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ABSTRACT OF THE THESIS

Formationof multiple micravortices in regions of ion

concentration polarization
by SRINIVAS KUMAR GOWRANGA HANASOGE

ThesisDirector:

Dr. Franciscal. Diez

lon transport in nanescale channels is of interest due to theerm-selective behavior,
occurring due to the overlap of electric double layers. This leads to a variety of interesting
electrokinetic phenomenon in regions around the nagmares including, ion concentration
polarization, field amplified sample stackiagd formation of micro vortex instability among
others. Incorporating nanpores within microfluidic systems in functional {ah-a-chip devices

has resulted in technigues for better sample handling, fluid manipulation, and mkifegts of
concentration polarization on local hydrodynamics was studied experimentally near a-nano
porous membrane incorporated in a Micohannelin this thesis Along with the formation of
depletion and preconcentration regions in the setup, we observe additional effectdiedd
amplification on local hydrodynamics. We report the direct observation of a primary micro
vortex instability in the depletion region of ICP, along a plane perpendicular to the substrate.

This hydrodynamic effect is directly attributed to the Roniform electro osmotic slip along the
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note the formation of a secondary, tertiary and subsequent vortices along the length of the
depletion region. A physical adel is proposed which considers the two dimensionally varying
concentration profile in the depletion region to account for the formation of multiple vortices.
The mixing effect of the fast moving primary vortex in a two dimensionally varying
concentration profile changes the local concentration in the depletion region. This in turn
affects electreosmotic slip velocity, leading to the formation of multiple vortices. We perform
numerical analysis on simpler, slipping wall models, which show excellent agmeevith the

experimental results.



Acknowledgements

I would like to firstly thank my advisor Dravier Diez for all his support and encouragement
towards my thesis. He is a great mentor and always encouraged me to push my limits a little
more. | thank hin for giving me the wonderful opptunity to work on this project,And

especially for his moral suppaduringdifficult timeswhich| will always remember.

A sincere thanks to DGerman Drazer for being a great mentor and also supporting me through
my research work It was a privilege collaborating with his group and a great learning
opportunity. Thanks to Dr. ShahaBhojaeiZadeh for being a part of the committee and
reviewing my thesisSpecial thanks to Dr. Raghavendra whose technical guidance laredusl

the morallectures that helped me through my course.

No acknowledgement would be cotee without thanking my family anfitiends especiallymy
lab mates Arturo, Mena and TormAll of them have helped me tremendously complete my
work. My brother, for his love and support throughout my stay away from hoidank my
parentsfor their faith in me and allowing me to be as ambitious as | warnkex Niveditha for

being the pillar of support throughout my Engineering career.



Dedication:

Dedicated to my Grandfather,
Late Shri Krishnamurthy Hanasoge Narayanarao

Without whose support my work would not have been possible.

GC+ X v@®F U

OwG +} rirR%8CT/



Contents

ABSTRACT OF THE THESIS......oiiieiiiieiieie e ii
ACKNOWIEAGEIMENTS. ...ttt e e e e e e e Iv
DT o [or= o] o FO PO PP PP PUPPP PP v
] o) i o U S PO PP PPPPTPPPPPPRPPR Vii
i 11 (0T [0 Tox 1 o] o O PP P PP PUPRP 1
1.1 EIECIriC DOUDIE LAYEE: ...ttt e s 2
1.2  Electrokinetic phenomenon and electoBmOSIS:..............coe oo eeccccccceeee 3
1.3  Electrokinetic effect in NARGCAIE:...........ooiiiiiii e 4
1.4  lon Concentration POIAriZation:............ccoiuiiieiiiiiie i 5
1.5 Current voltage characteristics of an ideal-g@lective membrane..............cccccee.... 6
1.6  ElectroKinetics of the second Kind:...............ccuviiiiiiiieniiiieiee e 6
1.7  Induced charge ElecttosSmOosiS (ICEQ):.........cooiiiiiiiiiieiiiiiiieee e 7
1.8 IMHCIO VOIICES ..ttt ettt e et e e e s e e e anne e e 8

1.9 Concentration, Electric Potential and Electric field strength in the depletion regién:

2. Methods and MAtEITAIS:...........uiiiiiiiie e 20
2.1  Micro fabrication andsoft Ithography..........ccccviiiiiiiiiiiii e 20
2.2 MIiCrO flUIIC DBVICEL....ciiiiiiiiieie et 21

3. RESUIS aNd DiSCUSSION:.....cciiiiiiiiiiee ettt e e e e e enree e e s 26
3.1 Field Amplified Sample Stacking (FASS)......ccccciuiiiiiiiiiiiiiiieeeeeeeeeeeeeee e, 26
3.2 Generation Of MIiCIEOVOITICES: .......oiiiiiiiieee ettt 28
3.3  Discussion on the observed VOItICES:...........coiiriiiiiiiie e 29
3.3.1 MUIEIPIE VOTTICES: ...ttt e e e 31

1110 =1 (o] o PP O PP PP PPPPPPPPI 42
4.1 VorteX IdentifiCatiON:........coi e 43

SO0 1§ o1 1] o] LT PSP P PP P PP PPPPPRPPPRT 49

RETEIEINCES.....cc et e e e e ettt e e e e et e e e e e e ennrrnees 51

Vi



List of Figures:

Figure 1: Schematic of the formation of Electric double layer at a-lggliidi interface. (a) Shows
the redistribution of ions near the interface. (b) Shows the electro potential as function of
distance from the surface. (c) Shows the concentration abos and counter ions as a function
of distance from the INtEITACE.............uuiiii e 11

Figure 2: Electr@smotic flow in a micre&hannel. (a) Shows the thin double layer case in a
micro channel (i.e. the width of double layer is small compared to the characteristic dimension
of micro channel). (b) Comparison @lacity profile in open channel and closed mictwannel.

