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Abstract A combination of gravitational split-flow thin
(SPLITT) fractionation and sedimentation/steric field-
flow fractionation (Sd/StFFF) has been used for con-
tinuous size-sorting of a sediment sample and for size
analysis of the collected fractions. An IAEA (Interna-
tional Atomic Energy Agency) sediment material was
separated into four size fractions (with theoretical size
ranges <1.0, 1.0–3.0, 3.0–5.0, and >5.0 lm in diame-
ter) by means of a three-step gravitational SPLITT
fractionation (GSF) for which the same GSF channel
was used throughout. The GSF fractions were collected
and examined by optical microscopy (OM) and by Sd/St
FFF. The mean diameters of the GSF fractions mea-
sured by OM were within the size interval predicted by
GSF theory, despite the theory assuming that all parti-
cles are spherical, which is not true for the sediment
particles. The Sd/St FFF results showed that retention
shifted toward shorter elution time (or larger size) than
expected, probably because of the shape effect. The
results from GSF, OM, and Sd/StFFF are discussed
in detail.
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Introduction

Gravitational split-flow thin fractionation (or gravita-
tional SPLITT fractionation, GSF) is a rapid and pre-
parative-scale separation technique capable of
fractionating particles or macromolecules into two or
more fractions by utilizing gravitational force applied
perpendicular to the flow direction [1–6]. Similar to
field-flow fractionation (FFF) techniques, separation in
GSF is generally performed in a thin rectangular
channel as shown in Fig. 1.

In a typical GSF channel, two inlet sub-streams are
introduced into the channel through two inlets (the
sample inlet a¢ and the carrier inlet b¢) which are sepa-
rated by the inlet splitter as shown in Fig. 1. Particles are
continuously fed into the channel through the sample
inlet a¢. Usually the volumetric flow rate of the carrier
inlet, _V ðb0Þ is much higher than that of the sample inlet,
_V ða0Þand thus compresses the sample feed lamina to-
ward the upper channel wall, as shown by the inlet-
splitting plane (ISP) in Fig. 1. A thin layer of the sample
is thus formed close to the upper wall of the channel; its
thickness is equal to the distance between ISP and the
upper channel wall. The lateral position of ISP, and thus
the thickness of the sample layer, depends on the flow
rate ratio, _V ða0Þ= _V ðb0Þ [1, 2]. As the ratio decreases, the
thickness of the sample layer decreases.

After the formation of the thin layer the particles are
carried down the channel toward the channel exit by the
merged flow; at the same time they settle under the ac-
tion of gravitational force. At the end of the GSF
channel, particles having different sedimentation coeffi-
cients are distributed along the direction of the gravi-
tational force [1]. Particles of a larger effective mass (or
size, in the case of uniform density) have a higher sedi-
mentation coefficient and settle faster than those of a
smaller mass. Near the channel exits, the outlet-splitting
plane (OSP) is formed; its lateral position depends on
the ratio of the upper to lower exit flow rates,
_V ðaÞ= _V ðbÞ: Particles having sedimentation coefficients
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high enough to cross the OSP exit through the lower
outlet (outlet b) whereas the others exit through the
upper outlet (outlet a). GSF thus enables fractionation
of the sample particles into two fractions based on the
sedimentation coefficient, and thus on the mass or the
size.

One of the merits of GSF is that the particles can be
fed into the channel continuously, enabling fraction-
ation on a preparative scale. For spherical particles the
cut-off diameter, dc, is given by [1, 7, 8]:

dc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

18gð _V ðaÞ � 0:5 _V ða0ÞÞ
bLGðqp � qÞ

s

ð1Þ

where _V ða0Þ and _V ðaÞare the volumetric flow rate
entering through the sample inlet a¢, and exiting
through the upper outlet b¢, respectively, g the viscosity
of carrier liquid, b the channel breadth, L the channel
length, G gravity, and Dq the density difference
between the sample and carrier liquid. According to
Eq. 1, dc can be adjusted by controlling _V ða0Þ and _V ðaÞ:
GSF can be used to remove oversized particles at a
desired cut-off diameter or to separate particles into
several fractions by fractionating the previously
collected GSF fractions again under different flow rate
conditions.

In this study, GSF was combined with sedimentation/
steric field-flow fractionation (Sd/StFFF) for fraction-
ation then characterization of a sediment material. GSF
was used for fractionation of the sediment into four size
groups and Sd/StFFF for analysis of the particle-size
distribution of the fractions.

