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Effect of deposition, detachment and aggregation
processes on nanoparticle transport in porous
media using Monte Carlo simulations¥
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Geert Cornelis ©° and Serge Stoll @ *2

A novel off-lattice three-dimensional coarse-grained Monte Carlo model is developed to study engineered
nanoparticle (ENP) behavior in porous media. Based on individual particle tracking and on the assumption
that different physicochemical processes may occur with different probabilities, our model is used to
independently evaluate the influence of homoaggregation, attachment and detachment processes on ENP
transport and retention inside porous media made of colloidal collectors. The possibility of straining, i.e.
trapping of ENPs or aggregates that are too large to pass pore necks, is also included in the model. The
overall probability of ENP retention as a function of the above mentioned processes is quantified using
functional tests in the form of a agpalltrer) retention parameter. High agopalltier) values were obtained for
moderate probabilities of homoaggregation between ENPs (agnp_genp) and very small probabilities of
attachment between ENPs and collectors (), thus indicating the important role of homoaggregation and
attachment in ENP retention. Moreover, attaching ENPs and large aggregates was found to cause pore
neck enclosure and thus largely contributed to the straining of unbound ENPs. An analysis of depth
distribution of retained ENPs revealed that, depending on the dominating conditions, the number of ENPs
was decreasing monotonously or exponentially with depth. The introduction of the ENP detachment
probability (ager) from collectors resulted in an increased ENP occurrence at the porous media matrix
outlet. It was also found that different sets of ager and oy values, reflecting different ENPs and collector
physicochemical properties and inter-particle forces, lead to identical agopalltrer) Values. This constitutes an
important outcome indicating that agopalltrer) values determined from functional tests are not mechanistic
but operationally defined parameters and thus cannot be deemed predictive beyond these tests.

Parameters describing the fate and transport of nano-objects (e.g: natural and engineered nanoparticles, nanoplastics, viruses) in natural porous media are required

for appropriate exposure predictions during risk assessments, but also for predicting the efficiency of terrestrial nanotechnology such as nanozerovalent iron for

soil remediation, nanopesticides and nanofertilizers. In this study, nanoparticle transport in modelled porous media is described by the experimentally accessible

Oglobal Parameter. Its variation is investigated as a function of the key porous media characteristic ~ porosity -~ and commonly occurring processes such as

deposition, homoaggregation and detachment. Our results allow a better understanding of the mechanisms controlling nanoparticle transport in porous media

and demonstrate the relative importance of homoaggregation, detachment and straining processes on the retention profiles.

1. Introduction

Engineered nanoparticles (ENPs) are typically defined as

“Group of Environmental Physical Chemistry, Department F.-A. Forel for
Environmental and Aquatic Sciences, Institute of Environmental Science, University
of Geneva, Uni Carl Vogt 66, Boulevard Carl-Vogt, CH-1211 Geneva 4, Switzerland.
E-mail: Serge.Stoll@unige.ch; Tel: +41 22 379 0333

b Department of Soil and Environment, Swedish University of Agricultural Sciences
(SLU), Box 7014, 750 07 Uppsala, Sweden

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1en00034a

This journal is © The Royal Society of Chemistry 2021

unbound or aggregated particles with at least one external
dimension less than 100 nm." Demonstrating unique
physicochemical properties, they have rapidly found many
applications in automotive, pharmaceutical, textile and food
processing industries.”” Unfortunately, the growing production,
manufacture and use of numerous ENP-containing products are
inevitably resulting in their higher emissions into the
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environment and porous media, such as natural soils, are
particularly exposed.”

Natural soils may be exposed to ENP through the use of
(nano)fertilizers and nanopesticides,”® remediation of
contaminated zones,” application of sewage sludge for
agricultural purposes,® landfill disposal,® influx of surface water
runoff'® or accidental spills."" It should be noted that not only
ENPs can be introduced into soils in such a way but also other
nanoscale particles such as nanoplastics and viruses.">'® The
fate and transport of ENPs in porous media will strongly
depend on different physicochemical processes, such as
aggregation (homo- and heteroaggregation), deposition,
straining and sedimentation, but also on intrinsic ENP
properties (size, surface charge, coating) and the chemistry of
the surrounding medium (pH, ionic strengths, presence of
natural organic matter and nature of the collectors).**™°

Terrestrial nanotechnology applications, such as remediation
by nano-scale zero-valent iron (nZVI) and crop protection by
nanopesticides, are seen as promising solutions due to assumed
ENP mobility in soils and high potential of reaching respective
targets.>***" However, limited mobility of, for example, nZvI
particles was observed due to their homoaggregation or
heteroaggregation with carbonate minerals.”’>* Released ENPs
are also expected to migrate between different environmental
compartments and be present in surface water bodies, often
used for drinking water production.>**® Thus, the ENP
transport to porous media systems used in drinking water
treatment (or wastewater treatment) plants, such as micro- and
nanomembranes, sand and activated carbon filters, is very
probable. The removal or retention of ENPs from drinking water
depends on the efficiency of different treatments including
coagulation, flocculation, sedimentation and filtration. Recent
studies showed that combination of coagulation, flocculation
and sedimentation processes guarantees high but not complete
removal of ENPs from drinking water.>*>® This underlines the
importance of filtration processes and that the understanding
of ENP behavior in porous media also needs careful
examination.

