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Understanding the mechanisms controlling colloid transport and deposition in the 

vadose zone is an important step in protecting our water resources. Colloid 

transport in unsaturated porous media was studied using X-Ray Microtomography 

(XMT), which is a non-destructive imaging technique that provides three-

dimensional images at a resolution on the order of 3 µm/pixel. Under favorable 

attachment conditions, 5 – 15 µm hydrophobic silver coated hollow glass spheres 

were suspended and drained through sintered glass bead columns at flow rates of 

0.5, 5.0 and 50.0 mL/hr. The results show that total colloid deposition was 

dependent on drainage flow rate and saturation. A positive correlation was found 

between the total colloid concentration and the number of trapped air bubbles. An 

image processing algorithm was written to assess the partitioning of colloids to the 

solid-water interfaces (SWIs), air-water interfaces (AWIs), and air-water-solid (AWS) 

contact lines, which led to the conclusion that at medium to high water contents, 

AWIs and AWS contact lines were equally important for colloid attachment and 

mobilization. Lastly, colloids were shown to be left behind the main drainage front, 

becoming immobilized in the disconnected wetting phase by attachment to SWIs, or 

in pendular wetting phase rings.  
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1 Introduction 

Groundwater, one of the world’s most valuable natural resources, makes up 30% of the 

total global freshwater supply (USGS, 2016). As more than half of the world’s population 

gets their potable water exclusively from groundwater (Saiers and Ryan, 2006), it is critical 

that the physical processes occurring beneath the earth’s surface are sufficiently examined 

and understood. Within the past few decades, scientists have realized that a portion of the 

soil solid phase is mobile, and that this mobile phase is the source of inconsistencies 

between laboratory experiments and field scale contaminant transport studies (de Jonge et. 

al., 2004). These findings sparked scientific interest and invigorated the research topic now 

known as colloid transport.  

Colloids are particles that exist in the size range of 1 nm to 10 µm.  In addition to facilitating 

the transport of molecular scale pollutants, colloids may themselves be undesirable 

contaminants. Examples of colloids that exist in natural and agricultural soil systems include 

clay particles, metal oxides, pathogenic bacteria, viruses, and radionuclides. 

The vadose zone is the groundwater’s first line of defense against contaminants, so 

understanding the mechanisms controlling the fate of colloids in multiphase systems is 

essential. And while the transport of colloids in saturated porous media has been studied 

extensively, less information is available on their behavior in unsaturated systems. Ongoing 

debates in the literature compare the importance of the air-water interface (AWI) and the 

air-water solid (AWS) contact line for colloid mobilization and deposition (Lazouskaya et al., 

2011). However, it is generally agreed upon that the behavior of colloids in multi-phase flow 

systems is drastically different than in single phase systems.  

The goal of this research is to determine the influence of AWIs and AWS contact lines on 

colloid transport, and determine which mechanism is the most important for colloid 

immobilization. This research helps answer this question by employing high-resolution, 

three dimensional X-Ray Microtomography (XMT) to visualize colloid transport in 

unsaturated porous media.  
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2 Background 

2.1 Physical Properties of Unsaturated Porous Media 

Any material containing voids, or pores, can be considered a porous medium. There are a 

wide variety of substances that are considered porous media such as soil and rock, cements 

and ceramics, and biotic material including bones and wood. The applicability of porous 

media research spans multiple disciplines of science and engineering, including 

environmental and petroleum engineering, geosciences, biology, material science, and 

many others. This body of work specifically considers porous media to be either soil or rock, 

and will thus use the equations and nomenclature consistent within the field of 

environmental engineering and soil physics. 

Generally speaking, there exists two phases in a groundwater aquifer; the fluid phase and 

the solid phase. Typically, the fluid phase is water and the solid phase is some combination 

of clay, silt, and sand. If the soil is permeable, there will be fluid flow through the voids 

following the groundwater system’s energy gradient. Above the water table, but beneath 

the surface is the vadose zone. In this zone, an additional phase (air) enters the system, and 

the soil is termed unsaturated.  

2.1.1 Wettability and Liquid Contact Angle 

In a two phase system, the angle between the liquid-solid interface describes the liquid’s 

degree of hydrophobicity or hydrophilicity. When the angle is greater than 90 degrees, the 

solid surface is considered hydrophobic and the liquid is “non-wetting”. When the angle is 

less than 90 degrees, the solid surface is hydrophilic and the liquid is “wetting”. The contact 

angle is a result of the balance of the surface tensions between the three interfaces. sl is 

the surface tension of the solid-liquid interface, and sv is the surface tension of the solid-

vapor interface. 
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Figure 1 Contact Angle Diagram (Modified from http://www.ramehart.com/glossary.htm) 

2.1.2 Capillary Pressure 

Capillary pressure is defined as the difference between the wetting and the nonwetting 

phase pressures. Figure 2 shows the acting forces on a droplet of water in air. The acting 

forces are from capillary pressure and surface tension.  

 

 

Figure 2 (Left) Spherical droplet of water in air; (Right) force balance on the left hemisphere of droplet 

(Reproduced from Jury and Horton, 2004) 

One of the simplest models used to generate an equation for capillary pressure is the rise of 

a wetting fluid into a capillary tube with radius R (Figure 3). The fluid is in a balancing act 

between minimizing the free energy of the solid surface and fighting gravity that is pushing 

it back into the reservoir. The pressure in the liquid, lP , at the interface is thus below 

atmospheric pressure, aP . The curvature of the interface, r , is trigonometrically related to 

the capillary radius and the contact angle, , and is substituted into the Young-Laplace 

equation. This equation also requires the surface tension of the liquid-vapor interface, lv . 

This capillary action occurs within a wetted porous media. 
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Figure 3 Capillary Rise (Reproduced from Jury & Horton, 2004) 
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2.1.3 Characteristic Curves 

The characteristic curve relates the pressure head to water content of a porous medium as 

it is drained or imbibed. An example characteristic curve with wetting and drying cycles is 

shown in Figure 4. As a dry porous medium is imbibed with fluid, the main wetting curve is 

generated. wh  is the water entry pressure, the pressure at which the largest group of pore 

bodies fill. The curve flattens out because there are a large number of pores that fill with 

water once that pressure value is reached. As the remaining voids are filled, the pressure 

reaches zero as the water content reaches su . This value is less than total saturation, s , 

because porous media do not normally reach full saturation, especially under natural 

conditions. Reversing the process, drainage begins as negative pressure is applied to the 

porous medium and it desaturates. At ah , or the air-entry pressure, additional air enters the 

porous medium replacing water in the largest pore. This continues for successively smaller 

pores until the water content reaches the asymptote at r , or residual water content. As 

water is drained from the medium, there are wetting phase disconnections leaving pendular 
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rings in the medium as the bulk fluid continues to drain. This is why not all of the water can 

be removed when generating a main drainage curve.  

Hysteresis can be observed in the characteristic curves as one water content value may 

correspond to two different pressure values. On the main drainage curve, if negative 

pressure in the porous medium is suddenly switched to positive pressure, a new curve 

would develop from the point at which pressure was reversed. This is called the primary 

scanning curve. Reversing the pressure once more will generate the secondary scanning 

curve.  

 

Figure 4 Hypothetical Characteristic Curves (Reproduced from Selker, Keller, & McCord, 1999) 

2.2 Colloids and Surface Interactions 

A colloid is operationally defined as a solid-phase material that typically has at least one 

dimension between 1 nm and 10 µm. In the absence of aggregation, Brownian motion 

should be significant enough to maintain the colloids in suspension for extended periods of 

time. Because of their size, colloids behave according to surface properties such as electrical 

charge and surface area, rather than their bulk properties such as chemical composition.  
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Figure 5 shows many examples of different environmental substances that fall within the 

operational definition of a colloid. As is shown, colloids include both organic and inorganic 

substances, and cover a wide array of materials that all have remarkably different bulk and 

surface properties. The colloids can spread over orders of magnitude because size 

distributions of these colloids depend on the environmental conditions in which they exist.  

 

Figure 5 Size Distribution of Environmental Substances (Reproduced from Lead and Wilkinson, 2007) 

2.2.1 DLVO Theory  

DLVO theory describes colloid interactions by stating that the total interaction energy is the 

sum of electrical double layer forces and van der Waals forces over a specific separation 

distance. Two groups of scientists, Derjaguin and Landau, and Verwey and Overbeek, 

developed the theory separately. Both are given credit for the work, and their initials are 

thus used in the title. 
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2.2.1.1 Electric Double Layer  

 When a colloid is in a liquid solution, it typically carries a surface charge. The particle’s 

charge can come from three mechanisms including isomorphic substitution, chemical 

reactions at the surface, and adsorption onto the particle surface. Examples of these 

mechanisms include magnesium substituting aluminum in clays, the protonation and 

deprotonation of acid and base functional groups on the solid surface, and phosphates 

adsorbing to hydrous metal oxides, respectively.  

The particle’s charge must be balanced by an equal and opposite charge in the solution. An 

excess of counterions, or oppositely charged ions, will be found next to the charged surface. 

A deficit of co-ions, or similarly charged ions, will then occur near the charged particle’s 

surface. The concentration of counterions will decrease as a function of the distance from 

the particle and towards the bulk solution.  

