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ABSTRACT

A new method called potential-barrier field-flow fractionation, which is a com-
bination of potential-barrier chromatography and sedimentation field-flow fraction-
ation (SAdFFF), is presented for the separation and characterization of colloidal mate-
rials. The separation is based either on particle size differences or on Hamaker
constant, surface potential and Debye-Hiickel reciprocal distance differences. In its
simplest form the technique consists in changing the ionic strength of the carrier
solution from a high value, where only one of the colioidal materials of the binary
mixture subjected to separation is totally adsorbed at the beginning of the SAFFF
channel wall, to a lower value, where the total number of adhered particles is released.
The method was applied to the separation of haematite and titanium dioxide spher-
ical colloidal particles and to the separation of haematite spherical particles with
different sizes. At the same time as separation was occurring, the particle sizes of the
colloidal materials of the mixture were determined. The experimental values of parti-
cle diameters were in good agreement with those obtained by transmission electron
microscopy or determined by normal SdFFF. Finally, the retention perturbations
due to particle (a-Fe,03 and TiO;)-wall interactions in SAFFF were investigated.

INTRODUCTION

During the last few years, interest has arisen in methods for the separation of
suspended particles, in analogy with techniques used for matter in solution. Hydrody-
namic chromatography!, gel chromatography?, potential-barrier chromatography?
and field-flow fractionation (FFF)*® have already been studied, and potential-bar-
rier FFF (PBFFF) has recently been suggested®°. The latter is a combination of
FFF and podential-barrier chromatography.

Basically, FFF is a one phase-chromatographic system in which an external
field or gradient replaces the stationary phase. The applied field can be of any type
that interacts with the sample components and causes them to move perpendicular to
the flow direction in the open channel. The most highly developed of the various FFF
modes is sedimentation FFF (SdFFF), in which the separations of suspended parti-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



346 A. KOLIADIMA, G. KARAISKAKIS

cles are performed with a single, continuously flowing mobile phase in a very thin,
open channel under the influence of an external centrifugal force field*.

SdFFF yields experimental data in the form of a fractogram, which is a plot of
the detector response of the emerging sample versus the time or volume of its emer-
gence. For constant field conditions, the retention volume (or time) in SAFFF is
immediately related to the particle mass. Thus, in normal SAFFF, where the particle-
wall interactions are negligible, the separation is based on particle size differences.

Potential-barrier chromatography (PBC) can be applied to separate particles
based on differences in size or in any of the physico-chemical parameters involved in
the potential energy of interaction between the particles and the packing of the col-
umn. This method, which is based on the existence of a surmountable potential
barrier between particles and deposition surface, is classified as an FFF method
rather than a chromatographic method, because the selective interaction is experi-
enced in one phase. Thus, by combining PBC with normal SAFFF one could separate
according to two mechanisms, one governed by the depth of the potential energy well
for the different particles and the other determined by the interactive force between
the particles and the external field.

The purpose of this work was to study the interactions between the particle and
the channel wall in SAFFF and to show the applicability of PBFFF in the separation
of colloidal particles.

THEORY

In normal SdFFF, where the particle-wall interactions are absent, the potential
energy of a spherical particle is given by the relation'®

g &
V(x) = ZApi — p)Gx = T 2pGx )

where d is the diameter and p, the density of the spherical particle, p is the carrier
density, G is the sedimentation field strength expressed as acceleration and x is the
coordinate position of the centre of particle mass.

The retention ratio, R, in SAFFF is given by the ratio of the column void
volume, ¥V, to the component retention volume, Vg. For highly retained peaks and
spherical particles, R can be expressed as

T
R=-V-~6l—§—l— Sk

Va dGwdp @

where [/ is the characteristic mean layer thickness of the solute, w is the channel
thickness, A (=//w) is a dimensionless retention parameter, & is Boltzmann’s constant
and T is the absolute temperature.

When the colloidal particles interact with the SAFFF channel wall, the potential
energy given by eqn. 1 must be corrected by considering the potential energy of
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interaction V(k). The latter can be estimated by the sum of the contributions of the
Van der Waals, V¢(h), and double-layer, Vpi(h), forces:

V(h) = Ve(h) + Vor(h) 3

where 4 is the separation distance between the sphere and the channel wall.
The Van der Waals interaction energy is approximated by>

V6(h) — A132rln(h + Za) 2d(h + oc)] (4)

6 | o) hh+ 20)

where a is the particle radius and 4, is the effective Hamaker constant for media 1
and 2 interacting across medium 3. Combining laws are frequently used for obtaining
approximate values for unknown Hamaker constants in terms of known values. The
constant 4,3, can be approximately related to 4,3, and 4,3, via®?

