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Abstract

A study on the influence of the carrier composition in a ThFFF system on the retention and thermal diffusion of
sub-micron polystyrene latex particles has been carried out. Various factors that may influence retention were studied. These
include: the type of electrolyte and surfactant, their respective concentrations, and the addition of an organic modifier.
Particle retention is highly sensitive to small changes in the carrier composition. It is demonstrated that under the conditions
applied, secondary effects, such as particle–wall and particle–particle interactions, are negligible. Addition of surfactants is
required to minimise particle–wall interactions. Generally, retention increases at higher electrolyte concentration. Further-
more, the addition of acetonitrile (ACN) to an aqueous carrier leads also to an increased retention. The type of surfactant as
well as its concentration is of influence on the retention time. The three surfactants that were studied, i.e., sodium dodecyl
sulfate, Brij 35 and cetyltrimethylammonium bromide, showed significant differences in particle retention behaviour. The
observed differences in retention in the carriers can be attributed to actual changes in thermal diffusion. D appears to beT

mainly determined by the interaction between the particle’s surface and the carrier liquid, and is therefore highly sensitive to
changes in the chemical composition of the particle surface and the carrier. Strong differences in size selectivity were found
for different carrier compositions. This allows a relatively easy optimisation of the separation. On the other hand, it
complicates the size and composition analysis of particles.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction becoming increasingly popular to analyse particles.
Where conventional polymer analysis methods such

Although originally conceived as a method to as size-exclusion chromatography fail, due to its
analyse polymers, field-flow fractionation (FFF) is open geometry FFF is perfectly able to separate

particles in the range of a few nm up to 100 mm [1].
Up to now, most FFF applications for particle
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whereas for FlowFFF retention depends only on To expand the applicability of ThFFF of particles
particle size. A relatively new development is the use and to exploit its main advantage over other FFF
of thermal field-flow fractionation (ThFFF) for par- modes, namely the composition dependence, it is
ticle analysis [6]. Separation in ThFFF is governed important to study the ThFFF particle retention
by the ratio of the thermal diffusion and the normal mechanism and thermal diffusion. In the present
molecular diffusion of the analytes (also known as study we focus on the influence of the carrier
the Soret coefficient). The normal diffusion coeffi- composition on the ThFFF retention and thermal
cient D depends only on size and thermal diffusion diffusion of sub-micron polystyrene (PS) particles.
coefficient D may depend on size but certainly on The separation mechanism is investigated by varyingT

chemical composition. A straightforward correlation factors in the carrier composition that may influence
between D and chemical composition has been the retention. We studied the effect of surfactants andT

found for polymers [7,8] and composition-dependent electrolytes on retention behaviour. The effect on the
retention has been shown for particles [9–11]. As a size selectivity and plate height was also examined.
result, ThFFF can be used to separate macromole- Furthermore, we studied the influence of adding
cules or particles according to size, but also to study acetonitrile (ACN) as an organic modifier to the
their chemical composition. aqueous carrier. Mole fractions up to 10% of ACN

A complication of FFF analysis of particles is the (approximately 25%, v/v) in water were used. The
occurrence of secondary effects on retention and direct effect on the thermal diffusion coefficient of
separation that are not accounted for in the standard the PS latex particles was examined.
FFF-retention model [12]. Steric exclusion effects,
due to the finite size of particles, can be corrected for
relatively easy. Particle–particle and particle–wall 2. Theory
interactions, however, are more difficult to deal with
[13]. The standard FFF theory is based on the assump-

A problem in ThFFF is that thermal diffusion is tion that polymer molecules or particles act as non-
still an uncomprehended phenomenon [14]. Research interacting point masses. Under this condition, in a
on particle thermal diffusion is still in a very early flat channel under laminar flow conditions in the
stage and it is therefore difficult to predict the presence of a force perpendicular to the flow, species
retention behaviour of a particle in a ThFFF system. are differentially migrating according to [19]:
From the few studies that have been performed on

21particles certain features are known. Especially in t 6DR
] ]]¯ (1)F Gaqueous carriers, the presence of an electrolyte is t D DT0 T

necessary to achieve retention. It has been found that
where t is the retention time, t the void time, andthe retention of particles increases with electrolyte R 0

DT the temperature difference between the channelconcentration [15,16]. Furthermore, thermal diffu-
walls. From the measured retention time, the thermalsion coefficients of particles tend to be much smaller
diffusion coefficient can be calculated when thethan those of polymers [6]. Another marked differ-
diffusion coefficient is known.ence is that the D value of particles often appears toT

Steric effects, however, can give rise to significantbe dependent on size whereas for polymers it is
deviations from the standard FFF retention model.independent of size [17,18]. In all studies conducted
They are the result of the fact that particles with aon ThFFF of particles, D was found to be stronglyT

finite size cannot approach the channel wall closerdependent on both the particle and carrier com-
than the particle radius r. When steric effects areposition. Especially the composition of the outer
significant a corrected retention equation has to belayer of the particle and the particle–carrier interface
used [20]:appears to determine the actual thermal diffusion [9].