In the above context, a thorough comprehension of the
physicochemical processes at the micro and nanoscale levels
controlling the fate and transport of ENPs in porous media is
needed to evaluate retention times, develop ENP transport
models, etc. The most frequently used ENP fate indicator in
porous media is the attachment efficiency (¢) also termed
collision efficiency, deposition efficiency or sticking probability.
This dimensionless parameter has been developed within the
colloid filtration theory (CFT) framework to accurately estimate
colloid deposition rates under environmentally relevant
conditions. It is defined as the ratio of the number of collisions
that succeed in producing adhesion to the total number of
collisions occurring between colloids and collector surfaces.>
An analogous particle-particle attachment efficiency « is used
to describe homoaggregation of ENPs and heteroaggregation
between ENPs and suspended colloids.*® Reflecting average
chemical characteristics of the system such as surface charges,
pH and ionic strength, it is comprised between 1 (chemical-
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colloidal interactions favorable for deposition due to the lack of
repulsion forces or presence of strong attractive forces) and 0
(chemical-colloidal interactions unfavorable for deposition due
to the presence of strong repulsion forces).*! Attachment
efficiency under unfavorable conditions can be predicted using
theoretical models or semi-empirical equations.*'** However,
as calculating attachment efficiency from theory requires
detailed characterization of both porous medium and
dominating hydrodynamic conditions, it is very often assessed
experimentally using laboratory column studies. Particles in the
effluent concentration are measured as a function of time at the
column outlet with a variety of techniques to obtain
breakthrough curves (BTC). The attachment efficiency can then
be calculated from the BTC using mathematical expressions
presented by Tufenkji and Elimelech® or Yao et al.**

An essential characteristic of the attachment efficiency, be it
a calculated or experimentally determined one, is that it relies
on a continuum model, ie. the porous medium is considered
chemically and hydrodynamically homogeneous. Moreover,
deposition is often the only mechanism assumed to occur and
is characterized by a single attachment efficiency even though it
is generally acknowledged that porous media are seldom
homogeneous and the effects of heterogeneity on accuracy of
predictions based on a single attachment efficiency are poorly
known. This heterogeneity comprises both variations in
hydrodynamic, physical and chemical conditions,***” and also
occurrence of processes other than deposition, such as
homoaggregation, detachment and straining.'>*® Investigating
the conditions under which the latter processes occur requires
more complex continuum models that have several parameters
to be fitted to the BTC of column tests in addition to the
attachment efficiency. This approach is prone to singularity, i.e.
many different explanations that are empirically equivalent may
explain the BTC shapes, which in turn undermines the accuracy
of more complex continuum models. Continuum models using
the attachment efficiency as a single parameter are, despite
their shortcomings, widely used, but mostly in research contexts
that approach ideal conditions of a homogeneous medium and
rarely to predict transport under highly complex field
conditions.*

Particle-tracking models, i.e. models in which particles are
explicitly tracked in a simulated porous medium can consider
the heterogeneity under hydrodynamic and chemical conditions
in porous media much better than continuum models.
Mechanistic particle tracking models have been developed
where the interaction energy of individual particles are
calculated using a Derjaguin, Landau, Verwey and Overbeek
(DLVO) approach and local hydrodynamic conditions are
computed using computational fluid dynamics (CFD) (e.g. ref.
40). Particles thus interact with surfaces or other particles
whenever their kinetic energy exceeds the local energy barrier.
Such models are computationally heavy and/or can only
simulate a relatively small volume of porous medium. In
addition, CFD-DLVO models only consider one process at a
time, e.g deposition.*® Moreover, outcomes of DLVO
calculations depend strongly on a range of conditions that are

This journal is © The Royal Society of Chemistry 2021
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difficult to characterize in porous media such as the
concentration and type of organic surface coatings, local
roughness, and determination of Hamaker constants.

Hybrid models based on an Eulerian finite difference (FD)
method"" and a Lagrangian (random-walk particle-tracking
(RWPT)) approach® can also be considered. These models
track a large number of individual particles to describe the
reactive transport of ENP dissolved species and capture ENP
transport and aging.*® As the dissolution process proceeds,
changes in the model particle size, mass and surface area are
tracked and corresponding attachment, detachment and
dissolution parameters are updated. Accounting for ENP
capture and release as well as tracking of changes in ENP
morphology make these models more advantageous than the
continuum ones. However, as these models work only in one
dimension, they do not allow certain parts of porous media
(e.g. collectors) to be explicitly modeled and porous media
characteristics (e.g. porosity) to be adjusted as well as they do
not take into account specific phenomena such as
homoaggregation and straining.

