
PHYSICAL REVIEW E MAY 2000VOLUME 61, NUMBER 5
Independent ion migration in suspensions of strongly interacting charged colloidal spheres

Dirk Hessinger, Martin Evers, and Thomas Palberg
Universität Mainz, Institüt für Physik, D-55099 Mainz, Germany

~Received 18 May 1999!

We report on systematic measurements of the low-frequency conductivitys in aqueous suspensions of
highly charged colloidal spheres. Sample preparation in a closed tubing system results in precisely controlled
number densities of 1016 m23<n<1019 m23 ~packing fractions of 1027<F<1022) and electrolyte concen-
trations of 10<c<1023 mol l21. Due to long-range Coulomb repulsion, some of the systems show a pro-
nounced fluid or crystalline order. Under deionized conditions we finds to depend linearly on the packing
fraction with no detectable influence of the phase transitions. Further, at constant packing fractions increases
sublinearly with the increasing number of dissociable surface groupsN. As a function ofc the conductivity
shows pronounced differences depending on the kind of electrolyte used. We propose a simple yet powerful
model based on the independent migration of all species present and the additivity of the respective conduc-
tivity contributions. It takes account of small ion macro-ion interactions in terms of an effectively transported
charge. The model successfully describes our qualitatively complex experimental observations. It further
facilitates quantitative estimates ofs over a wide range of particle and experimental parameters.

PACS number~s!: 82.70.Dd
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INTRODUCTION

The electrokinetics of charge-stabilized colloidal partic
have attracted considerable theoretical and experimenta
terest. For a recent review see, e.g., Lyklema@1#. Phenomena
such as electrophoresis, electro-osmosis, sedimentation
tential, electroviscous effects, diffusion, and low- as well
high-frequency dielectric properties have been investiga
both experimentally and theoretically as functions of parti
chargeZ, electrolyte concentrationc, and particle concentra
tion. However, for most of these experiments, and even
the case of isolated particles, a full electrohydrodynam
treatment of macro-ions, small ions, and their interactio
with each other and with the externally applied electric fie
is usually necessary to describe the complexity of exp
mental observations.

On the other hand, highly charged colloidal suspensi
have been recognized as valuable model systems for a n
ber of important condensed matter problems, since they
to form fluidlike or crystalline ordered states due to the lon
range electrostatic repulsion@2,3#. Questions addressed in
clude structure formation as well as dynamics or phase t
sition kinetics @4–6#. In contrast to electrokinetics, thes
aspects can often be treated using an effective pair inte
tion of the Debye-Hu¨ckel ~DH! type with all details covered
by an effective macro-ion charge smaller than the bare
ticle charge. Procedures exist to numerically calculate
renormalized charge on the basis of the mean-field desc
tion in terms of the nonlinear Poisson-Boltzmann~PB! equa-
tion @7# as well as support from more sophisticated tre
ments@8,9# and many experimental studies.

The simplicity of such an approach is appealing, but it
not immediately clear whether it may be useful for the d
scription of conductivity. If we recall the situation encou
tered in simple electrolytes, dilute aqueous solutions
strong 1:1 electrolytes usually show additivity of their co
ductivity. The conductivity of the solution is easily calcu
lated from the sum of the limiting molar conductivities
PRE 611063-651X/2000/61~5!/5493~14!/$15.00
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each ionic species at infinite dilution times their respect
molar concentration. At higher concentrations Ostwald’s r
applies to correct for concentration effects on the molar c
ductivities; additivity nevertheless remains valid. For ve
dilute systems (c,1025 mol l21), additivity also applies
for mixed electrolytes. It is an interesting open questi
whether this concept remains valid if one considers a mixt
of a simple 1:1 electrolyte and a highly asymmetric Z:1 ele
trolyte, whereZ may be on the order of 10 to 105 for mi-
celles, polyelectrolytes, or colloidal particles.

In this contribution we will as a first step try to extend th
concept of additivity of conductivities as known from simp
electrolytes with the aid of an effectively transported cha
Zs* . This explicitly includes the cases where the interact
is sufficiently strong to form an ordered suspension. The
teresting question of a connection of this effectively tran
ported charge to the numerically accessible renormali
charge@7# will also be shortly addressed, while a compr
hensive test has to be postponed to a subsequent work.

A number of complications arise in contrast to simp
electrolytes. First, the interaction between macro-ions
small ions has to be considered. As a consequence, the
tribution of the small ions is no longer uniform on the leng
scale of the Debye screening length, but the formation of
electric double layer~EDL! around the macro-ions has to b
described in terms of solutions to the PB equation. For
macro-ion, this in turn leads to deviations from the Nern
formula, giving a simple analytic relation between the diff
sivity, the mobility in an electric field, and the charge of a
ion. For the small ions the mobility becomes dependent
their radial distance from the macro-ion surface due to eit
the ‘‘binding’’ potential of the central macro-ion and/or du
to interactions between the small ions themselves that
come important at elevated concentrations near the surf
Finally, however, a high macro-ion charge may, in additi
to electrostatically stabilizing the system against coagulat
cause the establishment of fluidlike or even crystalline or
among the macro-ions in the suspension.
5493 ©2000 The American Physical Society
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In experimental studies on the low-frequency conductiv
s of colloidal suspensions much attention was paid to
dependence ofs on the particle packing fraction. In deion
ized samples a linear increase was observed for all pac
fractions in the range of 1024 to 231022 @10,11#, while for
samples containing background electrolytes this was foun
elevated packing fractions only (F.1023) @12#. In all these
cases, however, the conductivity was found to be lower t
expected on the basis of the bare particle charge. Exp
studies of the charge dependence of the conductivity are
In a recent study of Yamanakaet al. a continued sublinea
increase was observed with the increasing number of di
ciatable surface groupsN for silica particles charged via
chemical reaction with NaOH@13#. A similar finding was
reported by us in a previous work on particles with phy
isorbed anionic surfactant@14#. This system, FEP~PFOA!78,
will be studied again and in more detail here.

At fixed packing fraction the conductivity depends on t
kind of electrolyte added. Recently Sumaruet al. @15#, and
independently Zwetsloot and Leyte@16#, investigated the in-
fluence of adding different 1:1 electrolytes~HC1, NaCl,
NaOH! and 2:1 electrolyte (BaCl2), respectively. Interest
ingly, upon addition of a neutral electrolyte, like NaCl,
pronounced nonlinearity ins(c) was observed that was no
known from former studies at higher electrolyte concent
tions. A systematic database collected over a wide rang
parameters, however, is still missing.

Further, the important issue of the form of conductiv
titration curves has been addressed@17–19#. For the case of
weak acids, the presence of more than one acidic specie
variations in the background electrolyte, the shape of
titration curve may become fairly complex and considera
effort is necessary for its interpretation. In the case
strongly acidic surface groups an initially linear decrease
s with increased NaOH concentration is followed by a tra
sient region, which crucially depends on the details of s
face chemistry. Far beyond the equivalence point one
serves a linear increase. For particles bearing only one
of strongly acidic surface group a simple extrapolation of
linear regimes enables the determination of the surface g
numberN. Open questions, e.g., concern the slope of
linear regimes, which may considerably deviate from e
pected values.

