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ABSTRACT 
 

Nanoparticles are an emerging contaminant of concern. They are used in many 

products and industries and, due to a lack of regulation, are entering the natural 

environment through our waste streams. Studies examining the transport of nanoparticles 

in porous media have observed divergences between data and theory. Transport data also 

varies greatly across studies, adding complexity to the determination of the important 

factors in nanoparticle transport. These main factors and key areas of deviation from 

theory were determined by comparing and contrasting various studies of nanoparticle 

transport. To further examine behavior and retention mechanisms of nanoparticles in 

porous media, nano-sized titanium dioxide (nano-TiO2) was used in miscible-

displacement transport experiments, followed by force measurements by Atomic Force 

Microscopy (AFM) between the same nanoparticles and porous media. Ionic strength 

ranged from 0.0015 – 30 mM, and solution chemistries were varied from pH 4.5 

(favorable attachment) to 8 (unfavorable attachment). To determine the possible presence 

of secondary minima attachment, detachment transport experiments were performed for 

the unfavorable attachment conditions. Calculations were performed using DLVO theory, 

which is often used to describe colloid and nanoparticle retention, and compared to 

measured force profiles. Mass recoveries for the transport experiments ranged from 28-

80%. Retention under favorable conditions was much greater than under unfavorable 

conditions, as was anticipated. Detachment was observed, indicating the potential 

presence of secondary minima. Large adhesive forces were measured by AFM and were 

affected by solution chemistry. Force profiles were highly variable, especially under 
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unfavorable attachment conditions. Secondary minima were observed, even at a 0.0015 

mM ionic strength. DLVO theory, while qualitatively accurate, largely under-predicted 

attractive and repulsive forces and their range of influence. Variability in the force profile 

and potential conformational changes of nanoparticle aggregates were postulated to be 

influential in nanoparticle transport. Retention of the nanoparticles under unfavorable 

conditions was postulated to involve secondary minima and the effects of surface 

roughness. These mechanisms, which are not represented in DLVO theory, are likely 

causes of the observed divergence of experimental results from theory. Improved 

understanding of retention mechanisms will hopefully enhance our understanding of the 

potential impacts of nanoparticles on the natural environment. 
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CHAPTER I: INTRODUCTION 

 

Research Purpose 

The use of nanoparticles in consumer products, industries, and mining operations 

is increasing. Currently, there is no environmental regulation directly controlling the 

release of nanoparticles into the environment. Manufactured nanoparticles have been 

observed entering the natural environment through effluent water from waste water 

treatment plants (e.g. Kiser et al., 2009); in addition, there is potential for them to enter 

the environment through biosolid applications or mining operations (e.g. Jaynes and 

Zartman, 2005). It is therefore vitally important to understand the transport and fate of 

nanoparticles in subsurface systems. 

Previous research has extensively attempted to characterize the transport behavior 

of nanoparticles through porous media through bench-scale, miscible-displacement 

experiments. Many systems have been studied, with porous media complexity ranging 

from glass beads to natural soils, with many solution chemistries, with varying flow rates, 

and using many types of nanoparticles. Even under highly controlled conditions, 

nanoparticles have been observed to exhibit extremely variable transport behaviors. An 

attempt is made herein to summarize and discuss the most important factors in 

nanoparticle transport research. 

The majority of nanoparticle transport studies have used relatively inert 

nanoparticles such as latex as their model particle. However, titanium dioxide 

nanoparticles (nano-TiO2) are reported as being one of the most widely used 
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nanoparticles (e.g. Robichaud et al., 2009), and are known to be highly reactive with well 

established catalytic and photoreactive properties. The preliminary studies on nano-TiO2 

have observed little agreement as to the mechanisms involved in their retention behavior. 

Both the lack of consistent results seemingly inherent in nanoparticle transport and the 

poor understanding of retention mechanisms render predictions for nano-TiO2 behavior in 

the natural environment problematical. Therefore, research herein will attempt to further 

describe the transport behavior and characterize the retention mechanisms of this 

emerging contaminant. 

 

Background 

 Nanoparticles are traditionally defined as particles with at least one primary axis 

dimension in the range of 1 – 100 nm. Due to a difference in transport behavior observed 

when comparing micron to sub-micron sized particles, the term “nanoparticles” is now 

often ascribed to any particle or colloid less than 1 µm. Nanoparticles can be naturally 

occurring (e.g. clays) or manufactured (e.g. nano-TiO2). In the latter category, they can 

be purposefully made, or incidental to manufacturing or combustion processes. 

Nanoparticles can be comprised of many different chemical compositions. In addition, 

nanoparticles can interact with other materials in the environment rendering their 

compositions mixed and complex (DHHS/CDC/NIOSH, 2009).  

Studies have found evidence of nanoparticle toxicity to mice, rats, aquatic 

organisms, and human cells (e.g., Rader et al., 1999; Hund-Rinke and Simon, 2006; 

Wiesner et al., 2006; Warheit et al., 2007; Battin et al., 2009; Brunet et al., 2009; Liu et 
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al., 2009; Madl and Pinkerton, 2009; Strigal et al., 2009). Nanoparticles have also been 

observed to have higher toxicity than bulk materials, related to their high surface areas 

(e.g. Carson et al., 2008). An additional concern apart from their own toxicity is 

nanoparticles’ apparent ability to co-transport other contaminants in the environment 

(e.g., Grolimund et al., 1996; Grolimund and Borkovec, 2005; Karathanasis et al., 2005; 

Sun et al., 2007; Zhang et al., 2007; Plathe et al., 2010). 

Nanoparticles can enter the natural environment through a number of pathways. 

Naturally occurring nanoparticles can be mobilized from soils through solution chemistry 

changes (e.g. Grolimund and Borkovec, 2005) – which could occur naturally due to rain 

events, or anthropogenically through activities such as groundwater recharge or 

remediation practices. Incidental nanoparticles can be the result of combustion, smelting, 

welding, and other industrial practices, and generally enter the environment as airborne 

pollutants (DHHS/CDC/NIOSH, 2009). Due to their small size, these incidental 

contaminants can remain suspended for many days, and be potentially carried over 

thousands of kilometers (Buzea et al., 2007). Manufactured nanoparticles are mostly 

thought to enter the environment through municipal and industrial waste streams; as yet, 

conventional waste-water treatment systems do not have the ability to remove 

nanoparticles. 

There are many scenarios wherein engineered nanoparticles can enter waterways 

and contaminate water supplies. One example scenario is for nanoparticles in biosolids. 

Biosolids are often disposed of or re-used via land application. Nanoparticles have the 

potential to be mobilized from the biosolids by irrigation or rain events, and end up in 
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local streams or aquifers. In another scenario, nanoparticles in consumer products are 

disposed of and enter the municipal waste-water stream, ultimately passing through the 

treatment system and are dispatched directly into waterways. Nanoparticles in effluent 

waters have been reported to have very slow settling rates (e.g. Kiser et al., 2009) so they 

have the potential to be carried far downstream. Naturally occurring nanoparticles have 

been reported to co-transport heavy metals many kilometers downstream (Plathe et al., 

2010). An emerging use of nanoparticles is in mining operations, where nanoparticles are 

used to flocculate residual metals in the waste streams to enhance recovery and aid in 

lowering potential environmental contamination from the metals (e.g. Parga et al., 2009). 

However, as noted previously, nanoparticles have the ability to co-transport heavy 

metals, which raises concerns for the potential of residual nanoparticles remaining in 

mining operation waste streams. Once these waste streams are released into the natural 

environment, potential residual nanoparticles could transport heavy metals into local 

waterways. Already, naturally occurring nanoparticles have been observed to aid in the 

transport of heavy metals from mining residuals down river from the source (Plathe et al., 

2010). 

The fate of nanoparticles in the environment is not yet fully understood. Studies 

have attempted to characterize the behavior of nanoparticles once in subsurface systems, 

but the question as to whether these contaminants will reach sensitive systems such as 

drinking water sources is not known. It is well established that other small contaminants 

such as viruses have the ability to transverse the vadose zone and reach aquifers (e.g. 

Gerba et al., 1975, Keswick and Gerba, 1980, Hurst et al., 1980). Detection of 
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nanoparticles is one limiting factor to determining if they already exist in water supplies. 

While some methods have been able to detect specific colloids under controlled 

conditions (e.g. Bridge et al., 2007), nanoparticles in the natural environment still remain 

difficult to detect – most likely due to their diverse chemical compositions, suspended 

rather than dissolved state, and their small size (e.g. Simonet and Valcárcel, 2009). 

Predictions as to whether nanoparticles have the ability to reach groundwater resources 

rely on the predictive ability of nanoparticle transport theories. 

 

Nanoparticle Transport Theory 

As mentioned above, nanoparticles form suspensions rather than solutions, as they 

are discrete particles. As such, nanoparticles fall under the category of colloids. Two 

main theories are commonly used to describe transport and attachment of colloids to 

porous media: filtration theory and Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. 

Filtration theory, developed by Yao et al. (1971) to predict colloid removal by filters for 

water and wastewater treatment, provides a description of the physical forces acting on a 

particle during transport in a porous medium and the resultant modes of transport and 

interaction with a collector surface (diffusion, interception, sedimentation). Once 

colloidal suspensions were recognized as potential contaminants, filtration theory was 

applied to colloid transport in porous media, with the porous media being taken as the 

“filter”. DLVO theory was developed by Derjaguin and Landau (1941) and Verwey and 

Overbeek (1948) to describe the van der Waals (vdW) and electrostatic/electrical double 

layer (EDL) forces occurring between two surfaces on approach. vdW forces are caused 
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by momentary multipoles occurring between the particles at the molecular level, and are 

almost exclusively attractive. EDL forces are caused by the ions associating with the 

surface in solution, balancing out the charge of the surface; under most conditions, these 

forces cause repulsion when the double layers overlap. DLVO theory is the prevailing 

theory used in colloid transport to predict the possible forces occurring between colloids 

and a porous medium surface to determine the potential for attachment. 

Under favorable attachment conditions, wherein the particle and the porous media 

are oppositely charged, numerous studies have found that filtration and DLVO theories 

worked well to depict colloid retention and transport (e.g. Bowen and Epstein, 1979; 

Elimelech, 1994; Johnson et al., 1996; Li et al., 2004; Tufenkji and Elimelech, 2004). 

However, for unfavorable attachment conditions, wherein the particle and the porous 

media have the same charge, many deviations from the theories have been observed (e.g. 

Bowen and Epstein, 1979; Elimelech, 1990; Litton and Olson, 1996; Grolimund et al., 

2001; Bradford et al., 2002; Hahn and O’Melia, 2004; Tufenkji and Elimelech, 2004, 

2005; Shen et al, 2007; Bradford et al, 2007; Pelley and Tufenkji, 2008).  

Under unfavorable conditions, a typical colloid DLVO energy profile  in mid-

range ionic strength solution chemistries is comprised of a large attractive primary 

minimum immediately adjacent to the surface due to vdW interactions, a repulsive 

energy barrier anywhere between 10-500 nm from the surface due to EDL interactions, 

and potentially a small secondary attractive minimum further from the surface than the 

repulsive barrier due to interaction of vdW and EDL forces (Figure 1) (e.g., Litton and 

Olson, 1996; Tufenkji and Elimelech, 2004, 2005; Shen et al, 2007; Pelley and Tufenkji, 
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2008; Godinez and Darnault, 2011). At very high ionic strengths (typically over 1 M), the 

repulsive energy barrier disappears, resulting in only attractive forces. At very low ionic 

strengths, the repulsive energy barrier extends further from the surface, eliminating the 

secondary minima. Studies by Elimelech and O’Melia (1990a and b), among others, 

stated that for a colloid to attach to a surface under unfavorable conditions for most ionic 

strengths, the particle must overcome the energy barrier to attach in the primary 

minimum; however, later studies such as Litton and Olson (1996), Hahn et al., (2004), 

and Shen et al, (2007) observed that secondary minima particle attachment could be 

significant. 

Even once secondary minima are taken into account, many studies still observed 

divergence of transport behavior from theory. Ryan and Gschwend, (1994), Rodier and 

Dodds, (1995), Litton and Olson, (1996), Grolimund et al., (2001); Li et al., (2006), and  

Shen et al., (2007) all attributed this additional observed retention of nanoparticles to 

various effects of surface roughness. Surface roughness influences the retention of 

particles by causing localized reductions to EDL repulsive barriers, causing 

hydrodynamic disturbances that lead to attachment (e.g. low-flow microdomains), and by 

entrapping mobile surface associated particles (e.g., Bhattacharjee et al., 1998; 

Shellenberger and Logan, 2002; Johnson et al., 2010). As yet, no quantitative method has 

been developed for determining the amount of additional attachment due to surface 

roughness. In addition, no model has been created to accurately account for the effects of 

surface roughness. 
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Due to the assumptions made for DLVO theory (e.g. perfect spheres and flat 

plates, the Derjaguin approximation, etc), which will be discussed in a later chapter, it is 

limited for use for real world systems, as indicated by the large number of studies 

observing discrepancies between DLVO theory and data. Because of the weaknesses of 

DLVO theory, other theories have been developed; the most prevalent of these is the 

Columbic Attraction Theory (CAT) (e.g. Sogami and Ise, 1984). CAT proposes that 

secondary minima are caused by long-range attractive forces created for the most part by 

Coulombic attraction (Sogami and Ise, 1984), which is assumed to be shielded in DLVO 

theory. This may account for the observations of apparent secondary minima under 

conditions where DLVO theory predicts they do not occur. CAT has been used to further 

understand the aggregation/dispersal of clays (e.g. McBride and Baveye, 2002); however, 

as of yet, no colloid transport studies have applied it to their results. This is most likely 

because 1) DLVO theory is the prevalent theory currently used in colloid transport 

studies, and 2) further derivation of CAT would be necessary before it would be directly 

applicable to transport experiments. 

 

TiO2 Nanoparticle Transport Behavior 

 Due to wide variations of results in literature, the “typical” transport behavior of 

TiO2 nanoparticles is difficult to define. However, there are some general trends that can 

be discussed. 

Typically, arrival waves for nanoparticle breakthrough curves appear at 

approximately one pore volume, similar to that of non-reactive tracers. This has been 
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observed for titanium dioxide (Lecoanet and Wiesner, 2004; Lecoanet et al., 2004; Fang 

et al., 2009; Solovitch et al., 2010; Chen et al., 2011; Godinez and Darnault, 2011) as 

well as other nanoparticles (e.g. Puls et al., 1993; Saiers et al., 1994; Bradford et al., 

2002; Lecoanet et al., 2004). However, breakthrough of nanoparticles can occur slightly 

before one pore volume due to size exclusion from some pore networks leading to 

preferential flow paths and early breakthrough (e.g. Johnson et al., 1996; Kretzschmar et 

al., 1997; Grolimund et al., 1998; Keller et al., 2004). Early breakthrough behavior is 

enhanced with larger particle sizes and more complex porous media. 

After initial breakthrough, effluent concentrations typically plateau at a constant 

value that is some fraction of the injection concentration. For favorable attachment 

conditions, Saiers et al. (1994) observed that TiO2 nanoparticle breakthrough remained at 

low concentrations for a couple tens of pore volumes (PV); this was due to favorable 

attachment sites being plentiful and favorable attachment rates being high. However, as 

the input pulse continued, the attachment sites became filled and concentrations quickly 

rose to values close to C/C0 = 1 (effluent concentration (C) equal to injection 

concentration (C0)). Similar low initial breakthrough-concentration behavior was 

observed for TiO2 (Choy et al., 2008) and other nanoparticles such as latex under 

favorable conditions (Li et al., 2004; Tufenkji and Elimelech, 2004), but these 

experiments did not have input pulses long enough to observe the concentration increase 

observed by Saiers et al (1994). Some exceptions to this behavior have been observed. 

For example, Johnson et al. (1996) observed long “shoulders” at relatively high C/C0 

values for silica nanoparticles breakthrough curves under favorable conditions. In 
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general, the prevailing transport and retention theories well describe transport under 

favorable conditions.  

Under unfavorable attachment conditions, nanoparticle breakthrough curves 

typically exhibit a plateau at concentrations much higher than those for favorable 

conditions. The level of this plateau is mostly dependent on solution chemistry and flow 

rate, along with some other factors. For additional detailed information as to these 

factors, see Appendix A. Lecoanet et al. (2004) observed the breakthrough plateau 

remains constant for most conditions for the duration of the input volume. However, 

Fang et al. (2009) and Solovitch et al. (2010) observed that at low ionic strengths the 

plateau can consist of a gradual rise, behavior known as “blocking”. Blocking behavior is 

due to previously deposited particles taking up attachment sites, preventing further 

particles from attaching. Conversely, at high ionic strengths for Solovitch et al. and under 

almost all conditions for Chen et al (2011) and Godinez and Darnault (2011) plateaus 

were observed to gradually decrease; this behavior is known as “ripening”, and is caused 

by previously deposited particles providing additional attachment sites for ensuing 

particles. The conditions under which blocking dominates plateau behavior are not clear, 

but it would be anticipated to be more prevalent for conditions wherein surface coverage 

is relatively high. Ripening most often occurs when nanoparticle-nanoparticle 

interactions are favorable, such as at high ionic strengths or near the PZC. 

Generally, the amount of nanoparticles eluted is a small fraction of that injected, 

reflective of the typical “irreversible” retention of the particles. In fact, the basic colloid 

transport theory is based on an assumption of irreversible attachment. Elution of TiO2 
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nanoparticles under unfavorable conditions (when under the same solution chemistry and 

flow rate as the attachment conditions) consists of a sharp decrease in C/C0, often with a 

small tail that results in effluent values remaining above C/C0 of 0 for extended periods 

(Solovitch et al., 2010; Chen et al., 2011). This elution tailing behavior is common for 

other nanoparticles, and is indicative of a small amount of reversible detachment (e.g. 

Saiers et al., 1994; Shen et al., 2007). This reversible detachment is believed to be due to 

the rate-limited, diffusive-mass transfer mechanisms associated with attachment and 

detachment of nanoparticles. Attachment into both primary and secondary minima has 

been observed to be rate-limited, as has detachment from secondary minima (detachment 

from primary minima is thought to not occur).  

Enhanced detachment of nanoparticles is often observed under certain conditions. 

For example, as much as a one-log rebound in eluent concentration during flow 

interruption experiments suggests rate-limited detachment, potentially due to the 

diffusion out of attractive minima (e.g. Ryan and Gschwend, 1994; Shen et al., 2007; 

Godinez and Darnault, 2011). Enhanced detachment behavior is also observed in some 

cases when the eluent ionic strength is reduced. This re-entrainment of the nanoparticles 

most often cited to be from loss of secondary minima at the low ionic strengths (e.g. 

Amirtharajah and Raveendran, 1993; Rodier and Dodds, 1995; Franchi and O’Melia, 

2003; Hahn et al., 2004; Shen et al., 2007). 
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Forces Between Colloids and Collector Surfaces 

Due to colloid transport under unfavorable attachment conditions being often 

poorly described by DLVO theory, studied have attempted to quantitatively determine the 

forces occurring between colloids and surfaces. Atomic Force Microscopy (AFM) has 

been adapted for this use, often by modifying the AFM probes or “tips”.  

Initially, fine AFM tips were simply used as “representative” nanoparticles, as 

some tip ends are approximately 10 nm in diameter (Drummond and Senden, 1994; 

Berdyyeva et al., 2003; Todd and Eppell, 2004; Drelich et al., 2006; Sokolov et al., 

2006). However, it has since been suggested that unmodified AFM tips poorly represent 

nanoparticles, due to their structure and limited composition (Ong and Sokolov, 2007). 

Ducker et al. (1991) was the first to modify an AFM tip with a colloid by attaching multi-

micron-sized particles using an epoxy glue and optical microscopy. Thereafter, large 

spherical particles attached to AFM tips were used as “surfaces”, and approached to 

nanoparticles deposited on a substrate (e.g. Liu et al., 2005; Burtovyy et al., 2006). These 

types of micro-sized particle modified AFM tips were also used to study forces 

associated with biological cells (e.g. Park et al., 2005). Bacteria have also been cultured 

onto AFM tips to examine interaction energies associated with initial bacterial adhesion 

(e.g. Sheng et al., 2008). The microbial studies observed many non-DLVO interactions 

(that is, forces not due to electrostatics/EDL or van der Waals forces), mostly due to 

hydrophobicity and steric hindrances due to microbial surface properties and structures. 

 Vakarelski and Higashitani (2006) demonstrated that nanoparticles could be 

grown on AFM tips themselves. Then, expanding on the work of Ducker et al. (1991), 
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Ong and Sokolov (2007) successfully attached ceria nanoparticles to AFM tips with 

epoxy glue using a dimension AFM and a Micromanipulator. Ong and Sokolov observed 

non-DLVO to adhesion caused by “chemical effects” occurring between the nanoparticle 

and silicon surfaces.  

An alternate method for nano-modified particles was developed by Thio et al. 

(2010), wherein they first covered micron-sized polystyrene (PS) beads with gold 

nanoparticles, then attached the PS beads to tipless cantilevers. They observed larger 

adhesion forces than previously reported for nanoparticles. Thio et al. also observed non-

DLVO repulsion and adhesive forces, but made little attempt to describe possible 

interactions causing these forces. It was observed that these non-DLVO forces were 

minimized by either high electrolyte concentrations or low pH conditions.  

Attinti et al. (2010) developed a method wherein the forces could be measured 

against a real porous media surface, rather than the flat silicon or mica wafer used to this 

point. Attinti et al. measured the forces of a virus-modified AFM tip against the real 

porous media surface, and then related these forces to virus transport studies in the same 

porous media. They observed that DLVO theory, while qualitatively describing AFM 

measurements and transport retention, could not be used for quantitative predictions. 

They ascribed this disparity to the virus’ surface roughness and surface groups. 

 The field of AFM measurements in relation to contaminant transport is in its 

infancy. The methods developed thus far will allow more detailed observation of colloid 

interaction with porous media, and hopefully lead to better understanding of the 

importance of non-DLVO interactions. Being able to calculate the traditional DLVO 
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interactions and subtract them from the measured values will also give the ability to 

quantify the non-DLVO interactions; although discovering the causes behind these will 

take careful experimental design and measurements. As far as this author is aware, CAT 

has not been compared to direct colloid-surface interaction measurements by AFM, but 

has the potential to explain some of the “non-DLVO” forces observed by the studies 

above. 
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CHAPTER II: PRESENT STUDY 

This chapter contains a summary of the most important methods, results, and 

conclusions of this work. More detailed information and discussion of the following 

sections can be found in the papers appended to this dissertation. The literature review in 

Appendix A is represented by comparisons of nano-TiO2 results to other nanoparticles. 

 

Materials and Methods 

The representative nanoparticle used was commercial TiO2 (MKnano, Ontario, 

99%) with rutile crystalline structure and a nominal particle size of 50 nm. Aqueous 

solutions prepared with double-distilled water containing a phosphate buffer (with pH 4.5 

- 8) prepared from KH2PO4 and K2HPO4 (Baker Analyzed Reagents) was used for all 

experiments. The model porous media used was a well-sorted commercially available 

silica sand (20/30 Accusand, UNIMIN Corp, Ottawa Plant, MN, median grain diameter 

of 0.677 mm). To ensure naturally occurring nanoscopic materials in the sand did not 

interfere with measurements, the sand was washed using numerous sonication/rinsing 

sequences, until the eluent had less than a 0.02 absorbance at a wavelength of 204 nm as 

measured by UV-visible spectrophotometry (Shimadzu UV-1601). Zeta potential of the 

sand in the buffer solutions was measured by Laser Doppler Micro-electrophoresis 

(LDME) (Malvern Zetasizer Nano ZS). 
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Column Experiments 

The column experiments were conducted using acrylic columns (Soil 

Measurement Systems (SMS)), 2.58-cm internal diameter and 5.08-cm length, with 

plastic tubing (Fluid Metering Company, Small Bore Tubing Kit Q661A: OD 1/16”) to 

avoid sorption of the TiO2 nanoparticles to the system. The columns were fitted with 

polyethylene frits (thickness: 32 mm, porosity: 15-45 um, POR-4898, Interstate Specialty 

Products, MA) to retain the porous media. The columns were packed with the sand to 

bulk densities of approximately 1.7 g/cm3, saturated using de-aired, double-distilled 

water. Reagent grade pentafluorobenzoic acid (PFBA, Oakwood Products Inc., SC) was 

used as a non-reactive tracer prior to each TiO2 experiment. 

