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Relating mechanistic fate with spatial positioning for1

colloid transport in surface heterogeneous porous media2

Janis E. Patiñoa, William P. Johnsonb, Verónica L. Moralesa,∗3

aDepartment of Civil and Environmental Engineering, University of California at
Davis, 1 Shields Ave 2001, Davis, 95616, California, United States

bDepartment of Geology & Geophysics, University of Utah, 201 Presidents’ Cir, Salt
Lake City, 84112, Utah, United States

Abstract4

Hypotheses: The transport behavior of colloids in subsurface porous5

media is altered by surface chemical and physical heterogeneities. Under-6

standing the mechanisms involved and distribution outcomes is crucial to7

assess and control groundwater contamination. The multi-scale processes8

that broaden residence time distribution for particles in the medium are here9

succinctly described with an upscaling model. Experiments/model: The10

spatial distribution of silver particles along glass bead-packed columns ob-11

tained from X-ray micro-computed tomography and a mechanistic upscaling12

model were used to study colloid retention across interface-, collector-, pore-13

, and Darcy-scales. Simulated energy profiles considering variable colloid-14

grain interactions were used to determine collector efficiencies from particle15

trajectories via full force-torque balance. Rate coefficients were determined16

from collector efficiencies to parameterize the advective-dispersive-reactive17

model that reports breakthrough curves and depth profiles. Findings: Our18

results indicate that: (i) with surface heterogeneity, individual colloid-grain19

interactions are non-unique and span from repulsive to attractive extremes;20

(ii) experimentally observed spatial positioning of retention at grain-water21

interfaces and grain-to-grain contacts is governed respectively by mechanis-22

tic attachment to the grain surface and retention without contact at rear-23

flow stagnation zones, and (iii) experimentally observed non-monotonic re-24

tention profiles and heavy-tailed breakthrough curves can be modeled with25

explicit implementation of heterogeneity at smaller scales.26

Keywords: Anomalous transport, interfaces, silver colloids, surface27

chemical heterogeneity, X-ray micro-computed tomography, groundwater.28

Abbreviations: breakthrough curve (BTC), chemical heterodomain29
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(CCHD), depth profile (DP), Derjaguin-Landau-Verwey-Overbeek30

(DLVO), grain-to-grain (GG), Parti-Suite (PS), region of interest (ROI),31

rear-flow stagnation zone (RFSZ), scanning electron microscopy (SEM),32

grain-water interface (GWI), X-ray micro-computed tomography (µ-CT),33

zone of interaction (ZOI).34

∗Corresponding author
Email addresses: janpatino@ucdavis.edu (Janis E. Patiño),
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1. Introduction35

The transport and fate of colloids (particles of size between 10 nm to36

10 µm) suspended in water is a topic of environmental and public health37

concern. Depending on their origin and composition, their presence in the38

subsurface can be either viewed as beneficial (e.g. iron oxide nanoparticles39

used in remediation strategies [1, 2]) or detrimental (e.g. viruses, micro- and40

nano-plastics, and toxic engineered nanomaterials [3, 4, 5, 6]). For exam-41

ple, engineered silver colloids used in detergents and anti-odor clothing (due42

to their biocidal properties [7, 8, 9]) have been found in wastewater efflu-43

ents [10, 11] that are subsequently used for irrigation, thus raising concern44

regarding their impact in groundwater quality and soil microbial commu-45

nities [12, 13, 14, 15]. However, predictions of the distribution of retained46

colloids in soils, and in environmental porous media in general, are often47

inaccurate, suggesting a deficient understanding of the processes governing48

transport and retention in surface heterogeneous systems.49

The mass transfer of particles between the liquid and solid phases that50

govern the filtration of colloids in groundwater systems is a multi-scale51

problem. Nanoscopic interactions that arise between the surfaces of par-52

ticles (colloids) and porous media grains dictate how likely colloids will de-53

posit on collector surfaces in hydrodynamic static conditions. When both54

surfaces are like-charged, a repulsive energy barrier typically hinders de-55

position (i.e., conditions are so-called unfavorable). This situation is com-56

monly observed when studying filtration of environmental colloids [16], since57

the surfaces of both particles and grains tend to exhibit a net negative58

charge at typical pH levels in groundwater [17]. Nonetheless, evidence has59

been repeatedly reported for colloidal retention under unfavorable conditions60

[18, 19, 20, 21, 22, 23, 24, 25][26]. Such observations suggest the presence61

of at least some favorable colloidal interactions along the grain’s surface62

(e.g., as microsites of metal oxides or organic matter), thus questioning the63

appropriateness of using average system parameters for classic colloid filtra-64

tion modeling [27]. Using average colloid-grain interactions allows for the65

straightforward application of classic filtration theory and its variations.66

However, these do not always correctly capture observations even under67

simple controlled experimental conditions (e.g. chemically cleaned quartz68

sand often display non-exponential deposition profiles). Therefore, using69

average short-range interactions may be responsible for inaccurate predic-70

tions of colloid filtration in surface heterogeneous media like natural aquifer71

environments.72
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At the smallest of scales, nanoscopic interactions between colloids and73

grain surfaces are often modeled by Derjaguin-Landau-Verwey-Overbeek74

(DLVO) theory [28, 29], and more recently by extended DLVO, or xDVLO,75

which considers interactions additional to electric double-layer and van Der76

Waals (e.g., Born repulsion, Lewis acid-base interactions) [30, 31, 32]. A de-77

terminant input of these energy calculations is the average surface charge of78

the materials of interest, which is approximated by the measured average ζ-79

potential. While this approach is commonly used to justify retention trends80

in porous media, the interactions do not always agree with the amount of81

retention observed, especially under unfavorable conditions [33, 34, 35, 36].82

Defining system descriptors this way averages out nano-to-microscale chem-83

ical heterogeneities that locally reduce or eliminate repulsion and facilitate84

deposition. Duffadar et al. [37] point out that all naturally-occurring sur-85

faces are heterogeneous, with great chemical and topographical diversity.86

In aquifer systems, this leads to the simultaneous existence of favorable87

and unfavorable interactions between particles in suspension and the filter88

medium [37, 31, 25, 27, 38, 39]. Thus, the development of transport models89

that reflect the stochastic nature of interfacial, and consequently, pore-scale90