A theoretical explanation of experimental results w
given at different levels of sophistication. Only a few autho
used the full electrohydrodynamic treatment of frequen
dependent conductivity contributions from small ion tran
port in the bulk and along the particle surface via elect
osmosis, from particle transport via electrophoresis,
alterations in the ionic distribution, and polarization effec
@20# ~see also@1# for an overview!. For a given experimenta
situation @17# an excellent agreement with the data can
achieved. The major drawback here is that the applicab
of results is generally restricted to isolated particles and o
also to large amounts of added salt, and considerable num
cal effort is necessary to perform predictions over a w
range of parameters.

On the macroscopic level, the most basic treatments c
sider small ions only@10#. All alterations as compared to th
expected value are treated using an effective numbe
charges, respectively, counterions, much in the spirit of
e
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charge renormalization concept. This also holds for ea
treatments explicitly including particle contributions@21,22#.
More recently, a number of authors used a different appro
explicitly considering changes in the small ion mobility b
retaining the bare charge. These approaches, for insta
consider changes in the number of contributing small io
through surface chemical reactions and/or association
ionic species with the particle surface@12,19,23# as well as
radial changes in small ion conductivity contributions due
the nonuniform ion distribution around the particles via s
lutions of the linearized or nonlinearized PB equati
@15,16,19#. Jameset al. @19# accounted for the salt concen
tration dependence of small ion conductivities using
theory of Robinson and Stokes@24#. Sumaruet al. @15# con-
sider changes in small ion mobilities through an extension
the theory of Oshimaet al. @25#. Zwetsloot and Leyte@16#
combined Jo¨nsson’s theory of small ion diffusion as a fun
tion of their concentration, which accounts for both har
sphere and electrostatic ion-ion interactions@26# with the so-
lution of the nonlinearized PB equation, in a versio
modified to include surface dissociation equilibrium and w
Nernst’s formula relating diffusivity to mobility. Again ex
perimental data are well described by the theoretical
proach. The slight underestimation of conductivities at ve
low salt concentrations is probably due to the complete
glect of any particle contribution. These works@15,16,19#
present very satisfying theoretical treatments of lo
frequency conductivity experiments. Using concentration-
interaction-dependent small ion mobilities, they neverthel
afford significant numerical effort and have been tested o
in the case of comparably large amounts of added salt wh
the condition of isolated particles is still safely assumed
hold.

The present study differs from previous ones in two ma
aspects. First, in this study we will employ additivity in com
bination with constant bulk small ion mobilities and an e
fective chargeZ* lower than the bare particle charge. F
this purpose we extend the model of independent ion mig
tion recently proposed by Deggelmannet al. @21#. To be
more specific, we assume simple additivity of the conduc
ity of all ionic species; however, in addition we propose
reservoir ofZ2Z* counterions in a region close to the pa
ticle that do not contribute to the conductivity but have fr
exchange with the outerZ* counterions and the added ele
trolyte ions. In introducing the reservoir, this model is
similar spirit as the treatment of the hydrodynamic radius
diffusion problems or the shear plane concept in electro
netics @1#. The conceptual ease, however, results from
successful extension of the treatment of simple 1:1 elec
lytes to a highly asymmetric system and consequently a
tation in terms of added electrolyte per particle instead o
notation in terms of an electrolyte-concentration-depend
and particle-specific conductivity increment. The treatm
therefore has only one free parameter, namely the effectiv
transported chargeZs* .

Second, carefully and extensively characterized mono
perse suspensions were conditioned using advanced pre
tional procedures. This allowed us to considerably extend
range of accessible conditions. We thus were able to th
oughly test our model with comprehensive measureme
under variations of all relevant quantities entering the mod
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TABLE I. Particle data:a, nominal radius as given by the manufacturer;pK as given by the manufac
turer;mP , plateau value of particle electrophoretic mobility@31,29#; N, surface group number from titration
ZPBC, bare charge number calculated using the PBC program;ZDH* , renormalized charge calculated from th
PBC program for a deionized case usinga, N, and pK as shown as well asF51024 and cB52
31027 mol l21. Zs* is the effective transported charge derived from packing fraction dependent condu
ties of deionized suspensions.

Sample a ~nm! pK mP/m2 V21 s21 N ZPBC ZDH* Zs*

PS109 54.5 0.5 5.031028 1200650 450620 510610
PS115 57.5 0.5 6.731028 36006100 3300650 805650 730610
PS120 60.1 0.5 6.731028 36006100 3300650 685610
PS301 150.5 0.5 6.831028 23 1006300 21 4006100 24406100 1850650
PS~SDS!102 51.0 0.5 4.031028 800625
PSPSS70 35.0 0.5 5.831028 11 8006200 4580650 570650 790610
FEP~PFOA!78 39.0 4.0 5.231028 75–1400 75–590 72–380 110–372
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such as electrolyte concentration, particle concentration,
ticle charge, and kind of electrolyte. Electrolyte concent
tions, for instance, were well controlled even at values as
as 1026 mol l21. Under these conditions most samples, e
cept for the lowest packing fractions, show a pronounc
fluid or even crystalline order. Particular attention was p
to the combined packing fraction and salt concentration
pendence, and the use of particles stabilized by physiso
anionic surfactant for particle charge dependent meas
ments.

The paper is organized as follows. In the following se
tion we give a detailed description of our samples, the pre
rational procedures, the experimental techniques and pre
our experimental results. In the next chapter we introd
our conductivity model and perform some calculations
conductivities under various boundary conditions. This
followed by a detailed discussion of our data in comparis
to the model. There also the issue of charge renormaliza
is briefly addressed.

EXPERIMENTS

Sample preparation and experimental methods

Several samples of commercially available polystyre
~PS! latex spheres, one sample of perfluorinated sphe
@FEP~PFOA!78#, kindly provided by the group of Degiorgio
@27#, and two PS samples synthesized and kindly provid
by the group of Ballauff@28# were used. All PS sample
were stabilized by sulphate surface groups stemming f
the polymerization initiator, and sample PS~SDS!102 in ad-
dition carried a considerable amount of physisorbed sod
dodecyl sulphate~SDS, Merck, Germany!. FEP~PFOA!78 is
synthesized as tetrafluoroethylene copolymer with hexafl
ropropene. In addition to a very small amount of perfluo
nated carboxyl groups, the FEP spheres were cha
stabilized by a strongly physisorbed perfluorinated anio
surfactant perfluoro-octanate acid~PFOA! @27,29,14#. This
surfactant is water soluble only atpH.7. The main particle
features are compiled in Table I.

Samples were shipped at packing fractionsF between
0.055 and 0.25. From these we prepared stock suspensio
approximatelyF50.01 by dilution with distilled water. To
the PS samples, mixed bed ion-exchange resin~IEX! ~Am-
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berlite UP 604, Rohm & Haas, France! was added, and the
suspensions were left to stand with occasional stirring
some weeks. They were then filtered using Millipore 0.5-mm
filters to remove dust, ion-exchange debris, and coagu
regularly occurring upon first contact of suspension w
IEX. A second batch of carefully cleaned IEX filled into
dialysis bag was then added to retain low ionic strength
the stock suspensions now kept under Ar atmosph
FEP~PFOA!78 and PS~SDS!102 were extensively dialyzed
against distilled and decarbonized water with IEX added
the reservoir.