A piston pump (Fluid Metering Company, pump model Q1 CSC-W QG6), was 

used to inject solutions/suspensions into the bottom of the vertically-positioned column to 

obtain pore-water velocities of 0.1 and 0.3 cm/min.  In addition, a syringe pump (Thermo 

Electron Corp., Orion M365 Sage Syringe Pump) was used to conduct experiments at a 

greater pore-water velocity (6.4 cm/min), similar to those used in previous TiO2 

nanoparticle transport studies. The columns were flushed with approximately 60 pore 

volumes of phosphate–buffered solution at the ionic strength and pH of the ensuing test. 

TiO2 suspensions were prepared at concentrations of 100 mg/L using the buffered 

solutions. TiO2 concentrations in the effluent samples were measured with UV-visible 

spectrophotometry at a wavelength of 290 nm. Flow-interruption experiments were 

conducted during the initial breakthrough to investigate possible rate-limited attachment 

behavior. 
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 To determine the detachment behavior of TiO2 nanoparticles, once breakthrough 

reached a steady concentration, nanoparticle-free buffer solution was injected using the 

same flow rate and ionic strength as employed for nanoparticle-solution injection. Flow-

interruption experiments were also conducted during elution to examine possible rate-

limited detachment. To evaluate the potential of detachment from secondary minima, 

water with essentially zero ionic strength (with pH maintained a minute amount of 

buffer) was injected during the elution phase for selected experiments.  

 

Particle Analysis 

The morphology of the TiO2 nanoparticles in the influent and effluent solutions 

was investigated by Scanning Electron Microscopy (SEM) (Hitachi S-4800 Type II) and 

Nanoparticle Tracking Analysis (NTA) (Nanosight, L10). For the latter method, a 

flattened laser beam was directed through a sample of nanoparticle suspension, with a 

digital video camera capturing real-time images of individual nanoparticles within the 

sample. The image data were processed to characterize the Brownian movement of the 

particles, from which the particle sizes were determined through application of the 

Stokes-Einstein equation. NTA was employed to characterize morphology under natural, 

aqueous-environment conditions. 

 Samples of the TiO2 nanoparticle suspension from the influent (reservoir) and the 

effluent were analyzed for particle size, zeta potential, and electrical conductivity using 

Dynamic Light Scattering (DLS) and Laser Doppler Micro-electrophoresis (LDME) 

(Malvern Zetasizer Nano ZS). The influent was sampled at intervals over the entire 
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course of the column experiment duration to determine if conditions in the reservoir 

changed over time. The effluent was sampled during the plateau region of the 

breakthrough curve to examine potential changes in particle size or surface charge after 

transport through the porous medium. 

 

Atomic Force Microscope Experiments: 

Magnetic stainless steel AFM specimen discs with small wells drilled in one side 

were used as sample supports. Between 10-30 grains of the silica sand were affixed in the 

wells by small drops of adhesive (see Figure 2). TiO2 nanoparticles were attached to 

MikroMasch silicon etched AFM probes with pre-measured spring constant (19-F series, 

backside Al-coated). The procedure followed methods outlined in Ong and Sokolov 

(2007), where a Dimension AFM (Digital Instruments Dimension 3100) was used to 

manipulate the tips: using the built-in video system of the Dimension, the tip was first 

dipped in small drops of epoxy glue, then in a small pile of nanoparticles. The epoxy was 

then allowed to air-dry for at least 48 hours, after which the tips were sonicated for 

approximately 20 seconds prior to use to dislodge any movable particles. SEM images of 

used nano-modified tips were obtained to confirm the presence of terminal nanoparticles 

on the tip (Figure 3). 

Force curve measurements were obtained for the nanoparticle-modified probes 

against the porous media in aqueous conditions using a Multimode AFM (Digital 

Instruments Multimode with a Nanoscope III controller). The ionic strength of the 

aqueous solutions ranged from 3E-2 to 1.5E-6 M, and the pH values ranged from 4.5 - 8, 
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prepared with the same phosphate buffer used for the transport experiments. For each 

aqueous condition multiple force curve measurements were obtained at several points on 

the porous media surface. For aqueous conditions where the forces measured were highly 

variable, as many as 50 force curve measurements were obtained and averaged. Force 

curves were also obtained under the same aqueous conditions using adhesive-only 

modified and unmodified probes against the porous media samples to ensure observed 

effects were not due to the adhesive agent or the tips themselves. 

 

Data Analysis 

Column experiments 

Moment analysis of the breakthrough curves was performed to ascertain the mass 

recovery, by 

             �� � � �
�� ��

      (1)
 

      % ������� � ��
������      (2) 

where M0 is the non-dimensional first moment or mass recovered, C is effluent 

concentration, C0 is influent concentration, and T is pore volume or non-dimensional 

time. 

The transport of nanoparticles in porous media is typically described with the 

advection-dispersion equation modified with a first-order colloid attachment term, k. 

Under conditions of minimal dispersive flux, a steady-state solution for the transport 

equations is obtained as: 
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��       (3) 

where tp is mean residence time of particles in the column, and Cp/C0 is the ratio of 

breakthrough curve plateau concentration to influent concentration. tp was assumed to be 

equivalent to tr due to identical breakthrough time of nanoparticles compared to the NRT 

(same assumption made in Chen et al., 2011). Values for k were determined by applying 

equation 3 to the measured data to examine the steady-state transport behavior. This 

approach is based on several simplifying assumptions that may not be valid for many 

systems, including the one used herein. However, as this approach is the most common 

one employed, it is used to provide results consistent with those reported in the literature. 

 

Atomic Force Microscope experiments 

Raw force curve data was obtained in voltage (y) and sample position distance 

(x). The y-baseline (0 line) was subtracted from all the voltage measurements. The slope 

of the region of constant compliance was found, and all the voltage data divided by this 

value to convert volts into nm (distance of tip deflection). All of the sample position 

distance data was converted into sample separation distance by subtracting the 

corresponding tip deflection value (xi = x-yi). Finally, the y values were multiplied by the 

spring constant of the tip used to convert into force with the units of nN (e.g. Owen, 

2009). All replicate measurements were then averaged. 

The DLVO theory was used to calculate forces for comparison to the measured 

values; this theory was used because it is the most widely used in the colloid and 
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nanoparticle transport field. It is understood that due to the assumptions made for DLVO 

theory, its ability to predict forces for real-world systems is limited. It is used here to 

provide a reference point for data analysis that is consistent with the literature. 

 The retarded van der Waals interactions were estimated by (e.g., Chen et al., 

2011) 

!"#$ � �� %&'(�
)*  +1 - �./*

0  12.
           (4) 

where ANS is the Hamaker constant of the TiO2 nanoparticle-water-sand system (4.5 X 

10-20 J), ap is the radius of the nanoparticle aggregate, D is the separation distance, and λ 

is the characteristic wavelength of interaction (taken to be 100nm (Chen et al., 2011)). 

The EDL forces were estimated by (e.g., Chen et al., 2011) 
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where ε0 is the permittivity of a vacuum, εr is the relative dielectric constant the medium,  

ξp and ξc are the electrical potentials of the nanoparticles and the sand, respectively 

(estimated by the zeta potentials), and κ is the inverse Debye length, which was 

calculated by 

G � O∑ Q�RSTU�T
V�VWXY�    (6) 
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where ρi∞ is the ion density in the bulk solution, e is the electron charge, z is valence of 

ions in the bulk solution, kB is the Boltzmann constant, and T is the absolute temperature 

of the system (Chen et al., 2011). The diameter of 398nm, representing the average 

measured aggregate diameter by DLS, was used for the calculations, and the multiple 

valence of the electrolyte was accounted for in the Debye length. These equations use the 

Derjaguin approximation (which converts the force profile from that of finite-size bodies 

to the force profile between two planar, semi-infinite walls), and assume perfect spherical 

particles and flat planar collector (porous-medium grain) surfaces. The total DLVO 

interaction forces were found by summing ϕEDL and ϕvdW, and converted into units of 

force by the average particle radius. 

 

Experimental Results 

Column experiments 

Retention of nano-TiO2 was observed for all solution chemistries (Table 1). Under 

the two higher pH conditions (pH 6 and 8), the breakthrough of TiO2 nanoparticles 

occurred at approximately one pore volume, followed an increase to a plateau values 

ranging from approximately 0.5 to 0.8 C/C0 (Figure 4). Similar behavior has been 

previously reported for TiO2 nanoparticles and other colloids for unfavorable conditions 

(e.g., Bradford et al., 2002, Brusseau et al., 2005; Lacoanet and Wiesner, 2004; Lacoanet 

et al., 2004; Guzman et al., 2006; Shen et al., 2007; Fang et al. 2009, Long et al., 2010; 

Solovitch et al., 2010; Chen et al., 2011). The final plateau value was dependent on 

system residence time, ionic strength, and pH (Table 1). Elution tails (C/C0 
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approximately 0.01) were observed for all conditions. This was expected for the 

unfavorable attachment conditions, but is in contrast to previously reported elution 

behavior for the favorable attachment conditions. 

The retention for pH 6 at the 0.3 cm/min flow rate was approximately 20% for 

both the 3 and 0.3 mM ionic strength conditions. This indicates an insensitivity to 

changes in ionic strength (Figure 4b); similar results were observed for latex 

nanoparticles for similar low ionic strengths (1 and 0.1 mM) by Elimelech and O’Melia 

(1991a; b), but were unexplained. Perhaps the observed insensitivity to ionic strength 

observed herein indicates that transport close to the PZC (reported in literature to be 

approximately 5.9 for TiO2) is dominated by forces other than those caused by EDL. 

Transport at pH 6 was strongly influenced by residence time, with a large increase in 

retention with decreased flow rate (Figure 4b). Breakthrough concentration plateau of the 

slowest pore-water velocity at pH 6 was observed to decrease over time, behavior 

symptomatic of ripening. However, this apparent ripening behavior may be a feature of 

fluctuating influent concentrations, and not interactions within the column.  

At pH 8, retention was strongly proportional to ionic strength, with the lowest 

breakthrough concentration plateau being observed for the 30 mM (Figure 4a), 

corresponding to an average 38% recovery for this ionic strength (Table 1). For 0.3 and 

0.3 mM, the average recovery was 59 and 77%, respectively. In contrast to this, the 

recovery for the fastest pore-water velocity (6.4 cm/min) was insensitive to changes in 

ionic strength, most likely due to the minimal amount of attachment observed. 
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Breakthrough behavior was also dependent on residence time (Figure 4a). The 

implications of this are discussed in the retention mechanisms section, below.  

Breakthrough at pH 4.5 plateaued at a constant relative concentration of 0.01 

(Figure 5). During this phase, the porous media was observed to obtain a white hue due to 

the high levels of nanoparticle accumulation; this whitening was not observed for the 

other pH conditions (Figure 6). After approximately 200 pore volumes of injection, 

relative concentration increased gradually until finally attaining a value of approximately 

0.75 at 1200 pore volumes (Figure 5). This behavior is qualitatively similar to that 

reported in Saiers et al. (1994) for nano-TiO2 under favorable conditions; however the 

number of pore volumes required herein to achieve favorable attachment site saturation 

was one order of magnitude larger. In addition, the final relative concentration value was 

lower herein than observed by Saiers. This indicates that for conditions herein, after 

saturation of favorable attachment sites occurred, unfavorable attachment governed the 

system. Unfavorable attachment, as noted above, can result in further significant retention 

for nano-TiO2. The final value reached during the latter part of favorable attachment 

breakthrough would be dependent on the nanoparticle-nanoparticle interactions and any 

zones of unfavorable attachment on the porous media surface, and may vary greatly for 

other nanoparticles/systems. The differences between the results herein and those of 

Saiers can possibly be explained by electrolyte valence, as similar flow rates, porous 

media, ionic strengths, and pH values were used between the studies. Saiers used NaCl as 

the electrolyte, and the phosphate buffer was used herein. Higher valence leads to an 

increase in the attractive electrostatic forces, increasing retention. The only other 
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difference between the studies is the titanium mineral structure, which was rutile herein 

and anatase in Saiers. Mineral structure could affect the surface groups available, and 

thereby affect attachment.  

A question of interest is if and when plateau values in these transport experiments 

will eventually achieve a relative concentration (C/C0) value of 1. Some simple 

calculations can aid in addressing this question. If the porous media is assumed to be 

comprised of perfect spheres with diameter of 0.677 mm (the average porous media 

particle size), with packing density of 1-n (where n is porosity), this gives a surface area 

of approximately 1500 cm2 per column (given the column dimensions herein). This is of 

course just an estimate of surface area, given that the varied particle size distribution 

would change the sphere packing structure, which would perhaps permit more particles 

per column than this estimate allows, thereby increasing total surface area. In addition, 

the non-spherical porous media particle shape and the high levels of surface roughness of 

the grains would also increase the real surface area values. While all of these factors 

would cause a larger surface area than this ideal case, this estimate is accurate enough for 

this illustration. 

Examining the dimensions of the individual nanoparticles on the SEM image 

(Figure 7) reveals that they are ellipsoid in shape. If the nanoparticle “a” dimension is 

taken to be 70 nm, with “b” and “c” dimensions assumed to be approximately equivalent 

at 30 nm, this means that a surface area of 1500 cm2 would be able to hold 7E13 particles 

placed in a simple 2D rectangular arrangement. Using the influent concentration, the 

density of TiO2, the average column pore volume, and the volume of an ellipsoid, the 
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number of discrete nanoparticles per pore volume (PV) was estimated to be 9E+11. This 

indicates that, with 100% attachment, approximately 80 pore volumes would have to pass 

through the column until there were enough particles to completely coat the surface. If 

the attachment was only 20%, as in several of the column experiments, this number 

increases to over 400 pore volumes. If the aggregate diameter of 398 nm is used 

(assuming the aggregates are all equal spheres of packed ellipsoids, with the typical 

ellipsoid packing density of 0.74), this gives the values of 9E9 aggregates/PV, and 

9.5E11 aggregates on a surface area of 1500 cm2. Therefore, surface coverage would not 

occur until over 100 pore volumes for the 100% attachment, and over 500 for the 20% 

attachment case. 

The 100% attachment case is an underestimate due to the underestimation of the 

porous media surface area, as shown by the results observed for the favorable attachment 

conditions experiments herein. As noted, apparent blocking effects were observed 

starting at approximately 300 pore volumes; and, in addition, the porous-medium grains 

were observed to turn white. Assuming the appearance of blocking indicates saturation of 

the surface attachment sites of the porous medium, these results provide an indication of 

the amount of injection required to saturate the sites. The particle size distribution of the 

nanoparticles is also not uniform or normally distributed, which would lead to a different 

particle/PV count and surface coverage figures. In addition, attachment sites under 

unfavorable attachment conditions would be significantly less than the total porous media 

surface area. Still, these calculations serve to illustrate how much input it would typically 
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require to fill the porous media surface and cause the plateau value to attain a C/C0 value 

of 1. 

Detachment: Detachment behavior under unfavorable attachment conditions (pH 8) was 

investigated by lowering ionic strength of the solution to essentially zero during elution. 

Detachment was observed to occur for all attachment conditions; however, in contrast to 

previous detachment experiments with other nanoparticles, (Amirtharajah and 

Raveendran, 1993; Franchi and O’Melia, 2003; Hahn et al., 2004), the fraction of nano-

TiO2 detachment was not constant for all conditions. The larger the difference between 

attachment and detachment ionic strength, the higher the percentage of particles 

detached. For the two highest ionic strength attachment conditions, detachment mass 

recovery was larger than initial input mass, indicating possible dispersal of nanoparticle 

aggregates. 

 

Nanoparticle characterization: Particle sizes were measured to range from approximately 

30 to 550 nm, with a mean of 180 nm, as measured by NTA, and from approximately 57 

nm to just over 1 µm, with an average diameter of all samples of 393 nm as measured by 

DLS. Entire particle size distributions by DLS can be seen in Figure 8. These results 

indicate that a large fraction of the nano-TiO2 particles occur as aggregates, comprised of 

several individual particles. This was confirmed by the SEM images (Figure 7). The 

particle size distribution was observed to be bimodal, as noted by prior studies on nano-

TiO2 aggregation (e.g. French et al., 2009). DLS indicated there was a slight trend of 

larger aggregate sizes at higher ionic strengths, as expected qualitatively from DLVO 
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theory. No significant change in aggregate size was observed between influent and 

effluent samples (Figure 8). 

Higher electrolyte concentrations caused more negative nanoparticle zeta 

potentials (Table 2). This was contrary to expectations, as higher electrolyte 

concentrations should cause the zeta potential to be closer to zero due to suppression of 

the diffuse double layer. Similar data for latex colloids was shown for low ionic strengths 

in Elimelech and O’Melia (1990a), but was not explained. It could be possible that the 

larger aggregate sizes at higher electrolyte concentrations lead to an increase in the 

surface charge per aggregate, which expanded the diffuse layer and increased the value 

measured for zeta potential.  

Absolute zeta potential of the TiO2 nanoparticles was observed to decrease after 

transport through the column, potentially due to porous media surface-associated ions 

interacting with the nanoparticle surfaces. As far as this author is aware, a change in 

nanoparticle surface properties after transport has not been previously reported. Chen et 

al. (2010) posited possible conformational changes of nano-TiO2 aggregates due to 

transport through a column; these surface property modifications may be evidence of 

these changes. 

 

Unfavorable attachment retention mechanisms: Straining, the physical removal of 

particles by pore channel size exclusion, was not believed to be a mechanism under the 

conditions herein. Previous studies with latex nanoparticles have determined through 

empirical modeling that straining is important when the ratio of the colloid particle 
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diameter to mean grain diameter (dp/d50) is greater than 0.002 (e.g., Bradford et al., 2002; 

Li et al., 2004; Xu et al. 2006; Johnson et al., 2010). For the experiments herein, dp/d50 

ranged from 0.00004 to 0.0006, indicating that straining is expected to be minimal. In 

confirmation of this, the mean nanoparticle aggregate diameters from the column influent 

and effluent were similar. Straining would cause larger aggregates to be preferentially 

removed, resulting in smaller particle sizes measured in the effluent as compared to the 

influent. In addition, Santamaria et al. (2012) determined the Soil Characteristic Curve 

(SCC) from primary drainage experiments for this sand, and from that ascertained the 

pore-size distribution; the smallest pore size was observed to be at least one order of 

magnitude larger than the nanoparticle aggregate sizes herein (Table 3). 

It has previously been determined that a repulsive barrier higher than 5 kT will 

prevent attachment in the primary minima (Dong et al., 2002); as large repulsive barriers 

were predicted by DLVO calculations herein (approximately 300-500 kT), primary 

minima attachment was anticipated to be negligible (Figure 9). The 30 mM and 3 mM 

conditions were predicted to have secondary minima capable of retaining particles. In 

contrast to the predictions of no secondary minima retention for the 0.3 mM condition, 

the results of the low ionic strength detachment experiments indicate that retention in 

secondary minima was significant even for the low ionic strength. Here, CAT may be 

more consistent with the results than DLVO theory, as the alternate explanation for 

secondary minima in CAT would allow for their occurrence even at low ionic strengths. 

Attachment and detachment was also enhanced during flow-interruption tests, indicating 

rate-limited interactions. Previous studies with latex nanoparticles have ascribed this rate-
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limited attachment/detachment behavior to diffusive mass-transfer processes associated 

with the secondary minimum (e.g. Shen et al., 2007). 

The influence of locally favorable attachment microdomains (i.e. surface charge 

heterogeneity and surface roughness) has been found by previous studies to highly 

influence nanoparticle retention (e.g. Johnson et al., 1996). Attachment due to surface-

charge heterogeneity (in which the microdomain has an opposite charge to that of the 

main surface) was deemed to be minimal as the total Fe, Mn, and Al oxide content was 

measured to be less than 30 µg/g, and organic carbon content for the sand was also low 

(~0.04%) (Table 3). However, as SEM images of the sand indicated a relatively high 

degree of surface roughness, this is a possible factor in retention of the TiO2 

nanoparticles. As mentioned previously, no technique or model has been developed to 

quantitatively account for the additional retention due surface roughness. 

 

Atomic Force Microscopy experiments 

A representative SEM image of a used AFM tip indicates that terminal 

nanoparticles were present (Figure 3). It may be possible that other tips which were 

rendered unavailable to imaging may have not had terminal nanoparticles. However, 

comparisons of the force curves indicate that this was not the case; the force curves of the 

nano-modified tips exhibited behavior significantly different from that of the unmodified 

and adhesive-only modified tips (Figure 10).  

Absolute adhesion forces were determined from the absolute value of the lowest 

amount of force measured below the zero force line as the nanoparticle-modified tips 
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were retracted from the surface. This value indicates the amount of adhesion to the 

surface experienced by the particle, and helps to describe the potential for attachment to 

or detachment from the surface. Repulsive barrier forces were determined by the highest 

force values measured that were further away from the surface than the adhesion forces; 

these values were determined from the data where the AFM tips approached the surface. 

The repulsive barrier forces indicate the likelihood of particle attachment as it approaches 

a surface. The “range” of forces discussed is a measure of how far from the surface the 

AFM tip diverged from the 0 force line. Secondary minima forces were measured as any 

negative force measured further from the surface than a repulsive barrier. When there was 

no repulsive barrier or when the attractive forces were nearer the surface than the 

repulsive barrier, then these forces were considered as adhesion forces.  

It is worth mentioning for the following figures that, as mentioned in the Methods 

section, multiple force measurements were collected for each point. Each measurement is 

an individual representation of the force profile at the given point in time; for simplicity 

in data analysis, these values were averaged and the means compared. Therefore, the 

error bars on the following figures actually represent one standard deviation in the actual 

variability of the measured forces, and are not “errors” in measurement. 

At pH 4.5, absolute adhesion force increased proportionally with ionic strength, as 

would be expected due to the associated increase of electrostatic interactions (Figure 

11a). As predicted qualitatively by DLVO calculations, the forces extended over a larger 

distance from the surface as ionic strength decreased. Measurements obtained at this pH 

exhibited stable, largely non-hysteretic behavior, which along with the qualitative 
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similarity to predictions demonstrates the validity of the methods used herein. A small 

repulsive barrier (comprised of ~ 4nN) was observed at 0.3 mM IS at pH 4.5; all other 

ionic strengths at this pH had no repulsive forces (Figure 11b). The cause of this 

repulsion is unknown, as electrostatic forces should be attractive under these conditions, 

indicating the presence of non-DLVO interactions. 

For pH 6 conditions, absolute adhesion force was observed to be moderately 

inversely proportional to ionic strength (Figure 11a). pH 6 being near the Point of Zero 

Charge (PZC) for TiO2, ionic strength would be thought to not be influential in 

attachment, due to the nanoparticles theoretically not being influenced by double layer 

forces when they are neutrally charged. Repulsive barriers were observed for pH 6 at the 

IS of 3 and 0.3 mM (Figure 11b). This could be due to minimal amounts of EDL 

repulsion associated with the negatively charged areas of the nanoparticles. However, the 

repulsive barrier at 0.3 mM was an order of magnitude smaller than that of 3 mM, and 

theory states that EDL repulsion increases at decreased ionic strength. The most likely 

explanation for the presence of repulsive barriers is a slight variance in pH. As these 

measurements occurred near the PZC of TiO2, a small variation in the buffer solution at 

0.3 mM could have resulted in pH slightly below 6 potentially leading to lower measured 

EDL forces. Uncertainty due to slight variations in solutions chemistry is inherent to any 

measurements obtained close to the PZC. The measured variability at pH 6 demonstrates 

the ability of these methods to detect the sensitivity of forces to solution pH near the 

PZC. Despite the variability observed between each ionic strength condition, the 

individual measurements were observed to be largely stable and non-hysteretic, as with 
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the pH 4.5 conditions. DLVO calculations did predict EDL repulsive barriers at pH 6 due 

to the somewhat negative zeta potential measured for these conditions. Secondary 

minima for the IS of 0.3 mM at pH 6 were measured. DLVO calculations predicted a 

secondary minimum under the 30 mM conditions, but not at the lower IS. As mentioned 

previously for the column experiments, CAT may explain the appearance of secondary 

minima under low ionic strength conditions and therefore be more consistent with the 

results than DLVO theory. CAT would account for the longer range of the forces 

observed and the appearance of secondary minima, as it attributes secondary minima to 

Coulombic attraction rather than vdWs forces. 

