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1. Introduction

Nuclear power plants use nuclear fission for generating tremendous amount of heat for the
production of electrical energy. Currently, there are many nuclear power plants in operation
worldwide, which produces high-level nuclear wastes at the same time. Nuclear wastes are
being produced as by-product of nuclear processes, like nuclear fission (spent fuel) in nuclear
power plants, the radioactive elements left over from nuclear research projects and nuclear
bomb production. The management and disposal of these previously stored and continuously
generated nuclear wastes is a key issue worldwide. A huge amount of radioactive wastes
have been stored in liquid and solid form from nuclear electricity /bomb production plants
from several decades at different locations in the world. For example, the Hanford Site is a
most decommissioned nuclear production complex on the Columbia River in the U.S. state of
Washington, operated by the United States federal government as shown in fig 1 [21, 28, 50].
Hanford was the first large-scale plutonium production reactor in the world. The Hanford site
represents approximately two-thirds of the nation’s high-level radioactive waste by volume
[28].

Radioactive/nuclear wastes are specific or mixture of wastes which contain radioactive
chemical elements that can not be used for further power production and need to be stored
permanently /long term in environmentally safe manner [63]. The ultimate disposal of these
vitrified radioactive wastes or spent fuel elements requires their complete isolation from
the environment. One of the most favorite method is disposal in dry and stable geological
formations approximately 500 meters deep. Recently, several countries in Europe, America
and Asia are investigating sites that would be technically and publicly acceptable for deep
geological storage of nuclear wastes. For example, a well designed geological storage
of nuclear waste from hospital and research station is in operation at relatively shallow
level in Sweden and a permanent nuclear repository site is planning to be built at deep
subsurface system for nuclear spent fuel in Sweden in order to accommodate the stored and
running nuclear waste from ten operating nuclear reactors which produce about 40 percent
of Sweden’s electricity (In Sweden, the responsibility for nuclear waste management has been
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Figure 1. An example of underground storage of radioactive waste and leakage into subsurface system
at Hanford site, Richland, WA, USA (from McKinley et al. 2001) [50].

transferred in 1977 from the government to the nuclear industry, requiring reactor operators
to present an acceptable plan for waste management with a so called absolute safety to obtain
an operating license. The conceptual design of a permanent repository was determined
by 1983, calling for a placement of copper-clad iron canisters in a granite bedrock about
500 m underground, below the water table known as the KBS-3 method, an abbreviation
of kdrnbrénslesdkerhet, nuclear fuel safety. Space around the canisters will be filled with
bentonite clay. On June 3rd 2009, Swedish government choose a location for deep level waste
site at Osthammar, near Forsmark nuclear power plant.).

The recent accident in 2011 in nuclear power plant in Fukushima, Japan due to Tsunami
has caused release of underground stored radioactive elements/wastes into the subsurface
system. This is a big concern for clean-up operation as they can migrate to farther locations
with pore water flow of subsurface system and can create big environmental disaster.
It has led to re-thinking of researcher and responsible organizations for protecting their
underground stored radioactive wastes and implementing multi-protection mechanisms for
deep geological storage of the hazardous radioactive wastes. In the event of accidental
release/leakage of radioactive materials into the subsurface system, there is a possibility of its
migration with the soil-pore water flow and to be transported to the surface and groundwater
bodies as shown in fig 1 [21, 50, 76]. Furthermore, some radioactive contaminants do
not move through soil pores in dissolved form but rather attach strongly to fine soil
particles (1 nm to 1 ym size, commonly called “colloid"). These contaminant-attached soil
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Figure 2. Flow and transport of colloidal particles attached with possible radioactive contaminants.

particles may themselves become mobile and move through the soil and eventually reach the
water bodies (fig 2). This is commonly known as colloid-facilitated contaminant transport
[9, 11, 14, 16, 20, 23, 41, 52, 56]. Colloids are a ubiquitous component of subsurface systems
and play an important role in radioactive contaminant fate and transport. Mobile colloidal
particles in the subsurface can enhance the movement of otherwise immobile radioactive
contaminants attached with colloidal particles or colloids can be the radioactive elements
themselves [11, 20, 23, 33, 34]. The colloidal particles can be transported in the groundwater
through soil solution as affected by physico-chemical condition of the surrounding medium
and colloids (fig 2). The understanding of colloid transport is of significant interest for the
protection of subsurface environment from contamination by intentional or unintentional
release of nuclear wastes.

