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Abstract

The way in which colloidal particles are transported and eventually retained
throughout the subsurface porous media is a multi-scale problem that has direct
implications for environmental, agricultural and public health sectors. Classic and
current filtration models fail to accurately predict the fate of colloids, because they
are largely based on mean-field values of surface and flow properties or because they
do not account for the complexity of real systems.

The goal of this research is to improve predictive models and describe important
mechanisms governing the fate and transport of colloids in the subsoil across different
spatial scales–interface scale, pore/collector scale, Darcy scale–with a focus on silver
engineered colloids and conditions relevant to agricultural soils. The work comprises
a combination of novel experimental techniques and modeling approaches to improve
our understanding of: i) short range forces affecting the attachment of colloids to
surfaces in complex solution chemistries, ii) pore-scale locations where colloids are
statistically most likely to be retained, iii) the influence of shear-induced aggregation
on the overall particle distribution and re-entrainment into the bulk liquid phase,
and iv) the link between the mechanisms responsible for colloid retention in porous
media (from model simulations) and their fate (from experimental observations) in
the presence of surface chemical heterogeneity under bulk unfavorable conditions.

This dissertation is divided into four projects that address current knowledge gaps
concerning colloid transport:

The first project provides insight into the colloid-surface interaction energy when
dissolved organic matter (DOM) is present in solution in the form of humic acid (HA).
We investigated the origin and magnitude of opposing forces between silver and mica
surfaces (representing nanosilver and sand grains) in solutions relevant to agricultural
soils with direct measurements using a surface force apparatus. The results indicate
that HA forms an adsorbed surface layer onto both surfaces with substrate-dependent
properties. Ca+2 significantly modifies the adsorption layer characteristics (thickness
and compressibility), hence the interaction energy profiles. Force-distance measure-
ments indicate that when silver-mica systems are exposed to HA, osmotic-steric,
electrostatic and van der Waals forces dominate. Soft particle theory is deemed inap-
propriate for this system. We instead propose attachment efficiency estimates from
measured surface properties, which suggest high particle mobility when nanosilver is
applied to HA-rich agricultural soils with modest ionic strength.

ii



The second project investigates the role that pore structure plays in colloid reten-
tion across scales with a novel methodology based on image analysis. High-resolution
spatial profiles of retained particles from micro X-ray Computed Tomography allow
quantification of the contribution from commonly proposed retention sites toward
colloid immobilization. At the Darcy-scale, the spatial distribution of immobilized
colloids along the porous medium reveals depth-independent partitioning of colloids
among the pore-scale locations. The total mass of retained colloids exhibits non-
monotonic deposition profiles, suggesting slow particle release from flow-stagnation
zones. At the pore-scale, dominance and overall saturation of all retention sites
indicates that the solid-water interface and wedge-shaped regions associated with
flow-stagnation (grain-to-grain contacts in saturated and air-water-solid triple points
in unsaturated conditions) are the greatest contributors toward retention under the
tested conditions. At the interface-scale, xDLVO energy profiles are in agreement with
pore-scale observations when the pore structure is taken into account. Our calcula-
tions suggest relatively favorable interactions for colloids and solid-water interfaces
and for weak flocculation (e.g., at flow-stagnation zones), but highly unfavorable in-
teractions between colloids and air-water interfaces. Overall, we demonstrate that
pore-structure plays a critical role in colloid immobilization.

The third project demonstrates that aggregation of a electrostatically stable sus-
pension is induced at typical groundwater velocities. Here, we compare the repulsive
DLVO force between particle pairs to the hydrodynamic shear force opposing it act-
ing on suspended particles. Column experiments imaged with high-resolution X-ray
Computed Tomography are used to measure aggregate structure and describe their
morphology, probability distribution, and spatial distribution. Distributions of ag-
gregate volume and surface area are found to follow a power-law function. Aggregate
Feret diameter is deemed to be exponentially distributed with some flow rate depen-
dencies caused by erosion and restructuring by the fluid shear. Furthermore, size
and shape of aggregates are heterogeneous in depth, where a small number of large
aggregates control the shape of the deposition profile. The range of aggregate fractal
dimensions implies a reaction limited aggregation process and a high potential for
restructuring and/or breaking during transport. Therefore, while shear-induced ag-
gregation is not currently considered in macroscopic models for particle filtration, it
may be critical to consider in the processes that control deposition.

In the fourth project, the soil surface heterogeneity is found to extend the attach-
ment efficiency and residence time of colloidal particles at the near surface. Both of
these alterations significantly affect particle transport and retention at each relevant
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scale, such that macroscopic observations are deemed anomalous. At the interface-
scale, we revise the interaction energy profiles considering chemical heterogeneities
of the collector surface. Observations of deposited colloids at the pore scale are
contrasted against continuum-scale predictions parameterized from rate coefficients
upscaled from modeled Lagrangian trajectories. Results indicate that: i) Colloid-
collector interaction energies are non-unique for surface heterogeneous systems and
can span from strongly repulsive to strongly attractive; ii) The proportion of simu-
lated particle by active retention mechanisms (fast/slow attachment and retardation
at near surface) explain experimentally observed fraction of particles found at avail-
able pore-scale retention sites (solid-water interface and grain-to-grain contacts, re-
spectively); and iii) Simulated non-exponential depth profiles of retained colloids and
heavy-tailed breakthrough elution curves are in agreement with experimental mass
balances and detailed depth profiles.

These collection of findings here reported have direct implications for the pro-
tection of subsurface ecosystems and water resources from potential contamination
by hazardous colloids and for the rational management of agricultural soils. They
are also critical to design strategies that effectively contain nanoparticle contaminant
spreading in soils and groundwater.
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State-of-the-art and research needs

1.1 Types of colloids and forms of entry to the subsurface

The fate and transport of colloids (defined as solid phase material with one dimension

between 10 𝑛𝑚 and 10 𝜇𝑚 [1, 2]) is a topic of significant environmental concern for

groundwater quality [3]. Colloid particles vary widely in concentration, composition,

structure, and size depending on their origin and on site-specific properties [4]. Nat-

ural colloids, such as clays, participate in colloid-facilitated transport of pollutants

including trace metals [5, 6, 7], pesticides [8, 9, 10] and radionuclides [3, 11, 12].

Pathogenic biocolloids, like viruses, bacteria, and protozoa can be intrinsically haz-

ardous and tend to be implicated in waterborne disease outbreaks [13, 14]. Fur-

thermore, depending on their nature, engineered nanoparticles (ENPs) can be either

emerging contaminants [15, 16] or beneficial reagents of soil-groundwater remediation

strategies [17, 18, 19]. Accurate prediction of colloid transport and immobilization

in the subsurface is then crucial for assessing the risks associated with particle mi-

gration, especially when groundwater resources are exploited for drinking water and

irrigation purposes. For example, ENPs contained in consumer products can end

up in wastewater treatment plants (WWTP) [20]. Form there, the particles might

migrate into soils and groundwater directly, when sludge is applied to croplands for

nutrient recycling and treated wastewater effluents are used for irrigation purposes

[21]. Agricultural soils and groundwater are thus particularly at risk of exhibiting

high concentration of colloidal particles and will be the focus of the research herein
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proposed.

Once colloids are released into the subsoil, their mobility, bioavailability, and tox-

icity becomes highly dependent on their surface properties. Colloidal-sized materials

have specific physicochemical features as a result of their small size. ENPs in particu-

lar may exhibit size-related characteristics that differ significantly from those observed

in bulk materials [21]. For instance, nanosilver (n-Ag) particles have a unique an-

timicrobial effect in comparison to bulk silver that makes them a very popular active

ingredient in an increasing number of consumer and medical products to endow them

with that property [22]. As a result of the increasing application of n-Ag, the United

States Environmental Protection Agency (USEPA) expresses concern regarding its en-

vironmental fate, transport, and toxicity. Moreover, according to the USEPA, there

is little to no information on the behavior of n-Ag in the environment and the same

gap in the literature can be extended to other colloidal size materials [21]. As will be

discussed in sections below, colloidal and nano silver are the subject of investigation

for the projects of this dissertation.

1.2 Colloidal Silver

The application of silver-based colloids in consumer products has increased in the last

20 years [23, 24, 25]. Nanosilver (n-Ag) in particular, is used in the electronic industry

[26], in medical applications[27], as an additive in paint coatings [28], and has gained

popularity due to its biocidal properties in the garment industry to create odor-

free clothing. Nonetheless, n-Ag inactivates microbes indiscriminately, which raises

concerns regarding the impact that n-Ag will have on beneficial microbial colonies of

wastewater treatment plants and soil ecosystems receiving large loads of n-Ag rich

biosolids, which includes agricultural soils. Studies to date on colloidal silver have

investigated its release rates from consumer products [29, 25], accumulation in sewage

sludge [30, 31, 23, 21], aggregation behavior in aquatic systems [21, 29], and toxicity
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on environmentally relevant microorganisms [32, 33]. The transport of these silver

colloids in structurally complex porous media, under representative environmental

conditions has received limited attention [34, 35] and needs to be understood to

better evaluate the environmental risks of large loading of n-Ag in the environment

[4]. The research plan that we propose will be carried out using colloidal silver since

this material represents a specific concern for the general protection of environmental

and public health.

1.3 Fate and transport models

The chemical and physical properties of natural porous media vary in space and in

time. Numerical or analytical flow and transport models in general cannot resolve

all variation scales of the spatial medium fluctuations due to limitations in computer

power and characterization techniques [36]. We propose here a study of fate and

transport of colloids that combines information at three different scales. First, quan-

titative information on the interaction energy between colloids and charged surfaces

within soil pores is investigated at the interface scale, by directly measuring interac-

tion forces. The interaction energy plays a critical role in determining the likelihood

for colloid attachment to available interfaces in natural porous media (i.e. soil-water

interface, air-water interface, grain to grain contacts, and the air-water-sold triple

point), which are local representations of processes of filtration. Additionally, inter-

action energy is used in determining the stability of colloidal suspensions [37], which

is known to also affect filtration [38, 39, 40, 41].

Second, colloid transport at the pore scale is investigated given that reactions

among aqueous species and between aqueous species and the solid phase are con-

sidered a pore-scale phenomena [36]. Colloids have sizes from few nanometers to

few micrometers while the pore scale encompasses a few micrometers to milimeters.

Thus, it is a scale sufficiently large to analyze transport and deposition of individual
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colloids as well as aggregates, while keeping information on the pore geometry. Fur-

thermore, together with the interface-scale, the pore-scale is well-suited to investigate

colloid transport and retention in the subsurface because it facilitates the analysis of

colloid interactions with dissolved substances in the pore water and available inter-

faces for particle immobilization. For example, evidence of colloid retention at the

air water interface (AWI) and air-water-solid (AWS) triple point, has been collected

from analysis at the pore scale [42, 43]. The same conclusion can be drawn regarding

evidence of colloid size exclusion [42], attachment, and straining processes affecting

colloid retention [4, 44]. One of the hypotheses of the research proposed here is that

experiments and modeling tools applied at the pore scale will indeed provide results

that are relevant for macroscopic scales and consequential for better soil protection

and management of colloid release.

Finally, we considered data from column experiments to obtain information on

processes taking place at the Darcy scale, which typically covers a few pore sizes

to decimeters [45]. We expect these data to reflect the transport behavior resulting

from the cumulative effect of processes occurring at the pore and interface scales. At

this scale, we address different cases where the pore structure of the medium is not

uniform to determine if the pore structure or the interactions of the colloids with

interfaces of the system play a larger role in filtration.

The classic colloid filtration theory (CFT) originally developed by Yao et al. [46] is

a conceptual model from which most of the current approaches for predicting colloid

fate and transport in the subsoil are built on [47, 48, 3]. The model is probabilistic and

captures filtration as a processes involving two sequential steps. First, some fraction

of suspended particles moving in the bulk pore will strike the porous medium (trans-

port). Second, some fraction of those particles that arrived to the porous medium

surface will attach to the grain (attachment). The transport term of the model can

be computed analytically from system parameters with well accepted methods, as
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detailed below. However, no accepted form exists as of yet to calculate the attach-

ment term. CFT considers a single spherical particle of the filter media (collector),

and three main processes by which a suspended particle can encounter the collector

surface. First, a suspended particle can come in contact with the collector by its own

size in a process known as interception. Additionally, the particle can follow a trajec-

tory not dictated by the streamlines if its density is greater than that of water and

get to the collector due to the influence of the gravitational force field. The transport

mechanism in this case is influenced by the fluid drag on the particle and its buoyant

weight and it is called sedimentation. Lastly, if Brownian motion has a considerable

effect, as in the case of small particles with high molecular diffusion coefficients, mass

transport to the collector is likely to happen by diffusion [46].

The governing equation to describe the temporal and spatial variation of particle

concentration through a saturated homogeneous porous media in a steady-flow field

is the one-dimensional advective dispersive equation (ADE) with a first-order kinetic

deposition term [49, 50]:

𝜕𝐶

𝜕𝑡
+
𝜌𝑏
𝜃

𝜕𝑆

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
− 𝑣

𝜕𝐶

𝜕𝑥
(1.1)

𝜌𝑏
𝜃

𝜕𝑆

𝜕𝑡
= 𝑘𝐶 (1.2)

Where 𝐶 is the concentration of colloids in suspension, 𝑆 is the concentration

of retained particles, 𝜌𝑏 is the bulk density, 𝜃 is the porosity of the medium, 𝐷 is

the hydrodynamic dispersion coefficient, 𝑣 is the advective pore velocity, and 𝑘 is an

irreversible particle deposition rate coefficient. The main challenge in modeling colloid

transport and fate lies in predicting the magnitude of 𝑘 from system properties, as

the rest of the parameters involved in the ADE.

Mass balance for the deposition of colloids in a clean packed filter bed of uni-
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form spherical collectors yields the following relationship between 𝑘 and the physical

properties of the collection of collectors in the filter [51, 52]:

𝑘 =
3(1− 𝜃)𝑣

2𝑑𝑐
𝜂 (1.3)

where 𝑑𝑐 is the diameter of the collector and 𝜂 is the single-collector removal

efficiency, defined as the ratio of the total particle deposition rate on the collector

to the rate at which particles approach the projected area of the collector from the

upstream. This dimensionless deposition (or removal) rate of particles can be viewed

as a product of an attachment efficiency (𝛼) and a dimensionless transport rate (𝜂0)

[53]:

𝜂 = 𝛼𝜂0 (1.4)

It is important to highlight that 𝛼 is the term that would account for short-

range interactions between the surfaces of particles and collectors (e.g., electrostatic

repulsion), while 𝜂0 accounts for hydrodynamic effects [53]. Thus, when interfacial

interactions are favorable for deposition (i.e., in the absence of repulsive total interac-

tion energies), 𝛼 approaches unity, and the deposition rate is equal to the transport

rate (𝜂 = 𝜂0). In this case, particle transport is the rate-determining step. On the

other hand, when interfacial interactions are unfavorable for deposition (i.e., repulsive

interactions predominate between particles and collectors), 𝛼 is much smaller than

one and particle deposition rates are reduced. This case is referred to as unfavorable

deposition [53]. The rate at which particles collide with the collector is related to the

rate at which particles flow toward it, by 𝜂0. Available expressions to calculate the

value of 𝜂0 [51, 48], follow the general form:

𝜂0 = 𝜂𝐼 + 𝜂𝐺 + 𝜂𝐷 (1.5)
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where 𝜂𝐼 , 𝜂𝐺 and 𝜂𝐷 are the contributions of the transport mechanisms that can

result in contact between particles and collectors according to the CFT: interception,

sedimentation and diffusion, respectively. Although Yao et al. (1971) proposed math-

ematical relations to calculate the individual terms in Equation 1.5 [46], alternative

correlations have been derived to account for hydrodynamic and van der Waals in-

teractions [48]; the role of the first one in the filtration behavior of colloids has been

demonstrated by numerical solutions to Equation 1.1 while the second one is impor-

tant for high ionic concentrations in solution [54]; and the array of the collectors [55].

Messina et al. (2006) found that if sedimentation and interception are the dominant

transport mechanisms, the collector efficiency of the first sphere that encounters the

colloid particles is significantly higher compared to the others, and then declines along

the array down to an asymptotic value [55].

1.4 Colloidal forces and 𝛼

To capture the effects of solution chemistry on the stability or filtration ability of

colloids, the interaction force or energy between a colloid with another colloid or

a colloid with an interface, respectively, is typically computed. Specifically, DLVO

theory estimates the thermodynamic net energy between charged particles immersed

in a conductive medium, water in our case, as a function of their separation distance.

In its classic form, DLVO theory describes the interacting energies as the sum of van

der Waals and electrostatic interactions [56, 57]. An interaction energy profile between

colloids and collectors can be constructed by taking this sum of attractive (negative)

and repulsive (positive) interactions over a range of separation distances, as shown

in Figure 1-1. The forces acting on the colloids are the derivative of the energies

with respect to separation distance [58]. Thus, energy and force profiles exhibit the

same features. Figure 1-1 illustrates two typical, classic DLVO interaction energy

profiles for favorable (red dashed line) and unfavorable (black solid line) interaction
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conditions and distinct regions that are typical of colloid-surface interaction profiles

can be identified: primary minimum, repulsive barrier, and secondary minimum [15].

Particle deposition can occur when particle and collector come in proximity of the

primary or secondary energy minima in figure 1-1.

In the absence of a repulsive barrier (favorable attachment conditions), 𝛼 is as-

sumed to be 1 [59]. On the other hand, when repulsive forces prevail between particles

and collectors (unfavorable attachment conditions), a repulsive barrier exists (see Fig-

ure 1-1) that reduces the probability of colloid attachment to the surface by primary

minimum or prevents it completely (𝛼 ∼ 0), depending on the barrier height. How-

ever, colloid attachment by secondary minima is still possible in the presence of the

barrier, and it has been claimed to be the dominant attachment mechanism for depo-

sition in contrast to particle aggregation [60]. Attachment efficiencies for deposition

in the secondary minimum, when present, are associated to the probability that a

particle does not have sufficient kinetic energy to overcome the repulsive barrier [61].

On the other hand, attachment efficiencies for deposition in the primary minimum

have been related to the fraction of particles with sufficient kinetic energy to over-

come the energy barrier and escape retention at the secondary minimum (usually

small particles with higher velocities) [61]. It is important to mention that if the sec-

ondary minimum is not sufficiently deep (usually, larger than a few kT) the thermal

energy may displace particles attached by this minimum and allow their return to

the bulk suspension. Some authors have thus estimated the value of 𝛼 from energy

calculations of the depth of the secondary minimum, the height of the energy barrier,

(See figure 1-1) and particle kinetic energies [60, 61].

Transitions between unfavorable and favorable conditions are most commonly in-

duced by changes in solution chemistry [62], which can also alter the surface charac-

teristics of particles and collectors [63]. The potential and charge of colloidal particles

play fundamental roles in their interfacial electric phenomena, such as electrostatic
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Figure 1-1: Examples of classic DLVO interaction profiles for favorable conditions
(dashed red line) and unfavorable conditions (solid black line) for silver colloids inter-
acting with an iron oxide surface and quartz surface respectively in a 300 mM ionic
strength solution. Modified from Molnar et al., (2015).

interactions between colloidal particles and collectors and the motion of particles in

an electrolyte solution [64]. An example of conditions that create favorable attach-

ment in natural environments is the increase in solution ionic strength, which inhibits

electrostatic repulsion by charge neutralization and shrinking of the electron clouds

around surfaces.

When forces other than van der Waals and electrostatics are at play, the classic

DLVO theory fails to describe, even qualitatively, the resulting interaction between

colloids and collectors. Among the extra forces that have been proposed to extend

the DLVO theory, we have Born repulsion, due to short range forces generated by

the interpenetration of electron shells [58]; magnetic interactions, applicable to mate-

rials with magnetic properties [37, 65]; repulsive hydration, that becomes important

at high electrolyte concentrations [66]; attractive hydrophobic interactions [58]; and

steric interactions, which may take place when the interacting surfaces present chain

molecules attached to them at one or multiple points [66, 37, 58].

Soft particle theory (SPT) [67] has been used to describe interfacial interactions
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when particles are coated with polymeric layers [64, 68, 65] and to capture the en-

hanced stability and reduced filtration potential (low 𝛼) of polymer-stabilized colloids.

However, this approach is not applicable to polymer layers thinner than the inverse

Debye length (𝜅−1) of the solution [64], a condition which is not guaranteed in natu-

ral systems. Application of the SPT requires information on electrophoretic mobility,

surface charge density, and polymer layer characteristics that are often difficult to

measure [65, 69].

Attempts to experimentally characterize the extent of the stabilizer layer on a

particle’s surface include measurements of the layer thickness by differences in hydro-

dynamic radius of bare and polymer stabilized colloids by dynamic light scattering

(DLS) [69, 70]. To our knowledge, little attention has been paid to possible surface

changes of the collector. When stabilizer agents are present in solution, their sorp-

tion is not restricted to colloidal particles. For instance, dissolved organic matter,

ubiquitous in natural environments, has a high affinity for clay minerals [71] and will

affect particle deposition onto these surfaces [72]. In order to incorporate the effects

of surface modifications in the expressions for 𝑘, information on the characteristics of

the material sorbed onto both colloids and collectors is necessary, together with the

resulting interaction forces or energies.

1.5 Colloid behavior effects by dissolved organic matter

This section reviews the known effects of dissolved organic matter (DOM) on colloid

transport and interactions with the porous medium. Several studies have reported

significant changes in colloid mobility in presence of DOM [73, 74, 75, 5, 76, 77].

A typical characteristic of agricultural soils is high concentration of DOM [78] from

fertilizer application (ranging from ∼ 17 to 86 mg/L C [79]). However, the degree

to which macromolecules of DOM (mainly humic and fulvic acids) adsorb onto col-

loids and collectors and change their stability and attachment efficiency is difficult
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to quantify and thereby even more difficult to model. This is because the molecular

structure of DOM is first not well known nor is it uniform in all soil environments

(e.g., DOM from manure, Elliott Soil, Swannee River, and peat have different chem-

ical compositions). Second, direct measurements of the adsorbed layer thickness,

density, and mass adsorbed are not straight forward. Consequently, it is difficult to

parametrize mechanistic transport models with uncertain system parameters. DOM

can additionally interact with ions present in the pore water after being adsorbed

onto the surfaces of colloids and/or collectors [80], thus affecting the electro-steric

forces it is responsible for in the colloidal system in question, as well as the molecular

configuration it acquires in its sorbed state [76, 77, 73].

In natural environments, nearly all colloids and the collectors where they may

deposit or immobilize regardless of inherent mineral type are negatively charged [15],

which leads to electric double layer repulsion. In DOM-rich environments, if the

DOM molecules adsorb onto colloid or collector surfaces, the negative charge can be

enhanced due to the ionization of moieties, such as carboxylic acid -COOH and phe-

nolic -OH groups, which characterize the DOM chemistry [15]. A direct consequence

of this is reduced deposition or immobilization of colloids onto the soil grains. How-

ever, laboratory experiments consistently observe colloid deposition onto solid grains

even at high DOM concentrations in the pore water [53, 81, 82].

Models that attempt to capture the modified colloid-colloid and colloid-collector

interactions in the presence of DOM [83] require an extension of classic DLVO theory

to account for the additional repulsive forces at play, such as those of steric nature

from the adsorbed polymer. Nonetheless, calculations of effective extended DLVO

forces in a system requires substantial educated guessing of which combination forces

are at play. To circumvent the guess work of theoretical calculations of extended

DLVO interactions, the first project of this dissertation opts to measure directly the

total interaction forces of silver-silver and silver-mica surfaces in the presence of DOM
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by means of a surface force apparatus (SFA). A hypothesis of this research is that a

better approach to describe colloid-collector interactions in the presence of dissolved

salts and macromolecules is the direct measurement of the overall force at play when

colloid and collector surfaces are immersed in water of compositions representative

of agricultural soil conditions. These force measurements may be decomposed to

elucidate the different unique force contributions to the total energy of interaction.

Information regarding the thickness of the sorbed polymer layer, its compressibility,

and mass adsorbed can also be extracted from SFA measurements.

1.6 Pore-scale processes

This section reviews the limitations of the most simple governing equation for colloid

transport (Equation 1.1), where filtration is captured by a first-order kinetic sink term

(Equation 1.2). This description of the system predicts concentrations of retained

particles that decay exponentially with distance [84]. However, experimental results

of excavated depth profiles have shown deviations from this theoretical behavior. For

instance, preferential retention of latex colloids near the source have shown hyper-

exponential trends [85]. These observations demonstrate discrepancies in predictions

of particle removal when considering the sink term in equation 1.2 to be described

by an irreversible first order kinetic process as a general rule. Many authors have

highlighted the limitations of this assumption, such as: the existence of an equilibrium

relationship between 𝐶 and 𝑆, which would result in retardation on the particle

transport but not in the irreversible removal of the particles from the liquid phase [50];

a reversible kinetic process, which would require separate kinetic rates for attachment

(𝑘𝑎𝑡𝑡) and detachment (𝑘𝑑𝑒𝑡) [86]; and a combination of the processes just mentioned

[86].

Colloid retention at sites that are not restricted to the water-solid interface (SW)

has been confirm to be significant by numerous groups collecting microscopic data at
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the pore-scale [87, 88, 68, 89]. Experimental methods using bright field microscopy

(BFM) and confocal laser scanning microscopy (CLSM) provide exceptional resolu-

tion of particle location [90]. Nonetheless, these observations are made in only the

few pores that can be imaged at a given time, leaving open the question if such ob-

servations are representative of the plentiful pores in a porous medium and therefore

not allowing the rational incorporation of retention sites into the mechanistic models.

For instance, several studies found that straining of particles that are physically too

large to pass through certain pores [91, 92] plays a key role in transport and in the

shape of the depth profiles. Similarly others found that immobilization at grain-grain

contacts (GG) can be significant since this is a hydrodynamically stagnant portion of

the porous medium [93, 94]. In unsaturated systems, several groups have implicated

attachment to the air-water interface (AWI) as the key difference between colloid

filtration in saturated vs. unsaturated soils [95, 96]. Up to now, no study quantified

the relative importance of pore-scale retention sites in a statistically representative

way. Even so, the many unique retention sites identified cannot be represented in the

geometry of Equation 1.2. Here, all retention forms are lumped into a single term that

represents the mass removed per unit surface area corresponding to the solid-water

interface alone, which is physically incorrect.

