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Abstract

A comprehensive study of the AC and DC electrokinetic properties of submicrometre latex particles as a function of particle size and
suspending medium conductivity and viscosity is presented. Electrophoretic mobility and dielectrophoretic cross-over results were measured
for particle diameters ranging from 44 to 2000 nm. The zeta potentials of the particles were calculated from the electrophoretic mobility
data for different suspending medium conductivities, using various models, with and without the inclusion of surface conduction. The
dielectrophoretic data was analysed to derive values for the Stern layer conductance and zeta potentials.
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1. Introduction ment occurred between the shear plane and the particle sur-
face. In this model the shear plane was located some way

Both the AC and DC electrical properties of microme- into the diffuse layers so that the ions contributing to the sur-
tre and submicrometre latex particles have been investi-face conductance effectively move in the diffuse layer with
gated by many research groups, using techniques such aa high mobility. Other authorf’,8,12]introduced the con-
electrophoresis, electrical conductivity measurements, elec-cept of a surface conduction arising from charge movement
troacoustics and dielectric spectroscopy; see, for example,in the region behind the slip plane. This conductance con-
[1-19] tains two components, one due to convection of ions due to

It has been observed that the electrophoretic behaviourelectric field-driven movement of the liquid (electroosmosis)
of latex particles cannot be completely explained using the and another due to the movement of the ions directly from
conventional Gouy—Chapman model of the double layer. the action of the electric field on the charge, the conduction
Plots of zeta potential against electrolyte concentration al- cyrrent.

ways showed peaks in the region of 1 to 10 mM, whereas  As discussed by Huntd@3], the stagnant layer charge

a monotonic decrease with electrolyte concentration would could be behind or in front of the shear plane depending
be expected (e.g[6,7,20). The behaviour of the particles  on the relative amounts of charge in the diffuse layer and
can be better modelled by introducing the concept of a sur- the surface charge density. Conduction behind the slip plane

face conductance, where charge is considered to move in deads to a higher value of the zeta potential at low conduc-
thin layer outside the shear or slip pld2é,22] Dukhin and tivities.

Deryaguin[1] introduced the concept of “anomalous” sur- Measurements of the dielectric properties of latex parti-
face conductance, where it was assumed that charge moveg|es have also shown that the inclusion of a surface conduc-
tion behind the shear plane is necessary to model thdslata
" Corresponding author. 7_,21]. T_he concept of a general surface conductange within
E-mail address: hm@ecs.soton.ac.uk. Morgan). dielectric theory has been around for 70 years. Bikerman
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[23] obtained an expression for the dielectric constant of Clausius—Mossotti factor, given §g2—34]

a suspension or cylindrical rods with surface conductance. v x

Miles and Robertsofi24] and O’Konski[25] derived ex- Re{ fom) = Re{m}, (1)
pressions for the dipole moment of a particle with arbitrary e+ 26,

surface conductance. However, these models only partly ac
count for the data. For example, Rasmusson ¢16].failed of the particle and medium, respectively, definediy=
tp miodel their dielectric data by including sgrface cqnduc— ¢ — jo/w, wherej2 = —1, ¢ is the dielectric constant ard
tion in the Stern layer; they only succeeded in matching the o conductivity.

relaxation time. . . . . The real part of the Clausius—Mossotti factor is bounded
Recent data concerning the dielectrophoretic properuesby the limits 1< Re{ fom} < —1/2 and, as shown by E€),

of latex particles shows that the polarisation of the parti- \5ries with the frequency of the applied field and dielec-
cles is dominated by surface conductaf@@-28} O’Kon- tric parameters of particle and medium. Depending on the
ski’'s theory of constant surface conductance can explain sign of Ré fcm], positive or negative DEP occurs, resulting
the AC eleCtrokinetiC behaViOUr Of micrometre'sized |atex in motion of partic|es towards h|gh or IOW f|e|d Strengths_
particles[28]. However, it does not adequately model the Experimentally the particles are observed to collect at elec-
behaviour of submicrometre latex particl$,27] Again, trode edges or be repelled away from them, respectively.
the discrepancies have been attributed to the dominance ofrhe cross-over frequendy’y) is defined as the value of the
charge movement in the stagnant (or Stern) layer, beyondapplied frequency which results in the cessation of particle
the slip plane rather than in the diffuse part of the dou- motion. Therefore, measurement of the cross-over frequency
ble layer[27]. Neglecting contributions from the diffusion  can be used to characterise the dielectric properties of sin-
layer, the total surface conductance of the particle can begle particles. For any given suspending medium conductivity
modelled as the sum of the Stern layer and diffuse layer con-and permittivity, the cross-over frequency for a solid homo-
ductancg7]. Using this approach, it has been possible to fit geneous spherical particle is uniquely defined by
dielectrophoretic cross-over data for nanometre-scale latex ) 2 1/