Unlike the pH 4.5 and 6 conditions, the measurements at pH 8 were observed to 

be highly variable, and exhibited hysteresis. With the establishment of the methods by the 

other pH measurements, the observed variations were attributed to the forces associated 

with unfavorable attachment conditions. For the 0.0015 mM IS conditions (the same used 

in detachment experiments for the column studies; see above Column Experiments), the 

absolute adhesion force for the nanoparticle-modified tips was observed to be high 

(Figure 11a). In the midrange ionic strengths, absolute adhesion dropped to its lowest 

point; thereafter, a proportional relationship to ionic strength was observed. Adhesion 

under these unfavorable attachment conditions is predicted by theory to be solely due to 

vdW forces; therefore it is surprising that adhesive forces appear to be influenced by IS. 

This indicates that non-DLVO factors are influencing adhesion, perhaps related to 

Coulombic attraction. Repulsive barriers were present under all conditions at pH 8, and 

had a slight trend of an inversely proportional relationship to IS (Figure 11b). This trend 
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is typically predicted by DLVO theory; however the DLVO calculations herein did not 

predict this behavior due to the unusual zeta potential relationship with ionic strength 

observed.  

As mentioned above for the column experiments, DLVO calculations predicted 

secondary minima for the 30 and 3 mM conditions only; however, the transport results 

indicated secondary minima attachment under all conditions. This conclusion is validated 

by the AFM results. Secondary minima were observed for all conditions at pH 8, 

including the very lowest ionic strength of 0.0015 mM, with no observable trend as to 

their depth. Again, Coulombic attraction as described by CAT may be a factor in these 

secondary minima observed under low ionic strength conditions. 

With increases in pH, DLVO theory was less able to predict force profiles. DLVO 

theory greatly underestimated forces under all solution chemistries; but at pH 8 DLVO 

theory also failed to qualitatively match data. The deviation from theory was larger at pH 

8 than for the other pH values; for pH 4.5 and 6, most values were qualitatively, and 

some even quantitatively, predicted. As evidence of non-vdW attractive forces and non-

EDL repulsive forces was observed, this could account for some predictive ability loss. 

As the assumptions made for DLVO theory often are not applicable to real-world 

systems, previous studies have used extended DLVO (xDLVO) when acid-base, steric, or 

hydrophobic interactions are present (e.g. Thio et al., 2010). These calculations are 

comprised of fitted parameters, and as yet have limited predictive ability. xDLVO would 

not apply for the conditions herein, as it is unlikely that the interactions accounted for in 

xDLVO calculations are occurring. As discussed throughout, CAT may be able to 
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account for some of the interactions observed herein, as it accounts for long-range 

attractive forces, including the creation of the secondary minima. Therefore it would be 

interesting to perform CAT calculations to compare to these data in the future. 

A further possible explanation for the nontraditional-DLVO forces observed 

could be due to hypothesized conformational change of the nanoparticle aggregates. 

Researchers have posited that the transport behavior observed for their column studies 

could be accounted for by TiO2 nanoparticle aggregates undergoing conformational 

changes during transport (thought to be due to collisions with porous media grains and 

other nanoparticles, and changes in ionic strength). The result of these conjectured 

conformational changes were hypothesized by the authors to render the nanoparticles 

more “sticky” (Guzman et al., 2006; Chen et al., 2010). 

 

pH effects: In general, changes in pH had little effect on adhesion; some minute effects 

were observed at low ionic strengths, but influence of pH on adhesion disappears as ionic 

strength increases. Conversely, repulsive forces were strongly influenced by pH; this was 

expected, due to repulsive forces being comprised mostly of EDL forces in which surface 

charge is a large factor. In addition, increased pH caused ionic strength to be a more 

important factor in repulsion. This is likely due the negative charge on the nanoparticles 

increasing as pH increases, causing more long-range EDL effects (which are strongly 

influenced by ionic strength). 
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AFM measured forces related to column experiments 

Comparisons can be made between the AFM measurements and the column 

transport experiments although the AFM measurements were obtained under static 

conditions and the transport experiments were under flow conditions. This is because 

near the porous media surface where the forces measured by AFM are under effect, even 

under flow conditions, a layer of slow/no-flow exists wherein hydrodynamic forces can 

be considered negligible. It should also be kept in mind when comparing these results of 

the transport experiments to the AFM results that there was a distribution of  nano-TiO2 

particle sizes in the transport experiments (Figure 8); whereas only one particle size 

existed for each AFM measurement. As particle size (as mentioned previously) appears 

to affect adhesive forces, this could be an important factor to consider; some of the 

effects observed in the transport experiments may have mostly been through effects on 

only the larger or the smaller particle sizes, and would therefore not be well represented 

in the AFM measurements. 

For the pH 4.5 conditions (favorable attachment), attractive forces dominated with 

little to no repulsive forces observed, corresponding well with the high retention observed 

in the transport experiment. Further experiments wherein the porous media surface was 

covered with attached particles would need to be conducted to examine the force profiles 

related to the later stages of transport (i.e. pore volumes higher than ~ 200). 

Despite similar breakthrough behavior (no blocking, plateau values approximately 

0.8 C/C0) observed in the column experiments for TiO2 nanoparticles at pH 6, IS 0.3 and 

3 mM, and pH 8 at IS = 0.3 mM, AFM measurements obtained significantly different 
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force profiles for each condition (Figures 4 and 11). The observed transport behavior for 

pH 8 at IS = 0.3 mM was well described by the moderately high repulsive barrier, high 

adhesion forces, and the presence of a secondary minimum. However, for pH 6 at IS = 3 

mM, there was a lower energy barrier, and no secondary minimum, and at 0.3 mM, there 

was only a small repulsive barrier and high attractive forces. For these latter two 

conditions, transport would be expected to be comprised of high attachment. As 

mentioned previously, it is possible that the pH buffer solutions used for the AFM 

measurements were slightly less than 6 (therefore closer to the true nano-TiO2 PZC); it is 

equally likely that the buffers used for the transport experiments were just over 6, 

creating unfavorable attachment conditions for the transport experiments. This 

exemplifies the importance of solution chemistry on nanoparticle transport; even minor 

differences can have large effects. For other nanoparticle transport studies, variations of 

observed breakthrough plateaus varied by as much as 20% for supposedly replicate 

experiments, most likely due to minor changes in solution chemistries (Puls et al., 1993). 

AFM measurements of nanoparticles are often variable, leading to the practice of 

averaging of forces (e.g. Ong and Sokolov, 2007; Thio et al., 2010) 

The force profiles measured herein were observed to highly variable at pH 8. For 

example, for measurements taken over a time frame of less than one minute at pH 8, the 

repulsive barrier was observed to disappear, reemerge, and shift closer to the surface 

(Figure 12); this is perhaps due to fluctuations in vdW forces from shifting instantaneous 

multipoles (London-dispersion interactions), and changes in EDL forces due to 

molecular-scale movement of the electrolytes. The variability observed in the forces 
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could explain some of the divergence observed between theory and data for nanoparticle 

contaminant transport. The forces are not constant; therefore attachment can occur when 

repulsive barriers are predicted to be high due to momentary lowering of the barriers. 

Particles of larger sizes (e.g. µm scale) may not experience this variability in force 

profiles, as their larger size may induce stronger, more stable forces. This could 

potentially explain the difference often observed between nanoparticle transport and that 

of larger colloids. 

 As discussed previously, detachment of nano- and micro-sized particles from 

porous media surfaces due to lowering ionic strength from initial attachment conditions 

has been observed herein and by previous studies (e.g. McDowell-Boyer, 1992; Litton 

and Olson, 1996; Tufenkji and Elimelech, 2004; 2005; Hahn et al., 2004; Shen et al, 

2007; Pelley and Tufenkji, 2008; Godinez and Darnault, 2011). The detachment observed 

was ascribed the elimination of secondary minima by very low ionic strength solution 

chemistry. However, in the AFM measurements, lowering ionic strength from 30 mM to 

0.0015 mM did not cause these minima to completely disappear. This would suggest that 

perhaps some detachment observed in the transport experiments could be due to 

disaggregation of the nanoparticle colloids associated with the porous medium surface 

rather than being completely based on secondary minima loss. 
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Research Implications 

Retention of the nano-TiO2 in column-scale transport experiments was observed 

for all solution chemistries, even under unfavorable attachment conditions. Few nano-

TiO2 transport studies have examined pore-water velocities representative of groundwater 

flow rates: it was found herein that under unfavorable conditions at these slower pore-

water velocities, ionic strength had larger effects than at the fastest pore-water velocity. 

This was most likely due to residence time at the faster pore-water velocities being 

insufficient for the rate-limited, diffusive–mass transfer attachment to occur. However 

little residence time effects were observed for transport studies near the PZC of nano-

TiO2. Attachment under unfavorable conditions was thought to be due to the effects of 

surface roughness and attachment in secondary minima. 

Detachment was observed under unfavorable conditions with either decreases in 

ionic strength or flow rate. Detachment due to low ionic strength has been previously 

observed by one study for nano-TiO2 (Godinez and Darnault, 2011), but this is the first 

reported rate-limited detachment observed for TiO2. Both attachment and detachment 

were observed to be rate-limited, most likely due to diffusive-mass transfer associated 

with the attractive minima. 

Surface property modification of the nanoparticles from transport through the 

column was observed, possibly resulting from association with naturally occurring 

surface ions within the porous medium. This behavior has not been previously observed, 

and could be indicative of potential transport-induced conformational changes of nano-

TiO2 suggested by Chen et al. (2011).  
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To our knowledge, forces occurring between manufactured nanoparticles and 

geomedia collected from the environment (as opposed to flat model substrates such as 

mica) had not been previously measured using AFM. Attractive forces were observed to 

be somewhat influenced by changes in ionic strength, indicating that non-DLVO 

interactions were occurring. These additional forces may have led to theory 

underestimating the forces under almost all conditions measured; these forces may be 

better accounted for in other theories, such as CAT. Force profiles were also observed to 

be highly variable under unfavorable attachment conditions; this variability could also be 

a factor in the deviation of observed transport behavior from theory. As some 

measurements near the PZC appeared to have been effected by even minute changes in 

pH, it is important to maintain careful control of solution chemistry when measuring the 

attachment/repulsion of nanoparticles from porous media using AFM. 

When considering other nanoparticles as well as nano-TiO2, the most important 

factors of nanoparticle transport under unfavorable attachment conditions are the 

nanoparticle type, the ionic strength and pH of solutions, the relative pore 

size/connectivity to nanoparticle size, and the porous media properties (e.g. surface 

roughness). Flow rate is another important – though often overlooked – factor, as 

diffusive mass-transfer attachment appears to be a primary retention mechanism for 

unfavorable attachment. Nanoparticles are extremely sensitive to their environment, 

leading to highly varied observed behavior. This could lead to issues with predicting 

transport behavior in the natural environment, as these the exact conditions are not 

always easily determined.  
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Nanoparticle contaminant transport has many areas in need of further research. 

These include more detailed quantitative analysis of attachment/detachment mechanisms 

for specific nanoparticle/soil systems, the quantification of surface heterogeneity effects, 

and nanoparticle-facilitated transport of contaminants. Due to the diversity of the 

chemical compositions of nanoparticles, examining the specific nanoparticle of concern 

is highly important.  

The observed divergence of nanoparticle transport data from theory under 

unfavorable attachment conditions most likely arises from some combination of effects 

surface heterogeneities, wedging at grain:grain interfaces, and/or attachment in secondary 

minima. Advances in characterizing the attachment/detachment mechanisms for 

nanoparticles, and developments in theory to encompass these mechanisms, are highly 

important. For example, our current lack of understanding of these mechanisms prevents 

us from truly determining if nanoparticles have the potential to reach water sources. We 

can estimate from column studies that, for example, nanoparticles from land applied 

biosolids have the potential to be mobilized into waterways due to from rain events after 

high salinity irrigation water - as nanoparticles have been observed to have enhanced 

transport with lowered ionic strength. In addition, the high organic matter content of 

biosolids could also enhance the transport of nanoparticles, as organic matter adsorption 

on nanoparticle surfaces has been observed to increase nanoparticle transport, allowing 

them to migrate farther than might be expected. However theory does not yet allow us to 

model how far or in what manner the nanoparticles could travel. Therefore, further 
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research into nanoparticle transport mechanisms the will enhance our understanding of 

the potential environmental impact of nanoparticles in the natural environment. 
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FIGURES 
 

 
Figure 1: Typical DLVO profiles under unfavorable attachment conditions. 
a) Low ionic strength: high repulsive barrier and primary minimum only; b) Lower mid-
range ionic strength: may have small secondary minimum, potentially too small for 
attachment; c) Higher mid-range ionic strength: reduced repulsive barrier, and potential 
for primary and secondary minima attachment; d) High ionic strength (typically > 1M): 
attractive forces only 
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Figure 2: Optical microscope image of porous media on AFM specimen disc 
Circles indicated by arrows represent approximate contact zones of AFM measurement 
sets 
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Figure 3: SEM of used nano-modified AFM tip. 
Red circle indicated by red solid arrow highlights terminal nanoparticles. Blue dashed 
arrow indicates possible exposed adhesive   
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Figure 4: Nano-TiO2 breakthrough curves under unfavorable attachment conditions, 
under various solution chemistries and flow rates: a) pH 8 data; b) pH 6 data 
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Figure 5: Nano-TiO2 breakthrough curve under favorable attachment conditions 
(pH approximately 4.5) 
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Figure 6: Photos of porous media after nano-TiO2 transport. 
a) Porous media after transport under pH 6. b) Porous media after transport under pH 4.5. 
Photo credit Hua Zhong. 
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Figure 7: SEM image of nano-TiO2 aggregate 
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Figure 8: Particle size distributions for pH 8 conditions. 
a and b) IS = 0.3 mM, influent and effluent samples, respectively. c) IS = 3 mM, both 
influent and effluent samples. d) IS = 30 mM, influent and effluent samples, respectively.  
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Figure 9: Predicted DLVO force profiles for pH 8 conditions 
Inset: close up of secondary minima 
 

  

-40

-30

-20

-10

0

0 20 40 60 80



 
 
 

73 
 

-20

0

20

40

60

80

100

0 100 200 300 400 500 600

Fo
rc

e
 (

n
N

)

Separation distance (nm)

Unmodified tip Adhesive modified tip Nano modified tip

-60

-40

-20

0

20

40

60

80

100

0 200 400 600

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Comparison of force curves 
Unmodified, glue modified, and nanoparticle modified tips against porous media surface 
under identical solution chemistry conditions (pH = 8, IS = 30mM). Main chart: 
extension data; inset: retraction data 
 
 
  



 
 
 

74 
 

 

 
Figure 11: Measured adhesive/repulsive forces between nanoparticles and porous media.  
a) The measured adhesive force between nanoparticle-modified tips and porous media 
surface. b) The “height” (force) of repulsive barriers associated with the surface under the 
indicated conditions. The error bars in both a) and b) denote one standard deviation of the 
variability among the force measurements 
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Figure 12: The variability of AFM measurements for conditions pH 8, IS = 0.3 mM. 
Oscillation in forces observed on approach between nano-TiO2 and porous media 
surface. Measurement span < 1 minute 
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TABLES 
 
 
Table 1: Tabulation of nano-TiO2 transport studies 

 

Measured 

pwv 

 

# 

experiments 
 

Ionic 

strength 

 

pH 

 

Bulk 

density 

 

Porosity 

 

C/C0 

plateau 

 

Residence 

time 

 

k† 

 

% 

Recovery 

% attached particles 

mobilized 

 
From 

lowering I 

From flow 

interruption 

[cm/min] [-] [mM] [-] [g/cm^3] [-] [cm/min] [min] [hr^-1] [-] [-] [-] 

6.4 2 3 8.0 1.70 0.36 0.84 0.80 0.212 85% n/a n/a 

6.7 1 0.3 8.0 1.71 0.36 0.87 0.75 0.177 88% n/a n/a 

0.3 2 30 8.1 1.65 0.38 0.51 16.00 0.042 38% 176% n/a 

0.3 2 10 8.1 1.66 0.37 0.64 17.49 0.027 54% 135% n/a 

0.3 4 3.6 8.0 1.70 0.36 0.69 16.07 0.023 59% 6.5% 2.3% 

0.3 5 0.3 8.0 1.70 0.36 0.81 15.96 0.014 77% 1.1% 2.4% 

0.1 3 3.5 7.9 1.74 0.34 0.70 45.52 0.008 66% 8.4% n/a 

0.1 5 0.3 8.0 1.69 0.36 0.81 46.69 0.004 84% 13% n/a 

0.3 1 3 6.3 1.66 0.37 0.79 n/a n/a 79% n/a 0.7% 

0.3 1 0.3 6.2 1.66 0.38 0.83 n/a n/a 83% n/a 0.6% 

0.1 1 3 5.9 1.62 0.39 Not stable n/a n/a 58% n/a n/a 

0.3 1 3 4.5 1.68 0.36 n/a n/a n/a 27% n/a >0.01% 

 
† k = attachment rate coefficient 
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Table 2: Zeta potentials of nano-TiO2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

†Values estimated from literature values for DLVO calculations

pH 
[-] 

I 
[mM] 

Zeta potential  
[mV] 

4.5 0.3 13† 

  3 13 

  30 13† 

6 0.3 -40 

  3 -48 

  30 -52† 

8 0.3 -42 

  3 -49 

  30 -54 
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Table 3: Properties of porous media. 
Data courtesy of Santamaria et al., 2012 

 

Porous 
Medium 

Sand (%)
Silt 
(%) 

Clay 
(%) 

TOC† 
(%) 

Median 
grain 

diameter 
d50 (mm) 

Uniformity 
coefficient 
Uc (d60/d10) 

Pore Diameter‡ 

(µm) Particle 
density 
(g cm-3) 

SiO2 
% 

Fe§ 
µgg-1  

Al § 
µg g-1 

 
Mn§ 
µg g-1 

>100 100-
10 

<10 
 

Accusand 100 0 0 0.04 0.71 1.2 98 1 1 2.66 99.8 
 

 14 
 

12 2.5 

 
†TOC = total organic carbon 
‡Percent of pores with designated size 
§Elements dissolved from soils in 5 M HNO3 extractions 
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ABSTRACT 
 

Nanoparticles are being used increasingly in many fields. As no environmental regulation 

is in place to control their disposal, nanoparticles are entering the natural environment through 

waste streams. Predicting nanoparticle fate and transport in porous media has become of great 

importance; however, many studies have observed a divergence between transport data and 

theory under unfavorable attachment conditions. In addition, great variability in observed 

transport behavior exists between studies. By comparing and contrasting behavior of various 

nanoparticles under saturated, unfavorable attachment conditions, the key areas of deviation 

from theory and the main factors influencing nanoparticle transport are ascertained. A 

combination of secondary minima attachment, wedging at grain-grain interfaces, and effects of 

surface roughness are the most likely cause of divergence of experimental results from theory.  

The factors which most influence nanoparticle transport in unfavorable attachment conditions are 

the nanoparticle composition, the solution chemistry, porous media properties, and flow rate. 

Suggested areas for further study include more detailed quantitative analysis of 

attachment/detachment mechanisms, the importance of surface heterogeneities, effects of natural 

organic matter and co-contaminants, and nanoparticle-facilitated transport of contaminants. 

Improved understanding of retention mechanisms will hopefully enhance our understanding of 

the potential impacts of nanoparticles on the natural environmental. 
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INTRODUCTION 
 

The use of nanoparticles in consumer products, industry, and mining is increasing 

(Robichaud et al., 2009). Environmental regulation does not yet control the disposal of 

nanoparticles beyond those with chemical compositions already included in the toxic 

substances control act (EPA, 2011), despite early evidence of unlisted nanoparticles’ 

toxicity to mice, rats, aquatic organisms, and human cells (e.g., Rader et al., 1999; Hund-

Rinke and Simon, 2006; Wiesner et al., 2006; Warheit et al., 2007; Battin et al., 2009; 

Brunet et al., 2009; Liu et al., 2009; Madl and Pinkerton, 2009; Strigal et al., 2009). 

Nanoparticles have already been observed in our waste streams, being discharged into the 

environment (e.g. Kiser et al., 2009); therefore it is of upmost importance to understand 

their transport in porous media, with some predictive power as to their eventual fate. 

Many studies have attempted to characterize the transport behavior of 

nanoparticles through bench-scale, miscible-miscible displacement experiments. 

Preliminary studies used simple porous media (e.g. glass beads) and relatively inert 

nanoparticles (e.g. latex) in various solution chemistries to examine the basics of the 

interactions taking place (e.g. Elimelech, 1990). Further experiments have examined 

natural porous media and more reactive nanoparticles (e.g. hematite, TiO2), along with 

more complex systems including presence of oxides, organic matter, and surfactants. 

However, despite the large number of publications on the topic, results still often differ 

from theory. In addition, results often differ between studies under similar conditions. 

The aim of this literature review is to summarize the main theories of nanoparticle 

contaminant transport, and to review observed transport behaviors; from this some 
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general conclusions may be drawn about the most important interactions and factors to 

consider for nanoparticle transport. 

 

THEORY 

Nanoparticles fall into the category of colloids, being discrete particles that create 

suspensions instead of solutions. Colloid transport was first described by filtration theory 

(Yao et al., 1971), which was developed to describe colloid removal by filters in water 

and wastewater treatment. Filtration theory has been applied extensively to colloid 

contaminant transport, where the porous media is treated as the filter, or “collector”. 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Derjaguin and Landau, 1941; 

Verwey and Overbeek, 1948), which describes forces occurring between a particle and a 

collector on approach, has also often been used to characterize potential attachment of a 

colloid to porous media surfaces. Under favorable attachment conditions, where the 

particle and the collector are oppositely charged to enhance removal, theory describes 

colloid transport well (e.g. Bowen and Epstein, 1979; Elimelech, 1994; Johnson et al., 

1996; Li et al., 2004; Tufenkji and Elimelech, 2004). However, numerous experimental 

results exhibit deviation from theory when attachment conditions are unfavorable (i.e. 

when the particle and collector are similarly charged) (e.g. Bowen and Epstein, 1979; 

Elimelech, 1990; Litton and Olson, 1996; Grolimund et al., 2001; Bradford et al., 2002; 

Hahn and O’Melia, 2004; Tufenkji and Elimelech, 2004, 2005; Shen et al, 2007; 

Bradford et al, 2007; Pelley and Tufenkji, 2008; Chen et al., 2011; Godinez and Darnault, 
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2011). Due to favorable attachment conditions being well described by theory, this work 

focuses on unfavorable attachment conditions. 

Studies have attempted to characterize nanoparticle transport behavior where 

straining (physical removal by size exclusions) dominates, where attachment (sorption to 

the grain surface) dominates, and cases where both straining and attachment occur. 

Nanoparticles are less likely to be affected by straining than larger colloids due to their 

small size; however, some studies on nanoparticle transport have found straining to still 

be important and will therefore be discussed in brief. Studies examining factors affecting 

attachment make up a considerable number of nanoparticle transport studies, and are 

analyzed extensively. 

 

Straining and “wedging”  

Straining occurs when a colloid is physically removed from flow by the size of 

the channel. Entrapment of the colloid can take place between grains in active channels 

or within dead end channels. Straining is prevalent in cases with larger colloids or smaller 

porous media size. Empirical models have determined that once the ratio of the colloid 

diameter to the median grain diameter (dp/d50) exceeds 0.0017-0.005, straining becomes 

important in transport of colloids (e.g., Bradford et al., 2002; Li et al., 2004; Xu et al. 

2006; Johnson et al., 2007; Johnson et al., 2010). This dp/d50threshold may be dependent 

on flow rate (Li et al., 2006b). Particles that fall close to the dp/d50 = 0.0017-0.005 are 

affected by both straining and attachment; this leads to a superposition of straining and 

attachment breakthrough profiles (Bradford et al., 2002). Particles of these sizes can also 
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be entrapped at grain-to-grain interfaces (Bradford et al., 2005; Li et al., 2006a and b; 

Shen et al., 2007; Johnson et al., 2010) – i.e. “wedged” between two surfaces, rather than 

being “strained” by entrapment in pore throats. This type of “wedging” retention has been 

observed to be higher for micron-sized colloids in sand media than glass beads (Li et al., 

2006a), and could potentially be observed for smaller sized particles as well. Increased 

flow rates tended to increase retention in grain to grain contacts (Li et al., 2006a). 

