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ABSTRACT

Separation and analysis of ultra-high molar mass (UHMM) poly-

styrenes by micro-Thermal Field-Flow Fractionation (m-TFFF)

was found to be very efficient in the range of molar masses over

one million grams per mol. Although, constant field force opera-

tion allows achieving very high resolution, the programming of

the temperature gradient is an advantageous operational mode

from the point of view of the time of analysis. The programming,

as well as the substantial extension of the perfectly controlled tem-

perature of the cold wall, is much easier with the m-TFFF channel

due to an important decrease of the heat energy flux compared
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with standard size channels. An example of the high performance

analysis of colloidal particles by the m-TFFF is presented.

Key Words: Micro thermal field-flow fractionation; Temperature

gradient programming; Ultra-high molar mass polymers; Colloidal

particles

INTRODUCTION

Separation and analysis of UHMM polymers represents a difficult task. The

performance of the most currently used separation method, Size Exclusion

Chromatography (SEC), which is very efficient within the range of molar masses

from a few thousands up to roughly one million grams per mole is substantially

reduced whenever the separation of UHMM polymers (over one million g=mole) is

concerned. The separation and characterization of colloidal particles by the SEC is,

at least, problematic. On the other hand, the thermal field-flow fractionation (TFFF)

of polymers and even of colloidal particles has already been confirmed[1,2] as a very

convenient method, applicable for the determination of the molar mass distribution

(MMD) of polymers and of the particle size distribution (PSD) of colloidal (but not

only colloidal) particles. A new micro-(m)-TFFF has recently been developed[3] and

its high performance was demonstrated for the separation of the macromolecules in

the range of molar mass up to roughly one million g=mol. The possibility of

separating the UHMM polymers was previously briefly discussed,[3] but only few

experiments demonstrating the fractionation of polystyrene (PS) samples of molar

masses 106 and 107 g=mol were performed.

In this study, the m-TFFF is applied for high-performance separations of the

UHMM polymers. The low heat flux in the m-TFFF channel allows extending,

substantially, the range of perfectly controlled temperature of the cold wall. Such

extreme experimental conditions cannot be achieved with the TFFF channels of

classical size, due to the difficult evacuation of the high heat energyflux from the cold

wall. Thevariation of the experimental conditions in them-TFFF channel, such as the

temperature gradient programming and, consequently, the optimization of the time

of separation, is very easily realized. Although, this work is devoted mainly to the

application of the m-TFFF for the analysis of the UHMM polymers, an example of

the high performance separation and analysis of the colloidal particles is presented.

EXPERIMENTAL

m-TFFF Equipment

The apparatus for the m-TFFF consisted of an Intelligent pump Model PU-

980 (Jasco, Japan), the injection valve Model 7410 (Rheodyne, USA) equipped
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with a 1 mL loop, the UV-VIS variable wavelength Intelligent detector Model UV-

975 (Jasco, Japan) with the 1 mL measuring cell, and the recorder–integrator

Model HP 3395 (Hewlett-Packard, USA).

The versatile m-TFFF channel was described in detail in our previous

paper.[3] The cold wall temperature was controlled and kept constant during one

separation by using a compact, low temperature thermostat Model RML 6 B

(Lauda, Germany). The electric power for the heating cartridge was regulated by an

electronic variator for both constant and time programmed temperature gradient

operations. The temperatures of the cold and hot walls were measured by Digital

thermometer (Hanna Instruments, Portugal) equipped with two thermocouples.

Size Exclusion Chromatography

The apparatus for SEC consisted of a L-6000 Merck pump (Hitachi, Ltd.,

Japan), an injection valve Model 7125 (Rheodyne, USA) equipped with a 20 mL

loop, a column of the size 7.86300 mm packed with 9 mm TSK Gel GMHXL, an

L-4000 Merck UV-detector (Hitachi, Ltd., Japan), and an integrator D-2500

Chromato-Integrator Merck (Hitachi, Ltd., Japan).

Carrier Liquids

The tetrahydrofuran (THF) for HPLC (Carlo Erba, Italy) was used as a

carrier liquid for the m-TFFF and SEC of PS standards and an aqueous solution of

0.1% detergent Brie 78 (Fluka, Germany) and of 0.02% of NaCl for the m-TFFF

of polymer colloidal particles.