All further sample preparation and measurements w
performed in a closed system, including the measuring c
and the preparational units. Details of the continuous dei
ization procedures have been given elsewhere@30,31#. Since
preparation may have a severe influence on electrokin
measurements, we nevertheless give here a short outlin
the preparation setup. The suspension is pumped peris
cally through a closed Teflon® tubing system connecting~i!
an ion exchange chamber;~ii ! a reservoir under inert ga
atmosphere to add further suspension or salt solutions
electrolyte concentration dependent measurements are
formed; ~iii ! the conductivity measurement cell; and~iv! a
cell for static light scattering or transmission experimen
Via the static structure factor or the turbidity the latter faci
tates anin situ control of F, respectively, the particle num
ber densityn5F/(4a3p/3), wherea is the particle radius
@32#. Control ofn may also be performed via the conducti
ity at completely deionized conditions~see the Results sec
tion!. Relative uncertainties in the packing fractionF are
typically below 2% atF51023. We note that, if the pre-
cleaning is performed carefully, no aggregation is induced
peristaltic pumping. The whole system~excluding the pump!
may be thermostatted to60.2 °C. Conductivity is measure
at a frequency ofv5400 Hz ~electrodes LTA01 or LTA1
and bridge WTW 531, WTW, Germany!. To check for re-
producibility we compared conductivity values at differe
frequenciesv<1 kHz but found no dependence onv. In
general, the reproducibility of measurements was found to
better than 2%. Residual uncertainties were mainly due
contamination at low packing fraction and low salt conce
trations.
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During the experiments the ion exchange chamber is
passed and great care is taken to assure stable experim
conditions on a typical time scale of a few hours. Leakage
stray ions into the system was estimated from an increas
the conductivity of pure water~55 nS/cm! of less than 30
nS/cm per hour in the electrophoretic cell to correspond to
NaCl equivalent of 531027 mol l21 h21. Another source of
ionic impurities generally is provided by the particles the
selves. The corresponding rise in conductivity was fou
equivalent to the addition of up to 1026 mol l21 h21 of
NaCl. Due to these effects we estimate an upper bound
unidentified small ion concentrations during experiments
‘‘completely deionized’’ samples to be between 131027

and 531027 mol l21.
Before pouring the suspension into the tubing system,

latter is rinsed with doubly distilled, filtered water throug
both the ion exchange column and the bypass until the el
shows a conductivity below 60 nS/cm. The volume of wa
in the tubing system depends on the arrangement of com
nents. It is on the order of 40 cm3 and is exactly determined
by weighing. Then an Ar atmosphere is laid on top of t
water surface in the reservoir and stock suspension is ad
to adjust the desired volume fraction. The suspension
pumped through the ion exchange column for some ten m
utes, during which conductivity reaches a constant l
value. Complete deionization (c,1027 mol l21) is reached
after roughly one hour. Then, if desired, a certain amoun
salt is added. A few minutes of additional pumping is ge
erally sufficient to reach a constant but higher conductiv
value. We note that for each measurement the suspensi
deionized again, before a larger amount of salt or furt
particles is added and the procedure is repeated. In each
changes in the suspension volume are accounted for.

During conductometric titrations the contamination w
neutral CO2 significantly influences the conductivity as it
neutralized parallel to the surface groups: usually no stat
ary value ofs is observable. Examples of conductivity/tim
traces are given in Figs. 1~a!–1~c!. The three data sets co
respond to different amounts of added base:~a! taken before,
~b! slightly past, and~c! far past the surface group equiv
lence point. In contrast to the case of acids, here the con
tivity does not reach a constant value, even after the deca
the oscillations due to mixing. Instead,s rises~falls! steadily
in samples before~far past! the equivalence point. Slightly
past the equivalence point it first decreases to then incr

FIG. 1. Examples of conductivity/time traces taken~a! before,
~b! slightly past, and~c! far past the equivalence point. Due
contamination with neutral CO2 the conductivity does not reach
constant value even after the decay of the oscillations due to m
ing. t0 defines the time of addition of NaOH.
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again. We interpret this finding indicative of an underlyin
two-step chemical reaction in which first CO2 reacts to give
small amounts of free H2CO3, which is then neutralized to
yield sodium carbonate. In this second step the particle
as a base and as a result is protonated again. Consequ
the conductivity will change due to two contributions: th
reversal of the neutralization reaction and the addition
sodium carbonate. Ifs is recorded over some period of tim
after the addition, and the value att50 is extrapolated back
complete deionization after each addition is not necess
Instead, the change in conductivity is converted to add
carbonate and monitored throughout the experiment.
equivalence point is then inferred from the corrected cond
tivities, as is shown in Fig. 2.

FEP~PFOA!78 and PS~SDS!102 also were investigate
using this tubing system, again exploiting the possibility
performing several differentin situ measurements simulta
neously on one sample. Here, however, a very slow but i
versible desorption of surfactant takes place parallel to
deionization process. For FEP~PFOA!78 the number of ad-
sorbed ionogenic groups was found to decrease by an o
of magnitude within roughly four days of contact with IEX
Thus the desorption/decharging kinetics under neutral co
tions are slow enough to consider the charge to be cons
during the conductivity measurements. As a further prec
tion we did not deionize the sample after each addition
salt but corrected for contamination with stray ions via me
surements of the temporal evolution ins. We note, however,
that upon addition of NaOH our measurements seem to
dicate an enhanced desorption of surfactant from the sur
that is subsequently removed upon new deionization~see
also below!.

Previous measurements on PS~SDS!102 with extensive
IEX contact showed desorption of larger amounts of S
leading to coagulation@31#. In the present study we therefor
used PS~SDS!102 in the dialyzed state without further con
tact with IEX, i.e., the IEX chamber was bypassed in
measurements.

To determine the electrophoretic mobilitiesm of the par-
ticles, a conventional Doppler velocimetry with real-spa
moving fringe illumination and incoherent detection fo
lowed by fast-Fourier-transform–frequency analysis~Ono-
Sokki, NTD, Japan! was used. Details are given elsewhe

x- FIG. 2. Titration curve for PS115. Data are shown as a funct
of M 8, the number of Na1 added per particle. Crosses represe
raw data; open squares represent data corrected for CO2 contami-
nation. The solid lines are linear fits to the corrected data.
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PRE 61 5497INDEPENDENT ION MIGRATION IN SUSPENSIONS OF . . .
@31#. The velocitiesv were found to increase linearly wit
the applied field strengthE in all cases and no frequenc
dependence of mobilitiesm5v/E was observed. Under ou
experimental conditions the residual uncertainties are
than 10%. Measured mobilities of investigated particles
in the range ofm5(1.5–8)3108 m2/Vs, and show a pro-
nouncedF dependence at low packing fractions but satur
at larger values ofF @31# @for FEP~PFOA!78 see also@29##.

Results

Figures 3–5 show the dependence of measured con
tivities over a wide range of packing fractions for the diffe
ent samples. From Fig. 3, where data are plotted agains
packing fraction, it is evident that in all cases the conduc
ity depends linearly onF, but with different proportionality
factors. To check for the range of linearity we plot the co
ductivity of sample PS115 corrected for the theoretical c
ductivity of the backgroundsH2O in a double logarithmic

FIG. 3. Packing fraction dependence of conductivities for d
ferent deionized suspensions. All samples show a linear depend
of s on F.

