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D. S t i g t e r , J . Phys.Chem. 83, 1662 (1979). 
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reerde waterlaag aan het grensvlak. 

D. Eagland, A.P. Allen, J . Colloid Interface Sei , 58, 230 (1977). 

B. Bal l , D.W. Fuerstenau, "A review of the measurement of streaming po ten t i a l s " , 
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IV 
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CT. de Jonge-Vleugel en B.H. Bijsterbosch, Berichte vom VI In tern . Kongr. für 

grenzflächenaktive Stoffe, Carl Hauser Verlag, München, Band 2, 469-82, 1973. 

B.J.R. Scholtens, proefschrif t (1977), Wageningen, hoofdstuk 3 , 4 en 6. 
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kingen van het ideale menggedrag van binaire systemen beschrijven, weer 

te geven als ortogonale polynomen met de molfractie als variabele; dit 

ter vervanging van de algemeen verbreide Redlich-Kister excesvorm. 

N. Brouwer en H.A.J. Oonk, Z.Phys.Chera. N.F. 105, 113 (1977). 

C.W. Bale en A.D. Pelton, Metallurg.Trans. 5, 2323 (1974). 

VII 

Ten onrechte wordt soms bij beschouwingen over de evenwichts-elastische 

eigenschappen van rubbernetwerken geheel voorbij gegaan aan het intrinsiek 

visco-elastische gedrag van polymeren. 

b.v. L.R.G. Treloar in 'The Physics of Rubber Elasticity' third edition, 

Clarendon press, Oxfo-i (1975). 

VIII 

In het Hoger Beroepsonderwijs voor laboratoriumpersoneel dient de docent 

bij de behandeling van de basisvakken de bruikbaarheid voor het latere 
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IX 

HBO instellingen in Wageningen en omgeving zijn bij uitstek geschikt om 
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noodzakelijke differentiatie in het "Hoger onderwijs voor Velen" te 
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Dat op enkele terreinen van de Landbouwhogeschool de meeste onderwijskun­

dige activiteiten 's avonds te zien zijn in de STOVA-barakken aldaar, 
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XI 
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CHAPTER 1 

INTRODUCTION 

1.1 Aim of the investigation 

In and across porous media a variety of transport processes and re­

lated phenomena can take place, e.g. ion migration, diffusion and self-

diffusion, osmosis, hydraulic flow, electro-osmosis, streaming potential 

and streaming current, salt filtration and membrane potentials. Many of 

these phenomena have been the subject of considerable study in physical-
1-3 chemical as well as in colloid chemical literature . All compound 

transport phenomena involving the diffusive and hydrodynamic flow pro­

cesses depend primarily on the concentration of the dispersed phase and 

the electrosurface properties of the dispersed system. A typical mani­

festation of the electrical double layer is constituted by the electro-

kinetic phenomena, which result from either flow of liquid (streaming 

potential, streaming current) or from particle displacement as a result 

of an applied electrical field (electro-osmosis, electrophoresis) In 

recent years special attention has been given to the connection between 

macroscopic physico-chemical properties of a dispersion and the structure 

and all the relevant parameters of the material constituting the disper-
4 

sion . The important theoretical developments concerning the structure 

of the double layer and the relationships between electrical double layer 

properties and electrokinetic phenomena have greatly improved the under­

standing of transport phenomena in many field of science and engineering. 

Some examples may serve to illustrate this. 

Electrokinetic mechanisms have been suggested to explain a variety 
3 5 of biological phenomena ranging from action potentials to watertransport.' 

The actual values of electrokinetic parameters allow estimates of the 

plausibility of such mechanisms, while yielding information about the 

membrane structure and the existence of charged aqueous channels in cell 

membranes. 

The movement of ions through the soil pores and along the clay sur­

faces towards the adsorption sites of roots bears two important aspects. 

The first aspect relates to the tortuosity of the dispersion. Investiga­

tions to this field are a prerequisite to a quantitative study of the 

second aspect, namely the effects of electrically charged particles on 

ion movement, convection, anion exclusion (negative adsorption) and 

electrokinetic coupling phenomena. 

Many fundamental double layer studies on model systems are partly 



based on the information obtained from electrokinetic phenomena on 

particle dispersions (e.g. review by Bijsterbosch and Lyklema ). Such 

studies are, e.g., imperative for the understanding of the effect of 

surface forces in filtration processes that remove cooloidal pollutants 
7 

form drinking water (e.g. Wnek et al. ). 
Theoretical treatments have been advanced to predict the electro-

phoretic velocity of a single isolated sphere (Wiersema, Overbeek, 
0 

Booth ), incorporating the polarization concept, even in combination with 
g 

anomalous conduction (Dukhm, Sememkhm ). Particularly promessing are 
recent developments in the polarization theory. Dukhin and Semenikhin 

succeeded in deriving an analytical expression for the dipole moment of 

a spherical particle induced by an electric field, which allows the con­

struction of formulae for the conductivity of particle dispersions. 

It has often been established that the electrokinetic properties of 

a particle dispersion are sensitive to mutual interaction and cannot sim­

ply be related to the structure of the electrical double layer of an 

isolated particle ' . Overbeek's work , e.g., stressed the uncer­

tainty about the correction of the electrokinetic potential for surface 

conductance of porous plugs. A theoretical investigation of transport 

processes in porous media is in principle precluded by the immensely 

complicated, usually undefined, geometric structure of the porous medium. 

Hence, a geometric model for the porous medium must be introduced which 

simultaneously incorporates the effects of double layer interaction, 

double layer polarization and the possibility that conduction can take 

place between the shear plane and the solid surface (anomalous conduction). 

For concentrated dispersions capillary and cell models have been 
13 

proposed in literature. Especially Levme's cell model is rather pro-
missing because it incorporates both the effect of double layer interac­
tion and the concept of double layer polarization. 