Figure 3. Comparison between the cases of thin, and overlapping double layers. (a) Shows the
thin double layer case in a micro chah. (b) Shows cases for overlapping double layer (Nano
(o3 0= T 0 T= | 1P 13

Figure 4: The concentrations of ions on the anodic and cathodic regions of the membrane are
shown. Curve 1 represents thémic regime, in which the diffusion flux compensate for the
removal of anions on the right side of the membrane. Curve 2 shows theimitng regime in

which an extended space charge is formed.............coiiiiii e 14

Figure 5: Graph shows the behavior of current in the ohmic, limiting andlioniging regimes of
voltage. ((Rubinstein et al., 2008))........uuuuuuiriiiiiiiiiriiirerreiee e e e e e e e e e e e e e e esseeennanes 15

Figure 6: Formation of vortices due to eledtimetics of the second kind near a flat membrane.

Figure 7: Corner in a micro channel which gets polarized due to finite permittivity of the channel
wall material. The arrows show the ditem of electrcosmotic flow which will result in an
EJECTING TIOW.....eee et e e e e e e e e e et n e e e e e e 17

Figure 8: Comparison between the 3 different kinds of vortices. (a) Shows corner cortex due to
ICEO flow. ((Thamida & Gtig 2002)). (b) Shows vortices induced due to electmmosis of the
second kind. ((Rubinstein et al., 2008)) (c) Vortices due teuniform electroosmotic slip at the
micro channel walls. ((Yossifon & Chang, 2010)).......cccccuuiuriiimiiiiiiiiieieeieeeeeeeee e e e 18

Figure 9: Variation of concentration, electric potential and electric field as function of distance
from the membrane for a 1D model. (a) Shows the linear concentration profile in the depletion
region. (b) Shows the nedimensonal electric potential in the depletion region. (c) Non
dimensional Electric field strength in the region of depletian............ccccvveviieeiiniin. 19

vii



Figure 10: Flow chart of the Photo lithography process used faiorfabrication process. The

Figure 11: Schematic of the experimental setup, showing the fluorescence micrestapy 24

Figure 12: Schematic of the experimental setup. (a) Shows top view of the experiment. (b)
Shows the side view. Note that, nafion is present only on the bottom wall. This is clea¢dyo

Figure 13: (a) Working of Field Amplified sample stacking (REF). For t>0 after the electric field is
applied, it is observed how the negative ions stack at the entrance of the d@pletgion. (b)
Shows the velocity profile in the region of low electrolyte concentration, and.bulk........... 33

Figure 14: Field Amplified sample stacking. Shows the stacking phenomenon at difieent ti
The shape of the stacking front is also clear. From Kim et al, 2012................................. 34

Figure 15: Experimental observation of the vortices formed due to-uroform slip in the
(o (=T o] [0 ToT N £=To | o] o WS PPREESPPRRRURR 35

Figure 16: Side view of the vortex. The tdaop shape of the vortex is evident. See
RS o] 0] L=T L= 01 =T VAN T [T o VUSRI 36

Figure 17: Initial shze of vortex before back pressure builds up in the system................. 37

Figure 18: Summarizing the phenomenon of #ioear electreosmotic slip. (a) Shows the linear
dip in concentration. (b) The elett potential along the channel. (c) Electvemotic slip velocity
and (d) the formation Of MICIO VOITICES..........cciiiiiiiiiiiiii e 38

Figure 19: (a) Showing the side view of the three vortices formed in the depletigion. (b)
Showing the direction of the three vortices, (c) Trajectory of a single particle that goes around all
1001 C=TC I o 1o = OO 39

Figure 20: Schematic of the concentration variation inféin the side view, and the mixing
effect of vortices changing local concentration..............cccooooe e 40

Figure 21: Schematic, showing the formation of multiple vortices. (a) Concentration change in
the depleton region near bottom wall. (b)Electric potential in the depletion region. (c) Electro

viii



2aY20A0 &fALI Ff2y3 G(KS OKlIyyStQa o2GG2Y slffo

vortices. Due to enhanced mixing, local region of higher concentratamhtie the formation of
MUITIPIE VOITICES ...ttt e e e e e e e e e s e e e e e e s e r e e e e e e e e nnnnes 41

Figure 22: Geometry used for the numerical analysis, along with the applied boundary
conditions. Mesh used for the simulation is also ShOWN.............coooeeiiiiiii 45

Figure 23: (a) Stream lines from roniform acceleration boundary condition. (b) Velocity
=T |11 (1 o =SSR 46

Figure 24: Shows the ressilfrom simulation, the effect of mixing and formation of secondary,
and tertiary vortex. (a) Streamlines (b) Velocity magnitude.............ccccooiiiiieeeeiiiniiiinnnenn. a7

Figure 25: Detection of vortex by delta method. (a) Showes dkerlap of streamlines and
predictions by delta method for the velocity profile assumed in this case. (b) Overlap of
streamlines and predictions by delta method for the velocity profile as predicted by kim et al,
120 PRSPPI SOTRR 48



1. Introduction :
Study of fluid transport amicro and nancscales has gained much importance in the last decade
primarily due to the rapid developmendf micro and nanothe fabrication techniges.
Microfluidic devices allow the usef small quantities and very small volumes of sample, which
are an advantageind enable the working of smaller and portabb-on-chip devices.For
handling very small volumes of fluid, a microfluidic device makesofimany components such

as valves, pumps, sensors, mixers, filters, separators, heaters etc.

Fluidhandling at nicro scale is usually induced prsessure, electric field, magnetic field, gravity,
or capillary forcesElectrokinetics refers to the coupli between electric currents and mass
flow in electrolytes In general, as the surface to volume ratio of the chammeleasesthe use
of electric fieldin pumpingthe flow becomesimportant. The electrokinetally driven flow
depends linearly on the afipd electric fieldand is not affected much by the chanrséte. This

make it the more attractive option for fluid transfer in mienano scales.

