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Carboxylated Ficolls: Preparation, Characterization, and Electrophoretic Behavior of
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Carboxylated ficolls were prepared as model spherical colloids of variable charge and size, with radii ranging
from 3.0 to 19.3 nm. Capillary electrophoresis (CE), electrophoretic light scattering (ELS), and potentiometric
titration were used to determine mobilities as a function of pH, degree of ionizatiand surface potential

o. Measured mobilities typically display a plateau at high pH, corresponding toohayid o, confirming

the general nature of this effect for charged spheres, seen also for charged dendrimers and charged latex
particles. This result is examined in the context of a discontinuity in mobility predicted by the Wiersema,
O'Brien, and White (WOW) theory and a more recent primitive model electrophoresis (PME) theory, in
which bound counterions are considered either as point charges or as hard spheres. While no mobility maximum
can be determined as expected by these two theories, our data seem more to support Belloni’s theoretical
expectations on charged polymers and sphétese we explain the mobility plateaus in terms of counterions
accumulated close to the surface (surface potential-determining ions) or within the shear plane (mobility-
determining ions).

Introduction does the driving force (proportional .2 A maximum is also
found in the more recent primitive model electrophoresis theory
(PME) of Lozada-Cassou et &% 6 which considers the
surrounding counterions as hard spheres of finite size and
employs the so-called hyper-netted-chain/mean-spherical ap-
proximation (HNC/MSA) including ior-ion correlation$:” The
dependence of mobility orr and xa is not considered to be
universal, as in WOW, but also depends on counterion radii. In

A central task in understanding the electrostatic properties
of colloidal dispersions and protein solutions is providing a
description of the electric double layer (EDL), defined as the
electrolyte structure around a charged particle. Electrophoresis
is a powerful and convenient way to investigate the EDL
because the motion of charged particles in external electric fields
reflects its strong influence. Two modern techniques, capillary th f low ionic st th 1 d liaibl teri
electrophoresis (CE) and electrophoretic light scattering (ELS), 1€ case of low lonic strengin, 1o and negligiole counterion
allow for direct measurement of the electrophoretic mobility size, I_DME redu.ces to WC_)W'. o ) )
(w) of charged particles. The main objective of theoretical studies  While extensive theoretical investigations of the relationship
is to correlate the measured mobility with the charge and shapePetween the electrophoretic mobility and the surface charge
of the particle and the ionic character of the mediuffhe density of spheres have been reportetiexperimental data to
mobility is often parametrized in terms of tliepotential, the confirm e.g. the maximum in—o curves are rare. One possible
mean electrostatic potential at the shear plane, but since therd®ason may be the absence of model compounds that combine
is no experimental method to define the shear plane for small SPherical symmetry with systematic control of size and charge
colloid particles, the significance @fis highly model-dependent. ~ dénsity. In the range of a few hundred nanometers, surface
In the classical theory of WierserdaQ'Brien, and Whité charggd polystyrene latexes haye been employed. Martin-Molina
(WOW), the mobility arises from a balance among electric force, €t al- investigated such materials (particle size, 180 and 280
hydrodynamic drag, and relaxation effects. The charged particle "M, and maximum surface charge densit,.75 and—0.22
is considered as a hard sphere of uniform surface charge density=/M, respectively) and observed a plateau inhes curve®
(0) surrounded by point-charge counterions, and the static Ihe Same phenomenon was found by Schulz &fe@.100 and
spherical electrical double layer is treated by the Poisson 131 nm sulfated or carboxylated latex particles. For the much
Boltzmann theory. One result of WOW theory is a maximum Smaller particle size range of several nanometers, Hoagland et
in the dependence of on the surface charge density when the &l'° and Dubin et at! studied the mobility of charged
Debye length«~1, is small compared to the particle radias dendrimers (for_ examp_le, in ref 11, ca_rboxyl_—termlnated “G2”
i.e., whenka > 3. The reason for the maximum in the mobility ~and “G5” dendrimers with hydrodynamic radii: 1.7 and 3.7 nm
is that the electrophoretic retarding forces which act on a particle 8nd maximum surface charge densitie 16 and-0.94 C/n,
increase more rapidly with potential (proportional tg?) than respectively) and found plateaus in e curve. This leaves
a gap in the particle size range-50 nm, in which the
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—O0-CH, HOCH, Methods. Carboxylation Commercial Ficoll 400 was car-