particles measured at different suspending medium conduc-f 1 <0p + 0pom — 20m> / @)
tivities [27,29,30] X7 2160\ 62+ epem — 262,

In this paper we present a comprehensive study of the
electrokinetic properties of submicrometre latex particles as
a function of particle size and suspending medium conduc-
tivity and viscosity. Both electrophoretic mobility and di-
electrophoretic cross-over results are presented for particle
diameters ranging from 44 to 2000 nm. The zeta potentials of
the particles were calculated from the electrophoretic mobil-
ity data for different suspending media conductivities, with
and without the inclusion of surface conduction. The dielec-
trophoretic data was analysed to derive values for the Stern

IayeLcondEFI:_tancfe r? nc_j zetahpote_ntlal_s. ; q dominated by the movement of charges associated with the
The mobility of the lons that give rise to surface conduc- particle surface and the electrical double layer.

tance behind the shear plane is unknown, but experiments As shown in the work of O’KonsKi25], the conductivity

have shown that it is C'Pse to that' of thg ions in the [ulk of a solid homogeneous spherical particle (such as a latex
8,21,30,31] Therefore, in order to investigate the role of the sphere) is given by the sum of the bulk conductivity= 0
Stern layer in determining the DEP properties of particles, 5nq a surface conductivity given by Y

we also measured the dielectrophoretic cross-over data of

‘wheree], and ¢}, are the complex dielectric permittivities

At the cross-over frequency, the polarisability of the par-
ticle and fluid are the same and the particle ceases to ex-
perience any DEP force. Therefore, measurement of the
cross-over frequency is not complicated by movement of the
particle relative to the fluid; however, fluid movement can
occur due to electrohydrodynamic effects such as AC elec-
troosmosig34,35] At low frequencies, the DEP behaviour
of submicrometre particles is dominated by the conductivity
component dp) of the polarisability. The bulk conductivity
of latex beads is negligible and the particle conductivity is

latex particles in suspending media of different viscosities. _ _ 2Ks
An empirical model that describes the Stern-layer mobility a
for different viscosities is presented. where K is a general surface conductance (typically 1 nS

for latex particles), and the particle radius.

As described in the Introduction, the inclusion of a sur-
2. Theory face conductance into the general expression for the dipole
has been used to model the properties of latex particles larger
than 1 um, but fails to do so for smaller particles. Following
on from the work of Dukhin and Lyklema amongst others
[1,7], the surface conductance of the particle can be divided

The dielectrophoretic (DEP) force acting on a polarisable into two distinct components, one due to charge movement

particle in nonuniform field is proportional to real part of the in the Stern or stagnant layer and another due to charge

2.1. AC eectrokinetics and dielectrophoresis
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movement in the diffuse part of the double layer. Equa-  Henry[34] determined an expression for arbitrary values
tion (3) then becomeR27] of ka (at low ¢ potential), while Ohshim§0,36] produced
the following simplified analytical expression:
(4)
d MEI

a 2¢8¢ 1
where Ksiernand Kpjs are the Stern layer conductance an - 57 <1 + 2[1+ 2.5/{ka(l+ 26—/((1)}]3)' (10)
the diffuse layer conductance, respectively. The Stern layer
conductance is given by

Kstern

K .
op=o0p+2 +2 D'ﬁ,

Dukhin and co-workerEl] presented an analytical model
for the polarisation of the double layer, which included
Kstern= pq,Sterm/Stern (5) surface conduction and which is applicable for high val-
ues ofka (> 10). This relates the electrophoretic mobility
to the zeta potential in the same way as the Helmholtz—
Smoluchowski expression but with a modification due to

The diffuse layer conductance consists of two cOMPpo- {ha gyrface conductance. Defining the nondimensional zeta
nents, one from electroosmosis caused by fluid mo"ementpotential in the usual way, = ¢q/(kT), the expression de-

beyond the shear plarépif eo, and the other a conduction rived by Dukhin is[1]
current caused by the movement of charge with respect to

the liquid Kpir, m [31]. The diffuse layer conductancelig, ﬂua
31] ekT

where pq ster and ustem are the equivalent surface charge
density and ion mobility in the Stern layer.