Quasi-Elastic Light Scattering

The PSD and the average particle diameters of all studied samples of colloidal

particles were measured by quasi-elastic laser light scattering (QELS), by using

model Zetamaster (Malvern Instruments, Ltd., Worcestershire, UK) apparatus.

Polymers and Colloidal Particles

The PS standards of various molar masses (Polysciences, Inc., USA,

Knauer, Germany, and Waters Associates, USA) were used as model samples of

soluble UHMM polymers. Polystyrene latex (PSL) particles (Duke Scientific

Corp., USA) were used as models of nanoparticulate polymer suspensions and
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one polybutylacrylate latex (PBAL), provided kindly by Drs. H. Pasch and

T. Ruhl.[4] Molar masses and particle sizes provided by the suppliers and

measured by the QELS of the studied samples are given in Table 1.

RESULTS AND DISCUSSION

Micro-TFFF of Ultra-High Molar Mass Polymers at

Constant Field Force

The important effect of the concentration of the injected polymer solution

was studied previously.[3] In the present study of the UHMM polymers by the

Table 1. Molar Masses of Polystyrene Standards and Particle Sizes of Polymer

Latexes

Polystyrene

Mw610�3

(g=mol)

Mn610�3

(g=mol)

Polydispersity

(Mw=Mn)

Standard Supplier’s Data

PS 115000 115 < 1.04

PS 411000 411 392 1.05

PS 1030000 1,030 < 1.06

PS 106106 10,000

PS 266106 26,000

Diameter (nm)

Standard

Deviation (nm)

Chemical

Character

Polymer Latex Supplier’s Data

PSL 60 60� 2.5 Polystyrene

PSL 155 155� 4 Polystyrene

PSL 343 343� 9 Polystyrene

m-TFFF data

PSL 60 61 23 Polystyrene

PSL 155 156 54 Polystyrene

PSL 343 341 75 Polystyrene

PBAL 241 58 Poly-butylacrylate

QELS data

PSL 60 63 12 Polystyrene

PSL 155 156 40 Polystyrene

PSL 343 350 80 Polystyrene

PBAL 288 72 Poly-butylacrylate
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m-TFFF, the concentrations of the investigated samples were chosen to avoid this

effect on the results of the fractionation. We have discussed, previously,[3] the

papers,[5–9] concerning the TFFF of the UHMM polymers. The inverted elution

order of the UHMM PS at high flow rates (hvi¼ 2.68 cm=sec) was observed by

Giddings et al.[6] On the other hand, Chubarova and Nesterov[8] interpreted some

of their results as a proof of the shear degradation of the UHMM PS under the

conditions of the experiments. Although, Janca and Martin,[7] in a detailed study

of the TFFF of the UHMM PS under various experimental conditions, did not

confirm the shear induced focusing effect that might explain the mentioned

inverted elution order nor the attribution of early eluted peaks to the products of

shear degradation, the operational conditions of the m-TFFF in this study were

chosen to avoid the possibility that the results of the fractionations are influenced

either by the focusing effect or by the shear degradation. The retention order of

the UHMM PS obtained previously[3] at low flow rates, confirmed the normal,

polarization mechanism of the separation and very good reproducibility of the

experiments.

Figure 1 summarizes the results of the study of the retention of the PS

within the range of the molar masses from 1.156105 to 266106 g=mol, at

different constant temperature differences between the hot and cold wall and at

roughly the same temperature of the cold wall. At the highest temperature

gradient DT¼ 40K (Fig. 1a), the lowest molar mass PS is well retained and

separated from the void volume, V0, of the marker peak. On the other hand, the

retentions of the PS samples of the molar masses over one million g=mol were

found as too high. For the temperature gradient DT¼ 20K (Fig. 1b), the

separation is good within the molar mass range from 16106 to 106106 g=mol.

The retentions are too low or high below and above this range, respectively. At

DT¼ 10K, the retention and fractionation is good for the molar mass

106106 g=mol and higher (Fig. 1c), but the separation of the void volume

marker peak and of the PS of molar mass 1.036106 g=mol is not sufficient. At

the lowest temperature gradient DT¼ 5K, (Fig. 1d), even the highest molar mass

PS is not well resolved from the void volume peak. The frontal shoulder of the

void volume peak on the fractogram of the PS 106106, indicates that a small

part of the macromolecules was not relaxed sufficiently. This part of the

macromolecules, which has not enough time (just after the injection into the

channel) to establish a steady-state concentration distribution across the channel,

is eluted more rapidly (in average) compared with the macromolecules exerting a

steady-state concentration distribution during their whole course inside the

channel.