In this context, we develop, for the first time, a Monte Carlo
approach to increase the understanding of how occurrence of
different processes (homoaggregation, attachment, detachment
and straining) and variations in porous media characteristics
can affect the overall probability of ENP retention within three-
dimensional (3D) porous media, here denoted as @giobai(tref)-
Our approach is based on the tracking of individual particles,
but instead of wusing mechanistic DLVO and local
hydrodynamics calculations, we made the assumption that
different interactions between ENPs and colloidal collectors
occur with different probabilities. These probabilities can be
varied without specifying the exact chemical and hydrodynamic
conditions and they do not apply only to attachment and
detachment, as it was done before, but also to the
homoaggregation process. Moreover, the possibility of
straining of single particles or larger homoaggregates is also
included in this model. Our study aims particularly to 1) model
ENP transport through 3D porous media made of colloidal
collectors based on a Monte Carlo approach, 2) independently
evaluate the influence of porosity, homoaggregation,
deposition, detachment and straining processes on BTC shapes
and ENP porous media retention profiles (depth
concentrations) and 3) calculate the overall probability of ENP
retention (Ogiopai(tre)) as a function of the balance between
ENP homoaggregation, deposition, detachment and straining
processes.

2. Model

2.1 Model description

The simulation model is initially composed of two off-lattice
three-dimensional  coarse-grained model boxes, one
representing a reservoir of a given number of mobile ENPs
and a second one representing the fixed porous media matrix
(Fig. 1). The ENP reservoir box is placed at the top of the
porous media matrix. The ENPs are represented as rigid and
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Fig. 1 Simulation model composed of mobile ENPs, a saturated
porous media matrix and one detector. The ENPs and grains
(collectors) are represented as rigid spheres with a diameter of 20 and
200 nm, respectively. The ENP solution is initially placed in a cubic
simulation box with a size of 2000 nm. The length and depth of the
porous media simulation box are the same as those of the ENP matrix
whereas its height is equal to 4000 nm. The boundary conditions are
applied in the x and y lateral directions. During simulation, ENPs
undergo elementary random movements based on a random angle
and a random distance of a maximum radius of 5 nm, with limitative
constraints for backward movement in the z (length) direction.

impermeable spheres with an arbitrary diameter of 20 nm. As
the ENP diameter is an input parameter, it can be adapted
during future simulations. The ENPs are initially randomly
placed in a cubic and periodic simulation box with an (x, y,
z) size of 2000 nm with respect to the excluded volume
criteria, ie. without any overlap, and with a volume
concentration equal to 1%.

The porous media simulation box has an (x, y) size of
2000 nm and 4000 nm of depth (z). Due to its finite size, the

lateral boundary conditions and minimum image
convention**™*® are applied in the x and y directions to avoid
any side effects. The collectors are represented by

impenetrable spheres with an arbitrary diameter of 200 nm.
The collector diameter is an input parameter and can be
adapted in the colloidal size range. Due to model restrictions
related to the size of the simulation box, the number of ENPs
to consider, the computer time, and the larger collectors
cannot be considered at the moment. Therefore, the model is
limited to the modeling of the influence of colloidal
collectors, which are also expected to play key roles in natural
porous media. The collectors are positioned inside the
porous media simulation box using the random sequential
packing (RSP) of spheres in a 3D model.*” The water phase is
represented as a continuum and the presence of air bubbles
is not considered. To generate a porous media matrix of
given porosity, the number of grains is derived directly from
the porosity definition:
(1-P)Vs

N=—1F (1)

Vg
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where N is the number of grains, P the porosity, V3 the
volume of the simulation box and Vg the volume of a single
grain. It should be noted that the RSP model based on the
use of uniform spheres has a jamming coverage estimate of
0.38, corresponding to a limiting porosity of 0.62, and does
not allow low porosities such as those found in natural soils
to be generated. This is the reason why in this study, we are
considering high porosity situations with values ranging
between 0.7 and 1. The (x, y, z) positions of the mobile ENPs
passing through the porous media are recorded allowing a
detailed ENP position tracking analysis during a simulation
run. A detector, which thickness is set to three nanoparticle
radii, is placed at the output of the porous media matrix and
allows determination of the BTCs.