Ly

Kpift = Kpift,m + Kpiff ,eo =

2.2 2
_ 4F?%cz°D(1+3m/z )(Cos{zqc] 1)’ ©)
RTk 2kT

+[ smh( ) }Incosf<£>>
where ¢ is the zeta potential (the potential at the surface 4
of shear), D the diffusion coefficient of the excess free
charge in the diffuse layer; the valence of the counte- /(Ka + [8(1+3m/z )smh2< )
rion, F the Faraday constank the gas constank, Boltz-
mann’s constanty the charge on the electron affdthe 5 123

(24m/z )Incosl-< )D

({(1 +3m/z%) smhz(zg

temperature. The inverse Debye length is given by (11)

vV (2czF2)/(emRT), where c is electrolyte concentration

(molm~3). In Eq. (6) the dimensionless parameter de- A similar expression was derived by O'Brien and Hunter
scribes the contribution of the electroosmotic ion flux to the [37] and is given by
diffuse layer surface conductance, = o2 _
¢ — = *[1—exp(—z¢)]

RT\? 2 ke = )
m:<?> 377—% ) ekT 1+[Kaexp( )]/2(1+3m/z2)

wheren is the viscosity of suspending solution.

Shubin et al[38] derived an expression which included
In this work, the surface conductivity of the latex parti- the effect of surface conduction through the introduction of

cles was determined from the DEP cross-over data using theV what is now referred to as thBukhin number, Du. This
above set of equations. Data was fitted to obtain both the parameter explicitly reflects the contribution made to the po-

Stern layer conductance and the zeta potential of the parti-I"’lr's‘"‘t.Ion by surface co nductance, givenfy/ (Mm?' T.hls
cles (via Eq/(6)). equation for the mobility then becomes (for a derivation see

the appendix of Re{38])

- 2Du | 2In2 ¢
%MEI §+1 D {——2In[1+exp< ;)”
For a particle with a thin double layekd > 1), and € Tebul 2

ignoring the influence of surface conductance, the zeta po- (13)
tential¢ can be calculated from the electrophoretic mobility
using the well-known Helmholtz—Smoluchowski equation:

2.2. DC electrokinetics: electrophoresis

From Eq.(6) the Dukhin number can be written as

1 3m _
& E— - —
MEI = %; 8) Du e <1+ z +@)[exp(§/2) 1]. (14)
The other limiting case, foka < 1, is given by Hiickel's In this expression the additional parameéerreflects the
formula[20,34} ' ' contribution to the total surface conduction made by con-
' duction behind the shear plaf@,31], given by the ratio
UEl = ngf_ 9) of the Stern layer conduction to the conduction current

3n in the diffuse layer, in the absence of electroosmosis, i.e.,
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Table 1
Concentration of Ficoll, together with corresponding suspending medium viscosities and conductivities of the solutions used for dieléctrophoret
measurements

Ficoll (%)

0 0.5 1 2 4 6 8 10 12 14
Viscosity (kgnt1s 1) x 1073 1 11 12 145 2 28 39 54 7 92
Conductivity (mS nT1) 0.1 016 022 034 059 083 107 131 155 18

©® = Kster/ Kpitt, - FOr small values of the Dukhin num-  centration (14% wi/v) the change in permittivity of the sus-
ber (i.e., Duk 1), Egs.(11)—(14)reduce to the Helmholtz—  pending medium was minimal, decreasing from 78 (pure
Smoluchowski limit given by E(8). In Eqg.(13)the second  water) to 765 + 0.5. In view of this result, the data was
term gives the degree of retardation to the electrophoretic analysed assuming that the Ficoll did not alter the suspend-
mobility from the polarisation of the double layer. Note that ing medium permittivity.

these expressions hold true only for the thin double layer
limit, i.e., ka > 10. 3.2. Electrophoretic mobility measurements

The electrophoretic mobilityyg|, of the particles was
3. Material and methods measured with a commercial zeta potential analyser (Coul-
ter DELSA 440 Series, Beckman Coulter, UK). The elec-
trophoretic velocity of the particles was measured at the sta-
tionary layer of the fluid, which was at a point in the sample
cell predetermined by the manufacturer of the sample cell.

