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ABSTRACT

MULTIPHYSICS MODELING OF SURFACE CHARGE AND
PRESSURE-DRIVEN ELECTROKINETIC FLOW IN MICRO/NANO
SCALE POROUS MEDIA

Accurate characterization of fluid transport in micro/nano confinements is
essential for numerous applications from industrial, agricultural, and medical sciences. In
these applications, electrokinetic interactions dominate the fluid behavior, which causes
conventional fluid dynamics to become incomplete. Specifically, near-wall
hydrodynamics and liquid/solid coupling at the interface varies by electrokinetic effects.
Therefore, the current study focuses on characterization of the fluid transport at various
porous systems and ionic conditions. The Poisson-Nernst-Planck (PNP) equations were
numerically solved coupled with the Navier-Stokes (NS) equations. Charge regulation
(CR) boundary condition is employed to calculate the charging behavior of the surfaces.
First, the surface charging of nano-scale systems was analyzed by considering the electric
double layer (EDL) overlap and inlet/outlet effects. While EDL overlap decreased the
surface charge, inlet/outlet effects presented an opposite behavior. Then, transport is
characterized by calculating the hydraulic conductivity from Darcy’s law under
electrokinetic and boundary slip effects. The results showed that electrokinetic effects
decrease the hydraulic conductivity with increasing concentrations and decreasing
confinement sizes. At slipping condition with a constant slip length applied, velocity slip
developing on surface showed strong dependence on porosity and ionic conditions. For
low porosities and high concentrations almost no-slip conditions were observed even at
high slip lengths. Results showed that the transport in micro/nano-scale porous systems
is dominated by electrokinetic interactions depending on porous system parameters and

ionic conditions.

Keywords: Hydraulic Conductivity, Electroviscous and Viscoelectric Effects, Velocity

Slip, Electric Double Layer Overlap, Inlet/outlet Effects.
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OZET

MIKRO/NANO OLCEKLERDEKI GOZENEKLI YAPILARDA YUZEY
YUKU VE BASINC TAHRIKLI ELEKTROKINETIK AKISIN COKLU-
FiZiIK MODELLEMESI

Mikro/nano 6lg¢ekte s1vi taginiminin dogru karakterizasyonu, endiistriyel, tarimsal
ve tibbi bilimlerde kullanilan ¢ok sayida uygulama i¢in 6nem arz etmektedir. Bu
uygulamalarda, elektrokinetik etkilesimler akiskanin davranisini 6nemli dl¢iide etkiler ve
bu da geleneksel akigkanlar dinamigi yaklasimlarmin yetersiz kalmasina neden olur.
Spesifik olarak, sivi/kati arayliziine yakin bdlgelerdeki hidrodinamik, elektrokinetik
etkilere gore degisiklik gosterir. Bu nedenle, mevcut c¢alisma, cesitli gdzenekli
sistemlerde ve ¢esitli iyonik kosullarda sivi tasmiminin  karakterizasyonuna
odaklanmaktadir. Poisson-Nernst-Planck (PNP) denklemleri, Navier-Stokes (NS)
denklemleriyle birlikte sayisal olarak ¢6ziildii. Yiizeylerin elektrik yiiklerini hesaplamak
icin yiik diizenleme (YD) sinir kosulu kullanildi. ik olarak, nano 6lgekli sistemlerin
ylizey yiikii, elektriksel ¢ift tabaka (ECT) cakismas1 ve giris/cikis etkileri dikkate alinarak
analiz edildi. ECT cakigmas1 yiizey yiikiinii azaltirken, giris/¢ikis etkileri ters bir davranis
sergilemistir. Daha sonra, taginim, elektrokinetik ve sinir kaymasi etkileri altinda Darcy
yasasina gore hidrolik iletkenligin hesaplanmasiyla karakterize edildi. Sonuglar,
elektrokinetik etkilerin artan konsantrasyonlar ve azalan kanal boyutlar1 ile hidrolik
iletkenligi diisiirdiglinii gostermistir. Sabit kayma uzunlugunun uygulandigi kayma
kosulunda, yiizeyde olusan hiz kaymasi, porozite ve iyonik kosullara gii¢lii bir bagimlilik
gostermigtir. Diisiik porozite ve yiilksek konsantrasyonlar ig¢in, yiliksek kayma
uzunluklarinda bile hemen hemen kaymama kosullar1 gézlenmistir. Sonuglar, mikro/nano
olgekte gozenekli sistemlerdeki taginimin, gozenekli sistemin parametrelerine ve iyonik
kosullara bagli olarak gelisen elektrokinetik etkilerden biiylik Slgiide etkilendigini

gostermistir.

Anahtar kelimeler: Hidrolik Iletkenlik, Elektrovizkoz ve Viskoelektrik Etkiler, Hiz
Kaymasi Sinir Kosulu, Elektriksel Cift Tabaka Cakismasi, Giris Cikis Etkileri.
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CHAPTER 1

INTRODUCTION

Accurate characterization of fluid transport in porous media is essential to
understand the mechanisms of various vital applications such as groundwater treatment',
shale gas extraction?, storage of different energy sources®, storage of mine and nuclear
waste?, controlling possible subsurface dispersion of hazardous contaminations®. Besides
these large-scale biogeochemical examples, modern technology offers many promising
smaller scale applications of porous systems including membrane filtration®,
electrochemomechanical energy conversion’, gated/functionalized sensing®, bio-
imaging’, targeted drug delivery'® and a variety of lab-on-a-chip devices''. Human body
also includes porous structures such as lungs and kidneys'?. Even though all these
examples are from different disciplines, common ground of all of them is that various
chemical reactions originate along their flow path and fundamental changes occur in the
transport.

In order the characterize the fluid transport through porous systems, there are two
main methods; pore scale method (PSM) and volume average method (VAM). Although
PSM yield very accurate results since every pore in the porous system is examined, it is
very challenging to use this approach, especially for large domains. Therefore, VAM is
mostly preferred over PSM. VAM is based the solution of governing equations in the
form of volume integral and average flow parameters are calculated through these
equations. The usage of VAM requires additional volume averaged parameters, such as
permeability and hydraulic conductivity. These quantities are first described by Henry
Darcy in 1856' through his experiments in sand beds. Darcy discovered that flow rate
and pressure are linearly related to each other by a constant parameter, which was later
named as permeability by him. Starting with his definition, various methods have been
used to estimate the permeability of porous systems. For example, there are theoretical
attempts to define permeability in terms of other known porous structural parameters such
as porosity through Kozeny-Carman equation. This relation can only yield intrinsic
permeability of a porous system. However, other complications such as chemical

reactions occur inside the porous media. At micro/nano scale, these reactions change the



ability of the porous media to allow fluid flow to permeate. Chemical reactions may
develop as a result of the solid/liquid interactions or between different species inside the
fluid. Therefore, fluid properties should also be concerned while characterizing the
porous transport. In this regard, hydraulic conductivity is mostly employed, which takes
fluid properties such as viscosity and density into account. Although permeability and
hydraulic conductivity are very useful definitions to analyze the fluid flow through porous
media, experimentally characterizing such quantities is not very easy, especially for the
micro/nano scale porous systems in which many chemical reactions occur. Hence,
different numerical modeling approaches have been developed along the years. For
example, reactive transport models (RTMs)> # have been commonly used in the last few
decades. They enable the integration of chemical reactions to the mass and energy
transport in order to estimate the permeability and hydraulic conductivity that are highly
dependent on these reactions.

Chemical reactions alter permeability and conductivity of the porous systems
differently. For instance, structure of the porous media (i.e. intrinsic permeability) can
change over the years as a result of precipitation reactions'> or swelling of minerals within
the porous structure'® due to the reactions. On the other hand, changes in hydraulic
conductivity occur due to varying flow conditions even if permeability of the system
remains the same. One of the reasons for such an occurrence is the surface charge
developing as a result of association/disassociation reactions at the solid/liquid interface.
Surface charge creates a layer of non-homogeneously distributed ions, which is called
electrical double layer (EDL). EDL and surface charge are coupled in nature, one
determines the other. This behavior is mostly referred as the charge regulation (CR)
nature of surface chemistry!’"!. In the literature, there are closed form theoretical models
based on Poisson-Boltzmann (PB) equation to calculate the surface charge?® by
considering the CR nature. However, for micro/nano scale porous systems, EDLs
extending from opposite surfaces start overlapping and surface charge deviates from these
theoretical models. Moreover, PB based models cannot resolve the axial ionic distribution
in the flow conditions. In such cases, the original form of PB, which is Poisson-Nernst-
Planck (PNP) equations, are employed®" ?* coupled with the Navier-Stokes (NS)
equations.

As a results of surface charge, electrokinetic effects form in a system. Basically,
surface charge creates three major electrokinetic effects on the fluid flow: electroviscous,

viscoelectric and velocity slip effects. Electroviscous effect forms due to streaming
2



potential across the porous system and decreases the hydraulic conductivity?*2°

depending on fluid properties. Electroviscous effect is commonly examined in the current
literature and the changes in the fluid flow due to this effect is well-resolved for different
conditions. Moreover, viscoelectric effect originates due to electric field in flow normal
direction created by the charged surfaces. As a result of viscoelectric effect, local
viscosity at the near wall regions substantially increase and the motion of the fluid flow
is retarded. Although this effect is examined by a few studies for the flows in single
pores/channel®® 27 it is completely overlooked for complex porous systems. Lastly,
velocity slip is another dominant effect on the micro/nano scale porous transport. For
macro-scale systems, velocity slip is almost negligible and no-slip assumption is
frequently used to estimate flow characteristics. As the size of the system decreases down
to micro/nano scale, such an assumption yields incorrect results. In such a case, velocity
slip is commonly studied through Navier’s slip boundary condition, which is a function
slip length and velocity gradient at the solid/liquid interface. Both of these parameters
vary as a results of surface charge. First of all, although slip length is mostly considered
to be dependent only on the solid and liquid coupling, it has been verified that slip length
also depends on the surface charge?®. Moreover, the velocity gradient at the interface is
strictly related to the near-wall hydrodynamics, which change due to electroviscous and
viscoelectric effects. Hence, slip velocity is altered. Velocity slip and its promoting
effects on the fluid flow is well-known in the current literature. More importantly, its
effect on the electroviscosity is also studied by different researchers®- *°. However, the
opposite (i.e. electroviscous effect on the slip behavior) has never been questioned. Just
recently, viscoelectric effect on the velocity slip behavior was analyzed by a few studies®!"
32, Yet, they attributed the changes to the varying slip lengths, not the velocity gradient at
the solid/liquid interface. Overall, all these three effects (electroviscous, viscoelectric and
velocity slip effects) can be referred as non-Newtonian effects since they create local
variations in the flow, which develops different than the bulk behavior. Current literature
is lack of providing a complete understanding for the coupled behavior of these effects
on the porous transport.

In this regard, this study aims to fill this gap in the literature and provide a solid
basis for the porous transport in micro/nano scale. Particularly, this study focuses on the
characterization of surface charge in porous media and resulting electrokinetic effects

such a electroviscous, viscoelectric and velocity slip effect. Furthermore, the variation in



the hydraulic conductivity due to these effects are resolved. The current results will
contribute the existing transport modeling studies.

The study is divided into six chapters. In the following chapter, which is Chapter
2, a comprehensive literature review on surface charge behavior in porous systems
developing in the EDL overlap cases and the variations due to channel-reservoir
interactions are presented along with the electroviscous, viscoelectric and velocity slip
effects. In Chapter 3, theoretical background for the PNP and NS equations are
introduced. The mathematical models that describe the electrokinetic effects and CR
model are also discussed in this section. Moreover, the definitions of porous structural
parameters and Darcy equation with permeability and hydraulic conductivity definitions
are given. In Chapter 4, numerical methodologies employed in the current study and the
validation process are discussed. In Chapter 5, the results of the surface charge and flow
conditions developing inside different porous structures are presented and analyzed.

Lastly, conclusion is presented in Chapter 6.



CHAPTER 2

LITERATURE REVIEW

In this section, the current knowledge on the micro/nano scale porous transport is
thoroughly reviewed. First, the literature on the charge regulation nature of solid surfaces
is examined in terms of electric double layer (EDL) overlap and channel/reservoir
interactions. Then, experimental and theoretical studies on the electroviscous and
viscoelectric effects resulting from charged surfaces are discussed. Additionally, the
studies that focus on the hydrodynamic slip and its dependence on the near-wall
hydrodynamics in relation with the electroviscous and viscoelectric effects are further
analyzed. Lastly, existing works on the characterization of surface electric charge in
porous media, modeling attempts of the fluid transport through charged porous systems

and their deficiencies are presented.

2.1. The Electric Double Layer (EDL)

When solid surfaces come into contact with aqueous solutions, they develop
surface charge as a result of association/dissociation reactions occurring at the interface®*
34_Charged surfaces attract counter-ions while they repel co-ions, forming electric double
layer (EDL) over the surface. The ionic distribution in the EDL obeys the Boltzmann
distribution (BD) and the resulting electric potential distribution over a semi-infinite
charged flat surface can be estimated by the well-known Poisson-Boltzmann (PB)
equation®*. However, charged surfaces are not always isolated from other charged
surfaces. For example, many nanotechnologic applications, such as DNA analyzers®>,

DNA and protein transport*®, drug delivery*” 3, biological/chemical agent detection®® *°,

41,42

micro/nano sized energy production and storage devices*! *2, micro/nano chip sensors**:

4 and nano-membranes™® 4

, iInvolve nano-channels/pores that cause the EDLs forming
over the opposite parallel surfaces to interact. This is referred as EDL overlap in the
literature and applying Boltzmann distribution in the case of EDL overlap and solving PB

equation is fundamentally incorrect*’- ¥, Moreover, surface charge is directly associated

5



with the ionic concentration at the solid/liquid interface and the ionic concentration at the
interface differs for overlapping EDL cases from the non-overlapping EDL cases, so does
the surface charge. Therefore, although applying constant surface charge or electric
potential for the surfaces is a common practice in existing literature, they do not properly
mimic the nature of real surface charging behavior. Instead, surface charge and resulting
electrical potential at the interface develop as a function of local ionic environment. This
dependence of surface charge is commonly practiced by active surface charge models in
the literature. The so-called “Charge Regulation (CR)” behavior of surfaces is first
discovered by Ninham and Parsegian'®, then observed through force measurements by

4952 and atomic force microscopy (AFM)**3%. The charge regulation nature of

colloids
surfaces has been implemented into numerical studies as a boundary condition by active
charge models. These CR models consider the association/dissociation reactions
occurring at the interface and relates the ionic conditions at the interface with surface
charge through reaction constants, which are empirically determined

In the recent years, a multi-ion CR model'® 2% 3657

is frequently utilized, which
relates the surface charging behavior to the ionic aqueous solution properties such as pH
and concentration of the solution. Some of these studies focus on the size dependent
charging behavior of particles'” and their interactions with other surfaces in the case of
EDL overlap'®, concluding that the surface charge of particles varies with the degree of
EDL overlap between charged surfaces. Other studies address the effect of EDL overlap
and the resulting surface charge values on the flow conditions of nano-confined fluids®-
60, Basically, the varying surface charge as a result of EDL overlap cause different effects
on the flow depending on the degree of overlap. More particularly, the efficiency of
energy conversion in nanofluidic channels depends on the EDL overlap and the highest
efficiency is obtained when the EDLs overlap. Therefore, accurate characterization and

proper treatment of surface charge in the case of EDL overlap is of prime importance for

many promising applications with or without the presence of flow condition.

2.2. Ionic Interactions between Channel and Reservoir

In nanofluidics, overlapped EDLs of opposite surfaces are not the only cause of

surface charge variations in a system. Many applications in nanotechnology involve



diffusion of ions from large pores/channels/voids to very short and narrow pores/channels
in size®" %2, This creates an axial variation in the ionic conditions at the inlet and outlet
regions of every pore in addition to normal variations due to EDL overlap. As a result,
substantial local changes in the surface charge are observed around these regions,
especially for short channels. Such geometrical variations in a system also cause further
complications in the flow conditions. For example, transport of ions by a pressure
gradient creates an electrical potential bias across the pores/channels, which is called
streaming potential. This attenuates the fluid flow in axial direction®%>. Moreover,
hydrodynamic resistances develop as a result of concentration polarization at the inlet and
outlet regions of pore/channels®® ¢’

Majority of studies in the literature, which characterize the surface charging
behavior of surfaces by CR models, focus on infinitely long straight channels and tubes*”
6871 However, since the surface charge locally varies at the inlet and outlet regions of
finite length conduits due to axial ionic equilibrium, strong variations develop in the
average surface charge of the pores/channels depending on the length, even in the absence
of any flow conditions. In this context, some studies are dedicated to examine the ionic
diffusion effects in axial direction for short nano-channels/pores. Such effects form due
to the diffusive interactions between the reservoir and channel and they alter the local
ionic conditions and surface charge inside the channels/pores as long as 2.7 times Debye
length (1), which is referred as “ionic development length’> 73,

In flow conditions, the channel-well interaction in axial direction is mostly studied
through simultaneous solution of the Nernst-Planck (PNP) and Navier-Stokes (N-S)
equations’# "6, The length dependence of ionic current is discussed in some studies and it
was concluded that shorter length channels develop weaker channel resistances causing

the ionic current to increase’” 5.