WO boxylated by e.g. dissolving 10 g of Ficoll 400, 200 g of sodium
chloroacetate, and 77.6 g of sodium chloride in 370 mL of
Milli-Q water and bringing the solution to 68C. The reaction
was maintained at 6€C with stirring for 48 h. The degree of
carboxylation was monitored by titration of the reactant sample
with standard HCI solution before purification.

The solution after reaction was titrated to pH ca. 7 to remove
the excessive NaOH and then purified by dialysis (Spectra/Por
6 dialysis membrane with nominal molecular weight cutoff 10
KDa) against Milli-Q water until the conductivity of the outside
water became constant, followed by lyophilization. Five car-
boxylated Ficoll 400 samples prepared with different weight
ratios of sodium chloroacetate to Ficoll 400 are designated as
Figure 1. Chemical structure of ficoll. CF400(5:1), CF400(10:1), CF400(20:1), CF400(22:1), and
CF400(30:1) with sodium chloroacetate:ficoll weight ratios of
5, 10, 20, 22, and 30, respectively. The narrow size-distributed
ficoll fractions from Pharmacia were similarly carboxylated with

H OH H H

TABLE 1: Characteristics of Carboxylated Ficoll Fractions
sample R,(nm) 10°M (g/mol) Q (e/molecule) o (e/nn¥)

CF-1 3.0 0.2 5.9¢ 10 0.5 a sodium chloroacetate:ficoll weight ratio 20:1 to yield CF3.0,
CF-2 3.8 0.4 1410 0.8 CF4.6, and CF7.3.

- . . LR .6 . . . .
gEi g_g 2.613 i.z 10 2.0 Fractionation To obtain narrow MWD carboxylated ficoll
CE-5 75 1.7 7.4 10? 1.0 fractions, CF400 was fractionated by preparative size exclusion
CF-6 7.8 1.9 1.3 10° 1.8 chromatography (SEC) with an Automated Econo low-pressure
CF-7 8.8 2.5 1.4¢10° 15 chromatography system consisting of a Sephacryl S-300-HR
CF-8 9.3 2.8 1210 16 column (2.5 cm diameter, with a packed bed height of 46 cm),
CF-9 11.3 4.2 2.3 16 1.4 . 4
CF-10 12 48 30¢ 10° 17 a Bio-Rad EP-1 pump, and a model 2110 fraction collector.
CF-11 13.2 5.9 3.% 10 1.8 The mobile phase (pk= 7.0) 0.1 M ammonium acetate was
CF-12 14.3 7.1 5.k 10 2.0 eluted at 2.0 mL/min. After each fraction was subjected to
CF-13 155 8.4 6.% 10° 2.0 analytical SEC (see below), the fractions with identical elution
CF-14 164 9.5 6.5 10° 19 volumes were pooled and then lyophilized.
CF-15 16.7 9.9 6.% 1C¢° 1.8 . . . .
CE-16 17.0 10 7.4 10° 20 Analytical Size Exclusion Chromatography (SE®)alytical
CF-17 18.2 12 7.% 16 1.9 SEC was performed on an apparatus comprised of a NSI-33R

Milton Roy minipump (Riviera Beach, FL), a Rheodyne (Cotati,
compatible with tests of theory should be nonhydrophobic, CA) model 7010 injector with a 100L sample loop, a Gilson
spherically symmetrical, with uniform and variable surface (Middleton, WI) 112 UV/vis detector, and a Waters Associates-
charge density. Millipore (Milton, MA) R401 differential refractometer, coupled

