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Abstract

Gravitational field-flow fractionation (GFFF) utilizes the Earth’s gravitational field as an external force that causes the
settlement of particles towards the channel accumulation wall. Hydrodynamic lift forces oppose this action by elevating
particles away from the channel accumulation wall. These two counteracting forces enable modulation of the resulting force
field acting on particles in GFFF. In this work, force-field programming based on modulating the magnitude of
hydrodynamic lift forces was implemented via changes of flow-rate, which was accomplished by a programmable pump.
Several flow-rate gradients (step gradients, linear gradients, parabolic, and combined gradients) were tested and evaluated as
tools for optimization of the separation of a silica gel particle mixture. The influence of increasing amount of sample injected
on the peak resolution under flow-rate gradient conditions was also investigated. This is the first time that flow-rate gradients
have been implemented for programming of the resulting force field acting on particles in GFFF.  2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction of particles towards the channel accumulation wall.
However, there are other forces acting on the par-

The separation effect in field-flow fractionation ticles during the separation process: hydrodynamic
(FFF) is accomplished by the combined action of a lift forces (HLF) [3] and electrostatic interactions
non-uniform flow velocity profile of a carrier liquid [4].
and an applied transverse force field [1]. Gravitation- GFFF has been successfully applied to a wide
al field-flow fractionation (GFFF) is experimentally variety of inorganic, synthetic and biological par-
the simplest and cheapest among the family of FFF ticulate materials. It has been employed for the
techniques [2]. It utilizes the Earth’s gravitational separation, characterisation and micropreparation of
field as the external force field that causes settlement cells [5,6], starch granules [7], silica gel particles

[4,8–10], polymer latexes [11,12], fine coal particles
and residues from coal liquefaction [13].*Corresponding author.

´E-mail address: janap@iach.cz (J. Plockova). In many FFF techniques, force-field programming
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has been implemented in order to broaden the particle weight is proportional to the third power of
versatility and to optimize separations in terms of the particle radius. It follows that, with increasing
time, resolution and detection limit [14–17]. Due to particle radius, the predominance of HLF proportion-
the constant and relatively weak gravitational field, it ally increases, thus the larger particles elute first
seems that the applicability of force-field program- [9,19].
ming in GFFF is rather limited. However, as sug- In this work, different types of flow-rate gradient,
gested and justified in previous work [18,19], there ranging as shown in the previous work [19], were
are several possibilities to control the resulting force implemented in the separation of a model silica gel
field acting on particles in GFFF. In focusing (hy- particle mixture and tested as tools for optimization
perlayer) elution mode, at least two counteracting of the separation. We aimed to reduce the total
forces determine the retention ratio of particles duration of the separation without any loss or even
[20,21]. In GFFF, these counteracting forces are the with an increase of peak resolution compared to
gravitational force on one hand and hydrodynamic experiments at constant flow-rates. The flow-rate
lift forces [3] (or in some cases electrostatic repul- programming described in this work differs from that
sion [4]) on the other. HLF [22] tend to drive the published by Giddings et al. [27] in sedimentation
particles away from the channel accumulation wall FFF. Whereas programming of the rotation speed and
and to focus them into narrow zones. In the flow carrier liquid density introduced by Yang et al. [28]
velocity profile, these zones are located at those are examples of force-field programming, no force-
positions where the resulting force acting on the field programming occurred in Ref. [27]. No increase
particles is zero, i.e. where the effective particle of the retention ratio with increasing flow-rate was
weight equals the HLF. It follows that any change in observed during those velocity programs, as they
these counteracting forces results in a change of the were accomplished in Brownian elution mode [27].
retention ratio. Thus, we can control the retention of The flow-rate gradients presented in this work result
particles by modulation of HLF action [18]. in changes of the retention ratios. Thus, they are