interactions between particles and the granular media has become crucial91

to improve prediction accuracy of colloid transport in realistically complex92

porous media[31, 25, 38, 39, 40, 6].93

The overall transport behavior of colloids in porous media is controlled94

by colloid-grain interactions that are relevant at separation distances of tens95

to hundreds of nanometers (interface-scale) [41], flow properties that are96

relevant at micro- to millimeter distances (pore-scale), and filtration rates97

determined at centimeter to meter lengths (Darcy-scale). Classic filtration98

theory assumes deposition to be a two step probabilistic process. The first99

probability is for intercepting the grain and the second is for attaching to100

it as η0 and α, respectively. Their product yields the deposition probability101

and is used to calculate the deposition rate coefficient, k, of the entire102

(upscaled) porous media, assuming first-order kinetics [42, 27, 43].103

Classic filtration models predict (i) retained colloid concentrations (depth104

profiles) that decrease exponentially with distance from the source and105

(ii) breakthrough-elution concentration histories that are near Gaussian.106

Nonetheless, observations of non-exponential depth profile shapes (e.g.,107

hyper-exponential, uniform, non-monotonic) and heavy-tailed breakthrough108

curves are ubiquitous [18, 19, 20, 21, 22, 23, 24, 25], suggesting that trans-109

port dynamics cannot be properly captured by a simple first-order k. Recent110
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advancements in modeling efforts that can account for such anomalies have111

comprised pore-scale kinetic theory upscaling [44], probability distributions112

of fluid velocities and deposition rates [45], as well as the use of multiple113

rates for attachment [46, 47], and explicit modeling of particle residence114

times at the near-surface fluid domain [6, 17, 48]. Because models of this115

sort are based on inferences, further efforts are needed to, on the one hand,116

provide experimental observations of particle spatial positioning to validate117

the underlying assumptions, on the other hand, corroborate the significance118

of the modeled mechanisms under varied conditions.119

The overarching objective of this work is to understand the multi-scale120

processes driving colloid transport and retention in unfavorable surface het-121

erogeneous porous media. Specifically, we compare experiments and sim-122

ulations of colloid transport and retention from the interface-, collector-,123

pore-, and up to the Darcy-scale (see Figure 1) to i)represent the variability124

of colloid-grain interactions under surface heterogeneity; ii) determine the125

mechanisms driving colloid retention at available pore-scale retention sites126

and; iii) predict anomalous depth profiles and breakthrough curves with127

a physics-based upscaling approach. To the authors’ knowledge, this work128

presents for the first time the interrelation between experimental spatial po-129

sitioning of transported colloidal particles in porous media and equivalent130

simulations from a mechanistic model at multiple scales.131

2. Materials and Methods132

A link between the mechanisms responsible for colloid retention in porous133

media (from model simulations) and their fate (from experimental obser-134

vations) is drawn at relevant scales ranging from the interface (angstroms135

to nanometers), collector and pore (micrometers to millimeters), to the136

Darcy-scale (few centimeters to meters) [41, 49]. We consider the pore-137

scale as an ensemble of collector grains which differs from the collector-138

scale because it contains multiple grain-water interfaces and grain–to-grain139

contacts [50]. Simulations are performed with the mechanistic model Parti-140

Suite (PS) (https://wpjohnsongroup.utah.edu/trajectoryCodes.html).This141

model upscales interfacial interactions based on xDLVO, computes attach-142

ment efficiencies from Lagrangian colloid trajectories in a Happel-sphere143

geometry, and estimates macroscopic transport behavior as detailed depth144

profiles (DP) and breakthrough curves (BTC) from deposition rates deter-145

mined at smaller scales. Input parameters for simulations were specified146

to be consistent with the experimental setup. Experiments from a silver147
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colloid slug transported in a saturated glass bead-packed column (a model148

porous medium) that was subsequently imaged at high-resolution by X-149

ray micro-computed tomography (µ-CT) from Patiño et al.(2022), [51] are150

used for ground-truth comparison. Briefly, the available experimental data151

include: the mean-average ζ-potential of each material, pore-scale spatial152

distributions of retained colloids, and DPs of retained particles along the153

entire column length. Figure 1 illustrates the workflow at different spatial154

scales.155

d) Darcy-scaleb) Collector-scale c) Pore-scalea) Interface-scale

C
o
ll
e
c
to

r

Collector

Figure 1: Upscaling schematic for colloid transport in a porous medium. a) Velocity pro-
file and the torques acting over a single colloid near the collector surface (modified from
VanNess et al., (2019) [52]). b) Lagrangian colloid trajectories within a representative
elementary volume, a single grain with flow, as color-coded by their retention mechanism.
c) Pore-scale retention sites where colloids can accumulate (from Patiño et al., (2022)
[51]). d) Column packed with collectors from which DP and BTC signals are recovered.