3.1. Latex spheres

Carboxy-functionalised fluorescent latex spheres ranging
from 44 to 2000 nm in diameter were obtained from Mole-
cular Probes (Oregon, USA). Stock solutions as supplied

containe.:d. 2% wiv beads suspended in pure water, with @ e pEP cross-over frequency was measured by observ-
conductivity of less than 15 m#n. For the experiments, sep- ing particle motion at the edge of electrodes with castellated

arate suspensions of beads were prepared by diluting smalkga4res. These devices were fabricated on glass microscope
samples of stock solutions by a factor of 1000 into KCl elec- gjiqes ysing direct-write electron-beam lithography. Three
trolyte at a range of conductivities from 0.05t0 1508 iterent electrode sizes were used with characteristic fea-
The samples were used for both electrophoretic mobility and e sizes of 5, 7 and 10 um (along all faces). They were
DEP cross-over measurements without further modification. ,24e from a layer of 100 nm Au sandwiched between two
All suspensions were vortexed for 1 min and sonicated for 14 ym thick layers of Ti. Electrodes were powered using a
1 min prior to use. Beads were not centrifuged as this hassignal generator providing 5 V peak-to-peak sinusoidal sig-
been shown to alter their propertig20]. The DEP mea-  pji5 gver the frequency range of 1 Hz to 20 MHz. Particles
surements were performed at room temperature (not CoN-yere observed using an epifluorescence microscope. For the
trolled, but approximately 23C), whilst the electrophoretic  easurements, approximately 30 pl of particle suspension
mobility measurements were performed in a temperature- 5t 5 concentration of approximatelg x 10-3)% wiv was

controlled sample cell at 2%. All samples were allowed  pipetted into the electrode chamber and the assembly sealed
to reach room temperature before measurements were takenyith g coverslip.

Measurements of the dielectrophoretic cross-over fre-
guency at different suspending medium viscosities were
made using KCI containing Ficoll at different concentra- 4. Resultsand discussion
tions. The procedure was as follows: a stock solution of
Ficoll at 14% w/v was prepared in 0.1 mM KCI. This so- The cross-over data for latex particles ranging from 44 to
lution was dialysed against RO water for 30 h to remove the 1900 nm in diameter are shownfiig. 1 The data are plotted
salt present in the stock Ficoll. The final conductivity of the for beads suspended in KCI solutions of different molari-
stock solution was 1.8 m@n. Solutions covering a range of  ties, with corresponding conductivities ranging from 40
viscosities were prepared by serial dilution of the stock with to 10-1 S/m. Each data point is the average of 3 repeated
RO water. The absolute viscosity of the samples was cal- measurements, using 3 different electrode sizes, measured in

3.3. Dielectrophoretic measurements

culated with reference to a published calibration 88]. duplicate (18 total measurements). The error bars show the
The values of viscosity and conductivity of these samples standard deviation. The data conforms to the general trend
are presented ifmable 1 observed for latex particles, with a single cross-over from

The permittivity of the Ficoll was measured using a HP positive to negative DEP occurring in the MHz regi@T7].
4192A impedance analyser at a fixed frequency of 5 MHz At high suspending medium conductivities the particles ex-
with a microfabricated sample cell. At the maximum con- perience only negative DEP. In the high conductivity region,
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Table 2
Stern layer conductancEsiern and ¢ -potential determined from fitting the dielectrophoretic data (cross-over frequency) shdwmn ihwith Egs.(2) and

@-(0)

Particle diameter (nm)

44 110 216 460 557 996 1900
Kstern(nS) ~0.75 092 09 115 105 112 122
¢ (mV) DEP ~0.075 0067 Q05 006 0045 0045 004

The data for the 44 nm diameter particles is only approximate due to the difficulty in measuring these particles. BecgRisarteg&l)—(7)mply the thin
double layer limit, their applicability to the smallest particles at the lowest conductivities is probably not justified.

