and Somasundaran, 1991].

Sorption and Solution lonic Strength

Sorptuon 1in solutions of different ome strength was tested
with hydrophilic negatinvely charged latex (diameter, 0.95 um;
4. - 1) The results shown in Plute 4 indicate that with
increasing solution 1onic strength, there is increasing sorption
on both trapped buhbles und pore walls. In @ 1.0 mM solution
tPlate 3a), particies sorb only on the gas bubbles. In Plate 45,
ione strength 1s increased by a factor of 100, and sorption
mereases on both bubbles and pore walls due to double layer
compression: thus sorption onto the gas-water interface in-
creases with increasing solution ionic strength.

Desorption

Exumrnution of particle desorption helps to reveal the
energy status of interfuces and the sorption mechanism. In

Relatinely hvdrophobie bisctersa S 13010 - 0.8 gmy accumulisted on air bubble in pore body

these eapentments we tested desorption from interfaces by
decreasig iome stiength and by increasing flow rate, using
hydrophihe negatively charged Litex particles  (diameter,
0.9% gm0, - 10 3. In the fiust step, 30 pore volumes of
particle suspension with high onic strength (100.0 mM) was
Hushed through o prepared micromodel at 1.5 ml/h; thena
particle free solutton with the same tonic strength (1000
mAf) displisced the particle suspension at the same flow rate.
In Plate Sa we sce that o high population of particles was
sorbed onto both the glass and the residual air bubbles. After
this, distdied and deionized (1D-D) water was injected at the
same flow rate in order to facilitate desorption behavior ina
solution of decreasing ionic strength. As recorded on video-
tapes we observed desorption from glass pore walls, but
none from the gas bubbles. Some of these desorbed particles
were later captured by downstream gas bubbles as the
particles passed by. Plate 56 was taken after 30 pore
volumes of D-I) water had flowed through the model. Most
of the particles attached on the glass have been removed,
and the number of particles on the gas bubbles has in-
creased. In other experiments, where we increased flow rate
10 times (15 ml/h)y rather than changed ionic strength, the
result was almost the saume. These experiments indicate that
the attractive force is larger at the gas-water interface than at
the solid-water interface for the same particles under the
same chemical conditions and that sorption on the gas-water
interface is essentially irreversible.

In the context of a general interaction potential isotherm
{Hirasaki. 1991], irreversibility indicates that the sorption
may occur in the primary minimum and the particles must
have overcome the cnergy barrier. A question arises, What
1s the high adhesion energy between particles and air bub-
bles? We suggest capillary energy, based on the work done
by James [1974], Rapacchietta and Neumann [1977], and
Williams and Berg [1992]. If by any means the nonwettiag
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Plate 2. Hydrophobic negatively charged latex particles sorbed on both air-water and glass-water
interfaces; air bubble is trapped in pore body of quadrilateral network. Observe the effect of particle

surface hydrophobicity by comparing to Plate 1.

particles (contact angle >0) can overcome the energy barrier
created by the superposition of the van der Waals force, the
electrostatic force, and the hydration force, their surfaces
will contact the interface and a three-phase contact line (gas,
water, particle) will be formed on the particle surface. The
capillary force, developed as soon as the three-phase contact
line is established, will fix the particle at an equilibrium

position at the interface. The exact calculation of such a
force involves solving a nonlinear ordinary differential equa-
tion for the meniscus profiles and is only possible for the
simplest geometry. A comprehensive treatment of capillary
force was given by Rapacchietta and Neumann [1977]. In
their work, both force and free energy were analyzed to
determine the particle’s equilibrium position at the interface.

Plate 3. Positively charged hydrophobic latex particles (0.6 wm) with very strong affinity for both
gas-water and glass-water interfaces. Hexagonal network.



Y WOAN AND WHESON B ATE AND TRANSPORD OF COLLOIDS IN POROUS MEDIA

Plate 4.

The effect of solution ionic strength on sorption: (a) In low ionic strength (1.0 mM) solution,

hydrophilic latex particles only sorb on gas-water interface. (b) [onic strength is increased by a factor of
100: many more particles sorb on both bubbles and pore walls. The experiment was carried out in a

quadriluteral network.

These calculations are quite complicated. However, the
problem can be significantly simplified in the case of parti-
cles of colloidal size. where the effect of gravitational force
can be ignored when compared to the surface tension, and
the meniscus can be approximated as a flat one. This
asymptotic behuyior was checked by examining the James
matched asymptotic expansion [James, 1974; Williams and
Berg, 1992} for the meniscus profile about a small circular

meniscus and using it to calculate the particle position with
the model of Rapacchietta and Neumann. This simplified
analysis is schematically described in Figure 7. Consider a
particle (radius equal to r), which is fully immersed in 2
liquid with initial wetted semiarc ¢ = m, that passes through
the gas-water interface and becomes partially immersed (¢ =
o — 6, 6is contact angle). The free energy variation in this
case is due to two contributions: the work (dE)) required t0
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Plate 5. Desorption as solution ionic strength decreases: (a) in high ionic strength solution (100.0 mM)
at 1.5 mL/h, showing hydrophilic latex particles that have sorbed onto the interfaces; (b) after the passage
of 30 pore volumes of distilled and deionized water at same flow rate. Air bubble (~200 pum diameter) is

trapped in pore body of quadrilateral network.

