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ABSTRACT

A new type of the thermal field-flow fractionation apparatus de-
signed and constructed in the Laboratory of Analytical Chemistry
provides continuous fractionation of polymers according to their
molecular masses. The principle is to separate sample components
into filaments from the continuous sample flow in a disk-shaped
channel and to collect a sample species at the circumference of the
channel. The upper wall of the channel is stationary, and the lower
one rotates slowly. The method is based on a two-dimensional
fractionation mechanism and demonstrates the collection of 2
polystyrene samples in a cyclohexane carrier. The method also
provides a gentle fractionation environment for high polymers
with low shear forces, flexible run conditions, and numerous 
industrial applications from special products to process quality
control. The construction procedure of the complete apparatus is
described with technical details.
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INTRODUCTION

Field-flow fractionation (FFF) is a method for fractionation of soluble
macromolecules and particles that was initially developed by Professor J. Calvin
Giddings (1). The basic principle of the method is to force the sample components
into different velocity streams of a laminar-flowing carrier in a thin rectangular
channel by applying an external force field across the channel (2). The samples are
separated according to their molecular mass or particle size by applying a suitable
field, such as force of gravity, thermal gradient, cross-flow force, or electrical field
(3). In addition to the external force, the ordinary diffusion of the sample compo-
nents affects the separation.

In the conventional thermal FFF (ThFFF) method, the field that drives sep-
aration is a temperature gradient generated by heating the upper channel wall and
cooling the lower wall. The thermal gradient induces thermal diffusion of the sam-
ple components, and this diffusion shifts the components toward the cooler wall
through a selective mechanism that is not well understood. The distance of the
sample molecule to the accumulation wall depends on the ratio of thermal diffu-
sion to the ordinary diffusion that acts as an opposing force. When the sample
zones are at different average distances from the wall, separation takes place (4,
5). In ThFFF the highest thermal gradients that can be applied across the thin
channel are typically 1.0 � 104 K/cm, and this acts as a limiting factor for the sep-
arations (6). However, by varying the carrier flow parameters by programming the
flow rate or by changing the shape of the flow profile, the versatility of the method
can be expanded (7,8,9).

In FFF, the open channel configuration allows unlimited variations of flow
profile and therefore, can be also employed in a continuous two-dimensional
mode. The method used here is based on the combination of parabolic radial 
flow and linear tangential flow in a disk-shaped fractionation channel in which the
lower channel wall rotates. The radial flow inlet is in the center of the channel 
and the outlets are symmetrically located along the circumference edge. The sam-
ple mixture is introduced continuously at a certain point along the channel. Under
the influence of the field, the molecules are forced toward the rotating accumula-
tion wall and separated according to their molecular mass. With combined 
tangential flow, the separated sample components at different distances from the
wall split into component filaments and each is continuously collected at the edge
of the channel.
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This paper describes the construction of a prototype of the fractionation ap-
paratus based on the above concept. A demonstration of the separation procedure
for 2 polystyrene samples was also performed, and this paper presents the frac-
tograms from the conventional ThFFF runs.

EXPERIMENTAL

Principle

The concept of this continuous separation method conforms to that reported
by Giddings (10) and is based on fluid dynamics and FFF (11,12,13). By intro-
ducing the carrier from the center of the disk-shaped channel, the result is an out-
wardly directed, symmetric, radial flow with a parabolic flow profile. In an ideal
case, the circumference edge of the channel acts as a sink for the radial flow, but
in our application a number of outlets along the edge served as a sink. A sample
port at a certain distance from the center is an additional source of flow. When in-
troducing the sample mixture into radial flow with the field applied across the
channel, the sample components are separated in the parabolic flow according to
a FFF separation mechanism. Because the method is continuous, stopping the car-
rier flow for relaxation is not possible. By rotating the lower channel wall parallel
to the stationary upper wall at a constant velocity, tangential flow is generated re-
sulting in a linear, asymmetrical flow-profile component that is at right angles to
the radial flow. The samples at different distances from the accumulation wall
have different trajectories and can be collected at the edge of the channel at dif-
ferent tangential positions (14). Figure 1 illustrates schematically the flow and the
separation of the samples in the disk-shaped channel.

Instrumentation

The field applied in this experimental study was a thermal gradient. It was
generated by heating the upper wall element with an electric resistance heater and
by cooling the lower element using cold tap water. The true value of the tempera-
ture gradient between channel walls was not measured, but it was estimated by
measuring the temperatures outside of both channel blocks. The lower wall was 
rotated slowly with constant speed using a synchronous stepping motor (The Su-
perior Electric Co, Bristol, Conn, USA). The disk-shaped channel was cut into a
250 �m-thick Mylar sheet that also acted as a spacer between the wall elements.
The symmetric radial flow was established by suction of the pressurized carrier into
fraction collection syringes (Discardit II, Becton Dickinson, S.A., Fraga, Spain).
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The collected fractions were analyzed using a conventional ThFFF-fractionation
channel made for determining the sample concentrations in each fraction.