2.2 Off-lattice Monte Carlo coarse grained procedure

Monte Carlo (MC) simulations have been already successfully
applied to study the fate and transport of ENPs in wastewater
treatment plants to calculate variability and uncertainty of
ENP predicted environmental concentrations (PECs) as well
as to evaluate PEC changes as a function of ENP
physicochemical properties.**>' In this research, they are
performed to follow ENP distribution and transport as a
function of the MC steps inside porous media. Every MC
step, ENPs are allowed to undergo elementary random
movements based on a random angle and a random distance
of a maximum radius of 5 nm, with limitative constraints for
backward movement in the z (length) direction. The angle is
random in order to simulate the random Brownian motion
(diffusion), whereas advection is modelled by making the
negative z-direction dominant. A new position is accepted if
the excluded volume criteria between ENPs and with
collectors are fulfilled. Otherwise, the movement is rejected
and the nanoparticle stays in its previous position until the
next MC step. An example of ENP trajectories in the absence
of homoaggregation, attachment and detachment processes
is presented in Fig. S1 (ESI{). A contact between ENPs occurs
when a distance between centers of the spheres is smaller or
equal to the sum of radii of interacting ENPs. A contact
between the ENP and collector occurs when a distance
between centers of the spheres is equal to the sum of radii of
interacting ENPs and collectors reduced by a value of
imposed mean displacement. If the displacement leads to a
contact with another nanoparticle or a collector, a uniformly
distributed random number between 0 and 1 is generated
and compared to the corresponding attachment efficiencies
(ENp-ENP OF Qay). Different values of apnp_pnp and g are
chosen at the beginning of each simulation in order to model
ENP homoaggregation and deposition on grains, respectively.
If the generated number is lower or equal to the imposed
efficiencies, the nanoparticle status changes from mobile to
fixed and it is considered as attached to the other
nanoparticles or collectors until the end of the simulation.
The ENPs can form mobile homoaggregates as they attach to
other mobile ENPs, or they can form fixed homoaggregates
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when ENPs attach to ENPs already deposited at the surface of
grains or, finally, ENPs are deposited if they attach to grains.
The straining is modelled by the constant application of
excluded volume criteria. If ENP detachment is introduced
and that an attached nanoparticle is chosen to be moved, a
random number between 0 and 1 is first generated and
compared to the imposed detachment efficiencies (ager)-
Different values of o are determined at the beginning of
each simulation in order to simulate the ENP detachment
process. If the generated number is lower or equal to them,
the nanoparticle status changes from fixed to mobile and it
is allowed to change its position during the next MC step.
Each ENP that manages to pass through the porous media
matrix is registered by the detector. A BTC is generated by
calculating the ratio between the number of ENPs registered
by the detector at a given MC step (N,) and the initial number
of ENPs (N,). The simulation ends when all ENPs pass
through the detector or after 50000 MC steps if some ENPs
are definitively blocked (strained). In most cases, this
number of MC steps is found to be sufficient to generate
ascending segments, plateaus and descending segments of
each BTC.

2.3 Retention probability, dgiopal(trer), definition and
calculation

In this study, a global attachment efficiency or retention
probability (ogiobal(trer)) is defined as the probability that
ENPs remain retained within the porous media. The
suggested definition might be similar to the definition of
removal efficiency used in experimental studies. ogiobal(tref) iS
calculated for a given time step (f.f) from the following

equation:

(2)

1 Tret N, t (tref )
(2% t =1-— dN(t) =1- ———=
slobal (Lref) Ny L:O e(?) No

where N, represents the number of ENPs at a given time ¢, N,
is the initial number of ENPs at time ¢, and N; (f.f) is the
number of ENPs measured by the detector at the outlet of
the porous media matrix at time ¢,.r. The values of N (¢f)/No
can be derived directly from BTCs. The time ¢.¢ is calculated
from the BTC obtained for a reference case (porosity = 0.7,
Oage = 0, Qger = 0, aenp-pne = 0) and corresponds to the time
when less than 1% of all mobile ENPs remain inside the
porous media matrix.

3. Results and discussion
3.1 Influence of media porosity

The influence of media porosity on the transport of ENPs
was first investigated. A porous media matrix of randomly
placed non-overlapping monodispersed spheres is generated
at the beginning of MC simulations. The number of grains is
respectively adjusted to 1146, 764, 382, and 0 in order to

This journal is © The Royal Society of Chemistry 2021
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obtain matrices with porosity values ranging from 0.7 to 1.
While these porosities are related to model restrictions, we
would like to point out that, even in column experiments,
there will be many regions occurring having local porosities
as high as 0.7-1 whereas there will be other regions having
virtually zero porosity. The porous media matrix which is
characterized by a porosity of 1, ie. having no grains, is
considered as a reference case. Then, 19 098 mobile ENPs are
randomly distributed with respect to the excluded volume
criteria inside a simulation box located at the top of each
porous media matrix. When the simulation is started, ENPs
move downwards and enter the pore space. In this case,
OENP-ENPy Qate AN Qge; are set to 0.