Several attempts have been made to describe HLF tools for force-field programming.
action by a mathematical equation. All the equations
include the dependence of the HLF magnitude on the
flow-rate. According to Refs. [23–25], the magnitude 2. Experimental
of the inertial lift force is proportional to the square
of the average linear velocity. Ref. [26] focused on The experimental equipment has been described
the near-wall lift force, and the linear dependence on previously [19]. The separation channel was cut in a
the average linear velocity was empirically obtained spacer of 80 mm height. The spacer was then
for particles travelling near the channel wall. Ac- sandwiched between two float glass plates and the
cording to all these equations, the magnitude of the latter were clamped together with two Plexiglas bars.
HLF increases with increasing flow-rate. It follows The width, length, and geometrical void volume of
that we can modulate the HLF action and thus the the channel (including inlet and outlet apices) were 2
resulting force field acting on particles by changing cm, 35 cm, and 0.51 ml, respectively. Flow-rate
the flow-rate. There are two possibilities to achieve programming was performed with a HP 1100 Series
these changes: by programmed pumping or with Quaternary Pump (Hewlett-Packard). A UVM 4
channels of non-constant cross-sections [18]. spectrophotometric detector (Development Work-

The dependence of the retention ratio on the flow- shops AS CR, Prague, Czech Republic), equipped
rate in focusing elution mode in GFFF has been with a Z-shaped cell with an optical path of 5 mm,
widely studied experimentally [4,8,9,19]. The size- was operated at 254 nm. Fractograms were recorded
based retention order of analytes in focusing elution with elution time as X-axis and converted to elution
mode is reversed compared to Brownian elution volume as X-axis.
mode [3,8,9]. According to Refs. [23–25], the iner- Milli-Q water was applied as the carrier liquid.
tial HLF increases with the fourth power of the The model mixture consisted of non-porous silica gel
particle radius, while the counteracting effective particles of diameter 1.6 mm (a gift from Prof. E.
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´Kovats, SFIT, Lausanne, Switzerland) and porous able to define a parameter that would enable com-
particles (Sepharon SGX) of nominal diameters 5 parisons of the gradient separations in our non-
and 10 mm (Tessek, Prague, Czech Republic). They standard situation. We arbitrarily defined parameters

* *were prepared as follows: 8 mg/ml suspensions of R and R by the equations presented in Table 1.1,2 2,3

analytes 1 (porous 10 mm silica) and 2 (porous 5 mm Using these parameters, we compared all the sepa-
*silica) were sonicated for 10 min. Ultrasound stirring rations yielding R . 1 (Table 1). In the following,1,2

*was followed by boiling for 3 min in order to remove the separations yielding R , 1 are described as1,2

gas from the pores and to thoroughly wet all the non-successful. Despite the above-mentioned com-
particle cavities. A 2 mg/ml suspension of analyte 3 plications, the aim of this work was achieved, as
(non-porous 1.6 mm silica) was sonicated for 10 min. described below.
Equal volumes of suspensions 1, 2, and 3 (treated as
described above) were mixed and recurrently soni- 3.1. Constant flow-rate
cated before each injection for 2 min. A 2 ml volume
of the model mixture was injected. The stop-flow The suitable range of flow-rates for force-field
time was 60 s. The same mixture was used for all the programming was determined in previous work [19].
measurements reported in this work. For a channel height of 80 mm, the properly func-

tioning flow-rates were in the range 0.2–1.3 ml /min.
Fig. 1 presents fractograms of the model mixture

3. Results and discussion obtained at three constant flow-rates within this

The major challenge of this work was to show that
flow-rate programming in GFFF could provide better Table 1
resolution than any constant flow-rate with simulta- Comparison of the effects of selected flow-rate gradients on

* *separation of the model mixture. The parameters R and R areneous time reduction. With this goal in mind, we had 1,2 2,3

arbitrarily defined as follows:to deal with some complications. The model mixture
b2ais not ideal. It contains two analytes with a broad * ]]R 51,2 a 1boverlapping size distribution (analytes 1 and 2). This

polydispersity results in wide and seriously overlap- where a is the elution time (volume) of peak 1, b is the elution
time (volume) of peak 2, a is the tailing half-width of peak 1ping peaks 1 and 2 [9] and obscures the intrinsic
taken at one-half of its height and b is the fronting half-width ofsharpness produced by the tested flow-rate gradients.
peak 2 taken at one-half of its height;