A132 & JA1314232 ©)

where 4,3, represents the interaction of two nearby bodies of material 1, separated
by medium 3. A corresponding meaning applies to A,3,. Two other useful relationships
developed by Israelachvili'* are the following:

2
Ay z(\/Au —\/A33> (6)

2
A2z & (\/ Azz — A33> M

which when combined with eqn. 5 give

A3z z(\/A_u—s/A—sa)(\/;‘;—\/Z;) ®

The Hamaker constants can be calculated on the basis of the Lifshitz theory
from the relationship®!

3hy, (n} — n3) (n3 — n3) +
8,/2 (1} + m3(n3 + m)M(ni + nd* + (v} + nd)H

3 € —83\[&2— &3
- 9
+ 4kT(81 + 83) (82 + 83) ( )
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where n,, n, and n; are the refractive indices of the three media, ¢;, &, and &5 are the
corresponding static dielectric constants and v. is the mean value of the absorption
frequency of the three media.

The Hamaker constants A; can also be determined experimentally by mea-
suring the corresponding surface tensions, since!!

Aﬁ ~ 21" 10-21')’,',' (10)

where y; isinmJ m~2 and 4 in J.

Eqn. 4 shows that the energy V¢(k) depends on the Hamaker constant and on
the particle radius, a.

The double-layer interaction potential, resulting from the development of elec-
trical double layers at the solid-liquid interfaces is given by

VoL(h) = 16sa(keT> tanh( 4ZT>tanh(§Z;,> —h 1D

where ¢ is the dielectric constant of the liquid phase, ¢ is the electronic charge, y, and
Y are the surface potentials of the solid surfaces and « is the reciprocal Debye length.

For oxides in water, as is the case here, the surface potential, ¥, is determined
by the pH of the solution, as H* and OH™ are potential-determining ions. The
potential is given by!2

V= 303( Hape — pH) (12)

where pH,,,. is the pH at which the net charge on the surface is zero.
For comparison purposes, apart from the surface potential, one could use the {
potential calculated from the electrophoretic mobility, u, via the equations!?

¢ = 6"6”“ (e cc1) (13)

¢ = 4’2”" (ka» 1) (14)

where » is- the viscosity and ¢ is the dielectric constant of the suspending medium.
The reciprocal double-layer thickness is given by the expression

-t pr-+ (15)

where B is a constant and 7 is the ionic strength of the suspending medium.

Eqns. 11 and 15 show that the energy Vpr(k) is influenced from the surface
potentials, ; and y,, the ionic strength, I, and the particle radius, a.

The total potential energy, V., of a spherical particle in PBFFF will equal the
sum of the expressions in eqns. 1, 4 and 11:
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4 Az, (B + 20\ 2a(h+0)
Vm-31toc ApGx + 6 Lln( h h(h + 20 +

kT 2 el//l el//z —xh
+ 163(1(—6-) tanh(m,)tanh< KT e (16)

The last equation shows that the energy Vi, in PBFFF (at a given SAFFF system,
where the surface potential of the wall i, is constant) is a function of the size and of
the surface potential of the particle, of the Hamaker constant and of the ionic
strength of the carrier solution.

EXPERIMENTAL

The experimental procedure has been described in detail elsewhere®8:14. The
two SAdFFF systems used in this work had the following dimensions: system I, 38.4 x
2.05 x 0.0262 cm® with a channel void volume of 2.06 cm?, measured by the elution
of the non-retained peak of sodium benzoate; system II, 38.5 x 2.3 x 0.0181 cm?
with a channel void volume of 1.60 cm>. In both systems the column was 6.85 cm
from the centre of rotation. A Gilson Holochrome UV detector was used for detec-
tion at 254 nm and a Gilson Minipuls 2 peristaltic pump was used to pump the carrier
solution and the sample to the channel.

The electrophoretic mobilities of a-Fe, 03 and TiO, particles were measured in
a microelectrophoresis apparatus (Rank, Mark II) by using a four-electrode capillary
cell. The velocities of at least twenty particles in each direction of the electric field
were measured at the two stationary layers with an accuracy of + 10%. The pH of the
colloidal suspensions was measured by using a combination glass—saturated calomel
electrode (Metrohm).

