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Received 20 March 1999; accepted 30 June 1999

Ž .Abstract: Hollow fiber flow field-flow fractionation HF-FlFFF has been tested
Ž .by varying the temperature 21]738C to increase separation speed with reduced

lift forces. It has been experimentally shown that the separation time of
0.050]0.426-mm polystyrene latex standards can be reduced approximately by half,
at 598C, compared to the separation at room temperature. In addition, the
resolution for the separation of large diameter particles, which are often influ-
enced by the lift forces, is greatly improved. It also has been found that the steric

Žinversion diameter can be possibly shifted to a larger diameter up to about 0.800
.mm at 738C. The steric retention of particles is observed to increase with

temperature due to the decrease in hydrodynamic lift forces that is known to
decrease with the viscosity of the carrier liquid. Q 1999 John Wiley & Sons, Inc. J Micro

Sep 11: 676]681, 1999
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INTRODUCTION
Ž .Field-flow fractionation FFF is a category of

separation techniques that fractionate colloidal par-
ticles or macromolecules by the use of external
fields driven across the direction of separation flow

w xfor sample migration 1 . Among the various FFF
Ž .subtechniques, flow FFF FlFFF has been devel-

oped into a universal technique for separating and
w xcharacterizing colloidals and macromolecules 1]5 .

Flow FFF utilizes the secondary transverse flow as
an external field passing through the permeable
walls that consist of ceramic frits. Most FlFFF sys-
tems in use adopt a flat rectangular conduit as a

Ž .channel column in chromatography made from a
spacer cut in a ribbon shape. The channel is con-
structed by inserting a spacer between two plastic

Žblocks having permeable frits on both sides the
w x.symmetrical system 2,5 or only one frit where the
Ž w x.crossflow flows out the asymmetrical system 4,6 .

Attempts to facilitate the system operation and to
enhance performance, the frit inlet injection method
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w x w x7]9 or the frit inlet]frit outlet technique 10 have
been tried with conventional systems.

However, a cylindrical hollow fiber has been
studied as a separation chamber in flow FFF by Lee

w xet al. 11 and followed up with a feasibility study by
w xJonsson and Carlshaf 12 . A number of works were¨

made with the examination of the ionic strength
w xeffect of carrier solution 13 and the properties of

w xfiber membrane on particle separation 14 . Hollow
Ž .fiber flow FFF HF-FlFFF has also been applied to

the separation of water soluble polymers and a few
w xprotein standards 15 . Recently, it has been re-

ported that particle separation by HF-FlFFF can be
greatly improved to the resolution level normally
achieved by a rectangular system by optimization
w x16 . Furthermore, it has been shown that hollow
fiber can be a potential alternative to obtain particle
size distribution since it can possibly be developed
into a disposable module in HF-FlFFF.

The sample migration in a hollow fiber follows
the basic principles of FFF theory except that the

wseparation takes place in a cylindrical fiber Fig-
Ž .xure 1 a instead of a rectangular channel. The aver-

age distance of a sample migration pathway from the
Ž .channel wall or fiber wall is dependent on the

Ž . Ž .J. Microcolumn Separations, 11 9 676]681 1999
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Figure 1. Schematic ¨iew of sample migration in a
( )hollow fiber a and the diagram of temperature con-

( )trolled HF-FlFFF system b .

Žinteraction between the applied field crossflow rate
for a rectangular system and radial flow rate for a

.hollow fiber system and the opposing diffusive
transport of sample materials. Thus in HF-FlFFF,
particles or macromolecules having a relatively high
diffusion protrude further from the fiber wall and
they are eluted earlier than those diffusing slowly, as

Ž . Žillustrated in Figure 1 a . In the figure, sample
zones are represented as rings but the actual zone
should be a circular band having a gradient in the
sample concentration with an exponential decrease

.toward the fiber wall. As in other FFF techniques,
the retention time in HF-FlFFF is inversely propor-

w xtional to the diffusion coefficient D 12,16 . The
Ždiffusion coefficient is scaled to Trh h: the viscos-

.ity of a carrier liquid which is reduced with the
increase of temperature T. Therefore, elevation of
the temperature is a critical factor to increase the
diffusion coefficient of sample materials leading to
the increase of separation speed.

Temperature elevation has been tried with sedi-
w xmentation FFF 17 and earlier research has shown

that both separation power and speed can be im-
proved experimentally along with theoretical consid-
erations. In addition, the nonequilibrium band
broadening, which often occurs in most elution tech-
niques like chromatography including FFF, was re-

w xduced 17 . Since the nonequilibrium band broaden-
ing is caused by the diffusivity of sample materials

located at flow streamlines of unequal flow velocities
w x18 , the elevation of temperature results in the
rapid diffusional transport of sample materials
among the different flows and it will eventually lead
to the decrease in band broadening.