As shown in Fig. 2, the temporal ENP occurrence at the
outlet of the porous media matrix is affected by changes in
porosity. A decrease in porosity leads to a rightward shift of
BTCs and emergence of a moderate tailing. Such retardation
and modification of BTC shapes are due to the higher
residence and transport time of ENPs. Decreasing porosity
causes an increase of tortuosity and length of the pores and
thereby makes ENP diffusion more constraint and time-
consuming (Fig. 3). The straining effects, ie. trapping of
particles in pores that are too narrow to allow particle
passage, are not observed here. This is in agreement with the
fact that straining effects are thought to be significant when
the ratio between the particle diameter and grain diameter,
here equal to 0.1, is smaller than 0.02.%*

3.2 Influence of homoaggregation

Homoaggregation is generally considered to have an effect
on transport processes and accordingly retention via
straining effects and deposition at the surface of the
collectors. Some studies suggest that, depending on the
physicochemical conditions, the impact of homoaggregation
and deposition on BTCs may be comparable.”® The
influence of homoaggregation on ENP transport is here
investigated by considering a porous media matrix with a
porosity of 0.7 and in the absence of deposition and
detachment processes (0 = 0, dfger = 0). A large set of

« =0,a_,.,=0,a,. =0
ENP-ENP ’ tt > “det
0.02 . - Z
—Porosity = 0.
—Porosity = 0.
0.015f —Porosity = 0.
o —Porosity = 1.
Z_ oot} -
z
0.005f b
0 N i
0 0.5 1 1.5 2

x10%

Fig. 2 Breakthrough curves obtained for various values of media
porosity. Attachment efficiencies agnp-ene @and  aue as well as
detachment efficiencies aget Were set to 0.

Monte Carlo steps
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Fig. 3 Trajectory of an arbitrary ENP through porous media with a
porosity of 0.7 and 0.9, respectively. Highlighted grains are at a
distance smaller or equal to 10 nm from passing ENPs.
Homoaggregation, attachment and detachment effects are not
considered here. When the porosity is decreasing, the ENP trajectory
becomes more tortuous and the ENP has more chance to be in
contact with grains.

homoaggregation attachment efficiencies agxp-gpnp, ranging
from 0 to 1, is chosen to consider different ENP and grain
physicochemical properties (for instance surface charges
and Hamaker constants) as well as variations of
characteristics of the interstitial water properties (pH and
ionic strength) playing important roles in the DLVO
interaction energies. The case where ognp-gnp 1S equal to 0
is considered as the reference case.

BTCs obtained for different homoaggregation attachment
efficiencies agnp-pnp are presented in Fig. 4a. A significant
decrease in ENP concentration in the effluent is observed
even for very small ognp_pnp Values such as 0.005. Moreover,
changes in BTC shapes become more visible with an increase
of ognp-enp Values. Only BTC shapes obtained for ognp_gnp Of
0.005 and 0.01 are similar to the one modelled for the
reference case. Other BTC shapes are more extended and
flattened due to the increase of homoaggregate formation
and subsequent straining inside the pore space. High values
of ENP-ENP collision efficiency lead rapidly to the formation
of large aggregates. This phenomenon is expected to be
enhanced with decreasing porosity because the same number
of particles is confined in more narrow pores and the longer
travel distances in more tortuous pores will increase the
probability that particles can interact. Increasing the
aggregate size also increases the probability of straining
effects.”® Aggregates become too large to be transported
through tight pores and are strained at various depths. This
causes local and global changes in soil effective porosity
which globally decreases from 0.7 down to 0.25 for ognp-ene
values greater than 0.1 as shown in Fig. S2 (ESIT). At the end
of the simulation, for ognp_gnp Values equal or greater than
0.3, as much as 90% of ENPs are strained inside the pores
(Fig. 4b). Darlington et al (2009)*° studied transport of
aluminum oxide ENPs of various sizes through natural soils.
They also observed that homoaggregate formation and their
further accumulation inside the soil matrix was changing the
effective pore size as well as reducing ENP relative peak
effluent concentrations.
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Fig. 4 a) Breakthrough curves modelled for different
homoaggregation attachment efficiencies (aenp-enp). Attachment (aaw)
and detachment (aget) processes were not considered here. Porous
media matrix porosity was equal to 0.7. b) Percentage of unbound or
aggregated ENPs retained inside the porous media matrix (violet) as
well as ENPs blocked at the top of the porous media matrix (light blue)
at the end of the simulation (after 50 000 MC steps). Attachment ()
and detachment (aget) processes were not considered here. Porous
media matrix porosity was equal to 0.7.