Figure 6 shows a depiction of the Stern-Grahame model, representing a negatively charged 

particle in solution. In the inner Helmholtz plane exists the unhydrated counterions along 

with polar solvent molecules. The Outer Helmholtz plane is the edge of the Stern layer and 

consists of hydrated counterions. A shear boundary divides the mobile from the immobile 

ions. Electrophoretic mobility measurements return the charge at the shear boundary layer 

because the particles move during the measurement. The charge in the diffuse layer decays 

with distance until it reaches zero. The width of the diffuse layer is calculated as the inverse 

of the Deybe-Huckel parameter, which is directly proportional to the square root of the 

solution ionic strength. Therefore, as the ionic strength increases, the diffuse layer 

compresses and mitigates the charge of the particle.  
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Figure 6 The Stern-Grahame Model (Reproduced from Elimelech, 1995 and Blume, 2001) 

2.2.1.2 Van der Waals force 

The van der Waals force arises because of a fluctuating magnetic field between two objects. 

The fluctuating field develops from spontaneous electrical and magnetic polarizations. In 

other words, the momentum of an electron cloud in constant motion prevents itself from 

reaching its lowest energy state, constantly overshooting the lowest energy distribution. 

When two of these unstable electron clouds approach one other, they begin oscillating in 

sync with one another, generating an attractive force between the two bodies.  

2.2.2 Extended DLVO Theory 

DLVO theory does not include all of the interactions between colloids and interfaces. Many 

additional non-DLVO forces may exist in a colloidal system such as hydrogen bonding, 

hydrophobic interactions, hydration pressure, non-charge-transfer Lewis acid-base 

interactions, and steric interactions. In the presence of air-water interfaces, such as in the 

vadose zone, hydrophobic forces are considered to be particularly important for colloidal 

interactions.  

Hydrophobic materials are lacking in polarity at the surface and are incapable of creating 

hydrogen bonds with water molecules. Therefore, when water molecules encounter this 

inert material, they arrange themselves as to minimize the number of their contact with the 

hydrophobic surface. This structuring around a material is entropically very unfavorable. It is 

therefore likely that two hydrophobic particles will attach in water, because this minimizes 

the number of water molecules that are ordered. Since the air-water interface is an example 
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of a hydrophobic-water interface, a particle or cluster of particles is likely to attach to the 

air-water interface rather than remain in solution. 

The hydrophobic force in water is an attractive force. However, the hydrophobic force is less 

attractive than intermolecular forces between water molecules, so water molecules repel 

the hydrophobic substance.  

 2.2.3 Potential Interaction Mechanisms 

In Figure 7, the potential colloid immobilization mechanisms are shown for saturated and 

unsaturated conditions. In the figure the colloids are red, the wetting fluid is blue, the 

porous medium is grey, and the air is yellow. From left to right the mechanisms are titled: 

solid-water interface (SWI) attachment, pore-straining/wedging, air-water interface (AWI) 

attachment, air-water-solid (AWS) contact line attachment, immobilization in disconnected 

wetting (DisW) phase, and film straining.  

 

Figure 7 Potential Capillary Mechanisms (Modified from DeNovio et. al., 2004) 

2.3 X-Ray Microtomography 

X-Ray microtomography (XMT) is a non-destructive imaging technique that produces 

information regarding the internal structure of otherwise opaque porous media. Different 

classes of XMT scanning set-ups exist. They range from laboratory, industrial, and 

synchrotron style scanning apparatuses, and depending on the equipment configuration and 

x-ray source they can scan from large dense objects all the way down to submicron levels of 
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resolution. This study implements the synchrotron XMT based scanning technique to 

achieve micro-scale resolution.  

Figure 8 displays a general overview of a typical synchrotron based scanning acquisition 

arrangement. A synchrotron radiation source produces x-rays that are passed through a 

monochromator to filter off a single wavelength. The beam then passes through a rotating 

sample and the x-rays attenuate because of absorption or scattering. The attenuated x-rays 

are then converted to visible light. The light is captured using a CCD camera, and the 

collected radiographs are then sent to a computer to be reconstructed.  

 

Figure 8 Synchrotron based XMT arrangement (Reproduced from Wildenschild and Sheppard, 2013) 

The attenuation of X-Rays is described by the Lambert-Beer law. It states that the final 

intensity, I , is determined by the exponential decay of the incident X-Ray intensity, 0I , as it 

passes through a material with D thickness with an attenuation coefficient of .  

0 exp( )I I D   

The attenuation coefficient depends on the beam energy, atomic electron density, and 

atomic number. Materials with high attenuation coefficients will absorb x-rays more than 

materials with low attenuation coefficients. Enhancing the differences in attenuation 

coefficients make it possible to separate the reconstructed images into a few distinct classes 

as the pixel intensities associated with each class (phase) will be different enough so that a 

computer can distinguish one from the other. To this end, contrast agents are added to the 

sample to enhance the absorption of x-rays to make a particular phase attenuate more than 
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another. This is achieved by tuning the monochromator to pass a beam of x-rays with an 

energy equivalent to the contrast agent’s k-shell absorption edge.  

Figure 9 shows a plot of linear attenuation coefficient and photon energy for a sample 

containing glass beads, air, KI solution and silver-coated colloids on a log-log plot. In the 

graph, the attenuation coefficient decays as the photon energy increases. Two peaks exist in 

the plot corresponding to the two contrast agents that are added to the column, iodine and 

silver. The jump in attenuation at 0.0331 MeV corresponds to iodine’s k-shell absorption 

edge, and the jump at 0.0255 MeV corresponds to silver’s k-shell absorption edge. When a 

scan is collected at 0.0331 MeV, the iodine-doped fluid phase will attenuate more than any 

other phase. A similar effect happens to silver-coated colloids when scanning at 0.0255 

MeV. 

 

Figure 9 Attenuation vs Photon Energy of a sample containing iodine and silver 
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3 Literature Review 
According to Hauser (1955), early 20th century chemists were at odds concerning the 

behavior and classification of colloids. Ostwald, Buzagh, and Hauser were the early 

researchers who declared colloids as needing their own science, rather than continuing on 

as a subfield of chemistry; colloid science would describe the physicochemical behavior of 

matter that takes place between the microscopic and molecular scale (Hauser, 1955). These 

three scientists outlined the notion that, regardless of the material, if at least one of the 

particle’s dimensions falls within the colloidal range, then its behavior will follow that 

according to colloid science (Hauser, 1955).  

Understanding colloid behavior has benefited many disciplines. Examples include the 

development of drug carriers in bioengineering (Jones and Leroux, 1999), and the 

improvement of the ice cream manufacturing process in food science (Goff, 1997). Colloidal 

research is also advantageous for manipulating subsurface processes. In petroleum 

extraction, clays are used to seal drilling holes. As the clay enters the pores, it deposits and 

forms a low permeability fluid barrier that prevents leakage (McDowell-Boyer et al., 1986). 

The translocation of soil colloids after an infiltration event can lead to illuvial clay deposition 

in the soil horizon (de Jonge et al., 2004), and thus contribute to soil genesis. During 

groundwater remediation, in situ injection of nano-zero valent iron is performed to reduce 

chlorinated solvents and thus minimize the extent of contamination (Molnar et al., 2014). 

Most importantly, understanding colloid behavior is crucial as they themselves can be toxic 

pollutants, and even influence the transport of molecular-scale contaminants.  

With regards to groundwater pollution, several different types of man-made and natural 

colloids exist that are toxic to humans and other organisms. Bacteria, viruses, and protozoa 

all exist within the colloidal size range. They can enter the subsurface from land application 

of wastewater sludge, among many other methods (Seetha et al., 2014). Natural organic 

matter (NOM) is pervasive in soil and water, and a fraction of it exists in the colloidal size 

range (McDowell-Boyer et al., 1986). Not only can NOM be a pollutant, but it provides sites 

for other low solubility contaminants to adsorb. Radionuclides and metals are another group 

of contaminants associated with colloids. Although they can form intrinsic colloids (Liu et al., 

2013), they are more frequently found to be associated with a mobile colloid phase, thus 

accelerating or retarding their transport through the subsurface (McDowell-Boyer et al., 
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1986). Examples of point sources for radionuclides are nuclear weapons facilities (Novikov 

et al., 2006) and test sites (McCarthy and Mckay, 2004). Lastly, engineered nanoparticles 

(ENPs) are emerging contaminants that are of concern in soil and groundwater. Their small 

size (1-100 nm) leads to physical and chemical properties that may not match their bulk 

counterparts, and the rapid production of ENPs will inevitably lead to significant 

environmental release (Darlington et al., 2009). 

One example of groundwater pollution that illustrates the severe consequences of colloidal 

contamination is the case of Escherichia coli O157:H7 outbreak in Walkerton Ontario, 

Canada (Molnar et al., 2015). After a farmer applied manure to a field, while following 

proper protocol, the nearby drinking water supply well was subsequently contaminated with 

fecal pathogens. As a result, seven people died and more than 2300 people fell ill (O’Connor, 

2002). It is evident that colloidal contamination can have severe consequences, thus 

emphasizing the importance of research aimed at predicting their mobility in the 

subsurface.  