Experimental observations and mathematical simulations corroborate that colloid

retention in the subsoil is highly dependent on the medium’s pore structure and water

content [97, 98]. In saturated systems, the most noted retention sites include the above

mentioned SW, GG contacts and the mechanism of particle straining [91, 92, 93, 94].

In unsaturated porous media, colloid transport may be influenced by attachment to

the same retention sites present in saturated conditions, plus additional sites that

come with the presence of the air phase such as the air–water interface (AWI) [99,

42, 95], air–water-solid (AWS) [89, 98, 87, 88, 97] triple point and, straining in water

films enveloping the solid phase [95, 100]. Differences in hydrodynamic forces acting
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on retained colloids at air-related interfaces (i.e. hydrophobic and capillary) [99] can

thus alter colloid transport predictions [4, 101] and need to be considered in addition

to the forces present in saturated systems.

The second project of this research proposal, aims to elucidate the most significant

pore sites where particle retention takes place in soils under variable pore velocity,

saturation, and solution chemistry to justify their consideration in down-/up-scaling

modeling efforts. To do so, we analyze the spatial distribution of retained colloids

from transport experiments imaged by X-ray computed tomography (XRCT). The

obtained pore-site specific spatial maps are statistically evaluated to determine the

dominance and saturation of individual retention sites for all pores within the sample.

Interfacial interactions from xDLVO are also used to qualitatively rationalize the

observed retention trends.

1.7 Shear induced aggregation

A crucial assumption made by CFT is that suspended particles travel and interact

with collector surfaces individually. Nonetheless, repeated evidence of the ubiquity

of particle aggregation when moving through saturated granular media suggests that

this supposition is mechanistically incorrect[102, 40, 41, 39, 103, 97]. Over the third

project of this dissertation, we evaluate the hypothesis that hydrodynamic shear is,

in some cases, able to provide suspended particles with sufficient energy to overcome

electrostatic repulsion, resulting on shear induced aggregation and enhanced colloid

filtration. We use direct measurements of the structure of colloid deposits in porous

media obtained from XRCT to study the link between imposed flow rate, aggregates

morphology, and the mechanisms for particle deposition. To understand the relation-

ship between filtration and aggregate size, we also investigate the aggregates spatial

distribution along the porous media and their mechanical properties in light of their

tendency to become unstable during a physical or chemical disturbance.
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1.8 Surface chemical heterogeneity

As previously mentioned, CFT alone fails to predict colloid transport behaviour in the

presence of unfavorable particle-collector interactions (which are the most common in

environmental systems), often leading to underestimation of the mass of immobilized

particles [84, 104]. Furthermore, traditional CFT cannot explain experimentally-

observed anomalous deposition profiles (non-exponential) and heavy-tailed break-

through curves (see Equations 1.1 and 1.2) [91, 105, 106, 107, 108, 109, 110, 111].

Given these limitations, alternatives to CFT (or modifications to it) are crucial to

explain particle retention trends at all spatial scales. A growing body of literature

suggests that nanoscale chemical heterogeneities on the surfaces of particles and/or

collectors is at least partially responsible for colloid filtration under unfavorable con-

ditions, as heterogeneity creates local regions for favorable particle retention besides

broadening the residence time of the colloids within the vicinity of the porous media

grains [112, 111, 113, 114, 115, 116]. However, the field of colloid filtration still re-

lies on mean-field values of surface properties to parameterize transport simulations.

The final project of this dissertation seeks to explain experimentally-observed col-

loid retention trends at the pore- and Darcy- scales by using a mechanistic model

that accounts for the stochastic nature of particle-collector interactions, which has

implications at the interface-, pore-/collector-, and Darcy- scales.
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Abstract

Deposition of engineered nanoparticles onto porous media from flowing suspensions
is important for soil and groundwater quality. The deposition mechanism is con-
trolled by interaction forces between particles and collectors. We investigated the
origin and magnitude of opposing forces between silver and mica surfaces (repre-
senting nanosilver and sand grains) in solutions relevant to agricultural soils with
direct measurements using a surface force apparatus. Solutions of variable NaNO3,
Ca(NO3)2 and humic acid (HA) concentration were used to differentiate individual
contributing forces and quantify surface properties. The measured Hamaker con-
stant for silver-water-mica was consistent with Lifshitz theory. Our results indicate
that HA forms an adsorbed surface layer, but its charge, thicknesses, compressibil-
ity, and mass are significantly larger on mica than silver. Ca+2 primarily reduced
the differences between the initially adsorbed HA layer properties on each surface.
Force-distance profiles indicate that when silver-mica systems were exposed to HA,
osmotic-steric, electrostatic and van der Waals forces dominate. Soft particle theory

𝑎This chapter has been published as: Patiño, J. E., Kuhl, T. L., & Morales, V. L. (2020).
Direct Measurements of the Forces between Silver and Mica in Humic Substance-Rich Solutions.
Environmental Science & Technology, 54(23), 15076-15085.
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was deemed inappropriate for this system. Derjaguin’s approximation was utilized to
translate force measurements into interaction energy between nanosilver particles and
mica-collectors. We propose attachment efficiency estimates from measured surface
properties, which suggest high particle mobility when nanosilver is applied to HA-rich
agricultural soils with modest ionic strength.

2.1 Introduction

The expanding application of engineered nanoparticles (ENPs) in medical products,

textiles, paints, cleaning agents, electric appliances, and cosmetics is increasing their

presence in the natural environment [29, 117, 25, 118, 26]. Nanosilver (n-Ag) in par-

ticular is broadly used because of its biocidal properties[119, 120, 121]. Several studies

have found that n-Ag erodes from consumer products and is released into wastewater

treatment plants, where it is removed from the wastewater and accumulated in the

sludge [29, 25, 122, 123]. In the United States sludge is commonly applied to agricul-

tural soils to recycle nutrients, which serves as a major entry route for ENPs into soil

and water environments[124, 125]. Excessive n-Ag release into the subsurface raises

concerns regarding the impact it could have on the quality of groundwater used for

potable water production, and the potential toxic or detrimental effects on beneficial

soil microorganisms [126, 127, 32, 33]. Toxicity mitigation of n-Ag towards soil bac-

teria has been observed when ENPs are coated with humic acid and other organic

materials in the pore water [128]. Understanding the transport and fate processes of

ENPs in natural matrices like agricultural soils is therefore essential to the protection

and future use of soil and groundwater resources.

Transport and deposition of suspended particles onto the surface of porous media

is commonly modeled with colloid filtration theory (CFT). In CFT, deposition is de-

scribed as a first-order kinetic process that depends on two sequential steps. First, the

single-collector contact efficiency, 𝜂0, captures the mass transfer rate from the bulk

fluid to the solid surface controlled by diffusion, interception and sedimentation[48].
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Second, the attachment efficiency, 𝛼, captures the energy of interaction between

the particle and the solid[46]. Classic Derjaguin-Landau-Verwey-Overbeek (DLVO)

theory[56, 129], and extensions to it (e.g., Ohshima, Grasso et al., Dwivedi et al.,

[64, 130, 131] and references therein), are the gold standard for describing the addi-

tive attractive and repulsive interactions as a function of separation distance. The

one-dimensional form of CFT describes colloid concentration, 𝐶, in time and space

as:

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
− 𝑣

𝜕𝐶

𝜕𝑥
− 𝑘𝑑𝐶, (2.1)

where 𝐷 and 𝑣 are the dispersive and advective terms, respectively. 𝑘𝑑 is the irre-

versible deposition rate coefficient, which is related to contact and attachment effi-

ciency terms via [132, 133]:

𝑘𝑑 =
3

4

(1− 𝜃)

𝑅𝑀

𝑣𝛼𝜂0. (2.2)

Here, 𝜃 is the porosity of the medium and 𝑅𝑀 is the mean radius of the soil grains

(collectors). While 𝜂0 can be evaluated from well-accepted correlations[48, 134], there

is not yet a similarly accepted and general correlation to determine 𝛼 from suspen-

sion properties or DLVO profiles, although several different approaches have been

proposed[135, 136, 137, 69, 61]. Specifically, a general validated model for 𝛼 that

describes both bare and polymer-coated particles is still lacking.

Deposition of ENPs within the soil environment by either individual particles

or homo/hetero-aggregates is greatly influenced by the combined effects of solution

ionic strength (IS), ionic composition, pH, stabilizing agent, and organic matter[118].

Macromolecular interactions with dissolved organic matter (DOM), such as humic

and fulvic acids in soil pore water, have been found to have a profound impact on

ENP stability in terrestrial and aquatic environments[138, 139, 140, 141, 142]. On the
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one hand, humic substances readily adsorb to surfaces and act as stabilizing agents

for colloids and ENPs in DOM-rich solutions[143, 144, 76], thereby potentially alter-

ing their transport in granular media[145, 146]. On the other hand, the presence of

Ca+2 modifies ENP-DOM complexes through cation bridging, which can cause charge

neutralization or reversal and enhance retention with delayed breakthrough[147, 148].

Despite numerous studies of aggregation, adsorption, and deposition of ENPs with

DOM[149, 150, 151, 146, 152, 153], direct quantification of the relative contribution

from specific interactions between the surfaces of ENPs and soil grains (van der Waals,

electrostatic, osmotic-steric, elastic-steric, etc.) to the resulting total force, and thus,

to particle deposition, is lacking. This is due in part to the limited experimental meth-

ods available to directly evaluate colloidal forces (e.g., by atomic force microscopy[154]

or surface force apparatus[155]), substantial guess-work involved in modeling the the-

oretical energy of interaction, and difficulty in properly characterizing adsorbed layer

properties. Such information is highly dependent on the characteristics of the bare

substrates and is required to parameterize transport models to improve particle mi-

gration predictions. These knowledge gaps are addressed in this study.

The objective of this work was to directly measure the interaction force profile

between silver and mica surfaces in solutions representative of agricultural soils. The

actual surface potentials, DOM adsorbed layer thickness, and compressibility, as well

as total colloid forces were determined experimentally. Separation of the force profiles

into their individual contributions allowed us to establish their origin. The measured

force profiles for different solution conditions were translated into energy of interaction

profiles for cases of n-Ag particles interacting with sand-like collectors. Each suspen-

sion’s expected attachment efficiency was parameterized by precise measurements of

surface and adsorbed layer properties and modeled with CFT.
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2.2 Materials and Methods

2.2.1 Materials

Measurements were made under three different solution conditions. The first (termed

"control") was composed of an electrolyte solution of 0.5 mM NaNO3 (99.995 %,

Sigma, St. Louis, MO) to define the physical contact between the surfaces and their

surface charge properties. The second (termed "-HA") was composed of 0.5 mM

NaNO3 with 20 mg/L of Eliott Soil humic acid (HA) (International Humic Substances

Society, St. Paul, MN). The concentration of 20 mg/L was selected to mimic DOM-

rich groundwater conditions (18 - 20 mg C/L)[156]. The third (termed "-HA-Ca")

was composed of 0.5 mM NaNO3, 0.25 mM Ca(NO3)2 (99.995 %, Sigma, St. Louis,

MO), and 20 mg/L HA. Milli-Q gradient water (resistivity of 18 MΩ·cm) was used to

prepare the solutions and pH was adjusted to 7 by addition of NaOH. The surfaces

studied were silver and ruby muscovite mica (S&J Trading, New York), which are

described in detail in the next section. Silver particles of 100 nm diameter stabilized

with sodium citrate (Sigma Aldrich) were used in zeta-potential measurements.

2.2.2 Surface Force Measurements

A custom-automated surface force apparatus (SFA) was used to measure interaction

forces between silver and mica surfaces. This methodology was chosen because it

allows for direct and precise measurements at separation distances down to 0.1 nm,

thus providing a "ground truth force profile" of the system[58]. Additionally, the

use of SFA facilitated the definition of an absolute reference for contact between the

surfaces, which is a limitation of alternative methodologies. SFA uses multiple-beam

interferometry to directly measure surface separation and contact geometry[157]. The

technique is described in detail elsewhere[58, 155, 158]. Briefly, one surface (mica) was

mounted on a fixed stage while the second (mica/silver) was mounted on a double-
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cantilever spring of known stiffness (∼ 2.4 × 10−5 mN/m), which can be displaced

vertically. Mica was chosen as the model for collector in porous media because it is a

layered alumina-silicate mineral that can be cleaved along the basal plane <001> to

yield a molecularly smooth surface of uniform thickness (here 2 to 3 𝜇m) over large

areas. Due to its atomic smoothness, mica is an ideal substrate for high-resolution

force profile measurements of adsorption layers. It is noted that nanoscale roughness

is prevalent in the subsurface and has been shown to affect ENP transport[113].

Nevertheless, the aim of our work is on better characterizing the force responsible for

attachment for HA-coated surfaces. Importantly for studies of HA adsorption, the

basal plane of mica has negatively charged lattice sites, similar in density to highly

negatively charged silica or sand[159]. Mica surfaces were coated on one side with a

55 nm thick silver layer deposited by evaporation (Alfa Asear 99.99%). This layer

permits the partial transmission of light directed normally through the surfaces, which

constructively interferes and produces fringes of equal chromatic order (FECO) for

surface separation determination.

Within two days of depositing the silver-coating, the surfaces were glued onto

cylindrical lens and mounted into the SFA. Contact in air was measured. After-

wards, the SFA was filled with one of the three aqueous solutions and allowed to

equilibrate for at least two hr for measurements in control solution and at least 24

hr for measurements in the -HA and -HA-Ca solutions in a temperature-controlled

room at 25∘C. Minimal hysteresis was observed between subsequent force profile mea-

surements (compare approach and separation in Figure 2-1) indicating that the force

measurements were carried out at essentially equilibrium conditions. Two configura-

tions of silver-coated mica surfaces were used. In the symmetric configuration, the

silver-coating faced the back of both surfaces to measure mica-mica forces. In the

asymmetric configuration, the silver-coating faced the front of one surface and the

back of the other surface to measure silver-mica forces. Determination of forces be-
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tween the surfaces in a cross cylinder configuration was obtained from the deflection

of the cantilever spring supporting the lower surface[58]. The distance between the

surfaces (𝐷) was measured by the position of FECO peak wavelengths within a spec-

trometer using a computer automated acquisition system. Final data obtained from

the SFA consisted of force profiles as a function of separation distance between the

two surfaces. The measured force between crossed cylinders was normalized by the

geometric mean radius of curvature, 𝑅. At least two independent SFA experiments

were carried out for each configuration and solution combinations tested. The results

below show one representative data set, but replicates were consistent.

2.2.3 Interpretation of SFA data

Interacting Forces

The following describes the approach followed to separate the individual force contri-

butions to the net force measured by SFA. Repulsive electrostatic double layer force,

𝐹𝐸𝐷𝐿/𝑅 contributions were determined for each experiment by numerically fitting

the nonlinear Poisson-Boltzmann (NLPB) model to SFA data for 𝐷 > 10 nm, where

the interacting forces were purely electrostatic[160, 161]. The effective Debye length,

𝜅−1, was determined from the exponentially decaying force and compared to the ex-

pected 𝜅−1 based on solution properties. Deviations enabled an estimate of HA’s

contribution to the system’s overall electrostatics. Attractive van der Waals force,

𝐹𝑉 𝐷𝑊/𝑅, contributions were obtained from the control solution data, after subtract-

ing the electrostatic force. The van der Waals attractive force is the same across all

experiments of equivalent surface configuration. The Hamaker constant, 𝐴, for the

silver-water-mica system was determined as[58]:

𝐹𝑉 𝐷𝑊

𝑅
= − 𝐴

6𝐷2
(2.3)
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Additional repulsive force contributions from adsorption of HA were estimated as

the residual after subtraction of both the fitted electrostatic and van der Waals forces

(classic DLVO) from SFA measurements of the total interaction force profile.

Electrophoretic mobility values were collected on nanosilver suspensions matching

the solutions described above using the ZetaPlus analyzer (Brookhaven Instruments

Corp., Holtsville, NY). Ten measurements were collected for each sample, with repli-

cate samples for each solution. Zeta-potentials (𝜁) were determined from average

electrophoretic mobilities using the Smoluchowski equation [162]. These values were

compared to the surface potential data obtained from the SFA measurements.

2.3 Results and Discussion

2.3.1 Interaction forces

Control solution

Measured force profiles in the control solution (no HA) between opposing silver-mica

(red markers) and mica-mica surfaces (grey markers) are shown in Figure 2-1. Classic

DLVO surface forces are observed with long-range electrostatic repulsion and short-

range van der Waals attraction. The adhesive contact of the surfaces in air was defined

as 𝐷 = 0 nm. We note that the mica-mica contact is well-defined for molecularly

smooth surfaces. The mica-silver contact, however, was slightly compressible (i.e.,

the surfaces were elastically flattened upon compression), consistent with a surface

roughness of∼ 5Å on the silver surface from evaporation deposition[163].

Electrostatic repulsion is captured by the NLPB model, whereby the boundary

conditions of constant charge or constant potential describe the two extremes. Real

systems lie somewhere in between due to charge regulation[161], as is shown in the

inset of Figure 2-1. The control data more closely resemble a constant charge behavior

(as described in the next section). The empirically determined effective 𝜅−1 in the
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Figure 2-1: Force-distance profiles between opposing mica-mica (grey markers) and
silver-mica (red markers) surfaces in the control solution. 𝐷 = 0 nm is defined as
the contact between the surface pairs. Inset shows the predicted electric-double layer
at constant charge (𝐹𝐸𝐷𝐿𝐶𝐶) and constant potential (𝐹𝐸𝐷𝐿𝐶𝑃 ) boundary conditions,
as well as van der Waals (𝐹𝑉 𝐷𝑊 ) contributions to the total force for the silver-mica
experiments.

control solution was 14±0.3 nm, consistent with the expected value from solution

properties (see Table 2.1). Semi-log plots showing 𝜅−1 for each solution are shown in

Figure S1.

Van der Waals attraction is obtained from data with the control solution, and is

assumed to be the same across all experiments of equivalent surface configuration.

The Hamaker constant for silver-mica interacting through water has a range of 𝐴 =

[2.2, 6.4] × 10−20 J, consistent with Lifshitz theory estimations of 𝐴 = 4.2 × 10−20

J[164]. Uncertainty in 𝐴 is reflected in the orange shaded region of van der Waals

attractive forces shown in the inset of Figure 2-1. Both constant charge and constant

potential fits to the data are shown. The best fit to the total profile is obtained with

constant charge and 𝐴 = 4.3×10−20 J (middle line in shaded region) as demonstrated

by the solid line, 𝐹𝑇 . The value of 𝐴 was assumed constant across experiments based

on refractive index measurements (data not shown), whose results were equivalent in
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the control and HA-rich solutions.
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Figure 2-2: Force-distance profiles between opposing a) mica-mica and b) silver-mica
surfaces. Markers correspond to the different solution conditions: control (orange
triangles), -HA (green circles), and -HA-Ca (blue squares). Lines show the fit of the
nonlinear Poisson-Boltzmann model at constant charge boundary conditions. Arrows
indicate the onset of non-electrostatic force at short separation distances.

Measured force profiles in the -HA (green circles) and -HA-Ca (blue squares)

solutions between opposing mica-mica and silver-mica surfaces are shown in Figure

2-2a and b, respectively. Generally, the force maximum is higher for the symmetric

compared to the asymmetric system, signaling that HA adsorption on mica is greater
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than on silver and that the solution composition impacts the adsorption behavior.

Long-range electrostatic repulsion was well described by the NLPB model at constant

charge boundary conditions (shown by the solid, dotted, and dashed lines for the

control, -HA, and -HA-Ca solutions, respectively). Distances where deviation from a

purely electrostatic interaction (arrows) denote the onset of repulsion due to adsorbed

HA. We note that it was impossible to bring the surfaces into contact (𝐷 = 0 nm)

due to the HA adsorption layers and hydrating water. Importantly for both solutions,

short-range van der Waals attraction is masked by the overwhelming net repulsive

forces imparted by electrostatics and adsorbed HA. This is discussed in greater detail

below. The effective 𝜅−1 (see Table 2.1) for -HA was 2 nm lower than for the control

solution and its expected value, signifying an increase in IS due to a release of ions

from charged HA functional groups. Similarly, for -HA-Ca the effective 𝜅−1 was lower

than its expected value. The effective IS in solutions containing HA was ∼0.16 mM

higher than was expected (from only added salt), accounting for the ions released

from HA. It should be noted that released ions from HA affect electrostatics in non-

negligible ways, therefore the effective IS should be considered in DLVO calculations,

particularly in low IS solutions.

2.3.2 Surface potential

Surface potential measurements for all tested treatments, shown in Table 2.1, re-

veal that silver and mica surfaces are very highly charged (𝜓0 = [−45,−130] mV,

respectively) and require estimation of electrostatic interactions by NLPB, rather

than well-known analytical approximations to DLVO theory (e.g. Hogg et al.[165],

Wiese and Healy [166], Bell et al. [167]) that assume low potential (|𝜓0| < 25 mV).

Estimated 𝜓0 values in the control solution, in the absence of HA, are in agree-

ment with values reported in the literature. 𝜓𝑀
0 = -110 mV for mica is within

the range reported by Israelachvili, (1978) [160] of [-50, -130] mV, while 𝜓𝑆
0 = -50
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Table 2.1: Summary of charge and adsorbed layer properties for silver and mica
surfaces at each tested solution composition. 𝜅−1 is the Debye length, 𝜓0 is the
surface potential, 𝜁 is the zeta-potential, 𝐿 is the uncompressed adsorbed HA layer
thickness, 𝜆 is the layer’s compressibility, and Γ is the estimated mass of adsorbed
HA. The sub- and superscripts indicate the surface type as mica (M) or silver (S).

Solution composition
Parameter Control -HA -HA-Ca

𝜅−1 expected [nm] 13.5 13.5 11.1
𝜅−1 effective [nm] 14±0.3 12±0.2 10±0.8
IS expected [mM] 0.5 0.5 0.75
IS effective [mM] 0.47 0.64 0.92
𝜓𝑀
𝑜 [mV] -110±10 -130±20 -80±10

𝜓𝑆
𝑜 [mV] -50±5 -60±5 -45±5

𝜁𝑆
* [mV] -52±4 -61±3 -44±3

L𝑀 [nm] 0 5.5 2.4
L𝑆 [nm] 0 0.5 4.4
𝜆𝑀 [%] 0 48.8 14.5
𝜆𝑆 [%] 0 53.8 66.0
Γ𝑀 [mg/m2] 0 2.24 2.24
Γ𝑆 [mg/m2] 0 0.18 1.19

* Values measured for 100 nm silver nanoparticles.

mV for silver is consistent with reported zeta-potential measurements of silver col-

loids and nanoparticles[168, 169], including our own collected values (see 𝜁𝑆 in Table

2.1). Excellent agreement between SFA-determined 𝜓0 and 𝜁-potential measurements

demonstrates the statistical equivalence between the two methods. For the -HA so-

lution, adsorption of negatively charged HA moieties onto silver and mica surfaces

resulted in more negative 𝜓0 relative to experiments in the control solution. Ad-

sorption of polydisperse macromolecules onto like-charged surfaces in the presence

of monovalent ions has been reported before[170, 171]. We propose that the major

mechanisms of adsorption in the -HA solution are charge screening by NaNO3, and

attractive interactions between cations adsorbed on the negatively charged surfaces

and the aromatic moieties in HA. The cation-𝜋 interaction is well recognized as an
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intermolecular, non-covalent attraction (including a substantial electrostatic compo-

nent) between cations and aromatic 𝜋-systems, and it is comparable in strength to

hydrogen bonding[172, 173]. For the -HA-Ca solution, 𝜓0 on both surfaces was more

neutral compared to the -HA solution. In this case, Ca+2 neutralized some functional

groups by forming coordination complexes with ligands (e.g., HA, silver and mica

surfaces)[76]. In both HA-containing solutions, the relative change in 𝜓0 was larger

on mica, which is more negatively charged than silver.

2.3.3 Magnitude and origin of non-electrostatic repulsive forces

2 4 6 8

Distance, D [nm]

0

2

4

6

8

N
o
n
-D

L
V

O
 F

/R
 [

m
N

/m
]

Figure 2-3: Non-DLVO force-distance profiles between opposing silver-mica surfaces
in -HA (green circles) and -HA-Ca (blue squares) solutions. Solid and dashed lines
show the exponential decay of the repulsive forces with distance.

Quantitative evidence of non-electrostatic repulsive forces are presented in this

section. To verify that SFA measurements can be used to discern individual surface

force contributions, we first presented evidence that total force, 𝐹𝑇 , in the control

solution was captured by the summation of 𝐹𝑉 𝐷𝑊 and 𝐹𝐸𝐷𝐿 alone (see 𝐹𝑇 in inset

of Figure 2-1). The total force in HA-containing solutions, however, shows that an

additional repulsive force (generally considered of steric origin in the literature[69, 65,

162]) significantly contributes toward 𝐹𝑇 . To determine the steric contribution from

the adsorbed HA layers, the 𝐹𝑉 𝐷𝑊 and the fitted 𝐹𝐸𝐷𝐿 were subtracted from 𝐹𝑇 . It
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is noteworthy that the presence of HA adsorbed layers prevented the surfaces to come

into contact as defined from the control solution (𝐷 = 0). Moreover, the minimum

separation distance for -HA and -HA-Ca solutions was the sum of the compressed

layers on each surface–that is 2𝐿′
𝑀 for the symmetric system and 𝐿′

𝑀 + 𝐿′
𝑆 for the

asymmetric system. At such separations, VDW interactions between the surfaces

were essentially negligible. Figure 2-3 shows the magnitude of the remaining non-

electrostatic repulsive force in -HA and -HA-Ca solution conditions for the asymmetric

mica-silver system. It is evident that this non-DLVO force decays exponentially with

distance, with average rates of ∼ 2.0 and 0.8 nm−1 for -HA and -HA-Ca solutions,

respectively. The faster decay rate for the -HA solution, compared to the -HA-Ca

case, is consistent with the thinner but denser total adsorbed layer (𝐿𝑀 +𝐿𝑆) in the

former solution[174].