In this study, an HF-FlFFF system has been
tested at elevated temperatures to enhance perfor-
mance with increase of separation speed. Due to the
simplicity in constructing a hollow fiber separation
module, it is relatively straightforward in terms of
establishing a high temperature HF-FlFFF system.
Since most flow FFF systems are operated at room
temperature, the feasibility of a temperature con-
trolled HF-FlFFF system is significant. By adding
temperature control to an HF-FlFFF system, rapid
particle separation can be anticipated. It can also be
expected that the risk of particle adhesion to the
fiber wall may be minimized due to the elevated
migration of sample materials from the fiber wall.
Decrease of the lift forces can be another advantage
in operating the system at an elevated temperature.

w xIt was reported in an earlier work 19 that the
hydrodynamic lift forces are linearly proportional to
the viscosity carrier liquid for a limited range of
temperatures. Therefore, the decrease of lift forces
will extend the normal operation and it may expand
the dynamic range of particle separation in HF-
FlFFF. It is likely that the steric inversion diameter
can be shifted to a large diameter scale if the lift
forces are efficiently suppressed by temperature ele-
vation.

Calculation of the in¨ersion diameter d in HF-i
FlFFF. The retention ratio, R, in the normal mode
of HF-FlFFF can be expressed in a limited form by
w x16

t 0

ŽR s ( 4l when l < 0.02 for HF-FlFFF,
tr Ž ..at normal mode , 1

where t 0 is the void time, t is the retention time,r
and l in HF-FlFFF is a dimensionless parameter
that represents the inverse of the Peclet number Pe:´

1 D kT
Ž .l s s where D s 2ž /Pe Ur 3phdf

Ž .In Equation 2 , U is the radial flow velocity at the
fiber wall and r is the radius of the fiber. Retentionf

w xtime, t , in HF-FlFFF can be written as 12,16r

2 ˙ ˙Ž .r V y L rL Vf in 0 rad Ž .t s ln 3r ˙8 D Vout
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˙ ˙where V represents the inlet flow rate, V thein rad
˙Ž .radial flow rate s U2p r L , V the outgoing flowf out

˙ ˙Ž .rate at the fiber outlet s V y V , L the pointin rad 0
where focusingrrelaxation of sample materials is
accomplished, and L is the length of a fiber.

Considering the retention ratio of the steric
mode only, it can simply be expressed as

t 0 a
Ž . Ž .R s s 4g at steric mode 4

t rr f

where g is the steric correction factor that can be
found by a calibration procedure and a is the parti-

Ž .cle radius. Equation 4 is simple modification from
the retention ratio for a conventional rectangular

Ž .FFF system, R s 6g arw w: channel thickness ,
since R for the normal mode of HF-FlFFF is ex-

w xpressed as R s 4l 16 instead of R s 6l. Due to
the theoretical incompleteness in resolving the re-
tention mechanism of the steric mode, one can
utilize the simple relationship of retention time with
particle diameter by using the calibration procedure
w x20,21 as

Ž .log t s log t y S log d 5r r1

where t is the constant equal to the extrapolatedr1
value of t for particles of unit diameter and S is ther
selectivity, the slope of a calibration curve.

When the retention ratio in HF-FlFFF is consid-
ered generally, it can be written as the sum of two

w Ž . Ž .xterms Equations 1 and 4 as

d
Ž .R s 4l q 2g 6

rf

Ž . Ž .Substitution of Equations 2 and 5 in conjunction
Ž . Ž .with Equation 4 into Equation 6 gives a semi-em-

pirical expression for R with all measurable parame-
ters:

t 0 4kT t 0
S Ž .R s s q d 7

t 3phUr d tr f r1

The steric inversion diameter d is defined in ani
earlier work as the diameter for which  Rr d s 0
w x Ž .20 . Thus, differentiation of Equation 7 followed
by the rearrangement of d is as follows:i

Ž .1r 1qS4kt Tr1 Ž .d s 8i 0ž /h3p r UStf

Ž .Equation 8 suggests that the inversion diameter for
Ž .a given flow rate condition is scaled to the 1r 1 q S

power of Trh. Therefore, the temperature elevation
will induce an increase in inversion diameter. In
addition, the inversion diameter is also influenced
by the variation of the diameter selectivity S of a
calibration curve. The typical selectivity values
are approximately 1.5 for stericrhyperlayer runs

w xin flow FFF 21 whereas it is 0.7]0.8 for
w xsedimentationrsteric FFF runs 20 . This could be

one reason that the steric inversion in flow FFF
systems is often observed at a smaller diameter than

Ž .in sedimentation FFF normally around 1.0 mm .