SdFFF, one of the subtechniques of FFF, is an
elution-based analytical method capable of separating
various particulate materials (e.g. nano-particles, col-
loids, inorganic particles, cells, etc.) in the size range
from nanometers to approximately 100 lm [9–13].
SdFFF is carried out in a thin ribbon-like rectangular
channel with centrifugal acceleration force applied in
the direction perpendicular to the channel flow. As
described in earlier publications [14–18], separation in
SdFFF is achieved by differential distribution of sample
components of different size against the bottom wall of
the channel. The distribution of particles is established

as a result of the equilibrium between the two coun-
teracting forces exerted on the components:

1. the sedimentation force driving the sample compo-
nents toward the bottom wall of the channel, and

2. the Brownian motion in the normal mode or the
hydrodynamic lift forces in the steric mode pushing
the components away from the wall.

Sd/StFFF is useful for separation and size-analysis of
particles larger than approximately 1 lm [19]. It enables
rapid, high resolution separation of particles, with elu-
tion in order of decreasing particle size [20, 21].

In earlier work a modified GSF channel was used to
fractionate marine sediments on a semi-preparative
scale; GSF channels of different dimensions were used
for fractionations at different cut-off diameters [22]. In
this study a single GSF channel was used throughout the
entire GSF fractionation procedure. Also, both the
sample and carrier-inlet flow rates were fixed constant,
so that the position of the ISP was fixed. The cut-off
diameters were controlled by adjusting the upper ð _V ðaÞÞ
and lower ð _V ðbÞÞ outlet-flow rates as given by Eq. 1.
GSF was used to fractionate IAEA sediment particles
into four subpopulations with theoretical size ranges
<1.0, 1.0–3.0, 3.0–5.0, and >5.0 lm in diameter. The
size distributions of the GSF fractions were analyzed by
optical microscopy (OM) and by Sd/StFFF.

Experimental

Gravitational SPLITT fractionation

A GSF channel system was constructed in-house with a
127-lm-thick stainless steel splitter sandwiched between
two Mylar spacers of the same thickness (resulting in
the channel thickness of 381 lm). The channel breadth
(b) was 4.0 cm and the length (L) 20 cm.

Sea sediment material

A sea sediment material, IAEA-SED-1, was obtained
from the International Atomic Energy Agency
(IAEA). The sediment standard (density 2.10 g cm�3)
was suspended at 0.5 and 1% (w/v) in distilled, de-
ionized water containing 0.1% (w/v) FL-70 (Fisher
Scientific, Fair Lawn, NJ, USA) for particle dispersion
and 0.02% sodium azide for bactericide. Two different
sample concentrations were tested for comparison. The
suspended sample was fed into the channel through
inlet a¢ by means of a Minipulse-3 peristaltic pump
(Gilson Medical Electronics, Middletown, WI, USA).
Carrier liquid was the same as the suspension liquid,
and was pumped into the channel through inlet b¢ by
using a model M930 HPLC pump (Young-Lin, Seoul,
Korea). The GSF fractions were examined by OM

Fig. 1 Schematic side view of GSF channel
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(Jena Laboval 4, Germany) at a magnification of
400·.

Sedimentation/steric field-flow fractionation

GSF fractions were analyzed by Sd/StFFF. The SdFFF
system was similar to that used in earlier publications
[21, 22]. The SdFFF channel was made with a Mylar
spacer, which was cut into a ribbon-like shape, clamped
between two Hastelloy C stainless-steel plates. The
channel was of length (L) 90 cm, breadth (b) 1.5 cm, and
thickness (w) 190 lm, which was equal to the thickness
of the Mylar spacer from which the channel was cut. The
radius (r) of the channel rotor was 15.1 cm. The SdFFF
carrier liquid was the same as that used in GSF and was
delivered into the SdFFF channel by means of a Young-
Lin Model 930 HPLC pump. Particles eluted from the
SdFFF channel were monitored by means of a Shima-
dzu SPD-6A UV detector (Tokyo, Japan) at a wave-
length of 254 nm. Polystyrene latex spheres of nominal
diameter 45.6, 21.4, 9.8, 4.5, and 1.53 lm (density
1.05 g cm�3), from Duke Scientific (Palo Alto, CA,
USA), were used for calibration.

