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ABSTRACT

Micromodels are porous media analogs that help scientists understand the transport
phenomena in real-world porous media at the laboratory scale. Compared with traditional field-
and column-scale experiments, micromodels have two distinct advantages: (1) its transparency
allows researchers to directly visualize relevant transport phenomena occurred inside through
optical microscopy. (2) its highly controllable physicochemical properties allow scientists to
conveniently decouple the porous medium parameters from various process parameters and
study their specific or synergistic impacts systematically.

In this thesis we developed new approaches to fabricate bead-based micromodels to study
the pore-scale and population behavior of colloidal transport and multiphase flow through porous
media. By injecting microscopic beads with different surface functionalities in a microfluidic
channel, we were able to fabricate unconsolidated porous media analogs with surface charge and
wettability heterogeneities. We also developed a MATLAB program that detected the mass
center of each bead in the porous media, which allowed us to replicate the exact experimental
domains in numerical simulators for faithful comparison between experiments and modelling.
For colloidal transport in porous media with surface charge heterogeneity, we performed
experiments at the single pore level and directly extracted the deposition coefficient between
colloidal particles and the bead collectors under the favorable deposition conditions. Meanwhile
we also obtained the surface blocking function of the particle deposition. Both information can
be used directly in numerical simulations, thus eliminating the need of fitting parameters. We
obtained a good agreement in the deposition coefficient between pore-scale and population
experiments. We further used Norland Optical Adhesive 81 (NOAS81) as the material to fabricate

micromodels with heterogeneous wettability. Due to its high elastic modulus NOAS81 can sustain
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high pressure during multiphase flow. Our preliminary experiments for the displacement of oil
by water demonstrated the feasibility of studying multiphase flow in a close-packed porous

medium with wettability heterogeneities.
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CHAPTER 1
INTRODUCTION

Micromodels are porous media analogs that imitate the real world porous environment
based on either direct replication or representative simplification. Normally, micromodels have
dimensions ranging from several millimeters to several centimeters and the pore size inside
varies from several to hundred micrometers. The micromodels have been fabricated with
different materials such as glass, silica, calcite, poly(methyl methacrylate) (PMMA),
polydimethylsiloxane (PDMS), and Norland Optical Adhesive 81 (NOAS1)."”” Compared with
the conventional column-scale experiments, one of the major advantages of using micromodels
lies in the transparency of those materials and therefore researchers could directly visualize
relevant transport phenomena occurred inside through optical microscopy. Another strength of
using micromodels is its highly controllable physical and chemical environments so that
scientists can focus on the experimental conditions that they are interested in and decouple the
porous media properties from the influence of other factors such as the flow conditions. Hence,
micromodels have become a very useful tool in studying transport phenomena in porous media
that have broad societal impacts such as colloid-facilitated contaminant transport and multiphase
flow.

Colloidal particles typically range from tens of nanometers to several micrometers in
size.® In subsurface environments, colloidal particles are released into groundwater from the soil
matrix or by human activity. The release of colloidal particles from the soil is caused by
perturbations in the hydrogeochemical environment’ such as the changes in ion concentration,
pH, and oxygen level. Human activities such as waste disposal, groundwater recharge, or

contaminants leakage can also introduce colloidal particles into groundwater. After entering the



subsurface, these colloidal particles could act as a mobile phase and enhance the transport of low

solubility contaminants by carrying them together in groundwater. As a result, contaminants such

12,13 14,15

as radionuclides,'*"" heavy metals, and organic substances travel much faster and further
than by themselves. This phenomenon is the so-called colloid-facilitated transport of
contaminants. Similarly, pathogens that have the similar sizes as colloids, when present in
groundwater, can also have ramifications on public health.'®'” Therefore, identifying the
transport mechanisms of colloids in soil is essential for predicting the fate of and preventing the
spread of contaminants and diseases.

Besides the transport of colloids, multiphase flow in porous media is also commonly
encountered. By definition, multiphase flow refers to any fluid flow consisting of more than one
phase.'® Researchers are interested in multiphase flow in porous media because it influences
many important environmental or industrial processes including enhanced oil recovery (EOR),
geological CO, sequestration, non-aqueous phase liquid (NAPL) remediation, and membrane

19722 Among all those topics mentioned above, EOR is a classical problem since

separation.
petroleum is the essential material for industrialization. More efficient EOR technologies are
desired since currently the average oil recovery rate is still below 40%. Therefore,
understanding the oil displacement by water in porous media not only helps the petroleum
industry but also provides insights in other types of multiphase flow that are relevant in CO,
sequestration and NAPL remediation.

Initially, micromodels were made of materials with homogeneous pore size within. This
is the so-called homogeneous micromodel. Later on, researchers started to introduce pore size

variation based on statistical analysis, real fracture replication or simplified models. These

micromodels containing heterogeneous pore size distributions are called physically



heterogeneous micromodels. Recently, a few researchers tried to systematically modify the
surface properties such as the wettability and surface charge of the micromodels to different
extents. But for each individual micromodel, its surface property is still uniform. In this thesis,
we developed methods to make bead-based chemically heterogeneous micromodels by
introducing microscopic beads (~10 um in diameter) with different surface properties. Due to the
pseudo-three dimensional nature of our porous media, we were able to locate the x-y-z coordinate
of each bead in our system so that the exact experimental porous media can be faithfully
replicated in numerical simulations. Taking the above-mentioned advantages, we applied our
experimental system to investigate both the transport of colloids and oil displacement by water.
With pore-scale and populational data we revealed key mechanisms for those transport

phenomena and demonstrated the effectiveness of our new experimental platform.



CHAPTER 2

LITERATURE REVIEW

2.1 Colloid-facilitated transport of contaminants

The spreading of contaminants in groundwater has been conventionally treated as a two-
phase transport problem where the contaminants partition between an immobile solid phase (i.e.,
soil matrix) and a mobile liquid phase (i.e., groundwater). Previously researchers argued that
those less soluble contaminants tend to adsorb on the soil matrix instead of traveling with water.
Therefore although some of them may be very detrimental to the environment, people thought
the influenced area would be rather limited.’ More recently, evidence suggests that suspended
colloids in groundwater also act as a mobile solid phase to adsorb and accelerate the spreading of

24-29

otherwise retarded pollutants. This process is called the colloid-facilitated transport of

contaminants.
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Figure 2.1 Colloid-facilitated transport of contaminants.**”° The transport of pollutants (*) is
accomplished by either dissolving in the aqueous phase or binding to a colloidal carrier.
Reprinted with permission from *°, Copyright (1996) American Chemical Society.



There are four criteria of colloid-facilitated transport of contaminants: (1) Mobile
colloids are present; (2) Pollutant molecules adsorb on the mobile colloids; (3) Colloids travel
long distance with groundwater flow; and (4) The contaminants are toxic that even a trace
amount is intolerable. In the following, we will review the transport of colloidal particles based
on the scale of experiments.

2.2 Field scale experiment

Field tracer test (FTT) is the most realistic method to characterize the groundwater flow
patterns and subsurface matrix properties. The direct information obtained from FTT includes
the measured tracer concentration versus time (i.e., breakthrough curve) at the monitoring
locations. From which, two types of information could be extracted: the groundwater transport
parameters such as velocity and dispersivity and the aquifer structure parameters such as
porosity, preferential flow paths, and structural anisotropy.’’ These data are widely used to build
or calibrate aquifer transport models.

A variety of reactive and non-reactive tracers can be used in FTT for different purposes.
Non-reactive tracers do not degrade or interact with the subsurface maxtrices, therefore they are
often used for characterizing preferential flow paths or aquifer anisotropy. Based on the site
condition, non-reactive tracers can be salt-based (chloride and bromide), fluorescent
(fluoresceine, eosine, pyranine, sodium naphthionate, and tinopal), radioactive ("H’HO and
environmental isotopes), or particulate-based (fluorescent microspheres and micro-organism).”!
Two factors are worth noting in the use of non-reactive tracers. First, laboratory test is required
to prove that the selected tracer is truly conservative under the site condition. Second, the local
environmental and administrative laws need to be followed. Reactive tracers interact with aquifer

materials, hence they can bind to the soil matrix temporarily or permanently. Moreover, the



reaction products could further alter the aquifer structure and preferential flow path. Therefore
reactive tracers are normally the contaminants themselves and the sites for FTT are usually
places already contaminated.

The two primary ways to conduct FTT are natural gradient tracer test (NGTT) and forced
gradient tracer test (FGTT). With these methods multiple kinds of tracers (8-10) can be applied
within one experiment to extract as much information as possible.32’33 Multi-tracer experiments
use different analytical techniques such as fluorescence spectrometry, ion chromatography, and
mass spectrometry to discriminate among tracers. More recently, with the development of
multilevel sampling and DNA sequence-based tracers, researchers are able to gather tracer
transport data for different aquifer depth in one experiment with much higher sensitivity.

In NGTT, an injection well is placed at the upstream of the groundwater flow for a
continuous or pulse injection of tracer solutions, and several sampling wells are located at the
downstream to monitor the injectates concentration change over time as shown in Fig. 2.2B. The
advantage of NGTT is its natural condition that provides the most realistic data. However, NGTT
is often limited by the large amount of experimental efforts due to slow groundwater flow rate
under natural conditions. For example, Rugge et al. reported a NGTT of a leachate plume down
gradient of Grindsted landfill in Denmark, bromide and other tracers were injected for 195 days
and the whole experiment lasted for 924 days.** Meanwhile, 4-12 monitoring wells were drilled
for sampling at five-meter intervals downstream of the injection well. Other important NGTT
experiments were performed at Cape Cod (Massachusetts), Columbus (Ohio), and Canadian
Forces Base Borden (Ontario). From those experiments researchers learnt the transport of certain
chemicals under real hydrological conditions, as well as the effectiveness of lab scale column

experiments.
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Figure 2.2 Field tracer test schematics.™ (A) An illustration of the divergent forced gradient
tracer test (FGTT). (B) A natural gradient tracer test (NGTT). The FGTT is usually performed
under well-defined experiment conditions and takes a relative short period of time, while the
NGTT normally has a larger scale.”’ Reprinted with permission from *°, Copyright (1991)
American Chemical Society.

In contrast with NGTT, FGTT introduces a much larger pressure gradient between
injection and monitoring wells. Hence, the effects of natural gradient variation are minimized
and well-defined experimental conditions can be achieved. The experiment duration is also
reduced.®’ There are three kinds of setups for a typical FEGTT, which are divergent, convergent,
and dipole type groundwater flow fields. In the divergent approach, groundwater and tracers are
injected through the injection well and monitoring wells are placed in the downstream along one

direction or several directions around the injection well. Fig. 2.2A illustrates the procedure. The

convergent method pumps the water from an extraction well and tracers are introduced through
7



the surrounding wells. In this method, the tracer breakthrough information is also measured from
the extraction well. The dipole flow approach is the combination of two methods mentioned
above, which include both injection and withdrawing wells. The groundwater can be recycled
and tracers are introduced through the injection well or a third infiltration well. Due to the
reduced experimental time in FGTT, many researchers adopted this approach for their field-scale
experiments. For example Chen et al. used tracer tests in a radially convergent flow field to
evaluate transverse dispersivity.36 Fernandez-Garcia et al. used convergent flow tracer tests in an
experimental tank to study the applicability of effective transport parameters.’’ And Ptak
Brusseau, Annable et al. and many other researchers had also used FGTT in field-scale
experiments. 384l
2.3  Laboratory-scale experiment

Due to the heterogeneous (physical, chemical, or both) aquifer conditions naturally
presented in the field, it is very hard to infer any universal laws for colloidal transport.
Furthermore, the intensive investment of money and time for field sampling also limits the
amount of work that can be done. In order to tackle these problems, researchers started to make
porous media in lab with model or real soil grains and conduct experiments based upon these
artificial porous media. The advantage of this method is that experiment conditions are well
controlled in terms of porous medium properties (e.g., porosity, surface property, structural
isotropy) and water chemistry (e.g., pH, ionic concentration, and salt composition). By tuning the
relative size of the packed porous medium, the transport process can be approximated in one,
two, or three dimensions.** The measurement of these experiments is still focused on the effluent
colloid concentration over time. Nevertheless, because of the small scale and sensitive detectors

(backscatter electron detection,” HPLCUV-vis detector,** fluorescence spectroscopy™), the



mass balance for colloids is well preserved. Therefore, the lab-scale experiment data are often
used to verify or fit for theoretical colloid transport models.

Due to the advantages described above, a few straightforward measurements provide
qualitative results. For example, Torok et al. used lab-scale lysimeter experiments to simulate
low-level radioactive waste repository and found that B7cs transport is facilitated by its
adsorption on clay particles.46 Puls and Powell applied a core column collected from Pinal Creek
(Arizona) to study the factors that affect both arsenate and hematite transport. They found that
both ionic composition and particle size have the most significant influence on the particle
breakthrough.47 Amrhein et al. packed roadside soils into columns and studied the influence of
deicing salts on trace metal transport. They found that, under low salinity, colloid-facilitated
transport occurred and Cu, Pb, Ni, Cr, and Fe concentration were increased in the column
leachate.*® In contrast, under high salinity conditions, colloid-facilitated transport barely
happened. Grolimund ez al. studied the effect of monovalent (Na*) and divalent (Ca*") salt
solution on the mobilization of strongly sorbing contaminant Pb** in silt loam soil.”® They found
that the infiltration of low concentration of divalent solution could effectively mobilize Pb** in a
previously high monovalent concentration environment. Roy and Dzombak studied the colloid
release due to ionic strength reduction in Ottawa sand column and found the release rate has a
weak correlation with ionic strength change, which is different from the prediction of Derjaguin,
Landau, Vervey, and Overbeek (DLVO) theory.'* They attributed this deviation to the surface
charge and size heterogeneity of colloids. Noell et al. studied the effect of Cs* transport with and
without the presence of colloids under two different granular size columns. From their
experiments, colloids largely facilitated the transport of Cs* and the smaller the bed grains were,

the more significant the facilitation occured. Karathanasis studied the effects of



montmorillonitic, illitic, and kaolinitic colloids on the transport of Cu and Zn in Maury and
Loradale core columns. He found that the presence of colloids typically enhanced metal transport
by 5 to 50 times compared with runs without colloids. Colloids with strongly negative surface
charges and organic carbon contents are more favorable in facilitating Cu and Zn transport. In
the opposite, colloids with large size, weakly charged surface, and high Fe- and Al-hydroxyoxide
contents showed low capacity to assist their movement.

Apart from those straightforward measurements, researchers have also included more
complexities such as the physical and chemical heterogeneities in porous media to investigate the
inherent mechanisms that govern the transport of colloidal particles. In 1971, Yao et al. first
linked the macroscopic advection-diffusion transport model with three additive microscopic
mechanisms that control colloids retention: diffusion, interception, and sedimentation.*® This
started the development of the so-called classic colloidal filtration theory (CFT). Although from
his model the predicted collector efficiency of colloids is several times different from the
experimental values obtained in a sand-packed column, his theory successfully predicted a
minimum collector efficiency when the colloidal particle size is around 1 pm. Since Yao’s initial
work there has been significant effort to modify CFT. These efforts will be presented in the next
section.