For the identification of the type of modification of TiO,, a Philips Model PW
1130/00 X-ray diffractometer was used. The form of TiO, was found to be anatase.
The transmission electron microscopic (TEM) pictures for the a-Fe,O3 and TiO,
particles, some examples of which are shown in Fig. 1, were taken with a JEOL Model
JSM-2 transmission electron microscope.

The surface tensions of the titanium dioxide and haematite colloidal particles
were measured with a torsion balance from White Electrical Instruments.

Titanium dioxide monodisperse colloidal particles from PolySciences with an
average diameter (obtained by TEM) of 0.388 um, and haematite nearly monodis-
perse colloidal particles of two sizes (a-Fe,O3(T) with d = 0.148 um and a-Fe,O(II)
with d = 0.248 um, supplied by Prof. J. Lyklema (Agricultural University, Wage-
ningen, The Netherlands) were used as samples.

The carrier was triply distilled water containing 0.5% (v/v) of detergent FL-70
and 0.02% (w/w) sodium azide as bacteriocide. The electrolyte added to this carrier
solution in order to adjust its ionic strength was potassium nitrate from Riedel-de
Haén. The ionic strength of FL-70 alone was taken to be 10~* M from conductivity
measurements.
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RESULTS AND DISCUSSION

Interactions between haematite and the SAFFF channel wall

Haematite-1 (H-I, drgyy = 0.148 pm). In order to select the optimum experi-
mental conditions for minimizing the interactions between H-I and the SAFFF chan-
nel wall, the retention ratios or the particle diameters of the H-I particles were mea-
sured at various field strengths and at a constant flow-rate, and also at various
flow-rates and at a constant field strength.

Fig. 2a, in which the variation of the experimental diameter, &, with the field
strength and the constant theoretical diameter, d™ (determined by TEM) are pre-
sented, shows that the optimum field strength for H-I is G = 15 212 ¢m s~ 2 (450
rpm). The optimum flowrate found from Fig. 2b, which shows the variation of &~
with the carrier flow-rate at a constant field strength and constant 4™ value, is ca.
150 cm3 h™!. Ideally, no differences should be observed with varying field and flow
conditions. However, with increasing field strength the interaction between the parti-
cles and the SAFFF channel wall is intensified. Further, the increase in flow-rate
offsets the interaction, as the hydrodynamic lift forces accelerate elution. Of course,
more experimental work is necessary in order to investigate these variations.

Using the optimum experimental conditions found (G = 15212cms™2, V =
150 cm® h™1) the variation of the retention ratio or of the particle diameter with the
ionic strength of the carrier solution was investigated. Fig. 3 illustrates the results of a
series of retention measurements at different ionic strengths for the heamatite sample
H-I with a nominal diameter of 0.148 um in the stainless-steel channel wall and with
two carrier flow-rates. At both carrier flow-rates for the more concentrated solutions
(ca. 3 - 1072 M KNO,), the retention ratio decreased and the particle diameter was
higher than the theoretical value, although the data points in Fig. 3a have a relatively
large random error.

The above observations are in accord with the analysis of particle-wall interac-
tions presented under Theory. It was predicted there that at higher ionic strengths the
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Fig. 2. Variation of particle diameter for the haematite-I sample (a) with the field strength at a constant
flow-rate and (b) with the carrier flow-rate at a constant field strength. In both instances the SAFFF system
1 was used.
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Fig. 3. Variation of the particle diameter for the haematite-I sample with the ionic strength of the carrier
solution at 450 rpm. Flow-rate: (a) 150 and (b) 60 cm® h™!. In both instances the SAFFF system I was used.

attractive forces play an increasing role, eventually leading to a decrease in the R
value and subsequently to an increase in the 4 value. Changing the carrier solution to
one containing a higher concentration of KNO; (ca. 5 - 1072 M) led to the ad-
sorption of all of the H-I particles on the stainless-steel channel wall, as no elution
curve was obtained. In the system under investigation, in which the a~-Fe,O; particles
and the collector (stainless-steel channel wall) carry charges of the same sign (both are
negative), the deposition of the particles on the SdFFF channell wall at high electrolyte
concentrations is due to the compression of the double layer. When the carrier solu-
tion was changed to one containing a lower ionic strength (ca. 1073 M KNO,), a
sample peak appeared as a consequence of the desorption of the H-I particles. The
mean diameter of the H-I particles (0.148 um) is identical with that (0.148 um) ob-
tained by TEM or found (0.148 um) by the direct injection of the H-I particles into
the channel using the carrier in which no adsorption occurs.