3.1 Saturated Media 

Decades of study have been devoted to understanding the fate and transport of colloids in 

saturated porous media. Deposition involves both hydrodynamic and physicochemical 

processes (Hahn and O’Melia, 2004; Nelson and Ginn, 2011; Rajagopalan and Tien, 1976; 

Tufenkji and Elimelech, 2004; Yao et al., 1971), while interception, sedimentation, and 

Brownian motion are the primary mechanisms that dictate particle transport (Kim et al., 

2008). Once the fluid brings the colloid in contact with the solid surface, its attachment is 

determined by electric double layer forces and van der Waals forces, which are  described 

by DLVO theory (Elimelech et al., 1995). It has been found that irreversible colloid 

attachment occurs in attractive primary minimums, while reversible attachment occurs due 

to secondary minimum interactions (Sang et al., 2013). Additional non-DLVO forces can play 

a role in colloid deposition depending on the properties of the surfaces and solution (Grasso 

et al., 2002). Furthermore, the solid phase, liquid phase, and colloid phase properties have 

been varied experimentally to further narrow down the exact conditions in which colloid 

attachment and detachment occurs.   

A positive correlation between flow rate and colloid detachment has been well 

documented, showing that increased hydrodynamic shear acts to mobilize colloids (Ryan 
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and Elimelech, 1996). The ionic strength of the fluid is also an important variable, as its 

decrease can decompress the electric double layer and thus increase the energy barrier, 

preventing deposition (Elimelech et al., 1995). The pH of the solution determines the surface 

charge of the colloid and collector surface (Benjamin and Lawler, 2013), and can therefore 

influence colloid attachment and detachment. Additionally, low flow or immobile zones 

exist in certain regions within the pore space that act to retard colloid transport (Gao et al., 

2006). 

Additionally, the surface properties of the colloids will influence their fate and transport in 

saturated porous media. As DLVO theory predicts, colloid surface charge is a crucial variable 

for predicting retention (Bradford et al., 2002). If colloids and the collectors are oppositely 

charged, there will be an attractive electrostatic force between them. Size also plays a role, 

and it helps determine which removal mechanism will dominate. Generally, diffusive 

transport governs small colloids while sedimentation and interception remove larger 

colloids (Bradford et al., 2002). Also, if the ratio of colloid to collector diameters is large 

enough, colloids will be strained due to physical constriction (Torkzaban et al., 2008). It has 

been shown that colloids with smaller aspect ratios will be strained more than colloids with 

larger aspect ratios (Liu et al., 2010). Additionally, colloid retention is concentration 

dependent; Bradford and Bettahar (2006) found that low influent concentrations resulted in 

increased colloid entrainment and decreased effluent concentrations 

Naturally, the porous medium in which the colloids are being transported also determines 

the behavior of colloid transport. Similar to colloids, the charge at the collector surface can 

either attract or repel an incoming colloid. Charge heterogeneities from multiple surface 

minerals that exist on the surface can further complicate attachment predictions, although 

NOM can coat the surface and quell this effect (Molnar et al., 2015). Soil structure is also 

important to colloid mobility, as this can influence the development of preferential flow 

paths (DeNovio et al., 2004). Physical heterogeneities, i.e. micro-scale and nano-scale 

surface roughness, exists at the collector surface as well. Increased surface roughness is 

associated with enhanced colloid retention during transport experiments (Saeed et al., 

2015). Furthermore, the hydrophobicity of soil grains is also an important parameter. 

Increasing grain water repellency has been shown to increase anionic hydrophilic colloid 
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deposition (Goebel et al., 2013). Increased bead hydrophobicity corresponded to a decrease 

in bacteriophage retention (Bales et al., 1993). 

3.2 Unsaturated Media 

Colloid transport in unsaturated porous media is further complicated by the presence of an 

additional fluid phase (air), and therefore the presence of air-water interfaces (AWIs). As 

expected, all of the mechanisms for colloid deposition and release that were observed in 

saturated porous media are still potentially relevant in unsaturated conditions. For example, 

Zevi et al (2009) showed, with breakthrough curves and pore-scale imaging, that colloid 

retention increased with increasing ionic strength in variably saturated media. The effect of 

pore-straining, which is a primary mechanism for colloid entrainment in saturated media, is 

increased with decreasing water content (Torkzaban et al., 2008). Although the mechanisms 

discovered for saturated media remain important, the natural next question is whether air-

water interfaces (AWIs) are important to colloid transport, and if so, how important? 

There is agreement in the literature that as pore moisture content decreases and the 

surface area of AWIs increases, colloid retention increases (Gao et al., 2006; Torkzaban et 

al., 2008; Zhang et al., 2013a; Zhuang et al., 2005). Using breakthrough curves, this research 

shows that effluent concentrations of colloids are lower under unsaturated conditions as 

compared to their saturated experimental counterparts. There are three primary colloid 

trapping mechanisms associated with AWI in unsaturated porous media: (1) film-straining, 

(2) AWI capture, and (3) attachment at the air-water meniscus-solid contact line (AWS) 

(DeNovio et al., 2004).  

Film straining becomes a relevant colloid retention mechanism below a critical saturation 

level, at which point thin and thick-films of the liquid phase cover the grain surfaces and 

connect pendular fluid rings (Lenhart and Saiers, 2002; Zevi et al., 2005). Wan and Tokunaga 

(1997) conceptualized and proved experimentally that colloids could be strained and 

transported by fluid films, and that it was dependent upon the colloid diameter to film 

thickness ratio (CF). Veerapaneni et al (2000) expanded upon their work and learned that at 

low CF ratios, the colloid movement responded linearly to film velocity. At medium CF ratios 

where colloids protrude from the interface, surface tension and friction act to immobilize 

the colloids, and at even larger CF ratios gravity can overcome these forces and remobilize 

the colloids. Zevi et al., (2005) demonstrated in porous media with confocal microscopy that 
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colloids above 0.8 µm were too large to be captured by film straining on sand grains at high 

matric tension. Availability of film-straining visualizations is limited, most-likely due to the 

size resolution of commonly employed imaging techniques. This research collectively shows 

that pore scale fluid phase phenomena can influence colloid transport in porous media. 

The AWI has also been shown to be an important mechanism for colloid trapping. The 

seminal work of Wan and Wilson (1994) sparked this conversation by utilizing pore-scale 

visualization techniques to observe the attachment of latex particles, clay, and bacteria to 

the surface of air bubbles in a pore body micromodel. They found that attachment at the 

AWI increases with particle hydrophobicity and surface charge, but even negatively charged 

hydrophilic colloids sorb to the negatively charged, hydrophobic AWIs. Gao et. al. (2006) 

also found significant attachment of hydrophilic anionic colloids at the AWI. In contrast, 

Wan and Tokunaga (2002) and Chen and Flury (2005) found no attachment of negatively 

charged clay colloids to a static AWI. Similarly, under steady state flow conditions in a water 

and glass bead system with immobile AWIs, Aramrak et. al., (2014) also found that surface 

charge and hydrophobicity were important, and that hydrophilic negatively charged colloids 

did not attach to the AWI. In the hydrophobic model of Zhang et. al., (2013), there was 

significant attachment of hydrophilic colloids to static water-fluorinert interfaces, even at 

higher velocities than in the saturated experiments. The results of Chen and Flury (2005), 

Wan and Tokunaga (2002), and Aramrak et. al. (2014) agree more with the current 

theoretical framework of DLVO theory and hydrophobic interactions, but disagree with the 

results found by Gao et. al. (2006) and Wan and Wilson (1994a). In response to this, 

Lazouskaya et. al. (2011) suggests that the discrepancies arise from inconsistent 

experimental methods, which could lead to different hydrodynamic conditions. Further 

research is needed to resolve these inconsistencies.  

The impact of transient, or non-steady, fluid flow on colloid mobilization in porous media 

has been explored as well. Transient flow in unsaturated porous media is defined by 

changing flow rates, and thus changes in moisture content. El-Farhan et. al., (2000) 

simulated infiltration events at a field site in Virginia by inducing intermittent ponding 

events. They found corresponding increases in colloid mass flux with infiltration events. 

Using breakthrough curves from a column scale study, Saiers and Lenhart (2003a) showed 

that stepwise increases in flow rate had a corresponding increase in silica colloid effluent 
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concentration. These negatively charged, hydrophilic colloids were expected to be retained 

due to straining rather than attachment at the air-water interface. As the moisture content 

increased during the experiment, colloids that were initially strained were presumably 

mobilized. Using colloids with similar surface properties in a micromodel experiment, Gao 

et. al. (2006) confirmed that this increase in moisture content allowed previously strained 

colloids in films, corners, and disconnected pores to become mobile. Shang et. al. (2008) 

conducted stepwise flow rate column scale experiments with natural colloids and also 

observed increased mobility with increasing fluid velocity and moisture content. 

Furthermore, it was shown that initial drainage mobilized higher concentrations of anionic 

colloids than did subsequent imbibitions (Cheng and Saiers, 2009), perhaps indicating that 

transient flow colloid mobilization is hysteretic. Therefore, it can be deduced that the 

movement of AWIs has consequences for the fate of colloids that extend beyond those 

found in steady state flow regimes, and that additional mechanisms may act to mobilize 

colloids.  

The AWS is a third mechanism responsible for colloid release and entrapment under 

transient conditions, and was first suggested by Thompson et. al., (1998). This mechanism 

was visually observed with microscopy in porous media by Crist et. al. (2004) after noting no 

retention of negatively charged colloids at the AWI, but significant retention at the AWS. 