Ficolls, prepared by cross-linking polysucrose with epichlo- to a Kipp and Zonen two-channel recorder. A Superose 6 HR
rhydrin (Figure 1), are highly branched polysaccharides, whose 10/30 column from Pharmacia Biotech (Piscataway, NJ) was
spherical shape and size is retained regardless of solution ionicconnected between the injector and detectors. Flow rates were
strengtht?-14 Conversion of surface hydroxyl groups to carboxyl determined by weighing of timed collections of eluant and were
groups offers the possibility of a series of negatively charged reproducible to withir=1%. Chart recorder speed was usually
spheres of variable size and charge, which should be modell cm/min and determined to withift1%. All measurements
solutes for the study of electrophoretic mobility. In this paper, were done at room temperature. Injections were performed in a
we report on the preparation of carboxylated ficoll samples with mobile phase of 0.1 M ammonium acetate buffer, which was
sizes between those of dendrimers and latex particles. Their sizdfiltered with 0.45um Acetate Plus filters (MSI, MA) and
and charge are characterized by light scattering and potentio-degassed before using. Calibration of the column was accom-
metric titration, and their mobilities are measured by CE and plished using pullulan standards (TosoHaas, Tokyo).

ELS. The purpose of this work is to establish the general features  pynamic Light Scattering (DLSDynamic light scattering
of electrophoretic mobility for charged spheres in this size range. (DLS) measurements were performed at 251 °C at 90

. . scattering angle using a Brookhaven Instruments system equipped
Experimental Section with a 256-channel digital correlator (BI-9000AT) and an

Materials. Broad molecular weight distribution (MwD)  Omnichrome air-cooled 200 mW argon-ion laser (532R-MBS-
Ficoll 400 was purchased from Pharmacia Biotech (Sweden). A04) operating at a vacuum wavelength of 488 nm.

Narrow size-distributed ficoll fractions with hydrodynamic radii Potentiometric Titration.To determine the total surface
3.0, 4.6, and 7.3 nm respectively were obtained from Dr. Rune charges of carboxylated ficoll fractions as well as the relation-
Andersson of Pharmacia (see Table 1). The DELSA standardship between pH and the degree of ionizatiaj potentiometric
sample EMPSL7 (lot no. 3001) was supplied by Coulter titrations with 0.1 M HCl or 0.1 M NaOH were performed with
Instrument Co. Bovine Serum Albumin (BSA) (lot 16H9317) an Orion pH meter 811 at 28 1 °C, calibrated with pH 4.00
was from Sigma. Sodium chloroacetate (98%) and sodium + 0.01 and 7.00+ 0.01 buffers just before titration. The
hydroxide (NaOH) (98%) were from Aldrich. Ammonium instrumental drift was less than 0.02 pH units during titration.
acetate (98.2%) and sodium chloride (NaCl) (99.7%) as well Nitrogen gas Mwas bubbled through the solution for 5 min to
as standard NaOH and hydrochloric acid (HCI) solutions were remove carbon dioxide before the titration, and all the titrations
from Fisher Scientific (Pittsburgh, PA). Milli-Q water was used were performed under NA 2.0 mL microburet was used to
in all experiments. add standard NaOH or HCI solutions to a 5.00 mL aqueous
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200 mobility standard before the measurement. The mobility values
obtained in this work are repeatable within less than 10% error.

A A . .
150 AT T U Results and Discussion

Carboxylation. The weight ratio of sodium chloroacetate to
" - Ficoll 400 (C/F) was used to control carboxylation. Figure 2
shows that the degree of carboxylation increases upon raising
a — C/F from 5 to 20 but decreases with further increase of C/F to
30. The maximum degree of carboxylation appears after 10 h
at C/F= 20.

DLS indicated a broad MWD for carboxylated Ficoll 400.
20 30 20 50 Therefore, CF400(20:1), the sample with the highest charge
density, was fractionated into 17 fractions (Table 1) which were
characterized by dynamic light scattering and titration. In Table

FigL_Jre 2. Degree of carbpxylation as a function' of reaction time. 1, the weight-average molecular weigftin g/mol is calculated
Weight ratio (C/F) of sodium chloroacetate to ficoll (from top to according to

bottom): C/F= 20 (@); C/F = 30 (»); C/F = 10 Q); C/F =5 (O).