Moreover, decreasing effect of concentration
polarization on the ionic current occurring at the entrance and exit regions of
channels/pores is also frequently studied”>’®. However, all the results are presented as
observations without examining or describing its occurrence. Hence, there is not any
proper characterization or explicit solution for the surface charge behavior of short nano-

conduits that are interacting with reservoirs connected to their ends.



2.3. Electrokinetic Effects

2.3.1. Electroviscous Effect

When a pressure gradient is applied across a nano-fluidic channel, the counter
ions within the EDL are also carried along the channel that causes an “ionic/streaming
current’® . As a result, the counter ions accumulate in downstream region creating a
potential bias across the channel that is called as “streaming potential’*>"°. Resulting
streaming potential creates a reserved osmotic flow, referred as “conduction current”,
opposing the pressure driven flow?> 7. The ionic and conduction currents behave in a
coupled manner in a system such that pressure driven ionic current causes the conduction
current, which in return attenuates the ionic current itself. Such a mechanism in
nanofluidic systems is of fundamental importance for the above-mentioned applications
and many studies are dedicated for an accurate characterization over last decade*” 77 8-
81 Since the pressure driven flow decelerates as if its viscosity is higher, this effect of
conduction current in nanofluidic channels has been examined through a new viscosity
definition, referred as apparent viscosity. Starting with Elton®’s proposal to name this
effect as “electroviscous effect’ in 1948, many studies have been performed to
characterize the effect of conduction current under “electroviscosity” concept*’ 80 83 84,
These studies show that electroviscosity significantly reduces the ionic transport
depending on the ionic concentration and confinement heights. Therefore, researcher
frequently employ the Debye-Hiickel parameter (H/A) to quantify electroviscosity
effects® 8. Such a characterization indicates the importance of EDL overlap on
electroviscous effects since this parameter defines the degree of EDL overlap. Moreover,
it has been concluded that the electroviscosity increases with wall electric potential until
the zeta potential reaches a threshold above which EDL becomes thin and electroviscosity

becomes negligible®.



2.3.2. Viscoelectric Effect

Apart from the apparent increase in the viscosity of the fluid, the fluid viscosity
shows actual local variations due to electrostatic interactions within the EDL caused by
the surface charge. Unlike electroviscosity, this effect originates independent from any
flow conditions. This was first discovered by Dood and Andrade®’, who referred such an
increase in the fluid’s viscosity as “viscoelectric effect’®. In 1951, Dood and Andrade
originally wanted to name this phenomenon as electroviscosity, but the term was already
used to describe the reduction in the flow rate due to conduction current in 1948. They

modeled the local viscosity that accounts for the viscoelectric effect as®,

= p(l+ fE?) 2.1)
where 4, 1s the bulk viscosity of liquid, £ is the electric field strength normal to

flow direction and fis defined as the viscoelectric coefficient. Such an effect significantly
alters the ionic current and fluid flow in nanofluidic systems. Yet, this is mostly
overlooked in the current literature and only a few studies tried to characterize the relation
between viscoelectric effect and ionic current®® ?’, concluding that the ionic current in
pressure driven flows decreases due to the viscoelectric effect.

Even though the electroviscous and viscoelectric effects are observed in flow of
Newtonian fluids, both effects are categorized as non-Newtonian effects by some
researchers in the literature®” since they cause the fluid properties and dynamics near the
solid walls to show variations compared to the bulk and divergence from continuum

behavior.

2.4. Slip Velocity under Electrokinetic Effects

Although there is not a complete study that focus on the combined occurrence of
these three major electrokinetic effects (i.e. electroviscous, viscoelectric, and axial
electrokinetic development length effects), this is not a major drawback of the current
literature since these effects are mostly additive to each other and their dependence on

ionic and physical conditions are well explained, separately.



On the other hand, hydrodynamic slip in nano-confinements also substantially
alters the fluid flow and the ionic current in addition to above-mentioned electrokinetic
effects?” 8% Advanced nano-technological applications involve extremely smooth
surfaces that promote slip depending on solid/liquid coupling at the interface. A number
of numerical and theoretical studies concluded that hydrodynamic slip enhances the ionic
transport, and increases the efficiency of ionic transport based applications such as
electrokinetic energy conversion’*’. More interestingly, it was also found that increased
ionic current due to velocity slip results in a higher apparent viscosity (i.e.
electroviscosity)® °1 22, Yet, overall flow rate and ionic current were found to still
increase.

For a liquid flow, the velocity slip is most commonly modeled by the partial slip

boundary condition, proposed by Navier in 1823 as:

du
uslip = LS d_y (22)
wall

where Ls is the slip length and du/dy, , is the velocity gradient at the interface.

This boundary condition has been acknowledged and validated by numerous
researchers showing that the continuum solutions with Navier’s slip condition yields
accurate flow calculations for confinements as small as 3-4 nm?® %% %% In above
equation, slip length is mostly assumed to be a material property of the solid/liquid
coupling in many systems®”'%, In the recent MD simulations, slip length is found to be
also dependent on the surface wetting and it is described as a function of the contact
angle'™ 1% Aside from these findings that are independent of the charging conditions at
the interface, researchers also relate the surface electric potential to the slip length®- 3
106. 107 "However, according to the proposed relation, the surface electric potential should
be relatively higher than the naturally developing surface charge range for such an effect
to alter the slip length!® ' Recent molecular dynamic (MD) simulations proved
otherwise and presented substantial decrease in slip length with increasing surface

charge?! 32

even at low surface charge values.

In addition to the slip length, slip velocity also depends on the velocity gradient
at the surface. This gradient is strongly coupled with the near wall hydrodynamics.
Therefore, electrokinetic and viscoelectric effects within the EDL play an important role
on the slip behavior at the interface. In the very recent study of Rezaei et al.?!, slip length,

hence slip velocity, presents variation when the local viscosity of the fluid is considered,
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which different than the bulk viscosity of the fluid. According to their results, slip length
estimated from the velocity gradient in the bulk is found to be decreasing, whereas slip
length remains mostly constant at low surface charge values if the local velocity gradient
is considered. Consequently, these studies estimated the slip velocity change as a result
of the local viscosity variations in the EDL. Therefore, it is evident that the velocity slip
at the surfaces of nanofluidic channels shows variations even for constant slip length and
pressure gradient. Similar behavior is also observed in non-Newtonian fluids where
velocity slip varies with the viscosity of the fluid near the walls depending on the applied
shear rate to the solid walls!!%!!4, This should not be confused with electroviscous and
viscoelectric effects on the slip velocity, which is mostly overlooked by the current
literature. Yet, such physics can be estimated using a Navier’s slip boundary condition
considering electrokinetic effect on the local hydrodynamics.

In general, electrokinetic effects are expected to become negligible when the

confinement sizes increase® 47> 80

although they still exist. For such cases, the flow
conditions can be resolved by the simple Poiseuille flow estimations. However,
electroviscous and viscoelectric effects can alter the velocity slip even in wider channels
where the EDL thickness is much smaller than the confinement sizes. Because the slip
velocity is dependent on the conditions at the interface or at the close proximity of the
interface. Therefore, although these effects are dominant even in a very limited region,
they can still play an important role on the fluid flow depending on the ionic environment

conditions.

2.5. Internal Surface Charge of Nano-scale Porous Media

Since the pore size has vital important for almost all of the porous structure based
applications, porous systems are also categorized depending on their pore sizes in the
literature. Recently, scientists draw interest towards mesoporous silica structures whose
pore sizes range between 2 to 50nm. They are synthetized in a wide range of
morphologies, such as spheres, discs and powders and have exceptionally ordered pore
structures, high surface area and pore volume, easily tunable-sizes, chemical stability, and
biocompatibility. The interconnected pore structures of mesoporous materials enable

diffusion of ions into pores. Therefore, not only outer surfaces but also inner surfaces gain

11



surface charge due to the interactions of ions in aqueous solutions and silanol groups on
the internal surfaces. Yet, the current literature on the mesoporous materials mostly focus
on evaluating outer surface charge variations in different ionic environments. For certain

115-117

applications such as transport of mesoporous nanoparticles or different filtration

processes by mesoporous membranes!!8-120

, outer surface charge is of prime importance.
For instance, the efficiency of many membranes is based on creating strong outer surface
charge in order to reject certain ions'?! 122, Even so, examining solely outer surface charge
is insufficient. First, the surface charge and resulting electric potential developing inside
the mesoporous materials directly affect the outer charging mechanisms through the pore

openings'?.

Second, working principles of many existing and future projected
applications are controlled by internal surface charge of mesoporous materials. Drug
loading mechanisms of mesoporous nanoparticles'?*,  liquid transport rates of
mesoporous membranes'?®, improved control of sorption dynamics of vitamins!2S,
enzymes'?” and proteins'?® for ultrafiltration dialyzers as the artificial kidney'?’; amplified
proton activities for fuel-cells!*® to overcome limited proton conductivity of current
polymer membranes, increased ion diffusion for lithium ion pseudocapacitors'®! to satisfy
future energy needs, advanced electrochemical sensors or chemical identifiers in vivo and

in vitro for biosensors'*?

are all directly related to the internal surface charge of
mesoporous materials. Therefore, an accurate characterization of the internal charge
properties of such materials is mandatory.

Internal surface charge density of mesoporous silica has been evaluated through
experimental and theoretical methods in the literature. There are two basic experimental
techniques commonly employed by the researchers. First one is based on the streaming
potential measurements across the mesoporous systems by creating a pressure driven
flow!33137. Such methodology is also used by geophysicists to analyze and map the
subsurface!*®!*!, The second method is to perform potentiometric titration'**'** and then
estimate the internal surface charge from the change in solution conditions as a result of
adsorption/desorption of protons and ions. Most of the experimental studies analyze the
effects of different types of alkaline chlorides, pH inside the porous system and internal

136

surface potentia'*®. On the other hand, some effort has been given to characterize the

134-136 and

effect of the porous structural parameters such as pore shape®, pore size
porosity'#®. It has been concluded by these studies that such parameters play an important
role on the internal surface charge properties of porous systems'*°. Yet, most of these

experiments serve for specific applications and the results are mostly presented as
12



observations without explaining the underlying physics. Experimentally measuring
internal surface charge of mesoporous systems is also very challenging due to both
theoretical and experimental restrictions. For example, surface charge estimations
through streaming potential measurements is based on the Helmholtz-Smoluchowski and
the Gouy-Chapman equations that have certain restrictions and they neglect important
effects such as concentration polarization®® and electroviscosity®’, which are very
dominant in highly overlapped tight mesoporous systems. Moreover, potentiometric
titrations are very time-consuming and additional operations are needed such as internal
surface area determinations.

Internal surface charge of mesoporous systems can also be estimated theoretically.
As already discussed, closed formed solutions as a function of ionic environment
conditions exist in the literature to analytically calculate surface charge and the resulting
electric potential of a surface?’. These solutions are based on Boltzmann Distribution
(BD) and only valid for isolated planar surfaces, which are away from any other charged
surfaces. However, mesoporous systems consist of very narrow and short conduits that
are comparable with the EDL thickness in size. Therefore, strong EDL overlaps occur in
the pore throats between opposing surfaces. Moreover, the ionic equilibrium between the
pore voids (reservoirs) and pore throats (channels), which is referred as pore to throat
connectivity, also creates additional challenges for the estimation of surface charge in
porous systems. This results in divergence of surface charge from theoretical estimations
as a function of pore size and porosity.

Existing theoretical attempts on mesoporous systems simplify the porous structure
as a combination of infinitely long channels with no EDL overlap'3® 3% 144147 a]though
they discuss the dominating effects of EDL overlap. These studies try to update flat
surface CR model parameters by curve fitting the experimental results and describe the
possible reasons of divergence from the flat surface charging behavior. There are also
numerical studies trying to characterize the inner surface charge mechanism of
mesoporous silica by using modified-PB along with CR models. Yet, they disregard the
EDL overlap'* ¥ and only focus on ionic distributions/conductance'*"'*! or some
specific cases'*?. Therefore, a complete study on the combined effects of the pore throat
EDL overlap and the so-called “pore to throat connectivity” in a mesoporous system as a
function of the structural porous parameters is still missing in the current literature.

Another important issue in porous systems is the characterization of the internal

structure. Although porous systems are generally characterized by porosity and pore size,
13



these parameters are insufficient for most of the porous systems. Inside these systems, the
pore voids are connected to each other through channels, which are called pore throats.
These connections cause different ionic equilibrium inside the porous systems, creating
connectivity effects. However, the neighboring voids are not always connected the same
way. As a result, two porous systems, which have identical porosity and pore size values,
can be complete different than each other depending on how these void connections form.
This structural difference cause different ionic distributions to form inside mesoporous
mediums depending on their pore connections. Hence, connectivity effects also vary as a
function of the pore throat size to pore size ratio. This should also be considered for a

k153-155

correct characterization of pore networ and corresponding charging behavior.

2.6. Transport in Nano-scale Porous Media

Transport in porous media is frequently characterized by Darcy’s law, which
relates the mass flux to the pressure drop over a distance by volume averaged parameters,
such as permeability and hydraulic conductivity. Normally, the permeability of a system
is a material property, which is independent of the fluid type that is being transported.
This is referred as intrinsic permeability in the literature'>%!%, Yet, the transport through
most of the porous systems highly depends on the fluid type since the ionic solutions
creates further effects on the transport as a function of ionic concentration in addition to
the structural obstacles of the porous media. Therefore, effective/apparent permeability
concept has been implemented into the Darcy’s law in some studies'*®. However,
hydraulic conductivity is still the most commonly employed characterization parameter
for the transport of ionic fluids through porous media?* 160 161,

In general, estimation of permeability or hydraulic conductivity for a porous
system requires experiments. However, experimentally describing these quantities
especially for macro-scale systems that include complex occurrences in pore-scale is very
challenging since these occurrences make it almost impossible to perform controlled
experiments. Therefore, theoretical modeling approaches are commonly employed to
predict the variation of permeability and conductivity as a function of different parameters

162, 163

such as porosity and ionic solution conditions?** ?°. Being one of the well-known

modeling approaches for the porous media, reactive transport models (RTMs) have been
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used instead of experimental methods to analyze transport through porous media at
varying time and length scales. Reactive transport modeling considers diffusion,
advection and dispersion along with various types of reactions occurring in porous
systems. These reactions are generally classified as homogeneous and heterogeneous
reactions™ 1+ 195 Homogenous reactions occur almost instantly between different species
within the aqueous environment whereas heterogeneous (surface) reactions originate due
to liquid/solid interactions and they are commonly assumed to be much slower than the
rate of transport'*. In RTMs, these are incorporated into solute mass transport equation
(i.e. Nernst Planck equation) as source terms'®® ®7. The effects of reactions on the
transport are then analyzed through Navier-Stokes equation and Darcy’s law>. Yet,
creating such a link between the reactions and transport is not a straight-forward process.

Ultimately, these reactions alter the transport in porous systems. For example, the
chemicals inside rainwater or underground water interact with the rocks or minerals in
the aquifer causing chemical weathering that results in changes on the morphology and
flow paths of the medium'®®. The solid/liquid coupling in the subsurface also causes
clogging of the porous medium due to precipitation reactions'® or swelling of minerals
within the porous structure'®. Such changes are very important for the propagation
dynamics of various substances in Earth’s crust. Many human-made applications such as

166

long-term storage of mine or nuclear waste'*® and ground water treatment'®® as well as

170 or karst formation!”! highly depend on these

natural events including landslide
structural changes due to the chemical reactions.

