
} }< <

SedimentationrrrrrSteric Field-Flow Fractionation: A Powerful Technique
for Obtaining Particle Size Distribution
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Abstract: This review provides a brief overview of particle size characterization by
Ž .Sedimentationr Steric Field-Flow Fractionation SdrSt FFF and discusses the

retention in steric FFF, the recent findings on hydrodynamic lift forces, and the
density compensation calibration procedure for obtaining size distribution of
supramicron-sized particles. A number of applications to the determination of
particle size distribution are discussed with some practical considerations such as
steric inversion diameter, size selectivity, and selection of an optimum calibration
run condition. Q 1997 John Wiley & Sons, Inc. J Micro Sep 9: 565]570, 1997
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INTRODUCTION
Sedimentationr steric field-flow fractionation

Ž .SdrStFFF has been developed into a high-speed
and powerful technique for the separation and size
determination of particulate materials in the size

w xrange 0.3 to ; 100 mm 1]6 . Like other FFF
techniques, separation in SdrStFFF is carried out in
a thin flow channel under an applied field directing
perpendicular to the channel flow. The type of force
applied to the particles in sedimentation FFF
Ž .SdFFF is a centrifugal acceleration generated by
rotating the circular channel. The external field
drives particles to move toward the outer wall. In

Ž .the normal mode of SdFFF Figure 1a particles
tend to diffuse away from the wall against the exter-
nal field, and eventually form an equilibrium layer
adjacent to the outer wall. The retention mechanism
in the normal operating mode of SdFFF is well

w xunderstood 6]15 , and therefore, sedimen-
tationrnormal FFF provides accurate particle size
and size distributions from the experimental frac-

w xtogram by theory 9, 10 .
ŽAs the particle size increases usually over 1 mm

.in diameter , the diffusion becomes insignificant,
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and particles move all the way to the outer wall by
the external field. Thus, the protrusion of particles
out into the flowstream is determined by the particle

w xsize itself rather than Brownian motion 5, 6 . In this
case, particle size is the determining factor in the
migration velocity of the particle down the channel.
Larger particles experience faster flow streams, and
thus elute earlier than small ones, resulting in an

w xelution order opposite that of the normal FFF 16 ,
as shown in Figure 1b.

In simple steric FFF theory, particles migrate
along the channel in physical contact with the accu-
mulation wall under the applied field force. As parti-
cles are forced to move close to the accumulation
wall of the channel by the external field, they start

Žexperiencing opposing forces hydrodynamic lift
. w xforces acting against the field force 17]21 . Even-

tually particles reach an equilibrium position at an
elevated distance from the accumulation wall where

Ž .these two opposing forces are balanced Figure 1b .
Thus, particles migrate faster than would be ex-
pected by simple steric FFF theory. Although hydro-
dynamic lift forces have been vastly studied, their
theory has not been clearly revealed yet, owing to
the complicated nature of the lift phenomena. A
calibration is therefore needed to obtain the particle
diameter using SdrStFFF.

In memory of the late Professor J. Calvin Gid-
dings, this short review discusses some recent find-
ings on SdrStFFF. Development of the density com-
pensation calibration and its application to the de-
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Figure 1. Schematic ¨iew of particle positions and
( )differential particle displacement in a normal FFF

( )and b steric FFF under sedimentation force F .G

termination of particle size distribution of various
supramicron-sized particulate materials are de-
scribed. Practical aspects in using the density com-
pensation calibration method along with some ex-
perimental guidelines are also discussed.

STERIC FFF AND HYDRODYNAMIC
LIFT FORCES

The retention mechanism of particles in steric
FFF is not fully understood using simple theory,
because of the complicated role of the hydrody-
namic lift forces. However, earlier studies suggest
that the retention ratio, the ratio of channel void

0 w xtime t to retention time t of a particle 6 , in stericr
FFF can be expressed as

t 0 3g d
Ž .R s s 1

t wr

where d is the particle diameter, w is the channel
thickness, and g is the steric correction factor origi-
nated from the interplay of lift phenomena. The
correction factor has been found to increase with
the channel flow velocity, and to decrease with an
increase of the field strength and particle diameter
w x22 . According to Equation 1, it is shown that pre-
diction of particle retention in steric FFF requires a
clear understanding of the correction factor, g . Ef-
forts to elucidate the retention mechanism in steric
FFF focus on the investigation of the lift phenomena
observed for particles under the sedimentation force.