The CFT was developed based on the average properties of the porous medium, hence,
many researchers tried to expend its usage to porous media that possess physical and chemical
heterogeneities. Elimelech et al. randomly mixed negatively and positively charged quartz beads
to form a chemically heterogeneous column and characterized the porous medium as a whole
with the mean zeta potential. They found that the experimental colloid retention results were

very different from the calculation of DLVO theory based upon the average grain zeta potential.
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It indicates that, for chemically heterogeneous porous medium, new characterization metrics
beyond mean zeta potential should be used.”® Chen et al. built a heterogeneous column with
layered structures.’ In contrast with Elimelech’s findings, spatially varied chemical
heterogeneities such as layers did not influence the overall behavior of colloids breakthrough.
They found that using an average deposition rate over the entire column in the model is sufficient
to match the actual experiment outcome. Johnson ef al. adopted the same method to pack a
chemically heterogeneous column as Elimelech et al., but they used a random sequential
adsorption (RSA) based blocking function to predict the colloids deposition rate and their results
matched experiments well.”> Bradford ef al. studied the effect of relative size between colloids
and porous medium grains for both homogeneous and physically heterogeneous porous media.
They found that when the ratio between particles and median grain diameter (dp/dso) is over
0.005 straining could become a significant mechanism for colloids retention. It is important to
note that straining is not considered in the standard CFT.*? By dissecting the sand column after
experiments, they found straining mostly happened at the column inlet.
2.4  The colloid filtration theory

As mentioned above, the first colloid filtration model was developed by Yao ez al.* In
this seminal study, they defined each of bead in the packed bed as a spherical collector. It
removes suspended particles from the bulk flow based on three different mechanisms:
interception, sedimentation, and diffusion.

The interception is the physical contact between the collector and finite-sized particles
when they flow along the streamline. Sedimentation is the physical contact caused by the

gravitational force. And diffusion is the contact due to Brownian motion of particles. All these

three effects were assumed to contribute additively to the single collector efficiency 7;,, which is
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defined as the ratio between the number of particles contact with the collector and that flowing

toward the collector per unit time.

— PARTICLE
TRAJECTORY

——— STREAMLINE

COLLECTOR

A INTERCEPTION
B SEDIMENTATION
C DIFFUSION

Figure 2.3 Schematics of three colloid removal mechanisms.*’ Reprinted with permission from »

Copyright (1971) American Chemical Society.
The performance of a packed bed can then be related to the efficiency of a single

spherical collector by

C 3 L

where C and C) are the effluent and influent particle concentration, respectively. fis the porosity
of the bead packing, a is the collision efficiency, L is the bed depth, and d is the individual
collector’s diameter. Meanwhile, the transport equation that governs the particle concentration

under steady state can be written as 8

V-(uC)=V -(DVC)—V-(% CJ 2.2)

B
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where u is the fluid velocity, D is the diffusion coefficient, F is the body force, kg is the
Boltzmann constant, and 7 is the temperature. The term on the left represents the advection and
the terms on the right describe the effect of diffusion and body forces (such as gravity),

respectively. The interception effect is included in the boundary condition, i.e., C =0 at a

distance |1'| = (d +d, ) /2, where d, is the diameter of the suspended particles. The other

boundary condition is C = Cp at  — © . In order to solve Eq. 2.2 analytically, several other
assumptions need to be made. For example, the Stokes flow is assumed to be valid. The collision
coefficient a is set to 1, and the diffusion coefficient of a particle is estimated by the Stokes-

Einstein’s equation.

From the two equations mentioned above, 77, can be solved when each of the three

removal mechanisms is dominant:

2/3
7y =4.04Pe > = 0.9 el (2.3)
D
ud ,dv,
2
3(d
ur :E(ij (2.4)
U L @)
¢ 18 v, .

where Pe is the Peclet number, x is the fluid viscosity, vy is the fluid interstitial velocity. In the
above, 77,,, 17,, and 77, represent theoretical values for the single collector efficiency when the

dominant transport mechanism is diffusion, interception, or sedimentation, respectively. In a

comparison between numerical solution of Eq. 2.2 and the analytical solutions (i.e., Eq. 2.3-5),

Yao et al. found 7, approximately equals to the sum of those analytical expressions, i.e.,
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Mo =1np,+1,+1; % This model successfully captured the trends of the removal efficiency for

suspended particles of different sizes and correctly predicted the particle size that leads to the
minimum removal efficiency. But its predicted collector efficiency for most particle size tested
has an error of more than 50% of the experimental data.

Later Rajagopalan et al™ developed another model based on the trajectory analysis of
fluid flow in Happel’s sphere-in-cell fluid envelope model.”” In Happel’s model, the porous
medium is an assemblage of identical spherical collectors. Each collector is surrounded by a

fluid shell with the same thickness, which is determined from the porosity of the medium.
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Figure 2.4 Happel’s sphere-in-cell model and the associated spherical coordinate system.*>*

Reprinted with permission from s, Copyright (1996) Elsevier. Reprinted with permission from
Copyright (2004) John Wiley and Sons.

The flow field inside each liquid shell can be calculated from the stream function in a

spherical coordinate

1 oy
= ki 2.6
r*sin@ or 2:6)
- L v 2.7)
rsin@ or
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The corresponding boundary conditions are

(1) the radial velocity at the outer surface of the liquid shell is zero, i.e., at r = a.:
v. =Ucos@ (2.8)
v, =-Usin® (2.9)

(2) the tangential stress at the outer surface is zero, i.e., at r = b,

N Do Vo (2.10)
rof or r
(3) no-slip at the solid-liquid boundary, i.e., at r = b,
v =0 (2.11)
The resulting expression for the stream function is
7 :%sinz Oa’ (%+K2r*+K3r*2+K4r*4j (2.12)
3+2p° p(3+2p° 5
where r*:L, K, :l, K, :(—), K, :g, K, =—‘D—,w=2—3p+3p5 —2p6,
a, w w w w

and p=(1-¢)" =a,/b.

After the flow field was obtained, they further accounted for the particle sedimentation,
convection, van der Waal force, drag force, and double layer interaction to derive a limiting
trajectory of suspended particles that approach the collector. When a particle’s trajectory falls in

between the limiting trajectory and the collector’s surface, it is captured. In their model, they first
considered that 77, is only a function of 7, and7,, with the assumption that the suspended

particles are non-Brownian. Later they solved the governing trajectory equation numerically and

found the relationship between 7., 77,, and 7, in terms of dimensionless parameters that
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characterize different interactions. Then they used Yao’s additive assumption to add the effect of

diffusion into the final formula
My =4A"Pe”” + AN N;" +3.38x107 ANG N, (2.13)

where A is a porosity-dependent parameter defined by Happel:5 >

2(1-y°
R
2-3y+3y° -2y

Nro, Nr, and Ng are the dimensionless parameters that characterize the van der Walls attraction,

particle/collector size ratio, and gravitational effect:

4A
N,, = —123 (2.14)
Ymud U
d
N,=—"% (2.15)
d
_ d?
N, = M (2.16)
18uU

It is noted that the inclusion of van der Walls attraction in Eq. 2.13 provides a better prediction
than Yao’s model. However, Rajagopalan’s model assumed that particles are removed only when
the double layer interaction between the particle and the collector is attractive. This leaves room
for improvement of the collision efficiency o because repulsive interaction between particles
and collectors can also lead to particle deposition.

In 2004, Tufenkji et al. published two papers to further improve the accuracy of the CFT.
In the first paper,56 they pointed out that for Brownian particles, all previous models neglected
the influence of hydrodynamic and van der Waals interactions. In their work, instead of directly

adding the Levich equation to model diffusion, they used numerical regression to obtain 77, as a

function of N, Pe, and N,4w. Then the influence of interception was added to obtain another set
16



of optimum coefficients for Ng, Pe, and N,qw. The expression for 77, was obtained by subtracting

the diffusion term. The same method was applied for getting 77, . The general equation for 7, is
17, =24ANL® Pe TP NOD2 +0.55A NP NP +0.22N5 ' NLHNSS(2.17)

where N, =A,;/ 37r,ud§U and N, = A,/ kT . They reflect the effect of van der Waals

attraction on the interception and diffusion terms. The rest of the parameters are the same as
what were defined by Rajagopalan et al™

The n,calculated by Eq. 2.17 matches the numerical solution of Eq. 2.2 very well. But it

still cannot predict particle deposition under the scenario of double layer repulsion. In order to
solve this problem, Tufenkji et al. proposed a dual-deposition mode (DDM) model,”” which
proposed that even when the particle-collector interaction is repulsive, there could still exist a
secondary energy minimum that causes particle deposition. Therefore, the authors defined two
deposition modes. The first is fast deposition, where particles deposit in the secondary energy
minimum under an unfavorable condition or particles deposit in the primary energy minimum
under a favorable condition. The second deposition mode is slow, where particles overcome the
energy barrier to deposit in the primary energy minimum under an unfavorable condition. After
accounting for the influence of the secondary energy minimum, the improved filtration equation

contains an extra deposition rate coefficient k , which converts Eq. 2.1 to

C(x):Cojwexp[—Ex}p(k)dk (2.18)
0 1%

and

1

— 2 — 2
1 k—k 1 —
p(k)=f,, ——=exp| —=| — | |+f,, ———exp|—= (2.19)
( ) ] O-slowﬁﬂ- [ 2( O-slow g O_fastﬁﬂ- 2 O-fast

17



where p(k) represents the bimodal distribution of the deposition rate coefficient k .*® Here, f is

the fraction of particle deposition caused by slow ( f,, ) or fast ( f fast ) deposition. of,g and ogjow

low

are the corresponding standard deviations. In Eq. 2.19 k. and fuow can be regressed from

experimental data. k st 18 calculated from k fast +30,

ast

=1and f,,is calculated from 1- f|

low *
With this correction, they obtained the calculated particle deposition that matches very well with
experimental data.
2.5  Micromodel experiment

Micromodels are typically made of glass, silicon, or polymers with pores sizes ranging
from 1 to 100 um and their overall dimensions are on the order of millimeters to centimeters.”
Typically the pore networks of these micromodels consist of periodic features such as arrays of
polygons,60 random networks with statistically similar porosity and permeability of real rocks,”!
or replicas of real rock pore spaces based on imaging data.®® Micromodels have been particularly
useful in visualizing and simulating water, surfactant, and polymer flooding of oil-saturated pore
networks that mimic sedimentary rocks.®' % Lately researchers started to use micromodels in the
study of colloidal particles filtration.*® %
2.5.1 Micromodel experiment

Since its debut in 1950s, researchers had developed several methods to fabricate
micromodels. Each of them has its own advantages and drawbacks.
2.5.1.1 Etching

There are two ways of etching, wet etching was first applied to make micromodel by

Mattax et al.”

At that time photoresist had not been developed to protect the matrix surface,
therefore, they used a layer of wax on the glass as the protection layer. In order to etch the

channel network, they used a stylus to scribe lines through the wax and expose the glass surface
18



for hydrofluoric acid etching from 1 to 3 minutes. After etching, the wax layer was removed and
a second glass plate was fused to the etched glass through annealing. Later micromodels based
on wet etching basically followed the same procedure except using photoresist instead of wax to
protect the unetched area. Lenormand et al. etched a network pattern on glass to mold resin
micromodel and conducted immiscible solvent displacement and obtained a phase diagram for

71,72

the first time for different viscosity ratios and capillary numbers. Xu et al. further extended

the etching depth in the horizontal directions and formed a 2.5 dimensional glass micromodels.'

Qutlet Channel Inlet Channel
1.248 mm
[< 77.50 mm >

Figure 2.5 A monolayer of glass beads sandwiched between two glass plates (side view), similar
to the very first micromodel used by Chatenever and Calhoun.” Reprinted with permission from
% Copyright (1996) Elsevier.

Wet etching is a relatively mature and inexpensive method for micromodel fabrication.
Also, due to the high modulus of glass, wet etching made micromodels withstand high pressure
in experiments. Along with the advantages, it also has several shortcomings. First, the isotropic
erosion of the hydrofluoric acid could lead to a round shape at the bottom of the channel, this
curvature causes refraction of light and affects the quality of images captured from the
microscope.73 Second, the wet etching process could cause channel size variation in the
micromodel, many researchers have encountered such problem and it impaired the conclusions

71,74

drawn from their studies. Third, the uncontrolled isotropic erosion limited the aspect ratio of

the channel. Hence it is very hard to fabricate 3D micromodel with this method.
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Dry etching includes several methods like plasma etching, chemical dry etching, reactive
ion etching (RIE) et al.” In this process, plasmas or ions are shot onto the bare silica surface, by
chemical reaction or physical momentum transfer, atoms are removed from the silica surface.
Laser etching is another dry etching method, but its working principle is more like a direct
cutting rather than reacting at atomic level.” Therefore its accuracy is not as good as other
methods. The advantage of dry etching is its etching direction is highly controllable. The wall of
the microchannel produced is nearly vertical with very low surface roughness, and the aspect
ratio of the channel depth versus width can reach 20:1.””’® The shortcomings of dry etching
mostly lie on the expensive equipment setup and toxic gases used or generated.
2.5.1.2 Solid freeform fabrication

Solid freeform fabrication manufactures micromodels from liquid polymer or solid
powder. Among them stereolithography is the mostly used and versatile fabrication process that
was first proposed by Hull.” The working mechanism is that controlled solidification of liquid
polymer is assisted by a laser beam, and by lowering/rising the platform in the liquid polymer
container, additional layers of the structure is added piece by piece.”™ The advantage of
stereolithography is its 3D construction ability and flexibility of design, which could come from
software drawing, mathematical description or scanning image of a real object.®’ The last part
makes this method very useful in biomedical application such as surgeon preparation,
implantable devices and tissue engineering.®*® The disadvantages of this technology are its
expensive setup and relative low resolution in terms of fabricating porous media. Besides, the
limited selection of photocurable polymer is another drawback, but this problem is diminishing

because more and more photocurable resins are developed.
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Figure 2.6 Examples of micromodels fabricated with different methods. (a) Wet etching.” (b)
Dry etching.61 (©) Stereolithography.86 (d) Photo and soft lithography.’ (e) Stop flow
lithography.87 (f) Beads packing.2 Reprinted with permission from S Copyright (2007) Elsevier.
Reproduced from ®' ¥’with permission from The Royal Society of Chemistry. Reprinted with
permission from 86, Copyright (2012) American Chemical Society. Reprinted with permission
from *¢, Copyright (2009) American Chemical Society. Reprinted with permission from ’,
Copyright (2018) American Chemical Society. Reprinted with permission from %, Copyright
(2013) John Wiley and Sons.
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2.5.1.3 Photo and soft lithography

Currently, photo and soft lithography are the most widely used combination to fabricate
micromodels. Normally photolithography is first used to make a master mold on a wafer or glass
slide. In this step, a layer of UV-curable polymer called photoresist is first spin coated on the
wafer. The thickness of the photoresist, which is also the channel depth of the micromodel, is
controlled by its viscosity and the spin rate. After spin coating, the wafer is transferred onto a hot
plate to evaporate the solvent in the photoresist, which is usually called soft baking. Then it is
placed under a UV mask aligner for exposure. The mask is designed beforehand with computer
software and then fabricated with UV blocking paint either filling the patterned region or the
unwanted space, depending on the type of photoresist used. During the UV exposure, if the
exposed photoresist is hardened, it is called negative photoresist, if it is softened and become
more soluble in the developer, it is called positive photoresist. After the exposure, the negative
photoresist usually needs an additional step of hard baking to crosslink the polymer, but this step
is not necessary for positive photoresist. The last step of photolithography is to immerse the
wafer in the developer that dissolves the residue photoresist.

During early time when photolithograph was first invented, a glass slide cover was
directly placed on the manufactured photoresist to make the micromodel. This method suffered
from sealing problems because some features made of photoresist were too small to form a solid
bonding to the glass cover. Meanwhile, the photoresist itself generated N, bubbles under UV
light, which also caused the device to fail.”’

