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The separation efficiencies of three different asymmetrical flow field-flow fractionation (AF4) channel
designs were evaluated using polystyrene latex standards. Channel breadth was held constant for one
channel (rectangular profile), and was reduced either linearly (trapezoidal profile) or exponentially (expo-
nential profile) along the length for the other two. The effective void volumes of the three channel types
were designed to be equivalent. Theoretically, under certain flow conditions, the mean channel flow
velocity of the exponential channel could be arranged to remain constant along the channel length,
symmetrical flow field-flow fractionation
AF4)
FF
xponential channel
niform flow velocity
article separation

thereby improving separation in AF4. Particle separation obtained with the exponential channel was
compared with particle separation obtained with the trapezoidal and rectangular channels. We demon-
strated that at a certain flow rate condition (outflow/inflow rate = 0.2), the exponential channel design
indeed provided better performance with respect to the separation of polystyrene nanoparticles in terms
of reducing band broadening. While the trapezoidal channel exhibited a little poorer performance than
the exponential, the strongly decreasing mean flow velocity in the rectangular channel resulted in serious

in re
band broadening, a delay

. Introduction

Flow field-flow fractionation (F4) is a separation technique used
or size fractionation of macromolecular species such as proteins,
queous polymers, nanoparticles, cells, subcellular species, and
embrane proteins, among others [1–7]. Separation in F4 is gener-

lly performed in a thin channel with a rectangular cross section by
treaming a carrier liquid along the longitudinal channel axis while
secondary flow stream moves across the channel in a direction
erpendicular to the channel axis. When this transverse flow or
o-called crossflow is applied, sample components in the F4 chan-
el are driven toward one wall of the channel; simultaneously,
ample material is elevated from the wall by diffusion and/or by
ydrodynamic lift forces. This results in vertical distribution of the
ample due to the steady-state distribution near the channel wall,
n which smaller particles with higher diffusion are less constrained
y the crossflow force than are larger particles. The carrier liquid
as a parabolic flow profile along the length of the thin channel,

nd smaller species therefore migrate at a higher average velocity
han do larger ones. Separation is thereby achieved according to
ifferences in hydrodynamic diameter.

∗ Corresponding author. Tel.: +82 2 2123 5634; fax: +82 2 364 7050.
E-mail address: mhmoon@yonsei.ac.kr (M.H. Moon).
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tention time, and even failure of larger particles to elute.
© 2010 Elsevier B.V. All rights reserved.

The first F4 channel had a symmetric design with two permeable
walls so that crossflow entered from one wall and exited through
the other [8]. Later, an asymmetric channel design [9,10] in which
the upper wall was replaced by a plain glass plate was adopted to
simplify channel construction and to reduce the effect of uneven
permeability on crossflow through the upper channel frit. This so-
called asymmetrical F4 (or AF4) is currently widely utilized. A frit
inlet asymmetrical flow FFF (or FI-AF4) channel was developed by
incorporating a small inlet frit into the upper wall of AF4, close
to the channel inlet, to enable sample injection and separation in
continuous flow streams without the requirement for a separate
focusing/relaxation process [11,12]. Because there is no influx of
crossflow in the AF4 channel, part of the carrier liquid from the
channel inlet, and the inlet frit if present, must exit through the
bottom wall, which results in a gradual decrease in migration flow
velocity along the channel length when the channel breadth is con-
stant along the channel axis. The gradual decrease of flow velocity
may cause an extra broadening of the eluting sample band or may
result in a failure to elute in a run with high retention. Due to this
limitation, a trapezoidal channel design in which channel breadth
decreases linearly along the length of channel was proposed by

Litzén and Wahlund [13] and has been widely utilized in numerous
applications [14–19]. However, Williams [20] reported that, based
on theoretical calculations, the mean channel flow velocity in an
AF4 channel that decreases exponentially in breadth can remain
constant throughout the channel length under certain flow condi-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:mhmoon@yonsei.ac.kr
dx.doi.org/10.1016/j.chroma.2010.04.021
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ig. 1. Profiles of the rectangular, trapezoidal, and exponential channels with the
ame effective channel volume, not including the end-pieces. The ratio bL/b0 was
.2 for both the trapezoidal and exponential channels.

ions, in contrast to a trapezoidal channel. This hypothesis has been
heoretically validated by additional studies [21,22].