Certainty in the origin for each contributing surface force is necessary to make

predictions of colloidal interactions in HA-rich systems that cannot be measured di-

rectly by, for example SFA. Modeling approaches for calculating the structural forces

brought about from HA sorption have been heavily based on soft particle theory

(SPT)[68, 175, 65]. However, SPT requires three key conditions are met: the ad-

sorbed macromolecules must be composed of many repeating subunits (> 𝒪(102)),

polydispersity of the polymer must be low, and 𝐿 >> 𝜅−1. According to our mea-

surements, none of these conditions are satisfied for HA adsorption layers on mica

or silver. First, the molecular structure of HA is highly variable, making it unlikely

that the adsorbed macromolecule assembles into long chains of at least hundreds of

identically repeating units. Second, the polydispersity of HA is relatively high (1.76

- 2.5)[176, 177]. Highly polydispersed materials display a complex interplay between

adsorption and configurational entropy. While larger molecules diffuse and equili-

brate more slowly onto the surfaces, their adsorption results in a more pronounced

decrease in the interfacial energy and is thus favored at longer times[178, 179]. Third,
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in all cases tested in this study 𝐿 < 𝜅−1 by at least a factor of two, indicating

that elastic-steric repulsion is negligible compared to osmotic-steric repulsion for HA.

All together, these considerations suggest that Ohshima’s soft particle theory is not

appropriate for describing repulsive forces imparted by adsorbed HA. In sections fol-

lowing, we present quantitative evidence for the osmotic origin of extra repulsive

forces in HA-rich systems.

2.3.4 Adsorbed layer properties

Experimental properties regarding adsorbed layer characteristics for each surface and

solution tested are summarized in Table 2.1. In the control solution conditions, sur-

faces were bare and all adsorbed layer properties are reported as zero.

Layer thickness and compressibility

Uncompressed adsorbed HA layer thickness, 𝐿, was determined by the distance where

the force profile measurements deviated from the NLPB fit, as indicated by the arrows

in Figure 2-2. The compressibility of the HA layers, 𝜆, was estimated as 𝜆 = (𝐿 −

𝐿′)/𝐿 × 100, where 𝐿′ is the compressed layer thickness at a separation distance

recorded for an applied force of 6 mN/m. At this range, an increase in applied

force did not change the separation distance by more than 1 nm. The symmetric

configuration was used to estimate HA layer thickness on one mica surface as 𝐿/2

in each solution. The asymmetric configuration then provided the layer thickness on

the silver surface by subtracting the known thickness of the layer on mica from the

measured 𝐿 of the system. The same logic was used for the estimation of 𝜆. Here,

we interpret 𝜆 as a proxi of the density of the adsobed layer.

All measured uncompressed adsorption layers between approaching surfaces were

thinner than the solution 𝜅−1. This facilitated fitting the system’s electrostatics,

which are dominant at 𝐷 > 10 as 𝐿 < 7 nm. By subtracting electrostatics and van
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der Waals from the total force profile, we distinguish the steric contribution from

the adsorbed HA layers. For -HA solution conditions, the adsorbed layer on mica,

𝐿𝑀 , was an order of magnitude thicker than that on silver, 𝐿𝑆. In this solution, the

compressibility of the adsorbed layers on silver and mica 𝜆𝑆 and 𝜆𝑀 , respectively,

was close to 50%, suggesting an intermediate layer density that is independent of the

substrate. For -HA-Ca solution conditions 𝐿𝑀 and 𝜆𝑀 were reduced, implying an

increase in the HA layer density on mica, while 𝐿𝑆 and 𝜆𝑆 increased, indicating that

the layer on silver in presence of calcium was thicker and more diffuse that the one

on mica. At this solution, 𝐿𝑀 and 𝐿𝑆 were in the same order of magnitude.

Mass adsorbed

Mass of HA adsorbed per unit surface area was obtained through the expression

Γ = 𝜌𝐻𝐴𝜑𝐿
′. 𝜌𝐻𝐴 is the HA density taken as 1.45 g/ml[180]. 𝜑 = 0.55 is the

volumetric fraction of HA to the solvent, from direct measurements of similarly poly-

dispersed polymers in a good solvent at 𝐹/𝑅 ∼ 6 mN/m[181]. Substantial differences

in mass of adsorbed polymer per unit area, Γ, were observed across solution condi-

tions. For the -HA solution, Γ𝑀 was an order of magnitude greater than Γ𝑆. Our

estimate for Γ𝑀 is in agreement with the report by Taunton et al.,(1990) [182] for

high molecular weight polymer adsorption onto mica in good solvent conditions. Our

estimate for Γ𝑆, however, was considerably lower than values reported elsewhere[69].

For the -HA-Ca solution, Γ𝑆 significantly increased, suggesting that Ca+2 counteri-

ons promote adsorption of negatively charged HA onto like-charged silver[183]. We

point out that the value for Γ𝑀 in -HA-Ca reported in Table 2.1 is different from

what was determined based on this parameter’s definition (Γ𝑀 = 1.54 mg/m2). This

original calculation would imply that desorption of HA happened in the presence of

Ca+2. We know this result to be incorrect. Rather, Ca+2 is expected to enhance HA

adsorption and, most importantly, to increase the density of the existing adsorbed
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layer. Investigating the nature of this discrepancy is beyond the scope of this work,

so we instead report the estimated value for Γ𝑀 from -HA solutions again.

2.3.5 Deposition of silver nanoparticles in HA-rich porous me-

dia

Nanoparticle deposition on mica-like porous media at the solution conditions relevant

to this study was investigated by estimations of the system’s attachment efficiency, 𝛼,

from colloid filtration theory (CFT). 𝛼 is a kinetic transport parameter widely used

to quantify the probability of a particle attaching to a soil grain after collision. To

determine the best model for estimating 𝛼 in each solution composition, it was first

necessary to properly account for the different force contributors to the net interaction

that describes the system. Here, we demonstrate that the interplay of the osmotic,

electric double layer, and van der Waals forces is sufficient to capture the measured

interactions.

Interaction energy translation

In environmental engineering applications, it is standard to employ energy of inter-

action profiles to justify deposition trends of colloids/nanoparticles transported in

porous media. We used Derjaguin’s approximation[184] to translate the force profiles

between cross-cylinders of silver-mica surfaces from SFA measurements, 𝐹/𝑅, into

energy of interaction, 𝑊 , between hypothetical cases of silver nanoparticles and mica

collectors, viz:

𝑊 (𝐷) = − 𝑅𝑆𝑅𝑀

𝑅𝑆 +𝑅𝑀

∫︁ 𝐷

∞

𝐹

𝑅
𝑑𝐷′. (2.4)

Here, 𝑅𝑆 and 𝑅𝑀 correspond to the radii of the (silver) nanoparticle and the (mica)

collector, respectively. The translated profiles are considered empirical data for var-
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Figure 2-4: Total energy profiles (𝑊𝑇 = 𝑊𝐸𝐷𝐿 +𝑊𝑉 𝐷𝑊 +𝑊𝑂𝑆𝑀) for interactions
between silver particles and mica collectors in a) control, b) -HA, and c) -HA-Ca
solutions. Shaded regions show the model predictions with upper and lower limits
for electrostatics corresponding to constant charge (solid line) and constant potential
(dashed line), respectively. Empirical data (translated from SFA force measurements)
is shown as symbols.

ious scenarios of nanoparticle sizes. Furthermore, these data are used to gauge the

relative effect of adsorbed HA on the energy of interaction between collectors and

nanoparticles of different sizes.

To complement the empirical data, theoretical estimations of the total energy of
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interaction, 𝑊𝑇 , are provided with an extension to classic DLVO theory to account

for osmotic repulsion[185] as per the following.

𝑊𝑇 = 𝑊𝐸𝐷𝐿 +𝑊𝑉 𝐷𝑊 +𝑊𝑂𝑆𝑀 (2.5)

𝑊𝑉 𝐷𝑊 = −
(︂

𝑅𝑆𝑅𝑀

𝑅𝑆 +𝑅𝑀

)︂
𝐴

6𝐷
(2.6)

𝑊𝐸𝐷𝐿 =

(︂
𝑅𝑆𝑅𝑀

𝑅𝑆 +𝑅𝑀

)︂
2𝜋

𝜅
NLPB (2.7)

𝑊𝑂𝑆𝑀 =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
0 𝐷 ≥ 2�̄�(︁

𝑅𝑆𝑅𝑀

𝑅𝑆+𝑅𝑀
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2𝜋
𝜈1
Φ𝑆Φ𝑀

(︀
1
2
− 𝜒

)︀
(�̄�− 𝐷

2
)2 �̄� ≤ 𝐷 < 2�̄�(︁

𝑅𝑆𝑅𝑀
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− 𝜒
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4
− 𝑙𝑛

(︀
𝐷
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)︀)︀
𝐷 < �̄�

(2.8)

We consider 𝑅𝑆 = 10, 20, and 50 nm for different particle size scenarios. 𝑊𝐸𝐷𝐿 was

determined by numerically solving the Poisson-Boltzmann equation since the surface

charges exceeded the validity of well-knonwn analytical approximations for electric

double layer energies. It should be noted that the set of expressions for 𝑊𝑂𝑆𝑀 is

adapted from an approximation for a symmetric system (Peter Kralchevsky, personal

communication, 18 March 2020). Here, 𝜈1 is the volume of a solvent (water) molecule,

𝜒 is the Flory-Huggins solvency parameter, �̄� = (𝐿𝑀 +𝐿𝑆)/2 is the average adsorbed

layer thickness, and Φ𝑆 and Φ𝑀 are the volume fraction of the adsorbed HA layer

onto silver and mica spheres, respectively, and calculated as:

Φ = 3
Γ𝑅2

𝜌𝐻𝐴[(𝐿+𝑅3)−𝑅3]
. (2.9)

Figure 2-4 shows very good agreement between model predictions for 𝑊𝑇 (shaded

region marking the boundary condition limits for constant charge and constant po-

tential) and the empirical data (markers) under all particle sizes and all solution
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conditions. In estimating 𝑊𝑂𝑆𝑀 , 𝜒 was treated as a free model parameter and 𝜌𝐻𝐴

was fixed at 1.45 g/cm3 (a parameter the model was not sensitive to). It is worth not-

ing that the peaks at 𝐷 ∼ 4 nm in model predictions for -HA solutions are due to the

large difference between 𝐿𝑀 and 𝐿𝑆. This discrepancy creates a discontinuity in the

individual expressions for 𝑊𝑂𝑆𝑀 , which is indistinguishable for the -HA-Ca solutions

where 𝐿𝑀 and 𝐿𝑆 are within the same order of magnitude. The higher limit on the

y-axis was fixed at 100 kT since higher energy barriers are considered insurmountable

with the particles kinetic energy. The complete energy profile is shown in Figure S2.

From this, it is evident that classic DLVO is insufficient to describe the system and

that an osmotic contribution captures well the physics of the additional repulsion

imparted by HA adsorption. Two notable trends are evident in Figure 2-4. First,

the net energy of interaction scales with particle size, implying that inaccuracies in

the modeled interaction energy are magnified with increasing particle size. Second,

the energy barrier increases manyfold with solution composition complexity. That is,

𝑊𝑚𝑎𝑥
𝑇 for control < -HA < -HA-Ca, making it imperative to ascertain the origin of

non-DLVO forces in complex solutions. Estimations of the elastic-steric component

of steric-type forces[65] did not significantly contribute to the interaction profile and

were confirmed negligible. As an additional reference, Figure S3 shows an equiva-

lent comparison for predictions that considering only van der Waals and electrostatic

energies, illustrating the need to include an additional osmotic force contribution.

Attachment efficiency

CFT is commonly employed to describe transport kinetics of particle deposition in

porous media in dimensionless terms from breakthrough data. Various semiempirical

correlations have been proposed to estimate the attachment efficiency, 𝛼, of colloidal

suspensions colliding with simplified porous media[135, 136, 137, 69]. However, there

is no widely accepted unified mechanistic model for predicting 𝛼 under unfavorable
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deposition conditions (i.e., with energy barriers high enough to prevent particle at-

tachment). In the following, we employ the proposed correlation equation for bare

electrostatically stabilized particles from Bai & Tien (1996)[136] to predict the attach-

ment efficiency of nanoparticle suspensions in the control solution (𝛼𝑏𝑎𝑟𝑒). Similarly,

we use the correlation equation for surface-coated electrosterically stabilized particles

from Phenrat et al. (2010)[137] to predict the attachment efficiency of nanoparticles

in the -HA and -HA-Ca solutions (𝛼𝑐𝑜𝑎𝑡). Details about 𝛼 calculations are provided

in the SI.

Predictions for 𝛼 corresponding to the interaction energy profiles in the previous

section are shown in Figure 2-5. The results are in qualitative agreement with ex-

perimental 𝛼 values resulting from transport tests of silver nanoparticles suspensions

in monovalent salt, in presence of HA, and, in solutions containing HA and diva-

lent cations[186, 187, 188]. It is evident that 𝛼 increases monotonically with particle

size in both bare and surface-coated model correlations. For particles of equivalent

size, 𝛼𝑏𝑎𝑟𝑒 was much larger than 𝛼𝑐𝑜𝑎𝑡 at 𝒪(10−2) and 𝒪(10−4), respectively. This is

consistent with the lowest energy barrier found (𝒪(101 − 102)kT, see Figure S1) for

the control solution, where only electrostatics create unfavorable conditions. Similar

values for 𝛼𝑐𝑜𝑎𝑡 were found for particles of equivalent size in solution conditions that

promote surface coatings. Efficiencies in -HA were slightly smaller than those in -HA-

Ca solutions, which cannot be explained by trends in the energy barrier magnitude.

At 𝒪(102 − 103)kT (see Figure S1). Simply, the energy barrier afforded by adsorbed

HA macromolecules is equally insurmountable in -HA as in -HA-Ca solutions. We

propose that differences in 𝛼𝑐𝑜𝑎𝑡 are better attributed to the secondary energy well,

which is entirely absent for -HA solutions and present for -HA-Ca with a deep enough

minimum deeper than 5 kT) for particles 𝑅𝑆 ≥ 50 nm. This implies that within the

geometry of porous media, retention in secondary energy minima in the presence

of an insurmountable energy barrier would likley cause particles to accumulate at
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grain-to-grain contacts[93]. Despite the reasonable agreement found between our au-

thenticated energy of interaction profiles and the predictions for 𝛼, additional work

is needed to i) confirm that elastic forces are negligible for a broader range of DOM

conditions than those tested here, and if confirmed ii) revise the correlation for 𝛼𝑐𝑜𝑎𝑡

to give greater importance to the osmotic component over the elastic one for steric

repulsion.
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Figure 2-5: Estimated attachment efficiency, 𝛼, for suspensions of variably sized par-
ticles colliding with simplified porous media at different solution conditions. Solid
line considers the dimensionless semi-empirical correlation for electrostatically stabi-
lized suspensions (without surface coatings) from Bai & Tien (1996)[136]. Dashed
lines consider the correlation for electrosterically stabilized suspensions (afforded by
adsorbed macromolecules) from Phenrat et al. (2010)[137].

2.3.6 Technical and environmental implications for colloid trans-

port

This work investigated the surface interactions between charged silver and mica sub-

strates in various solution compositions relevant to agricultural soils. We confirmed

that in the absence of HA, the forces at play are electrostatic repulsion and van der

Waals attraction. Once the surfaces are exposed to DOM, macromolecules like HA

readily adsorb onto both materials. However, important differences on the adsorbed

layers were found. On mica, the HA layer was thicker, more charged, and more dense

than the one observed on silver. Additionally, changes in the effective solution IS
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from ionization of the HA moieties were detected, which affect the overall system’s

electrostatics. When the solution complexity was increased by including calcium ions,

the differences in adsorbed layer thickness and charge between mica and silver were

reduced. The data indicate that calcium ions promote a greater adsorbed mass and

increase the HA layer thickness for silver, but increase the HA layer density for mica.

Our measurements suggest that HA has the potential to influence the deposition of

n-Ag particles onto soil grains in three key ways: i) by changing the electrical double

layer forces; ii) by creating a physical barrier between particles and collectors; and, iii)

by generating additional interactions due to compression of the HA adsorbed layers,

as reflected in the measured force profiles and estimated energy profiles. Based on our

calculations, the probability of particle deposition (𝛼) is expected to be the lowest

in HA-rich solutions, relative to the other solutions tested. In order to extend the

use of the CFT to model ENPs filtration in HA-rich solutions, the osmotic repulsion

arising from the overlap of adsorbed HA layers must be considered in addition to

electrostatic and van der Waals interactions (classic DLVO theory). Because HA and

other DOM macromolecules are ubiquitous in soil, and especially in agricultural soils,

these results imply that HA-coated ENPs may travel much farther than their bare

counterparts, potentially reaching sensitive water resources. The authors recognize

that the combined effect of adsorbed natural macromolecules[186, 188], heterogeneity

of the soil surface that creates favorable microsites for deposition[189, 190, 191, 112],

and heteroaggregation[192, 193] may reduce the expected travel distances of ENPs.

Nonetheless, our study demonstrates that osmotic repulsion from adsorbed DOM

onto suspensions and collectors is the main factor controlling interactions between

ENPs and soil surfaces, and consequently their probability for deposition. Precise

characterization of the relevant surface coating properties on natural and engineered

materials is a first step towards improving the accuracy of predictive models for colloid

transport in the subsurface.
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Supporting information

S2-1. Debye length from force measurements
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Figure S2-1: Force-distance profiles between opposing silver mica-surfaces in a) con-
trol solution, b) -HA solution and c) -HA-Ca solution. Dashed line indicates the ex-
ponential fit of the electrostatic forces, which decay corresponds to the Debye length,
𝜅−1. Replicates of the experiments are presented in figures d), e) and f).
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S2-2. Energy predictions based on xDLVO

Figure S2-2: Total energy profiles (𝑊𝑇 = 𝑊𝐸𝐷𝐿 +𝑊𝑉 𝐷𝑊 +𝑊𝑂𝑆𝑀) for interactions
between silver particles and mica collectors in a) control, b) -HA, and c) -HA-Ca so-
lution conditions. Shaded regions show the model predictions with upper and lower
limits for electrostatics corresponding to constant charge (solid line) and constant
potential (dashed line), respectively. Empirical data (translated from SFA force mea-
surements) is shown as symbols.
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S2-3. Energy predictions based on DLVO

Figure S2-3: Total energy profiles (𝑊𝑇 = 𝑊𝐸𝐷𝐿 +𝑊𝑉 𝐷𝑊 ) for interactions between
silver particles and mica collectors in a) control, b) -HA, and c) -HA-Ca solution
conditions. Shaded regions show the model predictions with upper and lower limits
for electrostatics corresponding to constant charge (solid line) and constant potential
(dashed line), respectively. Empirical data (translated from SFA force measurements)
is shown as symbols. The same data with different limits in the x and y axis are
presented in subplots d), e) and f) for direct comparison with Figure 4.

S2-4. Attachment efficiency, 𝛼, calculations

𝛼𝑏𝑎𝑟𝑒 = 2.527× 10−3𝑁0.7031
𝐿𝑂 𝑁−0.3121

𝐸𝑆 𝑁3.5111
𝐸𝑆2 𝑁1.352

𝐷𝐿 (S2-1)

𝛼𝑐𝑜𝑎𝑡 = 10−1.35𝑁0.39
𝐿𝑂 𝑁−1.17

𝐸𝑆 𝑁−0.10
𝐿𝐸𝐾 (S2-2)
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The dimensionless numbers are listed in Table S2-1.

Table S2-1: Dimensionless numbers for 𝛼 calculations

Parameter Definition

𝑁𝐿𝑂
𝐴

9𝜋𝜇𝑅2
𝑆𝑢𝑠

London van der Waals number

𝑁𝐸𝑆
𝜖𝜖0(𝜁2𝑝+𝜁2𝑐 )

12𝜋𝜇𝑅2
𝑆𝑢𝑠

First electrokinetic parameter

𝑁𝐸𝑆2
2𝜁𝑝𝜁𝑐
𝜁2𝑝+𝜁2𝑐

Second electrokinetic parameter

𝑁𝐷𝐿 2𝜅𝑅𝑆 Double-layer force parameter

𝑁𝐿𝐸𝐾
2𝑅𝑆�̄�

2𝑢𝑠Γ𝑁𝑎𝜌𝐻𝐴
𝜇𝑀𝑤

Layer-electrokinetc parameter

where 𝐴 is the Hamaker constant, 𝜇 is the water viscosity, 𝑅𝑆 is the particle radius,

𝑢𝑠 is superficial velocity, 𝜖 is relative permittivity of the fluid, 𝜖0 is permittivity in

a vacuum, 𝜁𝑝 and 𝜁𝑐 are zeta-potential of the particles and collectors respectively, 𝜅

is the inverse of the debye length, 𝐿 is the polymer layer thickness, Γ is the mass of

adsorbed polymer per unit area, 𝜌𝐻𝐴 is the polymer density and 𝑀𝑤 is the polymer

molecular weight.
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Abstract

This work investigates the role that pore structure plays in colloid retention across
scales with a novel methodology based on image analysis. Experiments were designed
to quantify–with robust statistics–the contribution from commonly proposed reten-
tion sites toward colloid immobilization. Specific retention sites include solid-water
interface, air-water interface, air-water-solid triple point, grain-to-grain contacts, and
thin films. Variable conditions for pore-water content, velocity, and chemistry were
tested in a model glass bead porous medium with silver microspheres. Concentra-
tion signals from effluent breakthrough and spatial profiles of retained particles from
micro X-ray Computed Tomography were used to compute mass balances and enu-
merate pore-scale regions of interest in three dimensions. At the Darcy-scale, retained
colloids follow non-monotonic deposition profiles, which implicates effects from flow-
stagnation zones. The spatial distribution of immobilized colloids along the porous
medium depth was analyzed by retention site, revealing depth-independent partition-
ing of colloids. At the pore-scale, dominance and overall saturation of all retention

𝑏This chapter has been published as: Patiño, J. E., Perez-Reche, F. J., & Morales, V. L.
(2022). Retention Site Contribution towards Silver Particle Immobilization in Porous Media. Water
Resources Research, e2021WR031807.
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sites considered indicated that the solid-water interface and wedge-shaped regions
associated with flow-stagnation (grain-to-grain contacts in saturated and air-water-
solid triple points in unsaturated conditions) are the greatest contributors toward
retention under the tested conditions. At the interface-scale, xDLVO energy profiles
were in agreement with pore-scale observations. Our calculations suggest favorable
interactions for colloids and solid-water interfaces and for weak flocculation (e.g., at
flow-stagnation zones), but unfavorable interactions between colloids and air-water
interfaces. Overall, we demonstrate that pore-structure plays a critical role in colloid
immobilization and that Darcy-, pore- and interface-scales are consistent when the
pore structure is taken into account.

3.1 Introduction

The expanding use of engineered colloids in the manufacturing of medical and electri-

cal appliances, textiles, paint protecting coverings, and consumer products has led to

the accumulation of undesirable amounts of nano- and micro-size particles in the envi-

ronment [29, 117, 25, 118]. Of particular interest are silver particles, employed in the

fabrication of detergents and anti-odor clothing because of their biocidal properties

[119, 120, 121, 194]. Studies up to date have demonstrated that a large proportion of

colloidal silver can enter sewers and the wastewater treatment train via erosion during

silver-impregnated textile washing [25, 23]. Furthermore, silver particle surfaces likely

acquire a coating of surfactants [30, 195, 196] and dissolved organic matter [122, 65]

along the sewer pathway, which increases the stability and persistence of the suspen-

sion. This raises concerns regarding the detrimental environmental and public health

impact that stabilized antimicrobial silver-laden effluent and sludge may have on soil

and aquatic systems where they are discharged [23, 25, 122, 123, 126, 127, 32, 197].

Regarding environmental health concerns, studies on soil microbial toxicity observed

adverse effects on microbial growth, functions and diversity in soils, which became

more pronounced over time [198, 199, 200]. Regarding public health concerns, re-

ports on the oral toxicity of silver colloids suggest that mammals may experience

dose-dependent altered neurotransmitter levels and immunological effects [201, 202],
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and that the toxicity of silver particles increases with decreasing size [203]. A sound

understanding of the underlying physics that govern spreading and retention of micro

and nano-particles in porous media is necessary to improve the accuracy of mechanis-

tic models that describe their transport. Such models are necessary for anticipating

and ultimately preventing soil and groundwater contamination by engineered mate-

rials.

Macroscopic transport and retention of colloids is measured as deposited mass

along the porous medium depth (depth profiles, DP) and/or concentration signals

in the effluent (breakthrough curves, BT). Traditionally, these signals are described

with mathematical models based on Colloid Filtration Theory (CFT). A classical

view predicts exponentially decreasing DP from clean bead and first-order deposi-

tion kinetics assumptions [46]. Deviations from CFT have been frequently observed

in the presence of repulsive interactions between particles and collectors (unfavor-

able conditions). Particularly, underestimation of the mass of immobilized particles

[84, 104]. Particle retention under unfavorable conditions has been ascribed to deposi-

tion in secondary energy minimum [61], surface roughness [88, 204], concurrent favor-

able and unfavorable interactions between colloids and the porous media surface [84],

and surface charge heterogeneity [53, 189, 205]. Anomalous DP behavior is common

and is often associated with unique pore-scale retention mechanisms [206]. Hyper-

exponential DP have been explained by colloid straining in narrow pore spaces in

addition to attachment to the soil-water interface [91, 105]. Uniform DP are thought

to be controlled by blocking phenomena, where deposited particles prevent further col-

loid deposition [106, 107]. Non-monotonic DP are associated to colloid accumulation

at low-flow regions [108, 109] and to size-dependent deposition of polydisperse sus-

pensions [110]. Monotonically increasing DP have been attributed to colloid-induced

charge redistribution on the collectors (Chen et al., 2011). While variations to tra-

ditional CFT-based models have been successfully implemented to capture a subset
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of non-exponential DP behaviors [207, 111], as of yet, information on the pore struc-

ture (including locations where multiple interfaces meet) is not yet implemented in

such modeling approaches. Thus, sound evidence is lacking to confidently pair the

pore-scale mechanisms represented in the models with the DP behavior they produce.