100

- COOH [mmol/g Ficoll]
(&)
S

t [hour]

8000 £ M= [mﬂNARh3 vare) @
p 3K
5 0000 st whereR, is the viscosity radius in cm (here replaced by the
§ 3 apparent hydrodynamic radius measured by DLS in 0.1 M
S 4000 ammonium acetate buffer with pH 7.0), Na is Avogadro’s
3, number, and& anda are Mark-Houwink coefficients for ficoll
o ° (K =0.156 mL/g,a= 0.3819. It is assumed that any effect of
2000 ¢ carboxylation on thé& anda values are suppressed at 0.1 M
2 ionic strength so tha anda are unchanged by carboxylation.
- * The charge amoun® was measured by titration after ion
00 100 200 300 exchange by Dowex resin:
Rﬁ [nm?] V- Vb)C
Figure 3. Average charge amoui@ as a function of the square of Q= MM ®3)

hydrodynamic radii for fractionated carboxylated ficolls) @nd parent w

sample CF400(20:1)70). . . —
P ( . HereV andV, are the respective volumes in milliliters of NaOH

solution of carboxylated ficoll samples adjusted to the desired used to titrate carboxylated ficoll and blank sample from pH
ionic strength with NaCl. Blank titrations were always performed ca. 3 to the equivalence point (detected as the maximutpkt/
before and after the sample titrations. AV), C is the concentration of NaOHn is the amount of
Capillary ElectrophoresisCE was carried out on a Beckman ~ carboxylated ficoll sample in milligrams, amd,, is the weight
P/ACE 5500 instrument using a &@n inner diameter uncoated — average molecular weight of carboxylated ficoll sample.
capillary, 27 cm total length and 19.25 cm effective length (from  The plot of average charge amounts per molecule determined
injection end to detection window), operating at30 kV. The by titration versus the square of the hydrodynamic radii of each
temperature was maintained at 23:@.1°C with fluorocarbon fraction (Figure 3) is linear within reasonable experimental error.
coolant. Sample injection time was 3 s, and detection was by This relationship, also observed in separate studigslicates
UV (214 nm). Mobility was calculated from the average time that carboxylation takes place mainly at the surface so that CF

to elution of at least two runs: molecules can be considered as surface-charged spheres.
Mobility from ELS and CE. The limited amount of CF3.0,

_ L (1 _ %) 1) CF4.6, and CF7.3 fractions restricted mobility measurements

Vit, t to CE, but CF400 samples were sufficiently abundant to allow

us to prepare concentrated samples for ELS measurement. As
Herel is the effective length of the capillari,is the total length seen in Figure 4, the CE mobility values for CF400(20:1),
of the capillary,V is the applied voltage, anth, and ts are CF400(22:1), and CF400(30:1) were higher than those deter-
retention times of the reference marker (mesityl oxide) and the mined by ELS, while the two methods approximately agreed
sample, respectively. for CF400(10:1).

Electrophoretic Light Scattering (ELSLS was carried out CE and ELS differ with regard to the magnitude of applied
at four scattering angles (8.9, 17.6, 26.3, and 35u3ing a electric fieldE, by more than 1 order of magnitude higher for
DELSA 440SX apparatus (Coulter Instrument Co.) equipped the first. We are aware of no report of a direct comparison
with a 5 mW He-Ne laser { = 632.8 nm). The electric field  between these two methods. Therefore, the CE electric field
was applied at a constant current of 0.7 mA. The electrophoretic was changed by varying the applied voltage by a factor of 6.
cell had a rectangular cross section connecting the hemisphericaAs showed in Figure 5, mobility for several solutes depends on
cavities in each electrode, and the total sample volume was abou€, but the slope depends on samgfEghe mobility of EMPSL7
1 mL. The temperature of the thermostated sample chamberdecreased with increasirtg as it deviates from the standard
was maintained at 2%C. The measured electrophoretic mobility value of —4.33 4 0.39 x 1078 m?%(V s). On the other hand,
(u) was the average value at the stationary layer measured atCF400(20:1), CF400(22:1), and CF(3.0) have positive slopes
the above angles. The procedure was checked with the DELSAwith mobility values measured by CE larger than those by ELS
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Figure 4. Comparison of mobility data determined by QH)(@nd by ELS {-) in 0.1 M phosphate buffer solution: (a) CF400(10:1); (b) CF400-
(20:1); (c) CF400(22:1); (d) CF400(30:1).
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Figure 5. Dependence of mobility on electric field of CE in 0.1 M Figure 6. Comparison of electrophoretic mobility for BSA in 0.1 M
phosphate buffer solution with p& 7.0: BSA @); DELSA mobility phosphate buffer solution determined by T @t 370 V/cm and by
standard sample EMPSLIZI; CF(3.0) @); CF400(22:1) 4); CF400- ELS ().
(20:1) ().