In SdrStFFF, a particle of diameter d experi-
w xences the sedimentation force, F , 6 asG

1
3 Ž .F s p d GD r 2G 6

where G is the centrifugal acceleration as the prod-
uct of channel radius and square of rotation rate
Ž 2 .G s radius = rpm and D r is the density differ-
ence between the particle and the carrier liquid.
Under the influence of the sedimentation force, a
particle is driven toward the accumulation wall. At
the same time, the particle is forced to move away
from the accumulation wall in a direction opposite
to the sedimentation force. The final position is
where the sedimentation force F exerting on aG
particle exactly counterbalances the lift force FL
w x18, 19 .

Systematic approaches have been made to char-
acterize the hydrodynamic lift forces to better un-
derstand the retention behavior in SdrStFFF. Re-

w xcent studies 5, 18]21 have shown that the lift forces
may be composed of two different contributors: lift
force due to the fluid inertial effect and lift force by
a near-wall effect. By measuring retention times of
well-characterized latex beads 2]50 mm in diameter,
and then by equating the field-induced force to the
lift force, an empirical lift force equation was ob-

w xtained 18 . Lift force by the near-wall contribution
was experimentally found to be a function of particle
radius a, the distance of the particle from the wall,
fluid shear rate s , and the fluid viscosity h as0

a3hs0 Ž .F s C 3L w d

where d is the distance of the particle’s bottom from
the wall represented in Figure 1b, and C is a dimen-
sionless coefficient. The subscript w in F wasL w

added to indicate that Equation 3 is the near-wall
contribution to lift force. Under a fixed experimen-
tal condition, the lift forces increase with increasing
particle size.

Similar efforts were made using lower external
field strengths to characterize the lift forces at dis-
tance from the wall, the fluid inertial contribution of

w xlift forces 19 . Observed inertial lift forces were in
reasonable agreement with values predicted by the
inertial lift force theory expressed by

² :2 4¨ a r
Ž . Ž .F s 13.5p g xrw 4L 2i w

² :where ¨ is the mean carrier flow velocity, r car-
Ž .rier fluid density, w channel thickness, and g xrw
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Ž . w xis a function of function of xrw 5 . The subscript i
in F was added to indicate that Equation 4 is theLi

inertial contribution to lift force. Since the lift force
is considered to be the sum of fluid inertial and
near-wall contributions, a general expression of lift
force is obtained by combining Equations 3 and 4
w x19

3 ² :2 4a hs ¨ a r0 Ž . Ž .F s C q 13.5p g xrw 5L 2d w

The first term is the near-wall contribution, and the
second term is the inertial contribution to the lift
force. When particles are near the channel wall, the
first term dominates, and when particles are at dis-
tance from the wall, the second term dominates.

As briefly explained thus far, much progress has
been made to better understand lift forces and their
influence on the retention of particles in SdrStFFF.
However, it is not still clear in theory and further
studies are needed to account for the unknown
characteristics involved in particle migration. A com-
plete understanding of the lift force will lead to a
development of theory that explains the relation-
ship between particle size and retention time in
SdrStFFF. It will also allow an accurate prediction
of retention time for a known particle size or an
accurate determination of particle size from the
retention time without the need of calibration as in
normal mode of SdFFF. Until then, calibration is
still required in SdrStFFF, and a proper calibration

w xmethod 2 must be understood.

STERIC CALIBRATION PROCEDURE AND
PARTICLE SIZE DISTRIBUTION

In SdrStFFF, particles injected into rotating
channel experience a sedimentation force which is
dependent on particle size, centrifugal acceleration,
and the density difference according to Equation 1.
Thus, particles of different kinds will experience
different field forces from their difference in densi-
ties. This makes it difficult to use a simple dia-
meter-based calibration method if the density of
standards is different from that of sample materials.
Here, a proper calibration method needs to be used
to incorporate the effect of field forces according to
the difference in their densities.