The dynamics of charge transport, however, change inside a nano cham#ie surface to
volume ratio ishigh in nano channels, the transport is governed by surface charge. This leads to
nano-channels shoimgion selective permeability, allowing the passage of only one kind of ions.
This perm selective behavior of naobannels gives rise to mgirinterestingphenomenon like,

ion concentration polarization,igld amplified sample stacking, generation of micro vortices,
formation of a secondary space charge etc. Understanding these phenomena is important in
micro fluid handling, mixing and separation techniqu8y. incorporating nanchannels within
microfluidic systems, functional labon-a-chip devices have been created for sample

preparation, separation, and detection.



This thesis starts with aeview of the basic concepts of electrokinetias chapter 1 First, the
formation of electric double layes discussedand then the baic electrokinetic phenomenon,
electro-osmosiss reviewed Theeffect of channel geometryand the consequence of overlap of
double layer in nanacales is discussed in sectio.lon- conantration polarization and the
current voltage characteristicof an ideal nangporous membrane is discussat sections 1.4,
1.5. A brief review ofelectrokinetics of the second kind and induced charge eleosmosis
(ICEQis discussed in sectidl.6, 1.7 respectivelfExperimental methods and aterials used are
presented in Gapter2. The various steps in the fabrication process, and the experimental setup
are discussedMost of the observations made are visual, aae discussd in Chapter 3. 2-
Dimensional hydrodynamic simulation of the model problem is presented in chapter 4.

Conclusion andcope forfuture work is discussed inh@pter5.

1.1 Electric Double Layer

In an dectric buble layerthere is apolarization of charged species at the irfeece between a
fluid and an immersed bodylhe dectric double layer is the fundamental phenomenon that
gives rise to all thelectrokiretic effects, and for thistudy,consider thedoublelayer formed at
the interface between a solid and liquid. The soareadsorbedonto the solid due to chemical
interactions dissociation or ionization of surface groupspong othergZhao & Yangz012).
Thisleads to two parallel layers of charge surrounding the solid.fifstelayer comprisesf ions
(co-ions) adsorbed into the solid leading to a net surface charge. The sdapeidconsists of
ions (ounter iors) attracted to this surface charge due toutombs force, which electrically
screens the first layer. @ons and counter ions are ¢hions that have the same kind of charge

as the first and second layer respectivdtpr example, if a wall Isaet negativesurface charge,



the positiveions in the electrolyte surrounding it are the couniens, andnegativeions are the
co-ions.

The gcond layerof counterions consists of many regiongs shown inFigurel. This simple
model of the electric auble layer is suggested by Ottef. This model predictthe existence

of an inner stern layer, andnaouter diffuse layer of charge in the second layer. The inner stern
layer is stronghbound to the wall surface and immobile. The outer diffuséayer is loosely
bound to the wall and can be moved by applying an electric field tangential to it. Threlayer

and diffuse layer are separated by a stern plane. The electric potential changes little within the
stern layer and decreases to zero in the diffuse layer. The mobile inner part of the electric
double layer is located between one to two radii awleym the surface, and this boundary is
known as the shear plane. It is dmis plane where the nalip fluid flow boundary condition is
FdadzySR G2 LW ed ¢KS LRGSYGAFE G GKS akKSIENJ
(Masliyah and Bhattacharjg2006), the thickness oflie double layer is called the Debye length
and scales to a few narmeters. The interaction between the diffuse part of the double layer
and an electric field apd externally is called the Electrokinetic phenomenon.

(Most experimental studies report cations as the counter ions in their experiri¢mtsame will

be considered for all discussions hencefyrth

1.2 Electrokinetic phenomenon and electvemosis:

The difise layer in the double layer is loosely bound to the wall surface and can interact with
externally applied electric field. This interaction of the mobile ions causes their movement along
the direction of field applied leading to a slipping plane of chafdes slipping layer of charge,

due to viscous stresses moves the fluid bulk far from the surface. The bulk motion of the

electrolytepast a fixed surfacm the presence of an electric fielsl called éctro-osmosis.



The slipping velocity is called slmchowski slip velocityvhere

e E

m

u=

Figue 2a shows theelectro-osmotic flow profile in & openmicro channel(width of micro
channel is larger thathickness of the double laygrThe walls of the channel induce dfdse

layer of counter ions, these get attracted to the electrode of opposite polarity and move the
fluid bulk due to viscous effects. This leads to an overall uniform plug like flow in the micro
channel. The plug flow has a velocity equal to the smolustko slip velocity, and is therefore
directly dependent on thapplied electric field. Due to the plug profile of the flow, there are no
diffusion nonuniformities. Figue 2b shows the comparison between the veldyi profilesin an

open andclosed micrechannel. For a closedmicro-channe] the fluid flow along the slip
direction leads to &ackpressurdlow, to maintain conservation of mas$his backressure flow

has a parabolic profile as se# the Figue 2b.

1.3 Electrokinetic effect in narscale:

When the size of the channel is decreased to a few nmaeters, the surface to volume ratio is
very large This results in a surface charge driviewfinside the channel. At nameter scale,

the channel dimensions are comparable to the thickness of the double layer. Therefore, if the
channel width is small enough, the double layers from iigowalls overlap, resulting i net
counterion charge inside the nanchannel and exgéng any ceons. Figure 3 showsthe
comparison between nooverlapping andverlapping double layers from opposite walnce

the width of the double layer is dependent on the concentration of ions, a low ctraten
electrolyte produces a thicker double layer. This results in an overlap of double layers at these

length scalesThe phenomena encountered in nanofluidic devices are appreciably different from



those in microfluidics due to this overlap of douldgérs.The presencefoonly counter ions in
the nanochannel leads to ioselective behavior of the channel. The nat@mnnel with
overlapping double layer will therefore be permeable only to counter ions, preventing any

passage of cions.