In order to solve this problem, people developed soft lithography that used photoresist as
a mold to shape the micromodel made of other elastomeric materials such as

polydimethylsiloxane (PDMS).*® In their procedures, commercially available PDMS prepolymer
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and curing agent were mixed at 10:1 (mass ratio) and degassed under vacuum. After fully
degassing, the mixture was poured onto the master mold and cured for 1h at 65°C. Afterwards
the PDMS was peeled off from the mold, cleaned with ethanol, dried, and plasma bonded with
another piece of pristine PDMS. The successful application of PDMS on micromodel has
brought a lot of innovative research in multiple disciplines such as biology, physics, and
chemistry.é’g&89 However, in multiphase flow studies, this method has some drawbacks such as
low modulus and swelling by oil. To overcome these problems, researchers further developed
other materials such as NOAS1 that has a much higher modulus and stronger chemical
resistance.””’
2.5.1.4 Stop flow lithography

In 2001, Love et al. first conducted continues lithography in a microchannel with
shuttered UV light focused by an microscopic objective.*”*** Later on Lee et al. improved this
technique, i.e., the stop flow lithography, to fabricate porous media inside a glass
microchannel.’® The basic principles were first coating a layer of 3-(trimethoxysilyl)propyl
acrylate at the channel surface to promote polymer adhesion. Then mixtures of crosslinker,
monomer, and photoinitiator were injected into the channel. A photomask was placed into the
field stop of the microscope for the desired pattern. During the UV exposure, the flow was
stopped for bonding between polymer and the glass substrate. After the porous medium was
formed, the unreacted polymer was washed off with acetone. The advantages of this method are
easy setup and flexible material choices for controlling different surface properties of the porous
media. For example, Lee ef al. modified the wettability of the porous media by using different

monomers and the water contact angle were varied from 60° to 144°.** The current drawback of
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this method is the pore-space in the micromodel is still big (~100 pm) and its performance under
high pressure is still unknown.
2.5.1.5 Packing by Beads

Beads packing is the oldest method to make the micromodel because of the simplicity of
sandwiching a monolayer of beads between two glass plates. In 1952, Chatenever et al. first used
this method to observe water displacing filtered crude oil at both channel flow and slug flow
regimes.”” At that time the beads created pore sizes at the sub-millimeter level, much bigger than
those in real reservoirs. Therefore later on researchers used the etching method that generated
pore size about tens of micrometers-on the high end of real sandstone reservoirs. Moreover, the
pore-throat network fabricated with etching was easier to be modeled in numerical simulation. In
2013, Datta et al. used beads packing with refractive index matching to observe multiphase flow
in 3D.% They first packed and sintered 35 pm glass beads in a rectangular glass capillary. By
using fluorescent index-matching fluid, they observed both the structure of the porous medium
and the liquid flow under a fast-scanning confocal microscope. This is the first micromodel that
provides detailed insight in 3Dmultiphase flow. However, for the observation of the 3D
dynamics is limited by the scanning speed of the confocal microscope.96
2.5.2 Application of micromodels in studies of colloidal transport and multiphase flow

The application of micromodels in studying porous medium flow can be dated back to
1950s, when Chatenever and Calhoun sandwiched a monolayer of 0.007” glass beads between
two glass plates,” from which they were able to observe two-phase flow of water and crude oil
under flow rates ranging from 350 ft to 1000 ft per day. But due to the immature image
processing techniques at that time, quantitative analyses were impossible. Therefore,

micromodels were not widely used until 1980s, when Lenormand et al. conducted a series of
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experiments on transparent array micromodels to study two-phase liquid displacement under
different flow conditions.®”"*7-%8
2.5.2.1 Application of micromodels in colloidal transport

Due to good agreement between experimental results and theoretical predictions,
micromodels returned to people’s sight as an important experimental tool for colloidal transport

study. In 1994, Wan and Wilson studied the retention of 1 pm colloidal particles in an

unsaturated micromodel which was patterned by both regularly and irregularly spaced glass-
based pillar armys.99 As they introduced air bubbles in the channel, they observed that particles
were preferably adsorbed on the air-water than the solid-water interface because of the reduction
of interfacial energy. The colloid sorption on the air-water interface increased at higher ionic
strength and when the particles became more hydrophobic.

Since Lenormand’s work, micromodels had become widely used for multiphase flow
research.'” But it was not until twenty-first century that people started to apply them for
studying colloidal transport in porous media. For example, Keller et al. tried both rock-pattern
replica and artificial pillar array micromodels to visualize the transport of particles of various
sizes. 501! According to their work, smaller particles have more access to the side of the channel,
hence they are more likely to go through detours if there are branched channels on the side. And
these detours result in a long residential time. In contrast, larger colloids tend to stay closer to the
center of the flow, therefore they have less access to the branches and essentially a shorter
residential time. Their work directly proved the effect of size exclusion and demonstrated that
colloids size should be an important factor to consider for computational simulation. In 2006,
Auset and Keller adopted similar micromodels to study the straining effect and the influence of

surface roughness of pillars on the retention of particles with different sizes.® According to their
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study, when the size ratio of throat to particle (T/C) is smaller than 1.8, straining is the major
mechanism for particle removal, when T/C is larger than 2.5, straining is negligible and
interception dominates the retention. Straining only happened at the first one to two pore throats
of the micromodel, which was in good agreement with column experiments conducted by
Bradford et al.*’ In addition, their experiments on rough surface pillars showed that the collision
efficiency for particles of different sizes increased by two to three times, compared with smooth
pore surfaces. This could be another factor worth noting when people try to model colloidal
filtration.

Baumann and Werth studied the trajectories of colloids in a 2D silicon micromodel and
compared them with simulations based on the Lattice Boltzmann Method (LBM).%" Their
simulation only took the parabolic flow profile into account and neglected both double layer and
van der Waals interactions. Therefore only 50% of the simulated trajectories matched the
experimental results. Meanwhile, the collision efficiency determined from their work varied two
orders of magnitude for different flow rates, which was too large compared with other results.'**
Hence, both of their experimental methodologies and findings are not very convincing. Later
Baumann et al. studied the factors that affect colloids dispersion coefficient in both physically

homogeneous and heterogeneous silicon micromodels.'” They measured the longitudinal

dispersion coefficient D, ., which is defined as

LT>
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D

LT = oy

(2.20)

where o is the variance of colloids’ velocity distribution. And the longitudinal dispersivity «;

can be found from
D, ,=Ua,  +D* (2.21)
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where U is the average velocity and D* is the effective diffusion coefficient. Their method was
one of the first that measured the dispersion coefficient directly, which represents another
advantage of micromodels. The dispersivity measured in the homogeneous micromodel matches
the empirical model well, while there are some discrepancies in the heterogeneous micromodel.
Moreover, the dispersion coefficient varied in a much narrower range compared with column or
field data, which was attributed to the more significant influence of dispersion at larger scales.

Liu et al. studied the transport of Cryptosporidium parvum oocysts in a 2D pillar-based
silicon micromodel under different pH and ionic concentrations. 104 1n all conditions, over 90%
oocysts attached to the front half of those pillars. Multiples layers of oocysts could form during
the attachment, and the time for multilayers deposition increased with decreasing ionic strength.
Moreover, when measuring the percentage of oocysts attachment along the length of the
micromodel, they found that the oocysts distribution followed a concave shape: more oocysts
attached at two ends of the micromodel and less attached in the middle. The reason, however,
remains elusive. After the attachment experiment, they also performed the detachment test by
flowing through low ionic strength and high pH solutions. The low ionic strength solution did
not release the attached oocysts because they were already located in the primary energy
minimum.’’ The high pH solution, however, released more than 60% of the attached oocysts
since the adsorption of ions on cells altered the charges on oocysts from being positive to
negative. Here an important observation is that an environment pH increase could lead to more
oocysts to breakthrough. Later Liu et al. introduced chemical heterogeneities into a silicon
micromodel.’ This was achieved by sputtering a thin iron oxide (Fe,O5) layer selectively on part
of the silicon pillars. They studied the retentions of both polystyrene microspheres and

Cryptosporidium parvum oocysts. When the barrier of the DLVO interaction potential between
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colloids and silicon pillar is low, # is significantly larger in the micromodels where Fe;O3
patches were partially coated on silicon pillars than those fully coated micromodels. When the
barrier is high, the result, however, is opposite. Although the former phenomenon remains
unexplained, the latter was attributed to the so-called hydrodynamic bump,lo5 where the high
energy barrier between silicon and colloidal particles prevents them from approaching the
collector surface. Liu's experiments clearly demonstrated that the presence of chemically

heterogeneous patches in micromodels have a great impact on the retention of colloidal particles.

A) 0% B) 10% C) 20% D) 50% E) 100%

Figure 2.7 Patterned masks (top row) used for the fabrication of heterogeneous Fe O3 patches on
silicon micromodels (bottom row).’ The darker parts on the perimeters of the silicon pillar are
the coated Fe,O3 patches. Reprinted with permission from 3, Copyright (2013) American
Chemical Society.
2.5.2.2 Application of micromodels in multiphase flow

In 1988, Lenormand et al. conducted both simulation and experiments in a grid-based
micromodel network.'” In their simulation, they tested two linearization methods (Koplik &
Lasseter method and Dias & Payatakes method) to solve the nonlinear problem induced by the
capillary pressure. From the simulation, Lenormand et al. plotted a phase diagram based on the

invading fluid saturation after displacement under various capillary numbers (Ca=pv/y) and

viscosity ratios between invading and defending fluids (M = p./;). They also found three
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distinguishing regimes where viscous fingering, capillary fingering, and stable displacement are
observed. In the corresponding experiments, they used fluids of different viscosities and
achieved similar ranges of Ca and M as in the simulation. And their experimental results
validated the numerical prediction. Later Zhang et al. complemented Lenormand’s results using
oil as the non-wetting invading fluid to displace aqueous defending fluid, and they found a
narrower crossover regime from viscous fingering to capillary fingering than that of
Lenormand’s work.” They attributed it to the more homogeneous micromodel that they used. It
is also possible that the experimentally determined phase diagram depends sensitively on the
type of micromodels. Chen et al. studied the crossover regime from capillary fingering to viscous

fingering in a rough fracture micromodel,'”’

which was replicated from a granite block. In their
study, they injected water to displace silicone oil at different capillaries numbers. The water
saturation in the crossover regime is 15% and 25% lower than that in viscous and capillary
fingering zones, respectively. The competition between capillary and viscous forces leads to less
bifurcation and a higher tip velocity of the invading fluid. Therefore, this regime should be
avoided in the real applications.

Wau et al. fabricated homogeneous and heterogeneous networks based on Voronoi
tessellations.”' With the existence of large cavities, they found that the permeability is no longer
predictable by Kozeny-Carman equation. Instead, a 3D lattice Boltzmann simulation generates
really good results. Moreover, they found the presence of cavities largely increased the water-oil
displacement efficiency. In another study, Xu et al. adopted a similar network generation method

and compared the water-oil displacement results with other periodically patterned porous media

networks.®® They found that the existence of cavities decreased the displacement efficiency. And
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in those periodic networks, the displacement efficiency was reduced with increasing coordinate
numbers.

In another study, Xu et al. utilized the hydrofluoric acid to isotropically etch glass
substrate to fabricate a 2.5D porous medium.' By carefully designing a plateau between grooves
and accurately controlling the etching time, they were able to etch the plateau into a ridge at a
different depth than the grooves. Hence, in their micromodel they have two characteristic depths
representing a 2.5D configuration. With such a micromodel, they demonstrated the existence of
isolated oil droplet after water flooding in an imbibition scenario as well as the snap-off
phenomenon caused by the throat during the emulsion flooding.

Although many researchers fabricated physically heterogeneous micromodels, only a few
tried to incorporate chemical heterogeneities, e.g. wettability heterogeneity in the micromodels.
The reason why people are interested in this problem is that oil reservoir rocks typically contain
different types of minerals, which exhibit different wettability. For example, the primary
components of reservoir rocks such as quartz, carbonate, and dolomite are water wettable before
oil immersion.'® Although people often think reservoir rocks become oil wettable after
immersion, there are portions of the reservoir that remain water wet. According to a study
conducted by Treiber et al. for carbonate reservoirs, 8% are water wet, 8% are intermediate, and
84% are oil wet. In contrast for silicate reservoir, 43% are water wet, 7% are intermediate, and

50% are oil wet.'”

Therefore, it is also important to study water-oil replacement in reservoirs
with heterogeneous wettability.
Traditionally, in the core flooding experiments, people inferred the core based on the

amount of oil being pushed out. Some recent studies used x-ray micro-tomography to visualize

the oil-water interface inside the core sample and inferred the wettability based on contact angle.
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Various factors such as structure, composition, and wettability all influence the results obtained
from these top-down methods. However, the appearance of micromodel provided a powerful tool
to decouple these effects.

Trojer et al. used a radial Hele-Shaw cell packed with glass beads as porous media and
studied the displacement of water/glycerol mixture by air.!'? Using chemical vapor deposition of
silane, they were able to modify the wettability of glass beads from extremely hydrophilic to
moderate hydrophobic. From the experiments, the more wetting the porous medium is, the more
stabilized displacement occurs. More specifically, at low Ca numbers, the imbibition leads to a
compact displacement. At high Ca numbers, the finger width expands from single pore to
multiple several pores. In all case, the displacement efficiency is increased.

Later Zhao et al. improved Trojer’s method by using NOA 81 to fabricate 2D pillar

. 111
based micromodels.

The advantage of using NOA 81 is its wettability can be tuned from
extremely hydrophilic to extremely hydrophobic. Meanwhile, unlike PDMS, NOA 81 has a
much higher modulus which allows it to withstand higher pressure. Therefore they were able to
apply water to displace oil in the micromodel. In terms of invading fluid saturation, they found a
similar trend as Trojer et al. The only difference happened at strong imbibition conditions, where
the saturation dropped sharply. By examining the displacing interface, they found that the
invading water just moved along the perimeters of the pillars and did not push the oil in pores at
all since the porous medium was extremely hydrophilic. Therefore, though imbibition is good for
water-oil displacement, strong imbibition results in different outcomes.

Recently, Lee et al. developed another method to fabricate porous media with

heterogeneous wettability using stop flow lithography in a glass capillary.”* By using different

types of photoinitiator and crosslinker with different ratio, they could modify the pore surfaces
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with a wide range of wettability. Unlike previous methods that form porous media with uniform
wettability, Lee’s approach is one of first that is capable of assembling spatially heterogeneous
porous media. In their latest work calcite nanoparticles was added in the polymer solution and
they could grow a layer of CaCOj in-situ on the surface of the porous media matrix. Currently,
their method still face some challenges such as low throughput (one device per lithography),
complicated procedures, indistinguishable surface property after fabrication. But this promising

methodology is inexpensive and versatile. Table 2.1 summarizes different methods to modify the

wettability of micromodels.
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Figure 2.8 Wettability heterogeneous micromodel fabricated by stop flow lithography.94
Reproduced from ** with permission from The Royal Society of Chemistry

Table 2.1 Comparison of different methods to modify the wettability of micromodels

Method Bead mixture in a flow cell NOA modification S top flow
lithography
Silane on NOA for corlr?lf)f:irtie(r:; of
wettability modification Silane on glass beads hydrophobicity, high energy UV OS]
s photoinitiator and
for hydrophilicity.

crosslinker

1. Visual phase diagram of
fluid-fluid displacement as
a function of Ca number
and wettability

Major conclusion

2. Stabilization of
wettability as system

1. Wetting film on solid surfaces
dominates the fluid-fluid
displacement at high Ca number

2.Strong imbibition results in
dramatic decrease in invading

1. Tunable wetting
heterogeneity

2. Tunable spatial

.. . . . L. tti
transition from drainage to  fluid saturation, which is due to wethng
s heterogeneity
imbibition the corner flow
Spatial wetting No No Yes

heterogeneity
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2.6  Pore scale simulations
In contrast to the relatively scarce pore-scale experiments focused on matrix chemical
heterogeneity, numerical modeling of the colloidal behavior under such situations are abundant.