Since surface effects dominate thermal diffusion, it
21t D rRhas been suggested that D is related to the surfaceT ] ]] ]¯ 6 1 (2)S F GDt D DT wtension of the particles [11]. 0 T
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[13,10]. In a solution of intermediate ionic strength
(¯1 mM), the addition of a surfactant is usually
sufficient to prevent these particle–wall interactions
[23,24].

A source of error that can be of importance when
mixtures of solvents are used as carrier is segregation
of the mixture [25]. This effect can cause an extra
field-dependent driving force, as the thermal diffu-
sion is often dependent on the carrier composition.
Generally, the segregation is negligible but it has
been shown that occasionally this effect is large
enough to give rise to non-ideal behaviour [26].

Fig. 1. Percent deviation between D of particles in waterT

calculated with Eq. (1) and Eq. (2); (a) DT520 K, (b) DT540 K, 3. Experimental212 2(c) DT560 K, D 54?10 m /s K, T 5300 K.T c

3.1. Instrumentation
where w is the channel height. Neglecting the steric
effects in particle analysis can lead to significant The ThFFF system was a laboratory-made ap-
errors in the calculated D values. In Fig. 1, the paratus. The channel dimensions were 4603153T

deviations of the calculated D values from the true 0.125 mm, giving a void volume of 0.6 ml. TheT

values, when steric effects are not accounted for, are channel flow was delivered by a Gynkotek (Model
shown as a function of the particle size. In our 300 C; Germering, Germany) high-performance liq-
experiments, the corrections that had to be made uid chromatography (HPLC) pump. A pulse damper
amounted to up to 20%. and a flow restrictor were inserted directly behind the

Both above-mentioned approximations (Eqs. (1) HPLC pump. Flow-rates from 0.25 to 0.45 ml /min
and (2)) are valid at sufficiently high retention times; were used. A six-port valve equipped with a 30-ml
t /t .8 (deviation from the exact FFF retention loop was used for sample introduction. A 7-mmR 0

equation is less than 5%). At lower retention, the in-line filter was inserted between the injection valve
exact FFF retention equation, as given in Ref. [21], and the channel. The flow of the carrier was stopped
has to be used. for 6 min after sample injection to allow relaxation.

Details on the calculation of the thermal diffusion The temperature drop was controlled by the FFF
coefficient are given in the Experimental section. software that was obtained from FFFractionation

For sub-micron particles other secondary effects (Salt Lake City, UT, USA). Temperature drops
may result from Van der Waals forces and electro- ranging from 15 K to 60 K were used. Cold-wall
static forces. Van der Waals forces and electrostatic temperatures (T ) ranged from 293 K up to 298 Kc

forces are mainly manifest as particle–wall interac- depending on the temperature drop and the solvent
tions. Hansen and Giddings showed that particle– composition. A UV detector (Model 757; Applied
particle interactions are usually negligible and they Biosystems, Ramsey, NJ, USA) operated at 254 nm
can be avoided relatively easily by using low sample was used for detection.
concentrations [22].

Generally, at low ionic strength (1–10 mM), a 3.2. Chemicals and solutions
significant electrostatic repulsion between the par-
ticles and the wall is present [23]. At high ionic PS latex standards with diameters of 64, 107, 155,
strength, however, the repulsive electrostatic force is 202 and 356 nm were obtained from Polysciences
strongly reduced and the opposing attractive Van der (Eppelheim, Germany) and from Duke Scientific
Waals forces prevail. In the extreme case, they may (Palo Alto, CA, USA). Original concentrations of the
cause adsorption of the particles to the channel wall PS latex standards were in the order of 1–2.5 mg/
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ml. All sample solutions were diluted prior to 4. Results and discussion
injection to a concentration of 1.25 mg/ml and
vortex-mixed thoroughly. 4.1. Secondary effects

