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Abstract Microchannels can be used to induce migration

phenomena of micron sized particles in a fluid. Separation

processes, like microfiltration, could benefit from particle

migration phenomena. Currently, microfiltration is designed

around maximum flux, resulting in accumulation of particles

in and on the membrane. In this paper it is shown that starting

the design at the particle level will result in a new micro-

filtration process. The behaviour of suspensions between 9

and 38 volume% was studied by confocal scanning laser

microscopy; migration as a result of shear-induced diffusion

was observed in a rectangular microchannel with nonporous

walls. Particles segregated on size within the first 10 cm of

the channel. To illustrate this, at 20 volume% of small

(1.53 lm) and large (2.65 lm) particles each, the larger

particles migrated to the middle of the channel, while the

small particles had high concentrations near the walls. The

small particles could then be collected from their position

close to the permeable walls, e.g. membranes, where the pore

size of the membrane is no longer the determining factor for

separation. Guidelines for using this phenomenon in a

microfiltration process were derived and the selectivity of the

process was experimentally evaluated. The small droplets

could be removed from the mixtures with a membrane

having pores 3.7 times larger than the droplets, thereby

minimizing accumulation of droplets in and on the

membrane. As long as the process conditions are chosen

appropriately, no droplet deposition takes place and high

fluxes (1.7 9 103 L h-1 m-2 bar-1) can be maintained.
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List of symbols

a Particle radius (m)

b Fitting parameter (-)

c Fitting parameter (-)

dL Diameter large emulsion droplets (m)

dS Diameter small emulsion droplets (m)

D Stokes–Einstein diffusivity (m2/s)

Du Dimensionless diffusion coefficient (-)

Dshear Shear-induced diffusion coefficient (m2/s)

EL Dimensionless evolution length (-)

Ep Evolution parameter (-)

Ep
fit Fitted evolution parameter (-)

Ep
fit

norm Normalized fitted evolution parameter (-)

H Half the channel height (m)

k Boltzmann constant (J/K)

K Constant related to shear-induced diffusion (-)

L Channel length (m)

Pe Dimensionless Péclet number relating diffusive

to convective processes (-)

PeBrown Dimensionless Péclet number relating Brownian

to hydrodynamic forces (-)
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Peshear Dimensionless Péclet number relating shear-

induced diffusive to hydrodynamic forces (-)

Rec Dimensionless channel Reynolds number (-)

Rep Dimensionless particle Reynolds number (-)

t Time (s)

T Temperature (K)

�m Average velocity (m/s)

w Channel width (m)

x Distance in the channel parallel to the flow (m)

X Dimensionless distance from the inlet (-)

y Average distance travelled by the particles

perpendicular to the flow (m)

z Position of particle relative to reference wall (m)

Greek symbols

a Selectivity of membrane process (-)

_c Shear rate (1/s)

g Viscosity of the solution (Pa s)

g(u) Viscosity as a function of the solid volume

fraction of the suspension (Pa�s)

k Constant related to shear-induced diffusion (-)

q Density of the suspension (kg/m3)

qoil Density of the oil phase (kg/m3)

scon Time scale of convection (s)

sdif Time scale for migration (s)

u Solid volume fraction of the suspension (-)

uL Solid volume fraction of large particles (-)

uL,b Solid volume fraction of the large particles in

the bulk (-)

uL,p Solid volume fraction of the large particles in

the permeate (-)

uS Solid volume fraction of small particles (-)

uS,b Solid volume fraction of the small particles in

the bulk (-)

uS,p Solid volume fraction of the small particles in

the permeate (-)

utot Solid volume fraction of the bidisperse

suspension (-)

u (x,z) Concentration profile of particles at a certain

distance in the channel (-)

uref(z) Concentration profile at the inlet (-)

u x; zð Þh iz Cross-sectional average volume fraction (-)

uref zð Þh iz Cross-sectional average volume fraction at the

inlet (-)

1 Introduction

Microfluidic devices are increasingly used in, for example,

(cell) biology, food, pharmaceutics and chemical synthesis

(Whitesides 2006). Their advantages are the small volume

and large surface area, leading to better mass and heat

transfer. Besides, they can be used to manipulate not only

multiphase systems (e.g. for the preparation of droplets or

particles) but also particle suspensions or emulsions and

induce migration phenomena. This last aspect of micro-

fluidic devices can be applied to separation processes to

improve their performance. Several articles describe the

potential of microfluidic devices for separation purposes

(Lenshof and Laurell 2010; Weigl and Yager 1999; Bhagat

et al. 2010; Zhao and Cheng 2011; Bhagat et al. 2009;

Di Carlo 2009; Pamme 2007). In this article we show how the

use of microchannels in a microfiltration set-up can tackle

current challenges in membrane microfiltration processes

and can open new routes for filtration of very concentrated

suspensions and emulsions, currently not possible.

Microfiltration is mostly used to remove particles from a

liquid stream, for example to remove bacteria from liquid

foods. It is carried out in many industries and for different

applications (Strathmann 2001) and optimised for high

trans-membrane flux. Membrane fouling and flux reduction

as a result of (temporary) particle accumulation are then

mostly taken for granted. As a result, techniques like high

frequency back-pulsing may be used to temporarily remove

the particles from the membrane and keep the membrane

flux at acceptable levels. As the design of such processes

mostly revolves around obtaining as much permeate as

possible, neglecting the dynamics of the suspension on the

particle level leads to fouling and therefore stresses the

importance to use particle behaviour as an alternative

design parameter.

When starting from the behaviour of the particle them-

selves, a different process that operates without fouling or

flux reduction may be the result, and this could revolu-

tionise membrane process design. The pioneering work of

Belfort who described the effect of inertial lift is exemplary

for this (Belfort 1989); in this paper we focus on shear-

induced diffusion as migratory mechanism, but we also

cover other mechanisms.