Apart from the effects the irreversible long-term changes of the porous media’s
intrinsic permeability on the fluid transport, the transport can also be altered without any
structural changes. In such cases, the fluid type that is being transported play a very
important role. Most of the surfaces in these porous systems gain surface charge as a
result of the interaction between the fluid and solid. This can affect the transport in
different ways. It has been proved by many studies that permeability of the clay-rich
materials considerably changes since highly negative surface charges developing in the
tight pores create inaccessible pore spaces to anions'’>!'7*. Very recent studies on the
reactive transport modeling propose that wetting dynamics of pore surfaces is also
dependent on the surface charge!®* !> Especially, low salinity waterflooding studies
report strong relation with wettability and surface charge; indicating that surface charge
induces wetting characteristics of the surfaces and substantially increases in the oil

176-178

recovery efficiencies at low ionic concentrations compared to high salinity brine
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injection!”. Other theoretical attempts on the porous transport examine the relation
between the ionic concentration of the fluid and hydraulic conductivity of the system in
terms of electrokinetic effects. The common conclusion of such studies is that
conductivity of the system increases with concentration since the EDL thickness reduces
for high concentrations?* 80,

Transport modeling is essential for applications from many different fields
including biochemistry, biology, geochemistry, hydrogeology and geobiology.
Therefore, there are diverse range of surfaces, solutes, substances, ions, molecules,
chemical reactions, pore sizes and morphologies as well as different physics that needs to
be taken into account. Moreover, specific applications require different transport types to
be considered. Some requires characterization of transport only by diffusion while others
may need advection or even dispersion dynamics to be resolved. This creates quite a few
number of combinations for the transport modeling. Consequently, starting with the
pioneer reactive transport model by Yeh and Triphati,'®” RTMs have been developing for
particular physics as well as the historical development with the advances in technology
and knowledge level on the reactive transport through porous media!®% 168 181-183 " Qyer
the years, researchers have been trying to minimize the discrepancy between the modeling
results and field measurements. Most of the early developed RTMs are based on
averaging the transport properties over macro-scales. However, porous systems involve
both geometrical and chemical heterogeneities in pore scale, which are the main reason
of the discrepancies. In this context, pore scale analyses have been adapted to these

184,185 since it is much more easier to modify the

transport models in the recent years
parameters and track the responses on the transport in pore scale. Moreover, pore scale
porous models require less computational cost and capacity compared to macro-scale
RTMs'®. The results in pore scale are then used to accurately predict macro scale
descriptions through different upscaling schemes'®> 187- 188,

One of the sources of chemical heterogeneities is the charging mechanism of solid
surfaces in porous systems. First discovered by Reuss and Wiedmann'®® ' through
experiments with porous clay, surface charge varies with the local ionic conditions.
Ignoring such variation cause misleading results in transport modeling analyses'®'. To
incorporate this dependence of surface charge, surface complexations models are
frequently used in RTMs!!"1%3 Tt is well-known that surface charge originates due to

solid/liquid interactions at the interface and it is dependent on the ionic concentration and

pH of the aqueous environment. However, modeling such a phenomenon is not very easy.
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Different models such as one-pK, constant capacitance, two-layer (diffuse layer/ double-
layer), triple layer models exist in the literature. Although they are all based on the
equilibrium at the interface, each model considers different effects. For example, two-
layer model ignores the stern layer effects or constant capacitance model assumes a linear
variation within the stern layer while triple layer model treats the stern layer differently
that it consists of 0- and - planes over the surface. Yet, it is unnecessary to employ triple
layer model where stern layer effects are negligible. Therefore, each models serve for
different conditions. Since surface complexation models estimate the surface charge at
local conditions, they are also able to capture the EDL overlap effects on the surface

164, 183, 191 The ionic

charge that are commonly encountered in the porous systems
distribution in EDL reaches a new equilibrium and can even form co-ion repulsive
channels due to overlap and alters the transport!’* ¥ Such effect is studied by coupled
models that consider electrokinetic effects along with the transport.'64.

Presence of surface charge creates streaming potential'®®

not only in single
pores/channels but also in porous systems. Long term mineral dissolutions in the porous
systems can also create streaming potential as a result of imbalance in the ionic
environment'”>. Streaming potential measurements in porous media are commonly
analyzed through streaming potential coupling coefficient by the geophysical researches
to characterize and map the porous structure of the subsurface'*® !*°. This coefficient
assesses the resulting streaming potential caused by an applied pressure gradient across a
system. Similar studies exist for nano-scale channels and the flow is characterized by the
ionic conductivity, which is the ratio of ionic flux and applied pressure gradient across
the system®® '**, Such measurements also help predicting any volcanic or seismic
activities'** '*! or monitoring the underground oil and water reservoirs'#!. Electroviscous
effect, resulting streaming potential in porous systems is commonly characterized by
effective/apparent permeability or hydraulic conductivity definitions within the Darcy’s
law'®. In the literature, it is reported that electroviscous effect decrease at high
concentrations due to thinner EDL formation®* °7- 180 Therefore, substantial variations
of apparent permeability/hydraulic conductivity values are observed due to streaming
potential, which emphasizes the importance of electrokinetics in porous transport. The
effect of streaming potential on the porous transport is theoretically studied in pore-scale
also by using lattice Boltzmann models'!. Such models are also used in various transport
modeling attempts that couple electrokinetic phenomena with reactive transport in pore-

S(:2116178, 187, 195.
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Depending on the ionic conditions and pore dimensions, pressure driven flows
can be governed by electroviscous effect. Yet, electrokinetic effects in porous media is
not limited with the electroviscous effect. Viscoelectric effect also forms in the porous
systems and can substantially influence the transport. Although a few studies examine its
effect on single pores/channels, it is overlooked in the current literature on the porous
transport. Accurately resolving these electrokinetic effects in pore scale is of fundamental
importance for the macro-scale reactive transport models since the flow physics in pore
scale give a great deal of indication of what happens in much larger scales. That is why,
recent advances in transport modeling are towards creating hybrid models that can link
the physics in different geometrical scales!> 19,

Another important aspect of modeling the porous transport is to define correct
boundary conditions for the solid/fluid interface. For example, assigning no-slip boundary
condition for the fluid at the interface is a common practice in continuum hydrodynamics.
This assumption works very well for macro scale porous systems but fails to describe the
flow physics in micro/nano scale. At such scales, Navier-slip boundary condition® is
employed. Ultimately, effective/apparent permeability or hydraulic conductivity will be
affected from such behavior. Although velocity slip and its coupled dynamics with the
electrokinetics have such a validated importance on the transport through porous media,

they are poorly discussed in pore scale RTMs!™ 1!

, mostly through Helmholtz-
Smoluchowski electroosmotic  velocity®®, which is derived from Helmholtz-
Smoluchowski relation!”” for thin EDL assumption and pure electroosmotic flows.
Meakin and Tartakovsky'®® address the importance of implementation of Navier- slip
boundary condition to the reactive transport models, they do not consider the electokinetic
effects on the slip behavior that can alter the velocity slip even at relatively larger

confinement sizes.
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CHAPTER 3

THEORETICAL BACKGROUND AND MATHEMATICAL
MODEL

3.1. Governing Equations

In order to estimate the ionic, electrical potential and velocity distributions for a
system, Poisson-Nernst-Planck (PNP) and Navier-Stokes (NS) equations should be
solved simultaneously since these equations are coupled. The velocity field calculated by
NS equations is substituted in PNP equations to estimate convective ionic flux. On the
other hand, the ionic and electrical potential distributions resulting from the PNP

equations are used in NS equations to include electrokinetic effects on the fluid flow.

3.1.1. Poisson-Nernst-Planck (PNP) Equations

As a result of surface charge, electrical double layer (EDL) forms over the

surfaces in which the ions are distributed non-homogeneously, as shown in Figure 3.1.

S

Figure 3.1. Negative electric charge of silica surfaces and electric double layer (EDL)

ilica surface

EDL extends over the charged surfaces until the electrokinetic potential energy
becomes equal to the thermal energy*. In this regard, EDL can be characterized by Debye
length, A, which can be calculated as:
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Here; « is the Debye-Hiickel parameter, &, and ¢, are the permittivity of vacuum
and dielectric constants of electrolyte solution, k, is the Boltzmann constant; T is the

temperature, IV, is the Avogadro constant, e is the elementary charge, ¢, and z; are the

molar concentration and the valence of the i ionic specie. The current study is based on
a liquid medium of a KCl electrolyte solution containing H", K*, CI" and OH" ions (i=1
for H"; i=2 for K'; i=3 for CI; i=4 for OH"), whose bulk concentrations are denoted as
clo, 20, c30 and cao respectively. These ions are treated as point charges throughout the
whole study. In order to ensure electroneutrality condition, the bulk concentration of ions

Opr+3 — 1 O—(l4—pH)+3
0

are evaluated as ¢, =1 and ;) = Cye ¢ —Cy for

> > € = Cka

_ _ _ 198, 199
PH<7 and €y, =y +Cg =€y, C39 = Cy for pH>T7 .

Electric potential distribution in the EDL is estimated by the Poisson equation

presented in Equation 3.2.

4
—£,&.Vy = FZ z.c, (3.2)

i=1
where y is the electrical potential and F is the Faraday constant. Permittivity of vacuum
and dielectric constant in this equation may vary as a function of the strength of local
electric potential gradient within the double layer®®*2°! but this effect may be negligible
compared to the other variations in the most of the systems.
For semi-infinite charged surfaces, the ionic distribution in EDL can be estimated

by Boltzmann distribution as:
¢, =c,, exp Y (3.3)
k,T
Combination of Equations 3.2 and 3.3 yields the well-known Poisson-Boltzmann

(PB) equation, given in Equation 3.4.

- ——Zz,cm exp( L"”J (3.4)

EyE, =l k,T

For wall potentials below +25 mV, the PB equation can be linearized and

analytically solved by employing Debye-Hiickel approximation®’?. For higher potentials,
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solutions of non-linear PB equation utilizing complex elliptic functions exist in the
literature. Yet, they require cumbersome equations to be solved?’* 2%,

PB equation cannot be used for all systems, especially in the cases where EDLs
of opposite surfaces start overlapping. This can be explained by Figure 3.2, in which the
electric potential distributions in a channel for both overlapped and non-overlapped EDL
cases are presented for different charging scenarios. First of all, the potential distribution
in the case of EDL overlap significantly deviate from non-overlapping case, indicating
that the ionic distribution is also different for each case. Therefore, EDL overlap cause
ionic distribution to deviate from the Boltzmann distribution. In this case, using PB
equation yields inaccurate results and the original form of the Poisson-Nernst-Planck
(PNP) equation should be solved for a correct estimation of ionic and potential
distributions, as opposed to frequently used PB equation®* *. Another notable argument
in this figure is the importance of using the correct boundary condition for the charged

205-207

surfaces in the case of EDL overlap. In literature, either constant surface charge or

constant wall potential® 2% 2% boundary condition are assigned to the surfaces to solve
PNP equations. However, surface charge (0,) and electric potential (y ) are

interdependent to each other through Equation 3.5. If constant surface charge density is
applied on both surfaces (Case 1 in Figure 3.2), surface electric potential will change by
EDL overlap; whereas if a constant wall potential is used (Case 2 in Figure 3.2), EDL
overlap changes the surface charge density on the surface. (i.e. slope of the potential

distribution at the wall).

—&,6MVy =0, (3.5)
Therefore, neither boundary condition is appropriate for charged walls and charge

regulation models should be used to implement this physical response of the surface

chemistry to numerical models.

Case 1 \VS
dy/dx=const. :
0, = const. Charge regulation
W # const. model
Physical response of
surface chemistry
Case 2 / Potentials in case of
dy/dx#const.| ) i - EDL overlap
G, # const. R e .
= et EDL without overlap
Y —const Il el A R e x
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Figure 3.2. Distribution of electric potential with and without EDL overlap. In case of
EDL overlap, two generally employed boundary conditions of constant
surface charge (Case 1) and constant surface potential (Case 2) in
comparison with charge regulation model used in this study.

Moreover, PB equation does not consider the variation of ionic environment in
the flow direction*. For infinitely long channels, it can be safely used. However, the

general form of PB equation, which is PNP equations, should be used for a correct

estimation of ionic distribution and transport for channels/pore with finite lengths®!*??. In

this regard, ionic distribution is governed by Nernst-Planck equation as shown in

Equation 3.7.
. D .
V.N, =V.(—DI.VCI. —ziR—}Fcin+Vcij=0 (3.7)

Here, N, is the flux density, D, is the diffusivity, R is the universal gas constant

and V is the velocity field. Combining Equation 3.2 and 3.7 yields PNP equations.

3.1.2. Navier-Stokes (NS) Equations

Assuming incompressible Newtonian fluid subjected to body forces, the velocity

field in Equation 3.7 is calculated by Navier-Stokes Equations as:

p%z—vaEvthB (3.8)

where p is the density of the fluid, DI7/ Dt is the material derivative of velocity field,
Vp 1is the pressure gradient. 4, and FB are the local viscosity of the fluid and body force

term, respectively. 4, and E are estimated by using the ionic and electrical potential

distributions resulting from the PNP equations to incorporate electrokinetic effects into

NS equations, which will be explained in the following section.
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3.2. Theoretical Description of the Electrokinetic Effects

3.2.1. Electroviscous Effect

As already explained, electroviscous effect originate due to streaming potential

forming across the pores/channels. This effect is incorporated into numerical models

through the body force term, FTB, of Navier-Stokes equation as shown in Equation 3.8.

Body force can be calculated from p, dy/dx where p, is the charge density and dy /dx

is the potential variation in the flow direction. It should be noted here that the actual fluid

viscosity is not altered and remains at its thermodynamic value, if only the electroviscous

effects are considered (i.e. (i, = 1).

3.2.2. Viscoelectric Effect

The viscoelectric effect is considered through fin Equation 3.8. This term is

calculated from Equation 2.1. The value of viscoelectric coefficient, f, in this equation
has been a controversial topic since this viscosity model was first proposed. In 1950,
Dood and Andrade performed experiments on polar fluids and suggested that the
viscoelectric constant ranges between 1x1071° m?/V? and 3x107'® m?*/V? depending on the
fluid type®®. In 1957, Hart*!? argued that this range contains an error of 25% due to Dood
and Andrade’s incorrect experimental procedure. In 1961, Lyklema and Overbeek?'!
theoretically examined electroosmotic flows (EOF) and concluded the value of f'to be
1.02x10"° m*/V?, which is still the most commonly used value for f in the literature.
However, there are many studies claiming that f should be lower, in the order of 107!
m?/V? 212213 Starting with the usage of Molecular Dynamics (MD) simulations for nano-
confined fluids in 2000s, studies have been performed for EOF through nano channels®’!
214 and increase in local viscosity has been observed near the charged surfaces up to 5
times of its bulk value?!*. Similarly, Qiao and Aluru®" studied EOFs and concluded that

viscosity increases near the surface as a result of the electric field normal to flow

direction. In a very recent MD study by Hsu et al?’, they calculated the viscoelectric
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constant of 2.3x107'® m?/V2, which is also very close to earlier experimental results of
Hunter and Leyendekke?!®. Overall, the debate on the accurate value of viscoelectric
constant continues within a range of 1017-10"> m?*/V2. However, such a range is very
likely to include high error margins. The possible reason for this wide range of
viscoelectic coefficient is because multiple mechanisms affecting local viscosity are
integrated into Equation 2.1 through the viscoelectric coefficient. For instance, finite ion
sizes and permittivity of the aqueous solution create charged-induced thickening near the
walls. This behavior is modeled by Bazant et al.?!” through a power law equation

presented in Equation 3.9 as:

2P
glocal :i 1— pv (39)
luE /J pv,max

Here, o and f are the exponents as the fitting parameters to model various
experimental and simulation conditions. p, is the local charge density and p, . is the
steric constraint of the Modified-Poisson-Boltzmann model proposed by Bikerman.?!'®
The steric constant can be calculated by Ze/ a’ where z is the valance, e is the elementary

charge and a is the effective size parameter related to ion diameter (d) through

a’ =0.83d°?"°. Bazant et al. proposed a hybrid model by incorparating the charged-
induced thickening to the viscoelectric effect. Having concluded through MD
simulations®! 2! that the variation of permitivity is negligible and selecting a=2, the final

form of hybrid equation becomes:

B

1y = 1 1—(L] (1+/E2) (3.10)

v,max

In the above equation, Bazant et al. also introduced a new parameter, y, to couple
the viscoelectric effect and charge-induced thicknening. Very recently, Celebi et al.??
employed Equation 3.10 in their MD simulations where they estimated f=4 and y=1.6 in

Debye-Huckel region, where surface charge is lower than -0.1 C/m?.
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3.3. Velocity Slip Boundary Condition

In the current study, the slip velocity is calculated by Equation 2.2. This equation
models the tangential velocity at the solid/liquid interface based on the slip length and
velocity gradient in normal direction to the flow. Slip length in Equation 2.2 is proven to
be a material property of the solid/liquid couple by many researchers in the current
literature® 1%°. This knowledge is improved by Lyklema in 1994 by introducing the
dependency of slip length on the surface charge®!. In 2004, Joly et al.'®® proposed an
equation for the charge dependent slip length through MD studies where they used the
Green-Kubo relation for friction coefficient and separated the Van der Waals and
Coulombic contributions on this coefficient. In 2013, Jing and Bhushan'® concluded by
their experimental studies with AFM that the formula proposed by Joly et al. is accurate.
However, the proposed equation is a missing factor of //d at the second term in the

denominator and corrected the formula as:

_ Ls,o

p 1+(1/a)(0d2/e)2 (lb/dz)LS,o

Ls (3.11)
where Ls,0 1s the slip length in the absence of surface charge, a is a numerical factor (=1),
o is the surface charge, and d is the solid molecular diameter. /s (Bjerrum length) is the
separation at which the electrostatic interaction between two elementary charges is

comparable in magnitude to the thermal energy scale. Bjerrum length is defined as

I, =€’ /(4n&,e,k,T) . In water at room temperature, the Bjerrum length can be estimated
asl, =0.7 nm'*. Bquation 3.11 has been employed in many AFM studies for various

surface/liquid couples®*> 223, Equation 3.11 is used also in this study to estimate Ls in the

Navier’s slip boundary condition, Equation 2.2.

