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ABSTRACT

Micro-thermal field-flow fractionation (u-TFFF) was developed recently
and applied for the characterization of the synthetic polymers and colloidal
particles. In comparison with standard size TFFF channels, which were
already used for the separation of the colloidal particles, the miniaturized
channel allows one to shorten the time of the analysis and to achieve high
resolution if the separation is performed under optimized experimental
conditions. The relaxation processes leading to the establishment of the
initial steady state after the injection of the sample into the channel can
influence the retention and contribute to the zone broadening. These
processes are considerably influenced by the temperature, which has to
be carefully chosen. The choice of a convenient flow rate represents a
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compromise between an optimum flow rate (which is too slow due to the
low diffusion coefficients of the colloidal particles) and a reasonable flow
rate which takes into account the injection period and the stop-flow
procedure applied immediately after the injection of the sample in order
to minimize the effect of the relaxation processes. All these parameters can
easily be optimized in the p-TFFF due to its high versatility and to an
important decrease of the heat energy flux across the channel, allowing
an independent control of the temperatures of the cold and hot walls. The
p-TFFF thus becomes high-performance method for the separation of the
colloidal particles and for the determination of their particle size distribu-
tion (PSD).

Key Words: Micro-thermal field flow fractionation; High-speed
separation; Colloidal particles; Particle size-retention relationship;
Injection-stop-flow time optimization.

INTRODUCTION

Micro-thermal field-flow fractionation (pu-TFFF) is a new technique
developed recently!’? and applied, also, for the separation of colloidal
particles.”) The standard size TFFF channels were extensively used during
the last few years to investigate the behavior of the colloidal particles,* ' but
no study was oriented towards the optimization of the experimental conditions.
The state of the art concerning the applications of various FFF techniques for
the separation of the colloidal particles was reviewed recently.!'*! However, a
fundamental study is necessary in order to optimize the experimental condi-
tions of the p-TFFF and thus to exploit, fully, all advantages of this new
technique.

With regard to the advantages of the u-TFFF, it is necessary to mention a
paper!'¥ describing the construction of a channel with the use of the materials
of low thermal conductivity in which the high temperature difference of 46 K
measured outside the channel must be established to obtain as low effective
temperature drop as 4.8 K while much higher temperature drop is necessary to
fractionate small colloidal particles and macromolecules.

Although only very few experiments were presented in the paper,!'*! it is
difficult to understand some of them. The elution time of the unretained solute
given in Fig. 6, Ref.!"*), is shorter at lower temperature drop compared with
the values given in Fig. 7, Ref."*. This might be caused by an important
thermal dilation of the channel under the various experimental conditions,
which represents a serious drawback of its construction.
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When calculating the experimental plate heights, H, by using the
fractogram in Fig. 7, Ref."*, and the well-known relationship:

2
o

H= L(VR> Q)
where L is the length of the channel, V; is the retention volume of the
concerned solute, and ¢ is the standard deviation characterizing the width of
the fractogram in the same volume units as V}, the plate height calculated for
the unretained solute is H = 0.93 cm. With respect to the elution time of 31.2 s
of this unretained solute and the given flow rate of 1.25mL/h, the only
possible dimensions of the separation channel in the described experiment are
27 pm x 6 mm x 6.5 cm. Thus, the linear velocity of the carrier liquid was
(v) = 0.214cm/s. On the other band, the plate height corresponding to the
(v) = 0.214cm/s, taken from Fig. 5, Ref" is roughly H = 1.2cm. The
origin of the important difference, compared with the above calculated
H = 0.93cm, is not clear. The fractogram in Fig. 7, Ref.l"*! is assumed by
the authors to represent a separation of two different size colloidal samples.
This cannot be true because the “separated” peaks are narrower than the void
volume peak, but such a result is theoretically impossible!'>*'*) and the known
experimental FFF datal'” generally confirmed the theory.