The second complication is caused by the unequal
c2bnumber of particular particles per volume unit of the * ]]R 52,3 g 1d7model mixture: there are 1.02?10 particles of ana-

7 where b is the elution time (volume) of peak 2, c is the elutionlyte 1 (d 5 10 mm), 8.15?10 particles of analyte 2
8 time (volume) of peak 3, g is the tailing half-width of peak 2(d 5 5 mm), and 4.24?10 particles of analyte 3

taken at one-half of its height and d is the fronting half-width of
(d 5 1.6 mm) in 1 ml of the model suspension. peak 3 taken at one-half of its height
Furthermore, particles of different size show differ-

Elution Elution Elution Totalent light dispersion. Due to the particle size-based
conditions time as volume as separation

response of the UV detector and the unequal con- the X-axis the X-axis time (min)
centrations in the model mixture, each particular

* * * *R R R R1,2 2,3 1,2 2,3peak in the fractogram shows a different height and
Gradient B 1.1 3.9 1.1 3.9 4.5different area compared to the others.
Gradient D 1.2 4.0 1.2 4.1 4.1The third problem is to define an appropriate
Gradient F 1.9 5.7 1.9 5.8 4.2

parameter for evaluation of the optimization effect of Gradient H 1.4 3.8 1.4 3.8 6.8
the tested flow-rate gradients. The peaks are not Gradient I 1.4 3.7 1.4 3.7 5.3

Gradient J 1.6 3.7 1.6 3.7 4.0Gaussian, which disqualifies the generally used
Constant flow-calculation of peak resolution for the case when the
rate 0.2 ml /min 1.4 4.3 1.4 4.3 19peaks are not baseline separated. Thus, it is reason-
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broadening depending on flow-rate. In general, the
focusing effect is provided by HLF action (opposing
gravity). Increasing flow-rates lead to the formation
of narrower zones located at longer distances from
the channel bottom. A narrower zone is less dis-
persed by the non-uniform flow profile of the carrier
liquid than a broader zone. Moreover, band broaden-
ing is also related to the position of the focused zone

Fig. 1. Fractograms of the model silica mixture at three constant
flow-rates: (a) 1.0 ml /min, (b) 0.5 ml /min and (c) 0.2 ml /min. V0

denotes the peak corresponding to the void volume and peaks 1, 2,
and 3 refer to analytes 1 (10 mm), 2 (5 mm), and 3 (1.6 mm),

*respectively. Based on the arbitrarily defined parameter R , the1,2

separations were evaluated as follows: (a) non-successful, (b)
* *non-successful, (c) R 5 1.4, R 5 4.3.1,2 2,3

range. It is clear that, with increasing flow-rate, the
retention time difference between peaks 1 and 2
decreases, which affects their resolution. The best
resolution was obtained at a flow-rate of 0.2 ml /min

*(R 5 1.4), however the total separation time was1,2

19 min. At flow-rates of 0.5 and 1 ml /min, the speed
of separation was increased at the expense of the

*resolution. Based on the parameter R , these sepa-1,2

rations were evaluated as being non-successful. The
total separation times were 6.4 and 3 min.

At a flow-rate of 0.2 ml /min, the differences in
the heights and areas of peaks 1, 2 and 3 are
probably caused by the particle size-based response
of the UV detector, by the unequal numbers of
particular particles per 1 ml of the model mixture,
and by the separation mechanism of the focusing
elution mode induced by HLF. At different flow- Fig. 2. (a) Dependence of the elution volume of particular peaks
rates, the ratio of peak heights differs. The lowest and the elution volume difference between the peaks on the
peak 1 at a flow-rate of 0.2 ml /min (Fig. 1c) flow-rate. The values of elution volume were obtained from the

fractograms in Fig. 1. Curves 1, 2, and 3 show the elution volumesbecomes about equal when the flow-rate increases to
of peaks 1, 2, and 3, respectively. Curve 4 expresses the elution0.5 ml /min (Fig. 1b) and develops into the highest at
volume difference between peaks 1 and 2. Curve 5 expresses the