FIG. 4. Double logarithmic plot of the conductivity of PS11
corrected with the theoretical conductivity of the watersH2O versus
the particle number densityn. The solid line is a fit of slope one to
the data atn.0.1 mm23. Deviations at lowern are due to con-
tamination with spurious stray ions.
ss
e

e

c-

he
-

-
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way against the particle number densityn in Fig. 4. The data
arrange on a straight line of slope 1 down ton
'0.1 mm23 (F'0.0001), where the particle contributio
is on the order of the background contribution itself. T
statistical accuracy at such low packing fractions is not s
ficient to trace the validity of a linear packing fraction d
pendence to lower concentrations. The main source of e
is obvious from the systematic deviation ofs toward larger
values. It indicates that in this range spurious amounts
stray ions~even ofc51027 mol l21) may severely alter the
conductivity. In conclusion, however, linearity is confirme
as long as the particle contribution is larger than the ba
ground contribution.

A second check is performed at higher packing fractio
where increasing pair interaction causes a phase trans
from fluid to crystalline order to occur, respectively, betwe
different crystal structures. As presented in Figs. 5~a! and
5~b! neither a change in the slope nor discontinuities acr
the transitions are observed within experimental error. T
same was also observed for other highly charged sam
showing crystallization at low packing fraction and und
deionized conditions.

In Fig. 6 we compare the influence of the addition
different electrolytes on the conductivity. We used a sam
of PS102 atF50.00 375.s rises linearly for HCl. Adding
NaCl ds/dc first is close to the value for HCl but then bend
over to a lower slope. For selected measurement serie

-
nce

FIG. 5. Linearity ofs(n) across the fluid–body-centered-cub
~bcc! and across the bcc–face-centered-cubic~fcc! transition for~a!
PS109 and~b! PS115.
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5498 PRE 61DIRK HESSINGER, MARTIN EVERS, AND THOMAS PALBERG
PS115, Fig. 7 demonstrates that this effect is present in
pendent of packing fraction, but the crossover shifts to low
values ofc for decreasingF. Also, the appearance of th
first steeper slope is less pronounced. Our findings con
and systematically extend the results of Sumaruet al. and
Zwetsloot and Leyte to a much broader range ofn and c
@15,16#. They show that the nonlinearities are not restric
to large packing fraction but a general feature of colloid
conductivity.

For NaOH a titration curve typical for strong acids
observed@18,19#. Data in Figs. 2 and 6 were taken succe
sively and corrected for CO2 contamination. For the PS
samples investigated, the corresponding numbers of sur
groupsN are compiled in Table I. Using the charge variab
FEP~PFOA!78 stabilized by physisorbed surfactant of lo
acidity we further checked on the systematic changes oc
ring for the titration curves dependent on the surface gr
number. A selection of titration curves is shown in Fig.
Here data were taken with complete deionization before e
new addition of NaOH. After increasing the time of conta
with IEX we observed a pronounced change in the num

FIG. 6. Dependence of the conductivity on the kind of elect
lyte used for PS109 atn54.36 mm23. Note that also upon addi
tion of a neutral electrolyte a pronounced nonlinearity ins is ob-
served.

FIG. 7. Conductivity of PS115 as a function of NaCl concent
tion for different particle number densitiesn.
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of ionizable groupsN as inferred from the point of equiva
lence. This decrease ofN with decreasing conductivity ha
been presented already in Ref.@14#. In addition, we observe
here the steepness of the initial slopes to increase asN gets
smaller. It also increases as the packing fraction is increa
~data not shown!.

Figure 9 shows the conductivities of FEP~PFOA!78 under
conditions of complete deionization as a function of the s
sequently titrated group numberN. Data are taken from four
independent measurement series. Within each series the
ticles became less and less charged during subseq
titration–deionization cycles. The series were aborted w
at very low charge coagulation occurred. In Fig. 9 the co
ductivity increases sublinearly. As will be shown in the d
cussion this can be understood as due to the combined
fects of dissociation equilibrium and charge renormalizati

CONDUCTIVITY MODEL

A few years ago Deggelmannet al.proposed independen
migration of all ionic species present in the solution@21#.
They used the empirical formula

s5neZs* ~mP1mH1!1cl`1sB , ~1!

-

-

FIG. 8. Selected titration curves for FEP~PFOA!78. Data are
shown as a function ofM 8, the number of Na1 added per particle.
With increasing contact time with the ion exchange resin the nu
ber of physisorbed surfactant moleculesN decreases about one o
der of magnitude.

FIG. 9. Conductivity of deionized FEP~PFOA!78 samples at
constant number density ofn56.331019 m23 as a function of the
subsequently titrated surface group numberN. A sublinear increase
is observed.
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where the molar conductivity of the added electrolyte at
finite dilution is given byl` and the molar concentration b
c. The background conductivity of unidentified small ions
denotedsB ; e is the elementary charge, andmP andmH1 are
the mobilities of particles~measured! and protonic counteri-
ons, respectively. All deviations from ideal additivity a
condensed into an effective chargeZs

! . In using an effective
charge, Eq~1! follows the pioneering work of Schaefer@10#
but explicitly proposes a particle contribution to the condu
tivity.

The salt concentration dependence, as given in Eq.~1! for
infinite dilution asds/dc5l` , does not apply to our data
Figures 6 and 7 give clear and systematic evidence th
pronounced nonlinearity inds/dc is present even atc
<1025 mol l21. Previous authors were able to descri
similar data on the basis of a numerically complex theor
cal approach. Here we are explicitly interesting in an equa
well performing but far more simple description. We ther
fore shall continue to use Deggelmann’s basic assumptio
independent ion migration to derive an alternative expr
sion.

We consider the EDL to be divided into an outer p
containingZs* counterions of bulk mobilitym1 and an inner
part containingZ2Zs* immobilized counterions. Immobili-
zation may be due to several effects: hairy surface lay
@33#, nonspecific ion association@12,19#, or slowing of small
ion diffusion in the vicinity of the particle surface due
some kind of increased small-ion–small-ion interaction
elevatedc(r ) @15,16,19#. Counterion condensation as d
scribed by renormalization concepts@7–9# is based on an
electrostatic ‘‘binding’’ of dissociated counterions. If the la
ter effect dominates, one expects the numerically calcula
renormalized chargesZDH* to be very close to the effectivel
transported charges in a conductivity experiment. Choice
such a description does not mean that the counterions in
inner shell are completely immobile; rather, it states that
a certain numberZ2Zs* the translational degrees of freedo
are coupled to the particle. These counterions move with
particle, whileZs* move independently. We note that a sim
lar description is proposed in the dynamic Stern-layer mo
of electrophoresis, where polarization effects behind
~electrophoretic! plane of shear are explicit accounted f
@34#.

We further allow for an exchange of ions between t
inner and outer part of the EDL, as long as the overall rad
charge distribution is retained. If now salt is added, salt io
may exchange with counterions of equal charge sign, w
co-ions are assumed to stay outside the proposed inner
due to electrostatic repulsion. It further is convenient to
troduce the number concentrationM5c1000NA /n of small
ions per particle and arithmetic–mean small-ion mobilitie

m̄15
( m iM i

1

( Mi
1

, m̄25
( m iM i

2

( Mi
2

. ~2!

