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Abstract

A new sedimentation field flow fractionation (SdFFF) method is presented for the estimation of the total potential energy of interaction
between colloidal particles and the channel wall. The method is based on the variation of the mean cloud thickness in SAFFF due to the variation
of the suspension’s ionic strength. It requires only two SAFFF experiments at two different ionic strengths and at a constant acceleration field.
The found values are compatible with those calculated from the various forms of equations of the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory.
© 2005 Published by Elsevier B.V.
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1. Introduction channel. The adsorption of colloidal particles onto the chan-
nel wall will be suppressed or promoted due to charge—charge
Field flow fractionation (FFF) is classified as a one-phase interaction between the particles and the wall. The solution
chromatographic technique in which an externally adjusted ionic strength is a factor effecting these forces and the resul-
force field is applied to the suspended particles under mo-tant stability.
tion in a channe[1-4]. Sedimentation field flow fraction- Opposing the electrostatic repulsive forces are the van der
ation (SdFFF) is one FFF subtechnique where a centrifugal Waals attractions. Although these are directly independent of
force field is used as the external field. The theoretical basis ofsolution ionic strength and dependent most strongly on the
SdFFF makes possible the calculation of particle mass, diam-dielectrical properties of the materials and of the involved
eter, density and related properties for uncharacterized col-carrier solution, as well as on the closest distance of the par-
loidal particles based on experimentally measured retentionticles from the wall, these are indirectly dependent on the
parameter§s—8]. When the retention ratio is calculated, the suspension’s ionic strength, as the latter strongly influences
particle—wall and particle—particle interactions due to elec- the gap width between the planar wall and the closest parti-
trostatic repulsive and van der Waals attractive forces mustcle’s surface in SAFFF.
be considered. It has been recognized that these forces play The potential barrier field flow fractionation (PBFFF)
an important part in colloid chemistry, particularly in rela- technique consists of changing the total potential energy of
tionship to aggregation and disaggregafi®si0]. interaction between the colloidal particles and the material of
In SAFFF, the stability of a colloidal systemis provided by the SAdFFF channel wall by changing the ionic strength of the
repulsive interactions originating in the surface charge on the carrier solution from a high value, where colloidal particles
particles and the electrical properties of the surface of the flow are totally adhered at the beginning of the FFF channel wall,
to a lower value, where the total number of adhered particles
ﬁ . _ is released11-18]
_resented at the 25th International Symposium on Chromatography, The method has been applied successfully to the size
Paris, France, 4-8 October 2004. . . . . K .
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of polymethylmethacrylate (PMMAJ15] and of various For comparison purposes scanning electron micrographs
supramicron polydisperse irregular particles of mixed sul- of the silica particles dispersed in different media were ob-
fides[16,17] The same technique was also used for the con- tained by using a JEOL JSM-5200 scanning electron micro-
centration and size characterization of dilute colloidal sam- scope (SEM) from JEOL (Tokyo, Japan).
ples, in both the normal and the steric modes of operation in
SdFFF[13,18]
The purpose of the present work is to show the influence of 3. Results and discussion
the ionic strength of the suspending medium into the space
constant of the exponential transverse concentration distri- It has been shown that the mean thicknleskthe cloud
bution| of the analyte compressed against the accumulation of particles compressed against the accumulation wall of the
wall of the FFF channel, and consequently the influence of FFF channel influences rapidly the time needed to generate
thel parameter to the total potential energy of interaction be- one theoretical platf21-23] and the velocity of the parti-
tween the colloidal particles and the channel wall. From the cle zone[24]. Thus, by reducing thé value it would be
later influence, the total potential energy of interaction be- possible to gain maximum speed for the elution/separation
tween the colloidal particles and the channel wall at various of colloidal particles. This reduction has been succeeded by
particle—wall distances can be estimated. several experimental conditions and various programming
methodg25,26] as the field programming and the flow pro-
gramming techniques, as well as the dual stream splitter sys-
tem[21]. However, decreasinigvalues results to increasing
particle—wall interaction§27], which leads to several com-
The experimental procedure has been described inplicationsthat must be overcome. Due to the last observation,
detail elsewhere[19,20] In this work, a SdFFF sys- the reverse procedure could be followed andltharameter
tem has been used with the following dimensions: could be decreased by increasing the particle—wall interac-
37.4cmx 2.35cmx 0.017 cmwith achannel void volume of  tions. According to PBFFF this could be succeed by changing
1.49 cn¥, measured by the elution of the non-retained peak of the total potential energy of interactiovi, between a spher-
sodium benzoate. The column had a radius of 6.85cm fromical particle and the channel wall. In the present work, the
the center of rotation. The material of the accumulation wall variation of the total potential energy was due to the varia-
was of the type Hastelloy-C, which is principally Ni (56%) tion of the concentration of the electrolyte added to the carrier
with 15% Cr, 17% Mo, 5% Fe, 4% W, and traces of Mn and liquid. Fig. 1illustrates four fractograms obtained by SAFFF
Si. at different values of ionic strength of the carrier solution.
Triply distilled, CO,-free water, containing 0.1% (v/v) of  Fig. 1(a) shows a symmetrical peak corresponding t0,SiO