In the infiltration/rainfall events, the colloidal size radioactive particles or radioactive
elements attached with mobile colloids would be transported to the groundwater through
unsaturated porous media, where gaseous phase can play a critical role in association with the
liquid and solid phases [13, 68, 82]. Several mechanisms are responsible for colloid transport
in unsaturated zone in addition to that of saturated zone, such as, liquid-gas interface
capture, solid-liquid-gas interface capture, liquid-film straining, and storage in immobile
liquid zones [13, 18, 27, 44, 51, 68, 70, 79, 85, 87]. The strong force (capillary force) associated
with the moving liquid-gas interfaces led to particle mobilization in the natural subsurface
environment. As the water content decreases, a thin film of liquid forms over the grain
surfaces and in the pendular rings (smaller pores). Phenomenon of colloid deposition on
these liquid film and pendular ring created between the pore spaces had different opinion in
different literature [73, 81]. This chapter will review all the possible mechanisms responsible
for attachment of colloids in the partially saturated system. The discrepancies in literature
about colloid removal and deposition mechanisms at different locations in three phase system
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will also be discussed to guide the researcher and decision making bodies for designing deep
geological storage for storing nuclear wastes (to ensure uninterrupted and cheap nuclear
power generation) and to combat the extreme situation of their release into subsurface systems
through unsaturated zone and protecting the natural water bodies and environment from
radioactive contamination.

2. Mechanism of colloid attachment

The colloid retention in saturated porous media is primarily controlled by attachment at
the solid-liquid interface in relation to the surface properties of the solid and background
solution, which has been well documented in literature [37, 42, 46, 48, 49, 60, 65, 69].
Whereas the presence of gaseous phase in the unsaturated subsurface system introduces
an additional mechanism for colloid retention. Although several steps has been taken to
enhance the understanding of mechanisms responsible for colloid transport and retention
through unsaturated porous media, there is a need to put extra effort in this area for better
understanding [4, 24, 42, 47, 55]. In the unsaturated porous media, the additional mechanisms
(compared to saturated system) for colloid transport were reported as: colloid captured at the
liquid-gas interface [1, 12, 43, 44, 54, 66-68, 70, 72, 80, 83], colloid captured due to straining
[4, 7, 74, 78], the colloid captured at solid-liquid-gas interface [10, 17, 18, 27, 51, 87, 88], and
colloid storage in immobile zone [15, 25, 26, 61]. The flow chart lists the above four retention
mechanisms (fig 3). The colloids trapped due to different mechanisms, as mentioned in the
flow chart, govern the movement of colloidal/nano-size particles in a porous media (Fig. 4).
The figure 4 shows the example of the colloid captured by liquid-gas interface, solid-liquid-gas
triple point, straining, immobile zone, and solid-liquid interface. Many of the colloid retention
mechanisms are still poorly understood and debating [73, 81]. To improve our knowledge and
understanding about the fate of radioactive particles (alone or attached with colloidal particle)
in unsaturated porous media, the colloid capture mechanisms are discussed in detail below.

2.1. Attachment at the liquid-gas interfaces

It has been stated in the past that the moving liquid-gas interface plays an important role in
colloid mobilization in unsaturated porous medium [1, 12, 43, 44, 54, 66-68, 70, 72, 80, 83]. A
considerable amount of colloids were captured at the liquid-gas interfaces and moved with the
infiltration front depending on flow velocity and the solution ionic strength [68]. This has been
verified by numerical solution of the Young-Laplace equation that expanding water film can
lift the subsurface colloids from the mineral surfaces [66]. The detachment of sub-micron sized
particles from initially wet solid surfaces had been investigated by air-bubble experiments
to understand the strength of moving liquid-gas interfaces [30-32, 45, 53]. In a direct
visualization experiments, it had been found that a significant number of colloids were
detached from initially dried solid surfaces by the moving liquid-gas interface and remain
attached to the liquid-gas interfaces (Fig 5) [70]. The irreversible nature of colloid attachment
from the liquid-gas interface has been observed earlier, which validate the strength of moving
liquid-gas interface [1, 80].