This is in disagreement with the findings of Wan and Wilson (1994b), but Crist et. al. (2004) 

argue that Wan and Wilson’s micromodel observations were not able to distinguish 

between AWI and AWS attachment. Crist et. al., (2005) found that hydrophobic negatively 

charged colloids attached at the AWS as well, but to a lesser extent than colloids that were 

hydrophilic. In another study, anionic hydrophilic colloids were again only associated with 

the AWS, while hydrophobic colloids partitioned to the AWI to a small extent (Zevi et. al., 

2005). However, Sang et. al. (2013) visually took note of significant retention at both the 

AWI and AWS for negatively charged colloids, however, they did not report the 

hydrophobicity of the colloids. Clearly, more work needs to be done to explore the role of 

colloid surface properties on mobility. 

Several authors have sought a more mechanistic understanding of colloid capture for all 

three trapping mechanisms. It is known that traditional DLVO forces and hydrophobic forces 

are at play (Bradford and Torkzaban, 2008), but the effect of capillary forces on colloid 
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mobility is still not fully understood. Shang et. al. (2008) calculated the acting forces on a 

colloid strained in a film, and determined that capillary forces were more important than 

electrostatic, van der Waals, and hydrodynamic forces for colloid release. Capillary forces 

are negative when the film thickness is less than the colloid radius, and positive when larger. 

Shang et. al., (2009) then verified these force balance calculations with force measurements 

on various types of particles, and found that increasing particle diameters, contact angles, 

particle shape irregularity, and number of edges all resulted in increased capillary forces 

from an AWI. Gao et. al. (2008) calculated the forces acting at the AWS, and determined 

that capillary forces are dominant. More recently, it has been shown in both a micromodel 

and in granular media, that advancing wetting fronts more effectively detach and mobilize 

colloids than receding AWIs (Aramrak et. al., 2011; Aramrak et. al., 2014). Additionally, due 

to the colloid contact angle, hydrophilic colloids have a lower capillary potential energy than 

hydrophobic colloids at the AWS which would lead to less AWS attachment (Gao et al., 

2008).  

The majority of colloid pore-scale visualization experiments have been conducted with 

either bright field or confocal microscopy (Wan and Wilson, 1994b; Crist et. al., 2004; Gao 

et. al., 2006; Zevi et. al., 2009; Lazouskaya et. al., 2011; Aramrak et. al., 2014).While these 

studies have been invaluable in discerning colloid transport behavior, their visualizations are 

limited to two dimensions, and may therefore be limiting experimental techniques. Ochiai et 

al., (2006) discuss three-dimensional imaging techniques that have been used in the colloid 

transport literature, and they identify X-ray microtomography (XMT) as the only method 

capable of capturing microscale colloidal processes. Admittedly, the resolution of XMT has 

limited previous colloid work to the study of aggregate behavior, though technology is 

rapidly improving and submicron individual colloids will soon be observable in 

representative elementary volumes.  

To date, all colloidal studies using XMT have been conducted under saturated pore scale 

conditions. One study, conducted by Molnar et al. (2014), developed a method to measure 

nanoparticle concentrations within a given voxel using linear attenuation coefficients. 

However, XMT studies at the nanoscale do not allow for the resolution of individual colloids 

or colloid aggregates. The remaining XMT research has dealt with the micron scale and 

above. The accumulation of deposited anionic zirconium oxide aggregates was found to 
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reduce permeability and bulk porosity, and increase the tortuosity of fluid flow paths (Chen 

et al., 2008). These results were confirmed with additional image scanning, and their three-

dimensional reconstructions were used as boundary conditions for lattice Boltzmann 

simulations (Chen et al., 2009). A proximity study of the zirconium deposition with respect 

to the granular media demonstrated that aggregate deposits are highly heterogeneous, 

found to attach mostly at the top of glass beads (Chen et al., 2010). Waske et al., (2012) 

examined the locality of 10 micron silver colloids using XMT under unfavorable attachment 

conditions. The most frequent location for attachment was found to be 30 degrees from the 

front stagnation zone of the glass bead, mostly due to grain-to-grain wedging (straining). 

Using gold coated microspheres with XMT, Li et al., (2006) also found that grain-to-grain 

contacts were the dominant site for colloidal retention in the presence of an energy barrier 

in both glass beads and quartz sand. In the absence of an energy barrier, good agreement 

was seen with colloid filtration theory (Li et al., 2006). A logical next step for XMT colloid 

research is to establish evidence of colloids deposition in unsaturated porous media. 

Numerous journal articles have discussed the important forces and variables associated with 

colloidal transport, but there is still much work to be done. There is still no consensus on the 

types of conditions and surface properties that control whether or not a colloid will attach 

to an AWI or AWS.  We are still unable to accurately predict the relative contribution from 

each mechanism (Sang et al., 2013). By employing a three-dimensional imaging technique, 

our research will quantitatively and qualitatively address the extent to which colloids 

participate in the various retention mechanisms at play. To our knowledge, this study will be 

the first to visualize colloid transport in variably saturated porous media, further realizing 

the contribution from the attachment mechanisms of AWI capture, attachment at the AWS, 

and the significance of capillary forces.  
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4 Materials and Methods 
4.1 Colloid Characterization 

The colloids used in this study are conductive silver-coated hollow glass microspheres. They 

were purchased from Cospheric LLC (Santa Barbara, CA). The reported density of the 

particles is 1.08 g/cc, with a diameter range of 5-15 µm. The colloids have a crush strength 

of 28,000 psi. 

4.1.1 Size Analysis 

To verify the reported colloid diameter and to observe the surface roughness of the 

particles, scanning electron microscope images were taken with the FEI QUANTA 600F 

environmental SEM at the OSU Electron Microscope Facility. Figure 10 shows examples of 

the images that were collected, with the magnification increasing from left to right. The 

images show that the colloids are spherical and relatively smooth. Since the colloids are 

coated with silver, sputter coating was not necessary to establish a conductive surface. The 

presence of silver was confirmed with energy-dispersive x-ray spectroscopy.  

 

Figure 10 SEM Images of Colloids: Increasing magnification from left to right 

ImageJTM was used to process the SEM images and develop a quantitative approach to 

verifying the particle size distribution. The low magnification image was smoothed using a 

median filter. The smoothed image was binarized by selecting a threshold that included 

pixel intensity values that only belonged to the particles (Figure 11 Left). The classic 

watershed algorithm was then used to separate the particles from one another (Figure 11 

Middle). Lastly, a particle analysis was conducted to collect the number and size of all 

colloids in the image (Figure 11 Right). 
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Figure 11 Particle Size Analysis Procedure 

The summary of the particle size analysis is shown in Table 1, and the size distributions for 

the Feret and Heywood diameter are plotted in Figure 12. The Feret diameter is a measure 

of the longest dimension of a particle. The Heywood diameter is calculated by knowing the 

area of the particle and assuming it is a perfect circle. Two measurements were used 

because each algorithm interprets non-spherical particles differently. The results 

complement one another and reassure that the values are accurate. Although the results 

show the diameter range is wider than reported by the manufacturer, a mean diameter of 

about 10 µm is sufficient for the purpose of this research, as the resolution of our x-ray 

microtomography scans is approximately 3 µm/pixel. 

 

Figure 12 Colloid Size Distribution 
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 Feret (micron) Heywood (micron) 

Min 1.38 0.97 
Max 22.10 17.14 

Mean 10.47 9.47 
SD 3.12 2.95 

Table 1 Colloid Size Analysis Results 

4.1.2 Colloid Zeta Potential 

Zeta potential of the silver colloids was measured using a Malvern Zetasizer Nano. 1,000 

mg/L colloid concentrations were adjusted to different pH values using small amounts of 

sodium hydroxide (NaOH) and hydrochloric acid (HCl). The samples were settled for 24 

hours, and the colloids remaining in suspension were used for the zeta potential 

measurements. The results are plotted in Figure 13. The particles have an isoelectric point, 

or point of zero charge, at a pH of 3.8.  

 

Figure 13 Ag Colloid Zeta Potential 

The ionic strength of the solution used during the fluid flow experiments is higher than 

when the zeta potential was measured. This is because under the high ionic strength 

conditions, the colloids aggregated to the extent that the Zetasizer Nano was unable to 

acquire a successful zeta potential measurement. It is expected that the magnitude of the 

charge will decrease under the high salt conditions, but its sign will remain the same.  
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4.1.3 Contact Angle 

Contact angles of the particles were measured to determine their degree of hydrophobicity. 

A double sided piece of scotch tape was placed onto a glass microscope slide. Colloids were 

repeatedly smeared onto the scotch tape while the loose colloids were removed by tapping 

a spatula on the side of the glass slide.  One micron sized droplets of reverse osmosis water 

were pipetted onto the colloids, and the FTA135 Contact Angle Analyzer measured the 

contact angle of each droplet. The procedure was repeated three times for three separate 

bubbles. An example image collected by the instrument to measure the contact angle is 

shown in Figure 14, and the results of the experiment are shown in Table 2. It is clear that 

the particles are very hydrophobic, as their contact angle is much greater than 90 degrees.  