A vertical distribution of ENPs inside the porous media
was calculated according to the method described in the ESIt
(SI3) and is presented in Fig. 5a and b. When
homoaggregation attachment efficiency ognp-gnp values are
smaller than 0.05, the number of retained ENPs tends to be
more or less constant with the distance from the inlet of the
porous media matrix. These profiles resemble to a non-
monotonic distribution of ENPs that has already been
reported in the literature.”® While interactions between ENPs
are increasing, the number of retained ENPs achieves a
maximum at the top of the porous media matrix, ie. at
depths varying from 250 to 500 nm. This enhanced retention
at the column inlet is caused by homoaggregation and
resulting straining effects. Pores which are blocked by
aggregates act as dead ends for the rest of the mobile or
aggregated ENPs and contribute to their local accumulation.
The presence of ENPs at significant depths, even at high
homoaggregation rates ognp-enp, can be explained by
transport in large continuous pore networks. Even though
the retention process is homoaggregation in combination
with straining, these curves could be described by continuum
particle  transport models  considering  deposition,
remobilization and blocking processes.’” This exposes the
weakness of continuum models as a tool for investigating
dominating processes occurring in porous media.
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Fig. 5 a) Final distribution of unbound and aggregated ENPs inside the
porous media matrix obtained at the end of the MC simulation run
(after 50000 MC steps). Attachment (aa) and detachment (aget)
processes were not considered here. Porous media matrix porosity is
equal to 0.7. b) Porous media matrix at the end of the simulation
(cenp-enp = 1, dare = 0, aget = 0, porosity = 0.7). Blue ENPs are unbound
whereas the violet ones are aggregated. Some of the ENPs are blocked
at the top of the matrix due to physical blockage of larger aggregates.

3.3 Influence of ENP-collector attachment efficiencies

In this section, the influence of different attachment
efficiencies o, on the overall ENP retention and transport is
evaluated specifically by considering a porous media matrix
with a porosity of 0.7 without homoaggregation and
detachment processes. Straining could still occur, because
deposition of ENPs effectively narrowed pore diameters
preventing subsequent ENPs from passing pore necks.

Fig. 6a shows BTCs obtained for different attachment
efficiencies .. As can be noted, ENP breakthrough is only
observable for a, values equal or smaller than 0.005. BTCs
become more flattened and wide as o, values are increasing
and disappear completely for o, values greater than 0.1.
Observed BTC modifications are in good agreement with
previous theoretical results. Babakhani et al (2017) modelled
BTCs of nanoparticles by solving the colloid transport model
equation accounting for irreversible attachment and showed
that increasing values of deposition rate coefficient Ky also
cause a flat reduction of BTC plateau and increase in removal
efficiency by the porous matrix.>

Fractions of ENPs strained and deposited on collector
surfaces inside and outside of the porous media matrix at very
low and very high o, values were calculated according to the
method described in the ESIT (SI4) and are presented in Fig. 6b.
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Fig. 6 a) Breakthrough curves obtained for different attachment
efficiencies a,. Homoaggregation (agnp_enp) and detachment (oger)
processes were not considered here. Porous media matrix porosity is
equal to 0.7. b) Amount of ENPs attached to the grains inside the
porous media matrix (green), of ENPs blocked physically inside due to
straining effects (dark blue) and of ENPs strained at the top of the
porous matrix (light blue). Straining effects are more and more
significant by increasing the attachment efficiency between ENPs and
soil grains. Porosity of the porous media matrix is equal to 0.7.
Homoaggregation and detachment processes were not considered
(aenp-enp = 0, dget = 0).

For the a, value equals to 0.005, ie. for the greatest value for
which BTCs could be recorded, at the end of the simulation,
70% of ENPs inside the porous media matrix were attached to
the collectors, approximately 28% were strained inside the
porous media matrix whereas 2% were strained at the top of it.
In the case of the highest a, value (au = 1), 80% of ENPs were
attached to the collector surfaces, 16% were strained inside the
porous media matrix whereas 4% were strained at the top of it.
This indicate that not only the presence of inter-particle forces
but also physical straining occurring because of narrowing pore
necks result in an important immobilization of ENPs, even
though the small diameter of ENPs as well as high porosity
would suggest otherwise. This mechanism is, however, only
expected to occur when relatively high ENP concentrations are
added to the porous media. Attached particles cause an increase
of tortuosity and pore length as well as pore clogging. Back to
Fig. S2 (ESIY), as the number of attached ENPs is increasing
with increasing a, values, the effective porosity is found to
rapidly decrease from 0.7 to approximately 0.2. Depending on
the attachment efficiency between ENPs and collectors, the
vertical distributions (Fig. 7a and b) rather follow an exponential
decay and always monotonously decrease as predicted by
continuum models.”’
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Fig. 7 a) Final ENP distribution inside the porous media matrix at the
end of the simulation. Homoaggregation (ognp-enp) and detachment
(crget) processes are not considered here. Porous media matrix porosity
is equal to 0.7. b) Porous media matrix at the end of the simulation
(ctate = 1, cenp-enp = 0, aget = 0, porosity = 0.7). Blue ENPs are unbound
whereas the green ones are attached. Most of the ENPs are blocked at
the top of the matrix due to collector saturation and straining effects.

3.4 Influence of detachment

In the previous section, ENP-collector deposition was
considered irreversible. However, sudden decreases in ionic
strength, strong pH changes or the addition of phosphate or
organic matter that increases surface charges may cause a
significant release of already attached ENPs,”® in particular
ENPs that are attached in a secondary energy minimum.
Here, the porous media matrix has a porosity of 0.7 and the
case where agec and o, are equal to 0 is set as the reference
case. The homoaggregation process is omitted here.