1.4 lon Concentriion Polarization:

lon concentration polarization(ICP) is the redistribution of ions into regions of low
concentration (deletion) and high concentratiorfenrichmen) across a nanchannel. This
primarily occurs dueo the pem selective nature of the namchannel. In most experimental
studies(Kim, Li, and HafR009; Lee, Song, and H48008); Yossifon andChang(2010), the
nanoslots have cations as the countens. This leads to a case where both the anions and
cations are enriched on the cathodide of the naneslot, and both are depleted on the anodic
side.

To understanchow ICPworks, let us assura an ideally pernselective nangorousmembrane

or even a single nano channgilth positive ions as the counter ionAt low voltage conditions,
the electrolyte concentration decreases on the side of the membrane where the countsr ion
enter from the eletrolyte (anodic side)This happens becausthe caions move away from the
membrane towards the electrodéeading to a decrease in the 4on concentration as this
decrease is not compensated by their intake from the membrane. To maintain electro nigutrali
there is a diffusion flux acting from electrolyte towards the membrane on the counter ions
(Figure4). Thus the diffusion layer is forme@verall,depletion of both counter and co ions
occurs atthe anodic sideThe concentration decrease the depletionregionis linearfor a 1D

model (Yossifon et al(2010). Refer Figure4 curve 1 for concentrations in the device. The



highest concentration drop is,Cand this correspads to the maximum diffusion flux in the
depletion region.

On the cathodic side of the membrane, there is an accumulationoabns as they are not
allowed to migrate into the membrane. This leads to an increase in the concentration of anions,

and therefae cations to maintain electro neutral condition.

1.5 Current voltageharacteristic®f an ideal iorselective membrane:

Consider thecase in which the ions can m®wacross a membrane by only passing through it.
This means thiathe membrane prevents an ovalt electracosmotic flow towards the cathode.

In such a case, when a low voltage is applied across the resetheigjrrent changes linearly
with the voltage (ohmic regionhlowever, the formation of depletion region acts as a resistance
to the circuit, therefore limiting the current in the circuit highervoltages This is called the
limiting current regime. Theoretically,the current in the circuitshoulddrop further at higher
voltages. Howeverexperimentally a further increase in voltageesultsin further increaseof
currentbeyond the limiting regimeThis region is called the owimiting currentregime Figure

5 shows the typical currengoltage behavior of such a systeifhis increase in current ifé
over limiting regime is attributed to the formation of an extended space charge, and vortices in
the depletion region The formation of this extended space charge leads tarelkioetics of the
second kind(first reported by Dukhin s,51991. This phexomenonwill be reviewedin the

following section.

1.6 ElectroKinetics of the second kind:

Whenthe voltage in the system iscreasel beyond the limiting regime, a further decrease in

the concentration of the electrolyte is not possible, therefore the remasfaanions in the



depletion region is not compensated by the diffusion flux of cations towards the membrane.
This leads to an overall net positive charge nextlie membrane surface. Aeviation from
electro-neutrality in this regionis noted This is sbwn by curve 2n Figure4. Thisexcess charge

is called the inducedpace charge asii not directly connected to the membrane surface. This
induced space charge causes electrokinetics of the second kind.

The exended charge layer has a length scale comparable to that of Debye length. This extended
charge layer, however, is induced by thermal component of theapplied electric field and
exists as long as the external field exiResearcherbaveargued that due to local disturbances

in the system, the electric field strength gets amplifi@lbinstein et al(2008) This causes a
high pressure spoteading to a radial outflow of flujccausng the formation of a vortex pair.
Researchers havexperimentallyshown how electrokinetics of the second kind leads to a
hydrodynamic vortex instabilitfRubinstein et al(2008). It is also important to note that the
vorticity in this cases in a direction perpendicular to the chip substrat&eeFigure6 for a

schematic for the formation of such vortices.

1.7 Induced charge Electasmosi{ICEQ)

Formation of hydrodynamic instability is noted in several other cases. One such case in which
non-uniform surface charge induces a pair of vortex instability is ICH@nWhere is a
polarizable material (or across a corner in a michannel)under the influence oén electric
field, the materialis polarized, withdifferent regions of the materiahavingdifferent surface
charge Let us consider the cases@aléctricfield across a corngFigure?). It is clear how the
positive charge is accumulated on one side and negative charge on the other. This occurs due to
the finite permittiity of the material. As a consequenad this the zeta potential of the

material changes near the two oppodifechargel surfaces (i.e. positive ions accumulatear



the negative surface, andceversg. Further, the tangential component of the applied electric
field leads to an opposing slip veitycdue to opposite charges. This results in an ejecting flow in
the system, which can be a vortex in some cases. The prigigiEEO flow igxplained in

Figure?.

1.8 Micro Vortices:

Micro vortices are reported ¥ many authors in micrfluidic devices. Researchers have tried
using vortices in micro fluidic devices for mixing fluids, particle separation, -c@tod
detection etc. It is therefore essential to conduct a detailed study on the formation of vontices i
microfluidic devices. Researchers have observed vortices in micro fileidices in many cases.
They are mainly classifiedtinthree different kinds.

1. Induced charge corner vorteXhese are usually seenthe corners ofa micro channel
or near a condctive species in a micro channeThey occur due to the finite
polarizabilityof the channel material, giving rise to polarization of channel walls with
opposite charge. This further leads to eleectsmotic slip velocity inopposing
directions, leadingd an ejecting flow. Ejecting flow further leads to a vortex. This kind
of vortex occurs at all ionic concentratiolth@mida & Chang2002). Researchers have
observedthesevortices around conductive spheras well(Squires and Baza(2004).