While theoretical studies have proposed that an AF4 channel
ith an exponential channel design can provide a constant flow

elocity for the entire channel length, this hypothesis has not been
onfirmed experimentally. In this study, we evaluated the effect
f different AF4 channel geometries on separation efficiency using
ubmicron polystyrene (PS) latex standard mixtures. The channels
ad rectangular, trapezoidal, or exponential geometries, and the
oid volumes of the three channels were equivalent. We compared
he experimental plate height values of PS particles in the different
F4 channels with or without the influence of variation in mean
ow velocity depending on the channel geometry. Furthermore, we

nvestigated the effect of different flow rate conditions in channels
ith different geometries by varying the flow rate conditions.

. Theory

The AF4 channel geometries used in this study were designed to
ave a fixed ratio of bL/b0 = 0.2 except for the rectangular channel
hat had bL/b0 = 1, based on the study of Williams [20], where b0 and
L represent the channel breadth at the start (z = 0) of the channel
without considering the inlet end-piece) and at z = L at the outlet,
espectively, as shown in Fig. 1. In this case, L is the effective channel
ength along the z coordinate, w is the channel thickness, and V0 is
he effective channel void volume. In all channel cases, the starting
oint of sample migration as well as focusing/relaxation is z = 0.
ikewise, the volumetric channel flowrates are V̇0 at z = 0 and V̇L

t z = L. These flow rates are slightly different from V̇in and V̇out,
espectively, in practice, because the loss of crossflow through the
hannel wall at both end-pieces.

The local mean carrier flow velocity, 〈v〉z , along the channel
ength as a function of position z is expressed as

v〉z = V̇z

bzw
(1)
here V̇z and bzw represent the volumetric flow rate and the
hannel cross section area at any position z, respectively. Channel
readth decreases linearly from b0 to bL for the trapezoidal channel
r exponentially for the exponential channel and can be expressed
1217 (2010) 3876–3880 3877

as

bz = b0 − (b0 − bL)
z

L
(for the trapezoidal channel) (2)

bz = b0

(
bL

b0

)z/L

(for the exponential channel) (3)

V̇z for each channel geometry can be expressed as a function of z,
b0, bL and experimental parameters of V̇0 and V̇L [20]. Likewise, bz is
a function of z, b0 and bL. Eq. (1) for the various channel geometries
can be found in a previous publication [20]. The effective void time
t0, which is defined as the passage time of a nonretained mate-
rial through the effective channel void volume, can be assumed
to be the same for the three channel geometries when they are
adjusted to have the same effective void volumes. The void time in
this convention is calculated as follows:

t0 =
∫ L

0

dz

〈v〉z
= V0

V̇0 − V̇L

ln

(
V̇0

V̇L

)
(4)

The normalized velocity for each of the three channel geome-
tries is expressed in [20] in such a way that local mean flow velocity
〈v〉z is divided by time averaged velocity 〈v̄〉 as

〈v〉z

〈v̄〉 = ln

(
V̇0

V̇L

)[
1

1 − (V̇L/V̇0)
− z

L

]

× (for the rectangular channel) (5)

〈v〉z

〈v̄〉 = ln

(
V̇0

V̇L

)[
1 + (bL/b0)

2(1 − (V̇L/V̇0))
− z

L
+ 1 − (bL/b0)

2
z2

L2

]

×
(

1 −
(

1 − bL

b0

)
z

L

)−1

(for the trapezoidal channel)

(6)

〈v〉z

〈v̄〉 =
ln

(
V̇0/V̇L

)
ln

(
b0/bL

) (
b0

bL

)z/L
[

1 − (bL/b0)

1 − (V̇L/V̇0)
−

(
1 − bL

b0

)z/L
]

× (for the exponential channel) (7)

where the time averaged velocity 〈v̄〉 can be calculated as L/t0 from
Eq. (4).

Because the effective channel void times for the three channel
geometries are identical, the ideal retention time can be calculated
from the general theory [1]

tr ∼= t0

6�

(
� = l

w
= D

Uw

)
(8)

where � is a dimensionless parameter representing the fraction of
the equilibrium height l of the sample band with respect to channel
thickness. In Eq. (8), D is the diffusion coefficient (=kT/3��d) and U
is the velocity of crossflow at the membrane (= (V̇0 − V̇L)/A) where
kT is thermal energy, � is viscosity, d is the particle diameter, and A
is the effective channel area between z = 0 and z = L. Of course, when
channel void volumes and thicknesses are identical, their effective
channel areas must also be identical. For a given crossflow rate, a
particle would be predicted to exhibit identical � for each of the
channels. Using Eqs. (4) and (8), approximate retention time can be
expressed as ( )

tr =

2kT
ln

V̇L

(9)

Eq. (9) can be applied to all three channel geometries once their
effective void volumes have been equalized.
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Table 1
Dimensions of the three channel geometries. A� is the area of the inlet end-
piece (from inlet end to z = 0), Aeff is the effective channel area from z = 0 to z = L
(L = 23.2 cm), and V0

eff
is the effective channel volume based on the measured channel

thickness (w = 113 �m).