3.4. Multi-ion charge regulation model

Due to the protonation/deprotonation reactions occurring at the solid/liquid
interface, silica surfaces present a charge-regulated behavior as a function of the ionic
concentration and pH of the electrolyte solution. In order to implement this charge

regulated nature into numerical models as a boundary condition, a multi-ion charge
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regulation model is frequently used®® 224225 For the case of silica walls, two fundamental
dissociation/association reactions are considered at the solid/liquid interface as presented

in Equation 3.12 and 3.13, respectively.
SiOH <> SiO” + H" (3.12)

SiOH + H* <> SiOH} (3.13)

For many systems, the relative time scales of ionic diffusion and the reactions
occurring at the interface play a very important role on the distribution of ions and
electrical potential in the EDL. In the literature, this relative time scales are compared by

Damkohler number®* 226, Da, presented in Equation 3.14.

_ diffusiontime _ r

Da A =
reactiontime Dt

(3.14)

reaction

In this equation; L is the characteristic length scale, D is the diffusivity of ions
and 7,,,.., 18 the reaction time scale. In a system, if the reaction rate is much greater than
diffusion, Damkdohler number is much higher than unity (i.e. Da>>1) while if the diffusion
occurs faster than reaction, Damkohler is smaller than unity (i.e. Da<<l).

The equilibrium constants of the reactions presented in Equations 3.12 and 3.13

are evaluated by using Equation 3.15.

FSiO’ ':H+:| w FS:'OH;
Ky=——",Ky=—F"—— (3.15)
Usion Usion [H ] w
where I'_ I'q,y; and I, are the surface site densities of SiO™, SiOH and

SiOH, , respectively. [H 1 ., 1s the hydrogen concentration at the solid/liquid interface.

In this regard, the surface charge density of the silica walls can be evaluated as:

Frmml KA B KB I:H+] Wz
N, K[ ]k (]

o, ==

w

(3.16)

where I',,,, is the total site density of the surface.
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3.5. Porous System Parameters

In order to characterize the intrinsic structure of the porous systems, porosity and
pore to throat size ratio is commonly employed. First of all, porous systems are composed
of voids through which the fluids pass and solid parts. Such systems is commonly
modeled by representative elementary volumes (REV) in the literature®?”> 228, which is
shown in Figure 3.3. Assuming the aspect ratio of the solid parts as unity, the porosity (

¢ ) of the porous system can be predicted from REV as:

_ Void volume H? -44°
Total volume H?

(3.17)

where H is the size of the REV and a is the side length of the solid part.

As already discussed in the previous chapter, porous systems cannot be solely
characterized by the porosity. They can have a completely different structure depending
on the ratio of the pore size to the throat size. In this context, pore connectivity (Rp:) of

the REV presented in in Figure 3.3 can be calculated as:

Poresize H

Throat size B 7 (3.18)

T
Here, t represents the throat size, which can vary. Accordingly, Ry takes different
values.

Liquid

\wsg\ w ‘ 4\~ e

Representative Elementary Volume

Figure 3.3. Illustration of a porous system and throat size (t) variation at a given pore
size (H) and porosity (¢).
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3.6. Theoretical Description of the Transport in Porous Media

Characterizing the fluid transport in porous systems are very complex due to
heterogeneities in the porous structures, which cause challenges for the estimation of
velocity, pressure and temperature distributions. Therefore, volume average method
(VAM)?? is frequently employed by the researchers to overcome the difficulties in
solving governing equations for the porous systems. Although VAM equations are easier
to solve, additional terms arise in these equations. VAM equations are frequently
estimated by using representative elementary volume (REV), which is the smallest
volume that can represent the whole porous system.

Darcy’s law, which is employed to characterize the transport through the porous
system, is also based on the VAM. According to Darcy’s law, the pressure drop across a
system and the flow are directly proportional to each other via a constant called
permeability. Permeability is an intrinsic property of the porous medium, which is

independent from the fluid properties>*°

. However, the transport in the porous media may
also be altered by earlier-mentioned electrokinetic effects, which are strictly related to the
fluid properties. In such cases, permeability become insufficient to characterize the
transport and hydraulic conductivity is mostly employed.

To estimate the permeability and hydraulic conductivity, Darcy velocity and
pressure gradient in the flow direction should first be calculated. In order to calculate

these quantities, the representative elementary volume in Figure 3.4 is used.

Figure 3.4. Representative elementary volume for the calculation of permeability and
hydraulic conductivity

Darcy velocity and pressure gradient for the REV in Figure 3.4 can be evaluated

as:
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w)=g— | ] wdsdy (3.19)

Darcy  —Hpyey /2 =Hparey [2

d . H parey / 2 H payey / 2
- iz]if> N Hl 2 I Prmtty 2~ I Pierry,, 2V (3.20)

Darcy | ~Hpy, [2 —H parey |2

Then, the permeability (K) and hydraulic conductivity (k) can be obtained by
Darcy’s law through Equations 3.21 and 3.22.

Kd D
<”f>=_;—<dxf> (3.21)
___k d{p,)
<u_f‘> __pfg dx (322)
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CHAPTER 4

NUMERICAL METHOD AND VALIDATION

4.1. Silica nano-channels/pores

In the current study, first the ionic and electrical potential distributions in a slit
like silica nano channel, which is connected to reservoirs at both ends, are calculated at
stationary state. Symmetry boundary conditions are applied to the sides of the reservoirs
and the length of the reservoirs are determined to be sufficiently larger than the channel
height so that bulk conditions are achieved at the ends. The resulting numerical domain
is illustrated in Figure 4.1. Liquid phase is a KCI (i.e. symmetric 1:1) aqueous electrolyte

solution consisting of 4 types of ionic species namely; H, K*, CI and OH" ions.

Silica
with charge regulation OH, "
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[ ; ]
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Figure 4.1. Ionic distribution of four different ionic species in silica nano-channels
connected to reservoirs at both ends.

PNP equations in 2-D cartesian coordinates are numerically solved by finite

element method with COMSOL Multiphysics. To solve these equations, concentrations

of ionic species are maintained at their bulk values (i.e. ¢, =c¢;,) at far ends of the nano-
channel and all the reservoir walls are grounded (i.e. ¥ =0), slip free (i.e. u=v=0). No

flux of ionic species is allowed through the nano-channel walls (i.e. —n.Ni =0) and

multi-ion charge regulation model presented in Equation 3.16 is applied to the channel

walls.
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The constants and parameters used in the simulations are taken as: &=7.08x10"
10F/m, R=8.31 J/(mol-K), F=96485 C/mol, T =300 K. The charge regulation parameters
are chosen as Niow=4.816 sites/nm? , pK4 = —logK4=7, and pKs = —logKs=1.9, which are
very similar to ones reported in literature in a range of Niow—4.6-4.9 sites/nm?, pK4=6.3-
7.4 and pKs =0-3 by many studies!** 231> Moreover, the diffusivities of H, K*, CI and
OH- ions are set to be 9.31x10?, 1.957x10, 2.032x10” and 5.3x10” m?/s, respectively.
It should be noted here that these constants and paremeters are used throughout the whole
study.

For validation purposes, results of KCI concentrations of 10 mM and 100 mM are
compared with the flat surface approximate analytical model proposed by Yeh et.al*. In
these high concentration cases, EDL fields do not overlap and the resulting surface charge
density values can be described by the solution of PB. Figure 4.2 shows the surface charge
density values for pH range from 3 to 9. The increasing trend of surface charge density
with pH and KCl concentration can easily be distinguished in the figure. The current

model (markers) yields identical results with the theory (lines).

5, (C/m?)

cke=10mM X

X,

=100 mM
CKCl X

030 F————t+—f— i
3 4 5 6 7 8 9
pH
Figure 4.2. Surface charge densities of channel walls. Lines indicate the theoretical
results while the markers are the results of the numerical model.

Next, for the same domain presented in Figure 4.1, a fluid flow is created by

applying different pressures (i.e. —Vp) from the opposing reservoirs as shown in Figure
4.2. The channel walls gain a surface charge of o, , where —¢,¢, dy /dy =o,, and velocity

slip boundary condition (i.e. u=u_ ) is applied on the channel walls. The corresponding

slip
ionic, electrical potential and velocity distributions are obtained by solving the PNP and
Navier-Stokes (NS) equations simultaneously. For this case where the fluid transport is

also considered, the reactions at the solid/liquid interface are assumed to be instantaneous
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and occur much faster than the transport of ions, which is a consistent assumption since

Damkohler number in the current system is greater than 1 (Da>>1).
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Figure 4.3. Pressure driven fluid flow in silica non-channels connected to reservoirs at
both ends

Solution systematic in the flow conditions is validated by the analytical solution
from Mei et al.’® who developed closed form solution for ionic current, starting from non-
linear Poisson Boltzmann (PB) and Navier Stokes (NS) equations by considering charge
regulation nature of surfaces. Mei et al. simply considers a fundamental system at
equilibrium of ionic current, streaming potential and conduction current. Using the
current numerical model, a channel with 10nm height and 300nm length is simulated at
the conditions employed in the study of Mei et al. It should be noted here that the
analytical solution from Mei et al. had no channel length dependence. Hence, 300nm
length channel is simulated here, which was found long enough to develop length
independent results. Furthermore, both viscoelectric and velocity slip effects are not
included in the solution of Mei et al. Therefore, viscosity is kept constant independent
from ionic solution conditions and no-slip boundary condition is used on surfaces as
Ls0=0 for wvalidation simulations. Consequently, only electroviscous effects are
considered to validate the current numerical model with the solution of Mei et al. In
Figure 4.4(a), the volume charge density and velocity profile results of our model are
compared for half of the channel with analytical solution of Mei et al. for 0.1mM salt
concentration, pH 7.5 and pressure gradient of 20 Pa/nm. Using the ionic distributions
and velocity profiles, ionic currents at different ion concentrations of 0.00ImM, 0.01mM,

0.1mM, 1mM, 10mM and 100mM are calculated using Equation 4.1.
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h/2

1=2w] p, (y)u(y)y (4.1)

where p, ( y) is the volume charge density in y-direction and u ( y) is the velocity in y-

direction. Comparison of current simulation results with the results of Mei et al. given in

Figure 4.4(b) showed also good agreement.

a) b)
p, [10° /] u[mms] I, [pA]
0.8 T T 03 100 ¢
12 F
. 10 &
b 02 >
04 1 1 Iy ___Analytical Sol. of
02 f T 0.1 0 IS; Mei et al.
' F Cyo= 0.1 mM 1 I O Current work
I e | X S (X () R e
o 1 2 3 4 5 0.001 0.01 0.1 1 10 100
y [nm] Cicr [mM]

Figure 4.4. Comparison of the current simulation results of (a) velocity and ionic
distribution in the channel at 0.1mM salt concentration, and (b) developed
ionic currents at varying salt concentration with the analytical solution of
Mei et al. Solid lines are the solution of Mei et al. while the markers
represent the results of our model.

After validating the current model, another important issue is to determine the
viscoelectric coefficient, f. In the current study, Equation 3.10 is adopted with parameters
calculated from the MD simulations?'”> 22, In this context, the different mechanisms in
the system is incorporated into the single parameter, f, in the Equation 2.1, similar to
earlier literature. In order to confirm such a method, PNP equations are solved for a 10
nm height channel at 10 mM salt concentration. In Figure 4.5, local viscosity estimated
by Equation 3.10 using corresponding parameters from the MD results** ?!7 (d=0.4 nm,
p=4 and y=1.6) is presented with the most common f=1x10"> m*V?2!! _ In the same
figure, local viscosity calculated by Equation 2.1 with ~3x10"1> m?/V? is also presented.
Consequently, it is found that finite-size ion effects can be indirectly incorporated into
viscoelectric model (i.e. Equation 2.1) with /=3x10""> m?/V?, which is the value used in

the current study.
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Figure 4.5. Comparison of local viscosity variation calculated by viscoelectric model
(Equation 2.1) with £=3x10"'> m*/V? and the hybrid model (Equation 3.10)
131075 m¥/V2,

4.2. Mesoporous silica

Since their discovery, mesoporous silica has been synthesized in various
morphologies by different research groups. MCM (Mobil Composition of Matter)?** 23,
KIT (Korea Institute of Technology)?*®, SBA (Santa Barbara Amorphous)®*”> 2% and
FDU (Fudan University in Shanghai)?*° are the most common types of mesoporous silica.
These mesoporous structures can be synthesized to have different internal structures by
varying the synthesis conditions. For example, MCM-41 (hexagonal), MCM-48 (cubic),
MCM-50 (lamellar), KIT-5 (cubic cage-structures), KIT-6 (cubic), SBA-1 (cubic), SBA-
11 (cubic), SBA-12 (3D hexagonal network), SBA-14 (lamellar), SBA-15 (2D
hexagonal), SBA-16 (cubic cage-structured), FDU-1 (cubic), and FDU-12 (cubic) are just
a few example of the different mesoporous families with different structures.

In the recent years, cubic type mesoporous silica has been widely used due to their
easily tunable pore and throat sizes. These parameters are mostly controlled by the
synthesis conditions. For example, ordered periodic pore arrays of SBA-16 can be
modified to have the required pore diameter and pore throat size by changing the
temperature and time of the synthesis?*’. Therefore, the surface charge characterization
of such a mesoporous system is performed in the current study.

In this context, a simple unit cell description of SBA-16 (Im3m) is presented in
Figure 4.6(a), which is similar to the structure obtained by electron crystallography?*!
and also by similar studies?***°. The variation of pore throat size in SBA-16 synthesis

described in the study of Kim et al.>* is also illustrated in Figure 4.6(a). In the current
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study, this mesoporous silica is modeled with a simplified two-dimensional geometry as

in Figure 4.6(b) to reduce the computational cost.

a)

Figure 4.6. a) Three-dimensional cubic-cage structure of SBA-16 (Im3m)>*2%° at

various throat sizes?®’. Structures developed by using Surface Evolver*$ b)
Schematic illustration of the representative elementary volume for four-unit
cells. Here H is the pore size, ab and cd lines denote the cross sections
whose electric potential and ionic distributions are used in the iteration
procedure.

The two-dimensional representative volume (REV) in Figure 4.6(b) shows four-
unit cells of a highly ordered three-dimensional close-packed and cage-like structured
mesoporous silica. The pore size of this system is indicated by H in the figure. The ionic
and potential distributions are calculated by an iterative method. In the first iteration, bulk
conditions are assigned to boundaries numbered from 1 to 8. Then, the electric potential
and ionic concentration distributions developing at “ab” and “cd” lines are obtained from
the solution of PNP equations with CR boundary condition at the solid surfaces and used
as the boundary condition of outer boundaries (numbered as 1 -8) of the next iteration.
This procedure is repeated until the ionic and electrical potential distributions measured
at internal center lines becomes equal to distributions assigned to outer boundaries.

In order to characterize the fluid transport through a porous media as in Figure
4.7(a) is modeled by the system illustrated in Figure 4.7(b). It should be noted here that
the porous system is connected to the reservoirs at both ends for a more accurate
characterization of the real porous systems. PNP and NS equations are solved to obtained
the ionic, electrical potential and velocity distributions. Pressure bias is applied across the
systems to create the flow. Symmetry boundary condition is assigned for all the unknowns
at the top and bottom boundaries of the domain so that the porous system in Figure 4.7(b)

represents a larger porous media.
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Figure 4.7. Schematic representation of the porous media connected to reservoirs at
both ends

In order to characterize the transport in porous media by Darcy’s law, its

applicability needs to be checked first. According to Darcy’s law, Reynolds number (

Re = [ p<VDar Cy> Darey } / ) should be sufficiently small (i.e. Re<l) and non-

dimensionless pressure presented in Equation 4.2 should be independent from the

Reynolds number.

2
. H Darey AP

Vo AX

Darcy

4.2)

Estimated non-dimensional pressures as a function of Reynolds number for the
pressure driven flow for AP of 0.2, 0.4, 0.8, 1, 1.5 and 2 bar applied across the reservoirs
with and without electrokinetic effects are presented in Figure 4.8(a) for porosity value
of 0.5. The results show that dimensionless pressures remain constant for both conditions
as Reynolds number increases. Consequently, Darcy’s law is applicable for the current
system.