2. Vortices arising due to an extendgualarized layer of chargerhis occurs due the
electrokinetics of the second kind, and formation of a secondary space charge layer
(Dukhin, (1997)). These vortices are seen only at lowi@strengthsand in the over
limiting regimein the depletion region of ICHhe direction of vorticity is perpendicular

to the chip substrateéRubinstein et al2008).



3. Vortices due to the nalinear electreosmotic slip These are vortices that form as a
result of nonruniform slip velocity along the walls of the micro channel. In regions of
depletion, the electric field is amplified and hence the slip velocity is higher, leading to a
vortex flow to maintain mass continuity. The directiohverticity is parallel to the lip
substrates.

The above statethree kinds of vorices are experimently reported in the literature Figure8
shows a comparison of tharee.

Many researchers have performed detailed analysis on the first and second kind of vortices
mentioned above In this study an analysis of tlwertex induced due to nomniform electro-
osmoticslip velocityis presented These vorticesre observedvhile performing experiments on

ion concentration polarization.

1.9 Concentration, Electric Potential and Electric field strength in the depletion
regon:

The concentration decrease for a 1D modelshownin Figure9. Thisformulation has been
suggested by researchefgossifon et al2010) to work well fora naneporous membraneThe

electric potential and elecic field strengths in thelepletionregioncan becalculatedusing this
method. From Yossifon et al(2010) the concentrationand electric potentialare calculated

according to these formulae.

X

([@X

1 -
f:i|n(1 -X)
Z

Here C is the nondimensional concentrationf is the nondimensional electric potential.
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The electric fieldstrength is calculated from the potentiz(lf). Figure 9c showsthe non

dimensional electric field for a 1D naporous membrane.

This concludes the introduction tdé thesis.The experimental setup and the details of the

techniques usedre discussed in the next chapter
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Shows the redistribution of ions near the interface. (b) Shows the electro potential as function
of distance from the surface. (c) Shows the concentration ofions and counter ions as a
function of distance from the interface.
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of micro channel). (b) Comparison of velocityrgile in open channel and closed micro
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Figure4: The concentrations of ions on the anodic and cathodic regions of the membrane are
shown. Curve 1 represents the ohmic regime, in which the diffusion flux compensate for the
removal of anions on the right side of the membran€urve 2 shows thever-limiting regime

in which an extended space charge is formed.
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Figure 7: Corner ina micro channel which gets polarized due to finite permittivity of the
channel wall material. The arrows show the direction of electosmotic flow which will result
in an ejecting flow.
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Figure8: Comparison betweelithe 3 different kinds of vortices. (a) Shows corner cortex due to
ICEO flow. Thamida & Chang(2002)). (b) Shows vortices induced due to electsmosis of
the second kind(Rubinstein et al(2008) (c) Vortices due to notwniform electroosmotic slip
at the micro channel walls(Yossifon and Chan@010)



19

Electrolyte Concentration Electric Potential

Electric Potential
: &
i~

Dimensionless concentration

0 0.2 04 0.6 08 1

0 02 04 0.6 0.8
Distance from membrane Distance from membrane

Electric Field Strength

(]

00 |-

Electric Field Strength

S20F

-140 i i 1 L L L L | L i
1] 01 02 03 04 053 06 07 08 048 1

Distance from membrane
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depletion region. (b) Shows the nedimensional electric ptential in the depletion region. (c)
Non-dimensional Electric field strength in the region of depletion.
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2. Methods and Materials

2.1 Micro fabricatiorand soft lithography

Sandard lithography techniques, such as photolithography and-lgbfigraphy, are usedto
fabricate devices. First, photoresist is coated on a silicon wafer or a glass substrate. A spin coate
(Laurell Technologies Incg used to coat a uniform thin layer of photoresist film on either
substrate.After the resist is soft baked and c®R = A (1 Q& SE LRantsk aligrer | +
through a photomaslon which the image of the device is drawA two dimensionalatent

image is formed on the resist. When the UV light is passed through a mask, the opaque pattern
blocks the light ad the ckar regions allowthe light beam to pass through, thus enabling a
transfer of pattern onphotoresist. It is later developed in a developer solution to form a 3
dimensional mastemold of the image Figurel0 showsthe flow chart of the micrdabrication

procedure used.

Channels are made usimgply (dimethylsiloxane) (PDMS) by tlstandard procesof soft
lithography(Figurel0). Thisis done by mixing 10 to 1 ratio of théastomer and hardener and
curing at 80degrees for 3 hoursThese PDMS replisare then peeled offfrom the silicon
substrate and bonded to a glass slidéis bonding is done by fiseating the surface of PDMS
and glass in aroxygenplasma for 1 minw, and then pressing them together to bal
permanently. Reservoirs aiug into the PDN micro channels before theyeabonded to the

glass slide, using a mechanical punch.

Qured nafionis usedas the nano porous membrane in thesexperiments. Nafion isa
sulfonatedtetrafluoroethylenebasedfluoropolymercopolymer and acts as a cation selective

membranewhen cured In the experiments,nafion 117 in solution fornis used to pattern the

f

A
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membraneon a glass slide. This done by passing the nafion throughtemporarily bonded
PDMS micro channel on the glass slide. Once the nafonpletely wes the surface the
temporarily bonded®PDMS micro channel is removed anded at 80 degrees for 10 mites. A
PDMS micro channes ithen irreversibly bonded using amxymen plasma on the glass slide
containing the patterned nafion. Nafion molecules have a ring like structure which results in
them behaving as nanpores The size of these nafmres scale to 5nm. Similar methodology

for the fabrication of nangpores is éllowed by(Lee, Song, and Han 2008)

Fluospheres (Invitrogenyith 1um diameterare usedto track the fbw in the micrechannel
Huorescent bphycoerythrin (Anaspec)dye is usedto study the enrichment and depletion
regions. This dye isegativelycharged and hence behawasco-ionsin theseexperiments (Dark
regions indicate a depletion regipand brightregions indicate enrichment afegativeions).
The fluospheres and dye chosen have similar fluorescent propertietgyeabsorb and emit in

the same regions of spectrum, therefore enabling us to visualize them simultaneously.