MATERIALS AND METHODS
The HF-FlFFF system is identical to the one

w xutilized in previous research 16 except that the
hollow fiber separation module is inserted in a water

Ž .bath as shown in Figure 1 b . A 2-m long coiled
Ž .Teflon tube i.d. 0.030 in is placed right before the

injector and immersed in the bath in order to pro-
vide rapid elevation of temperature for carrier solu-
tion during the delivery. System operation is begun
after 2 h of preheating at a desired temperature in
the bath. The hollow fiber used is polysulfone, hav-
ing a molecular weight cutoff of 30,000, obtained

Ž .from SK Chemicals Seoul, Korea . The hollow fiber
separation module is prepared the same way as
described in Reference 16. The dimensions of the

Žfiber are 24.0 cm in length L and 0.40 mm in dried
.condition with radius r . The actual value of fiberf

radius is calibrated to be 0.46 mm by using Equation
Ž .3 from an experimental retention time of standard
beads obtained at room temperature since fiber
expansion occurs during run due to the system pres-

w xsure 16 . Carrier solution utilized throughout the
work is prepared from ultrapure water added with

Ž0.1% FL-70 from Fisher Scientific Co. Fair Lawn,
.NJ, USA for particle dispersion and with 0.02%

NaN as a bactericide. Delivery of the carrier solu-3
tion to hollow fiber is accomplished by a model
M930 HPLC pump from Younglin Instrument
Ž .Seoul, Korea . Sample injection is made at a re-

Ž .duced flow rate 0.5 mLrmin. through the inlet of
the fiber with the use of a Rheodyne 7125 loop

Ž .injector from Rheodyne Cotati, CA, USA . Follow-
ing the sample injection, the focusingrrelaxation
process is carried out by delivering the carrier liquid
into both the inlet and outlet. The focusingrrelaxa-
tion of injected sample components is made at the
position of 0.1 L by adjusting the ratio of inlet and
outlet flow rates as 1:9 for a period of time to assure

w xsufficient relaxation as given in the literature 12 .
Since the current HF-FlFFF system utilizes a single
pump, the flow conversion during the focusingrre-
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laxation process is made by using both four-way and
three-way switching valves as depicted in Figure
Ž .1 b . Flow rates required for focusingrrelaxation are

adjusted with a model SS-SS2-VH Nupro metering
Ž .valve from Nupro Co. Willoughby, OH, USA . The

sample particles used are polystyrene latex standards
having nominal diameters of 0.050, 0.096, 0.135,
0.204, 0.304, 0.426, 0.596, 0.806, 1.034, 2.013, and

Ž3.004 mm from Duke Scientific Co. Palo Alto, CA,
.USA . Injection amount of standard particles is

Žabout 2]3 mL of each diluted sample solution about
.0.1% solid . Eluted particles are monitored by a

Model 720 UV detector from Younglin Instrument
at a wavelength of 254 nm. The fractogram signal is
transferred to a PC by using the Autochro-Win data
collection software from Younglin Instrument.

RESULTS AND DISCUSSION
Figure 2 shows the separation of polystyrene

latex mixtures obtained at four different tempera-
Ž .ture conditions from 23]718C by HF-FlFFF. All

˙ ˙runs are made at V rV s 1.42r0.15 in actualout rad
Ž .flow rates. At room temperature 238C , resolution

between peaks appears to be excellent up to 0.204
mm but the separation of 0.304- and 0.426-mm parti-
cles is not completely achieved at the baseline level.
When the temperature is elevated to 518C, the last
two peaks are clearly separated with the simultane-
ous reduction of retention times for all components.
It seems that the resolution between the first two
peaks is somewhat decreased. This is due to the
increase of the experimental retention ratio which
results in the increase of nonequilibrium band
broadening in FFF. If the experimental retention
ratio is kept constant, in which the radial flow rate is
varied inversely with the change in D, the net effect
of temperature elevation can be observed with the
decrease of nonequilibrium band broadening. How-
ever, the current experiment is focused on the en-
hancement of separation speed and the minimiza-
tion of steric influences. The baseline separation of
the mixture is maintained at 598C but is destroyed at
718C. The separation time at 598C is almost reduced
to half without seriously losing the resolution and it
is roughly 2.8 times faster at 718C than that obtained
at 238C. This observation is similar to the earlier

w xresult made with a sedimentation FFF system 17 .
From the observed fractograms in Figure 2, it is
clearly shown that the steric influence on the elution
of 426-nm particles is significantly reduced at a high
temperature. If there is no steric influence on the
separation, retention time of 426-nm particles in

Ž .Figure 1 a should be about 1.4 times that of 304-nm
standard beads since the retention time is linearly
proportional to the particle diameter.