Next, the current model and calculation methodology are validated by comparing
the dimensionless permeability values of the current model by using Equation 4.3 and
available data in the literature??® 2*’. The current study focuses on the liquid flow while
available dimensionless permeability values are for the gas flows. However, since
Darcy’s law is valid both for liquid and gas flows, the current model is solved by using
gas properties for validation purposes only. The comparison is presented in Figure 4.8(b)

where a perfect match is obtained.
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Another important issue in numerical modeling is to reduce the computational
cost as much as possible. Therefore, the domain in Figure 4.7(b) is further simplified to
representative volume illustrated in Figure 4.7(d). While doing so, the domain in Figure
4.7(b) is first simplified to the form in Figure 4.7(c) then to the final form in Figure 4.7(d).
Resulting dimensionless permeability values in Figure 4.8(b) prove that such
simplification does not cause significant changes, which allows the transport through

porous media in the current study to be estimated by using the domain in Figure 4.7(d).
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Figure 4.8. Pressure driven fluid flow in silica non-channels connected to reservoirs at
both ends

4.3. The Mesh Structure of the Fluid Domain

In order to make sure the fluid domain is composed of sufficient number of
elements, the simulation results of the current study are compared with the existing
analytical and theoretical estimations as in Figures 4.2, 4.4 and 4.8. The number of
elements is increased until the simulation results match with those of analytical and
theoretical estimations. It should be noted here that inclusion of different physics requires
higher mesh density in the fluid domain. For example, the highest mesh density used in
the current study is 40#/nm? for no flow conditions and 50#/nm? for the flow conditions.
Since, surface charge density, electrokinetic effects and velocity slip originate near the
solid surfaces, boundary layer elements are created in those near-wall regions and highly

structured mesh is used for the rest of the fluid domain as seen in Figure 4.9.
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Figure 4.9. Ordered mesh structure of the fluid domain with boundary layer meshing
near the walls
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Surface Charge of Silica Nano-channels/pores

The initial step of the current study is to resolve the ionic distribution inside a slit-
like silica nano-channel that is connected to reservoir at both ends. First, ionic and electric
potential distribution inside a 10nm height and 30nm length nano-channel are estimated.
Resulting electric potential contours inside the channel and around the inlet/outlet regions
of the channel are presented in Figure 5.1 for salt concentrations of 1mM, 10mM and
100mM, which corresponds to A/H ratios of 3 nm, I nm and 0.1 nm, respectively at pH=4,
6, and 8. Here, H represents the half channel thickness and the degree of EDL overlap is
characterized by the non-dimensional number, A/H. Higher this number is, higher the EDL
overlap in the channel. For low EDL thicknesses (i.e., A/H<<1), ionic distribution and the
electric potential reach the reservoir bulk values at the channel center away from the
inlet/outlet. As the EDL thickness increases, ionic conditions at the channel center start
deviating from the reservoir conditions. Here, two different mechanisms determine these
variation: overlapping of EDLs of the opposing surfaces inside the channel and diffusion
of ions from reservoir to the channel around the inlet/outlet regions. Second mechanism
also induces curvature effects at the corners of the channel ends, which will be further

discussed later.
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As a second step, the local surface charge on the channel surface from the inlet

until the channel center (i.e. L=15 nm) is calculated. Results presented in Figure 5.2 show

that surface charge varies as a function of overlap ratio and pH due to different ionic

concentrations, hence overlap ratios, developing inside the channel. For example, surface

charge is almost constant for low values of A/H, except at the very inlet region of the

channel. With the increase of A/H, this entrance effect further penetrates into the channel

and even reaches to middle of the channel for A/H=1 and 3 at pH=4 and 6. Overall, local

surface charge shows an unusual behavior along the channel wall with increasing EDL

thickness and a “developing region” forms at both ends of the channel.
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Figure 5.2. Electric potential distribution for different pH and overlapping ratios a)
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To characterize the developing regions, further simulations are performed at
different channel lengths. In Figure 5.3, surface charge density values at the mid-length
of different length channels normalized with the theoretical estimations at the
corresponding concentration and pH values are presented. Results show that the
theoretical estimations for the flat surface can successfully predict the nanochannel
surface charge at the middle location of the channel for A/H values of 0.1 and 0.3, which
can be regarded as low EDL overlap. Yet, as the overlap ratio increases, significant
variations from the theory are observed and lower surface charge develops compared to
theoretical estimations. Furthermore, entrance effects become dominant for high overlap
ratios and local surface charge along the channel walls cannot reach its equilibrium value
even for channel lengths of 50-100 nm, especially at low pH values. Consequently, the
effects of the developing region become more significant with increasing EDL

thicknesses at low pH values.
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Figure 5.3. Silica surface charge density measured at the middle length of the different
length channels. Charge values are normalized with the theoretical
calculations for a flat surface.

Based on the conclusion obtained from Figure 5.3, a channel length of 100 nm is
used from this point on to make sure that equilibrium of ionic conditions is obtained at
least in the mid-length of the channel. For this channel length, local surface charges along
the channel wall normalized by the equilibrium charge value (osuik) of the corresponding
channel are evaluated. They are presented as a function of normalized axial location with
the EDL thickness in Figure 5.4 in order to characterize the length scale of the developing
region. Except at pH=4, overlap ratio does not cause significantly changes in the
developing regions at certain pH values. Yet, significantly higher surface charge values
originate at the developing region, which directly affects the average surface charge of

the channel.

41



a) b) c)

Oy / Gpuik Oy / Obulk Oy / Opulk

1.8 +—— 1.8

1.7 fpH=4 1.7 -
L6 £ T MH=O0I 1.6 1
L5 £ —-- MH=03 1.5 £
14 4 ---WH=1 14 ¢
L34y . yme3 13 4
12 £ 12 §
L1~ L1t
1.0 frose— 10§
0.9 £ 0.9 £
T ——

0o 1 2 3 4 5
L/A L/x L/A
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As a analogy to the boundary layer in hydrodynamics, the developing length (L)
1s defined where the o/opur becomes 0.99. In this context, L./A for different A/H values are
presented in Figure 5.5 for different pH values. As a result of this normalization, Figure
5.5 shows solely EDL overlap effect, not the effect of EDL thickness on the developing
region. Overall, Le mainly decreases as the overlap and pH increase. The highest Le is
estimated as 2.7 A.

L/n

0 _Z
0 1wl 2 3

Figure 5.5. Entrance length values normalized by Debye length (L) of different
overlapping cases for different pH values.

In order to develop a model that yields the average surface charge of a nano-
channel, the deviations of average surface charge from the theoretical estimations as a
function channel height and length, ionic concentration and pH are calculated. This way,
the existing theory can be updated in a form that consider the effect of EDL overlap and
developing region. For such a purpose, the modeling attempt is separately performed for
the developing region and the developed region. Initially, a value for L. is determined to
characterize the average surface charge in the developing region. As depicted from Figure
5.5 that L. ranges between 0.24 and 2.74. However, the variation is hard to formulate.

Therefore, the maximum value of L. (i.e. 2.74) is used as the developing length to include
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the effects of the developing region for all the cases. Consequently, the final model will
be composed of two different models that are developed before and after 2.74.

In the developing region, two different mechanisms exist. First, corner effects
develop due to curvature at the corners that connect the channel to the reservoirs. Such
effect is observed also in other studies where similar curvature effect develops at
mesoporous supercapacitors and the ionic conditions diverge from planar surface
estimations as the pore size decreases*> 4% 2% Second mechanism forms due to the new
ionic equilibrium between the developing region inside the channel and the reservoir.
However, this effect becomes important only in the cases of strong EDL overlap that
causes center ion distribution to become different than the reservoir value. Therefore,
these two effects should be distinguished from each other.

As a first step, local surface charge values developing on a simple corner geometry
is calculated at varying concentrations and pH to resolve corner effects. The electric
potential contour and the illustration presented in Figure 5.6(a) clearly show the corner
effect. Moreover, normalized surface charge values for different EDL thicknesses and pH
values are given in Figure 5.6(b), (c) and (d). It can be seen that normalized surface charge
values almost double in magnitude towards the edges. A very similar occurrence is also
observed in nano-particles where the surface charge increases as the particle size
decreases!’. Surface charge reaches its theoretical value away from edges, as predicted.
This behavior is limited in a region as long as 24. Yet, L. = 2.71 is employed to be
consistent with the developing region length measured earlier.

Next, the corner effects are excluded from the surface charge estimations in
developing region by removing the surface charge variations in 5.6(b), (c¢) and (d) from
the results presented in Figure 5.4(a), (b) and (c). The resulting variations of surface
charge are depicted in Figure 5.6(e), (f) and (g) where only the effect of channel/reservoir
interactions are seen. For example, when A=0.5 nm in a 10 nm height channel, the overlap
ratio, A/H, becomes 0.1, which means there is no EDL overlap effect in the channel. After
removing the corner effect for these conditions, it can be seen in Figure 5.6(¢e) that the
surface charge can be estimated by the flat surface theory. However, this is not the case
for Figure 5.6(g) where A=15 nm and strong EDL overlap results in surface charge values
to be lower than the theory. Even after corner effects are removed for this case, there is
still a slight variation in the developing length. This behavior is caused by the
channel/reservoir interactions resulting due to the different ionic conditions at the mid-

length location and reservoir.
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Figure 5.6. (a) Variation of local ionic concentration at a corner and illustration of

curvature effects. Normalized surface charge distributions (b), (c) and (d) on
a corner at different EDL thicknesses and pH values, and (e), (f) and (g) in
the developing region of a 10nm height channel after corresponding corner

effects removed.
Having been characterized the EDL, developing length, corner effects, the average
surface charge values are calculated for each of these mechanisms inside their own length

extends. Therefore, an average charge is estimated for a length of 2.74 on the corner (

) by Equation 5.1. Similarly, an average charge for the developing region (

corner—ave

) is calculated by Equation 5.2. Lastly, an average for the region after 2.71

O-developing—ave
until mid-channel length (o, ) is calculated by Equation 5.3.
1 J'2.7><ﬂ d 5 1
O = X .
corner—ave 2. 7x 490 corner ( )
1 2.7x4
O-developing—ave = m J.O O-developing d‘x (52)
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These average surface charge density values normalized by the flat surface theory

are presented in Figure 5.7 for different A/H and pH values. Sigmoid functions are

250

commonly used to model the pH dependence of quantities in literature=". However, a

logarithmic function is found to be well-suited for the corner effects.
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Figure 5.7. Normalized average surface charge densities measured (a) on a corner

through 0—2.7A, (b) in the developing region (0—2.71) after removing

corner effects, and (c) in the rest of the channel (2.7A—L). Markers

represent numerical data and solid lines are the models.

The logarithmic function in Equation 5.4 provides the best fit for the corner effect
behavior at varying pH values. This equation is a combination of two second-order
functions of pH presented in Equation 5.5 and the logarithmic dependence is employed
through the EDL thickness. The corresponding results of these equation are plotted in

Figure 5.7(a), which show good agreement with the numerical data.

Cromer-ave| Fueo =1+ ([ PH)+ g[ pH]xIn (1)) (5.4)

f[PH]=-0.00923 pH* +0.12431 pH —0.36763

(5.5)
g[pH]=0.00195 pH* —0.03113pH +0.11879

On the other hand, sigmoid function in Equation 5.6 is well-suited for the surface
charge behavior of both developing and developed regions. This equation has four
different parameters that are all dependent on the EDL overlap ratio and serve for the
correct representation of the physics in the channel. For example, p; is a hyperbolic

tangent function that converges to zero for low A/H and approaches to a constant value as
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A/H goes to infinity. Moreover, p2, p3 and p+ are also functions of A/H that describe the
pH dependence appropriately.

P
O-developed /O-thea = 1 - (pl - W) (5 6)

p=0.58tanh’(0.5447,) . p,=6.5307 (47, )", p=09806(1/, )" (5.7)

Equation 5.6 is found to be suitable both for developing and developed regions’
surface charge as can be seen in Figure 5.7. However, it should be stated that the average
surface charge values of the developing region in Figure 5.7(b) are the averages of the
charge values presented in Figure 5.6(¢), (f) and (g) where corner effect are excluded.

Moreover, average surface charge density values of the developing region and the
developed region are almost equal to each other for low values of A/H after the corner
effects are removed since ionic conditions of the channel and reservoirs become similar.
With increasing EDL overlap, these conditions differ from each other and a so-called
“second overlap” forms at channel inlet and outlet, resulting in different surface charge
for the developing and the developed region. Yet, averaging process makes this effect to
be almost negligible and only small differences are observed. For such a case, the
parameters, pi-p3, recover the behavior obtained in both developing and developed
regions, yielding good agreements between proposed models and the numerical results as
can be deduced from Figure 5.7(b) and (c).

Finally, Equation 5.8 is formed that describes the average surface charge of a
nanochannel. Since the charge determining effects are mostly corner and EDL overlap

effects, this final equation is composed to be dependent only on these effects.

2.7x A L/2-27xA
Gchannel ,ave = W O-developing,ave + T Gdeveloped (5 . 8)

If Equations 5.4-5.7 are substituted into Equation 5.8, the final form of the
equation (Equation 5.9) for the average surface charge density of nano-channel is
obtained for a given channel height and length. Inlet/outlet and overlap effects are
considered to behave in an additive manner. Second term in the parenthesis models the
inlet/outlet effect and it is negligible when either double layer is very thin, or nanochannel
is very long. Moreover, third term is the contribution from the double layer overlap and

it either becomes negligible for weak EDL overlap or converges to a constant for strong
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EDL overlap. Both terms vanish if the channel height and length are much larger than the
EDL thickness, meaning that the flat surface theory can well-estimate the average charge

of the channel.

1+

5.41((0.00195 pH*> —0.03113pH +0.11879) In(A)
L |-0.00923 pH* +0.12431 pH — 0.38763

O-channel,ave -

A

_tanh2[0,54—j 0.58 — ?03458 _
H 1+ 10[6.5307(%J 71’H}|:0-9806(%]T }

J O ey (5.9)

Above equation can accurately calculate the average charge density of the nano-
channels, which are longer than 5.44 since the developing region is as long as 2.74 from
both side of the channel. In Figure 5.8, the proposed model in Equation 5.9 and the
numerical results are compared for varying L/A and A/H to check the accuracy of the
model. It can be seen that the results of Equation 5.9 and numerical model present a good

match except for L/4<5.4, which is expected.
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Figure 5.8. Nanochannel average surface charge results (for pH=7) from the extended
theory (solid lines) given by Equation 5.9 in comparison with numerical
calculations at different channel lengths.

Figure 5.8 also shows that the effects of electrokinetically developing region
becomes can be safely ignored for channels with L>50/4 and the average surface charge
of the nano-channel only depends on the overlap ratio regardless of the channel length.
As the overlap ratio increases indicating that channel height is comparable with the EDL
thickness in size, the average charge of the channel substantially deviate from the
theoretical estimations. On the other hand, the effect of developing region on the surface
charge becomes dominant for shorter channels, resulting in higher surface charge values

that may be even higher than the theoretical estimations.
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5.2. Flow Rate and Ionic Current through Silica Nano-channels/pores

After validating the current model in Section 4.1 as presented in Figure 4.4,
viscoelectric and velocity slip effects are incorporated into the model by using Equation
2.2 and Equation 2.3, respectively. As a first step, the affected velocity profiles for each
case are presented for a 10 nm height and 100 nm length channel. The flow is generated
by applying a pressure gradient of 92 Pa/nm across the channel. The normalized velocity
profiles away from inlet and exit regions are presented in Figure 5.9 for salt
concentrations of 0.42 mM, 0.94 mM and 10 mM. While Figures 5.9(a)-(c) are
normalized with the average velocity estimations of simple Poiseuille flow (PF) that are
not subjected to any electrokinetic or slip effects, Figures 5.9(d)-(f) are normalized with
their own averages. First of all, only electroviscous effect is considered. As discussed,
this effect is commonly characterized by the EDL overlap. For the concentration range in
the current study, EDL thickness varies between 1.5 nm to 15 nm where channel height
is 10 nm. The corresponding overlap ratio range does not create a significant variation in
the velocity with concentration change due to electroviscous effect for no-slip cases.
Then, viscoelectric effect in incorporated into the model through Equation 2.1. The
resulting velocity profiles showed significant local variations due to viscoelectric effect
near the charged surfaces, especially at 10 mM salt concentration where the velocity
profile becomes almost flat near the walls. Moreover, overall velocity profiles present
strong deviations from the PF estimations. Finally, slip velocity presented in Equation 2.2
is included with Ls,0=5 nm. As expected, slip velocity increases the overall velocity profile
inside the channel and promotes the transport. Yet, the enhancement in the flow rate is
much less compared to simple PF cases with and without velocity slip. This is mainly
because electrokinetic effects, which alters the near-wall hydrodynamics affecting the
velocity gradient at the charged wall. Both conduction current that cause the
electroviscous effect and viscoelectric effect decrease the velocity gradient, hence the slip
velocity. Naturally, this behavior is concentration dependent and velocity slip decreases
as the salt concentration increases in the aqueous solution. Yet, primary reason is the
viscoelectric effect that cause 30% decreases in the velocity even at low concentration
(i.e. 0.42 mM) and almost no-slip (~80 % decrease) occurs on the walls at 10 mM salt

concentration.
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Figure 5.9. Velocity profiles along the channel height under different effects and at
different salt concentrations. Velocities were normalized (a), (b) and (c) with
the average velocity of the simple pressure driven (Poiseuille) flow solution
and (d), (e) and (f) with the average velocity of corresponding case.