Rectangular Trapezoidal Exponential

b0 (cm) 1.5 2.5 3.0
bL (cm) 1.5 0.5 0.6
A� (cm2) 2.0 3.4 4.1
Aeff (cm2) 34.8 34.8 34.6
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dotted lines represent the normalized mean flow velocity profiles
V0
eff

(cm3) 0.393 0.393 0.391

. Experimental

The AF4 channels were constructed in-house using two plexi-
lass blocks. One block was used for the accumulation wall and had
porous frit for the crossflow passage, while the other block was
sed directly without insertion of a frit. The three different chan-
el geometries were made by cutting 155-�m-thick Mylar spacers
ith a tip-to-tip length (Ltt) of 27.4 cm and an effective channel

ength (L) of 23.2 cm, which was fixed for all channels. Channel
readth, however, was varied as follows: the channel breadth (b)
f the rectangular channel was set to 1.5 cm, and the ratios of
L/b0 for both the trapezoidal (0.5/2.5 cm) and exponential chan-
els (0.6/3.0 cm) were set to be 0.2, as listed in Table 1. The channel
esigns are illustrated in Fig. 1. The effective channel void volumes
volume within the effective channel length L) of the three chan-
els (rectangular, trapezoidal, and exponential geometries) were
qualized to 0.39 cm3 (the channel thickness was determined to be
13 �m in all cases). When the channel blocks were assembled, a
LCGC regenerated cellulose membrane (20 kDa MWCO) from Mil-
ipore Corp. (Billerica, MA, USA) was placed at the accumulation

all side.
Polystyrene standards with nominal diameter values of 20, 50,

3, and 135 nm were purchased from Duke Scientific Co. (Palo Alto,
A, USA). The carrier liquid used for AF4 separation was 0.05% (w/v)
DS solution to which 0.01% sodium azide was added as a bacteri-
ide. The solution was prepared using ultrapure water (>18 M�)
nd was filtered through a membrane filter with a pore size of
.22 �m prior to use. Sample injection was performed through
he channel inlet using a model 7125 loop injector with a 20 �L
oop (Rheodyne, Cotati, CA, USA), while the AF4 channel was in
ocusing/relaxation mode. During the focusing/relaxation process,
ample components achieve an equilibrium distribution above the
hannel wall via a balancing of the crossflow velocity and diffusion.
n practice, this is achieved in such a way that the two counter-
irected flow streams (one from the channel inlet and the other
rom the channel outlet) converge at a focusing point near the chan-
el inlet. In our study, this was accomplished by adjusting the flow
tream rates to a ratio of 1:9–1:8 so that the initial sample band
as focused at z = 0. The ratio was determined by injecting dye

nto the channel and visually focusing to the desired point. For PS
eparation, the focusing/relaxation period was set to 3 min, includ-
ng sample delivery from the injector. After the focusing/relaxation
eriod, all flows were converted to channel inlet only and the
eparation began. To deliver carrier liquid to the AF4 channel, a
odel M930D HPLC pump from Young-Lin Co. (Seoul, Korea) was

mployed. Eluted PS particles were monitored with a Model 730D
V detector (cell volume: 5 �L) from Young-Lin at a wavelength of
54 nm. To provide adequate back-pressure and to regulate flow
ates, a Model Whitey SS-22RS2 micrometering valve from Craw-

ord Fitting Co. (Solon, OH, USA) was located downstream of the
etector. Detector signals were recorded using Autochro-Win soft-
are from Young-Lin.
Fig. 2. Separation of PS latex standards by AF4 using different channel designs. The
flow rates for the three channels were fixed at V̇in/V̇out = 4.0/0.8 mL/min.