When neglecting the contribution of the longitudinal diffusion and of the
extra-channel elements to the zone broadening, the approximate relation-
shipt"! for the plate height H, based on the theory of the zone broadening in
FFF, combined with the well-known Stokes—FEinstein relationship for the
diffusion coefficient of a suspension of the hard spherical particles, can be
written as:

_ W (v) _ 2R3 (v)mr,

H
D 3kgT

2

where R is the retention ratio and y is the dimensionless parameter, both
defined below, w is the thickness of the channel, (v) is the average linear
velocity of the carrier liquid, r, is the particle radius, kg is Boltzmann
constant, # is the viscosity of the carrier liquid, and 7 is the temperature. A
simple calculation with the use of the Eq. (2) and of the experimental data
given in Ref!" namely w=27um, (v) =0214cm/s, T =297K (cold
wall temperature), 7 = 0.0094 Poise for water at 297K, and the retention
ratios R; = 0.441, R, = 0.312, corresponding to the peaks of the retained
particles 204 and 272nm in Fig. 7, Ref'* provides the plate heights
H) theor = 0.654 cm and H, g, = 0.309 cm, respectively. On the other hand,
the experimental plate heights calculated from the fractogram in Fig. 7,
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Ref'* by using Eq. (1), are H, ., =0.017cm and H, ., = 0.0021 cm,
respectively. The experimental dependence of the plate height on the linear
velocity in Fig. 5, Ref.l"*! shows, clearly, that the efficiency of the described
separation system measured by the plate height is largely below the
theoretical values. Consequently, by taking into account the theory, the
retained peaks in Fig. 7, Ref.!"" should be at least 6.5x and 13x larger,
respectively, and unresolved even if the particle size distribution (PSD) of
both samples is completely neglected. As a result, it seems that the supposed
separation in Fig. 7, Ref.l'¥ is an artifact and not a useful extension of the
FFF miniaturization trends.!'®!

Another goal of this study was, then, to prove that high performance and
high-speed separation of the colloidal particles can be achieved in a p-TFFF
channel, provided its construction is optimized, the experiments are carried out
correctly under the appropriate experimental conditions, and the results are
interpreted accurately.

THEORY

A crucial characteristic of colloidal particles is the low diffusion coeffi-
cient, D, related to their size by the Stokes—Einstein relationship whenever the
particles in a suspension can be considered as hard non-interacting spheres:

_ kgT
- 6mnr,

(€)

The theoretical optimum average linear velocity of the carrier liquid is related
to the diffusion coefficient by:!!

D |2
(V>opt = ;\/y:R (4)

The retention ratio, R, is given by:['*]

R= 6)V|:coth (%) - u} _ (%)

where V, is the elution volume of an unretained species, Vj is the retention
volume of a retained species, and 4 = £/w, where ¢ is a distance between the
accumulation wall and the center of gravity of the steady-state concentration
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distribution across the channel of the retained species. It holds for highly
retained species:

lim R = 6/ (6)

Equations (5) and (6) describe, rigorously, the retention only if a parabolic
flow velocity profile is formed inside the channel. Such a condition is not
fulfilled in TFFF, due to the viscosity variation with the temperature across the
channel. The retention ratio, taking into account a non-parabolic flow velocity

profile, is:!'!

Ry = 67k(1 —R)+ R 7)

where £ is a constant whose value is determined by the properties of the carrier
liquid, the cold wall temperature, and the field strength, and R is the retention
ratio under the conditions of isoviscous flow. By neglecting the term with
square of 4, it holds:

lim R, = 64(1 + k) (8)

The errors resulting from this approximation do not exceed the experimental
uncertainty of the p-TFFF data for highly retained species. It holds for y:2"

243
=1 +exp(—1/4) — 2/[1 —eXP(—l/;~)]B ®
where
B=(82+D|1 1 102 ) 1
=( v+)|: —exp<)h>:|— [eXp<Z>+i|_ﬁ
5 1/ 1/4 1
—z+4‘m{“[”m}_ﬁ_6}

(10)