Moreover, the normalized results in Figures 5.9(d)-(f) show the deviations from
PF estimations through shape change of the velocity profiles. Normally, a perfect
parabolic velocity profile form for a fully developed PF flow. This shape is almost
preserved when only electroviscous effect is considered for all concentrations. However,
velocity profiles are no longer in parabolic shape when viscoelectric and slip effects were
considered.

To resolve the viscoelectric effect, the volume charge density and resulted electric
field strength at the channel center are estimated and presented in Figure 5.10(a) and (b),
respectively. Charge concentration near the charged walls exponentially increase as a
result of the ionic layering inside the EDL. As the concentration increases, surface charge
and resulting counter-ion accumulation and electric field strength increase while both
reach the bulk conditions sufficiently away from the surface. This is expected since thick
EDL formation in diluted solutions originates weak effects on the fluid flow while strong
electrostatic interactions occur for thin EDL thicknesses. For example, the volume charge
density is almost 5 times higher at 10 mM compared to 0.42 mM and 0.94 mM salt
concentrations causing the electric field strength to double as a result of highly condensed
and strong ionic layering near the charged walls. The resulted electric field causes the

viscosity of the fluid to increase in those regions as shown in Figure 5.10(c). It can be
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seen in this figure that the local viscosity near the surface can be as high as 10-12 times

of its thermodynamic value depending on the concentration.
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Figure 5.10. Distribution of (a) volume charge density, (b) electric field, and (c¢)
normalized local viscosity along the channel.

As a next step, slip velocities on the charged walls are calculated at varying ionic
concentration for constant slip length and pressure gradient. First, slip velocities for the
electrokinetic flow are normalized with the slip velocities developing for a pressure
driven flow with no ionic interactions involved. The results are presented in Figure
5.11(a) for both ionic flows with electroviscous effect and constant viscosity, and for
ionic flows with both electroviscous and viscoelectric effects. In either case, lower slip
velocities develop compared to PF slip velocity. Moreover, slip velocity decreases as the
salt concentration increases for both cases. Conduction current in the EDL caused by the
electroviscous effect reduces the velocity gradient at the interface. As a result, velocity
slip decreases even if the slip length is kept constant. Also, pressure driven flow is further
inhibited due to viscoelectric effect that forms higher local viscosity near the surface
creating higher shear force. As expected, the slip velocities are much lower when both
electroviscous and viscoelectric effect are considered. Since these effects are stronger for
thin EDL thicknesses, velocity slip becomes lower with elevated concentrations. When
both electroviscous and viscoelectric effects are incorporated into the model, almost no-
slip condition is achieved at 10 mM salt concentration. However, the concentration
dependence ceases after 7 mM at which the overlap ratio (i.e. A//H) becomes 0.73.
Therefore, the concentration range is kept in limited between 0.42 mM and 10 mM. These
results indicate that the boundary slip should not be studied based solely on the slip length
value. In Figure 5.11(b), the slip velocity values are normalized with the values
developing at the lowest concentration (i.e. 0.42 mM) at which lowest deviation from PF
slip velocity is observed. While almost 40% decrease is observed under electroviscous
effects due to concentration, a decrease of 80% occurs when both electroviscous and

viscoelectric effects are considered. Moreover, the surface charge values developing at
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these concentrations are presented in Figure 5.11(c) in order to create an understanding

for the dependence of slip velocity on the surface charge variation.
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Figure 5.11. Variation of velocity slip on surface normalized by (a) the Poiseuille flow
velocity slip, and (b) velocity slip measured at 0.42mM case. (c) Silica
surface charge as a function of salt concentration based on charge
regulation.

The observations gained from the current results are very similar to those obtained
by the MD studies in the literature. Yet, the velocity slip variations are explained by the
slip length change in those studies. Even if slip length is dependent on the surface charge
as in Equation 3.11, this dependence is due to the change in electrostatic forces altering
interfacial coupling and vanishes at low surface charges within the charging range of
natural surface chemistry. Therefore, the variation in slip velocity in the current study is
not due to the surface charge. Instead, the affected near wall electrohydrodynamics alter
the slip velocity. In a very recent study of Rezaei et al.’!, they estimated different slip
lengths based on the local and bulk velocity gradients in the MD simulations of shear
driven flows. These slip lengths are presented in Figure 5.12(a) as a function of surface
charge in comparison with the predictions of Equation 3.11. Results show that local slip
length stays almost constant, similar to the predictions of Equation 3.11. On the other
hand, bulk slip length decreases as the surface charge increases. Similar results are
obtained also by Celebi et al.>? through their MD studies in which slip velocity change is
attributed to the viscoelectric effect by Equation 3.10. They also related the measured slip
velocity and slip length for low surface charge values where there is no significant
variation in the slip length is observed as shown in Figure 5.12(b). Therefore, the change
in slip velocity is not due to the slip length but it is caused by the variation in the near

wall electrohydrodynamics.
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Figure 5.12. Variation of slip lengths by surface charge measured by MD simulations
(markers) from (a) Rezaei et al. *'and (b) Celebi et al.>? compared with the
estimation of Equation 3.11 from Joly et al.'% (dashed lines)

MD simulations model the interface coupling and the near-wall hydrodynamics
without requiring any special models for the quantities. In the current study, the variation
of viscosity and velocity slip condition are described by models. Yet, similar findings are
obtained. This indicates that the momentum coupling at the interface measured by MD
simulations can also be calculated using a continuum solution with Navier-type boundary
condition if the electrohydrodynamics based on electroviscous and viscoelectric effects
are included.

As a next step, the ionic currents are calculated by using Equation 4.1 for KCl
concentrations of 0.1 mM, 0.42 mM, 094 mM, 5SmM and 10 mM at pH=7.5.
Electroviscous, viscoelectric and slip effects are systematically included into the
numerical model in order to examine each effect compared to the existing theoretical
study of Mei et al.>® Therefore, the model parameters are chosen the same with their study.
As can be seen in Figure 5.13, the results of the current model coincide with those of Mei
et al. when no viscoelectric and slip effects are included into the current model. Moreover,
ionic current increase with the salt concentration when only electroviscous effect is
considered since this effect diminised at high concentrations. With the addition of
viscoelectric effect, ionic current decreases upto 30%, compared to the case with only
electroviscous effect, especially for high concentrations since viscoelectric effect become
dominant. Hence, the difference between the square and the circle markers are solely due
to viscoelectric effect.

Then, velocity slip boundary condition is assigned to channel walls. Even though
the charge dependent slip length (i.e. Equation 3.11) is considered in the current study,
slip length does not show significant variation for the the current range of surface charge

according to natural CR behavior. This can be supported by the results of earlier studies
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in the literature that conclude that surface charge should be higher than 10"! C/m?in order
for the slip length to vary'® % Since the highest surface charge in this study is in the
order of 102 C/m?, a constant slip length value of 5 nm is chosen for the cases with slip
condition. As expected, the ionic transport significantly increases even if a moderate slip
length is employed in the current study. Similar to electroviscous effect with no-slip
condition, ionic current increases with the concentration. As already discussed, slip
velocity decreases with increasing concentration. More interestingly, this also decreases
the electroviscous effect since ionic transport reduces. Therefore, concentration
dependence of the ionic current is the same as no-slip cases even if slip velocity reduces.
When the viscoelectric effect is also considered, the enhancement in the ionic current
significantly altered at elevated concentrations since velocity slip decreases due to
viscoelectric effect. Such an outcome is expected since the velocity slip strongly depends
on the velocity gradient at the interface, which can substantially change as a result of
electrokinetic effects. This is mostly overlooked in the current literature since most of the
studies examine the velocity slip through the change in slip length. Therefore, the current
study aims to contribute to the current literature by resolving such effects on the slip

behavior at the interface.
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Figure 5.13. Ionic current of the electroviscous flows with and without viscoelectric and
velocity slip effects as a function of salt concentration.

Current literature is also missing a complete knowledge on the length dependence
of ionic transport in combination with the electrokinetic effects. There are various studies
that focus on the short channels concluding that electrokinetics inside these channels
differentiate from those of long channels for which inlet/outlet effects are ignored” 7% 78,
In this context, the length dependence is also examined for different conditions in the

current study. Velocity profiles at the mid-channel location of nano-channels for channel
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lengths of 5 nm, 10 nm, 20 nm, 50 nm and 100 nm are presented for salt concentrations
0f 0.42 mM, 0.94 mM and 10 mM are calculated and presented in Figure 5.14. In the first
row (i.e. Figures 5.14(a)-(c)), the resulting velocity profiles under electroviscous effect is
compared with PF estimations with no slip condition. At the same concentration value,
the overall velocity profile increase with decreasing channel length since the ionic
concentration difference across the channel decreases, causing a weaker electroviscous
effect. Also, the ionic concentration difference between the channel and reservoir
decreases for shorter channels, creating lower resistance due to channel/reservoir
equilibrium. In such a case, channel length and ionic concentration are the determining
parameters of the ionic transport. Therefore, the axial electric potential distribution and
resulting electric field along the center line are presented in Figures 5.15(a) and (b) for
L=5 nm, 50 nm and 100 nm at 10 mM salt concentration. It can be seen in Figure 5.15(a)
that lower electric potential difference forms between the channel and reservoir for short
channels and as a result, lower electric field originates as presented in Figure 5.15(b).

Consequently, shorter channels create less resistance to ionic current’’

. As a next step,
the concentration dependence of channel/reservoir equilibrium is presented in Figures
5.15(¢c) and (d) for a 100 nm-length channel. These figures shot that smaller electric fields
originate at higher concentrations since the EDL thickness reduces and reservoir bulk
conditions are obtained inside the channel, creating lower potential bias between the
channel and the reservoir. Moreover, high osmotic pressures build up at the inlet and
outlet regions at low bulk concentrations that makes the nano-channels to be so called ion
selective’.

Next, the velocity profiles of the pressure driven flow under both electroviscous
and viscoelectric effects are presented in the second row (Figure 5.14(d)-(f)). Stronger
length dependence is observed for 10 mM KCI concentration where velocity increases
almost 40% from 100 nm channel length to 5 nm channel length. However, flow velocity
becomes more flat near the walls for short channels due to higher surface charge
developing at the inlet/outlet regions, which increases the local viscosity around those
regions. Such a consequence in short channels cause interesting outcomes at slip
conditions whose velocity profiles are presented at the third row (Figure 5.14 (g)-(1)). It
would be expected that these velocity profiles shifted upwards due to velocity slip. Yet,
slip velocity presents a dependence also on the channel length in addition to the
concentration. This is mainly because electroviscous and viscoelectric effects are altered

by the varying channel lengths. Moreover, huge divergences from PF flow are observed.
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When viscoelectric effects are not considered (i.e. last row of Figure 5.14), the slip

velocity at the walls slightly increase, especially at 10 mM where viscoelectric effects are

dominant.
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Figure 5.14. Velocity profiles along the channel height measured at the middle of 5 nm,
10 nm, 20 nm, 50 nm and 100nm length channels at KCI concentrations of
0.42 mM (a, d, g,]), 0.94 mM (b, e, h, k) and 10 mM (c, f, 1, I) in the cases
different electrokinetic effects were considered.

In order to see the variation of slip velocity at different channel lengths, the slip
velocities of the flows under only electroviscous effect and under both electroviscous and
viscoelectric effects are calculated and presented in Figure 5.16(a) and (b), respectively
for different KCI concentrations. As seen in both figures that the slip velocity decrease
with channel length, which is even more evident at lower concentrations. With the

viscoelectric effects, overall slip values decrease around 40%. Moreover, the length

dependence of slip disappears for channel lengths higher than 20 nm.
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Figure 5.15. (a) Electrical potential and resulted (b) electric field strength variation
along the centerline for different length channels at salt concentration of 10
mM. (c) Electrical potential and resulted (d) electric field strength variation
along the centerline for different salt concentrations in 100 nm long channel.
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Figure 5.16. Velocity slip at the wall (a) without and (b) with inclusion of viscoelectric
effects

Finally, ionic current (Equation 4.1) and flow rates (Equation 5.10) are calculated
for different channel lengths, varying concentrations and under different electrokinetic
effects.

h/2

Q=2wp [ u(y)dy (5.10)

Results are presented in Figure 5.17. Mass flow rates are normalized by the PF

flow estimations and by the mass flow rate of the longest channel length in Figures 5.17(a)
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and (b), respectively. If only electroviscous effect are considered, the flow rates become
lower than PF estimations while length and concentration dependences are very weak.
For a channel length of 5 nm, the flow rate approaches to PF estimations since conduction
current is almost negligible in short channels. With the addition of viscoelectric effects,
flow rates further decrease and stronger length and concentration dependences are
observed. Overall, both effects become negligible on the flow rate as the salt
concentration and channel length decrease.

When velocity slip in introduced, flow rate increase, as expected and the flow
rates become even 70% higher than the PF estimations for 100 nm channel length in the
case where only electroviscous effect is considered at concentration of 0.42 mM. When
the concentration increases or the channel length decreases, the flow rate converges back
to PF estimations. When viscoelectric effect is also considered, slip velocity at the
interface reduces, causing the flow rate to decrease. The flow rate becomes even lower
than the PF estimations for 10 mM concentration since the viscoelectric effect is
dominant. It should be noted here that a slip length of 5 nm, which is employed for these
simulations, is an average value for a hydrophobic surface with wetting contact angle
around 90°%°'. Even for such a small slip length, flow velocity increase almost 3 times
and mass flow rate almost 5 times for a simple PF case. Yet, when electrokinetic effects
are introduced, such enhancements cannot be achieved, especially for short channels and
high concentrations. For example, there is almost 50% decrease in the flow rate for 10
mM case with electroviscous and viscoelectric effects even if boundary slip is applied on
the channel walls. On the other hand, velocity slip only balances the flow rate reduction
caused by the electroviscous and viscoelectric effect, causing the flow rate to be equal to

PF estimations.
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Figure 5.17. Flow rates of different length channels (a) normalized by Poiseuille flow
(PF) calculation (b) normalized by the results of 100 nm length channel. (¢)
Ionic currents without slip effect and (d) ionic currents with slip effect.

To further resolve the channel length effects on the flow rate, the flow rates are
normalized by those developed in 100 nm length channels in Figure 5.17(b). It can be
seen in this figure that flow rate almost stays constant for channel lengths of 50 nm and
100 nm, indicating that length dependence disappears for longer channels. Decreasing the
channel length causes the flow rate to increase for no-slip case. Yet, an opposite behavior
is observed for slip cases. This is caused by the fact that electrokinetic effects become
weak for short channels but boundary slip is lower for short channels, resulting in lower
flow enhancements for short channels.

Moreover, ionic currents are also presented in Figures 5.17(c) and (d) for no-slip
and slip conditions, respectively. For the cases where only electroviscous effect
considered, ionic current increases with salt concentration since lower conduction current
forms in the channel. This behavior is opposite to the concentration dependence of flow
rate. However, ionic current also accounts for the number of ions carried across the
system and more ions are carried for higher concentrations. Therefore, ionic current

enhances. Similar behavior is observed also in other studies where ionic current increases
58



with concentration!® 77> 2. When viscoelectric effect is included, the concentration
dependence of ionic current diminishes, except very short channels at low concentrations.
Basically viscoelectric effect represses the enhancement due to concentration increase.
Another important conclusion that can be deduced from these figures is that there is
almost no channel length dependency in the case of no-slip whereas velocity slip increases
the ionic current as the channel length increases. Similar behavior is observed also with
viscoelectric effect but less concentration and length dependences are observed. These
results show that electroviscous and viscoelectric effects have not only direct impact on
the ionic current but they also create length dependence through the slip velocity variation

for different length channels.

5.2.1. Velocity Slip in Larger-scale Liquid Systems

As concluded, velocity slip is highly dependent on electroviscous and
viscoelectric effects in nanochannels where the overlap ratio, A/H, is larger than unity.
Yet, how the velocity slip develops for channels when this ratio is much smaller than the
unity (i.e. //H<<1) is another missing knowledge in the literature. Therefore, a pressure
driven fluid flow in wider channels are further examined in the current study. In Figure
5.18, the potential contours are presented for channels with 10 nm and 250 nm heights,
respectively. It is clearly seen that the electric potential inside the channel with 10 nm
height is far from bulk conditions (i.e. =0) while almost the entire channel is in bulk
conditions for 250 nm height channel. Therefore, it is expected that the electrokinetic

effects should play no role on the fluid flow for the latter case.
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Figure 5.18. Electric potential contours in a) 10 nm height channel b) 250 nm height
channel.