The continuous fractionation channel and fraction collector were con-
structed in-house. In the disk-shaped fractionation channel the heated upper wall
is stationary and the cooled lower wall rotates. The lower wall was made of 
aluminum, which was electroplated by nickel to avoid corrosion and mechanical
failures. The lower element was cooled by tap water introduced through the holes
drilled into the element axis. A schematic cross section of the apparatus is pre-
sented in Fig. 2.

The upper wall block was also made of aluminum with 5 mm-thick copper
plate covering the channel side. Copper was used because the steel inlet and out-
let capillaries can be easily soldered on it. The diameter of the channel was 135

(a)

(c)

(b)

Figure 1. Schematic drawings of the flow between 2 parallel disk-shaped walls and the
separation of 2 samples: a) sample zones separated in a parabolic radial flow by influence
of a force field; b) 2 sample zones separated in tangential flow established by the rotation
of the lower channel wall; and c) hypothetical sample trajectories in which (A) is view from
the top of the instrument; (B) is the channel axis; (C) is the sample-introduction port; and
(D) represents the outlet ports.
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mm and the calculated volume 3.6 mL, using 250 �m as the spacer thickness. The
distance between the outlet steel capillaries (i.d. 0.5 mm) on the circumference
edge was 17 mm. The sample introduction port was aligned with the first fraction-
collecting syringe 17 mm from the center of the channel. Finally, both channel
walls were machined and highly polished to minimize turbulent and nonuniform
flows during fractionation. The channel circumference edge was sealed with 2 flu-
oroelastomer (VitonTM) O-rings located between the polished hot-wall surface
and the aluminum O-ring housing fitted onto the surface of the lower block.

The carrier was introduced into the fractionation channel from a reservoir
pressurized by air (150 kPa). The sample liquid was fed using a microflow pump
(Micro Feeder Model MF-2, Azumadenkikogyo Co, Ltd, Japan) with a 500-�L

Figure 2. Cross section of the continuous ThFFF apparatus with rotating wall axis, cool-
ing water conduits, and fraction collection unit. Only 1 of the 23 fraction collection sy-
ringes is shown.
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high-performance liquid chromatography (HPLC) syringe installed on a clip. The
flow rate of the sample liquid was adjusted to 5 �L/min.

The fraction collection unit was installed above the channel to minimize the
length of the capillaries between the channel outlet and the collection syringes.
Twenty-three 10-mL syringes were installed on the aluminum plate along the 
circumference of a circle with diameter 18 cm. For each of the syringes, a Luer 
fitting made of Teflon was installed in holes on the aluminum plate. The inlet cap-
illaries were fitted from below into the Teflon fittings. Plungers of the syringes
were installed into a circular holder plate that was moved vertically along an elec-
tric-motor driven, slowly rotating screw axis, resulting in equal carrier suction in
each syringe. All components were installed into a rigid aluminum frame.

The conventional ThFFF system, presented in detail in our previous work
(15), consisted of an in-house constructed ThFFF channel, an HPLC pump 
(PU-980; Jasco Corp, Tokyo, Japan), injection and bypass valves (C6W; Valco
Instrument Co, Inc, Houston, Tex, USA), and a UV detector (SP8450; Spectra
Physics Inc, San Jose, Calif, USA) with a detection wavelength of 254 nm. The
channel dimensions were 45 cm � 2 cm � 125 �m. The temperature difference
�T was set to 100°C, and the flow rate was 100 �L/min. The volume of the in-
jected sample was 10 �L. The system was controlled and data collected by a com-
puter (M24; Ing. C. Olivetti & C. S.p.A., Italy).

Materials

Two polystyrene standards were used in this study. The molecular masses
(Mw) of the standards were 19.85 kg/mol (PS 19.8) (Waters Associates, Framing-
ham, Mass, USA) and 96.0 kg /mol (PS 96.0) (Polymer Laboratories Ltd, UK)
with polydispersities (Mw /Mn) of 1.01 and 1.03, respectively. The samples were
dissolved in analytical-grade cyclohexane (Merck KGaS, Darmstadt, Germany)
for continuous fractionation. After evaporating the cyclohexane from the 
collected fractions, the samples were dissolved in HPLC-grade tetrahydrofuran
(Labscan Ltd, Dublin, Ireland) for conventional ThFFF. The concentrations of the
samples in the sample mixture were 0.35% (w/w) for PS19.8 and 0.51% (w/w) 
for PS96.0.