(see Figure 4b,c). Hoagland et al. observed an increage in 3 , o 4
with E for poly(styrenesulfonate) and attributed it to Joule a
heating and the resulting drop in viscosifyHowever, this
scenario fails to explain our results for the DELSA standard ~
EMPSL7 and is also inconsistent with strong effects of field ®
on mobility of dendrimers in the absence of Joule heating.
The mobilities of BSA and CF(3.0) are almost independent of
E especially where < 370 V/cm, and the values gfobtained
by CE at 370 V/cm agree well with those from ELS (Figure 6). E
Thus, it should be possible to compare the CE data for CF3.0, .
CF4.6, and CF7.3 measurediat= 185 V/cm to the ELS data 3 4 5 6 7 8
for CF400 samples. pH

Mobility Plateaus. Upon increasing pH, the electrophoretic
mobilities of all carboxylated ficolls increase to a plateau at Figure 7. Electrophoretic mobility (determined by CE) versus pH.
pH around 5.3 (Figure 7). It is necessary to examine the Symbols denote the following: CF400(10:1p)( CF400(20:1) [);
dependence of mobility on dissociation degeet explore the ~ CF400(22:1) £); CF400(30:1) ¥); CF3.0 @); CF4.6 @), CF7.3 @).

origin of the mobility plateau. The degree of ionizatiarwas

deduced from the blank-corrected titration of CF samples with pecomes nonmonotonic at a critical surface charge density, as
0.1 N HCl using the procedure for carboxylated amylose of ref predicted by many theoriés?

18 (Figure 8) to give the relationship betwegand pH shown The surface potentiaj, can be determined experimentally

in Figure 9. Despite some scatter, the data in Figure 10 showaccording to

that the mobility plateau appears before full dissociation (i.e.

at 70% ionization of all carboxyl groups), which implies that

the mobility does not follow the increase of charge amount but PK, — PKo = 0.434eyo(o)/KT (4)
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Figure 10. Electrophoretic mobility (determined by CE) versas
Symbols correspond to the following: CF400(10:0);(CF400(20:1)
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(4).

whereK, andKy are the apparent and the intrinsic dissociation
constants respectivelgjs the electron chargé,is Boltzmann’s
constant, and is absolute temperaturk, can be deduced from

®)

pK, = pH + Iog(1 — a)

08

where [K, is obtained by extrapolatingkp to oo = 0. The
dependences ofK and yo on o for CF400 samples are
displayed in Figure 11.

The Ko values of CF400(10:1), CF400(20:1), and CF400-
(22:1) are 4.0+ 0.2, 4.1+ 0.2, and 4.0+ 0.2, respectively,
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Figure 12. Dependence of electrophoretic mobility (determined by
CE) on the surface potential. Symbols denote the following: CF400-
(10:1) (©); CF400(20:1) [); CF400(22:1) L); CF400(30:1) ); CF-
(3.0) @); CF(4.6) @); CF(7.3) @).