When studying the experimental literature on the effect of solid 

concentration on electrokinetics, it becomes apparent that little more 

than qualitative and fragmentary insight has been gained. In some cases 

systems were too poorly defined to enable a test of recent theories; in 

others, the experimental situation dealt with was so complex that, in 

the present state of knowledge a deeper insight can hardly be reached. 

If we are to gain any fundamental understanding of the effect of porosity 

on the various transport processes within the dispersion, we need a well-

defined model system and sophisticated techniques. For an modelbased the­

oretical investigations, important conditions are that the particles con­

stituting the dispersion are spherical and that their surface charge den­

sity remains constant upon changes in particle- and electrolyte concen-



tration. A monodisperse polystyrene latex dispersion seems to be an ideal 

model system. 

The aim of this thesis is to systematically investigate the factors which 

determine the electrokinetic and electroconducting properties in dilute 

and concentrated well-defined dispersions. To that purpose we prepared 

and characterized polystyrene latex dispersions covering an extended sur­

face charge density range. Much attention will be given to the prepara­

tion of isotropic concentrated dispersions. 

For the evaluation of the electrokinetic phenomena it is mandatory 

to have excess to the true values of the relevant electrical parameters. 

Therefore, the influence of various forms of polarization on the electro­

kinetic properties will by studied. In the colloid-chemical literature 

remarkably little attention has been given to concentration polarization 

phenomena, which are so well-known in membrane studies. However, we may 

expect that even for coarse porous systems polarization problems may 

arise at low ionic strength. 

The experimental results will be used to analyse recent model-based 

theories. Special attention will be given to the applicability of theo­

retical formulae for the electrical conductivity of heterogeneous systems 

either or not comprising an electrical double layer. The model system 

will be critically examined and analysed with the electrophoresis tech­

nique where the influence of double layer overlap is excluded. This also 

allows more definite conclusions to be drawn about the theories used. 

Another objective is to study the hydrodynamic behaviour of the polysty­

rene plugs which allows an evaluation of the electroviscous effect and 

enables to compare the results with theoretical predictions based upon 

cell and capillary models. The concept of anomalous conduction will prove 

to be very useful. 
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1. J.Th.G. Overbeek, in H.R. Kruyt Ed. "Colloid Science" Vol.1, Elsevier, Amsterdam 
(1952) 

2. S.S. Dukhin, B.V. Derjaguin, "Electrokinetic Phenomena", in Surface and Colloid 
Science, E. Matijevié, Ed., Vol.7 (1974) 

3. N. Lakshminarayanaiah, Transport Phenomena in Membranes, Academic Press, New York, 
(1969) 
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CHAPTER 2 

POLYSTYRENE LATICES 

2.1 Preparation and characterization 

Within the last decade a number of studies has been made on the 

preparation of monodisperse latices, with the purpose to obtain a wide 

variety in final particle charges and diameters. For this study it was 

mandatory that the particle charge remained constant during the storage 

period, the preparation of the plugs and the rather time-consuming 

electrokinetic investigations. The latices were therefore prepared with­

out the addition of emulsifying agents by practically adopting the pro­

cedure of Kotera, Furusawa and Takeda . 

By varying the polymerization conditions such as the initiator concentra­

tion and the ionic strength, the surface charge density, o , could easily 

be varied by a factor of 10 while keeping the particle diameter fixed. A 

detailed description of the slightly modified procedures of Kotera et al. 

and the methods of characterizing the surface groups on the latices has 
2 3 4 

been given by Furusawa et al. , Norde and Bijsterbosch . 

All latex samples have been ion-exchanged three times with extensi­

vely purified Dowex exchange resins, according to Van den Hul and Vander-

Hoff . In case the latices had to be stored for several months, the sur­

face groups were converted into the K+-form by titrating just up to the 

equivalence point. 

Conductometric and Potentiometrie titration of the ion-exchanged samples 

in a N2-atmosphere gave evidence that the surface charge is only made up 

of sol-groups originating from the K^S-Og being used for the initiation 

of the polymerization reaction. All titrations were performed with a 

solid content exceeding 6% and for each titration samples of about 70 ml 

were used. The reproducibility was better than 3%. Particle sizes were 

determined using a Philips EM 300 electron microscope. From each sample 

about 150 particles were sized. The dispersity of a latex sample has been 

expressed by the uniformity coefficient, ̂ o/^io' w n e r e 

D32 » I n i D i 3 ^ n i V («"D 

n. is the number of particles with diameter D- abd D 1 Q is the number-

average particle diameter given by: 

D 1 0 = Z n.D./Z n. (2-2) 
i i 



Table 2-1 contains the pertinent data of the latices used in the 

electrokinetic study. All latices were periodically tested electrophore-

tically. Even during a 2\ year storage no change in the mobility could 

be detected (see chapter 6). 

Table 2-

sample 

code 

L 

M 

H 

-1. Characteristi 

c(K2S208)x 

M 

3.71 

18.5 

37.4 

104 

cs of the 

c(KHC03)ji 

M 

-

10.0 

5.0 

ion-

103 

•exchanged surfactant-

-a 
°-2 

(jCcm 

0.91 

4.00 

9.21 

D10 
run 

506 

610 

580 

free latices 

D32/D10 

1.002 

1.001 

1.004 

2.2 Chloride adsorption measurements* 

An important condition for a quantitative electrokinetic investiga­

tion is the precise knowledge of the actual surface density. In view of 

the relatively low titration charge densities any small reversible or 

irreversible co-ion adsorption would significantly to a , so its absence 

had to be thoroughly verified. Since in the electrokinetic studies 

silver-silverchloride electrodes were used, we performed adsorption 

measurements with chloride ions. Two analytical methods were used, viz. 

1) an electrochemical method enabling to detect adsorption for concen-
-3 

trations up to 2 10 M KCl. This limit was determined by the solid 

content of the latex samples and the supposition that co-ion adsorp­

tion will not surpass some yC/cm2. 

