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Executive Summary

This is the final scientific report for the award DE-NE0000719 entitled “The impacts of pore-
scale physical and chemical heterogeneities on the transport of radionuclide-carrying colloids”.
The work has been divided into six tasks and the progress in each is outlined below.

Task 1: The fabrication and characterization of homogeneous microfluidic sediment analog
We developed a microfluidic bead-by-bead assembly platform to fabricate soil analogs
consisting of model grains with homogeneous surface properties. By further integrating a T-
junction droplet generator into the device, we encapsulated and enumerated the effluent in
microliter scale to obtain the average transport behavior of a population of particles. Using the
same device we also measured the individual trajectories of colloidal particles by optical
microscopy. Using the pathlines of individual particles flowing through the pseudo-two-
dimensional bead pack, we were able to extract the tortuosity of differently sized particles and
measure the effects of size exclusion and double layer suppression. Simulations of fluid and
solute transport based on the Lattice Boltzmann Method (LBM) were performed on digitally
reconstructed replicas of the soil analog to aid in the interpretation of the experimental results.
The measured pore scale dynamics of colloid transport such as trajectory lengths were in good
agreement with simulations for small particles in ionic solutions, while larger particles showed
size exclusion effects that are not considered in numerical simulations. Finally, we demonstrated
the profound impact of heterogeneous interfacial properties on colloid transport with an analog
consisting of beads with positive and negative surface charges.

Task 2: The fabrication, characterization, and colloid transport of microfluidic sediment
analogs with chemical heterogeneities

Previous work has primarily focused on physical heterogeneities due to the lack of experimental
models with tunable chemical heterogeneities at the pore-scale. We developed a microfluidic
bead-based fabrication method that are capable to make heterogeneous porous media by
assembling colloidal particles with opposite surface charges so that the chemical heterogeneities
can be precisely defined at the length scale of a single grain. We demonstrated our ability to
make four different configurations of chemical heterogeneities: the alternating horizontal layers,
vertical layers, single patches, and random mixing. We further characterized the spatial
distribution of pore-scale heterogeneities, measured the in situ transport and retention of colloids
in the fabricated porous media using bring-field, fluorescence, and confocal microscopy at the
resolution less than 1 um. We found that a very small fraction of the positively charged beads
present in the porous medium changes the breakthrough curve dramatically. The overall
deposition coefficient k measured from the colloid retention curves is proportional to the fraction
of the positively charged beads as the extent of unfavorable deposition is negligible. For the first
time, we measured the pore-scale dynamic process of colloidal deposition in situ. The measured
deposition coefficient at the pore-scale, i.e., kyore matches the random sequential adsorption
theory very well.
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Task 3: Column-scale experiments - the impact of chemical and physical heterogeneities on
colloid-facilitated cesium transport

Using 1 um silicon dioxide (SiO2) colloids and cesium iodide (Csl) spiked solution we
investigated the influence of colloid-facilitated Cs transport under relevant physicochemical
porous media conditions in columns packed with glass beads. When the colloids and porous
matrix have similar surface properties at slow pore velocity conditions, contaminants such as Cs
will exhibit no facilitated transport by colloids. This is due to the striping of Cs from the colloids
onto the stationary matrix. We further investigated the influence of hydrophobic/hydrophilic
chemical heterogeneity on transport of Cs and colloids. We found that the transport of colloids
through heterogeneously packed columns is retarded more than through homogenous matrices.
Sequentially layered physical heterogeneity retards colloid transport through the stationary
porous media similar to mixed physical heterogeneities, and the Cs originally adsorbed to the
colloids will be stripped. When a hydrophobic chemical heterogeneity is present in the stationary
matrix, silica-based colloids will be significantly removed due to fast deposition of colloids and
not hydraulically transported through the matrix even with long flushing times unless high flow
rate is maintained.

Task 4: Development of a lattice Boltzmann and random walk particle tracking pore-scale
simulator and its comparison with microfluidic analog experiments

We built a pore-scale numerical simulator to model colloid transport under the influence of
surface charge heterogeneities in the porous media. Our goal is to provide a direct comparison
between the numerical simulation and our microfluidics-based pore-scale experiments in Task 2.
We aimed to use all parameters that can be directly measured from experiments so that there is
no fitting parameter in the simulation. This represents a significant advance in the field of pore-
scale simulation to accurately predict experiments performed at the pore-scale. We first
reproduced the breakthrough curve of electrostatically homogeneous porous media analogue
(PMA). The inlet concentration in our simulation was relaxed by matching the experimental one,
and we obtained a breakthrough curve that agreed well with the experimental breakthrough
curve. This case of electrostatically homogeneous PMA confirmed that our pore-scale modeling
approach using LB and RWPT is applicable to colloid transport in the high Péclet number flow
regime. We then incorporated colloid-surface interaction range and dynamic blocking functions
to simulate irreversible colloid deposition in electrostatically heterogeneous PMAs and obtained
breakthrough curves that are good agreement with those of PMAs.

Task S5: Development of the lattice Boltzmann pore-scale and random walk particle
tracking simulator and its comparison with column experiments

We developed a pore-scale direct numerical model using both LB and RWPT to solve advection-
dispersion of solutes in a bead-packed column, which has been performed in Task 3. Both LB
and RWPT codes have been parallelized to reduce the computational time. The RWPT code
generates tracer concentration profiles at the outlet (i.e., breakthrough curve or BTC). To

iii



generate data that are comparable to the column experiments, image processing routines were
developed to digitalize images of the columns used in the experiments to build the simulation
domain needed by LB and RWPT simulations. The digitalized column contains about 49.5
million voxels (169 x 169 x 1732) and the number of fluid voxels is approximately 10 million.
We first obtained the breakthrough curve of a non-reactive solute (I") that is in good match with
the experimental data. This model was then extended to simulate equilibrium retardation of Cs*
by adding probabilistic interactions between tracer particles and solid surface. We simulated
laboratory batch experiments and obtained probabilities of adsorption and desorption that
reproduce the experimental partitioning coefficient. Pore-scale direct numerical simulations then
successfully reproduced the retarded breakthrough curve that was in good agreement with the
experimental data.

Task 6: Development of a continuum-scale simulator and its comparison with pore-scale
simulator and microfluidic experiments

We numerically simulated colloid transport and retention in chemically heterogeneous porous
media using one-dimensional advection-dispersion equation. We first obtained the dispersion
coefficient by fitting the experimental data from a homogeneous porous medium that are packed
by carboxyl-functionalized beads only. We then fitted experimental breakthrough curves to find
out the overall deposition coefficients using a dynamic blocking function based on the random
sequential adsorption model. Although the simulations capture the overall trend, they predict a
lesser extent in terms of concentration increase for the latter part of the breakthrough curves. An
inaccuracy in the dynamic surface blocking function, though better than the Langmuirian model,
might be responsible for this discrepancy. In comparison, the pore-scale simulations based on
lattice Boltzmann and random-walk particle tracking capture our experimental results well.
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1. Introduction

Independent of the methods of nuclear waste disposal, the degradation of packaging materials
could lead to mobilization and transport of radionuclides into the geosphere. This process can be
significantly accelerated due to the association of radionuclides with the backfill materials or
mobile colloids in groundwater.!? The transport of these colloids is complicated by the inherent
coupling of physical and chemical heterogeneities (e.g., pore space geometry, grain size, charge
heterogeneity, and surface hydrophobicity) in natural porous media that can exist on the length
scale of a few grains. In addition, natural colloids themselves are often heterogeneous in their
surface properties (e.g., clay platelets possess opposite charges on the surface and along the
rim).? Both physical and chemical heterogeneities influence the transport and retention of
radionuclides under various groundwater conditions. However, the precise mechanisms how
these coupled heterogeneities influence colloidal transport are largely elusive.* This knowledge
gap is a major source of uncertainty in developing accurate models to represent the transport
process and to predict distribution of radionuclides in the geosphere.

The objective of this project is to identify the dominant transport mechanisms of colloids in
saturated porous media under the influence of pore-scale physical and chemical heterogeneities.
To achieve this objective, we have developed a microfluidic bead-based fabrication method that
are capable to make heterogeneous porous media by assembling colloidal particles with opposite
surface charges so that the chemical heterogeneities can be precisely defined at the length scale
of a single grain. Although we demonstrated our ability to control several different
configurations of the chemical heterogeneities, we primarily focused on the transport and
retention of nanoparticles in the porous media that were randomly packed by a binary mixture of
oppositely charged beads. We found that a very small fraction of the positively charged beads
present in the porous medium changes the breakthrough curve dramatically. And the overall
deposition coefficient k is proportional to the fraction of positively charged beads present in the
porous medium. More importantly, we measured the in-situ dynamics of nanoparticle deposition
on a single bead for the first time, which provided all necessary parameters that can be used in
pore-scale numerical simulations. We then developed a lattice Boltzmann and random walk
particle-tracking pore-scale simulator simulate our microfluidic experiments based on digital
reconstruction of the fabricated porous media. The faithful comparison between simulations and
experiments including the breakthrough curves, effective retention, and distribution of entrapped
colloids provided a fundamental understanding of colloid transport in heterogeneous porous
media. At the column-scale, we also investigated the influence of colloid-facilitated Cs transport
under relevant physicochemical porous media conditions in columns packed with glass beads
with hydrophobic/hydrophilic chemical heterogeneity. The transport of colloids through
heterogeneously packed columns is retarded more than through homogenous matrices. When a
hydrophobic chemical heterogeneity is present in the stationary matrix, silica-based colloids will
be significantly removed due to fast deposition of colloids and not hydraulically transported



through the matrix even with long flushing times. The corresponding simulations based on lattice
Boltzmann and random walk particle-tracking successfully reproduced the experimentally
measured retarded breakthrough curves. Beyond pore scales, we further developed a predictive
continuum-scale simulator that uses the averaged adsorptive properties obtained from the
microfluidic experiments directly without any fitting. Our pore-scale experiments successfully
yielded parameters that can be directly used in both pore-scale and continuum-scale simulations
and the results from those simulations capture key features observed in experiments very well.
The delivery of such capability based on first-principles at the microscopic scale and predictive
at the intermediate scale represents a significant advance towards fully predictive models for
field-scale applications.

This report is the final scientific one for the award DE-NE0000719 entitled “The impacts of
pore-scale physical and chemical heterogeneities on the transport of radionuclide-carrying
colloids”. The work has been divided into six tasks:

Task 1: The fabrication and characterization of homogeneous microfluidic sediment
analog;

Task 2: The fabrication, characterization, and colloid transport of microfluidic sediment
analogs with chemical heterogeneities;

Task 3: Column-scale experiments - the impact of chemical and physical heterogeneities
on colloid-facilitated cesium transport;

Task 4: Development of a lattice Boltzmann and random walk particle tracking pore-
scale simulator and its comparison with microfluidic analog experiments;

Task 5: Development of the lattice Boltzmann pore-scale and random walk particle
tracking simulator and its comparison with column experiments;

Task 6: Development of a continuum-scale simulator and its comparison with pore-scale
simulator and microfluidic experiments.

The progress for each of the above tasks is described in the following sections 2-7.
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2. Task 1: The fabrication and characterization of homogeneous
microfluidic sediment analog

2.1 INTRODUCTION

Colloids enhance the transport of contaminants such as certain types of radionuclides, > heavy
metals,>* and organic substances>® by carrying them over long distances in groundwater.
Identifying the transport mechanisms of mobile colloids in the subsurface environment is
essential for predicting the fate and preventing the spread of contaminants. The most common
laboratory method to investigate colloid transport is packed columns of model or natural soils.
The typical data obtained from column experiments are the colloids breakthrough curves, which
measure the population dynamics of colloids exiting the column over time, and the end-point
retention profile, which measures the colloids adsorption in the column’ after sample
dissection.!%!!

7-9

An alternative to measuring fluid and solute transport macroscopically is to fabricate porous
media analogs (PMA) in transparent substrates. PMA are often referred to as "micromodels" and
are typically made of glass, silicon, or polymers with pores sizes ranging from 1-100 pm and
overall dimensions on the order of millimeters to centimeters.'> PMA in geologically-inspired
materials include functionalization of pore walls with clays,'? wet etching channels directly into
calcite,'* and laser etching into shale.!> The pore networks of these models can consist of
periodic features such as arrays of polygons,'® random networks with statistically similar
porosities and permeabilities of real rocks,!” or replicas of real rock pore spaces based on
imaging data.'® PMA have been particularly useful in visualizing and simulating water,
surfactant, and polymer flooding of oil-saturated pore networks that mimic sedimentary rock.!”~
21 Recently, porous networks with dimensions in the sub-micrometer range have been developed
to model liquid-gas flows in shale and tight gas sands.?>??

Although PMA with a continuous solid phase and a series of interconnected channels mimic the
pore space of many resource-rich rocks in deep underground, contaminants that are of most
concern to human health usually reside the shallower subsurface where soils are the dominating
media as unconsolidated, rough, spherical, and micrometer- to millimeter-sized grains. As such,
bead-based or post-based PMA are potentially a better model for measuring colloid transport in
soils.?* For example, the influence of colloid size on dispersion has been measured in
polydimethylsiloxane (PDMS) and silicon pillar based micromodels.?>?® Studies in a glass-bead
PMA show that rod-shaped particles are more likely to attach to the beads than spherical ones
due to local charge heterogeneity and surface roughness.?’ In unsaturated porous media, bead-
based PMA show that the adsorption of colloids at air-liquid interfaces as a function of their
wetting properties, surface charge, and the ionic strength of the solution.?®? In these PMA
studies, individual particle trajectories and adsorption kinetics were observed, but the average



transport properties of a large population of particles were not collected. This is possibly due to
the challenge of collecting and analyzing the effluent of PMA since the total volumes are on the
order of nano- to micro-liters. An important property of natural soils is the heterogeneity of
interfacial properties such as charge, wettability, and chemical functionality between grains.
Yet, unlike the bead-based proteomics and genotyping methods,*!~? the existing work has not
fully exploited a distinct advantage of the beads-based soil analogs, namely each bead can have
its own interfacial properties.

30

To address the shortcomings described above, we developed a bead-by-bead assembly platform
to fabricate soil analogs. By integrating a T-junction droplet generator into the device, we
encapsulated and enumerated the effluent in microliter scale to obtain the average transport
behavior of a population of particles. Using the same device, we also measured the individual
trajectories of colloidal particles by optical microscopy. Simulations of fluid and solute transport
based on the Lattice Boltzmann Method (LBM) were performed on digitally reconstructed
replicas of the soil analog to aid in the interpretation of the experimental results. The measured
pore scale dynamics of colloid transport such as trajectory lengths were in good agreement with
simulations for small particles in ionic solutions, while larger particles showed size exclusion
effects that are not considered in numerical simulations. Finally, we demonstrate the profound
impact of heterogeneous interfacial properties on colloid transport with an analog consisting of
beads with positive and negative surface charges.

2.2 MATERIALS AND METHODS

Materials

Polydimethylsiloxane (PDMS) was from Dow Corning (Sylgard 184, Midland, MI). Mineral oil
and cyclopentanone (>99%) was from Sigma Aldrich (St Louis, MO). 1H-1H-2H-2H-
perfluorooctyltrichlorosilane was from Gelest (Morrisville PA). Photoresist (KMPR1010 and
KMPR1050) was from MicroChem (Newton, MA). Developer (AZ300 MIF) was from AZ
Electronic Materials (Somerville, NJ). 0.5 um carboxylated yellow-green (505/515) particles, 1
um sulfate yellow-green (505/515), 15 um blue (365/415), 10 um crimson (625/645) fluorescent
polystyrene (PS) microspheres and 10 um aliphatic amine latex beads were from Life
Technologies (Carlsbad, CA). 3 um carboxylated yellow-green (480/501) fluorescent PS
microspheres were from Magsphere Inc. (Pasadena, CA). Three-inch silicon wafers were from
Silicon Inc. (Boise, ID). Gauge 30 Tygon tubing was from Saint-Gobain North America (ID =
0.01”, OD =0.03”, Valley Forge, PA). Biopsy punch (0.75 mm) was from World Precision
Instrument (Sarasota, FL).

Device fabrication
Microfluidic channels were defined in PDMS using standard soft lithography techniques.®* A
two-layer photolithography procedure was used to create channels with two different heights on



the master. For the first layer, KMPR1010 was spin coated at 3000 rpm for 40 sec, soft baked for
6 min at 100°C, exposed through a photomask (CAD/Art service, Bandon, Oregon) to UV light
(200 W, 365405 nm exposure) in a Karl Suss MJB-3 Mask Aligner (Sunnyvale, CA) at a dose
of 10 mW/cm?, and hard baked for 2 min at 100°C. For the second layer, KMPR 1050 was
diluted to 40 wt% solids in cyclopentanone and spun at 4000 rpm for 40 sec. The same soft bake,
exposure, and hard bake procedures were followed. The photoresist master was made
hydrophobic by incubation with 1H-1H-2H-2H-perfluorooctyltrichlorosilane for 24 h under
vacuum. To make the microfluidic device, PDMS (5:1 polymer vs. curing agent in mass) was
poured over the master and cured for 4 h at 80 °C. The devices were then peeled off from the
master and plasma bonded on a glass slide. Both the inlet and outlet holes were made with 0.75
mm punch. The detailed fabrication conditions for heterogeneous soil analog channels are
discussed in supplemental materials.