which are slightly less than those of dendrimers with carboxyl
end groups (4.4- 0.13)1° The excessive crowding of carboxylic
acids in the latter might stabilize the acid form via H-bonding,
thus leading to a positivekp shift. The surface potentiapg
shows a linear dependence an(Figure 11), consistent with
the dependence afy on o from the Gouy-Chapman equation
in spherical dimensior®. Consequently, the mobility plateau
is also seen in its dependence on surface potential (Figure 12).
Counterion condensation has been invoked in the context of
the nonmonotonic mobility of dendrime¥spartly by way of
analogy to the observation of a discontinuity in the mobility of
polyelectrolytes when the Manning paramétegxceeds its
critical value??=24 In that case, the condensed counterions are
accumulated close to the charged rod of the polyelectrolyte and
remain present at infinite dilution of the polyelectrolyte system.
Zimm and Le Bre® have considered the surface geometry in
the phenomenon of counterion condensation, concluding that
condensation always occurs for the flat plane, sometimes for
the cylinder, and never for the sphere. Since counterion
accumulation has not been demonstrated at infinite dilution, the
term “condensation” will not be applied to charged spheres such
as ficolls, and we will be similarly circumspect in using the
ambiguous “binding”. Instead, we shall investigate the ac-
cumulation of counterions in two experimentally accessible
regions of the EDL: close to the surface where their presence
reduces the surface potentiglof; within the shear plane where
their presence reduces the mobility and hence(tipetential.
Such populations will be referred to as surface potential-
determining ions and mobility-determining ions, respectively.
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Figure 15. Comparison of surface anglpotentials as a function of
surface charge density for CF400(20:1). Symbols denote the follow-
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Figure 18. Critical geometric charge of colloid as a function of colloid
radius. The line shows the power law regression curves for the data.
Inset: Critical geometric surface charge density as a function of colloid
radius.

The remaining counterions beyond the shear plane are consid-determine the effectiver and then the effective charg@er.

ered to be diffuse or free. The counterion binding degree is given as
For further insight into the origin of mobility plateau, surface

potentials from the titration data were used to calculate effective Qert

Qgeom

surface charge densities using the numerical solutions to the
Poissor-Boltzmann equation as given by Loeb, Overbeek, and

where Qgeom is the geometric surface charge based on the
titration end points. SinceQes iS obtained from surface

p=1- (6)

WiersemeaZ® Using aqp value equal toca (9.67), values of the
integral functionl(qo, Yo) were interpolated from the tables to
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TABLE 2: Critical Conditions for the Appearance of a Mobility Plateau

oc (e/nn) Qclg/a (e)
sample a(nm) Ka O Poc (MV) geom eff geom eff
G2 1.7 1.2 0.89 84 0.88 0.62 13 9.4
G5 3.7 2.7 0.77 66 4.35 0.33 140 11
CF(3.0) 3.0 3.1 0.71 63 0.37 0.44 10 12
CF(4.6) 4.6 4.8 0.64 57 0.52 0.36 21 15
CF(7.3) 7.3 7.6 0.60 53 0.61 0.31 40 20
CF400(10:1) 9.3 9.7 0.51 34 0.31 0.18 26 15
CF400(20:1) 9.3 9.7 0.65 56 0.94 0.33 79 28
CF400(22:1) 9.3 9.7 0.65 47 0.82 0.27 68 22
CF400(30:1) 9.3 9.7 0.68 64 0.58 0.39 48 33

potentials, the “bound counterions” here are the surface surface charge valency, ahgis the Bjerrum length (0.714 nm
potential-determining ions. Figure 13 shows that the value of at 25°C). The titration data from the CF400(20:1) sample were
p is fairly constant and increases with degree of carboxyl- applied to the monodisperse ficoll samples since these had the
ation. The ¢ potential would then be predicted to increase same degree of carboxylation as the polydisperse sample. The
monotonically with increasing ficoll ionization, and so geometric charge of monodisperse ficolls were obtained from
should increase monotonically with the surface potential. In the established relationship between radius and total charge (Fig-
order for the mobility plateau to be explained entirely by surface ure 3) for fractionated ficoll samples having radir.5 nm. Data
binding of counterions} would have to increase significantly  of carboxyl-terminated dendrimers G2 and G5 in Table 2 came
at oo values above 0.6 or 0.7, unlike the result in Figure 13. from ref 10.

Given the mobility plateaus, there must be an accumulation of  without specifically denoting surface potential-determining

counterions inside the shear plane (defined here as mobility-jons as “condensed”, we can still follow the general approach

lons.