These data show that the adsorption of the H-I particles on the channel wall
took place at the beginning of the column, thus making possible the use of the real
value of V, for the calculation of d. Another important point to examine is whether
the deposition of the particles of H-I is fully reversible because, if some particles are
still deposited on the channell wall after the change of carrier solution, then the
channel wall will gradually be fouled. A strong indication for the desorption of all of
the material was the fact that no elution peak was obtained, even when the field
strength was reduced to zero.

Haematite-II (H-II, d™ = (.248 um). Fig. 4 illustrates the variation of the
retention ratio or of the calculated particle diameter for the H-II particles with the
field strength at a constant flow-rate, and with the carrier flow-rate at a constant field
strength. Using the optimum experimental conditions found (G = 9202cms™2, V =
171 cm?® h™1), the variation of the retention ratio or of the particle diameter for the
H-1I sample with the ionic strength of the carrier solution was investigated. Whereas
at low ionic strengths the H-II-wall interactions are negligible, at higher electrolyte
concentrations there is a limiting critical concentration (ca. 3 - 1072 M KNOj;) at
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Fig. 4. Particle diameter for the haematite-II sample versus (a) field strength and (b) flow-rate. In both
instances the SdFFF system I was used.

which adsorption of all of the H-II colloidal particles occurs at the beginning of the
column. Variation of the carrier solution to one containing a lower electrolyte con-
centration (ca. 1073 M KNO,) released the total number of adherent H-II particles
and gave a particle size (0.245 pm) in good agreement with that obtained by TEM
(0.248 um) or found (0.245 um) when the colloidal particles were injected into the
channel with the carrier solution in which no adsorption occurs.
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Fig. 5. Particle diameter (O) and retention ratio ( A) versus carrier flow-rate for the TiO, colloidal sample
in the SAFFF system II.
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Interactions between titanium dioxide and the SAFFF channel wall

Fig. 5 shows the variation of the retention ratio and of the particle diameter for
the TiO, particles with the carrier flow-rate at constant field strength (G = 9202 cm
s~ 2). Although the optimum flow-rate from Fig. 5 was found to be ca. 45 cm® h™?,
the investigation of the variation of the retention ratio or of the particle diameter for
the TiO, sample with the ionic strength of the carrier solution was carried out at ca.
170 cm® h™! in order to avoid long analysis times and broad peaks (Fig. 6).

The latter investigation showed that the critical electrolyte concentration for
the total adsorption of the TiO, particles on the stainless-steel channel wall was that
containing 3 - 1072 M KNOj;. Variation of the carrier solution to one containing a
lower electrolyte concentration (ca. 103 M KNOs) released all of the adherent TiO,
particles and gave a particle size (0.302 um) in good agreement with that (0.298 um)
obtained when the colloidal TiO, particles were injected into the channel with the
carrier solution in which no adsorption occurs.

Fractionation of titanium dioxide and haematite-1 by PBFFF

Fig. 7a shows the fractionation of the TiO; and H-I particles by the normal
SAFFF procedure, which is based on the particle size difference, and Fig. 7b shows
the fractionation of the same particles by the PBFFF technique, which is based on the
total potential energy, V,, (given by eqn. 16), difference. In the PBFFF technique the
mixture was injected in the carrier solution containing 3 - 10~2 M KNOj. At this high
electrolyte concentration all of the TiO, colloidal particles adhered at the beginning
of the SAFFF stainless-steel channel wall, whereas all of the TiO; colloidal particles
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Fig. 6. Variation of the retention ratio for the TiO, sample with the jonic strength of the carrier solution.
The SAFFF system II was used.
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adhered at the beginning of the H-I particles were eluted from the channel. The
average diameter of the eluted H-I particles was found (by the PBFFF technique) to
be 0.143 um, in good agreement with that obtained by TEM (0.148 um) or deter-
mined by normal SAFFF (0.150 um) during the fractionation of TiO, and H-I parti-
cles. It must be pointed out that the particle diameter was obtained from eqn. 2 when
the particles were run in the normal SdFFF mode, after the total adsorption follow-
ing the PBFFF mode.