112,11
Gaoetal., ~ 3

simulated colloidal transport in a three dimensional homogeneous porous
medium composed of 25 beads with Lattice Boltzmann (LB) and Physalis method and
Lagrangian particle tracking based on force model. The hydrodynamic interaction, Brownian
motion, and physicochemical forces were considered in the colloidal-bead interactions.
According to their results, LB is better than the Physalis method in terms of flow field
calculation, especially when the domain contains different levels of porosity and grain-grain
contact. In their particle tracking simulation, they found all the colloidal deposition occurred at
the secondary energy minimum. And hydrodynamic interaction could largely prevent the
colloids from moving into the secondary energy minimum.

114,11
Pham et al., ™ 5

also used LB and Lagrangian method but their colloidal deposition was
based on a probability adsorption and desorption mechanism validated by column experiments.
In their work they successfully matched their simulation results with macroscopic experiments
for a pulse injection of stabilized nanoparticles, as well as analytical solution. Later on they used
the same simulation scheme but added surface charge heterogeneities on their porous media.
They introduced the heterogeneity by varying the probability of colloidal deposition at certain
regimes in the porous medium. With this method, they also studied the influence of different
heterogeneity configurations. Their results indicated that the configuration is an important factor
for high attachment rate, small particle size, and a balanced amount of favorable and unfavorable

deposition sites. What’s more, they also found when the Da/Pe is larger than 0.0008, the effect of

configuration would become critical.
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Johnson et al.,''® also tried to predict colloid retention profiles in glass and quartz porous
media with surface charge heterogeneities. Under unfavorable conditions, two types of particle
adsorption modes were defined based on their arresting time scales. A fast arresting indicates the
particle adsorption is quicker than that under favorable conditions, and a slow arresting means
the adsorption takes more time that that under favorable condition. For each arresting time scale,
there is a corresponding macroscopic adsorption rate constant. By substituting the fractional
summation of the rate constants into the retention equation, it generated a hyper-exponential
retention profile that matched the glass beads experimental data very well. For quartz grain
porous media, their rough surfaces lead to more grain to grain contact. Consequently, the
colloids that approach the surface of a grain have a higher chance to translate to the down-
gradient grain upon flushing. Macroscopically, this is reflected by an initial increment in the
retention profile and its peak will be pushed further away from the entrance with longer elution.
However, because the surface properties of quartz grains are not as well-characterized as the

glass beads, the above-mentioned behavior is only described qualitatively.
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CHAPTER 3
BEAD-BASED MICROFLUIDIC SEDIMENT ANALOGS: FABRICATION AND COLLOID
TRANSPORT
Modified from a paper published in Langmuir1 v Reprinted with permission from American
Chemical Society
Yang Guo,1 Jingwei Huang,2 Feng Xiao,2 Xiaolong Yin,2 Jachun Chun,3 Wooyong Um,3 , Keith
B. Neeves,*’ land Ning wu'!
'Department of Chemical and Biological Engineering, Colorado School of Mines, Golden
Colorado 80401, United States
2Department of Petroleum Engineering, Colorado School of Mines, Golden Colorado 80401,
United States
3Pacific Northwest National Laboratory, 902 Battelle Boulevard, Richland, Washington 99352,
United States

“Corresponding author

3.1 Abstract

Mobile colloids can act as carriers for low- solubility contaminants in the environment.
However, the dominant mechanism for this colloid-facilitated transport of chemicals is unclear.
Therefore, we developed a bead-based microfluidic platform of sediment analogues and
measured both single and population transport of model colloids. The porous medium is
assembled through a bead-by-bead injection method. This approach has the versatility to build
both electrostatically homogeneous and heterogeneous media at the pore scale. A T-junction at
the exit also allowed for encapsulation and enumeration of colloids effluent at single particle

resolution to give population dynamics. Tortuosity calculated from pore-scale trajectory analysis
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and its comparison with lattice Boltzmann simulations revealed that transport of colloids was
influenced by the size exclusion effect. The porous media packed by positively and negatively
charged beads into two layers showed distinctive colloidal particle retention and significant
remobilization and re-adsorption of particles during water flushing. We demonstrated the
potential of our method to fabricate porous media with surface heterogeneities at the pore scale.
With both single and population dynamics measurement, our platform has the potential to
connect pore-scale and macroscale colloid transport on a lab scale and to quantify the impact of

grain surface heterogeneities that are natural in the subsurface environment.

3.2 Introduction

The application of micromodel on colloidal particles transport study rose with the
maturing of photolithography and etching technology. With this method, the pore networks of
these models may consist of periodic features such as arrays of polygons,60 random networks
with statistically similar porosities and permeabilities of real rocks,’! or replicas of real rock pore
spaces based on imaging data.%® All these replicates give a continuous solid phase and a series of
interconnected channels that provides good imitation of the pore space of many resource-rich
rocks in deep underground. But 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
micromodels are potentially a better model for measuring colloid transport in soils.”” For
example, the influence of colloid size on dispersion has been measured in polydimethylsioxane
(PDMS) and silicon pillar based micromodels.®’ Studies in a glass-bead micromodel show that
rod-shaped colloids are more likely to attach to the beads than spherical ones due to local charge

heterogeneity and surface roughness.118 In unsaturated porous media, bead-based micromodel
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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 micromodel
studies, individual colloid trajectories and adsorption kinetics were observed, but the average
transport properties of a large population of colloids were not collected. This is possibly due to
the challenge of collecting and analyzing the effluent of micromodel 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 between grains.® Yet, unlike the bead-based proteomics and genotyping

1207122 the existing work has not fully exploited a distinct advantage of the beads-based

methods,
soil analogs, namely each bead can have its own interfacial properties.

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 colloids. Using the same device we also measured the individual
trajectories of colloids 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.
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3.3 Materials and Methods
3.3.1 Materials

Polydimethylsioxane (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) colloids, 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).
3.3.2 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, 365—405 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
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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.

3.3.3 Device operation

Fig. 3.1 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 pm
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.

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 um in length. In the colloid transport mode, suspensions of fluorescent colloids (0.5, 1, and
3 um) were injected through inlet 4. 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.
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Figure 3.1 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 small colloids 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 pum) 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 colloids in
each droplet. (ii) The side view of the height barrier 4. (iii) Schematics of the bead-based soil
analog. (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 colloids.

For capillary numbers Ca < 0.01 (Ca = uU /y, where u is dynamic viscosity, U is
velocity, and y is interfacial tension), the dispersed phase forms into droplets, where individual
colloids are encelpsulated.]z“*126 The droplet size depends on the flow rates of two phases and the
channel sizes, i.e., L/W = I + aQ;/Qu, 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
40



um. Downstream of the T-junction the channel was expanded from 200 um to 400 pm to reduce
the droplet velocity allowing for real-time imaging. By taking both fluorescent and bright-field
images, the number of colloids in each droplet and droplet volumes were measured.

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 colloids (0.5, 1, and
3 um) were injected through inlet 4. 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 c¢ 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 Ca < 0.01 (Ca = uU /7y, where u is dynamic viscosity, U is velocity, and y is interfacial
tension), the dispersed phase forms into droplets, where individual colloids are encapsulated.'**
126 The droplet size depends on the flow rates of two phases and the channel sizes, i.e., L/W = I
+ aQin/Qou» 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 colloids in each droplet and droplet volumes were measured.
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3.3.4 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 pm) 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.127 A
custom MATLAB script identified the x and y coordinates of the center of each bead using the
following steps: (i) a Canny algorithrn128 located the edge of each bead; (ii) a first filtration
operation eliminated any debris or imaging artifacts with a circumference larger than 51 pm; (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 um?; (iv) a third filtration
operation eliminated debris or imaging artifacts with circularity larger than 0.9. Circularity is
defined as P*/47A, 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.
3.3.5 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 Fig. 1, but without the droplet generator.The
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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. 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: 130

8uL

R = - (2.22)

t 4
nr

12uL,
R = 5
W.H’(1-0.63H, /W.)

(2.23)

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

KL,
K=—7"—
WP HPRP

(2.24)
where L,, W, and H,, are the length, width, and height of the analog.
3.3.6 Measurement of the colloidal particles population dynamics

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

flowrate of 1.6 nL/sec. The colloids 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
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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 colloids 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.
3.3.7 Trajectory of individual colloids and calculation of tortuosity
At a volumetric flow rate of 1 nL/sec, the trajectories of 0.5, 1, or 3 um colloids 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 colloids was calculated using the Stokes-Einstein equation: D =
kgT / 6mua, where kg is the Boltzmann constant; 7 is absolute temperature; and a is the radius of
the spherical particle. The Peclet number was defined based on a length scale of porous medium
as Pe = dU/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 z = L, / L., where L, and L, are the arc-length and end-to-end distance
of the trajectory.
3.3.8 Colloids retention on chemically heterogeneous soil analog

The chemically heterogeneous soil analog was assembled from two types of 10 pum 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) um?” rectangular layer,
followed by another layer of carboxylated beads with 500x840 pum?, and vice versa. After the
soil analog was formed, 1 um colloids 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
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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.

3.4 Results and discussion

3.4.1 Characterization of the porous medium

Figure 3.2 The porous soil analog formed by trapping (A) 15 pm PS beads in a rectangular
channel (1030 um x 840 um 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). Scale bar for both images: 200 um.
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Polystyrene beads were introduced into the device through inlet a and trapped by the
height barrier 4 (Fig. 3.1). Fig. 3.2A displays a soil analog homogeneously packed by 15 um PS
beads. As shown by the inset of Fig. 3.2A, there were three types of sphere-packing: hexagonal
array, square lattice, and irregular arrangement with voids, all of which have been observed in
real 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 Fig. 3.2B. 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 (Fig. 3.2B) giving a darker appearance. Table 3.1 summarizes all relevant

characteristics of the fabricated homogeneous and heterogeneous soil analogs.

Table 3.1 Characteristics of the fabricated soil analogs and fluid and colloid transport properties

Soil analog type homogeneous heterogeneous
porous medium dimension (um") 1030x840x21985%840x15.5
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 colloids that flow through(mV) -60.4 +£2.5  -23.1+£4.7
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
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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
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 pm), 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. Fig. 3.3 shows the cross-sectional and
perspective views when 0%, 25%, and 50% of the beads were displaced.

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 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. Fig. 3.4 summarizes the
experimentally measured and numerically simulated permeabilities of soil analogs with lengths

of 500, 1000, and 1500 pum.
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Figure 3.3 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.

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 analog
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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 6um 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.
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Figure 3.4 Numerical simulation with 0, 25, and 50% vertical displacement of beads,
experimental measurement, and calculation using the Kozeny-Carmen (KC) equation (eq. 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.

We also calculated the permeability using the semi-empirical Kozeny-Carman (KC)

. 132
equation 3
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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.
3.4.2 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
colloids 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 colloid resolution.

Fig. 3.5A shows the overlay of bright-field and fluorescent images in the expansion
channel (g in Fig. 3.1). The volume of each droplet and the number of colloids per drop was used
to generate a flow-through curve of an injection of more than 2000 colloids (Fig. 3.5B). The
colloidal concentration was normalized by its inlet concentration. The concentration reached

steady-state after about ten pore volumes (~100 nL).
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Figure 3.5 Colloidal breakthrough curve. (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 colloids
encapsulated in the droplets. Scale bar = 100 um. (B) Measured flow-through curve of 5.4 x 10-3
wt% 1 um colloidal suspension passing through a soil analog with a pore volume of 10 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. We measured the trajectories of colloids sized 0.5, 1, and 3 um using exposure

times that produce pathlines (Fig. 3.6).
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Figure 3.6 The trajectories of individual colloids in the soil analog. (A) a is the trajectory of
colloids that flow below the equator of the beads; b is the trajectory of colloids that flow above
the equator of the beads; c is the trajectory of colloids that flow from top to bottom or bottom to
top of the beads; and d are colloids that are immobilized. Scale bar: 100 um. (B) Zoom-in images
of four types of trajectories, where the contrast was adjusted to reveal the trajectories more
clearly.

d

The diffusion coefficients for 0.5, 1, and 3 um colloids were estimated with the Stokes-
Einstein equation as 8.6 ><10‘13, 4.3x10"13, and 1.4x10™" m2/s, respectively. With a fluid linear
velocity of 94 pm/s, these colloids have Peclet numbers of 1600, 3200, and 9600. Zeta potentials
for them in deionized (DI) water and 0.5 pm colloids in 0.1M NaCl solution were measured as -
742 +£3.9,-60.4 +£2.5,-44.6 +£ 2.3, and -58.9 £ 5.0 mV. Fig. 6 shows four types of trajectories

observed: (a) colloids that flow between the beads and the bottom of the channel appear as sharp
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and continuous lines; (b) colloids that flow above the beads appear blurred due to scattering of
emitted light; (c) colloids that flow from above the beads to below, or vice versa; and (d) colloids
that are immobilized appear as bright aggregated spots. Table 2 shows the mean trajectory length
for 0.5, 1, and 3 pm colloids in DI water and 0.5 um colloids in 0.1 M NaCl, the corresponding
mean velocities are 88, 117, 117, and 86.2 pm/s, respectively. The superficial velocity of the
fluid is 94 um/s. Larger colloids 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 plrofile.66

Table 3.2 Average values of pathline length and tortuosity measured in four different colloidal
flow conditions

0.5 pm in DI 1 ym in DI 3uminDI 0.5 umin0.1M
water water water NaCl water

length (um) 44.0 £22.7 58.5+269 58.5+23.5 43.1+£229
tortuosity 1.171 £0.078 1.172+£0.079 1.161 £0.061  1.175 £ 0.091

Conditions

Based on the trajectories, we also determined the effects of colloid size and salt
concentration on the tortuosity of colloid transport. Fig. 3.7 shows the tortuosity distribution of
differently sized colloids suspended in DI water and 0.5 um colloids suspended in 0.1 M NaCl.
Their mean values and the associated standard deviation are summarized in Table 3.2. 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 colloids falls within 1.1-1.15
tortuosity. However, the variance in tortuosity is lower for 3 um colloids, indicative of the size
exclusion effect where larger colloids sample a smaller volume of the pore space than smaller
ones. Furthermore, the tortuosity distribution for 0.5 pm colloids 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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Figure 3.7 The distribution of tortuosity for colloids of different sizes in water.