Wedging also increases with increasing ionic strength as repulsive surface forces 

decrease (Shen et al., 2007). It has also been observed that attached micron-sized colloids 

associated with the surface can migrate downstream and become wedged, and that these 

wedged particles thereafter become irreversibly attached to the surface (Johnson et al., 

2010). As yet, the instrumentation used to observe straining and wedging have not 

reached a resolution to observe these phenomena with nanoparticles. 

 

Attachment under unfavorable conditions 

When under unfavorable conditions, colloid attachment to surfaces is governed by 

attractive van der Waals and repulsive electrical double layer forces, as described by 

DLVO theory. A typical colloid DLVO energy profile when attachment conditions are 

unfavorable consists of a large attractive primary minimum, a repulsive energy barrier, 

and potentially a small secondary attractive minimum (Figure 1) (e.g., Litton and Olson, 

1996; Tufenkji and Elimelech, 2004; 2005; Shen et al, 2007; Pelley and Tufenkji, 2008; 

Godinez and Darnault, 2011). Theory states that to attach under unfavorable conditions, 

colloids must overcome the large DLVO energy barrier to attach in the primary 
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minimum. As mentioned above, experimental results often deviate from theory (Bowen 

and Epstein, 1979; Elimelech, 1990; Ryan and Gschwend, 1994; Litton and Olson, 1996; 

Bradford et al., 2002; Hahn and O’Melia, 2004; Tufenkji and Elimelech, 2004, 2005; 

Shen et al, 2007; Bradford et al, 2007; Pelley and Tufenkji, 2008; Chen et al., 2011; 

Godinez and Darnault, 2011).  

One suggestion as to the cause of the variance of observed data from theory is 

additional retention due to attachment in a secondary minimum. DLVO calculations 

predict the secondary minimum exists under unfavorable conditions at intermediate ionic 

strengths. At high ionic strength the energy barrier lowers until there is only a primary 

minimum, and at very low ionic strengths the double layer forces extend to overwhelm 

the secondary minimum (e.g. McDowell-Boyer, 1992). Potential secondary minimum 

deposition is often assumed to occur for cases wherein attached particles under conditions 

where secondary minima are present (i.e. an intermediate ionic strength) detach and elute 

when system conditions are altered to minimize the secondary minimum (i.e. a low ionic 

strength). Multiple studies of micro- and nano-sized particles have exhibited detachment 

during low ionic strength elution, adding credence to this hypothesis (McDowell-Boyer, 

1992; Litton and Olson, 1996; Tufenkji and Elimelech, 2004 and 2005; Hahn et al., 2004; 

Shen et al, 2007; Tong and Johnson, 2007; Pelley and Tufenkji, 2008; Godinez and 

Darnault, 2011). It has been reported that attachment by secondary minima can be 

significant even when such minima are small (approximately only 7 kT) (Litton and 

Olson, 1996). 
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Arguments against secondary minima deposition state that hydrodynamic forces 

would remove particles from the secondary minimum, as the calculated energy associated 

with the secondary minima is insufficient to overcome fluid drag (e.g., Elimelech, 1990; 

Elimelech and O’Melia, 1990a and b). It was initially hypnotized that deposition into the 

secondary minimum would not occur at very high flow rates (McDowell et al., 1986) and 

removal from the minima was not observed with increasing flow rate for some 

nanoparticles (Bowen and Epstein, 1979; Elimelech, 1990; Elimelech and O’Melia, 

1990a and b). However, it was further argued that due to surface roughness and slower 

flow close to grain surfaces, the hydrodynamic forces most likely would not remove 

particles from a secondary minimum, allowing attachment therein (Hahn et al., 2004). 

Further study then observed detachment of boron nanoparticles colloids at higher flow 

rates, and it was calculated that drag forces under the extant conditions were able to pull 

particles from the secondary minimum (Liu et al., 2009). Other arguments against 

secondary minima attachment claimed that the “missing” particles were not attached, but 

were instead becoming entrapped in pore throats, creating “dead-end” pores (Bradford et 

al., 2002). However direct observations at the pore-scale show that advecting colloids do 

not enter dead end pores or become entrapped in pore throats (Sirivithayapakorn and 

Keller, 2003a; Johnson et al., 2010). Mobile surface-associated colloids that may have 

been within weak secondary minima were observed to migrate down gradient and 

become wedged at grain:grain contacts (Johnson et al., 2010). 

An additional explanation for the deviation between theory and experimental 

results is the existence of locally favorable attachment sites due to porous media surface 
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charge heterogeneities (e.g. Elimelech, 1990; Elimelech and O’Melia, 1990a and b; 

Johnson et al., 1996; Elimelech et al., 2000; Grolimund et al., 2001; Loveland et al., 

2003; Weroński et al, 2003; Tufenkji and Elimelech, 2005). Once above a certain 

percentage of surface charge heterogeneity, favorable attachment processes become 

considerably more important than other attachment processes (Johnson et al., 1996; 

Elimelech et al., 2000; Loveland et al., 2003). However, when studies take pains to either 

obscure favorable attachment sites (Tufenkji and Elimelech, 2005) or measure amounts 

attached to charge heterogeneities (Tufenkji and Elimelech, 2004) there is still additional 

attachment over predictions from filtration theory. This indicates that discrepancies 

between theory and observations for nanoparticles are perhaps a combination of 

secondary minima effects and surface heterogeneities (Tufenkji and Elimelech, 2005). It 

appears that where surface charge is relatively homogeneous and secondary minima are 

present, secondary minima most strongly influence attachment (Litton and Olson, 1996; 

Shen et al., 2007). Conversely, once a threshold of favorable attachment sites (e.g. 

positively charged sites within a net-negatively charged colloid) is reached, these appear 

to dominate attachment due to favorable attachment rate values being orders of 

magnitude greater than unfavorable attachment (Johnson et al., 1996; Elimelech et al., 

2000). An additional consideration to take in to account is that nanoparticle surface 

charge heterogeneity could also influence transport behavior. Some nanoparticles may be 

composites of different materials; for example, naturally occurring colloidal nanoparticles 

could be comprised of aggregated clay particles and organic matter, lending the colloid 

surface both regions of permanent charge and pH variable charge (e.g. Simonet and 
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Valcárcel, 2009). Heterogeneity can also subsist in particle populations; one individual 

particle may be more reactive than others, leading to unexpected interactions with its 

surrounding environment (e.g. Tong and Johnson, 2007). This could potentially arise 

from differences in surface groups, minor imperfections in the structural formation of the 

particle, or small impurities within/on the particle.  

Surface roughness is another commonly cited reason for the deviances from 

theory observed in transport studies (e.g. Elimelech, 1990; Elimelech and O’Melia, 1990a 

and b; Das et al., 1994; Litton and Olson, 1996; Grolimund et al., 2001; Johnson et al., 

2010). Calculations demonstrate that surface roughness can contribute to retention by 

creating torque in the opposite direction of hydrodynamic torque, which allows a particle 

to be retained even at higher flow rates (Das et al., 1994). Also, mobile surface associated 

colloids have been observed becoming physically entrapped by areas of minor surface 

roughness (Johnson et al., 2010). Not only can the porous media surface roughness be 

important, but surface roughness of the nanoparticles can also be influential on 

attachment. If porous media surface asperities are larger or more extensive than those of 

the particle, then the porous media surface roughness will dominate; however, if particle 

asperities are larger than those of the porous media, the particle surface roughness will 

dominate (Das et al., 1994). However, quantifying the effects of surface roughness can be 

difficult. For example, while retention was observed to be greater (e.g. 61.5% compared 

to 2% retention) for a porous medium with higher surface roughness (i.e. a natural silica 

sand compared to glass beads), this could be partially due to retention at grain-grain 

contacts or wedging (Li et al., 2006a) rather than surface roughness. Any unexplained 
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retention observed is often attributed to surface roughness, simply due to the elimination 

of other possible factors (e.g. Litton and Olson, 1996; Shen et al., 2007). Lending 

credence to the transport results, SEM imaging of porous media after colloid transport 

experiments have been observed to have preferential attachment of both nano- and 

micron-sized particles to rough areas of the porous media grains (Ryan and Gschwend, 

1994; Rodier and Dodds, 1995).   

Due to the oft cited discrepancies between DLVO theory and observed data, 

Coulombic Attraction Theory (CAT) has been developed (e.g. Sogami and Ise, 1984). 

CAT proposes that long-range attractive forces (including secondary minima) are caused 

by Coulombic attraction, which is assumed to be shielded by repulsive forces in DLVO 

theory (e.g. Sogami and Ise, 1984). The application of CAT can been used to understand 

clay aggregation and dispersal (e.g. McBride and Baveye, 2002), but has yet to be used in 

colloid transport studies. 

 

NANOPARTICLE TRANSPORT FACTORS 

Typical nanoparticle transport behavior 

Nanoparticle transport behavior is highly variable, as nanoparticles possess 

diverse properties. Even nanoparticles of similar materials can vary in important aspects 

(e.g. Lacoanet et al., 2004), rendering comparison across nanoparticle transport 

experiments complex. For example, while the majority of colloids are observed to have 

higher deposition with higher ionic strength when other variables are held constant 

(Bowen and Epstein, 1979; Elimelech, 1990; Elimelech and O’Melia, 1990a and b; 
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McDowell-Boyer, 1992; Amirtharajah and Raveendran, 1993; Rodier and Dodds, 1993; 

1995; Litton and Olson, 1996; Kretzschmar et al., 1997; Grolimund et al., 1998; Huber et 

al., 2000; Grolimund et al., 2001; Franchi and O’Melia, 2003; Li et al., 2004; Hahn et al., 

2004; Tufenkji and Elimelech, 2004; 2005; Shen et al., 2007; Pelley and Tufenkji, 2008), 

studies with similar conditions have reported different total amounts of colloid retention 

at identical ionic strengths (e.g. McDowell-Boyer, 1992; Li et al., 2004). In addition, 

changes in pore water velocity for the most part have an inverse relationship to micro- 

and nanoparticle retention (McDowell-Boyer, 1992; Rodier and Dodds, 1993; 1995; 

Kretzschmar et al., 1997; Li et al 2004; Shen et al,. 2007; Liu et al., 2009; Long et al., 

2010). However, there appear to be some nanoparticles which do not exhibit any velocity 

effects (Lacoanet and Wiesner, 2004). The variability can even extend to replicate 

experiments; deviations in final breakthrough plateaus under identical conditions have 

been reported to vary by as much as 20% (Puls et al., 1993). 

Still, some generalizations can be drawn. Most nanoparticles under unfavorable 

attachment conditions exhibit either breakthrough at 1 pore volume (e.g. Puls et al., 1993; 

Saiers et al., 1994; Bradford et al., 2002; Lecoanet et al., 2004) or early breakthrough 

(e.g. Johnson et al., 1996; Kretzschmar et al., 1997; Grolimund et al., 1998; Keller et al., 

2004), where their arrival wave is before that of a non-reactive tracer. The latter behavior 

is due to size exclusion from some pore channels, leading to preferential flow paths. 

Breakthrough then approaches a plateau value, which may be at or below C/C0 equal to 1 

and which may or may not be a steady-state condition. When breakthrough of colloids 
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does not reach a constant plateau, two main processes describe the breakthrough 

behavior: blocking and ripening (Figure 2). 

Blocking: Blocking occurs when previously deposited colloids in the porous media 

prevent further retention of colloids; this can be due to preceding colloids filling up 

preferential attachment sites, preventing more colloid attachment, or though physical 

blocking of pore spaces, leading to changing preferential flow paths. The resulting 

breakthrough behavior is a gradual rise to a final plateau, in contrast to the sharp increase 

after initial breakthrough typically seen with nanoparticles when blocking is not a factor 

(Figure 2). Blocking has been observed for all types of colloids, including both natural 

and manufactured particles (e.g. Kretzschmar et al., 1997; Bradford et al., 2002, 

Loveland et al., 2003; DiCarlo et al., 2006). Another transport effect credited to blocking 

is retention being inversely proportional to initial nanoparticle concentration; this is 

thought to be due to changes in the blocking rate (e.g. Ryan and Elimelech, 1996; 

Bradford et al, 2005). Once deposited layers of nanoparticles are present, blocking causes 

transport behavior to differ from clean bed conditions (Amirtharajah and Raveendran, 

1993). Surfactants have been observed to eliminate blocking by covering favorable 

attachment sites (Tufenkji and Elimelech, 2005). 

Ripening: Ripening can be thought of as the opposite of blocking, where transport of 

preceding colloids enhances the attachment of ensuing colloids (Figure 2). Here, 

previously attached colloids become areas of preferential attachment for ensuing colloids. 

For ripening to occur, particle-particle interactions are required to be favorable for 

aggregation; therefore ripening most often occurs at high ionic strength or near the PZC 
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of the colloid (e.g. Solovitch et al., 2010). Ripening, like blocking, has been observed for 

a wide range of particle types (Elimelech and O’Melia, 1990a; b; Hahn et al., 2004; Li et 

al., 2004; Solovitch et al., 2010; Chen et al., 2011). As with other nanoparticle transport 

behaviors, the presence of ripening is not always predictable; where one study observes 

ripening (e.g. Elimelech and O’Melia, 1990a; b), another under similar conditions may 

not (e.g. Huber et al., 2000). Low flow rate has been observed to enhance ripening under 

certain conditions (Li et al., 2004), potentially due to diffusive-mass transfer particle-

particle attachment processes. 

 

Factors influencing attachment 

Due to the wide variance observed in nanoparticle transport, more detailed 

discussion has been separated by the different factors affecting transport behavior (e.g. 

effects of ionic strength, flow rate, pH, etc.), and further separated by nanoparticle type 

for conditions wherein that factor is relevant. 

 

Water chemistry effects 

Ionic strength: The dependence of attachment on ionic strength under unfavorable 

conditions is due to the counter ions influencing the interactions between the collector 

surface and the colloid particle. Increasing ionic strength suppresses the repulsive 

electrical double layer, lowering the energy barrier, allowing particles to get closer to the 

porous media surfaces. Increasing ionic strength also increases secondary minima depth. 
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Once ionic strength becomes large enough, there is no repulsive barrier and attachment 

into primary minima occurs. 

Silica nanoparticles transport behavior appears to be little affected by ionic 

strength. A one-log change in ionic strength between studies (going from approximately 

10-3 M (Saiers and et al., 1994; Johnson et al., 1996; Elimelech et al., 2000) to 

approximately 10-2M (Lecoanet and Wiesner, 2004; Lecoanet et al., 2004)) all had 

breakthrough curve plateaus with C/C0 of approximately 0.9-0.95. In fact, the only silica 

data reported in the literature that do not reach these plateau values had greater retention 

due to a change in particle size, and not ionic strength (Lecoanet et al., 2004). The 

relative insensitivity of silica nanoparticle to ionic strength could be due to the atypical 

interactions between silica surface functional groups and cations, wherein a surface 

complex can form rendering the colloids less sensitive to electrolyte concentrations than 

expected (Iler, 1979).  

For latex particles, their transport behavior at very low ionic strengths is 

essentially indistinguishable from that of a non-reactive tracer (e.g. in DI water (Tufenkji 

and Elimelech, 2004) or ionic strength of 10-3M KCl or ≥ 10-3M CaCl2 (Elimelech and 

O’Melia, 1990a and b)). At these low ionic strengths, transport is more independent of 

increases in electrolyte concentration (Elimelech and O’Melia, 1990a and b). In addition, 

it is at these low ionic strengths where experimental results differed most from filtration 

theory predictions, potentially due to secondary minimum deposition (Tufenkji and 

Elimelech, 2005). Thereafter, retention of nano- and micro-sized colloids increases 

proportionally with ionic strength in all types of porous media (e.g. Elimelech, 1990; 
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Elimelech and O’Melia, 1990a and b; McDowell-Boyer, 1992; Amirtharajah and 

Raveendran, 1993; Rodier and Dodds, 1993; 1995; Amirtharajah and Raveendran, 1993; 

Litton and Olson, 1996; Kretzschmar et al., 1997; Grolimund et al., 1998; Huber et al., 

2000; Franchi and O’Melia, 2003; Li et al., 2004; Hahn et al., 2004; Tufenkji and 

Elimelech, 2004; 2005; Shen et al., 2007; Pelley and Tufenkji, 2008). Other nano- and 

micon-sized colloids such as hematite, boron, natural clays, and TiO2 exhibit the same 

proportional relationship between ionic strength and retention as latex (Kallay et al., 

1987; Puls et al., 1993; Ryan and Gschwend, 1994; Kretzschmar et al., 1997; Grolimund 

et al., 2001; Liu et al., 2009; Solovitch et al., 2010). One exception in this trend was 

observed for 226 and 790nm latex particles, which had higher retention at 10-2 M 

compared to 10-1M NaCl (Rodier and Dodds, 1993). This observance is unexplained; the 

other particles (100 and 550nm) in the study behaved as expected.  

In the mid-range ionic strengths, variances in ionic strength appear to have the 

greatest effect on transport behavior. At very high ionic strengths, latex colloid deposition 

once again becomes more independent of ionic strength (Kretzschmar et al., 1997); this 

trend was also observed for naturally occurring clay colloids (Grolimund et al., 2001). 

For CaCl2 systems, this independence occurred at an ionic strength 120 times lower than 

that of NaCl systems (Kretzschmar et al., 1997). 

 

 
Counter ion valance:  Valence of the counter ion is typically reported as not affecting the 

shape of the breakthrough curve of latex (e.g. Elimelech and O’Melia, 1990a; b; Huber et 

al., 2000). However, the single collector removal efficiency (the ratio of the rate of 
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particles striking a collector to the rate of particle approach; usually denoted η) has been 

observed to be higher for divalent compared to monovalent ions under certain conditions 

(e.g. Kretzschmar et al., 1997; Hahn et al., 2004). The type of porous media can also 

affect whether divalent ions influence removal efficiency; for example, a large increase 

of removal efficiency (1.6 times) was observed with a divalent electrolyte in a gravel 

porous media, but not in a sand (Huber et al., 2000). This behavior is unexplained. 

Deposition rates of natural colloids were also higher at considerably lower ionic strengths 

for divalent as compared to monovalent ions (Grolimund et al., 1998). This general 

behavior is most likely due to the increased valence of electrolytes leading to decreased 

electrophoretic mobility; that is, divalent ions are more adept at screening surface charge 

than monovalent ions (Liu et al., 2009). With naturally occurring colloids, increasing 

divalent ion concentration had less effect than increasing monovalent ion concentration. 

In addition, mixing mono- and divalent ions gave a proportional change to deposition - 

i.e. as divalent ions increase in solution, behavior approaches that of divalent only 

(Grolimund et al., 2001). 

 
 
pH: pH effects attachment through pH variable charge on both the porous media surface 

and the colloid particle surface, through acid-base interactions on certain nanoparticles, 

and potentially through aggregate conformational changes (e.g. Guzman et al., 2006). 

Natural porous media surfaces tend to be net-negatively charged at neutral pH, and only 

experience neutrality and charge reversal at extremely low pH. However, surfaces can be 

coated with metal oxides or organic matter, creating areas of pH-variable charge. 
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Colloidal surface charges depend entirely on the composition of the particles. When 

colloids reach their point of zero charge (PZC) they tend to aggregate and fall out of 

solution – dramatically increasing their retention in porous media. Only pH conditions 

creating unfavorable attachment conditions are discussed below.  

Silica nanoparticle transport does not appear to be influenced by changes in pH 

over the range of current experimentation (pH= 4, 5.7, and 7 (e.g. Saiers et al., 1994; 

Johnson et al., 1996; Elimelech et al., 2000; Lecoanet and Wiesner, 2004; Lecoanet et al., 

2004)). This is unsurprising since the PZC for silica is very low (approximately 1.7-3.5), 

creating very unfavorable attachment/aggregation conditions for environmentally 

relevant pH ranges. 

For latex colloid transport, direct comparison of effects of pH changes 

demonstrate that high pH (pH 11 compared to pH 8) requires higher ionic strength to 

obtain the same breakthrough behavior for both micro- and nanoparticles (Tufenkji and 

Elimelech, 2005). For example, while the ionic strength of 40 mM at pH 8 caused 

complete retention of latex nanoparticles, it took an increase to 200 mM before complete 

retention was observed at pH 11 (Tufenkji and Elimelech, 2005). An additional effect of 

high solution pH was to bring observed data closer to unity with filtration theory 

(Tufenkji and Elimelech, 2005); this observance was most likely caused by increased 

repulsion due to preferential attachment zones becoming highly negatively charged as pH 

increased. Another study also observed slight differences in breakthrough behavior for 

latex colloids between pH 6.8 and pH 10 (Hahn et al., 2004); however, the difference 

therein could potentially be attributed to variances in other parameters (e.g. different 
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collector size). This is an issue also when pH effects across latex colloid transport studies 

are compared; it is difficult to discern what may be causing the differences in their data. 

These is no obvious trend associated with pH, as differences in breakthrough behavior 

between studies may easily be attributed to differences in particle sizes, pore-water 

velocities, or media type/charge distribution. 

 Other nanoparticles are greatly affected by pH. Hematite (or Fe2O3) nanoparticles 

are one of these, due to high acid-base surface interactions (Puls et al., 1993). The 

observed effects were vastly increasing recovery with increased pH, as the acid-base 

affected surface functional groups became more negatively charged. A second highly pH 

sensitive nanoparticle is TiO2. While the PZC of bulk TiO2 is reported to be 

approximately 5.9, transport experiments at or just below this pH have been observed to 

have somewhat unfavorable attachment behavior (e.g. Guzman et al., 2006; Solovitch et 

al., 2010). This phenomenon could be explained by smaller sized TiO2 nanoparticles 

having a lower PZC, or, as the authors suggested, being due to the particles being so 

small as to remain in the middle of the flow stream and not often come into contact with 

the surface (Guzman et al., 2006).  Once pH was raised to 9, TiO2 nanoparticle transport 

was enhanced (Godinez and Darnault, 2011). Raised pH was also observed to render the 

effects of additives such as surfactants negligible (Godinez and Darnault, 2011). 

 

Flow rate effects 

Flow rate can affect colloid transport in several ways. At high flow rates, fluid 

shearing forces, which work in opposition to attractive forces, are important. In addition, 
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high flow rates can lead to nanoparticles being transported through preferential flow 

paths, leading to a decrease in particle residence time, potentially lowering attachment. 

At slower flow rates, longer residence times can enhance attachment due to the diffusive-

mass transfer behavior of attachment into attractive minima. 

While a majority of colloids are influenced by changes in flow rate, silica 

nanoparticle transport does not vary with flow rate (Lacoanet and Wiesner, 2004). This 

could potentially be due to the low amount of particles retained, resulting in minor 

amounts to be affected by flow rate changes. Similar results were observed for latex 

nanoparticles when retention was minimal (e.g. Elimelech and O’Melia, 1990a; b; 

Weroński et al., 2003). 

In contrast to these, the majority of studies observed that colloids, including latex, 

hematite, boron, and TiO2, have an inverse relationship between pore-water velocity and 

retention (McDowell-Boyer, 1992; Rodier and Dodds, 1993; 1995; Puls et al., 1993; 

Kretzschmar et al., 1997; Keller et al., 2004; Lacoanet and Wiesner, 2004; Li et al 2004; 

Shen et al,. 2007; Liu et al., 2009; Long et al., 2010; Godinez and Darnault, 2011). The 

collector/deposition efficiencies of both micro- (McDowell-Boyer, 1992) and nano-sized 

latex particles (Long et al., 2010) have been observed to also be inversely related to flow 

rate. Attachment rate coefficients also show this inverse relationship with pore-water 

velocity (Kretzschmar et al., 1997; Liu et al., 2009; Godinez and Darnault, 2011). In 

addition, at slower flow rates breakthrough curves exhibit less of a “shoulder” effect (e.g. 

Rodier and Dodds, 1995). It was also observed that the influence of flow rate decreases 

with duration of experiment (Rodier and Dodds, 1995). 
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The typical explanation for changes in attachment with pore-water velocity is for 

the attachment to be rate-limited; however, this does not appear to be the case with latex. 

Flow-interruption tests indicate little rate-limited behavior (e.g. Li et al., 2004; Shen et 

al., 2007). Instead, this change in attachment with flow rate can be attributed to changes 

in fluid shear and preferential flow paths. The latter explanation was observed at the pore 

scale, where higher flow rates increased preferential flow through pore channels 

(Sirivithayapakorn and Keller, 2003a). 

