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1. Introduction
The expanding use of engineered colloids in the manufacturing of medical and electrical appliances, textiles, paint 
protecting coverings, and consumer products has led to the accumulation of undesirable amounts of nano- and 
micro-size particles in the environment (Benn & Westerhoff, 2008; Goswami et al., 2017; Gottschalk et al., 2013; 
Keller et  al.,  2014). Of particular interest are silver particles, employed in the fabrication of detergents and 
anti-odor clothing because of their biocidal properties (Gottschalk et al., 2013; Maillard & Hartemann, 2013; 
Sondi & Salopek-Sondi, 2004; Zhang et al., 2016). Studies up to date have demonstrated that a large propor-
tion of colloidal silver can enter sewers and the wastewater treatment train via erosion during silver-impreg-
nated textile washing (Benn & Westerhoff, 2008; Keller et al., 2014). Furthermore, silver particle surfaces likely 
acquire a coating of surfactants (El Badawy et al., 2011; Geranio et al., 2009; Hedberg et al., 2012) and dissolved 
organic matter (Kaegi et al., 2011; Phenrat et al., 2008) along the sewer pathway, which increases the stabil-
ity and persistence of the suspension. 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 (Benn et al., 2010; Benn & Westerhoff, 2008; Dimkpa et al., 2011; Gajjar et al., 2009; 
Kaegi et al., 2011; Keller et al., 2014; Mijnendonckx et al., 2013; Patiño et al., 2020). Regarding environmen-
tal health concerns, studies on soil microbial toxicity observed adverse effects on microbial growth, functions 
and diversity in soils, which became more pronounced over time (Samarajeewa et al., 2017; Sillen et al., 2015; 
Zhang et al., 2020). Regarding public health concerns, reports on the oral toxicity of silver colloids suggest that 
mammals may experience dose-dependent altered neurotransmitter levels and immunological effects (Hadrup & 
Lam, 2014; Park et al., 2010), and that the toxicity of silver particles increases with decreasing size (Kuempel 
et al., 2021). 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 mechanistic models that describe their 
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transport. Such models are crucial for anticipating and ultimately preventing soil and groundwater contamination 
by engineered materials.

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 deposition kinetics assumptions (Yao et al., 1971). 
Deviations from CFT have been frequently observed in the presence of repulsive interactions between particles 
and collectors (unfavorable conditions); particularly resulting in the underestimation of the mass of immobilized 
particles (Bradford, Simunek, et al., 2006; Tufenkji & Elimelech, 2004). Particle retention under unfavorable 
conditions has been ascribed to deposition in secondary energy minimum (Shen et al., 2007), surface roughness 
(Morales et al., 2009; Rasmuson et al., 2017), concurrent favorable and unfavorable interactions between colloids 
and the porous media surface (Tufenkji & Elimelech, 2004), and surface charge heterogeneity (Cortis et al., 2006; 
Elimelech & O’Melia, 1990; Johnson et al., 1996). Anomalous DP behavior is common and is often associated 
with unique pore-scale retention mechanisms (Goldberg et al., 2014). Hyper-exponential DP have been explained 
by colloid straining in narrow pore spaces in addition to attachment to the soil-water interface (Bradford & Betta-
har, 2005; Tosco et al., 2014). Uniform DP are thought to be controlled by blocking phenomena, where deposited 
particles prevent further colloid deposition (Adamczyk et  al.,  1994; Ko & Elimelech, 2000). Non-monotonic 
DP are associated to colloid accumulation at low-flow regions (Li et al., 2006a, 2006b) and to size-dependent 
deposition of polydisperse suspensions (Malgaresi et al., 2019). Monotonically increasing DP have been attrib-
uted to colloid-induced charge redistribution on the collectors (Chen et al., 2011). While variations to traditional 
CFT-based models have been successfully implemented to capture a subset of non-exponential DP behaviors 
(Tufenkji & Elimelech, 2005; Johnson et al., 2018), as of yet, information on the pore structure (including loca-
tions 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 (Leuther et al., 2020; Li et al., 2006a; Perez et al., 2020).

