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Nanoparticle filtration

= Removal of wanted or unwanted particles
E.g. Flame-synthesized catalytic nanoparticles or
diesel soot from engines

= Pressure-drop build-up is major parameter

Too high AP may halt or damage the engine [1]
Affects fuel economy

Highly related to structure of filter deposit (cake)

Setten et al., (2001), Catalysis Reviews, 43(4), 489-564
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Cake formation

Filtration of nanoparticles

Highly porous cake : > 95 % [1,2]
Low penetration into substrate even for particles much smaller than the capillary

Analogous to thermophoretic deposition onto non-porous substrates

Structure determined by Pe [3,4]

Ballistic limit (85% porosity / 15 % solid volume fraction, ¢.4) reached above Pe > 10

At Pe < 10, ¢ 4 = f(Pe) d ) .U| d,: Particle diamet(?r
Pe = U: Approach velocity

2D D: Particle diffusion coefficient

[1] Andersen, S. K., Johannessen, T., Mosleh, M., Wedel, S., Tranto, J. and Livbjerg, H., (2002), J. Nanopart. Res., 4(5), 405-416
[2] EImge, T.D., (2008), PhD Thesis, Department of Chemical Engineering, Technical University of Denmark, Kgs. Lyngby

[3] Ma&dler, L., Lall, A. A. And Friedlander, S. K., (2006), Nanotechnology, 17(19), 4783-4795

[4] Rodriguez-Pérez, D., Castillo, J. L, and Antoranz, J. C., Phys. Rev. E., 72(2), 021403-1 - 021403-9
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Our approach )
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[1] Tassoupolos, M., Obrien, J. A., and Rosner D. E., (1989), AiChe J., 35(6), 967-980
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Results
V V. (z) : Total
Solid volume fraction profile |4 (z)= () particle volume at
Viot position z

Clogqing time, t

F.,;: Fraction of
flux entering

Time until F;=0

j”

capillary
Filtration efficiency n(t 2 %
y n(t) Z g
= 1-F 7, Capillary
n C,0 é %
Pressure-drop AP(t) ’
F.,: Fraction
FrOm 7 of flux eXiting
Ps(2) Foo capillary
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Structural evolution at Pe =1

a | Capillary Capillary Cake
filtration clog_ging growth

-
e

A/ | Deposition focused near inlet of capillary

\_ | In agreement to experimental findings [1]
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C,=10"m=3 2R; =4 pum

[1] Johannessen, T., Jensen, J. R., Mosleh, M., Johansen, J., Quaade, U. And Livbjerg, H., (2004), Chem. Eng. Res. Des., 82(A11), 1444-1452
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Solid volume fraction evolution
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Onset of cake formation
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Structures at t,, vs Pe
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Cake ¢4 . and clogging time t

Gsq ¢ TOllOws s-
shaped curve
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Estimation

t.— 2Rc¢sd,c
U uCy,

R.: Capillary radius
C,: Aerosol concentration

v,: Volume of single particle
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Comparison to filtration theory

3)
Pe = 1 — - This work 4 dp =50 nm
_ = Filtration theory
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Conclusions )

= Full transition between capillary and cake filtration SIOXX - X |
studied by first principles b -
PN
= Deposition focused near capillary inlet el AN
= Capillary clogging followed by cake growth I3 TN Uy
Characterized by the clogging time t B ya 3
0.05 o+ | 0
Constant solid volume fraction ¢4 . function of Pe z e !
0.00 ] L
Pressure-drop evolution in agreement with cake e i/
filtration theory 1 5305
i e = 0.15[1%
= Simple correlation derived between process | & TF
parameters, clogging time and cake solid volume [ "Q/Ruc%d .
fraction ty=—=—1
UCyv,
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Functional nanoparticle films
Applications:

Membrane filters (Andersen et al., 2002)
Catalysis (Thybo et al., 2004)
Fuel cells (Chakraborty et al., 2005)

Gas sensors (Madler et al., 2006a)

Andersen, S. K., Johannessen, T., Mosleh, M., Wedel, S., Tranto, J. and
Livbjerg, H., (2002), J. Nanopart. Res., 4(5), 405-416

Thybo, S., Jensen, S., Johansen, J., Johannessen, T., Hansen, O. And
Quaade, U. J., (2004), J. Catal., 223(2), 271-277

Chakraborty, D., Bischoff, H., Chorkendorff, I. And Johannessen, T., (2005),
J. Electrochem. Soc., 152(12), A2357-A2363

Madler, L., Roessler, A., Pratsinis, S. E., Sahm, T., Gurlo, A., Barsan, N. and
Weimar, U., (2006a), Sens. Actuators, B., 114(1), 283-295
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Solid volume fraction evolution at low Pe
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Two region pressure-drop model 1
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Two region pressure-drop model 2

Slice dz
(top-down view)

Darcy’s law

Open
region

R (2)

R

Equi-pressure

LD model Simplified
dP/dz (dep.) = model

dP/dz (open)
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Two region pressure-drop model 3

Compressible flow

o(t)
AP =P, — |2 ~ 100 J i
0740 7o 8(RZ—R,(t,2)?)By(t, 2) + Ry (t,2)"

Valid both inside and outside capillary!

R, = R, — Poiseuille's law

R, : Radius of open region
R. : Initial capillary radius
o(t) : thickness of deposit
P,: Inlet pressure (1 bar)
Q,: Flow at P,

u: Viscosity

B,(z): Darcy permeability

However, above the deposit, when R, = R, we set dP/dz =0
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Two region pressure-drop model 4

Compressible flow (cont.)