Three consequent steps might occur in the colloid detachment from a solid surface and its
attachment to the liquid-gas interface. These are interception of the particle, attachment
or thinning of the liquid film in between the particle and the liquid-gas interface, and
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Figure 3. Different possible colloid retention mechanisms in unsaturated porous media.
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Figure 4. Attachment of colloid in three-phase system.

stabilization of the particle on the liquid-gas interface [22, 30, 67, 70]. The total detachment
probability (Py,;) is defined as [22]:

Pget = Pint X Patt X Psta (1)

where P;,; is the interception/colloision probability, P is the attachment probability, and
Pst, is the stability probability. P;,; depends on the actual number of colloids intercepted by
the moving liquid-gas interface. It depends on the velocity and direction of the liquid-gas
interface with respect to the solid surface. P, depends on velocity of the liquid-gas interface.
It could be zero, means no colloid detachment from solid surface, if interface contact time will
be less than induction time. The induction time is time to form a three-phase contact line by
thinning the liquid film between the particle and the liquid-gas interface. Pst, can be assumed
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Figure 5. Detachment of amine-modified microspheres from glass slide after moving the liquid-gas
interface: (a) no interface movement, (b) 1 interface movements, (c) 2 interface movements, and (d) 3
interface movements.

as one because of irreversible nature of colloids attached on the liquid-gas interface, i.e.,
particles remain attached to the interface. Thus, the above equation (1) shows the importance
of velocity (specially in the range of porous media velocity) on detachment of colloid by the
moving liquid-gas interface. Sharma et al [70] tested the velocity effect in the range of 0.4 to
400 cm h~! on colloid detachment from the solid surface. They found that colloid detachment
from the solid surface was more at lower interface velocity. A similar observation has been
made for particle detachment by air-bubble moving at higher speed (> 8 cm h~1) [30, 31].

For the transport and mobilization of radioactive materials in colloidal size or its attachment
with colloidal particle, the balance among electrostatic, hydrodynamic, and capillary forces
are responsible for attraction of particle towards the liquid-gas interface [29, 67, 68, 70, 72, 79].
If capillary force dominates then the colloidal particles attracted towards the liquid-gas
interface and if electrostatic dominates then the colloidal particles remain stay over the
grain surface. The hydrodynamic forces may be neglected for the colloidal size particles
[57, 58, 64]. Figure 6 shows the force balance between electrostatic force and the capillary
force for hydrophilic and hydrophobic particle attached with the solid surface when liquid-gas
interface moved in the upward direction. The attachment force (F,) is the sum of electrostatic
force and van der Waals force acting toward the solid surface whereas the detachment force
(F4et) is the horizontal component of the capillary force, which is responsible for detachment
of colloids from the solid surface and attachment into the liquid-gas interface as shown below
in detail. Colloids detach from the solid surface only if F;,; > F. The detail of force balance
calculation are shown below:
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Figure 6. Schematic of forces exerted on an adhered particle: (a) hydrophilic and (b) hydrophobic
particle, in contact with a liquid-gas interface. Gravity and buoyancy forces are neglected. (Fqet:
detachment force, F,y: attachment force, Fy: surface tension force, §: contact angle for colloids, a: contact
angle for glass surface, ¢: filling angle).

2.1.1. DLVO forces

The DLVO profiles for the colloids and their interaction with the glass surface were calculated
according to [35]:

kT2
AGe = 6471eR (Z) {tanh <Zil]f%1 )} {tanh <ZZI£°T2)} exp(—xh) @)

where AG, is the electrostatic interaction energy, € is the dielectric permittivity of the medium,
R is the radius of the colloids, k is the Boltzmann constant, T is the absolute temperature; z
is the ion valence, e is the electron charge, 1y, and 1y, are surface potential of the colloids
and the glass slide respectively, which are taken as the colloid and the glass {-potentials, / is

2%, .52
the separation distance, « is the inverse Debye-Hiickel length, x = : i;]z’ , where 7; is the

number concentration of the ions in solution, and zj is the ion valence.

The van der Waals interaction energy was calculated by [36]:

AR, 532 Ao

where A is the effective Hamaker constant of colloid-water-glass system, and Ag is a
characteristic length of 100 nm. The effective Hamaker constant (A = Ajp3) was calculated
using individual Hamaker constant of colloid, water, and glass [38].