The resulting fractograms, thus, represents an overlay of the accurate

separation of the species according to their size by an imperfect separation of the

species not exerting the steady-state concentration distribution from the very

beginning of the fractionation. Definite experimental proof that the frontal
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Figure 1. Fractograms of the individual UHMM PS samples obtained by m-TFFF at

different temperature gradients DT. Experimental conditions: flow-rate 20mL=min;

temperatures of the cold wall, T¼ 18�C for DT¼ 40K, T¼ 17�C for DT¼ 20K,

T¼ 16�C for DT¼ 10K, and T¼ 15.5�C for DT¼ 5.5K, injected volume 1mL.
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shoulder (or even a separate frontal peak eluting before the void volume V0)

corresponds well to the species not enough relaxed (and not to some fraction of

the degraded macromolecules) was given previously.[3,7] The frontal shoulder

disappears at lower flow rate of 5 mL=min (Fig. 1d).

With regard to these results, two problems are obvious. The first is related

to the width of the fractograms, which increases with the increasing molar mass

but it is not clear whether the width of larger fractograms corresponds to a

broader MMD or to a lower efficiency of the separation. The concentration-

viscosity effects, known in SEC,[10] cannot explain this observation because, as

mentioned above, the concentrations of the injected solutions were optimized to

suppress these effects. The second problem is that the operation with constant

temperature gradient does not allow fractionation of a more extended range of

molar masses in one experiment, and in a reasonable time.

The answer to the first problem was found by a comparative study of the

same PS samples by the SEC. The results are represented in Fig. 2, which

shows that the width of the particular peaks actually increases with the molar

mass. The SEC chromatograms shown in Fig. 2, were obtained at low

concentrations and their widths did not decrease further for still lower

concentrations. It means that only the polydispersity in MMD, and not the

concentration–viscosity effects, can explain the increase of the peak width with

increasing molar mass. The calibration curve of the SEC column in Fig. 3

shows that the selectivity of the column is relatively good even for the UHMM

PS. As a result, relatively large m-TFFF fractograms correspond well to broader

MMD of the samples in question (in agreement with the SEC chromatograms in

Fig. 2 and with the data in Table 1) and not to a lower efficiency of the m-TFFF

separation system.

A convenient solution of the second problem concerning the extension of

the molar mass range covered by a single experiment and carried out in a

reasonable time, is to apply a programmed decrease of the temperature gradient in

the course of the fractionation. The programmed operation was studied and is

described in this paper.

Resolution in m-TFFF and SEC

In order to demonstrate the resolution, which can be attained with the

m-TFFF system, a mixture of three PS’s was fractionated. The result is shown in

Fig. 4. As the temperature gradient in this experiment, DT¼ 22K, was slightly

different compared with the experiments shown in Fig. 1; the fractogram of each

particular PS component of the mixture is shown in Fig. 4, together with the

fractogram of the mixture obtained under identical experimental conditions. The

same samples were fractionated by the SEC and the resulting chromatograms are
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also shown for comparison in Fig. 4. A qualitative conclusion that can be drawn

from the m-TFFF fractograms and SEC chromatograms is that the resolution of

the peaks corresponding to the PS of molar masses 1156103 and

1.036106 g=mol is similar for both methods, for about the same time of analysis

Figure 2. SEC chromatograms of the individual UHMM PS samples. Experimental

conditions: flow-rate 1 mL=min, injected volume 20mL.
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of ca. 15 min. It is impossible to evaluate the resolution for the PS of 1.036106

and 106106 g=mol because the MMD of these samples are overlapping.

Further increase of the resolution of the m-TFFF, as well as of the SEC, is

possible by decreasing the flow rate. Theoretically, such a variation of the flow

rate should lead to a similar increase of the resolution for both methods. However,

more efficient increase of the resolution in m-TFFF can be achieved by increasing

the temperature gradient and, consequently, the retention. It has been shown in

our recent paper,[3] that a high resolution comparable with that for the PS

1156103 and 1.036106 g=mol shown in Fig. 4, was obtained for the PS

1156103 and 4116103 g=mol at DT¼ 40K. Obviously, such versatility in

manipulating the resolution is not available in SEC. The superposition of the SEC

chromatograms of individually injected samples in Fig. 4 indicates that the

resolution between the PS 1156103 and 4116103 g=mol achieved previously[3]

in m-TFFF at DT¼ 40K is out of performance of the SEC, as proven by the

injection of the mixture (Fig. 4).