3.4.3 Retention of colloids 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. Fig. 3.2B shows that the
carboxylated beads are located at the downstream. 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 electrostatic interactions with the negatively charged colloids (e.g., Ium and -23mV).
Fig. 3.8 shows the average fluorescent intensities of retained colloids within the carboxylated
and aminated layers. As expected, the positively charged (aminated) beads retained more

colloids than the negatively charged (carboxylated) beads in both configurations.
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Figure 3.8 Colloids retention in two different types of layered soil analogs. The fluorescent
intensities of colloids 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 colloids 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 colloids.
During the DI water flush some colloids 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 Fig. 3.8 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

colloids in the aminated bead packing that were removed from the carboxylated bead packing. In

the opposite configuration (Fig. 3.8B), re-adsorption of colloids in the downstream carboxylated
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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 (Fig. 3.8B). The
detachment-reattachment of colloids 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.
3.5 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 colloids in these soil analogs. Using the pathlines
of individual colloids flowing through the pseudo-two-dimensional bead pack, we were able to
extract the tortuosity of differently sized colloids 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 colloids in a single experiment and generate flow-through curves. By
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.
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CHAPTER 4
COLLOIDAL TRANSPORT IN MICROSCOPIC POROUS MEDIUM ANALOGS WITH
SURFACE CHARGE HETEROGENEITY: EXPERIMENT AND PORE-SCALE

SIMULATION

4.1 Abstract

In this work, we studied the transport of colloidal nanoparticles in bead-assembled
microfluidic porous media with surface charge heterogeneity both experimentally and
numerically. We not only obtained breakthrough curves and retention profiles of deposited
nanoparticles, but also recorded the dynamics of nanoparticle deposition at single grain. To
compare with our experimental observations, we further developed a pore-scale simulator that
combined lattice Boltzmann and random walk particle tracking methods. Simulations of
advection and diffusion of nanoparticles under the assumption of irreversible adsorption between
nanoparticles and oppositely charged beads were carried out on exact digital reconstructions of
experimental porous media. Critical modeling parameters, namely maximum surface coverage
and the range of particle-bead interactions, were determined from experiments and first
principles of colloidal-surface interaction, respectively. Both breakthrough curves and retention
profiles agree well between experiments and simulations for porous media containing collector
beads less than 20%. Our work not only reveals that the nanoparticle transport in porous media
with surface charge heterogeneities is controlled by irreversible kinetic adsorption and surface
blocking, but also presents a complete simulation scheme that uses parameters directly obtained
from pore-scale experiments. The elimination of fitting parameters could potentially make pore-

scale simulations more predictive than descriptive.
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4.2 Introduction

Colloidal particles can find paths into porous sediments and enter groundwater due to
their small sizes relative to pores. These particles endanger aquifers in two ways. First, they pose
a threat to human health. Engineered particles such as carbon nanotubes, graphene oxide,
titanium oxide, and silver nanoparticles released from disposal sites are toxic.***° Biocolloids
such as Cryptosporidium also contaminate drinking water.'” Second, colloidal particles could act
as carriers for otherwise less soluble contaminants in aqueous environment such as
radionuclides, heavy metals, and organic substances.” Consequently, contaminants adsorbed to
colloidal particles travel over much longer distances than by themselves. Transport of colloidal
particles is further complicated by the inherent geochemical heterogeneities present in natural
soils and sediments, the composition of which includes different mineral silicates, metal oxides,
hydroxides, oxyhydroxide, and organic matter.'*” This mixed composition, under different pH
and ionic strengths, renders varied surface charges and wettability of the pore grains, leading to a
highly heterogeneous environment. It is therefore imperative to develop abilities to measure and
model transport of colloidal particles in geochemically heterogeneous porous media.

Experimental studies on colloid transport are typically performed in centimeter-scale
columns filled with model or real soil/sediment grains.'*' Measurements obtained from the
column experiments, however, are usually more descriptive than predictive because of the
uncertainties in inferring pore-scale transport mechanisms such as irreversible deposition,
adsorption and desorption, straining, and aggregation from breakthrough curves (BTC).”"-!4*714
Alternatively, porous media analogs (PMA) fabricated with microfluidic technologies allow for
direct visualization of both pore structures and particle trajectories via optical

microscopy.' 14714 However, lithographic techniques used for the fabrication of PMAs (and
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the corresponding hydrodynamic flow in the system) are essentially two-dimensional. Moreover,
unlike column experiments where grains with different physical and chemical properties can be
packed together to form a heterogeneous porous medium,”"'*"*° PMAs are typically made of a
single material with homogeneous surface properties. Although efforts have been made to
fabricate chemically heterogeneous PMASs via silane coupling chemistry,””' UV exposure,''! or
sputtering,3 varying surface properties in a controllable fashion at the scale of single grain is still
a challenge.

In this study, we advanced our previous microfluidic approach''” to assemble
heterogeneous PMAs with a binary mixture of beads containing opposite surface charges.
Depending on the sequence to introduce them into the microfluidic channel, a variety of PMA
structures with different configurations of surface charge heterogeneities were fabricated. With
the position of each bead in PMA registered and their surface properties distinguished by
fluorescent labels, the surface charge heterogeneities were tracked down to the level of
individual beads. In addition, beads were packed into a 1.5 layer so that the transparency of
microfluidic PMA was maintained, allowing us to measure the dynamics of pore-scale colloidal
deposition in situ, as well as BTC and retention profiles of deposited nanoparticles.

Experiments carried out in these bead-based PMAs offered opportunities to evaluate
predictive pore-scale simulations. The pore-scale simulation of advection-diffusion in porous
media emerged in early 1990s and is now a powerful method to relate pore-scale mechanisms to
macroscopic transport.'*> Early applications focused on characterization of dispersion'” and
only recently direct comparisons with column experiments on the level of BTC have become
reality.””* Simulation of advection-diffusion of solutes or colloids with adsorptive interactions

has been reported''*'*>!*® but direct comparison with heterogeneous PMA, especially without
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invoking any fitting parameters, has not been attempted. In this work, exact digital
reconstructions of heterogeneous PMAs were used in lattice Boltzmann (LB) and random walk
particle tracking (RWPT) simulations. For the first time, an experimentally determined range of
colloid-bead surface interaction and a Langmuir surface blocking function were incorporated
into RWPT to simulate deposition of colloids without any fitting parameter. Experiments and
pore-scale simulations of colloidal transport in heterogeneous porous media are directly
compared in this study.
4.3 Materials and methods
4.3.1 Materials

Polydimethylsiloxane (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) and the
developer (AZ300 MIF) was from AZ Electronic Materials (Somerville, NJ). 0.5 um (diameter)
carboxylated fluorescent (580/605 ex/em) polystyrene (PS) nanoparticles were purchased from
Life Technologies (Carlsbad, CA), 10 um (diameter) fluorescent (360/407 ex/em) carboxyl-
functionalized PS microspheres (i.e., beads) were purchased from Polysciences, Inc (Warrington,
PA) and 10 pm amine-functionalized PS microspheres were purchased from Spherotech, Inc.
(Lake Forest, IL). The zeta potentials of carboxylated nanoparticles, amine-functionalized beads,
and carboxyl-functionalized beads in deionized water were measured by ZetaPALS potential
analyzer (Brookhaven Instruments). 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 4-way valve (MV202) was purchased from LabSmith, Inc. (Livermore, CA).
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4.3.2 Device fabrication and operation

Microfluidic devices used in this study were fabricated with PDMS using standard soft
lithography techniques123 while master wafers were made by a two-step photolithography
procedure reported previously.''” Here, the first photoresist layer was 8 pm thick (KMPR1010,
8000 rpm for 40 sec) and the second layer was 7 um thick (44%w KMPR, 4500 rpm for 40 sec).
4.3.3 Microfluidic device operation

Figure 4.1 shows the schematics of our experimental setup for both fabrication of the
chemically heterogeneous porous media and measurement of nanoparticle transport and retention
therein. Device A2 is a general configuration for us to fabricate four different kinds of
chemically heterogeneous porous media where the oppositely charged beads pack into
alternating horizontal layers, vertical layers, individual patches, and random mixtures. For the
horizontal layer configuration, ‘‘+’* and ‘‘—"’ beads were withdrawn through the inlet f’
alternatingly and the length of each horizontal layer was controlled by both concentration of the
beads and solution withdrawing time. For vertical layers, ‘‘“+’* and ‘-’ beads were withdrawn
through inlets d' and e’ separately. Similarly, the concentration of each type of the beads
determines the width of the vertical layers. To create individual patches, we withdrew one type
of the beads from inlet d’ and e’ continuously and the other type from inlet f* intermittently,
which formed patches in the porous medium. For random packing configuration, the oppositely
charged beads were pre-mixed with certain ratios and they were withdrawn from the inlet f'. The

fraction of each type beads in the fabricated porous medium match the pre-mixing ratio well.

62



g
A1 B1

g

Figure 4.1 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 pm) and nanoparticle suspension (0.5 um). 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
the fluid and block the inlet d. Washing solution (i.e., DI water) is then injected from inlet e to
flush the porous medium for 30 minutes. Suspension of 0.5 um nanoparticles 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 introduce a square-wave input of colloids. (A2) Schematics showing the setup for assembling
porous media with various distribution of chemical heterogeneities. The inlets d’, ', and f* are
used for introducing different types of beads, depending on the final porous medium
configurations. (B1) Schematics showing the nanoparticle injection mode, where the
microfluidic valve is set to block outlet b (dashed line) and to open outlet g (solid line). (B2)
Schematics illustrating the nanoparticle transport mode, where the microfluidic valve is set to
block outlet g and to open outlet b.

Although device A2 demonstrates the feasibility of our bead-based fabrication approach,
we designed device Al for the nanoparticle transport experiments due to better control of the
solution injection. It was operated in three different modes: the bead filling, nanoparticle
introducing, and nanoparticle transport modes. In the bead filling mode, a dilute mixture
(2x10°/ml) of “+” and “—" beads was withdrawn through inlet d by a syringe pump through

outlet a. All other inlets and outlets were blocked. The beads were then trapped at barrier c,
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where the channel height was reduced from 15 pm to 8 um. After the fabrication of porous
medium, colloidal solution 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 flushed the
nanoparticle solution is to reduce the effect of nanoparticle dispersion in the tubing before it
entered the channel when we assembled and flushed the porous medium. After flushing the
nanoparticle solution for 5 minutes at 5 nL/s, the nanoparticle concentration entering the channel
reached its bulk concentration, then the valve was switched to B2 to inject the nanoparticle
solution into the fabricated porous medium at 1 nL/s for 200 seconds. After this, nanoparticle
injection was stopped and DI water was injected from inlet e at 1 nL/s to wash the bead packing
for 80 seconds. During this period the nanoparticle concentration that entered and exited the
porous medium were recorded by video microscopy. After that, the microfluidic device was
transferred to a confocal microscope for imaging the locations of both beads and nanoparticles.
The dispersion of nanoparticles within the external tubing makes a sharp front at the
entrance of the porous medium difficult to achieve. To solve this problem, we used an off-chip 4-
way microfluidic valve connected to a cross channel at the upstream of the fabricated porous
medium. After flushing the assembled porous medium with DI water for 30 minutes, the
nanoparticles suspension entering the device was first directed to outlet g through the circular
side channels as illustrated in Figure 4.1-B1 to eliminate the influence of dispersion. After the
concentration of the incoming nanoparticles reached a steady state, the 4-way valve was turned
90° clockwise to connect outlet b to the cross channel and seal the outlet g. The nanoparticle
suspension was then directed to flow through the porous medium. Figure 4.2 shows the
difference of nanoparticles front at the entrance of the porous medium with and without this

specific valve design. With the valve, the nanoparticle concentration exhibited a rapid rise and
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reached steady state in 4 pore volumes (PV). In contrast, the one without valve shows a gradual

increment in concentration which did not reach steady state even after 30 PV. Therefore, in all

experiments we implemented the valve design.
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Figure 4.2 Comparison of inlet nanoparticle concentration between operation with and without 4-
way valve as a function of pore volume (PV).

4.3.4 Breakthrough curves and retention profiles

Inlet nanoparticle concentration profiles and breakthrough curves were obtained by
recording images of nanoparticles in the channel right before they entered and immediately after
they exited the porous medium (Figure 4.3). We used a programmable, motorized stage (Prior
Scientific, Inc, MA) on an inverted epifluorescence microscope (10X, NA = 0.3, Olympus IX81)
so that images were taken at those two locations alternatively with a two-second time interval.
After the flow-through experiments, the PMA was transferred to a confocal microscope for

beads/nanoparticle location analysis with a customized MATLAB script.
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Figure 4.3 Static images (¢ = 100s) of the nanoparticle solution at (a) inlet and (b) outlet of the
porous media randomly packed by 9% “+” beads and 91% “—” beads. The arrow indicates the
flow direction. Scale bar: 100 um.
4.3.5 Identification the locations of individual beads and nanoparticles

We used a confocal microscope (60X, NA = 1.2, Olympus FV10i) to identify the x-y-z-
position of each bead within the PMA. An image analysis algorithm identified the x-y positions
of the center for each bead in the PMA. In that, a filter for bead perimeter was set between 10 um
and 51 pum, followed by a second filter for bead area between 4.3 and 25.7 umz. Other

117

thresholds in the MATLAB script remain the same as in our previous report. ~ The z position of

each bead was determined by adjusting the focal plane during the confocal imaging. In addition

__9

to the x-y-z positions of each bead, fluorescent and negatively (“—) charged beads were
distinguished from the non-fluorescent and positively (“+”’) charged beads.
4.3.6 Pore-scale nanoparticle deposition

The dynamics of nanoparticle deposition on individual beads was measured in separate
experiments with the inverted microscope (60X, NA = 1.35) to record events of nanoparticle
deposition at a fixed location (field of view = 144 um x 110 pum, 200 pum downstream from

entrance) for one hour with a time interval of one second. Following the experiment, the porous

medium was placed under the confocal microscope to measure the three-dimensional (3D)
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position of the deposited nanoparticles. The dynamics of nanoparticle deposition in the porous
medium was modeled as’*

00
EzﬂaskpCB(G) (3.1

where 6 is the fractional surface coverage of a bead, determined from the pore-scale experiment.
t is time, a, is nanoparticle’s radius, k;, is the rate constant of deposition, C is nanoparticle
concentration in the solution, and B(#) is the surface blocking function described in the next
section. Eq. (4.1) was solved numerically with an initial condition of § =0 at ¢t = 0. We used

explicit Euler method for temporal discretization.