2) a radiochemical method, enabling to detect irreversible adsorption 

for concentrations up to 10~ M. 

The procedures were as follows: 

ad 1: 5 ml of the latex sample with a volume fraction of the solid, p, 

of about 0.08, was mixed with 5 ml of less than 10 M KCl and equili­

brated for one hour. The mixture was subsequently centrifuged and 5 ml 

of the supernatant was pipetted into an Erlenmeyer flask containing 

25 ml IM KNO,. The chloride concentration was determined potentiometri-

cally using a combination of a silver-silverchloride and a calomel 

electrode. In order to standardize the procedure, tests were performed 

with blank solutions of approximately the same concentration. Thus, any 

deviations caused by adsorption of chloride ions on the plastic centri­

fuge tube were automatically corrected for. 

* The radiochemical measurements were carried out in the Institute for Atomic 
Sciences in Agriculture (ITAL). Thanks are due to Ir.J.F. Stoutjesdijk and 
other institute members for their helpful remarks. 



No chloride adsorption on the latex could be detected. The confidence 
-2 -3 limit was ± 0.2 uCcm at 10 M KCl. Experiments, inwhich the rest 

period was substantially varied (up to 3 days), gave essentially the 

same results. To examine whether possible systematic errors introduced 

by using the salt bridge were absent, the same tests were repeated with 

a phtalate buffer (25g KHCgH.O./l) instead of the KNO, solution, using a 

glass electrode as the reference electrode. However, the results of 

these tests also showed that chloride ion adsorption does not have to be 
-3 

considered at least not at concentrations below 2 10 M. 

ad 2; for the conditioning of the radiochemical experiments a 0.46 M H Cl 

solution was used (0.05 mCi, supplied by the Radiochemical Centre, 

Amsterdam). Besides the direct analysis of the supernatant the sediment 

was also tested separately on irreversible chloride adsorption. For the 

first determination 1 ml of the supernatant was pipetted into an ampoule 

containing 20 ml scintillation liquid made up according to Bruno and 
5 

Christian . For the latter determination the coagulated sediment was 

thoroughly rinced with water and dried for the determination of its 

mass. Subsequently, 10 ml lumagel solution (Lumac AG, Basel) was added 

to suspend the sample. The radioactivity of both solutions was measured 

using a standard scintillation counter (Nark I, Searle). The chloride 

concentrations of the samples were calculated by comparison with the 

standard solutions. The direct measurement again showed the absence of 
-3 chloride adsorption for concentrations below 2 10 M with an uncertainty 

_5 
limit below ± 0.1 uCcm . The results of the analysis of the sediments, 

expressed as charge densities, are presented in table 2-2. 

The results at high c suggest that some adsorption starts to take place; 

Table 2-2. Results of the irreversible 
chloride adsorption measurements; c is 
the electrolyte concentration at which 
the latex samples were equilibrated 

c(KCl) 

moles/l 

IQ' 1 

ID"2 

IQ' 3 

5 10"4 

io"4 

- O c l - pC/cm2 

L M H 

0.23 0.25 0.13 

0.02 0.04 0.04 i 
r < o.oi 

J 
however it may also be related to a non-complete purification of the 

sediment. At any rate, at low c complications due to chloride adsorption 

can be disregarded. Only above 2 10 M have we to be alert for a possible 

reversible adsorption. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES FOR THE MEASUREMENT OF ELECTROKINETIC PROPERTIES 

OF CHARGED POROUS SYSTEMS UNDER CONDITIONS OF POLARIZATION 

3.1 Introduction 

In this chapter we will describe and summarize the mechanisms of the 

influence of various forms of polarization on the determination of elec-

trokinetic properties of charged porous systems. Several electrokinetic 

phenomena have been extensively studied and are comparatively well under­

stood. Summaries of the experimental observations and theories about 

streaming potential and electro-osmosis may be obtained in standard refer­

ences " . 

Remarkably little attention is given in electrokinetic research to 

polarization phenomena resulting from discontinuities in transport num­

bers between a porous phase and adjacent solution. One might expect that 

the peculiar phenomena so well known for membranes would also manifest 

themselves for coarse porous systems at relatively low ionic strenghts 

where the effect of negative adsorption becomes important. Thus, liquid 

and/or current flow through the selective coarse porous system give rise 

to diffusion-convection or diffusion-convection-electromigration phe-
7—10 

nomena at the interfaces , consequently influencing the local inter-
facial concentrations. These would, in turn cause local transient osmotic 
flows and diffusion potential differences. This could well obscure the 
determination of the important quantities as streaming potential, elec­
tro-osmosis, d.c. resistance and permeability. In fact in the past this 
transport number effect has been neglected in electrokinetics research. 

An electrokinetic property less extensively studied than other phe­

nomena is the streaming current. At first sight, there is no definite 

need for studying the streaming current because an indirect determination 

from streaming potential and d.c. resistance renders the same information; 

the choice between the direct and indirect determination then being a 

matter of the required accuracy. In nearly all electrokinetic research 

the indirect method is preferred, mainly for sake of convenience. However, 

the required resistances were often determined at one frequency only (even 

in recent studies) and treated as d.c. values without any comment. In 

some case? , the effect of frequency on the system was investigated 

over a limited frequency range and the resistance was chosen at that fre­

quency where the resistance did not change significantly or the a.c. 

resistances were extrapolated to infinite frequency to eliminate polari­

zation effects at the electrode- (and plug/membrane-) solution interfaces. 



14 15 It is well known from dielectric studies (e.g. Rosen , Schwan ) that 

high frequencies may also cause relaxation of the system under study. 