We note that the sum is over all small ions actually prese
i.e., including theZ counterions. We further note that, in th
case of chemical reactions, the number of excess small
-

-
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presentper particleM does not necessarily equal the numb
M 8 addedper particle. Assuming as before additivity of a
conductivity contributions (s5Sniezim i with zi51 in our
case of monovalent salt and counterions! we may formulate

s5ne@Zs* ~mP1m̄1!1M ~m̄11m̄2!#1sB . ~3!

While this concept is actually straightforward and simple, t
resulting combined dependency onM and onn is quite com-
plex. To illustrate this we show a number of numerical c
culations in Figs. 10~a!–10~d!. First the surface chargeZ is
varied at constantZ* and fixedn. Figure 10~a! shows the
dependence of conductivity over a large range ofM; Fig.
10~b! shows the range up toM53000 enlarged. From Fig
10~b! it would seem that the uppermost curve is linear, wh
in Fig. 10~a! the lowest curve has a linear appearance. Ho
ever, all curves start with a large slope and show a crosso
to a lower slope. With decreasing charge ratioZ* /Z the
crossover region shifts to larger values ofM.

A strictly linear behavior with a slope corresponding
the addition of NaCl to pure water is encountered only if t
charge ratio is 1, as is the case for the uppermost curv
Fig. 10~c!. With decreasing charge ratio the initial slope a
proaches that expected for the addition of HC1 to pure wa
Finally, in Fig. 10~d! the dependence on particle densityn is
shown at fixed charge and charge ratio. The resulting cur
start at increasing conductivity values; all are bent with
crossover region shifting to largerM for increasingn.

DISCUSSION OF LOW-FREQUENCY CONDUCTIVITIES

Packing fraction dependence

In the case of deionized suspensions, Eq.~3! reduces to

s5s01sH2O1sB5neZs* ~mP1mH1!1sH2O1sB .
~4!

As can be seen from Fig. 3 the predicted linear depende
on n is fulfilled for all curves.Zs* is taken as the only fit
parameter and our results are compiled in Table I. In fitt
Eq. ~4! in Figs. 4 and 5 we make use of the fact that f
sufficiently largen the measured particle mobilities becom
independent ofn at values around 5 –10mms21/V cm21

@31#. For comparison, the mobilities of H1, OH2, Na1, and
Cl2 are 36.531028 m2/V s, 15.831028 m2/V s, 5.02
31028 m2/V s, and 7.131028 m2/V s, respectively@35#.
The particle contribution therefore should not be neglect
sH2O is calculated self-consistently via the dissociation pro

uct of water with 2 log10(cH1cOH2)514 and cH15nZs* /
1000NA . This contribution in principle becomes importa
for very low packing fractions, but in practice it usually
masked bysB .

Variation of surface charge

We recall that reduced effective values for electrokine
charges were also frequently employed by other auth
Okubo, e.g., suggested a description in terms of an effec
dissociation coefficient~corresponding to a drastic shift i
surfacepH @36,37#!. Alternatively one may formulate the
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FIG. 10. Results of numerical calculations using Eqs.~2! and ~3! for the conductivity as a function of neutral electrolyte concentrat
expressed in terms ofM, the number of Na1 present per particle. Calculations~a!–~c! are at fixed particle number densityn51 mm23. ~a!
Fixed effective chargeZ* , bare chargeZ decreasing from top to bottom;~b! the same but shown over a small range ofM, ~c! fixed bare
chargeZ, effective charge decreasing from top to bottom;~d! both charges fixed andn decreasing from top to bottom.
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decrease in charge number in terms of an association e
librium, where counterions bind loosely to the particle s
face (pKNaAss'4.5) and reduce the surface charge to a va
ZAss* ,Z @12,19#. Only a few studies are available with sy
tematic variation of the particle charge under conditions
fixed particle density and particle size@29,38#. In a recent
paper Yamanakaet al. found the effective charge density a
derived from conductivity to slowly but continuously in
crease@39#. In this case the charge of silica particles w
increased by the addition of small amounts of NaOH, w
the pH staying in the range of 6–8.

Also for our FEP~PFOA!78 sample, it is seen from Fig.
thats0 keeps increasing with increasingN. We apply Eq.~4!
to these data to derive the effectively transported chargeZs*
as a function of the titrated group numberN. In Fig. 11 we
compare the results to the case ofZs* 5Z. The continuous
increase in the effective charge can be monitored up to
ues ofZs* 5370. The slope decreases but no strict satura
ui-
-
e

f

l-
n

is observed. As will be discussed below this can be tra
back to the combined action of surface dissociation equi
rium and charge renormalization.

Addition of neutral electrolyte

Introducing the concentration of small ions per particleM
allows us to treat both counterions and added electrolyte
the same footing. Equation~3! predicts a linear dependenc
on n irrespective of the electrolyte composition. Thus w
plot in Fig. 12 the conductivity per particle versusM. All
measurement series covering more than five orders of m
nitude inM and more tan three orders of magnitude inn fall
on a single master curve. The lowM limit of that curve
corresponds to the conductivity contribution of a single p
ticle and the surrounding EDL. Consistent with the obser
tions in Figs. 3–5 this value does not change as a func
of n.
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To isolate the contribution of added electrolyte we rewr
Eq. ~3! to read

s5s01ne@Zs* ~m̄12mH1!1M ~mCl21m̄1!#1sB , ~5!

with the particle contributions0 defined in Eq.~4!. Neglect-
ing sB , the first part of the electrolyte contribution goes
zero wheneverm̄1 equalsmH1. From our model calculations
this will be the case at small charge ratioZ* /Z and in the
limit of M!Z. Then the initial slope in a plot of (s
2s0)/n versusM will correspond to that expected for th
addition of HCl to pure water. Upon further addition of ne
tral electrolyte the number of counterions is conserved
only their visibility changes, as expressed through Eq.~2!.
We show this in Figs. 13–15. In Fig. 13 (s2s0)/n is plot-
ted versusM for large and smallM ~inset!. For largeM the

FIG. 11. Effective charges as a function of titrated surface gr
number for FEP~PFOA!78. Open symbols,Zs* as derived from con-
ductivity under deionized conditions; bold straight lineZ* 5N ~lin-
ear increase!; calculations performed forF50.016;a539 nm, and
~a! pK54.0, cB5231027 mol21 l21; ~b! pK54.0, cB51
31026 mol21 l21; and ~c! pK52.3, cB5231027 mol21 l21.
The inset showsZ* calculated for case~c! over a larger range o
ionizable groupsN. Saturation is observed forN.105.