a flow-rate of 1 ml /min (Fig. 1a). This is due to the elution volume difference between peaks 2 and 3. (b) Dependence
increasing magnitude of HLF and thus the enhanced of peak width on the flow-rate. The values of the peak width were
focusing and elevating effect of increasing flow-rate obtained from fractograms of separately injected particular ana-

lytes fractionated under the same conditions as for Fig. 1. The[23–26]. As HLF act strongly on larger particles, the
width of each peak (denoted Width 1/2) was taken at one-half oflargest 10 mm particles of analyte 1 are elevated and
its height from the elution volume X-axis record. Curves 1, 2, and

focused most with increasing flow-rate and thus the 3 refer to peaks 1, 2, and 3, respectively. Each data point is the
height of peak 1 increases dramatically. average of five measurements with a relative standard deviation of

Fig. 2 shows the effects of focusing and band ,2% for most points and never exceeding 5%.
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inside the channel. The zone located at a higher slope were tested. For all the gradients presented in
position is less dispersed than the zone near the Fig. 3 the flow-rate was started at 0.5 ml /min. The
channel bottom because of the shallower flow-rate flow-rate was then increased up to 1 ml /min within 5
gradient at the higher positions [29,30]. min with gradient A, within 4 min with gradient B

Fig. 2a demonstrates the dependence of the elution and within 3 min with gradient C, as shown by the
volume of particular peaks (obtained from Fig. 1) on plots of the flow-rate programs in Fig. 3. It is clear
the flow-rate. It shows that the elution volume that no significant benefit was obtained with the
difference between peaks 1 and 2 decreases slightly tested linear flow-rate gradients. Among these pro-
with increasing flow-rate (curve 4). This affects the grams, the best result was achieved by gradient B.

*peak resolution. In order to investigate the depen- The value of parameter R was 1.1 and the total1,2

dence of the peak width on the flow-rate, we separation time was 4.5 min. The baseline is drifting
evaluated the fractograms of separately injected down, which is caused by the gradually increasing
particular analytes. The widths of the peaks taken at flow-rate.
one-half of their heights are plotted against flow-rate
in Fig. 2b. It is clear that, within this flow-rate range, 3.3. Multilinear flow-rate gradients
peaks 1 and 2 tend to narrow with increasing flow-
rate (due to the enhanced focusing and elevating The two selected multilinear gradients shown in
effect of HLF), which should contribute to improve- Fig. 4 were started at 0.5 ml /min and increased to
ment of their resolution. Based on the combination 0.76 ml /min within 2.1 min, which is the same slope
of the two counteracting effects reported in Fig. 2a as that of gradient B. This first part was followed by
and b, the optimal flow-rate gradient was determined a steeper slope reaching the terminal value of 1.26
which would provide reasonable resolution of peaks ml /min within 2 min with gradient D (the slope
1 and 2 and complete separation of peaks 2 and 3 increased twice) and 1 min with gradient E (the slope
with a short separation time. increased four times). The run was then completed at

this terminal value. Gradient D provided the best
*3.2. Linear flow-rate gradients result (R 5 1.2) of all the linear and multilinear1,2

gradients. The total separation time was 4.1 min, and
*Several linear flow-rate gradients with different R was 4.0. The baseline drifted down proportion-2,3

Fig. 3. Fractograms of the model silica mixture obtained under conditions of linear flow-rate gradients A, B and C. The flow-rate programs
are described by the dashed line plots. Symbols V , 1, 2, and 3 and the evaluation are as described in Fig. 1: (A) non-successful, (B)0

* *R 5 1.1, R 5 3.9, (C) non-successful.1,2 2,3



´ ´366 J. Plockova, J. Chmelık / J. Chromatogr. A 918 (2001) 361 –370

where v is the flow-rate (ml /min) and t is time (min).
With gradient F this increase continued until a
terminal flow-rate value of 1.32 ml /min and the run
was then completed at this value. With gradient G
the fractionation was finished when the program
reached a flow-rate value of 1.26 ml /min. The flow-
rate programs are expressed by the plots in Fig. 5.
Under the conditions of gradient G, the separation
was finished in 3.1 min. However, based on the