replace area A, of surface energy o, with equivalent area
of surface energy oy, and the work (dE,) done by eliminat-
ing the gas-water interface.

dE| = Ao,y — 0y) = Aggayy cOs 6
= 27rr2cr,g(1 + cos ¢) cos 0 (1)

dEy = —Apo, = —7r? sin? ¢oy, 2

The capillary potential E,;,, which is defined as the total free
energy variation, can be expressed as

Ecop=dE, + dE, = mrla,[2 cos 8 (1 + cos ¢) ~ sin® ¢]
= —mrlo,(l —cos 8)>  (3)

Figure 8 shows the calculated result of the capillary free
energy change as a function of the contact angle. In this



Ag . & Asg Gas
‘W Water

O

6=0
EC8P=0

8>0

Ecap = Agg(Osg - Os1) ~ AigOig

Figure 7. The capillary free energy change E,; fixes the
particles on the interface after the rupture of the interface.
Here ¢ denotes wetted semiarc; 6, contact angle; A,,, area
of dewetted particle surface, function of contact angle; A,
area of gas-water interface displaced by particle, function of
contact angle; o, particle-gas interface energy; o, parti-
cle-water interface energy; o, gas-water interface energy.

calculation the particle was assumed to be 1.0 um in diam-
eter and o, = 73 dyn/cm. Capillary potential increases
rapidly with the increasing of the contact angle.

Therefore we suggest that the sorption of particles onto
the gas-water interface has two energy stages. The DLVO
and hydration forces control the first stage, in which the
interface is ruptured; and after the three-phase contact line is
established, the capillary force fixes each particle at an
cquilibrium position on the interface in the second stage. The
capillary force strongly binds particles on the gas-water
interface, so they essentially cannot be desorbed from the
gas-water interface. In fact, the entire bubble-particle unit
can be moved by increasing the flow rate without particle
desorption.

A subsidiary observation, especially apparent on video-
tapes of the experiments, was the rapid circulation of parti-
cles along the bubble surface in all of the micromodel
experiments. Most of the circulation paths were localized on
a bubble surface, and the speed was proportional to the flow
rate. This is probably related to the interaction between the
outside shear stress in the flowing water and the air move-
ment inside the bubble. Particles also tended to accumulate
on the downstream portions of bubbles at higher flow rates,
in the stagnation zone located there. The particles sorbed on

1.0E+08

1.0E+07 3
1.0E+06;
1.0E+05;
1.OE+04;
1.os+oa;
1.0E+02;
1.0E+01;
1.0E+00}
1.05-011)

-(Potential/KT)

10 20 30 40 50 60 70 80 90
Contact Angle (degree)

Figure 8. The calculated capillary free energy change as a

function of contact angles for a 1-um spherical particle near

a large air bubble, normalized by KT, where K is Boltz-

mann’s constant and T is absolute temperature.
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the air bubbles also tended to form aggregates especially if
they were hydrophobic (see Plates 1a, 2, 4, and 5). This
tendency is presumably due to a capillary attraction between
particles on the interface. It becomes stronger when the
system is disturbed, for example, by increasing flow rate,
changing flow direction, and especially by moving the bub.
bles. The videotape recordings dramatize the dynamic as
pects of these phenomena.

Summary and Conclusions

We developed a method to visualize the behavior of
colloid particles at interfaces within pore networks. Visual-
ization was achieved by using glass micromodels with a UV
epifluorescent light and dark field microscope. This method
allowed direct observation of the interactions of colloids and
interfaces both globally throughout the network and locally
within individual pores. Besides fluorescent latex particles,
common natural colloids, such as clay and bacteria, were
directly observable. The wettability of the pore walls, the
fluid phase distribution within the pore network, the flow
rate, and the chemical conditions of the system could all be
closely controlled. Thus the method reveals both cause and
effect. This method can be used in future studies of partic-
ulate transport, interface-related transport, and the facilita-
tion of bioremediation schemes.

We isolated several phenomena in our interface-related
colloid transport study. The gas-water interface preferen-
tially sorbs colloidal particles relative to the solid-water
interface under simulated groundwater conditions. The de-
gree of this sorption increases with increasing particle sur-
face hydrophobicity and increasing solution ionic strength.
Positively charged particles have greater affinity to the
gas-water interface. The sorption at the gas-water interface
is irreversible due to the capillary free energy change. Once
sorbed onto the interface, few particles can be desorbed by
chemistry or shear stress. The preferential sorption of col-
loid particles onto the gas-water interface suggests a mech-
anism in vadose zone transport. A stationary gas-water
interface in porous media can retard the transport of partic-
ulate contaminants. Moving interfaces, such as during infil-
tration or drainage or near a fluctuating water table, may
enhance colloid mobility.
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