Microscopic variations in colloid retention occur largely as a result of the pore space geometry and its established 
flow field (Bradford & Torkzaban, 2008; Torkzaban et al., 2008). CFT employs a first approximation of the mass 
transfer rate between suspended and arrested particles by upscaling an assumed perfect sink at the solid-water 
(SW) interface (Yao et al., 1971). 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 (Bergendahl & 
Grasso, 1998; Gao et al., 2008; Torkzaban et al., 2007). Experimental observations (by various microscopic tech-
niques) 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 (Bradford & Bettahar, 2005; 
Bradford et al., 2007; Bradford & Torkzaban, 2008; Tosco et al., 2014), accumulation in flow stagnant grain-to-
grain contacts (GG) (Li et al., 2006a; Johnson et al., 2007, 2010; Lin et al., 2021), attachment to the air-water 
(AW) interface (Lazouskaya et al., 2006; Sirivithayapakorn & Keller, 2003; Wan & Wilson, 1994), pinning at 
the air-water-solid triple point (AWS; Chen & Flury, 2005; Crist et al., 2004; Morales et al., 2009; Rahmatpour 
et al., 2018; Wan & Tokunaga, 2005; Zevi et al., 2012), and straining in thin films of water (TF) adjacent to solid 
surfaces (Wan & Tokunaga, 1997). 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 significance 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 tradition-
ally modeled by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. In principle, these surface interactions 
control the attachment efficiency–and consequently the deposition rate–in CFT models. Yet, a formal relationship 
between the two has not been established (Morales, Sang, et al., 2011; Phenrat et al., 2008). In DLVO theory, 
the total energy of interaction is given by the sum of van der Waals attraction (VDW) and electric double layer 
repulsion (EDL; Derjaguin,  1941; Verwey & Willem,  1947). Extended versions of DLVO (xDLVO) include 
additional interactions affected by complexity of the solution chemistry and presence of air bubbles (Birdi, 2008; 
Molnar, Johnson, et al., 2015). Furthermore, the occurrence of chemical heterogeneities and roughness on any of 
the approaching surfaces can significantly modify their interfacial interactions (Johnson et al., 2010; Torkzaban 
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& Bradford,  2016; Tufenkji & Elimelech,  2005). Relevant xDLVO interactions to this work include: charge 
screening from changes in ionic strength, which affect the EDL (Mills et al., 1994; Molnar, Johnson, et al., 2015; 
Polemio et al., 1980); steric interactions (ST) from surface adsorption of naturally occurring dissolved organic 
matter (Babakhani et al., 2017; Chen & Elimelech, 2006; Leuther et al., 2020; Molnar, Gerhard, et al., 2015; 
Morales, Sang, et al., 2011; Morales, Zhang, et al., 2011; Patiño et al., 2020; Phenrat et al., 2008); polar or Lewis 
acid-base interactions (AB) from the electron-acceptor and electron-donor nature of the two approaching materi-
als (Van Oss, 2006); and hydrophobic interactions (HYD) between the particles and air bubbles under unsaturated 
conditions (Birdi, 2008; Crist et al., 2005; Kohli & Mittal, 2015). 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, particles 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 mechanisms of colloid retention in 
porous media that is in agreement across interface-, pore-, and Dacy-scales. Our first aim is to statistically eval-
uate the contribution of alternative 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 immobilized. 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 modeling efforts. To do this, 
we determine the spatial distribution of retained colloids from transport experiments that are imaged non-de-
structively by high resolution 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 behavior 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 
ration alize the observed retention trends.