 

Figure 14 Example Contact Angle Image 

 

 Colloids 1 Colloids 2 Colloids 3 Scotch Tape  

Contact 
Angle 

(Degrees) 

143.19 128.75 135.23 99.68  

143.1 130.67 136.17    

141.1 129.72 134.72    

Average 142.46 129.71 135.37   135.85 

Table 2 Colloid Contact Angle 

4.2 Bead Characterization 

The beads used in this study were soda lime glass spheres purchased from MO-SCI Specialty 

Products, LLC. The manufacturer reports the size range to be from 0.8 – 1.2 mm. They 

represent the porous medium in this study and were chosen for their chemical and 

geometric simplicity. The chemical composition of the glass beads according to the 

manufacturer is provided (Table 3). 
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Chemical Constituent 
Weight 
Percent 

Silica (SiO2) 69~72% 

Aluminum oxide (Al2O3) 1~4% 

Calcium oxide (CaO) 9~12% 

Magnesium oxide (MgO) 1~3% 

Sodium oxide (Na2O) 13~17% 

Table 3 Glass Bead Chemical Composition 

4.2.1 SEM Images 

To qualitatively observe surface roughness, scanning electron microscope images of the 

beads were captured with the FEI QUANTA 600F environmental SEM at the OSU Electron 

Microscope Facility. An example SEM image is shown in Figure 15. The surface of the beads 

is shown to have little roughness, and are almost perfectly spherical. Therefore, it is 

expected that physical trapping of colloids due to grain surface geometry will be minimal.  

 

Figure 15 SEM of Glass Beads 

4.2.2 Zeta Potential Measurements 

The zeta potential of the glass beads was also measured. This was completed by first using a 

US Stoneware Ball Mill to grind the beads into a glass powder. The particles were then 

passed through a 2 µm sieve. What passed through the sieve was collected and used for 

zeta potential sample preparation. It is assumed that the zeta potential of the broken pieces 

will be representative of the larger, unbroken beads. A small mass of the powder was added 

to three separate samples of deionized water. The pH of each sample was adjusted to three 

different values using NaOH and HCl as necessary. The results of the experiment are plotted 

in Figure 16. The beads have an isoelectric point at a pH of 7.5. 
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Figure 16 Beads - Zeta Potential 

Similar to the colloid zeta potential, the ionic strength of the solution used for 

measurements was 0.005 mol/L, but the ionic strength during the fluid flow experiments 

was 1.0 mol/L. During the drainage experiments, the high salt concentration is expected to 

compress the electric double layer, however the sign of the charge is expected to be 

preserved. In attempts to make repulsive electrostatic conditions between the glass beads 

and the colloids, the experiments were conducted at a pH of 9.5.  

4.3 Bead Column 

The bead columns were prepared by scoring a glass column from borosilicate pipettes and 

sanding down the edges to make it smooth and flush. Once it was placed in the graphite 

crucible, beads were poured into the column. The side of the crucible was tapped lightly to 

increase the bead packing density. Then, the crucible was placed in an oven at 740°C for 20 

minutes to sinter the glass beads together.  After the sample cooled, it was flushed with 

over 100 pore volumes of deionized water at 50 mL/hr in order to clean the surface of the 

beads.  
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4.4 Experimental Design 

The flow cell apparatus used in the drainage experiments is described in Figure 17. The 

tightening cap configuration, along with the two o-rings, compressed and sealed the 

sintered glass bead column onto a nylon membrane (1.2 µm). The threaded tightening rods 

were used to press the top of the column into the gasket and against the assembly head. 

This apparatus allowed water to flow from the assembly head, through the glass bead 

column and into the assembly base (or vice-versa). The nylon membrane had an air-entry 

pressure of 12.4 meters, increasing the extent to which the sample could be drained. 

 

Figure 17 Flow Cell Apparatus 

The colloid solution used during the drainage experiments had a concentration of 3.0 grams 

of colloids per liter of solution and a pH of 9.5. The fluid also contained 1 mol/L of potassium 

iodide (KI), which was used as a dopant to enhance image contrast of the fluid phase. After 

adding colloids to the solution, it was shaken vigorously for 1 minute by hand, and then 

sonicated for 3 minutes. The colloids were used immediately after preparation.   

Figure 18 depicts the entire experimental set-up. To begin the experiment, a dry scan of the 

column was collected to accurately segment the sintered glass beads. After the scan, a 

Harvard PhD Ultra Syringe Pump pushed the KI solution into the column through the 

attached Teflon tubing at 5.0 mL/hr. Once the fluid breached the membrane, the pump was 

stopped and an empty syringe was attached to the assembly head. The syringe created a 

vacuum in the sample to maximize the KI solution saturation. Then, 3 mL of colloid solution 

was pumped through the flow cell at 50 mL/hr to deposit the colloids onto the sintered 
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beads. At that point, scans were collected to determine the initial fluid saturation and 

colloid locations.  

Next, the Teflon tubing was disconnected from the assembly head, exposing the top of the 

bead column to atmospheric pressure. A long thin Tygon tube was attached to the assembly 

head to minimize evaporation. The Harvard pump introduced air and air-water interfaces 

into the pore matrix by draining a portion of the pore volume. The pump was stopped and 

the pressure transducer readout was monitored via computer. When the pressure 

transducer indicated that the fluid had reached equilibrium, scans were again collected. This 

drain-scan process was repeated until the column reached residual saturation. This entire 

experiment was performed three times, using drainage flow rates of 0.5 mL/hr, 5 mL/hr, 

and 50 mL/hr.  

 

Figure 18 Experimental Diagram 

4.5 X-Ray Microtomography Scans 

The XMT Scans were collected at Argonne National Laboratory’s Advanced Photon Source, 

using the GSECARS (GeoSoilEnviro Center for Advanced Radiation Sources) bending magnet 

beamline (13BMD). A monochromatic parallel x-ray beam was used to scan above the iodine 

k-edge (33.269 keV - A scan) and below the iodine, but above the silver k-edge (25.614 keV - 

B scan). Thus the A scan facilitated segmentation of the fluid phase while the B scan was 

used to segment the colloids. A dry scan was also acquired to help with segmentation. 

Examples slices of these scans are shown in Figure 19. 900 radiographs were collected as the 

sample rotated to 180 degrees and back. With an exposure time of 1 second for every 
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radiograph along with flatfield collection, each scan took approximately 16 minutes to 

complete. A 1920 x 1920 Grasshopper3 CCD Camera and a Nikon 37 mm tube at minimum 

focus collected the visible light, producing a final resolution of 3.2 µm/pixel. 

 

Figure 19 Example slices: Dry Scan (Left), A Scan (Center), B Scan (Right) 

4.6 Image Processing  

4.6.1 Pre-processing 

Preprocessing consists of dark current and white field normalization, followed by filtering, 

centering, and backprojection of the sinograms. The ring artifacts are reduced by removing 

vertical lines in the sinogram which result from bad detector elements. The zingers from 

cosmic rays and scattered x-rays are removed via filtering. Lastly, an IDL script is run to 

convert the 16-bit integer files in the NetCDF format to 16-bit integer raw data files. 

4.6.2 Filtering 

All processing steps are performed with Avizo FireTM unless otherwise noted. 

Due to the random nature of light, the image stacks contain a significant amount of noise. 

This noise makes thresholding the phases difficult because two different phases may overlap 

in terms of intensity values. To minimize this problem, a non-local means smoothing filter 

(Buades and Coll, 2005) is applied to the A and B scans, and then a common median filter is 

applied to the B scans. The histograms of each scan type before and after filtering is shown 

in Figure 20, illustrating how the number of pixels shared between each peak, or phase, is 

reduced after applying the filter(s). Once the peaks are separated, a threshold value can be 

selected that sorts the different phases (glass beads, air, water, colloids) into separate 

classes. In general, the use of filtering should be minimized because it lowers the fidelity of 
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the greyscale image. However, a balance can be struck between the integrity of the image 

and the ability to segment the phases from one another.  

 

Figure 20 Histograms Before and After Filtering 

Figure 21 shows why an extra filter step is necessary for the B Scans. Image (a) is the raw 

unfiltered B scan. Image (b), (c), and (d), are the same region of interest, but segmented 

after applying no filter, a non-local means filter, and a non-local means plus a median filter, 

respectively. Image (c) shows that using both filters is necessary to adequately segment the 

colloids while not erroneously misclassifying the pixels in the liquid phase to the colloid 

phase. 
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Figure 21 Filtering Demonstration 

4.6.3 Registration 

For a single drainage point, the beads, fluids, and colloids are all segmented from different 

microtomography scans (dry, A and B). Therefore, all scans need to be registered to one 

another to minimize alignment errors. Column movement can result from some physical 

disturbance, such as when the user moves a connected fluid line or exchanges an attached 

syringe. A mutual information metric is used for registration (Viola and Wells, 1997). 

Because the registration is imperfect, the beads are dilated 3 pixels for the April 2015 

dataset and 4 pixels for the November 2015 dataset. This dilation has the unfortunate side 

effect of deleting colloids smaller than 3-4 pixels that are touching the solid water interface 

(SWI). 

4.6.4 Segmentation 

The minimum greyscale value in the dry scan histogram between the beads and the air 

phase is selected as a value for thresholding. The binary image is adjusted to remove any 
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incidental noise in the air phase that may have been incorrectly labeled as beads, and to 

remove the small gas bubbles inside the beads. This is done by removing isolated bead 

phase volumes that are smaller than 500 voxels, and removing small volumes inside the 

bead phase that are smaller than 200 voxels, respectively. 

The threshold value between the air and the water phase was established as the minimum 

greyscale value between their respective histograms.  All pixels with a greyscale value lower 

than the threshold were labeled as the air phase, and all pixels with a greyscale value larger 

than the threshold were labeled as water phase. Various automated segmentation methods 

were tested for thresholding the colloids, however none were successful. Therefore, the 

colloid threshold value was determined by visual estimation. After all of the phases were 

isolated, they were combined to create a fully segmented image. 