2. Experimental

the low foaming, low alkalinity, phosphate, chromate and
silicate-free detergent FL-70 (Fisher Scientific Company,
Fairlawn, NJ 07410, USA), a mix of anionic and nonionic

when the carrier solution does not contain any amount of
electrolyte (=1.0x 103 M).
While the ionic strength increases, the particle wall in-

surfactants, and 0.02% (w/v) sodium azide as bacteriocideteractions become significant and a broadening of the res-

has been employed as catrrier.

The electrolyte added to the carrier solution in order
to adjust its ionic strength was potassium nitrate (KNO
99.0% pure from Riedel-de la (D-30926 Seelze, Ger-

olution peak appears [cFig. 1(b) and (c)]. At high values
of ionic strength (1.6< 101 M) the total amount of the col-
loidal particles are adhered at the beginning of the channel
wall [cf. Fig. 1(d)]. Variation of the carrier solution to one

many). The concentration of the added electrolyte ranged with lower ionic strength (1.6& 103 M) released all the ad-

from 1.0x 103 t0 1.6x 10-1 M KNOs3. The ionic strength
of FL-70 alone was taken to be 1x010~2 from conductivity

herent particles [cfrig. 1(d)]. The corresponding diameters
for the silica particles are given ifable 1 The variation of

measurements. The pH of the suspending medium was conthe ionic strength entails a positive deviation of the particle’s
stant and roughly equal to 9.0, as it was measured by the 744diameter from that expected by the normal SAdFFF theory,

pH-meter model of2 Metrohm.

Silica (silicon dioxide, Si@) monodisperse colloidal
particles from Duke Scientific Corporation with nominal
diameter of 0.47-0.03pm and microsphere density of

Ad=dapp— dirue, Which is almost steady in the range of ionic
strength from 1.6< 10! to 1.5x 10~1 M (cf. Fig. 2. The

later indicates that high values of ionic strength are suitable to
compress the double layer and to eliminate the electrostatic

1.83gcnT® were used as sample. The silica particles were repulsion. Therefore, in the used variation of the electrolyte
dispersed in the carrier liquid and sonicated for 2min as concentration, the interaction forces between the particles
a further aid to particle dispersion. Injection of 20 vol- and the wall in PBFFF could be converted from repulsive to
ume of the silica suspension was made into the channel byattractive ones and vice versa. One could assume that this
a microsyringe. Following injection, the longitudinal flow predominance of the attractive forces would lead to coagu-
(=150 mL hr1) was stopped for 4 min to allow for sample lation of the SiQ particles. However, these phenomena are
relaxation. The appropriate field strength for silica particles absent according to the SEM pictures were obtained, as they
used was 300 rpm (67.58 m3). are represented iRig. 3.
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Fig. 1. Fractograms of Sigxolloidal particles at various ionic strengths of the suspending medium obtained by SAAEFL@X 103, (b) | =5.0x 1072,
(€)1=1.0x107L, (d)I=1.6x 1071,