2.1. Interface-scale: Interaction Energy profiles156

Energy profiles of interaction between the silver colloids with surface157

roughness and glass beads with chemical microsites were estimated with158

the xDLVO module of PS [25]. The system represented is that of silver col-159

loids interacting with glass beads immersed in water in the presence of sur-160

face heterogeneity. Considered interactions include van der Waals (VV DW ),161

electric double-layer (VEDL), steric (VST ), and Lewis acid-base interactions162

(VAB)[53, 54, 55, 43, 56, 57]. The analytical expressions for the various in-163

teractions (in sphere-sphere geometry) are provided in equations S1 to S4.164

The effective contact area over which a colloid and the grain interact is here165

referred to as the zone of interaction (ZOI). Its size, RZOI = 2
√

κ−1rp, is166

controlled by the Debye length of the solution κ−1 and the particle radius167

6
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rp [37]. The most unfavorable conditions for colloid-grain interactions take168

place when the entire ZOI falls outside the grain chemical heterodomains.169

Conversely, the most favorable conditions for colloid-grain interactions oc-170

cur when the ZOI completely overlaps with a heterodomain region. All171

colloid-grain interactions are contained within these two extreme scenarios.172

Hollow glass microspheres coated in a layer of silver (118 nm thick)173

were used as the colloidal particles for transport experiments (Microsphere174

Technology, Limerick, IE) with an average colloid radius, rp, of 7.0×10−6
175

m. Similar colloids have been previously used to study biofilm distribu-176

tion in porous media [58], and colloid retention at grain-to-grain contacts177

with µ-CT [22]. The colloids chosen for this study are larger than typical178

engineered silver colloids found in consumer products, but represent an ide-179

alized version of this kind of emerging groundwater contaminants [9, 11].180

The silver colloids were suspended in MilliQ water to achieve a concentra-181

tion of 20 g L−1, and used in experiments within 10 hours. Borosilicate182

glass beads of 1.0×10−3 m mean diameter were used as the model porous183

medium (Sigma-Aldrich). To achieve 10 µm resolution µ-CT images, the184

packed bed was narrow (with ∼ 5 grains in the transversal direction), but185

long (spanning more than 30 grain in the longitudinal direction). The mea-186

sured average ζ-potential of the colloids and grains is considerably negative187

(-50 and -65 mV, respectively) [51]. It is expected that positively charged188

microsites are present on the grain surface, herein referred to as chemical189

heterodomains (CHD). In the absence of available direct measurements for190

CHD ζ-potential, we set its value to the opposite charge of the average grain191

surface (+65 mV). Rasmuson et al. (2019), [59] have reported that the pri-192

mary control for attractive interactions between colloids and the collector193

is the presence of CHD, not the magnitude of their ζ-potential. Scanning194

electron microscopy (SEM) images of the silver microspheres suggest a mild195

level of surface roughness (refer to Figure S1). Colloid asperities are there-196

fore represented in the model as contiguous hemispheres with 20 nm height197

following the recommendations of Rasmuson et al. (2019) [59]. Table S1198

summarizes all input parameters for the xDLVO module for PS.199

2.2. Collector-scale & Pore-scale: Particle Trajectories and Retention sites200

Simulated trajectories of colloids traveling in a Happel-sphere geometry201

(a representative elementary volume of a porous medium) were performed202

using the Traj-Hap module of PS. Briefly, Lagrangian trajectories are built203

as per the force-torque balance between colloid-CWI interactions and the204

flow field hydrodynamics (see Figures 1a and b).205
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Trajectory results were then used to calculate the collector efficiency206

of the system, η, as the fraction of injected colloids that enter the near-207

surface pore water (separation distance between colloids and grain < 200208

nm [39, 48], approximately the thickness of the hydrodynamic boundary209

layer).210

From η, we determine the fate of colloids in the near-surface (as num-211

ber fractions) by one of four outcomes: fast attachment, α1, slow attach-212

ment, α2, re-entrainment, αre-ent, or retention at the rear-flow stagnation213

zone, αRFSZ . These number fractions are subsequently used to estimate214

multi-rate coefficients in the advective-dispersive reactive model described215

in equations (1) to (3). In the Happel sphere domain, fast attachment refers216

to the colloids that deposit on the surface of the grain at comparable resi-217

dence times to those of colloids deposited under favorable conditions. Con-218

versely, slow attachment accounts for the colloids deposited on the surface219

of the grain at longer residence times than those in favorable conditions.220

Re-entrainment represents the colloids that entered the near-surface and221

exited back into the bulk solution. Retention at the rear-flow stagnation222

zone (RFSZ), occurs when colloids are dragged along the grain surface with-223

out contacting it until they reach the RFSZ of the grain, where they may224

remain for extended periods of time. [25]. To account for suspension poly-225

dispersity, as was determined experimentally in earlier work [60], we con-226

ducted simulations for 5000 trajectories of singlets (rp = 7×10−6m), triplets227

(rp = 1×10−5m), and tenplet colloid aggregates (rp = 1.5×10−5m). Aggre-228

gates are represented as equivalent spheres of a larger effective size, which229

the results show is sufficient for modeling this simple system. However,230

exploring the shape of colloids and their aggregates presents an important231

opportunity for future research. Chemical heterodomains of 500 nm radius232

were uniformly distributed onto the grain with a surface coverage of 2%.233

The size of the CHD and the surface coverage were estimated following the234

recommendations in Ron et al., (2019) [39]. Trajectories were generated for235

two particle densities, ρp ∈ [1.00, 1.03] g/cm3, given slight variations in the236

customized colloid production. Table S2 summarizes all input parameters237

for the collector-scale module for PS.238

Experimentally-observed spatial distributions of colloids at the pore-239

scale were used to quantify the dominant locations where particles are re-240

tained. Briefly, the column was non-destructively imaged by µ-CT to obtain241

a detailed three-dimensional map of the porous medium and the spatial dis-242

tribution of retained colloids within it. Image segmentation was used to first243
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define the bulk phases: grains, water, and retained silver colloids. Then,244

a sequence of image operations (dilate and intersect) was applied to define245

regions of interest (ROIs) corresponding to specific retention sites, includ-246

ing grain-water interface (GWI), grain-to-grain (GG) contacts, and bulk247

water (refer to Figure 1c). The ROIs belonging to the retained silver and248

each retention site were processed in pairs with the intersection operation249

to determine the spatial positioning of the silver colloids. The reader is250

referred to Patiño et al. [51] for greater details on image processing. Figure251