A Nikon Ti inverted miascope equipped with an Xite mercury light sourcés usedin the
experimental setupAbsorption and emission filter with range from 5862nm and 56%507nm
respectivelyare used A Rolera Mgi video camera used to capture the images and video

Figurell showsa schematic of the experimental setup.

2.2 Micro fluidic device

The schematic of the rrro fluidic devicas shownFigurel2. Nafionis surface patterned on a
glass Bde, anda PDMSmicro channeis bondedon the cured nafion. Since the cured nafion is
only at the bottom wall of the micro channel, an overall eleatsmotic flow in the channak
expected This happens due to the space above the membrane which atteevBow of bulk

fluid. Figurel2b showsthe side view of the channel, andshowshow the fluid bulk can flow in
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system.Particles and dye anmatroduced in a 0.1mM buffer solution from the reservoirs. Care is
taken to ensure that the channel walls are completely wet before any voltage is apfied
ensure that there are ndubbles in the channdhat will block the flow and electric fieldA
voltage is applied across the reservoirs using standard platinum etkxstr Theflow of particle

and dye in the channel amdmultaneously recorded using the video camera.

A number of variations of this setup are used in different experiments. TWwidge discusseth

the results section.
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Figure12: Schematic of the experimental setup. (a) Shows top view of the experiment. (b)
Shows the side view. Note that, nafion is preseonly on the bottom wall. This is clear from

(0).
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3. Resultsand Discussion

The formation of the depletion regionsi confirmed by the use of fluorescentRthycoerythrin
dye. When a voltagesi applied across the devican immediatedecreasein the fluorescent
intensity on the anodic side of the naspmrous membranés noted This is due to the depletion
of the electrolyte owing to the ion selectivity of the membrade& overall net electreosmotic
flow towardsthe cathodeis also noteddue to the bulk movement of fluid above the membrane
(If the membrane occupied the entire channel crgsstion the bulk movement of fluiddue to
electro-osmosis is not possihddn this setup, however there is noformation of an enrichment
region. Thigs expected as the net bulk electmsmotic flow will drive any enrichment to the
reservoir. Along with theformation ofdepletion regionfield amplified sample stacking and the

formation of micrevorticesare observed in the anodic side of the membrane

3.1 Field Amplified Sample Stacking (FASS)

Anincrease in thdluorescentintensity of the negatively charged-phycoerythrin dyeadjacent

to the depletion regionisnoted (Figureld). Thisincrease irfluorescentintensity is howevemot
the same as ion enrichmemts it is not seen adjacent to the membrar&milar results have
beenreported by researcher¢Bharadwapnd Santiag@2005), (Ko et al(2012) experimenting
with electrolyte of different concentrations along the chann&his phenomenon is called field
amplified sample stacking or ion poencentration and occurs around regions of lower

electrolyte concentration.

FASSs explainedas suggested byBharadwaj and Santiag(?005) Field amplified sample
stacking occurs due to the changes in conductive gradient resuttingpmuniform electro

migration fluxes in an electrolyte. This happens primarily due to chailgéise electrolyte
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concentration in the system. THeigure13 shows the working of FASBpon application o&
potential difference across a sample with conductive gradi#me, depletion region acts as a
high-electricalresistance zone in series with the rest of the chapred electric field is
amplified within this region of depletion. In such a condititimee sampleions move from a
region of high drift velocity to a region of low drift velocity. This leads to stacking of ions
adjacent to the depletion region as shovim Figure13. Sacking of positively charged ions
absentbecause any stacking is driven away due to net elesrootic flow.Positively charged
Rhodamine G6 dyis usedn the experiments and the absence of any m@ncentration of ions

is noted proving the abovementioned statement. This also explains why thstacking of
negatively charged dye molecules increases witie (Figurel4). As more and more analytes
are brought to the depletion region due to eleebsmosis, the negative ions stack up adjacent
to it. It is therefore observd that the fluorescent intensity of the egatively charged dye
increasewith time.

In experiments with nafion, researchers have reported a depletion regiondHt00 timesless
concentration than the bulk electrolytdhis leads to adrge amplification in the electric field in
these regionsAn important observation in the depletion region is the shape of the stacking
front as seenin Figure13b. Due to the amplification of electric filed in éhregion, electre
osmotic slip velocityis expected to increase in the depletion regiobhis local increase in
electro-osmotic slip velocity is compensated by a back pressure in the system, to maintain
conservation of massThis explains th@arabolic vebcity profile due to the induced pressure

drivenpoiseuille flow.
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3.2 Generation of Micré/ortices:

Micro vortices g observed in the depletion region of the deviadjacent to the membrane
The direction ofvorticity is parallel to the chip substrateds shown inthe Figurel5. Similar
results are also observed byossifon and Chan@010) These vortices ra observed at all
voltage regimes from 5 volt® 50 volts and abovelhis phenomenorcannot be attributedto
electro-osmosis of the second kind near an ieglective membrane as this theory is only
applicable to ovetimiting current regime, where the formation of a secondary space charge is
applicabk. Also, the vortices observed due to eleetremosis of the second kind are along a
plane perpendiclar to the ones observed in thesxperimens. Yossifon and Char{@010)also
report seeing tese vortices in the limitingurrent regimes of ICP, which therefore cannot be
electro-osmosis of the second kin@lhe observed phenomenon cannot be attributedinduced
charge electreosmosis (ICEO)either, as you would expect a pair of vortices acrobs t
membrane surfaceas discussed in sectioh7 (Figure7). Thesevortices are formedif the
conductive membrane is polarized by a strong electric field and different regions of the
membrane surface have differesurface charge, resulting in an ejecting fldaunter rotating
vortices, however, are not revealdd the experiments hence conclude this cannot be ICEO
flow.