0j+1 _ 0/’

Y. ma;kCB(6), j=0,1,2,.... N, (3.2)

where N, is the numbers of temporal grids. To capture enough information from the domain, we
applied a uniform temporal grid N; = 1000. Our benchmarking procedure showed that the relative
error evaluated using maximum norm is less than 0.1 %. We then performed numerical
simulations for given operating parameters. Using the Least Square fitting method, we
determined the coefficient k;, that fitted the experimental measurements best.
4.3.7 Random sequence adsorption (RSA) model

During the deposition there is a surface blocking effect caused by the deposited
nanoparticles occupying adsorption sites on “+” beads. To describe this phenomenon in the pore-
scale simulations, we used the RSA model to describe the surface blocking function B(6), the
probability of particle adsorption for a given surface coverage 6. Based on a statistical approach

developed by Schaaf et al 7 for non-interacting particles,

B(6)=1-c¢,0+c,0° +¢,0’ (3.3)
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We note that Eq. (2) applies only when 0<6<6_ . When screened Coulombic interaction

between deposited nanoparticles is taken into account, the coefficients in Eq. (4.3) are'”®

1+H" Y 63 (1+H" ! 1+H'Y
¢ :4( j , Cy :—[ ) , Gy :1.407( j (3.4)

1+A T 1+ A 1+A

Here, H' is a dimensionless length that characterizes the range of electrostatic repulsion between
deposited nanoparticles, A is the aspect ratio of nanoparticles to beads. To find H , we let Eq.
(4.3) satisfy the boundary conditions B(6) =1 at @ =0 and B(0) = 0 at 8 = O,ax, Where Opax 1S
0.051, determined from our pore-scale experiments. Calculations gave H =22,¢,=372,¢c,=
285.5,and ¢; = 1127.3.
4.3.8 Reconstruction of microfluidic PMAs

A custom MATLAB code was used to generate voxel-based computational domains for
LB and RWPT simulations, based on reconstruction of fabricated microfluidic PMA. The center
locations of beads came from experiments and the diameters of both “— beads and “+” beads
were set to 10 um. Pillars of diameter of 24 um were used to provide mechanical support in the
large-aspect-ratio microfluidic channels. The computational domains for homogeneous PMAs

w_9

contain only beads while those of heterogeneous PMAs contain both “+” and “— beads. All
computational domains were discretized into cubic voxels, whose size is 1 pum. The overall size
of the computational domain was set as 602 voxels in width, 17 voxels in height, and 1981

voxels in length. The total number of voxels exceeded 20 million and the number of fluid voxels

was about 11 million.
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4.3.9 Lattice Boltzmann (LB) and random walk particle tracking (RWPT) simulation of
fluid flow and nanoparticle transport through bead-based microfluidic PMAs
A single-phase parallelized D3Q19 LB code with multiple relaxation time (MRT)
collision operator15 ? was used to obtain steady-state velocity fields in digitalized PMAs.'® We
assume that flow fields are not affected by surface charge heterogeneities (i.e. no net
electrokinetic flow) and a constant body force was applied to drive the flow. A RWPT code was
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developed to solve advection-diffusion of nanoparticles through the PMAs.
tracers representing nanoparticles were moved on the same voxel-based computational domains
that LB used. The steady-state velocity fields obtained from LB simulations were passed to
RWPT to determine advective displacements of tracers. Diffusive displacements by random
motions were then added to locate the final positions. The scheme to move the tracers follows
the method of biased random walk

xX(t+A8) = x(0) +v (x(0)At + \J6D AL (3.5)
where x is the location of tracers, v is the velocity, 7 is the time, A¢ is the time step, Dy is the
molecular diffusion coefficient, and ¢ is a randomly oriented vector whose size follows a
Gaussian distribution with unit variance.

As nanoparticles are highly charged and non-aggregative with each other, the RWPT
code did not consider tracer-to-tracer interactions. The no-flux boundary condition between
nanoparticles and non-adsorbing surfaces was implemented in RWPT using a specular reflection
method by which a tracer is reflected on the interface between solid and fluid nodes.
Heterogeneous PMAs contained a certain percentage of “+” beads and these beads attract

nanoparticles by electrostatic attraction and retain particles by combined electrostatic and van der

Waals forces. Hence, over surfaces of “+” nodes specular reflection was disabled. Instead,
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nanoparticles that are within a capture distance L away from a “+” solid node were captured and
retained on the bead. This treatment models nanoparticle deposition as a kinetic process rather
than an equilibrium process, following the observations from the pore-scale experiments that
depositions always occurred irreversibly. The capture distance L was determined from the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory that governs the double-layer interaction
between the nanoparticle and bead'®!

vir=£r__aa

4 m[()’l+y2)21n(1+e_’(h)+(yl—y2)zln(l—e_’(")} (3.6)

where kT is the thermal energy, e is the electron charge, a; (5 um) and a, (250 nm) are radii of
the “+” bead and the carboxylated (negatively charged) nanoparticles respectively, y, =g.e/ kT

is the scaled surface potential of particle i, 4 is the surface to surface distance, ¢ is the

11.162

permittivity of the solvent, and x' is the Debye lengt Although we used deionized (DI) water

in our experiments, dissolved carbon dioxide (CO,) from air still generates H" and HCO; ions.

The concentration of H' can be inferred from the pH, which measured 5.8, in agreement with

163
L.

data provided by Ropp et a Correspondingly, the concentration of HCO; was estimated to

be 2.23 x 10°° M, which yields a Debye length of 205 nm. This value, however, is on the higher

164-166

end of the Debye length reported in literature, since ion leakage from both glassware and

particle surfaces usually would further reduce the Debye length. Here, we used the value from

Kampf et al,167

which gives a Debye length of 68 nm by fitting the experimentally measured
double layer interactions with the DLVO theory. Figure S4 shows the interaction energy as a

function of surface-to-surface separation 4. We assumed that when U/T = 10, nanoparticles

would be irreversibly deposited on the beads, which occurs when h=4x"' ~ 272 nm. After
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taking the radius of nanoparticle (a;=250 nm) into account, the capture distance L in the RWPT
simulation was set to a; + A ~ 500 nm, equivalent to half of the voxel size.

In RWPT, to suppress statistical noise in the BTCs, 55,000 tracers were released into the
computational domain. In the experiments, the concentration of nanoparticle was ~70/nl leading
to ~370 nanoparticles in one PV of PMA. The ratio of tracers to nanoparticles is therefore
approximately 150, which means that 150 tracers in RWPT are statistically equivalent to one
nanoparticle in the experiment. Therefore, in the implementation of the blocking function on the
surface of a “+” bead, the maximum adsorptive capacity of a single voxel was scaled by the
experimentally determined maximum retention of nanoparticles on a single “+” bead as

tracer-to-nanoparticle ratio
=N,  x P ~ 40 (3.7)
surface area of bead

node

where Nnode is the maximum tracer adsorptive capacity of a single “+” voxel in RWPT and
Nbead (=82) is the maximum number of nanoparticles retained on a “+” bead measured directly
from pore-scale experiments. With this conversion established, the RSA model was then applied
to RWPT on “+” voxels to simulate the effect of surface blocking.
4.4 Results and discussion
4.4.1 Fabrication, characterization, and digital reconstruction of heterogeneous PMA

To assemble a porous medium with heterogeneities in surface charge, we injected
suspension of both amine- and carboxyl-functionalized beads (i.e., the “+” and “—” beads) into
microfluidic channel (600 um x15 pum) supported by pillars. The measured zeta potentials of
these beads were 59 = 1 mV and —40 + 5 mV, respectively. If we directly mix these oppositely
charged beads in deionized water, they will aggregate with each other and deposit on the channel
wall. To solve this issue, we mixed these two types of beads in 0.01 M sodium hydroxide

solution. Since the pK, of alkylamine is ~10, the “+” beads bear negative surface charges at pH
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12 ((=-92 =2 mV). This surface charge reversal allows us to inject the mixture into the
microfluidic chamber without deposition or aggregation. After the beads were injected to form
the porous medium, we perfused DI water (20 nL/s for 30 minutes) to lower the pH to ~ 6 and
restored the positive surface charge on the “+” beads. An ex sifu measurement confirmed that the

zeta potential of the amine-functionalized beads recovered to 68 + 4 mV (Table 4.1).

Table 4.1 Zeta potential measurement of the amine-functionalized (“+”) beads under different
conditions.

washing off NaOH
DI water 0.01M NaOH and re-suspending
in DI water
57.52 -90.16 63.04
zeta potential (mV) 58.59 -94.17 72.08
59.41 -90.93 69.96
mean 58.51+0.77 -91.75+1.74 68.36+3.86

The image processing procedure are shown in fig. 4.4 for fluorescence beads recognition
and fig. 4.5 for top and bottom beads identification. Fig. 4.4a shows the original beads packing
image after merging the grey (bright field), blue (DAPI fluorescence) and red (TRITC

e

fluorescence) channels into one RGB image. In the composite the green particles are “-” charged,
the blue particles are “+” charged, the large blue circle at the bottom left corner is the pillar we
used to support the channel. Fig. 4.4b is the grey channel extraction from the composite. From
which we obtained the x-y coordinate of all the beads in the field of view, shown as the blue dots
in the center of each beads. In fig 4.4c, the non-fluorescent beads (‘“+” charged) are filtered out
due to their low intensity in the isolated blue channel, then the blue channel is overlaid with grey
channel to map out the “-” beads in bright field, displayed by blue dots in the figure. In the last

step, the “-”” beads centers are subtracted from all beads centers to discern the “+” beads, shown

as yellow dots in fig 4.4d.
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In fig 4.5, a similar procedure is taken to discern the beads located at the bottom of the
channel from those at the top. Fig 4.5a is same as fig 4.4b, which detects the centers of all the
beads. In fig 4.5b, we focused on the top beads in the packing, indicated by the blue centers. By
subtracting the top beads from all the beads, the bottom beads centers are determined. In fig 4.5¢,
blue dots indicate top beads, red dots indicate bottom beads. Combined this results with the
fluorescent label results, we are able to obtain the x-y-z coordinate of both types of beads in our

porous media.
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Figure 4.4 Image processing procedures for distinguishing “+” and ““-” beads based on their
fluorescence. (a) Original composite image with grey, blue, red channels overlaid. (b) Detected
centers for all the beads in the grey channel. (c) Detected centers for “-” beads based on blue and
grey channel composite. (d) Detected centers for both “+” and “-” beads. Scale bar: 50 pm
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Figure 4.5 Image processing procedures for distinguishing top and bottom beads based on their
focal plane. (a) Detected centers for all the beads. (b) Detected centers for top beads based on
their higher vertical position (d) Detected centers for both top and bottom beads. Scale bar 50 um.
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Figure 4.6 Porous media analogs (optical image with pseudo colors) with different
configurations of charge heterogeneity: (a) and (b) alternating horizontal layers, (c) vertical
layers, (d) a single patch, and (e)-(h) random mixtures with 48%, 24%, 17%, and 9% “+” beads,
respectively. The red and blue spheres represent amine- (“+”) and carboxyl-functionalized (“—”
beads, respectively. Scale bars: 100 um. (i) Digital reconstruction of the porous medium with
randomly mixed 4% “+” and 96% “— beads. The insets show top and side views, and red and
gray represent “+” and “—”, respectively. The two column of void space in the figure are pillars
used to support the channel not plotted in the figure.

Figures 4.6a-d show different configurations of surface charge heterogeneities made in
device A2. Oppositely charged beads were packed into alternating horizontal layers, vertical
layers, or patches. Figures 4.6e-h show media with different fractions of “+” beads randomly

mixed with “—” beads and these media were used to study nanoparticle transport. To quantify the
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degree of randomness in bead packing, we computed the two-dimensional radial distribution

function g, (r) defined as

1 mg, nﬂ
rj=—> ——— 3.8
gaﬁ( ) m, ; 2rrArpy (3-8)
where a and f represent “+” and “—” beads respectively, m,, is the number of reference a-type

beads, ng is the number of S-type beads within distance r and r + Ar from a specific reference a-

type bead, and p, is the number density of S-type bead. Figure 4.7 shows that the

experimentally measured gqs(r) are in good agreement with those from a numerically generated
porous media where particle types were randomly assigned for different fractions of the “+”
beads. This agreement confirms that our porous media are indeed random mixtures of oppositely
charged beads. The x-y-z positions of beads in porous media, identified from image analysis over
confocal images, allowed us to digitally reconstruct the porous media (Figure 4.61) for LB and
RWPT simulations.
4.4.2 Pore-scale measurement of nanoparticle deposition dynamics

A unique advantage of our approach is that we can directly measure the in situ dynamics
of particle deposition at the level of a single grain. Video S1 shows temporal deposition of
nanoparticles in a porous medium with heterogeneous surface charge consisting of 7% *“+” and
93% “— beads (in green and blue respectively). In the video, the focal plane was chosen near the
middle of the channel at ~7 um from the bottom substrate. The red dots are 0.5 um fluorescent
carboxylated PS nanoparticles. For beads located at the bottom of the chamber, deposited
nanoparticles were obscured by the beads’ equator and thus a ring appeared surrounding the bead

due to light scattering. The video shows that, as expected, most nanoparticles deposited on the “+”
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Figure 4.7 Radial distribution functions g,,(r), g__(r) g,_(r) for different pairs of beads

measured in the fabricated porous media that are randomly packed by different fractions of “+”
and “—” beads. The solid lines are obtained from numerically simulations.
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bead, but a few also deposited on the beads either due to straining or DLVO interaction at
the secondary minimum.'®® From the video, we also observed that most nanoparticle deposition
occurred first on the upstream hemisphere of the “+” beads. As the adsorption sites were
gradually filled there, particle deposition progressively moved to the downstream hemisphere.
This phenomenon can be seen more clearly by observing the nanoparticle deposition at single
bead level (Video S2).

Figure 4.6a shows deposited nanoparticles on the bottom hemisphere of a “+” bead at
different focal planes after flowing 80 particles/nL solution for one hour at 1 nL/s. Figure 4.8b
shows the digital reconstruction of 3D positions of nanoparticles based on Figure 4.8a. Clearly,
more particles deposited on the front, upstream hemisphere than the rear, downstream
hemisphere. The bottom left corner of the “+” bead is free of deposited particles because there is

@_9

a nearby bead at touching distance, physically blocking the access and preventing
nanoparticles from depositing.

Figure 4.8c shows the temporal change of surface coverage of five “+” beads in Video S1.
The variation in these data could be due to the variance in these “+” beads’ positions relative to
their “—” neighbors and surface potentials. The general trends, however, are consistent. Surface
coverage increased linearly for the first ~200 seconds and then attenuates as binding sites fill. All
curves demonstrate surface-blocking, i.e., the initially deposited particles hinder the deposition
of later particles nearby, similar to Langmuir effect.”> When we fit the experimental data in
Figure 4.8c to Eqgs. (4.1) and (4.3) solved by finite difference we obtained a deposition
coefficient k, = 6.8 + 1.59 x 107° (m/s). This value is ten-fold higher than reported by Johnson et

al.”® However, considering that our “+” beads have a higher zeta potential (68 mV vs. 20 mV)

and our experiment was conducted in DI water, which leads to a longer particle-surface
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interaction range, the k, value appears reasonable. We further found an average 82 + 13
nanoparticles were deposited per “+” bead (n = 5) after 1 hour. Hence, we use Np.q = 82 in Eq.

(4.7) for RWTP simulations.
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Figure 4.8 Nanoparticles deposited on a “+” bead. (a) Snapshots of confocal microscopy images
scanning from the bottom of the bead to its equator with 1 um step change and (b) the digital
reconstruction of deposited nanoparticles on the bottom hemisphere. The flow direction of
nanoparticles is indicated by the red arrow. Scale bar: 3 um. (c) The time evolution of surface
coverage (0) on five different “+” beads. Dashed lines are the least square fits based on Egs. (4.1)
and (4.3).

4.4.3 Experimentally measured and simulated breakthrough curves
Experimentally measured BTCs were generated from a square wave input concentration

profile of 0.5 pum carboxylated PS nanoparticles ({ = —45 £ 1 mV) achieved with a 4-way off-

chip valve. Figure 4.7a shows the BTCs for porous media packed with different fractions of “+”
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beads. For the homogeneous medium packed by “— beads only (0%), the curve reached the
plateau of C/Cy ~ 1 at around five pore volumes (PV). In comparison, the onset of “plateau” was
delayed to approximately eight PV for porous media with even a small fraction of “+” beads (4%
and 9%). Note that “plateaus” in these two cases were not perfectly leveled. Past eight PV, the
concentration still increased with increasing PV slowly because of surface blocking. When the
“+” beads fraction was increased further, no clear plateau was observed. Instead, the outlet
concentration increased continuously until terminated by the DI water flush introduced at 200"
second. A notable observation is that the presence of a small fraction of “+” beads in the porous
medium can significantly alter the BTC. For example, only 4% “+” beads in the porous medium
reduced plateau of the BTC by 60% (Fig. 4.8a). When the fraction of “+” beads is 24%, almost
no nanoparticle can pass through the porous medium. This observation agrees qualitatively with
results obtained from column experiments.”