High resolution X-ray computed tomography (XCT) has recently gained traction to

address aspects of this knowledge gap [108, 208, 209].

Microscopic variations in colloid retention occur largely as a result of the pore

space geometry and its established flow field [4, 210]. CFT employs a first approxi-

mation of the mass transfer rate between suspended and arrested particles by upscal-

ing an assumed perfect sink at the solid-water (SW) interface [46]. Nevertheless, the

forces and torques that act on colloids near contact points where multiple interfaces

meet are fundamentally different from those acting on a single interface [211, 98, 212].

Experimental observations (by various microscopic techniques) of colloid transport

and deposition at the pore-scale have provided valuable insight on particle retention

in locations other than the SW. Notable examples include: straining in too narrow

pores [91, 4, 105, 213], accumulation in flow stagnant grain-to-grain contacts (GG)

[108, 214, 82, 215], attachment to the air-water (AW) interface [216, 42, 217], pinning

at the air-water-solid triple point (AWS) [218, 89, 43, 219, 88, 220], and film strain-

ing in thin films of water (TF) adjacent to solid surfaces [95]. While this evidence

highlights the relevance of pore space structure, it is not possible to determine the

contributing weight of alternative retention sites from observations in a handful of

pores located at the boundary of the transport experiment device. Assessing the sig-

nificance of various contending pore-scale processes warrants statistical analysis from

observations in numerous pores within the porous medium.

Nanoscopic interactions between colloids and the individual surfaces present in

porous media are traditionally modeled by Derjaguin-Landau-Verwey-Overbeek (DLVO)

theory. In principle, these surface interactions control the attachment efficiency–and

47



consequently the deposition rate–in CFT models. Yet, a formal relationship between

the two has not been established [65, 76]. In DLVO theory, the total energy of inter-

action is given by the sum of van der Waals attraction (VDW) and electronic double

layer repulsion (EDL) [56, 57]. Extended versions of DLVO (xDLVO) include ad-

ditional interactions affected by complexity of the solution chemistry and presence

of air bubbles [15, 66]. Furthermore, the occurrence of chemical heterogeneities and

roughness on any of the approaching surfaces can significantly modify their interfa-

cial interactions [207, 82, 221]. Relevant xDLVO interactions to this work include:

charge screening from changes in ionic strength, which affect the EDL [15, 222, 223];

steric interactions (ST) from surface adsorption of naturally occurring dissolved or-

ganic matter [15, 224, 225, 65, 69, 76, 208, 197]; polar or Lewis acid-base interactions

(AB) from the electron-acceptor and electron-donor nature of the two approaching

materials [226]; and hydrophobic interactions (HYD) between the particles and air

bubbles under unsaturated conditions [227, 228, 66]. While substantial progress has

been made to account for the pertinent colloidal interactions in typical groundwater

systems, relating these surface energetics to pore-scale and Darcy-scale observations

is not straight forward. This is mainly because during the process of deposition, par-

ticles interact with multiple planes simultaneously rather than the single infinite flat

plane modeled in the theory. To the authors’ knowledge, development of a theory

that accounts for multi-plane energies of interaction is still an open research question.

The principal focus of this study is to provide a better understanding of the mecha-

nisms of colloid retention in porous media that is in agreement across interface-, pore-,

and Dacy-scales. Our first aim is to statistically evaluate the contribution of alterna-

tive retention sites, beyond the SW, toward particle retention under commonly found

environmental conditions. The intent of the present work is to perform an efficient

rather than a systematic assessment of the effects of mean pore velocity, saturation,

and solution chemistry on the pore-scale locations where particles become immobi-
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lized. Our second aim is to assess the impact that dominant retention sites have at

other scales of interest in order to justify its consideration in down-/up-scaling model-

ing efforts. To do this, we determine the spatial distribution of retained colloids from

transport experiments that are imaged non-destructively by high resolution X-ray

Computed Tomography (XCT). The experimental setup was designed to work with

a model porous medium to isolate the role that pore structure plays on filtration.

Analyses of the spatial maps are used to simultaneously assess the macroscopic be-

havior at play, as well as the dominance and saturation of individual retention sites

for all pores within the sample. Finally, theoretical particle interactions from xDLVO

are used to qualitatively rationalize the observed retention trends.

3.2 Materials and Methods

3.2.1 Materials

Custom made hollow glass microspheres coated in a layer of 118 nm silver were used

as the silver colloids for experimentation (Microsphere Technology, Limerick, IE).

According to the manufacturer, the silver-glass-air spheres have a mean diameter of

14±4 𝜇m and a density of 1000 g L−1. Similar particles have been used in previous

studies to investigate colloid retention specifically at grain-grain contacts [108] and

biofilm distribution in porous media [229]. Suspensions of 20 g L−1 were prepared in

the desired background aqueous solution (described below) and used in experiments

within 10 hours. Concentrations of metallic silver in waste water are usually below

5 mg L−1 [230]. Nonetheless, silver particles are expected to accumulate over time

in environmental compartments [194], especially with continual application of the

nanomaterial source. Metallic silver nanoparticles (Ag-NP) in consumer products

have sizes that range between 10 and 100 nm [122, 231, 230], which are smaller than

the microspheres used in our experiments. This modification in concentration and
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particle size from expected values of slude-receiving soils was required for visualization

of deposited material with X-ray computed tomography, as described in section 2.3.

Borosilicate glass beads of 1 mm mean diameter were used used as the model

porous medium (Sigma-Aldrich). The glass beads were chemically pre-treated by

soaking in concentrated HCl for 24 h and rinsing with Milli-Q water until the pH

was neutral to remove metal oxides, followed by baking overnight at 550 ∘C to re-

move organic impurities. The nanoscale surface roughness of glass beads is expected

to be small as compared to natural porous media. Thus, both the chemical and

physical heterogeneity in the porous medium used for experiments in this work is

likely to be small, although not necessarily insignificant. Investigating the level of

physicochemical heterogeneity remaining in the already idealized porous medium and

its contribution toward immobilization, however, is not explored further. Sandy soils

may range in grain size from 0.06-2 mm and likely pack differently than the glass bead

bed in our experiments. While the particles and porous media used in this study dif-

fer in size and packing from the materials expected in real environmental systems,

the goal of this work is not to exactly replicate a natural soil system. Rather, we aim

to isolate a problem and disentangle the role that pore structure plays on filtration,

which as of yet cannot be investigated in natural samples.

Three different background aqueous solutions were used to vary the particle sta-

bility and interface interactions between the silver colloids and the available pore-

scale retention sites in the porous medium. The first solution was Milli-Q wa-

ter (MQW), which was used as the control. The second solution was made with

the anionic surfactant sodium dodecylbenzene sulfonate (SDBS) at a concentra-

tion of 1% by weight. This surfactant was chosen as representative of laundry

formulations[232], thereby simulating the release of silver particles from washed silver

impregnated garments. The third solution was made with dissolved organic matter

(DOM) at a concentration of 0.02 g L−1 as an ubiquitous constituent of soil water and
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wastewater sludge with known pronounced effects on colloid transport and stability

[162, 69, 76, 65, 233, 234, 235, 236, 237, 238, 73, 104]. Specifically, Elliott Soil humic

acid (International Humic Substances Society, St. Paul, MN) was used as a standard

DOM, following the solution preparation of Morales et al., (2011) [76].

3.2.2 Column experiments

Cylindrical polypropylene columns (4.7 mm inner diameter and 35 mm length) were

wet-packed to a depth of approximately 30 mm with clean borosilicate glass beads.

A piece of stainless steel mesh was placed at the top and bottom of the packed bed

to uniformly distribute the liquid at the boundaries and prevent the glass beads from

entering the tubing. The flow rate was controlled by a push-pull syringe pump that

exactly matched the rate at which influent was dispensed at the top and effluent

withdrawn from the bottom of the column. Five pore volumes were used to con-

dition the packed columns with the working background solution prior to transport

experiments. Then, a pulse of 400 𝜇L of the colloidal suspension was injected at a

continuous flow rate, followed by flushing with particle-free background solution until

the effluent concentration returned to baseline levels. The effluent concentration was

measured in a flow-through cuvette by UV-vis spectrophotometry at a wavelength

of 600 nm in 30 s intervals. Particle concentration in the effluent was determined

from established linear calibration curves. Following the experiment, the column was

sealed at both ends to prevent evaporation, maintained in a vertical position, and

immediately analyzed with tomographic imaging on site, to ensure relocation did not

change particle deposition patterns.

Replicate experiments were conducted for variable conditions regarding: i) water

content (saturated vs. unsaturated), ii) pore velocity (fast vs. slow), and iii) solu-

tion chemistry (MQW vs. SDBS vs. DOM) as summarized in Table 3-1. Saturated

conditions required inlet/outlet flow rates to always remain matched after wet pack-
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ing the column. To achieve unsaturated conditions, the inlet and outlet flow rates

were temporarily mismatched (the inlet flow was reduced) to allow for slow draining.

When the desired water content was reached (determined gravimetrically), matching

of inflow and outflow rates was resumed and allowed to equilibrate prior to injec-

tion of the particle suspension. It is important to note that unsaturated experiments

experienced a gradient in moisture content with depth, as illustrated in Figure S2,

which is extremely difficult to overcome for such small columns. The water content

of each packed column was measured before and after the transport experiment to

verify that it remained constant. Only experiments that met a constant water content

condition were considered here. The pore velocity, 𝑣 = 𝑞/𝜃𝑤, was controlled through

the imposed Darcy discharge, 𝑞 = 𝑄/𝐴, and the volumetric water content of each

experiment, 𝜃𝑤, where 𝑄 is the flow rate and 𝐴 is the cross-sectional area of the col-

umn. The solution chemistry was maintained constant throughout each experiment,

whereby the background solution for the suspension and the particle-free solution

used to flush out the colloid pulse were the same.

Table 3-1: Summary of experimental conditions tested. 𝑞 is the Darcy discharge,
𝜃𝑤/𝜃 is the fraction of water in the pore space or degree of saturation (where 𝜃 is the
porosity of the packed bed), with classification into saturated 𝜃𝑠 and unsaturated 𝜃𝑢.
𝑣 is the resulting average pore velocity, with classification into fast 𝑣𝑓 and slow 𝑣𝑠.
Solution chemistry includes Milli-Q water (MQW), sodium dodecylbenzene sulfonate
(SDBS), and dissolved organic matter (DOM).

Label 𝑞 [cm ℎ−1] 𝜃𝑤/𝜃 [-] 𝑣 [cm ℎ−1] Solution chemistry

A 38.39 1.00, 𝜃𝑠 71.95, 𝑣𝑓 MQW
B 13.85 0.35, 𝜃𝑢 82.41, 𝑣𝑓 MQW
C 18.92 1.00, 𝜃𝑠 34.99, 𝑣𝑠 MQW
D 13.89 0.42, 𝜃𝑢 69.47, 𝑣𝑓 SDBS
E 13.89 0.41, 𝜃𝑢 71.16, 𝑣𝑓 DOM
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3.2.3 XCT Scanning and enumeration of retained particles

XCT scanning : X-ray computed tomography (XCT) imaging of the column was con-

ducted with a bench-top scanner (HMX Nikon Metrology, Derby, UK) to obtain a

detailed three-dimensional static picture of the distribution of retained colloids in the

porous medium. To achieve a voxel resolution of ∼ 10𝜇𝑚, the sample was scanned

in two separate segments of ∼ 15 mm length. The X-ray source was set to an en-

ergy of 50 kV with 300 𝜇A intensity. A 0.1 mm aluminum filter was used to reduce

beam-hardening artifacts. A complete 360°scan consisted of 2000 projections, with

two frames per projection. Image reconstruction was performed with the scanner’s

designated software, CT-Pro. Details about the optimized XCT scanning settings are

provided in the Supporting Information (SI).

Segmentation: Image segmentation was used to define the different materials in

each column with dedicated commercial software for XCT image analysis (VG Studio

Max 2.1, Heidelberg, DE). First, the images were pre-processed using a non-local

mean filter to increase the signal-to-noise ratio. Adaptive thresholding was then used

to segment the bulk phases with operator-specified input parameters for the solids

(glass beads ∪ column), water, and air (for partly water saturated experiments).

Region grower was used to refine particularly noisy bulk phase segmentation results.

Finally, global thresholding was used again to segment total retained silver colloids,

as the sample material with highest X-ray attenuation and largest histogram gray

values. It is worth noting that the experimental materials were deliberately chosen to

simplify their segmentation based on well-defined histogram peak cutoffs as illustrated

in Figure 3-1. The SI describes the control tests performed to determine the visibility

of retained colloids in the column.

Three-dimensional regions of interest (ROIs) for each prospective retention site

were defined using a sequence of image operations (union, dilation, intersection, and
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difference) on the defined bulk phase elements as follows. First, the solids, water

and air elements were dilated by 2 voxels, here denoted by the subscript 𝑑. Next,

the intersection between dilated element pairs solids𝑑 ∩ water𝑑, air𝑑 ∩ water𝑑, and

air𝑑 ∩ solids𝑑 were used to create new elements corresponding to interfaces with the

solid-water (SW), air-water (AW), and air-solid (TF, which refers to thin films),

respectively. The air-water-solid (AWS) triple point element was defined as the in-

tersection between solids𝑑, water𝑑 and air𝑑. The grain-to-grain (GG) contact element

was obtained from watershed lines of the solid element. Then, all retention site ele-

ments were dilated by two voxels to create true volumes of otherwise two-dimensional

surfaces. This initial definition of elements (i.e., ROIs that delineate the six pore-

scale retention sites) causes them to overlap in some portions of the image volume.

Subtraction of elements from one another is then used to assign voxels to only one

retention site ROI. Lastly, a bulk liquid (BL) element was defined as the difference be-

tween the water element and all retention sites. This site would capture any retained

silver mass that might protrude into the bulk water by straining. To summarise, we

detect ROIs corresponding to six types of retention size, 𝒮 = {SW, BL, GG, AW,

AWS, TF}. Figure 3-1 illustrates in false coloring the ROIs for each retention site

available for a saturated and an unsaturated column.

3.2.4 Depth profiles and retention site statistics

ROIs belonging to total retained silver (𝐴𝑔𝑇 ) and each individual prospective reten-

tion site 𝑖 ∈ 𝒮 were processed in pairs with the intersection operation to deduce

the quantity of silver colloids deposited at each site, 𝐴𝑔𝑖. Figure 3-2 illustrates this

process for silver retained at the SW interface at a given depth, 𝑧. These values were

subsequently used to obtain i) retention site-dependent depth profiles (Darcy-scale)

and ii) the fraction of retained silver in each site to determine their dominance and

saturation (pore-scale). To the author’s knowledge, this is the first attempt to extract
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Figure 3-1: Workflow used to define pore-scale retention sites: a) cross section of XCT
images in greyscale, b) histogram showing the peak cutoffs used to distinguish each
bulk material, c) image segmentation of bulk phases in false coloring, d) cross section
of XCT images illustrating the six different retention site ROIs in false coloring for
saturated (L) and unsaturated (R) experiments. The scale bar represents 500 𝜇𝑚.

quantitative information relating colloid immobilization to pore-scale retention sites

from three-dimensional information of the structure and deposition patterns of a filter

medium.

Tomographic images of each experiment described in Table 3-1 contained 𝑁 cross

sections in depth. Each two-dimensional section, 𝑛, had a thickness of ∼ 10𝜇𝑚,

corresponding to a voxel length ∆𝑧. From these data, depth profiles of total silver were

extracted, 𝐴𝑔𝑇 (𝑧). The fraction of total retained silver found at each site in a given

image cross section, 𝑚𝑖, is given by 𝑚𝑖(𝑛) = 𝐴𝑔𝑖(𝑛)/𝐴𝑔𝑇 (𝑛) =
1
Δ𝑧

∫︀ Δ𝑧·𝑛
Δ𝑧·(𝑛−1)

𝐴𝑔𝑖(𝑧)
𝐴𝑔𝑇 (𝑧)

𝑑𝑧.

To rank the sites by importance, dominance was measured as the mean fraction of

retained silver for a given retention site as:
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Figure 3-2: Exemplary intersection operation between elements for total retained
silver (𝐴𝑔𝑇 ) and a pore-scale retention site (solid-water interface, SW) at a given depth
𝑧. The outcome is retention site-specific silver accumulation, here silver retained at
the solid-water interface (𝐴𝑔𝑆𝑊 ).

�̄�𝑖 =

𝑁∑︀
𝑛=1

𝑚𝑖(𝑛)

𝑁
(3-1)

To translate findings to systems with different retention site proportions, knowl-

edge about the fullness of each site is needed. The fraction of retention site volume 𝑖

filled with silver in a given image cross section, 𝑓𝑖, is given by 𝑓𝑖(𝑛) = 𝐴𝑔𝑖(𝑛)/𝑉𝑖(𝑛) =

1
Δ𝑧

∫︀ Δ𝑧·𝑛
Δ𝑧·(𝑛−1)

𝐴𝑔𝑖(𝑧)
𝑉𝑖(𝑧)

𝑑𝑧. Site saturation was then measured as the mean normalized frac-

tion of retained silver by retention site volume as:

𝑓𝑖 =

𝑁∑︀
𝑛=1

𝑓𝑖(𝑛)

𝑁
(3-2)

It is noteworthy that the site ROIs can be composed of multiple objects, (dis-

continuous clusters of voxels, e.g. the grain-to-grain ROI is composed of multiple

individual grain-to-grain contacts), where each object can retain different quantities

56



of silver particles. This is inevitable, yet 𝑓𝑖 summarizes how full the collection of those

objects is with retained colloids and allows us to compare against other retention sites

𝑖.

3.2.5 Interaction Energy profiles

Surface interactions for colloids approaching other charged surfaces were determined

by extended-DLVO theory and parametrized by the system’s physico-chemical prop-

erties listed in Table S2. The sum of van der Waals (𝑉𝑉 𝐷𝑊 ), electric double layer

interactions (𝑉𝐸𝐷𝐿), steric interactions (𝑉𝑆𝑇 ) and Lewis acid-base interactions (𝑉𝐴𝐵)

are considered for colloid-SW and colloid-colloid systems [239, 240, 161, 162, 241, 242].

Colloid-colloid interactions were used to assess the likelihood for accumulation of

colloids at close proximity in GG contacts and AWS triple points. Additionally, hy-

drophobic interactions, 𝑉𝐻𝑌𝐷, are taken into account for the colloid-AW system [243].

There is not a proper interaction energy scheme to describe colloids approaching the

TF which is why their profiles are excluded from this analysis.

The analytical expressions for the various interactions considered (in sphere-sphere

geometry) are given by the following:

𝑉𝑉 𝐷𝑊 = − 𝐴

6𝐷

(︂
𝑅1𝑅2

𝑅1 +𝑅2

)︂[︂
1− 5.32𝐷

𝜆
ln

(︂
1 +

𝜆

5.32𝐷

)︂]︂
(3-3)

𝑉𝐸𝐷𝐿 = 64𝜋𝜖

(︂
𝑅1𝑅2

𝑅1 +𝑅2

)︂(︂
𝜅𝐵𝑇

𝜈𝑒

)︂2

tanh

(︂
𝜈𝑒𝜁1
4𝜅𝐵𝑇

)︂
tanh

(︂
𝜈𝑒𝜁2
4𝜅𝐵𝑇

)︂
𝑒−𝜅𝐷 (3-4)

𝑉𝑆𝑇 = 𝜋𝑎2𝑆𝑇𝛾
𝑆𝑇
0 exp

(︂
− 𝐷

𝜆𝑆𝑇

)︂
(3-5)

𝑉𝐴𝐵 = 2𝜋𝑅1𝜆𝐴𝐵𝛾
𝐴𝐵
0

[︂
1− 𝜆𝐴𝐵

𝑅1

+

(︂
1 +

𝜆𝐴𝐵

𝑅1

)︂
𝑒
− 2𝑅1

𝜆𝐴𝐵

]︂
exp

(︂
− 𝐷

𝜆𝐴𝐵

)︂
(3-6)

𝑉𝐻𝑌𝐷 = −𝐾𝐻𝑌𝐷

6𝐷

(︂
𝑅1𝑅2

𝑅1 +𝑅2

)︂
(3-7)

Here, 𝐴 is the Hamaker constant for the system, 𝐷 is the separation distance, 𝑅1
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and 𝑅2 are the radii of two interacting spheres. For colloid-colloid interactions 𝑅1 =

𝑅2 = 7𝜇𝑚. For colloid-SW and colloid-AW 𝑅1 = 7𝜇𝑚 and 𝑅2 = ∞. 𝜆, 𝜆𝑆𝑇 , and

𝜆𝐴𝐵 are the decay length for van der Waals, steric and Lewis acid-base interactions,

respectively. 𝜖 is the dielectric constant of the water, 𝜅𝐵 is the Boltzmann constant,

𝑇 is temperature, 𝜈 is the valence of the symmetric electrolyte, 𝑒 the charge of an

electron, 𝜁1 and 𝜁2 are the zeta potential of the two interacting materials. 𝜅 is the

inverse Debye length, 𝑎𝑆𝑇 is the radius of steric hydration contact. 𝐾𝐻𝑌𝐷 is the

hydrophobic constant for air bubbles interacting with silver particles in water, here

estimated as 7.67× 10−20.

3.3 Results and Discussion

3.3.1 Darcy-scale fate and transport

Mass balance of silver eluted from each experiment revealed that, on average, < 10%

of the applied silver mass was recovered in the effluent for all tested conditions (See

Table S3). Such low mobility is consistent with previous studies on transport of silver

particles in neutral to alkaline conditions [220] and is expected for transport of large-

sized particles (> 1 𝜇m in diameter, as are the size of our particles) [15]. Here, we

exploit the high degree of retention to cross-examine deposition patterns.

Depth profiles of retained particles in experiments testing variable water content

are shown in Figure 3-3. The primary y-axis shows a stacked area plot of the fraction

of silver particles deposited by available retention site in depth. The secondary y-axis

shows the classic depth profile as the total mass of silver retained in depth. Similar

profiles corresponding to experiments comparing pore velocity and solution chemistry

are provided in Figures S3 and S4, respectively. The large signal variability is due to

the high data resolution, given that depth intervals are collected at 10 𝜇m from XCT

imaging rather than the 1 cm from standard destructive approaches. Depth profiles
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from replicates experiments are in qualitative agreement, but only representative

results are presented for the purpose of comparison.

Close inspection of Figure 3-3 reveals two important trends. First, the contribution

order toward retention by each prospective site (staked areas) is relatively uniform

along the column depth. Even though there is high variability in the signal, there is

no cross over of site dominance as a function of depth. This suggests that available

sites, however small they are, have not become entirely saturated. In water saturated

conditions, the mass of immobilized particles is distributed between three retention

sites with substantial contribution from sites other than the SW interface. In water

unsaturated conditions, similar trends are observed, albeit with additional retention

sites available. The slight change in retained particle distribution in the last 10 mm of

the column can be explained by a modest increase in saturated at the lower boundary

[208]. In both water saturation systems the SW interface contributes significantly,

though not exclusively to particle retention. Knowledge of the identity and relative

contribution of active retention sites is critical for improving mechanistic models for

colloid filtration. In the following section we discuss the specific contribution by each

retention site.

Second, the depth profiles of total mass of silver (black solid line) are non-

monotonic and characteristic of anomalous transport (the reader is additionally re-

ferred to Figure S5 for a moving average of the same signal). Normal colloid transport

follows an exponential decay in mass retained with depth; thereby any departure from

this is considered anomalous. Similar anomalous trends in depth were observed for

experiments of variable pore water velocity and pore water chemistry (Figures S3

and S4). Specifically, non-monotonic deposition has been ascribed to non-attached

colloids in the near surface domain [111] that may accumulate at hydrodynamically

stagnant regions. This mechanistic perception is in agreement with observed accu-

mulation of particles at all depths in GG contacts for the saturated case and AWS
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triple points for the unsaturated case. Importantly, distinguishing between the mass

retained at perfect sinks (SW with infinite retention time) and imperfect sinks (flow

stagnation regions of GG or AWS with finite retention time) can help better under-

stand the mechanisms leading to breakthrough curves with heavy tailing. Modeling

broad residence time distributions is yet subject of future work.

In all experiments, particles remained at the BL even after flushing for more than

10 pore volumes likely because, even in a bead pack, the flow field is not perfectly

homogeneous [244] and flow-induced aggregation created particle clusters that were

too large to be flushed out [209]. Additional tests were conducted in transient con-

ditions for draining (data not shown) that eluted material retained at the BL, thus

confirming that the image signal at this location is truthful.
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Figure 3-3: Depth profiles. Primary y-axis shows stacked area plots of the fraction of
retained silver at six candidate pore sites with depth. Secondary y-axis shows the total
retained silver with depth (black line). A comparison is presented for experiments
of constant pore velocity (𝑣𝑓 ) and solution chemistry (MQW) but variable water
content: a) fully saturated (𝜃𝑠), b) unsaturated (𝜃𝑢). Checkered shading indicates
missing data during image stitching. The fraction of retained colloids at each site
is relatively constant in depth, while the total mass of silver retained changes non-
monotonically with depth.

3.3.2 Pore-scale retention site statistics

Mean site dominance (�̄�𝑖), and mean site saturation (𝑓𝑖) results are presented as

scatter clusters in Figure 3-4. It is worth noting that by definition, �̄�𝑖 adds up to

unity because it is normalized by the total silver immobilized throughout the column

and summarizes the overall site contribution towards particle immobilization. On the

other hand, the mean site saturation 𝑓𝑖 depends on the unique volume of available

retention site 𝑖 and does not need to add up to unity. Subfigures are organized to
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facilitate comparisons for variable water content (Figures 3-4a and d), variable pore

velocity (Figures 3-4b and e), and variable solution chemistry (Figures 3-4c and f).

The reader is referred to Table 3-1 for the other conditions maintained constant for

each grouping.