Further, experimentsare performedto understand thephysicsof this vortex instabilitynoted in
the experiments Firstly, the nafion membranes isuspended (Not attached to the wailtside
the microchannel. Thisidone by using arg-cured nafion membrane thasipeeled offa glass
slide This membrane piece is then placed inside a micro chamtebanded using an oxygen
plasma. These experiments did not show the formation of any vortices.

Side view of the vortexicaptured, which reveals the shape of the vortex, as shiowigurel6.

The vortex is seeonly adjacent to the membrane, and does not occupy the entire channel
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depth. Formation ofa secondaryand tertiary vortexis alsoevident form the data captureth
the side view. Similar results are reported by other researchers (kim,Qd2) asshown in

Figurel8.

3.3 Discussiomn the observed vortices

The shape of the vortex Ehown inFigurel6. The nonexistence of these vortices in case of
suspended membrane, pves that this phenomenon occurs as a direct consequence of non
uniform smoluchowski slip velocitat the wallsof the micrechannelin the depletion region.
Considerrigure9a, which shows the ionic concentrationsaa function of distance near an ion
selective membraneThe ionic concentratiorat the bottom wallof the depletion regionwill
show such a lineadecrease The electric field is therefore amplifielong the bottom wall as
shown inFigure9c, beingmaximum rear the membrane surfacehere the ionic concentration

is the leastThis increasing electric field leads to a dim@ar smoluchowski slip velocity. Alsm

the depletion region the zeta potential of glasis different from that in the electrameutral
region. The fluid accelested in this region of increasing electric fiekdlowacceleration leads to

a back pressurén order to conserve thenass resultingin a vortex like motiorof the fluid.
Video recordimgs from the experiment showhe fluid accelerating in this region and therefore
leads to the formation of vortices

When the electric field is first appliethe microchannel behaves as an open chanra time
progresses, there ia buildupof pressure(i.e. the bulk flow is initially as shown Figue 2a, and

at steady state as showin Figue 2b). As previously discussed section 1.2the open channel
velocity profie hasa uniform plug like shape. However, practicalmicrofluidic chips, as the
electro-osmotic flow pushes the fluid to one reservoir, there is a backpressure created in the

systemdue to unequal levels of fluid in the reservoirs. This backpressurlElduip over time,



30

and at steady statea velocityprofile as describeth Figue 2b is observed in the upstream and
downstream regionsThis velocity profile of the bulk fluid leads tioe droplike shape of the
vortex. Figurel7showsthe shape of the vortex initiallwhen the system behaves as an open
channel) and after the system has reached steady s{gtessure builds up to equal the level of
liquid in the reservoird Therefore the amplified electric field causes an increase in the electro
osmotic slip velocity and hence lesih the formation of these vorticesthis behavior is seen in
all regimes of ohmic, limiting, and overlimiting current.

In summary, the physicof the formation of tiese vorticess explainedas shownin Figurel8.
The concentration variatioralong the bottom walin the entire channeis shown inFigurel8a.
Theelectrolyte has a bulkoncentration far upstreamCloser to the membrane, the electrolyte
concentrationdecreaseslue to the permselective behavior of the membraraand formation of
depletion region Since the membrane with numeronano-pores @n be treated as a 1D model,
a lineardecreasen the concentrations expected Further, downstream regions of the channel
has a low concentration of electrolyte.

This linear decrease in the concentration leads to an exponential behavior of the electric
potential in the depletionregion Figure18b shows how the electric potential drops along the
channel length. In the upstream and far downstream regions of constant electrolyte
concentration, a linear drop in the electyotential is expectedThe electric field strengtian

be described athe potential dropsper unit distance(i.e. the slope ofthe curein Figurel8b).
The Electreosmotic slip velocity is directly dependent onighelectric field strength, and
therefore behaves as shown Kigurel8c. Since, in this experimentaketup, the membrane is
patterned on the bottom wallresulting inthe effects of depletion predominantly on tHmttom
wall. The slip velocity on the bottom wall behaveshewn inFigurel8c. Figurel8d shows this

formation of vortex due to an accelerating slip boundary on the dmottwall. The flow tathe
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wall@ ypstream and downstream regions has a constant slip velocity. The center of the channel
in both upstream and downstream regions has an opposite velocity, due to the pressure
induced backldw (closed channel setuph the depletion region, the fluid accelerates along the
bottom wall, which leads to a vortex like motiofhis vortex, when seen fromtop view, looks

like an oscillatory motion of particles.

3.3.1 Multiple Vortices:

Further,the formation ofa secondary and tertiaryortexis reportedin this experiment(Figure
19). Ths is similar to the ones seen bigim et al.(2012) However the vortices seen in these
experiments & not counterrotating, as opposed to the ones seen Kim et al.(2012) The
primary vortex induces the secondatiie secondary induces the tertiary vortex and so on, and
all these vortices have the same direction. The flow field arounchthle speedorimary vortex

is mostly conveatin dominated (High Prandtl number). iBhfast moving primary vortex
therefore changes the local concentration in the depletion regionithWhe negative Y
component of the primary vortex le@ to local regions of higher concentratiadjacent to
the primary vortex This means the concentration dipthe depletbn region is not uniform, but
has local regions of higher concentration. This leads to the formation of subsequent vortices.
The 1D linear concentration profile discussed in the previous section is the concentration along
the bottom wallonly. However, since the channel has a finite deptid the electric field lines
are affected by the conducting membrareconcentratiorprofile decreasindinearlyalong the
electric field lineds expected This leads to &wo-dimensionally varying concentiah profile,
schematically shownin Figure 20, centered at the surface of the membraneDifferent
concentrations areshown by the different colorsn Figure 20, and this 2D variation of

concentration occurs primarily due to the electric field lines curving into the conducting
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membrane(electric field lines are shown in the background)fast moving primary vortex, as
discussed in the previous section, leads to mixing effectthe device, thereby changing the
local concentration. The lower concentration ions near the bottom wall move upwards, and the
higher concentration electrolyte move towards the channel wall. This leads to the formation of
local regions of higher conotration near the channel watiext to the primary vortex

A non-inear drop in the electrolyte concentrationear the bottom wall occurs due to this
mixing effect of the primary vortefFigure21a). Asa resultthe electric potential also change
locally Figure21b). Further this leads to a nomniform variation of the electric field in the
depletion region, thereby leading to a namiform acceleration of fluid alondné channel walls.