S2 illustrates the workflow for µ-CT image processing. At this scale, com-252

parisons are drawn between the proportion of colloids retained by different253

mechanisms in the model (the mechanistic fate) and their distribution by254

retention site in the experiments (the spatial positioning). Statistical sim-255

ilarities between the two are ascertained with t-test analyses of the paired256

proportions.257

2.3. Darcy-scale: Deposition profiles and breakthrough curves258

Detailed DPs and BTCs for the system were simulated with the Upscale-259

Continuummodule of PS. The one-dimensional advective-dispersive-reactive260

model is based on the following set of governing equations [61]:261

∂C

∂t
θb = D

∂2C

∂x2
θb − v

∂C

∂x
θb − α1kfCθb − (1− α1)knsCθb (1)

262

∂Cns

∂t
θb = (1− α1)knsCθb − vns

∂Cns

∂x
θns − k∗

f2Cnsθns (2)

263

∂S

∂t
ρb = α1kfCθb + k∗

f2Cnsθns (3)

264

Here, C is the concentration of colloids in suspension, t is time, θb is the265

volumetric water content of bulk fluid in the representative elementary vol-266

ume, D is the hydrodynamic dispersion coefficient, which includes αL (the267

longitudinal dispersivity calculated as a function of the colloid size), andD∗,268

the diffusion coefficient of the colloids (calculated with the Stokes-Einstein269

Equation) [62, 63], x is the distance along the column depth, v is the ad-270

vective pore velocity, α1 and kf are the fraction and particle deposition271

rate coefficient of fast-attaching colloids, and kns is the rate coefficient for272

net transfer to the near-surface. Cns is the concentration of colloids in the273

near-surface, vns is the near-surface fluid velocity determined from the res-274

idence time of the slow-attaching colloids [6], θns is the volumetric water275
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content in the near-surface fluid in the representative elementary volume,276

and k∗
f2 is the rate coefficient for attachment of near-surface colloids when277

the near-surface fluid domain is explicitly simulated. S is the concentration278

of retained colloids and ρb is the bulk density of the medium. Note that the279

total volumetric water content in the representative elementary volume is280

θ = θb + θns.281

The various rate coefficients were obtained considering the porous medium282

as a series of grains of identical diameter dc following the upscaling strategy283

in Johnson et al., [48, 6]. Consequently, kf , kns and k∗
f2 were explicitly284

calculated as [61]:285

kf = −3(1− θb)
1/3

2dc
ln(1− η)v, (4)

286

kns = −v∗
Nc

L
ln(1− η(α2 + αRFSZαtrans−gg + αre-ent), (5)

287

k∗
f2 = −2

vns
πdc

ln(1− ηα2). (6)

Here, v∗ is the characteristic velocity for scaling particle transfer to near-288

surface pore water (geometric mean between v and vns), Nc/L is the number289

of grains per unit length, and αtrans−gg is the fraction of colloids that af-290

ter reaching the RFSZ of one grain, translate into the near-surface of the291

downstream grain in the upscaling model [6]. Table S3 summarizes all input292

parameters for the Upscale-Continuum module of PS.293

By parameterizing the model with the above listed rate coefficients and294

setting the initial and boundary conditions to those used in the experi-295

ments (see Table S4), we obtain the DPs and BTCs for each aggregate size296

tested (singlets, triples, tenplets). The DPs are obtained for the total mass297

of retained material in depth, and also differentiated by the mechanism re-298

sponsible for retention. A second set of simulations was performed at a time299

three times longer than the experimental duration to assess the heavy tail of300

the BTC. The results of the individual aggregate size simulations were com-301

bined to produce a final DP and BTC of a homoaggregated polydispersed302

system. The assumptions made are that the deposition phenomena is ad-303

ditive across polydispersed suspensions and that colloid-colloid interactions304

are negligible.305

Experimental data at the Darcy-scale is focused on the DPs, which are306

provided both as the total mass of retained material in depth and differen-307

tiated by the specific pore-scale retention-site where the colloids were found308
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(CWI, GG). BTCs from experiments are not available for comparison. At309

this scale, a link is made between the colloids mechanistic fate in depth310

(from simulations) and their spatial positioning (from experiments). The311

coefficient of determination R2 was used to obtain a goodness-of-fit between312

simulated and experimental results.313

3. Results and Discussion314

3.1. Interface-scale: Colloid-grain Interactions315

In this section, the interaction energy between negatively-charged silver316

colloids and a chemically heterogeneous collector grain (mean negatively-317

charged surface, covered with positively-charged microsites) is presented318

as a function of the separation distance. At the interface scale, colloid319

behavior is driven by stochastic electric double-layer interactions, which are320

non-unique in surface heterogeneous systems and span from very repulsive321

to very attractive.322

3.1.1. Experiments323

Zeta potential values for the silver suspensions and the glass beads mea-324

sured with a ZetaPlus analyzer (Brookhaven Instruments Corp., Holtsville,325

NY) were found to be -50 and -65 mV, respectively [64]. These measure-326

ments were used in the xDLVO module of PS as the surface charge for327

colloids and collector grain to calculate all interaction energy profiles.328

3.1.2. Simulations329

Figure 2 shows an area plot of the range of theoretical net energies of330

interaction for a colloid approaching the surface of a grain with chemical331

heterogeneity. We argue that this representation is more appropriate than332

a single interaction profile when CHDs are present. Previous publications333

have underlined the limitations of assuming mean-field behavior for colloid-334

grain interactions [37, 31, 39, 40]. The local charge at play, and therefore335

the net interaction, vary as the ZOI samples different portions of the surface336

with CHDs as illustrated in Figure 2.337

The dashed line in the plot illustrates the repulsive limit in our sys-338

tem. That is, the interactions between a silver colloid with -50 mV surface339

charge and a region of the grain surface with a local charge of -65 mV. The340

repulsive energy barrier in this extreme case reaches values of O(103) kT,341

which suggests negligible colloid deposition. Conversely, the solid line illus-342

trates the attractive limit herein considered. This represents interactions343
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Figure 2: Total interaction energy as a function of separation distance for a colloid
approaching the surface of a grain with surface chemical heterogeneity. The dashed line
shows the upper repulsive limit for the case where the ZOI between colloid and grain
completely avoids heterodomains. The solid line shows the lower attractive limit for the
case where the ZOI between colloid and grain falls completely within a heterodomain.
Most interactions will fall between these two limits. The insert shows a schematic of
three types of interactions possible.