*parameter R , the separation was evaluated as being1,2

non-successful. On the contrary, gradient F improved
* * *both R and R . The obtained value of R was1,2 2,3 1,2

* *1.9 and R was 5.7, which were the best R and2,3 1,2

*R values of all the tested flow-rate programs. The2,3

*total separation time was 4.2 min. The values of R1,2

*and R were improved even compared to the lowest2,3

* *constant flow-rate (R 5 1.4 and R 5 4.3 at a1,2 2,3

flow-rate of 0.2 ml /min). In order to draw conclu-
sions about the true peak sharpness and symmetry,
we also converted the fractograms into volume-

Fig. 4. Fractograms of the model silica mixture obtained under scaled co-ordinates. In Fig. 6 the elution time X-axis
conditions of multilinear flow-rate gradients D and E. The flow-
rate programs are described by the dashed line plots. Symbols V ,0

1, 2, and 3 and the evaluation are as described in Fig. 1: (D)
* *R 5 1.2, R 5 4.0, (E) non-successful.1,2 2,3

ally to the increasing flow-rate. Gradients D and E
provide sharper peaks than gradients A, B, and C.
One has to consider that, during multilinear gra-
dients, starting from the separation time of 2.1 min,
the velocity gradient of the zone passing through the
detector is much steeper. Thus, as the last half of
each peak with gradients D and E is swept out of the
channel much more rapidly than the first half, the

*peaks look sharper. The parameter R suggests that1,2

no substantial optimizing effect was achieved by
multilinear flow-rate gradients.

3.4. Parabolic flow-rate gradients

We tested two types of parabolic gradients: flow-
rate increasing in proportion to the square of time
(gradient F, see Eq. (1)) and to the square root of
time (gradient G, see Eq. (2)) according to the
following functions:

Fig. 5. Fractograms of the model silica mixture obtained under
2 the conditions of parabolic flow-rate gradients F and G. Thev 5 0.5 1 0.048 ? t (1)

flow-rate programs are described by the dashed line plots.
Symbols V , 1, 2, and 3 and the evaluation are as described in Fig.01 / 2 * *v 5 0.5 1 0.408 ? t (2) 1: (F) R 5 1.9, R 5 5.7, (G) non-successful.1,2 2,3
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Fig. 6. Comparison between elution time X-axis (a) and elution volume X-axis (b) plots of the most successful flow-rate gradient (gradient
F). The fractogram was recorded with elution time as X-axis and converted to elution volume as X-axis. The flow-rate program is described

* *by the full line plots. Symbols V , 1, 2, and 3 and the evaluation are as described in Fig. 1. The values of R and R are presented in Table0 1,2 2,3

1.

record of gradient F is converted to the elution with gradient J). One practical advantage is related to
volume X-axis record. It can be seen that this a long and low starting flow-rate: it enables settle-

*conversion did not affect the value of R and even ment of yet non-relaxed particles and thus reduction1,2

*improved the value of R to 5.8 (values are of the stop-flow time [31]. In order to demonstrate2,3

presented in Table 1). this benefit in a previous work, an intentionally
The advantage of the parabolic flow-rate program incorrect stop-flow time (30 s) was used with

for this particle mixture is illustrated by a com- gradient J (starting at 0.5 ml /min for 1.6 min) [31].
parison between the multilinear gradient D and the With a stop-flow time of only 30 s, the double-
parabolic gradient F. Both gradients started at 0.5 topped peak 3 showed unfinished sedimentation of
ml /min and increased to about 1.3 ml /min in about the smallest particles. However, under the conditions
4 min. The only difference is in the shape of the of a longer low flow-rate period and lower starting
flow-rate plots. It seems that the unique separation flow-rate (4 min at 0.2 ml /min), the same stop-flow
capability of the parabolic gradient is given by the time of only 30 s was satisfactory and the perfectly
mild starting slope of the flow-rate plot, which pronounced peak 3 confirmed thorough settlement of
gradually steepens. We can conclude that this is a the smallest particles [31]. This shows that we can
very successful flow-rate program. The demand for combine a long and low starting flow-rate period
expensive equipment (a programmable pump) and with a shorter stop-flow time than calculated, which
the disadvantage of the drifting baseline evoked can be useful in some cases. The effect of the
further effort. duration of the low flow-rate period on the propor-

tional heights of peaks 1 and 2 has also been
3.5. Step gradients demonstrated [31].