The above evaluation of the resolution in the m-TFFF and SEC of the

UHMM PS is based only on a visual comparison of the fractograms and

chromatograms. A long time ago, a similar approach has been used in the first

comparison of the performance of standard size TFFF channel with SEC.[11]

However, a more accurate comparison of the m-TFFF with modern SEC can be

obtained by calculating the average molar masses Mw and Mn and the

corresponding polydispersity indexes Mw=Mn for individually retained samples,

without applying any correction for band broadening. Such a comparison

eliminates all problems of overlapping peaks. A relevant study is in progress.

Figure 3. Calibration curve of the SEC column obtained under the experimental

conditions given in Fig. 2.
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Figure 4. Micro-TFFF fractograms of the individual UHMM PS samples and of their

mixture and the SEC chromatograms of the individual UHMM PS samples and of the same

mixture as that fractionated by the m-TFFF. Experimental conditions: m-TFFF, flow-rate

10 mL=min; temperature of the cold wall, T¼ 17�C with DT¼ 21 K; SEC, given in Fig. 2.
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Programming of the Temperature Gradient in m-TFFF

The general concepts of the field force programming were proposed at early

stages of the field-flow fractionation development.[12] A parabolic decrease of the

temperature gradient DT in time was proposed by Giddings et al.[13] and a very

advantageous exponential course of the program in TFFF by Kirkland and

Yau.[14] The following applications of the temperature gradient programming in

TFFF were not very numerous.[15–17]

The particular functions (parabolic, exponential, etc.) were imposed

previously on the course of the temperature gradient decrease, in order to keep

a relationship between a chosen retention parameter (e.g., retention time or

retention ratio R) and a molecular characteristic of the retained species (e.g.,

molar mass or size) as smooth as possible, preferentially linear. While the

smoothness of such a relationship is a reasonable condition in order to avoid

the appearance of possible artifacts on the fractograms, if the variation of the

temperature gradient would be too abrupt, the relationship should not be linear.

Similar tendencies were observed in tailoring the SEC columns characteristics

but, as a matter of fact, the importance of such a linear property of a separation

system is rather in the commercial publicity than in the performance. By taking

into account all imperfections of real fractograms due to the noise of the signal of

a detector, drift of the base-line, etc., which became more and more important

when pushing down the lower limits of the amount of the analyzed samples, but

which can easily be corrected almost on-line by powerful computer techniques,

the treatment of the experimental data, which are not linear, does not represent an

additional problem at all.

The introduction of the m-TFFF, however, represents a problem to be solved

when operating with the time-programmed temperature gradient. While the

decrease of the temperature gradient in standard size TFFF is relatively slow

because the whole separation run can last hours and, consequently, heat capacity

and thermal conductivity of the material used for the construction of the channel

is not very important, the thermal inertia of the channel for the m-TFFF, with all

its necessary elements for efficient heating, cooling, and temperature control, is

an important factor to be considered when the use of a time-programmed field

force is intended.

We have studied, in detail, the above mentioned problems related to the

time-programmed field force operation with the m-TFFF. Few convenient shapes

of the programmed decrease of the temperature gradient, achieved on our m-TFFF

channel, are shown in Fig. 5. The results of the successful fractionations of the PS

UHMM standards by using the time-programmed decrease of the temperature

gradient, are shown in Fig. 6. In the first case, in Fig. 6a, the fractogram 1 of the

PS of molar mass 1.036106 g=mol was obtained at DT¼ 40K, constant during

the whole run. The fractogram 2 in Fig. 6a was obtained with temperature
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gradient decreasing from DT¼ 40K to DT¼ 0K, according to the program

represented by the curve b in Fig. 5, which started after 8 min of constant

DT¼ 40K; and, finally, the fractogram 3 was obtained with the same program,

which started sooner after 5 min of constant DT¼ 40K. Although, the PS of the

molar mass 1.036106 g=mol is fractionated at constant DT¼ 40K in a reasonable

time, and well separated from the void volume peak, both runs with temperature

gradient program represent an important shortening of the time of fractionation.