2. Materials and Methods
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 1,000 g L −1. Similar particles have been used in 
previous studies to investigate colloid retention specifically at GG contacts (Li et al., 2006a) and biofilm distribu-
tion in porous media (Iltis et al., 2011). Suspensions of 20 g L −1 were prepared in the desired background aqueous 
solution (described below) and used in experiments within 10 hr. Concentrations of metallic silver in waste water 
are usually below 5 mg L −1 (Wielinski et al., 2021). Nonetheless, silver particles are expected to accumulate 
over time in environmental compartments (Gottschalk et al., 2013), 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 (Kaegi et al., 2011; Tulve et al., 2015; Wielinski et al., 2021), which are smaller than the micro-
spheres used in our experiments. This modification in concentration and particle size from expected values of 
sludge-receiving soils was required for visualization of deposited material with XCT, 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 hr and rinsing with Milli-Q 
water until the pH was neutral to remove metal oxides, followed by baking overnight at 550°C to remove 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 heter-
ogeneity 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 to 2 mm and likely pack differently than 
the glass bead bed in our experiments. While the particles and porous media used in this study differ in size and 
packing from the materials expected in real environmental systems, the goal of this work is not to exactly replicate 
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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 investi-
gated in natural samples.

Three different background aqueous solutions were used to vary the particle 
stability and interface interactions between the silver colloids and the avail-
able pore-scale retention sites in the porous medium. The first solution was 
Milli-Q water (MQW), which was used as the control. The second solution 
was made with the anionic surfactant sodium dodecylbenzene sulfonate 
(SDBS) at a concentration of 1% by weight. This surfactant was chosen as 
representative of laundry formulations (Smulders & Rähse, 2002), 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 
wastewater sludge with known pronounced effects on colloid transport and 
stability (Abudalo et al., 2010; Bradford, Tadassa, & Pachepsky, 2006; Elime-
lech et al., 2013; Flury & Qiu, 2008; Granger et al., 2007; Jaisi et al., 2008; 
Marley et al., 1993; Mibus et al., 2007; Morales, Sang, et al., 2011; Morales, 

Zhang, et al., 2011; Phenrat et al., 2008; Sen & Khilar, 2006). Specifically, Elliott Soil humic acid (International 
Humic Substances Society, St. Paul, MN) was used as a standard DOM, following the solution preparation of 
Morales, Zhang, et al. (2011).

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 condition 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 calibra-
tion 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: (a) water content (saturated vs. unsatu-
rated), (b) pore velocity (fast vs. slow), and (c) solution chemistry (MQW vs. SDBS vs. DOM) as summarized 
in Table 1. Saturated conditions required inlet/outlet flow rates to always remain matched after wet packing 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 injection 
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 in Supporting Information S1, which is extremely difficult to over-
come for such small columns. The water content of each packed column was measured before and after the trans-
port 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 column. The solution chemistry was maintained constant throughout each experiment, whereby the back-
ground solution for the suspension and the particle-free solution used to flush out the colloid pulse were the same.

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

Note. 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).

Table 1 
Summary of Experimental Conditions Tested
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2.3. XCT Scanning and Enumeration of Retained Particles

XCT scanning: XCT imaging of the column was conducted 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 ∼10 μm, the sample was scanned in two separate segments of 
∼15 mm length. The X-ray source was set to an energy 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 2,000 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 S1 (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 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 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 intersection 

Figure 1. Workflow used to define pore-scale retention sites: (a) cross section of X-ray computed tomography (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 region of interests in false 
coloring for saturated (L) and unsaturated (R) experiments. The scale bar represents 500 μm.
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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 elements 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 between 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 summarize, we detect ROIs corresponding to six types of 
retention size, 𝐴𝐴  = {SW, BL, GG, AW, AWS, TF}. Figure 1 illustrates in false coloring the ROIs for each reten-
tion site available for a saturated and an unsaturated column.

2.4. Depth Profiles and Retention Site Statistics

ROIs belonging to total retained silver (AgT) and each individual prospective retention site 𝐴𝐴 𝐴𝐴 ∈  were processed 
in pairs with the intersection operation to deduce the quantity of silver colloids deposited at each site, Agi. Figure 2 
illustrates this process for silver retained at the SW interface at a given depth, z. These values were subsequently 
used to obtain (a) retention site-dependent depth profiles (Darcy-scale) and (b) 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 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 1 contained N cross sections in depth. Each two-di-
mensional section, n, had a thickness of ∼10 μm, corresponding to a voxel length Δz. 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 𝐴𝐴 𝐴𝐴𝑖𝑖(𝑛𝑛) = 𝐴𝐴𝐴𝐴𝑖𝑖(𝑛𝑛)∕𝐴𝐴𝐴𝐴𝑇𝑇 (𝑛𝑛) =