FIG. 12. Conductivity contribution per particle as a function
M. For all measurements performed on PS115 over a wide rang
c andn the data fall on a single curve.
d

data follow the conductivity increase expected for the ad
tion of NaCl to pure water, while at lowM the conductivity
values are smaller and a larger slope is observed. The do
logarithmic plot in Fig. 14 shows the gradual transition b
tween the two limiting linear behaviors and compares th
to the model calculations. The model is able to qualitativ
describe the data over the whole range of measurements
obtain a quantitative description we fix the effective char
to the value obtained from then-dependent measuremen
and leaveZ as the only free parameter. The best fit to all da
in Fig. 14 yieldsZ52830. As can be seen, however, th
experimental data are somewhat below the fit curve at
M. In Fig. 15 we use a linear scale and compare it to th
model calculations. The solid line is the same as in Fig.
the other two lines correspond to a 25% larger~smaller!
charge. The lower charge fits the data at lowM better than
the original fit curve. This possibly reflects an increased d
sociation due to the shift of surfacepH as the counterions ar
exchanged and the composition of the electrolyte is chan

p

of

FIG. 13. Conductivity contribution of the added electrolyte f
large M. The solid line is a fit of Eq.~1! for NaCl to data atM
.100. The inset shows significant deviations to occur at smalM
leading to an unphysically high background contribution. Al
shown is the expectation for HCl according to Eq.~1! with sB

50.

FIG. 14. The same data plotted double logarithmically dem
strating the transition between the two limiting linear regimes. T
bold line is a fit of our model to data points past the transition.
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or a change in the effective charge as a function ofM. Both
are not yet implemented in our model, which assumes c
stantZ andZs* . On the other hand, our investigation clear
shows that both charge numbers are relevant for a quan
tive description of conductivity.

Titration with NaOH

Upon addition of NaOH to a deionized suspension w
low surfacepK the protonic counterions are neutralized
the hydroxyl ions and replaced by sodium counterions. T
for small amounts of base added, the number of counteri
respective to the number of dissociated surface groups,
not change. As long as there is no excess electrolyte,M stays
at zero. Beyond the equivalence pointM5M 82N, where
M 8 is the number of small ions added,M 8 also enters the
calculation of mean ion mobilities. For the initial decrea
Eq. ~3! now reads

s5neZs* ~mP1m̄1!1sB , ~6a!

with

m̄15
~Z2M 8!mH11M 8mNa1

Z

5mH11
M 8mNa1

Z
2

M 8mH1

Z

5mH11
M 8

Z
Dm, ~6b!

where the mobility differenceDm5mNa12mH1 has been in-
troduced. Insertion in Eq.~6a! yields

s5s01neM8
Zs*

Z
~Dm!1sB . ~7!

The initial slopeds/dM85enDmZs* /Z depends not only on
the small ion mobility difference and the particle numb
density n but also, most importantly, on the charge ra
Zs* /Z. As Zs* is already known froms0 we may extractZ
from the limiting slope. A single titration curve thus ma

FIG. 15. Model calculations using Eqs.~2! and ~3! for Zs*
5730. The solid line corresponds to the fit in Fig. 14. At lowM our
data are better described if a slightly smaller bare charge is u
Also shown are the expectations for HCl~uppermost curve! and
NaCl ~lowest curve! according to Eq.~1! with sB50.
n-

ta-

s
s,
es

r

yield all three relevant charge numbersN, Z, andZs* . The
same holds at larger surfacepK for very smallM 8, i.e., the
first steeper decrease observed in the titration curves of w
acids. Then, however, the excess base needed to caus
dissociation has to be accounted for, if calculating the c
ductivity at largerM 8.

Figure 16 shows the charge ratio obtained from the ini
slopes of the FEP~PFOA!78 titration curves plotted as
function of N. The charge ratio drops to low value reachin
approximately 0.2 atN51400, thus confirming the trend a
ready visible from Fig. 11. Unexpectedly, however, the fi
two data points lie above unity. This cannot be explained
experimental uncertainties in determining the slope~cf. Fig.
8!. A possible explanation may be the assumption of deso
tion of ionic groups from the surface upon exchange of
counterion. The perfluorinated acid is indeed not wa
soluble in the protonic form, but it dissolves to a sm
amount if in the sodium form. Free surfactant would not sh
the equivalence point, since no deionization is perform
during the titration. Free surfactant, however, will have
mobility mS different from that of the particle. In the case o
mS.mP the contribution from the surfactant may overcom
pensate the reduction in charge and mobility of the partic
At larger particle charges this contribution would not be v
ible due to the restricted solubility of the surfactant, even
the sodium form.

Far past the equivalence point all protons are neutrali
and

s5neZs* ~mP1mNa1!1M ~mOH21mNa1!1sb . ~8a!

No nonlinearity results, as counterions and further add
cations are of the same kind. In fact, the slope should co
spond to the addition of NaOH to pure water, irrespect
of the particle charge. In Fig. 8, however, a clear depe
ence of the final slopes is visible. In Fig. 17 we plot t
corresponding molar conductivities for the FEP~PFOA!78
and two PS samples and compare them to the litera

d.
FIG. 16. Comparison of charge ratiosZ* /Z as measured for

FEP~PFOA!78 ~open symbols! to calculations forF50.016, a
539 nm and~a! pK54.0, cB5231027 mol21 l21, ~b! pK54.0,
cB5131026 mol21 l21, and ~c! pK52.3, cB5231027 mol21

l21. The charge ratio is observed to drop with increasing ba
ground concentration and decreasingpH. As compared to Fig. 11,
here curvea gives the worst data description. For a discussion
text.
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value of l`,NaOH5247.731024 S m2 mol21 @35#. For
FEP~PFOA!78 the data approach the expected value only
large N, while in the case of PS even at a relatively lar
charge ratio the literature value is met within the experim
tal errors. Also here the deviation at smallN cannot be ex-
plained within our model without any further assumptio
Allowing, however, for desorption of S surfactant molecu
per particle at sufficiently largepH and further assuming th
charge ratio at lowN to be close to 1, we rewrite Eq.~8! to
get

s5ne@~Z2S!~mP1mNa1!1S~mS1mNa1!

1M ~mOH21mNa1!#1sB

5ne@Z~mP1mNa1!1SDm1M ~mOH21mNa1!#1sB ,

~8b!

whereDm5mS2mP is the mobility difference between pa
ticle and surfactant. Thus the final slope will increase ab
the values expected for the addition of NaOH to pure wa
proportional to the amount of desorbed surfactant. Given
limited solubility of the surfactant, even in the sodium form
it is clear that at largeZ the ratioS/Z stays small and the
correction becomes negligible. If this explanation holds w
further tests with surfactants of known mobility, this wou
be an elegant way of directly studying the adsorptio
desorption kinetics of colloid/surfactant systems. In additi
the presented interpretation would support the importanc
including both small and macro-ions in the description
conductivities.