On the other hand, the PS of the molar mass 106106 g=mol was fully retained at

constant DT¼ 40K (not shown in Fig. 6b). The programmed decrease of the

temperature gradient was necessary to obtain the correct fractograms shown in

Fig. 6b. The fractogram 1 in Fig. 6b was obtained by applying the temperature

gradient decrease corresponding to the curve b in Fig. 5, started after 26 min of

constant DT¼ 40K. The fractogram 2 was obtained by applying the same

temperature gradient decrease, but started only after 8 min of constant DT¼ 40K.

At last, the fractogram 3 was obtained by applying the temperature gradient

decrease corresponding to the curve a in Fig. 5, started after 8 min of constant

DT¼ 40K and finished with stabilized DT¼ 10K. In principle, all three programs

applied for the m-TFFF of the PS sample of molar mass 106106 g=mol resulted

in an efficient fractionation.

A crucial test of the performance of the m-TFFF with time-programmed

decrease of the temperature gradient, was provided by a separation of model

mixture of three PSs of the molar masses 1156103, 1.036106, and 106
106 g=mol. The corresponding fractogram is shown in Fig. 7. The fractogram

Figure 5. Course of various typical time programs of the temperature gradient decrease

on the m-TFFF channel.
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Figure 6. Fractograms of the individual UHMM PS samples obtained by the m-TFFF at

constant temperature gradient DT and with various time programs of the temperature

gradient decrease. (a) PS sample of molar mass 1.036106 g=mol, experimental conditions:

flow-rate 20mL=min, temperature of the cold wall, T¼ 18�C for DT¼ 40K, and T¼ 15�C

for DT¼ 0K, injected volume 1 mL. Fractogram 1, constant DT¼ 40K during the whole

separation run; fractogram 2, program started after 8 min of constant DT¼ 40K, final

DT¼ 0K; fractogram 3, program started after 5 min of constant DT¼ 40K, final DT¼ 0K.

(b) PS sample of molar mass 106106 g=mol, experimental conditions: flow-rate

20 mL=min, temperature of the cold wall, T¼ 18�C for DT¼ 40K, and T¼ 16�C for

DT¼ 10K, injected volume 1mL. Fractogram 1, program started after 26 min of constant

DT¼ 40K, final DT¼ 0K; fractogram 2, program started after 8 min of constant DT¼ 40K,

final DT¼ 0K; fractogram 3, program started after 8 min of constant DT¼ 40K, final

DT¼ 10K.
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corrected for the shift of the baseline is shown in Fig. 7a, together with the course

of the programmed decrease of the temperature gradient (curve 2 in Fig. 7a). The

comparison of this fractogram with those for the individual components of the

mixture obtained at different but constant temperature gradients, shown in Fig. 1,

and with the fractogram of the identical mixture obtained at lower but constant

temperature gradient, shown in Fig. 4, indicates clearly the gain in resolutions

concerning all components of the mixture fractionated in programmed field force

mode. The mentioned correction for the shift of the baseline is explained in Fig.

Figure 7. Fractogram of the mixture of UHMM PS samples obtained by the m-TFFF

with time-programmed decrease of the temperature gradient. (a) Fractogram corrected for

the shift of the base-line (curve 1) and the course of the temperature gradient decrease

during the fractionation run (curve 2). (b) Raw m-TFFF fractogram (curve 1) and the base-

line shift (curve 2) obtained by applying the relevant program of the decrease of

temperature gradient without injecting the PS sample. Experimental conditions: flow-rate

20 mL=min, cold wall temperature, T¼ 18�C for DT¼ 40K, and T¼ 16�C for DT¼ 10K,

injected volume 1 mL.
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7b, which shows the raw fractogram (curve 1 in Fig. 7b) overlaid by the detector

response recorded in a separate experiment without the injection of the sample,

but with the application of the same programmed decrease of the temperature

gradient as in the fractionation experiment (curve 2 in Fig. 7b). The observed

baseline shift is very reproducible with the same programming protocol, which

makes the correction feasible.

Micro-TFFF of Colloidal Particles

In the last few years, the TFFF became quite popular for the separation and

characterization of colloidal particles.[18–29] The theoretical and experimental

studies indicate that the size (or mass) of the particles, as well as their surface

properties and, consequently, the interactions between the particles and the

components of the carrier liquid, determine the amplitude of the thermal diffusion

coefficient. The retention then depends on the ratio of the thermal diffusion to

ordinary Fickian (Brownian) diffusion coefficients. With regard to the size of the

colloidal particles, their diffusion coefficients are very low. Consequently, a low

temperature gradient can generate an important retention. Whenever the

temperature gradient is relatively high, all particles can be compressed to the

accumulation wall of the channel independently of their size and surface properties.