The slip velocity along the bottom wall is shownFigure21c. Thisslowing down of fluid in
regions of higher concentration leads to the formation of multiple vortices irsjrstem Figure

21d), each inducing a subsequent vortex of smaller size.
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Figurel3: (a) Working of Field Amplified sample stacking (REF). For t>0 after the electric field
is applied,it is observedhow the negative ions stack at the entrance of the depletion region.
(b) Shows the velocity profile in the region of low electrolyte concentration, and bulk



34

Nafion membrane 100 um

Cathode
apouy

Concentrated analytes

Figure 14: Field Amplified sample stacking. Showbke stacking phenomenon at different
times. The shape of the stacking front is also clear. From Kim et al, 2012.
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depletion region.
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Figurel6: Sde view of the vortexin steady state conditionsThe teardrop shape of the vortex
is evident. See supplementary video.
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Showing the direction of the thre vortices, (c) Trajectory of a single particle that goes around
all three vortices.
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4. Simulation:
2D simulationsare performedin COMSOL to werstand the hydrodynamic behavior of fluid in
the depletion region of the setuplhe modelledproblem & consideredasa simple 2Dslipping
wall case The geometry used for simulation consists of a long micro channel 2cm in length and
100 microns in depthOnly thesteady state conditioris modelled which means thanodel
behaves as a closathannelsetup
The entire geometry was divided intbree regions for, upstream, depletion and downstream
regions of flow.COMSOL uses a finite element method to sothe partial differential
equations, which requires the geometry to be divided into a subdomains called elements. The
three regions are divided into elements usingumstructured triangular mesh.
The equations for the modeka implemented by manipulatopthe builtin physics equations of
the software. The following form of steady staldavierSokes equation $ solved for in
compressible flow.

r(.u) =0

r@D)yu=8 pl HUuB)PF

Here, | is the identity matrix, superscript T stands for matrix transpose.

Boundary conditions re applied on the walls of the mode(Figure 22). A stationary wall
boundary conditionis imposedon the inlet and outlet lines X and5). This ensures the closed
channel behavior of the model, leading to a back pressureedriflow. A slipping boundary
condition with a slip velocity scaling to smoluchowski slip velocitglbthe walls, except in the
depletion region 2, 3,4, 5 and 7. Aninterpolation functionis usedo apply an accelerating gl
boundary condition on tb wall in depletion region (waB). Theinterpolation function used

scales according to thenespredicted inFigure9. In thisexperimentalsetup, the cured nafiors
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1-2 um, which is small compared to the sizZetlee channel (100um)The height of the n&on
membrane can be therefore assumed to be negligible and not modelled.

Results from the simulation show the formation of a vortex in the accelerated flow regi@n.
evident that theclosed channel behaviorf dhe system leads to the tear drop shape of the
vortex (Figure23a,b). This is similar to thexperimental measurementsom the side view of

the channel.The vortex extends throughout the depletion regicend he length of the vortex
increasesas the size of the depletion region enlarges.

Further, experiments also reveal the formation of a secondary and tertiary vortex énat
adjacent to the primary vortex (Section 3.3.18s discussed previously, these suhseaf
vortices are in the same direction, and are induced by the primary vortex. The mixing effect
fSIFRa G2 20t FINBla 2F Fft26 RSOStESNIrdGAaA2y |2
uniform acceleration, bumps are added to thigpping wall boundey condition.

This noruniform boundary condition along the bottom wall reveals the formation of multiple
vortices in the depletionregion. Figure 24 shows the results from simulating a flow with
localized region bdeceleration due to localized decrease in the electric field. These results show
the formation of multiple vortices in the same direction.

These simulations are only solving the hydrodynamics, and intended to reveal the nature of flow

only. They do notell us much about the size, and the effects of mixing in the channel. They,

however, are a good for predicting timaturevortices in the flow.

4.1 Vortex Identification:

Sincenumerical analysis performed is that afsteady stateone, the streamlinesreved the
existenceof vortices in theflow. However, to confirm the existence of vorticesmethods

suggested byeong and Hussa(tt995)are usedResults fromlie delta method are as shown in
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Figure25a. Regions ofvortex formation are colored, and this figure reveals the existence of
three vortices.

Theseresults, however, are dégfent from the ones reported bXim et al.(2012) Multiple
vortices in the same direction as the primary vortar reportedin this thesisKim & al. (2012)
report the existence of counter rotating vortices due to a step decrease in the concentration
profile. Similar hydrodynamic simulations are performed to analyzs mhodel with astep
decrease in concentration as suggested by these researchestep increase in slip velocity,
however, does not reveal the formation of multiplertices Figure25b). Instead, only a single

vortex is seen, and no counter rotating multiple vortices are observed.
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Figure 22: Geometry used for the numerical analysis, along with the applied boundary
conditions. Mesh used for the simulation is also shownthe second figure
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Figure23: (a) Stream linesind vorticity from non-uniform acceleration boundary condition.
(b) Velocity magnitude


