Comparison of effective charges

Several approaches exist to numerically calculate b
charge numbersZ from titrated group numbersN and further
calculate the structure of the double layer under bound
conditions of constant surface potential or charge and to
culate effective chargesZ* . Notice that all effective charge
numbers used in this paper are indicated by a star~* !. In
particular, the electrostatic potentialw(r ) and the structure
of the EDL forming around a colloidal particle have compr

FIG. 17. Limiting molar conductivity of NaOH as derived from
the slope of titration curves past the equivalence point. O
squares, EP~PFOA!78; closed circles, PS115; closed squar
PS301; solid line references the value for aqueous NaOH at infi
dilution andT525 °C. While the reference value is obtained for
PS samples it is approached by FEP~PFOA!68 only for N.500.
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hensively been studied by theoretical and numerical work
turned out that for most practical purposes a mean-field
scription by solutions of the nonlinearized PB solved n
merically within a spherical Wigner-Seitz cell~PBC model
@7#! yields consistent results to more sophisticated
proaches@8,9#. For the prediction of interaction-depende
properties, like phase behavior or elastic moduli, a fit o
Debye-Hückel ~DH! potential tow(r ) at the cell boundary is
performed with a renormalized charge and a renormali
screening constantZDH* and kDH* as free parameters. Again
consistent results are obtained for different prescriptions
techniques in the limit of large particle radii as compared
the Bjerrum lengthlB5e2/4p«kBT, which in water is 0.72
nm @7–9#. Here,«5«0« r is the dielectric permittivity of the
suspending medium andkBT the thermal energy. In many
cases the effective chargesZDH* derived this way were found
to be numerically very close to those derived fro
interaction-dependent equilibrium properties. Thus
charge renormalization concept is widely accepted in the
scription of phase behavior, structure formation, diffusivi
or elasticity data. In the case of electrophoretic transpor
has recently been shown that there are large quantitative
crepancies between calculated and measured effective
trophoretic charges@31,36#. This raises the interesting que
tion of howZDH* compares to effective charges derived fro
conductivity @40#.

We therefore calculated both the bare particle chargeZPBC

and the renormalized effective chargeZDH* using a program
kindly provided by Belloni, which is based on the PB
model under the boundary condition of constant surface
sociation equilibrium@41#. Charge numbers are calculate
for the PS samples using a surfacepK of 0.5, the titrated
group numberN, and the radii as compiled in Table I. Fo
deionized samples the residual small-ion concentration in
suspension was fixed to 231027 mol l21. Effective charges
calculated this way were observed to be significantly sma
than the bare particle charges. Except for PSPSS70 the
sults compiled in Table I are quite close to the values ofZs*
derived from fits of Eq.~4! to conductivity data.

For FEP~PFOA!78 we performed calculations ofZPBC

andZDH* using the PBC program with a radius ofa539 nm
and a fixed particle number density ofn563 mm23. Three
calculations are shown in Fig. 11. In all cases the renorm
ized charges calculated steadily increase over the rang
experimentalN. We obtain a reasonably good agreement
tween calculatedZDH* and measuredZs* ~open squares! for
pK54.0 andcB5231027 mol l21 as estimated from the
contamination experiments on pure H2O. We note that such
a largepK actually seems to contradict the form of our titr
tion curves. If we usepK52.3 we obtainZPBC'N and the
upper curve forZDH* .

We have to stress that the calculation is very sensitive
the choice of boundary conditions. In fact, the curvea of Fig.
11 is practically identical to Fig. 4 in@14#, calculated using a
slightly different radius,pK and background concentration
In Table II we compile some representative results to de
onstrate the influence of variations in individual input para
eters for numerical calculations. In particular,cB and thepK
have a strong influence on the numerically calculatedZPBC.
For fixed ZPBC the renormalized charge increases with

n
,
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TABLE II. Results of charge calculations for FEP. Uppermost row, set of typical parameters; middle
calculation of the concentration of ions at the Wigner-Seitz~WS! cell boundary, the number of dissociate
surface groupsZPBC, and the renormalized chargeZDH* . We study the influence of increasingN, a, F, cB,
and decreasingpK. Varied parameters are in boldface. The results for the particle charge numbers d
strongly on the interplay between the different parameters. Lower part, calculation ofZDH* for fixed ZPBC

5800 and varieda, f, andcB (N andpK do not enter this part of the calculations!. Here the results are very
sensitive regarding the competition between radius and packing fraction; the salt concentration only m
ally shifts ZDH* to higher values.

N a ~nm! F pK cB (m mol l21) cWS (mmol l21) ZPBC ZDH*

800 39 0.016 4.0 0.2 28 487 335
800 39 0.016 4.0 1.0 30 563 357
2000 39 0.016 4.0 0.2 32 718 388
2000 39 0.016 4.0 1.0 33 871 410
800 39 0.016 2.3 0.2 32 768 396
800 39 0.024 4.0 0.2 42 499 341
800 45 0.024 4.0 0.2 31 548 384

39 0.016 0.2 800 401
39 0.016 2.0 800 402
39 0.024 0.2 800 409
45 0.024 0.2 800 451
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creasing particle density but even more so with increas
radius. An increase in the background salt concentration i
little influence. The quantitative derivation of particle para
eters from a fit of calculated renormalized charges to eff
tive transported charges thus has to be rated as questio
for the present study. It rather remains an important ch
lenge.

Qualitatively, however, it is exactly the fact of incomple
dissociation that produces the particular nonsaturating sh
of the experimental curve in Fig. 9. For sufficiently larg
numbers of dissociated groupsZ, the predicted saturation o
effective charges is observed in the numerical calculatio
This is shown in the inset of Fig. 11 for curvec. Here,
saturating is reached aroundN'105, whereZ is of the order
of a few times 103. We note that similarZ values necessar
for saturation ofZ* are observed for the other two case
albeit at still largerN. Such a largeZ was not reached in the
experiment. We further note that in all three calculations
n56.331019 m23 the saturation value ofZMAX* 5510630
59a/lB is in good agreement with the value proposed
Stevenset al. @8# for vanishing packing fractions.

A comparison of charge ratiosZs* /Z as derived from the
conductivity titration to the results from the numerical calc
lations is performed in Fig. 16. We show the data forcB
5231027 mol l21, a539 nm, F50.0157, andpK54.0.
The charge ratio drops from 1 to values of about 0.2 aro
N51400, in good agreement with the experimental data
largeN.

From these results we conclude that most of our cond
tivity data are not inconsistent with the charge renormali
tion concept and give at least some qualitative support. D
ing our studies we learned, however, that our present res
do not allow for a quantitative and decisive test as yet.

The major uncertainty in using the PBC program is t
lack of knowledge on the exactpK of the acid and the back
ground concentrationcB . The major uncertainty in using th
conductivity model is the lack of sufficient data on the p
g
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ticle mobility upon addition of NaOH. In the present inve
tigation thepK was determined from a fitting procedure, an
cB was estimated, while the mobilities were assumed to
tain their values at deionized conditions. In light of th
strong sensitivity of the numerical calculations it is not t
surprising that other authors have also reported interes
deviations from specific predictions of the charge renorm
ization model. We recall that at very lowF the experimen-
tally determined effective electrophoretic charge was fou
to be much smaller than expected@31,36,37#, and that a con-
tinued increase inZs* with increasingN has been reported
@39# where actually a saturation should occur. On the ot
hand, saturation was unequivocally observed for the eff
tive charge as determined from measurements of the s
structure factor of micellar systems@38#. It is thus necessary
to extend the measurements to much largerN under precise
control of the background concentrationcB and at the same
time vary the packing fraction for particles of wel
characterized surface chemistry, i.e., independently de
mined surfacepK.

CONCLUSIONS

We have performed comprehensive investigations on
low-frequency conductivity in mixtures of different simpl
1:1 electrolytes and highly asymmetricZ:1 electrolytes
whereZ was on the order of 102 to 104. Electrolyte concen-
trations and particle number densities were varied ove
wide range, covering isolated particles as well as fluid
crystalline ordered suspensions.