For microfiltration, the influence of process conditions

on particle behaviour is of eminent importance (Belfort

et al. 1994). When particles can be kept away from the

membrane by adjustment of the process conditions, the

trans-membrane flux and retention can be constant in time,

as was illustrated in a recent publication from our lab (van

Dinther et al. 2011). Even though Field et al. already

introduced the importance of a steady flux by introducing

the critical flux (Field et al. 1995), it is of eminent

importance to understand particle migration not only in the

concentration polarization layer, but also in the bulk. This

approach even further improves the filtration process. The

new process concept presented here is different from reg-

ular practice in two ways. The first one is operation at

steady high flux and retention in time (Abbasi et al. 2011;

Fillaudeau and Carrere 2002; Nandi et al. 2011; Rezaei

et al. 2011; El Rayess et al. 2011) and the second, more
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important one, is the possibility to fractionate very con-

centrated emulsions and suspensions with membranes/

sieves. To achieve fractionation in concentrated systems,

knowledge about particle migration in the bulk should be

combined with a special design of the filtration unit. Par-

ticle migration in flowing suspensions is discussed in more

detail below.

A flowing fluid exerts forces on a moving particle and

this may lead to migration of particles from their stream-

lines (Belfort et al. 1994). Particles of different sizes are

affected differently, and this may ultimately lead to a

segregation of particles in the bulk of the liquid flowing

over the membrane, which is useful in microfiltration.

When particles segregate in the liquid before approaching

the membrane surface, separation and fractionation will no

longer be based on membrane pore size only (van Dinther

et al. 2009; Kromkamp et al. 2006). As a result the

membrane pores can be much larger and accumulation of

particles on the membrane surface or in the membrane

pores is prevented, as long as the process conditions remain

appropriate. Such process is expected to operate much

more efficiently at acceptably high fluxes, without fouling,

and with less need for long and aggressive cleaning.

In a flowing suspension of micron sized particles through

microchannels, hydrodynamic, lift and body forces are

dominant. The migration of particles is a result of the force

balance on a particle and which forces are dominant depends

on the process conditions, indicating that various migration

phenomena may be observed during membrane filtration

(Belfort et al. 1994). In the following sections we ignore

body forces, by assuming hard sphere behaviour and pre-

venting (large) density differences between particles and the

surrounding fluid. By choosing the right process conditions,

the effect of Brownian motion, also a body force, is negli-

gible compared to other mechanisms. The two main particle

migration effects under the conditions relevant to micro-

filtration are inertial lift and hydrodynamic shear-induced

diffusion and these are now discussed in more detail; the

actual window of operation is given in the next section.

Lift forces are induced by shear, viscosity and inertia.

The shear created when fluid flows through a channel

results in a lift force causing the particle to migrate towards

the wall (Eckstein et al. 1977); however, at the same time

the wall-induced inertial lift force directs the particles away

from the wall (Zeng et al. 2005; McLaughlin 1993). As a

result the particles migrate to a certain equilibrium position

(Eloot et al. 2004); this is called the Segré–Silberberg

effect or ‘Tubular Pinch’.

Velocity gradients can also lead to shear-induced

migration of particles. Particles rotate with an angular

velocity and circulatory fluid motion is established around

the particle creating a velocity field that exerts drag on

neighbouring particles (Piron et al. 1995). Besides this,

particles pass other particles in slower-moving fluid

streamlines, thereby causing ‘collisions’ based on excluded

volume, usually without contact, which causes particles to

move to other streamlines (Eckstein et al. 1977). When

three or more particles are involved simultaneously, the net

displacement is random, resulting in a diffusion-type of

behaviour of the particles.

Phillips et al. (1992) estimated the total flux due to

shear-induced diffusion in a straight channel with Eq. 1:

J ¼ �Dshearr ln c
�
ugk

� �� �
ð1Þ

In which

Dshear ¼ K c
�
a2u2 ð2Þ

With a the particle radius (m), u the solid volume

fraction (-), c
�

the shear rate (1/s), g the viscosity (Pa s),

k a constant (-), Dshear the shear-induced diffusion

coefficient (m2/s) and K a constant (-) that may be

dependent on the volume fraction (Leighton and Acrivos

1987a, b). Gradients in shear rate, concentration and in

viscosity all give rise to migration.

The migration thus depends on particle radius (via

Dshear) and concentration (via the driving forces and Dshear)

and it is therefore clear that particles with different sizes

and concentrations will have different migration velocities.

Larger particles interact more easily with streamlines of

neighbouring particles due to their size and thereby easily

move to other streamlines, leading to faster migration

(Eloot et al. 2004). As a result, larger particles will con-

centrate towards the middle of the channel while smaller

particles are in the region close to the wall (Leighton and

Acrivos 1987b; Breedveld et al. 2001; Tan 2003; Graham

et al. 1991; Lyon and Leal 1998a, b).

One may also make good use of this segregation in

microchannels as is done in this paper. Shear-induced

diffusion is especially dominant in concentrated suspen-

sions, which easily lead to fouling in and on the membrane

during regular microfiltration, due to the large amount of

particles present. In this paper, this shear-induced diffusion

of particles is shown to be dominant in concentrated sus-

pensions flowing through microchannels and can be used to

enhance membrane processes.

Although research has been done on migration phe-

nomena in channels with nonporous walls and Couette

devices (Abbott et al. 1991; Acrivos et al. 1993; Chow

et al. 1994; Graham et al. 1991; Shakib-Manesh et al. 2002;

Tetlow et al. 1998; Yu et al. 2007), as well as on particle

migration in membrane microfiltration (Vollebregt et al.

2010; Belfort et al. 1994; Belfort 1989; Kromkamp 2005),

it has never been investigated how particle migration in a

microchannel with nonporous walls may be utilised for

microfiltration. In other words, how particle migration in
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concentrated suspensions can be used to make fractionation

of particles possible with an energy-efficient process like

microfiltration.

Semwogerere et al. (Semwogerere et al. 2007;

Semwogerere and Weeks 2008) summarized the influence

of the ratio of particle sizes on the development of the

concentration profile. The development of the concentra-

tion profile was captured into an evolution parameter. From

this parameter, the evolution length can be calculated,

which is related to the point where the concentration profile

is completely developed. Even though also partially

developed profiles show segregation, this evolution length

may be used as a guideline to identify process conditions

and module designs of interest.