General: Across all experiments, the SW interface (blue markers) was the most

dominant retention site (highest �̄�𝑖 values) but accounted only for up to half of the

total mass retained (�̄�𝑆𝑊 ≤ 0.5), while the AW and TF were the least dominant

retention sites (�̄�𝐴𝑊 |�̄�𝑇𝐹 ≤ 0.15). This implies that mechanistic models should ac-

count for multiple sinks terms to more accurately represent the processes involved

in anomalous colloid filtration behavior. Regarding site saturation, no site ever ap-

proached its full capacity (𝑓𝑖 < 3× 10−3), however small they were. These outcomes

are expected because saturation of a retention site is never anticipated to be complete

unless the deposition conditions are fully favorable. This is not the case for any of

the experimental conditions in this study. For this and various additional reasons,

deposition in a given retention site is hindered, and thus the quantity 𝑓𝑖 can be lim-

ited to a maximum which is lower than unity. Additionally, this suggests that it is

unlikely that primary retention would switch from one site to another upon reaching

a threshold saturation.

Variable water content: For variable water content, Figure 3-4a shows that the

stagnant regions, represented by the GG contacts in saturated and GG plus AWS in

unsaturated experiments, are responsible of at least 0.1 of the total mass retained.

The BL is the second most dominant site in both saturated and unsaturated con-

ditions, but there is a decrease in �̄�𝐵𝐿 with decreasing water content. The value

of �̄�𝐴𝑊𝑆 for unsaturated conditions suggests a trade-off of deposited particles be-

tween the BL and the stagnant region AWS when the system goes from saturated to

unsaturated conditions.

Regarding the site saturation (Figure 3-4d), AWS has the highest value of 𝑓𝑖
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for unsaturated conditions, which means that this site is the most saturated with

particles, followed by the SW. In saturated conditions, the GG showed higher 𝑓𝑖 than

the BL, but the most filled up site with particles was the SW. One can conjecture

from these data that, when present, AWS sites affect the flow field more strongly than

GG contacts between perfectly spherical grains.

Variable pore velocity: The dominance of the retention sites was similar for vari-

able pore velocity, Figure 3-4b. Nonetheless, it is worth noting that both ¯𝑚𝑆𝑊 and

¯𝑚𝐺𝐺 increased with decreasing 𝑣. This observed behavior can be explained by longer

contact times between particles and the SW, and longer particle residence times in

the stagnation regions when the flow rate/mean pore velocity is lower [109].

The SW saturation (𝑓𝑆𝑊 ) was comparable to the one of GG (𝑓𝐺𝐺) when pore

velocity was reduced, pointing to a larger proportion of retention at the flow stagna-

tion zones of the system—GG contacts under lower pore velocities (see Figure 3-4e).

These outcomes are in agreement with detailed studies of the inversely proportional

size of flow stagnation zones with flow rate/pore velocity [214]. For the system under

investigation, this amounts to larger stagnant flow regions associated with GG con-

tacts at slower pore water velocities, leaving thereby fewer colloids to be retained at

the SW interface and the BL.

Variable solution chemistry: For variable solution chemistry, the second most

dominant site changes from BL in simple solutions (MWQ) to flow stagnation regions

associated with the AWS and GG for more complex solutions (SDBS and DOM) (see

Figure 3-4c). Under all tested solution chemistries, the AW and TF ranked at the

bottom of the list for site dominance, hinting that the the importance of the AW in

unsaturated media is less prominent than has been suggested in the literature. The

authors conjecture that the reasoning postulated by Bradford & Torkzaban, (2008)[4]

explains this observation. In short, near perfect slip conditions at the AW interface

results in colloids sliding along the surface of air bubbles, directing them to AWS
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where they can more permanently arrest.

Site saturation in Figure 3-4f was greatest for the SW and AWS interfaces. The

large variability observed for ¯𝑓𝐵𝐿 in different treatments makes it difficult to draw

general claims about its likelihood to fill up. Similarities in the �̄�𝑖 and 𝑓𝑖 trends

across solution chemistries, exclusive of the BL, suggest that changes in the interaction

energy between colloids and available charged surfaces were not significantly affected

by the presence of surface active compounds.

3.3.3 Interface-scale interaction energy

Energy profiles for a colloid interacting with: the SW interface (solid line), the AW

interface (dot-dashed line), and another colloid (dashed line) in MQW solution chem-

istry are shown in Figure 3-5. Interactions between colloids and the SW interface

are characterized by the lowest energy barrier (∼ 7.5 × 103 𝑘𝑇 ) coupled with the

deepest secondary energy well (∼ −25𝑘𝑇 ). These conditions are considered relatively

𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒 for reversible deposition at this retention site. Similar interactions were

found between identical colloids (i.e., for flocculation) with a low energy barrier (∼

8×103 𝑘𝑇 ) and a slightly more shallow secondary energy well (∼ -5 𝑘𝑇 ). These con-

ditions too are considered 𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒 for accumulation of colloids at close proximity

in stagnant flow regions. Interactions between colloids and the AW interface involve

the highest determined energy barrier (∼ 3×104 𝑘𝑇 ) and an absent secondary energy

minimum. Such conditions are typified highly 𝑢𝑛𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒.

On the basis of interaction energy profiles, silver particles are expected to (i) de-

posit at the SW interface, albeit at the secondary minimum; (ii) aggregate (including

weak flocculation) with comparable proportion at either GG contacts or AWS, de-

pending on the system’s water saturation as discussed above, or protruding into the

BL; and (iii) never deposit at the AW interface. These interface-scale energetic trends

are in agreement with observations of pore-scale site dominance and saturation shown
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Figure 3-4: (Top) Mean retention site dominance, �̄�𝑖, and (bottom) mean retention
site saturation, 𝑓𝑖, for experiments of variable: (a, d) water content, (b, e) pore
velocity, and (c, f) solution chemistry. Error bars denote maximum and minimum
values for replicate experiments. Retention sites considered are solid-water interface
(SW), grain-to-grain contacts (GG), bulk liquid (BL), air-water interface (AW), air-
water-solid triple points (AWS), and thin films (TF). The most dominant site for
silver retention is the SW, with flow-stagnant regions (GG for saturated and AWS
for unsaturated experiments) following closely behind in all experiments. The AW
ranked last in dominance whenever present. The site saturation of flow-stagnant
regions is comparable to, and at times higher than, the SW. The AW and TF rank
lowest for saturation whenever present.

in Figure 3-4 and Darcy-scale depth profiles shown in Figure 3-3, showing consistency

across scales of investigation.
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The authors note that the magnitude of the energy barrier height (≫ 𝒪(103)

kT) for all computed interactions is insurmountable and implies that retention at

a primary well is extremely unlikely. This is in agreement with the work by Shen

et al., (2017) [61], who report a lack for primary minimum interaction for particles

larger than 1 𝜇𝑚. In addition, the high degree of particle deposition observed across

all experiments suggests that surface heterogeneity on the collector surface may have

remained even after efforts to minimize it. While interactions between colloids and

nanoscale heterogeneities on the collector surface can be locally highly favorable,

theoretical interactions based on bulk measurements, as those shown in Figure 3-5,

suggest effective unfavorable interactions for the system as a whole. That is, the

interaction between a colloid and the heterogeneous collector surface is on average

highly unfavorable. For the work here presented, the physico-chemical heterogeneity

was removed as much as possible through synthetic manufacturing of smooth glass

beads and chemical and thermal treatment. Yet, it is difficult to ascertain empirically

if any level of heterogeneity remained that contributed to retention. The xDLVO

profiles of Figure 3-5 show highly unfavorable effective interactions, yet significant

retention was observed. We primarily ascribe this to secondary minimum interactions

and pore-structure, but cannot rule out that some level of heterogeneity on the flat

interfaces also impacted retention.

When considering heterogeneity more explicitly, colloids are expected to stochasti-

cally interact with portions of the collector surface that are entirely within, partially

on, or entirely outside a heterogeneous nanosite [114]. These possibilities produce

interactions that are favorable, intermediately favorable, or unfavorable, respectively,

and cannot be inferred from effective xDLVO profiles. Hence, the authors suggest that

a more appropriate representation of colloid-collector interactions in the presence of

heterogeneity would honor the variability of possible interactions. However, inves-

tigating more deeply the impact of surface heterogeneity on xDLVO energy profiles
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and ultimately on upscaled particle transport models is the subject of future work.
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Figure 3-5: Total interaction energy as a function of separation distance for colloids
approaching different charged surfaces: solid-water interface (SW), air-water interface
(AW), and another colloid. Inset shows the secondary energy minima. The lowest
energy barrier and deepest secondary energy well for the colloid-SW interactions are
in agreement with the observed dominance of retention at the SW. A similar barrier
and slightly more shallow secondary well for colloid-colloid interactions suggest weak
aggregation and support the significant particle accumulation at flow-stagnant regions
pertaining to grain-to-grain contacts and the air-water-solid triple point. The highest
energy barrier and no secondary well for colloid-AW interactions support observations
of minimal particle retention at the AW.
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3.4 Conclusions

This study demonstrates that colloid deposition at the Darcy-, pore- and interface-

scales are in full agreement when the pore structure is taken into account. At the

Darcy-scale, transport was deemed consistently anomalous based on non-monotonic

depth profiles observed, which are affected by regions of low-flow. Detailed analysis

of retention site-specific depth profiles revealed that immobilized colloids were dis-

tributed broadly across six candidate retention-sites, and that the distribution was

consistent in depth and largely independent of the experimental conditions tested. At

the pore-scale, analysis of deposited mass identified the solid-water interface as the

dominant retention site in all tested conditions, but it only retained up to 0.5 of the

total deposited mass. Significant retention was additionally found in flow-stagnant

regions corresponding to grain-to-grain contacts and the air-water-solid triple point

for saturated and unsaturated systems, respectively. In unsaturated systems, deposi-

tion at the air-water interface was minimal. At the interface-scale, interaction energy

profiles were in excellent consonance with the dominance ranking of available reten-

tion sites. Attachment to the solid-water interface and weak aggregation (in low-flow

regions) were found to be favorable, while attachment to the air-water interface was

deemed highly unfavorable. While the idealized colloids and porous media used in

this work are a simplification of complex environmental systems, the findings reported

shed light on the fundamental role that pore structure in aquifer media plays on the

immobilization of suspended groundwater contaminants. Future work with more real-

istic materials and larger experimental columns would increase the representativeness

of the results for real environmental systems. Significant retention of colloids in flow

stagnation zones, which are subject to reentrainment by diffusive means, is likely a

key driver of ubiquitous heavy tails in breakthrough curves. Understanding the phys-

ical justification for colloid elution (e.g., long residence times vs detachment kinetics)
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is critical to revise mechanistic models that can more accurately predict fate and

transport under environmentally relevant transient conditions.
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Supporting information

S3-1. Optimized XCT scanner settings

Exponential attenuation law (Equation S3-1) was used to determine the theoretical

emerged photon intensity (𝐼) of each material in the sample, where 𝐼0 is the incident

beam intensity. X-ray mass attenuation coefficients (𝜇/𝜌) for borosilicate glass, water,

and silver were obtained from the NIST data base1 for the range of photon energies

achievable with the XCT system employed (40-400 KeV). Material density (𝜌) and

thickness values (𝑡) were estimated from known properties, as summarized in Table

S3-1. Figure S3-1 illustrates 𝐼/𝐼0 as a function of photon energy. From this figure it

is apparent that the greatest difference in emerged photon intensity among the four

main materials occurs at low photon energies. Accordingly, the energy level of the

polychromatic XCT unit was set to 50 KV along with an 0.1 mm thick Aluminum

filter to remove soft X-rays and intensity of 300 𝜇𝐴. Further scanning and image

reconstruction specifics include tungsten target material, 2000 projections per scan, 2
1DOI: https://dx.doi.org/10.18434/T4D01F
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Figure S3-1: Approximate emerged photon intensity of bulk materials in experimental
samples at the range of X-ray photon energies available.

frames per projection, as well as correction during reconstruction for beam hardening,

noise reduction and minimization of ring artefacts with the commercial software CT-

Pro.

𝐼/𝐼0 = 𝑒𝑥𝑝 [−(𝜇/𝜌)𝑥] (S3-1)

Table S3-1: Estimated material density (𝜌), thickness (𝑡) and mass thickness (𝑥 = 𝜌𝑡)
for air, silver particles, pore-water, and borosilicate glass beads.

Material 𝜌 [g 𝑐𝑚−3] 𝑡 [cm] 𝑥 [g 𝑐𝑚−2]
Dry air 1.3e-03 0.10 1.3e-04
Silver miscrospheres 10 4.7e-05 𝑎 4.7e-04
Pore-water 1.0 0.10 0.10
Borosilicate glass beads 2.2 0.10 0.22

𝑎 Thickness is estimated as two 118 nm silver coating layers per sphere and at
least a pair of spheres.
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S3-2. Quality control test for silver colloid visibility in XCT

scans

To check the visibility of retained silver-coated microspheres in the XCT images, a

known volume of the working colloid suspension was used to saturate a packed col-

umn of clean glass beads, which was subsequently scanned. A region of interest at

the high end of the histogram, corresponding to silver particles, was used to quantify

the volume of visible silver particles in the medium. It was found that 70% of the

microsphere volume equivalent was visible in the XCT images. This percentage was

applied as a correction factor during mass balance calculations. We note that indi-

vidual microspheres were difficult to segment in the glass bead-packed column due to

their similarity in size to the scan resolution (the so-called partial volume effect), de-

spite their significantly greater attenuation coefficient compared to all other materials

in the sample.

S3-3. xDLVO Parameters

The net interaction energy profiles were obtained using equations 7 and the param-

eters indicated in Table S3-2. 𝐾𝐻𝑌𝐷 was calculated as the geometric mean of the

hydrophobic constant of air bubbles in water, 1×10−17 J [243, 245], and the hy-

drophobic constant of silver in water, 𝐾𝐴𝑔. The latter is calculated as 𝑙𝑜𝑔(𝐾𝐴𝑔) =

−3.194(𝑐𝑜𝑠(𝜃))− 18.229, where 𝜃 is the water contact angle on silver[243]. A 𝜃 of 20𝑜

was used, based on previously reported values on silver surfaces wettability [246, 247].
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Table S3-2: Parameters used for xDLVO calculations.

Description Symbol colloid-AW colloid-colloid colloid-SW Units

Hamaker constant 𝐴 -8.47×10−20 1.39×10−20 4.85×10−20 J
Van der Waals decay length 𝜆 1.00×10−7 1.00×10−7 1.00×10−7 m
Steric decay length 𝜆𝑆𝑇 4.10×10−10 4.10×10−10 4.10×10−10 m
Lewis acid-base decay length 𝜆𝐴𝐵 6.00×10−10 6.00×10−10 6.00×10−10 m
Dielectric constant of water 𝜖 80 80 80 -
Temperature 𝑇 298 298 298 K
Valence of sym. electrolyte 𝑧 1 1 1 -
Zeta-potential of colloids 𝜁1 -50.00 -50.00 -50.00 mV
Zeta-potential of collector 𝜁2 -75.00 -50.00 -60.00 mV
Inverse Debye length 𝜅 5.60×10−9 5.60×10−9 5.60×10−9 m
Steric hyd. contact radius 𝑎𝑆𝑇 2.67×10−4 1.14×10−7 3.27×10−8 m

Table S3-3: Experimental conditions and mass recovery for transport tests.

Label Q [m3𝑠−1] Inj. time [s] Inj. mass [mg] Mass in column [mg] Retained mass [%]

A 1.82e-09 222 8.06 7.41 91.88
B 8.81e-10 480 8.46 7.75 91.64
C 8.95e-10 487 8.72 7.92 90.75
D 8.83e-10 460 8.13 7.67 94.34
E 8.83e-10 470 8.32 7.87 94.52

S3-4. Mass Balance of Particles Injected, Eluted and Retained

S3-5. Depth Profiles & Retention Site Distribution in Depth

Figure S3-2 illustrates the availability of retention sites in depth for the experimental

conditions in Table 1 (main text). Depth profiles of retained particles in experiments

testing variable water pore velocity and water pore chemistry are shown in Figures

S3-3 and S3-4. The primary y-axis shows a stacked area plot of the fraction of silver

particles deposited by available retention site in depth. The secondary y-axis shows

the classic depth profile as the total mass of silver retained in depth. Figure S3-5
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illustrates the moving average of the depth profile signals for all experiments.

Figure S3-2: Retention site distribution in depth shown as volume fraction (volume
of the retention site over the total volume available for particle retention). Figures
correspond to experiments type a) A with fast pore water velocity (𝑣𝑓 ), saturated
conditions (𝜃𝑠), and MQW; b) B with fast pore water velocity (𝑣𝑓 ), unsaturated con-
ditions (𝜃𝑢), and MQW; c) C with slow pore water velocity (𝑣𝑠), saturated conditions
(𝜃𝑠), and MQW; d) D with fast pore water velocity (𝑣𝑓 ), unsaturated conditions (𝜃𝑢),
and SBDS; and e) E with fast pore water velocity (𝑣𝑓 ), unsaturated conditions (𝜃𝑢),
and DOM. Checkered shading indicates missing data during stitching.
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Figure S3-3: Depth profiles. Primary y-axis shows stacked area plots of the fraction
of retained silver at the available pore sites with depth. Secondary y-axis shows
the total retained silver with depth. A comparison is presented for experiments of
constant water content (𝜃𝑠) and solution chemistry (MQW) but variable pore water
velocity: a) fast (𝑣𝑓 ), b) slow (𝑣𝑠). Checkered shading indicates missing data during
stitching.
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Figure S3-4: Depth profiles. Primary y-axis shows stacked area plots of the fraction
of retained silver at the available pore sites with depth. Secondary y-axis shows
the total retained silver with depth. A comparison is presented for experiments of
constant water content (𝜃𝑢) and pore velocity (𝑣𝑓 ) but variable solution chemistry: a)
MQW, b) SBDS, c) DOM. Checkered shading indicates missing data during stitching.
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Figure S3-5: Depth profiles showing the total retained silver with depth (black solid
line) and a moving average of 100 points (orange solid line) to illustrate the profile
anomalous shape. Figures correspond to experiments typea) A with fast pore water
velocity (𝑣𝑓 ), saturated conditions (𝜃𝑠), and MQW; b) B with fast pore water velocity
(𝑣𝑓 ), unsaturated conditions (𝜃𝑢), and MQW; c) C with slow pore water velocity
(𝑣𝑠), saturated conditions (𝜃𝑠), and MQW; d) D with fast pore water velocity (𝑣𝑓 ),
unsaturated conditions (𝜃𝑢), and SBDS; and e) E with fast pore water velocity (𝑣𝑓 ),
unsaturated conditions (𝜃𝑢), and DOM. Checkered shading indicates missing data
during stitching.
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Abstract

Colloid deposition in granular media is relevant to numerous environmental prob-
lems. Classic filtration models assume a homogeneous pore space and largely ignore
colloid aggregation. However, substantial evidence exists on the ubiquity of aggrega-
tion within porous media, suggesting that deposition is enhanced by it. This work
studies the deposition process in relation to aggregate size and structure. We demon-
strate that aggregation is induced at typical groundwater velocities by comparing
the repulsive DLVO force between particle pairs to the hydrodynamic shear force
opposing it. Column experiments imaged with high-resolution X-ray Computed To-
mography were used to measure aggregate structure and describe their morphology
probability distribution and spatial distribution. Aggregate volume and surface area
were found to be power-law distributed, while Feret diameter was exponentially dis-

𝑐 This chapter has been published as: Perez, A. J., Patino, J. E., Soos, M., & Morales, V.
L. (2020). Morphology of shear-induced colloidal aggregates in porous media: consequences for
transport, deposition, and re-entrainment. Environmental Science & Technology, 54(9), 5813-5821.
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tributed with some flow rate dependencies caused by erosion and restructuring by the
fluid shear. Furthermore, size and shape of aggregates are heterogeneous in depth,
where a small number of large aggregates control the concentration vs depth profile
shape. The range of aggregate fractal dimensions found (2.2-2.42) implies a reaction
limited aggregation process and a high potential for restructuring and/or breaking
during transport. Shear-induced aggregation is not currently considered in macro-
scopic models for particle filtration, yet is critical to consider in the processes that
control deposition.

4.1 Introduction

Colloid phenomena play an important role in porous media processes, including envi-

ronmental fate and transport of colloids, colloid-associated contaminants, and nano-

materials [248, 249, 133]; granular media filtration [250]; clogging [251, 252]; and soil

structure [253]. Numerous studies have suggested that aggregation can notably affect

colloidal toxicity [254, 255, 256, 257],reactivity [258, 257, 259, 260], and environmental

transport[102, 40, 41, 240, 39, 103]. For transport, aggregate structure has been shown

to have a strong impact on deposition and mobilization [39, 261, 240, 41, 40, 103],

although the detailed processes are not well understood.

According to colloid filtration theory (CFT), particle deposition in porous media

occurs in sequential steps for transport and attachment[46]. During transport, parti-

cles are brought to the vicinity of a collector by Brownian diffusion, interception, and

gravitational sedimentation. During attachment, particles interact with the collector

surface at very short distances thought to be driven in large part by Derjaguin-

Landau-Verwey-Overbeek (DLVO) interactions[56, 129]. The steady-state solution of

CFT predicts that the depth dependence of particle accumulation should be expo-

nential, which is frequently discrepant with experimental results. A key assumption

made by CFT is that particles travel and interact with collector surfaces individu-

ally. However, direct evidence of the ubiquity of aggregation within porous media by

numerous studies [39, 97, 40, 102, 41, 103] suggests that this assumption is mechanis-

tically incorrect, and that aggregation is responsible for enhanced deposition. To the
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authors’ knowledge, Legg et al., (2014) [41] is the only study to present experimental

evidence that particles preaggregate in the bulk fluid and subsequently deposit onto

collectors as sparse-fractal aggregates (low-density), hinting that ripening is not the

only mechanism through which aggregates deposit in the pores.

To correct for aggregation effects on the transport step, some studies propose

to use an equivalent size given by the radius of gyration (or hydrodynamic size) of

the aggregate and its effective density given by the fractal dimension, both of which

impact the suspension’s diffusivity [225, 240], drag[262, 263, 240], and sedimentation

[189]. Conversely, Lin et al., (2012) [240] show that the size of the primary particle, not

its aggregation state, determines the magnitude of the strength of colloidal interaction

within the framework of DLVO theory; hence implying that the attachment step

needs no correction. Moreover, very large aggregates are further immobilized by

straining processes[213, 264]. The dynamic process of deposition involves attachment,

detachment, as well as local erosion and rearrangement of existing colloidal deposits.

Various recent studies have sought to correlate colloid deposition in porous media

with aggregate structure, paying close attention to aggregate fractal dimension [240,

103, 39, 265, 261, 41]. Beyond aggregate compactness and size, however, morphologic

properties like sphericity expose the ability of amorphous clusters to move across pore

spaces given their orientation and response to shear flow [262, 266, 267, 268, 269, 270].

It is well known that the size and structure of colloidal aggregates is affected by

chemical conditions [41], primary particle shape [271], and most importantly by the

fluid flow to which the suspension is exposed [262, 265]. Hydrodynamic forces in the

fluid experienced by suspended particles can enhance aggregation or deposition onto

the porous medium surface. Similarly, shear stress on the aggregate can induce its

breakup or restructuring [262, 103, 240, 41]. In environmental hydrodynamic systems,

aggregation is generally considered to be reaction limited, whereby a repulsive energy

barrier must be overcome by chemical or mechanical means to obtain successful ag-
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gregation. Such reaction limited aggregation (RLA) tends to form more compact

structures with characteristic fractal dimension of ∼ 2.1, compared to those formed

by diffusion limited aggregation (DLA) with fractal dimension of ∼ 1.75 [240, 272].

In porous media, the coupling between pore fluid flow, colloid deposit morphology,

and pore geometry has been found to clog the pore space and affect the evolution of

head-loss [102, 103, 40, 261]. As deposition progresses, deposits on the filter media

may locally alter the flow, which can impact subsequent removal of incoming particles

or aggregates [261]. This consequently leads to a buildup of localized fluid shear that

may restructure or break up aggregates, causing mobilization and redistribution of

the colloidal material along the packed bed[41]. Results from simulations show that

large particles and higher fluid velocities tend to form dense deposits of higher frac-

tal dimension that are less prone to breakage and resuspension, while small particles

and low fluid velocities produce more open deposits of lower fractal dimension[261].

Aggregates with lower fractal dimension have been shown to break more easily [265].

Frail aggregate deposits break in localized zones of high shear. This mobilizes col-

loidal material of lower fractal dimension, leaving behind a more compact deposit at

the origin[103]. Redistribution of sloughed colloidal material locally recuperates per-

meability of the pore structure, permitting the colloidal filtration process to resume

in a semi-clean bed as a system with self-regulating negative feedback [102].

In this study, direct measurements of the structure of colloid deposits in porous

media are used to investigate the relationship between imposed flow rate, aggregate

structure and the particle deposition mechanism. We consider the possibility that

hydrodynamic shear can provide sufficient energy to overcome electrostatic repulsion

between suspended colloids to induce aggregation and encourage deposition. Cal-

culations of the opposing forces are presented to support our hypothesis. Detailed

characterization of colloidal aggregates is used to determine how flow rate controls the

variability in formed aggregate size and morphology. We then examine how aggregate
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structure is linked to its ability to penetrate the packed bed, and use this to explain

the concentration profile shape with depth. Lastly, aggregate mechanical properties

are analyzed in light of their tendency to become unstable and undergo detachment

(re-entrainment) during a physical or chemical disturbance.

4.2 Materials and Methods

4.2.1 Materials

Custom made hollow glass microspheres coated in a layer of 118 nm silver were used

as the silver colloids for experimentation (Microsphere Technology, Limerick, IE).