between a silver colloid with -50 mV surface charge and a region of the344

grain surface with a local charge of +65 mV. All intermediate colloid-grain345

interactions in our system are contained within these limits, and depend on346

how much the ZOI overlaps with a CHD onto the grain surface. Altogether,347

the unique interactions a colloid experiences with the heterogeneous grain348

are stochastic and therefore require a modeling framework that can account349

for such variability. Representing chemical heterogeneities is not straight-350

forward as there is not yet an established way for their measurement and351

characterization [37, 6]. Nonetheless, representing a more comprehensive352

range of interfacial interactions in models is an improvement to mean-field353

approaches, which omit the occurrence of some attractive interactions be-354

tween colloids and grains that promote deposition in unfavorable conditions355

[37].356

The conditions here tested are representative of environmental condi-357

tions encountered in typical soils and aquifers. Various external parameters358

may influence the zeta-potential heterogeneity (e.g., solution chemistry com-359
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position, nature of the microsite, mineral makeup of the porous medium),360

which can impact the magnitude of the stochastic interactions between col-361

loids and CHD. A big opportunity exists in systematically exploring this362

variability in future work, which can be modeled and upscaled with the363

approach herein presented.364

3.2. Collector- & Pore-scale: Mechanistic fate & Spatial Positioning365

In this section, we compare the simulated transport mechanisms that in-366

clude re-entrainment (exited colloids), fast and slow attachment (attached367

colloids), and accumulation without attachment at the near-surface of the368

grains (non-arrested near-surface colloids) against the pore sites where col-369

loids are observed experimentally, namely GWI and GG, and the number of370

colloids within the bulk water and eluted from the media. At the collector371

scale, colloid behavior is driven by force-torque balances between colloidal372

net attraction (from stochastic electric double-layer interactions) and near-373

solid surface hydrodynamics.374

3.2.1. Simulations375

The results from upscaling simulations (Figure 3, left-hand side) indi-376

cate that of the injected colloids, ∼62% are eluted or exited from the porous377

medium (grey bar), ∼ 38% attached to the grain surface (orange bar), and378

a small fraction (< 1%) persist in the near-surface of the collector grains379

without proper attachment (tan bar). The latter fraction accounts for the380

mass that remains in the near-surface for long enough to be dragged or381

rolled by the flow to RFSZs. The error bars for these data indicate one382

standard deviation. Additional simulations were also conducted to assess383

immobilization trends in the absence of CHDs, equivalent to a homogeneous384

grain of uniform charge (see Figure S3). This approach predicts 99.99% of385

the mass exited, 0% attached, and 0.01% retained at the near-surface at386

the end of the experimental transport tests. The lack of attachment is at-387

tributed to a consistently larger mobilizing torque than the arresting torque388

everywhere along the surface of the grain under homogeneously unfavorable389

conditions. Although a substantial fraction of injected colloids arrives at the390

near-surface, an insurmountable repulsion restricts attachment altogether.391

3.2.2. Experiments392

The results from experimental observations of accumulated colloids by393

pore-scale retention site are shown in Figure 3, right-hand side. Approxi-394

mately 58% of the injected mass was associated with the bulk water at the395
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end of the transport tests (cyan bar), which represents colloids found in the396

effluent breakthrough and in the pore water because they were not flushed397

out long enough to exit the column. Approximately 35% of the colloids398

were found at the GWI (blue bar). That is, on the grain’s surface, where it399

is expected that colloids are properly attached. Finally, around 10% of the400

injected mass was accumulated at GG contacts (red bar). These regions401

are defined by the intersection of multiple GWIs of neighboring grains and402

act as hydrodynamic traps for particles in regions of limited flow mobility403

[65, 66, 67, 68]. The dominant spatial positioning in terms of particle reten-404

tion is the GWI. However, it is important to note that the GG contacts are405

available in a lower proportion. Thus their contribution is still significant406

and should now be overlooked.407

3.2.3. Quantitative Comparison408

Overall, the percentage of colloids subjected to the three mechanistic409

fates (simulations) and their corresponding spatial positioning (experimen-410

tal observations) are in very close agreement (cf. symmetry in the left and411

right side of Figure 3).412

Spatial Positioning [%]Mechanistic Fate [%]

80

Figure 3: Pore-scale mechanistic fate from simulations vs. spatial positioning (colloid
spatial distribution) from experiments.