In this paper, concentration profiles are experimentally

determined by confocal scanning laser microscopy

(CSLM) in bi-disperse suspensions flowing in microchan-

nels with nonporous walls. Insights in the most important

process parameters for particle migration and segregation

of particles on size in fluid flow are obtained, giving

guidelines to use shear-induced migration for fractionation

in new separation processes. At the end of the experimental

section, a proof of principle is shown in which a membrane

process is designed around these new insights.

1.1 Window of operation

The degree of migration can be estimated by investigating

the balance between the time scales of the convection

through the tube or channel and the particle migration

mechanisms perpendicular to the main flow direction (Nott

and Brady 1994). The shear rate is related to the flow

velocity. In Eq. 3 one can see the relation for Poiseuille flow:

c
� ¼ 3�m

H
ð3Þ

where �v is the average velocity (m/s) and H is half the

channel height (m). We only consider a laminar regime

here, since turbulence would disturb particle migration.

The time scale of convection scon (s) is given by Eq. 4.

scon ¼
L

�m
¼ 3L

c
�
H

ð4Þ

where L is the channel length (m).

The time scale of the migration mechanisms depends on

the average distance travelled by the particles perpendic-

ular to the flow. The average distance travelled by the

particles perpendicular to the flow (y (m)) is described in

Eq. 5.

y ¼ 2 Dtð Þ
1
2 ð5Þ

with t the time (s) and D the diffusivity. The diffusiv-

ity may incorporate several migration mechanisms

(Vollebregt et al. 2010) of which the two most important

ones for the experimental set-up are described below. The

channel half-height (H) can be seen as measure for the

distance that the particles have to travel.

This leads to the time scale for migration (sdif(s)),

defined in Eq. 6.

sdif ¼
H2

4D
ð6Þ

The ratio between the time scales is a Péclet number

defining the ratio of diffusive and convective processes

(Eq. 7). The Péclet number is different for different

migration mechanisms.

Pe¼ sdif

scon

¼ c
�
H2 1

12d

H

L
ð7Þ

1.2 Brownian motion

Brownian motion is a body force which leads to random

motion of particles. The Péclet number gives the relative

importance of Brownian to hydrodynamic forces (Ackerson

1991); at a Péclet number [1, the hydrodynamic forces

dominate Brownian motion. Brownian motion is only visible

at small scales and therefore the half-channel height is not

a good measure for the average distance travelled by the

particles. The migration is more likely to be dominant at the

particle level and therefore the particle radius is chosen as a

more reliable length scale. Simplified, the Péclet number is

therefore defined as in Eq. 8.

PeBrown ¼
c
�
a2

D
ð8Þ

In which D is defined by the Stokes–Einstein diffusivity

(m2/s) given in Eq. 9.

D ¼ kT

6pga
ð9Þ

where k is the Boltzmann constant (1.380 9 10-23 J/K), T

is the temperature (K), and g is the viscosity of the sus-

pension (Pa s).

From Eq. 8, the minimal shear rate needed to circum-

vent the influence of Brownian diffusion is derived and

subsequently we can derive the minimal velocity (vmin) by

using Eq. 3. For dimensionless channel lengths (length in

the channel divided by half its height) of 2,400 and 4,800,

the minimum velocity is 3.30 and 0.63 lm/s, for 1.53 and

2.65 lm diameter particles, respectively (PeBrown [ 1). In

all the experiments the velocity is larger than vmin, indi-

cating that Brownian diffusion of suspension particles is

not important. The average shear rate is used in the cal-

culations and Brownian motion plays a role in the middle

of the channel where the shear rate is zero or close to zero.

This will result in the random motion of particles and
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reduces the shear-induced diffusion in this region of the

channel. Further away from the centre this situation

changes quickly, where the average velocity is much higher

than the minimum velocity required to circumvent the

influence of Brownian diffusion (8.3 and 20.8 lm/s).

Important aspects in particle migration and applications

like microfiltration are pH and temperature. Brownian

motion is influenced by temperature (Eq. 9). Particle size

can also be influenced by temperature and pH, leading to a

change in Péclet number (both for Brownian motion and

shear-induced diffusion). Besides, additional repulsion or

attraction of particles could play a role at different pH and

temperature, but these aspects are considered beyond the

scope of this paper.

1.3 Shear-induced migration

Shear-induced diffusion is dominant in concentrated sus-

pensions, and if fractionation is aimed for, particles should

have sufficient time to migrate. A short distance to travel, i.e. a

low channel height which is the case in microchannels, leads

to faster migration. This means that the time scale for

migration, i.e. shear-induced diffusion, should be smaller than

that for convection, and this can be related to an evolution

length for the CSLM experiments (Nott and Brady 1994).

In Eq. 6, the diffusivity is described by Dshear defined as

Dshear ¼ c
�
a2Du (Leighton and Acrivos 1987b). Du is the

dimensionless diffusion coefficient defined in Eq. 10.

Du ¼
1

3
u2 1 þ 0:5e8:8u
� �

ð10Þ

The evolution length (see respective section) is defined

as the length at which the particles have migrated a pre-set

distance, in our case half the channel height. It must be

noted that estimates based on this are conservative; not all

particles have to travel half the channel height. In a

membrane process the large particles would need to move

thus far that they are not incorporated in the permeate,

while the small ones can stay close to the walls. The Péclet

number defined in Eq. 7 therefore becomes as described in

Eq. 11.

Peshear ¼
sdif

scon

¼ H

a

� �2
1

12Du

H

L
ð11Þ

1.4 Evolution length

The evolution length is the channel length necessary to

establish migration patterns and it can be calculated for

different degrees of migration (fully or partially devel-

oped). For membrane microfiltration, migration of particles

should occur, but the concentration profile does not have to

be complete as mentioned before. Additionally, if a

channel with nonporous walls is used prior to a channel

with porous wall, the total length of the module should be

kept as short as possible, to prevent unacceptable

pressure drops, being in the order of millibars for the

experiments.