Although no aggregation phenomena exist, gelatiniza- SAFFF experiments in the absence of electrolyte were per-
tion of the electrolyte appears at high ionic strength formed. The obtained results are presentetiable 2 from
(1>1.6x 10~1 M), where is even possible to distinguish the which the precision of the method is computed to be 98.2%
individual regions with the parallel orientation. This can jus- [=100— (0.009/0.496)100].
tify the fact that when we change the carrier solventfromthe  Testof significance between the found mean diamégr (
one with high ionic strength to that with no electrolyte added, and that given by manufacturet,) shows that these values
the deposed silica particles are released immediately, as it carare not statistically different, thus making possible the ac-
be shown from the corresponding fractograntrig. 1(d). It curate determination of the diameters for the Siarticles.
is possibly due to the same fact that all the adherent particlesTherefore accurateandprecisediameters of the Si@parti-
are not released, as it is obvious from the peak that appearsles can be determined by SdFFF.
after the interruption of the externally applied field. When the particle-wall interactions are absent in SAFFF,

In order to test the precision of the SAFFF method in the potential energy of a spherical particdlegres is given
measuring particles’ diameters and to show whether the by the relatior12]:
observed variation of the apparent diameter with the sus- 43
pension’s ionic strength is statistically significant, various VsdrrF= 37diryeAPG SAFFRY @)
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Table 1 Table 2
Apparent diameterslypp, of SiO; particles determined by SAFFF at various  Silica particles’ diameterslf determined by various SAFFF experiments in
ionic strengthsl, of the suspending medium the absence of electrolyte, the mean diameter of these valygsvith the
I (M) dapp (1LM) corresponding standard deviatian,{) and the nominal particle diameter
(dn) with its standard deviatiorvg,) given by the manufacturer
1.0x 1073 0.496 -
3.0x 10-3 0.502 Number of experiment  d (um) dm £ o4y, (WM) dn + 0y, (M)
5.0x 1073 0.511 1 0.498
6.0x 103 0.512 2 0.490
7.0x 1073 0.516 3 0.487
8.0x 103 0.511 4 0.487
3
igi 1&2 821? g 8333 0.496+ 0.009 0.470+0.030
2.0x 1072 0.521 7 0.502
3.0x 1072 0.525 8 0.506
4.0%x 1072 0.538 9 0.502
5.0x 102 0.566 10 0.509
6.0x 1072 0.585
7.0%x 1072 0.598
8.0x 102 0.606 lappis the apparent mean cloud thickness in SAFFF, which
9.0x 1072 0.628 can be computed from the known relatiidr:
1.0x 101 0.674
1.1x 1071 0.678 o _Rw _ Vow 6kT 3)
1 app= = =
Lax 10t 0670 6 6V mdppArGsarer
15x10°! 0.679 whereR is the retention ratioy is the void volume of the
1.6x10°1 Total adhesion

channelV; is the particle’s retention volume; is the chan-
nel thickness andapp is the apparent particle diameter de-
whereageis the true particle diameter when the particle—wall termined at various ionic strengths. Therefore, @gjcan be
interactions are absent, which can be determined by SdFFFwritten as:

in the absence of electrolyté\p is the density difference
between the particle and the carri€gqrrr(~67.58 ms?2,
300 rpm) is the constant sedimentation field expressed as acin the case when the colloidal particles interact with the
celeration and is the coordinate position of the center of SdFFF channel wall, the potential energy given by €.
particle mass, which in our case is the effective mean cloud must be corrected by considering the po’[ential energy of in-
thicknesslef, given by the equation teraction,Vint. The latter, in the absence of chemical bonds,
can be estimated by the sum of the contribution of the van

VsderE= %Tm%ueAPGSdFFFleff (4)

left = lapp — auue @) der Waals attractivé/a, and the double-layer repulsivég,
energies:

0.700-

0.675- M\Hr/l int A R )

1 The total potential energyiet, of a spherical particle in

0.650- SdFFF will equal the sum of EqéL) and(5):

0.625-] /l Viot = Vsdrre+ Vint (6)
0,600 s ~ The Viot could be expressed in terms of an apparent sedi-
E A0~ e mentation field strengtiGapp, Which varies with the solution
3 0.575- ionic strength, by considering a relation analogous ta(&yj.