The approach to a needed calibration in
SdrStFFF is started with a density compensation

w xprinciple 2 in which particles of an identical diame-
ter but different densities can be eluted at the same
retention time by adjusting field strengths in such a
way as to compensate the density difference be-
tween the particles. This idea was practically applied
to the size calculation of glass beads with polystyrene

latex particles as a calibration standard and the
results were confirmed by microscopic examination
of narrow particle fractions collected at the end of

w xan FFF run 2 .
The underlying principle is based on the follow-

ing relationship of particle diameter and effective
field forces. If the product GD r in Equation 2 can
be kept constant for two different kinds of particles
of an identical diameter, they will experience the
same effective force, and thus occupy an equivalent
equilibrium position against the bottom wall and

w xelute at the same retention time 2, 6 . This can be
done by adjusting the field strength of a sample run
inversely proportional to the change in density dif-
ference. Practically, the isoretention of two different
kinds of particles can be obtained by running an

Žunknown sample at an adjusted rotation rate or
.field strength , which is calculated from the estab-

lished run condition of a standard calibration as

1r2
D rstdŽ . Ž . Ž .rpm s rpm 6sample std½ 5D rsample

Ž .where rpm represents the rotation rate of ansample
Ž .unknown sample run, rpm is the standard run,std

D r is the density difference between the stan-std
dards and carrier liquid, and D r is the differ-sample
ence between the sample and carrier. By means of a
carefully chosen adjustment in field strength or rpm
using the density compensation principle, it is possi-
ble to use any convenient particle standard regard-
less of the density.

This procedure requires a calibration run using
Ža series of standards normally done with polystyrene

.latex standards , which takes only a few minutes.
From the observed retention time data of a series of
standard particles, a plot of log t retention time,r
versus Log d can be established, and this plot nor-
mally yields a straight line. This relationship, which
is well understood using the concept of selectivity
w x2 , is expressed by

Ž .log t s yS log d q log t 7r d r1

where S is diameter-based selectivity, which is typi-d
w xcally around 0.7]0.8 2, 23 , and t is a constantr1

equal to the extrapolated value of retention time for
particles of unit diameter. By using the calibration
parameters S and t , particle size distribution,d r1
Ž .m d , which expresses the relative mass, m, of par-

ticulate matter in a given diameter scale, can be
obtained as

Ž .S q1 rSd ddt tr r˙ ˙Ž . Ž . Ž . Ž .m d s c t V s c t VS t 8r r d r1 ž /dd tr1
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Ž .where c t is the fractogram signal at retention timer
˙t and V is the flow rate through the channel. Tor

resolve the unknown sample particles into their full
size range in SdrStFFF, selection of an appropriate
field strength for the calibration run is very impor-
tant for the successful fractionation of the sample of
a broad size distribution. In practice, it is desirable
to scan sample particles first from a low field strength
to a higher level. This will minimize the possibility of
contaminating the channel by sample adhesion at
the channel wall. Then one can establish a calibra-
tion run condition whose field strength is equivalent
to that of the sample run using Equation 6 in the
opposite way.

APPLICATION OF SdrrrrrStFFF FOR PARTICLE
SIZE DISTRIBUTION

After the initial evaluation of the density com-
pensation calibration method in SdrStFFF with the

w xNIST glass bead standards 2 , various particulate
materials were applied to this technique for charac-
terization of the particle size distribution. Porous
silica particles used as chromatographic supports
were studied to obtain porosity and density distribu-
tion as well as particle size distribution by SdrStFFF
w x23 . A novel approach was made to separate submi-
cron metal particles in steric FFF by using gold,

w xsilver, copper, and palladium 4, 6 . Since these parti-
cles have large densities, they will experience a
relatively high force in a sedimentation FFF chan-
nel, according to Equation 2. In this case, steric
transition diameter d was extended into a low sub-i
micrometer size by applying a high field strength

w xand flow rate. An empirical equation 4 for calculat-

ing steric transition diameter was developed using
basic FFF theory jointed with calibration parameters
as

Ž .1r S q3d108kTtr1 Ž .d s 9i 0ž /p GD r wt Sd

where kT is the thermal energy. Equation 9 indi-
cates that the steric transition diameter can be low-
ered by increasing the product GD r at a given flow
rate. In the case of gold particles with a density of
19.2 grmL, the steric transition diameter d wasi
greatly reduced to ; 0.2 mm, which was predicted
by Equation 9 and confirmed by electron mi-
croscopy. To offset the increased retention caused
by a strong field, channel thickness and breadth
were reduced to half the conventional channel di-

Ž .mension breadth b s 2 cm, w s 254 mm , and a
Ž .very high flow rate 24 mLrmin was used. A series

of calibration run conditions with the calculated di
are listed in Table I, including the case of gold
particles in condition a. Table I shows the variation
of steric inversion points according to the run condi-
tions selected for calibration. This will be discussed
later.

