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» Nanaofluidics: fluid/ion transport

» Electrokinetics: electrical double layer
» Modeling using COMSOL Multiphysics
» Physical problems

> Conclusions
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VZ 2249 What is “Nanofluidics” ?

Physiology
[filtration, superhydrophobicity,
biolubrication, ion channels,
actin/myosin, aquaporins]

Aquaporins (AQP)

Genetics Nanobioscience
[DNA] |single molecule studies]

Colloid chemistry Physics of fluids
[DLVO theory. electrokineties) [CFD, cavitation, slip flow]
Donnan equil., semipermeability

Biology

e Slippage
* Electrostatic gate

Thermodynamics

Polymer science
[DNA, protein conformation|

Nanofluidics Surface science

[SFA,wetting, adsorption]

Separation science
[chromatographic packings]

Tribology
[brush layers]

Chemistry Physics

Engineering

Membrane science
[nanoporosity, size exclusion,
semipermeability]

Soil science
[water potential,
zeolites|

Microengineering
|stiction, device fab.]

Bioengineering
[tissue eng., cartilage

Ki dn ey Endothelial cell

Proteins

2,

Epithelial cell foot
processes % \ e -
Glomerular basement attached by a thin "“\O G
membrane (GBM) membrane @
Electrostatic repulsion of proteins N
4 { N

Glomerular proteinuria
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s g Engineered Nanofluidics

nanofluidics <«

. Space size
~A 1 10 100 1 10 100 1 10 100 1 10
Eals t 1 t } t t t t 4 t oo o
i nm Extended-nm | Mm mm | m
Nano téch MEMS Glass Apparatus
Quar‘}tum size,f effects Interface effects | Classic theory '
d::NT, naniD-Pc:-re No tools Micro chemical chip

Tsukahara et al., Chem. Soc. Rev. 39, 1000 (2010).
New nanofluidics (engineered nanofluidics):

1. Well-designed and controlled nanochannels are ideal physical modeling systems to
study fluidics in a precise manner.

2. Learning new science using controlled regular nanospaces.

Silica PET AAQO

100nm




TRENHER ‘

£ 4‘9 Electrokinetics

v'Electrokinetics refers to transport phenomena related to the non-electroneutral
EDL, which is created to neutralize the surface charges produced on surface.

v'Surface charges are produced by the dissociation of surface functional groups:

 AHo A +HT
Slip plane or Reactions:
| shear surface 1AxH—2F <~ AH+ H+
‘ Water molecule
v EDL thickness (i.e., Debye length) is
dependent on salt concentration cj :
‘ I grEgRT 1
"‘ Ap = |[———— c—
D=
K ‘l,:: \/222F2c0 JCo
:k .’ KCl solution (mM) Ap (nm)
3
1.0 10 DI water: 300nm

«———> <
Stern layer jor Diffuse layer
stagnant layer 0.1 30
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s 4@ Electro-osmosis

Electro-osmosis refers to the movement of liquid relative to a stationary
charged surface under an external electric field.

l ¥ Electrical body force (Coulomb force)
I is produced within EDL:

Fe = peE

EDL§ ] :/ v quUId motion outside of EDL is
driven by viscous diffusion

Dielectric ——%»
substrate E

v Plug-like flow

net charge density:

Pe = FZ(C+ _C—)

Electro-osmotic flow (EOF) in a thin EDL microchannel
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e | zF
(1) bulk conductance  (2) Surface
conductance

e ion-transport/ion-current control

e electrical sensing

e separators: energy conversion
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C. (molar concentration)
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2= 149 Nanofluidic transistor

@ X e —>»
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TIVg>0 IT Vg<0
gate (metal) gate (metal)
dielectric layer t t t i t t dielectric layer ; ; ; : : :
.+ ++ 4+ 4+ + |
g0 ©00 0 06 6 8506 06 @, ® 00 ©® ¢ 6 6,0 90 ©
o003 %% e 5 0ol ®g® ©009°,09 ® %4 4%c6e%°,0
.0.. ©g0©,% 060 960 _© ® ege 0.0.........
200 0% e © ©g00 0 % 20 0% 00 0 © g 9@ o %9
- + +++++ | = N |
—————— ++++++
SECEEEEER S | e
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Its function looks like a metal-oxide-semiconductor field-effect
transistor (MOSFET).