The percent of exited colloids in simulations is comparable to that of413

colloids found in the bulk water for experiments (gray and cyan bars, re-414

spectively). In this scenario, the colloids experience mobilizing torques that415

are greater than those required for arresting and are thereby able to exit the416

column entirely or avoid retention for the duration of the test. The percent-417

age of attached colloids in simulations is comparable to that of experimen-418

tal colloids found at the GWI (orange and blue bars, respectively). In this419
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scenario, colloids experience a greater arresting torque than the mobilizing420

torque, likely because they encounter a grain CHD and the electrical-double421

layer interactions produce net attraction within the ZOI. This in turn al-422

lows a particle that is on the grain surface (the GWI) to become formally423

attached. Lastly, the percentage of simulated colloids at the near-surface424

is comparable to that of experimental colloids found at the GG contacts425

(tan and red bars, respectively). In this scenario, an approximate balance426

between mobilizing and arresting torques allows colloids to remain at the427

near-surface without physically contacting the grain, thereby sliding/rolling428

along the grain’s surface until a RFSZ is reached where a neighboring grain429

is expected to be for a porous medium with structure. The small discrepancy430

in magnitude between this transport mechanism and its corresponding par-431

ticle spatial positioning is likely due to colloids at GG contacts that have432

spent long enough times at such regions to become properly attached at433

CHDs in that vicinity. That is, some of the colloids that are attached are434

found at the GWI and within GG contacts.435

To determine if the pairs of mechanistic fate and positional fate com-436

pared in Figure 3 are statistically similar, two-tailed t-test were performed437

for each data pair. The results are presented in Table 1.438

Table 1: t-Test for pairs of mechanistic fate and positional fate samples assuming unequal
variances.

Pairs Exited &
Bulk water +
Eluted

Attached &
Grain-water
interface

Non-arrested near-
surface & Grain-to-
grain contacts

t Stat 0.500 0.077 6.065
t Critical two-tail 12.70 12.70 12.70
P(T<=t) two-tail 0.704 0.950 0.104

For all data pairs, t Stat < t Critical values and p-values > 0.05, sug-439

gesting that the null hypothesis (the difference in group means is zero)440

cannot be rejected. That is, that the difference between the groups is not441

statistically significant.442

3.3. Darcy-scale: Depth Profiles & Breakthrough Curves443

In this section, we compare the macroscopic transport behavior, with444

particular emphasis on the depth profiles, obtained from simulations and445
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experiments. The simulated depth profile and BTC are based on the up-446

scaling of the mechanistic fate outcomes, and are ultimately the result of447

considering CHD onto the surface of the collector grains. At the Darcy448

scale, colloid behavior is driven by advection, dispersion, and chemical non-449

equilibria that is parameterized in the form of force-torque imbalances that450

promote retention. Stacked bar charts are used in Figure 4 to illustrate the451

proportion of colloids retained by mechanistic fate (in simulations) or by452

spatial positioning (in experiments) at each discretized depth. The error453

bars represent one standard deviation for each set of data.454

Experimental

Simulated

Figure 4: Deposited colloid mass as a function of column depth. a) Model simula-
tions further indicate the depth-dependent mechanistic fate (non-arrested near surface
or attached). b) Experimental observations further indicate the depth-dependent spatial
positioning (GWI or GG contacts). Error bars represent one standard deviation.

455

3.3.1. Simulations456

Simulated DPs (Figure 4a) exhibit a non-exponential trend with depth457

(a sign of anomalous transport), capturing ∼ 40% of the injected mass. This458

is in close agreement with experimental mass balance proportions (refer459

to Table S4). Here, we find that retention by attachment occurs at all460

depths (orange stacks) and that a consistently small but significant amount461
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of colloids are associated to the near-surface (tan stacks) at depths greater462

than one third the column’s total depth.463

Simulated BTCs of colloids eluted from media with (cyan solid line) and464

without (grey dashed line) CHDs are shown in Figure 5. In the presence465

of CHDs, the concentration signal shows exponential tailing (another sign466

of anomalous transport) with ∼ 63% of the injected mass being eluted (see467

Table S4). The tailing in the BTC accounts for 11% of long term elu-468

tion. By contrast, in the absence of CHDs, simulations predict 99.97% of469

the mass eluted after ∼ 2.5 PV. The tailing in the BTC accounts for less470

than 1% of long term mass eluted. The near complete elution of colloids471

from the column (i.e., extreme lack of retention) is inconsistent with exper-472

imental observations and calls attention to the importance of incorporating473

surface heterogeneity in modeling efforts. Together, non-exponential DP474

and heavy-tailed BTC reveal anomalous transport behavior with consider-475

able attachment when surface heterogeneities are present. In this system,476

the anomalous signatures are attributed to broadly distributed colloid res-477

idence times. Importantly, our simulations show that heavy tailing results478

from re-entrainment of near-surface associated colloids.479

3.3.2. Experiments480

Experimental DPs (Figure 4b) also exhibit a non-exponential (specifi-481

cally, a non-monotonic) trend with depth, capturing ∼ 43% of the injected482

mass. In this case, the retained mass is found primarily at the GWI (blue483

stacks) and secondarily at GG contacts (red stacks). Experimental BTCs484

of our system were very noisy with a low signal and were only used for485

computing mass balances.486

3.3.3. Quantitative comparison487

The coefficient of determination was used to assess goodness-of-fit be-488

tween models and experiments in terms of the average mass deposited with489

depth (mean total DP). Here, we find that R2 = 0.997 for the model consid-490

ering CHD (Figure 4a) and R2 = 0.725 for the model considering a chemi-491

cally homogeneous grain surface (Figure S4), appending evidence that our492

approach for modeling colloid retention in the presence of surface hetero-493

geneity is very reasonable.494

Although simulated and experimental DPs are consistent in terms of495

magnitude and shape of the total mass deposited, some apparent depth-496

dependent mismatches between mechanisms and pore-scale fate remain to497

be clarified. In particular, simulated DPs indicate that at shallow depths498

(z ≤ 8 mm) particles are only attached, none are without contact at the499

17

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 5: BTCs of eluted colloids in the column. Solid and dashed lines correspond to
simulations in the presence and absence of CHDs on the grain, respectively, in semi-log
space. The first vertical line marks the main body of the BTC. The second vertical line
marks the time when experiments were terminated. The insert shows the same data on
linear-linear space. From these data it is evident that heterodomains cause significant
retention with late time elution.