4. Results and discussion

The effect of AF4 channel geometry on separation efficiency
was evaluated based on the separations of polystyrene (PS) latex
standard mixtures. Fig. 2 shows the separation performances
of the three channel designs with identical effective void vol-
umes using PS mixtures of 20, 50, 93, and 135 nm at V̇in/V̇out =
4.0/0.8 mL/min. For the rectangular channel, the PS standards
eluted with relatively broad peaks with loss of 135 nm particles.
The failure of the rectangular channel design to elute 135 nm PS
particles under these conditions was probably due to the signif-
icant decrease in migration flow velocity along the channel axis.
This is in contrast to the mean flow velocity of the trapezoidal chan-
nel, which decreased only moderately, or that of the exponential
channel, which was predicted to remain approximately constant
throughout the channel length under our experimental conditions.
Because migration flow velocity in a rectangular channel decreases
significantly along the length of the channel, the ratio of mean chan-
nel flow velocity to crossflow velocity at the membrane decreases. It
is commonly found that particle standards elute with well-shaped
peaks and good recovery when this ratio is maintained above some
critical level. When the ratio is too low, particles tend to inter-
act with the membrane, the retention times increase relative to
predictions, and recoveries decrease. In the worst-case scenario,
some particles may fail to elute. With decrease of channel breadth
along the channel axis, as arranged in the trapezoidal and expo-
nential channels, separation of the four standards was achieved.
The exponential channel showed better separation performance
than the trapezoidal channel. The variations in mean flow veloc-
ity along the channel axis for the three channel types, based on
Eqs. (5)–(7), are plotted in Fig. 3. The solid lines in Fig. 3 represent
the normalized mean flow velocity (〈v〉z/〈v̄〉) of each channel plot-
ted along z/L for the fixed run condition of V̇L/V̇0 = 0.2, while the
for actual experimental flow rate conditions: V̇L/V̇0 = 0.23 for the
rectangular channel and 0.22 for both the trapezoidal and expo-
nential channels. The small adjustments are necessary because the
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Fig. 3. Variations in the predicted velocity profiles in the three channels rela-
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ive to the normalized mean channel flow velocity 〈v〉z/〈v̄〉 as a function of z/L for
˙ L/V̇0 = 0.2 (solid lines). Dotted lines represent the actual velocity profiles used
n experiments: V̇L/V̇0 = 0.23 for the rectangular channel and 0.22 for both the
rapezoidal and exponential channels.

xperimental results shown in Fig. 2 were obtained at identical flow
ate conditions: V̇in/V̇out = 4.0/0.8 mL/min. The actual V̇L/V̇0 val-
es are therefore somewhat different from the optimum value of

˙ L/V̇0 = 0.2 because a fraction of the fluid passes through the mem-
rane within the inlet and outlet triangular end-pieces. However,
he mean velocity profiles for V̇L/V̇0 = 0.2 and the actual profiles
for V̇L/V̇0 = 0.22–0.23) were not significantly different. As shown
n Fig. 3, the normalized flow velocity decreased continuously along
he channel length for the rectangular channel, while the normal-
zed flow velocity in the trapezoidal channel showed a shallow
ecrease until approximately two-thirds of the channel length had
een traveled, whereupon it increased rapidly. On the other hand,
he exponential channel showed a slightly increasing normalized
elocity along the channel length. The continuous decrease in mean
elocity, as given in the rectangular channel, may result in retarded
article elution and increased band broadening.

The experimental plate height values of the PS particles mea-
ured in triplicate are listed in Table 2. Band broadening decreased
s the mean velocity along the channel length approached unifor-
ity as shown for the exponential channel. The measured plate

eight value of each particle size decreased from the rectangu-
ar channel design to the trapezoidal design and the exponential
esign, with only one exception. The 20 nm PS particles exhibited a
lightly better plate height in the rectangular channel compared to

he trapezoidal channel. However, this is related to the increased
etention time for these particles in the rectangular channel as
hown in the top fractogram in Fig. 2. While PS particles of 50
nd 93 nm showed a similar increase in retention time in the

able 2
verage plate height values along with standard deviation measured in triplicate

or PS standards for three different channels of AF4 at V̇L/V̇0 = 0.23 (rectangular)
nd 0.22 (trapezoidal and exponential) (V̇in/V̇out = 4.0/0.8 mL/min).

d (nm) Hexp (cm)

Rectangular Trapezoidal Exponential

20 0.67 ± 0.18 0.79 ± 0.07 0.59 ± 0.05
50 0.75 ± 0.39 0.29 ± 0.02 0.19 ± 0.03
93 0.32 ± 0.04 0.19 ± 0.05 0.10 ± 0.01

135 – 0.14 ± 0.03 0.11 ± 0.004
Fig. 4. Plot of the logarithm of retention time (log tr) vs. the logarithm of particle
diameter (log d) for the experimental data shown in Fig. 3. The solid line indicates
the theoretical relationship.

rectangular channel, their peaks were much broader than those
observed for the other two channels. The increased retention of
the 50 and 93 nm particles in the rectangular channel may be due
to increased particle–wall interaction caused by the decreasing
mean fluid velocity along the channel length, and this may explain
their increased plate heights. As mentioned previously, it is the
increased particle–wall interaction that probably interferes with
the elution of the 135 nm particles. Based on Table 2, Hexp of the
exponential channel decreased by 20–47% compared to that of the
trapezoidal channel, which indicates that uniformity of mean flow
velocity along the channel length can reduce band broadening in
AF4 channel systems.