Silver particles were deliberately chosen because they facilitate imaging with X-rays

as described below. According to the manufacturer, their mean diameter is 14±4

𝜇m and density is 1.0 g mL−1. Suspensions of 0.02 g mL−1 were prepared in Milli-

Q water (pH=7, and ionic strength of 0 mM unless otherwise indicated) and used

in experiments within 10 hours. Borosilicate glass beads of 1 mm mean diameter

were used as the porous medium (Sigma-Aldrich). The glass beads were chemically

pre-treated by sequential soaking in concentrated HCl for 24 hours to remove metal

oxides, repeated rinsing with Milli-Q water until the pH was neutral, and then baked

overnight at 550 ∘C to remove organic impurities.

subsectionSmall Angle Light Scattering

Small Angle Light Scattering (SALS) was used to monitor the silver aggregation

extent prior to injection of the colloidal suspension into the columns for transport

experiments. Here, the average radius of gyration of the clusters, ⟨𝑅𝑔⟩, was measured

under quiescent conditions (i.e., in the absence of hydrodynamic shear). The SALS

instrument used in this work (Mastersizer 2000, Malvern, UK) has a working angle

range 𝜃 = 0.02-40°, a wavelength of incident light 𝜆0 = 633 nm, and an intensity

acquisition frequency of 1,000 s−1. Details of the SALS system can be found else-
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where [273], and the calculations for estimating ⟨𝑅𝑔⟩ are described in the Supporting

Information (SI). SALS measurements demonstrate that the chosen water chemistry

creates unfavorable conditions for aggregation in our suspension. Hence, a physi-

cal factor must be responsible for any observed aggregation during transport, where

hydrodynamic shear is present.

4.2.2 Opposing DLVO Repulsive and Hydrodynamic Shear

Forces

Colloidal particles are typically stabilized by forces of electrostatic origin, indicating

that the repulsive force barrier must be overcome for charge-stabilized particles to

aggregate. In a porous medium, a suspension is subjected to shear by the nature

of the flow, which can be sufficiently strong to "push" repulsive particles together.

Hence, the occurrence of shear-induced aggregation can be assumed to depend on

the balance between DLVO and shear forces [274]. We determine the propensity for

shear-induced aggregation by considering the maximum shear force available at a

given shear rate in comparison to the repulsive force barrier of the suspension.

To compute the repulsive barrier (the maximum force), the force between interact-

ing identical particles was determined from classical DLVO theory. Repulsive electric

double-layer force, 𝐹𝑒𝑑𝑙, was estimated from the derivative of the potential energy of

interaction as approximated by Gregory (1975) [275] as:

𝐹𝑒𝑑𝑙 =
64𝜋𝑎𝜂∞𝑘𝐵𝑇

𝜅
𝛾2𝑒𝑥𝑝(−𝜅ℎ). (4-1)

Here, 𝑎 is the radius of the colloid, 𝜂∞ is the bulk number density of ions, 𝑘𝐵 is the

Stefan-Boltzmann constant, 𝑇 is the absolute temperature, 𝛾 = 𝑡𝑎𝑛ℎ(𝑧𝑒𝜁/4𝑘𝐵𝑇 ) is

the reduced surface potential of the colloid as a function of the ion valence, 𝑧, and

the measured colloid zeta potential, 𝜁 (measured with ionic strength of 1mM KCl),
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𝜅 is the inverse Debye length, and ℎ is the separation distance. Attractive Van der

Waals force, 𝐹𝑣𝑑𝑊 , was estimated from the derivative of the retarded potential energy

of interaction proposed by Gregory (1981) [239] as:

𝐹𝑣𝑑𝑤 = −
𝐴𝑎(1 + 28

𝜆
ℎ)

12(ℎ+ 14
𝜆
ℎ2)2

. (4-2)

Here, 𝐴 is the system’s Hamaker constant and 𝜆 is the characteristic wavelength of

the interaction, which has a value of l00 nm for most materials [162]. The total force

profile, 𝐹 , is the sum of 𝐹𝑣𝑑𝑤 and 𝐹𝑒𝑑𝑙.

Nano roughness on the surface of the colloidal particles were qualitatively observed

with Scanning Electron Microscopy (see Figure S2 in the SI), and accounted for in the

total force profile as per the work of Torkzaban et al., (2015)[252]. Surface roughness

effects were incorporated into DLVO calculations to quantify the magnitude of the

total force of non-smooth colloids. A simplified random representation of random

roughness is considered with pillars of height ℎ𝑟 in the range 35-50 nm, and surface

density 𝑓 between 0.5-4%. The mean total interaction energy, 𝐹𝑚(ℎ), is estimated as

the linear combination of interaction energies of asperity element tops and the smooth

surface bottom as:

𝐹𝑚(ℎ) = (1− 𝑓)𝐹 (ℎ+ ℎ𝑟) + (𝑓)𝐹 (ℎ). (4-3)

To determine the maximum shear force available, the maximum hydrodynamic

force, 𝐹 (𝑚𝑎𝑥)
𝑠 , for two equal-sized spheres approaching each other in a simple shear

flow was calculated as per the work of Husband & Adams, (1992) [276]:

𝐹 (𝑚𝑎𝑥)
𝑠 = 3.06𝜋𝜇⟨𝑅𝑔⟩2𝐺. (4-4)

Here, 𝜇 is the dynamic (shear) viscosity of the fluid and 𝐺 is the measured shear

rate in the column determined by Eq. S4 in the SI. The force balance results are
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interpreted in consideration of the relevant inter-particle and hydrodynamic forces

involved.

4.2.3 Column Experiments

Cylindrical polypropylene columns (4.7 mm inner diameter and 35 mm length) were

wet-packed to a depth of approximately 30 mm with the clean glass beads and main-

tained fully water saturated. A piece of stainless steel mesh was placed at the top and

bottom of the packed bed to keep the glass beads in the column and out of the influ-

ent/effluent tubing. The packed columns were conditioned with five pore volumes of

Milli-Q water prior to transport experiments in a downward flow arrangement. Then,

400 𝜇L of the colloidal suspension was injected at a continuous flow rate, followed

by flushing with particle-free background solution of Milli-Q water until the effluent

concentration returned to baseline levels. Effluent concentration was measured in a

flowthrough cuvette by UV-vis spectrophotometry at a wavelength of 850 nm in 30

s intervals. The flow rate was controlled by a push-pull syringe pump that exactly

matched the rate at which influent was dispensed at the top, and effluent withdrawn

from the bottom of the column. Triplicate experiments were conducted for two dif-

ferent flow rates, 3.2 and 6.4 mL hr−1. Following each experiment, the column was

sealed at both ends to prevent evaporation, maintained in a vertical position, and

was immediately analyzed with tomographic imaging on site to ensure relocation did

not change particle deposition patterns.

4.2.4 XCT Scanning and Image Processing

X-ray computed tomography (XCT) imaging of the column was conducted with a

benchtop scanner (ZEISS Xradia, MicroXCT-200) at the University of California,

Davis to obtain a detailed three-dimensional static picture of the distribution of colloid

deposits in the porous medium. The materials that make up the packed column and
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the colloidal suspension were selected to obtain the greatest contrast and best quality

images with XCT. To achieve a voxel resolution of 10 𝜇m, the sample was scanned

in multiple segments that were subsequently stitched together during reconstruction.

The power of the X-ray source tube was set at 8 W with an energy of 40 kV. An Xradia

LE#3 source filter was used to harden the spectrum and reduce beam-hardening

artifacts. A complete 360°scan consisted of 1600 projections and required about 4

hr per segment. Each scan produced projection data of the packed porous media in

segments of length of ∼ 10 mm. The projection data of each segment was used to

reconstruct a stitched image of the column. Reconstruction and stitching was done

with XRADIA proprietary software, TXM Controller, TXM Reconstructor and TXM

Viewer.

Segmentation

Segmentation of the column images was performed with dedicated commercial soft-

ware for XCT image analysis (Volume Graphics Studio Max and Amira). First, the

images were pre-processed using a non-local mean filter to increase the signal-to-noise

ratio. A hybrid segmentation approach, combining global thresholding and locally

adaptive thresholding, was used to define regions of interest corresponding to the

colloid deposits and the pore space. Next, global histogram thresholding was used

to remove voxels corresponding to the silver colloids, as the sample material with

highest X-ray attenuation and largest histogram gray values. Then, locally adap-

tive thresholding was used to perform precise segmentation of the pore space with

operator-specified input parameters of the existing solid and liquid phases. Region

grower was used to refine particularly noisy pore space segmentation results. Seg-

mented images of colloid deposits and the pore space were finally used for aggregate

morphology and shear rate distribution analyses, respectively.
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Aggregate Morphology

Image processing and analysis of the morphological characteristics of colloidal deposits

formed in porous media were performed using the software Fiji/ImageJ [277], includ-

ing the Particle Analyser plugin in BoneJ [278] and Matlab. Particle Analyser (with

a mesh resampling factor of 1) identifies individual particle clusters and analyses their

characteristics separately for volume (𝑉 ); surface area (𝑆𝐴); Feret diameter (𝐹𝑒), as

maximum diameter; geometric centroid coordinates (𝑥, 𝑦, 𝑧); and major (𝑟𝑀𝑎𝑗), inter-

mediate (𝑟𝐼𝑛𝑡), and minor (𝑟𝑀𝑖𝑛) radii of the best fit ellipsoid. Geometric sphericity

(𝜓 = (36𝜋𝑉 2)(1/3)

𝑆𝐴
) and aspect ratio (𝐴𝑅 = 𝑟𝑀𝑖𝑛

𝑟𝑀𝑎𝑗
) were additionally determined from

the plugin outputs. Aggregate cohesive force and compaction were determined from

fractal dimension, 𝐷3, obtained from the scaling of the number of primary particles

in an aggregate, 𝑁 , vs the ratio between the minimum radius of the aggregate, 𝑟𝑀𝑖𝑛,

and the primary particle radius, 𝑟0, such that 𝑁 ∼ (𝑟𝑀𝑖𝑛/𝑟0)
𝐷3 . 𝑁 is approximated

as the ratio of measured aggregate volume to primary particle volume. Our analysis

considers six structural characteristics, 𝑀𝑖, measured for each aggregate: 𝑉 , 𝑆𝐴, 𝐹𝑒,

𝜓, and 𝐴𝑅, and 𝐷3. The SI describes various control tests performed on the data to

determine its quality and the smallest cluster size distinguishable from noise, given

that individual primary particles cannot be resolved with this experimental setup.

4.2.5 Statistical Analysis

Global probability density functions were assessed for each aggregate morphology to

evaluate their distribution and relative abundance as 𝑝(𝑀𝑖). Cross-correlations were

used to measure similarities between morphologic characteristics. Significant corre-

lations were those with an absolute Pearson’s linear coefficients greater than 0.7 and

p-values below 0.05. Conditional probabilities were used to evaluate different shape

characteristics relative to aggregate volume as 𝑝(𝑀𝑖 > 𝑀 ′
𝑖 |𝑉 ). Trends in depth were
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evaluated with joint probability density function for each morphological characteristic

as 𝑝(𝑀𝑖, 𝑧). All statistical analysis was restricted to clusters containing at least 10

primary particles. Fractal dimension was evaluated for clusters of at least 30 primary

particles as recommended by Lee & Kramer, (2004) [279]; to reduce uncertainty in

the estimation of 𝑁 due to partial volume effects, which diminishes with increasing

aggregate size.

4.3 Results and Discussion

4.3.1 Suspension stability

Average radius of gyration of the colloid suspension prior to column injection was

measured with SALS as 26.18 𝜇m. This suggests that the suspension is stable under

quiescent conditions (absence of fluid shear), and that formed colloid clusters are on

average triplets over the course of a 20 minute time period. This measurement is used

as a control to compare the aggregate size distributions achieved when the suspension

is subjected to fluid shear during transport through porous media, as discussed below.

4.3.2 Opposing DLVO repulsive and hydrodynamic shear forces

A comparison between opposing DLVO repulsive and hydrodynamic shear forces en-

ables determination of the critical hydrodynamic force required to onset shear-induced

aggregation. The following presents a force balance approach similar to that used by

Husband & Adams (1992), [276] who studied the forces involved in orthokinetic ag-

gregation. Figure 4-1 shows exemplary DLVO force profiles of interacting colloids,

considering nanoscale surface roughness (profiles corresponding to other densities are

not shown). From these data, we estimate that the force barrier magnitude 𝐹𝑚 could

have a range of 9.3×10−11 to 4.9×10−10 N. The maximum hydrodynamic force (from

Eq. 4-4) was determined to have a magnitude of 𝐹 (𝑚𝑎𝑥)
𝑠 = 2.83×10−10 and 5.65×10−10
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Figure 4-1: (Left) DLVO force profiles as a function of particle separation, corrected
for nanoroughness of density 𝑓 = 0.5% and variable pillar height, ℎ𝑟. (Right) Force
barrier for various combinations of roughness density and pillar height.

N for the slow and fast flow rates, respectively. Hence, the hydrodynamic shear over

the quiescent triplets is confirmed to be large enough to overcome the repulsive force

stabilizing the suspension and stimulate efficient aggregation, particularly for surface

roughness of characteristically large pillar heights or low densities. The maximum

shear force is found in 16% and 19% (8 and 10 times per 𝑚𝑚3 of media) of the

channels in the column for slow and fast flow rates, respectively (also illustrated in

Figures S4 and S5). An example of the lower force requirement occurrence for a

specific suspension is given in section S3. The authors note that lubrication forces

are not accounted for since the surface roughness in the system is rather large. As

noted by Husband & Adams (1992) [276], considering the relevant hydrodynamic and

inter-particle forces involved at constant water chemistry, too low a shear rate applied

to a suspension will only break weak floccs formed at the secondary minimum. An

increase in shear will result in productive aggregation into the primary minimum.

Increasing the shear rate further may destroy previously formed aggregates.

Aggregate Size and Morphology

Global probability distribution functions for each characteristic measured are shown

in Figure 4-2 for the two flow rates tested. The range of values for all morphologies

is similar for both flow rates. Volume and surface area are power law distributed
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(𝑝(𝑀𝑖) = 𝑚𝑀𝐵
𝑖 , where 𝑚 is a constant and 𝐵 is the scaling exponent), while Feret

diameter shows an exponential distribution (𝑝(𝑀𝑖) = 𝑚𝑒𝐵𝑀𝑖 , where 𝑚 is a constant

and 𝐵 is the power exponent). These distributions capture the strong heterogeneity

of the colloidal aggregates. The fitted scaling exponents, 𝐵, increase with flow rate

as shown in Table S1. The distributions for volume and surface area are power-

law, and therefore are also scale invariant. Their fitted scaling exponents, 𝐵 < 1,

indicate that they also lack a well-defined mean and variance, since a power-law 𝑥−𝐵

has a well-defined mean over 𝑥 ∈ [1,∞) only if 𝐵 > 2, and a finite variance only

if 𝐵 > 3. This shows that although very few voluminous aggregates contribute to

most of the deposited colloidal mass, this small number of aggregates can strongly

influence the concentration distribution in depth. Feret diameter, on the other hand,

has well-defined moments with lower variability between diameters for the most and

least probable aggregates. The distribution of sphericity is flow rate-dependent. Fast

flow rates display a bimodal distribution with peaks at 0.4 and 0.8, where the more

spherical second mode is more probable. Slow flow rates have an unimodal distri-

bution skewed to higher values that peaks at 0.8. The distribution of aspect ratio

approaches a Gaussian and peaks similarly at 0.4 for both flow rates. The mean and

variance of the aspect ratio and sphericity distributions are reported in Table S1. The

bimodal quality of sphericity may be attributed to aggregate stretching due to the

increased shearing at higher flow rates, which is in agreement with increased skewness

in the distribution for aspect ratio at the same flow conditions.

A major factor affecting an aggregate’s response to flow is its shape [262]. On

the one hand, the volume of an aggregate informs on its tendency to be strained and

immobilized during transport through porous media [264, 269]. On the other hand,

Feret diameter, sphericity, and aspect ratio inform about its susceptibility to pass

through a pore throat based on its orientation with the flow. Spherical aggregates

rotate smoothly in the presence of velocity gradients, while elongated aggregates expe-
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rience oscillations of angular velocity in shear flows [262]. To the authors’ knowledge,

the effects of aggregate elongation morphology on deposition and transport kinetics

in porous media have not been studied. However, the effect of primary particle aspect

ratio on straining and transport has received some attention, albeit with conflicting

results [266, 267, 268, 269, 270]. A greater amount of straining has been shown to

occur for elongated primary particles, compared to spherical ones [267, 268]. How-

ever, observations of the opposite have also been reported[269, 266], attributing the

effect to preferred rotation and orientation of the particle as it approaches a pore

constriction. That is, the minor axis of the particle is considered to be the critical

dimension controlling straining retention processes.
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characteristics. Symbols correspond to experiments of slow (diamonds) and fast (tri-
angles) flow rates. Lines indicate the power law or exponential fit to distributions for
volume, surface area, and Feret diameter for slow (dashed) and fast (solid) flow rates.

In addition to the insights gained from individual aggregate structure distribu-

tions, it is useful to know how structural characteristic pairs are correlated. Fig-

ure 4-3 shows correlation matrices of the five characteristics investigated. P-values

for all pairs were less than 0.05, signifying statistical significance across the board.

Positive correlations with Pearson coefficients greater that 0.7 were found between

volume-to-surface area, volume-to-Feret diameter, and Feret diameter-to-surface area

for both flow rates. These three characteristics are strongly correlated in large part

because of the prevalence of small aggregates with maximal surface area and limited

configuration for Feret diameter. Anti-correlations were found only between Feret

diameter-to-sphericity at slow flow rates. This could be attributed to the elongated

90



shape of larger nonspherical aggregates. In general, correlations between pairs were

weaker for fast compared to slow flow rates corroborating the increased heterogeneity

with higher shear.

Volume

Surfa
ce Area

Spheric
ity

Feret D
iameter

Aspect R
atio

Volume

Surface Area

Sphericity

Feret Diameter

Aspect Ratio

Slow

1

0.9804

0.7396

0.9804

1

0.8216

1

0.7456

0.7396

0.8216

1

0.7456

1

-0.3791

-0.1288

-0.4632

-0.1693

-0.3791

-0.4632

-0.7577

-0.7577

-0.4546

-0.1288

-0.1693

-0.4546

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Volume

Surfa
ce Area

Spheric
ity

Feret D
iameter

Aspect R
atio

Volume

Surface Area

Sphericity

Feret Diameter

Aspect Ratio

Fast

1

0.9763

0.7149

-0.08428

0.9763

1

0.7886

-0.1039

1

0.697

0.7149

0.7886

1

-0.08428

-0.1039

0.697

1

-0.1777 -0.2089

-0.1777

-0.2089

-0.3711

-0.3711

-0.3073

-0.3073

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Figure 4-3: Pearson’s rank correlation matrix of aggregate morphological character-
istics for experiments conducted at slow and fast flow rates.

The distribution of the different measured morphologic characteristics relative to

the given aggregate volume are shown in the conditional probability plots, 𝑝(𝑀𝑖 >

𝑀 ′
𝑖 |𝑉 ), of Figure 4-4. Reference lines for surface area and Feret diameter of ideal

spheres of the same given volume are shown in black. Trends across the two flow

rates are similar for all characteristics in aggregates larger than 10−5𝜇𝑚3. Generally,

the surface area and Feret diameter of aggregates increasingly depart from that of a

perfect sphere as volume increases, suggesting that small aggregates approach spheres

but acquire an elongated geometry as they grow in size [280]. A decrease in sphericity

and aspect ratio with increasing volume for aggregates larger than 10−5𝜇𝑚3 corrob-

orates this trend. Differences in flow rate are seen, however, in Feret diameter and

sphericity for aggregates smaller than 10−5𝜇𝑚3. Small aggregates formed with fast

flow rates have a broader range of Feret diameters and depart more strongly from the

ideal sphere reference line than their slow flow rate counterparts. Similarly, sphericity

changes non-monotonically with volume for fast flow rates, while slow flow rate shows

a fairly uniform distribution for this volume range. We speculate that large aggre-
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gates are retained by straining processes, and become elongated by the hydrodynamic

shear which is stronger for higher flow rates in general, as well as locally where the

pore is clogged by deposits of large aggregates.

Figure 4-4: Relationship between volume and different morphological characteristics
for corresponding aggregates in a given population. Top (bottom) panels correspond
to experiments run at slow (fast) flow rates. The coloring gives the probability 𝑝(𝑀𝑖 >
𝑀 ′

𝑖 |𝑉 ) that an aggregate of morphology, 𝑀𝑖, of given volume, 𝑉 , takes a value larger
than 𝑀 ′

𝑖 , where 𝑀 ′
𝑖 is plotted along the vertical axis. Reference lines for surface area

and Feret diameter of ideal spheres of the same given volume are shown in black.
The blank spaces at high values of 𝑉 indicate the absence of aggregates of such size.
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Aggregate distribution in depth

Figure 4-5 presents the joint probability distribution of each aggregate characteristic

with depth, 𝑝(𝑀𝑖, 𝑧). The probability of finding aggregates of a given size or structural

characteristic in depth is shown by the colored equiprobable contours. The contours

indicate a higher probability of finding aggregates of large volume, surface area, and

Feret diameter near the surface (top) of the column, than at greater depths. This

trend is evident in the cone-shaped contours. No dependence on flow rate was ob-

served.1 Conceivably, larger aggregates become strained in the pore space and travel

fewer pore lengths, relative to the longer distance traveled by smaller aggregates. We

compare 𝑝(𝑉, 𝑧) (Figure 4-5 first column) with traditional deposition concentration

profiles in depth, 𝑆𝐴𝑔 ∝ 𝑒𝑥𝑝(−𝑘𝑧
𝑣
) (see Figure S8 in the SI), which are independent of

all aggregate characteristics. Here, 𝑆𝐴𝑔 is the concentration of deposited silver, 𝑘 is

the first-order deposition kinetics term, 𝑧 is depth, and 𝑣 is the advective term. A sta-

tionary exponential profile is predicted by CFT, although hyperexponential profiles

have been broadly reported in excavation experiments (e.g., Bradford et al., 2016 [281]

and references therein). Given the small dimensions of our column, it is not possible

to determine if our observed profiles are exponential or hyperexponential. In either

case, 𝑝(𝑉, 𝑧) sheds light on why the concentration profiles have a (hyper)exponential

shape, which is due to the small number of extremely large agglomerates found at

shallow depths.

Fast flow rate conditions produce aggregates that approach a spherical shape

near the top of the column and become elongated with depth (evident in the cone-

shaped contours). In contrast, slow flow rate conditions produce aggregates that

are dominantly spherical and show no depth dependency (evident in the vertical

contours). These trends in depth are shared for aspect ratio between the two flow

rates. Aggregate elongation is likely a result of exposure to higher shear from faster

flow rate. High shear could push aggregates deeper in the packed bed, elongate them
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with each passed pore throat, and selectively break mechanically weak and porous

portions of the aggregate into smaller units that can travel deeper in the column, but

are not eluted from it. It cannot be ruled out that local detachment of entire deposits

could occur at some locations within the porous medium.
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Figure 4-5: Spatial distribution of aggregate morphology characteristics with depth.
Top (bottom) panels correspond to experiments run at slow (fast) flow rates. Colored
contours give the probability 𝑝(𝑀𝑖, 𝑧) that an aggregate of morphology, 𝑀𝑖, is found
at depth, 𝑧.

Determination of aggregate mechanical strength

Fractal dimension is here used as a metric to quantify an aggregate’s mechanical

strength and to understand its potential for restructuring by fluid shear. The fractal

dimension of the entire aggregate population was smaller for slow, 𝐷3 = 2.22 (2.20,

2.24), than for fast flow rates, 𝐷3 = 2.42 (2.39, 2.44), where values in parenthesis

indicate the 95% confidence bounds (see Figure S9 in the SI). Measurements of fractal

dimension of subpopulations at multiple depth increments showed that 𝐷3 did not

change significantly with distance traveled by the aggregate (data not shown). It

cannot be ruled out that the column might be insufficiently long to reveal the evolution

of fractal dimension as a function of depth. The observed fractal dimensions in

our aggregates confirms that the aggregation regime was RLA. Recall from the

introduction that RLA has a characteristic fractal dimension of ∼ 2.1[240, 272]),
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with an upper bound close to 2.5 for aggregates that have undergone breakage [272].

For the lower observed 𝐷3, aggregates have a higher potential for restructuring and

breaking during porous media transport by the fluid shear to which the deposits are

subjected, consistent with prior work [265, 272].

According to the calculations shown in the SI, the shear stress ranges can be

coarsely approximated at [1 × 10−3, 2 × 10−2] and [2 × 10−3, 5 × 10−2] Pa for slow

and fast flow rates, respectively. In agreement with conventional wisdom, aggregates

exposed to higher shear stress at constant water chemistry are expected to have higher

fractal dimensions, and vice versa. This is thought to result from increased breakage

and restructuring of low-fractal dimension aggregates into higher-fractal dimension

aggregates by the added stress. Previous studies have reported an increase in fractal

dimension with flow velocity[103, 282, 261], albeit for a range of velocities that are

one or two orders of magnitude greater than the ones used here, which are typical

for groundwater. Recognizing that larger aggregates deposit near the surface of a

packed bed, it is conceivable that when these deposits have low fractal dimension they

could be easily broken by physical or chemical perturbations. This could remobilize

aggregates as smaller fragments and promote their transport to greater depths in the

porous medium.

4.3.3 Environmental Implications

Colloids often exist in the subsurface as primary minimum aggregates that are formed

by the imbalance of stabilizing colloidal forces and the hydrodynamic shear of the

flowing water that carries them. Aggregation may significantly reduce particle trans-

port by increasing their hydrodynamic size. However, this study shows for the first

time that the resulting aggregate size is power-law distributed, and that the spatial

distribution of the very large clusters dictates the concentration depth profile. From

a modeling perspective, the broad distribution of particle (aggregate) sizes and com-
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paction will affect the transport (single collector) coefficient, but not its attachment

coefficient, as outlined in CFT. This implies that colloids undergoing aggregation

during transport in porous media move toward collectors by different proportions of

CFT-considered transport mechanisms (diffusion, interception, sedimentation). As

aggregates grow, they become less diffusive, while as aggregates break and restruc-

ture, their density changes affect their sedimentation potential. Experimental results

showed that preferential formation of very large deposits of low fractal dimension oc-

curs near the column inlet in steady state conditions. At greater penetration depths

and higher shear, aggregates showed evidence for mild breakup and structural evo-

lution. This implies that sporadic release and redistribution of particles during a

physical or chemical disturbance is likely to disproportionately affect the small num-

ber of very large and frail aggregates near the inlet. Aggregate formation and breakage

during realistic transient conditions should eventually produce clusters of stable size

and level of compactness. Nevertheless, more detailed characterization of aggregate

properties and their location during disturbance events is needed to predict when and

where deposits form and become unstable.
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Supporting information

S4-1. Small Angle Light Scattering

The radius of gyration was characterized by SALS following the protocol by Soos et

al. [280] as presented below, including equations S1-S3. An example of the measured

intensity of scattered light plotted in a normalized form 𝐼(𝑞)/𝐼(0) as a function of

scattering wave vector 𝑞 is presented in Figure S4-1.
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Figure S4-1: Normalized intensity of scattered light, 𝐼(𝑞)/𝐼(0), as a function of scat-
tering vector amplitude, 𝑞.