near-surface, while experimental DPs show colloid retention at both the500

GWI and GG contacts at all depths. This is not inconsistent, considering501

that particles at shallow depths have spent the longest time in the domain.502

Therefore, it is conceivable that colloids that spend extended periods of503

time at the near-surface become funneled to RFZSs where they might find504

available CHDs to successfully attach. In a porous medium (grains with505

neighbors), the RFSZ of a grain would likely coincide with the near-surface506

of the grain downstream, forming a grain-to-grain contact. Evidence for507

this process has been shown in experiments and simulations documenting508

the PS software (https://wpjohnsongroup.utah.edu/trajectoryCodes.html),509

which supplements findings of the ubiquity of colloid retention at GGs (e.g.,510

[51, 22, 23, 69, 70]). Thus, some colloids located at GG contacts may also511

be subject to attachment by the final time of the experiment. Finally, the512

small, but significant mass eluted in the heavy-tailed BTC suggests that513

even in a simple flow field, a broad distribution of colloid residence times514

can result in particles temporarily trapped in hydrodynamically stagnant515

zones from which they can re-enter into mobile pore regions and contribute516

to a low, but steady source of groundwater contamination.517
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4. Concluding Remarks518

Chemical surface heterogeneity in porous media has been associated519

with anomalous colloid transport behavior in environmental and engineer-520

ing applications ranging from aquifer remediation to wastewater treatment521

[71, 72]. However, for practical reasons it has been largely disregarded in522

modeling efforts [72]. The work presented sheds light on the mechanisms523

involved and the anomalous colloid transport expected in the presence of524

surface heterogeneity, and presents a modeling approach to account for the525

multiscale effects. Our model is novel in that it explicitly takes into account526

diverse interactions between colloids and surface heterogeneities on the grain527

(interface-scale) and combines this with residence time spent in regions of528

low-flow (pore-scale) to accurately predict macroscopic anomalous trans-529

port behavior (Darcy-scale). From the proposed modeling approach, it is530

possible to estimate the late-time elution and distribution of permanently531

retained colloids in contaminated soils. Accurate mechanistic models are532

particularly important for colloid-size recalcitrant contaminants, which at533

low concentrations in environmental matrices still represent a considerable534

health threat [73, 74].535

In closing, the results of this study demonstrate that net attractive inter-536

actions between colloids and heterogeneous grains under unfavorable con-537

ditions are driven by electric double-layer interactions, which are stochastic538

and can produce attractive interactions despite the bulk average repulsion.539

This mechanism operates at the interface-scale and is further influenced by540

the system hydrodynamics at the collector-scale, where immobilization of541

colloids is determined by the torque and force balance. At the Darcy-scale,542

an ensemble of collector grains, advection, and hydrodynamic dispersion be-543

come important for colloid transport and retention. Transport mechanisms,544

including fast and slow attachment, accumulation without contact at the545

near-surface, and reentrainment, play a role at the collector-scale, which546

was validated with pore-scale information on the spatial positioning of the547

colloids. Improving the predictive accuracy for colloid fate and transport in548

realistic porous media requires careful characterization and consideration549

of surface heterogeneities (chemical and physical), which we show should550

not be omitted in volume averaging approaches if accurate predictions are551

desired. Here, we provide a relatively parsimonious mechanistic model that552

upscales this important feature and demonstrates its physical correctness553

with rigorous comparisons against multiscale experimental observations.554
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Colloid SEM & xDLVO estimations562

100 nm

Figure S1: SEM image showing imperfections on the surface of the silver microspheres

The net interaction energy profiles were obtained using equations S.1 to563

S4 and the parameters indicated in Table S1.564

VV DW = − A

6D

(
rprc

rp + rc

)[
1− 5.32D

λ
ln

(
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λ

5.32D
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(S1)
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VST = πa2STγ
ST
0 exp
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1− λAB

rp
+

(
1 +

λAB

rp
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e
− 2rc

λAB

]
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(
− D

λAB

)
(S4)

Where A is the combined Hamaker constant for the system, D is the sep-568

aration distance, rp = 7µm and rc = are the radii of particle (colloid) and569

grain, respectively. λ, λST , and λAB are the decay length for van der Waals,570

20

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



steric and Lewis acid-base interactions, respectively. ϵ is the dielectric con-571

stant of the water, κB is the Boltzmann constant, T is temperature, ν is572

the valence of the symmetric electrolyte, e the charge of an electron, ζ1 and573

ζ2 are the zeta potential of the two interacting materials. κ is the inverse574

Debye length, aST is the radius of steric hydration contact.575

µ-CT Settings & Image Processing576

X-ray micro-computed tomography (µ-CT) imaging of the column was577

conducted with a bench-top scanner (HMX Nikon Metrology, Derby, UK).578

The sample was scanned in two separate segments of ∼ 15 mm length in579

order to achieve a voxel resolution of ∼ 10µm. The energy of the X-ray580

source was set to 50 kV with 300 µA intensity. A 0.1 mm aluminum filter581

was used to reduce beam-hardening artifacts. A complete 360°scan consisted582

of 2000 projections, with two frames per projection. Image reconstruction583

was performed with the scanner’s designated software, CT-Pro. Image seg-584

mentation was used to define the different materials in each column with585

dedicated commercial software for µ-CT image analysis (VG Studio Max586

2.1, Heidelberg, DE). The images were initially pre-processed using a non-587

local mean filter to increase the signal-to-noise ratio. Adaptive thresholding588