However, a prerequisite for testing polarization theories with respect 

to the electrokinetic potential and resistance is the determination of 

d.c. quantities. Thus the applied frequency, must be low enough to allow 

the development of complete (intrinsic) polarization. Generally, it is 

rather difficult, especially for concentrated dispersions to separate 

intrinsic and electrode polarization phenomena and to obtain a fully 

corrected resistance at zero frequency. It is clear that determination 

of the resistance with the direct current technique may also be obscured 

by a slow intrinsic polarization proces and/or by concentration polari­

zation due to the system's selectivity. A rather extensive electrokinetic 

study on cellulose fiber plugs by Goring et al. has clearly shown the 

usefulness of performing streaming current experiments. The substantial 

difference between the streaming current computed from an a.c. resistance 

and the streaming potential and the measured streaming current together 

with an observed frequency dispersion in the resistance pointed to the 

existence of a pronounced low frequency dispersion. Similar results were 
17 recently obtained by Sidorova et al. using a quartz fiber system. The 

problem is knowing wether or not the streaming current measurement is 
18 complicated by polarization phenomena. Koszman and Gavis have already 

pointed to the possible effect of the concentration polarization mechanism 
19 at the electrodes during charge generation. Neale and Peters stated 

that they were able to readily detect any polarization by the current 

flowing in the opposite direction when the flow of the liquid was stopped. 
20 Pravdic et al. noted that short liquid pulses prevented electrolysis 

effects in the material studied, as well as polarization of the platinum 

electrodes. Similar remarks were made for methods which were based on the 
21 shunt method of Eversole et al. ; fast measurements were required in 

22-25 order to reduce polarization effects. In most other studies streaming 

current measurements were performed by taking the difference in the cur­

rent following a pressure change. The technique however may easily mask 

transient phenomena. Huber et al. only take note of the fact that when 

the electrodes are short-circuited but not attached to the plug surfaces 

a potential drop invariably occurs; the net current through the plug be­

ing reduced. Such an 'ohmic polarization' does not, however, give rise 

to transient effects. Methods based on the alternating streaming current 
27 28 measurements ' may mask, but not eliminate the mentioned polarization 

effects. 

There is much reason to question if real streaming currents were measur­

ed since no independent check methods were applied. 

10 



It is clear that this subject calls not only for a careful experi­

mental technique which allows determination of all electrokinetic quan­

tities and the influence of the various polarization phenomena, but also 

for an experimental technique of plug preparation. 

In this chapter we will discuss, not only in which way the experi­

mental methods must be arranged in order to get the correct (d.c.) infor­

mation, but also procedures to obtain additional information about the 

system under investigation. 

First of all we will briefly summarize the principles of the irre­

versible thermodynamics which will be used in the theoretical treatment 

of the various polarization phenomena encountered in electrokinetic 

measurements. 

3.2 Phenomenological relations between fluxes and forces 

Transport phenomena taking place in a two compartment system sepa­

rated by a charged porous plug or membrane can often quite conveniently 
29 30 be characterized purely phenomenologically ' . The advantage of such 

an approach is that one does not have to refer to model theories. The set 

of phenomenological equations describing the relations between driving 

forces and corresponding fluxes unequivocally defines the experimental 

conditions which have to be fulfilled in order to obtain the proper 

values of the coefficients. Moreover, these equations also help to draw 

attention to experimental irregularities which, if they are not recog­

nized, would invalidate molecular model interpretations. 

The phenomenological equations are based on the theory of thermody­

namics of irreversible processes. This approach can be envisages by con­

sidering an isothermal system consisting of two aqueous solutions con­

taining only one permeable electrolyte seperated by a membrane or porous 

plug. Differences in solute concentration, pressure and electrical poten­

tial result in three forces and three conjugated flows. Kedem and 
31 32 Katchalsky ' define the flows as the macroscopic quantities: volume 

flow J , solute flow J , and electric current I. The conjugated driving 

forces are, respectively, the total "mechano-osmotic" driving force, 

(AP - An ), the difference in the chemical potential of the salt, Au , S s 
and the electromotive force E. AP is the hydrostatic pressure difference 
across the porous plug; An is the osmotic pressure difference between 
the two solutions. It is customary to define the chemical potential dif­
ference as Au = An„/c„, where c„ is the mean solute concentration or 

s s s s 
logarithmic average concentration. For ideal solutions c is defined by 

32 the expression : 

11 



es = A ns / R T A l n as ( 3 _ 1 ) 

where a is the solute activity. 

In a system not far from equilibrium the fluxes J- are linearly de­

pendent on the respective driving forces, X.. Darcy's law, Ohm's law and 

Fourier's law are well known examples of such linear relationships between 

conjugated forces and fluxes. In general, allowance must be made for 

coupling phenomena, implying that a given flux also depends on a non-con­

jugated driving force. Assuming the validity of the linear superposition 

principle, the mathematical description of the force/flux relation then 

becomes : 

n 
Ji = I Likxk (i,k = 1,2 n) (3-2) 

where L-, represents the phenomenological coefficients. L-• (i=k) are 

the "conductivity" coefficients, whereas L.^ (i f k) constitute the coup­

ling or interaction coefficients. The latter obey Onsager's well known 

reciprocity relation: 

Lik = Lki <3"3> 

Applying eq. (3-2) to the set of forces and fluxes given above, the fol­

lowing set of phenomenological flow equations is obtained: 

Jv = L u (AP-Ans) + L1 2 E + L13 Ans/cs 

I = L2 1 (AP-A*s) + L22 E + L23 Ans/cs (3-4) 

Js = L31 (AP-An8> + L3 2 E + L33 Ang/cs 

Onsager's relation reduces the nine phenomenological coefficients to six 

independent coefficients which characterize the system completely. Because 

of the linear relationship of forces and fluxes, equations (3-2) - (3-4) 

may be transformed into expressions containing convenient experimental 
31 variables. Kedem and Katchalsky have shown, for example, that the above 

set of equations can be written in terms of six so-called "practical" 

transport coefficients: 