An example slice of this completely segmented stack is shown in Figure 22 alongside the 

original A and B scan for comparison. The decision for how much volume to crop on the 

outside of the column is explained in section 4.7 REV Analysis. 
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Figure 22 Complete Segmentation Slice 

4.7 Ring Artifact Removal 

There were a small number (~10) of slices throughout the image stack that had problematic 

ring artifacts that were not removed during pre-processing. These ring effects arise from 

malfunctioning detector elements. Examples of these slices are shown below in Figure 23. 

The solution was to delete the slices, and substitute copies of the slices above and below 

the affected slices. 
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Figure 23 Ring Artifact Example 

4.7 REV Analysis 

A representative elementary volume (REV) analysis was performed to determine an 

appropriate volume for subsequent image processing analyses. A cylinder was used as the 

REV for cropping the segmented image stack. The porosity of the glass bead column after 

each incremental decrease of the cropping cylinder’s radius was measured. This process was 

repeated for three separate columns, and the results are plotted in Figure 24. Based on this 

REV analysis, a final column diameter of 5 mm was selected, as it maximizes the amount of 

data to analyze, but excludes the increased porosity near the walls of the glass bead column. 

 

Figure 24 (Left) Example slices of images after applying different size cylinder croppings, (Right) REV Analysis for 

three separate sintered glass bead columns 
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4.8 Connected and Disconnected Fluid Phases 

Separating the connected and disconnected fluid phases is necessary for the subsequent 

colloid analyses. Consider a partially saturated field of view, in which the nonwetting phase 

(air) has imbibed into the top, and the wetting phase (KI solution) has partially drained out 

of the bottom. A marker slice is placed at the bottom and top of the image stack. Any 

nonwetting phase that is intercepted by the top marker is labeled as connected nonwetting 

(ConNW). The remaining nonwetting phase is labeled as disconnected nonwetting (DisNW). 

Any wetting phase that intercepts the bottom marker is labeled as connected wetting 

(ConW), while the rest of the wetting phase is labeled disconnected wetting (DisW). An 

example of a DisW phase is a pendular ring that is left behind the main drainage front, and 

an example of a DisNW phase is a trapped air bubble.  

4.9 Colloid Partition Analysis 

In this unsaturated study, colloids will partition to the SWI, the AWI, or the AWS contact 

line. While some colloids will likely be immobilized by film straining, this research will 

neglect their quantitative evaluation because only very thin films of water are expected to 

form on smooth glass beads, and the XMT resolution would be insufficient to resolve them.  

Figure 28 is a cartoon depiction of the different colloid partition classes that are described in 

the following subsections.  

4.9.1 Floating Colloids 

Floating colloids, colloids that are not touching beads, other colloids, or interfaces, are 

ignored and considered as artifacts from the image processing procedures. This is 

reasonable as colloids in suspension would not stay still long enough to be acquired by the 

imaging process, which takes 16 minutes. At their highest concentration, floating colloids 

only made up 0.05 % of the total volume of colloids in the field of view. Additionally, visual 

inspection revealed that floating colloids were mostly in proximity to large colloid clusters. 

This leads to the conclusion that those colloids were in fact most likely attached to those 

large clusters. Thus, subsequent analyses only consider colloids that are attached to the 

SWI, AWI, or AWS contact line. 
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4.9.2 Colloids at SWI 

Colloids at SWI, or CSWI, include colloids that touch only the glass beads. If any portion of the 

colloid also touches the nonwetting phase, it is placed into a separate partition group.  

Isolating the colloids that touch only the SWI requires a series of image processing steps. 

First, the beads are dilated by two pixels. The Boolean AND operator is applied on the 

dilated beads and the colloids. This results in a binary output that only includes portions of 

colloids that overlap the dilated bead interface. These overlapping pixels are used as a 

marker to identify volumes in the colloid phase that will be kept in the analysis. This includes 

colloids that touch the beads, the ConNW phase, and the DisNW phase. A series of images 

describing this process is shown in Figure 25. 

 

Figure 25 Colloid Isolation Algorithm: (a) Segmented Image, (b) Overlaid with dilated beads, (c) Extracted 

Overlapping Region, (d) Reconstructed Colloid touching Bead 

Next, both the ConNW and DisNW phases are dilated 4 pixels, and combined with the 

colloid phase using a Boolean AND operator. The same reconstruction marker method is 

used to acquire the colloids that overlap with the result of the AND operator. The results are 

the colloids that are touching the nonwetting phase. These are subtracted from the colloids 

that are attached to the SWI, leaving the colloids that are touching only the beads.  

4.9.3 Colloids at AWS contact lines 

Colloids at AWS contact lines, or CAWS, are acquired using a similar method as CSWI, only with 

a slightly more complicated marker. The Boolean AND operator is applied to the dilated 

beads and the dilated ConNW phase. The non-dilated bead and ConNW phase are 

subtracted from the previous AND operation result. This produces markers that are used to 

reconstruct colloids that are touching the AWS contact lines. An overview of this procedure 

is shown in Figure 26. 
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Figure 26 Colloids at AWS Isolation Algorithm: (a) Segmented Image, (b) Overlaid with dilated beads, (c) Overlaid 

with dilated connected nonwetting phase, (d) Overlaid with dilation AND result, (e) Subtracting the beads and 

ConNW phase gives AWS markers, (f) Extracted overlapping region, (g) Reconstructed colloids touching the AWS 

contact lines 

4.9.4 Colloids at AWI only 

Colloids at AWI only, or CAWI, include colloids that are touching the AWI, but do not also 

touch the SWI phase. Figure 27 shows how colloids that are touching the ConNW phase are 

acquired. Then, using a Boolean AND NOT operator, these results are combined with the 

colloids touching the bead phase to isolate the colloids that touch only the AWI.  

 

Figure 27 Colloids at AWI Isolation Algorithm: (a) Segmented image, (b) Overlaid with dilated nonwetting phase, 

(c) Extracted overlapping region, (d) Reconstructed colloids touching AWI 
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4.9.5 Colloids at AWI and SWI 

Colloids at AWI and SWI, CAWI-SWI, are colloids that touch both the AWI and SWI, but not the 

AWS contact line. Only the ConNW phase markers are included in the colloid reconstruction. 

The Boolean AND operator is then applied to bead colloids (intermediate result from CSWI 

isolation) to produce colloids that touch both the SWI and the AWI. 

4.9.6 Colloids at DisNW phase 

Due to the presence of a variable amount of trapped air bubbles in each column, colloids 

that are touching the DisNW phase, CDisNW, are excluded from the partition analysis until 

they come in contact with the ConNW phase. With this partition analysis, we are concerned 

with the interface associated with the main drainage front. 

4.9.7 Colloid Partition Classes Sketch 

To clarify what each type of colloid partition represents, Figure 28 portrays a z-axis slice 

through a simplified cartoon glass bead column.  
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Figure 28: Cartoon sketch depicting different colloid partition classes 

4.10 Colloids in DisW Phase 

This is the only analysis that includes the November 2015 data. As the wetting phase drains 

out of the glass bead column, some liquid is left behind which forms the DisW phase. These 

colloids take the form of pendular rings between the glass beads, or in liquid that remains 

attached to colloids that attach to the bead surface that are not removed by the passing 

AWI. These latter colloids could be trapped due to large scale film straining, or from strong 

attachment to the SWI. However, the algorithm does not distinguish these colloids from 

each other. An explanation of the algorithm that isolates the colloids in the disconnected 

wetting phase is shown in Figure 29. 
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Figure 29 Colloids in DisW Phase Isolation Algorithm: (a) Segmented image with colloids only in DisW phase , (b) 

Overlaid with dilated beads, (c) Overlaid with dilated ConNW phase, (d) DisNW marker, (e) Colloids in DisW phase 

To clarify this colloid classification, Figure 30 shows a cartoon sketch with colloids that are 

classified as in the DisW wetting phase and colloids that are not. 

 

Figure 30: Cartoon sketch depicting colloids in DisW phase 
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5 Results 

The first results subsection will present isosurfaces of the colloids, and bulk observations 

such as total colloid volume, total colloid number, and volume profiles for each drainage 

experiment. The second subsection will look more specifically at colloid partitioning and the 

influence of the main drainage front. Lastly, colloids in the DisW phase will be observed and 

quantified.  

5.1 Colloid Deposition 

Figure 31 displays the colloid clusters deposited in the XMT field of view (FOV), with the 

bead and fluid phases removed. Each column in the figure represents a different glass bead 

column. The top row is the colloids deposited in the saturated scans, and the bottom row is 

the colloids in the corresponding residual saturation scans. In each experiment, colloids 

were initially deposited at 50 mL/hr, and subsequently drained at different flow rates. The 

colloid distribution in the saturated scans appears to be heterogeneous. Each scan has a 

wide range of colloid aggregate sizes, with a large number of both small and large colloid 

aggregates deposited at the beads. This is attributed to the colloid hydrophobicity, and 

hence instability of the solution, but also the differing volumes of DisNW phase. The 

presence of trapped air bubbles provides additional attachment sites for colloids to deposit, 

and also reduces the number of flow paths which can lead to enhanced pore straining.  After 

initial deposition and between each drainage event, colloids appear to be stable because 

during each 16 minute x-ray acquisition period there was minimal colloid movement. The 

benefits of XMT as a tool to study colloid transport is already apparent, as these 3D 

visualizations provide a unique perspective of colloid deposition inside the porous media.  
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Figure 31 Colloid isosurfaces: (a) 0.5 mL/hr column (S=0.94), (b) 5.0 mL/hr column (S=0.96), (c) 50.0 mL/hr column 

(S=0.96), (d) 0.5 mL/hr column (S=0.05), (e) 5.0 mL/hr column (S=0.05), (f) 50.0 mL/hr column (S=0.13). All colloids 

were initially deposited at 50.0 mL/hr. 