The dependence of the optimum average velocity of the carrier liquid on the
diameter of the retained colloidal particles, calculated by using the above
Eq. (3)(6) and (9) is demonstrated in the Fig. 1 for two different 4 values,
representing the limits of practically useful retentions. Obviously, the optimum
velocities are too low for practical experimental work. Thus, the question is
how far from an optimum velocity an acceptable resolution can be achieved in
a reasonable time?
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<v(x)>opt (cm/sec)

0.015

0.005

S — dp (cm)
4x10°  6x10°  8x10  0.0000i°

Figure 1. Dependence of the optimum average linear velocity of the carrier liquid on

the diameter of the retained colloidal particles calculated from Egs. (3) and (4). Black

curve corresponds to 2=0.4, R=0.909, and grey curve to A=0.01, R=0.059;

w=0.005 cm, fyaer="0.01cp.

The linear velocities in standard size TFFF of colloidal particles lie in the
range from 0.02 to 0.3 cm/s, which are 20 to 300 times higher than the
optimum values for weakly retained species and much higher for highly
retained species (see Fig. 1). The time of the separation in these cases varies
from 20 to 60 min. Under such conditions, the plate height is given correctly
by Eq. (2) and the resolution, Ry, between two retained species 1 and 2 is
given by:!!]

. =( VL )[ |1/R, — 1/R,| } an
s 2w/ (V) (\/Xl/Dl/Rl‘i‘\/Xz/Dz/Rz)

As a result, the shortening of the channel accompanied by a proportional
decrease of the average velocity (v) will keep the resolution unchanged. On the
other hand, no time economy can be achieved. Nevertheless, we have
shown!®!! that an important shortening of the separation time can be achieved
by a special injection—relaxation—elution procedure which consists of an
injection of the sample at a slow flow rate followed by a stop-flow period
for the relaxation, and then by the elution at higher flow rate. Under such
conditions, the resolution is the same but the time of the separation is shorter,
compared with the other mode of the injection—relaxation carried out at the
identical flow rates during the injection and elution after the stop-flow period.
On the other hand, it is necessary to avoid the perturbations due to the
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Micro-thermal Field-Flow Fractionation 855
hydrodynamic lift forces!??! emerging at high flow rates and due to the steric
exclusion mechanism,?*! which can appear if the temperature drop is too high.
Both effects complicate the separation.

A steady-state concentration distribution of the retained species is usually
not reached during, or immediately after, the injection of the sample into the
channel. The retained species migrate across the channel from the depletion to
the accumulation wall due to the field action and, simultaneously, along the
channel due to the flow. Consequently, the zone of the retained species is
broader compared with a theoretical zone eluted under steady-state conditions.
In order to avoid this additional zone broadening, the flow rate of the carrier
liquid should be reduced during the injection and casually stopped after the
injection for a time necessary to establish a steady-state concentration
distribution across the channel. Such a relaxation time can be calculated as:™"!

i) (2
where
B w2 U(A)e
F(4) = - 2U() n{4[1 + cosh(l/U)]} "
1
S +m (14)

The ¢ is the relative deviation of the concentration difference Ac, between
x =0 and x = w at the time ¢ from the Acgg in a steady state:

Acgs — A
g= =S8 T4 (15)

ACSS

The calculation of the relaxation time ¢, is based on a rigorous theoretical
model of the settling of small particles in a fluid, which was published by
Mason and Weaver'?*! in 1924, developed further by Weaver,*>! and finalized
by Van Holde and Baldwin®® in 1958. Later on, Hovingh et al.l'* proposed
another relationship to calculate the relaxation time, ¢,:

22 -1
z,:WD E—H [expG) - 1} } (16)
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which was simplified”? to obtain:

2
w
g D (7

>

A comparison of the above theoretical approaches is shown in Fig. 2, which
represents the dependences of the relaxation time on the retention parameter A,
calculated by using the input data corresponding to the experiments carried out
in this work. The black and grey curves in Fig. 2 correspond to the model
described by the Eq. (12)-(15) with the respective deviations from
the equilibrium ¢ =1 and 5%, while the straight-line corresponds to the
Eq. (17). Equation (16) is represented by the lowest dashed curve in Fig. 2.
Kirkland et al.!*®! studied, experimentally, the stop-flow time necessary to
obtain the retentions not influenced by the relaxation processes in Sedimenta-
tion FFFE. They have found that the actual stop-flow times were much longer
than those calculated from the Eq. (13). Although we have studied the
applicability of the above theoretical approaches in the Sedimentation FFF of
colloidal particles,*) they should be directly applicable to the p-TFFF as well.
Thus, the principal goal of this work was to optimize the experimental
conditions of the p-TFFF with respect to the injection—relaxation—elution
procedure, in order to achieve high-resolution, high-speed, separation of the
colloidal particles.

Relaxation time (sec)

1750
1500
1250
1000
. ,_

500 /////

250 VI

Figure 2. Dependence of the relaxation time on the A. Input data: dp=155nm,
w=0.01 cm. Black curve is calculated from Eq. (12), for e =0.01, the grey curve from
Eq. (12) for £ =0.05. Dashed curve is calculated from Eq. (16) and the straight-line is
calculated from Eq. (17).
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Table 1. Particle sizes of polystyrene latexes.

Polystyrene latex Diameter (nm) Standard deviation (nm)

Supplier’s data

PSL 60 60£2.5 not given
PSL 155 155+4 not given
PSL 343 343+9 not given
W-TFFF data at flow rate of 10 pL/min A7T=19K, 7.=292K
PSL 60 61 23
PSL 155 156 54
PSL 343 341 75
WU-TFFF data at a flow rate of 20 uL/min AT=27K, T,.=297K
PSL 155 157 59

p-TFFF data at a flow rate of 60 pL/min AT =32K,
T.=315K, 10 pL/min during injection, 1 min stop-flow
PSL 155 155 55

EXPERIMENTAL

The p-TFFF channel was previously described in detail.['! The tempera-
ture of the cold wall was kept constant by using a low temperature thermostat,
Model RML 6 B, (Lauda, Germany). The electric power for the heating
cartridge was regulated by an electronic variac to control the temperature of
the hot wall. Both temperatures were measured with a digital thermometer
(Hanna Instruments, Portugal) equipped with two thermocouples.

The polystyrene latex (PSL) particles (Duke Scientific Corp., USA) were
used as model samples. Their particle sizes are given in Table 1. The aqueous
solution of 0.1% detergent Brij 78 (Fluka, Germany) and of 0.02% of NaCl
was used as a carrier liquid.

RESULTS AND DISCUSSION
Size Dependence of the Retention

The thermal diffusion of the colloidal particles is a complex pheno-
menon?®! because the interactions between the suspended particles and the
components of the carrier liquid influence not only the magnitude of the
thermal diffusion coefficients, but also its sign, especially when the carrier
liquid is a mixed solvent. As far as these phenomena are not yet well
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understood, the full potential and performance of the u-TFFF in the field of the
separation of the colloidal particles are difficult to evaluate. The retention
parameter / is related to the size of the fractionated particles by:

kg T
) =—B_ (18)
6mnrD; AT
which results from the basic relationship:
D
A= 19
D;AT (19)

combined with the Eq. (1), where Dy is the thermal diffusion coefficient.
Although, as mentioned above, the dependence of the thermal diffusion
coefficient on the size and chemical nature of the colloidal particles is not
yet theoretically well understood, it exists and it varies with the experimental
conditions as demonstrated experimentally.l>'?! Nevertheless, it is clear that,
at least in those cases when this dependence is weak or zero, the size
selectivity of the TEFF is comparable to Flow FFF for which 1 = kgpppp/7
(where kpppp 1s a constant for given experimental conditions of Flow FFF).
Consequently, p-TFFF can become an interesting means not only for the
fundamental studies of the thermal diffusion of colloidal particles, but also a
powerful technique of PSD analysis, besides its well established applications
in the field of polymer characterization. The expected linear dependence of
the retention parameter 4 on the reciprocal value of the particle size, given
by Eq. (18), was found for the pu-TFFF of the polystyrene latices separated
under the given experimental conditions and is shown in Fig. 3.