) - if the electrostatic attraction energy between the two is much
¢ potentials were calculated from the mobility values higher than thermal energyT.2! For a charged sphere, the
determined by both CE and ELS, using Henry’s equatfon:  (yiterion becomea 28.29
2€.€, )
= 1gQ
) ) L b ©)

e

Here the functioriy(«a) is 1.24, the dielectric constastis 78.5,

€0 is 8.854x 10712C V=t m™, and the viscosity is 0.00101 Inspection of Table 2 reveals that the criterion in eq 9 is
N s m2 Values of ¢ are plotted together withpo from

_ Hies VIS alE i satisfied by having the critical value of(g)/a exceedka,
.pot.entllometrlc titration in Figures $416. At.hlg.h d(lagree.s of typically by a factor of 3-11 when the geometric charge is
ionization, & does not follow the monotonic rise imo with used forQ. This ratio decreases when the effective chate,
increasing surface charge den_S|ty which wou!d be expec@ed fromis used in place 0Qgeom due to the surface-potential determin-
the PoissorBoltzmann equation for a spherical colliavith ing ions. The ratio for G5 dendrimer is unusually large when
a constant shear plane distancand a fixedc value: geometric charge is used, but its electrophoretic behavior is

e consistent with those of carboxylated ficolls of similar radii.
t= %Re_%woeka (8) The accumulation of mobility-determining ions beyond the
R+ x critical surface charge thus appears to have a similar basis to
HereR is the colloid radius. There are two ways to account for the .Mannlng condensation of countgrlons. )
the apparent diminution of at high surface potential relative Figure 17 shows that the geometric surface charge required
to its expected value: an increase in the distance to the sheaf©r the plateau in mobility, in the form ofdyeonls)/a, is linear
plane x to enclose more counterions in the kinetic unit; an with «a for the colloids, Wlth_ the exception of the G5 Qendrlmer.
increase in local ionic strength, hencedue to accumulation ~ The slope of the regression line suggests a critical ratio of
of counterions within the shear plane. On the basis of eq 8 and (Qgeonls)/a to «a of 5.8, which compares well to the prediction
with an assumption of no accumulation of surface potential- of a critical ratio of 4 by Bellore for counterion accumullatlon
determining ions, the shear plane distance was estimated to be@nto spheres. Figure 18 shows that the critical geometric surface
about 0.15 nm for CF400(10:1) and about 0.30 nm for CF400- charge is nearly a I|near.f.unct|0n of the co!I0|d radius squared,

(20:1) and CF400(22:1). The values are reasonable given thatSuggesting a common critical surface density for the appearance

the distance should be of the order of a few water moleciiles; Of the mobility plateau. Calculated critical surface charge

however, these estimated distances are dependent on botifensities fluctuate about 0.6 chargesifar about 0.10 @n?),
Henry’s equation (eq 7) and the model for the electrostatic @s seen in Table 2 and Figure 18.

potential function in the electric double layer. The critical surface potentialgioc, are plotted as a function

Critical Conditions for the Appearance of the Mobility of particle radius in Figure 19. The required surface potentials

Plateau.The values of the dissociation degree, surface potential, are well above that of thermal energy (25.7 mV) for the colloids

and surface charge density at the appearance mobility plateausnvestigated, supporting the energy criterion in eq 9. A reciprocal

(o, Yoo, andog, respectively) obtained from Figures 10 and 12 relationship is observed for the critical surface potential, further

are collected in Table 2 as a function of colloid radius. Both demonstrating that the mobility plateau is not simply due to

geometric (from titration) and effective (from potentiometry) the surface-potential determining ion population and accumula-
critical charge values are shown. In Tablea2is the colloid tion of mobility-determining ions is easier for larger colloids
radius,« is the inverse of the Debye lengtQc is the critical than for smaller colloids of the same surface potential.
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90 density. The electrostatic energy in the spherical geometry scales
as charge-to-radius ratio (finite), and so cannot outweigh the
80 loss of entropy of the counterions. But the possibility of
counterion condensation to spheres is shown theoretically by
_n Ramanathaii to be a limiting condition when the radius exceeds
E 6 the Debye length, a condition in which the geometry of the
2 sphere approaches that of a plane.
50
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