A1z = (VA1 — VAR) (VA — VAn) 4)

where A7 is the Hamaker constant of the colloids, Ap; is the Hamaker constant of the fluid,
and Ajs3 is the Hamaker constant of the glass.
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— Experimental Conditions
Polystyrene Diameter’ Contact Surface CaCl, pH Electrophoretic Z- Colloid
colloids angleb charge” conc. mobility* potentiald conc.
(um) (deg) (meq/g) (mM) (-) (um/s)/(V/cm) (mV) (particles/L)
Amino-modified 1.0+0.02 20.3+1.9 0.1047 6 59 0.15+0.02 1.940.2 7.2x108

“Values provided by manufacturer. "“Measured with a goniometer (DSA 100, Kriiss, Hamburg, Germany). ‘Measured

with a ZetaSizer 3000HSa (Malvern Instruments Ltd., Malvern, UK) at the electrolyte concentration and pH indicated in

the table. “Obtained from measured electrophoretic mobilities using the von Smoluchowski equation [38].

Table 1. Selected properties of polystyrene colloids and suspension chemistry used in the experiments.
Finally, the total DLVO forces were calculated as:

d d
FDLVO = @ (AGtot) = 37 (AGel + AGde) (5)

dh

To see an example of particle detachment from initially dried glass surfaces, [70] performed
experiments by selecting different types of colloids with their modified surface properties.
Parameters for the DLVO calculations for one of the colloids are shown in Table 1, and the
Hamaker constant was chosen as that for a polystyrene-water-glass system (polystyrene:
Al = 6.6 x 10720 J, water: Ap = 3.7 x 1072V J, glass: Azz = 6.34 x 10720 J; all data
taken from Israelachvili [39]; the combined Hamaker constant calculated with equation 4 is
Aqpz = 3.84 x 10721 ]).

2.1.2. Surface tension forces

The total force exerted by a moving liquid-gas interface on a colloidal particle is the sum of
gravity, buoyancy, and interfacial forces. However, the gravity and buoyancy forces can be
neglected for small particles with radii < 500 ym [57, 58, 64, 70]. In experimental setup, when
the liquid-gas interface moves in upward direction over the vertically mounted glass slide,
the horizontal component of surface tension force (F,) is the detachment force (F4et) which is
opposed by the DLVO force (Fatt) (Figure 6). The detachment force (the maximum horizontal
surface tension force) can be calculated by [45, 57, 58, 64]:

0
Fiet = 27TRy sin? <§> cos « (6)

where R is the radius of the particle, -y is the surface tension of liquid, and 6 and « are the
advancing contact angles for colloids and the glass slide, respectively.

The experiments were conducted using hydrophilic and hydrophobic modified surface and
positively and negatively charged colloids attached over the negatively charged glass slide
to estimate the number of colloids removed by moving liquid-gas interface [70]. Colloids
over the glass slide were visualized using laser scanning confocal microscopy. Figure 5
shows an example of confocal images before and after moving the liquid-gas interfaces over
the glass slide. The figure shows that a considerable amount of colloids were removed by
the passage of the first liquid-gas interface (Fig 5a,b), however more number of passages of
liquid-gas interface did not affect the colloid left after the first interface movement (Fig 5c,d).
This was caused because some of the particles might have attached in the primary energy
minimum from the glass slide, so F;;; would be much larger than F;,; for those particles [70].
From the DLVO calculations using eq 5, there is a favorable attachment for amino-modified
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Figure 7. DLVO profile of amino-modified colloid (at given condition in Table 1).

microspheres i.e., a strong attractive force between colloids and the glass surface (fig 7). Shang
et al [67] had recently studied the total force balance exerted on a particle passing through
a liquid-gas interface. They considered different shape and size (1 to 6 ym) of particles of
different surface properties to pass through a liquid-gas interface and measured the forces
exerted on the particle over time using a tensiometer and compared with their theocratical
force balance calculations. It has been observed that the liquid-gas interface due to capillary
force generates a strong repulsion of particles from the stationary surfaces when water film
expands or move through the solid surfaces [67]. In order to detach a particle from the solid
surfaces, a liquid film larger than the particle diameter must build up around the particle so
that the repulsive capillary force can dominate and a lift can occur.