Negatively charged dye: exclusion effect
Thin EDL Thick EDL

— — Nanochannels

_ Microchannels

R. Karnik ef al., Nano Lett. 5, 943 (2005)

100 uM dye in 0.9 M KCI 100 M dye in deionized water
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7 2 | 40 Mathematical Model (cont.)

Flow field: incompressible Navier-Stokes equation (continuum theory)

u-vu=-Vp+uVu+F,

where F.=—p.V
V-u=0 pVY

Poisson-Nernst-Planck model

Electric field: Poisson equation (electrostatics)

Vig=- P where p.=F) 2C
&€& i

Ionic concentration field:
J; =—viz,FcVg—-D.Vc, +cu : Nernst-Planck equation

V-j. =0 : Species transport equation
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Geometr y: _— nanochannel —
Reservoir Reservoir

Boundary condition:

n-vu=0 n-vu=0
n-V¢=0 n.V¢=0
n-ve, =0 u=0 n-ve, =
pronTooTeseemoosseees n-V¢:—0'S/gfgo
P=DP E n.ji:() E P=Pg
d=¢ orn-Vg=0 o ¢ =y

S

C, =¢,

Symmetric boundary condition =~ n-Vu=0
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COMSOL Modeling using PDE Mode
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MESH: 28000-32000 quadrilateral elements

Results: compared with analytical solution of PB model

-0.12
0.1064 ® PNP model o PNP model
P-B model '_ P-B model
-0.108 |- 0.13
—
- p— —
?_,0.11 <
= - ~0.14
- 5 =
e oo =—1mC/m
0.114 | 0.15
0116
) | ) ‘ ‘ | ‘ 016 L 1 L L 1 L L
0 SE-09 1E-08 1.5E-08 0 SE-09 (m E-08 1.5E-08
y (m)

-0.13

° PNP model
P-B model

o, =-5mC/m’

I RN R
5E-09 I)E-08 1.5E-08
y(m



TRENHER | '

cmmer 08 Streaming current

Under a hydrostatic pressure (Ap), the pressure-driven liquid flow carries
the charges within EDL towards the downstream end and results in an electrical
convection current, namely the streaming current.
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| wenee Streaming current in silica nanochannels

140 nm silica nanochannel

11 »
10F
= 9F
qw - /
e 8 ;, ] m @
< 7
I
- 6F --------- van der Heyden et al. [2]
O f
<4 5 - — self-consistent PB model [1]
=' 4 F e present model (bsiem= 0)
- ———— present model (bsiem= 0.8bk+)
3 5- ® sclf-consistent PNP model [1](bstern= 0.8bk+)
2_ | |||||||| | |||||||| | |||||||| | | I
10” 107 107 10 10"

Co (M)
- C.-C.Chang and R-]. Yang, J. Colloid Interface Sci. 339, 517 (2009).
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ez TR Streaming potential

At open-circuit condition (i.e., zero-current condition), the charges accumulate
at the downstream end and then an electrical potential difference called the
streaming potential (i.e., open-circuit voltage, OCV) is produced.