0.550+ Viot = %TmtsrueA,OGapdeff (7)

0595 The Gapp value can be computed from the relation:

T 6kT
0500451 5 & & 3 1 . a_ Gapp= —3——— (8)
. diryeplapp
P o0 ob2 oba 0bs 0 oMo olz  oa 06 ol wherediy,e= 496 nm is the particle diameter determined by

SdFFF when the carrier solution is triply distilled water with
0.1% (v/v) FL-70 as a surfactant and 0.02% (w/v) sodium
Fig. 2. Variation of the apparent particle diamethgf) of the silica particles azide as bacteriocide, i.e. when the particle-wall interactions
with the ionic strengthl] of the carrier solution. are absent.

(M)
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(c) (d)

Fig. 3. SEM pictures of the colloidal silica particles at various ionic strengths of the carrier solutibr.J@x 103, (b) | =5.0x 1072, (c) 1 =1.0x 107L,
(d)1=1.6x10"1.

Combination of Eqs(4), (6) and(7) gives theVint: The values ofV,;" found by the proposed method of
SdFFF are compared with those calculated theoretidglly,
Vint = 37a3,eAP(Gapp — Gsarrpleft 9 from Eq.(5) using a8/ andVg the various forms of the equa-

tions predicted by the Derjaguin—Landau—Verwey—Overbeek
The experimental values bfyp, leff andGappcalculated from (DLVO) theory. As the distances of the silica particles from
Egs.(3), (2) and(8), respectively, at various ionic strengths the channel wall are too high (900.21 nriy>199.56 nm)
of the carrier, are compiled ifable 3 in all of our cases, the van der Waals attractive enevay,
Eq.(9) can be simply used to estimate ¥Mg valuesfrom  predominates to the double-layer repulsive ongs, thus
two SAFFF experiments, one with carrier solution withoutany making possible the approximation @ with the Va val-
amount of electrolyte, and the second with a carrier solution UeS:Vin = Va.

having a given electrolyte amount, as given below. The van der Waals particle—wall interaction eneigy,
From the first experiment, the experimental parameters which depends on the particle diameter and the distance from
Vo, V; and the known values afp andGsgrrr thelapp leff the wall,l¢f, can be calculated from the following equations

andagye (=248 nm) values are computed with the aid of Egs. [28—-29}
(2) and(3), from which theVsqyreris estimated via Eq4). 4 Apsd®

From the second experiment, in the presence of a giveny, = Vitnf} o~ _*%leﬁ (10)
amount of electrolyte (KNg), the lpp value is estimated 3kT(4l§ﬁ —d?)
from Eq. (3) from which theGgpp is calculated via Eq(8)
using asdue that calculated in the first experiment. Finally, v, = yth = _Asp || lettd d(lett +d/2)

the Vint is estimated with the aid of E¢9). nTgT Left left(left + d)

(11)
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Table 3 Table 4
Variation of the apparent mean cloud thicknelgg,, the effective cloud Experimental potential energies of interaction between the pticles
thickness|efr, and the apparent sedimentation field strenGfp, with the and the channel Wall‘/(f:p in KT units) determined by SdFFF, as well as
ionic strength), of the suspending medium corresponding theoretical value\gltr'f'( in kT units) calculated from various
I (M) Lpp (M) let (NM) Gapp (M s2) empirical equations at different ionic strengthsof the suspending medium
10x10% 114821 900.21 6758 (M) Vint” (KT) Vi (K
3.0x10°8 110752 859.52 7M7 Eq.(10) Eq.(11)
5.0x 1073 105003 802.03 730 3
6.0x103 104389 795.89 784 101077 0 0 0
7.0% 10-3 101980 771.80 769 3.0x 10~ —0.027 —0.0473 —0.00657
8.0x 10-3 105003 802.03 730 5.0x 1073 —0.065 —0.0597 —0.00777
9.0x 10-3 102576 777.76 755 6.0x 1073 —0.070 —0.0609 —0.00791
1.0x 10-2 105003 802.03 730 7.0x 1073 —0.085 —0.0678 —0.00852
2.0% 10-2 98099 732.99 790 8.0x 1073 —0.065 —0.0597 —0.00777
3.0x 10-2 95880 710.80 8®3 9.0x 1073 —0.080 —0.0658 —0.00836
4.0% 10-2 89114 643.14 8708 1.0x 1072 —0.065 —0.0597 —0.00777
5.0% 10-2 76567 517.67 1085 2.0x 1072 —0.108 —0.0823 —0.00963
6.0x 10-2 69370 445.70 1186 3.0x 1072 —0.123 —0.0909 —0.0104
7.0x 1072 64960 401.60 11916 40x10°2  -0.162 —0131 -0.0131
8.0x 10-2 62431 376.31 1280 5.0x 1072 —0.225 —0.306 —0.0214
9.0x 1072 56122 313.22 1327 6.0x1072  -0254 —0597 —0.0296
1.0x 101 457,60 209.60 1658 7.0x102 0269 -102 —0.0370
11x 107! 44955 201.55 1752 8.0x1072 0275 —148 —0.0424
13x 101 46376 215.76 16383 9.0x 10 —0.285 —589 —00616
1.4x 107! 46584 217.84 1668 10x107 0276 -171 -0132
15x 101 44756 199.56 1738 Llx10m  —02r3 -116 —0142
1.6x10°1 Total adhesion Total adhesion Total adhesion  1-3% 101 —0.277 —243 —0.126
1.4x 10 —0.278 —27.8 —-0.123
1.5x 1071 -0.271 —-107 —0.145
whereA;3s is the effective Hamaker constant for media 1 1.6x 1071 Total adhesion Total adhesion Total adhesion