1

Δ𝑧𝑧
∫
Δ𝑧𝑧⋅𝑛𝑛

Δ𝑧𝑧⋅(𝑛𝑛−1)

𝐴𝐴𝐴𝐴𝑖𝑖(𝑧𝑧)

𝐴𝐴𝐴𝐴𝑇𝑇 (𝑧𝑧)
𝑑𝑑𝑧𝑧 . To rank the sites by impor-

tance, dominance was measured as the mean fraction of retained silver for a given retention site as:

Figure 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).
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𝑚𝑚𝑖𝑖 =

𝑁𝑁
∑

𝑛𝑛=1

𝑚𝑚𝑖𝑖(𝑛𝑛)

𝑁𝑁

 (1)

To translate findings to systems with different retention site proportions, knowledge 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 

𝐴𝐴 𝐴𝐴𝑖𝑖(𝑛𝑛) = 𝐴𝐴𝐴𝐴𝑖𝑖(𝑛𝑛)∕𝑉𝑉𝑖𝑖(𝑛𝑛) =
1

Δ𝑧𝑧
∫
Δ𝑧𝑧⋅𝑛𝑛

Δ𝑧𝑧⋅(𝑛𝑛−1)

𝐴𝐴𝐴𝐴𝑖𝑖(𝑧𝑧)

𝑉𝑉𝑖𝑖(𝑧𝑧)
𝑑𝑑𝑧𝑧 . Site saturation was then measured as the mean normalized fraction of 

retained silver by retention site volume as:

𝑓𝑓 𝑖𝑖 =

𝑁𝑁
∑

𝑛𝑛=1

𝑓𝑓𝑖𝑖(𝑛𝑛)

𝑁𝑁

 (2)

It is noteworthy that the site ROIs can be composed of multiple objects (discontinuous clusters of voxels, e.g., 
the GG ROI is composed of multiple individual GG contacts), where each object can retain different quantities 
of silver particles. This is inevitable, yet 𝐴𝐴 𝑓𝑓𝑖𝑖

 summarizes how full the collection of those objects is with retained 
colloids and allows us to compare against other retention sites i.

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 properties listed in Table S2 in Supporting Information S1. 
The sum of van der Waals (VVDW), electric double layer interactions (VEDL), steric interactions (VST), and Lewis 
acid-base interactions (VAB) are considered for colloid-SW and colloid-colloid systems (Butt et al., 2005; Elimel-
ech et al., 2013; Grabbe, 1993; Gregory, 1981; Lin & Wiesner, 2012; Wood & Rehmann, 2014). Colloid-colloid 
interactions were used to assess the likelihood for accumulation of colloids at close proximity in GG contacts 
and AWS triple points. Additionally, hydrophobic interactions (VHYD) are taken into account for the colloid-AW 
system (Yoon & Mao, 1996). 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:

���� = − �
6�

(

�1�2

�1 +�2

)

[

1 − 5.32�
�

ln
(

1 + �
5.32�

)]

 (3)

���� = 64��
(

�1�2

�1 +�2

)

(���
��

)2
tanh

(

���1
4���

)

tanh
(

���2
4���

)

�−�� (4)

𝑉𝑉𝑆𝑆𝑆𝑆 = 𝜋𝜋𝜋𝜋
2

𝑆𝑆𝑆𝑆
𝛾𝛾
𝑆𝑆𝑆𝑆

0
exp

(

−
𝐷𝐷

𝜆𝜆𝑆𝑆𝑆𝑆

)

 (5)

��� = 2��1������0

[

1 − ���

�1
+
(

1 + ���

�1

)

�−
2�1
���

]

exp
(

− �
���

)

 (6)

���� = −����

6�

(

�1�2

�1 +�2

)