0.15 T T T

0.05 .

0.00 1 L L
0.000 0.005 0.010 0.015 0.020

-1
1/ dp (nm- 1)
Figure 3. Dependence of the retention parameter A on the reciprocal value of the

particle diameter for given experimental conditions of the p-TFFF. Experimental
conditions: flow rate 10 pL/min, AT = 18K, cold wall temperature 292K.
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Effect of the Stop-Flow Time

As pointed out above, an important increase of the resolution in pu-TFFF
(as in any other FFF technique) can be achieved by optimizing the sample
injection and stop-flow procedures. We have chosen, for this demonstration,
the polystyrene latex of an intermediate size; however, the identical experi-
mental results were found independent of the size of the studied sample.

A positive impact of the stop-flow period following the injection of the
sample into the channel is shown in Fig. 4. When the flow rate in the p-TFFF
experiment was increased from 10-20 pL/min, not only the width of the
peak increased due to the relaxation and dispersive processes, but also its
maximum shifted to lower retention volume due to the increased amount of the
unrelaxed species. Even an important peak appeared corresponding to the
unrelaxed species eluted with higher than the average flow velocity. Such a
peak was practically negligible at the flow rate 10 uL/min.

The next fractograms show that, whenever the short injection lasting a few
seconds for full introduction of the sample into the channel was followed by a
stop-flow period, the maximum of the peak appeared at the same retention
volume as at the flow rate 10 pL/min and the relaxation peak was substantially
reduced. The stop-flow time of 1 min was apparently long enough, under the
given experimental conditions, to minimize the effect of the relaxation phenom-
ena. A further increase of the stop-flow time to 3 and 6 min had not a significant
effect on the position, width, and the whole shape of the fractogram. This
experimental stop-flow time lies between the theoretical relaxation times
calculated from the Egs. (12) and (16) and shown in Fig. 2 for the corresponding
A = 0.05; however, it is closer to the result obtained from Eq. (16).

A better agreement with Eq. (12) can be obtained for a higher value
of ¢. Figure 5, representing the dependence of the relaxation time on the ¢
calculated from Eq. (12) for the A = 0.05, shows that the departure from the
steady state after the stop-flow period should be as high as ¢ = 0.5 to obtain
a satisfactory agreement of the experiment with the theory. Nevertheless, it
seems unrealistic to obtain the same retention and the width of the fractogram
under such conditions, in comparison with steady-state conditions established
from the very beginning of the elution.

The results of the above comparison of the experiments with various
theoretical models of relaxation processes merit a more detailed analysis of the
postulates of the theories. As a matter of fact, the model developed by Hovingh
et al."! is based on an a priori assumption that the relaxation time is the
average time of travel of the retained species from the center of the channel
x = w/2 to the steady-state center of gravity of the concentration distribution
across the channel. This travel distance was chosen arbitrarily, even if one can
suppose implicitly that the species at the depletion wall can reach their steady-
state positions at the same time.
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10 pl/min
Stop-flow 0 min

Unrelaxed
species

20 pl/min
Stop-flow 0 min

20 pl/min
Stop-flow 1 min

20 pl/min
Stop-flow 3 min

20 pl/min
Stop-flow 6 min

Retention volume

>

Figure 4. Fractograms demonstrating the effect of the flow rate and stop-flow time.
Experimental conditions: AT= 19K, cold wall temperature 292K.

As concerns Eq. (17), it is obtained by substituting the term within the
brackets in Eq. (16) by 1, which gives to the relaxation time the physical
meaning of the travel time of a retained species from the depletion to the
accumulation wall. This is, of course, an arbitrary choice.