Our collaborator performed corresponding numerical simulations using the LB-RWPT
approach. The molecular diffusion coefficient in RWPT was chosen to match the Péclet number
of the experiment, Pe = ud/D = 1295. Here u is the superficial velocity through PMA, d is the
diameter of beads, and D is the diffusion coefficient of nanoparticles. To faithfully simulate
experiments, they used logistic growth curves to fit the actual inlet concentration profiles so that
the nanoparticle concentration measured at the inlet was reproduced in the simulation Details of
this procedure are explained in the Cho’s thesis.'® It is worth noting here that efforts spent in
matching the inlet concentration profile led to significant improvements in the agreements of
BTCs between simulations and experiments, and hence it is a procedure highly recommended for

future studies.
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Figure 4.9 (a) Experimental breakthrough curves (BTC) for the transport of 0.5 um carboxylated
nanoparticles in chemically heterogeneous porous media packed by amine- (“+”) and carboxyl-
functionalized (“—) beads at different mixing ratios. The normalized concentration (C/C,) at the
outlet of the PMA is plotted as a function of pore volumes (PV) injected. 1 PV is 5-6 nL.. The
dash line indicates the moment when DI water flushing started. (b-f) Experimental (filled
symbols) and simulated (hollow symbols) BTCs of PMAs with 0% 4%, 9%, 17%, and 24% “+”
beads. Inset in e and f are the zoom in of the corresponding BTC. Simulations used capture
distance L = 0.5 pm and nodal adsorption capacity 7,04 = 40 obtained from experiments.
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Figures 4.9b-d show that RWPT simulations implemented with inlet concentration
profiles, interception length for electrostatic adsorption, and blocking functions measured from
experiments can predict the dynamics of nanoparticle transport and retention in PMA with low
percentages of “+” beads (0%, 4%, and 9%). This good agreement between experiments and
simulations confirms that the dominant mechanisms that controlled advection-dispersion and the
shape of BTCs of nanoparticles in heterogeneous PMA are irreversible electrostatic adsorption
combined with surface blocking. For PMA with higher fractions of “+” beads (17% and 24%),
the effluent concentration profiles predicted by RWPT were slightly higher than experimental
data. This discrepancy may come from three sources: the volumeless representation of
nanoparticles in simulations, neglecting of particle interactions between nanoparticles, and
differences between real PMAs and their digital reconstructions. First, the RWPT method models
nanoparticles as volumeless points, and thus omits the effect of straining as well as adsorbed
particles on the flow. Straining is significant for high “+” beads fractions, as the pore could be
surrounded by “+” beads and narrowed by the nanoparticles adsorbed on these beads, leading to
straining and potential clogging. In contrast, for low “+” beads fraction, “+ beads are normally
far from each other, and “—” beads barely adsorb nanoparticles, the straining is not significant.
Second, the RWPT neglects the interactions between nanoparticles and “—” beads as well as
among nanoparticle themselves. The interactions include van der Waals and electrostatic
repulsion; the electrostatic repulsion is expected to be dominant over the van der Waals
interaction due to the high surface charges of the nanoparticles. And it could lead to more
nanoparticles approaching “+” beads. Lastly, digitally constructed PMAs had a uniform height of
15 um; PMAs in the experiments, however, tend to have reduced heights approaching the sides

of the PMAs, an imperfection from the fabrication. As a result, there were extra void spaces
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along the sides of the PMAs in the simulations. We observed that these void spaces generated
preferential flow paths that were not present in the experiments. Tracers could pass through
PMA s through these spaces easily without encountering many “+” beads, leading to effluent
concentrations higher than those from the experiments.

4.4.4 Experimentally measured and simulated retention profiles

Figure 4.8 shows retention profiles as the number of deposited nanoparticles as a function
of distance along PMA measured by confocal microscopy. All retention profiles were obtained at
the end of experiments used to generate the BTCs in Figure 4.9. We neglected 0% case because
the fraction of deposited nanoparticle was less than 1% of the injected total. Figure 4.10a shows
that the retention profiles follow an apparent logarithm relationship with distance, which is
consistent with filtration theory.'”® Additionally, the slope of the retention profile appears to
increase as the fraction of “+” beads decreased.

This observation may be explained as smaller “+” beads fraction allows deeper
nanoparticles penetration into the PMA. We observed that, for the 17% “+” beads case, there
were a few hundred nanoparticles deposited near the end of the PMA. For the 24% “+” beads
case, however, deposition dropped sharply to tens of nanoparticles about 800 pm into the PMA,
which means that nearly all flowing nanoparticles were adsorbed upon reaching this point. This
measurement agrees with our BTC data that barely any nanoparticles were detected in the
effluent for the 24% “+” beads case. For the 48% “+” beads case, the retention profile showed a

steep decline at 400 um and there were no nanoparticles 600 um into the PMA.
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Figure 4.4.10 (a) Experimentally measured retention profiles of 0.5 pum nanoparticles in
chemically heterogeneous PMAs with 4%, 9%, 17%, 24% and 48% “+” beads. (b-f) The
comparison between experimental measured (solid) and simulated (hollow) retention profiles at
different “+” beads fractions.

Similar to the comparison of BTC, retention profiles obtained from RWPT agrees well

with those from experiments when the fraction of “+” beads is 4% and 9%. Fluctuations in the

simulation data were mainly caused by the local variations in the fraction of “+” beads. Starting
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from the case with 17% “+” beads, simulation results began to deviate from experiments. The
experimental profiles concave slightly upwards, whereas the simulation results were roughly
linear. For the cases with high fractions of “+” beads (17%, 24%, 48%) the retention profiles
from experiments were all higher than those from simulations, which is consistent with the
observation from the BTCs that in these cases simulations predicted more nanoparticles flowing
through the PMAs than experiments. The possible reasons include the volumeless representation
of nanoparticles in simulations, the neglect of interactions between nanoparticles, and the
differences between real PMAs and their digital reconstructions, as discussed above.

In summary, we presented a new approach to fabricate microfluidic PMAs consisting of
randomly packed spherical beads of opposite surface charge properties. Such kind of PMAs
allowed us to experimentally study the transport of nanoparticles in chemically heterogeneous
soil / sediment environments. We also performed numerical simulations based on the LB and
RWPT methods in the same PMAs. Using experimentally determined maximum surface
coverage and blocking functions of nanoparticle deposition and theoretically derived
nanoparticle-surface capture distance, our RWPT simulations successfully reproduced both
breakthrough curves and retention profiles of nanoparticles measured from the experiments
without any fitting parameter. Our comparative study shows that transport of nanoparticles in
chemically heterogeneous PMAs was indeed primarily controlled by irreversible kinetic
adsorption and surface blocking / exclusion. Good agreement between experiments and
simulations also indicates that the developed simulation scheme, using parameters directly
obtained from the single pore experiments, can be generalized and extended to future

applications in simulating transport in porous media with other types of surface interactions.
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CHAPTER 5
MULITPHASE FLOW IN POROUS MEDIA ANALOGS WITH WETTABILITY
HETEROGENEITIES
5.1 Introduction

Multiphase flow in porous media has been widely studied because it is important to
several environmental and industrial applications such as enhanced oil recovery (EOR), CO,
sequestration, non-aqueous phase liquid (NAPL) remediation, and membrane separation. To
better understand this phenomenon in details, researchers have developed micromodels that
replicate the porous structures commonly found in real reservoir and subsurface. Meanwhile,
these micromodels are made of transparent materials (e.g., glass, PMMA, PDMS, and NOAS&1),
which greatly facilitates direct observations of multiphase flow behavior at pore scales.

The origination of micromodels dates back to 1950s when Chatenever et al. first
sandwiched a layer of glass beads between two glass plates.95 With this setup they studied the
water-oil displacement in both channel flow and slug flow regimes. But at that time, the
limitation of imaging technologies prevented them from obtaining very detailed and informative
images. Later Mattax et al. used the wet etching method to engrave channel networks on a glass
plate that was covered by a layer of wax and followed by bonding it with another glass plate to
seal the system.”® But at early era wet etching had some problems like poor sealing and abnormal
curvature at the channel bottom. Later on in the 90s, when PDMS was widely used in soft
lithography, one can conveniently fabricate a mold by using photolithography and wet etching
and mass-produce PDMS-based micromodels by using soft lithography, which greatly simplified

123

the fabrication produces and reduced the cost. =~ Since then, micromodels began to appear more

and more in the studies of multiphase flow.
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In 1988, Lenormand et al. conducted both micromodel experiments and numerical
simulations for two-phase (oil-water) displacement under the drainage condition. They mapped
out the phase diagram of viscous and capillary fingering based on both capillary number and
viscosity ratio.'” Later on Wan ez al. used micromodels to visualize the transport of colloidal
particles in unsaturated porous media and found that they were easily trapped at the gas-water
interface.”” Jeong e al. studied the foam flooding removal of NAPL in micromodels and found
that using surfactant foam was twice more effective in removing residual trichloroethylene

171 . .
"' In the above studies, however, the micromodels used were

(TCE) than just surfactant flooding.
mostly made of one material with uniform surface properties. Hence, they are called chemically
homogeneous micromodels. In recently years, some researchers started to modify the surface of
micromodels to create heterogeneities in terms of wettability or surface charge. For example, Ma
et al. used UV-ozone treatment to oxidize and hydrophilize the surface of PDMS micromodels. "
Trojer et al. silanized glass beads to different degree of hydrophobicity and packed them in a
Hele-Shaw cell.''’ Zhao et al. used chemical vapor deposition of silane and deep UV exposure to
modify the wettability of NOA81 surface in the micromodel.''' Lee et al. applied stop flow
lithography to fabricate pillars with different wettability by using different photoinitiators and
crosslinkers.”*

Except for Lee’s method, all other approaches can only modify the surface property
uniformly, and Lee’s method has a drawback of low resolution and large pore space, which
limited its application in multiphase flow studies. Here, we developed a bead-based micromodel

that utilized two types of beads with very different wettability to oil and water and fabricated the

porous media analogs. By using fluorescent beads we are able to distinguish one type from the
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other. We further demonstrated that our micromodel provides a useful platform in studying
multiphase flow in porous media with wettability heterogeneity.
5.2 Materials and methods
5.2.1 Materials

Norland Optical Adhesive 81 (NOAS81) was purchased from Norland Products
(Cranbury, NJ). Polydimethylsiloxane (PDMS) was purchased from Dow Corning (Sylgard 184,
Midland, MI). 1H-1H-2H-2H-perfluorooctyltrichlorosilane was bought from Gelest (Morrisville
PA). Photoresist (KMPR1010) came from MicroChem (Newton, MA) and the developer (AZ300
MIF) was from AZ Electronic Materials (Somerville, NJ). Fluorescent (465/480 ex/em)
polystyrene (PS) particles (7.4+0.5 um in diameter) were purchased from Spherotech, Inc. (Lake
Forest, IL). 8 um silica microspheres were purchased from Fiber Optic Center Inc. (New
Bedford, MA). Low viscosity mineral oil was purchased from ASI standards (Oak Ridge North,
TX). FD&C Blue #1 was purchased from Spectrum Chemical Mfg. Corp. (New Brunswick, NIJ).
Decane (30570), Sigmacote and Oil Red O was purchased from Sigma-Aldrich (St. Louis, MO).
Reagent alcohol (200 proof, ACS grade) was purchased from Pharmco-Aaper (Shelbyville, KY).
5.2.2 Device fabrication and operation

Microfluidic devices used in this study were fabricated with NOAS81 using soft
lithography techniques. A master wafer was made by a two-step photolithography procedure
reported previously.''” Here, the first photoresist layer was 14 pm thick (KMPR1010, 2000 rpm
for 40 sec) and the second layer was 11 um thick (KMPR1010, 3000 rpm for 40 sec). Then a
polydimethylsiloxane (PDMS) mold was imprinted from the master wafer and used to mass-
produce NOASI1 devices. Before NOA81 molding, the inlets and outlets on the PDMS mold

were punched using a 0.75mm biopsy punch. Gauge 22 blunt needles that were dipped in 1 mm’
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liquid PDMS that was aged for 12 hours were inserted in all inlets and outlets. The aged PDMS
was solidified after 30-minute baking at 80 °C. This step aimed at building a cone shape inlet to
reduce the adhesion of beads at the inlet during the experiments.

During the fabrication of NOAS81 devices, gauge 22 blunt needles were placed in all
inlets/outlets to ensure their connectivity after molding. For the beads inlet, a piece of 3x3 mm
PDMS panel was punched and hung on the needle. A PDMS frame (2mm thick) was first placed
outside of the channel, then 1ml NOAS81 was dropped inside the frame and formed a reservoir at
the same height of the frame.'’*'”> The PDMS panel on the needle was pushed to immerse at the
same level of the NOAS81. The liquid NOAS81 was cured after exposing under 365 long-wave UV
for 150 seconds from the top and 40 seconds from the bottom. Then all the needles were
removed, and the device was placed with channel features facing up in a petri dish for future
surface modification. In parallel, a 25x75 mm glass slide was prepared with spin coating NOAS81
at 2300 rpm and exposed under same UV for 75 seconds from the top. Then the channel surface
was modified to be hydrophobic (see details in the next section) and the device was pressed on
the NOASI slide firmly and exposed under long-wave UV from the top for 120 seconds.
Afterwards, the whole device was baked on a hot plate at 60 °C for 3 hours to age the NOAS].
After that the gauge 30 Teflon tubing was epoxied on all inlets and outlets except the beads
inlets.

In the experiments, the beads used to assemble the porous media were first introduced as
a suspension in reagent alcohol. Reagent alcohol was chosen because it disperses both the
hydrophilic and hydrophobic beads well. Inside the channel, the flowing beads were stopped by a
line of pillars placed at the downstream. After the porous medium was formed, decane was

injected to flush the porous media for 100 pore volume (PV). Since decane is miscible with the
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reagent alcohol that we used, this flushing did not form any liquid-liquid interface that may
disturb the bead packing. After the decane wash, low viscosity mineral oil (7 cst at 25 °C) was
injected for 100 PV to completely replace decane as the defending fluid. In the last step the dyed
water was injected under a constant pressure and the displacement process was recorded under
an optical microscope (10X, NA = 0.3, Olympus IX81). The recording stops at water

breakthrough.

a ()

/!

e

Figure 5.1 Configurations of the microfluidic device used for multiphase flow experiments,
where a is the outlet of the channel, b is the cylindrical stoppers (orange circles) that assemble
the porous media, c is the inlet for beads, decane, and mineral oil, d is the inlet for dyed water,
and e 1s the outlet used to discharge the water/oil emulsion and form a stable interface when
water is first injected.

5.2.3 Device and beads surface modification
In order to create a drainage environment, the surface of the channel was modified to be
hydrophobic to prevent any preferential flow during the experiments. Here we adopted the

chemical vaper deposition (CVD) method (Zhao et al.) to modify the unbonded NOAS81 device
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and slide with 10 uL. 1H-1H-2H-2H perfluorooctyltrichloro-silane in a vacuum desiccator for 30
minutes.''! The silica beads is naturally hydrophilic. To make it hydrophobic, 1 gram of the
beads were immersed in 0.5 mL Sigmacote for 1 minute and washed with reagent alcohol for
three times. The modified beads were stored in reagent alcohol as well.

To make the hydrophilic PS beads to have a similar surface composition as the silica
beads, we grew a thin SiO; shell on the PS beads using Graf et al. method.!”* 0.4 mL 1% PS
particle stock solution was washed 3 times in reagent alcohol to remove water. Then the
suspension was dispersed in 4 mL poly vinylpyrrolidone (PVP, M,,=360k) solution in ethanol (7
g/L). After that, 0.33 mL ammonium hydroxide and 0.8 mL 10% tetraethyl orthosilicate
dissolved in ethanol were added drop-by-drop sequentially under stirring. Finally, the suspension
was placed on a rotator (100 rpm) to react for 12 hours. After the reaction, the beads were
washed by deionized (DI) water and stored in reagent alcohol.