Results and discussion

GSF fractionation of sediment material

Continuous GSF was used to fractionate the IAEA
sediment material into four size fractions. As men-
tioned earlier, the resolution increases as the ratio,
_V ða0Þ= _V ðb0Þ decreases [1, 2]. In this work, _V ða0Þ and
_V ðb0Þ were fixed constant at 1.0 and 9.0 mL min�1,
respectively, for all GSF operations. By adopting the
ratio _V ða0Þ= _V ðb0Þ 1:9 the particles are expected to form
an effectively compressed initial band whose thickness
is 10% of the channel thickness, which is 38.1 lm. At a
ratio lower than 1:9 it was difficult to feed the sample
suspension into the channel because of high back-
pressure caused by relatively high _V ðb0Þ:

First, GSF was performed to cut the sample at a
cut-off diameter of 3.0 lm. With dc=3.0 lm and
_V ða0Þ=1 mL min�1, Eq. 1 gives _V ðaÞ=3.1 mL min�1.
The feed concentration of the sample suspension was
0.5% (w/v). This first step yields two fractions: ‘‘frac-
tion a’’ collected at outlet a, and ‘‘fraction b’’ collected
at outlet b. Both fractions a and b were concentrated
by centrifugation for further GSF fractionation. The
second step of GSF was then performed to fractionate
fraction a at a cut-off diameter of 1.0 lm, which again
yields two fractions: ‘‘fraction aa’’ collected at outlet a
and ‘‘fraction ab’’ collected at outlet b. Finally the
third step of GSF was performed to cut fraction b at
the cut-off diameter 5.0 lm, which yields ‘‘fraction ba’’
collected at outlet a and ‘‘fraction bb’’ collected at
outlet b. This three-step GSF operation yielded four
GSF fractions of the sediment sample, fractions aa, ab,

ba, and bb. The flow rate conditions used in all three
steps of GSF operations are summarized in Table 1.

In theory, fractions aa, ab, ba, and bb are expected to
contain particles in the diameter ranges <1.0, 1.0–3.0,
3.0–5.0 and >5.0 lm, respectively. All four fractions
were examined by OM; micrographs of each fraction
and the original sample are shown in Fig. 2. It is
apparent from Fig. 2 that the sediment particles are not
spherical. Despite this, the apparent size gradually in-
creases from fraction aa to bb (four micrographs at the
bottom of Fig. 2) as expected from theory.

Figure 3 shows the particle-size distributions (PSD)
of the original sample (Fig. 3a) and its four GSF frac-
tions (Fig. 3b) determined by OM. Because most of the
particles are not spherical, two-dimensional measure-
ment was used, in which the size of each particle was
determined by averaging the sizes measured along the
x and y coordinates. For the original sample approxi-
mately 140 particles were analyzed; 40–50 particles were
analyzed for each GSF fraction.

Figure 3a shows the size distribution of the original
sample is broad, ranging up to approximately 10 lm.
Although some particles larger than 10 lm were found
in the original sample (Fig. 2), the number% of those
large particles is, apparently, very low, and negligible
compared with that of those smaller than 10 lm. The
mean diameter of the original sample is 2.3 lm (std.
dev.=1.7 lm) with more than 92% of particles being
smaller than 5 lm.

Figure 3b shows the size distributions of fractions aa,
ab, ba, and bb in the approximate ranges 0.3–2.0, 0.6–
3.3, 1.2–5.4 and 4.8–9.3 lm with mean sizes 0.4 (std.
dev.=0.3), 1.4 (std. dev.=0.5), 2.5 (std. dev.=0.9), and
6.4 (std. dev.=1.5) lm, respectively. Overall, the mea-
sured size-ranges of the fractions are in reasonable
agreement with theoretical diameter ranges, except for
fraction ba. The mean sizes of the fractions are also
within the theoretical diameter range, except for fraction
ba. Figure 3b shows that fraction ba contains a sub-
stantial number of undersized particles (dc smaller than
3.0 lm), causing the size range of fraction ba to be ex-
tended further down to approximately 1.2 lm, and the
mean size (2.5 lm) to be pushed out of the theoretical
diameter range of 3–5 lm.