Physically, the most rigorous model of Mason and Weaver“™ is based on
the calculation of the relaxation time as a function of the departure from the

[24]
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Relaxation time (sec)

300

250

200

Figure 5. The relaxation time as a function of the departure from the steady state .
Input data d,=155nm, w=0.01 cm, 2=0.05.

steady state. The ratio F(1)/A, which is a measure of the agreement between
the relaxation time calculated either from Eq. (12) or (17) can, coincidentally,
approach to one, for some values of 4 and e, as demonstrated previously.!*')

The important difficulties concerning the comparison of any theoretical
model with the experiments are that the sample injected at the beginning of the
channel is far from a uniform concentration distribution within the occupied
volume, due to the synergism of the flow velocity distribution across
the channel, not negligible flow velocity distribution in a plane parallel
to the accumulation and depletion walls, which is caused by the tapered
entry of the channel and, finally, due to the migration of the retained species
towards the accumulation wall from the very beginning of the injection.
Consequently, the exact spatial concentration distribution of the injected zone
at the beginning of the stop-flow period is very complicated and is not known.
Moreover, it is difficult to estimate to which degree of the departure from the
steady state ¢ the relaxation should progress during the stop-flow time in order
to reduce the effect of the relaxation phenomena on the retention and
broadening of the zone below the limits of experimental errors of the
measurement.

None of the theoretical models considers the complexity of the transport
processes taking place during the injection. The only realistic solution could
be found by a numerical simulation using a finite element method. However,
we have shown, previously,?!! that an important suppression of the effect of
the relaxation phenomena can be achieved by reducing the flow rate during the
injection. As the injection time is very short, the whole time of the fractiona-
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tion is not influenced in an important manner. This procedure was tested for
the p-TFFF and the results are described in the following text.

Effect of the Temperature

It has been observed, recently,®*! that the temperature has an important
effect on the retention and dispersion or, generally, on the transport pheno-
mena in U-TFFE. Although the effect of the temperature is very complex, we
have chosen to study, in this work, only the combined influence of the
temperature and stop-flow procedure on the zone broadening of the retained
species within the range of the cold wall temperatures at which the retention
remains unchanged. The results are demonstrated in Fig. 6.

In comparison with the experiments shown in Fig. 4, the temperature drop
AT was higher and this resulted in higher retention and lower zone broadening
of the same PSL sample. As can be seen in Fig. 6, an increase of the cold wall
temperature results in a small decrease of the zone width at the same flow rate
20 pL/min. The increase of the flow rate to 40 pL/min at this higher cold wall
temperature leads to higher zone broadening, which is not reduced by
stopping the flow during 1 min. On the other hand, further increase of the
cold wall temperature to 323K results in a fractogram whose position and
width are the same as at lower flow rate of 20 pL/min and lower cold wall
temperature of 297K. Further increase of the cold wall temperature did not
result in an additional decrease of the zone broadening. When increasing the
flow rate to 50 uL/min, the zone broadening increases, the relaxation peak
appears, and the application of 1 min of stop-flow did not change the observed
decrease of the performance of the fractionation, as can be seen in Fig. 7.

Effect of the Reduced Flow Rate During the Injection

As mentioned above, an important increase of the efficiency of Sedimen-
tation FFF was observed?!! when the flow rate during the injection of the
sample was lower than that applied during the elution after the stop-flow
period. The same operational procedure was tested in n-TFFF and the results
are shown in Fig. 8.

The flow rate during the injection (which lasted 10s for the full
introduction of 1pL of the sample into the channel) was, in all cases,
10 puL/min followed by a stop-flow period and then by elution at a higher
flow rate indicated on the fractograms. It can be seen, in Fig. 8, that an
excellent fractionation was obtained when the stop-flow time was 1 min and
the elution flow rate was 60 pL/min. The total analysis time was 15 min in this
case. The increase of the elution flow rate to 200 pL./min with the same stop-
flow time of 1 min leads to some deterioration of the separation; the total
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Figure 6. Fractograms demonstrating the effect of the temperature, flow rate, and
stop-flow time. Experimental conditions: AT =27K.