 

Surface property effects 

Effects of surface roughness: As mentioned above, many studies cite surface roughness 

as the cause of the observed divergence of transport behavior from theory (e.g. Ryan and 

Gschwend, 1994; Rodier and Dodds, 1995; Litton and Olson, 1996; Grolimund et al., 

2001; Li et al., 2006a; Shen et al., 2007). Surface roughness has been calculated to 

enhance retention by causing torque in the in opposition of hydrodynamic torque (Das et 

al., 1994) or otherwise creating low-flow microdomains (Shellenberger and Logan, 

2002). In addition, surface roughness can cause attachment of particles by causing 

localized reductions to EDL repulsive barriers (Bhattacharjee et al., 1998). Johnson et al. 

(2010) imaged mobile surface associated micron-sized colloids becoming entrapped in 

rough areas of the porous media surface, a phenomenon likely to also occur for nano-

sized particles. As discussed previously, the quantification of surface roughness effects 

has consisted of ruling out other attachment factors, rather than some direct measure 
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(Litton and Olson, 1996; Li et al., 2006a). No quantitative method or modeling technique 

has yet been created to measure/predict additional surface roughness-caused attachment. 

  

Effects from porous media type: Most effects from porous media type are due to size 

exclusion, or straining effects. This work being mainly focused on attachment processes, 

this topic will be only briefly touched upon. 

Physical entrapment increases in importance for retention of colloids the more 

complex the porous media. For example, retention at grain-grain contacts was observed 

to account for approximately 89% of the total retention in sand, versus 75% of the total 

retention for glass beads (Li et al., 2006a). Decreased grain size also led to higher 

retention, due to increased surface area for attachment and straining (Saiers et al., 1994; 

Bradford et al., 2002). However, more complex media had less retention, despite a 

smaller median grain size, as the wider grain size distribution were thought to lead to 

larger pore spaces (Bradford et al., 2002). Imaging has shown that the alignment and 

connectivity of pores are often more important than median pore size (Sirivithayapakorn 

and Keller, 2003a). When sand and gravel porous media are compared, deposition was 

observed to be lower in sand than in gravel at low ionic strengths, but this trend was 

reversed at high ionic strength (Huber et al., 2000); this behavior is unexplained. Early 

breakthrough is more likely in natural porous media, especially complex soils, also due to 

size exclusion (Kretzschmar et al., 1997) 
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Effects from nanoparticle type: While nanoparticles are classified as one group, their 

extensive chemical diversity can lead to very distinct interactions with porous media (e.g. 

Lacoanet et al., 2004). However, there are some which can be grouped due to similar 

behavior. For example, carboxyl and sulfate latex colloids have indistinguishable 

behavior (Litton and Olson, 1996). Silica and boehmite (AlOOH) nanoparticles were also 

observed to have similar breakthrough curves (Saiers et al., 1994). In addition, under 

certain conditions, hematite nanoparticles had behavior similar to larger latex particles 

(Litton and Olson, 1996); however once pH is changed, hematite has different 

interactions due to acid-base chemical reactions with its surface groups (Puls et al., 

1993). TiO2 nanoparticles have been observed to have abnormal attachment behavior that 

could not be attributed to attachment in minima, surface roughness, etc.; it has been 

posited that the nano-TiO2 aggregates can undergo conformational changes through 

collisions with both the porous media and other nanoparticles, causing them to become 

more “sticky” (Guzman et al., 2006; Chen et al., 2011). The type of behavior that led the 

authors to suggest that reconformation is occurring for nano-TiO2 has not been observed 

for other nanoparticles. 

 

Factors influencing detachment  

Detachment of colloids is most commonly seen with decreases I n ionic strength 

during elution (e.g. McDowell-Boyer, 1992; Litton and Olson, 1996; Grolimund and 

Borkovec, 1999; Tufenkji and Elimelech, 2004 and 2005; Hahn et al., 2004; Shen et al, 

2007). This is often attributed to secondary minimum deposition, as decreasing ionic 
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strength creates a larger repulsive barrier which overwhelms the secondary minima, 

causing particles deposited therein to detach. It is thought that detachment from the 

primary minimum is highly unlikely due to the depth associated with these energy 

minima (e.g. McDowell-Boyer 1992; Franchi and O’Melia, 2003).  

 

Detachment and ionic strength 

For both micron- and nano-sized particles, the majority of studies indicate that 

detachment efficiency and detachment fraction are independent of attachment ionic 

strength (Amirtharajah and Raveendran, 1993; Franchi and O’Melia, 2003; Hahn et al., 

2004). That is, total detachment amounts may increase with higher ionic strength; but 

because more were initially attached, the fraction detached remains constant. The one 

exception to this observed only a slight increase in fraction released with increasing ionic 

strength (Shen et al., 2007). The mass of detachment is mostly regulated by the factor of 

decrease in I during detachment (e.g. Amirtharajah and Raveendran, 1993; Rodier and 

Dodds, 1995). For natural colloids, decreases in ionic strength caused particles to be 

released from the porous media from which they originated at an almost constant rate 

(Grolimund and Borkovec, 1999). 

The kind of electrolyte used during attachment effects detachment considerably. 

Latex deposited in 0.1 M KCl had approximately 90% of attached particles detach when 

ionic strength was then dropped to practically 0, whereas particles deposited in 0.2M 

CaCl2 exhibited no detachment (Hahn et al., 2004). This is due to the type of attachment 
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(i.e. secondary verses primary attractive well attachment) created by the type of 

electrolyte (Hahn et al., 2004). 

In contrast to previous studies, all of which had detachment with decreases in 

ionic strength, one study observed no colloid detachment with a drop in ionic strength 

from 0.02M to 0.001M (Johnson et al., 2010). However this may be due to their method 

of observation, which could not detect particles either below a certain size range or out of 

the focal plane of the image. 

Increasing IS decreased initial detachment rate of hematite nanoparticles, and 

decreased the amount ultimately released. Release rates were not inversely related to 

energy barrier size as predictions indicated (Ryan and Gschwend, 1994). However, little 

detachment was seen overall. 

 

Detachment and pH 

An increase of 1 pH unit did not greatly change release of natural colloids 

(Grolimund and Borkovec, 1999). When previously attached hematite nanoparticles are 

eluted with a higher pH, they also exhibit little detachment - thought to be due to 

attachment in a primary rather than secondary minimum (Hahn et al., 2004). However, 

raising the pH of the solution with latex particles detaches small amount of particles, 

potentially attached to surface charge heterogeneities (Tufenkji and Elimelech, 2004).  

 

Detachment and flow rate 
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Higher flow rates concurrent with a drop in ionic strength causes a higher fraction 

of latex micro-sized particles to detach (0.19cm/min caused 23% detachment, 1.9 cm/min 

caused 73% detachment, 19 cm/min caused 95% detachment (McDowell-Boyer, 1992)). 

This same trend was also observed for hematite nanoparticles (Ryan and Gschwend, 

1994). When not accompanied by a drop in ionic strength, latex, hematite, and TiO2 

colloids did not exhibit greatly increased detachment with increased flow rates (e.g. 

McDowell-Boyer, 1992; Ryan and Gschwend, 1994; Godinez and Darnault, 2011) 

indicating fluid sheering forces were insufficient  compared to solution chemistry 

changes in overcoming attachment forces. 

 Detachment of colloids has been observed to be time dependent (e.g. McDowell-

Boyer, 1992; Ryan and Gschwend, 1994; Shen et al., 2007; Godinez and Darnault, 2011); 

therefore, at slower pore-water velocities detachment becomes more dependent on 

residence time. This rate-limited behavior for attachment is usually accounted by 

diffusive-mass transfer over an energy barrier (e.g. Franchi and O’Melia, 2003; Hahn and 

O’Melia, 2004; Pelley and Tufenkji 2008). However, attachment “over a barrier” would 

indicate primary minima attachment, which, as stated before, is considered irreversible.  

In support of this, rate-limited behavior was still observed when no energy barrier was 

present (Ryan and Gschwend, 1994). It was hypothesized that the rate-limiting step 

therein was due to diffusion out of minima into the bulk solution (Ryan and Gschwend, 

1994). This is a likely explanation due to diffusional behavior of colloids being already 

established to be time dependant (Kalley et al., 1987). This diffusion into the bulk 
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solution could potentially be seen out of secondary minima (e.g. Shen et al., 2007), but as 

mentioned previously is not likely from primary minima.  

Particle size was observed to have a large effect on the time-dependent 

detachment of latex colloids (Shen et al., 2007). For 10,000nm (10um) colloids, no 

changes in detachment were seen with aging of the system (Das et al., 1994). With flow-

interruption experiments using 1156nm and 30nm particles, it was observed that the 

nano-sized colloids did detach, whereas the micro-sized ones did not (Shen et al., 2007). 

This was thought by the authors to be due to the smaller size of the nanoparticles 

resulting in a smaller secondary minimum energy (due to from smaller vdW forces 

associated with smaller particles), out of which diffusion could easily occur (Shen et al., 

2007). In addition, if the detachment process is through diffusive-mass transfer, it is well 

understood that smaller particle sizes have higher diffusion rates. 

 

Other factors effecting attachment/detachment 

Non-electrolyte additives 

 Two common additives examined for their effects on colloid transport 

experiments are surfactants – due to their presence in waste water – and natural organic 

matter (NOM) – due to their presence in the natural environment. 

Surfactants: Surfactants such as sodium dodecyl sulfate (SDS) have been observed to 

eliminate blocking behavior by covering favorable attachment sites, which also caused 

transport to agree well with filtration theory (Tufenkji and Elimelech, 2005). No effect 

was observed on the transport of hematite nanoparticles from SDS concentrations 
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typically found in waste water (Puls et al., 1993). For TiO2, surfactants significantly 

increased stability of aggregates through steric repulsion. Both nonionic (Trition-X) and 

anionic (SDBS) surfactants significantly enhanced transport behavior of TiO2 

nanoparticles (Godinez and Darnault, 2011), with recovery increasing with both presence 

of surfactant and increased CMC %. However, when pH was raised transport in general 

was enhanced, diminishing the effects of surfactants (Godinez and Darnault, 2011). 

For latex nanoparticles, some detachment may have occurred from expansion of SDS 

layer on the porous media surface when low ionic strength conditions were introduced 

(Litton and Olson, 1996) 

Natural Organic Matter: NOM was observed to sorb to both the porous media and latex 

nanoparticles, modifying the surfaces of both; the amount of NOM sorbed had a 

proportional relationship with ionic strength (Franchi and O’Melia, 2003). However, 

NOM does not appear to change the aggregation of latex nanoparticles (Pelley and 

Tufenkji, 2008). Sorbed NOM resulted decreased absolute zeta potential in 1500 nm 

particles, due to masking of charge; conversely, sorped NOM increased absolute zeta 

potentials for 50 nm particles (Pelley and Tufenkji, 2008). 

The presence of NOM in transport studies had the effect of decreasing retention 

when compared to NOM-free transport at the same ionic strength (Franchi and O’Melia, 

2003; Pelley and Tufenkji, 2008); this is hypothesized to be due to steric hindrance 

preventing attachment on the porous media surface. Under the ionic strength conditions 

of 10 mM and below, the final breakthrough plateau of nanoparticles in the presence of 

NOM were insensitive to changes in ionic strength; the only differences observed in the 
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transport behavior were in the amount of blocking effects. Over an ionic strength of 10 

mM, NOM enhanced detachment of nanoparticles from porous media. Below, 10 mM, 

however, detachment became independent of the presence of NOM (Pelley and Tufenkji, 

2008). This could be due to NOM influencing the energies associated with secondary 

minima at high ionic strengths (Franchi and O’Melia, 2003; Pelley and Tufenkji, 2008). 

 

Colloid size   

 Nanoparticles are often observed to have dissimilar transport behavior from that 

of micrometer-sized colloids (e.g. Rodier and Dodds, 1995; Bradford et al., 2002; Hahn 

et al., 2004). Larger particles are obviously more subject to straining (e.g. Bradford et al., 

2002), but other factors also modify the behavior of nano-sized colloids. 

Attachment efficiency was initially reported to be independent of particle size 

(Elimelech, 1990; Elimelech and O’Melia, 1990a and b). Thereafter, attachment 

efficiency was observed have an inversely proportional relationship with particle size in 

the nanometer range (e.g. Huber et al., 2000; Long et al., 2010). Higher retention has 

been observed for larger particle sizes (e.g. Rodier and Dodds, 1995; Bradford et al., 

2002; Hahn et al., 2004); however as mentioned above this is possibly due to straining or 

entrapment at grain-grain interfaces (Bradford et al., 2002; Johnson et al., 2010). In 

addition, it has also been hypothesized that this behavior could be due to higher 

secondary minima energy associated with larger particles (Hahn et al., 2004). In contrast 

to these studies, higher retention was observed with decreasing particle size; no 

explanation was proffered to explain this behavior, although the retention of the smaller 
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particles observed therein was more in agreement with filtration theory than that of the 

large particles (Tufenkji and Elimelech, 2005).  

The coagulation of nanoparticles has been observed to occur at a much lower 

ionic strength than for larger colloids (Rodier and Dodds, 1993). Perhaps related to this, 

smaller latex particles exhibited a more favorable attachment behavior at low ionic 

strengths than larger latex particles (Litton and Olson, 1996). In addition, contrary to 

theory, attachment behavior of smaller particles appears to be more sensitive to changes 

in ionic strength than larger particles (Litton and Olson, 1996).  

Unfavorable deposition behavior has been observed for nanoparticles under 

theoretically favorable attachment conditions (e.g., where pH < PZC); this behavior has 

not been observed for microspheres (e.g. Guzman et al., 2006; Solovitch et al., 2010). 

This could be due to nanoparticles’ size being significantly smaller than the pore 

channels in these systems – i.e. the nanoparticles were thought to not come into contact 

with the surface, and therefore not be as affected by it (Guzman et al., 2006; Solovitch et 

al., 2010). 

In pore-scale images, small latex colloids were observed to be more sensitive than 

large colloids to changes in pore-water velocity, due to a decrease in preferential flow 

paths at the slower flow rates (Sirivithayapakorn and Keller, 2003). However, it is 

uncertain as to whether this effect will disappear as system scale increases. 

Particle size has also been observed to be important in detachment of colloids. 

During a two week flow interruption, 30 nm nanoparticles were observed to detach, 

whereas and 1156 nm colloids did not; the authors felt this was due to the 30 nm particles 
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being able to overcome the small secondary minima energy associated with them, 

whereas the larger secondary minima energy of the larger particles could not be 

overcome (Shen et al., 2007). In addition, smaller particles are the only ones observed to 

be mobilized by higher flow rate (e.g. Keller et al., 2004; Liu et al., 2009), most likely 

due to the above-mentioned smaller interaction energies for these particles being small in 

comparison to fluid drag force (Liu et al., 2009). 

 

Microscopic characterization of nanoparticles 

While studies such as Sirivithayapakorn and Keller (2003) and Johnson et al. (2010) have 

directly observed the transport behavior of micron-sized colloids, nanoparticle transport 

remains a challenge for direct observation due to their size range being below the abilities 

of optical imaging. Currently, imaging techniques have been mostly restricted to 

nanoparticle characterization, wherein both new methods are being developed and long-

standing methods are being adapted. 

Scanning Electron Microscopy (SEM) is perhaps the most commonly used 

nanoimaging technology. It is often used to observe the morphology of nanoparticle 

aggregates and porous media surfaces in nanoparticle transport studies (e.g. Das et al., 

1994; Elimelech et al., 2000; Ryan and Gschwend, 1994; Rodier and Dodds, 1995; 

Solovitch et al., 2010). SEM images were used to establish the importance of porous 

media surface roughness on nanoparticle retention, by allowing direct observation of 

these areas of high nanoparticle attachment (e.g. Ryan and Gschwend, 1994; Rodier and 

Dodds, 1995). Environmental SEM (ESEM) has also been important for capturing 
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images of nanoparticle aggregates in solution, allowing definitive determination of 

aggregate sizes in solution. Transmission Electron Microscopy (TEM) has also been used 

for imaging particle/agglomerate size (e.g. Lacoanet and Wiesner, 2004). TEM has a 

High Resolution (HRTEM) form with a resolved resolution of 0.08nm, indicating it may 

be useful for future for imaging of the smallest ranges of nanoparticles. 

Synchrotron-based X-ray Computed Microtomography (X-CMT) has been used 

to image pore-scale interactions of and biotic particles with porous media (e.g. Gaillard et 

al., 2009; Werth et al., 2010). X-CMT has the advantages of allowing in-situ quantifiable 

observation of particles in porous media. In addition, as multiple images of the column 

can be obtained during and after flow or solution chemistry changes, this technique 

permits quantifiable observation flow/solution chemistry effects. X-CMT images are not 

yet resolved to where nanoparticles can be directly observed; however, techniques are 

being developed to estimate colloid concentration and location in a given pore space by 

the level of fluorescence therein (e.g. Chen et al., 2008). 

Two technologies which could have impacts in the future of nanoparticle 

characterization are Fourier Transform Infrared Spectroscopy (FTIR) and Time of Flight-

Secondary Ion Mass Spectroscopy (ToF-SIMS). FTIR uses IR spectroscopy over a much 

wider spectral range than traditional dispersive IR spectrometry, with the Fourier 

transform algorithm used to convert the raw data into spectra. When coupled with an 

infrared microscope, images can be captured with detailed mass spectra. While the 

resolution of FTIR images have typically been too low to be of interest on the nanoscale, 

resolution can potentially be improved enough through use of Synchrotron-Based FTIR 
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to be useful for nanoparticle imaging. Thus far, FTIR has been mostly used for to obtain 

detailed chemical compositional information of manufactured products (Yu et al., 2004; 

Griffiths and de Hasseth, 2007). ToF-SIMS works by sputtering a surface with an ion 

beam, causing secondary ions to be ejected; the time of flight of the secondary ions is 

measured and converted to kinetic energy through which the particles are identified. 

Every pixel in a ToF-SIMS image is comprised of a full mass spectrum, with much 

higher resolution than FTIR. Currently, due to the high time of analysis and small 

measurement area, ToF-SIM has been restricted to imaging when highly detailed 

compositional data is required (Mogk, 2010). 

An emerging technology in nanoparticle transport is Atomic Force Microscopy 

(AFM) (a.k.a. scanning force microscopy, SFM). AFM works by moving a tip 

(cantilever) very close to a surface and measuring the deflection of the tip caused by 

repulsive or attractive forces associated with the surface (Kaupp, 2006). Previously used 

to image surfaces and molecules, and to measure forces between membranes and surfaces 

etc., recent studies have attempted to directly measure the forces involved between 

nanoparticles and surfaces. Fine tips have been used as “representative” nanoparticles 

(e.g. Drummond and Senden, 1994; Berdyyeva et al., 2003; Todd and Eppell, 2004; 

Drelich et al., 2006; Sokolov et al., 2006). However, these unmodified AFM tips may 

poorly represent nanoparticles, due to their simplified structure and composition (Ong 

and Sokolov, 2007). AFM tips modified with multi-micron-sized particles (Ducker et al., 

1991) have been used as “surfaces” approached to nanoparticles deposited on a substrate 

(e.g. Liu et al., 2005; Burtovyy et al., 2006) and as pseudo-biological cells (e.g. Park et 
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al., 2005). Microbial studies have grown and attached bacteria and viruses directly onto 

the AFM tip (e.g. Sheng et al., 2008; Attinti et al., 2010), with the latter being directly 

compared to transport results. It is interesting to note that the microbial studies observed 

many non-DLVO interactions that were mostly due to hydrophobicity and steric 

hindrances due to microbial surface properties and structures. Recently, nanoparticles 

themselves have been grown on and attached to AFM tips (Vakarelski and Higashitani, 

2006; Ong and Sokolov, 2007; Thio et al., 2010). Similarly to the microbial studies, non-

DLVO adhesion was observed, here potentially due “chemical effects” occurring 

between the nanoparticle and silicon surfaces (Ong and Sokolov, 2007). To directly 

compare to transport studies, methods have also been developed to measure the forces of 

nanoparticles against a real porous media surface, rather than smooth manufactured 

silicon discs or mica wafers often used for AFM measurements (Attinti et al., 2010). The 

ability to directly measure the forces occurring between nanoparticles and porous media 

will hopefully lead to better understanding of the importance of non-DLVO interactions 

in nanoparticle transport. Discovering the causes behind these non-DLVO interactions is 

an important next step, but will take careful experimental design and measurements 

. 

  

DISCUSSION AND CONCLUSIONS 

 

The divergence of experimental results from filtration theory has been suggested 

to arise from effects from surface charge heterogeneity, surface roughness, dynamics of 
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interactions, stagnation points, straining, wedging at grain-to-grain interfaces, and/or 

attachment in secondary minima. It is most likely that a combination of factors leads to 

the observed discrepancies from theory. The factors with the most evidence for their 

influence on colloid transport are attachment in secondary minima (either through these 

minima being larger than predicted or having more effect than their small size would 

indicate), surface roughness (which may also enhance attachment processes), and 

wedging at grain to grain contacts (which also may lead to attachment).  

 Overall, the most important factors of nanoparticle transport in unfavorable 

attachment conditions are the nanoparticle type, the solution chemistry (especially ionic 

strength and presence of NOM), the relative pore size/connectivity to nanoparticle size, 

and the porous media properties (e.g. surface roughness). The importance of flow rate is 

another important factor if diffusive mass-transfer attachment is the primary retention 

mechanism. 

It is apparent from the contrasting transport behaviors observed that nanoparticles 

are extremely sensitive to their environment; this renders comparisons across studies 

difficult. As behavior is highly varied, examining the specific nanoparticle of concern is 

highly important. Nanoparticle contaminant transport in general has many subjects open 

for further investigation, including the detailed quantitative analysis of 

attachment/detachment mechanisms, the importance of surface heterogeneities, effects of 

natural organic matter and co-contaminants, and nanoparticle-facilitated transport of 

contaminants. Advances in characterizing the mechanisms responsible for nanoparticle 
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retention will enhance our understanding of the impacts of environmental conditions and 

lifecycle factors on nanoparticle transport. 
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FIGURES 

 

 
Figure 1. Example typical DLVO profiles under unfavorable attachment conditions. a) 
Low ionic strength: high repulsive barrier and primary minimum only; b) Lower mid-
range ionic strength: may have small secondary minimum, potentially too small for 
attachment; c) Higher mid-range ionic strength: reduced repulsive barrier, and potential 
for primary and secondary minima attachment; d) High ionic strength (typically > 1M): 
attractive forces only 
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Figure 2 

 
Figure 2. Three typical breakthrough behaviors of nanoparticles. NRT = Non-Reactive 
Tracer (exemplifies ideal transport behavior for the system) 
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ABSTRACT 

 
Nanoparticle contaminants (particles sizes 1-100nm) are becoming more 

prevalent in the natural environment as their use for industrial and commercial 

applications increases. Engineered nanoparticles such as titanium dioxide (TiO2) enter the 

environment from various sources, including land-applied biosolids, waste-water 

effluent, and mining. Relatively little is known about their general transport behavior 

once in the environment. A series of miscible-displacement experiments was conducted 

to examine the transport of TiO2 nanoparticles in a model, sandy natural porous medium. 

The impacts of residence time (mean pore-water velocity) water chemistry (ionic 

strength), and input pulse length on retention and detachment were assessed. Morphology 

(size, aggregation) and charge (zeta potential) properties were monitored before and 

during transport. Ionic strength was most influential at higher residence times but showed 

little effect at the highest flow rate. The majority of the nanoparticles appeared to exist as 

aggregates. There was no significant difference in aggregate size for samples collected 

from the column influent and column effluent. However, the zeta potentials were less 

negative for the effluent samples. Retention was attributed to attachment associated with 

secondary DLVO minima, as well as effects associated with porous-medium surface 

roughness.  
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INTRODUCTION 

Concern regarding potential environmental impacts of nanoparticles (particles 

defined as having at least one dimension 1 - 100nm) is increasing as their use in 

consumer products, industry, and mining expands. Current environmental regulation does 

not control the disposal of nanoparticles; therefore nanoparticles have the potential to 

enter the natural environment through waste streams such as biosolids (e.g. Jaynes and 

Zartman, 2005) and wastewater effluent (e.g. Kiser et al., 2009), as well as through their 

use in industrial and resource-extraction operations (e.g. Robichaud et al., 2009). In 

addition, nanoparticles have the apparent ability to co-transport other contaminants in the 

environment (e.g., Sun et al., 2007; Zhang et al., 2007). It is therefore important to 

understand the transport and fate of nanoparticles in subsurface systems. 