There are many possible reasons for the size ranges of
the GSF fractions not exactly matching theoretical
diameter ranges. These include:

Table 1 Experimental conditions for each step of GSF operations
for fractionation of sediment and their corresponding cut-off
diameter, dc. The same channel (breadth·length=4·20 cm, thick-
ness=381 lm) was used for all GSF

Step dc
(lm)

_V ða0Þ
(mL min�1)

_V ðb0Þ
(mL min�1)

_V ðaÞ
(mL min�1)

_V ðbÞ
(mL min�1)

1 3 1.0 9.0 3.1 6.9
2 1 1.0 9.0 0.8 9.2
3 5 1.0 9.0 7.7 2.3
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1. the sediment particles are not spherical (theoretical
diameter range was calculated by assuming the par-
ticles are spherical. Non-spherical particles will have
sedimentation coefficients different from those of
spherical particles of the same apparent diameter,
and this will change the observed cut-off diameter
from the theoretical value);

2. all the particles were assumed to have a uniform
density of 2.1 g mL�1, which may not be true;

3. the thin layer of the sample formed at the beginning
of GSF channel has a finite thickness, causing parti-
cles of the same size to start settling at different lat-
eral positions, which results in co-elution of particles
of the same diameter at both outlets;

4. the size distribution determined by OM may not be
accurate because only a limited number of particles
were measured, 40–50 particles for each fraction;

5. splitter imperfection (e.g. misalignment, surface
roughness, and edge discontinuity) could cause flow
perturbation; and

6. diffusion of small particles, etc.

All these possible causes of deviation should affect all
three GSF steps equally. For example, the thickness of
the initial sample layer is identical in all three GSF steps
because _V ða0Þ and _V ðb0Þ were fixed constant at 1 and
9 mL min�1, respectively, in all three GSF steps
(Table 1).

The high end of the size range of fraction ba is 5.4 lm
and the low end of fraction bb is 4.8 lm. Both are close
to the theoretical dc of 5 lm, indicating that GSF step 3
(fractionation of fraction b) performed reasonably well.
In fact, fraction bb contains only about 7% (in number)
of particles smaller than 5.0 lm.

It seems that the larger deviation of fraction ba was
caused by contamination of fraction b by particles
smaller than the theoretical dc of 3 lm at GSF step 1.
Although _V ða0Þ and _V ðb0Þ were fixed constant for all
GSF steps, _V ðaÞ and _V ðaÞ were different for different
GSF steps. For step 1, _V ðaÞ =3.1, _V ðaÞ =6.9, whereas
for step 3, _V ðaÞ =7.7, _V ðbÞ =2.3 mL min�1. Thus the
height of the OSP from the channel bottom is three-
times higher at step 1 than at step 3. If any particles
leave their ‘‘ideal’’ trajectories, for one or more reasons
mentioned above, the possibility of contamination of
fraction b by undersized particles (smaller than the cut-
off diameter) would be higher for higher OSP.

The ‘‘number % recovery’’ was determined for each
GSF fraction by counting the number of particles
whose sizes were in the theoretical diameter range, and
was 66.3, 85.5, 36.1, and 93.1% for fractions aa, ab,
ba, and bb, respectively. Although recovery of frac-
tions collected from outlet a (fractions aa and ba) was
relatively low, recovery was good (>85%) for frac-
tions collected from outlet b. This is in agreement with
GSF results reported previously [5, 7, 8, 23].

Similar results were obtained when the feed concen-
tration was increased to 1%, as shown in Fig. 3c. The
mean diameters of fractions aa, ab, ba, and bb were 0.6
(std. dev.=0.2), 1.6 (std. dev.=0.5), 2.6 (std. dev.=0.9),
and 7.0 (std. dev.=1.8), respectively. These values are
quite close to those obtained with a feed concentration
of 0.5% with the exception of fraction aa.

The four GSF fractions were analyzed by Sd/StFFF,
in which the particle equilibrium position in Sd/StFFF is
determined by the balance between the driving force
(centrifugal acceleration force) and the opposing hydro-
dynamic lift forces. The hydrodynamic lift forces have

Fig. 2 GSF scheme for
fractionation of IAEA-SED-
1 at various cut-off diameters,
and optical micrographs of the
collected fractions Flow rate
conditions are listed in Table 1
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not yet been clearly understood, and thus the particle size
analysis is generally carried out using an empirical cali-
bration procedure [20, 21]. Calibration is based on the
linear relationship between the logarithm of the retention

time, log tr, and logarithm of the particle diameter, log d.
Figure 4 shows the Sd/StFFF fractogram (UV detector
signal at 254 nm) showing separation of polystyrene la-
tex beads of the indicated diameters obtained with a flow
rate of 7.0 mL min�1 and at 1,430 rpm (345.6·g). It
demonstrates the capability of Sd/StFFF for separation
of particles ranging from 46 to 1.5 lm. The inset in Fig. 4
shows the corresponding calibration curve, representing
a good linear relationship, as expected. The linear cali-
bration is described by the relationship; log tr =�Sd