Voltmeter

/V\A D

X

Streaming potential:
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7 22| 40 Flectrokinetic energy conoversion

Electro-kinetic battery refers to the external electronic load driven by the
electric power from streaming current/potential.

push

aqueous (salt)
solution

slip length f»/
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Open circuit voltage verus
Short-circuit current

B0 AR

Open-circuit voltage
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mwswasn | ey Short-circuit condition:
" Concentration volarization

— B

Ap =0.01MPa -

Ion enrichment

Ap = 0.05MPa | | Ap

0.01 MPa

E
- 1.5;- Oi fMPa :‘\__\._
Ap =0.IMP ceeeeees 00SMPa £
L. ' W
st E
B

C-/Co

\ ————— 02MPa
N -~ 0.5 MPa
1 = | TR 1 L
0 2E-06  4E-06  GE-06  8E-06 0 2606 4E-06  6E-06  8E-06
X (m) X (m)

== 0.1 MPa
Ap = 0.2MPa -] j_I_o_n_ \depletion 0 4_
Py S R e

Ap =0.5MPa I
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3
—— 10 M
10-] Ll Lol EEERENEN | ol L)
10~ 10" 10’ 10 10°
AP (MPa)
Ohmic current Over-limiting current
region Limiting current region

region
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Numerical results: I-V curve
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30 nm

nmax power (%)

n max power (%)

8 -
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Conversion efficiency-slippage

B Navier slip velocity:

u, =b

ou

oy

where [ is the slip length

No-slip

_/ Partial slip
4

Yy v v v

Perfect slip

b|r
»/
r/

b=0 0O<b<o

y_v_

Electronic load —

anode ——

:

@)

=

S

¢ =—Aj Dbir I =

P =—Ap Pr =
30F b=75nm

i b=15nm
15?—.‘.—‘—.‘.—‘—-‘\“\
10;

5; b:O
T a—"

o O
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R nonequilibrium phenomenon at interface

marcospace nanospace

marcospace

+

electromigration flux

J;‘

),
m

electromigration flux

i

+

C, >>C,
C. -

C, <<C : .

n ® ion enrichment C
o0
J + Concentration gradient J +
stison. IR > diffusion flux ) o
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~ 60 nm nanochannel

GND = B CcND
nanochannel N
glass T microchannel
a
Vu 4 ) /4 Fv,

e L

<10 Min; 3.687¢-5

Simulation using COMSOL
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desalination

B0 AR

. mmmm) net flow
i Vi
 Ep —
EK |
EO+EP=0=> . I
trapping: | Ex ¢
Vi | ;

GND

>
buffer zone depletion  desalted zone
zone

1. bio-sample preconcentration |

Applications: 2. species separation
3. sea water desalination

02 (1.4
Min; -2.5%¢-12

Simulation using COMSOL
]
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a conical-nanogore membrane (cont.)

Electro-osmosis 1|
il

B | [oad [—
T EO pump
cell
(membrane)

pressure Liquid reservoir

Electric power - hydraulic power

Track-etched PET membrane A single conical-shaped nanopore
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e using a conical-nanogore membrane
forward bias >

Current rectification Flow rectification

bias 250 | ——a—— forward bias 8 - ——a—— forward bias
| ——A—— revrese bias | ——&—— revrese bias
r | 200 |
T LZ 777777777 a, - ¢,=10°M - 6r c,=10°M ,
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= g | =r
- :100; o
- I > . 50 f 2 ?
- reverse bias ; ,
. 0 PR R [ R R O\\\'\\\'\\\|\\\|\\\
* Forward bias: ion-enrichment 0 2 4|Vb» sos 0 4|Vb» oot
= resistance is decreased.
. . 1.2 1.5
2 decreased electric field. [ ——=—— forward bias [ = forward bias
. . . 1F ——A—— reverse bias I ——A—— reverse bias
2 lower pumping efficiency. , Cm10°M
. . . ;\3 0.8 < Ir 6=-3mC/m’
* Reverse bias: ion-depletion < ol <
. . Y :
= resistance is increased. = 0.4} ) = ‘
. . . - o=-3 mC/
> increased electric field. 02F [V, o1 volt
- amplified EK flow. T TE > —t
2 better pumping efficiency. ¢, (M)
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e an Conclusions
COMSOL Multiphysics
O User friendly

O Flexibility: PDE mode

O A quick simulation tool for continuum nanofluidics
and multiphysics

O A very good tool for researchers and graduated
students to speed up their research works.