Practically all our data could be described within a simp
yet powerful conductivity model that assumes additivity
contributions of all species present. All macro-ion–small-i
interactions are condensed into an effectively transpo
chargeZs* that is found to be rather close to the renormaliz
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chargedZDH* as obtained as fit parameter from the results
PBC model calculations. The former quantity is particle s
cific and independent ofc andn.

The conductivity model assumes a division of the ED
into an inner nonconducting part and an outer part with b
conductivities. However, to describe the data properly
extended the model already proposed by Deggelmannet al.
to allow for an exchange of catatonic species between
two parts. The model correctly predicts the packing fract
dependence. It correctly predicts the linearity inM for cases
of no compositional change within the EDL, i.e., the additi
of HCl and NaOH past the equivalence point in titration
Most importantly it also describes the pronounced non
earities inM observed upon the addition of a neutral elect
lyte, i.e., NaCl.

From the titration curve for a macro-ion of chemical
bound charge the model is able to extract three relev
charge parameters under low salt conditions: the intersec
of initial and final slopes yields the number of surface grou
N, the conductivity in the deionized state yields the effe
tively transported chargeZs* and the initial slope yields the
charge ratio Zs* /Z and thus the number of dissociate
charges in the deionized state. For our titration data
FEP~PFOA!78 we observed charge ratios above 1. This
to an extension of the model under the assumption of pa
desorption of surfactant, which was also supported by
deviation of the slopes past the equivalence point tow
larger than expected values. We presently conduct fur
experiments to explore this point in more detail. If the val
ce
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ity of Eq. ~8a! could be confirmed in further studies th
would in turn provide an elegant means of determini
adsorption/desorption processes of charged surfactants.

Combining these individual observations, the most imp
tant result of our studies can be phrased as follows. T
simple model proposed indicates that a description in te
of simple additivity is sufficient to capture the basic, b
nevertheless complex features of conductivity in high
asymmetric electrolyte mixtures. The only free parameter
this description, the effectively transported charge is close
numerically calculated values. This opens the perspectiv
applying instrumentally simple conductivity measureme
to the prediction of other suspension properties once
charge renormalization concept has been further tested.
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@5# G. Nägele, Phys. Rep.272, 217 ~1996!.
@6# T. Palberg, Curr. Opin. Colloid Interface Sci.2, 607–614

~1997!.
@7# S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales, P. P

cus, and D. Hone, Chem. Phys.80, 5776~1984!.
@8# M. J. Stevens, M. L. Falk, and M. O. Robins, J. Chem. Ph

104, 5209~1996!.
@9# R. D. Groot, J. Chem. Phys.94, 5083~1991!.

@10# D. W. Schaefer, J. Chem. Phys.66, 3980~1977!.
@11# T. Palberg, W. Ha¨rtl, M. Deggelmann, E. Simnacher, and R

Weber, Prog. Colloid Polym. Sci.84, 352 ~1991!.
@12# L. P. Voegtli and C. F. Zukoski, J. Colloid Interface Sci.141,

92 ~1991!.
@13# J. Yamanaka, H. Yoshida, T. Koga, N. Ise, and T. Hashimo

Phys. Rev. Lett.80, 5806~1998!.
@14# T. Palberg, W. Mo¨nch, F. Bitzer, L. Bellini, and R. Piazza

Phys. Rev. Lett.74, 4555~1995!.
@15# K. Sumaru, H. Yamaoka, and K. Ito, Ber. Bunsenges. Ph

Chem.100, 1176~1996!.
in:

-

.

,

.

@16# J. P. H. Zwetsloot and J. C. Leyte, J. Colloid Interface S
163, 362 ~1994!.

@17# J. Stone-Masui and A. Watillon, J. Colloid Interface Sci.52,
479 ~1975!.

@18# M. A. Labib and A. A. Robertson, J. Colloid Interface Sci.77,
151 ~1980!.

@19# R. O. James, J. A. Davis, and J. O. Leckie, J. Colloid Interfa
Sci. 65, 331 ~1978!.

@20# D. A. Saville, J. Colloid Interface Sci.71, 477 ~1979!.
@21# M. Deggelmann, T. Palberg, M. Hagenbu¨chle, E. E. Maier, R.

Krause, Ch. Graf, and R. Weber, J. Colloid Interface Sci.143,
318 ~1991!.

@22# T. Palberg, J. Kottal, F. Bitzer, R. Simon, M. Wu¨rth, and P.
Leiderer, J. Colloid Interface Sci.168, 85 ~1995!.

@23# J. A. Davis, R. O. James, and J. O. Leckie, J. Colloid Interfa
Sci. 63, 480 ~1978!.

@24# R. A. Robinson and R. H. Stokes,Electrolyte Solutions~But-
terworth, London, 1970!.

@25# H. Oshima, T. Healy, and R. White, J. Chem. Soc., Fara
Trans. 277, 2007~1981!.

@26# B. Jönsson, H. Wennerstro¨m, and P. G. Nilsson, P. Linse, Col
loid Polym. Sci.264, 77 ~1986!.

@27# V. Degiorgio, R. Piazza, T. Bellini, M. Visca, Adv. Colloid
Interface Sci.48, 61 ~1994!.

@28# U. Apfel, K. D. Hörner, and M. Ballauff, Langmuir11, 3401
~1995!.

@29# T. Bellini, V. Degiorgio, F. Mantegazza, F. A. Marson, and
Scarneccia, J. Chem. Phys.103, 8228~1995!.



ys

ys.

na
n

5506 PRE 61DIRK HESSINGER, MARTIN EVERS, AND THOMAS PALBERG
@30# T. Palberg, W. Ha¨rtl, U. Wittig, H. Versmold, M. Würth, and
E. Simnacher, J. Phys. Chem.96, 8180~1992!.

@31# M. Evers, N. Garbow, D. Hessinger, and T. Palberg, Ph
Rev. E57, 6776~1998!.

@32# T. Palberg, J. Phys.: Condens. Matter11, 323 ~1999!.
@33# J. E. Seebergh, and J. C. Berg, Colloids Surf., A100, 139

~1995!.
@34# C. F. Zukoski and D. A. Saville, J. Colloid Interface Sci.114,

32 ~1986!; 114, 45 ~1986!.
@35# Handbook of Chemistry and Physics, edited by D. R. Lide

~CRC, Boca Raton, 1994!.
.

@36# T. Okubo, Ber. Bunsenges. Phys. Chem.91, 1064~1987!.
@37# K. Ito, N. Ise, and T. Okubo, J. Phys. Chem.82, 5732~1985!.
@38# S. Bucci, C. Fagotti, V. Degiorgio, and R. Piazza, Langmuir7,

824 ~1991!.
@39# J. Yamanaka, Y. Hayashi, N. Ise, and T. Yamaguchi, Ph

Rev. E55, 3028~1997!.
@40# T. Palberg, M. Evers, N. Garbow, and D. Hessinger, inTrans-

port and Structure in Biophysical and Chemical Phenome,
edited by S. C. Miller, J. Parisi, and W. Zimmerman
~Springer, Berlin, in press!.

@41# L. Belloni, Colloids Surf., A140, 227 ~1998!.