Fig. 8a-c present BTCs obtained for a, values equal to
0.05, 0.5 and 1, respectively, and detachment efficiencies
ranging from 0 to 1. As indicated in the previous section, in
the absence of detachment, all ENPs remain attached to the
collectors and no breakthrough is observable for o, greater
than 0.005. As shown here, the introduction of even a small
deposition reversibility to the system results in significant
changes in the BTC and ENP retention, thus indicating the
importance of detachment processes for ENP transport in
porous media.

When a, values are very small (Fig. 8a, with &, = 0.05),
BTCs modelled for age values higher than 0.1 are similar to
the ones obtained for the porous media matrix with oy, Qget
and agnp-pnp values equal to 0 (reference case). Although
ENPs are subjected to an important number of attachment-
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Fig. 8 BTCs obtained at different attachment efficiencies equal to
0.05 (a), 0.5 (b) and 1 (c) and different values of the detachment
efficiency. Homoaggregation (agnp_enp) @nd straining processes are not
considered here. Porous media matrix porosity is equal to 0.7.
Retardation effects are particularly important at high attachment
efficiency and low detachment values.

detachment processes during their transport, such
interactions are not significantly changing the BTC shapes.
On the other hand, an important retardation and widening
of BTCs (retardation and spreading effect) can be observed
when oyge. is smaller than or equal to 0.1. Here, sequences of
attachment-detachment processes increase the retention-re-
entrainment of ENPs. Moreover, the straining process is not
observable in this case.

When deposition rates are moderately high-to-high
(Fig. 8b, with o, = 0.5 and Fig. 8c with &, = 1), BTCs shift
and widening is more pronounced. Retardation and
spreading effects are especially important in the case of small
detachment values. ENPs are first attached to the soil surface
but, due to the strong inter-particle interactions, they are
slowly detached over time. Consequently, all ENPs leave the
porous media matrix over the simulation time. Only
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scenarios where age; is equal to or smaller than 0.1 are an
exception. It is worth noting that, for the oqe value of 0.02,
BTCs emerge at 35000 MC steps for o, equal to 0.5 and do
not emerge during the simulation time for o,y equal to 1.
Moreover, similarly to the case presented above, the straining
process was not observable here.

The above results are in good agreement with previous
findings in the literature. Babakhani et al. (2017)*° solved the
colloid transport model equation accounting both for
deposition and detachment, by maintaining the deposition
rate coefficient K, constant and varying the detachment rate
coefficient Kyer. It was observed that increasing detachment
causes an emergence of BTC tailing and a rise of the BTC
plateau at the side of the descending segment. It should be
noted that an asymmetric shape of the BTC plateau was not
observed in our study because the considered porous media
matrix depth was not sufficiently large to allow a visible
plateau to be generated.

3.5 Influence of homoaggregation, deposition and
detachment processes on the probability of ENP retention

aglobal(tref)

This section examines the influence of homoaggregation,
deposition and detachment on ogobai(trer) values, ie. the
probability that ENPs remain inside the porous media matrix.
CQglobal(trer) Values are calculated for 17670 MC time steps.
This reference time (¢.f) is derived from the BTC obtained
for the case where the matrix porosity is 0.7 and agxp-enp, Patt
and ager are equal to 0. This reference time allows the
isolation of the effects of homoaggregation, deposition and
detachment processes from the geometrical constraints of
the porous matrix.

CQglobal(trer) Values as a function of different a, (effect of
deposition) and agnp-ene (effect of homoaggregation) are
given in Fig. 9. In this case, age; is set to 0. It can be seen
that  Ogioba(tref) values were obtained between 1,
corresponding to a situation for which all ENPs are retained
inside the soil pores, and 0, corresponding to a situation for
which all ENPs are transported through the porous media

Porosity = 0.7, Oyt = 0

B
3

°

(=]
s = ENP-ENP

[ Yot
o : : ' :
0 0.2 0.4 0.6 0.8 1

«

Fig. 9 Variation of the global attachment efficiency (agiopailtrer)) as a
function of individual attachment efficiencies between ENPs and
collectors (aa) and ENP-ENP homoaggregation rates (aenp_gnp)-
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matrix. Interestingly, on the one hand, lower a, values are
needed to reach high ogobailtier) values and plateau close to
1. On the other hand, higher values of agnp_gxp are required
to achieve a plateau close to 0.9 for agiopal(trer)- This finding
indicates the dominating effect of the deposition process on
the overall transport distances of ENPs. Moreover, and
surprisingly, in the presence of homoaggregation only,
Clgiobai(trer) is never equal to unity and remains close to 0.9.
This indicates that in most cases, single non-aggregated
particles or very small aggregates manage to go through the
porous media matrix via sufficiently large and unblocked
pores.