Sodium dodecyl sulfate (SDS) (Sigma–Aldrich,
Steinheim, Germany), polyoxyethylene laurylether In order to ascribe changes in retention time under
(Brij 35) (Acros, Geel, Belgium), and N-cetyl- different experimental conditions to actual changes
N,N,N-trimethylammoniumbromide (CTAB) in thermal diffusion, secondary effects such as
(Merck) were used as anionic, non-ionic and cationic particle–particle interactions, particle–wall interac-
surfactants, respectively. For the experiments involv- tions (with the exception of steric effects), and, for
ing mixed carriers, tetrabutylammoniumperchlorate mixed carriers, segregation of the mixture have to be
(TBAP) (Acros) was used as an electrolyte, SDS was ruled out.
used as a surfactant, and HPLC-grade ACN (Rath- To check for particle–particle interactions, sam-
burn, Walkerburn, UK) was used as an organic ples were injected at different concentrations (see
modifier. Fig. 2). The results show that overloading effects,

and therefore particle–particle interactions, can be
neglected at the injection concentration used in this3.3. Calculation of thermal diffusion coefficients
study (1.25 mg/ml).

Particle–wall interactions (repulsion or adsorption)D has been calculated from the particle radius by
will have a strong influence on peak widths. Tousing the Stokes–Einstein equation:
study possible particle–wall interactions, the plate

kT heights experimentally found were compared with]]D 5 (3)6phr the theoretically expected plate heights. Under ideal
circumstances, the plate height is determined by the

where k is Boltzmann’s constant, T the absolute non-equilibrium (mass-transfer) contribution and is
temperature, and h the carrier viscosity. given by:

Data on the viscosity of liquids and its dependency
2on the temperature have been taken from the litera- xw kvl

]]H 5 (4)ture [27]. To calculate viscosities for the water–ACN D
mixtures, the method of Lobe has been used [28,29].
For the temperature, the estimated value in the centre where kvl is the mean linear flow velocity and x a
of gravity of the sample zone was used. A previously function of the so-called dimensionless retention
developed algorithm [30] has been used to account
for the temperature dependency of the viscosity and
the thermal conductivity of the carrier for the
calculation of D and D . Furthermore, correctionsT

were performed for the steric particle–wall effects.
The values of the calculated viscosities of the
mixtures and their respective derivatives at room
temperature are given in Table 1.

Table 1
Viscosities of water–ACN mixtures and the temperature depen-
dency at 298 K

3 5Mol% ACN 10 h (Pa s) 10 dh /dT (Pa s /K)
Fig. 2. Elution profiles at different sample loads of PS latex 202

0 0.894 21.98
nm at DT560 K; V : 30 ml, C : (a) 0.3 mg/ml, (b) 0.6 mg/ml,inj inj5 0.998 22.29
(c) 1.3 mg/ml, and (d) 2.6 mg/ml. Carrier: phosphate buffer (2.5

10 0.981 22.29
mM)11 mM SDS.
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showed that the presence of an electrolyte in the
carrier is required to achieve reasonable retention.
For all carrier compositions used it was found that
retention increases with electrolyte concentration.
Unfortunately, the use of higher electrolyte con-
centrations also occasionally resulted in irreproduc-
ible retention times and decreasing peak areas,
indicating particle adsorption on the channel wall.
The addition of a surfactant could prevent these
interactions.

The surfactant commonly used in FFF studies on
solid particles is FL-70 (Fisher Scientific), which is a
mixture of anionic and non-ionic components. The
composition of FL-70 is, however, not accurately
defined and this surfactant is, therefore, not very well
suited in studies of the retention mechanism. In our
study we used three different surfactants, i.e., SDS
(anionic surfactant), Brij 35 (non-ionic surfactant),Fig. 3. Experimentally found plate heights (H ) versus theoret-exp

and CTAB (cationic surfactant). It was found that theical plate heights (H ) of (j) PS latex 202 nm and (m) PS latextheo

356 nm in several carrier compositions. retention behaviour of PS latex particles was highly
dependent on the type of surfactant used. With

parameter l, which is defined as D/(D DT ). To a CTAB as the surfactant, broad and irreproducibleT
3good approximation x can be calculated as 24l (12 peaks eluted, which could be explained as caused by