The size and concentration distribution at different

positions in the channel was analysed with confocal scan-

ning laser microscopy (CSLM). The evolution length, i.e.

length at which the concentration profile is completely

developed, could be evaluated from the so-called evolution

parameter (Ep(x)), introduced by Semwogerere et al.

(Semwogerere et al. 2007; Semwogerere and Weeks 2008).

This parameter determines the degree of development of

the concentration profile (with particles) and is described in

Eq. 12.

Ep xð Þ ¼ 1

2H

Z2H

0

u x; zð Þ
u x; zð Þh iz

� uref zð Þ
uref zð Þh iz

����
����dz ð12Þ

In the equation u(x,z) is the concentration profile of

particles at a certain distance in the channel (-), uref (z) is

the concentration profile at the inlet (-), u x; zð Þh iz is the

cross-sectional average volume fraction (-) and uref zð Þh iz
is the cross-sectional average volume fraction at the

inlet (-).

The evolution parameter is fitted with an exponential

function (Eq. 13), for which a simplified fit with two

variables was used.

Efit
p Xð Þ ¼ b 1 � e�cX

� �
ð13Þ

X is the dimensionless distance from the inlet and

defined as x/H (-), b and c are fitting parameters, with c

defined as EL
-1 [EL is the dimensionless evolution length

(-)]. The fit is normalized using the value for b (Eq. 14),

after which the curves can be compared directly.

Efit
p norm Xð Þ ¼ Efit

p Xð Þ=b ð14Þ

1.5 Inertial lift

Inertial lift is exerted on a particle by the fluid, due to the

flow profile and the proximity of wall. It is dependent on

the particle Reynolds number, as given by Eq. 15, which in

turn is a function of the channel Reynolds number (Eq. 16)

(Park et al. 2009). Whether inertial lift plays a role depends

on the ratio between inertial and viscous forces; generally

at particle Reynolds numbers [1 (Asmolov 1999), inertial

lift is relevant. In all experiments the particle Reynolds

numbers were below 9 9 10-7, indicating that inertial lift

did not play a role.

Rep ¼ Re
2a w þ 2Hð Þ

4wH

� �2

¼ ca2q w þ 2Hð Þ
3guw

ð15Þ
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with

Rec ¼
4wH

w þ 2Hð Þ

� �
�mq
gu

ð16Þ

where Rec is the channel Reynolds number defined in

Eq. 16, q is the density of the suspension (kg/m3), w is the

channel width (m) and gu is the viscosity as a function of

the solid volume fraction of the suspension (Pa s).

2 Experimental

2.1 Particle migration in channel with nonporous walls

The experiments were carried out with a confocal scanning

laser microscope (Leica SP2, Germany), with a 63 9 1.4

numerical aperture oil immersion objective and laser light

with a wavelength of 543 and 488 nm. The height of the

focal plane could be positioned with a piezo-focusing drive

(P-721, Physik Instrumente, Germany).

Two types of PMMA (polymethyl methacrylate) parti-

cles were made by dispersion polymerization and fluores-

cently labelled with NBD (7-nitrobenzo-2-oxa-1,3-diazole)

and rhodamine B fluorescent dye, respectively (Bosma

et al. 2002). The smallest particles had an average diameter

of 1.53 lm and the larger ones a diameter of 2.65 lm. The

polydispersity of the particles was 2.5 %. The particles

were dispersed in a mixture of 72.8 % cyclohexylbromide

and 27.2 % cis-decalin to match the refractive indices of

particles and surrounding liquid. The solvent was saturated

with tetrabutylammoniumbromide (TBAB) to screen any

small particle charges, and make them behave like hard

spheres. Stock suspensions were mixed in the desired ratio,

and pumped through a glass rectangular channel with a

syringe pump (Pico Plus, Harvard Apparatus, USA). The

channel was 30 cm by 2 mm by 100 lm (length, width,

height, respectively) (Friedrich and Dimmock Inc., USA).

A holder was constructed in order to prevent the glass

channel from breaking and to make the connection to the

syringe (Fine-mechanical workshop, Wageningen Univer-

sity). For the velocities investigated in our experiments we

only need 2H length to establish a fully developed fluid

velocity profile (Shah and London 1978) (please note that

this does not coincided with the particle concentration

profile), and therefore the 0.3 m long channel with

nonporous walls was more than long enough; also the

membrane module satisfies this prerequisite.

The pictures taken (at 12 and 24 cm from the entrance

of the channel) consisted of 512 by 64 pixels, corre-

sponding to a field of view of 59.52 by 7.44 lm with a

depth of *250 nm. The system was operated in the xyt-

mode, with a zoom of 4 and a scanning frequency 400 Hz.

Here, x is oriented along the channel length and y along the

width. The frame rate used was 10 frames/s. Under these

circumstances velocities up to 590 lm/s can be measured;

experimental velocities are always lower. The pictures

were analysed with the image processing toolbox in

MATLAB (Mathworks, US) to determine particle number,

type and velocity. The experimental set-up is shown in

Fig. 1.

From Eqs. 10 and 11 in the former section, the minimal

solid volume fraction (umin) for migration for shear-

induced diffusion to be relevant (Peshear \ 1) can be

derived and the results are presented in Table 1. For these

data, it is assumed that the dimensionless diffusion coef-

ficient is given by the relation derived by Leighton and

Acrivos (Eq. 10) (Leighton and Acrivos 1987b). These

values are valid for a monodisperse suspension, where the

Péclet number is determined on the basis of the total

volume fraction of the suspension. From this it can be

concluded that 1.53 lm particles are expected to show

significant migration behaviour at total solid volume frac-

tion [0.23 at a given channel length. For the 2.65 lm

particles, migration is expected at volume fractions [0.16.

For fractionation purposes, migration of the small particles

to the middle is not preferred and in the experiments the

solid volume fractions of the small particles does not

exceed 0.19. The solid volume fractions of the large par-

ticles range from 0.09 to 0.36.