Changing the carrier solution to one containing only 0.5% detergent FL-70
released all of the adherent TiO; particles and gave a particle diameter (0.302 ym) in
good agreement with that (0.298 um) obtained during the fractionation of TiO, and
H-I particles by the normal SAFFF technique.

The desorption of all of two colloids during the PBFFF procedure was verified
by the fact that no elution peak was obtained even when the field strength was
reduced to zero. A second indication for the desorption all of the material was the fact
that the peaks of a-Fe, 03 and TiO; after adsorption and desorption of the particles (cf.,
Fig. 7b) emerge without degradation, in contrast to the peaks in Fig. 7a. The different
limiting electrolyte concentrations for the total adsorption of the TiO; and H-I colloi-
dal particles on the SAFFF stainless-steel channel wall and hence the separation of the
above particles by the PBFFF technique are due to the different total potential ener-
gies, Vi, given by eqn. 16. Therefore, the separation of TiO, and H-I colloidal
particles by the PBFFF technique is based on the particle size difference and/or on the
Hamaker constant and the surface potential difference of the particles. The difference
in diameters for the TiO, and H-I particles is known from the TEM pictures. Let us
examine now whether or not the two samples have different Hamaker constants and
surface potentials.

The Hamaker constant 453, (= 1.02 - 1072 ) for the system steel-water—iron
(IIT) oxide was calculated from eqn. 8, by taking 2.2 - 107 ° J (4,,) for steel, which is
the Hamaker constant for iron®, 4.4 - 1072° J (433) for water, as calculated from the
Lifshitz theory!! (cf., eqn. 9), and 6.2 - 1072° J (A4,,) for haematite'3. The Hamaker
constant for haematite was also determined from eqn. 10 by surface tension mea-
surements. This value (7.0 - 10729 J), which was found to be equal to the value for
TiO,, appears to be much too high. As pointed out by Hogg et al.'?, it seems reason-
able to assume that the Hamaker constant is approximately the same for inorganic
oxides dispersed in an aqueous medium, as the surface are essentially similar, being
composed primarily of oxygen anions. Thus, the Hamaker constant for the system
steel-water—titanium dioxide approaches that for the system steel-water—iron (IIT)
oxide and the separation of TiO, and H-I colloidal particles is not based on the
Hamaker constant difference.

The surface potentials of haematite and TiO, were calculated from eqn. 12 by
using for pH,, the values given by Hunter!®: pH,,.(«-Fe,03) = 8.5 and pH,,(TiO;,
rutile) = 5.8. Therefore Y(a-Fe,03) = —15.6 mV and Y(TiO,) = —45.7 mV. The
latter values show that the total potential energy, V.., at a given Hamaker constant,
particle size and Debye-Hiickel parameter, is less for the haematite sample than for
TiQ,, contrary to our experimental results, according to which the heamatite sample
is more stable than TiO, at an electrolyte concentration of 3 - 1072 M KNO,. This is
probably due to the fact that the value of pH,,. used is referred to the rutile mod-
ification of TiO; and not to the anatase form. For this reason, the electrophoretic
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mobilities of the TiO, and «-Fe, O3 particles were measured at various ionic strengths
of the carrier solution.

From the latter, the { potentials were determined by using egns. 13 and 14. At
the critical electrolyte concentration 3 - 1072 M KNO,, where the TiO, colloidal
particles adhered to the SAFFF channel wall, whereas the a-Fe,05 particles were
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the PBFFF technique.
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eluted from the channel, the { potentials were found to be {(a-Fe,03) = —20.4 mV
and {(TiO;) = —19.1 mV. These values are consistent with the experimental results
showing that the fractionation of TiO, and H-I particles by the PBFFF technique is
based on the particle size and the surface potential differences.

In the second example of fractionation by the PBFFF technique we used two
samples of haematite with different particle diameters (Fig. 8). Here the separation is
based only on the particle size difference, as the Hamaker constants and the surface
potentials of the two samples are identical. Fig. 8a shows the fractionation of the
haematite samples with different particle diameters by the normal SAFFF technique,
and Fig. 8b that of the same samples by the PBFFF technique. The particle diameters
obtained from eqn. 2 in the latter instance (0.151 um for H-I and 0.244 ym for H-II)
are in good agreement with those found by normal SdFFF (0.145 um for H-I and
0.237 um for H-II) or determined by TEM (0.148 um for H-I and 0.248 ym for H-II).
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