(Hastelloy-C) and 2 (Sig) interacting across medium 3 (car-
rier solution), which can be estimated from the rela{iedi:

RV 12y, 12 172 ionic strengths the particle—particle interactions may be also
Az2 = (A1 — A33)(Az — Agg) (12) appreciable. The fact that the calculaiéf] values from var-

In the last equationd; are Hamaker constants for two ious empirical qu)?tions deviate significantly, explains the
bodies of materialinteracting in vacuum. In facf;3;is not dispersion_ of ouﬁ/impvalues, as well as their deviation from
truly a constant, as its value decreases at large particle - wall@ll theoretical values.
distances due to a retardation effect. H4€) and(11) can
be used to calculate th‘qﬂ‘t values using ag\3» the value
1.02x 1029 given in literaturg29]. The experimental po- 4. Conclusion
tential energies of interactiof; ", between Si@ particles
and the channel wall determined by E8) and those calcu- The main advantages of the proposed SdFFF method are
lated from Eqs(10)and(11) at various ionic strengths of the  the following:
carrier solution are presentediable 4

The deviation of the determineﬁzﬁfp from those calcu- (1) Estimation of the total potential energy of interaction

lated from Eqgs(10) and(11) can be attributed either to the
retardation effecf8] which has been neglected from the lat-

ter equations, although it is significant at the used large sep-

arations (900.21 nm#z¢>199.56 nm), or to the fact that in
Eqgs.(10) and(11) the A132 is supposed to be constant in the

whole range of solution’s ionic strength. Better agreement,
at the lower ionic strengths, e.g. at the larger distances of

the particles from the wall, appears when we use (EQ)

which is valid at relatively large separation distances. On

from two simple SAFFF experiments at different sus-
pension’s ionic strength. The only needed experimental
parameters are the density of the particles and of the
medium and the acceleration field strength. The total po-
tential energy of interaction, which is compatible with
that calculated from various empirical equations, can be
determined at every suspension’s ionic strength, e.g. at
every distance of the particles from the channel wall.
The agreement between theory and experimental results

the other hand, at the higher ionic strengths the agreement  is very good considering the approximate nature of the

is better when we use E¢l1), which is more accurate at

parameters used.

small distances of the particles from the wall. Concerning (2) Values of the Hamaker constants, which cannot be deter-

the suspension’s ionic strength, the experime\?ﬁfﬁfJ values

mined easily and accurately, are not necessary.

are closer to those calculated from the empirical equations(3) Values of the surface potentials of the particles and the

when it is lower than 0.05, due to the reason that at higher

channel wall are not necessary.
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(4) From the total interactive energiei.; ", determined in
the present work and using various empirical equations
relatingVint with the effective Hamaker constants;s»,
the latter can be determined with a simple and accu-
rate way. The dependenceAfs; on suspension’s ionic
strength can be also studied with simplicity and accuracy.
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