Variation of tgiopai(trer) as a function of a set of cgec and o
values equal respectively to 0.05, 0.1, 0.2, 0.3, 0.5, 0.7 and 1.0 is
presented in Fig. 10a. Results indicate that an increase of oget
values causes a decrease of Ogiobai(trer) Values from 1 to 0 and
consequently decrease the probability of ENPs to be retained
within the porous matrix. On the other hand, decreasing the
Qger Values leads to a significant increase of ogiopailtrer) and
therefore ENP retention. Fig. 10b shows the relationship
between attachment and detachment efficiencies and cgjopal(trer)
values. It is shown that a cgiopailtrer) Value close to one may be
achieved only if deposition values are very high and detachment
efficiencies do not exceed a value of approximately 0.5. In
reality, however, both reversible and irreversible attachment
occur simultaneously, which again reduces the effect of
detachment on the overall transport of ENPs.
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(a) Patt =01
oy, = 0.2
B0y = 0.3
B0y = 0.5
By = 0.7

ea, = 1.0

0 0.2 0.4 0.6 0.8 1

et

aglobal(tref)

1.0

0.2
0.4
0.6
0.8

0.8
0.6

Odet

0.4

0.2

|_ e SN

02 04 06 08 1.0
oatt

Fig. 10 a) Global attachment efficiency as a function of different
attachment and detachment efficiencies. b) Relationship between the
detachment and attachment efficiencies and the global attachment
efficiency. Red regions indicate a high retention rate of ENPs inside the
porous media matrix, whereas blue regions indicate their significant
transport.

0.0
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It should be noted that different sets of ager and o
values, reflecting  different ENPs and  collector
physicochemical properties and inter-particle forces, can lead
to similar agobai(trer) values (Fig. 10a). For instance,
CQlgiobal(trer) €qual to 0.5 corresponds to a set of @y = 1.0 and
Qget = 0.3 but also to a set of oy = 0.5 and ager = 0.2. An
additional example for agiopai(trer) €qual to 0.2 indicates that
such a value may be obtained when a, = 0.7 and agec = 0.35,
and @, = 0.3 and agee = 0.17. This constitutes an important
outcome indicating that ogobailtrer) values cannot reflect the
importance and balance of local effects such as deposition
and detachment processes.

4. Conclusions

Monte Carlo simulations were carried out to investigate the
influence of homoaggregation, deposition and detachment
processes as well as porosity on ENP retention and mobility in
porous media. The coarse-grained and discrete model presented
here indicates that porosities varying from 1 to 0.7 already
significantly affect the ENP residence time inside the granular
medium. Nonetheless, it was demonstrated that porous media
matrices of such high porosities do not have sufficiently narrow
pores to cause ENP straining. A subsequent introduction of
ENP-ENP and ENP-collector interactions into the system
revealed that these processes play a key role in ENP retention
and distribution inside the porous media. In both cases,
interparticle interactions led to smaller ENP effluent
concentration and thus to flattening and broadening of BTCs. It
was found that 90% of ENPs are retained inside the porous
media matrix for homoaggregation attachment efficiency values
oenp-gnp €qual to or greater than 0.3. It was also observed that
almost all ENPs are retained inside the porous media matrix for
attachment efficiency values a, equal to or greater than 0.005.
It was also demonstrated that the homoaggregation process
contributes slightly less to ENP retention than deposition on
collectors because unbound ENPs or small aggregates manage
to pass through sufficiently large pores. As for the ENP retention
profiles, depending on the strength of interactions between
ENPs and grains, the number of attached or physically blocked
ENPs decreased monotonously or exponentially with depth. As
for the straining process, both ENP attachment to collectors
and aggregate formation contributed to the pore enclosure and
subsequent straining of free ENPs. A complementary study
taking into consideration the attachment-detachment effects
showed that a slight increase of detachment efficiencies causes
a significant release of attached ENPs. The ogiobal(tref) Parameter
has been calculated to describe ENP retention in porous
medium. This allowed us to reveal how probability of ENP
retention changes not only as a function of deposition but also
as a function of different processes and porous medium
characteristics. It was found that even small affinities between
ENPs or ENPs and collectors contribute to high global
attachment efficiency values and thereby result in the increase
of ENP retention. By subtracting the geometrical constraints of
the porous matrix it was also observed that different sets of
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attachment-detachment values, reflecting different
physicochemical conditions, can correspond to the same
Qgiobal(trer) Values suggesting that the ogiopai(trer) parameter,
often obtained from column tests, is not relevant to describe
the importance of attachment and detachment processes taking
place at the collector surface. This constitutes an important
outcome indicating that gopai(ter) values determined from
functional tests are not mechanistic but operationally defined
parameters and thus cannot be deemed predictive beyond the
functional test in which they were determined. Moreover, for
continuum models calibrated to column test, breakthrough
curves will poorly reflect effective deposition and detachment
rates in those cases where there are many simultaneously
occurring processes.
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