5.2.4 Image analysis to measure the invading fluid saturation and fractal dimension of the
fingering patterns

In order to analyze the displacement pattern from the experiments, a customized
MATLAB script was used. The optical image was first cropped along the porous media’s
boundary with the polycrop command. Then the gray scale image was turned into a binary image
by im2bw with a certain threshold. At last the oil saturation was obtained by dividing the number
of black pixels (remaining oil) by that of total pixels in the image.

The fractal dimension of the fingering patterns is an important parameter to characterize
the extent of branching/fingering during oil displacement. Here a box-counting script developed
by Moisy was used to determine the occupancy of black pixels in boxes of variable dimensions

and the slope of the filled boxes vs. box size gives the fraction dimensions.'”
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5.2.5 Phase diagram estimation

In Lenormand et al. paper in 1988, they predicted a phase diagram that separated
different regimes of invading patterns based on their numerical and theoretical calculation.'*
Following their method, we estimated the phase diagram as well as the location of our
experimental regime. First, we estimated the permeability of the porous media based on the

Darcy’s law.

0= 24P (3.9)

uL
where the volumetric fluid flowrate Q = 0.4 x10™ m?/s, viscosity y = 1x107 Pa-s, the length L =

1.5%107 m, and the cross-sectional area A = 2.4x10” m”. The permeability 1s ~ 2.5%10™"* m?,

which is close to 1x10™"* m? base on our previous measurement.''” Here we adopt k = 110" m?
for simplicity.

According to Lenormand et al., three kinds of forces should be considered here, the
viscos force of the displaced fluid 1, viscous force of the invading fluid 2, and capillary force
between fluids 1 and 2. The viscosity ratio M is defined by p,/p;. The phase diagram can then be

estimated by comparing the viscous and capillary pressures.

viscous pressure:

P =— 3.10
v (3.10)
capillary pressure:
p =708t 3.11)
r

where v is the interfacial tension between two phases, r is the radius of pores, and 8 is the contact

angle of invading fluid. The capillary number Ca is defined as
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ca=*" (3.12)
y

where u is the linear velocity of the invading fluid 2. At large Ca number, the capillary force is
negligible, so the displacement pattern only depends on the viscosity ratio M. Under such a
situation, when M is small, viscous fingering dominates, and when M is large, the displacement
is stable.

At small Ca number, stable capillary fingering can be observed when the viscous
pressure of the invading fluid 2 is negligible (P, < P.), i.e., v/y < kcos@/uLr. In zone I, u = u;, so
the capillary number Ca = upv/y <M x kcos@/Lr = 4x10” M. In zone III, where the displacement
is stable, 4 = up and Ca = pv/y < kcosb/Lr = 4x107. As Ca increases, the viscous pressure
dominates, i.e., P, < P,. Therefore, in zone I, 4 = 1, Ca = uyv/y > Mx kcos0/Lr = 4x10° M. In
zone ITL, 1 = o, Ca = ppv/y > kcosO/Lr =~ 4x10”. The phase diagram is shown in Figure 2, where
the dash lines are based on above estimation, which was validated by simulations where a

constant water saturation was achieved at fixed M and varying Ca.'"®
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Figure 5.2 The estimated phase diagram based on our experimental parameters. The dots indicate
the location of our experiment condition
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5.3 Results and discussion

We first measured the contact angles of the thin films formed by hydrophilic and
hydrophobic beads by using a KSV Cam 200 (Fig. 5.3). The water-air-particle three-phase-
contact lines can be clearly seen. The contact angles measured by image analysis are 79° for the
hydrophilic beads and 129° for the hydrophobic beads, respectively. There is a clear difference in

wettability between these two types of beads.

a

Figure 5.3 The measurement of contact angles for surfaces that are covered by (a) hydrophilic
beads (PS microspheres coated by a thin layer of pristine S10;) and (b) hydrophobic beads (S10,
micropsheres coated by alkylsilane molecules).

The procedures to make the porous media were similar to what we have reported in
Chapter 4. And once assembled, the porous medium was saturated by mineral oil. Since the
refractive index of the silica beads is close to the mineral oil, using a 10X objective does not

reveal the edges of silica beads clearly. Instead we saw grey discs. Note that the white space
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between two silica beads or between silica and PS beads does not indicate that it is empty, the
edges of the silica beads are not clear enough to create a significant contrast with the oil. For PS
beads, since their refractive indices are quite different from that of the mineral oil, we can see

their clear edges when they are immersed in both oil and water.

Hydrophobic beads

1
I
1
I
I
1

Hydrophilic beads

Figure 5.4 The mixed wettability porous medium with ~40% hydrophobic beads. The zoom-in
image illustrates the difference in optical contrast between hydrophilic (those with clear edges)
and hydrophobic beads (grey discs). Scale bar: 100 um.
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100 pm

Figure 5.5 The optical images of mineral oil displacement by dyed deionized water in porous
media packed by (al) all hydrophilic beads, (b1) all hydrophobic beads, and (c1) a mixture of
hydrophilic and hydrophobic beads. The dark color indicates the dyed water while the defending
oil is transparent (in light grey). The corresponding binary images after image processing are
shown in (a2) — (c2). After the image processing, the invading water is converted to white and
the oil is in black.

Our image processing program also captured the oil displacement patterns well shown in
Fig 5.5. With such a program, we are able to calculate the invading water saturation, the fractal
dimensions of the fingering patters, and the breakthrough flow rates of water. Based on our
experimental conditions, the viscosity ratio M = 0.15 (The viscosities of mineral oil and dyed
water are 7 mPa-s and 1.03 mPa-s, respectively) and capillary number Ca = 2.96x10°-4.45x107,
we expected that our operating regime is located near the upper boundary of the capillary
fingering regime in Fig. 5.2 (shown in blue dots). Our experimental observations confirmed this
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as the development of fingering patterns in general is toward all directions, rather than simply
pointing to the downstream, which is characteristic to viscous fingering. But in terms of how the
fingering patterns developed, there were some differences between these three types of porous
media. For the one packed by all hydrophobic beads, water initially invaded from several
locations and grew simultaneously to form a network-like invading pattern. In comparison, in the
one packed by all hydrophilic beads two distinct stages displayed. At the first stage of oil
displacement, the water invasion was slow and had multiple invading points. But water
saturation at the end of this stage was very high — it reached 82%. However, water invasion
during this period only spanned roughly 20% of the total length of the porous medium, although
it took about 60% of the total displacement time. In the second stage, during each time interval,
there was only one location that generated an invasion towards the exit. After this invasion, from
the same location or some previous invading locations, breakthrough occurred toward the side or
backward directions. Meanwhile, water saturation during this second stage was smaller than that

during the first stage. The time spent at this stage was ~40% of the total displacement time.

Table 5.1 The overall water saturation and fractal dimensions (Ds) of the fingering patterns at the
end of oil displacement experiments

Hydrophobic medium Hydrophilic medium Mix wettability medium

Ca 4.45x107 1.69x107 2.96x10°
water saturation 0.64 0.59 0.64
Dy 1.9 1.83 1.85

Compared to the previous two cases, the displacement pattern for the mixed wettability
porous medium did not have clear invading features. At some time, it looked like the
hydrophobic case where several invasion routes appeared simultaneously. While during other
time, it was similar to the case of hydrophilic beads where only one invasion occurred.

Counterintuitively, most invasions happened along the paths formed by the hydrophobic beads
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rather than the hydrophilic ones. But for the capillary invasions behind the front, most of them

happened around hydrophilic beads, which helped increase the overall saturation.
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Figure 5.6 Three water-invasion patterns in the mixed wettability porous media. The red dashed
circles in the left column indicate the locations where water invaded. Scale bar: 100 um.

There are several possible explanations for this phenomenon. One would be that the
hydrophobic beads are actually slightly smaller than the hydrophilic beads, therefore the pore
space created between the hydrophobic beads and the channel is slightly larger than that created

by hydrophilic beads. In order to test this hypothesis, we used image processing program to
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measure the average diameter of two kinds of beads based on their center-to-center distances.
From our measurement, the average diameter of the silica particles is 8.0 um, while the average
diameter of the polystyrene beads is 7.2 pum. Hence, this hypothesis is disproved.

Another possible reason could be since the hydrophobic beads have a good affinity to oil,
when water invades, those beads retained a thin film of oil on their surfaces which reduced the
resistance for water flow. This phenomenon had been observed in many microfluidic
experiments where coating of oil on the surface of the channel facilitated the generation of water
droplets.'” In contrast, for hydrophilic beads, no such layer of lubrication oil existed therefore
the flow resistance was higher. However, our current observation is only based on one
experiment performed in the mixed wettability porous medium. To test this hypothesis,
additional experiments with dyed oil phase will be needed.

5.4 Conclusion

We have successfully fabricated micromodels with wettability heterogeneities by packing
two types of beads of the similar size but different water contact angles. The micromodel was
made of high elastic modulus material with optical transparency, which allowed us to directly
characterize the displacement of mineral oil by deionized water in three types of porous media:
those packed by all hydrophilic beads, by all hydrophobic beads, and by a mixture of
hydrophobic and hydrophilic beads. The one packed by all hydrophobic beads has the highest
water saturation and the largest fractal dimension in the fingering pattern, while the one packed
by all hydrophilic beads has the lowest water saturation. While it is still hard to draw any solid
conclusion about the development of viscous and capillary fingering patterns, our preliminary

results demonstrated a promising platform for future studies of multiphase flow in porous media.
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CHAPTER 6
SUMMARY AND OUTLOOK
6.1 Summary

In this thesis we have investigated a new approach that is versatile enough to make bead-
based micromodels with chemically homogeneous or heterogeneous porous media with pore size
ranging from 1 to 5 pm. With specially designed accessories such as off-chip valves, exit T-
junctions, and side channels, we are able to directly observe the pore-scale transport behavior
under optical microscope and obtain population data for colloidal particle transport and water-oil
displacement in porous media. In addition, with the custom-made image processing programs we
also digitally replicate the exact experimental porous media, which are used in numerical
simulations. Therefore, faithful comparison between experiments and simulations under the same
experimental conditions is allowed.

In Chapter 3, we first developed the bead-based micromodel to make homogeneous
porous media. With this setup we obtained the pathlines of individual colloidal particles flowing
through the bead pack. Based on the velocities calculated from the pathlines we demonstrated the
size exclusion effect in colloidal transport. Meanwhile, we designed a T-junction at the exit of
the porous media to collect the exiting colloidal particles with aqueous droplets in mineral oil,
which facilitated measurement of the breakthrough curves. In addition, the beads location
detection program was applied to obtain the x-y coordinate of each bead in the porous medium.

In Chapter 4, we further improved this method to assemble porous media with different
configurations of surface charge heterogeneities, by packing a mixture of oppositely charged
beads in the microfluidic channel. In particular, by soaking aminated PS beads in 0.01M sodium

hydroxide, we were able to temporarily change their surface charges from positive to negative,
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thus preventing them from aggregating with the negatively charged beads in the mixture or
sticking to the channel wall during device fabrication. After fabricating the porous media, the
positive surface charges on the animated PS beads were restored by flushing DI water. With such
a method we were able to form various configurations of the surface charge heterogeneities such
as horizontal layers, vertical layers, single patch, and random mixture. Moreover, due to the
fluorophore carried on the negatively charged beads, we could distinguish them from the
positively charged beads under fluorescent microscopy. By using an improved bead location
detection program and confocal microscopy, we were able to identify the x-y-z coordinate of
each bead as well as its surface property. Using such information an exact reconstruction of the
experimental porous media was accomplished in the simulation domain. LB and RWPT were
applied to simulate the breakthrough curves and retention profiles for different ratios between the
oppositely charged beads. The comparison between experiments and modeling showed good
agreement when the fraction of positively charged beads was below 17%. In addition, the
dynamics of pore-scale colloidal deposition on a single positively charged bead was measured
and the maximum surface coverage and surface blocking function were extracted from the
experiments and used in RWPT.

In Chapter 5, we further expanded the application of our bead-based porous media to the
study of multiphase flow. Here, we adopted a different material called NOA81 which has a
modulus 1000 times higher than that of PDMS to fabricate the micromodel. It can withstand high
pressure required for large flow rates or more viscous fluid. At the same time, we modified the
surface of NOAS81 hydrophobically to create a drainage condition for the water-oil displacement.
Hence, by injecting a mixture of silanized hydrophobic silica beads and hydrophilic PS beads in

ethanol in the microfluidic channel, we were able to fabricate porous media with well-defined

102



heterogeneous wettability. We studied the displacement of more viscous mineral oil by deionized
water in porous media packed by purely hydrophobic beads, purely hydrophilic beads, and a
mixture of hydrophobic and hydrophilic beads. The overall water saturation and fractal
dimensions of the fingering patterns in these three types of porous media were measured.
6.2 Outlook
6.2.1 Colloidal transport study at pore scales

In the RWPT simulation, we assumed that the negatively charged colloidal particles did
not deposit on negatively charged PS beads due to electrostatic repulsion. But in our pore-scale
experiments, there were still a small fraction of colloids adsorbed. Johnson et al. believed that
impurities on the beads could provide a mechanism for colloidal attraction.''® However, in our
experiments, there were clearly two kinds of adsorption. In some cases, the colloids were trapped
firmly on the beads, which appeared to be resulted from strong attraction forces. There were also
cases that the colloids were trapped loosely on the beads, with some freedom to move within a
limited range near the surface of beads. Moreover, we have also observed colloids that were
slowed down by the nearby positively charged beads but finally captured by a negatively charged
bead. All these phenomena seem to contribute to the commonly observed colloidal deposition
problem under unfavorable conditions. Therefore, future work focusing on the unfavorable
depositions conditions needs to be conducted with our setup to elucidate the underlying
mechanisms.
6.2.2 OQil displacement by water at pore scales

In Chapter 5, we have demonstrated our ability to make bead-based porous media with
tunable wettabilities. Therefore, it would be interesting to study the oil displacement by water

under different configurations. For example, in the random mixture of hydrophobic and
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hydrophilic bead packing, we assumed that the overall water saturation after invading would
increase as the fraction of hydrophilic beads increases. However, there could be a critical ratio
beyond which the invading water will find a preferential path that are connected by those
hydrophilic beads. Once this preferential path is established, water saturation in the porous media
will no longer increase. Such a hypothesis needs to be tested. Another interesting phenomenon to
study would be the displacement pattern at the pore scales. For example, how would the invading
front behave when it encounters pores made of both hydrophilic and hydrophobic beads. Would
the direction of the flow matter under such a scenario? In addition, some surfactant molecules
can change not only the interfacial tension between water and oil but also the wettability of the
porous media. With our setup, we could further study the wettability alternation effect on water-

oil displacement.
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APPENDIX

SUPPLEMENTAL ELECTRONIC FILES

The videos in the supplemental materials demonstrate our ability to observe colloidal

particle deposition at single pore level. Video S1 showed the colloidal particle deposition under a

60X objective field of view. Video S2 is a zoom in of colloidal particle deposition on a single “+”

bead.
Video Colloidal deposition in the heterogeneous surface charge porous medium. Where red
S beads indicate "+" beads, blue beads are "-" beads and green dots are "-" colloidal
particles.
Video . .. . -
S Colloidal deposition on a single "+" bead.
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