mobility values occur, plotted against particle diameter. This
J figure illustrates how the mobility maximum moves to lower
ionic strength as the particle radius increases. This increase
in mobility of particles with molarity has been reported pre-
viously (e.g.[1-7]). For example, Vorwerg et dl17] noted

that for 520 and 254 nm diameter particles, the mobility
reached its maximum at approximately 10 mM KCI, whilst
the data for 31 nm diameter particles showed no such trend.
Similar results were reported by Bensley and HuidgrAs
noted by other workers, the conductivity at which the max-
imum in the electrophoretic mobility occurs depends on the
— particle size. This is due to the fact that the Dukhin number
Du is given byKs/(aom); therefore a loweb, is required

to offset the higher value af [40].

-
Ve

Cross-over frequency (MHz)
-

0 102
Conductivity (S/m)

Kz

Fig. 1. Cross-over frequency for different sizes of beads plotted as a func-
tion of suspending medium conductivity. Solid lines are the best fit to the
model described by Eq&2) and (4)—(7) The fitting data are summarised in
Table 2

The ¢-potential for the particles was calculated from the
electrophoretic mobility data using different models, and this
data is shown irFig. 4 for the same particle diameters as
shown inFig. 2 The analytical expression of Ohshima, given
by Eq.(10) (which ignores surface conduction), was used to

the measurements are also compounded by electrohydrodyealculate the zeta potential for arbitrary. This fit is shown

namic effect434,35]
Fig. 1 shows that the cross-over frequency for particles

in the figures for the four bead sizes, and shows that the
zeta potential mirrors the variation in electrophoretic mobil-

larger than 1 pm is almost independent of the suspendingity seen inFig. 2, with a maximum in the values for the larger

medium conductivity. For smaller particles, the cross-over

diameter particles occurring in the conductivities of 1@

frequency increases with increasing suspending medium10-1 S/m.

conductivity, as noted previouslj26,27,29] Also shown

The zeta potential was also calculated using the three dif-

in this figure is the best fit to each data set obtained using ferent models given by Eq$11)—(14)which include the

Egs. (2)—(7). The fits were obtained by varying only two
parameters: the-potential andKsiern The mobility of the
excess ion in the diffusion layer was set equal to that of the
bulk. Typical values of Stern layer conductance were in the

effect of surface conduction beyond the shear plane but with-
out Stern layer conduction, i.e., settiaggg= 0 in Eq. (13).
Using the model of Shubin et al., E¢L3), we also calcu-
lated the zeta potential witt set to a value given by the

range of 1 to 2 nS. The diffuse layer conductance (as given Stern layer conductance determined from the best fit to the

by Eq. (6)) was typically one to two orders of magnitude
lower than this, so that for suspending medium conductivi-
ties up to 100 mAn, conductance in the Stern layer domi-
nates the behaviour of the particles. The results of this fitting
are presented imable 2

The electrophoretic mobility of all the beads was mea-
sured in a range of KCI solutions with conductivities from

DEP data Table 9. The resulting set of curves is shown in
Fig. 4 For the largest particle (1871 nm diameter) all three
models produce the same trend, with the zeta potential re-
ducing to approximately 50 mV at low suspending medium
conductivities.

As found by other workers, the inclusion of a finite Stern
layer conductance produces a larger zeta potential, typically

10~*to 10~1 S/m. Fig. 2shows the data for four representa- 100 mV for the bigger particles. Note that the models pre-
tive samples of beads. For the three largest particles shown insented above do not apply for thick double layer, so the
the figure, the mobility reaches its maximum at a molarity in values belowca ~ 10 should be ignored. The 996 nm beads
the region of 102 M. For the smallest particle size (44 nm) show similar behaviour, providing the last data points at
no maximum was observed in the mobility data over the xa < 10 are discounted. Again, the limiting low molarity
range of molarities measurdeg. 3shows a graph (log—log)  zeta potential is of the order of 80 mV when the Stern layer
of the conductivity (or molarity), at which the peaks in the conductance is included. The data for the smaller particles
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Fig. 2. Electrophoretic mobility data for 93, 282, 966 and 1871 nm latex beads plotted against suspending medium conductivity.