Table 4 further describes the initial deposition conditions of each column with respect to the 

DisNW phase. It shows that the 5.0 mL/hr experiment had the least volume of colloid 

aggregates touching the DisNW phase, CDisNW, which corresponds to 36% of the total colloid 

volume, CTotal, in the FOV. The 50.0 mL/hr column had the least number of colloid aggregates 

touching the DisNW phase, making up only 3% of the total number of colloids in the 

saturated scan for the 50.0 mL/hr experiment. The total volume and number of DisNW 

phase blobs are listed as well. 

Experiment 
CDisNW 
(mm3) 

CDisNW/CTotal 
(%) 

% of Total 
Number of 

Colloids 

Volume of 
DisNW Phase 

(mm3) 

Number of 
DisNW Phase 

Blobs 

0.5 mL/hr 0.25 56.55 6.15 1.17 38 

5.0 mL/hr 0.09 36.31 7.14 0.78 17 

50.0 mL/hr 0.51 86.26 3.04 0.91 46 

Table 4 Initial DisNW phase conditions for each experiment 

5.2 Total Colloid Concentration and Number 

CTotal in each experiment is plotted against the wetting phase saturation in Figure 32. The 

units of mg/mL for CTotal were calculated by converting voxel to length3 (32.46 µm3/voxel) 
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and then accounting for the colloid density of 1.08 g/cm3. The stock concentration of 

colloids that was initially flushed through the sintered glass bead columns was 3 mg/mL (109 

particles/L). Since the initial concentrations are about three times lower than the stock 

concentration, it is suspected that the colloids are most likely aggregating, and only the 

colloid clusters that are small enough to pass through the pore space in the columns make 

their way into the FOV. The top of the FOV was located 7 mm below the top of each glass 

bead column.  

Comparing Table 4 with Figure 32, it is evident that total colloid concentration has a positive 

correlation with the number of DisNW phase blobs. It could be that the increased number of 

blobs interrupts the flow paths and creates more low flow stagnation zones which are 

conducive to pore straining. Another possibility is that the colloids are adsorbing to the 

AWIs or AWS contact lines associated with the DisNW blobs. In either case, it is clear that 

these trapped air bubbles have an influence on the concentration of colloids that are 

immobilized in the FOV. These results are in general agreement with the results found by 

Wan and Wilson (1994b) and Aramrak et al. (2014), that passing hydrophobic colloids will 

attach to insular air bubbles.  

At high saturations, the total colloid volume in the first FOV increases for the two higher 

flow rate experiments (Figure 32). At medium saturations they approach a maximum 

concentration, and decrease slightly as the column is further desaturated. The low flow rate 

experiment does not exhibit this colloid volume increase, but rather decreases linearly over 

the entire drainage experiment. This suggests that at higher flow rates there is some 

mechanism that is pushing more colloids into the FOV that did not occur in the 0.5 mL/hr 

experiment, regardless of the number of initial DisNW phase blobs. Higher flow rates result 

in greater hydrodynamic shear forces (Ryan and Elimelech, 1996; Bradford et. al., 2007), 

which could detach a colloid from a SWI higher in the column and draw it into the FOV. 

Another potential explanation is that the high flow rates are shearing and detaching colloids 

from the large colloid clusters, which would cause an increase in colloid flux and 

subsequently increased colloid deposition.  

Lastly, total colloid concentration in each experiment decreases when comparing the first 

and last scanning points. This is consistent with the fact that wetting phase fluid space 

available for colloids to occupy near residual saturation is lower than at full saturation. This 
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indicates that the drainage is responsible for an overall decrease in colloid deposition. 

Colloid transport authors tend to agree that as pore moisture content decreases and the 

surface area of AWIs increases, colloid retention increases (Gao et al., 2006; Torkzaban et 

al., 2008; Zhang et al., 2013a; Zhuang et al., 2005). However, for these larger, more 

hydrophobic particles it seems that it depends on the wetting phase saturation and drainage 

velocity.  

 

Figure 32 Total colloid concentration vs wetting phase saturation 

Figure 33 shows z-axis concentration profiles of each drainage experiment. The y-axis of the 

figure is the slice number in the image stack. Slice 0 represents the top of the FOV of view, 

and slice 1200 is the bottom. The x-axis displays the simple moving average (window: 100 

slices) of the number of pixels that are labeled as colloids. A high number of colloid labeled 

pixels means that there is a high concentration of colloids in that corresponding image slice. 

In this way, concentration of colloids versus depth is shown. Each subplot shows a 

concentration profile for three different wetting phase saturations.  

In all three experiments, draining the wetting phase resulted in the reshaping of the colloid 

concentration profiles. The shift in peaks or change in colloid concentration indicates that 

there is colloid movement as each column desaturates. This could be an influence of the 

fluid mobilizing colloids with hydrodynamic forces, the AWI or AWS contact line mobilizing 

of colloids by attachment, or a combination of both effects. However, the large shifts in 
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concentrations could indicate that larger colloids are not permanently immobilized by pore 

straining, but perhaps temporarily deposited due to gravitational settling. An additional 

observation is that the colloid concentration is fairly independent of depth in the column. In 

both saturated and unsaturated media (Bradford et. al., 2006 and Torkzaban et al., 2008), 

pore straining has been shown to cause a hyper-exponential decay of colloid concentration 

with depth. The absence of this behavior is most likely due to the high grain size diameter to 

colloid diameter ratio compared to the relatively small FOV used in this study. 

 

 

Figure 33 Z-axis colloid concentration profiles 

The total number of colloids in the field of view is another metric used to examine colloid 

transport and deposition. Looking at the number of colloids rather than the volume lends 

more weight to the colloid clusters that are smaller but higher in number. Figure 34 

compares total number of colloids to the wetting phase saturation. Comparing the initial 

scans to the final scans, all three experiments show a net decrease in total number of 

colloids. This is most likely because colloids that are in the ConW phase are sharing the same 

constricting fluid volume. This would cause the image processing techniques to classify them 

as a single colloid cluster, even when they may not be adsorbed to one another. Each 
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experiment approaches a similar number of colloids near residual saturation, suggesting the 

final number of colloids may be independent of the initial colloid number or drainage flow 

rate. 

Referring to Figure 31 and Figure 32, it appears high saturations have a high number of low 

volume colloids, and low saturations have a low number of high volume colloids. The low 

flow experiment has a steady exponential decrease in colloid number versus saturation, 

which is different from the results of the two higher flow rate experiments. At medium 

saturation, both appear to have an abrupt decrease in colloid number. It is possible that at 

higher saturations, high flow rates are supplying more colloids from higher in the column to 

the FOV because of hydrodynamic shearing. Additionally, these decreases coincide with the 

wetting phase saturation where the maximum colloid concentration occurred in Figure 32. 

As the saturation decreases, the wetting phase reaches a threshold saturation at which the 

fluid can no longer supply these colloids. This could be coupled with the constricting pore 

space which could have the effect of aggregating colloids that are sharing space in the fluid. 

The combination of these phenomena could be an explanation for this behavior. 

 

Figure 34 Total number of colloids versus wetting phase saturation 
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5.3 Colloid Volume Distributions 

The total colloid volume distribution for high and low wetting phase saturations for each 

experiment is plotted in Figure 35. For all flow rates, the number of large colloids in the 

system increases as saturation decreases. This is a combination of multiple effects. First, 

AWIs and AWS contact lines may be scouring the surface of glass beads and collecting 

colloids that were either pore strained, attached to the SWI, or attached to the DisNW 

phase. As noted previously, the available space for colloids to occupy in the column 

decreases with saturation, so colloid clusters will begin to grow as they are forced to share 

tighter spaces with one another.  

Compared to the two other flow rates, the 5.0 mL/hr volume particle distribution has a less 

significant decrease in low volume particles from high to low saturations. This is likely 

because the 5.0 mL/hr experiment had the lowest total colloid volume of all three 

experiments, and the least volume of colloids attached to the DisNW phase. This left more 

space for smaller colloids to exist without being forced into proximity with other nearby 

colloids, therefore they aggregated less. 

Torkzaban et. al., (2008) suggests that when the ratio of bead diameter to colloid diameter 

exceeds 0.05, pore straining becomes a dominant mechanism for colloid retention. This 

value is plotted as a vertical line in the colloid volume size distributions in Figure 35. Since 

there are a large number of colloids that exceed that value, pore straining may be a 

contributing mechanism to the trapping of colloids in all three experiments. This assumes 

that these large colloids are spherical in shape. It could be that pore straining is a dominant 

mechanism, but that the AWIs and AWS contact lines are capable of mobilizing smaller 

colloids and bringing them together with the larger colloids.  
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Figure 35 High and low saturation colloid volume distributions for each drainage experiment 

5.4 Partition Analysis 

The partition analysis provides a more in depth understanding of colloid distributions in 

each experiment. In this analysis, colloids that touch the DisNW phase are not included until 

they are encountered by the ConNW phase. Throughout this section, the 5 mL/hr 

experiment is used as an example, because it contains the least amount of colloid 

aggregates initially touching the DisNW phase (Table 4). 