Device operation

Figure 2.1 shows a schematic of the device. It was operated in two modes: the bead filling and
colloid transport mode. In the bead filling mode, a dilute suspension (5x10°/ml) of 15 um beads
was introduced through inlet a. All other inlets and outlets except e were blocked. The beads
were trapped at barrier d, where the channel height is reduced from 21 pm to 12 um. As beads
were trapped, they formed a porous medium that grew upstream (Supplementary Video 1). For
the layered packing of carboxyl- and amine-functionalized beads in the chemically
heterogeneous soil analog, we injected them sequentially. Note that the channel height was
slightly larger than the diameter of the beads. Therefore, the beads packed pseudo-two-
dimensionally into a porous soil analog that was 840 um in width, 21 pm in height, and 500—
2000 pum in length. In the colloid transport mode, suspensions of fluorescent particle (0.5, 1, and
3 um) were injected through inlet b. Since the pore volume was small (~10 nL), collecting fluid
from the outlet of the device was not feasible when trying to measure the transient in colloid
breakthrough. Instead, we placed a T-junction droplet generator downstream at position fto
encapsulate the effluent colloids. DI water entered from inlet ¢ to stabilize droplet generation
before colloids entered. Mineral oil was injected from inlet e and used as the continuous phase.
The aqueous solution emanating from the soil analog is the dispersed phase. For capillary
numbers C, = uU / y<0.01 (where u is dynamic viscosity, U is velocity, and y is interfacial

tension), the dispersed phase forms into droplets, where individual particles are encapsulated.®>~
37 The droplet size depends on the flow rates of two phases and the channel sizes,

L/W=1+ OCQin/Qout (2'1)
where L is the length of droplet slug, W is the width of the channel, Q;, and Q.. are the flow
rates of the dispersed and continuous phases, and « is an order one constant.?* We adjusted the
oil flow rates to control the droplet diameter at around 300 pm. Downstream of the T-junction
the channel was expanded from 200 um to 400 um to reduce the droplet velocity allowing for
real-time imaging. By taking both fluorescent and bright-field images, the number of colloidal
particles in each droplet and droplet volumes were measured.
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Figure 2.1 Configuration of the microfluidic device designed for building the soil analog and
studying in situ colloidal transport. (i) The top view; a and b are the inlets for flowing PS beads
and colloidal dispersion into the device; c is the inlet for DI water used to wet the fabricated
porous medium when we switch from the bead-filling mode to colloid-transport mode; d
represents the height barrier (e.g., 10um) where large (e.g., 15 um) PS beads are trapped and
packed into the soil analog; e is the inlet for mineral oil; fis the T-junction where the colloidal
solution passing through the soil analog forms individual droplets in the oil phase; g is a
gradually expanded channel that slows down the droplet flow, which facilitates counting the
number of colloidal particles in each droplet. (ii) The side view of the height barrier A. (iii)
Schematics of the soil analog packed by beads ideally. (iv) The T-junction, where the gray
indicates mineral oil, and the white droplets represent colloidal solution that passes through the
porous medium. Green dots inside the droplet represent fluorescent particles.

Identification of bead location

The positions of individual beads in the soil analog were determined by stitching a series of
images together using a 20X objective (field of view = 440 pm x 325 pum) on an inverted
microscope (IX81, Olympus) with a 16-bit CCD camera (ORCA-R2, Hamamatsu). For a 1000
um long soil analog, 15 images were stitched together using the ImageJ macro stitching.*® A
custom MATLAB script identified the x and y coordinates of the center of each bead using the
following steps: (i) a Canny algorithm?®” located the edge of each bead; (ii) a first filtration
operation eliminated any debris or imaging artifacts with a circumference larger than 51 pum; (iii)
features remaining after filtration were filled and a second filtration operation eliminated debris



or imaging artifacts with areas less than 31 um? or larger than 104 pm?; (iv) a third filtration
operation eliminated debris or imaging artifacts with circularity larger than 0.9. Circularity is
defined as P?/4rA, where P is the perimeter and A is the object area,*’ and (v) the imfindcircles
command identified the coordinates of the center of each bead. For the heterogeneous bead
packing, one extra step was added before we run the Canny algorithm. Since we have two
different types of beads, the polycrop command was used to define the region of interest for the
carboxyl-functionalized beads first. The area of other beads was then filled with black pixels.
This operation kept the beads at the same location in the original image. We run the image
processing program for each section of beads first and then combined them to obtain the center
positions of all beads in the whole porous medium.

Measurement of hydraulic permeability
A reservoir of deionized water was connected to inlet b of the device with 30 gauge tubing and
raised 20—60 cm above the device to establish the inlet pressure head. The device for
permeability measurements was similar to that in Figure 2.1, but without the droplet generator.
The outlet channel f* was connected to 30-gauge tubing placed at the height of the device and
open to the atmospheric pressure. The linear velocity of water was measured by tracking the
meniscus in the outlet tubing for 1 minute. It was then converted to a volumetric flow rate Q
using the cross-sectional area of the tubing. Each pressure drop, 4P, was repeated in triplicate.
The total hydraulic resistance of the device, R, was calculated by
R=4P/Q (2.2)

The total resistance includes the resistance of tubing R;, the pre/post-analog channel R, and the
soil analog R, connected in series. R;, and R. were calculated by:*!
ulL,
zort
R = 12uL,

‘" WH]’(1-0.63H,/W.)

R = (2.3)

(2.4)

where L; and r are the length and radius of the tubing, respectively. L., W, and H. are the length,
width, and height of the pre/post-analog channel. By subtracting R; and R. from the total
resistance R, we can obtain the resistance of the soil analog R, which is related to the
permeability x by
L
K:WﬂTPR (2.5)
P p P

where L,, W,, and H, are the length, width, and height of the analog.

Measurement of the colloid population dynamics

The zeta potentials of the particles were measured using ZetaPALS (Holtsville, Brookhaven
Instruments Corporation, NY). Suspensions of particles in DI water were injected at a flowrate of
1 nL/sec through inlet b (Figure 2.1). Mineral oil was injected into the oil inlet e at a flowrate of



1.6 nL/sec. The colloidal particles emanating from the soil analog were emulsified at the T-
junction. Due to the expansion in channel width at g, the droplet flow velocity was reduced by
half and images of individual droplets were taken in both fluorescent and bright-field modes. A
custom MATLAB script was used to enumerate the number of particles in each droplet using the
following procedure: (i) the im2bw command turned the gray scale image to black and white, and
a contrast threshold is set to ensure all the fluorescent particle turned to white dots, (ii) the
bwboundaries command detected the edge of each white dot and counted their total number.

Trajectory of individual particles and calculation of tortuosity

At a volumetric flow rate of 1 nL/sec, the trajectories of 0.5, 1, or 3 um particles were measured
by epifluorescence microscopy (20X, NA 0.45) with an exposure time of 500 ms. These imaging
conditions yielded pathlines whose lengths were measured to calculate tortuosity. The diffusion
coefficient of the particles was calculated using the Stokes-Einstein equation: D = kgT / 6rua,
where kg is the Boltzmann constant; 7 is absolute temperature; and a is the particle radius. The
Peclet number was defined based on a length scale of porous medium as Pe = Ud/D, where d is
the characteristic length of the porous medium (i.e., the bead diameter); U is the superficial
velocity of the fluid; and D is the colloid diffusion coefficient. The tortuosity was defined by 7 =
L./ L., where L, and L. are the arc-length and end-to-end distance of the trajectory.

Colloids retention on chemically heterogeneous soil analog

The chemically heterogeneous soil analog was assembled from two types of 10 um beads
functionalized with carboxyl and amine groups, respectively. We arranged their packing in two
ways. The aliphatic amine beads first packed into a 500x840 (LxW) pum? rectangular layer,
followed by another layer of carboxylated beads with 500x840 um?, and vice versa. After the
soil analog was formed, 1 pm particles at the concentration of 0.054 mg/mL were introduced at 2
nL/s for 2 hours and followed by DI water flush at the same rate for another 2 hours. During the
experiment, both fluorescence and bright-field images were taken. A custom MATLAB script
was used to calculate the mean fluorescence intensities at specific regimes over time. For a 16-bit
grayscale image, each pixel was associated with a value from 0 to 65535 based on its brightness
(0 1s the darkest and 65535 is the brightest). For each fluorescence image, we added all pixel
intensities over the region occupied by one specific type of beads and then divided by its area. In
this way we obtained the mean fluorescence intensity per unit area.

Numerical simulation

A previously developed LBM program was used to simulate fluid flow and colloidal transport in
porous media.** The three-dimensional and nineteen-velocity-quadrature (D3Q19) propagation
scheme and the Multi-Relaxation-Time (MRT) collision operator were used.** The no-slip
boundary condition was achieved by a linked bounce back scheme. A pressure boundary
condition was used to calculate permeability consistent with the experimental condition.** The
program was parallelized and the performance of the code can be found in our previously



published work.*? In the simulation, we used ten lattice grids to resolve the 15 pm beads that
make up the soil analog, giving a grid resolution of 1.5 pm. The computational domain was a
replica of the experimental soil analog where the center of each bead was obtained from image
processing. The permeability was calculated by x = uUL, / AP, where U is the measured steady-
state superficial velocity, and L, is the length of the soil analog. To obtain colloidal trajectories
we used the random-walk particle-tracking method (RWPT) to model the advection-diffusion of
colloids through the pore space.*>**® The colloids were modeled as passive point particles that do
not affect the flow or interact with porous medium. The advection velocity of the point particles
was obtained from the LBM fluid simulation. A random displacement (Brownian motion) was
added to simulate the diffusion. The Peclet number was varied by changing the advection
velocity of the fluid or the diffusivity of the point particles to match experimental conditions.
Point particles were placed at the inlet of the porous media and their locations were recorded as a
function of time. By tracking their motion in a time window that is equivalent to the exposure
time in the experiments, we obtained trajectories of individual particles from which the
distribution of tortuosity was calculated.

2.3 RESULTS AND DISCUSSION

Characterization of the porous medium

Polystyrene beads were introduced into the device through inlet a and trapped by the height
barrier h (Figure 2.1). Figure 2.2A displays a soil analog homogeneously packed by 15 um PS
beads. Supplemental Video 1 shows the bead-filling process that results in the soil analog. As
shown by the inset of Figure 2.2A, there were three types of sphere-packing: hexagonal array,
square lattice, and irregular arrangement with voids, all of which have been observed in real
unconsolidated soil sediments.*’” One of the advantages of the bead-based microfluidic soil
analogs is that one can conveniently introduce beads with different types of chemical properties
in the same channel. The resulted porous medium will possess chemical heterogeneities at the
pore scales. As a proof of concept, we sequentially injected 10 um carboxyl- and amine-
functionalized beads to form a bilayer soil analog shown in Figure 2.2B. Since these beads have
opposite charges (-40.0 £ 4.9 mV for carboxylated and 21.2 + 4.8 mV for amine aliphatic beads,
respectively) in DI water, the resulting soil analog mimics soil layers with different surface
charges. Although all particles have the same diameters, the carboxylated and amine coated
beads can be distinguishable under bright-field microscopy because the additional fluorophores
on the carboxylated beads tend to absorb more light (Figure 2.2B) giving a darker appearance.
Table 2.1 summarizes all relevant characteristics of the fabricated homogeneous and
heterogeneous soil analogs.

A key feature of a transparent soil analog compared to columns is that we can measure the

position of each bead and then digitally reconstruct the entire porous medium used in
experiments. This allows us to faithfully compare the pore-scale numerical calculations of fluid
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flow and colloidal transport with experiments. The image processing routine correctly identified
99% of soil analogs filled with 4000-10,000 beads. Since the bead diameter (15 um for the
homogeneous soil analog) is less than the chamber height (21 um), not all beads are located at
the same vertical position. However, it was difficult to determine the vertical positions of each
bead by optical microscopy. Therefore, we used our LBM simulations to determine the impact of
bead vertical position on fluid flow. A series of simulations were performed whereby we
randomly displaced a percentage of beads in the z-direction from being in contact with the
bottom of the chamber to being in contact with the top. Figure 2.3 shows the cross-sectional and
perspective views when 0%, 25%, and 50% of the beads were displaced.

Figure 2.2 The porous soil analog formed by trapping (A) 15 um PS beads in a rectangular
channel (1030 um x 840 pm x 21 um) and (B) a binary mixture of 10 um PS beads in another
channel (990 pm x 840 um x 15.5 um). The arrows indicate the flow direction. For (A), the
white frames in the inset highlight the hexagonal, square, and irregular packing of beads locally.
The red dots indicate the center of each bead detected by image processing. For (B),
carboxylated crimson beads (darker ones) are introduced first and followed with aliphatic
aminated beads (brighter ones).
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Figure 2.3 The cross-sectional and perspective views of the porous medium with 0%, 25%, and
50% bead displaced to the top of the chamber and the balance in contact with the bottom of the
chamber. The x-y positions of each bead were digitally reconstructed from experiments. These
geometries are used in the LBM and RWPT simulations.

The hydraulic permeability is an intrinsic property of porous media that characterizes
macroscopic fluid transport. We calculated the permeability by measuring the hydraulic
resistance in the entire device and subtracting the resistances of the other components.
Supplemental Table 2.1 lists the contribution of all individual components to the total resistance
in a typical measurement. The highest resistance is through the soil analog, however other
resistances are significant (~30%) and cannot be ignored. Figure 2.4 summarizes the
experimentally measured and numerically simulated permeabilities of soil analogs with lengths
of 500, 1000, and 1500 um. As expected from an intrinsic property, the experimentally measured
permeability is independent of the length of the porous media. The low variance in the
permeability measurement suggests that the average hydraulic resistance between different soil
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analog preparations is reproducible, even as the exact positions of beads change. The calculated
permeabilities from LBM simulations show a significant influence on the vertical positions of
beads. When all beads were in contact with the bottom of the chamber, the predicted
permeability was two-fold larger than the experimental results. This large difference is primarily
due to the low-resistance zone formed by the 6 um gap between the beads and top of the
chamber. In essence, fluid can bypass the beads by flowing through the top of the channel. In
comparison, the calculated permeability when 50% of the beads were in contact with the top of
the chamber is in good agreement with experimental results. We also calculated the permeability
using the semi-empirical Kozeny-Carman (KC) equation*®

d2 ¢3

=
180 (1-g)’

(2.6)

where d is the bead diameter and ¢ is the porosity. The Kozeny-Carman equation predicts a

higher permeability than the measured values, possibly because it does not account for the
pseudo-two-dimensional packing of beads in our soil analog.
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Figure 2.4 Numerical simulation with 0, 25, and 50% vertical displacement of beads,
experimental measurement, and calculation using the Kozeny-Carmen (KC) equation (Eq. 2.4) of
the permeabilities of soil analogs with three different lengths (500, 1000, and 1500 um). The
error bars represent the standard deviations of three replicas.
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Table 2.1 Characteristics of the fabricated soil analogs and fluid and colloid transport properties

Soil analog type homogeneous heterogeneous
porous medium dimension (um?)  1030x840x21  985x840x15.5
number of packed beads 4669 10771
porosity 0.56 0.57
pore volume (nL) 11.2 7.4
colloid size (um) 1 +0.031 1 +£0.031
zeta potential of particles that flow 604425 931447
through(mV)
flow rate (nL/sec) 1 2
superficial linear velocity (um/sec) 93 269
colloidal diffusivity (um?/sec) 0.429 0.429
Peclet number 3200 6171

Macro- and microscopic transport of colloids

We used a colloid flow-through curve to quantify the population dynamics of colloids
transporting through the soil analog. The flow-through curve is defined as the concentration of
particles emanating from the porous media as a function of pore volume. Owing to the small
volumes perfused through our microfluidic porous media, it is difficult to make an off-chip
concentration measurement of colloids at the temporal resolution needed to measure the transient
portion of the flow-through curve. Therefore, we incorporated a T-junction droplet generator
downstream of the porous medium where the effluent colloidal solution was emulsified into
individual droplets in a continuous stream of mineral oil. This feature allowed us to generate a
colloid flow-through curve at single particle resolution. Supplemental Video 2 shows the colloid-
encapsulated droplets moving in the expansion channel for the experimental conditions described
in Table 2.1. Figure 2.5A shows the overlay of bright-field and fluorescent images in the
expansion channel (g in Figure 2.1). The volume of each droplet and the number of particles per
drop was used to generate a flow-through curve of an injection of more than 2000 particles
(Figure 2.5B). The colloid concentration was normalized by its inlet concentration. The
concentration reached steady-state after about ten pore volumes (~100 nL).

Measurements of microscopic colloid transport at the pore scale are inaccessible by imaging
techniques in column experiments. This limitation partially motivates the need for our
microfluidic soil analog where the real-time transport of colloids can be captured by optical
microscopy (Supplementary Video 3). We measured the trajectories of particles sized 0.5, 1, and
3 um using exposure times that produce pathlines (Figure 2.6). The diffusion coefficients for 0.5,
1, and 3 um particles were estimated with the Stokes-Einstein equation as 8.6 x107?, 4.3x10°"?,
and 1.4x10°13 m?%s, respectively. With a fluid linear velocity of 94 um/s, these colloids have
Peclet numbers of 1600, 3200, and 9600. Zeta potentials for them in deionized (DI) water and
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0.5 um particles in 0.1M NaCl solution were measured as -74.2 + 3.9, -60.4 £2.5, -44.6 £ 2.3,
and -58.9 £ 5.0 mV. Figure 2.6 shows four types of trajectories observed: particles that (a) flow
between the beads and the bottom of the channel and appear as sharp and continuous lines; (b)
flow above the beads and appear blurred due to scattering of emitted light; (c) flow from above
the beads to below, or vice versa; and (d) are immobilized and appear as bright aggregated spots.
Table 2.2 shows the mean trajectory length for 0.5, 1, and 3 um spheres in DI water and 0.5 pm
spheres in 0.1 M NaCl, the corresponding mean velocities are 88, 117, 117, and 86.2 um/s,
respectively. The superficial velocity of the fluid is 94 um/s. Larger particles move faster than
the average fluid velocity because of the size exclusion effect; they cannot approach solid
boundaries as closely as smaller particles and consequently are biased towards higher velocity
regions of the flow profile.?®

B1.2

0 5 10 15 20
Pore volume
Figure 2.5 (A) Overlay of bright field and fluorescent images where the colloid suspension (light
grey) exiting the soil analog is emulsified into droplets in a continuous stream of mineral oil
(dark grey). The bright dots are 1 um fluorescent particles encapsulated in the droplets. (B)

Measured flow-through curve of 5.4 x 10~ wt% 1 pum colloidal suspension passing through a soil
analog with a pore volume of 10 nL.
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Figure 2.6 The trajectories of individual particles in the soil analog. (A) Trajectory of particles
that (a) flow below the equator of the beads; (b) flow above the equator of the beads; (c) flow
from top to bottom or from bottom to top of the beads; and (d) are immobilized. (B) Zoom-in
images of four types of trajectories, where the contrast was adjusted to reveal the trajectories
more clearly.