2.2 Membrane microfiltration

For the membrane microfiltration experiments a nickel

membrane with spherical pores of 20 lm was used to

fractionate the emulsions (Veconic sieve, Stork Veco BV,

the Netherlands). The membrane was placed in a module

with a length of 40.5 cm, of which the first 34.5 cm was a

channel with nonporous walls to establish a fully devel-

oped velocity profile. Within this length, the concentration

profiles are also well established, concluded based on the

Fig. 1 Schematic drawing of

the experimental set-up for the

particle migration in channel

with nonporous walls
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calculated evolution lengths (Sect. 3). In hollow fibre

membrane filtration, the potting area where no flux is

possible can be used for this purpose, if the membranes

have the same pore size as used in this paper and the

channel/fibre diameter is similar. In our experiments we

used a membrane, which was placed after 34.5 cm and had

an area of 1.39 cm2. The height of the channel could be

changed, but was kept at its minimum of 200 lm. The

emulsion was fed to the system with a positive displace-

ment pump (VG1000digit, Verdergear, Germany).

Pressure sensors (EL-PRESS P-502C, Bronkhorst High-

Tech B.V., The Netherlands) were installed at the begin-

ning and the end of the module, and after the membrane.

The pressure data were recorded with Bronkhorst High-

Tech software. The trans-membrane pressure is much

lower than normally applied in microfiltration with values

around 10–30 mbar. The transmembrane flux was mea-

sured with a balance (CP4202S, Sartorius, Germany)

connected to a computer (Memfill-Lite software, Wagen-

ingen University, the Netherlands). The permeate flow was

set at a specific value with a peristaltic pump (series 205U,

Watson Marlow, England). The measured flux and pres-

sures were constant in time, which indicates no accumu-

lation of particles on/in the membrane. The membrane flux

was checked before and after filtration for cracks/produc-

tion errors and fouling. The membrane is a metallic sieve

and therefore neither very vulnerable to cracks nor to

fouling, also because the process is operated in such a way

that the droplets move away from the surface and the pores

are much larger than the largest droplets. The experimental

set-up is shown in Fig. 2.

Membrane microfiltration experiments were performed

with two emulsions that were mixed in a pre-determined

ratio; the oil phase consisted of silicone oil with a density

of 1.01 g/cm3 (silicone oil AR 20, Sigma-Aldrich,

Germany). In the experiments, two oil volume fractions of

0.27 and 0.36 were used, both consisting of mixtures of two

individually prepared emulsions.

For the 0.36 solid volume fraction emulsion, 36 %

(w/w) silicone oil, was added to 62 % (w/w) water and

1 % (w/w) span80 (Sigma-Aldrich, Germany) as well as

1 % (w/w) Tween80 (Sigma-Aldrich, USA). A pressure

vessel was filled with the mixture, which was then pressed

six times through a 5 lm filter (PVDF Durapore, Millipore

Corporation, Bedford, USA) at 0.5 bar, which resulted in a

droplet diameter of 5.1 lm (emulsion 1). This emulsion

was further refined by pressing it six times through a

2.7 lm filter under 2 bars (Glass microfiber GD/X, Whatman,

GE, USA). The typical diameter of this emulsion was 2.4 lm

(emulsion 2); for the separation experiments emulsions 1 and

2 were mixed at set ratios.

The emulsion with a solid volume fraction of 0.27, was

prepared with 24 % (w/w) silicone oil, was added to 74 %

(w/w) water and 1 % (w/w) span80 (Sigma-Aldrich,

Germany) as well as 1 % (w/w) Tween80 (Sigma-Aldrich,

USA). Again two emulsions were made, similar to the

procedure described above. The typical diameter of the first

emulsion was 2.4 lm, while the second had a diameter of

5.4 lm.

Droplet sizes of initial emulsions, mixtures and perme-

ate were measured in the Malvern Mastersizer (Malvern

Instruments Ltd, UK). The total amount of oil droplets was

determined by a dry weight measurement, for which the

samples were stored overnight in an oven at 80 �C

(Memmert, Germany). The ratio between large and small

droplets was determined by analysis of the Malvern

Mastersizer data. The experiments were run for 15 min to

stabilize. Samples were taken after 15, 30 and 45 min and

analysis results were stable in time.

3 Results

For the investigated process conditions, shear-induced

diffusion was the dominant particle migration mechanism

and neither inertial lift nor Brownian diffusion was

expected to influence the results as described in Sect. 1.1.

From the calculated evolution lengths (Eqs. 12 and 13), we

concluded that the concentration profiles under all condi-

tions are well established within our module length.

Table 1 Minimal solid volume fraction for migration of 1.53 and

2.65 lm diameter particles as a function of dimensionless length in

the rectangular channel

1.53 lm particles 2.65 lm particles

L/H (-) umin (-) umin (-)

2,400 0.27 0.20

4,800 0.23 0.16

Fig. 2 Schematic drawing of the experimental set-up for the

membrane microfiltration experiment
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The concentration profile develops very fast within the first

0.1 m of the module, which implies that in membrane

microfiltration only 0.1 m of non-porous channel is needed

to allow for sufficient particle migration to take place. In

this section, the results obtained with the CSLM will be

described followed by an evaluation of the options for

membrane separation, being experimentally determined

afterwards.

3.1 Confocal scanning laser microscopy

in microchannel with nonporous walls

The results are shown at different positions in the micro-

channel with nonporous walls expressed as x/H, the distance

x relative to the entrance of the channel over half-channel

height H. This distance was 12 and 24 cm from the entrance

length and therefore longer than the first 10 cm in which the

concentration profile develops drastically. On the horizontal

axis of the graphs, the dimensionless height z/2H is used, with

z the position of the particle relative to the reference wall (m).

Further, the total particle fraction utot and the fraction of small

particles us are indicated.

The concentration profiles of large and small particles

develop in the channel, and a striking example can be seen

in Fig. 3. Large particles are migrating to the middle, while

small particles have higher concentrations near the wall,

and this ‘pre-fractionation’ of particles in the liquid will

later be used to facilitate particle separation. The effect is

caused by shear-induced diffusion that causes particles to

migrate away from the walls. Larger particles experience a

much stronger driving force, probably displacing the

smaller ones to the walls.