( ) ( )Figure 2. a ] d Fractograms of polystyrene separa-
tion by HF-FlFFF obtained at four different tempera-
ture conditions. All runs are obtained at the same flow

˙ ˙((rate condition V r V s 1.42 r 0.15 in actual flowout r ad
)rates .

The decrease in retention time upon the varia-
Ž .tion of temperature is plotted in Figure 3 a . Experi-

mental data points are obtained at a run condition
˙ ˙of V rV s 1.41r0.10 in mLrmin. and they areout rad

Ž .compared with theory dotted lines by using Equa-
Ž .tion 3 . These results indicate that the experimental

data agree well with theory. It is likely that the fiber
expansion from temperature elevation does not seri-
ously occur in the current experiment. Experimental
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( )Figure 3. a Plots of experimental retention time at
¨arious temperature conditions along with theoretical

( )cur̈ es and b the measured plate heights ¨s. tempera-
˙ ˙ture. Run condition is V r V s 1.41 r 0.10 in mLout r ad

r min.

plate height data are plotted against temperature in
Ž .Figure 3 b . Measured plate height does not appear

to vary significantly until 428C for both 204- and
304-nm beads but it increases more than 60% above
528C. Since the data show plate heights measured at
fixed flow rate conditions only, it is not quite clear to
determine the evidence of the decrease in nonequi-
librium band broadening. However, the current ob-
servations imply that contribution of nonequilibrium
band broadening to observed plate heights is sub-
stantially decreased when operating temperature in-
creases. Otherwise, the observed plate height data
will appear to increase with temperature signifi-
cantly since experimental retention ratio increases
as temperature increases.

The steric influence was further examined with
a series of latex spheres in Figure 4. The retention

Figure 4. Plot of log t ¨s. log d for 11 sized standardr
particles obtained at four different temperature condi-
tions. The straight lines shown at the left side represent
the theoretical retention times of the normal mode only
at each temperature. The experimental condition for all
runs is identical to the one used in Figure 2.

time of larger diameter standards is measured at
elevated temperature conditions and the experimen-
tal data are plotted against the particle diameter for
11 different sizes in a logarithmic scale. The straight
lines represent the theoretical retention time for

Ž .normal mode only by using Equation 3 . By compar-
Žing the retention time of 0.304-mm particles the

fifth point from the left of the figure at each temper-
. Žature condition , deviation from the theory the

.straight lines appears to decrease as the tempera-
ture increases. This shows that the steric effect does
not dominate in the elution of these particles. Since
the hydrodynamic lift forces found by experiments
has been known to increase with the viscosity of a

w xcarrier liquid 19 , temperature elevation causes a
decrease of viscosity which in turn results in the
decrease of the lift forces. At 218C, the steric inver-
sion appears between 0.426 and 0.596 mm. As the

Žtemperature increases, the inversion diameter the
.maximum point of the curve shifts to nearly 0.8 mm

at 738C which implies that the temperature elevation
results in the extension of inversion diameter to a
large diameter scale. Calculation of an accurate
inversion diameter is not carried out for the data
sets used in this work since the number of data
points available for the steric calibration was insuffi-
cient to obtain appropriate calibration parameters
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Ž .S and t which could cover a wide diameter ranger1
Žin the steric regime the right hand side of the curve
.maxima in the figure . For this reason, steric calibra-

tion could not be established and a generalized
retention time curve covering the normal, steric
transition, and steric region is not plotted in Figure
Ž .4 the curves in Figure 4 are the best fit drawing .

However, the increase in inversion diameter ob-
served in Figure 4 is consistent with theoretical

Ž .expectations explained in Equation 8 . In addition,
it demonstrates that temperature elevation can be
an alternative method to expand the dynamic range
of particle separation in HF-FlFFF.

It is remarkable that the retention time of steric
Ž .particles 2.013 and 3.044 mm in Figure 4 increases

as the temperature increases. This phenomenon is
the reverse of that observed in the normal mode.
The conversion of elution order begins to appear
with 2.013-mm particles and it shows clearly with
3.004-mm particles in which the retention time in-
creases with the increase of the temperature. The
unusual increase of steric retention of particles can
also be explained by the decrease of the hydrody-
namic lift forces at the elevation of temperature.
Therefore, at higher operating temperatures the
particles are positioned closer to the fiber wall due
to the reduced lift forces at a lower solution viscos-
ity. This explanation is not clearly supported with
detailed experiments at the steric regime in this
research. However, an earlier work supports that
steric retention of particles is greatly reduced when
the viscosity of the carrier solution is increased by

w xusing a ternary mixture 19 .
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