The mechanisms mediating nanoparticle transport in porous media have been 

extensively examined using nano-sized polystyrene latex particles (e.g., Litton and Olson, 

1996; Elimelech and O’Melia 1990a; 1990b; Rodier and Dodds, 1993; 1995; 

Kretzschmar et al., 1997; Huber et al., 2000; Bradford et al., 2002; Franchi and O’Melia, 

2003; Sirivithayapakorn and Keller, 2003a; 2003b; Hahn et al., 2004; Tufenkji and 

Elimelech, 2005; Xu et al., 2006; Shen et al., 2007; Pelley and Tufenkji, 2008; Johnson et 

al., 2010; Long et al., 2010). Conversely, fewer studies have focused on specific 

engineered nanoparticles commonly found in waste streams. Of these, TiO2 nanoparticles 

have been a primary focus of attention, partially due to evidence of their toxicity to mice, 

rats, aquatic organisms, and human cells (e.g., Rader et al., 1999; Hund-Rinke and 

Simon, 2006; Wiesner et al., 2006; Warheit et al., 2007; Battin et al., 2009; Brunet et al., 
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2009; Liu et al., 2009; Madl and Pinkerton, 2009; Strigal et al., 2009). Thus far, studies 

examining TiO2 transport have provided insight into the influence of factors such as 

aqueous geochemistry (pH, ionic strength) and flow rate on retention behavior (Saiers et 

al., 1994; Lacoanet et al., 2004; Lecoanet and Wiesner, 2004; Guzman et al., 2006; Chen 

et al., 2008; Choy et al., 2008; Fang et al., 2009; Solovitch et al., 2010; Chen et al., 2011; 

Godinez and Darnault, 2011). However, these studies have focused primarily on 

attachment behavior at high ionic strengths and pore-water velocities, with minimal 

examination of lower ionic strengths and flow rates more representative of typical 

subsurface conditions. In addition, most studies of nanoparticle transport are conducted 

using small input functions, and thus do not evaluate the impacts of longer-term input 

such as associated with primary environmental sources (e.g., waste streams). 

The objective of this study is to examine transport behavior and attachment 

mechanisms of TiO2 as a model nanoparticle. The impact of water chemistry and 

residence time on attachment and detachment are examined, in addition to effects of 

long-term input pulses. Moreover, methods are employed to specifically characterize the 

morphology and surface charge of the particles during transport. 

 

MATERIALS AND METHODS 

Materials 

 Miscible-displacement experiments were conducted using acrylic columns (Soil 

Measurement Systems (SMS)), 2.58-cm internal diameter and 5.08-cm length, fitted with 

polyethylene frits (thickness: 32 mm, porosity: 15-45 um, POR-4898, Interstate Specialty 
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Products, MA) to retain the porous media. A well-sorted commercially available silica 

sand was used as the model natural porous medium (20/30 Accusand, UNIMIN Corp, 

Ottawa Plant, MN, median grain diameter of 0.677 mm). Reagent grade 

pentafluorobenzoic acid (PFBA, Oakwood Products Inc., SC) was used as a non-reactive 

tracer. Commercial TiO2 nanoparticles (MKnano, Ontario, 99%) with rutile crystalline 

structure and a nominal particle size of 50 nm were used as the representative 

nanoparticle. The particles were in solid powder form with no surface coating or 

treatment. An aqueous solution prepared with double-distilled water containing a 

phosphate buffer (pH 8) prepared from KH2PO4 and K2HPO4 (Baker Analyzed Reagents) 

was used for all experiments. 

 

Methods 

 
 The sand was prepared by subjecting it to multiple sequences of sonication 

followed by rinsing with deionized water and then double-distilled water, until the eluent 

had less than a 0.02 absorbance at a wavelength of 204 nm as measured by UV-visible 

spectrophotometry (Shimadzu UV-1601). The columns were packed with the sand to 

bulk densities of approximately 1.7 g/cm3 (see Table 2), saturated using de-aired, double-

distilled water, and then flushed with approximately 60 pore volumes of pH 8 phosphate–

buffered solution. Zeta potential of the sand in the buffer solutions was measured by 

Laser Doppler Micro-electrophoresis (LDME) (Malvern Zetasizer Nano ZS). TiO2 

suspensions were prepared at concentrations of 100 mg/L using the same buffered 

solution at varying ionic strengths. At this pH, both the sand and the TiO2 nanoparticles 
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are net-negatively charged (TiO2 pHpzc = 5.9 (Kosmulski, 2002)), creating unfavorable 

attachment conditions.   

 For this study, a “stable” TiO2 nanoparticle suspension was defined as a 

suspension that did not decrease by more than 15% in absorbance (measured by UV-

visible spectrophotometry) over a time period equivalent to the duration of a tracer test. 

Phosphate buffer at pH 8 was used to promote stability. There was minimal change in 

absorbance over the first several hours, and a 14% reduction after 14 hours. 

 A piston pump (Fluid Metering Company, pump model Q1 CSC-W QG6), 

connected to the column with plastic tubing (Fluid Metering Company, Small Bore 

Tubing Kit Q661A: OD 1/16”), was used to inject the TiO2 suspensions into the bottom 

of the vertically-positioned column. Pore-water velocities of 0.1 and 0.3 cm/min were 

used to simulate typical groundwater flow rates. In addition, a syringe pump (Thermo 

Electron Corp., Orion M365 Sage Syringe Pump) was used to conduct experiments at a 

greater pore-water velocity (6.4 cm/min), similar to those used in previous studies 

employing titanium nanoparticles. Once steady concentrations were attained, 

nanoparticle-free buffer solution was injected using the same flow rate and ionic strength 

as employed for nanoparticle-solution injection. Flow-interruption experiments were 

conducted during the initial breakthrough to investigate possible rate-limited attachment 

behavior, and during elution to examine possible rate-limited detachment. To evaluate 

potential retention mechanisms, water with essentially zero ionic strength (maintained at 

pH 8 by addition of minute amount of buffer) was injected during the elution phase for 

selected experiments. Effluent samples (3 mL) were collected using a fraction collector 
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(Pharmacia, LKB-RediFrac). TiO2 concentrations in the effluent samples were measured 

with UV-visible spectrophotometry at a wavelength of 290 nm. 

 Prior to each TiO2 experiment, a tracer test was conducted using a non-reactive 

tracer to characterize the hydrodynamic properties of the packed columns. PFBA 

solutions of concentrations between 150-200mg/L were injected into the column at the 

same flow rate and using the same pump as the subsequent TiO2 experiments. The 

samples were analyzed by UV-visible spectrophotometry at a wavelength of 262nm. 

 

 

Particle Analysis 

 The morphology of the TiO2 nanoparticles in the influent and effluent solutions 

was investigated by Scanning Electron Microscopy (SEM) (Hitachi S-4800 Type II). 

Drops of influent and effluent samples (~50uL each) were spotted onto doped silicon 

wafers freshly prepared by glow discharge. The samples were then dried under a low 

vacuum, blown with pure nitrogen gas to remove loose particles, and sputtered with 

approximately 5nm of platinum to conduct charge. Representative images of the TiO2 

nanoparticle aggregates within the samples were captured with optic settings of -5kv, 

condenser lens 8, current 10, and probe set to high mode.  

The morphology of the particles in the influent and effluent solutions was also 

examined using Nanoparticle Tracking Analysis (NTA) (Nanosight, L10). For this 

method, a sample of nanoparticle suspension was placed on a glass plate, through which a 

flattened laser beam was directed. A digital video camera was used to capture real-time 
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images of individual nanoparticles within the sample. The image data were processed to 

characterize the Brownian movement of the particles, from which the particle sizes were 

determined through application of the Stokes-Einstein equation. The data for a large 

number of particles was then tabulated to develop a particle-size distribution for the 

sample. An advantage of this method is the ability to characterize morphology under 

natural, aqueous-environment conditions. 

 Samples of the TiO2 nanoparticle suspension from the influent (reservoir) and the 

effluent were analyzed for particle size, zeta potential, and electrical conductivity using 

Dynamic Light Scattering (DLS) and Laser Doppler Micro-electrophoresis (LDME) 

(Malvern Zetasizer Nano ZS). The influent was sampled at intervals over the entire 

course of the column experiment duration to determine if conditions in the reservoir 

changed over time. The effluent was sampled during the plateau region of the 

breakthrough curve to examine potential changes in particle size or surface charge after 

transport through the porous medium. 

 

Data Analysis 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) (Derjaguin and Landau, 1941; 

Verwey and Overbeek, 1948) interaction energies between the particles and the soil 

surface were calculated by (e.g., Chen et al., 2011) 

!\]\(^ �  56�678�9:�; - :<;= _ ;`�`a
@`�Tb`aT AB +.bcde@2f*I
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where ε0 is the permittivity of a vacuum, εr is the relative dielectric constant the medium, 

ap is the radius of the nanoparticle aggregate, ξp and ξc are the electrical potentials of the 

nanoparticles and the sand, respectively (estimated by the zeta potentials), D is the 

separation distance, ANS is the Hamaker constant of the TiO2 nanoparticle-water-sand 

system (4.5 X 10-20 J), λ is the characteristic wavelength of interaction (taken to be 

100nm (Chen et al., 2011), and κ is the inverse Debye length, which was calculated by 

      G � O∑ Q�RSTU�T
V�VWXY�    (2) 

where ρi∞ is the ion density in the bulk solution, e is the electron charge, z is valence of 

ions in the bulk solution, kB is the Boltzmann constant, and T is the absolute temperature 

of the system (Chen et al., 2011). 

The transport of nanoparticles in porous media is typically described with the 

advection-dispersion equation modified with a first-order colloid attachment term, k. 

Under conditions of minimal dispersive flux, a steady-state solution for the transport 

equations is obtained as: 

��� � �ln ���
��       (3) 

where tp is mean residence time of particles in the column, and Cp/C0 is the ratio of 

breakthrough curve plateau concentration to influent concentration. Values for k were 

determined by applying equation 3 to the measured data to examine the steady-state 

transport behavior. This approach is based on several simplifying assumptions that may 

not be valid for many systems, including the one used herein. However, as this approach 
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is the most common one employed, it is used to provide results consistent with those 

reported in the literature. 

 Attachment efficiency was calculated using both the Rajagopalan and Tien (1976) 

(RT) and the Tufenkji and Elimelech (2004b) (TE) models. The RT model is given by  
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where ηD, ηI, and ηG indicate removal by diffusion, interception, and gravitational 

sedimentation, respectively, expressed as a function of several dimensionless numbers: 

the Peclet number NPe, the interception number NR (or aspect ratio), the gravitation 

number NG, and the London group NLo as defined by the equations above. In addition, 

Dp, the particle diffusion coefficient, is calculated by the Stokes-Einstein equation, while 

the dimensionless number AS is a function of porosity. The parameters are defined as: k 

is Boltzmann constant, T is fluid absolute temperature, µ is fluid viscosity, dp is particle 

diameter, dc is collector diameter, ν is fluid approach velocity, A is Hamaker constant, ρp 

is particle density, ρf is fluid density, and g is gravitational constant. The TE model is 

given by 

1/3 0.081 0.715 0.052 1.675 0.125 0.24 1.11 0.0532.4 0.55 0.22D I G s R Pe vdW s R A R G vdWA N N N A N N N N Nη η η η − − − − −= + + = + +  (8) 



135 
 

where dimensionless numbers NPe, NR, and NG, are the same as defined above in the RT 

model. Additional terms, NvdW (van der Waals number) and NA (attraction number), are 

defined as 

212

vdW
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p
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kT
A

N
aπµ υ

=

=
 (9, 10)

 

where ap is particle radius. Parameters used can be found in Table 3. 

 Moment analysis of the breakthrough curves was performed to ascertain the mass 

recovery, by 

             �� � � �
�� ��

      (11)
 

      % ������� � ��
������      (12) 

where M0 is the non-dimensional first moment or mass recovered, C/C0 is relative 

concentration, and T is pore volume or non-dimensional time. 

 

RESULTS 

Nanoparticle characterization 

Morphology. Inspection of the SEM images indicates that the individual (singular) TiO2 

particles are primarily tubular, with average diameters of approximately 50 nm (Figure 

1). The images indicate that a large fraction of the nanoparticles occur as aggregates, 

comprised of several individual particles. While the drying step used in sample 

preparation may have contributed to aggregate formation, the results from DLS and NTA 
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analyses indicate that aggregates also were present in aqueous solutions. The effective 

diameters of the TiO2 particles ranged from approximately 30 to 550 nm, with a mean of 

180 nm, as measured by NTA (Figure 2). The effective diameters as measured by the 

DLS ranged from approximately 57 nm to just over 1 μm, with an average diameter of all 

samples of 393 nm. This range in diameters indicates that most of the particles in solution 

exist as aggregates, consistent with the SEM results (Figure 1). There is a slight trend of 

larger particle sizes at higher ionic strengths (Figure 3), as expected qualitatively from 

DLVO theory. 

 

Zeta potential. Zeta potential measurements of the sand and the nanoparticles are shown 

in Table 1. The zeta potential of the sand agrees well with reported zeta potentials for 

similar sands under similar aqueous chemistry conditions (e.g. Solovitch et al., 2010; 

Chen et al., 2011). Zeta potential for the TiO2 nanoparticles also agreed well with 

reported values (e.g. Solovitch et al., 2010; Chen et al., 2011) 

 

TiO 2 Transport  

 

General behavior. Representative breakthrough curves for the non-reactive tracer PFBA 

and for TiO2 are presented in Figure 4. The PFBA breakthrough curves are sharp and 

symmetrical, indicating ideal hydrodynamic transport conditions. The recoveries for the 

non-reactive tracer ranged from 98.5% to 106%, indicating essentially complete 

recovery. In contrast, recoveries for the nanoparticles were significantly less than 100% 
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for all experiments before any disturbances to the system occurred (i.e. lowering of ionic 

strength or flow-interruption tests) (Table 2), indicating retention of the nanoparticles 

occurred within the column. 

In general, the transport behavior of the TiO2 nanoparticles comprised initial 

breakthrough at approximately one pore volume, followed by a steady-state stage 

wherein effluent concentrations remained below the influent concentration for an 

extended time (Figure 4). This behavior is similar to that which has been previously 

reported for TiO2 nanoparticles and other colloids (e.g., Bradford et al., 2002, Brusseau et 

al., 2005; Lacoanet and Weisner, 2004; Lacoanet et al., 2004; Guzman et al., 2006; Shen 

et al., 2007; Fang et al. 2009, Long et al., 2010; Solovitch et al., 2010; Chen et al., 2011). 

The magnitude of the plateau, and the number of pore volumes required to attain the 

plateau, were dependent upon pore-water velocity (residence time) and ionic strength, as 

would be expected. 

 

Results of continuous-pulse input. Maintaining a long-term, continuous input pulse 

caused breakthrough to obtain an eventual constant plateau. This constant plateau was 

reached after the gradual increase of the breakthrough as observed for shorter input 

pulses for TiO2 nanoparticles in other studies (Lacoanet and Weisner, 2004; Lacoanet et 

al., 2004; Guzman et al., 2006; Fang et al., 2009; Solovitch et al., 2010). The final plateau 

for TiO2 nanoparticles varied depending mostly on ionic strength. The number of pore 

volumes required to attain this final plateau depended primarily on flow rate. An 

approximate 20 fold increase in flow rate caused breakthrough to attain a different 
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plateau value (Figure 4); this transport behavior is typically observed for TiO2 

nanoparticles (Lacoanet and Weisner, 2004), but is not seen for other nanomaterials such 

as silica (Lacoanet and Weisner, 2004).  

 

Water chemistry and flow rate. The influence of pore-water velocity and ionic strength on 

retention was investigated by conducting experiments at three pore-water velocities and 

four ionic strengths (see Figure 4 and Table 2). For an ionic strength of 3 mM, the 

recovery was significantly larger for the experiment conducted with the fastest pore-

water velocity compared to those for the two lower-velocity experiments. Similar results 

were reported for faster flow rates by Lecoanet and Wiesner, 2004, and Godinez and 

Darnault, 2011. Conversely, for an ionic strength of 3 mM, changes in pore-water 

velocity (60-fold) had minimal impact on transport behavior and recoveries. Comparing 

recoveries for experiments conducted at different ionic strengths and similar pore-water 

velocities reveals that recovery varied inversely with ionic strength (Table 2) for the 

experiments conducted at the two lower pore-water velocities, but not for those 

conducted at the fastest pore-water velocity. There was minimal change in breakthrough 

behavior between the two slowest pore-water velocities at the same ionic strength. At 

these lower flow rates, changing pore-water velocity only slightly modified the shape of 

the breakthrough curve, but did not affect the final plateau value.  

 

Detachment. In general, the elution curves exhibited sharply declining relative 

concentrations from plateau values (Figure 4), indicating relatively minimal detachment 
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when the system was not perturbed by changes in flow rate or ionic strength. Recovery 

increased as a result of the flow interruption conducted during elution (Figure 5), 

indicating enhanced detachment. The percentage particles mobilized during the 

approximately 20 hour flow-interruptions comprised only 2.3 and 2.4% of the retained 

particles for ionic strengths of 3 and 0.3 mM, respectively, but represented approximately 

a one log rebound in concentration in the effluent. Similar results were observed for the 

experiments wherein essentially zero ionic strength water was injected during elution 

(Figure 6). The highest rebound in concentration observed herein corresponded to 

approximately 13% of the previously retained particles being released. As reported for 

larger colloids (McDowell-Boyer, 1992), detachment was affected by flow rate; at the 

ionic strength of 3 mM, the 0.1 cm/min pore water velocity resulted in the detachment of 

8.4% of the previously attached particles, whereas the 0.3 cm/min pore water velocity 

caused only 6.5% to detach. The initial ionic strength conditions were an important factor 

in the detachment, with higher fractions of detachment observed for larger differences in 

ionic strength between the initial and detachment conditions. Similar results for nano-

sized latex colloids were reported by Shen et al. (2007). The detachment for the 10 and 

30 mM ionic strength conditions was calculated to be 135% and 176%, respectively, of 

retained particles (Table 2 and Figure 6b). As true mass recovery could obviously not be 

in excess of 100%, these apparent “additional” TiO2 nanoparticles in solution were most 

likely due to dispersal of nanoparticle aggregates. UV-vis spectrometer used to measure 

effluent concentrations detected increasing absorbance as more individual particles were 

in solution; this translated as increased concentrations. The dispersal of the TiO2 



140 
 

nanoparticle aggregates may not have occurred during the detachment under the other 

ionic strengths, but it cannot be ruled out. 

 

Attachment rate coefficients and attachment efficiency. Attachment rate coefficients (k) 

ranged from 0.24 hr-1 for the lowest pore-water velocity to 12 hr-1 for the highest pore-

water velocity. The k values were larger for higher ionic strengths (see Table 2 and 

Figures 7-8). The k values obtained herein are within the range of values (0.4 to 27 hr-1) 

previously reported for TiO2 nanoparticle transport (e.g., Saiers et al., 1994; Guzman et 

al., 2006). 

Attachment efficiencies (α) were calculated for comparison with previously 

reported studies. Values of α were all less than 1, as expected from the unfavorable 

attachment experiment conditions. The effect of ionic strength on the attachment 

efficiency is shown in Figure 9. For an ideal case, the attachment efficiency increases 

linearly with increasing IS, reaching a plateau of unity (α=1) when IS passes a threshold 

value termed the critical deposition concentration. The critical deposition concentration is 

the electrolyte concentration corresponding to the transition from unfavorable to 

favorable deposition (Elimelech et al., 1995). Attachment efficiency was observed to 

increase linearly with an increase in the ionic strength, consistent with the ideal case. This 

is caused by the decreased range and magnitude of repulsive double layer interactions 

and consequently the height of the energy barrier as IS increases.  

α was found to be dependent not only on IS but also on flow rate (Figure 9–10). 

Experiments with higher flow rate have higher α values. Such dependence of attachment 
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efficiency on flow velocity is not consistent with classic filtration theory. The critical 

deposition concentrations also increase with a decrease in flow rate. The critical 

deposition concentration is the electrolyte concentration corresponding to the transition 

from unfavourable to favourable deposition (i.e. the bend in the stability curves). Similar 

slopes were observed for the low and medium flow rates but a smaller slope was 

observed for the high flow rate. The velocity dependency of attachment efficiency may 

reflect the inadequacy of the TE model to predict η0 at submicron size and/or at low 

(close to natural groundwater) flow rate (Nelson and Ginn, 2011). Nelson and Ginn 

(2011) claim that their new equation for collector efficiency calculation works better than 

other models at nanoparticle size and at low flow rate. Their method should be tried out 

later for our data. 

 

DISCUSSION 

Nanoparticle Characterization 

Higher electrolyte concentrations caused more negative nanoparticle zeta 

potentials (Table 1), contrary to expectations of higher electrolyte concentrations 

suppressing the diffuse double layer, which should cause the zeta potential to be closer to 

zero. Similar data for latex colloids was shown for low ionic strengths in Elimelech and 

O’Melia (1990a). One possible explanation could stem from aggregates’ larger sizes 

higher electrolyte concentrations leading to an increase in the surface charge per 

aggregate, creating a larger diffuse layer and increasing the measurement of the zeta 

potential. 
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The zeta potential of the nanoparticles after transport through the column was 

noted to significantly increase (i.e. become less negative), indicating a possible change in 

surface chemistry of the nanoparticles due to interactions within the column (Figure 11). 

As far as these authors are aware, such modification has not been previously reported. It 

is possible that ions associated with the media adsorbed to the nanoparticle colloid 

surfaces, causing this reduction in zeta potential.  

 

Transport behavior 

The breakthrough curves for the experiments conducted with the lowest ionic 

strength (0.3 mM) and the fastest pore-water velocity exhibited sharp (essentially 

vertical) arrival waves. Conversely, a delayed approach to the final steady-state 

concentration (i.e., a “shoulder”) was observed for the experiments conducted at the 

slower pore-water velocities and higher ionic strengths (Figure 4). This latter behavior 

may be the result of the blocking effect, wherein the particles deposited initially influence 

the transport and deposition of subsequent particles.  Once a breakthrough curve plateau 

was attained, the plateau values were observed to remain constant for the duration of the 

input pulse even at higher ionic strengths, in contrast to prior results (Solovitch et al., 

2010; Godinez and Darnault, 2011). Even after 20-25 pore volumes of continuous 

injection, little variation was seen in the plateau value, indicating that in the experiments 

herein no ripening or further blocking behavior occurred. This observation supports the 

assumption that the relative concentration at the plateau is a constant value for the 

calculation of the α and k parameters. 
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Nanoparticle recovery was greater for the highest pore-water velocity experiment 

compared to the two lower-velocity experiments at the ionic strength of 3 mM (Figure 4, 

Table 2). This is likely due to residence time effects. The minimal impact of pore-water 

velocity at the ionic strength of 0.3 mM (Figure 4) is likely due to the low amount of 

retention observed for this ionic strength. Similarly, low particle retention could explain 

the lack of ionic strength effects at the fastest pore-water velocities (Figure 4). 

The similar breakthrough behavior of the two slowest pore-water velocities, along 

with the high dependence of retention on ionic strength at these two pore-water 

velocities, may indicate that at slow flow rates, attachment mechanisms largely outweigh 

the importance of hydrodynamic forces. It is likely that a threshold flow rate exists at 

which hydrodynamics outweighs attractive/repulsive forces, as suggested by the high 

recovery observed at the highest flow rate. The results found herein also oppose the idea 

that particles are removed by hydrodynamic forces, as if this were the case, the higher 

flow rate rather than the lower would be expected to remove the larger quantity of 

particles (Table 2).  

 

Attachment mechanisms 

As noted above, the zeta potentials for both the nanoparticles and the sand are 

negative, which produces unfavorable attachment conditions.  Several mechanisms have 

been proposed to explain colloid retention under unfavorable conditions, including 

straining, capture at phase interfaces (e.g., grain-grain contacts), attachment at locally-

favorable microdomains associated with geochemical surface heterogeneity or surface 
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roughness, and attachment in attractive secondary minima. The relative significance of 

these mechanisms for the experimental conditions used herein is evaluated in the 

following section. 