RESULTS AND DISCUSSION

Two polystyrene samples with different molecular masses were used to
study the performance of the experimental continuous ThFFF equipment. The
samples were dissolved in a cyclohexane carrier for the continuous method and in
tetrahydrofuran for conventional ThFFF. The conventional method was used to
determine the relative amounts of the samples in fraction collecting syringes after
each continuous fractionation run.
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At first, the zone-broadening effect was studied without the force field.
The runs were carried out at a radial flow rate of 100 �L/min for each fraction
collector, resulting in a total flow rate of 2.3 mL/min into the channel inlet. The
continuous flow of the PS96.0 sample solution was set to 5 �L/min through the
sample inlet. Without the lower channel wall in rotation, the sample stream col-
lected only into the first collection syringe aligned with the injection port. At a
lower-channel rotation speed of 0.96 rph, 85% of the total collected amount was
found in syringe number 3 and about 10% was found in syringe 4 (Fig. 3a).

(a)

Figure 3. Fractograms and peak areas obtained with conventional ThFFF (� T�100°C)
for fractions collected from continuous fractionation. The continuous runs were performed
without (a) and with (b) thermal gradient. The rotation speed was 0.96 rph and the radial
flow rate was 100 �L/min.

(continued)
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The next experiment was done with a mixture of the 2 polystyrene samples
(PS19.8 and PS96.0). A constant thermal gradient was applied across the channel
and by rotating the lower channel wall at different speeds with all the other pa-
rameters unchanged. Under stabilized conditions, the temperature of the upper
block was 55°C and the lower block was at 13°C. The sample mixture was intro-
duced at a flow rate of 5 �L/min for 30 min after which the fractionation was con-
tinued for 15 min to collect all of the sample from the channel. Figure 3 illustrates
the ThFFF analyses of the fractions collected from the outlet ports of the continu-
ous separation channel. The fractionation results from conventional ThFFF con-
ducted without applied thermal gradient are shown in Fig. 3a. Figure 3b shows the
fraction peaks determined from experiments in which the gradient was applied.
Figure 4 presents the effect of rotation speed of the lower channel wall on the con-
tinuous sample collection.

(b)

Figure 3. Continued.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

FIELD-FLOW FRACTIONATION EQUIPMENT 2543

The experiment was continued at different radial flow rates and constant 
rotation speed (1.92 rph) and thermal gradient. Figure 5 represents the effect of 
radial flow rate on the separation of 2 polystyrene samples. At slower radial flow
rates, prolonged sample introduction and collection times were used to collect
enough sample for conventional ThFFF runs.

Figures 3 and 4 indicate that if thermal gradient was applied and the lower
channel wall was rotated during the run, the proportions of the sample components
gradually changed with the syringe number. For experiments conducted without
applied thermal gradient, such a change was not found (Fig. 3a). At rotation speed
of 0.96 rph, the completely separated sample component PS96.0 was found in 
syringe number 9, and at a rotation speed of 1.92 rph, it was found in syringe 13
(Fig. 4). PS96.0 was found to make a full revolution at the rotation speed of 1.92
rph and radial flow rate of 67 �L/min, which did not occur with higher radial flow
rates (Fig. 5). Zone broadening was observed in the runs performed with thermal
gradient. The factors affecting the efficiency are similar to those in conventional
FFF. However, in this instrument, the divergence of the radial flow contributed to
the zone broadening as well. The limited number of outlet capillaries may have
also caused broadening by decreasing the uniformity of the radial flow streamlines
near the circumference.

The quality of apparatus materials was critical because of the pressure and
high temperature of the organic solvent. The O-ring and channel materials showed

Figure 4. Effect of the rotation speed on the percentages of the 2 sample components
(calculated from the peak areas of PS19.8 and PS96.0) in the collected fractions. The 
percentages of PS19.8 and PS96.0 in the original sample mixture were 40.4% and 59.6%,
respectively. The radial flow rate was 100 �L/min (measured at the sample collection port).
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no defects under such conditions. The preliminary results were promising and
support future development. More studies will be carried out to optimize the nu-
merous run conditions, such as channel thickness, thermal gradient strength, and
the distance of the sample-introduction port from the channel center. Because 
the sample dilution during the fractionation may result in high consumption of the
carrier, solvent recycling will be incorporated into the instrument. A great 
challenge in the future is to apply different kinds of force fields across the chan-
nel to allow for preparative fractionation of biotechnological and other type of 
the samples.
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