The above discussion based on force balance complimented with visualization experiments
imply that moving liquid-gas interface tends to dominate colloid movement during water
infiltration into soils and sediments. The strong force associated at the liquid-gas interface
can overcome colloid aggregation and settling, which otherwise dominate colloid dispersion
and mobility in porous media. The strong affinity of colloidal particle towards the liquid-gas
interface may also be applied in remediation technology, as the inert gases in the form
of gas-bubbles can be injected in soils or aquifers to preferentially mobilize colloidal size
radioactive contaminants.
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2.2. Attachment of colloid by straining

The infiltration and drainage scenarios are quite common in the event of rainfall and drying on
the unsaturated zone of the subsurface system. This processes can complex the mobilization
of radioactive particles in the upper layers if there is any spill or leakage of those material.
In the unsaturated zone as the water drain, sorb or evaporate, the water thickness over the
solid surface becomes thinner and thinner; and once the water film becomes thinner than
colloid diameters that mechanism is called water film staining. In this case, a strong force
exerted on the colloid towards the solid surface which is called capillary force [70, 77, 78, 90].
Other possibility of film straining was explained by the colloid trapped in the pendular rings
(smaller pores) region separated by thin water films from the remaining fluids [4, 78], which
can be remobilized after expanding the water films [26, 61]. The straining of colloids also
happen if the pore sizes are smaller than colloid size. This phenomenon commonly occurs in
the saturated zone which can also happen in the unsaturated zone.

Different types of straining mechanism for colloid attachment were studied by Bradford
group and others [2-8, 19, 40, 59, 71, 74, 84-86]. Figure 8 shows the different types of
straining locations for colloids in the saturated and unsaturated media. Colloids trapped at
the intersection point of two solid grains in the saturated systems at location 1 by single and 2
by multiple colloidal particles are also called wedging [40] and bridging [59] respectively. The
straining of single particle (location 1) occurs if the pore spaces in a porous medium are smaller
than the colloid diameter, which is a common phenomenon applied in mechanical filtration
[49]. However, straining of multiple particles (location 2) occur as a result of aggregation of
colloidal particles in the solution, although the pore space is larger than the single colloid
diameter.

In addition, straining of colloids in the saturated system also depends on solution properties,
colloid size, colloid shape, colloid size distribution as well as grain size and heterogeneity
[2,3,5,6,71, 85, 86]. The straining of colloids were more dominant for large, irregular shape,
and multi-disperse colloids [84-86]. Straining of colloids in the unsaturated porous media
become very complex due to the presence of gaseous phase. The capillary force controls the
distribution of liquid and gas phases in the pores. As the amount of liquid decreased from the
porous medium, the liquid form a film over the solid surface or retain the smaller pores due
to strong capillary forces and the larger pores are filled with gases [75]. Straining behavior
of colloids due to pore sizes in the unsaturated systems were not studied yet, however few
efforts had been taken on straining of colloid by liquid film [62, 78] and the colloid attachment
at the solid-liquid-gas triple point [17, 18, 27, 51, 87, 88]. The example of colloids retained at
the solid-liquid-gas triple point are shown in Fig 8 at location 3, which has been discussed in
detail in the next section. Straining of colloids in the unsaturated porous media due to liquid
film occurred if the liquid thickness is smaller than colloid diameters (location 4 in Fig 8).
[78] concluded, using different size of colloids and by changing flow velocity, that colloids
with smaller diameter than water film thickness passed easily but colloids bigger than film
thickness were trapped on the water film.

2.3. Attachment at the solid-liquid-gas interfaces

The contact point of solid-liquid and liquid-gas is called solid-liquid-gas interface. Steenhuis
and coworkers used infiltration chambers, light source, and imaging system (camera setup
or confocal microscope) to study the colloids attached at so called air/water-meniscus/solid
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Figure 8. Attachment of colloids in porous media due to straining.

(AW,;,S) interface (inside the narrow portion of the pendular ring) in the unsaturated
porous media [17, 18, 27, 51, 87, 88]. They established from their visualization experiments
that colloids tend to accumulate at AW,,S interface in the unsaturated porous media.
They reiterated that the hydrophilic colloids were deposited at AW,,S interface whereas
hydrophobic colloids deposited at the solid-liquid interface, but none of them were present
at the liquid-gas interface [17, 18]. The capillary force calculation had given the theoretical
explanation why the colloids attracted towards AW,,S interface [27]. Their force calculation
showed that the colloid retention at AW,,S interface is only possible for hydrophilic colloids
with contact angle less than 45° for sand grain medium (Fig 9). So the colloid were not
attached at the AW,,S interfaces in the friction coefficient were bellow the tangent of contact
angle.