Based on the trajectories, we also determined the effects of particle size and salt concentration on
the tortuosity of colloid transport. Figure 2.7 shows the tortuosity distribution of differently sized
particles suspended in DI water and 0.5 um particles suspended in 0.1 M NaCl. Their mean
values and the associated standard deviation are summarized in Table. 2.2. For comparison, the
predicted tortuosity distribution of point particles in LBM simulations is also shown. The
distributions are non-Gaussian, but the mode for all particles falls within 1.1-1.15 tortuosity.
However, the variance in tortuosity is lower for 3 um particles, indicative of the size exclusion
effect where larger particles sample a smaller volume of the pore space than smaller ones.
Furthermore, the tortuosity distribution for 0.5 um particles in a 0.1 M NaCl solution most
closely matched the point particles in LBM simulation. These results reflect the influence of size
exclusion and electric double layer suppression in high ionic strength solution.
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Table 2.2 Statistical information of both pathline length and tortuosity measured in four different
colloidal flow conditions

0.5umin DI 1pmin DI 3 pmin DI 0.5 pm in 0.1M

conditions water water water NaCl water
pathline mean 44.0 58.5 58.5 43.1
length variance 22.7 26.9 23.5 229
(um) mode 30-35 60-65 45-50 40-45
tortuosity  mean 1.171 1.172 1.161 1.175
variance 0.078 0.079 0.061 0.091
mode 1.1-1.15 1.1-1.15 1.1-1.15 1.1-1.15
05 T I T T T | |
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Figure 2.7 The distribution of tortuosity for particles of different sizes in water.

Retention of colloidal particles in heterogeneous soil analogs

Real soils are often layered with physical and chemical heterogeneities, although generally soil is
negatively charged. However, under low pH condition, they can turn into positively charged.*
As a proof of concept, we fabricated bi-layered soil analog that was packed by carboxyl- and
amine-functionalized beads, respectively. Figure 2.2B shows that the carboxylated beads are
located at the downstream and Figure 2.9 displays the opposite configuration where the
carboxylated beads are placed at the upstream. The measured zeta potentials of carboxylated and
aminated beads are -40.0 £4.9 and 21.2 + 4.8 mV, respectively, and thus they will have different
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electrostatic interactions with the negatively charged particles (e.g., lum and -23mV). Figure 2.8
shows the average fluorescent intensities of retained particles within the carboxylated and
aminated layers. As expected, the positively charged (aminated) beads retained more particles
than the negatively charged (carboxylated) beads in both configurations.
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Figure 2.8 Colloids retention in two different types of layered soil analogs. The fluorescent
intensities of particles retained in the soil analog where the carboxylated beads are packed (A)
upstream and (B) downstream. The insets on the top left corner illustrate the analog
configuration .The circles represent the particles accumulated in the aminated bead packing and
the squares are for the carboxylated bead packing. The dash line indicates the moment when we
stopped injecting colloid solution and start to flush with DI water containing no particles.

During the DI water flush some particles detached from the beads, which cause the intensities in
both types of bead packing to decrease first. This indicates that some of the colloidal attachment
in the porous media can be metastable. In Figure 2.8 A, where the carboxylated beads were
located upstream, the intensity within the aminated bead packing increased while it decreased in
the carboxylated bead packing. This observation is due to the re-adsorption of particles in the
aminated bead packing that were removed from the carboxylated bead packing. In the opposite
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configuration (Figure 2.8B), re-adsorption of particles in the downstream carboxylated bead
packing was minimal since the colloid-bead electrostatic interactions are repulsive. As a result,
the fluorescent intensity remains constant at later stage of DI flushing (Figure 2.8B). The
detachment-reattachment of particles observed in certain types of layered soil analogs can have
important implications to colloidal transport in the subsurface environments. First, it would delay
the transport of colloids even in the event of multiple flushing due to the differently charged soil
surfaces. Second, instead of dilution, the flushing could cause the contaminants to concentrate at
locations where colloidal adsorption is energetically favorable. Supplemental video 4 shows the
detachment-reattachment process at certain beads section.

Figure 2.9 The porous soil analog formed by 10 um aliphatic aminated beads at downstream and
10 um carboxylated beads at upstream. It shows the opposite configuration as in Figure 2 (B).
The arrow indicates the flow direction of colloids. Scale bar: 200 pm.

24 CONCLUSION

We developed a microfluidic bead-based platform that can make soil analogs consisting of
model grains with homogeneous or heterogeneous surface properties. We measured the transport
of both individual and populations of colloidal particles in these soil analogs. Using the pathlines
of individual particles flowing through the pseudo-two-dimensional bead pack, we were able to
extract the tortuosity of differently sized particles and measure the effects of size exclusion and
double layer suppression. The T-junction droplet generator allowed us to measure the transport
of thousands of particles in a single experiment and generate flow-through curves. By
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demonstrating the capability to make heterogeneous soil analogs in this paper, we expect our
approach can be used in future to study colloidal transport in porous media with different types
of surface heterogeneities (e.g., charge, wettability, and chemical functionality) at the pore scale.
Important insights into the colloid-soil interactions and colloidal transport and retention could
also be obtained by direct comparison of the results obtained from the microscale soil analogs
and larger scale column experiments in future.

This work has been published in Langmuir in 2016. “Bead-Based Microfluidic Sediment
Analogues: Fabrication and Colloid Transport”, Y Guo, J Huang, F Xiao, X Yin, J Chun, W Um,
KB Neeves, N Wu, Langmuir 32 (36), 9342-9350. https://doi.org/10.1021/acs.langmuir.6b02184

The following list of supplementary movies are also published and will be available from the PI
upon request:

SI Video 1: Bead-filling to form the porous soil analog. 15um polystyrene beads were carried by
fluid flow from the inlet of the device and they became trapped at the height barrier and then
formed the soil analog by packing along the upstream direction.

SI Video 2: Droplets containing colloids moving through an expansion channel. The dark
background in the channel was filled with mineral oil and dye Oil red O. Light green regimes
were the aqueous droplets generated at the T-junction. They encapsulated 1 um fluorescent
colloids (brighter green dots) that have been flown through the porous medium.

SI Video 3: Individual colloid trajectories. 1.8 x 10* wt% of 1 um fluorescent PS colloids
solution was used in the experiment. The exposure time was 500 ms to capture the trajectories of

individual colloids.

SI Video 4: Colloids re-mobilization and re-adsorption on the positively charged beads section
placed downstream during flushing.
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3. Task 2: The fabrication, characterization, and colloid transport of
microfluidic sediment analogs with chemical heterogeneities

3.1 INTRODUCTION

Engineered and natural colloidal particles typically have a size range of a few nanometers to
several microns.! In the subsurface environment, there are usually three types of particles:
inorganic, organic, and biocolloids. Due to their relatively small sizes, when they are released
into the environment, they can easily find their paths through the porous subsurface and enter the
ground water flow. These particles endanger aquifers in two aspects. On one hand, they can pose
a threat to the health of living creatures including human beings. For example, Ahmed et al?
found graphene oxide particles cause a significant reduction in microbial metabolic activities. In
1993, there was an outbreak of cryptosporidium infection transmitted through the public water
supply in Milwaukee that affected around 400,000 people locally.? On the other hand, the
particles also act as carriers for otherwise insoluble contaminants such as radionuclides, heavy
metals, or organic substances, which adsorb on colloidal particles and travel over a much longer
distance than themselves alone.* Therefore, it is important to understand the transport
mechanisms of colloidal particles in porous media.

Traditionally, laboratory-scale experiments on colloidal transport are performed through columns
of tens of centimeters in length and several centimeters in diameter. Inside the column, model or
real soil grains are packed as porous medium and colloidal suspension are injected from one end
of the column. The breakthrough curves are then measured at the other end. In this method, the
physical heterogeneity of the porous medium such as grain size distribution can be controlled by
mixing two or more types of sand beads of different sizes. In contrast, the studies on porous
media with chemical heterogeneities are scarce. Only a few works have been reported and the
conclusions are somewhat contradictory. For example, Chen et al’ modified sand grains with
aminosilane molecules so that they bear positive surface charges. They then packed the column
with two types of sand grains with opposite surface charges to form a heterogeneous porous
medium. They found that the overall collector and collision efficiencies primarily follow a linear
relation with respect to the percentage of grains that are favorable for particle deposition.
However, Abudalo et al® found a different relationship for different microorganisms. In their
study the collision efficiency of Cryptosporidium parvum oocysts is two times proportional to
the ratio of favorable deposition sand grains.

Apart from the inconsistence mentioned above, another discrepancy reported from the literature
is the colloidal deposition coefficient k. According to the classic filtration theory, k is a constant
and can be obtained by fitting either the breakthrough curve or the retention profile of particles in
the porous medium. However, the results obtained from these two methods usually do not
match.”® To solve this issue, Tufenkji et al,®® proposed that k can be a function rather than a
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constant. Although a number of distribution functions have been proposed, it is unclear whether
there exists a universal one that can apply to a wide range of data in general.

Previous work has primarily focused on physical heterogeneities due to the lack of experimental
models with tunable chemical heterogeneities at the pore-scale. Here, we developed a
microfluidic fabrication method that are capable to make chemically heterogeneous porous
media by assembling colloidal particles with opposite surface charges. Meanwhile, this method
allows us to accurately determine the breakthrough curve and retention profiles of particles. With
our experimental setup we are able to observe the dynamics of colloid deposition at pore-scale
and in real time. With the assistance of this new device we aim to obtain measurable deposition
coefficient that can be directly used in both pore-scale and continuum-scale simulations.

3.2 MATERIALS AND METHODS

Materials

Polydimethylsioxane (PDMS) was purchased from Dow Corning (Sylgard 184, Midland, MI).
1H-1H-2H-2H-perfluorooctyltrichlorosilane was bought from Gelest (Morrisville PA).
Photoresist (KMPR1010 and KMPR1050) came from MicroChem (Newton, MA). Photoresist
developer (AZ300 MIF) was from AZ Electronic Materials (Somerville, NJ). 0.5 um (diameter)
carboxylated red (580/605 nm) polystyrene (PS) colloidal particles was purchased from Life
Technologies (Carlsbad, CA), 10 um (dimeter) blue (360/407 nm) fluorescent PS microspheres
was purchased from Polysciences, Inc. (Warrington, PA) and 10 pm amino-polystyrene particles
were purchased from Spherotech, Inc. (Lake Forest, IL). Three-inch silicon wafers were from
Silicon Inc. (Boise, ID). Gauge 30 Tygon tubing was from Saint-Gobain North America (ID =
0.01", OD = 0.03", Valley Forge, PA). Biopsy punch (0.75 mm) was from World Precision
Instrument (Sarasota, FL). Microfluidic valve (MV202) was purchased from LabSmith, Inc.
(Livermore, CA).

Device fabrication

The microfluidic devices were fabricated with PDMS using standard soft lithography
techniques'® while the master wafer was made by a two-step photolithography procedure. The
detailed procedures have been described in our previous work,!!' except that we used 8,000 rpm
for 40 seconds to obtain a 8 um thick photoresist layer during the spin coating of the first layer.

Identification of the location of different types of beads

We used a similar particle tracking method as Guo et al'! to identify the location of individual
beads in the fabricated porous media. We used a confocal microscope (Olympus Fluoview 110)
with a 60x objective for imaging. Therefore the threshold in the MATLAB script is different: the
first filtration cutoff for the circumference is between 10 and 51 pum, and the second filtration cut
off for area is between 4.3 and 25.7 umz, while the rest of the thresholds remain the same as in
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our previous paper.'! In addition to the x-y position of the mass center of each bead, we also need
to distinguish both positively and negatively charged beads. Since the negatively charged beads
are labeled with blue fluorophore while the positively charged beads are not, only negatively
charged beads will be revealed under fluorescent microscopy. When we overlay the fluorescent
image with the bright field image, those negatively charged beads are all saturated with white
pixel so that we can identify the sign of surface charges on each bead. The z-position of the mass
center of each bead can also be obtained by accurately scanning the porous media from the
bottom to top using the confocal microscopy.

Breakthrough curve and retention profile

Breakthrough curves were obtained by recording the colloidal nanoparticles in the channel right
before they entered and immediately after they exited the porous medium. We used an automated
stage so that optical images were taken at those two locations alternatively with a two-second
time interval. After the flow experiments, images were analyzed with a customized MATLAB
script. The script used bwareaopen command to filter out noises and bwboundaries command to
trace the exterior boundaries of each particle trajectory. The summation of bwboundaries returns
the total number of particles in the image view. Since the volume of the channel captured in the
image is know from design, we are able to obtain the colloidal concentration at both locations for
a function of time. The retention profile of colloidal nanoparticles was obtained along with the
bead location imaging via the confocal microscopy. The particles are labeled with TRITC
fluorophore so they can be easily distinguished from the background porous medium. The laser
intensity is set to be 40% and its sensitivity is 3%. The scanning interval along the z-direction is
set to be 2 um to minimize the signal noises coming from other focal planes. For aggregated
particles that are deposited in the porous medium, we use the bwboundaries command in our
MATLAB script to trace the perimeter of each particles. A threshold of 40 pixels was adopted to
separate individual particles from aggregate. Below that threshold, all particles were treated as
counted as single deposition, above which the number of particles in the clusters was determined
by rounding up the ratio of cluster’s area to the threshold value. The position of each deposited
particle was also recorded for the analysis of retention profiles.

Pore-scale experiments

In the pore-scale experiments, a 60X oil-immersion objective on Olympus IX81 was used to
record the dynamics of colloidal deposition at a fixed bead location for one hour with a time of
interval of one second. After recording the dynamics, the porous medium was placed under a
confocal microscope with 120X magnification for an accurate three-dimensional (3D) mapping
of the deposited colloids.

Calculation of the effective range of the double-layer interactions between colloidal
nanoparticles and beads
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The double-layer interaction between colloidal nanoparticles and bead collectors is determined
from Sader et al,*!

kT ? 2 —xh 2 —xh
UZZ(?) %[(yﬁyz) 1n(1+e )+(y1—y2) ln(l—e )} 3.1

where a; (5 pm) and a2 (250 nm) are radii of an amine-functionalized bead and the carboxylated
nanoparticles, R is the distance between the centers of two spheres, y; and y: are the reduced
surface potentials and we approximate them with measured zeta potentials here. 4 is the surface
to surface distance between two spheres and x™! is the Debye length.!> Although we used DI

water in our experiments, dissolved carbon dioxide (COz) from air will generate H* and HCO;

ions in solution. The concentration of H" can be inferred by measuring pH of the DI water,
which is between 5.5 to 6.0, in agreement with data provided by Ropp.'® Correspondingly, the

concentration of HCOj is 2.23x10°® M, which yields a Debye length of 205 nm. This value,

17-19 since ion

however, is on the higher end of the Debye length reported from varies sources,
leakage from both glassware and particle surfaces will further reduce the Debye length. Here, we
adopted the value from Kampf et al,>® which gives a Debye length of 68 nm. From Eq. (1), we
are able to calculate the interaction energy normalized by thermal energy k7 as a function of
surface-to-surface separation (4) normalized by the Debye length, as shown in the
Supplementary Figure 3.1. We assume that when U~10 kT, the nanoparticles will be 100%
deposited on the collector, which corresponds to a surface-to-surface separation of 272 nm. After
taking the nanoparticle radius (250 nm) into account, the distance for nanoparticles to adsorb on

beads in pore-scale simulations is set to be 520 nm.

3.3 RESULTS AND DISCUSSION

Fabrication and characterization of chemically heterogeneous porous media

To fabricated heterogeneous porous media, we need to inject suspension of both positively and
negatively charged beads into the microfluidic device. The oppositely charged beads, however,
will quickly aggregate with each other in solution. If we introduce them into separate streams,
the amine-functionalized beads will also deposit on the microfluidic channel wall before even
reaching the packing chamber since the wall is typically negatively charged. To solve this issue,
we mix the carboxyl- and amine-functionalized beads in 0.01 M NaOH solution. Although the
amine-beads exhibit a positive zeta potential (¢ =59+1 mV) at pH 7, they bear negative charges

(£ =-9242 mV) in pH 12. This change of surface charges allows us to inject the mixture into the

microfluidic chamber without problems of deposition or aggregation. After the porous medium is
fabricated, we flow DI water thoroughly (20 nL/s for 30 minutes) to restore the positive surface
charges on the amine-functionalized beads, where an ex-situ experiment shows that the zeta
potential recovers to 68+4 mV.
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Figure 3.1 shows the schematics of our experimental setup for both fabrication of the chemically
heterogeneous porous media and measurement of colloid transport and retention therein. Device
A2 is a general configuration for us to fabricated four different kinds of chemically

g h’
A(1) A(2) B(1)

Figure 3.1 Configuration of the microfluidic devices designed to pack a binary mixture of beads
into porous media that exhibit chemical heterogeneities and to perform in situ colloid
transport/retention experiments. (A1) The ports d and f are the inlets for injecting the beads
mixture (10 pum) and colloid suspension (0.5 pum). The port e is the inlet for injecting washing
solution after the porous medium is fabricated. Outlet a connects to a syringe pump that
withdraws the bead solution from d and the 10 um beads pack into the porous medium at section
¢ because of the height barrier.!! After the porous medium is fabricated, we stop withdrawing
and block the inlet d. Suspension of 0.5 pum colloidal particles is then injected at f and collected
at b. g is a side channel that connects to an off-chip microfluidic valve that assists to induce a
square-wave input of colloids. (A2) Schematics showing the setup for assembling porous media
with various distribution of chemical heterogeneities. The inlets d’, e’, and f" are used for
introducing different types of beads, depending on the final porous medium configurations. (B1)
Schematics showing the colloid injection mode, where the microfluidic valve is set to block
outlet b (dashed line) and open outlet g (solid line). (B2) Schematics illustrating the colloid
transport mode, where the microfluidic valve is set to block outlet g and open outlet b.

heterogeneous porous media where the oppositely charged beads pack into alternating horizontal
layers, vertical layers, individual patches and random mixtures (Figure 3.2). For the horizontal
layer configuration, positively and negatively charged beads are withdrawn through the inlet f'
alternatingly and the length of each horizontal layer is controlled by both concentration of the
bead solutions and the withdrawing time. For vertical layers, positively and negatively charged
beads are withdrawn through inlets d' and e’ separately. Similarly, the concentration of each type
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of the beads determines the width of the vertical layers. To create individual patches, we
withdraw one type of beads from inlet d' and e’ continuously and the other type of the beads from
inlet f" intermittently, which form into patches in the porous medium. For random packing
configuration, the oppositely charged beads are pre-mixed with certain ratios and they are
withdraw from the inlet . The fraction of each type of beads in the fabricated porous medium
well matches with the pre-mixing ratio.