210l128l ) /(122l) [31]. In Fig. 3, the experimen- adsorption of the particles to the wall.
tal plate height values of PS latex 202 nm and PS Much better results were obtained with SDS. The
latex 356 nm in several carrier compositions are addition of SDS prevented adsorption to the wall but
plotted against the theoretical values. Overall, it was also caused a decrease of retention (see Fig. 4A). It is
found that the experimental values were only slightly highly unlikely that electrostatic repulsion is the
higher than the ideal theoretical values. Taking into cause of the decrease in retention. The average
account the precision of the measurements, we can particle–wall distance (¯5–20 mm) is much larger
safely assume that secondary effects can be neg- than the electric double layer thickness around the
lected [32]. particle, which is in the order of 1–10 nm. There-

When mixed solvents are used as carrier, solvent fore, an actual change in the thermal diffusion is
segregation may give rise to an (apparent) field- most likely the cause of the observed effect. The
dependent D value. Such effects can easily be decrease in thermal diffusion appears to be directlyT

detected by performing the analysis at several tem- related to the surfactant concentration at the particle
perature gradients. The D values obtained should be surface.T

independent of the strength of the used field; any The retention behaviour of latex particles as
deviations indicate non-ideal behaviour. Calculation function of the non-ionic Brij 35 surfactant con-
of the thermal diffusion coefficients at different centration is shown in Fig. 4B. It can be seen that the
temperature drops (15, 20 and 30 K) showed that, in retention is almost independent of the Brij con-
accordance with theory, D was independent of DT. centration. This different behaviour compared toT

Therefore, it may be concluded that possible segre- SDS, however, can also support the assumption that
gation of the carrier can be neglected. D is related to the surfactant concentration on theT

particle’s surface. The critical micelle concentration
4.2. Influence of the carrier composition (CMC) of Brij 35 is much lower than that of SDS,

viz. about 0.1 mM for Brij 35 and about 8 mM for
Preliminary experiments with PS latex particles SDS. The particle’s surface is, therefore, already
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Fig. 5. Particle (PS latex 202 nm) retention time as function of
ionic strength in the presence of (♦) SDS (1 mM; DT540 K); (j)
Brij 35 (0.2 mM; DT530 K); flow-rate50.45 ml /min; carrier:
phosphate buffer (pH 7.4).

absent. Although SDS mainly adsorbs to the PS latex
surface by hydrophobic interaction, the presence of a
substantial cloud of counter ions is likely to induce
ionic interaction as well.

From the results obtained it appears that Brij is a
more suitable surfactant than SDS for size or com-

Fig. 4. (A) Influence of SDS concentration on particle retention position analysis of latex particles by ThFFF, since
time; (3) PS latex 107 nm, (j) PS latex 202 nm, (m) PS latex

the particle retention is less dependent on the com-356 nm; flow-rate50.45 ml /min; carrier: Tris buffer (1 mM, pH
position of the carrier composition with Brij.8); DT545 K and T 5295 K. (B) Influence of Brij 35 con-c

The effect of the presence of ACN as an organiccentration on particle retention time; (3) PS latex 107 nm, (j)
PS latex 202 nm, (m) PS latex 356 nm; flow-rate50.45 ml /min; modifier in the carrier solution was studied. In Fig. 6
carrier: Tris buffer (1 mM, pH 8); DT530 K and T 5294.c the fractograms are depicted of PS latex 67, 107, 155

and 202 nm in a carrier containing 0.5 mM TBAP, 1
mM SDS and different amounts of ACN. Overall, a

saturated with Brij 35 molecules in the concentration high retention was found at a relatively low tempera-
range studied [33], and any further increase in the ture drop with ACN in the carrier. Furthermore, the
bulk surfactant concentration only increases the presence of ACN considerably influences retention
number of micelles and will not affect the surfactant time, and therefore, the thermal diffusion. The
concentration on the particle’s surface [34,35]. calculated thermal diffusion coefficients are depicted

In Fig. 5 the dependency of retention of PS latex in Fig. 7. It can be seen that the particle D values inT

202 nm on the electrolyte concentration is depicted. these carriers are indeed exceptionally high and even
In the presence of SDS the retention increases with approach the D values found for polymers [36].T

increasing electrolyte concentration. With the neutral If we confine ourselves to the carrier containing
surfactant Brij 35 on the other hand, the retention 0.5 mM TBAP and 1 mM SDS and compare the DT

212 2hardly changes with the ionic strength of the solu- value of, for example, PS 107 nm (4.8?10 m /s
tion. A possible explanation for these differences K) with the D values found in 1 mM phosphate11T

