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Abstract

A theoretical diffusivity equation was proposed by Einstein [A. Einstein, Investigations of the Theory of the Brownian Movement, Dovel
Publication Inc., New York, 1956]; thermodynamic and drag (i.e., resistance or mobility relation) forces were compared at equilibrium. TF
diffusivity relationship, the ratio of the thermodynamic and drag forces, was combined with steady-state convection and diffusion equations
finally give a relationship between the retention times from flow field-flow fractionation (fl-FFF) and the diffusivity of a particle. An asymmetric
fl-FFF system equipped with a regenerated cellulose membrane with molecular weight cutoff of 1000 and a micro channel employing both lami
channel and cross flows, was used to obtain chromatograms, using UV detection. A wide range of nano-colloids and micro-particles were meas
with respect to their effective sizes and diffusivities. The classical FFF theory was incorporated with two different diffusion estimatios:relatio
the Brownian and shear-induced diffusivities. It was found that the fl-FFF system provided similar and much lower sizes compared to absol
sizes provided by the manufacturer, for the smaller colloids (30, 60 nm), and the larger nano-colloids (90 nm and 0.2, 0.3, 0.43mr@h0.5
micro-particles (0.5, 0.701, 0.993, 2, 3.1, andrB), respectively. This was due to the larger nano-colloids and micro-particles being influenced
by both the Brownian (the normal FFF mode) and shear-induced (the hyperlayer FFF mode) diffusions under the channel laminar and cros
flows condition within the micro channel of the fl-FFF system, which provided effective colloids and patrticles sizes. For all the nano-colloid
and micro-patrticles, the fl-FFF system was able to determine the effective diffusion coefficients, irrespective of their size. For the meesp-particl
the dimensionless diffusion coefficient was suggested to depend on the particle size, rather than that obtained by different methods suggest
previous works [E.C. Eckstein, D.G. Bailey, A.H. Shapiro, Self-diffusion of particles in shear flow of a suspension, J. Fluid Mech. 79 (Part !
(1977) 191-208; D. Leighton, A. Acrivos, Measurement of shear-induced self-diffusion in concentrated suspensions of spheres, J. Fluid Me
177 (1987) 109-131].
© 2005 Elsevier B.V. All rights reserved.
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1. Background and related theories ticles (or colloids) with a higher diffusivity should have a lesser
S _ _ ~ propensity for cake fouling. The only problem now remaining is
Diffusion is one of the most important factors influencing how to determine the diffusivity of either particles or colloids:
particles (including colloids) transport, including cake formationij.e., Brownian[1] versus shear-induced offi0,3,4] Wiesner
and transmission through membrane pores. Itis obvious that pagnd Chellam{5] also pointed out that the diffusivity of parti-
cles is a function of the particle size and has a minimum value
* Corresponding author. Tel.: +82 62 970 2443; fax: +82 62 970 2434. around_O.hm; l.e., forparticle SI_Ze raqges_lqwe_r and hlgher'Fhan
E-mail address: jwcho@gist.ac.kr (3. Cho). approximately 0.um, the particle diffusivity increases with
1 Tel.: +82 61 790 9395; fax: 82 61 790 8801. decreasing size, but increases with increasing Brownian and
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shear-induced diffusivities, respectively. Attempts have been Equating Eqs(1l) and(2) gives Eq.(3), which can estimate
made to experimentally measure the shear-induced diffusivitthe diffusivity (or size) of patrticles, as follows:
using a rheometer equipped with a couette defd¢¥. Accord- 0

ing to these works, the shear-induced diffusion coefficient wag — solution of Eq. (2)= VD (3)
expressed by the equatiom, = D'ya? (here,D is the diffu- Vew?