Although device A2 demonstrates the feasibility of this bead-based fabrication approach, we
designed device Al for the colloidal transport experiment due to better control of the injection of
nanoparticle suspension. It can be operated in three different modes: the bead filling, colloid
introducing, and colloid transport modes. In the bead filling mode, a dilute suspension
(2x10%/ml) of 10 um bead mixture was withdrawn through inlet d by a syringe pump through
outlet a. All other inlets and outlets were blocked. The beads are then trapped due to barrier c,
where the channel height reduces from 15 um to 8 um. After the fabrication of porous media,
nanoparticle suspension was introduced from inlet f and directed to outlet g to the open
atmosphere through an off-chip 4-way microfluidic valve. The reason that we flush the colloidal
solution is to reduce the effect of colloidal dispersion occurred in the tubing before entering the
channel. After flushing for 5 minutes at 5 nL/s, the colloidal concentration entering the channel
reaches a relative constant value, then the valve is switched to B2 to inject the colloidal solution
to the fabricated porous medium at 1 nL/s for 200 seconds. After this, DI water is injected from
inlet e at 1 nL/s to wash the bead packing for 80 seconds. During this period the colloidal
concentrations that enters and exits the porous medium are recorded by video microscopy. After
that, the microfluidic device is transferred on the stage of a confocal microscope for imaging the
locations of both beads and colloidal nanoparticles.
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Figure 3.2 Different configurations of chemical heterogeneity in the fabricated porous media

packed by a binary mixture of oppositely charged beads. (a) and (b) Alternating horizontal

layers, (c) Vertical layers, and (d) single patches, (e)-(h): random mixing with 48%, 24%, 9%,
and 4% positively charged beads, respectively. The red spheres represent beads functionalized

with amine (positively charged) and blue ones are for carboxyl-functionalized beads (negatively

charged). Scale bars: 100 pm.
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Figure 3.3 Radial distribution functions g(r) for different bead pairs in a porous medium

randomly packed by 48% positively and 52% negatively charged beads. The dots are from
experimental measurement and solid lines are predictions from numerical simulations.
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Figure 3.2 shows different configurations of the charge heterogeneity that we can make with
device A2 in Figure 3.1. Figures 3.2a-d demonstrate our ability to assemble oppositely charged
beads into alternating horizontal layers, vertical layers, and individual patches, where the blue
spheres represent carboxyl-functionalized beads and the red ones are beads with amines. Figures
3.2e-h show the porous media that are randomly packed by the binary mixture with different
fractions of the amine-functionalized beads. To quantify the degree of randomness in bead
packing, we measured the radial distribution functions g, (r) for different bead pairs.

Figure 3.3 displays g, (r) for different bead pairs measured from the porous medium shown in

Figure 3.2e, i.e., the one packed by 48% amine-functionalized beads and 52% carboxyl-
functionalized beads randomly. We also performed numerical simulations, in which the beads’
locations and number densities are the same as in experiments but the bead type is randomly
assigned between amine- and carboxyl-beads via a random number generator. Clearly, for each
type of bead pairs, the experiment data agree with the simulation results very well, which
suggests that the distribution of these two types of beads are indeed random. The R? values
shown in Table 3.1 for this case are all above 0.94, indicating that the difference between

experiments and simulations are marginal. The Supplementary Figure 3.1 show g, (r) measured

from Figure 3.2f-h. For the amine-carboxyl pair, the radial distribution function becomes more
and more sensitive to the location of the amine-beads as its fraction decreases. Therefore, for
lower fractions, R? obtained from the carboxyl-amine bead pair is a better reflection of the
degree of randomness. Here, even for 4% mixture, the R? value is still above 0.9, indicating the
uniform distribution of the amine-functionalized beads.

Table 3.1 R? values for each type of bead pairs in the comparison of radial distribution functions
between experiments and simulation

fraction of amine-functionalized beads | carboxyl-carboxyl amine-amine carboxyl-amine
48% 0.9668 0.9477 0.9925
24% 0.9846 0.8074 0.8969
17% 0.9946 0.7968 0.9767
9% 0.9983 0.6717 0.9327
4% 0.9998 0.4104 0.9590

Measurement of the breakthrough curves

To obtain a breakthrough curve that reflects the real dynamics of colloid transport through a
porous medium, we need to generate a sharp front during injection of colloidal suspension.
However, in a microfluidic device, the dispersion of colloidal flow can occur within the tubing
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way before it enters the channel, which will largely smear the concentration front. To solve this
problem, we used an off-chip 4-way microfluidic valve that was connected to a cross channel at
the upstream of the fabricated porous medium. After flushing with DI water for 30 minutes, the
colloidal suspension entering the device was first directed to outlet g through the circular side
channels as illustrated in Figure 3.1-B1 to completely eliminate the influence of dispersion. After
the concentration of the incoming colloids reaches a steady state, the 4-way valve is turned 90°
clockwise to connect outlet b to the cross channel and block the outlet g. The colloidal
suspension can then be directed to flow through the porous medium. Supplementary Figure 3.2
demonstrates the distinct difference of the colloid injection input at the entrance of the porous
medium with and without this specific valve design. Equipped with the valve, the particle
concentration exhibits a rapid rise and reaches steady state within 4 pore volume (PV), in
contrast, the one without valve shows a gradual increment in concentration which does not reach
steady state even after 30 PV. Therefore, we implemented this valve design in all experiments.

Figure 3.4 shows the breakthrough curves of 0.5 pm carboxylated PS nanoparticles flowing
through chemically heterogeneous porous media that are randomly packed by oppositely charged
beads with different number ratios. Since little particle deposition is observed on the chemically
homogeneous porous medium that is packed by negatively charged beads only, its breakthrough
curve reaches the plateau of C,, /C, =1 around 5 PV. In comparison, the presence of positively

charged beads, even with a small fraction of 4% and 9%, delays the onset of plateau to around 8
PV. With higher fractions, no clear plateau can be observed. Instead, the outlet concentration
increases gradually, followed by quick decline during the DI water flushing period. We attribute
this phenomenon to the Langmuir effect that sites available for nanoparticle deposition on the
amine-beads are limited. Since the electrostatic interaction between the carboxyl-functionalized
beads and nanoparticles are repulsive, particle deposition and retention primarily occurred on the
amine-beads. For these electrostatically attractive beads, the early incoming colloids can easily
occupy many of the available sites. However, there will be less chance for colloids to deposit
later. Therefore, as time increases more colloids will come out of the porous medium. Another
phenomenon we observed is that a very small fraction of the positively charged beads changes
the breakthrough curve dramatically. 4% amine-beads present in the porous medium reduces the
breakthrough curve plateau from 100% to 60%, and 9% amine-beads further reduces it to 30%.
When the fraction of amine-beads reaches 25%, nanoparticles barely pass through the porous
medium. This observation agrees qualitatively with results from column experiments published
previously.'® But the degree of plateau value reduction is, however, different for the same
fraction of positively charged beads, which could be attributed to the zeta potential difference
between our packed polystyrene beads and their iron oxyhydroxide coated quartz granules.
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Figure 3.4 Breakthrough curves for the transport of 0.5 pm caboxylated nanoparticles in
chemically heterogeneous porous media packed by a random mixture of amine- and carboxyl-
functionalized beads with different fractions.

Colloid retention profile

After the breakthrough experiments, the microfluidic device was disconnected from syringe
pumps and valves and transferred to a confocal microscope for mapping out the colloid retention
profiles. The entire porous medium was scanned using a 60X water emersion objective both
laterally and vertically. For each lateral scan, z-stacks with 1 um interval were performed to
obtain three-dimensional locations of all colloids deposited based on an image processing
program. We further identified the beads where those nanoparticles were deposited on, based on
the bead-nanoparticle separation.

Figure 3.5a shows the number of deposited nanoparticles as a function of distance along the
porous medium. It can be seen that most particles were adsorbed at the upstream. The colloid
concentration was greatly reduced beyond first few hundred microns. Figure 3.5a shows that the
higher the fraction of amine-beads, the steeper the slope is, as these beads are effective collectors
for retaining a significant fraction of mobile nanoparticles. The slopes of lines in Figure 3.5a
correspond to the ratio of the overall deposition coefficient k and the interstitial particle velocity
vp. Figure 3.5b plots k (normalized by ko, which is the deposition coefficient for a porous
medium packed by amine-beads only) for different cases. Clearly, k is proportional to the
fraction of the positively charged beads, i.e., k = fko. This linear relationship is expected for a
binary system where the extent of unfavorable deposition is negligible.
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Figure 3.5 (a) The retention profiles for 0.5 um carboxylated nanoparticles in chemically
heterogeneous porous media packed by a random mixture of amine- and carboxyl-functionalized
beads with different fractions. (b) The normalized overall deposition coefficient k/k, as a
function of the fraction of amine-beads present in the porous media.

Pore-scale experiments

One unique advantage of our approach is that we are able to capture the pore-scale dynamic
process of colloidal deposition in situ, which is shown in the supplementary video 1. Each black
ring shown in the video represents a bead captured in the bright field. The focal plane was
chosen near the bead equator (around 7 um above the bottom of the substrate) for accurate
detection of the bead centers. The bright dots are 0.5 um carboxylated PS nanoparticles. For
beads located at the bottom layer, the retained colloids are obscured by the equator and thus a
ring surrounding the bead appears because of light scattering. From the video, most nanoparticles
were adsorbed on the amine-functionalized beads because of the electrostatic attraction. But
among those amine-beads, different rates of deposition were observed possibly due to variability
in surface potentials among them. In addition, a few nanoparticles were also deposited on the
carboxyl-functionalized beads due to either straining or secondary minimum interaction.’
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Figure 3.6 The evolution of surface coverage on five isolated amine-functionalized beads.
Dashed lines are the least square fitting following the theory.

Figure 3.7 Nanoparticles deposited on one isolated amine-functionalized bead. (a)-(f) confocal
microscopy images scanned from the bottom of the bead to its equator with 1 pm step change.
(g) digital reconstruction of the deposited nanoparticles for a half hemisphere. The flow direction
of particles is from bottom to top.

Figure 3.6 shows the temporal change of the surface coverage on five different amine-beads. The
surface coverage increases fast initially and can be approximated by a linear relationship at the
first 200 seconds. Afterwards it slowed down and flattened out. This clearly demonstrates a
surface-blocking phenomenon and the early deposited particles hinder the deposition of latter
particles. We can fit the experimental data in Figure 3.6 and obtain the deposition coefficient
kpore, which matches the random sequential adsorption theory very well. It is also worth noting
that nanoparticle deposition first occurred on the front hemisphere of amine-beads. After the
adsorption sites were largely filled, the deposition progressively moved to the rear hemisphere.
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Figure 3.7 displays the deposited nanoparticles on an isolated amine-bead after one-hour
experiment. It is clear that more particles were deposited on the front hemisphere than the rear
one because of the shape of streamlines. Another observation worth mentioning is that at the
front hemisphere, local particle concentration is higher than the rear. This also demonstrates that
the previously deposited particles intercepted the latter ones primarily in the front hemisphere.
The area that is free of particle at the bottom left corner is because of the presence of another
bead in the packing, which physically blocked the space and prevented particles from adsorbing.

3.4 CONCLUSION

We developed a microfluidic bead-based fabrication method that are capable to make
heterogeneous porous media by assembling colloidal particles with opposite surface charges so
that the chemical heterogeneities can be precisely defined at the length scale of a single grain.
We demonstrated our ability to make four different configurations of chemical heterogeneities:
the alternating horizontal layers, vertical layers, single patches, and random mixing. We further
characterized the spatial distribution of pore-scale heterogeneities, measured the in situ transport
and retention of colloids in the fabricated porous media using bring-field, fluorescence, and
confocal microscopy at the resolution less than 1 um. We found that a very small fraction of the
positively charged beads present in the porous medium changes the breakthrough curve
dramatically. The overall deposition coefficient k measured from the colloid retention curves is
proportional to the fraction of the positively charged beads as the extent of unfavorable
deposition is negligible. For the first time, we measured the pore-scale dynamic process of
colloidal deposition in situ. The measured deposition coefficient at the pore-scale, i.e., kpore
matches the random sequential adsorption theory very well.
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Supplementary Figure 3.1 Radial distribution functions g(r) for different bead pairs in porous

media that are randomly packed by different fraction of positively and negatively charged beads.
The dots are experimental measurement and solid lines are from numerical simulations.
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4. Task 3: Column-scale experiments: The impact of chemical and
physical heterogeneities on colloid-facilitated cesium transport

4.1 INTRODUCTION

Mobility of contaminants in the subsurface is known to be facilitated by colloids transported with
groundwater'** while contaminants strongly adsorb on the surface of colloids. This is a concern
as it can lead to more and faster spreading of contamination than conventional model prediction
in environmentally sensitive waters. Contaminants of interest can form strong bonds with silicate
materials, including colloids, and be transported to environmentally sensitive systems. These
contaminants include radionuclides such as cesium ('*’Cs) which have been released to the
environment at several DOE sites.>® Much research has focused on colloid facilitated transport
of Cs with significant interest on the influence of interfacial phenomena including unsaturated
transport and transport through complex natural sediments.> "1

For example, at the Hanford site in Richland Washington, Cs has contaminated the subsurface
from leaking underground storage tanks spilling high ionic strength radioactive leachate. As the
leachate wets the initially dry vadose zone sediment it mobilizes colloids and can contain *’Cs.!?
Though with decreasing pore velocity and decreasing ionic strength as leachate reacts with
surrounding media and mixes with more dilute groundwater Cs can be stripped off of colloids
onto the stationary sediment.'> Chemical and physical heterogeneities found in natural sediment
can further retard Cs transport especially at locations with certain minerals such as mica, on
which Cs will form a strong chemical bond to edge sites.5

It has been shown that slight changes in chemical and physical fabric of natural sediment and
sand can have profound influence on transport of colloids.'* ' At interfaces within the sediment
pores the colloids will transport into a new pore network where they will more likely move
through or into smaller pores or dead end pores'> and can then be strained reducing transpor
The straining can be further exasperated by colloids “bridging” between grains in pores.'® Subtle
changes in surface characteristic of the sediment or colloid will also change the transport of
colloids. When chemical heterogeneities such as natural organic matter in sediment or on colloid
surfaces exist, the transport of colloids increase compared to mineral surfaces free of organic
matter due to the increased complexities on the surface.* !> However, if the organic material
makes the sediment’s surface hydrophobic the transport of hydrophilic colloids can be slowed or
stopped in the porous matrix.!”

Often studies simplify the colloid systems to better understand the effects of heterogeneities on
colloid transport and colloid facilitated transport by using columns packed with quartz sand'* 15,
however, sand matrix such as this have heterogeneities on their surfaces and the influence of
subtle differences of heterogeneities can be obscured. A more controlled transport environment
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involves colloid transport through micro-fluidic devices with an etched matrix'® !°, these

matrices are designed to be effectively two dimensional and do not have natural channel
narrowing where colloid bridging occurs. To produce a microfluidic environment which can be,
in some capacity, replicated in a column environment Guo, et al. 2° performed a colloid transport
experiment using a matrix of beads rather than having a fabricated porous matrix. Such an
experimental design allows for comparisons with column research when similar matrix
geometries are scaled to the larger condition.

The objectives of this research are: 1) to investigate the influence of physical heterogeneities on
the fate of Cs and colloids through a porous media subjected to low pore velocity, 2) to
investigate the influence of hydrophobic/hydrophilic chemical heterogeneity on transport of Cs
and colloids, 3) to compare our results to microfluidic experiments performed with similar
conditions. Using 1-um SiO; colloids and CslI spiked solution we investigated the influence of
colloid-facilitated Cs transport under relevant physicochemical porous media conditions in
columns packed with glass beads.

4.2 MATERIALS AND METHODS

Materials

The solution used for column experiments was deionized water spiked with CsI to 0.5 mM!! and
I-um colloids (SiO2 microspheres; Corpuscular Co. Cold Spring NY) were added to a
concentration of 50 mg L', an observed concentration from Hanford sediments®'. The colloids
were received from the manufacturer suspended in a brine solution with a pH >8.0. Before
adding the colloids to the experimental solution the colloid suspension was washed repeatedly
with deionized water until the remaining colloid suspension in water became pH 6.1, which was
the same pH as 0.5 mM Csl in deionized water. This was achieved by centrifugation of the
colloids in brine solution then removing the solution with pipette and replacing with deionized
water at least nine times, keeping the colloid concentration constant, until pH 6.1 was achieved.
The matrices used in the columns were glass beads 500-600 pm diameter (Corpuscular Co.). To
generate physical heterogeneity glass beads 300-400 um (Corpuscular Co.) were used along with
the 500-600 um beads. To generate the chemical heterogeneity, a portion of the 500-600 um
glass beads were coated with 1H-1H-2H-2H-perfluorooctyltrichlorosilane via vapor deposition.
Glass beads were characterized for particle density by pycnometer method??. Beads were also
characterized for surface area by multi-point Brunauer-Emmett-Teller (BET) method?® using N»
adsorption and a Micrometrics surface area analyzer, Model 2010 (Norcross, GA). Even though
the glass beads do not perfectly simulate the real field soils or sediments, most of sediment was
composed of silicate minerals, with similar chemical content to the glass beads (SiO2) we used.

Partitioning coefficient
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Cs partition coefficient (Kq) for the pristine and surface modified beads were determined from
batch experiments** 2, which were performed with a 25:1 solution to solid ratio for one week
with three Csl concentrations (0.01, 0.1, and 1.0 mM CsI). Supernatant was collected from the
reacted beads and Cs was measured using inductively coupled plasma mass spectrometer (ICP-
MS). The partitioning coefficient (Kq) was calculated using the relationship:

C
Kd:—s
CL

Where CL and are Cs the concentration measured in equilibrated liquid phase (ug/L) and the
concentration of Cs on solid (ug/kg) calculated by difference between original spike (Co),
respectively.

@.1)

Column experiments

Polyetheretherketone (PEEK) columns (Microsolve Technologies, Leland, NC) with 0.75 cm
inner diameter and 10 cm long were packed with glass beads (Corpuscular Co.) using four
packing conditions. They include: 1) homogeneous matrix packed with 500-600 um beads; 2)
sequentially layered physical heterogeneous matrix packed with 50% 500-600 um beads and
50% 300-400 um beads; 3) mixed physical heterogeneous matrix packed with 50% 500-600 pm
beads and 50% 300-400 um beads interspersed; 4) chemical heterogeneous matrix packed with
75% pristine 500-600 um beads and 25% surface-modified hydrophobic 500-600 um beads (1H-
1H-2H-2H-perfluorooctyltrichlorosilane) interspersed. For matrix 3 and 4 beads were
interspersed together before packing and a mixing ratio was based in mass. For the sequentially
layered matrix column (matrix 2 above) first the 500-600 um beads were first packed on the
column influent end followed by the 300-400 um beads until the inner volume of the column
was filled. Columns were wet packed with periodic tamping and sonication to ensure a tight
pack.