In the next sections, the influence of process conditions

on the concentration profiles of the two particles’ sizes is

described. Subsequently, guidelines for membrane micro-

filtration processes are extracted.

3.1.1 Velocity

Two flow velocities, 8.3 and 20.8 lm/s, were used at a total

volume fraction of 0.19. The solid volume fraction of small

particles relative to the total solid volume fraction was 0.1

and 0.5 (with total solid volume fraction us 0.02 and 0.09)

(Fig. 4a, b). For both cases, no difference in concentration

profile of the large particles was seen for the two different

velocities, as was expected. The velocity, and therewith,

the shear rate, is not in the Péclet number (Eq. 11), which

implies that shear-induced diffusion and convection change

in similar fashion. The concentration profile will only

change when the velocity is below a minimum velocity

related to Brownian diffusion (Table 1) or a maximum

velocity that induces inertial lift. The measurement system

was considered suitable to investigate shear-induced dif-

fusion effects.

3.1.2 Total solid volume fraction

The influence of the total solid volume fraction on migra-

tion behaviour is expected to be strong (Eq. 2). In Fig. 5,

the concentration profiles are shown for 0.38, 0.19 and 0.09

total volume fraction, and a relative fraction of small par-

ticles of 0.04. From Fig. 5 it is clear that higher concen-

trations lead to steeper profiles caused by increased

migration. For a low concentration of 0.09, the concen-

tration profile is relatively flat, and it develops further with

increasing concentration, with the highest concentrations in

the middle of the channel.

3.1.3 Relative solid volume fraction of 1.53 lm particles

The concentration profile of the large particles is influenced

by the presence of small particles. In Fig. 6, the profiles are

shown for total volume fractions of 0.38, and relative solid

volume fractions of small particles equal to 0.50 and 0.04

(absolute volume fraction of small particles is thus 0.19

and 0.02, respectively). The concentration profile of the

large particles is more pronounced when the fraction of

small particles is lower and can be related to two effects.

Firstly, the large particles are known to be hindered in their

movements due to the presence of small particles, therefore

the black triangles in Fig. 6 have lower values at z/2H is

0.5. At the same time, the relative fraction of large particles

is also higher for us/utot is 0.04 than for us/utot is 0.50,

resulting in higher shear-induced diffusivity. The absolute

solid volume fraction of large particles is 0.19 and 0.36,

respectively. When the solid volume fraction of large

particles exceeds a certain value (dependent on total con-

centration and fraction of small particles), shear-induced

z/2H (-)
0.0 0.2 0.4 0.6 0.8 1.0

ϕ 
(-

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Fig. 3 Concentration profile for 2.65 lm (open triangle) and

1.53 lm (closed triangle) particles. utot is 0.38, x/H is 4,800, v is

20.8 lm/s and us is 0.19
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diffusivity is totally determined by the large particles

(Lyon and Leal 1998b).

3.1.4 Migration of small particles

Large particles primarily accumulated in the middle of the

channel and this effect is only beneficial for separation if

the profile of the small particles develops differently.

Migration of large particles to the middle is preferred since

large particles are more difficult to remove from smaller

ones than vice versa, and at the same time, small particles

should move towards the wall.

For a solid volume fraction of small particles equal to

0.19 (us/utot equal to 0.50) (Fig. 7a), the small particles

have a tendency to migrate towards the wall for both

velocities investigated (8.3 and 20.6 lm/s). The opposite

occurred when the solid volume fraction of small particles

was equal to 0.02 (us/utot is 0.04) (Fig. 7b), while also the

large particles did not show a distinct concentration profile

under the circumstances where us/utot is equal to 0.50, as

shown in Fig. 6. Most probably small particles are really

migrating towards the middle instead of being excluded

from the centre by large particles. Please note that the

standard deviations in Fig. 7b are relatively large, due to

the small amount of small particles present.

When the solid volume fraction of small particles is

0.09 (us/utot is 0.50) (as shown in Fig. 8), no particle

migration was observed. The results show that for frac-

tionation purposes, the solid volume fraction of the

suspension is preferably high (e.g. 38 %), with equal

solid volume fractions of small and large particles.

Under these circumstances large particles migrate to the

middle of the channel, while small particles are present

in higher concentrations at the wall. Also Lyon and Leal

(1998b) described that the solid volume fraction of the

small particles should be around 0.20 to deliver a non-

uniform concentration profile. Even though migration of

large particles is more pronounced at smaller relative

volume fractions of small particles, the selectivity of the

process will be lower as a result of the simultaneous

migration of small particles to the middle. Based on our
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Fig. 4 a Influence of velocity on concentration profile of 2.65 lm

particles. Velocities 8.3 lm/s (open triangle) and 20.8 lm/s (closed

triangle) for x/H is 4,800, uS/utot is 0.10, utot is 0.19. b Influence of

velocity on concentration profile of 2.65 lm particles. Velocities

8.3 lm/s (open triangle) and 20.8 lm/s (closed triangle) for x/H is

2,400, uS/utot is 0.50, utot is 0.19

z/2H (-)
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Fig. 5 Influence of total concentration on concentration profile for

2.65 lm particles. utot is 0.38 (open triangle), 0.19 (closed triangle)

and 0.09 (open square) for x/H is 4,800, v is 20.8 lm/s and us/utot is

0.04
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Fig. 6 Influence of relative volume fraction of small particles [0.50

(closed triangle) and 0.04 (open triangle)] on concentration profile of

2.65 lm particles, x/H is 4,800, v is 20.8 lm/s and utot is 0.38
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results, equal solid volume fractions of large and small

particles in combination with high total concentrations

(e.g. 38 %; Figs. 6, 7a) are most suited for fractionation

purposes.