J v = Lp(AP-An s) + p i - aLpAJtg ( 3 - 5 a ) 

Js = es ( 1~C T ) Jv + C V v l z l F a ) I + wAns (3-5b) 
I = (K*ß/Lp)Jv + K*E + K*t1 / (ö sv1z1F a) Ans (3-5c) 

12 



where L denotes the filtration coefficient, a the reflection coefficient 
(o < a ̂  1), ß the electro-osmotic permeability, u> the solute permeability, 
t, the counterion transport number and K* the electrical conductance at 
zero volume flow. The parameters v., z, and F_ are the dissociation number 
and valence of the counterions, and the Faraday constant, respectively. 
The practical transport coefficients are mathematically related to the 
original set of phenomenological coefficients L-. . From eq. (3-5a,b,c) 
it can be deduced that: 

S=(sp=sr)Air T
 (3_6) 

P = (r^AP^n < 3 " 7 ) 

V 1 - « ) - (jj) A»., I <3"8> 

The subscripts in these equations indicate the variables kept constant 
(zero) during the measurements. The advantage of the practical transport 
coefficients is that they can be determined experimentally, whereas the 
original phenomenological coefficients cannot or only with great diffi­
culty. In electrokinetic research we confine ourselves to an isothermal 
two compartment system separated by a charged porous plug, inwhich the 
two compartments contain solutions of the same electrolyte. In the ab­
sence of concentration differences the system's electrokinetic behaviour 
can be described in terms of only two driving forces, a pressure differ­
ence and an electromotive force. 

The electrokinetic phenomena investigated in this study are listed 
in table 3-1, where we have expressed the quantities in terms of L-values 
and practical coefficients. The definitions prescribe the pertinent ex­
perimental conditions in an unequivocal way. Thus the permeability at 
zero electromotive force can in principle be obtained from the measure­
ment of the volume flux at given AP provided that no streaming potential 
originates during the measurements. This can be realized experimentally 
by short-circuiting two electrodes at either side of the plug or membrane. 
In other words the permeability must be measured under the same conditions 
as the streaming current. If we are to trust measurements involving 
electrical currents, we must be sure that no polarization processes occur 
at the electrodes. In other words the charging and discharging processes 
at the electrodes should be fast enough to process the hydrodynamically 
transported net charge in the plug or membrane (convection current). 
This condition obviously also concerns the measurement of the streaming 
currents. If for some reason or another the passage of current through 
the electrodes is impeded - e.g. by polarization or electrode spacing -

13 



Tabel 3.1. Some electrokinetic and transport phenomena; all relations are defined for 
zero An 

name 

streaming current 

streaming potential 

electro-osmotic flow 

electro-osmotic pressure 

hydrodynamic permeability 

filtration coefficient 

electrical conductance 

electrical conductance 
at zero flow 

defenition 

(I/AP)E 

(E/AP)j 

(Jv/][)AP 

(AP/Dj 

(V^E 
ty^i 
( I / E ) ^ 

(I/E)j 

L-coefficients 

L21 

- L21/1.22 

L12/ L22 

I"} (l-L^/L^r1 

Lll 

L n [l-L 1 2/(L n L 2 2 )] 

L22 

L 2 2 [l-Lj/(L n L 2 2 )] 

practical coef. 

- ß 

ß 

- ß/Lp 

L 
P 

K* 

a potential drop is generated across the porous phase and the convection 

current will partly be compensated by charge flow in the opposite direc­

tion through the plug. 

When substantial coupling of ion flow and volume flow (L,, f 0) 

occurs, the filtration coefficient at zero electric current (convection 

current = conduction current), L , will differ markedly from the "straight" 

coefficient L^. The measurement of L^ implies the measurement of J as 

a function of the pressure difference, while An and E are kept zero. For 

selective systems, such as charged plugs or membranes, a pressure differ­

ence will give rise to increasing concentration differences over both 

plug boundaries, and consequently to an increase in An and E. The pri­

mary flux resulting from the applied pressure difference generates sec­

ondary forces, An and E, and consequently the measured ratio J../AP does 
5 V 

not equal the straight coefficient L,,. 

If for instance water is forced through a charged porous system, the 

secondary force E will generate a counterelectro-osmotic flow, thereby 

decreasing the volume flow (electroviscous effect). If an electrolyte 

solution is forced through a more or less selective system, filtration 

of the electrolyte is brought about by the operation of the Donnan prin-
33 cipal (negative adsorption; co-ions excluded from the porous phase). 

This salt filtration effect gives rise to a time dependent osmotic pres­

sure difference, and a time dependent accumulation of electrolyte at the 

high pressure side and a depletion at the low pressure side. 

14 



3.2.1 Non-steady state phenomena 

If the required experimental conditions cannot be held constant 

during the course of an experiment, non-stationary processes will occur, 

giving rise to time dependent electrokinetic phenomena. The reason for 

the occurrence of these effects is that quantities such as transport num­

bers and conductance are not constant throughout the system. E.g., in a 

streaming current experiment, the passage of current through the short 

circuited electrodes attached to the plug or membrane leads to concen­

tration polarization and consequently to an increasing diffusion resis­

tance. This means that the necessary condition for the determination of 

the streaming current, E = O, cannot be realized continuously. 

Of course, one could arrange such experimental methods so as to 

avoid spurious results. However, one can also profit from them, because 

they can provide us with useful additional information about the system 

under investigation. 