Fig. 4 shows the plot of the logarithm of retention time vs.
the logarithm of particle diameter for the data in Fig. 2. The solid
line represents the theoretical curve based on Eq. (9) for a chan-
nel thickness value (113.0 ± 4.4 �m) that was calculated from the
experimental retention time of the four PS standards obtained using
the exponential channel. The difference in retention times between
the trapezoidal and exponential channels shown in Fig. 4 are not
significant, while the retention times of the rectangular channel
show large deviations from those predicted by theory. A contri-
bution to this large deviation may be the long passage time of
particles through the triangular end-piece at the outlet; this tri-
angular end-piece is much larger for the rectangular channel than
for the other two channels (shown in Fig. 1), and the channel flow
velocity is much smaller at the outlet of the rectangular channel.
The presence of the large area end-piece at the outlet is geometri-
cally unavoidable for the rectangular channel. However, this is not
sufficient to fully explain the extended retention time observed for
the rectangular channel.

The increase in separation efficiency observed for the expo-
nential channel is largely attributable to the uniformity of mean
flow velocity along the channel length, especially for volumet-
ric flow rates of V̇L/V̇0 ≈ 0.2 = bL/b0. Theoretical examination of
mean flow velocity variations for both trapezoidal and exponen-
tial channels in an earlier study [20] suggested that an exponential
channel may provide greater flexibility when selecting volumet-

ric flow rate conditions, because this channel geometry exhibits
greater mean velocity uniformity even when V̇L/V̇0 is not restricted
to 0.2. This was examined by varying flow rate conditions for both
channel designs; the separation fractograms are shown in Fig. 5.
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Chromatogr. A 1120 (2006) 158.

[18] E.A. Alasonati, M.A. Benincasa, V.I. Slaveykova, J. Sep. Sci. 30 (2007) 2332.
ig. 5. Influence of V̇L/V̇0 on PS separation in both the trapezoidal and exponentia
ere (a) 0.4 and (b) 1.2 mL/min, and V̇in was fixed at 4.0 mL/min for all cases.

n Fig. 5, PS separations obtained using the trapezoidal and expo-
ential channels at flow rate conditions of (a) V̇L/V̇0 = 0.11 and (b)
.32 are shown. Flow rate ratios were controlled by varying the
utflow rate, V̇out as (a) 0.4 and (b) 1.2 mL/min while fixing V̇in at
.0 mL/min for all runs. The values for V̇L/V̇0 take into account an
djustment for flow through the membrane within the triangu-
ar end-pieces. Separation of PS mixtures appeared slightly better

hen the exponential channel was used with V̇L/V̇0 = 0.11. How-
ver, the elution peak for 135 nm particles was very broad due to
he influence of a stronger field strength (V̇c = 3.6 mL/min in Fig. 5a
s. V̇c = 3.2 mL/min in Fig. 2). For the case of a higher V̇L/V̇0, as
hown in Fig. 5b, the fractograms were similar. However, peaks
rom the exponential channel were sharper than those from the
rapezoidal channel, and there was a slight reduction in the reten-
ion time of each component when the exponential channel was
sed. The resolution between the peaks for 20 and 50 nm particles
as slightly lower in the case of the exponential channel. Based

n these experimental results, we conclude that an exponential
hannel separates particles better under various flow rate condi-
ions than does a trapezoidal channel, and the use of an exponential
hannel can also reduce band broadening.

. Conclusions

In this study, the effect of different AF4 channel geometries on
he efficiency of separation of PS standard particles was investi-
ated using three different channels with a rectangular, trapezoidal,
r exponential geometry having an equivalent void volume. Use
f a rectangular channel resulted in significant band broadening
ith a significant delay in retention time compared to the other

wo channels. This is because the mean flow velocity along the
hannel length of the rectangular channel decreased continuously

ith a large difference from the beginning to the end of the chan-
el. Use of a trapezoidal channel reduced band broadening and
emoved the delay in particle retention compared to those of the
ectangular channel. However, the AF4 channel with the exponen-
ial design performed better than the trapezoidal channel in terms

[
[
[
[

nels. The V̇L/V̇0 values were (a) 0.11 and (b) 0.32. Outlet flow rates to the detector

of reducing band broadening and performing efficiently under dif-
ferent flow rate conditions. The exponential channel is therefore
recommended for general use for AF4.
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