212 2between SDS and Brij 35 may be that there is an mM SDS (0.92?10 m /s K) and 1 mM Tris11
212 2adsorption competition between the phosphate ions mM SDS (0.8?10 m /s K) we see that the type of

and the SDS ions on the surface of the particle, while salt added can have a very strong influence on the
with the neutral Brij surfactant such competition is thermal diffusion coefficient.
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Fig. 7. Thermal diffusion coefficients versus particle diameter.
(3) Water, (♦) 5 mol% ACN, (m) 10 mol% ACN.

the addition of ACN to the carrier not only in-
fluences the retention but also the selectivity of the
method.

The size dependence can be expressed by the
so-called size-based selectivity, S , defined as [37]:r

tR
]≠log S Dt0

]]]S 5 (5)r ≠log r

where r is the particle radius. When the thermal
diffusion is independent of the particle size, an Sr

value of unity is obtained. In Table 2, S values forr

the different carriers used in this study are given. For
both the phosphate and the Tris buffer, the thermal
diffusion coefficient appears to be almost indepen-
dent of particle size, irrespective of the type of
surfactant used. A strikingly low selectivity (S 5r

0.54), however, was found for water with TBAP as
electrolyte, indicating that the D decreases withT

particle size. Much higher selectivities were found
for the ACN-containing carriers; S values of 1.30r

Fig. 6. Fractograms of PS latex particles; (a) 64 nm, (b) 107 nm, and 1.45 for carriers with 5 and 10% (mol /mol)
(c) 155 nm and (d) 202 nm in various ACN–water carrier
mixtures with DT520 K and flow-rate50.25 ml /min. (A) 0 mol%

Table 2ACN, T 5297, (B) 5 mol% ACN, T 5296, (C) 10 mol% ACN,c c

Size-based selectivity values for PS particles in several carriersT 5296. To all carriers 0.5 mM TBAP and 1 mM SDS werec

added. Carrier composition Sr

1 mM Phosphate11 mM Brij 35 0.99
0.5 mM Tris11 mM Brij 35 0.90

4.3. Size dependence of the thermal diffusion 1 mM Phosphate11 mM SDS 0.94
1 mM Tris11 mM SDS 1.04
0.5 mM TBAP11 mM SDS 0.54A striking feature of the plots depicted in Fig. 7 is
0.5 mM TBAP11 mM SDS15% (mol /mol) ACN 1.30that D decreases with particle size in water andT
0.5 mM TBAP11 mM SDS110% (mol /mol) ACN 1.45increases in the ACN–water mixtures. Apparently,
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ACN, were found, respectively. Different size depen- cal composition of particles by ThFFF becomes,
dencies of thermal diffusion in aqueous and organic however, very difficult. More systematic studies of
carriers were also observed in another study; no ThFFF retention of particles and, in particular, the
satisfactory explanation for this phenomenon has thermal diffusion should be done to further improve
been put forward yet [17]. the applicability of ThFFF for particle analysis.

Although particle retention in the carrier con-
taining only TBAP and SDS was quite high, the
separation was still insufficient due to a decrease of 6. Nomenclature
D with size (see Fig. 6A). From Fig. 6 it is apparentT

2that the best resolution is obtained with the highest D Diffusion coefficient, m /s
2ACN content (10%, mol /mol). Due to the remark- D Thermal diffusion coefficient, m /s KTably high size selectivity, all particles could be H Plate height, m

baseline separated at a DT value as low as 20 K. k Boltzmann’s constant, J /K
Unfortunately, it was not possible to use higher r Particle radius, m
concentrations of ACN as, in that case, broad and S Size-based selectivityrirregular peaks eluted, indicating that some particle– t Retention timeRwall interaction occurred. t Void time0

DT Temperature drop, K
T Absolute temperature, K

5. Conclusions T Cold wall temperature, Kc

w Channel height, m
Particle thermal diffusion and, consequently, par- h Carrier viscosity, Pa s

ticle retention in ThFFF are highly sensitive to small kvl Mean flow velocity, m
changes in the carrier composition. Accurate particle j l-dependent function in the plate height
analysis requires, therefore, careful tuning of the equation
experimental conditions. l Dimensionless retention parameter

We found that the addition of an electrolyte for
sufficient particle retention and a surfactant to pre-
vent particle–wall interactions are required. Further-
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