A summary of the conditions and particle behaviour of

the small and large particles is shown in the schematic

overview in Fig. 9. For concentrations of 38 % (top right

graph) and equal solid volume fractions of small and large

particles the large particles migrate to the middle, while the

small ones are mainly present at the sides. The migration of

the large ones is hindered by the presence of the small ones

and therefore more entrance length is needed for the profile

to develop, which is not shown in the figure. As soon as the

relative solid volume fraction of the small ones decreases

(bottom right Figure), they migrate to the middle of the

channel, although this effect is rather small. At lower

concentration of particles (0.09 or 0.19; as depicted on the

left of the figure) the small particles show a flat concen-

tration profile irrespective of the volume fraction at which

they are present (0.004 up to 0.09), while migration of

large particles was always seen.

3.2 Predictions for membrane microfiltration

In this section, CSLM results are translated into predictions

for membrane filtration. The measured concentration profiles

are taken as a starting point, from which a certain amount of

the liquid is taken out through pores at fixed positions in the

wall (membrane). Permeate is taken from the liquid close to

the walls of the channel and the process is operated at a flux

of 1.0 9 10-5 m3 m-2 s-1, which corresponds to membrane

fluxes of 4.4 9 104 L h-1 m-2 bar-1 (see appendix for

detailed information on process conditions), due to the large

pores in the membrane. Typical industrial fluxes are 150 L

h-1 m-2 bar-1 with a maximum of 2,000 L h-1 m-2 bar-1

for short periods of time (Moraru and Ulrich Schrader 2009;

van Rijn 2004). It should be noted that with the membranes

used, fluxes can be 20 times higher than industrial fluxes

currently used and for longer periods of time.

When assuming that the liquid close to the wall will

form the permeate in a filtration experiment, the resulting

concentrations in permeate and retentate can be calculated

from the ratio between cross-flow velocity and permeate
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Fig. 7 a Concentration profile of 1.53 lm particles. Velocities

8.3 lm/s (open triangle) and 20.8 lm/s (closed triangle) for utot is

0.38, us/utot is 0.50 and x/H is 4,800. b Concentration profile of

1.53 lm particles. Velocities 8.3 lm/s (open triangle) and 20.8 lm/s

(closed triangle) for utot is 0.38, us/utot is 0.04 and x/H is 4,800

z/2H (-)
0.0 0.2 0.4 0.6 0.8 1.0

ϕ  
(-

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Fig. 8 Concentration profile of 1.53 lm particles at velocity of

8.3 lm/s, utot is 0.19, x/H is 2,400 and us/utot is 0.50
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Fig. 9 Schematic overview of concentration profiles of small (grey,

dashed lines) and large (black lines) particles for different conditions;

interpretation of the graphs is given in the last part of Sect. 3.1
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flux, as shown in Fig. 10 for a total concentration of 0.38,

and equal fractions of small and large particles. The con-

centration of small particles increases with 20.8 %, while

the concentration of large particles decreases with 17.3 %.

The selectivity (a(-)) of this process is defined in

Eq. 17, and is 1.47 for this specific example.

a ¼
uS;p

uL;p

�
uL;b

uS;b

ð17Þ

where uS,p, uL,p are the solid volume fractions of the small

particles in the permeate (-) and the large ones, respec-

tively, and uL,b, uS,b are the solid volume fractions of the

large particles in the bulk (-) and of the small ones,

respectively.

At low relative solid volume fraction of small particles

(0.04) and a concentration of 38 %, both concentrations of

particles decrease in the permeate (Fig. 11), which may lead

to options for overall concentration of particles. The con-

centration of the large and small particles decreases with 8.4

and 25.4 %, respectively, giving a selectivity of 1.25.

3.3 Proof of principle through membrane

microfiltration

The measured and predicted effects in microchannels are

now evaluated for application in (micro)filtration. A con-

centrated emulsion of 0.36 volume fraction and equal

fractions of 2.4 and 5.1 m (dL is 2.1�dS) droplets was fil-

tered in a cross-flow membrane set-up (uS/utot is 0.50). A

non-porous entrance section of 34.5 cm was installed

before the membrane (metallic sieve). The height of the

channel was 200 lm, the cross-flow velocity was 0.59 m/s,

and the transmembrane flux was 1.0910-5 m/s. The

velocity is chosen much higher than applied in the CSLM,

to decrease the time needed to collect a reasonable amount

of sample from the set-up. The set-up needs to be operated

at the indicated flux, and to prevent droplet accumulation

the velocity needs to be chosen as indicated. The channel

height was 200 lm to prevent severe pressure drops, and

the membrane had pores of 20 lm, being 3.7 times larger

than the diameter of the large droplets.

Even though conditions are slightly different from the

CSLM experiments, inertial lift and Brownian diffusion

can still be neglected, i.e. maximum Rep is 0.01 (Eq. 15)

and PeBrown is smaller than 10-5 (Eq. 8). When assuming

monodisperse samples, the time scale for convection is also

longer than the time scale for shear-induced diffusion

(Peshear \ 1, Eq. 11), although this requirement is not met

for the 2.4 lm droplets in the second experiment with 0.27

oil volume fraction.

In Fig. 12, the droplet size distribution (volume%) of the

bulk and the permeate are shown (there was no change in

size distribution as function of time in any of the membrane

experiments, indicating that no droplet accumulation takes

place). A clear shift towards smaller droplets in the per-

meate is seen. The actual increase in small droplets is

around 30 % and the decrease of large droplets in the

permeate is 29 %, which leads to a change in ratio small to

large of 1.78 in the permeate (in the bulk this ratio is 1.03).

The values found here are slightly better than found in the

CSLM experiment (selectivity 1.47). This is very likely

related to an additional skimming effect of large and small

droplets above the pores of the membrane, which has also

been observed for less concentrated suspensions in earlier

work with the same membranes/sieves (van Dinther et al.

2011). The experiment here clearly shows that ‘pre-frac-

tionation’ in the non-porous entrance section was achieved,

as separation of such concentrated emulsions of 36 %

would otherwise not be possible.