3.3 Concentration polarization phenomena in connection with streaming 
potential measurements 

If a pressure difference is applied to a charged plug or membrane, 

a streaming potential originates. In the case of a permselective.membrane 

or porous plug (0 < a < 1) in addition salt filtration is brought about 

as a result of the Donnan principle. Due to an accumulation of electro­

lyte at the high pressure side and a depletion at the low pressure side 

a concentration potential is superposed on the streaming potential and 
34-37 a transient rise of the potential is observed . Even in the case of 

macroporous materials such as plugs formed from colloidal dispersions 

this effect takes place. The result of co-ion exclusion is particularly 

operative in a concentration range in which the double layer thickness 

is of the same order of magnitude as the mean pore diameter. Then the 

ratio of the molar salt flux (moles/s) to the volume flux of water (cm3/s) 

will be less than the molar salt concentration at the high pressure side. 

The selectivity due to the Donnan effect is strongly dependent on the 

ionic strenght. Consequently, during a streaming potential experiment, 

the selectivity (reflection) at the high-pressure side will decrease as 

the salt concentration increases due to the accumulation process. The 

decrease in selectivity will give rise to a time dependent salt flux in 

the plug. At the low-pressure side the composition of the liquid leaving 

the plug is initially determined by the undisturbed equilibrium composi­

tion; the period for which this holds is determined by the porosity, the 

plug length and the volume flow rate. Within this time span the induced 
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concentration gradient at the low pressure side will be fully determined 
by the constant concentration difference between bulk and pore liquid, 
the liquid flux J and the diffusion flux from bulk to plug. Under such 
conditions the concentration profile at the low pressure side and its 
effect on the streaming potential can be calculated. The problem of a 
time-dependent streaming potential has been recognized by Schmid and 

38 35 
Schwarz and, more recently, treated by Brun and Vaula . Brun et al. 
derived an equation for complete Donnan exclusion. We will extend this 
treatment to the case of an arbitrary but constant a during the accumula­
tion of electrolyte. Because for macroporous systems the selectivity 
depends on the negative adsorption of co-ions and is thus very sensitive 
to concentration changes, this treatment will only be valid for small 
concentration differences. 

Fig. 3-1. Concentration profiles near a selec­
tive plug; the arrows indicate the directions 
of the volume and diffusion flows, a and b 
refer to accumulation and depletion respec­
tively. 
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Fig. 3-1 represents schematically the concentration profile at a certain 
time t after the application of a constant pressure difference. As a 
matter of fact the profile at the high pressure side, c(x,t), and that 
at the low pressure side, c(y,t), are interrelated through the plugs 
selectivity behaviour. In the derivation of both profiles, however, we 
will neglect this interrelation. 

3.3.1 The concentration polarization at the high pressure side 

The non-steady state macroscopic mass balance at the high pressure 
side is given by the differential equation: 

ôc(x,t) _ n 62c(x,t) -! 6c(x,t) 
ôt " u ~ox* + J v 6x 

(3-9) 

where c(x,t) = electrolyte concentration of external solution 
D = diffusion coefficient of the electrolyte in the exter­

nal solution 
J* = convection velocity in the external solution 
x = distance from plug boundary at high pressure side 
t = time. 
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The boundary conditions to be used in solving this equation are: 
a. at t = 0 and x >. 0 : c(x,t) = cQ (3-10) 
b. at t > 0 and x = » : c(x,t) = cQ (3-11) 

c D (^n) x = o = 1 + U ) V j i g - \ ( 1 . C T ) c(o,t) (3-12) 

where w* = iu1vRT ; v = v + v 
ui1 = solute permeability per unit area 

c(o,t) = concentration at plug boundary. 

Eq. (3-12) relates the concentration profile to the plug's selectivity 
properties and to the experimental conditions, as expressed by quanti­
ties a, ui1 and J*. It is derived from the following considerations. The 
net solute flux density in the external solution is: 

Js(x,t) = J^c(x,t) + D 6 < x
x

t ) (3-13) 

At the plug boundary (x=o): 

Js(o,t) = J^c(o,t) + D ( ^ | ^ i ) x = 0 (3-14) 

From (3-5b) J'(o,t) is obtained as (zero electric current): 
S 

Js(o,t) = cs(t)(l-a)J^ + u)1 Ans(t) (3-15) 

Neglecting for the moment the actual concentration profile at the low 
pressure side we assume that the liquid leaving the plug at the low pres­
sure side has a concentration cx(t), which will be slightly less than 
the value c(o,t) at the high pressure side. Then c reduces to the aver­
age value 

e < < t , . « ( . , t » « « - i t ) ( 3 _ i 6 ) 

The osmotic pressure difference is given by van 't Hoff's law 

Ans(t) = vRT [c(o,t) - c>(t)] (3-17) 

Furthermore, the following relation holds 

Js(o,t) = c M t ) ^ (3-18) 

Assuming that the solute flow does not vary with distance within the plug 
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and that cx(t) directly follows changes in the value of J'(o,t) (no dif­
fusion fluxes within the plug). Combining eq. (3-14) through (3-18), 
eliminating cJ(t) and solving (ôc(x,t)/ôx) , one obtains condition 
(3-12). 

The solution of the partial differential eq. (3-9) with boundary 
conditions (3-10), (3-11) and (3-12) leads to the following expression 
for the relative concentration as a function of time and distance0': 

4 * ^ 1 = 1 - h {erfc(5Ê=i)+ ̂  exp(Pe)erfc ^§±1 } + 

+ 2 T S ? T T ex? {1 - P e a* + ta*(l+a*)} erfc(Pe-y<1+2g*)j (3-19) 

in which Pe, x and o* are dimensionless quantities, defined as 

Pe = xJ^/D (Peclet number) (3-20) 

T = (J^)2t/D (3-21) 

a* = o/[l+ui*/J^-H(l-o)] (3-22) 

In ideally semipermeable plugs or membranes a equals one and the solute 
permeability equals zero, which means a*=l. In the case of complete non-
selectivity o*=o. In the latter case (3-19) reduces to c(x,t) = c . The 
time dependence of the concentration at the high pressure boundary is 
given by (Pe=o): 