Egs. (13) and (14) with and without the inclusion of the
Stern layer. These data were calculated at the limit of the
applicability of the model, aka = 10. The figure shows
that thes -potentials, calculated from the DEP measurements
using a model which includes both Stern layer and diffuse
layer conductance (Eq$4) and (5), are in a good agree-
T ment with ¢ -potentials calculated from the electrophoretic
. . data using models without Stern layer contribution (both
100 1000 Ohshima and Shubin’s models). These calculations show
particls diametsr (nm) that the ¢-potential is almost invariant with particle size.
Fig. 3. The conductivity (and equivalent molarity of KCI) at which the However, the inclusion of the Stern Iayer into the model
electrophoretic mobility of the latex particles reaches its maximum value, leads to strong particle size dependence.
plotted as a function of particle diameter. At low suspending medium conductivities (10S/m),
the dielectrophoretic properties of the particle are dominated
is more difficult to interpret because most of the conductiv- by surface conductance, which is dominated by the Stern
ities lie belowka < 10. There is also a greater discrepancy layer[26,27] For the DEP data, the relationship between
between the different models. At high molarities, the zeta the Stern and diffuse layer conductances can be illustrated
potential is approximately 100 mV for the 282 nm beads, by reference td-ig. 6. Here both conductances are plotted
but it is not possible to assign a zeta potential to the smallestas a function of suspending medium conductivity for three
size except at the highest suspending medium conductivity different particle sizes. The data in this plot was calculated
of 0.1 m. with a value for a fixed -potential, taken from the data sum-
Values of K siernand¢ -potential were also obtained from  marised inTable 2 Although the particle -potential varies
the best fits to the DEP cross-over measurements, and theswith solution conductivity (cfFig. 4), the first approxima-
are plotted as a function of particle diameter kig. 5. tion of a fixed value enables an order of magnitude compar-
Fig. 5a shows that the surface conductance of the particlesison to be made between the respective contributions of the
Ks does not vary widely with particle diameter, but does Stern and diffuse layer. The figure shows that for larger parti-
show a small decrease as the particle size is reduced. Incles, the diffuse layer contribution is insignificant up to quite
addition to the DEP derived dat&jg. 5 also shows the  high conductivities, of the order of 1& S/m. For smaller
¢-potential for particles calculated from the electrophoretic particles the diffuse layer begins to make a significant con-
mobility data. The plot shows three separate data sets, ondribution at lower suspending medium conductivities, e.g.,
calculated from Eq(10) using Ohshima’s model in the low  10-2 S/m for the 44 nm particles. The fact that the surface
conductivity limit (open symbols). Also shown in the figure conductance remains approximately constant with suspend-
are the results calculated from the model of Shubin, using ing medium conductivity has been noted by other workers,
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Fig. 4. Thez-potential of 93, 282, 966 and 1871 nm diameter beads calculated from the electrophoretic mobility measurements by using different models:
(®) Ohshima, Eq(10); (¥) Shubin, Eqs(13), (14)with ® = 0; (A) Shubin, Eqs(13), (14)with ® # 0; (¢) Hunter, Eq.(12); (W) Dukhin, Eq.(11).
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. @ . Fig. 6. Conductance of the Stern layéfdiern) and the diffuse partipif )
-40- % ] of the double layer for the latex particles as a function of the suspending
60 ® 9 9 8 ® medium conductivity. Calculation was performed using parameters from

1@ ? o ©O 1 Table 2for 44, 216, and 996 nm beads.

-804 © v ]

§-1m- | notably Minor et al[41,42] They performed plug conduc-

o A tivity measurements together with low frequency dielectric
1204 ] measurements on sulphate latex and obtained a constant sur-
-140- A 1 face conductance of 5.7 nS over a wide range of molarities.
-160 i . - This result implies that the countercharge does not change

100 1000 with suspending medium molarity, and that the ion mobility
Particle diameter (nm) in the double layer remains constant with molarity. Both of
(®) these points are consistent with the Gouy—Chapman double