A=3nm

59



In this context, the velocity profiles and flow rates developed for varying channel
heights with no-slip condition are calculated for a flow under electroviscous effect only
and both electroviscous and viscoelectric effects. The results are presented in Figure 5.19
for channel heights of 10 nm, 50 nm, 100 nm and 250 nm at Ckci=50 mM and pH=7.5.
While the velocity profiles are normalized with the maximum velocity of PF estimations,
y-locations are normalized with the channel height for a better comparison. Moreover,
flow rates are normalized with the PF estimations to determine the channel height at
which electroviscous and viscoelectric effects are negligible. It can be concluded from
these figures that although both effects still exist, they are limited only in a limited region.
Therefore, neither effect have influence on the flow velocity when the channel height is

250 nm under no-slip condition. Yet, this is an expected outcome.
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Figure 5.19. Velocity profiles for channel heights of 10 nm, 50 nm, 100 nm and 250 nm
at Ckc=50 mM and pH=7.5 when a) only electroviscous effect is
considered b) electroviscous and viscoelectric effects are considered; c)
and their normalized flow rates.

As a next step, we introduced velocity slip into calculations for varying channel
heights. Slip length, Ls, is kept constant at 50 nm while channel height is varied as H=150
nm, 200 nm, 250 nm, 300 nm, 400 nm and 500 nm. The results are presented in Figure
5.20. The velocity profiles are normalized with the maximum velocities of the Poiseuille
flow estimations with velocity slip. This way, general height dependence of the Poiseuille
flow velocity can be eliminated and the pure electrokinetic effects on the velocity slip can
be observed. Basically, electrokinetic effects cause changes at inner and outer scales.
With the addition of velocity slip, electroviscous effect starts dominating the flow at the
outer scale even though it is negligible without the slip condition. Yet, its impact on the
velocity slip is saturated at the inner scale that the normalized slip velocity becomes
independent of the channel height. This fact can be clearly observed in Figure 5.20(a).

Similarly, although velocity slip further decreases with viscoelectric effect, it does not
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change with the channel height as observed in Figure 5.20(b). The variation of the
velocity at the outer scale in Figure 5.20(b) is solely caused by the electroviscous effect.
Corresponding flow rates are also presented in Figure 5.20(c). It can be observed from
the flow rates that height dependence occurring at outer scale also start converging to a

certain value as the channel height increases.
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Figure 5.20. Normalized velocity profiles for channel heights of 250 nm, 400 nm and
500 nm when a) only electroviscous effect is considered b) electroviscous
and viscoelectric effects are considered; c¢) and their normalized flow rates
for channel heights of 150 nm, 200 nm, 250 nm, 300 nm, 400 nm and 500
nm.

In order to resolve the concentration dependence of velocity slip in these larger
scale systems, the normalized velocity profiles in 250 nm height channel are estimated
for 0.42 mM, 10 mM, 100 mM and 300 mM salt concentrations with and without
viscoelectric effect. The slip velocity is included with a slip length of 50 nm, which is a
moderate slip length. Figure 5.21(a) shows that electroviscous effect creates variation in
the hydrodynamics of the flow both at inner and outer scales at different concentrations.
However, such effect becomes only limited at inner scale as the concentration increases.
Therefore, the overall flow velocity increases at elevated concentrations. Including the
viscoelectric effect changes the near-wall hydrodynamics, especially at high
concentrations and strong variations in the velocity slip is observed compared to the cases
where only electroviscous effect is considered. Hence, velocity profiles start coinciding
as observed in Figure 5.21(b) and almost no-slip conditions are obtained even for a
moderate slip length of 50 nm. In Figure 5.21(c), the corresponding flow rates are
presented for increasing concentrations. It can be concluded from these flow rate results
that electroviscous effect becomes weaker and viscoelectric effect becomes dominant as

the concentration increases, which is an expected behavior.
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Figure 5.21. Normalized velocity profiles for 0.42 mM, 10 mM, 100 mM and 300 mM
salt concentrations when a) only electroviscous effect is considered b)
electroviscous and viscoelectric effects are considered; c¢) and their
normalized flow rates for channel heights of 0.42 mM, 0.94 mM, 10 mM,
100 mM, 150 mM, 200 mM and 300 mM.

Lastly, the slip length dependence is examined for a 250 nm height channel at 50
mM salt concentration for slip lengths of 5 nm, 15 nm, 25 nm, 50 nm, 100 nm and 150
nm. The results are presented in Figure 5.22. First, it is deduced from Figure 5.22(a) that
increasing slip length not only cause changes at inner scale but also at outer scale.
Electroviscous effect starts dominating the flow at both scales as the slip length increases.
Therefore, strong variations are observed in the velocity profiles with slip length
variations. With the inclusion of viscoelectric effect in Figure 5.22(b), the dependence of
velocity slip on the slip length starts disappearing and almost no slip condition is observed
regardless of the slip length. This causes decreasing normalized flow rates with increasing

slip lengths as observed in Figure 5.22(c).
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Figure 5.22. Normalized velocity profiles for slip lengths of 5 nm, 50 nm and 150 nm
when a) only electroviscous effect is considered b) electroviscous and
viscoelectric effects are considered; ¢) and their normalized flow rates for
slip lengths of 5 nm, 15 nm, 25 nm, 50 nm, 100 nm and 150 nm.

These results suggest that even if electrokinetic effects are negligible on the flow
in the absence of velocity slip in larger scale systems, they become dominant again once

velocity slip is introduced. Moreover, velocity slip at the wall develops independent from
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the channel height since channel height variations does not affect the inner scale physics.
With that in mind, velocity slip is highly dependent on the slip length and concentration
since these parameters directly affects the near-wall hydrodynamics, hence the inner scale

flow physics.

5.3. Internal Surface Charge of Mesoporous Media

The mesoporous silica is defined as in Figure 4.6 with a pore size (/) and porosity
(€). As this stage, aspect ratio of the solid phase is kept as unity. In Figure 5.23, the
resulting electric potential contours are presented for varying H, ¢ and A. First, different
pore sizes (H=20nm, 50nm, 100nm and 200nm) and EDL thicknesses (A=1.5nm, 5 nm
and 15nm) are examined at constant porosity of 0.8 and pH=6, whose contours are shown
in Figure 5.23(a). In this figure, each row is at the same salt concentration and each
column is at the same pore size. As can be depicted from this figure, bulk conditions (i.e.
J=0) are achieved at low EDL thicknesses or high pore sizes. For example, electric
potential at the pore centers are all in bulk conditions for all pore sizes for A=1.5 nm and
for all EDL thicknesses for /=200 nm. As the concentration decreases resulting in thicker
EDL in the system, EDLs of the opposite surfaces overlap and electrical potential at the
pore center for those case diverge from bulk conditions. Moreover, potential distributions
vary along the pore surfaces due to the interactions of pore throat and pore center.

Therefore, the ionic environment in the pore is affected by the H and 4 of the system.
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Figure 5.23. (a) Electric potential contours of varying EDL thickness and pore size at
the constant porosity of 0.8. (b) Electric potential contours of varying EDL
thickness and porosity at the constant pore size of 100nm.

Second, the electric potential contours for porosities of 0.9, 0.4 and 0.1 and for
EDL thicknesses of 1.5 nm, 5 nm and 15 nm at constant pore size of 100 nm are presented
in Figure 5.23(b). Decreasing the porosity of the system results in longer and narrower
pore throats which cause strong EDL overlap but reduced pore to throat connectivity
effects. In this context, the surface charge along the pore throats are estimated and
presented in Figures 5.24(a), (b) and (¢) where surface charge values are normalized by
the flat surface theory. It can be noticed at a first glance that surface charge remains
constant away from the corners. However, strong variations are observed around the
corners due to axial interactions of pore center and pore throat. These local variations can
propagate in the pore throats as a function of the throat length and EDL thickness. Such
a mechanism is described earlier in Section 5.1. where electrokinetic development length
is discussed. Figure 5.24 shows that there are two dominant mechanism defining the
charge a porous system: EDL overlap that decreases the normalized charge density and
pore to throat connectivity shows an opposite behavior. For example, EDL overlap can
cause up to 40% decrease the charge density as in the 0.1 porosity case in Figure 5.24(c)
and connectivity increase the charge density around the corners by almost 60% as in the
0.9 porosity case of the same figure. In order to resolve this increase, the charge density
values along the pore throat length (It) are estimated and presented in Figures 5.24(d), (e)
and (f). In order to separate the EDL overlap effect from the results, the charge density
values at the center of pore throat are subtracted from the charge density values along the
pore throat. The remaining values show that pore connectivity effects increase with EDL
thickness, which is consistent with the earlier proposed 2.74 long development length.
When EDL thickness is 1.5 nm, which yields a non-overlapping case, porosity has almost
no effect on the surface charge variation. As the EDL overlap starts, decreasing porosity
augments overlap effects but pore connectivity effects become more dominant at high

porosity values. This can be clearly seen in the 0.9 porosity case in Figures 5.24(f).
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Figure 5.24. Surface charge density distribution on pore surface normalized with flat
surface theory at different porosities and at different EDL thicknesses of (a)
A=1.5nm, (b) A=5nm, and (c¢) A=15nm for pore size of H=100nm. (d), (e),
and (f) Same charge distributions along axial direction normalized with pore
throat length (l) when the corresponding center equilibrium charge values
were subtracted from the local charge variation.

Next, the average surface charge values and their normalized values with the flat

surface theory are calculated and presented in Figures 5.25(a) and (b), respectively; for

different porosities, pore sizes and EDL thicknesses. As seen in Figure 5.25(a), the

magnitude of the surface charge increases with salt concentration (i.e. thin EDL) and

porosity. However, the variations are more significant for smaller pore sizes. More

importantly, for low porosities (¢=0.1-0.5) the magnitude of the surface charge is lower

for small pore sizes than for higher pore sizes. Yet, an opposite behavior is observed for

high porosities (¢=0.5-0.9). Moreover, normalized charge densities in Figure 5.25(b)

show that up to 80% deviations from the flat surface theory are observed high EDL

thickness, small pore size and low porosity. As the porosity increases, the average surface

charges are higher than the flat surface theory due to the connectivity effects.

65



a)() Gwall,ave [mC/mz] b) Gwall,ave / Gtheory

C 3 1.2 ¢
L A, o
£ i tii4 1.0 =@ =8 -l--‘-l-i--
-5 - : : . LI | - H 1 T-!--:- * a
- A _:
qof T E e ey 0‘85=§¢'A‘A
F 06F & o .
_15 -+ A E A|BH=200nm A=15nm ¢ H=50nmA=15nm|
[ * N 04 T+ * , BH=200nmA=5nm ®H=50nmi=5nm
[ 0 # = WH=200nm A=1.5nm®H=50nm A=1.5nr
20 T AR LI ¢ , 0.2 _E A ®H=100nm A=15nm AH=20nmA=15nm|
+ . C ®H=100nmA=5nm AH=20nmA=5nm
L C ®H=100nm A=1.5nmAH=20nm \=1.5n
_25 IIIIIIIIIIIIIIIIIIIIIIII 0.0 llll:lll:llll:llll:llll
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Porosity (€) Porosity (€)

Figure 5.25. (a) Average charge on pore surface as a function of porosity at different
pore sizes and EDL thicknesses. (b) Same results when the average surface
charge is normalized by the theoretical calculations.

In order to distinguish the EDL overlap and connectivity effects, the surface
charge values developing away from corners and average values of the surface charge
around the corner regions (as in Figures 5.24(d)-(f)) are estimated. Both effects vary as a
function of the pore size to EDL thickness ratio. It should be noted here that porous
systems are commonly examined by creating a two dimensional representative volume,
which has equal pore height and length. Therefore, if the pore throat is narrow, higher
pore lengths form in the representative volume. As a result, EDL overlap effects become
dominant compared to the connectivity effects. On the other hand, if wider pore throat is
wider, connectivity effects become the charge determining factor. This means that both
effects can be described by the ratio of H/4. Yet, porosity change affects EDL overlap and
connectivity in a different manner. Decreasing the porosity yields higher EDL overlaps
and weak connectivity effects while an opposite behavior develops for elevated porosity
values. Hence, the surface charge developing at the pore center is well-represented by
(H/2)xe whereas the average of the remaining charge distribution after subtracting the
equilibrium center value develops as a function of (H/4)x(1/¢€). Such behaviors can be
clearly observed in Figures 5.26(a) and (b) where the results of more than 100 different
cases are presented. The general behavior of pore center surface charge in Figure 5.26(a)
shows that flat surface theory can accurately predict the surface charge for values of
(H/A)xe higher than 8. For values lower than 8, the normalized charge decrease
exponentially by decreasing (H/4)xe. Moreover, Figure 5.26(b) shows that connectivity
effects can be safely ignored for (H/4)x(1/€)>100. However, for the case where pore size
is 20 nm and EDL thickness is 15 nm, the data diverge from the bulk data. This is because

the pore length becomes much shorter than the electrokinetic development length (i.e.
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2.74) and surface charge at the pore throat center cannot reach an equilibrium. Similar

divergence is observed also in Figure 5.26(a) for pore size of 20 nm and EDL thickness

of 15 nm.
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Figure 5.26. (a) Center charge and (b) average of the remaining charge distribution
through pore surface as a function of non-dimensional groups of pore size,
EDL thickness and porosity.

Finally, an empirical model is developed that can provide a general description
for both of these occurrences in mesoporous systems. While an exponential behavior is
observed in Figure 5.26(a), where the two asymptotes of the curve is zero and one, the
general trend develops as an inverse power of non-dimensional group of (H/4)x(1/€). Both
mathematical fits are also presented in Figures 5.26(a) and (b) with dashed blue lines. The
combination of these mathematical fits forms the equation presented in Equation 5.11,

which is a function of pore size, EDL thickness and porosity.

-0.8
o Hxeg H
=l—exp| — +0.3
L”ML XP[ P ] [ﬂxg) (5.11)

Above equation is compared with the numerical data in Figure 5.27, where

symbols are the results of numerical model and lines are the results of the proposed model.
It can be concluded from this figure that this model can well-predict the average surface

charge of a mesoporous system for varying EDL thickness, porosity and pore size.

67



Owall,ave / cStheory

1.2 -
10 §
0.8 +
0.6 _§ Symbols > Numeric Data
E Lines - Current Model
04 H\A |15nm| 5nm|1.5nm|Eqn.(5.11)
C 20nm | 4 A A
T S0nm| ¢ * R R
0.2 - T0onm e . S E—
C 200nm | = n n . —
0.0 ————4————t—
0 0.2 0.4 ] 0.6 0.8 1
Porosity (€)

Figure 5.27. Comparison between predictions of new model (Equation 5.11) and
numerical calculations.

However, the porous systems cannot be solely characterized by pore size and
porosity as discussed earlier in Section 2.5. Therefore, the model proposed in Equation
5.11 should be extended in order to take into account the effects of pore to throat size,
Rpe. In this context, further simulations are performed at pH=6 and Cxci=0.4 mM, which
corresponds to A=15 nm, to ensure EDL overlap in all cases. First, electrical potential
contours for pore sizes of 50 nm and 100 nm with pore the throat size ratios of 2.5, 3, 5
and 10 at € =0.5 are presented in Figure 5.28. For these parameters, corresponding throat
sizes vary between 5 nm and 20 nm for a pore size of 50 nm while this variation is between
10 nm and 40 nm for a pore size of 100 nm. In this figure, R,r decreases at the same pore
size in each row. In the first row, strong EDL overlap can be observed for =50 nm,
especially when Ry is high. When the pore size is 100 nm, bulk conditions are achieved
at the pore center when R,=2.5. It should be reminded here that all these eight cases are
at the same porosity, which validates the idea that porous systems cannot be characterized

only by porosity.
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Figure 5.28. Electric potential contours for different pore sizes (H) and pore to throat
size ratios (Rpt) at €=0.5.

In order to assess the effects of pore to throat connectivity and pore size,
normalized charge density values are estimated along the pore throats both in x and y
directions. The results are presented in Figure 5.29 for constant porosity of 0.5.
Decreasing the pore to throat ratio cause wider pore throats to form in x-direction whereas
narrower pore throats are observed in y-direction. Hence, the variation of the surface
charge acts in an opposite manner with Rp: for x and y directions. Similar to the cases
where the aspect ratio of the solid parts is kept unity, EDL overlap and pore to throat
connectivity effects have opposite influence on the magnitude of the charge density. As
the Ry decreases and H increases, weaker EDL overlap occurs and surface charge density
values approach the estimations of the flat surface theory. With increasing R,
connectivity effects become dominant and charge density reaches above the theoretical
predictions around the corners. Such effects present themselves in an opposite behavior
on the charge density for the pore throats in y-direction. While the connectivity effects
are stronger for low Ry, overlap effects govern the charge density at high Ry values. These
results show that connectivity effects are damped for longer throat lengths since the
normalized charge density reaches a plateau in a very short distance from the edge. For
example, the charge density becomes almost constant for x/a=0.8 at Ry=2.5. However, it
propagates into x/a=0.4 at R,=10 for the pore throats in axial direction. Moreover, the
overall charge density behavior also needs to be considered. It can be seen in the first row
of Figure 5.29 that the average value of the charge density increases as the Ry increases
due to weaker EDL overlap. For high values of Ry, stronger EDL overlap results in an

overall decrease in the charge density values.
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Figure 5.29. (a, b, ¢, d) Normalized surface charge density distribution along the pore
throats in axial direction (x-direction), and (e, f, g, h) in normal direction
(y-direction) at porosity, €=0.5.