A solution was supplied to columns using a Khoehn precision syringe pump (IMI Norgren
Kloehn Las Vegas, NV), via 1.5 mm PTFE (polytetrafluoroethylene) tubing. Columns were
flushed with deionized water from bottom to top before the start of experiments to reduce the
possibility of trapped air. To minimize the influence of gravity on the colloid transport, the
columns were kept horizontal and solution saturated throughout the experiment?®. Initially all
columns were filled with deionized water. At the onset of experiments, as input solution spiked
with 0.5 mM CsI and 50 mg L! of 1-um colloids (1 um #* 0.0031) was introduced to the columns
under steady state conditions. The steady state flow rate was maintained at 14 mL day™ for all
columns, and effluent was collected using a fraction collector. Once sufficient pore volumes
were collected to ensure Cs breakthrough, the column was flushed with DI water until Cs and
colloids in the effluent were below detection limits. A breakthrough curve of iodide spiked with
Cs as CsI was used to provide for hydrodynamic information because iodide was not retarded by
glass beads.
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Since the flow rate was slow, care was taken to keep the colloids in suspension throughout the
experiment. Uniform concentration was maintained in the reservoir water with gently stirring
using a stir plate. To minimize settling of colloids in tubes and syringe, the influent and effluent
tubes were short and the syringe was maintained in near constant flushing motion for supplying
solution towards the column and circulating the remainder back to the reservoir.

Effluent samples were divided into two samples, one was filtered with 0.45 um syringe filter
then measured for Cs and I using inductively coupled plasma mass spectrometer (ICP-MS,
Thermo Scientific X Series 2). The other sample was acidified with 0.01% nitric acid optima, to
desorb Cs from the colloids as well as retain the aqueous Cs, then measured for total Cs using
ICP-MS. The concentration of 1-um colloids (SiO2 microspheres) were measured with UV-Vis
spectrophotometer (Thermo Scientific Evolution 220) at 456 nm. Concentration measurements
of 1-um colloids were calibrated by developing a curve of spectral intensity using five different
concentrations of the colloids which bracketed the expected concentrations.

Tomography

To characterize the glass bead packed columns, they were scanned using a high-resolution
microfocus XCT scanner (X-Tek/Metris XTH 320/225 kV, Tokyo Japan). Scans were performed
at 98 kV and 536 pA X-ray energy ranges with a 0.1 mm Cu source. The packed columns were
rotated continuously while scanning and had momentary stopping to minimize ring artifacts.

Model
An equilibrium convection-dispersion equation (CDE) model was developed for the aqueous
phase Cs transport and it was fit for colloid transport:

2

RE=DZS—vZ—pc 4.2)
where R = retardation factor; ¢ = concentration in the liquid phase (Cs pg L'!; colloid mg L!); t =
time (s); D = hydrodynamic dispersion coefficient (m? s); x = distance (m); v = velocity (m s™!);
u = first order deposition rate coefficient (s!). The hydrodynamic dispersion (D) was determined
for each column by fitting the equilibrium CDE to I data using CXTFIT?’. The same
hydrodynamic dispersion and linear velocity parameters were used for both aqueous Cs and the
colloid models. A colloid breakthrough curve was fit for the retardation factor and deposition

rate coefficient for colloids.

Retardation coefficients for aqueous Cs were calculated using partitioning coefficients
determined from batch reactions above by

R=1+22% (4.3)
where R = retardation coefficient; pg =bulk density (g cm™); K4 = portioning coefficient (ml g'!);
6 = volumetric water content.
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4.3 RESULTS AND DISSCUSION

Matrix

Before packing into columns, the glass beads were characterized for density, surface area, and Cs
partitioning coefficient. Particle densities of the glass beads ranged from 2.46 to 2.47 g cm™
(Table 4.1), which is similar to reported values of 2.45-2.5 g cm™ for glass?®. Specific surface
areas of the beads were compared to estimated surface areas based on geometry of the spheres.
The calculated specific surface area for the average 550 um bead was 0.004 m? g”!, which is
close to the measured value (0.0039 m? g'!) for surface modified glass beads (Table 4.1). The
pristine glass beads had a measured specific surface area (0.0094 m? g'!'; Table 4.1) 2.4 times
larger than the calculated. Similarly, the measured specific surface area for the average 350 um
beads of 0.0176 m? g'! (Table 4.1) was 2.5 times that of surface area calculated from geometry.
This suggests that there is additional surface from micro porosity and other complexities to the
glass spheres which may contribute to adsorption of Cs and colloids. The chemical coating
appears to reduce the influence of these effects. Partitioning coefficients for Cs for the 550 um,
350 um, and 550 um coated beads were 1.00 mL g, 1.53 mL g’!, and 4.06 mL g™! respectively
(Table 4.1). When normalized by bead surface area the large beads were slightly more adsorptive
than the smaller beads with the large beads adsorption (106 mL m™2) compared to the small beads
(87 mL m). The chemically coated glass beads, however, yielded an order of magnitude greater
adsorption capacity for Cs coated beads of 1041 mL m™ which is opposite of organic polymer
added to clay® and influence of organic carbon in natural clay containing soil* where the
adsorption is reduced. In these cases clay is the primary mineral surface to which Cs adsorbs
well.

Table 4.1 Partitioning coefficient (Kq) of cesium, surface area per gram material, and particle
density for glass beads and colloids.

Fraction Cs Kq Surface area ps
(mL g (m* g (g cm?)

500-600 um glass bead 1.00 0.0094 £ 0.0001* 247

300-400 pum glass bead 1.53 0.0176 £ 0.0001* 2.46

500-600 pm coated glass bead 4.06 0.0039 + 0.0000* 2.47

1 um colloid 1154 2.74%* -

*BET surface area followed by BET measurement error; **calculated for 1 um sphere

Colloids were silicate based similar to the glass beads composing the packed column matrix. A
calculated surface area for colloids was 2.74 m?/g (Table 4.1) and a normalization of the colloid
partitioning coefficient of 1154 mL g! (Table 3.1) by surface area gives rise to 421 mL m™. This
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surface area normalized partitioning coefficient is four times the normalized values for glass
beads, suggesting that the surface charge of the SiO» colloids would be selective over the SiO>
glass beads allowing for colloid facilitated transport.

The resultant porosity of the packed columns (Figure 4.1) was 0.32 for homogeneous and
sequentially layered heterogeneity columns and 0.35 for mixed heterogeneity and chemical
heterogeneity columns (Table 4.2). From the XCT images (Figure 4.1) some of the void spaces
appear black which could be trapped air, whereas most voids are medium to dark grey which is
most likely water. Based on a visual comparison of the XCT images there seems to be no
significant differences between columns relative to the occurrence or concentration of black
voids. Based on these images it is not possible to determine if the hydrophobic coating on beads
(Figure 4.1 g and h) has an influence on amount of trapped air.

Figure 4.1 XCT images of columns for homogeneous condition (a, b), sequentially layered
heterogeneity (c, d), mixed heterogeneity (e, f), and chemical heterogeneity (g, h). Top row (a, c,
e, g) are from mid-point of influent 1/3 of column and bottom row (b, d, f, h) are from mid-point
of effluent 1/3 of column. White/light grey are glass beads, black/dark grey are voids. Column
diameters are 7.5 mm.

Table 4.2 Chemical and physical properties of glass bead packed columns

Column Cs Kq pRF** n**
ave*
(g cm?)
(mL g
Homogeneous 1.00 1.41 0.32
Layered physical 1.26 1.40 0.32
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Mixed physical 1.26 1.54 0.35

Chemical 1.76 1.56 0.35

*weighted average partitioning coefficient for columns; **packed bulk density and porosity of
columns.

As mentioned in the methods the mass of each type of glass beads packed into each column was
carefully tallied allowing for Cs partitioning coefficient to be reasonably estimated for each
column. The calculations yielded Cs K4 of 1.00 mL g™ for the homogeneous column, 1.26 mL g!
for both physical heterogeneity columns, and 1.76 mL g™ for chemical heterogeneity column
(Table 4.2). These weighted average partitioning coefficients were used to develop models of Cs
transport though the columns.
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Figure 4.2 Homogeneous bead column breakthrough curves of aqueous Cs, total Cs, and 1 um
silicate colloids with convective dispersion equation (CDE) for aqueous Cs and colloids.
Homogeneous matrix of 500-600 um glass beads. Vertical dotted line marks the time where a
flushing DI water was introduced to the column.

Colloid transport

All four columns displayed significant retardation of colloid transport (Figure 4.2 - 4.5). Pore
velocity for the colloid and Cs-laden water in the columns (89.5 - 99.9 cm d*!; Table 3.3) was
kept at a rate sufficient to keep colloids in suspension and flowing through the matrix (Figure 4.2
—4.5). At slow pore velocities, there can be increased bridging of colloids®! resulting in
increased straining and reduced transport. Comparing the homogeneous column colloid
breakthrough with retardation coefficient of 25.0 (Table 4.3, Figure 4.2) to a similar microfluidic
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model test where retardation was 5.08%° the difference in transport is likely in part due to colloid

bridging and associated straining of colloids by the packed glass beads. This increased
retardation of colloid transport due to bridging in the columns'? is a reasonable explanation since
there is an order of magnitude difference in the pore velocity, and lower residence time, for the
microfluidic experiment of 800 cm d™! compared to 99 cm d! (Table 4.3) for the homogenous
column. The two systems are comparable since, although the beads are smaller (15 um diameter)
and as is the packed channel (21um x 840 um x 2000 um), the beads and the colloids (1 um +
0.0031) are from the same source and have similar surface properties.

Table 4.3 Model parameters for CDE of aqueous cesium and colloids through columns. v = pore
velocity, D = hydrodynamic dispersion, R = retardation coefficient, u = deposition coefficient for
colloids

Column v D R u Fit
(%)
(cmd?') (cm?d?) (dh
Homogeneous Cs 99.0 82.0 54 0 0.93

Colloid  99.0 82.0 25.0 0.2 0.76
Layered physical  Cs 99.9 62.9 6.6 0 0.76
Colloid  99.9 62.9 60.7 0.6 0.60
Mixed physical Cs 90.9 72.4 6.6 0 0.86
Colloid  90.9 72.4 62.4 0.8 0.59
Chemical Cs 89.5 22.4 6.8 0 0.94

Colloid  89.5 22.4 20.6 24 0.32
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Figure 4.3 Mixed physical heterogeneity bead column breakthrough curves of aqueous Cs, total
Cs, and 1 pm silicate colloids with convective dispersion equation (CDE) for aqueous Cs and
colloids. Heterogeneous matrix of 500-600 pm glass beads and 300-400 um glass beads (50% of
each size fraction by mass) dispersed. Vertical dotted line marks the time where a flushing DI
water was introduced to the column.
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Figure 4.4 Sequentially layered physical heterogeneity bead column breakthrough curves of
aqueous Cs, total Cs, and 1 pm silicate colloids with convective dispersion equation (CDE) for
aqueous Cs and colloids. Homogeneous matrix of 500-600 um glass beads followed by layer of
homogeneous matrix of 300-400 um glass beads (50% of each size fraction by mass). Vertical
dotted line marks the time where a flushing DI water was introduced to the column.
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Figure 4.5 Chemical heterogeneous bead column breakthrough curves of aqueous Cs, total Cs,
and 1 pm silicate colloids with convective dispersion equation (CDE) for aqueous Cs and
colloids. Heterogeneous matrix of 500-600 pm glass beads and chemically coated 500-600 um
glass beads (matrix 25% chemical coated beads by mass) dispersed. Vertical dotted line marks
the time where a flushing DI water was introduced to the column.

Physical straining and adsorption of colloids were similar for both the sequentially layered and
mixed physical heterogeneity columns (Figure 4.3, 4.4; Table 4.3). The retardation coefficient of
62.4 was similar for the mixed column compared to 60.7 for the sequentially layered column
(Table 4.3). Similarly, the deposition coefficient was higher, 0.8 d!, for mixed column than for
layered heterogeneity, 0.6 d! (Table 4.3). This first order deposition coefficient is similar to a
decay function and represents the fraction of colloids effectively deposited on the packed glass
beads matrix. The mixed heterogeneity column would have more contact points between the
small beads packed amongst the large beads creating more, small pore interfaces, which would
contribute to the slight increase in adsorptive straining of the colloids. Such small pore interfaces
were less present in the homogeneous column where the glass beads were more uniform in
diameter resulting in colloid retardation of 40% less than the retardation in columns with
physical heterogeneity (Table 4.3).

Colloid transport through the hydrophobic chemical heterogeneity column resulted in only 25%
colloid in the effluent compared to the near 100% colloid recovery in the effluents for the other
columns (Figure 4.5, Table 4.3). Retardation of 20.6 in the chemical heterogeneity column was
similar to the colloid’s retardation of 25.0 for the homogeneous bead column but the deposition
coefficient was 2.4 d”' compared to 0.2 d”! (Table 4.3). The combination of straining, bridging,
and van der Waals forces due to instantaneous dipoles*? are contributing to the more permanent
removal of the colloids in the chemical heterogeneity column.
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Cesium transport

Aqueous Cs transport through the columns was modeled using Cs portioning coefficient data
(Table 4.2), velocity from column discharge (Table 4.2), and dispersion data based on I transport
(Figure 4.6) through columns (Table 4.2 — 4.3; Figure 4.2 — 4.5). The fit of the aqueous Cs
breakthrough data to the CDE model ranged from r’=0.86 for the mixed physical heterogeneity
to 12 =0.94 for chemical heterogeneity column (Table 4.3). These fits are reasonable for the
aqueous Cs data generated, where the noise in the data can be attributed to the small pore size of
the column and resultant samples which were subsampled. Total Cs was less than 5% greater
than aqueous Cs values, which is within the experimental quality limits. So it is not definitive
that Cs transport was being facilitated by colloids beyond the Cs already adsorbed in the CsI +
colloid suspension, which at its maximum is 7% of the total Cs based on maximum adsorbed Cs
from partitioning coefficients. It can be seen that after the colloid suspension is flushed out with
deionized water containing no colloids (Figure 4.2-4.5) that the colloids no longer are associated
with Cs in the effluent. The homogeneous column total surface area of the packed beads was
0.07 m? whereas the colloid total surface area was 0.008 m?, for total colloids introduced, so in
this case there was an order of magnitude more surface area for the packed glass bead matrix
compared to the colloid’s total surface area. With increased interaction with bead surfaces due to
adsorption, straining, and bridging of colloids, it is reasonable that Cs would be stripped from the
colloids. In experimental conditions where natural sediment known to strongly sorb Cs forms the
matrix, 30-40% colloid facilitated transport of Cs has been documented in the effluent of a
column with pore velocities of 1400-14000 cm d!.!! This is more pronounced with the delayed
breakthrough of colloids such as with the physical heterogeneity columns where effluent Cs was
below detection limits when the bulk of the colloids were flushed from the columns (Figure 4.3,
Figure 4.4). At this slow pore velocity and with the surface adsorption normalized to surface area
(Ka/SA) for colloids (421 mL m™) being of similar magnitude with large uncoated glass beads
(106 mL m™), Cs is striped from colloids and remains on the glass beads. The SA normalized
partitioning coefficient for the chemically coated beads (1026 mL m™) is an order of magnitude
greater than the uncoated beads and the colloids, so this striping would occur in addition to the
retention of the colloids in the glass bead matrix making colloid facilitated transport of metals
like Cs unlikely to occur.
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Figure 4.6 Initial I breakthrough for homogeneous matrix column, sequentially layered physical
heterogeneity matrix column, mixed physical heterogeneity matrix column, and chemical
heterogeneity matrix column. Full initial and receding I curves were used to develop
hydrodynamic dispersivity coefficients for each column found in Table 3.

44 CONCLUSION

When the colloids and porous matrix have similar surface properties at slow pore velocity
conditions, contaminants such as Cs will exhibit no facilitated transport by colloids. This is due
to the striping of Cs from the colloids onto the stationary matrix. The transport of colloids
through heterogeneously packed columns will also be retarded more than through homogenous
matrices. Sequentially layered physical heterogeneity will retard colloid transport through the
stationary porous media similar to mixed physical heterogeneities, and the Cs originally
adsorbed to the colloids will be stripped. When a hydrophobic chemical heterogeneity is present
in the stationary matrix, silica-based colloids will be significantly removed due to fast deposition
of colloids and not hydraulically transported through the matrix even with long flushing times
unless high flow rate is maintained.

This work has been published in Journal of Contaminant Hydrology in 2018. “Effect of chemical

and physical heterogeneities on colloid-facilitated cesium transport”, K Rod, W Um, J Chun, N
Wu, X Yin, G Wang, K Neeves. https://doi.org/10.1016/j.jconhyd.2018.03.012
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S. Task 4: Development of a lattice Boltzmann and random walk particle
tracking pore-scale simulator and its comparison with microfluidic analog
experiments

5.1 INTRODUCTION

The pore-scale direct numerical approach was extended to study microscopic transport of
colloids under the influence of physical and chemical heterogeneities. Guo et al.! used a bead-
based microfluidics platform of porous media analogue (PMA) to investigate colloid transport
through electrostatically heterogeneous pore surfaces. The porous medium was constructed by
injecting beads one-by-one into a microfluidic device with a stepping change in the height.
Beads are caught at the location where the height of the device is suddenly reduced. Gradually,
stopped beads fill the space and form a porous medium. Most beads have their vertical positions
either against the top wall (red) or against the bottom wall (green) of the device (Figure 5.1).
Colloidal particles with the diameter of approximately 0.5 microns were made of polystyrene
(PS) with fluorescent coating exhibiting net negatively charged surfaces. These engineered
colloids were injected from the left side of the PMA at a constant volumetric flow rate of 1 nL/s.
The number of colloids that have passed through the beads was counted using epifluorescence
microscopy to construct breakthrough curves. Various ratios of positively charged to negatively
charged beads were used to investigate the impact of surface charge heterogeneities. The portion
of positively charged beads ranged from 0% to 50%. The dimensions of the PMA are
summarized in Table 5.1 and the schematics of the bead-based micromodel experiment are given
in Figure 5.1.