sion coefficient,D’ the dimensionless diffusion coefficient,  Here the diffusivity can be substituted in two ways: either Brow-
the Sheal’ I’ate, andthe pal’ticle radiUS). When micro-sized par— nian d|ffus|v|ty (Eqs(4) and(s)) [1] or shear-induced d|ffus|v|ty

ticles (with diameter higher than approximately 400) were  (Eqs.(6) and(7)) [3,10,4]
used, the dimensionless diffusion coefficient was described as a

function of the particle concentration, which ranged from 0.01top — KT (4)
0.05 for diluted particle suspension. However, the shear-induced ~ 67ua
diffusivity of smaller particles (i.e., 0.548m) may notbe easy to
measure using the methods employing a couette device and opii-= solution of Eq. (2)=
cal detection. Both the Brownian and shear-induced diffusivities
of particles and colloids can be measured using the normal arfdr particles sizes of less than approximately ©m, accord-
hyperlayer flow filed-flow fractionation (fl-FFF) modes, which ing to [5]. Herek is the Boltzmann'’s constant, the absolute
employs two crossing flows (channel laminar and cross flows), &emperaturey the viscosity of fluid, and is the particle radius.
micro channel, and an accumulation membranef@adl. Dulog When shear-induced diffusivity (E@6)) is inserted in Eq.
and Schauer (199€§] identified transition of particle size, (3), Eq.(7) can be derived
a boundary between the normal (Brownian dominant region) .9
and the hyperlayer (shear-induced diffusion dominant region)D =D'ya (6)
modes, having a minimum diffusivity determined using both 0
symmetric and asymmetric flow FFF: Quén and 1.2-1.3um A = solution of Eq. (2)= Vow?
from symmetric and asymmetric flow FFF, respectively. Silica ¢
particles governed by the hyperlayer mode of flow FFF were rigHereD’ andy are the dimensionless diffusion coefficient and the
orously investigated with different size calculating methods anghear rate, respectively, with= 3Q/2BHZ, whereQ, B, and
fractionating analysi§8]. The schematic of the fl-FFF system Ho are the channel flow rate, the channel width, and the channel
is described irFig. 1 half height, respectiveliA].

Theories for the fl-FFF system, in terms of the reten- EQs.(5) and(7) can be used to estimate the diffusivit)(
tion parameterX), channel geometries (channel thickness and dimensionless diffusion coefficied§ for particles domi-
(=250pm), channel volumé/®), volumetric rate of crossflow nantly influenced by the Brownian and shear-induced diffusion,
(Ve), peak times ratioK) and particle diffusivity ), can be  respectively.
described as followf®,7]:

VO kT
Vew? 6pa

(5)

D'ya® 7

2. Hypotheses

VoD
= Vew? @ Itis hypothesized that the diffusivities of particles or colloids
with different sizes under different conditions can be determined
1 using the fl-FFF system when the same flowing conditions are
R =62 {coth (2}») - 2)‘] @ employed; i.e., the same flowing conditions are applied with the

fl-FFF system but particles with different sizes are hypothesized
whereR = 1o/t andtg andz, represent the retention times of the to behave differently, which provides their different diffusivities.
unretained (void) and retained peaks, respectively, obtained froimilar to the notion suggested Ijy], it is also hypothesized
the FFF system, using UV detection at 254 nm. that there is a boundary particle size that imparts a minimum
diffusivity.

Diffuse force 3. Materials and methods
(%% An asymmetric fl-FFF system (HRFFF 10.000 Series, Post-
nova, Germany) equipped with a regenerated cellulose mem-
6& brane with molecular weight cutoff of 1000 (in standard molec-
ular mass units) (Postnova, Art No. Z-MEM-AQU-005), and a
micro-channel employing both laminar channel and cross flows
Fig. 1. Schematic of FFF system; there are two flows inside the micro channe(11.5 and 0.1 mL/min, respectively), was used to obtain chro-
of FFF, the firstis channel laminar flow (direction to the right), and the second ismatograms, using UV detection at 254 nm. An amount of 0.01%

crossflow (downward direction). Larger particle is more affected by the crossflo . . . . .
rather than smaller particle thus accumulated near the accumulation wall, wh\iﬁlie:L'70 (mlxed with anionic and neutral SurfaCtamS) (FISher Sci-

smaller particles can be toward the center of the channel and reach the exit moRdtific, New Jersey, US) and 0.1 mM NaMere used as the
earlier. UV detector is placed at the right end side. eluent. The wide range of colloids and particles used were

Crossflow force

Accumulation Wall (=membrane)
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