At step gradients H, I, and J, the resolution of
Several step gradients were suggested to combine peaks 1 and 2 is maintained or improved compared

the benefits of both low and high flow-rate in a to a constant flow-rate of 0.2 ml /min and peak 3 is
technically simple way. The effect of starting flow- baseline separated from peak 2. The total separation

*rate is demonstrated in Fig. 7. The lengths of the low times and the values of R are as follows: 6.8 min1,2

flow-rate periods at different starting flow-rates were and 1.4 with gradient H, 5.3 min and 1.4 with
settled in order to set the high flow-rate when the gradient I, and 4 min and 1.6 with gradient J.
void volume peak had just passed through the It follows that, with stepped program J, the value

*detector (4 min at 0.2 ml /min with gradient H, 3 min of R is improved compared to the flow-rate of 0.21,2

at 0.3 ml /min with gradient I, 1.6 min at 0.5 ml /min ml /min, and the total separation time is very satis-
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Fig. 7. Fractograms of the model silica mixture obtained under the conditions of step flow-rate gradients H, I and J. The flow-rate programs
* *are described by the dashed line plots. Symbols V , 1, 2, and 3 and the evaluation are as described in Fig. 1: (H) R 5 1.4, R 5 3.8, (I)0 1,2 2,3

* * * *R 5 1.4, R 5 3.7, (J) R 5 1.6, R 5 3.7.1,2 2,3 1,2 2,3

factory. Moreover, the stepped programs avoid the dients, one has to pay attention to the optimization of
problems with drifting baseline. We only obtain a the amount injected.
drop on a constant baseline. The benefit of the
technical simplicity also has to be taken into account.

4. Conclusion

3.6. Overloading effect The major challenge of this work was to find a
flow-rate gradient that would provide improved

The influence of increasing amounts of injected resolution of the first two peaks and the complete
particles on separation in GFFF has been investi- resolution of the last two peaks of the sample with a
gated previously [32]. In this work, we demonstrated reduced separation time. In general, the flow-rate
the overloading effect under the conditions of a gradients yielded reduced separation times. However,
programmed flow-rate. Step gradient H was accom- some of them resulted in poorer resolution of the first
plished with different increasing amounts of the two peaks. Moreover, the gradually increasing flow-
model mixture. The following sample volumes were rate produced problems with the baseline drifting
injected: 2, 3, 4, 6 and 8 ml. Based on the previously down.
discussed mechanism of the overloading effect [32], Several of the tested flow-rate gradients satisfy the
one can anticipate that an increase of the injected above-mentioned requirements. The best resolution
sample amount would seriously interfere with the was achieved with the convex parabolic gradient.
resolution of peaks 1 and 2. Fig. 8 bears out this However, the demand for a programmable pump
assumption and reveals that an undue decrease of makes it rather less accessible. Very satisfactory

*R occurred when the injected volume exceeded 4 resolution with a slightly shorter separation time was1,2

ml. Further increase of the injected amount resulted provided by step gradient J, which could be gener-
in a deterioration of the separation. The shape and ated by common equipment. Whereas with linear and
retention time changes of peak 3 in Fig. 8a–e show parabolic gradients the baseline drifts down pro-
the manifestation of the overloading effect as de- portionally to the increasing flow-rate, step gradients
scribed in Ref. [32]. When applying flow-rate gra- only produce a drop on a straight baseline.
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Fig. 8. The influence of increasing injected volume of the model silica mixture (overloading effect) on fractionation under the conditions of
step gradient H. The volumes of the model mixture injected were (a) 2 ml, (b) 3 ml, (c) 4 ml, (d) 6 ml, (e) 8 ml. The onset of a flow-rate of 1
ml /min is indicated by the drop on the baseline in each fractogram. Peaks 1, 2, and 3 refer to analytes 1 (10 mm), 2 (5 mm), and 3 (1.6 mm),
respectively.
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