Table 5.1 Dimensions of PMA domain

Parameter Dimension Unit
Domain size 600x15x1981 -

Grid resolution 1 micron / pixel um/pixel
Total number of grid 20,375,894 -
T-junction height 8 um
Diameter of beads (negative / positive) 9.9/10.2 um
Diameter of pillar 24 um
Flow rate 1.0 m/L
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Figure 5.1 Schematics of bead-based microfluidic sediment analogues experiment: positively
charged bead (red), negatively charged bead (green), and pillars (dotted).

5.2 METHODS

Reconstructing voxel based porous media analogues

A customized code generated voxel-based computational domains both for LB and RWPT
simulations. The location of each bead in a transparent PMA in the experiments was captured
through image processing. Different from the bead-packed column simulation in which CT-
scanned images were directly digitalized, the coordinates of the center of each bead were
obtained and used to reconstruct the digitalized PMAs. The diameter of the negatively charged
bead and positively charged bead was set to be 10 um. The location of pillars in PMAs was also
modeled to reconstruct more realistic computational domains.

In the previous work!, the vertical location of beads was not captured, and it was found that the
gap between a bead and the top or the bottom wall can play a significant role since it governed
the hydraulic resistance to flow. In this work, the beads on the top wall or the bottom wall were
identified in image processing in a way that the circumference of each bead was captured by
adjusting the focal point of optical microscopy to tell whether it is on the top or bottom. As such
the digitally reconstructed PMAs were more realistically comparable to the ones used in the
experiments. In addition, the grid resolution is 1 micron per grid which is higher than the
previous work (1.5 micron per grid).! Figure 5.2 shows the computational domain for
electrostatically homogeneous PMA with no positively charged beads. The pillars and the walls
of the chamber of PMA are not visualized.
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Figure 5.2 The electrostatically homogeneous PMA with 0% positively charged beads: grey
(negatively charged bead).

The electrostatically heterogeneous PMAs consist of negatively charged beads and a certain
percentage of positively charged beads. The percentage of positively charged beads ranged from
4%, 9%, 13%, 17%, 25% and 50% (electrostatically heterogeneous). The voxel-based
computational domains have zero for pores, one for negatively charged beads, walls and pillars,
and two for positively charged beads. Detailed information on each PMA is presented in Table
5.2. The computational PMA domains from different perspectives are visualized in Figure 5.3.
The beads in grey and red denote negatively charged beads and positively charged beads,
respectively.

Table 5.2 Number of charged beads, on the top and bottom wall, and porosity of PMAs

Parameter 0% 4% 9% 13% 17 % 25% 50%
Total # of bead 7,245 6,310 6,566 6,966 6,815 7,575 7,018
# of p-bead 0 240 557 957 1,168 1,788 3,364
# of n-bead 7,245 6,070 6,009 6,009 5,646 5,787 3,652
# of top-bead 3,736 2,923 3066 3,210 3,183 3,520 3,361
# of bottom-bead 3,509 3,387 3,502 3,756 3,631 4,058 3,650
Porosity! 545% 55 % 54 % 543% 551 % 559% 56.8%

Porosity is the average porosity in the region where beads are located.
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Figure 5.3 The electrostatically heterogeneous PMA with positively charged beads: (a) 4%, (b)
9%, (c) 13%, (d) 17%, (e) 25%, and (f) 50%. Grey (negatively charged bead) and red
(positively charged bead)
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LB simulation

The single phase parallelized LB code was used to obtain steady-state velocity fields over
digitalized PMAs. The three dimensional and the 19 velocity quadrature (D3Q19) with MRT
collision operator was used in LB flow simulations. We assume that flow fields are not affected
by surface charge heterogeneities. A constant body force was applied to drive the flow with
periodic boundary condition along the flow direction. As previously discussed, the inclusion of
vertical position of beads and higher resolution lead to more realistic velocity fields. The LB
velocity fields are visualized in Figure 5.4 (homogenous PMA) and Figure 5.5 (heterogeneous
PMAs). The visualization also includes a high velocity (above 300% of the average velocity) and
low velocity region (lower 50% of the average velocity) so as to delineate the potential
preferential and stagnant flow paths in each PMA.

Table 5.3 Parameters of LB simulations

Parameter 0% 4% 9%
Grid type Cartesian Cartesian Cartesian
Grid size 602 x 17 x 1981 602 x 17 x 1981 602 x 17 x 1981
Total number of grid 20,273,554 20,273,554 20,273,554
Total number of fluid node 11,048,552 114,022,55 11,402,255
Body force [0 0 107] [0 0 10%] [0 0 10%]
Collision operator MRT MRT MRT
Relaxation time 1.0 1.0 1.0
Boundary condition Periodic Periodic Periodic
Total time step 10,000 10,000 10,000
Number of cores used 128 128 128
13% 17 % 25% 50%
Cartesian Cartesian Cartesian Cartesian
602 x 17 x 1981 602 x 17 x 1981 602 x 17 x 1981 602 x 17 x 1981
20,273,554 20,273,554 20,273,554 20,273,554
11,192,910 11,048,552 11,402,255 11,402,255
MRT MRT MRT MRT
1.0 1.0 1.0 1.0
[0 0 10°] [0 0 10°] [0 0 10°] [0 0 10°]
Periodic Periodic Periodic Periodic
10,000 10,000 10,000 10,000
128 128 128 128
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(b) (c)
Figure 5.4 The LB velocity field of 0% electrostatically homogeneous PMA: (a) the velocity
over the entire PMA, (b) the 3D velocity fields above 300% of (orange) below 50% (blue) of
the average velocity with beads (grey), and (c) in 2D.
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Figure 5.5 The LB velocity fields of electrostatically heterogeneous PMA: plane view at 4 pm
above the bottom, and the velocity above 300% and below 50%of the average velocity.

RWPT simulation for electrostatically homogeneous PMA

The random walk particle tracking (RWPT) code was used to solve advective and diffusive
movement of colloids through the PMAs. In RWPT, the steady-state velocity fields obtained
from LB simulations were used to determine the advective displacement of colloids. The
diffusive displacement by random motion is added to locate the final position of colloidal
particles. The random motion in RWPT is modeled isotropic in every direction. No flux
boundary condition was implemented in RWPT using a specular reflection method by which a
tracer does a “mirror-like” reflection when it hits the solid surface during the course of advective
or diffusive movement. The colloids were modeled as non-aggregative volumeless point tracers
with no tracer-to-tracer interactions considered.

The electrostatically homogeneous experiment, free of charge interactions, was first taken to be
investigated. The self-diffusion coefficient of a nanoparticle used in the experiment was given as
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Dy = 8.58x107'% m?/s. The dimensionless self-diffusion coefficient of RWPT was chosen to
match the experimental Péclet number. To set the boundary conditions of RWPT, the injection
condition of the experiment was examined and it was found that the injection concentration of
the experiment was not perfectly held constant (Figure 5.6). The injection concentration rapidly
built up and leveled off at approximately 8 to 10 pore volume (PV). At 38 about 38 PV, the
injection stream at the inlet was stopped and the concentration starts decreasing from 38 to 48
PV, i.e., the elusion phase. To account for this experimental detail, RWPT was coded to track
the actual inlet concentration of the experiments.
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Figure 5.6 Actual inlet injection concentration (a) and the injection concentration normalized
by the average steady state concentration (b).

The logistics growth curves were used to obtain a mathematical expression corresponding to the
actual inlet concentration profile. The constants (ai, by, c1, and di) in the logistics growth curve
(Eq. 5.1) were obtained by fitting the actual inlet concentration profile (Figure 5.7). In RWPT, a
random probability is assigned to every tracer in the inlet region (0 to 100 in z direction) and
compared with the probability P in Eq. 5.1 at a given pore volume (zz). If the random probability
is greater than P, such tracers are nullified not to be counted in the construction of breakthrough
curves. Figure 5.7 shows the mathematical model (a) and the simulated injection profile (b)
relative to the normalized injection concentration of the experiment. The simulated injection
concentration was in good agreement with that of the experiments with a tolerable degree of
statistical noise.

C
P(ty) =———=——d, (5.1)

I+ae
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Figure 5.7 Actual inlet injection concentration

With the controlled inlet concentration profile, RWPT successfully generated the breakthrough
curve that is in good agreement with that of the electrostatically homogeneous experiment
(Figure 5.8). The simulated breakthrough curve with no inlet control is also presented for
comparison (Figure 5.8b). As previously discussed, this breakthrough level comparison confirms
that our pore-scale simulations have successfully simulated advection-dispersion by solving
microscopic advection-diffusion of colloid in porous media under the given Péclet number flow
regime. This breakthrough level comparison additionally confirms that the excess retardation in
the breakthrough curves stemmed dominantly from the relaxed inlet concentration of the

experiment.
14 , 14
® experiment @ experiment
.. @ simulati .. @ simulation
12+ L 2P S a0, simulation 12 - LIPS o ...r.
o %o ® CACOY X 3]
...' e® (0 @ & e ®
1 | g dilaatda,
@ «
e % ° ®
.08 Q08 @
o Q [ ®
S (] S 9o
o5l @ © 06+
° [ ]
[ 4
04 2 0s e ®
.
[ ]
0!8 02 oo
([ ] ° [
‘ %
00 5 1‘0 1‘5 25 25 30 35 4:0 45 50 0 5 10 15 20 25 30 35 40 45 50
Pore volume Pore volume
(a) (b)

Figure 5.8 Comparison of the BTCs between the experiment and simulation with controlled
inlet concentration (a) and with a constant inlet concentration (b) for comparison: experiment
(green) and simulation (blue).
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RWPT simulation for electrostatically heterogeneous PMA

The propagation of colloids through chemically heterogeneous microfluidic sediment analogues
was then investigated. The heterogeneous PMAs contained a certain percentage of positively
charged beads to investigate the effects of surface charge heterogeneities onto the retention
kinetics of colloids under attractive interaction by electrostatic force. The retention process of
colloids is typically irreversible while that of solutes is reversible.? Colloids retained due to
surface charge heterogeneities remain on the surfaces with no chances of release. Thus, colloid
retention is a kinetic process rather than an equilibrium process.? It was also observed in our
microfluidics experiments that retention occurred in an irreversible manner such that colloids
once retained on the surface of positively charged beads were not remobilized to the solution
since the attractive forces are much greater than fluid drag forces.?

Irreversible retention processes due to surface charge heterogeneities were modeled in RWPT by
the inclusion of the concept of “interaction length”. The interaction length defines a region of
effective attractive interaction around a positively charged bead and it was assumed that colloids
that entered this region were retained permanently. If a “free” tracer falls within the prescribed
interaction range of a positively charged bead, it turns to a “retained” tracer with its location of
retention recorded. The tracer captured within the interaction length keeps moving to the outlet
to satisfy the periodic boundary condition but they are not counted for the construction of
breakthrough curves. A “null” tracer turns to a “free” tracer when it exits the current domain and
this procedure repeats until the end of simulation (Figure 5.9). We assumed that the repulsive
interaction between negatively charged beads and colloids was negligible based on the
observations in the experiments. Therefore, it is simulating the kinetic removal of colloids under
favorable conditions.

free tracer null tracer

Q.. retamed 0.

- interaction length

OO

Figure 5.9 Illustration of a tracer falling into the “interception length” (grey) of a positively
charged bead (p-bead), turning from a “free tracer (white)” to a “null tracer (grey)” after being
retained (yellow).
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Exact mechanism of this retention kinetics is also an area of active research since various scales
of interactions are inter-winded. In mechanistic approaches, forces due to fluid drag, diffusion,
gravity, and DLVO forces (van der Waals and electric double layer) are considered.*> As
observed in the microfluidics experiments, the electrostatic attraction between net-negatively
charged colloids and positively charged beads was the most dominant mechanism of the
retention process. Then the electrostatic “interaction range” can be theoretically calculated by
evaluating the free energy between a colloidal particle and the surface of a bead. It was assumed
that a colloidal particle is retained on the surface of a bead if the free energy is ten times greater
than the thermal energy. The electrostatic interaction range of 500 nm was used in RWPT.

The dynamics pertaining to colloid retention inevitably involves variable kinetics as a colloidal
particle approaches the surfaces of porous media.® At the early stage when most of the surface of
solid matrix is not occupied, the rate of retention is almost constant exhibiting its maximum
retention capacity. As more colloids cover the surface of the solid phase, the retention rate
decreases or increase as the layer of colloids accumulated on the surface slows down or speed up
the rate of deposition depending on the interaction between retained colloids and free colloids
approaching the surface. This is so called the “surface coverage effect” or “blocking effect”.’
The surface coverage effect is usually modeled by either a linear or non-linear dynamics
blocking function. A linear Langmurian dynamic blocking function assumes a linear dependence
on surface coverage while a non-linear dynamic blocking function uses a power law relation. In
either linear or non-linear model, the rate of deposition is a function of solid phase surfaces that
are not blocked by colloids.

The surface coverage effect was also observed in our experiments. In order to account for this,
the capacity of retention of a single positively charged bead was estimated by performing a
separate experiment. The number of colloids collected by a positively charged bead under the
same flow regime as the experiments for much extended time was counted at 82 (Npeaq) ON
average. The ratio of the number of tracers in RWPT to the number of colloidal particle is
approximately 150 (the colloid to tracer ratio), which means 150 tracers in RWPT are
statistically equivalent to one colloidal particle in the experiment. Therefore, the capacity of a
single node on the surface of a positively charged bead can be estimated by scaling the average
number of colloids observed in the experiment by the surface area of a bead. Then, the capacity
of electrostatic retention of a single node on the surface of a positively charged bead (n,04c) 1s
estimated (Eq. 5.2). In RWPT, a probability of retention of a single node on the surface of a
positively charged bead decreases linearly from the prescribed maximum number to zero
depending on the number of tracers retained.

colloid-to-tracer ratio

n . =N, X = 40 52
node bead ™" Surface area of bead (5.2)

The linear Langmuir adsorption model follows
B(6)=1-p6 (5.3)
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where B(6) is the surface blocking parameter, 0 is the surface coverage, and f = 1/0max is the
excluded area parameter. Using the average number of colloids collected in the experiment (Npead
= 82), then the excluded area parameter is

za

6, =82x———=0.051 (5.4)
47R
Then, the linear Langmuir adsorption model yields
B(6)=1-19.5x0 (5.5)

To implement this into RWPT, the Langmuir adsorption model is recast in terms of the number
of tracers retained on a single node on the surface of a positively charged bead (nnode = 40).
Then the probability (P) of retention of a single node on the surface of a positively charged beads
is expressed as a function of the number of tracers that the node has collected (n). Thus, the
probability of retention linearly decreases from 100% and becomes 0% when maximum 40

tracers are collected on the node.
P(n)=1-1/40xn

(5.6)

The non-linear random sequence adsorption (RSA) model follows,

B(6)=1-37.20+285.5¢" +1127.3¢"

5.7

In the same way, the node-based probability of retention is,

P(n) =—4.65x107n+4.460938x10™ n* +2.201758x10™*n’

(5.8)

The linear Langmuir adsorption and non-linear RAS models as well as corresponding node-

based probability models of RWPT are presented in Figure 5.10.
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Figure 5.10 The linear Langmuir adsorption and non-linear RAS model (a) and corresponding

probability models (b).
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5.3 RESULTS AND DISCUSSION

Breakthrough curves of electrostatically heterogeneous PMAs
With the controlled inlet concentration, the interaction length and the surface coverage effect,
RWPT simulations were performed for all the heterogeneous PMAs. The RWPT simulation
parameters are summarized in Table 5.4 and the simulated breakthrough curves relative to those

of the experiments are all presented in Figure 5.11.

Table 5.4 Parameters of RWPT simulations

Parameter

Grid type

Grid size

Total number of grid

Total number of fluid node
Total number of tracer

Average velocity
Maximum velocity
Diffusion coefficient
Time step size

Total time step

13%
Cartesian

602 x 17 x 1981
20,273,554
11,192,910
55717
4.834690E-06
7.266740E-05
4.245235E-08
6.338310E+03
140x12543
128

0%
Cartesian
602 x 17 x 1981
20,273,554
11,048,552
54,997
4.46456x10°
1.40242x10*
3.92023x10°®
3.36466x10°
140x24782

17 %
Cartesian
602 x 17 x 1981
20,273,554
11,048,552
56,346
4.93270x10°
6.00841x107
433130108
7.58285%10°
140x10375
128

4%
Cartesian
602 x 17 x 1981
20,273,554
114,022,55
57,749
5.19594x10°®
6.53804x107
4.56244x108
6.67901x10°
140 x11773

25%
Cartesian
602 x 17 x 1981
20,273,554
114,022,55
54,493
4.65152x10°
5.94276x107
4.08440x107
7.68342x10°
140 %9263
128

9%

Cartesian

602 x 17 x 1981
20,273,554
11,402,255
56,963
4.71715%10°
5.68874x107
4.142026x1078
8.005230x10°
140x11261

50%
Cartesian
602 x 17 x 1981
20,273,554
11,402,255
55,871
5.28837x10°
6.38512x10°
4.64360x1078
7.13255%10°
140x9082
128

Figure 5.11 shows that the numerical solutions of our pore-scale simulations are very good
agreement with the experiments. Taking the 4% PMA for example, the normalized effluent
concentration builds up until 7 pore volume (PV), and then the rate of increase slows down,
showing two distinctive slops from 7 PV. The initial build-up region is the typical characteristic
of advection-dispersion in porous media. The kinetic retention removes or filters colloids
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traveling near the positively charged. As such the effluent concentration stabilizes at about 40%
at 7 PV. Past 7 PV, the concentration increases at a slower rate because the surfaces of positively
charged beads are being covered by retained colloids. As the surfaces are being excluded further
by retained colloids, retention capacity decreases as modeled using the linear Langmurian
blocking and non-linear random sequence adsorption (RSA) model. Thus, the increase in
concentration at a slow rate past 7 PV is attributed to this surface coverage effect. At 38 PV, the
concentration drops as the injection steam is stopped.