Fig. 5. () The Stern layer conductandésgerr) determined from the DEP  layer model where the Stern layer charge is unaffected.
cross-over measurements plotted for different particle diameters. (b) The  The data summarised ifable 2shows that the surface
;—potential_data_calculated from the DEP_cros_s—c_)ver measurements for dif- conductance of the particles as determined from the DEP
ferent particle diametersy). Also shown in this figure is the-potential ~  yat5 i almost independent of particle size and falls within
data obtained from the electrophoretic mobility using Ohshima’s model h 0.75 1.2 nS hich i ical of oth |
(Eq. (10)) (@) at the limiting low conductivity value, and Shubin’s model the range 0. to 1.2 nS, which is typical of ot e_r val-
(Egs.(13), (14) at the conductivity corresponding k@ = 10 (seeFig. 4), ues of surface conductance measured for latex particles by

with (A) and without i) the Stern layer. other means. Taking 1 nS as a typical conductance, and set-



426 I. Ermolina, H. Morgan / Journal of Colloid and Interface Science 285 (2005) 419428

Table 3
Diffuse layer charge density of particles calculated from electrophorepictential measurements using three different models, calculaiad-at10; also
shown is the Stern layer charge density calculated from the DEP surface condudtaheethe lower limit of suspending medium conductivity

Particle diameter, DEP Electrophoresis (atz = 10)

2a (nm) Pqg>Stern (pC/sz) Pq,Diffuse (UC/CmZ) ® om (MS/m)
Eq.(5) Eq.(10) Egs.(13) and (14)® =0 Eqgs.(13) and (14)® #£0

93 088 10 117 16 0.75 65

282 136 043 078 188 049 7

996 145 012 0105 Q032 32 0.65

1871 153 005 005 041 22 0.15

ting the mobility of the ions to their bulk value, this gives 5. Viscosity dependence

a charge density in the Stern layer of 1.3/g@%, simi-

lar to that measured by Minor et g¥1,42] for sulphate Measurements of the cross-over frequency were made
latex at 1.61 pgcn?. Lyklema and Minor[31] calculated for the particles suspended in KCI with different viscosi-
the diffuse layer charge density of plugs of 800 nm diameter ties. With reference t&igs. 1 and 2it can be seen that the
sulphated polystyrene. They estimajghi = 3.9 uC/cm? cross-over frequency and electrophoretic mobility are almost
and a Stern charge density pf stem= 2.4 uC/c?. With independent of suspending medium conductivity (or molar-
the Stern layer charge mobility approximately 89% of the ity) at the low end of the spectrum, up to a conductivity of
bulk value, they deduced that the ratibis approximately approximately 2 m@n. Therefore the effect of viscosity on
0.56, so that half the surface conduction occurs behind thethe behaviour of the particles was determined by measur-

plane of shear. Midmore et §R2] came to similar conclu-  ing cross-over data at different viscosities with an electrolyte
sion from electrophoresis data. conductivity of less than 1.8 m&.

However, different ratios of Stern layer to diffuse layer Fig. 7 shows the cross-over frequencies for 110, 216 and
conductance were found by Werner et[4B] in their mea- 460 nm diameter beads as a function of suspending medium

surement of streaming potentials of materials. They inves- viscosity (Ficoll concentration). The data clearly indicates
tigated plasma deposited fluorpolymer, and showed that thethat the cross-over frequency decreases with increasing sus-
Stern layer conductance dominated the streaming potentialpending medium viscosity. These results were analysed us-
data by a factor of 10 over the diffuse layer conductance. ing three different approaches:

The surface charge density in the diffuse layer can be cal-  (a) Assume thaK s is independent of viscosity and
culated from the Grahame equation, which for a monovalent takes values given by Eq#&4) and (5) summarised infa-

symmetric electrolyte and low surface potentid0 mV is ble 2 The diffuse layer conductanc&pjs;, is set to be

given by approximately inversely proportional to viscosity, through
two known parameterd) the diffusion constant of the ions

pg =8emkTng sinh<26§<—§T>. (15) (related to the viscosity of the electrolyte) andhe electro-

osmotic flux (cf. Eq(7)). However, because the Stern layer
For small surface charge densities, this expression can beconductance dominates the behaviour of the particles for
used to determine the charge density in the diffuse layer from most of the conductivity rangd={g. 6), this approach does
the zeta potentialTable 3shows the charge density calcu- not describe the experimental data.
lated from the electrophoretic mobility data from this equa-  (b) In the second model the mobility of the ions in the
tion using the value of zeta potential determinedat= 10. Stern layer is assumed to be related to the bulk viscosity. The
Also shown in the table is the Stern layer charge density cal- data was analysed by settifGsternoc 1/n, with Kpii as for
culated via Eq(5), assuming that the Stern layer ions move (&) above. The fit using this approach is showRim 7a, in-
with their bulk mobility. dicating that the cross-over frequency should decrease much