C^0 , t ) = 1 - h {erfc(- W t ) + ï g * erfc(Wt)} + 

+ 2
2(o*+l) 6 X P *a*(1+a*>x* e r f c {-h(l+2a*)fx} (3-23) 

Series expansion and approximation for small values of t leads to: 

£i^ill = i + 2a* jT/n (3-24) 
co 

The i n c r e a s e i n c oncen t r a t i on a t t h e p lug boundary can be i n f e r r e d from 
t he p o t e n t i a l d i f f e r ence between two r e v e r s i b l e e l e c t r o d e s , one of which 
i s s i t u a t e d i n t h e bu lk ( e l e c t r od e 1) f a r from t he p o l a r i z a t i o n l a y e r 
and t he o t he r i s s i t u a t e d a t t h e p lug boundary ( e l e c t r o d e 2 ) ° ° ' . Qu i te 

s The solution is outlined in appendix 3A. 
For the position of the electrodes see fig. 3-2; in the case of a difference be­
tween the potentials of the two electrodes, indicated by E ( i , j ) , one refers to 
the value of a property on the right minus the value of the respective property 
on the left . The electrodes indicated without primes refer to the high pressure 
side (left) and those indicated with primes to the atmospheric pressure side 
( r ight) . 
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generally the E.M.F, of a cell consisting of two reversible silver/silver 
chloride electrodes and a solution containing chloride ions, including 

39 the liquid junction potential, is given by : 

E(l,2) = E 2 "
 El = F 2 t+ ln(a1/a0) (3-25) 

where a, is the activity at the plug boundary and a the bulk activity. 
It is noted that this potential difference depends only on the terminal 
ion activities, a and a, resp., and not on the exact shape of the con­
centration profile in the diffusion layer. Substitution of eg. (3-24) in 
(3-25) and neglecting activity corrections leads to: 

E(l,2) = P 2t. In {l+2o*ft7n} = |î 2t.2a*JT7h 
a + r- 'a + (3-26) 

a. 

3.3.2 The concentration polarization at the low pressure side 

By a complete analogy the time variation of the potential difference 
between two reversible electrodes situated at the low pressure boundary 
and in the corresponding bulk will yield valuable information about the 
neutral electrolyte content of the liquid flowing out of the pore. The 
average electroneutral electrolyte concetration, c , is defined as 
H(c+ + c_ - X) where c+ and c_ are the average molar concentrations of 
the mobile positive and negative ions in the porous phase, resp. and X 
is the equivalent molar concentration of the ions fixed on the solid 
matrix. For negatively charged plugs c equals the mean co-ion concen­
tration. To a first approximation, we assume that the flowing mean co-ion 
concentration in the porous phase equals c . For an analysis of this suppo­
sition one is referred to section 4.8. 

For the derivation of the time dependency of the E.M.F. at the low 
pressure side, we assume that the electrolyte concentration leaving the 
plug is not influenced by the non-steady state solute flux entering the 
plug at the other side. With this assumption, the mathematical descrip­
tion of the mass balance at the low pressure side resembles the preceding 
derivation: 

6c<y.t) = D 62c(y,t) _ x 6c(y,t) (3_27) 

ôt u ô}y Jv ôy <J / / ; 

where c(y,t) = electrolyte concentration of external solution 
y = distance from plug boundary at low pressure side (fig.3-1). 
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The boundary conditions are: 

a. at t = o and y > o : c(y,t) = c 

b. at t > o and y = » : c(y,t) = c 
(3-28) 

(3-29) 

c Jtc(o.t) = ̂ c p + D (fiSgiti) y = o ( 3_3 0 ) 

The solution of (3-27) is: 

c(y.t) = H (cp-co) {erfc(£gi) - (2x+Pe+l) exp(Pe) erfc (£§Jl) + 

+ 2 J\ exP < - fe)1! + <=0 (3.31) 

At the plug boundary where y=o: 

c(o,t) = H(cp-c0) {l-erf(-Wr) - (2t+l) {l-erf(Wr)} + 

+ 2 ƒ ! exp (- I)} + c0 (3-32) 

For small values of x eq. (3-32) reduces to 

c(o,t) = 2(cp-co) Jï/n + c0 ( 3 . 3 3 ) 

Substitution of this equation into (3-25), again neglecting activity 
corrections, yields: 

E ( 2 M . ) = E l l - E 2 , = §£ 4t+J. fE^o / | _ ( 3_3 4 ) 

This equation predicts an E.M.F. increasing with the square root of 
time. Its determination will yield valuable information about the pore 
liquid composition. 

Fig. 3-2 shows a typical example of a time-dependent streaming po­

tential for a selective porous system. Apparently, the potential differ­

ence between the plug electrodes, E(2,2'), is not only affected by the 

applied pressure difference AP, but also by the activity ratio a2/a2,. 

Summing all relevant potential differences, we obtain: 

E(i.l) 

Fig. 3-2. Time-dependency of the streaming 
potential. 
E(i,j) = Ej-E. ; E(l,l') = E(l,2) + E(2,2') 
+ E(2',l') 

•T& luq 
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E(2,2')t = (Es + Em + E c ) t (3-35) 

where E denotes the streaming potential, E the 'membrane' potential, 

i.e. the potential difference due to a concentration difference between 

the two sides at the same pressure, and E the Nernst contributions. In 

principle all three contributions are time-dependent. Because of the 

time dependent accumulation/depletion mechanism this is evident for E 

and E . But E might also vary with time because of possible variation 

in the pore liquid concentration c , which will affect the plug's double 

layer properties. We will assume that the variation of E with concen­

tration can be neglected over a limited range of concentration. In that 

case the instantaneous response of E(2,2') and for that matter of E(l,l') 

as well, to the application of a pressure difference is equal in magni­

tude to the response produced by the removal of AP. 