 (7)

here, A is the Hamaker constant for the system, D is the separation distance, R1 and R2 are the radii of two inter-
acting spheres. For colloid-colloid interactions R1 = R2 = 7 μm. For colloid-SW and colloid-AW R1 = 7 μm and 
R2 = ∞. λ, λST, and λAB are the decay length for van der Waals, steric and Lewis acid-base interactions, respec-
tively. 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 mate-
rials. 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.
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3. Results and Discussion
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 in Supporting Information S1). Such low 
mobility is consistent with previous studies on transport of silver particles in neutral to alkaline conditions 
(Rahmatpour et al., 2018) and is expected for transport of large-sized particles (>1 μm in diameter, as are the size 
of our particles; Molnar, Johnson, et al., 2015). 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. 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 in the Supporting Information S1, respectively. The large signal variability is due to the high data reso-
lution, given that depth intervals are collected at 10 μm from XCT imaging rather than the 1 cm from standard 
destructive approaches. Depth profiles from replicate experiments are in qualitative agreement, but only repre-
sentative results are presented for the purpose of comparison.

Close inspection of Figure 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 immobi-
lized 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 (Leuther et al., 2020). In both water saturation systems the 

Figure 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.
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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 referred to Figure S5 in Supporting Information S1 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 in Supporting 
Information S1). Specifically, non-monotonic deposition has been ascribed to non-attached colloids in the near 
surface domain (Johnson et al., 2018) that may accumulate at hydrodynamically stagnant regions. This mech-
anistic perception is in agreement with observed accumulation of particles at all depths in GG contacts for the 
saturated case and AWS 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 understand 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 (Morales et al., 2017) and flow-induced aggre-
gation created particle clusters that were too large to be flushed out (Perez et al., 2020). Additional tests were 
conducted in transient conditions for draining (data not shown) that eluted material retained at the BL, thus 
confirming that the image signal at this location is truthful.

3.2. Pore-Scale Retention Site Statistics

Mean site dominance 𝐴𝐴
(

𝑚𝑚𝑖𝑖

)

 , and mean site saturation 𝐴𝐴

(

𝑓𝑓 𝑖𝑖

)

 results are presented as scatter clusters in Figure 4. It 
is worth noting that by definition, 𝐴𝐴 𝑚𝑚𝑖𝑖 adds up to unity because it is normalized by the total silver immobilized 
throughout the column and summarizes the overall site contribution toward particle immobilization. On the other 
hand, the mean site saturation 𝐴𝐴 𝑓𝑓𝑖𝑖

 depends on the unique volume of available retention site i and does not need to 
add up to unity. Subfigures are organized to facilitate comparisons for variable water content (Figures 4a and 4d), 
variable pore velocity (Figures 4b and 4e), and variable solution chemistry (Figures 4c and 4f). The reader is 
referred to Table 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 
𝐴𝐴 𝑚𝑚𝑖𝑖 values) but accounted only for up to half of the total mass retained (𝐴𝐴 𝑚𝑚𝑆𝑆𝑆𝑆 ≤ 0.5), while the AW and TF were 

the least dominant retention sites 𝐴𝐴
(

𝑚𝑚𝐴𝐴𝐴𝐴 |𝑚𝑚𝑇𝑇𝑇𝑇 ≤ 0.15
)

 . This implies that mechanistic models should account for 
multiple sinks terms to more accurately represent the processes involved in anomalous colloid filtration behavior. 

Regarding site saturation, no site ever approached its full capacity 𝐴𝐴

(

𝑓𝑓 𝑖𝑖 < 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 𝐴𝐴 𝑓𝑓𝑖𝑖

 
can be limited 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 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 conditions, but there is 
a decrease in 𝐴𝐴 𝑚𝑚𝐵𝐵𝐵𝐵 with decreasing water content. The value of 𝐴𝐴 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 for unsaturated conditions suggests a trade-
off of deposited particles between the BL and the stagnant region AWS when the system goes from saturated to 
unsaturated conditions.

Regarding the site saturation (Figure 4d), AWS has the highest value of 𝐴𝐴 𝑓𝑓𝑖𝑖
 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 𝐴𝐴 𝑓𝑓𝑖𝑖 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.
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Variable pore velocity: The dominance of the retention sites was similar for variable pore velocity, Figure 4b. 
Nonetheless, it is worth noting that both 𝐴𝐴 𝑚𝑚𝑆𝑆𝑆𝑆  and 𝐴𝐴 𝑚𝑚𝐺𝐺𝐺𝐺 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 (Li et al., 2006b).