log d + log tr1 where the calibration constants Sd and tr1
are the slope of the curve representing the diameter-based
selectivity and the extrapolated retention time of a unit-
diameter particle, respectively. Experimental values of Sd

and tr1 for the calibration curve shown in Fig. 4 were 0.69
and 29.9 min, respectively. By utilizing this relationship,
particle diameter and its distribution can be determined
from retention times in the experimental fractogram.

Because of the different densities of the polystyrene
standard particles and the sample particles (sediments in
this study), the field strength to be used for sample
analysis should be adjusted by the ‘‘density-compensa-
tion method’’ [20, 21] so that the effective field strengths
exerted on both the calibration standard and the sample
are identical: (GDq)standard=GDq)sample where G is the
centrifugal acceleration force ( / rpm2) and Dq is the
density difference between the carrier liquid and sample.
For density-compensation the original sediment sample
and the four fractions obtained from it were analyzed at
300 rpm (equivalent to 1,430 rpm for polystyrene stan-
dard). The Sd/StFFF fractograms are shown in Fig. 5
marked with the diameter scale based on the calibration.

Fig. 3 Particle-size distributions obtained by microscopic exami-
nation of (a) the original IAEA-SED-1, (b) GSF fractions collected
at a feed concentration of 0.5% (w/v), (c) GSF fractions collected at
a feed concentration of 1.0% (w/v). The dotted lines represent the
position of each cut-off diameter

Fig. 4 Sd/StFFF separation of a mixture of five polystyrene latex
spheres obtained at a rotation speed of 1,430 rpm and a flow rate of
7.0 mL min�1. The inset is the calibration curve representing the
linear relationship between log t r and log d
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The flow rate was the same as that used for the cali-
bration.

As shown in Fig. 5, the elution profiles (and thus the
size distributions) of the GSF fractions are quite differ-
ent, and move to shorter elution time as the mean size
decreases, as expected by the Sd/StFFF theory. It seems
that retention of all the fractions is somewhat shorter
than expected, thus yielding the apparent sizes larger
than those measured by OM. This is probably because
of the ‘‘shape effect’’ in Sd/StFFF, in which the non-
spherical particles (flat or irregular shapes) are eluted
earlier than spherical particles of the same mass, thus
yielding a particle size distribution (converted from a
fractogram using calibration data) for the non-spherical
particles which seems to be shifted to the larger diameter
scale [23].

It is noted that the signal from the UV–Vis detector
in Sd/StFFF is mostly light scattered (a measure of
turbidity rather than absorption) by the particles passing
through the detector cell, and the signal intensity in-
creases with increasing size and concentration. Thus the
fractogram does not represent the size distribution
accurately. Instead it represents the surface-area distri-
bution of the eluted particles. To obtain an accurate
PSD, light-scattering correction is required. The accu-
rate scale factor compensating for the shape effect is not
known and light-scattering correction was not per-
formed in this work.

Conclusion

Polydispersed and non-spherical sediment particles were
analyzed by a combination of GSF and Sd/StFFF.

Three-step GSF yielded four size-fractions of the parti-
cles on a semi-preparative scale. The particles were
analyzed for size by Sd/StFFF. The size distributions of
the GSF fractions were in reasonable agreement with
theory despite the particles not being spherical. Results
showed that a single GSF channel can be used for sep-
aration of particles of different cut-off diameters by
using an appropriate combination of flow rates. It was
also shown that accurate size analysis by Sd/StFFF for
non-spherical particles requires full understanding of the
‘‘shape factor’’.

The combination of GSF and SdFFF is a
useful combination for analysis of complex and polydi-
spersed particulate samples, for example sea-sedi-
ment. GSF enables fractionation of the original
sample into a few sub-groups based on size and/or
density. The sub-groups can then be analyzed using ei-
ther the normal or steric mode of SdFFF (Sd/NlFFF or
Sd/StFFF) for more accurate characterization of the
sample.
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Fig. 5 Sd/StFFF fractograms of the original IAEA-SED-1 and the
four GSF fractions obtained from it at a rotation speed of 300 rpm.
Flow rate was the same as that used in Fig. 4
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