The table shows that the charge density in the Stern layerquicker than observed experimentally.

as determined from the DEP measurements is almost inde- (c) The experimental data shows that the cross-over
pendent of particles size, except for the 93 nm particles, andreaches a plateau at high viscosity. This phenomenon was
falls in the range of 0.9 to 1.5 y€n?. The table also shows empirically modelled by dividing the Stern layer conduc-
that the diffuse layer charge density calculated from the EP tance into two components, one of a constant value and a
mobility, at a given value ofa varies by one order of magni- ~ second which is function of the relative viscosity:
tude from the smallest bead to the largest. The mobile charge K
seems to be confined entirely to the Stern layer for the larger Kstern, = Stem(l + @>_ (16)
particle (1871 nm diameter), whereas for the smaller par- 2 n
ticles the diffuse layer and Stern layer charge density are The ration/no is a dimensionless parameter reflecting the
similar. relative change in suspension viscosity after addition of Fi-
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Fig. 7. DEP cross-over frequency for 11¥)( 216 @) and 460 nm

(W) diameter latex beads as a function of suspending medium viscos-
ity (Ficoll concentration). The points are experimental data. The two sets
of lines shown in (a) and (b) are fits calculated with the following as-
sumptions: (a)K stern inversely proportional to viscosity; (0K stern; =
(Kster/2)(1+no/n). In both caseX pjff is a function of viscosity through

the parametera and D of Eq. (6). The molarity of the suspending medium
was calculated from the measured conductivity. Values-pbtential and
Ksternat 0% Ficoll were taken from the low-viscosity limit of the fits to the
cross-over data plotted ig. 1andTable 2

N WA

Cross-over frequency (MHz)

O OO0
B O~oao>

10™

107 10
Conductivity (S/m)

I h di Iuti hi L b Fig. 8. Summary graph showing the DEP cross-over data of beads at differ-
coll to the suspending solution. In this expressigns ab- ent suspending media viscosity and conductivity. Solid points correspond

solute viscosity of the Ficoll suspension apigthe viscosity to cross-over data measured in Ficoll-free KCI. The open circles are data at
of pure water. The results of this model are presented in different Ficoll concentrations plotted at the appropriate conductivity value,
Fig. 7o and show good agreement with experiment. as summari_se_d i'rﬁabl_e 1 Splid and dfashed lines are th(_eoretical pre(_jictions

- . for the two limits of viscosity (KCl with 0% and 14% Ficoll, respectively),

The viscosity cross-over data can also be replotted to take ..~ /¢ Eqs2)-(7).

into account the values of the suspending medium conduc-
tivity. This is shown inFig. 8 where cross-over data for dif-
ferent viscosities (cfFig. 7) is plotted at the corresponding  enced only by the suspending medium viscosity rather than
suspending medium conductivity, for three sizes of particles by conductivity in this region.
(open circles). Also shown in the plot for comparison is the It is tempting to analyse this last model (c) in the light
data for beads suspended in Ficoll-free KCI (fréig. 1), of the triple model of the interfacial region. This model di-
solid points. The two lines represent best fits to the exper- vides the region into the inner and outer Helmholtz planes,
iment for two limits of viscosity. The dashed line shows and the diffuse layer. The outer Helmholtz plane (oHp) de-
the predicted cross-over frequency spectrum calculated forlineates the beginning of the diffuse layer, but the plane of

the maximum viscosity (2 x 10~3 kg/(m9) = 14% Fi- shear may be coincident with the oHp or lie a small distance
coll). It can be seen from this plot that the cross-over data away from this position. Shubin et gB8] estimated this
is insensitive to suspending medium conductivity (fok distance to be of the order of 1 to 3 nm, depending on the

1023 S/m), implying that the cross-over frequency is influ- suspending medium molarity. They considered two models,
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