A second experiment was performed to maximise the

effects and for this an emulsion of 0.27 volume fraction

and droplets of 2.4 and 5.4 lm (dL is 2.2�dS) were filtered

in a cross-flow membrane set-up (uS/utot is 0.89). The

transmembrane flux was 9.4 9 10-6 m/s. The other
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Fig. 10 Calculated volume fraction in the bulk (black), the permeate

(light grey) and the retentate (dark grey) for two different particles’

diameters. Velocity is 20.8 m/s, uS/utot is 0.50 and utot is 0.38
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(light grey) and the retentate (dark grey) for 1.53 lm particles.

Velocity is 20.8 m/s, uS/utot is 0.04 and utot is 0.38
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conditions were as described before. In Fig. 13, the droplet

size distribution (volume percentage) of the bulk and the

permeate are shown, and in this case droplets [4 lm did

not end up in the permeate, and the number of small

droplets in the permeate increased with 12 %. Since the

flux is constant in time, it is clear that the observed effects

can be attributed to droplet migration and not to droplet

accumulation, which may lead to a very sharp size segre-

gation as indicated in Fig. 13.

The difference between Figs. 12 and 13 is probably

caused by the difference in uS/utot ratio. When the ratio is

close to 0.50 (Fig. 12), large droplets migrate to the middle

and small ones are present in higher concentrations at the

walls; segregation is taking place. However, migration is

not strong and therefore the selectivity of the process is not

very high. When the fraction of small droplets is increased

to uS/utot is 0.89 (Fig. 13), the large droplets migrate

sufficiently away from the wall. The small droplets are not

really migrating; a similar trend was also observed in the

article of Lyon and Leal (1998b). However, more impor-

tantly, the increase in small droplet concentration in the

permeate may only be 12 %, but the permeate is free of

large droplets, leading to very high selectivity. This strik-

ing example signifies the importance of knowledge on

droplet migration for design of membrane fractionation

processes.

The observed effects are a result of the droplet migration

occurring in the non-porous entrance section of the chan-

nel. If this non-porous entrance section is reduced, the

migration of the droplets and therewith the selectivity of

the process strongly reduces. Figure 14a shows the results

for an emulsion filtered with 34.5 cm non-porous entrance

length, while Fig. 14b shows the results for an emulsion

filtered with 6.0 cm non-porous entrance length; for the

same process conditions.

In summary, the experimental results show that micro-

filtration can benefit from flow-induced fractionation, when

operated under appropriate process conditions. The major

advantage of such approach is that separation can be
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Fig. 12 Droplet size distribution for bulk (solid line) and the

permeate (dashed line). Bulk consists of 2.4 and 5.1 lm droplets.

utot is 0.36, uS/utot is 0.50, v is 0.59 m/s, flux is 1.0 9 10-5 m/s
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Fig. 13 Droplet size distribution for bulk (solid line) and the

permeate (dashed line). Bulk consists of 2.4 and 5.4 lm droplets.

utot is 0.27, uS/utot is 0.89, v is 0.59 m/s, flux is 9.4 9 10-6 m/s
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Fig. 14 a Droplet size distribution for bulk (solid line) and the

permeate (dashed line). Bulk consists of 2.0 and 5.6 lm droplets. utot

is 0.35, uS/utot is 0.81, v is 0.3 m/s, flux is 4.8 9 10-6 m/s. Non-

porous entrance length is 34.5 cm. b Droplet size distribution for bulk

(solid line) and the permeate (dashed line). Bulk consists of 2.1 and

5.5 lm droplets. utot is 0.35, uS/utot is 0.79, v is 0.3 m/s, flux is

4.8 9 10-6 m/s. Non-porous entrance length is 6.0 cm
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achieved while avoiding process deterioration due to

membrane fouling. Since the pore size is no longer the

determining factor for separation, the pore size can be

chosen at will, while allowing high fluxes up to

1.7 9 103 L h-1 m-2 bar-1 and no flux reduction in time.

Industrial fluxes of this order of magnitude can currently

only be maintained for very short periods of time (Moraru

and Ulrich Schrader 2009; van Rijn 2004). Operation was

at slightly higher transmembrane pressures than predicted

in Sect. 3.2 and therefore the flux is slightly lower than

mentioned in Sect. 3.2.

The shear-induced diffusion mechanism can be most

efficiently used at high concentrations, i.e., the processes

may be relatively compact, while the conditions are very

mild (laminar flow). The CSLM measurements, while not

in quantitative agreement with the filtration results, show

that shear-induced migration in these concentrated emul-

sions is probably the underlying mechanism.

It is expected that fractionation can be further optimised

when the permeate flux and channel height of the module

are decreased, thereby increasing shear-induced diffusion

and making optimal use of the separation close to the wall.

This may be a challenge for membrane module manufac-

turers, but obviously the rewards can be great.

4 Conclusions

The new approach presented here for microfiltration uses

shear-induced migration of micron sized particles in

microchannels to facilitate fractionation. Particles migrated

well within the first 0.1 m of the rectangular microchannel

with nonporous walls used in CSLM analysis. The

concentration profiles were measured as function of the

particle volume fractions (profiles are more pronounced at

higher concentration) and ratio between large and small

particles. When the solid volume fractions of small and

large particles (1.53 and 2.65 lm in diameter, respectively)

were equal at a total concentration of around 40 %, large

particles migrated to the middle of the channel, while

smaller ones moved closer to the wall.

This was experimentally verified for emulsions of 36

and 27 %, leading to significant selectivity, and in one case

even exclusion of large droplets from the permeate. The

processes were carried out at fluxes of up to 1.7 9 103 L

h-1 m-2 bar-1 and no flux reduction took place in time,

indicating no droplet deposition during operation. To make

optimal use of droplet migration, the membrane module

should start with a microchannel with nonporous walls

where droplets have time to migrate, followed by a sepa-

ration area where the permeate is collected, and this should

be feasible to implement in practice.
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Appendix

J ¼ DP

gRm

ð18Þ

where J is the permeate flux (m3 m-2 s-1), DP is the

transmembrane pressure (Pa), g is the viscosity (Pa s) and

Rm the membrane resistance (m-1) (Table 2)
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