Scattering vector amplitude, 𝑞, is defined as:

𝑞 =
4𝜋𝑛

𝜆
𝑠𝑖𝑛

(︁𝜃
2

)︁
(S4-1)

where 𝜃 is the scattering angle, 𝑛 is the refractive index of the dispersing fluid, and

𝜆 is the laser wavelength in vacuum.

The measured light intensity is analyzed to obtain the rms radius of gyration,

⟨𝑅𝑔⟩, through following expression

𝑙𝑛
(︀
𝐼(𝑞)

)︀
= 𝑙𝑛

(︀
𝐼(0)

)︀
− 𝑞2

3
⟨𝑅2

𝑔⟩𝐼(𝑞), (S4-2)
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where

⟨𝑅2
𝑔⟩𝐼(𝑞) = ⟨𝑅2

𝑔⟩ − ⟨𝑅2
𝑔,𝑝⟩, (S4-3)

and ⟨𝑅2
𝑔⟩𝐼(𝑞) and 𝐼(0) are estimated from the slope and the intercept, respectively,

of the linear relationship between 𝑙𝑛(𝐼(𝑞)) and 𝑞2/3. The mean squared radius of

gyration, ⟨𝑅2
𝑔⟩, is obtained from equation S3 with a radius of gyration of primary

particles 𝑅𝑔,𝑝 = 7𝜇𝑚.

Note that the tail in 𝐼(𝑞) at large 𝑞 values indicates the presence of a small

population of very small particles of size below 100 nm. These are most probably

debris from the coating of colloid particles.

S4-2. SEM Images of Colloidal Particles

Figure S4-2: Scanning Electron Microscope Images of silver-coated hollow glass mi-
crospheres demonstrating mild surface roughness.

S4-3. Estimates for Shear Rate and Stress

A coarse estimate of shear rate and shear stress experienced by colloidal particles

traveling in the porous medium is here provided. Shear rate, 𝐺, is estimated from

information about the distribution of pore channel diameters, 𝐷, obtained from struc-

tural analysis of the pore space of XCT images and mean pore velocity, 𝑣, as[283]:
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𝐺 =
8𝑣

𝐷
. (S4-4)

Mean pore velocity is defined as:

𝑣 =
𝑄

𝐴𝑛
, (S4-5)

where 𝑄 is the flow rate, 𝐴 is the cross-sectional area of the column and 𝑛 is the

mean porosity.

Distributions of the shear rate for slow and fast flow rate experiments are provided

in Figure S4-3.
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Figure S4-3: Distribution of shear rate for slow (L) and fast (R) flow rates. Insets
display the same data in semi-log.

Shear stress, 𝜏 , is given by Newton’s law of viscosity:

𝜏 = 𝜌𝜈𝐺, (S4-6)

where 𝜌 is the fluid density, and 𝜈 is the kinematic viscosity.

For example, to induce aggregation in a colloidal suspension of nano-roughness of

ℎ𝑟 = 50𝑛𝑚 and 𝑓 = 3%, the hydrodynamic shear 𝐹𝑠 must exceed the repulsive force

𝐹𝑚 = 2.78 × 10−10. The hydrodynamic force requirement in each of the flow rates

tested is met in 31% of the available channels in the medium for fast flow rates, and in

16% of the available channels in the medium for slow flow rates. This is equivalent to
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Figure S4-4: Frequency of hydrodynamic shear force occurrence for slow flow rates
within the pore network.

Figure S4-5: Frequency of hydrodynamic shear force occurrence for fast flow rates
within the pore network.

17 times per 𝑚𝑚3 of the medium for fast, and 8 times per 𝑚𝑚3 of the medium for slow

flow rates. Figures S4-4 and S4-5 illustrate the overall distribution of hydrodynamic

forces in the column at their respective flow rates.
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S4-4. XCT Image Analysis Quality Controls

Two quality controls were performed in the XCT images to (i) determine the threshold

signal-to-noise ratio that can be used to conservatively filter data for morphology

analysis to aggregates of interest, and (ii) evaluate the column verticality, which

would skew the spatial distribution of aggregates in x and y planes.

Noise reduction: Impurities of the bulk materials used for transport experiments,

general noise from the polychromatic X-ray source and detector, and partial volume

effects collectively create noise in the tomographic images. This greatly complicates

segmentation of very small silver colloid aggregates in our data. Nevertheless, to take

advantage of this imaging technique, which can resolve larger clusters well and with

high certainly, a threshold aggregate volume of 10 primary particles (i.e., the volume

necessary to contain 10 primary particles) was used to conservatively filter out noise.

True noise is expected to be evenly distributed throughout the interrogation volume

and should thus be able to be subtracted from the silver aggregate signal of interest,

as this is known to have a depth dependence. To determine a suitable threshold

value of too small aggregates to be distinguished from noise, we evaluated the spatial

distribution (centroid) of clusters smaller than various threshold values of primary

particle numbers and checked for uniformity in spatial distribution. A threshold of

10 primary particles was chosen as the largest filter size that yielded an even spatial

distribution in x and y, with random distribution in z (see Figure S4-6). Such a value

is conservative and excludes the smallest aggregates from analysis.

Aggregate uniformity in x,y planes Tilting of the column from perfectly vertical

position during experimentation can significantly skew the distribution of aggregates

in the x and y axes. To evaluate column verticality, and therefore quality of data,

the centroid of aggregates > 10 primary particles were checked for uniformity along

the cross section of the column. As shown in Figure S4-7, aggregates in the x and y
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Figure S4-6: Representative spatial distribution (x, y, and z) of aggregates of <10
primary particles along individual axes of the column.

planes (aerial view of the column) are confirmed to be uniform. Hence, the spatial

analysis of aggregate deposition is confidently limited to the z axis (column depth).
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Figure S4-7: Representative spatial distribution (x, y, and z) of aggregates of ≥10
primary particles along individual axes of the column.

S4-5. PDF Parameters of Various Aggregate Morphology Char-

acteristics
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Table S4-1: Global Probability Distribution exponent values for volume (𝑉 ), surface
area (𝑆𝐴), and Feret diameter (𝐹𝑒). Mean and variance values for aspect ratio (𝐴𝑅)
and sphericity (𝜓).

𝑉 𝑆𝐴 𝐹𝑒 𝐴𝑅 𝜓
Flow rate Exponent Mean Variance Mean Variance
Slow -0.656 -0.901 -0.0028 0.767 0.00018 0.450 0.00098
Fast -0.695 -0.960 -0.0032 0.631 0.00072 0.393 0.00184

S4-6. Depth Profiles in Concentration
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Figure S4-8: Representative depth profile for slow (L) and fast (R) flow rate condi-
tions.

S4-7. Fractal Dimension

S4-8. Raw Data

Enclosed files contain raw data for the experiments here conducted. Files labeled

Fast_i.xls or Slow_i.xls contain the morphological characteristics evaluated for each

aggregate in a given experiment 𝑖 as analyzed with the BoneJ plugin, Particle Analyser

tool from FIJI. The latter portion of the file name reports the experiment’s voxel size

in 𝜇𝑚. Blank spaces in select files indicate the removal of data at edges (top/bottom)

of individual scans where reconstruction is of poor quality and noise signal is high.
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Figure S4-9: Relationship between number of primary particles in an aggregate (𝑁)
and the normalized radius of the aggregate cluster by the primary particle size
(𝑟𝑀𝑖𝑛/𝑟0). Slow flow rate (L), fast flow rate (R). Inserts show the data in log-log
space.
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Abstract

The expanding use of engineered colloids in consumer products leads to undesirable
amounts of nano- and micro-size particles in soils from wastewater effluent discharge.
The capacity of soils to filter colloidal particles depends on multi-scale processes
that are neither well understood nor accurately upscaled in predictive models. We
compare laboratory experiments against a mechanistic modeling framework able to
upscale emerging processes from the interface-, to the collector-/pore-, to the Darcy-
scale. We demonstrate that the soil surface chemical heterogeneity and the residence
time of colloidal particles within the near surface fluid domain significantly affect
particle retention and cause anomalous macroscale transport. At the interface-scale,
we revise the interaction energy profiles considering chemical heterogeneities of the
collector surface. We use X-ray computed tomography to identify where the col-
loids accumulate at the pore-scale after being injected through glass bead packed
columns. Thus, observations of deposited colloids in space are contrasted against
continuum-scale predictions parameterized from rate coefficients upscaled from mod-
eled Lagrangian trajectories. Our results indicate that: i) Colloid-collector interaction
energies are non-unique for heterogeneous systems and can span from strongly repul-
sive to strongly attractive depending on the region of the soil surface that the colloid
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encounters; ii) The particle status predicted by the model (e.g. attached, near surface,
exited) explain the observed site-specific retention at the pore-scale; and iii) Simu-
lated anomalous depth profiles of retained colloids and heavy-tailed breakthrough
elution curves are in agreement with experimental non-monotonic depth profiles after
considerations of the wide range of surface interactions and the broad residence time
distributions of particles in the near-surface water.

5.1 Introduction

The fate of naturally-occurring as well as engineered colloids in soils is a topic of en-

vironmental and public health concern. Depending on their origin and composition,

their presence in the subsurface can be either viewed as beneficial (e.g. iron oxide

nanoparticles used in remediation strategies [19, 17]) or detrimental (e.g. viruses and

toxic engineered nanomaterials [150, 33, 32]). For example, silver colloids employed

in the fabrication of detergents and anti-odor clothing (because of their biocidal prop-

erties [119, 120, 121]) have been found in wastewater effluents [124, 125], thus raising

concern regarding their presence in agricultural soils [23, 25, 122, 123]. However,

prediction of the fate and of the distribution of colloids in soils and in porous media

in general is often inadequate, due to deficient understanding of the physico-chemical

processes governing transport and retention.

The mass transfer of particles between the liquid and solid phases that govern the

filtration of colloids in soil-groundwater systems is a multi-scale problem. Nanoscopic

interactions that arise among the surfaces of particles and soil grains (collectors) dic-

tate how likely the colloids will deposit onto the collector surface in absence of a flow

field. When both surfaces are like-charged, an energy barrier typically hinders depo-

sition onto the collector surface. This situation is commonly observed in natural as

well as engineered systems, since the surfaces of both colloids (e.g., bacteria, proto-

zoa, viruses, engineered nanoparticles) and collectors (e.g., quartz minerals) tend to

exhibit a net negative charge at near neutral pH [15]. Nonetheless, evidence has been

repeatedly reported that shows particle retention under these so-called unfavorable
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conditions for deposition [91, 105, 106, 107, 108, 109, 110, 111]. Such observations

suggest the presence of at least some favorable colloidal interactions, thus questioning

the applicability of classic colloid filtration theories [84]. The use of average values

of energy interactions and flow fields allows for the straightforward application of

classic filtration theories, but the latter have been shown to fail even under controlled

experimental conditions (e.g. chemically cleaned glass and quartz. Therefore, using

average values may be responsible for inaccurate predictions in circumstances com-

prising varied and complex surface chemistry and hydrodynamics conditions, such as

typically found in natural environments.

In detail, nanoscopic interactions among colloids and the surface of the collectors

are traditionally modeled by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory[56,

129], and more recently by extended DLVO, which considers interactions additional to

electric-double layer and van Der Waals (e.g., Born repulsion, Lewis acid-base interac-

tions) [284, 112, 285]. A determinant input of these energy calculations is the average

surface charge of the materials of interest, which is often replaced by the approximated

𝜁 potential. Although this approach qualitatively predicts experimentally observed

trends in retention [112], it fails to incorporate information on nano-to-microscale

chemical heterogeneity on regions of the materials where the surface charges might

differ from that of the bulk, locally reducing or eliminating repulsion. As stated by

Duffadar et al., (2009), all naturally-occurring surfaces are heterogeneous, with great

chemical and topographical diversity, which leads to the concurrent existence of both

favorable and unfavorable colloidal interactions [286, 112, 111, 48, 287, 113]. Thus,

the development of transport models that reflect the stochastic nature of interfacial,

and consequently, pore scale interactions between particles and the granular media

has become crucial to improve predictions and control of colloid fate in porous media

[112, 111, 287, 113, 114, 115].

While interfacial particle-collector interactions are relevant at separation distances
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of tens to hundreds of nanometers [58], flow properties are relevant at the pore scale

and particle distribution are the ultimate results of filtration at the Darcy scale. Clas-

sic theories utilize two independent parameters to account for the probability of flow-

based particle approach to collectors and interaction-based attachment, namely, 𝜂0

and 𝛼, respectively. Their product yields the deposition probability and is used to cal-

culate the deposition rate coefficient 𝑘 of the entire (upscaled) porous media, assuming

first-order deposition kinetics [46, 48, 162]. For example, the classic filtration theory

(CFT) model yields (i) retained colloid concentrations (depth profiles, DP) that de-

crease exponentially with distance from the source and (ii) symmetric breakthrough-

elution concentration histories (BTC). Nonetheless, non-exponential DP shapes (e.g.,

hyper-exponential, uniform, non-monotonic) and asymmetric long-tailed BTC have

been observed under unfavorable conditions [91, 105, 106, 107, 108, 109, 110, 111],

suggesting transport dynamics that are not well-captured by 𝑘 as proposed by classic

theories. Recent descriptions of the system that can account for such anomalies have

comprised statistically distributed fluid velocities and 𝑘 values to represent the effect

of structural heterogeneity on particle transport [288], as well as the combined use

of the 𝑘 for fast deposition with additional rates for slow deposition and for particle

retention at the near surface fluid domain [116, 115, 15]. In particular, the latter

approach is based on the complete balance of forces (energy interactions) and torques

(hydrodynamics) prevailing for the colloids at every location along each Lagrangian

trajectory, which dictates the probability of deposition and re-entrainment, and ul-

timately the distribution and fate of the colloids. That being said, further efforts

are needed to, on the one hand, provide experimental observations of particle fate

strengthening the validity of this approach and, on the other hand, understand the

significance of the modeled mechanisms in different systems and circumstances.

The overarching objective of this work is to demonstrate how predictions of colloid

fate at the Darcy scale benefit from considerations of the mechanistic processes taking
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place at the collector, pore, and interface scales. Specifically, we aimed to describe

the transport mechanisms of colloids moving through an average unfavorable porous

medium in the presence of surface heterogeneity. We use controlled column experi-

ments combined with detailed XCT imaging and a mechanistic model to i) explain

the observed deposition behaviour of silver colloids by considering a wide range of

interfacial energies of interaction for colloids and collectors; ii) determine the mech-

anisms driving colloid immobilization at available pore-scale retention sites and; iii)

predict anomalous transport behavior as non-exponential depth profiles and BTC

with extended tailing using trajectory simulations based on the Lagrangian solution

of forces and torques with explicit consideration of the near surface fluid domain.

5.2 Materials and Methods

A link between the mechanisms responsible for colloid retention in porous media

(from model simulations) and their fate (from experimental observations) is drawn at

relevant scales covering the interface, collector, pore, and Darcy. Simulations are per-

formed with the mechanistic model Parti-Suite (PS) (https://wpjohnsongroup.utah.edu

/trajectoryCodes.html), which upscales interfacial interactions based on xDLVO,

computes attachment efficiencies from Lagrangian particle trajectories in a Happel-

sphere geometry, and estimates macroscopic transport behavior as detailed depth

profiles and breakthrough curves from explicitly estimated deposition rates based

on smaller-scale statistics. Experiments from a silver colloid slug transported in a

fully water saturated glass bead column under unfavorable conditions from Patino

et al. (2022) [289] are used for ground truth comparison. Briefly, the available data

provide the mean-average 𝜁-potential of each material with which interface-scale en-

ergy potentials are estimated, pore-scale spatial distribution of retained colloids from

high-resolution X-ray computed tomography (XRCT) imaging of the column, and

Darcy-scale depth profiles of retained materials along the column depth. Input pa-
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rameters for simulations were specified to be consistent with the experimental setup.

Figure 5-1 illustrates the workflow at different spatial scales.

d) Darcy-scaleb) Collector-scale c) Pore-scalea) Interface-scale

Collector

Figure 5-1: Upscaling schematic for colloid transport in a porous medium. a) Ve-
locity profile and the torques acting over a single colloid near the collector surface
(modified from VanNess et al., 2019)[290]. b) Lagrangian colloid trajectories within
a representative elementary volume, a single collector with flow, as encoded by their
final status. c) Pore-scale retention sites where colloids can accumulate (from [289]).
d) Column packed with collectors from which depth profiles and breakthrough signals
are recovered.

Interface-scale: Interaction Energy profiles

Energy profiles of interaction between the silver colloids with surface roughness and

glass beads with chemical microsites were estimated with the xDLVO module of PS

[111].

Custom-made hollow glass microspheres coated in a layer of 118 nm silver were

used as the silver colloids for experimentation (Microsphere Technology, Limerick,

IE). According to the manufacturer, the silver-glass-air spheres have a radius, 𝑟𝑝 =

7.0×10−6 m. Borosilicate glass beads of 1.0×10−3 m mean diameter were used used as

the porous medium for transport experiments (Sigma-Aldrich). The average (measur-

able) 𝜁-potential of the silver microspheres and glass beads is considerably negative

(-50 and -65 mV, respectively) [289]. We hypothesize that positively charged sites

microsites are present on the collector surface, herein referred to as collector chemical
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heterodomains (CCHD), given the observed particle deposition in these otherwise un-

favorable conditions. Locally-attractive regions within net-repulsive, heterogeneously-

charged surfaces have been previously postulated to explain retention in net-repulsive

systems [287, 291, 292]. In the absence of available direct measurements for CCHD

𝜁-potential, we set its value to the opposite charge of the average grain surface (+65

mV). Rasmuson et al., 2019 [293] have reported that the primary control for attrac-

tive interactions between colloids and the collector is the presence of CCHD, not the

magnitude of their 𝜁-potential. Scanning electron microscopy (SEM) images of the

silver microspheres suggest a mild level of surface roughness (refer to Figure S5-1).

Colloid asperities are therefore represented in the model as contiguous hemispheres

with 20 nm height based on the relationship between particle size and asperity height

from Rasmuson et al., 2019 [293]. Table S3-2 summarizes all input parameters for

the XDLVO module for PS.

The system represented is that of silver colloids interacting with glass beads

immersed in water (or colloid-solid-water interface, colloid-SW) in the presence of

surface heterogeneity. The sum of van der Waals (𝑉𝑉 𝐷𝑊 ), electric double layer

(𝑉𝐸𝐷𝐿), steric (𝑉𝑆𝑇 ), and Lewis acid-base interactions (𝑉𝐴𝐵) are here considered

[239, 240, 161, 162, 241, 242]. The analytical expressions for the various interac-

tions (in sphere-sphere geometry) are provided in Equations S1 to S5-4. The most

unfavorable conditions for colloid-SW interactions take place when the entire zone of

interaction between particles and collectors (ZOI) falls outside the CCHDs. The ZOI

is the effective contact area over which a colloid and the collector interact. The ZOI’s

size, 𝑅𝑍𝑂𝐼 = 2
√︀
𝜅−1𝑟𝑝, is controlled by the Debye length of the solution 𝜅−1 and

the particle radius 𝑟𝑝 [286]. Conversely, the most favorable conditions for colloid-SW

interactions occur when the ZOI completely overlaps with a heterodomain region. All

colloid-SW interactions are contained within these two extreme scenarios.
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Collector-/Pore-scale: Particle Trajectories and Retention sites

Trajectory simulations of particles traveling through a Happel-sphere geometry (a

representative elementary volume of a porous medium) were performed using the

Traj-Hap module of PS. Briefly, Lagrangian trajectories are built as per the force-

torque balance between colloid-SW interactions and the flow field hydrodynamics (see

Figures 5-1a and b).

Particle trajectories were used to calculate the collector efficiency of the system, 𝜂,

as the fraction of introduced colloids that enter the near-surface pore water (separation

distance between particles and collector < 200 nm [113, 116], approximately the

thickness of the hydrodynamic boundary layer). Once the particles reach this region,

they can either deposit onto the collector surface by fast or slow attachment, re-

enter to the bulk pore water, or slowly slide/roll along the collector surface without

attachment until reaching the rear-flow stagnation regions. These number fractions

are used to determine 𝛼1, 𝛼2, 𝛼𝑟𝑒-𝑒𝑛𝑡, and 𝛼𝑅𝐹𝑆𝑍 , respectively, and are subsequently

used to estimate multi-rate coefficients in the advective-dispersive reactive model

described below.

Simulations were conducted for 5000 trajectories of singlets (𝑟𝑝 = 7 × 10−6𝑚),

triplets (𝑟𝑝 = 1 × 10−5𝑚), and tenplet particle aggregates (𝑟𝑝 = 1.5 × 10−5𝑚), to

account for the polydispersivity of the suspension used here, as was determined ex-

perimentally in earlier work [209]. Chemical heterodomains of 500 nm were uniformly

distributed onto the collector with a surface coverage of 2%. The size of the CCHD

and the surface coverage were estimated from the size of the primary particles and

the size of the collector following the recommendations in Ron et al. (2019) [113].

Trajectories were generated for two particle densities, 𝜌𝑝 ∈ [1.00, 1.03] 𝑔/𝑐𝑚3 since

the value declared by the manufacturer (𝜌𝑝=1.00 𝑔/𝑐𝑚3) is considerably low for col-

loidal particles and sedimentation of the suspension was observed over time. Table

S5-3 summarizes all input parameters for the collector-scale module for PS.
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Experimentally-observed spatial distribution of colloids at the pore-scale were used

to set the reference for the effective regions where particles are retained. Briefly, X-

ray computed tomography (XCT) imaging of the column was conducted to obtain

a detailed three-dimensional map of pore structure of the medium and the spatial

distribution of retained particles within it. Image segmentation was used to first define

the bulk phases: solids, water, and the total retained silver colloids. Then, a sequence

of image operations was applied to define regions of interest (ROIs) corresponding to

the solid-water interface (SW) and the grain-to-grain (GG) contacts. A bulk liquid

(BL) element was designated as the difference between the water element and the

SW and GG sites. This pore-region captures any retained silver mass that is not

anchored to a retention site and will likely breakthrough the column with sufficient

time. To summarise, we detect ROIs corresponding to three types of retention sites,

𝒮 = {SW, BL, GG}. Figure 5-1b illustrates in false coloring the ROIs for each

retention site available within the column [289]. At this scale, a direct comparison is

drawn between the mechanistically-predicted particle locations in the model and the

mass distribution in the experiments.

Darcy-scale: Deposition profiles and BTC

Detailed depth profiles and breakthrough curves for the system were simulated with

the Upscale-Continuum module of PS. The one-dimensional advective-dispersive re-

active model is based on the following set of governing equations.

𝜕𝐶

𝜕𝑡
𝜃𝑏 = 𝐷

𝜕2𝐶

𝜕𝑥2
𝜃𝑏 − 𝑣

𝜕𝐶

𝜕𝑥
𝜃𝑏 − 𝛼1𝑘𝑓𝐶𝜃𝑏 − (1− 𝛼1)𝑘𝑛𝑠𝐶𝜃𝑏 (5-1)

𝜕𝐶𝑛𝑠

𝜕𝑡
𝜃𝑏 = (1− 𝛼1)𝑘𝑛𝑠𝐶𝜃𝑏 − 𝑣𝑛𝑠

𝜕𝐶𝑛𝑠

𝜕𝑥
𝜃𝑛𝑠 − 𝑘*𝑓2𝐶𝑛𝑠𝜃𝑛𝑠 (5-2)

𝜕𝑆

𝜕𝑡
𝜌𝑏 = 𝛼1𝑘𝑓𝐶𝜃𝑏 + 𝑘*𝑓2𝐶𝑛𝑠𝜃𝑛𝑠 (5-3)
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Here, 𝐶 is the concentration of colloids in suspension, 𝑡 is time, 𝜃𝑏 is the volumetric

water content of bulk fluid in the representative elementary volume, 𝐷 is the hydrody-

namic dispersion coefficient, 𝑥 is distance along the column depth, 𝑣 is the advective

pore velocity, 𝛼1 and 𝑘𝑓 are the fraction and particle deposition rate coefficient of

fast-attaching colloids, 𝑘𝑛𝑠 is the rate coefficient for net transfer to the near surface,

𝐶𝑛𝑠 is the concentration of colloids in the near surface, 𝑣𝑛𝑠 is the near surface fluid

velocity determined from the residence time of the slow-attaching colloids [115], 𝜃𝑛𝑠 is

the volumetric water content in the near surface fluid in the representative elementary

volume, 𝑘*𝑓2 is the rate coefficient for attachment of near surface colloids when the

near surface fluid domain is explicitly simulated, 𝑆 is the concentration of retained

particles, and 𝜌𝑏 is the bulk density of the medium. Note that the total volumetric

water content in the representative elementary volume is 𝜃 = 𝜃𝑏 + 𝜃𝑛𝑠.