 

Straining and capture at grain:grain contacts. The results of mathematical modeling and 

transport experiments suggest that straining may occur when the ratio of the colloid 

particle diameter to mean grain diameter (dp/d50) is greater than 0.002 (e.g., Bradford et 

al., 2002; Li et al., 2004; Xu et al. 2006; Johnson et al., 2010). For these experiments, 

dp/d50 ranged from 0.00004 to 0.0006, suggesting that straining was minimal. This is 

consistent with the observation that mean nanoparticle aggregate diameters were similar 

for samples collected from the column influent and effluent (as measured by DLS, Figure 

3). If straining was a factor, it would be expected that larger aggregates would be 

preferentially removed, resulting in smaller mean diameters in the effluent as compared 

to the influent. Similarly, it is anticipated that capture at grain:grain contacts is relatively 

insignificant for this system, based on the results reported in prior research (Johnson et 

al., 2010).  

 

Retention in minima. The physicochemical forces that govern colloidal attachment to 

surfaces are attractive van der Waals and repulsive electrical double layer forces, as 

described by DLVO theory. A typical colloid DLVO energy profile when attachment 

conditions are unfavorable consists of a large attractive primary minimum, a repulsive 

energy barrier, and potentially a small secondary attractive minimum (e.g., Litton and 
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Olson, 1996; Tufenkji and Elimelech, 2004a 2005; Shen et al, 2007; Pelley and Tufenkji, 

2008). Attachment/detachment associated with these attractive minima is thought to be 

governed by diffusive mass-transfer processes.  

The DLVO calculations indicate the presence of a large repulsive barrier 

(approximately 300-500 kT) for all ionic strengths examined herein (Figure 12). With 

this prediction of large repulsive barriers, it would be expected that attachment in a 

primary minimum would be negligible. Secondary minima were predicted to exist for the 

3 and 30 mM ionic strength experiments, with the largest minimum energy comprised of 

approximately 30 kT (Figure 12). This energy well, being larger than the energy of a 

particle from Brownian motion, is expected to provide significant retention. The 

calculated values are of course subject to uncertainty associated with the validity of the 

underlying assumptions employed. 

The results of the transport experiments suggest that there was significant 

retention by secondary minima. Detachment of TiO2 nanoparticles was observed after 

lowering ionic strength during elution. A significant reduction in ionic strength reduces 

or eliminates the secondary minimum, as illustrated in Figure 12. Thus, the observed 

release of particles suggests that attachment at a secondary minimum contributed to 

retention. Furthermore, detachment was observed to be rate-limited (Figure 5), which is 

most commonly ascribed to diffusive mass-transfer processes associated with the 

secondary minimum (e.g. Shen et al., 2007). Simultaneous deposition into primary and 

secondary minima has been theorized and modeled (e.g. Frenchi and O’Melia, 2003; 

Hahn and O’Melia, 2004; Shen et al., 2007), indicating the rate-limited deposition could 
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comprise a “faster” attachment step into the secondary minimum, and a “slower” step 

into the primary minimum.  

 

Favorable attachment microdomains. One type of favorable attachment microdomain is 

associated with geochemical variability of surface properties, leading to surface-charge 

heterogeneity in which the microdomain has an opposite charge to that of the main 

surface. Such domains can be caused by metal oxides or sorbed clays/organic matter. It 

has been reported that even a relatively low percentage of favorable attachment 

microdomains can dominate transport behavior (Johnson et al., 1996).  

 The total Fe, Mn, and Al oxide content for the sand was measured to be less than 

30 µg/g (Santamaria et al., 2012). In addition, the organic carbon content is low 

(~0.04%). Thus, while the presence of geochemically favorable microdomains cannot be 

completely ruled out, their relative impact is anticipated to be small. 

 Surface roughness is another source of locally favorable microdomains. Porous-

media surface roughness has been shown to enhance colloid retention by two means, 

localized reductions in electrostatic energy barriers and the development of low-velocity 

microdomains (e.g., Bhattacharjee et al., 1998; Shellenberger and Logan, 2002). SEM 

imaging of the sand indicates a relatively high degree of surface roughness (Figure 13), 

indicating that this is a possible factor in attachment of the TiO2 nanoparticles. 
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CONCLUSIONS 

The retention and transport of TiO2 nanoparticles in a sandy porous medium was 

examined for long-term input and a range of pore-water velocities and ionic strengths. 

Retention was observed under all conditions tested. Ionic strength was most influential at 

slower pore-water velocities, with retention being proportional to ionic strength as 

qualitatively predicted by DLVO theory. However, ionic strength had minimal effect at 

the fastest pore-water velocity, likely due to residence time being insufficient for 

significant attachment to occur. Retention due to straining was deemed to be minimal 

given the relative sizes of the sand grains and the nanoparticles. The primary mechanism 

of retention most likely involves surface roughness and attachment via association with 

secondary DLVO energy minima. Detachment was observed, and was enhanced by 

changes in extant conditions (decreases in ionic strength or flow rate). Attachment and 

detachment were observed to be rate-limited, most likely due to diffusive-mass transfer 

associated with the attractive minima. Modification of the surface properties of the 

nanoparticles after transport through the column was observed, possibly resulting from 

association with naturally occurring surface ions within the porous medium. The results 

reported herein indicate that natural porous media may have higher than expected 

retention of nanoparticles due to heterogeneities such as surface roughness, and that 

nanoparticles can be modified upon transport through the porous media. 
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TABLES 
 
Table 1. Zeta potential 
 

 
Ionic 
Strength 

Mean Zeta 
Potential St dev 

 [M] [mV] [mV] 
Accusand 0.3 -54.4 7.9 
  3 -62.0 9.3 
  30 -62.8 8.9 
TiO2 0.3 -42.1 6.3 
  3 -48.5 5.4 
  30 -54.2 10 
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Table 2. Mean Experiment Conditions and Results 
 

 
 

 

Measured 

pwv 

 

Ionic 

strength 

 

pH 

 

Bulk 

density 

 

Porosity 

Pore 

volume 

 

C/C0 

plateau 

 

Residence 

time 

 

k 

 

% 

Recovery 

% attached 

particles 

mobilized 

α 

 Number of 

experiments RT 

model 
TE model 

[cm/min] [mM] [-] [g/cm^3] [-] [ml] [cm/min] [min] [hr^-1] [-] [-] [-] [-] [-] 

6.4 3 8.0 1.70 0.36 9.56 0.84 0.80 0.212 85% n/a 1.16 1.67 2 

6.7 0.3 8.0 1.71 0.36 9.42 0.87 0.75 0.177 88% n/a 1.29 0.90 1 

0.3 30 8.1 1.65 0.38 9.99 0.51 16.00 0.042 38% 176% 0.71 0.55 1 

0.3 10 8.1 1.66 0.37 9.90 0.64 17.49 0.027 54% 135% 0.44 0.34 1 

0.3 3.6† 8.0 1.70 0.36 9.50 0.69 16.07 0.023 59% 
6.5%, 

2.3%‡ 
0.33 0.25 

4 

0.3 0.3 8.0 1.70 0.36 9.52 0.81 15.96 0.014 77% 
1.1%, 

2.4%‡ 
0.21 0.16 

5 

0.1 3.5† 7.9 1.74 0.34 9.15 0.70 45.52 0.008 66% 8.4% 0.14 0.10 3 

0.1 0.3 8.0 1.69 0.36 9.64 0.81 46.69 0.004 84% 13% 0.08 0.06 5 

 
k = attachment rate coefficient 
α = attachment efficiency coefficient  
 
† Ionic strengh after averaging numorous experiments; most data in the data sets at 3 mM, and so is refered to as that throughout the 
paper for simplicity. 
‡ Second number in “% attached particles mobilzed” from flow interruption. All other numbers from lowering ionic strength
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Table 3. Parameters for attachment efficiency calculations 

 
 
 
 
 
 
 
 
 
 
 
 

* Other parameters such as porosity and fluid approach velocity varied for different tests 
 
 
  

Parameters* Values Units 
dp= 3.89E-07 m 
dc= 7.24E-04 m 
ρf= 1000 Kg/m3 
ρp= 4320 kg/m3 
T= 293.15 K 

µ= 1.00E-03 N ·s/m2 
k= 1.38E-23 m2 kg s-2 K-1 
g= 9.8 m/s2 
A= 4.5E-20 J 
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FIGURES 
 

 

 
Figure 1: Scanning Electron Microscope (SEM) images of TiO2 aggregates. a-b, typical 
size range observed in influent sample. c-d, typical size range observed in effluent 
sample.  
 
  

a b 

d c 
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Figure 2: Particle size distribution of TiO2 nanoparticle aggregates as measured by Nano 
Tracking Analysis before entering the column and after exiting the column (courtesy of 
NanoSight Limited). 
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Figure 3: Average aggregate sizes of TiO2 nanoparticles before and after the column at 
three ionic strengths as measured by DLS. 
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Figure 4 

 
Figure 4: TiO2 nanoparticle transport behavior. Comparison of three flow rates (v = 
6.4cm/min, 0.3cm/min, and 0.1cm/min) at two ionic strengths (3 and 0.3 mM).  
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Figure 5:  a) Flow interruption test (v=0.3cm/min, I= 3 mM). Flow interruption durations: 
First, approximately 5 minutes; second, 16.5 hours; third (during elution), 20.5 hours. b) 
Flow interruption during elution for two ionic strengths. Pore volumes normalized so the 
flow interruption occurs at x axis = 0 
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Figure 6 

 

 
Figure 6: Impact of change in ionic strength during elution. a) Low initial ionic strength, 
for two flow rates; b) high initial ionic strength, pore-water velocity = 0.3 cm/min 
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Figure 7: Values for the attachment rate coefficient (k) as a function of ionic strength. 
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Figure 8: Values for the attachment rate coefficient (k) as a function of pore-water 
velocity. 
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Figure 9: Stability plot for TiO2 transport in porous media under three different velocities. 
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Figure 10: Dependence of attachment efficiency on fluid velocity. 
  

0.01 

0.10 

1.00 

0.000001 0.00001 0.0001 0.001 0.01

A
tt

a
ch

m
e

n
t 

E
ff

ic
ie

n
cy

Darcy Flux(m/s)

6.4 cm/min

0.3 cm/min

0.1 cm/min



167 
 

 
Figure 11: Zeta potential of nanoparticles from before to after the column and at three 
ionic strengths  
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Figure 12: The calculated total DLVO interaction energy (EDL + van der Waals) 
between TiO2 nanoparticle aggregate and porous media surface, for three ionic strengths 
(inset: the depth of the secondary minima apparent at the two highest ionic strengths) 
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Figure 13: SEM of porous media surface 
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ABSTRACT 

Manufactured nanoparticles are used in many consumer products and industries, 

and are known to be entering our waste streams. Transport of nanoparticles in porous 

media has been studied extensively; however the forces governing the interactions 

between nanoparticles and natural porous media surfaces are little understood. To further 

examine the retention mechanisms and forces involved in nanoparticle transport, 

miscible-miscible transport experiments were performed, followed by force profile 

measurements by Atomic Force Microscopy (AFM) between the same nanoparticles and 

porous media in the same solution chemistries. TiO2 nanoparticles were used as the 

model nanoparticle, with silica sand as the model natural porous medium. Solution 

chemistries were varied from pH 4.5 (favorable attachment) to 8 (unfavorable 

attachment), and 0.0015 – 30 mM ionic strength. Detachment transport experiments were 

performed for the unfavorable attachment conditions to determine if secondary minima 

attachment was present. DLVO calculations were performed to evaluate their predictive 

ability for force profiles under the experimental conditions. Mass recoveries for the 

transport experiments ranged from 28-80%. Detachment was observed, indicating the 

presence of secondary minima. Large adhesive forces were measured by AFM and were 

affected by solution chemistry. Force profiles were highly variable, especially under 

unfavorable attachment conditions. Secondary minima were observed, even at 0.0015 

mM ionic strength. DLVO theory largely under-predicted attractive and repulsive forces, 

and the range over which they were influential; however some predictions were 

qualitatively accurate. Variability in the force profile and potential conformational 
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changes of nanoparticle aggregates were postulated to be influential in nanoparticle 

transport.  
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INTRODUCTION 

 The use of nanoparticles in manufacturing, mining, and consumer products 

continues to increase. While the institution of regulation has been discussed (EPA, 2011) 

as yet there are no laws controlling the disposal of nanoparticles. Studies have shown that 

nanoparticles are present in our waste streams and are entering the environment (e.g. 

Jaynes and Zartman, 2005; Kiser et al., 2009; Robichaud et al., 2009). It is therefore 

vitally important to understand nanoparticle fate and transport.  

 Transport of nanoparticles in porous media has been extensively studied, looking 

both at favorable attachment (where the collector and the particle have opposite charges) 

and unfavorable attachment (where the collector and particle have opposite charges) 

conditions (e.g. Bowen and Epstein, 1979; Saiers et al., 1994; Litton and Olson, 1996; 

Elimelech and O’Melia 1990; Rodier and Dodds, 1993; 1995; Elimelech, 1994; 

Kretzschmar et al., 1997; Huber et al., 2000; Bradford et al., 2002; Franchi and O’Melia, 

2003; Sirivithayapakorn and Keller, 2003a; 2003b; Hahn et al., 2004; Lacoanet et al., 

2004; Lecoanet and Wiesner, 2004; Li et al., 2004; Tufenkji and Elimelech, 2004; 2005; 

Guzman et al., 2006; Xu et al., 2006; Shen et al., 2007; Chen et al., 2008; Choy et al., 

2008; Fang et al., 2009; Pelley and Tufenkji, 2008; Johnson et al., 2010; Long et al., 

2010; Solovitch et al., 2010; Chen et al., 2011; Godinez and Darnault, 2011). While 

classic filtration theory and current understanding of DLVO interactions describe 

favorable attachment well (e.g. Bowen and Epstein, 1979; Saiers et al., 1994, Elimelech, 

1994; Li et al., 2004; Tufenkji and Elimelech, 2004), discrepancies between theory and 

measurements abound in literature for unfavorable conditions (e.g. Bowen and Epstein, 
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1979; Elimelech, 1990; Litton and Olson, 1996; Grolimund et al., 2001; Bradford et al., 

2002; Hahn and O’Melia, 2004; Tufenkji and Elimelech, 2004, 2005; Shen et al, 2007; 

Bradford et al, 2007; Pelley and Tufenkji, 2008; Chen et al., 2011). Many theories have 

been suggested to account for these discrepancies, including surface charge 

heterogeneity, and secondary minima attachment. Therefore, accurate measurements of 

the forces between nanoparticles and natural porous media will potentially shed light on 

the type and importance of interactions taking place, and be beneficial to advancing 

understanding of nanoparticle transport.  

A recent study used Atomic Force Microscopy (AFM) to measure forces between 

viruses and natural porous media, thereafter comparing these measured forces to transport 

experiments which used the same viruses and porous media (Attinti et al., 2010). Other 

studies have examined force profiles between nanoparticle-modified AFM tips and 

silicon discs or mica surfaces (Ong and Sokolov, 2007; Thio et al., 2010). But as of yet, 

force profiles have not been measured for retention of manufactured nanoparticles by 

natural porous media, nor have such measurements been directly compared to transport 

studies. This study aims to conduct transport experiments under controlled conditions, 

after which force profiles of the same nanoparticles against the porous media used in 

transport experiments will be obtained by AFM. The measured molecular scale 

interactions will hopefully shed some light on the discrepancies observed between real 

world transport behavior and theory. 
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MATERIALS AND METHODS 

 
Atomic Force Microscope experiments 

Materials: A well-sorted commercially available silica sand was used as the model 

natural porous medium (20/30 Accusand, UNIMIN Corp, Ottawa Plant, MN, median 

grain diameter of 0.677 mm). Sand preparation is described in detail elsewhere (Cox et 

al., 2012). Magnetic stainless steel AFM specimen discs (10 mm diameter, approximately 

0.7mm thickness) had approximately 5 mm wide, 0.4 mm deep wells drilled in one side. 

Between 10-30 grains of the silica sand were affixed in the wells with small drops of 

adhesive, by the same methods as used in Attinti et al. (2010) (see Figure 1). The zeta 

potential of the sand under experimental conditions was determined by Laser Doppler 

Micro-electrophoresis (LDME) (Malvern Zetasizer Nano ZS). Commercial TiO2 

nanoparticles (MKnano, Ontario, 99%) with rutile crystalline structure and a nominal 

particle size of 50 nm were used as the representative nanoparticle. MikroMasch silicon 

etched AFM probes with pre-measured spring constant (19-F series, backside Al-coated) 

were used for all force curve measurements. 

 

Methods: The TiO2 nanoparticles were attached to the probes following the methods of 

Ong and Sokolov (2007), where a Dimension AFM (Digital Instruments Dimension 

3100) was used to manipulate the probes. Using the built-in video system of the 

Dimension, the AFM tips were first dipped them in small drops of 10-minute epoxy glue, 

and then in small piles of nanoparticles. This method most likely resulted in a small (nm-

sized) “clump” being attached to the AFM tip, representing a nanoparticle aggregate. The 
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epoxy was allowed to cure for at least 48 hours before use. The probes were then 

sonicated for approximately 20 seconds to dislodge any moveable particles which may 

have been associated with the “clumps” but not actually attached. Scanning Electron 

Microscopy (SEM) (Hitachi S-4800 Type II)  images of used nano-modified tips were 

obtained to confirm the presence of terminal nanoparticles on the tips. Force curve 

measurements were obtained for the nanoparticle-modified probes against the porous 

media in aqueous conditions using a Multimode AFM (Digital Instruments Multimode 

with a Nanoscope III controller). The ionic strength of the aqueous solutions ranged from 

30 to 0.015 mM, and the pH values ranged from 4.5-8, prepared with double-distilled 

water containing a phosphate buffer prepared from KH2PO4 and K2HPO4 (Baker 

Analyzed Reagents). Care was taken to ensure thermodynamic equilibrium of the tips in 

the solutions before measurements were obtained. Multiple force curve measurements 

(with each force curve measurement comprising an extension and a retraction of the 

cantilever) were acquired at several points on the porous media surface for each of the 

aqueous conditions to account for variability from surface heterogeneity. For aqueous 

conditions where the forces measured were highly variable, as many as 50 force curve 

measurements were obtained and averaged. To rule out effects from the adhesive agent 

and the tips themselves, force curves were also obtained for adhesive-only modified and 

unmodified probes against the porous media samples. These measurements occurred 

under the same aqueous conditions as used for the nanoparticle modified probes. 
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Transport experiments 

Miscible-displacement experiments were conducted using acrylic columns (Soil 

Measurement Systems (SMS)), 2.58-cm internal diameter and 5.08-cm length, fitted with 

polyethylene frits (thickness: 32 mm, porosity: 15-45 um, POR-4898, Interstate Specialty 

Products, MA) to retain the porous media. The columns were packed with the sand to 

bulk densities of approximately 1.7 g/cm3, saturated using de-aired, double-distilled 

water, and then flushed with approximately 60 pore volumes of phosphate–buffered 

solution. TiO2 suspensions were prepared at concentrations of 100 mg/L using the same 

buffered solution at varying ionic strengths (30 – 0.3 mM) and pH (4.5, 6 and 8). A 

piston pump (Fluid Metering Company, pump model Q1 CSC-W QG6), connected to the 

column with plastic tubing (Fluid Metering Company, Small Bore Tubing Kit Q661A: 

OD 1/16”), was used to inject the TiO2 suspensions into the bottom of the vertically-

positioned column. A pore-water velocity 0.3 cm/min was used to simulate a typical 

groundwater flow rate. Once steady effluent concentrations were attained, nanoparticle-

free buffer solution was injected using the same ionic strength and pH as employed for 

nanoparticle-solution injection. To evaluate potential retention mechanisms at pH 8, 

water with essentially zero ionic strength (approximately 0.0015 mM, due to addition of 

minute amount of buffer to maintain pH) was injected during the elution phase for 

selected experiments. TiO2 concentrations in the effluent samples were measured with 

UV-visible spectrophotometry at a wavelength of 290 nm. The zeta potentials of TiO2 

nanoparticle suspensions from the influent (reservoir) and the effluent were determined 
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using LDME (Malvern Zetasizer Nano ZS), to examine potential changes in surface 

charge after transport through the porous medium. 

 
CALCULATIONS 

AFM data processing 

 Raw force curve data was obtained in voltage (y) and sample position distance 

(x). The y-baseline (0 line) was subtracted from all the voltage measurements. The slope 

of the region of constant compliance was found, and all the voltage data divided by this 

value to convert volts into nm (distance of tip deflection). All of the sample position 

distance data was converted into sample separation distance by subtracting the 

corresponding tip deflection value (xi = x-yi). Finally, the y values were multiplied by the 

spring constant of the tip used to convert into force with the units of nN (e.g. Owen, 

2009). All replicate measurements were then averaged. 

 

DLVO Calculations 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) (Derjaguin and Landau, 1941; 

Verwey and Overbeek, 1948) interaction energies between the particles and the soil 

surface were calculated by (e.g., Chen et al., 2011) 
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where ε0 is the permittivity of a vacuum, εr is the relative dielectric constant the medium, 

ap is the radius of the nanoparticle aggregate, ξp and ξc are the electrical potentials of the 

nanoparticles and the sand, respectively (estimated by the zeta potentials), D is the 

separation distance, ANS is the Hamaker constant of the TiO2 nanoparticle-water-sand 

system (4.5 X 10-20 J) λ is the characteristic wavelength of interaction (taken to be 100nm 

(Chen et al., 2011)), and κ is the inverse Debye length, which was calculated by 

                              G � O∑ Q�RSTU�T
V�VWXY�      (2) 

where ρi∞ is the ion density in the bulk solution, e is the electron charge, z is valence of 

ions in the bulk solution, kB is the Boltzmann constant, and T is the absolute temperature 

of the system (e.g. Chen et al., 2011). The multiple valence of the electrolyte was 

accounted for in the Debye length. Resulting data was converted into units of force by 

division by estimated tip radius (taken to be the radius of average nano-TiO2 aggregate 

size). 

These DLVO calculations are taken as first approximations of the interactions 

occurring; it is well understood that DLVO theory is limited in its ability to represent 

real-world systems. For example, the DLVO calculations herein have inherent 
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inaccuracies as they assume perfect sphere-plate interactions, and use the Derjaguin 

approximation. In addition, the average diameter of 398 nm was used to convert DLVO 

to units of force; where in the transport experiments it is understood that a wide particle 

distribution existed (Figure 2) and may account for some of the discrepancies between 

predicted and observed behavior. 

 

RESULTS 

AFM experiments 

The unmodified tips had similar force curves regardless of solution chemistry, 

with little to no vdW or EDL effects observed (Figure 4). Only two pH and two ionic 

strength conditions are shown as representative data, as all data for the unmodified tips 

were similar. There was some change observed in the force profile with changes in 

solution chemistry for the adhesive-only tips; however, the changes in behavior were 

significantly different from those observed from the nanoparticle-modified tips (Figure 

5). SEM imaging confirmed the presence of terminal nanoparticle on a used AFM tip 

(Figure 6). 

For the nanoparticle-modified tips, absolute adhesion was obtained from the 

absolute values of the largest deviation below the 0 force line on retraction of the probe. 

These values comprise the adhesive forces occurring between the particle and the surface, 

and are indicative of the potential attachment/detachment to/from the surface. Repulsive 

barrier height was determined by the highest force measured above the 0 force line on 

approach of the probe. These forces are the repulsive forces felt by the particle on 
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approaching a surface, and illustrate the likelihood a particle can approach the surface to 

attach. Negative forces measured further from the surface than the repulsive barrier were 

taken as secondary minima forces.  

For the following figures it should be noted that multiple force measurements 

were collected for each point. The many force profiles were averaged, and the means of 

these are shown on the figures. While each of the force profile measurement would 

contain certain error inherent in the method (e.g. through accuracy of the spring constant, 

minor amounts of thermodynamic disequilibrium…etc.), these are not represented. The 

error bars on the figures then represent the variability of the actual measured forces over 

time, and should not be taken as standard errors. All points in Figure 7 contain error bars; 

however, some of the variability was too small to be observed on the figure scale. 

The forces measured at pH values of 4.5 and 6 were highly stable and largely non-

hysteretic. They were also largely in at least qualitative agreement with theory. 