was then used to segment the bulk phases, solids (grains ∪ column) and wa-589

ter, with operator-specified input parameters. Global thresholding was then590

applied to segment the total retained silver colloids, as the sample mate-591

rial with the highest X-ray attenuation and largest histogram gray values.592

Materials were deliberately chosen to simplify their segmentation based on593

sharply-defined histogram peak cutoffs as shown in Figure S2.594

To check the visibility of silver-coated microspheres in the µ-CT images,595

a bead-packed column was saturated with a known volume of the suspension596

of silver colloids and subsequently scanned. The volume of silver in the597

porous medium determined from the scanned images was∼ 70% of the silver598

in the injected suspension. This percentage was applied as a correction599

factor for all mass balance calculations. We acknowledge that individual600

microspheres were difficult to segment in the glass bead-packed column601

due to their similarity in size to the scan resolution (the so-called partial602

volume effect), despite the considerably higher attenuation coefficient of603

silver compared to all other materials in the sample.604

Three-dimensional regions of interest (ROIs) for prospective retention605

sites were defined using a sequence of image operations (union, dilation,606

intersection, and difference) on the defined bulk phase elements as follows.607
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First, the solids and water elements were dilated by 2 voxels, here denoted608

by the subscript d. Next, the intersection between dilated elements solidsd609

∩ waterd was used to create a new element corresponding to the grain-water610

interface. The grain-to-grain element, (GG) was obtained from watershed611

lines of the solid element. The GWI and GG elements were then dilated612

by two voxels to create true volumes of otherwise two-dimensional surfaces.613

This definition of elements can result in overlap in some portions of the614

overall volume. Subtraction of elements from one another ensured that615

each ROI contained a unique volume in the investigation domain. A bulk616

water element was lastly defined as the difference between the water element617

and the retention sites. This site would capture any retained silver mass618

that might protrude into the bulk water by straining. Figure S2 illustrates619

in false coloring the ROIs for each retention site available.620

Greyscale image Segmented image

Air

C
ol
um

n

Liquid

Glass 

beads

Silver

Grain-water interface

Bulk water

Grain-to-grain contacts

Image 

operations

Figure S2: 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 different retention sites in false coloring.
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Summary of Parameters Used in Each Parti-Suite Module621

Table S1: xDLVO module of PS: 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 grain ζ2 -65.00 mV
Zeta-potential of CHD ζ1 -65.00 mV
Debye length κ−1 5.60×10−9 m
Radius of steric hydration contact aST 3.37×10−8 m
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Table S2: Traj-Hap module of PS: Parameters used to generate colloid trajectories.

Description Units Value
Number of colloids [-] 5000
Darcy velocity [ms−1] 1.07×10−4

Particle radius singlets [m] 7.00×10−6

Particle radius triplets [m] 1.00×10−5

Particle radius tenplets [m] 1.50×10−5

Injection radius singlets [m] 1.20×10−4

Injection radius triplets [m] 1.45×10−4

Injection radius tenplets [m] 1.90×10−4

Grain radius [m] 5.00×10−4

Happel porosity [-] 0.53
Particle densityb [kgm−3] 1.03×103

CHD ζ-potential [mV] 65.00
CHD radius [m] 5.00×10−7

CHD coverage [%] 2.00
Slip length [m] 1.00×10−8

Asperity height [m] 5.00×10−8

Acid-base energy per area [Jm−2] -2.70×10−2

Steric energy per area [Jm−2] 1.70×10−3

Combined elastic modulus [Nm−2] 5.28×1010

Work of adhesion [Jm−2] -2.20×10−3
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Table S3: Upscale-Continuum module of PS: Mechanistically Simulated Near-Surface
Efficiencies & Darcy-Scale Rate Constants.

Description Units Singlets Triplets Tenplates
η [-] 0.02 0.04 0.07

H
et
er
o
d
om

ai
n
s

α1 [-] 0.84 0.68 0.11
α2 [-] 0.16 0.29 0.02

αRFSZ [-] 0.00 0.03 0.00
αre-ent [-] 0.00 0.00 0.87
αtrans−gg [-] 0.01 0.01 0.01

kf [hr−1] 11.62 21.13 39.23
kns [hr−1] 0.40 1.34 0.16
k∗
f2 [hr−1] 2.27 4.55 0.26

N
o
H
et
er
o
d
om

ai
n
s

α1 [-] 0.00 0.00 0.00
α2 [-] 0.00 0.00 0.00

αRFSZ [-] 1.00 1.00 0.00
αre-ent [-] 0.00 0.00 1.00
αtrans−gg [-] 0.01 0.01 0.01

kf [hr−1] 11.47 21.21 38.57
kns [hr−1] 1.27 2.35 0.00
k∗
f2 [hr−1] 0.00 0.00 0.00
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Experimental conditions and mass recovery for transport tests622

Table S4: Experimental conditions (parameters also used for upscaling) and mass recov-
ery for transport tests.

Description Units Value±STD
Column length [mm] 30.00±1.00
Column diameter [mm] 5.00±0.00
Injection time [s] 222.00 ± 3.00
Concentration singlets [# part.m−3] 9.59×1012

Concentration triplets [# part.m−3] 1.27×1012

Concentration tenplets [# part.m−3] 7.72×1010

Tot. Simulation time [s] 1542.00
Mass at the GWI [%] 35.80 ± 2.66
Mass at GG contacts [%] 6.95 ± 1.12
Mass at bulk water [%] 49.34 ± 2.69
Eluted mass [%] 7.91 ± 1.09
Mass at bulk water + Eluted mass [%] 57.25 ± 3.77

Mass balance for chemically homogeneous grain623

80

Exited

Attached

Non-arrested

near surface

100

Bulk water

+ Eluted 

Grain-water 

interface

Grain-to-grain

contacts

Mechanistic Fate [%] Spatial Positioning [%]

Figure S3: Mechanistic fate predicted from torque and force balance simulations when
the grain is chemically homogeneous vs. spatial positioning or colloid distribution over
pore-scale locations obtained from µ-CT.

26

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Depth Profile for chemically homogeneous grain624

Depth [mm]

Figure S4: Stacked bar plots of deposited silver colloids in depth shown by their mecha-
nistic fate when grain is chemically homogeneous.
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