SedimentationrSteric FFF also demonstrated its
capability in the size characterization of a series of

w xstarch granules 24 such as wheat, corn, and oats, in
Ž .a relatively high speed within 5 min of an FFF run .

Starch granule size distribution is a contributing
factor in the quality of industrial starch products
used in adhesives, food, and the paper industries,
but their size determination has generally been car-

Table I. Experimental conditions used for calibration and predicted steric in¨ersion diameters.a

y4 dV̇ GD r = 10 t dr1 i
2 2 b cŽ . Ž . Ž . Ž .rpm mLrmin grs cm S min cc mmd

a 1120 24.0 378.0 0.795 4.19 0.995 0.21
b 421 29.4 23.19 0.686 1.94 0.991 0.39
c 2300 29.4 4.380 1.062 1.51 0.996 0.60
d 2200 14.5 4.007 0.704 3.56 0.998 0.59
e 1940 15.0 3.116 0.802 4.27 0.998 0.65
f 1800 8.3 2.683 0.781 8.11 0.999 0.69
g 1800 12.8 2.683 0.829 5.81 0.999 0.70
h 1500 6.0 1.863 0.729 8.13 1.000 0.71
i 1400 6.15 1.623 0.727 7.70 1.000 0.73
j 1100 6.0 1.002 0.729 7.43 1.000 0.82
k 1100 10.0 1.002 0.852 5.35 0.997 0.83

a Ž 3. Ž 3.The calibrants used are polystyrene latex standards r s 1.05 grcm except for following runs: a gold r s 19.2 grcm
Ž 3.and b copper particles r s 8.9 grcm . Channel dimension used is 90 = 1 = 0.0127 cm.

b Ž .Interpolated retention time of unit diameter mm .
cCorrelation coefficient of the regression.
dCalculated based on Equation 9.
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ried out by microscopy or an image analysis tech-
nique, which require laborious work and high cost,
respectively. Compared to these techniques, Sdr
StFFF provided particle size distributions as well as
number distributions of various starch granules in a
simple and accurate way. Size characterization of a
series of starch granules was accomplished in a
channel of the reduced dimension described above.
More applications were made to various particle

w xsamples such as alumina, low-porosity PVC latex 3 ,
w xquartz 25 etc. Among these particles, quartz sam-

Ž .ples BCR standards 67 and 70 were nonspherical.
Since the density calibration principle is valid for
spherical particles, it was difficult to obtain accurate
size distributions for particles of irregular shape.
Owing to the complicated role of hydrodynamic lift
forces on nonspherical particles, the calculated par-
ticle diameter from a typical PS calibration was less
than the equivalent spherical diameter of a relatively
flat quartz particle. The entire size distribution of
quartz particles obtained by SdrStFFF appeared to
shift to a large-diameter scale compared to the certi-
fied data provided by BCR. These features were
attributed to the elevated migration of nonspherical
particles, which leads to early elution in SdrStFFF
owing to the unknown factors in lift forces. An
empirical approximation to correct the apparent size
distribution was made to obtain a correction factor

w xof 2.7 for the relatively flat quartz samples 25 .
Similar observations in retention perturbation were
obtained with cylindrical particles such as glass rods
and disc-shaped PS particles, but were reported with
different correction factors for accurate particle
sizes. An essential part in understanding these unex-
pected phenomena for nonspherical particles is a
well-characterized model for hydrodynamic lift forces
which need to be further evaluated.