Next, the average surface charge densities are evaluated for different porosities,
pore to throat ratios and pore sizes as presented in Figure 5.30. Due to geometrical
constraints, each pore size allows a maximum limit for the value of R,.. For instance, one
can achieve a maximum Ry of 10 for a pore size of 50 nm. Therefore, the pore size is
increased up to 800 nm to reach an Ry: of 200 so that there is enough R, data for a proper
characterization. It should also be noted here that the minimum value of R, is chosen to
be 1.7 to avoid possible molecular size effects. This Ry corresponds to a throat thickness
of 4 nm. In Figure 5.30, the results of the cases, where the aspect ratio (AR) of the solid
parts are unity, are also presented. For those cases, different R, values are obtained for
each porosity, which makes it impossible to assess the R, dependence of the charge
density. Therefore, different Rp: values at certain porosities are defined to form Figure
5.30. Nevertheless, there are particular cases where the results at AR=1 and at AR#I
coincide due to geometrically similar behavior of mesoporous systems for these cases.

In Figure 5.30(a), average surface charge values for different porosity and Ry
values are presented for 50 nm pore size. For the same R,r, the normalized charge density
increases with porosity while it decreases with increasing Ry: at constant porosity. More
importantly, these normalized values reach above unity for some cases due to pore to
throat connectivity since connectivity effects increase the magnitude of charge density.
Moreover, a stronger dependence on Ry develops and the variation due to porosity
decreases as the pore size increases, which can be depicted from Figures 5.30(a)-(d). For
instant, the average charge density stays almost constant as the porosity increase at /=800
but almost a 30% decrease is observed due to Ry change. This is because higher R, values
result in long and narrow pore throats that promotes EDL overlap and weakens the

connectivity effects.
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Figure 5.30. The averaged surface charge density of mesoporous silica at pore sizes of
a) 50nm, b) 100nm, ¢) 400nm, d) 800nm for different porosity and pore to
throat size ratios. Surface charges were normalized by the theoretical
calculations for a flat surface at the corresponding ionic conditions. Results
of unity aspect ratio systems (AR=1) for each case are also given.

These findings show that pore to throat connectivity plays an important role on

the internal surface charge of mesoporous systems. Therefore, Equation 5.11 is further

extended to include the connectivity effects as well. All the results in Figure 5.30(a)-(d)

are summarized in Figure 5.31 where the average surface charge values are normalized

with those estimated by Equation 5.11 for the corresponding A/H and ¢ values. This way,

deviation due to connectivity can be calculated. It can be seen in the figure that the

resulted values of normalized charge density present an exponential decay as a function

of Ry.. For low values of Ry:, connectivity effects are negligible and Equation 5.11 yields

accurate results. As the Ry increases, normalized average surface charge decreases up to

75% from the predictions of Equation 5.11. Consequently, the general trend in Figure

5.31 can be modeled by the following equation.

pore,ave

O-pore,ave(AR:I)

=0.25¢

—0.02R

" +0.75

(5.12)
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For R,<10, Equation 5.12 results in unity indicating that connectivity effects are
negligibly small while the average of internal surface charge inside the mesoporous silica
decreases with Rys for Rpy~>10.

cSp ore,ave / GAR=1
1.15

110 e H=50 nm
1.05 = H=100 nm
1.00

} A H=400 nm
0.95
oo Lo + H=800 nm
' [ M --- Equation 5.14
085+ 9 ‘i\\ ‘
0.80 . R N

ncreasing €| T T seeeaoo__

075 creasing € R —---eg---
0.70 e

0 20 40 60 80 100 120 140 160 180 200 220
Pore to throat ratio (R,,,)

Figure 5.31. Average surface charge densities of mesoporous system (at AR #1)
normalized by the predictions of Equation (5.14) for the corresponding
porosity, pore size and ionic condition.

5.4. Fluid Transport in Mesoporous Media

After resolving surface charge behavior inside the porous systems and accurately
characterizing the flow conditions by considering the electroviscous (EV), viscoelectric
(VE) and velocity slip effects, the fluid flow through a porous system is examined as a
last step of the current study. Hence, a pressure driven fluid flow is created in the system
presented in Figure 4.7(d) by applying a pressure difference of 1 bar across the reservoirs.

As a first step, the velocity distributions inside the representative elementary
volume are presented in Figure 5.32 for porosity values of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8
that correspond to throat thicknesses of 5 nm, 10.5 nm, 16 nm, 22 nm, 29 nm, 36 nm, 44
nm and 54 nm. The distributions are calculated first for a simple Poiseuille flow with no
electrokinetic effects (first row), then by including only electroviscous effect (second
row) and lastly by including both electroviscous and viscoelectric effects (third row). The
latter two cases are calculated for a KCI solution of 10 mM at pH=7, which corresponds
to an EDL thickness of 3 nm. For such an EDL thickness, both electroviscous and
viscoelectric effect play important roles on the flow depending on the porosity and

corresponding pore throat sizes. Two major conclusion can be drawn from these velocity
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contours. First, velocity increases with porosity for the same applied pressure since the
resistance to flow decreases at higher porosity values and the porous structure allows the
fluid to permeate through the system more easily. Second, if electokinetic effects are

considered, the flow velocity decreases due to both electroviscous and viscoelectric

effects.
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Figure 5.32. Velocity contours at porosity values of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8 for
simple Poiseuille flow conditions (a)-(f), for the flow under electroviscous
effect only (g)-(1) and for the flow under both electroviscous and
viscoelectric effects (m)-(s).

For the cases in Figure 5.32, the hydraulic conductivity values are then estimated
in full porosity range (i.e. €&=0.1-0.8) by using Equation 3.22. In Figure 5.33(a), it can be
seen that hydraulic conductivity decreases at certain porosity if electrokinetic effects are
introduced into the numerical model although a general increasing trend of conductivity
is observed with increasing porosity. Yet, the deviations cannot be clearly captured due
to high range of the conductivity. Therefore, the conductivity values for the cases, where
electrokinetic effects are considered, are normalized with those of no electrokinetics cases
and presented in Figure 5.33(b). The results show that the electroviscous effect is almost
negligible on the conductivity, except at very low porosities where small variations are
observed. On the other hand, viscoelectric effect is very dominant on the conductivity
especially for low porosities. This is because the local viscosity is higher than the bulk
viscosity even at the center of the pore throat due to comparable EDL thickness and
channel sizes at low porosities. For example, the pore throat thickness is only 5 nm at

£=0.1 where the EDL thickness is 3 nm. As a result, bulk viscosity cannot be achieved at
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the center of the throat and higher local viscosity is observed, which causes almost 50%

decrease in the overall conductivity of the porous system.
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Figure 5.33. a) Comparison of hydraulic conductivity values with and without EK
effects and b) hydraulic conductivity values of the EK cases normalized
with the no-EK cases.

Next, the velocity distributions for the flows under electokinetic effects are
estimated at salt concentrations of 0.94 mM, 10 mM and 93 mM, which yield EDL
thicknesses of 10 nm, 3 nm and 1 nm, respectively. The results are presented in Figure
5.34 where decrease in velocity can be clearly observed at high concentrations especially

at low porosities.
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Figure 5.34. Velocity contours at porosity values of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8 for the
flow under both electroviscous and viscoelectric effects (a)-(f) at 0.94 mM
(g)-(1) at 10 mM (m)-(s) at 93 mM.
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The normalized conductivity values for the cases in Figure 5.34 are presented in
Figure 5.35. First of all, the conductivity increases with KCI concentration when only
electroviscous effect is considered as in Figure 5.35(a). This is due decreasing A/H ratio

at high concentrations, for which electroviscous effect weakens. Similar findings are also
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presented in the literature where salt concentration dependence of hydraulic conductivity
is examined?> 137 158 161. 180 "However, none of these studies take viscoelectric effect into
account, which governs the flow at high concentrations and low porosities. This fact can
be clearly seen in Figure 5.35(b). For instance, almost 80% deviation from no EKs cases

are observed at 93 mM and ¢=0.1.
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Figure 5.35. Normalized hydraulic conductivity values at porosities 0.1-0.8 for the flow
under a) electroviscous effect b) electroviscous and viscoelectric effects

As a final step, velocity slip with slip lengths of 5 nm and 15 nm is applied on the
solid walls and the resulting velocity distributions are compared in Figure 5.36 for
porosities of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8. Moreover, the slip length is normalized with
Hpuarey. The results show that overall velocity increases in the system as the dimensionless

slip length, £, increases.
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Figure 5.36. Velocity contours at porosity values of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.8 at 10
mM for (a)-(f) p=0 (g)-(1) /=0.056 (m)-(s) =0.17.
In order to see the effect of velocity slip, the normalized conductivities are

calculated and presented in Figure 5.37(a) and (b) for varying normalized slip lengths
5
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(p=0, p=0.056 and p=0.17) at constant concentration of 10 mM and for varying
concentrations (0.94 mM, 10 mM and 93 mM) at constant slip length of $=0.17,
respectively. As expected, the divergence from the no-EKs cases increases with the slip
length since velocity slip promotes the fluid flow. Moreover, the porosity dependence is
similar to no-slip cases (i.e. 5.38(b)) and conductivity increases with the porosity. At low
porosities, electrokinetic effects on the velocity slip become more dominant. Therefore,
variation due to concentration decreases for low porosities even if slip length is tripled as
can be seen in Figure 5.37(a). On the other hand, since the electroviscous and viscoelectric
effects on the velocity slip weakens for decreasing concentrations, the normalized
hydraulic conductivity values start approaching back to unity as the porosity decreases.
This can be clearly observed in Figure 5.37(b) where almost 90% divergence is observed

for 93 mM and this values decreases down to almost 50% at 0.94 mM.
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Figure 5.37. Normalized hydraulic conductivity values at porosities 0.1-0.8 for a) slip
lengths of =0, f=0.056 and f=0.17 at constant concentration of 10 mM
and b) concentrations of 0.94 mM, 10 mM and 93 mM at constant slip
length of p=0.17

Another important issue in the current study is to emphasize the importance of
employing CR models to the solid surfaces in order to model the porous transport.
Therefore, the hydraulic conductivity values at constant surface potential and constant
surface charge conditions are calculated for no-slip condition and for f=0.056 case. The
results are normalized with the numerical model results with CR boundary condition in
order to see the variations for the CP and CC cases. As seen in Figure 5.38(a), almost 5%
of difference in hydraulic conductivity is observed when =0 and the difference increases
up to 15% at f=0.056 in Figure 5.38(b). The reason for such a variation is explained in
Figure 3.2. Basically, the EDL overlap increases as the porosity decreases. Therefore,

ionic conditions at the interface and the resulting surface charge vary. Yet, imposing
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constant conditions instead of CR behavior yields wrong estimation of surface charge.

This cause hydraulic conductivity to be over-predicted by CP condition and under-

predicted by CC condition that can be clearly seen in Figure 5.38.
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Figure 5.38. Normalized hydraulic conductivity values at porosities 0.1-0.8 for constant
potential (CP) and constant charge (CC) cases with a normalized slip
length a) =0 and b) =0.056.

In this context, a non-dimensional number is proposed that can characterize
electroviscous, viscoelectric and slip effects on the hydraulic conductivity. Basically, this
non-dimensional number considers EDL overlap ratio through the parameters A, Hparcy, €
and velocity slip through, f. The normalized conductivity values as a function of this non-
dimensional number is presented in Figure 5.39. For constant 4 and f, as porosity
increases, pore throat size increases causing lower EDL overlaps. Similarly, lower EDL
overlaps occur also for decreasing 4 at constant ¢ and f. In both cases, the normalized
conductivity values approaches unity, indicating that electrokinetic effects become
negligible. Yet, such behavior is very predictable from earlier findings in the current
study. More interestingly, for =0, the dependence of conductivity on the porosity
decreases with increasing porosity since the EDL overlap ratio presents an exponential
decay with increasing porosity. As f increases, this dependence shows an opposite
behavior, especially at thin EDL thicknesses where viscoelectric effect is dominant on
the velocity slip. Moreover, strong EDL overlap at low porosities results in dominant
electroviscous effect on the slip velocity. Hence, slip velocities are substantially altered
at low porosities and then gradually increases at moderate and high porosities. These two
mechanisms appear in an exponential term in the proposed equation. For =0, the
exponential function yields a logarithmic increase in the normalized conductivity values
while the conductivity increases almost linearly as function of the non-dimensional

number for higher f values.
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Figure 5.39. Normalized hydraulic conductivity as a function of the proposed non-
dimensional number for the flow under electroviscous and viscoelectric

effects with EDL thicknesses of 1 nm, 3 nm and 10nm and non-
dimensional slip lengths of 0, 0.056 and 0.17.
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CHAPTER 6

CONCLUSION

Accurate estimation of fluid transport in micro/nano scale porous media is of
prime importance for many promising applications from various fields. Although
electrokinetic effects originating due to surface charge play a crucial role on the porous
transport through such systems, they are not well-resolved in the current literature. Hence,
the current study aims to contribute the community to fill the lacking knowledge on the
micro/nano scale porous transport.

Since electrokinetic effects form as a result of surface charge, first step of this
study was to characterize the surface charge density at stationary conditions inside a
single pore/channel that is connected to reservoirs at both ends. This way, the effects of
surface charge and flow conditions can be distinguished. Different channel dimensions
and solutions conditions were studied. The results showed that surface charge density
develops as a function of not only material properties but also confinement sizes and
solution conditions. Local and average charge densities were calculated and the effects of
EDL overlap and inlet/outlet effects are analyzed on the surface charging behavior of
silica surfaces. It was concluded that surface charge density decreases as the EDL overlap
increases. Moreover, the local surface charge values at the inlet/outlet regions of the
pore/channel were doubled due to curvature effects and EDL overlap between reservoir
and channel in axial direction. These effects were found to be limited within a length of
2.7A, which was later referred as electrokinetic development length. By using the
numerical model results, a phenomenological model for the average surface charge
density was proposed, which is a function of EDL thickness, pH, channel length and
channel height.

As a next step, a pressure driven flow through this single pore/channel is studied
for different salt concentrations and channel lengths. Velocity slip boundary condition,
which is mostly studied independent from surface charge, is analyzed by considering its
coupled behavior with electroviscous and viscoelectric effects. The results showed that
both of these effects reduce the transport due to streaming potential and increase in local

viscosity. More interestingly, it was proved by the velocity slip values developing on the
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charged walls that these effects alter the slip behavior by simply changing the near-wall
hydrodynamics inside the pore/channel. When only electroviscous effect was considered,
70% lower velocity slips are observed compared to Poiseuille flow predictions. Further
adding viscoelectric effects created almost no-slip condition at high salt concentrations.
By considering these results, the slip behavior in wider channels were then analyzed. It
was found that although both electroviscous and viscoelectric effects were negligible on
the fluid flow for no-slip boundary condition, these effects were found to alter the velocity
slip and cause almost no-slip conditions even for a slip length of 100 nm.

Once the surface charge and flow behavior were resolved for a single
pore/channel, porous systems were then analyzed. In this regard, internal surface charge
density of nanoscale porous systems was calculated for different pore sizes, porosities
and ionic concentrations, at stationary conditions. Surface charge decreased as the overlap
ratio increased. Moreover, the interaction between pore throat and pore volume increased
surface charge. This opposite impact of EDL overlap and pore to throat connectivity was
then analyzed for more than 100 different cases and a phenomenological model was
proposed that can yield the average surface charge of a porous systems as a function of
EDL thickness, pore size and porosity. Yet, these parameters are insufficient to describe
the porous structure and pore to throat size also affect the internal charge mechanisms
even at constant pore size and porosity. Therefore, the model was further improved to
include pore to throat size, Rp:.

Lastly, pressure driven fluid flow through a porous system was analyzed. The
change in hydraulic conductivity due to electroviscous, viscoelectric and slip effects are
characterized for different porosities, ionic conditions and slip lengths. The results
showed that the dependence of hydraulic conductivity on the slip length decreases at high
concentrations since electrokinetic effects are very dominant on the slip velocity.
Moreover, the porosity substantially affects the conductivity, especially at high
concentrations. This is mainly because strong electrokinetic effects form due to the

increasing EDL overlap as the porosity decreases.
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