Contrarily, the deposition of colloids were found at the liquid film (liquid-gas interface) from
glass micromodel experiments and modeling studies [78, 80]. In another visualization studies,
colloids accumulation were found at thin films outside the pendular ring, which was air-water
interface not connected with the solid grains [26]. A column and micromodel experiments
and thermodynamic calculations showed that colloids were most likely to be retained near
the sediments of liquid-gas interface i.e., solid-liquid-gas interface attachment [10]. These
discrepancies in the literature between the colloid attachment mechanisms due to the presence
of the solid-liquid-gas interface in the unsaturated porous media had been debated [73, 81].
[81] argued that the possible cause of colloid attachment at AW,,S interface was evaporation
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Figure 9. Relationship between grain contact angle and friction coefficient for colloid retention at the
AW,,,S interface.

in the chamber, drying of thin water film over the grain surface, and advaction of colloids to
AW,,;S contact line. But it had been refuted by Steenhuis et al [73].

2.4. Attachment at the immobile zones

In the partially saturated systems, colloids were found to be captured into stagnant/immobile
zone. There was evidence of exchange of colloids between immobile and mobile zone due
to long breakthrough curve tailing on colloid transport through unsaturated porous media
[15, 25, 61, 68]. In a visualization study, it was found that colloids present in the immobile zone
at the liquid-gas interface were not moved to mobile zone in steady flow, but the exchange of
colloids between immobile and mobile zone occurred in varied flow rate [26]. The exchange
of colloids between mobile and immobile zones were likely controlled by slow advection
in addition to diffusion. The occurrence of larger quantity of colloids from unsaturated
column studies were found in transient flow condition due to movement of colloids present
in immobile zone [61, 66, 89]. All these studies indicated that the colloid can be attached in
the immobile zone created by heterogeneity of the medium and by the presence of gaseous
phase, which could be remobilized in the large rainfall and infiltration events.

3. Conclusions and future directions

The study of colloid fate and transport in important as there is strong affinity of radioactive
contaminants to attach with the moving colloidal particles or radioactive elements can fall
under colloidal size range. In subsurface systems (like soils and sediments) moving air-water
interfaces are common, e.g., during infiltration and drainage of water, air and water displace
each other in continuous cycles. Such moving air-water interfaces have a profound effect on
detachment of colloids from surfaces. Several research efforts had been made to understand
the mechanism of colloid retention and mobilization in unsaturated porous media. The
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possible cause for colloid attachment in the presence of gaseous phase are discussed in
this chapter. As discussed in this chapter, it is difficult to draw firm conclusions about the
colloid capture locations in unsaturated porous media. The column experiments, modeling
techniques, and visualization studies reveal a number of possible mechanisms of colloid
retention and deposition in the partially saturated systems. It is likely that the colloidal
particles attached with the solid grain can be removed by moving liquid-gas interface and
then colloids can be either deposited and restrained from further moving due to different
types of straining, solid-liquid-gas interface capture, and the presence of immobile zone of
heterogeneous medium or remain attached at the liquid-gas interfaces.

The strong attachment of radioactive particles to liquid-gas interfaces leading to removal
of stationary surfaces offers opportunities for management of subsurface systems in terms
of flow and transport. Infiltration fronts in soils can be readily generated by flooding, for
instance, and radioactive particle can be effectively “washed” out of a soil profile. Air-bubbles
in the form of Ny or other inert gases may be injected in soils or aquifers to preferentially
mobilize and remove radioactive contaminants. Such techniques offer ways to enhance
the mobility of otherwise immobile particles in the vadose zone and in groundwater. The
results from this study point to the relevance of moving air-water interfaces for nuclear waste
mobilization and transport in the vadose zone. Such moving air-water interfaces are common
in soils and near-surface sediments, where rainfall, snow melt, or irrigation cause infiltration
and drainage. Current theory for colloid transport in unsaturated porous media does not
consider the effect of moving air-water interfaces for release of contaminants. Evidently, the
colloid removal, transport, and deposition mechanisms remain a fertile area of research with
much still left to investigate and opportunities for progress in both theory and experiments
that are likely to have significant practical impact in vadose zone fate and transport of colloid
attached contaminants for better understanding of any radioactive contamination transport
from the release point to farther location.

4. Abbreviations

AW,,S: Air/water-meniscus/solid
DLVO: Derjaguin, Landau, Verwey and Overbeek
KBS: Karnbrinslesikerhet
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