Conversely, at pH 8, measurements were observed to by highly variable, exhibited 

hysteresis, and were differed the most widely from theory; as the methods appeared well 

established from the other two pH measurements, this variability at pH 8 has been 

attributed to interactions associated with unfavorable attachment conditions. 

 

Ionic strength effects: For the nanoparticle-modified tips at pH 4.5, the absolute 

adhesion force was positively correlated with ionic strength (Figure 7a). In addition, the 

forces were longer range with decreased ionic strength. Conversely, at pH 6, absolute 

adhesion for the nanoparticle-modified tips is observed to be slightly inversely 
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proportional to ionic strengths (Figure 7a). As pH 6 is near the Point of Zero Charge 

(PZC) for TiO2, it would be expected that ionic strength would not be as influential in 

attachment for this pH. For very low ionic strengths at pH 8 the absolute adhesion force 

for the nanoparticle-modified tips is high. Absolute adhesion then drops to its lowest 

point in the midrange ionic strengths, resulting thereafter in a proportional relationship to 

ionic strength (Figure 7a). There was one anomalous measurement of very large absolute 

adhesion force (approximately 160 nN) observed for one of the 3 mM ionic strength 

replicates. The likely cause of this was a larger-than-typical nanoparticle aggregate on the 

modified tip; larger particles are expected to have larger adhesion forces due to an 

increase in vdW forces. None of the other nano-modified tips exhibited such large 

adhesion forces under any solution chemistry. The apparent effects of ionic strength on 

adhesion at pH 8 was surprising; the TiO2 and the porous media surface are expected to 

be both highly negatively charged at this pH, creating unfavorable attachment conditions. 

If the only forces occurring under these conditions were vdW forces, it would be 

expected that ionic strength would not affect the adhesion force. 

 Small repulsive barrier forces (comprised of ~ 4nN) were observed under the 

lowest ionic strength conditions at pH 4.5 for the nanoparticle-modified tips (Table 2 and 

Figure 7b). Electrostatic forces would be expected to be all attractive under these 

conditions, and indeed all other ionic strengths at this pH had no repulsive forces.  At pH 

6, repulsive barriers (comprised of approximately 9 nN) were observed for the 

nanoparticle-modified tips only at the IS of 3 mM (Table 2 and Figure 7b). Under these 

conditions it could be possible to observe some EDL repulsion, associated with the 
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negatively charged areas of the nanoparticles. Typically, these EDL repulsive forces are 

inversely related to ionic strength; however, no repulsive barrier was observed at the 

lower ionic strength for pH 6. Repulsive barriers are present under all conditions at pH 8 

for the nanoparticle-modified tips and are somewhat inversely related to ionic strength 

Table 2 and Figure 7b).  

 

pH effects: Overall, pH had little effect on adhesion force for the nanoparticle-modified 

tips. There were some apparent effects at the low ionic strengths, but as ionic strength 

increases, the importance of pH on adhesion disappears. There is a general trend that 

increased pH caused ionic strength to be a more important factor in repulsion – as would 

be expected due to more negatively charged sites being present on the nanoparticles at 

higher pH, causing more long-range EDL effects. 

  

Secondary minima: Secondary minima were assumed to comprise any negative force 

measured further from the surface than a repulsive barrier. When no repulsive barrier was 

present, or the attractive forces were closer to the surface than the repulsive barrier, then 

attractive forces were counted as primary minima, or adhesion forces. Apparent 

secondary minima were observed for the nanoparticle-modified tips for all conditions at 

pH 8, including the IS of 0.015 mM, and for the IS of 0.3 mM at pH 6 (Table 2). There 

was no observable trend as to the depth of these minima. Adhesive modified and 

unmodified tips did not exhibit secondary minima behavior under any solution 

chemistries. 
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Transport experiments  

Retention was observed for all solution chemistries, with mass recoveries ranging 

from 28-80%. Breakthrough occurred at approximately one pore volume for experiments 

at pH 6 and 8 (Figure 8a), followed by a relatively rapid increase in concentration to a 

final plateau (ranging from approximately 0.5-0.8 C/C0). Retention at pH 6 was not very 

sensitive to effects from increases in ionic strength from 0.3 mM to 3 mM; behavior 

previously only observed for latex nanoparticles (Elimelech and O’Melia, 1990). 

However at pH 8, retention was strongly proportional to ionic strength. For pH 4.5, initial 

breakthrough reached a plateau at a relative concentration of 0.01 until approximately 

200 pore volumes. Thereafter, relative concentration increased gradually to 

approximately 0.75 at 1200 pore volumes (Figure 8b). 

 Detachment behavior under unfavorable attachment conditions (pH 8) was 

investigated by lowering the ionic strength of the solution to essentially zero during 

elution. Detachment was observed for all initial attachment conditions (Figure 9a and b). 

Detachment mass was proportional to the ionic strength of attachment conditions; that is, 

the larger the difference between attachment and detachment ionic strength, the higher 

the mass of particles detached. For the 10 and 30 mM conditions, detachment mass 

recovery was calculated to be in excess of the total mass injected into the column, at 

135% and 176%, respectively (Figure 9b). Of course, real mass recovery was not in 

excess of 100%; this “appearance” of additional nano-TiO2 in solution in excess of the 

total input amount is most likely from dispersal of nanoparticle aggregates. As aggregates 
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dispersed, TiO2 concentrations appeared to increase as the UV-vis spectrometer detected 

an increase in absorbance as more individual particles were in solution. Dispersal of 

aggregates as a factor in detachment under the other ionic strengths may not have 

occurred, but cannot be ruled out.  

 

DISCUSSION 

DLVO predictions 

 For all solution chemistries, the largest repulsive barrier consisted of 

approximately 1.6 nN, with the largest secondary minima comprised of approximately -

0.014 nN (Figure 3a and b). Exclusively attractive forces were predicted for pH 4.5 

experimental conditions, with longer range attraction at the lower ionic strength (Figure 

3a). Small repulsive barriers were also predicted at pH 6, due to negative zeta potentials 

(Table 1) measured for the nanoparticles at this pH (Figure 3a). There were no secondary 

minima predicted for this pH. For pH 8 conditions, repulsive barriers were predicted for 

all ionic strengths (Figure 3b). Small secondary minima were predicted for IS of 3 and 30 

mM at both pH 6 and 8. 

 
 
Measured Forces compared to DLVO predictions 

As stated previously, due to its assumptions DLVO theory is limited in its ability 

to predict real-world systems. That said, DLVO theory is the prevailing theory currently 

employed for colloid transport; the use of it herein is to provide a reference point for data 

analysis that is consistent with the literature. 
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Predictions from DLVO calculations greatly underestimated the adhesive and 

repulsive forces, and the range over which they were influential. For example, the largest 

repulsive barrier estimated by DLVO theory was 1.6 nN, whereas those conditions 

resulted in a measured repulsive barrier of greater than 10 nN (Table 2).  

Qualitatively, DLVO theory predicted the behavior at pH 4.5 well (Figures 3 and 

7). Adhesive forces were prominent, and the range of influence of those forces increased 

with decreased IS. The DLVO theory also predicted the EDL repulsive barriers observed 

at pH 6 for the ionic strengths of 3 and 0.3 mM; qualitatively for 3 mM, and 

quantitatively for 0.3 mM (predicted value = 0.65 nN; measured value 0.5 ±0.1 nN (Table 

2)). These barriers were potentially caused by the somewhat negative zeta potential 

measured for these conditions (Table 1). However, in opposition to theory, the repulsive 

barrier was larger for the 3 mM IS condition (Table 2). This is most likely due to slight 

variances in pH; uncertainty due to slight variations in chemistry is inherent to the 

variability at PZC. If the buffer solution at 0.3 mM was even slightly below pH 6 this 

would have resulted in lower measured EDL forces.  

As attachment conditions became more unfavorable, DLVO theory lost its 

predictive ability. At pH 8, as with the other pHs, DLVO theory largely underestimated 

both attractive and repulsive forces (Table 2, Figures 3 and 7). However, unlike for the 

other pHs, DLVO theory predictions did not even qualitatively match the measured data. 

One issue may stem from the use of vdW forces as the only attractive force in DLVO 

predictions; if the only attractive forces occurring under the conditions herein were vdW 

forces, ionic strength would not affect the adhesion force. However, adhesion is clearly 
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influenced by ionic strength, indicating non-DLVO attractive forces are present (Figure 

7a). Possible explanations could include Coulombic attraction, some change in surface 

chemistry by the electrolyte, possible complexation with the electrolyte, or 

conformational change of the nanoparticle aggregates, affecting attachment as the 

electrolyte concentrations are changed. 

Other studies have used extended DLVO (xDLVO) to account for deviances from 

traditional DLVO theory due to acid-base, steric, or hydrophobic interactions (e.g. Thio 

et al., 2010). None of these interactions seem likely for the conditions herein; TiO2 

nanoparticles are not known for acid base chemistry or being hydrophobic, and being 

without surface protrusions or coatings should not have large steric hindrances. An 

alternate theory such as Coulombic Attraction Theory (CAT) could potentially account 

for these non-DLVO interactions observed. CAT allows for long-range attractive forces 

to be influenced by electrostatic attraction via the counter ions due to a lack of shielding 

of Coulombic attraction (e.g. Sogami and Ise, 1984; McBride and Baveye, 2002). CAT 

also could explain the observed secondary minima at low ionic strength, as it accounts for 

secondary minima through Coulombic attraction rather than vdWs forces. 

In addition to CAT interactions, it has also been suggested based on the results of 

column studies that TiO2 nanoparticle aggregates can undergo conformational changes 

during transport, both from collisions with porous media grains and other nanoparticles 

and changes in ionic strength, rendering them “sticky” (Guzman et al., 2006, Chen et al., 

2010). This type of behavior could explain the ionic strength-influenced adhesive forces 

measured herein; however it is unknown if the nanoparticle aggregates attached to the 
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AFM tips are able to undergo conformational changes. Regardless of whether the affixed 

nanoparticle aggregates are mobile enough to undergo small conformational changes, 

changes in nanoparticle-nanoparticle interactions would still occur, and could account for 

at least part of the changes in adhesion with ionic strength. 

 

Forces as related to contaminant transport experiments 

 While the transport experiments were conducted under flow conditions, and the 

AFM measurements obtained under static fluid conditions, comparisons between them 

can be drawn; it has been well established that even under flowing conditions, a thin layer 

of no/slow-flow fluid subsists near the porous media surface. It is within the range of this 

layer that the forces measured by the AFM are expected to occur. 

 Under favorable attachment conditions (pH 4.5), there are mostly only attractive 

forces and little to no repulsive forces measured (Table 2, Figure 7a and b). This 

corresponds well with the large magnitude of retention observed in the transport 

experiment (Figure 8b). Only minimal nanoparticle breakthrough occurred under the 

conditions measured by AFM; breakthrough remained low for approximately 200 pore 

volumes due to favorable attachment sites being plentiful and favorable attachment rates 

being high. The significant increase in breakthrough observed would only occur once the 

attachment sites became filled, essentially coating the porous media with nanoparticles, 

causing nanoparticle-nanoparticle interactions to become more important to retention 

than nanoparticle-surface interactions. These conditions wherein the favorable attachment 

sites are saturated with nanoparticles would then be designated unfavorable attachment 



189 
 

conditions, due to the attached nanoparticles and the suspended nanoparticles carrying 

similar surface charge. An interesting further investigation of these conditions would 

require AFM measurements under low pH wherein the porous media surface came from 

the latter part of the transport experiment. 

Breakthrough curves for pH 6 at IS 0.3 and 3 mM, and pH 8 at IS = 0.3 mM 

appear similar (Figure 8a). Therefore it would be expected that the forces measured 

would be similar. However, the force profiles measurements were different for all three 

conditions. For pH 8 at IS = 0.3 mM there was a moderately high repulsive barrier, high 

adhesion forces, and a secondary minimum, as might account for the observed transport 

behavior. For pH 6 at IS = 3 mM, there was a lower energy barrier, and no secondary 

minimum. At pH 6 at 0.3 mM, there was only a small repulsive barrier and high attractive 

forces (Table 2, Figure 7a and b); it would therefore be expected that there would be high 

attachment observed for this transport experiment- however this is not the case. One 

possible explanation is that the solution at 0.3 mM used for the AFM measurements was 

just under pH 6 and closer to the PZC, and that used for the transport experiments were 

just over 6, resulting in unfavorable attachment conditions for the transport experiments. 

This exemplifies the importance of solution chemistry on nanoparticle transport; even 

minor differences can have large effects.  

There was high variability observed in the repulsive/attractive forces measured, 

especially at high pH. At pH 8, multiple measurements of attractive/repulsive forces are 

shown (Figure 7a and b), due to different experimental repeats having variable outcomes 

(multiple measurements were taken for other data points, but were in close agreement). 
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Perhaps the very variability of the forces is what explains some of the discrepancies seen 

between predictions and measured data in nanoparticle contaminant transport. The 

average of the forces may somewhat agree with prediction, but these forces are not 

constant, perhaps due to shifting of instantaneous multipoles (London-Dispersion) 

inherent in vdW forces and molecular-scale movement of electrolytes affecting EDL 

forces. Therefore, we see attachment when repulsive barriers are thought to be too high to 

be overcome because those barriers are not always large. A particle passing a porous 

media surface could be exposed to a completely different set of attractive/repulsive forces 

from those that passed just before or after it. This could also potentially explain the 

difference between nanoparticle transport and that of larger colloids (µm scale), as force 

profiles could possibly be more stable due to their larger size. 

  Detachment of nano- and micro- sized particles from a porous media surface 

from lowering ionic strength from initial attachment conditions has been previously 

reported (e.g. McDowell-Boyer, 1992; Litton and Olson, 1996; Tufenkji and Elimelech, 

2004 and 2005; Hahn et al., 2004; Shen et al, 2007; Pelley and Tufenkji, 2008; Godinez 

and Darnault, 2011), and was observed herein (Figure 9a and b). This type of detachment 

is often attributed to the loss of a secondary attractive minimum at some midrange ionic 

strengths. Some AFM measurements did show secondary minima behavior (Table 2); 

however, lowering ionic strength from 30 mM to 0.0015 mM did not cause these minima 

to completely disappear (Table 1, Figure 10). This would imply detachment to the extent 

observed in the transport experiments could also be influenced by dispersal of the 

nanoparticle aggregates rather than all being caused by secondary minimum loss. The 
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average repulsive barrier at 0.0015 mM is comparatively high, as expected (Table 2, 

Figure 7b), so reattachment of re-entrained particles under these conditions is unlikely. 

 

CONCLUSIONS 

 Surface forces between nanoparticles and porous media surfaces were 

successfully measured. Forces under favorable attachment conditions were observed to 

be highly attractive, leading to the high retention observed in the transport experiment. 

Close to the PZC of nano-TiO2, both wholly attractive and also somewhat repulsive 

forces were measured, depending on the ionic strength. This was in contrast to the 

transport results, which indicated unfavorable attachment conditions. Careful control of 

solution chemistry was determined to be of utmost importance when determining the 

attachment/repulsion of nanoparticles from porous media, especially near the PZC. For 

unfavorable attachment conditions, repulsive barriers and secondary minima were 

observed for all ionic strength conditions. High adhesion forces which were influenced 

by ionic strength were also observed.  In general, DLVO theory underestimated the 

attractive forces; these forces being susceptible to changes in ionic strength, were thought 

to most likely be non-vdW. These forces may be more consistent with CAT interactions 

than those predicted by DLVO theory. Forces were also observed to be highly variable 

under unfavorable attachment conditions. This variability may point to why observed 

transport behavior of nanoparticles often deviates from theory. 
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TABLES 

Table 1. Zeta potential of nano-TiO2 suspensions (zeta potential of sand estimated from 
literature values for all conditions except pH 8, where 0.3, 3 and 30 mM resulted in zeta 
potential of -54, -62, and -63 mV, respectively) 

 

 
 
 
 
 
 
 
 
 
 
 
 

*Values estimated from literature values for DLVO calculations 
  

pH 
[-] 

I 
[mM] 

Zeta potential  
[mV] 

4.5 0.3 13* 

  3 13 

  30 13* 

6 0.3 -40 

  3 -48 

  30 -52* 

8 15 -42 

  15 -49 

  30 -54 
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Table 2   Measured Predicted 
pH 
[-] 

IS 
[mM] 

2º minima 
[nN] 

Repulsive barrier 
[nN] 

2º minima 
[nN] 

Repulsive barrier 
[nN] 

8 30 -0.9 12.9 -0.014 1.2 
  3 -1.25 10.5 -0.0008 1.6 
  0.3 -0.12 19 0 1.0 
  0.0015 -0.82 73 n/a n/a 

6 30 0 0 -0.015 0.17 
  3 0 9.7 -0.0008 0.64 
  0.3 -0.18 0.54 0 0.65 

4.5 30 0 4.1 0 0 
  3 0 0 0 0 
  0.3 0 0 0 0 

Table 2: Measured and predicted forces associated with secondary minima depth and 
repulsive barriers. 
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FIGURES 

 
 

 
Figure 1: Optical microscope image of porous media on AFM specimen disc. Circles 
indicated by arrows represent approximate contact zones of AFM measurement sets 
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Figure 2: Particle size distributions for pH 8 conditions. a and b) IS = 0.3 mM, influent 
and effluent samples, respectively. c) IS = 3 mM, both influent and effluent samples. d) 
IS = 30 mM, influent and effluent samples, respectively.  
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Figure 3: DLVO predictions. a) Predictions for pH 6 and 4.5. b) Predictions for pH 8. 
Inset: close up of secondary minima predictions.  
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Figure 4: Representative force curves of unmodified tips against porous media surface. 
“Ex” extension, “Ret” = retraction 
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Figure 5: Comparison of force curves of unmodified, glue modified, and nanoparticle 
modified tips against porous media surface under identical solution chemistry conditions 
(pH = 8, IS = 30mM). Main chart: extension data; inset: retraction data 
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Figure 6: SEM of used, nano-modified AFM tip. Red circle indicated by red solid arrow 
highlights terminal nanoparticles. Blue dashed arrow indicates possible exposed adhesive 
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 Figure 7: a) The measured adhesive force between nanoparticle-modified tips and porous 
media surface. b) The “height” (force) of repulsive barriers associated with the surface 
under the indicated conditions. All points in both a) and b) have error bars, although 
some are too small to be observed on the chart scale. The error bars denote one standard 
deviation of the variability among the force measurements. 
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Figure 8: Breakthrough curves of TiO2 nanoparticles under different solution chemistries. 
Breakthrough curve of non-reactive tracer (NRT) shown for comparison  
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Figure 9: Detachment of TiO2 nanoparticles by lowering ionic strength to 0.0015 mM 
after attachment at ionic strength indicated (pH=8 for all data). a) low initial ionic 
strength; b) high initial ionic strength  
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Figure 10: Forces measured between TiO2 nanoparticles and porous media surface under 
conditions of detachment experiments. Main chart: extension; inset: retraction 
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APPENDIX D: FIGURES AND TABLE OF TRANSPORT DATA 
 

Introduction 

This appendix contains graphs and data obtained for the above document, but not 

explicitly shown elsewhere. Appendix B, Table 2, displays the calculated averages of the 

data shown in Table 1 herein; it is included here for completeness.  

 

Figures 

 

 
Figure 2: All data for 0.3 cm/min (18 cm/hr), all but 7 mM data set averaged for “IS of 
3mM” data (for an average IS of approximately 3.6mM, as shown in Appendix B, Table 
2). 7mM set excluded from the average due to its different behavior. 
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Figure 3: Breakthrough at high ionic strengths for pwv = 0.3 cm/min (18 cm/hr). IS 6 and 
7 mM repeated from Figure 2 for comparison. “IS 50 mM” is rounded up from 47mM on 
Table 1 
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Figure 4: Breakthrough curves for 0.3 cm/min (18 cm/hr), low ionic strength. The reason 
for the two different sets of plateau values is not known. 
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Figure 5: All data sets at pore water velocity = 0.1 cm/min (6 cm/hr). IS of 4.7 mM was 
included in averages for 3 mM data, as behavior was similar (giving average ionic 
strength approximately 3.5 mM seen in Appendix B, Table 2). 
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Figure 6: Data from pwv = 6.4 cm/min (380 cm/hr) at two ionic strengths. The piston 
pump used to obtain this flow rate malfunctioned during elution of data. 
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Figure 7: Data from approximately pH 6 (courtesy of Hua Zhong), for two ionic strengths 
and two pore-water velocities. Tabulation of these data can be seen in Appendix C, Table 
1. 
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Table 

Table 1: All data from transport experiments at approximately pH 8 
† Tr = Residence time 
‡ Determined by 0th moment of detachment experiment, divided by non-dimensional mass retained in initial experiment 
* Had no elution curve due to pump malfunction 
** Did not reach plateau before elution began 

Goal  pore water 

velocity 

Measured pore 

water velocity 

Ionic 

strength 

pH Bulk 

density 

Porosity Pore 

Volume 

C/C0 

plateau 

Tr
†
 Attachment 

coefficient 

% 

Recovery 

Detachment mass 

recovery
‡
 

[cm/min] [cm/hr] [cm/min] [cm/hr] [mol/L] [-] [g/cm^3] [-] 

[cm^3], 

 [ml] [-] [min] [min^-1] [-] 

Flow 

interruption IS drop 

6.4 384 6.3 377 3.0 8.01 1.70 0.36 9.50 0.84 0.81 0.21 -*  -  - 

6.4 384 6.5 388 3.0 7.99 1.69 0.36 9.61 0.85 0.79 0.21 85%  -  - 

6.4 384 6.7 404 0.3 8.00 1.71 0.36 9.42 0.87 0.75 0.18 88%  -  - 

0.3 18 0.32 19 47 8.05 1.70 0.36 9.54 0.01 15.9 0.27 0.07%  -  - 

0.3 18 0.32 19 30 8.10 1.65 0.38 9.99 0.51 16.0 0.042 38%  - 176% 

0.3 18 0.26 16 14 8.04 1.61 0.39 10.41 0.66 19.4 0.022 58%  - 135% 

0.3 18 0.33 20 7.0 8.11 1.71 0.35 9.39 0.61 15.6 0.031 50%  -  - 

0.3 18 0.33 20 6.0 8.05 1.71 0.35 9.39 0.70 15.5 0.023 61%  -  - 

0.3 18 0.35 21 3.0 8.00 1.78 0.33 8.71 0.64 14.6 0.030 56% 2.3%   

0.3 18 0.32 19 3.0 7.86 1.69 0.36 9.58 0.72 16.0 0.021 57%  -  - 

0.3 18 0.28 17 3.0 8.04 1.62 0.39 10.33 0.69 18.3 0.021 62%  - 6.5% 

0.3 18 0.33 20 0.47 8.01 1.72 0.35 9.27 0.82 15.6 0.013 80%  -  - 

0.3 18 0.32 19 0.3 8.00 1.70 0.36 9.54 0.84 16.0 0.011 80%  -  - 

0.3 18 0.30 18 0.3 8.01 1.67 0.37 9.80 -** 16.9 -** -**  -  - 

0.3 18 0.32 19 0.3 8.04 1.72 0.35 9.27 0.75 15.7 0.018 71%  - 1.1% 

0.3 18 0.33 20 0.3 8.10 1.68 0.37 9.73 0.82 15.6 0.012 76% 2.4%  - 

0.1 6 0.11 6.5 4.7 8.01 1.72 0.35 9.35 0.68 47.0 0.008 64%  -  - 

0.1 6 0.11 6.8 3.0 8.00 1.78 0.33 8.75 0.71 44.6 0.008 64%  -  - 

0.1 6 0.11 6.8 3.0 7.80 1.72 0.35 9.35 0.71 45.0 0.008 71%  - 8.4% 

0.1 6 0.12 6.9 0.3 7.99 1.69 0.36 9.61 0.80 44.0 0.005 82%  -  - 

0.1 6 0.11 6.6 0.3 7.99 1.69 0.36 9.61 0.86 45.8 0.003 94%  -  - 

0.1 6 0.11 6.9 0.3 7.99 1.69 0.36 9.65 0.84 44.2 0.004 89%  -  - 

0.1 6 0.10 5.8 0.3 8.03 1.67 0.37 9.67 0.78 52.3 0.005 77%  - 13.4% 

0.1 6 0.11 6.5 0.3 8.00 1.69 0.36 9.65 0.79 47.1 0.005 79%  -  - 