Our pore-scale simulations combined with 1) the inlet concentration relaxation, 2) the interaction
range for kinetic retention, and 3) blocking functions for surface coverage effect, have
successfully predicted the early time build-up (0 to 7 PV), the increase at a slower rate due to
surface exclusion (7 PV to 38 PV), and the elusion phase (38 PV to 52 PV). These comparisons
on the level of breakthrough curves once again confirms that the dominant mechanisms that
controlled advection-dispersion and retention of colloids under the effect of surface charge
heterogeneity was the irreversible kinetic retention process due to electrostatic interactions
combined with surface coverage effects. Therefore, our modeling approaches to incorporating
the kinetic retention and surface exclusion are successfully validated. When it comes to the linear
and non-linear finite adsorptive models, there is only a subtle difference between the linear
Langmurian blocking function and the non-linear RSA model. This indicates that surface
exclusion behavior did not have a significant impact under the given flow and transport regime
in the experiments.

For the PMAs with higher percentage of positively charged bead (17, 25, and 50%), the effluent
concentration profiles predicted by our pore-scale simulations were slightly higher than those of
the experiments. There may be several reasons: 1) it was observed in the experiments that some
colloids were trapped near negatively charged beads. This is probably because of finite size of
colloid particles as some of pore spaces were not large enough due to geometric configuration so
that a few colloidal particles could have been trapped. Since a colloidal particle was modeled as
a volumeless point particle in our RWPT, the retention due to finite size cannot be capture. 2)
The accuracy of image processing tends to become less accurate at the edges of the PMA box. If
the pore spaces on both sides of the PMA box were overestimated, preferential flow paths were
made in LB velocity filed. Then more tracers than what actually moved through these flow paths
result in the overestimation of the effluent concentration.
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Figure 5.11 The breakthrough curves of electrostatically heterogeneous PMAs with 4% (a),
9% (b), 13% (c), 17% (d) 25% (e), and 50% (f) of positively charged bead: the interception
length = 500 nm and the nodal retention capacity n = 40.
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5.4 CONCLUSION

Our pore-scale numerical simulator was extended to colloid transport under the influence of
surface charge heterogeneities. We first reproduced the breakthrough curve of electrostatically
homogeneous PMA. The inlet concentration in our simulation was relaxed by matching the
experimental one, and we obtained a breakthrough curve that agreed well with the experimental
breakthrough curve. This case of electrostatically homogeneous PMA confirmed that our pore-
scale modeling approach using LB and RWPT is applicable to colloid transport in the high Péclet
number flow regime. We then incorporated colloid-surface interaction range and dynamic
blocking functions to simulate irreversible colloid deposition in electrostatically heterogeneous
PMAs and obtained breakthrough curves that are good agreement with those of PMAs.

71



REFERENCE

(1) Guo, Y., Huang, J., Xiao, F., Yin, X., Chun, J., Um, W, ... Wu, N. (2016). Bead-Based

2)

3)

“)

&)

(6)

(7

Microfluidic Sediment Analogues: Fabrication and Colloid Transport. Langmuir, 32(36),
9342-9350. https://doi.org/10.1021/acs.langmuir.6b02184

Johnson, P. R., Sun, N., & Elimelech, M. (1996). Colloid Transport in Geochemically
Heterogeneous Porous Media : Modeling and Measurements Colloid Transport in
Geochemically Heterogeneous Porous Media : Modeling and Measurements. Environmental
Science & Technology, 30(11), 3284-3293. https://doi.org/10.1021/es960053

Bergendahl, J., & Grasso, D. (1999). Prediction of colloid detachement in a model porous
media: Thermodynamics. American Institute of Chemical Engineers Journal, 45(3), 475—
484. https://doi.org/10.1016/S0009-2509(99)00422-4

Derjaguin, B., & Landau, L. (1993). Theory of the stability of strongly charged lyophobic
sols and of the adhesion of strongly charged particles in solutions of electrolytes. Progress
in Surface Science, 43(1-4), 30-59. https://doi.org/10.1016/0079-6816(93)90013-L.
Verwey, E. J. ., & Overbeek, J. T. G. (1948). Theory of the Stability of Lyophobic Colloids.
Amsterdam, Netherlands: Elsevier.

Molins, S., Trebotich, D., Steefel, C. 1., & Shen, C. (2012). An investigation of the effect of
pore scale flow on average geochemical reaction rates using direct numerical simulation.
Water Resources Research, 48(3), 1-11. https://doi.org/10.1029/2011WRO011404

Johnson, P. R., & Elimelech, M. (1995). Dynamics of Colloid Deposition in Porous Media:
Blocking Based on Random Sequential Adsorption. Langmuir, 11(3), 801-812.
https://doi.org/10.1021/1a00003a023

72



6. Task 5: Development of a lattice Boltzmann pore-scale and random
walk particle tracking simulator and its comparison with column experiments

6.1 INTRODUCTION

Advection-dispersion of reactive and non-reactive species in porous media is a subject of active
research in many branches of science and engineering including biology, hydrology,
environmental engineering and petroleum engineering. A number of transport models have been
developed and applied successfully for macro-scale or field scale problems. The mathematical
foundation for these classical transport models is to apply physical laws such as mass and
momentum conservation over a representative element volume (REV).!? Traditional approaches,
whether analytical or numerical, solve the governing equation in the form of partial differential
equations (PDEs) with given initial and boundary conditions. Analytical solutions for some
simple problems are still efficient tools to understand and analyze laboratory column
experiments, e.g., those for the one dimensional advection-dispersion equation (1D-ADE)’.
Analytic models are, however, limited in that they are solved on the assumptions of uniform flow
and simple boundary conditions. For more complex problems, numerical methods, mostly
borrowed from computational fluid dynamics (CFD), are preferred to solve discretized PDEs
with known coefficients and given boundary conditions*. All of the above approaches, however,
work over the scale of an REV and pore-scale features of porous medium are averaged out. As
such it is difficult to reveal and establish, using existing approaches, connections between pore-
scale physical and chemical heterogeneities and continuum-scale transport properties.

Such connections can be achieved using pore-scale simulations that explicitly consider complex
pore and solid geometries and solute-solvent-solid interactions’. Pore or sub-pore level processes
that affect macroscopic behavior are modeled on explicit representations of porous media. The
governing equations of flow and transport are solved with fundamental laws of mass and
momentum balance and boundary conditions satisfied at this level. In pore-scale direct numerical
simulations, the governing equations are solved on actual images of porous media. With complex
features of the pore structure honored, the resulting velocity fields naturally preserve variabilities
and non-uniformities due to tortuous paths of porous media.

The first step in the workflow of pore-scale direct numerical simulations is to create a three-
dimensional pore-scale model of a porous medium. Creating a realistic three dimensional (3D)
quantitative description of the pore geometry of a porous medium is an essential step in the
studies of flow and transport.>$ X-ray microtomography (XMT) or micro-CT scanners are the
most widely used imaging tools in the studies of geologic material and the typical resolution is a
few microns.”” Noises and artifacts in the images obtained are filtered out before being
segmented into phase types, i.e., pores and grains. This process is known as image
segmentation'®. Then the segmented images are recombined to reproduce a three-dimensional
voxel-based computational replica of porous media. The second step is solving flow and
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transport using numerical methods, e.g., computational fluid dynamics (CFD) methods, 2) the
smoothed particle hydrodynamics (SPH) method, 3) and 3) the Lattice-Boltzmann method.

In this study, pore-scale simulation used lattice Boltzmann (LB) and a random walk particle
tracking method (RWPT) to solve advection-diffusion of a solute or a colloidal particle. Both LB
and RWPT codes have been parallelized to reduce the computational time. The RWPT code
generates tracer concentration profiles at the outlet (i.e., breakthrough curve or BTC). To
generate data that are comparable to the column experiments, image processing routines were
developed to digitalize images of the columns used in the experiments to build the simulation
domain needed by LB and RWPT simulations. The digitalized column contains about 49.5
million voxels (169 x 169 x 1732) and the number of fluid voxels is approximately 10 million.
CT-scanned images were processed using thresholds that recover the porosity of the real bead-
packed column. LB simulation was used to obtain the velocity field in the column. Using the
average advection velocity from the LB simulation, input parameters for the RWPT simulation
were determined to match the Péclet number of the column experiment. The breakthrough curves
of the column experiment for Iodide (I") were obtained and compared with the experiment. This
approach has extended to simulate the equilibrium partition of aqueous Cesium by a probabilistic
approach to reproduce the retardation observed in experiments.

6.2 METHODS

Digitalization of a bead-packed column

A computer code to process CT-scanned images (2000 images, 298 KB and 525 x 582 pixels
each) of bead-packed columns used in the column experiments was developed. A binary
segmentation was implemented to differentiate glass beads and void spaces inside the column
and generated the computational domain for LB and RWPT simulations. The images were
visually inspected to determine the top and bottom sections of the column. Considering the
quality of images, the top was chosen at image # 0161 and the bottom was at image # 1881
(Figure 6.1). The original image files were then cropped to the size of 169 x 169 pixels to
remove much of the solid area outside the column. Otsu’s algorithm was applied to each cropped
image to find appropriate threshold values based on the histogram of the light intensity values.'!
These images, as shown in Figure 6.1, show cross-sections of the column. A problem with the
images is that the inner surface of the column could not be clearly identified. To determine the
location of the inner surface of the column, an ellipse with adjustable major and minor axes and
orientation was used to fit the contour of the beads. After the inner surface was determined,
pixels inside the column were converted to binary (0: fluid; 1: solid) using different threshold
values till the porosity of images matches the porosity of the column in the experiment.

The real column used in the experiment was constructed by packing large 500-600 um beads and
has a length of 10.26 c¢m and a diameter of 0.75 c¢m. The resolution of the images is 51.3 um per
pixel and the distance between consecutive images is also 51.3 um. A 500-600 um bead was
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resolved by 10 to 12 voxels. Figure 6.2 shows one example of the original CT-scanned image
and the binary image processed by the established threshold, where white denotes the pore space
(image # 1590). After thresholding, fluid and solid voxels are represented by zeros and ones,
respectively, in a Cartesian lattice system (Figure 6.2). The total 1,722 processed and stacked

images form the three dimensional digitalized column for flow and transport simulations (Figure
6.3).

TOR: 0180

BOTTOM: 1881

Figure 6.1 The top and bottom images of the bead-packed column.

(d)

Figure 6.2 Procedure of image processing of CT-scanned column images to generate digitized
bead-packed column images (#1590): (a) original CT-scanned image, (b) cross-section of
column established by an ellipse, (c) cropped cross-section and (d) binary image of cropped
cross-section with pores (white) and grains (black).
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Figure 6.3 Processed images of a bead-packed column are stacked to form a 3D digitalized
column for LB and RWPT simulations (only the surfaces of glass beads are visualized). The
size of the domain is 169x169x1722 in each direction. A three-quarter section view in the mid-
section of the column (from 700 to 1000) is also presented.

LB simulation

The LB code was used to obtain the velocity field within the digitalized bead-packed column.
The simulation was run to 20,000 LB time steps, at which point fluid flow in the column reached
the steady state. The computational domain size was 169 x 169 x 1732 including additional five
fluid layers on both ends of the column in the z direction to maintain periodicity of the
computational domain in the z direction. A constant body force was applied in the z-direction to
drive the fluid flow. The parameters of LB simulation are summarized in Table 6.1. The velocity

in the direction of fluid flow (z-direction) is visualized in Figure 6.4.

Table 6.1 Parameters of LB simulation of the column experiment

Parameter Value
Grid type Cartesian
Computational domain 169 x 169 x 1732
Total number of grid 49,467,652
Total number of fluid node 10,117,521
Body force [0 0 10]
Collision operator MRT
Relaxation time 1.0
Boundary condition Periodic
Simulation time step 20,000

# of CPUs 128
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Figure 6.4 Visualization of z-velocity obtained from LB simulation: (a) z-velocity in the entire
column,

RWPT simulation of Iodide

In the column experiment, Iodide (I") was used as a non-adsorbing solute since it does not adsorb

to glass beads. The velocity field obtained from LB simulation was passed to RWPT. The

diffusion coefficient and time step size of RWPT were chosen to match the experimental Péclet

number so that tracers in RWPT travel with the same advection-diffusion dynamics as the
experiment. In this study, the self-diffusion coefficients of Iodide (I-) and Cesium (+Cs) at

condition most comparable to the column experiment were taken from the work of Friedman and

Kennedy.!? Parameters of the RWPT simulation for Iodide transport (I-) are summarized in
Table 6.2.

Table 6.2 Parameters of RWPT simulation of Iodide transport.

Parameter

Grid type

Size of computational domain
Grid resolution

Total number of grid

Total number of fluid node
Total number of tracer used
Superficial velocity from LBM
Péclet number

Dimensionless diffusion coefficient
RWPT time step size

Duration of simulation
Number of cores used

Values

Cartesian

169 x 169 x 1732
51.3 micron / pixel
49,467,652
10,117,521
1,011,758
2.06616 x 107
14.04

3.66 x 10°®
6.59064 x 10°

1.45211 x 106 (5 PV)

128
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RWPT simulation of aqueous Cesium

Adsorption processes make some solutes move slower than the motion of bulk fluid. If
adsorption-desorption processes are reversible in equilibrium, they lead to equilibrium
retardation. This equilibrium retardation was also observed in the column experiment of cesium.
13 The RWPT code was modified to simulate solutes with adsorption-desorption equilibrium.
The equilibrium adsorption model was implemented by introducing a probability of adsorption
(Ps) and another probability of desorption (Pgs) to determine whether a tracer adsorbs on or leaves
the surfaces of the solid phase. A random number (P.x¢) is generated when a tracer is intercepted
by an interface between the liquid and solid phases. If this random number is smaller than the
prescribed probability of adsorption (Ps > Prana), the tracer is adsorbed on the surface. If not (P,
< Prana), a specular reflection is carried out to keep the tracer in solution. For tracers that are
already adsorbed, random numbers are generated to decide whether they should be sent back to
solution. An adsorbed tracer would leave solid surface if a random number, generated
specifically for this tracer, is smaller than the prescribed probability of desorption (Pa) (Pa >
Prand). Otherwise, it would stay on the surface during this time step, waiting for the random
number for the next time step.

To simulate adsorption-desorption equilibrium under periodic boundary condition, two types of
tracers were used in RWPT (Figure 6.5). “Pseudo-tracers” are initialized at pseudo positions at
the beginning of simulation. When a pseudo tracer become active and hit the solid phase, a
random probability is compared with a prescribed probability of adsorption. If a random
probability is smaller than a probability of adsorption, the adsorption condition is met, and then a
“real tracer” is copied and allocated to a variable designated for real tracers. At this moment, the
pseudo tracer is nullified with the adsorption event recorded. This pseudo tracer keeps moving to
the exit without being adsorbed to satisfy periodic boundary condition. The copied real tracer
stays on the interface between the liquid and solid phases until desorption condition is met. As
opposed to pseudo tracers, real tracers undergo adsorption-desorption every time adsorption or
desorption condition is met. When they cross the exit, they are counted in the construction of
breakthrough curves, and then removed from computational domains. The memories for real-
tracers are dynamically allocated to improve memory efficient. We implemented dynamic
memory allocation for real-tracers.

The partitioning sorption coefficient (K,) is the measure of equilibrium solute partition between
the solid and liquid phases due to reversible adsorption and desorption. Under this equilibrium,
the tendency for solute in solution to adsorb to the solid phase is balanced by the tendency for
adsorbed solute to return to solution. Ky is usually measured from American Society of Testing
and Materials (ASTM) batch experiments“"15 in which a mass of solid, i.e., rock or soil, is
immersed in a known volume of solution for enough time so that the solute achieves equilibrium
between the solid and liquid phases.'® Results from such experiments are generally presented in
the form of an isotherm, i.e., concentration of the solute in the solid phase (S) (ug/kg) plotted as a
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function of the solute concentration in solution (L) (ug/L). For linear sorption isotherms, the
slope of the isotherm is Ky (L/kg or mL/g). K, for cesium (Cs*) was measured in laboratory batch
experiments. The K, for Cs* with specific area, particle density, bulk density and porosity of the

column are presented in Table 6.3 from the column experiment. '

pseudo tracer
@ null Q. adsorption eventP >P_
) .
real tracer ‘ adsorption P >P_
@ adsorbed desorption P, >P
P PO
! 5

Figure 6.5 Illustration of “pseudo tracer” and “real tracer” implemented in RWPT to simulate
the equilibrium adsorption-desorption.
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Figure 6.6 Simulated adsorption-desorption equilibriums at three different combinations of P,
and Py (left), and the equilibrium sorption partitioning coefficient from numerical batch
experiments using the same ratio of a probability of adsorption and desorption (P,/ Py = 37.04)

(right).
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Table 6.3 Sorption portioning coefficient (K, ) of cesium, specific surface area, and particle
density for glass beads (reproduced from Rod et al, 2018).

Parameter Value
Partition coefficient (mL/g) 1.00

Surface area (m%/g) 0.0094+0.0001
Bead density (g/cm’) 2.47

Bulk density (g/cm’) 1.41

In RWPT, probability of adsorption and that of desorption were determined from simulations of
the batch experiments. Assuming that a single tracer corresponds to certain mass of solute, K4
defined as the ratio of solute mass per solid mass (ug/kg) to solute mass per solvent volume
(ug/L) may be rewritten using the number of tracers on the surface of solid to the number of
tracers in the liquid phase (Eq. 6.1).

number of tracers on solid (N, ) volume of liquid (V)

K _—_——— X
‘€, number of traers in liquid (N,)  surface area (A) ©.1)

Kai=1 ug/kg for Cs* can be converted to the ratio of surface concentration of tracers to volume
concentration of tracers. RWPT simulations were carried out to determine P, and P, that would
reproduce this ratio. In these simulations, packing of glass beads on which solutes are adsorbed
and desorbed in the batch experiments were modeled as a body-centered cubic (BCC) array
periodic in all three directions. The porosity of the BCC array was adjusted to match the porosity
(0.32) in the batch experiment.