Figure 36 depicts the evolution of colloid partitioning versus saturation. The two 

distributions that are displayed in each subplot are CSWI, and CConNW (colloids that have any 

part touching the ConNW phase). Generally, as the saturation decreases, the number of 

larger volume colloids that are only touching the SWI decreases while the number of small 

and larger volume colloids touching the ConNW phase increases. This indicates that the 

ConNW phase is important to colloid transport as it is affecting colloids that are below the 

pore straining threshold. However, the volume threshold for pore straining was calculated 

for saturated conditions, it is expected to decrease as the wetting phase saturation 

decreases. Colloids that are above the pore straining volume threshold are encountering the 

ConNW phase as it drains. Additionally, colloids that were only initially touching the DisNW 

phase are subsequently included in the analysis as the ConNW phase moves through the 

porous medium and makes contact.  
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Figure 36 Colloid volume distribution subplots for 5.0 mL/hr drainage experiment showing colloids attached to 

only the bead surface, and colloids that have any portion touching the ConNW phase. Each subplot is a different 

wetting phase saturation. 

Even further subdivision of the colloid partitions is achieved by distinguishing between the 

types of colloids touching the ConNW phase. As described in the methods section, these 

three types are CAWI, CAWI-SWI, and CAWS, which are colloids that touch the AWI only, AWI and 

SWI but not the AWS contact line, and AWS contact lines, respectively. Isosurfaces of these 

subdivisions are shown in Figure 37 and Figure 38. Figure 37 shows the partitions for a 

drainage point (S=0.56) from the 5.0 mL/hr experiment, and Figure 38 shows the partitions 

for the same drainage experiment at a lower saturation (S=0.05).  

In the higher saturation drainage point (Figure 37), the CSWI isosurface contains the highest 

number of colloids. There are some large colloid clusters that are likely immobilized due to 

pore straining, but there are also a significant number of lower volume colloids. This 

highlights the importance of considering both the volume and number of colloids at each 

drainage point. After draining the sample to near residual saturation (Figure 38), the colloid 
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partition class with the highest volume of colloids is CAWS. However, colloids still remain in 

the other partition classes.  

 

Figure 37 Colloid partition surfaces for 5 mL/hr flow rate experiment with S = 0.56: (a) CSWI (b) CAWI-SWI (c) CAWI (d) 

CAWS 
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Figure 38 Colloid partition surfaces for 5 mL/hr flow rate experiment with S = 0.05: (a) CSWI (b) CAWI-SWI (c) CAWI (d) 

CAWS 

The quantitative results from the colloid volume partition analysis are plotted as a fraction 

of the total colloid volume versus wetting phase saturation in Figure 39, and a similar plot 

for the colloid number partition analysis is shown in Figure 40.  

In Figure 39, the volume of colloids attached to CSWI decreases linearly with saturation. 

During the initial desaturation there is a simultaneous increase in CAWI-SWI and CAWS. This 

partitioning at high saturations is more likely to be describing colloids that are attached to 

the interface or being scoured by the AWS contact line, while the behavior at lower 

saturations is more likely describing the colloids that are pore strained and being reshaped 

by the decreasing liquid phase. Therefore the AWS contact line seems to be the dominant 

mechanism for hydrophobic colloid volume transport at high saturations. The basic trends 

for colloid volume partitioning follows similar behavior for all flow rate experiments, 
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however the shape of the CSWI and CAWS lines are more exponential. This could be a 

difference between each flow rate, but it is more likely that they are collecting more colloids 

initially attached to the DisNW phase.  

 

Figure 39 Colloid volume partition plot for 5.0 mL/hr drainage experiment.  

In Figure 40, the number of colloids partitioned to the SWI has an almost linear decay. This 

is accompanied by an increase in CAWS, suggesting that the AWS contact lines may be 

scouring colloids that are attached to the bead surface. At high to medium saturations there 

is also an equivalent increase in CAWI, suggesting that both of these mechanisms are 

important for colloid attachment. Attachment at the AWI is likely due to mobile colloids 

colliding with the AWI, especially since the increase develops at higher saturations where 

there is likely to be more connectivity in the column. In addition to lending more weight to 

the smaller and higher number colloids, Figure 40 is less influenced by CDisNW as the number 

of colloids attached to the DisNW phase is low (Table 4). 



52 
 

 

 

Figure 40 Colloid number partition plot for 5.0 mL/hr drainage experiment. 

5.5 Colloids in DisW Phase 

As the column drains, a portion of the wetting phase is left behind the drainage front and is 

termed the DisW phase. This is a potential immobilization mechanism for colloids, as they 

can be trapped in the DisW phase. XMT scans of the drainage experiments confirm that 

colloids in the DisW phase, CDisW, make up a substantial percentage of the total colloids in 

the FOV. Figure 41 shows isosurfaces of the DisW phase and CDisW for three different 

drainage points of the 0.5 mL/hr experiment. There are two types of disconnected colloids. 

The first are colloids that are trapped in pendular rings. The second are colloids that were 

not detached from the bead surface as the AWS contact line passed over them. The isolation 

algorithm used for subsequent analyses does not distinguish between these two types. 

Once disconnected, the colloids are considered immobile until subsequent wetting phase 

imbibition, or an infiltration event occurs. No transport of colloids is expected to occur 

through thin film flow as even the smallest colloid exceeds the transport capacity of thin 

films.  
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Figure 41 Colloids in DisW phase of 0.5 mL/hr drainage experiment: (Top Row) DisW phase, (Middle Row) CDisW, (Bottom Row) Top and middle row combined 
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Figure 42 plots the DisW phase saturation versus the total wetting phase saturation. The 

DisW phase saturation is the volume of liquid in the DisW phase divided by the total void 

volume. The data from all drainage experiments are included in the figure. As the columns 

approach residual saturation, there is a dramatic increase in the fluid that is left behind. As 

the DisW phase saturation increases, the potential for colloid immobilization increases as 

well. 

 

Figure 42 DisW phase saturation versus total wetting phase saturation 

The fraction of the number of colloids that are in the DisW phase is plotted against the 

wetting phase saturation in Figure 43. This colloid fraction is less than 10% of the total 

number of colloids in the FOV until the column desaturates to about 0.20. The similarity 

between Figure 42 and Figure 43 indicates that whenever there is a disconnected wetting 

phase, colloids are typically present. It also demonstrates that a high percentage of the 

number of colloids in the column become disconnected from the main drainage front at 

close to residual saturations.  
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Figure 43 Fraction of colloids in DisW phase versus total wetting phase saturation 

A linear relationship is observed between the DisW phase saturation and the percentage of 

colloid number in the DisW phase. Whether or not this is influenced by flow rate cannot yet 

be determined, as there are an insufficient number of data points near residual saturation.  

 

Figure 44 CDisW vs DisW phase Saturation 
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6 Conclusions 

This study employed XMT to generate three dimensional visualizations of colloids in 

unsaturated porous media, to understand the effect of the AWI on colloid immobilization. 

The transport of hydrophobic colloids was investigated with respect to trapped air bubbles, 

a draining liquid front, and the disconnected wetting phase. The following is a list of the 

salient research conclusions: 

 The deposition of hydrophobic colloids in saturated glass bead columns is uniformly 

heterogeneous.  

 At near residual saturations, hydrophobic colloid clusters are shaped by the AWIs. 

 The total colloid deposition is dependent on drainage flow rate and moisture 

content. 

 Z-axis profiles reveal that saturated colloid concentration is independent of depth, 

and that drainage indeed mobilizes colloids.   

 Pore straining is a dominant retention mechanism for aggregated hydrophobic 

colloids. 

 AWI and AWS contact line colloid attachment are almost equally important at 

medium to high water contents. 

 The number of colloids trapped by the DisW phase is directly proportional to the 

volume of the DisW phase.  

6.1 Implications 

The results of this study are applicable to hydrophobic colloid transport in subsurface 

aquatic environments that have high salt concentrations such as in coastal and estuarine 

sediments, or vadose zone regions with brackish water. Events with moving AWIs such as 

artificial or natural groundwater recharge, infiltration, and capillary fringe fluctuations, 

contribute to the mobilization and translocation of colloid clusters. Additionally, subsurface 

gas bubbles whether from entrapped air, biogenic gas production, or denitrification, can 

retard the transport of hydrophobic colloids. Thus, a potential remediation solution to stop 

the transport of these colloids would be to encourage the growth of subsurface gas bubbles. 

If the intention is to remove these colloids from the subsurface, then residual saturation 

should be avoided as it can trap colloids in disconnected pendular rings. Overall, it is 
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observed that the AWI is a key contributor in transport processes, even in chemical 

conditions where attachment to the SWI is favorable.  

6.2 XMT and Colloid Transport 

The findings of this study demonstrate that XMT is a viable method for three-dimensional 

observation and quantification of colloid transport in unsaturated porous media. The 

resulting data allows for bulk analysis measures such as total colloid concentration and 

saturation, but also allows for highly specific quantitative measures such as the number of 

colloids that are touching the AWS contact line. No other technique is capable of producing 

that kind of information in an opaque porous medium. As technology improves, the 

resolution of XMT will increase. This will allow for the imaging of even smaller colloids that 

more accurately represent the behavior of natural colloids.   
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