In such a case, the steric exclusion mechanism dominates the separation, and the

elution order is from the largest to the smallest particles.

On the other hand, at high flow rates, the hydrodynamic lift forces can play

an important role and complicate the separation due to the action of a focusing

mechanism. Obviously, the mechanism of separation can become quite complex.

However, if the intervention of various contributing forces is mastered, both

theoretically and experimentally, the TFFF can offer extensive possibilities to

characterize various physico-chemical parameters and properties of the colloidal

particles.

The intention of this part of our investigation was to verify whether the

performance of the m-TFFF channel is sufficient, in agreement with the

theoretical assumptions, to be utilized in more extensive and detailed further

studies of this new technique for the separation and analysis of the colloidal

particles.

The results of the experimental study are shown in Fig. 8. Figure 8a

represents the m-TFFF fractograms of the PSL of different average particle sizes,

obtained under identical experimental conditions with constant temperature

gradient applied. These fractograms, and the supplier’s data, were used to

construct a calibration curve, which served to calculate the average particle sizes

and standard deviations of the PSD of these PSL samples, as well as of the

‘‘unknown’’ sample of PBAL. All these data, given in Table 1, demonstrate good
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Figure 8. Fractograms of the individual colloidal particles samples obtained by the

m-TFFF at constant temperature gradient DT. (a) Fractograms of different size PSL

particles. Experimental conditions: flow-rate 10 mL=min, cold wall temperature, T¼ 18�C

for DT¼ 18K, injected volume 1mL. (b) Fractograms of the PBAL sample of colloidal

particles obtained at different constant temperature gradients. Experimental conditions:

flow-rate 20mL=min, cold wall temperature, T¼ 15�C for DT¼ 0K, T¼ 17�C for

DT¼ 8K, T¼ 19�C for DT¼ 17K, injected volume 1 mL.
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agreement of our m-TFFF results with the results of the QELS measurements, as

well as with the data of supplier.

The m-TFFF fractograms in Fig. 8b represent the evolution of the zone of

the PBAL sample from the unretained, obtained at DT¼ 0K, until the well

retained zone at DT¼ 17K, and passing through a partially retained zone at

DT¼ 8K. One can see the progressive disappearance of a part of the unrelaxed

particles, which are still present as separate peak on the fractogram at DT¼ 8K,

but completely disappearing on the fractogram obtained at DT¼ 17K. We have

not studied, in this part of our work, the positive effect of the stop-flow procedure

during the initial relaxation period, which certainly could lead to obtaining

the accurate results in a shorter time, even if the total fractionation time, 50 min of

the m-TFFF carried out under conditions resulting in high performance

fractionation of the PBAL sample at the temperature gradient DT¼ 17K, is not

at all bad. Our extended study of the m-TFFF of the colloidal particles of different

chemical nature, within more extended ranges of their sizes and including a

detailed investigation of the relaxation phenomena, is in progress.

CONCLUSIONS

The application of the m-TFFF for the separation of UHMM polymers,

confirmed the performance of this new technique, which is higher than that

obtained with classical size channels, in agreement with the theoretical

predictions. A qualitative comparison of the resolution achieved in the domain

of the UHMM PS by using the m-TFFF with the resolution obtained with an SEC

column, provided the results in favor of the m-TFFF, even if the whole potential of

the m-TFFF to further increase the resolution was not yet exploited on its far

limits.

The time-programming of a decrease of the temperature gradient during the

fractionation run, proved the efficiency of this operational mode, especially for

the UHMM polymers. The application of this technique leads to a substantial

shortening of the analysis time by keeping high the performance of the

fractionation.

Although, not yet optimized in several operational parameters and

experimental conditions, the m-TFFF of the colloidal particles is a promising

technique. The potential of the high-performance m-TFFF in the separation,

analysis, and characterization of not only the synthetic or inorganic colloidal

particles, but also of the particles of biological origin, can be very useful. The

most important advantages of the m-TFFF applied in this field, are the possibility

of coupling this high performance separation technique with highly selective

detection systems such as mass spectroscopy and others, substantially enlarged
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domain of the temperature, at which the channel for the m-TFFF can work and a

reduced sample amount, only few nanograms, needed for the analysis.
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