The SW saturation (���  ) was comparable to the one of GG (𝐴𝐴 𝑓𝑓𝐺𝐺𝐺𝐺
 ) when pore velocity was reduced, pointing 

to a larger proportion of retention at the flow stagnation zones of the system—GG contacts under lower pore 

Figure 4. (Top) Mean retention site dominance, 𝐴𝐴 𝑚𝑚𝑖𝑖 , and (bottom) mean retention site saturation, 𝐴𝐴 𝑓𝑓𝑖𝑖
 , 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.
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velocities (see Figure 4e). These outcomes are in agreement with detailed 
studies of the inversely proportional size of flow stagnation zones with flow 
rate/pore velocity (Johnson et al., 2007). For the system under investigation, 
this amounts to larger stagnant flow regions associated with GG contacts 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 stagna-
tion regions associated with the AWS and GG for more complex solutions 
(SDBS and DOM; see Figure 4c). Under all tested solution chemistries, the 
AW and TF ranked at the bottom of the list for site dominance, hinting  that 
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 and Torkzaban (2008) explains this observation. In 
short, near perfect slip conditions at the AW interface results in colloids slid-
ing along the surface of air bubbles, directing them to AWS where they can 
more permanently arrest.

Site saturation in Figure 4f was greatest for the SW and AWS interfaces. The 
large variability observed for 𝐴𝐴 𝑓𝑓𝐵𝐵𝐵𝐵

 in different treatments makes it difficult to 
draw general claims about its likelihood to fill up. Similarities in the 𝐴𝐴 𝑚𝑚𝑖𝑖 and 𝐴𝐴 𝑓𝑓𝑖𝑖

 
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. 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 chemistry are shown in Figure 5. Interactions between colloids and 

the SW interface are characterized by the lowest energy barrier (∼7.5 × 10 3 kT) coupled with the deepest second-
ary energy well (∼−25  kT). 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 × 10 3 kT) and a slightly more shallow secondary energy well (∼−5 kT). These conditions 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 × 10 4 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 (a) deposit at the SW interface, albeit 
at the secondary minimum; (b) aggregate (including weak flocculation) with comparable proportion at either GG 
contacts or AWS, depending on the system's water saturation as discussed above, or protruding into the BL; and 
(c) never deposit at the AW interface. These interface-scale energetic trends are in agreement with observations 
of pore-scale site dominance and saturation shown in Figure 4 and Darcy-scale depth profiles shown in Figure 3, 
showing consistency across scales of investigation.

The authors note that the magnitude of the energy barrier height (≫
(

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. (2007), 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 heteroge-
neity 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 inter-
actions based on bulk measurements, as those shown in Figure 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 

Figure 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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difficult to ascertain empirically if any level of heterogeneity remained that contributed to retention. The xDLVO 
profiles of Figure 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 stochastically interact with portions 
of the collector surface that are entirely within, partially on, or entirely outside a heterogeneous nanosite (Ron 
& Johnson, 2020). These possibilities produce interactions that are favorable, intermediately favorable, or unfa-
vorable, 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, investigating more deeply the impact of surface heterogeneity 
on xDLVO energy profiles and ultimately on upscaled particle transport models is the subject of future work.

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 distributed broadly across six 
candidate retention-sites, and that the distribution was consistent in depth and largely independent of the experi-
mental 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. Signif-
icant 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, deposition 
at the air-water interface was minimal. At the interface-scale, interaction energy profiles were in excellent conso-
nance with the dominance ranking of available retention 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 
realistic 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 reentrain-
ment by diffusive means, is likely a key driver of ubiquitous heavy tails in breakthrough curves. Understanding 
the physical justification for colloid elution (e.g., long residence times vs. detachment kinetics) is critical to revise 
mechanistic models that can more accurately predict fate and transport under environmentally relevant transient 
conditions.

Data Availability Statement
The data for depth profiles of retained particles and retention site distribution are available at https://doi.
org/10.5281/zenodo.6456378.
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