At cake growth (t > t, clogging) R —0 Before clogging
/ A
S(t)
AP =P, — [Py - ZQOP;)'U j &
7R By (t,2)
2Q4 Pyt T
=R - I:)02 =S cake (t) + AP clog
\ 7Z-R BOC %,—J
Pressure -drop in clog
Pressure -drop over cake (const ¢y c)
Same equation as in article B, Darey |
"Filtration theory” permeability in '

cake (constant)
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Two region pressure-drop model 5

Cake growth (cont.) : R, =0 and n — 1 (all particles filtered)

Ocake (t)”Rc2¢sd c = COVpQO (t-ty) — Ocake (1) =

AP =PRy— [PZ— AREF ol

0 “cake \‘l({__ 1:cl )A'F%fgglog
| S —

FE 2
N Q ( g %qOC80c¢sd,c ,  Pressure-drop in clog

‘ 7/
Pressure-drop over cake (const ¢ )

Incompressible flow

5(t)
AP

o

C, Aerosol concentration

Height of filtercake

cake

Vv, Volume of 1 particle
t

Clogging time

C

_ 8Qy 1 J‘ dz

T o 8(R; —Ry(t,2)%)By(t, 2) + Ry (t, 2)*
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Pressure-drop model comparison 1

6
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4 |
=
o
f’ i
o Average B, model
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bsqc - Influence of polydispersity
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Rof(t)

time t

0.5d,

0.5d,

Ro(t) R

time t+At

Deposited volume per particle:

AV _ 7R, O =R, (t+A0) d, -y,
AN P AN
Deposited particles per time:
AN R,d
= QCO ’ . ')p
Ar R’
L
Fraction intercepted
Combined:

TR, =R, +A")-d, b4,

At
At—>0

dt

2RGAR, A, -0y }
% O/d; Sdc—ﬁifco'lr"};d;

= ‘OV

R,(d,
P R‘f
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Langevin dynamics

Equation of motion

mv=—f(v-w)+F+X

INl Particle mass V Particle acceleration
V Particle velocity W  Fluid velocity
F External forces X Brownian force

Friction coefficient f = 3nud /C(d,)
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Calculation of pressure-drop

Pressure drop in capillary:
Hagen-Poiseulle equation

AN,
SR

Pressure-drop in cake before clogging:
Modified D’Arcy’s law

Pressure-drop In cake:
D’Arcy’s law
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Pressure drop in capillary

Basis: Hagen-Poiseuille P dP SuUFR,

Assumptions - in a slice dz: dz (1—¢.,(t,2))* R?
Particle deposition decreases
P : Pressure (Pa)
effective capillary size (Spurny
et al., 1969; Fan and Gentry,

1978)

z : Depth (m)
U : Face velocity (m/s)

Deposited layer << permeable P, : Inlet pressure (101325 Pa)

than open part of capillary R, : Capillary radius (um)
u : Gas viscosity (kg/ms)
d.4(t,2) : Solid volume fraction of

Nnn

deposit at pos. "z" and time "t”.
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Darcy permeability

Basis: Darcy's law Particle size, d;, Solid volume
Assumption - in a slice dz: fraction, ¢4 —
Application of an effective Effective pore size, D, (Ergun
permeability and Orning, 1949)

Effective pore size —
D.(t,z) 21—¢,(t,z)
Effective permeability d 3 ¢ (1,2)

(Jackson, 1977) -
d, (1=¢ (1.2))] dP(1) HOF,
By(t,z)=-~ sd 2 P(ty——=- 00
o(1:%) 72 ¢y (1,2) ( dz 7Z'RCZBO(Z,Z)
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Simplified clog model 1

Assumptions: Direction of © Nanoparticle
Particles deposited flow
by interception l d,
Clog (I)sd,clog = d)sd,c ‘
¢sd clog (Z): \;p (2)2 = Psd c % 7
' r(RE-RAAz % %
| Z é /.
CloggingatR, =0
LD model Cross- Slrrr:lgggled

sectional view
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Simplified clog model 2

RO
Fraction of Cy 2702 j

|nterception part|C|eS within . X = Rodp I(D\,P_B%Edd
area RS :

| 27AZ I’”
Mass-%alan e

od
fz' (R, ﬁ%ho_(ﬂﬂz’ag : pD sdo

C
Volume ¢hange

_ZERM/A¢Sd,C =X 'QOCOV[%
Volume change Depositza volume
y Q,Cov, ° 2R. ¢4
[aRy =222 [t = | ty=—205
R, 27R; ¢sd,c 0 UCOVp
RC
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Estimation

t.— 2Rc¢sd,c
U uCy,

R.: Capillary radius
C,: Aerosol concentration

v,: Volume of single particle
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Clogging height

Growth of cone

Increasing
time

Mass-balance: shaded area

(RS —RZ)AZ- dyy

Volume increase of cone
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Height of cone

(@]
SN

.

Pe =10
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Evolution of filtration efficiency

n—tlatt=t,

Initially,
more
particles
penetrate at
high Pe
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Overall penetration, P (%)




Nanoparticle filtration 2

= Formation of filter cake

Effect of varying filtration rate, filter geometry,
particle/aggregate morphology on time for formation
of filter cake (clogging time, t,) and cake solid volume
fraction (¢gq )

= Optimization of filtration efficiency n

Reduction of pressure-drop AP
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Outline

= Filtration theory
= Qur approach
= Evolution of cake structure and pressure drop

= Conclusions
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