Tracers that are initially put in the liquid phase move with pure diffusive motion and are allowed
to adsorb on the surfaces of spheres in the BCC array based on the prescribed P,. Tracers
adsorbed on the wall can be released back to the liquid phase based on the prescribed Pd. Now
Kd can be expressed in terms of the ratio of the number of tracers on the surface of beads (Ns) to
the number of tracers in the fluid (Np). Figure 6.6 (a) shows Kq achieved by three different
combinations of Pa and Pd. For the combinations (Pa =5.0 x 10™* and Pd = 6.8 x 107) and (Pa =
5.0 x 10 ; Pd = 2.7 x 107), the simulated values of Kd are about 0.5 and 1.5, respectively. The
simulated Kd matches the experimental Kd when Pa and Pd are 5.0 x 10™ and 1.35 x 107,
respectively (Pa / Pd = 37.04). Therefore, this combination is one set of probabilities that would
reproduce K¢ of Cs+ in the column experiments. Note that the above solution is one of the many
sets of Pa and Pd that can produce the same K. It shows that, as long as Pa/Pd =37.04 Kqa =1
mL/g can always be reproduced. However, the transient behavior is different. This finding
suggests that Ky as a parameter describing equilibrium is only a function of P,/ P4. The specific
value of probability under the condition that P,/ P4 is held constant controls the rate toward
equilibrium. This allows us to choose a probability of adsorption arbitrarily, then a probability of
desorption is determined from P,/ P, that matches the experimental K,. Provided that detailed
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information on the laboratory batch experiments are given, a probability of adsorption and
desorption can be uniquely determined.

A time-lapse sequence of tracer distribution in the BCC array, from the simulation with Pa=35.0
x 10 and Pd = 1.35 x 107 is given in Figure 6.7. With Pa / Pd = 37.04, it is clear to see that
more and more tracers became adsorbed as simulation progressed.

Figure 6.7 Time-lapse sequence of simulation with P, = 5.0x10"*and P; = 1.35x107: (a)
time step = 0 and Ky = 0, (b) time step = 3 and Kq; = 0.231, (c) time step = 6 and Kq = 0.509
(d) time step = 10 and Kq = 0.907 (e) time step = 20 and K4 = 0.963, (f) time step = 25 and Ku
= 0.925 (red denotes adsorbed tracers and green denotes tracers in solution).

Using probabilities of adsorption and desorption determined from the previous section (Pa =
5.0x107* and Pd = 1.35x107°), RWPT simulation was performed to simulate Cs+ transport in the

same column as that used in the Iodide simulation. Parameters of this simulation are summarized
in Table 6.4.
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Table Error! No text of specified style in document.6.4 Parameters of RWPT simulation of the

column experiment

Parameter Value

Superficial velocity from LBM 2.06616x1077

Péclet number (column diameter) 13.44

Maximum velocity 1.7659%107
Dimensionless diffusion coefficient 3.8236x107°
Probability of adsorption/desorption 5.0x107*/1.35x107°
Time step size 6.4788x10°
Simulation time step (SPV) 1.4521x10°

Number of cores used 128

6.3 RESULTS AND DISCUSSION

Comparison with experiments: Iodide

RWPT simulations were run with the above parameters to generate a breakthrough curve for
Iodide. This breakthrough curve is compared to that from the column experiment in Figure 6.8
Statistical noise in the simulated breakthrough curve was smoothed by integrating the number of
tracers over a longer sampling time interval. The breakthrough curve generated directly from the
RWPT simulation shows the typical trend of a conservative solute with low to moderate Péclet

number.
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Figure 6.8 Comparison between the breakthrough curve from RWPT simulation (black) and that
from the experiment (red). The longitudinal dispersion coefficient in the 1D-ADE solution was
obtained using the Perkins and Johnston correlation (DL = 11.85 cm?/day).
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To make qualitative comparisons, the solution of classical 1D-ADE with empirical correlations
is also presented. The simulated breakthrough curve is comparable to the experimental data on
both the initial breakthrough at 0.5 PV and the late-time behavior. The experimental data point in
the build-up part, just like the comparison with the solution of the 1D ADE, arrives later than the
simulation. Due to limited experimental data, it is not easy to tell what contributed to this
difference. In the experiments, the calculation of pore volume is usually not very accurate. The
difference between experimental breakthrough curve and those from 1D ADE and RWPT
simulation is therefore likely due to uncertainties in the experiment.

Comparison with experiments: Cesium

RWPT successfully generated a breakthrough curve for Cs* that compares well with the
experimental data (Figure 6.9). Admittedly, as there are only three experimental data points, this
comparison cannot be considered as highly quantitative. However, some conclusions can still be
drawn. Using the dispersion coefficient of lodide, the solution of equilibrium retardation with Ky
= 1 is presented. The initial breakthrough time predicted by our pore-scale simulation (about 1 to
2 PV) is earlier than that of the 1D-ADE solution (4 PV). Our pore-scale simulation therefore
appears to be more dispersive than the solution of 1D ADE. The retardation factor estimated
graphically estimated based on the value of C/Cy = 0.5 is Rs= 5.16, which agrees well with the
retardation factor (Rs = 5.4) calculated with the data of the laboratory batch experiment (Table
6.3). Clearly, when compared to that of Iodide (I7), the breakthrough curve of Cs* was
significantly retarded due to adsorption-desorption in the column (Figure 6.6).
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Figure 6.9 Simulated BTC (black) for Cesium under equilibrium sorption-desorption relative to
the analytic 1D ADE (D, = 11.85 cm?/day and R4 = 5.4) and the experimental data (red) of the

column experiment.
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6.4 CONCLUSION

We developed a pore-scale direct numerical model using LB and RWPT to solve advection-
dispersion of solutes in a bead-packed column. We first obtained the breakthrough curve of a
non-reactive solute (I") that is in good match with the experimental data. This model was then
extended to simulate equilibrium retardation of Cs* by adding probabilistic interactions between
tracer particles and solid surface. We simulated laboratory batch experiments and obtained
probabilities of adsorption and desorption that reproduce the experimental partitioning
coefficient. Pore-scale direct numerical simulations then successfully reproduced the retarded
breakthrough curve that was in good agreement with the experimental data.
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7. Task 6: Development of a continuum-scale simulator and its
comparison with pore-scale simulator and microfluidic experiments

7.1 INTRODUCTION

Traditionally, the transport behavior of colloidal or contaminant in porous medium is simulated
by a one-dimensional advection-dispersion equation due to its simplicity. In order to match this
one-dimensional approximation in simulation, many experiments were also conduct in columns
that possess an aspect ratio (length/diameter) over 5. Similarly, for our microfluidic experiment,
we also adopted this method for the continuum modeling.

7.2 METHODS

One-dimensional model
The advection-dispersion equation'-? is used to describe the breakthrough and retention of
colloids in a porous medium.

oC °C doC f 06

= "DV T

ot ox ox 7a, ot
where C is the (number) concentration of colloidal particles, D, is the dispersion coefficient, v, is
the interstitial particle velocity, and f'is the specific surface area calculated as

3(1-¢)

f= (7.2)
ga

¢

(7.1)

where ¢ is the porosity of the porous medium and a. is the radius of porous grain. a, is the radius
of nanoparticles and @ is the surface coverage (by the deposited particles) of the porous medium.
According to Johnson et al,'? the surface coverage is governed by

060
5, =7k, CB(6) (1.3)

where kg is the overall deposition coefficient and B(6) is the dynamic blocking function that
describes the probability of nanoparticles deposited on unoccupied collectors at a given surface
coverage,

B(8)=1-37.26+285.56" +1127.3¢" (7.4)
The coefficients in B(8)is determined by the random sequential adsorption model, as elaborated

later.

The following initial and boundary conditions are accompanied with Eq. (7.1)
0=0,C=0att=0 (7.5)

C=C_, (t)atx=0 (7.6)

inlet
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a—Cantx:L (7.7)
ot

To solve Egs. 7.1-7.7 numerically, we used the explicit Euler method for temporal discretization
and central difference method for spatial discretization. Using these numerical schemes, the
governing equations are discretized as

i i ¢ i _2Ci1C i1 _ g
Cl Cl — _vp CH—I Ct—l +Dh Cl+1 Cl2 Cl—l _ f2 91 01 (78)
dt 2dx dx Za, dt
9/41 _ .j ) )
T =7a kC/B(6/),i=1,2,..,N,, j=12,..,N, (7.9)

where N, and N; are the numbers of spatial and temporal grids. The initial and boundary
conditions are discretized as,
8’ =0,C) =0 (7.10)
i _ci

. - C
c/ =G, ), ——t o a0 (7.11)

where nine(tj) 1s the inlet conditions measured experimentally.

To capture enough information from the domain, we apply a uniform spatial grid N, = 50
and a uniform temporal grid N; = 200,000. Our benchmarking procedure shows that the
relative error evaluated using maximum norm is less than 0.5 %.

Random Sequence Adsorption (RSA) model

We used the Random Sequence Adsorption (RSA) model to obtain the relationship between
surface blocking parameter B(#) and surface coverage 6. For non-interacting particles, the
blocking parameter based on a statistical mechanics approach developed by Schaaf et al® gives

B(8)=1-c,0+c,0" +c,0° (7.12)

where c1 =4, c» = 6\/5/71’ and ¢3 = 1.407.
Later Adamczyk et al,* modified the above equation to account for the screened Coulombic
interaction between deposited particles

B(8)=1-c,0+c,0" +c,0° (7.13)

*

(140 6&f3(1+8) (1+87)
where ¢, =4 . C, =i , C3=1.407 . Here, A=a/R. is the ratio of
Ty 7 (144 (742

radii between nanoparticle and collector. H" is a dimensionless length scale that characterizes the

range of electrostatic repulsion between particles

H =i1n§—i1n(1+iln¢’j (7.14)
Ka Ka 2ka
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where wpis the particle surface potential and y is a dimensionless constant accounting for the

influence of the deposition interface on the particle-particle interactions. The value of y ranges
from 0.25 to 0.5. Here we use 0.5.

In Eq. 7.13, the parameters are only applicable when 6 < 0,u4x. To find out a formula for B(0) that
is valid for 0<60<@,_, , we let Eq. 7.13 satisfy the following boundary conditions

B@)=1atd=0 and B(60)=0 at 6= Onmax (7.16)
where Omax=0.051, measured from our pore-scale experiments in Task 2. From which, we obtain
H' = 2.2, which results in Eq. (7.4). In comparison, the Langmuirian Adsorption (LA) model
yields
B(0)=1-p6 (7.17)

where 8 = 1/ Omax = 19.5, is the excluded area parameter.’

Eq. (7.13) and Eq. (7.17) are plotted in Figure 7.1, illustrating the difference between RSA and
LA models in calculating the dynamic blocking function B(#). The probability of surface
adsorption decreases at a much faster rate than in the LA model. This is because the
opportunities for colloids to deposit on the same bead are not always the same. As shown in Task
2, more particles were deposited on the upstream hemisphere of the bead than the downstream.
Moreover, early retained particles generate electrostatic repulsions that prevent latter
approaching particles from depositing nearby. In addition, a small deviation in streamlines near
the upstream hemisphere may cause significant detour of particles close to the downstream
hemisphere, as the streamline is compressed the most around the equator of beads facing the
flow direction. All of the above-mentioned reasons contribute to this hyperbolic probability
distribution captured in the RSA model.
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Figure 7.1 Comparison between RSA and LA models in the dynamic blocking parameter used in
continuum modeling.

Deposition rate constant
The governing equation we used to obtain deposition constant is similar to Eq. 7.1, except that
the sink term is expressed in terms of concentration®

aC 0°C  dC 9§

—=D,—-v,——— (7.18)

ot ox ox ot

where S is the concentration of deposited nanoparticles. If we assume that the deposition process
follows a first-order kinetics, then

a_S:
ot

At steady state, the expression for concentration C is

kC (7.19)

C(x)=C, exp(—ﬁx) (7.20)
VI’

After plugging Eq. 7.20 into Eq. 7.19, we obtain an expression for the retention profile S as

In[S(x)] =In(z,kC,) —ix (7.21)
%
p
Therefore, the overall deposition rate coefficient k can be obtained from the slope of retention
profile vs. distance, as plotted in Figure 3.5. We also note that k¢ in Eq. 7.3 and k in Eq. 7.19 are

different by a factor of f due to different expression in the sink term, i.e., k = f Xk, . For our

pore-scale experiment, we can measure the in-situ dynamics of colloid deposition on a single
collector (Figure 3.6). We then used Eq. 7.3 to obtain the deposition rate constant kp.r. Ideally,
kpore=k6-

7.3 RESULTS AND DISCUSSION

Dispersion coefficient

The dispersion coefficient D, from Eq. 7.1 is obtained by fitting the experimentally measured
colloid breakthrough curve from a porous medium packed by carboxyl-functionalized beads
only. In principle, the electrostatic interaction between colloid and beads in this case is repulsive.
Therefore, no colloid retention should occur. In the real experiment, there are ~60 particles being
retained in the porous medium potentially due to physical straining or adsorption at the
secondary energy minimum. This number, however, is negligible compared to the total 15,632
particles injected into the porous medium. In another word, the retention is small enough for us
to approximate that all particles entered the porous medium came out. Hence, by fitting the
breakthrough curve for this scenario and assuming ko=0 in Eq. 7.3, we are able to obtain the
dispersion coefficient D, for the porous medium. As shown in Figure 7.2b, we obtained the
dispersion coefficient Dp = 5.52 x10"® m%/s. We note that the particle concentration fluctuates at
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the plateau of the breakthrough curve, which resulted from the small fluctuation of the incoming
colloid concentration in our experiments. Although the packing of porous media made by a
random mixture of carboxyl- and amine-beads depend on the fraction of amine-beads, we believe
that the variation should be small. Therefore, we will use the same D,, for all kinds of porous

media.
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Figure 7.2 Dispersion coefficient fitting for a homogeneous porous medium packed by
carboxylated beads only. (a) Comparison between 1D simulation (red line) and the
experimentally measured breakthrough curve. (b) Dispersion coefficient fitting using the least
squares method.

Deposition coefficient

With the dispersion coefficient Dy, we fit the breakthrough curves for all different fraction of the
amine-beads to obtain the deposition coefficient ko. Table 7.1 below summarizes the regressed ko
for four different fractions. And Figure 7.3 shows both the breakthrough curve and retention
profile fitting for 4%, 9%, and 17% cases, respectively.

Table 7.1 Deposition coefficient obtained by fitting the colloid breakthrough curves (ko) and the
retention profiles (k/f)

Fraction of Amine-beads ko (m/s) k/f (m/s)
4% 4.50E-07 3.00E-07

9% 1.20E-06 6.90E-07

17% 4.86E-06 8.30E-06

24% 4.50E-06 1.40E-06

48% N/A 3.40E-06

100% N/A 5.90E-06
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Figure 7.3 The comparison of breakthrough curves and retention profiles from the continuum
model with pore-scale experiments. D is fixed and the deposition coefficients kg are varied. (a),
(c), and (e): breakthrough curves for 4%, 9%, and 17% amine-bead mixtures. (b), (d), and (f):
corresponding retention profiles. The dashed lines are from numerical simulations and dots are
experimental measurement.
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The left column in Figure 7.3 shows that the simulation curves capture the general trend of the
colloid breakthrough reasonably well. However, some details are missing by the simulation. In
experiments, there is an upward trend at the latter part of the breakthrough curves. This is
because initially the porous medium is a clean bed and has maximum retention capacity. Hence
initially the exiting colloidal concentration is small. As time evolves, the porous medium
saturated gradually with deposited nanoparticles, accompanied with a gradual increase in particle
concentration at the exit. However, in the continuum simulations, this tendency is not as
dramatic as in experiments. This inconsistence has also been observed in literature.>¢

The right column of Figure 7.3 shows the prediction of retention profiles from the continuum
model and its comparison with experiments. The agreement appears to be reasonable for porous
media with 4% and 9% amine-beads. But the deviation between modelling and experiment is
significant for the 17% case, especially near the entrance of the porous medium. This
discrepancy could be attributed to the difficult to fit the breakthrough curve since less than 10%
of the injecting colloids flow out of the porous medium. As a result, the experimental data are
noisy. Similarly, in the cases of 48% and 100% amine-bead scenario, there is no colloid flowing
through at all, hence we do not have fitting ke in these two cases in table 7.1.

For 4% and 9% cases, the simulation curves follow the same exponential trend as the
experimental data, although the values are ~30% higher. Combined with the fact that the
breakthrough simulation has a flatter plateau, we think the current RSA model may still not be
able to capture the right surface blocking effect for the deposition process. Both deviations from
the breakthrough curves and retention profiles indicate that the deposition probability should
decrease faster than a hyperbolic function. This is reasonable since in our pore-scale
experiments, we also observed that the nanoparticles deposited much more quickly near the
upstream hemispheres of the amine-beads than the downstream hemisphere. This effect is not
captured in the continuum model here. On the other hand, the pore-scale simulators based on
lattice Boltzmann and random-walk particle tracking faithfully reproduce both breakthrough
curved and retention profiles, with parameters that are directly measured from experiments.

74 CONCLUSION

We numerically simulated colloid transport and retention in chemically heterogeneous porous
media using one-dimensional advection-dispersion equation. We first obtained the dispersion
coefficient by fitting the experimental data from a homogeneous porous medium that are packed
by carboxyl-functionalized beads only. We then fitted experimental breakthrough curves to find
out the overall deposition coefficients using a dynamic blocking function based on the random
sequential adsorption model. Although the simulations capture the overall trend, they always
predict a lesser extent in terms of concentration increase for the latter part of the breakthrough
curves. An inaccuracy in the dynamic surface blocking function, though better than the
Langmuirian model, might be responsible for this discrepancy. In comparison, the pore-scale
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simulations based on lattice Boltzmann and random-walk particle tracking capture our
experimental results well.

REFERENCE

(1)  Johnson, P. R.; Elimelech, M. Dynamics of Colloid Deposition in Porous Media :
Blocking Based on Random Sequential Adsorption. Langmuir 1995, 11, 801-812.

(2)  Johnson, P. R.; Sun, N.; Elimelech, M. Colloid Transport in Geochemically
Heterogeneous Porous Media : Modeling and Measurements. Environ. Sci. Technol. 1996,
30, 3284-3293.

(3)  Schaaf, P.; Talbot, J. Surface Exclusion Effects in Adsorption Processes. J. Chem. Phys.
1989, 91 (7), 4401-44009.

(4)  Adamczyk, Z.; Belouschek, P. Localized Adsorption of Particles on Spherical and
Cylindrical Interfaces. J. Colloid Interface Sci. 1991, 146 (1), 123-136.

(5) Johnson, P. R.; Elimelech, M. Dynamics of Colloid Deposition in Porous Media: Blocking
Based on Random Sequential Adsorption. Langmuir 1995, 11 (3), 801-812.

(6)  Goldberg, E.; Scheringer, M.; Bucheli, T. D.; Hungerbhler, K. Critical Assessment of

Models for Transport of Engineered Nanoparticles in Saturated Porous Media. Environ.
Sci. Technol. 2014, 48 (21), 12732-12741.

94