PRACTICAL CONSIDERATIONS IN THE
CALIBRATION PROCESS

The calibration curve, expressed as log t versusr
Log d in Equation 7, is found to be approximately
linear over a substantial diameter range for typical
polystyrene latex standards. When the calibration
curve extends into the range of smaller particles, it

w xtends to bend down toward shorter retention 2 .
This is due to the increasing role of Brownian mo-

Ž .tion as particle size becomes smaller - 3 mm .
Below this size, particles elute earlier than is ex-
pected from the linear calibration curve. Eventually
the calibration curve passes a steric inversion point,
the transition diameter between steric and normal
mode operation typically around 1 mm. As explained
earlier, the steric transition diameter can be lowered
by applying a high field strength and flow rate in

SdrStFFF. Some of the experimental conditions of
calibration runs are listed in Table I obtained by

Ž .using the reduced channel b s 1 cm, w s 127 mm .
The run conditions in Table I are listed in increasing
order of steric inversion diameter, calculated by
Equation 9. The calibrating materials used are mostly

Ž .polystyrene latex standards except a with gold and
Ž .b with copper particles. For the run conditions
c]e, steric transition diameter can be substantially
reduced to 0.6 mm by simultaneously applying a high
field strength and high flow rate. The size limit that
can be completely resolved by listed run conditions
f]k is approximately up to 30]40 mm for 2 mm.

On the other end of calibration curve extending
into the large-diameter range, the calibration curve

w xstarts bending up toward longer retention 26 . When
the particle size approaches a substantial fraction of
the thickness of an FFF channel, the linear calibra-
tion is found to be applicable only for drw ratios at
most 0.3. Since there is a physical limitation of
particle sizes that can be accommodated in a given
channel, one needs to consider the maximum parti-
cle size that can be used for the purpose of calibra-
tion. Retention time is observed to depart from
linearity in a calibration curve as particle size be-
comes larger. In case of a reduced channel, linearity
has been shown to be valid for particles up to
30 mm. This is due to the lag effect of large parti-
cles, related to the channel thickness. When the
calibration is obtained by using a regular channel

Ž .thickness w s 254 mm , the departure from linear-
ity is found to extend as large as 60 mm, except for
the slight deviation from the linearity. Although
there are size limitations in the linearity of calibra-
tion curve, it does not rule out the possibility of
calibration, and much larger particles up to a drw
ratio approaching 0.5 could still be separated. How-
ever, under severe run conditions such as a high
field strength with a low flow rate, it has been

Ž .reported that large particles i.e., d s 60 mm cause
a peak distortion and sample loss in the reduced

w xchannel 26 .
Another important point is the slope of the

calibration curve, the diameter-based selectivity, S ,d
which has been found to be 0.7]0.8 as described
earlier. For a considerable range of field strengths,
the calibration curves are found to be nearly parallel

w xto each other for some fixed flow rate 2, 23, 26 . The
slope of calibration curve, and hence S , tends tod
increase when the spin rate is relatively low com-
pared to the flow velocity employed for separation.
For instance, the slope of calibration curve is found
to be maintained about 0.7]0.8 between 800 and

˙Ž .1900 rpm at a typical flow rate V s 6.0 mLrmin
w xused in earlier works 23, 24, 26 . When the spin rate
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is lowered to 600 rpm at the same flow rate, the
slope S appears to be as large as 0.92. However, atd
a higher flow rate of 10 mLrmin, the abnormal

w xincrease in the slope appears up to 1100 rpm 27 .
This is due to the early elution of large particles
with regard to the hyperlayer operation as in flow
FFF. In this case, the increase in selectivity does not
accompany the substantial increase in the separation
efficiency, since resolution in the separation of large
particles is poorer than in typical calibration runs. It
should be noted that the flow rate influences the
optimum range of field strength which maintains the
parallel relationship, and therefore constant S .d

While the theory and empirical confirmation of
calibration procedure in SdrStFFF have been de-
scribed in earlier publications, an optimum calibra-
tion run is often difficult to select in practice, be-
cause particulate materials in nature are so diverse
in size range and shape. The calibration procedure
described in this review is strictly applicable only to
spherical particles. The effect of particle shape on
retention in SdrStFFF is not clearly understood,
because the role of the hydrodynamic lift forces
acting on irregularly shaped particles is somewhat
more complicated than for spherical particles. The
known phenomenon of these particles thus far is
that irregular particles migrate at higher positions
above the wall than would be expected according to
the apparent size, and the degree of shift in reten-
tion is also dependent on the shape. However, for
particles of nearly spherical or blocky shape, this
deviation is not as serious as in a plate and rod
shape, but results in a slight uncertainty in the
particle size distribution obtained. A proper method-
ology must be established to incorporate all of these
factors, including the sliding or tumbling motion of
irregular particles that can be expected in lamina
flowstreams of an FFF channel.
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