The various rate coefficients were estimated considering the porous medium as a

series of collectors of identical diameter 𝑑𝑐 in accordance to traditional colloid filtration

theory [46, 116, 115]. Consequently, 𝑘𝑓 , 𝑘𝑛𝑠 and 𝑘*𝑓2 were explicitly calculated viz:

𝑘𝑓 = −3(1− 𝜃𝑏)
1/3

2𝑑𝑐
𝑙𝑛(1− 𝜂)𝑣 (5-4)

𝑘𝑛𝑠 = −𝑣*𝑁𝑐

𝐿
𝑙𝑛(1− 𝜂(𝛼2 + 𝛼𝑅𝐹𝑆𝑍 + 𝛼𝑟𝑒-𝑒𝑛𝑡) (5-5)

𝑘*𝑓2 = −2
𝑣𝑛𝑠
𝜋𝑑𝑐

𝑙𝑛(1− 𝜂𝛼2) (5-6)

where 𝑣* is the characteristic velocity for scaling particle transfer to near-surface pore

water (geometric mean between 𝑣 and 𝑣𝑛𝑠) [115] and 𝑁𝑐/𝐿 is the number of collectors

per unit length.

By parameterizing the model with the above listed rate coefficients and setting the

initial and boundary conditions to those used in the experiments (see Table S5-4), we

obtain the deposition profiles (DP) and breakthrough curves (BTC) for each aggregate
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size tested (singlets, triples, tenplets). The DPs are obtained for the total mass of

retained material in depth, and also differentiated by the mechanism responsible for

retention. A second set of simulations was executed at a time three times longer

than the experimental duration to assess the heavy tail of the BTC. The results of

the individual aggregate size simulations were combined to produce a final DP and

BTC of a homoaggregated polydispersed system. The assumptions made are that the

deposition phenomena is additive across polydispersed suspensions and that particle-

particle interactions are negligible.

Experimental data a the Darcy-scale is focused on the DPs, which are provided

both as the total mass of retained material in depth, and also differentiated by the

specific pore-scale retention-site where the particles were found (SW, GG). BTCs from

experiments are not available for comparison. At this scale, a link is made between the

depth distributed mechanisms (from simulations) and retention-site locations (from

experiments).

5.3 Results and Discussion

5.3.1 Colloid-SW Interactions

Figure 5-2 shows the range of theoretical net energies of interaction for a colloid

approaching the surface of a collector with chemical heterogeneity as an area plot.

We argue that this representation is more appropriate than a single interaction profile

when CCHDs are present. This is because the local charge at play, and therefore net

interaction, can vary as the ZOI samples different portions of the surface with CCHDs

(see insert of Figure 5-2).

The dashed line in the plot illustrates the repulsive limit in our system. That

is, the interactions between a silver colloid with -50 mV surface charge and a region

of the collector surface with a local charge of -65 mV. The energy barrier in this
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extreme case reaches values of 𝒪(103) kT, which suggests negligible particle depo-

sition. Conversely, the solid line illustrates the attractive limit herein considered.

This represents interactions between a silver colloid with -50 mV surface charge and a

region of the collector surface with a local charge of +65 mV. All intermediate colloid-

collector interactions in our system are contained within these limits, and depend on

how much the ZOI overlaps with a CCHD and whether the CCHD is large enough

to generate a net attractive interaction. Altogether, the unique interactions a colloid

experiences with the heterogeneous collector are stochastic and therefore require a

modeling framework that can account for such variability.

Representing chemical heterogeneities is not straightforward as there is not yet an

established way for their measurement and characterization [286, 115]. Nonetheless,

representing a wider range of interfacial interactions in models is already an improve-

ment to mean-field approaches, where the average (effective) charge of the collector

surface is used to represent the unique interaction profile between a colloid and a col-

lector. Such an approach omits the occurrence of some attractive interactions among

the surfaces of particles and collector and thus, underestimates the overall colloid

filtration efficiency[286].

5.3.2 Particle Immobilization Mechanisms

Figure 5-3 shows as a pyramid plot the simulated particle mechanisms as a percentage

of the total amount of particles injected (left hand side) and the experimentally-

observed colloid distribution (fate) within the porous media (right hand side).

The results from upscaling simulations (Figure 5-3, left hand side) indicate that

of the injected particles, > 60% are eluted or exited from the porous medium (grey

bar), ∼ 38% attached to the collector surface (orange bar), and a small fraction (<

1%) persist in the near surface of the collector grains without proper attachment

(tan bar). The latter fraction accounts for the mass that remains in the near surface
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Figure 5-2: Total interaction energy as a function of separation distance for a colloid
approaching the surface of a collector (solid-water interface) with surface heterogene-
ity. The dashed line shows the upper repulsive limit for the case where the zone of
interaction between colloid and collector completely avoids heterodomains. The solid
line shows the lower attractive limit for the case where the zone of interaction between
colloid and collector falls completely within an oppositely charged heterodomain. The
majority of interactions are expected to fall between these two limits. The insert shows
a schematic of three types of interactions possible.

for long enough to be dragged or rolled by the flow to so-called rear flow stagnation

zones. The error bars for these data indicate the variability in particle status percent-

age for particle density uncertainty (𝜌𝑝 ∈ [1.00, 1.03]𝑔/𝑐𝑚3). Additional simulations

were also conducted to assess immobilization trends in the absence of CCHDs, equiv-

alent to a homogeneous collector of uniform average charge (see Figure S5-3). This

approach predicts that 99.99% of the mass exited, 0% attached and 0.01% retained at

the near surface. The lack of attachment is attributed to a consistently larger mobi-

lizing torque than the arresting torque everywhere along the collectors surface under

homogeneously unfavorable conditions. Although a substantial fraction of injected

particles arrive at the near surface, an insurmountable repulsion restricts attachment

entirely.

The results from experimental observations of accumulated particles by pore-scale

retention site are shown in Figure 5-3, right hand side. About 50% of the injected

mass was associated with the bulk liquid at the end of the transport tests (cyan bar),

117



which represents particles found in the effluent breakthrough and particles that are

not attached, but were not flushed out long enough to exit the column. Approximately

35% of the particles were found at the solid-water interface (blue bar), where it is

expected that they have been properly attached. And, around 10 % of the injected

mass was accumulated at grain-to-grain contacts (red bar).

Overall, the percent magnitudes of mechanistically-predicted particle locations

are in very close agreement with the experimental observations of silver retained at

different pore-scale locations (cf. symmetry in the left and right side of Figure 5-3).

The percent of exited colloids in simulations is comparable to that of colloids found

in the bulk liquid for experiments (gray and cyan bars, respectively). In this scenario,

the particles experience mobilizing torques that are greater than those required for

arresting and are thereby able to exit the column entirely or avoid retention for the

duration of the test. The percentage of attached colloids in simulations is comparable

to that of experimental colloids found at the solid-water interface (orange and blue

bars, respectively). In this scenario, particles experience a greater arresting torque

than the mobilizing torque, which allows a particle that is on the collector surface

(the solid-water interface) to become formally attached. Lastly, the percentage of

simulated colloids at the near surface is comparable to that of experimental colloids

found at the grain-to-grain contacts (tan and red bars, respectively). In this scenario,

a near balance between mobilizing and arresting torques allows particles to remain

at the near surface without physically contacting the collector. This causes colloids

to roll toward rear flow stagnation zones in the simplified Happel-sphere geometry

or toward grain-to-grain contacts for porous media with structure. The discrepancy

in magnitude between this transport mechanism and its corresponding fate is likely

due to particles at grain-to-grain contacts that have spent long enough times at such

regions to become properly attached at CCHDs in that vicinity. That is, some of

the particles that are attached are found at both the solid-water interface and at
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grain-to-grain contacts.

Observed pore-scale location [%]Predicted particle location [%]

80

Figure 5-3: Particle location predicted from the model simulations vs. particle dis-
tribution over pore-scale locations obtained from XRCT.

5.3.3 Anomalous Depth Profiles & Long Elution Break Through

Curves

Figure 5-4 presents deposition profiles of retained colloids along the porous medium

depth in the presence of CCHD for both simulations and experiments. Stacked bar

charts are used to illustrate the proportion of particles retained by mechanism (in

simulations) or by pore-scale location (in experiments) at each discretized depth.

The the error bars represent variability on the total mass due to particle density (for

simulations) and between replicates (for experiments).

Simulated DPs (Figure 5-4a) exhibit a non-exponential trend with depth (a sign

of anomalous transport), capturing ∼ 40% of the injected mass. Here, we find that

retention by attachment occurs at all depths (orange stacks) and that a consistently

small but significant amount of particles are associated to the near surface (tan stacks)

at depths greater than one third the column’s total depth. Experimental DPs (Fig-

ure 5-4b) also exhibit a non-exponential (more precisely, a non-monotonic) trend

with depth, capturing ∼ 43% of the injected mass. In this case, the majority of re-

tained mass is found at the solid-water interface (blue stacks) with a depth-uniform
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contribution of mass immobilized at grain-to-grain contacts (red stacks).

Figure 5-5 depicts the simulated breakthrough curves of colloids eluted from me-

dia with (gray solid line) and without (green dashed line) CCHDs. In the presence of

CCHDs, the concentration signal shows exponential tailing (another sign of anoma-

lous transport) and ∼ 63% of the injected mass is eluted from the system at the end

of the simulation time (see Table S5-4. This is in close agreement with the percentage

of mass that was not retained experimentally (Table S5-4). By contrast, in the ab-

sence of CCHDs, the concentration signal is devoid of tailing and the entirety of the

injected mass is eluted from the system. This is inconsistent with experimental mass

balances. Together, the non-exponential DP and heavy tailed BTC suggest anoma-

lous transport behavior when surface heterogeneities are present. In this system,

this is attributed to broadly distributed colloid residence times, which are prolonged

during particle associations with the near surface of a filter medium dotted with

CCHDs. Importantly, our simulations show that heavy tailing results mainly from

reentrainment of near surface associated particles and is rarely produced from kinetic

detachment processes.

Although simulated and experimental DPs are consistent in terms of magnitude

and shape of the total mass deposited, some apparent depth-dependent mismatches

between mechanisms and pore-scale fate remain to be clarified. Specifically, simu-

lated DPs indicate that at shallow depths particles are all attached, not accumulating

at the near surface water, while experimental DPs show particle retention at both

solid-water interface and grain-to-grain contacts close to the inlet. Considering that

particles at shallow depths have spent the longest time in the domain during the

test, it is conceivable that some colloids initially associated with the near surface

became funneled to grain-to-grain contacts where they are eventually able to find a

CCHD to properly attach to, or became reentrained with the bulk flow. Importantly,

the heavy tailed BTC demonstrates that even in a simple flow field, the presence of
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CCHDs facilitates the entry of particles to hydrodynamically stagnant zones where

they may very slowly become released back into the main flow paths (a pseudo equi-

librium retardation process) or become permanently retained by proper attachment

to a heterodomain if given the necessary time to find one.

Experimental

Simulated

Figure 5-4: Stacked bar plots of deposited silver colloids in depth shown by their sim-
ulated retention mechanism (top) and experimentally observed pore-scale retention
site association (bottom). a) For simulations, the fraction of particles that are prop-
erly attached is shown in orange and that associated with the near surface is shown in
tan. Error bars represent total retained mass variability due to the particle density.
b) For experiments, the fraction of particles retained at the solid-water interface is
shown in blue and that associated with grain-to-grain contacts is shown in red. Error
bars represent variability on the total silver for replicate experiments.
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Figure 5-5: Simulated breakthrough curves. The grey solid and green dashed lines
show simulations in the presence and absence of chemical heterodomains on the col-
lector, respectively, in semi-log space. The vertical line marks the end of the exper-
imental transport tests from which the particle pore-site distribution and deposition
profiles were extracted. The insert shows the same data on linear-linear space. From
these data it is evident that heterodomains display overall greater retention and a
exponential heavy tailing due to broadened residence times from heterodomain inter-
actions.

5.4 Concluding Remarks

The findings here presented underline the importance of explicitly taking into account

surface heterogeneity to accurately model anomalous colloid transport under unfavor-

able conditions, where the effect of heterogeneity cascades onto all relevant scales for

filtration. At the interface scale, individual interactions of colloids with solid-water

interfaces in the presence of surface heterogeneity were modeled as a stochastic pro-

cess that honors their true variability (ranging from very repulsive to very attractive).

We demonstrate that representing the system by their mean-field interactions (i.e.,

a chemically homogeneous surface) is inadequate, as it averages out low probabil-

ity but significant locally attractive interactions under bulk unfavorable conditions.

At the pore scale, simulated Lagrangian trajectories of colloids moving through a

Happel-sphere collector with surface heterogeneity resulted in a majority of particles

irreversibly attaching along its surface, as well as a smaller fraction of particles re-

tained without attachment at the near surface. The latter ultimately drags particles
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to hydrodynamically stagnant regions at the rear of the collector where residence

time is extended. The proportion of particles affected by each mechanism is in quan-

titative agreement with experimental observations for porous media with structure

with regard to the percentage of retained particles found at the solid-water interface

(attached) and at grain-to-grain contacts (near surface). At the Darcy scale, the

diverse attachment efficiencies and broad residence times (even in an uniform flow

field) were manifested in anomalous transport behavior, namely non-exponential de-

position profiles and heavy tailed breakthrough curves. This anomalous behavior is

in qualitative agreement with experimental data. Of particular notice is the good

congruence between the mechanisms responsible for immobilizing simulated particles

at each depth and the depth-dependent pore-scale locations where retained particles

were found in experiments. Modeled breakthrough curves show a high sensitivity to

the explicit consideration of surface heterogeneity, which brings about a heavy tail

from near surface re-entrainment. In closing, improving the accuracy of predictions

for colloid fate and transport in realistic porous media require careful characteriza-

tion and consideration of surface heterogeneities (chemical and physical) across all

relevant scales.
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Supporting information

S5-1. xDLVO Parameters & Colloid SEM

The net interaction energy profiles were obtained using equations S1 to S5-4 and the

parameters indicated in Table S5-1.

𝑉𝑉 𝐷𝑊 = − 𝐴

6𝐷

(︂
𝑟𝑝𝑟𝑐
𝑟𝑝 + 𝑟𝑐

)︂[︂
1− 5.32𝐷

𝜆
ln

(︂
1 +

𝜆

5.32𝐷

)︂]︂
(S5-1)

𝑉𝐸𝐷𝐿 = 64𝜋𝜖

(︂
𝑟𝑝𝑟𝑐
𝑟𝑝 + 𝑟𝑐

)︂(︂
𝜅𝐵𝑇

𝜈𝑒

)︂2
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(︂
𝜈𝑒𝜁1
4𝜅𝐵𝑇

)︂
tanh

(︂
𝜈𝑒𝜁2
4𝜅𝐵𝑇

)︂
𝑒−𝜅𝐷 (S5-2)
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− 𝐷

𝜆𝑆𝑇
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Where 𝐴 is the combined Hamaker constant for the system, 𝐷 is the separation

distance, 𝑟𝑝 = 7𝜇𝑚 and 𝑟𝑐 = are the radii of particle and collector, respectively.

𝜆, 𝜆𝑆𝑇 , and 𝜆𝐴𝐵 are the decay length for van der Waals, steric and Lewis acid-base

interactions, respectively. 𝜖 is the dielectric constant of the water, 𝜅𝐵 is the Boltzmann

constant, 𝑇 is temperature, 𝜈 is the valence of the symmetric electrolyte, 𝑒 the charge

of an electron, 𝜁1 and 𝜁2 are the zeta potential of the two interacting materials. 𝜅 is

the inverse Debye length, 𝑎𝑆𝑇 is the radius of steric hydration contact.

S5-2. Attachment Efficiencies
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Table S5-1: Parameters used for xDLVO calculations.

Description Symbol Value Units

Hamaker constant 𝐴 4.85×10−20 J
Van der Waals decay length 𝜆 1.00×10−7 m
Steric decay length 𝜆𝑆𝑇 4.10×10−10 m
Lewis acid-base decay length 𝜆𝐴𝐵 6.00×10−10 m
Dielectric constant of water 𝜖 80 -
Temperature 𝑇 298 K
Valence of symmetric electrolyte 𝑧 1 -
Zeta-potential of colloids 𝜁1 -50.00 mV
Zeta-potential of collector 𝜁2 -65.00 mV
Debye length 𝜅−1 5.60×10−9 m
Radius of steric hydration contact 𝑎𝑆𝑇 3.37×10−8 m

100 nm

Figure S5-1: SEM image showing imperfections on the surface of the silver micro-
spheres

Figure S5-2: Mechanistically Simulated Near-Surface Efficiencies
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S5-3. Mechanistically Simulated Near-Surface Efficiencies &

Continuum-Scale Rate Constants.

Mechanistic simulations in the presence of CCHDs showed that upon approaching a

collector, particles may fail to interact and exit the representative elementary volume,

attach to it, or become associated at the near surface without contact as illustrated

on Figure 5-1b. Lagrangian trajectories yielded the attachment efficiencies reported

in Figure S5-2 for each polydisperse size fraction. The resulting 𝛼 fractions exhibit

size-specific trends. The collector efficiency 𝜂 increased with particle size. That is,

the bigger the particle, the more likely it is to enter the near surface fluid domain.

Nonetheless, singlet particles showed the highest proportion of fast-attaching events

(highest 𝛼1), followed by triplets and then tenplates. This suggests that small parti-

cles are the most efficient in finding CCHDs so as to achieve attractive interactions.

Conversely, only a small fraction of the tenplates sample are able to quickly find

CCHDs to achieve fast attachment. The highest counts for slow-attachment (highest

𝛼2) and for particles at the rear flow stagnation regions of the Happel-sphere (high-

est 𝛼𝑅𝐹𝑆𝑍) were found for the medium size particles while big particles yielded the

highest fraction of particles that sample the near surface but go back onto the bulk

fluid (highest 𝛼𝑟𝑒−𝑒𝑛𝑡).

126



Table S5-2: Mechanistically Simulated Near-Surface Efficiencies & Continuum-Scale
Rate Constants.

Description Units Singlets Triplets Tenplates

𝑟𝑝 [m] 7.0×10−6 1.0×10−5 1.5×10−5

𝜂 [-] 0.023 0.041 0.075
𝛼1 [-] 0.843 0.684 0.114
𝛼2 [-] 0.157 0.289 0.019
𝛼𝑅𝐹𝑆𝑍 [-] 0.001 0.027 0.000
𝛼𝑟𝑒-𝑒𝑛𝑡 [-] 0.000 0.000 0.867
𝑘𝑓 [1/hr] 11.617 21.135 39.228
𝑘𝑛𝑠 [1/hr] 0.403 1.343 0.161
𝑘*𝑓2 [1/hr] 2.275 4.551 0.257

S5-4. Mass balance for chemically homogeneous collector

Observed pore-scale ocation [%]Predicted particle location [%]

80

Bulk 

liquid

Solid-water 

interface

Grain-to-grain

contacts

Exited

Attached

Near 

surface

100

Figure S5-3: Particle location predicted from torque and force balance simulations
when collector is chemically homogeneous vs. particle distribution over pore-scale
locations obtained from XRCT.
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Table S5-3: Parameters used to generate particle trajectories.

Description Units Value

Number of particles [-] 5000
Darcy velocity [m/s] 1.07×10−4

Injection radius𝑎 [m] 1.20×10−4

Particle radius𝑎 [m] 7.00×10−6

Collector radius [m] 5.00×10−4

Happel porosity [-] 0.53
Particle density𝑏 [kg/𝑚3] 1.03×103

CCHD 𝜁-potential [mV] 65.00
CCHD radius [m] 5.00×10−7

CCHD coverage [%] 2.00
Slip length [m] 1.00×10−8

Asperity height [m] 5.00×10−8

Acid-base energy per area [J/𝑚2] -2.70×10−2

Steric energy per area [J/𝑚2] 1.70×10−3

Combined elastic modulus [N/𝑚2] 5.28×1010

Work of adhesion [J/𝑚2] -2.20×10−3

𝑎 For colloid radius 1.00×10−5, injection radius was set to 1.5×10−4 m. For colloid
radius 1.50×10−5, injection radius was set to 1.9×10−4.
𝑏 Trajectories were also generated for particle density of 1.00×103.
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Table S5-4: Experimental conditions (parameters also used for upscaling) and mass
recovery for transport tests.

Description Units Value±STD

Column length [m] 0.03±0.001
Column diameter [mm] 5.00±0.00
Injection time [s] 222 ± 3
Concentration𝑎 [# part./𝑚3] 9.59×1012± 0.00
Tot. Simulation time [s] 1542 ± 30
Mass at the solid-water interface [%] 35.80 ± 2.66
Mass at grain-to-grain contacts [%] 6.95 ± 1.12
Mass at bulk liquid [%] 49.34 ± 2.69
Eluted mass [%] 7.91 ± 1.09

𝑎 For colloid radius 1.00×10−5, concentration was 1.27×1012. For colloid radius
1.50×10−5, concentration was 7.72×1010. The particle concentrations were set up
in order to have 68% of the total mass coming from singlets, 27% from triplets,
and 5% from tenplets based on the aggregate size distribution from Perez et al.,
(2020) [209].

S5-5. Experimental conditions and mass recovery for transport

tests
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Conclusions, Implications and Perspectives

Anthropogenic colloid particle contaminants are released to natural environments by

inadvertent pathways that lead to their growing accumulation in soil, sediment, fresh-

water, groundwater, and marine ecosystems. The research herein conducted provides

insight to advance current model predictions for colloid transport in the subsurface

and porous media environments at large. Classic theories and engineering tools often

fail to predict the magnitude of groundwater contamination, frequently underestimat-

ing the true extent of areas at risk of colloid pollution. Results of this work can be

used to reduce exposure risk to hazardous colloids in agricultural crops and drinking

water wells. Also, soil-groundwater remediation techniques based on colloids as the

active ingredient can benefit from the gained knowledge on the governing processes

that control colloid retention at multiple spatial scales for better results on their

practical implementation.

The following list summarize the main findings of the four projects that makeup

this dissertation.

1. Dissolved organic matter (DOM) is ubiquitous in solution compositions relevant

to agricultural soils. Such organic macromolecules readily adsorb onto silver and

mica substrates, which significantly influence the deposition of silver colloids

onto mineral soil grains.

2. Sorbed DOM alters the energy of interaction between the two charged sub-
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strates in three key ways: i) by increasing the electrical double layer forces; ii)

by creating a physical barrier between particles and collectors; and, iii) by trig-

gering additional osmotic interactions due to compression of the DOM adsorbed

layers.

3. Calcium ions overall promote DOM sorption but their effect on the adsorbed

layer properties (e.g., thickness and compressibility) is substrate-dependent.

4. Silver colloids exhibit depth invariant trends for particle retention over the pore

sites available within granular media, irrespective of the saturation, velocity and

solution chemistry variability.

5. The solid-water interface is the pore-scale location that contributes the most

to colloid retention, but it only accounts for half of deposited mass. Significant

retention can take place in flow-stagnant regions corresponding to grain-to-

grain contacts and the air-water-solid triple point for saturated and unsaturated

systems, respectively.

6. Significant retention of colloids in flow stagnation zones, which are subject to

reentrainment by diffusive means, is likely a key driver of ubiquitous heavy tails

in breakthrough curves.

7. For colloidal suspensions, a broad distribution of aggregate sizes and compaction

will affect the transport (single collector) coefficient, but not its attachment co-

efficient. This implies that colloids undergoing aggregation during transport in

porous media move toward collectors driven by varying relative contribution of

classic transport mechanisms (diffusion, interception, sedimentation) depending

on size.

8. Formation of very large deposits of low fractal dimension is most likely near

the column inlet under steady state conditions. At greater penetration depths
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and higher shear, aggregates breakup and undergo structural evolution. Thus,

sporadic release and redistribution of particles during physical or chemical dis-

turbance is likely to disproportionately affect the small number of very large

and frail aggregates near the inlet.

9. Surface heterogeneity is critical for modeling anomalous colloid transport in

porous media under unfavorable conditions, where its effect cascades on all

relevant scales for filtration.

10. In the presence of surface heterogeneity, individual colloid-collector interactions

are stochastic, ranging from very repulsive to very attractive and cannot be

properly described by profiles of average interactions.

11. We propose a link between pore-scale mechanisms and retention-site for retained

particles that is in close agreement between simulations and experimental ob-

servations, respectively. That is, the proportion of particles that are affected

by attachment is commensurate to the fraction of particles observed to deposit

at the solid-water interface, while the proportion of particles retained without

attachment at the near surface is commensurate to the fraction of particles

observed to accumulate at grain-o-grain contacts.

12. Anomalous transport (non-exponential deposition profiles and heavy tailed break-

through curves) may be explained by broadened residence times of colloids at

the near surface resulting from surface interactions over heterogeneous surfaces,

which can take place even in an uniform flow field.

These results have consequential implications for the prediction and control of

particle transport and fate in soils. We find that agricultural soils are particularly

vulnerable to enhanced spreading of inadvertently released colloidal particles, given

that DOM-rich systems promote suspension stabilization. We infer that colloid trans-

port in unsaturated soils (the vadose zone) may be hindered because the pore structure
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promotes colloid retention at the air-water-solid tripe point and grain-to-grain con-

tacts, which are abundant. We discern that surface heterogeneity promotes a variety

of retention mechanisms and retention sites that vastly differ in macroscopic transport

trends compared to equivalent chemically homogeneous systems, which may grossly

impair remediation strategies that rely on uniformly distributing reactive particles

throughout the contaminated porous medium.

Remaining questions that can be addressed with future work are summarized as

follows. At the nanoscale, a more precise characterization of physical and chemical

heterogeneities and coating layers on charged surfaces can facilitate the determina-

tion of possible colloid-substrate interactions under complex solution chemistries and

improve prediction accuracy for upscaling models that rely on this information. At

the pore-scale, extending the investigation to include real porous media or less ideal

conditions would solidify the representativeness of the findings for real environmental

systems. At the Darcy-scale, considering the effects that complex pore structures

in real porous media (characterized by pores of variable size and connectivity) have

on flow channelization and colloid filtration is another aspect that merits attention.

Recent advances on the quality and resolution of three dimensional printed proto-

types offers a promising tool to overcome experimental issues of reproducibility and

repeatability that arise from using undisturbed soil cores. Detailed information of the

characteristics of deposited aggregates along with their spatial location could be used

to better understand the processes that lead to colloid remobilization during physical

or chemical disturbances. A systematic assessment that couples transient transport

experiments (at variable changes for ionic strength and pore velocity) with high res-

olution XRCT non-destructive imaging could be a first step towards understanding

when and where particle deposits form and which ones become unstable.
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