analysis time was slightly shorter, i.e., 12 min. The prolongation of the stop-
flow time to 2 min under otherwise identical operational conditions resulted in
a good separation in 13 min. However, it can be seen, in Fig. 8, that some part
of the sample was not ideally relaxed at the beginning of the fractionation and
this resulted in an occurrence of the relaxation peak and in some broadening of
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Figure 7. Fractograms demonstrating the effect of the medium flow rate and stop-

flow time at higher cold wall temperature and higher temperature drop. Experimental
conditions: AT =32K, cold wall temperature 315K.

the retained sample zone. Further increase of the elution flow rate to
300 pL/min resulted in an important shift of the peak maximum, broadening
of the retained zone, and the occurrence of an important peak corresponding to
the unrelaxed part of the sample. The total time of the fractionation was
10 min. The further prolongation of the stop-flow time was not reasonable
because, even if the resolution might be slightly better, such operational
procedure cannot lead to a shortening of the total analysis time. The
progressive shift of the peak towards lower retention volume with increasing
flow rate can be caused by a contribution of the lift forces. We have observed
similar dependence of the retention on the flow rate in Sedimentation FFF of
the colloidal PSL of a comparable size and within the same range of average
linear velocities of the carrier liquid.”*]
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Figure 8. Fractograms demonstrating the effect of the high flow rate and stop-flow
time at low flow rate during the injection. Experimental conditions: A7=32K, cold
wall temperature 315K, flow rate during the injection 10 pL/min.

Determination of Particle Size Distribution

The fractograms from the P-TFFF can be used to calculate the PSD of the
separated colloidal samples. A detailed methodology, convenient for any FFF
technique, was described recently!'®! and a comparative study proved an
excellent agreement between the average particle sizes and standard deviations
of the PSD provided by the manufacturer of the PSL and the data obtained by
Quasi-Elastic Light Scattering (QELS) and p-TFFE[! The previous results
were obtained at a low flow rate. It was, thus, interesting to check the
performance of the p-TFFF carried out under the optimized operational
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conditions allowing high-speed fractionation. The results of the determination
of the PSD, given in Table 1, demonstrate that the average particle diameters
and the standard deviations of the PSD obtained from the pu-TFFF carried out
under different but optimized experimental conditions are very close each to
other, practically within the range of the experimental errors. As a result, the
pU-TFFF is a high-performance high-speed method, allowing very precise
determination of the PSD of colloidal particles. Its size selectivity is higher
in comparison with QELS and the separation time is comparable to, or shorter
than, the time necessary for the PSD analysis of one sample by the QELS; the
total volume of a diluted sample necessary for one separation and analysis is
very small, only 1 pL.

CONCLUSIONS

Micro-thermal field-flow fractionation is a very convenient high-speed
and high-performance method for the separation of submicron colloidal
particles and for the determination of their PSD. However, it is necessary to
optimize the operational conditions in order to obtain accurate results, as well
as to reduce the time of the fractionation.

The application of the stop-flow time after the injection of the separated
sample is absolutely necessary if the flow rate during the whole separation run
is relatively high. An increase of the average linear velocity, for example, from
0.033 to 0.066 cm/s, leads to an important increase of the zone broadening of
the retained species and to the appearance of the relaxation peak in continuous
elution operation without stopping the flow after the injection. Such a
deterioration of the separation practically disappeared when the flow was
stopped for a time long enough after the injection to allow the establishment of
a nearly steady-state concentration distribution of the retained sample compo-
nents before the elution.

The increased temperature has a positive effect on the acceleration of the
relaxation phenomena. This phenomenon is under detailed study, which will
be published soon.

The most important contributions to the zone broadening, to the peak
shift, and to the emergence of the relaxation peak, which are caused by the
relaxation processes, appear during the injection because the concentration
distribution of the retained species is at its initial stage which is farthest from
the steady state. Thus, all inconvenient consequences of the relaxation
phenomena are most efficiently minimized by lowering the flow rate during
the injection before the stop-flow period. This injection-stop-flow mode allows
an important increase of the flow rate during the subsequent elution without
losing the performance of the fractionation. As a result, high-performance
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fractionation is obtained in shorter time. The u-TFFF has a full potential to
become highly competitive method for PSD analysis.
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