With this assumption eq.(3-35) is simplified to: 

E(2,2')t = Es + (Em + E c ) t (3-36) 

Both cells include electrodes reversible to Cl~-ions (Ag/AgCl-el.). E is 

then given by: 

Em (t) = (2ta- 1) fli» 2 } (3-37) 
a z 

where ta is the average apparent transport number within the plug which 
40 41 

takes water transport into account (see e.g. Dawson et al. , Staverman ). 
E is given by: 

Ec - f; l n ifrit) (3"38) 

Consequently, eq. (3-36) can be expressed as 

E(2,2')t = Es + 2 t ^ f î l n ^ j (3-39) 

Substitution of eq. (3-24) and eq. (3-33) into the expression for E(2,2')t 

would lead to an explicit time dependency of the potential difference. 

However for actual systems, the applicability of this substition is pro­

hibited by the fact that the accumulation at the high pressure side to a 

large extent takes place in the outermost layers of the plug. In other 

words the plug boundary concentration c(o,t) may be much lower than that 

behind the electrode 2. This effect is indicated in fig. 3-2 for the ex­

treme case where E(l,2) remains practically constant during the course 

of an experiment. 
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The expression for the potential difference between the two bulk 

electrodes,1 and 1', includes a diffusion (junction) potential difference 

instead of the Nernst contribution of the previous case. This potential 

difference has the opposite sign of E and E and will work in the same 

direction in both solution layers: 

E(l,l')t = Es + (Em + E D ) t (3-40) 

where E ß = - (2t+-l) f- In ̂ - ^ j (3-41) 
ci £ 

Consequently, eq. (3-40) with E = - ßAP can be expressed as 

E(l,l')t = - ßAP + 2(ta - t+) In a | ( t) (3-42) 

It is evident that penetration of accumulated salt into the plug and the 

decrease of its selectivity makes determination of the apparent trans­

port number in the plug or membrane from a simultaneous determination of 

E(l,l')t and E(2,2'). impossible. In that case valuable information about 

the salt filtration effect can be obtained only from the time behaviour 

of E(2',l') at the low pressure side, viz. eq. (3-34). 

3.4 Concentration polarization phenomena in connection with streaming 
current measurements 

When a pressure difference is applied across the plug, the pore li­

quid is displaced, thereby carrying along a certain amount of net charge. 

This ion flow (convection current) causes an electric current (streaming 

current) in a wire short-circuiting the two electrodes that are attached 

to the surface of the membrane or plug. Formally the streaming current is 

defined by L,-. = (I/APK E- In this description any possible electrode 

effects are disregarded. s In the ideal situation the oxidation/reduc­

tion reactions at the electrode surfaces and the diffusion of ions to and 

from the electrodes are fase enough to follow the rate of ion convection 

in the plug or membrane. If this is not the case the streaming current 

will decrease with time. 

Time dependent streaming current 

Consider a porous plug or membrane, at the surfaces of which two 

reversible electrodes are attached which are connected to a galvanometer, 

the resistance of which is negligible compared to the system's resistance. 

Usually, the electrolyte reservoirs at both sides of the plug contain 

equal concentrations of electrolyte, which are so high that no filtration 

effects are to be expected. Upon application of a pressure difference to 
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this system, the current through the plug electrodes, 1(2,2')/ appears 

to jump instantaneously to a certain value and from thereon decreases 

with time until a constant value is reached (see schematic representation, 

fig. 3-3a). Removal of the pressure difference produces the same behav­

iour, but with the opposite sign. A further experimental analysis of the 

1(2,?^ 

1-1 

\ ® 
* V 

- * - ' G 

Ö 

Y 

I (2.21 V, ® 

t: 
Fig. 3-3. Streaming cur­
rent as a function of time. 

streaming current retardation phenomena leads to the following conclu­

sions : 

1. The instantaneous value I is proportional to the pressure differ­

ence AP and is independent of the system's history (see fig. 3-3b). 

2. The stationary value, I g t a t / is also proportional to AP. 

3. The shape of the retardation curve is dependent on the history. 

Only when the retardation curve is recorded starting either from the 

equilibrium situation or from the stationary situation is the shape 

of the curve independent of the pressure difference. 

The timedependency of the streaming current is due to an electrode 

effect only. The possibility of a reversible time dependent mechanical 

change in the plug can be disregarded because the streaming potential is 

a linear function of the pressure difference. Furthermore, permeability, 

a.c- and d.c.-resistance, as measured between the plug electrodes and 

with the four electrode technique respectively, are both independent of 

pressure (see sections 3.7.2 and 3.7.4). 

The occurrence of polarization phenomena at the plug electrodes 

(2 and 2') can also be inferred from the potential behaviour of the two , 

reservoir electrodes (1 and 1'). Fig. 3-4 represents this behaviour; 

E(1,1') as recorded simultaneously with the retardation of the streaming 

current. The obvious conclusion is that short-circuiting the plug elec­

trodes does not ensure that E=o, which is the condition for the measure­

ment of the streaming current. The remarks made about the shape of the 
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Streaming current retardation curve also apply to the time dependency of 

E(l,l*)- In addition, E(l,l') does not depend on the electrodes1 position 

in the reservoirs, the electrode dimensions, or the reservoir volumes. 

K2.21 

E(l.l) 

Fig. 3-4. Polarization processes during 
streaming current measurements. 

AP 

-*- time 

3.4.1 The effect of concentration polarization at the current measuring 
electrodes 

For a negatively charged plug or membrane the application of a pres­

sure gradient results in positive charge being carried along to the elec­

trode at the low pressure side. When the Ag/AgCl plug electrodes are 

short-circuited the following electrochemical reactions occur: 

at the high pressure side (2) Ag + Cl" -»• AgCl + e" 

at the low pressure side (21) AgCl + e" •+ Ag + Cl" 

This electrolytic process may be imagined to occur due to the action of 

an "electromechanic battery" (flow driven current generator), supplying 

an electromotive force equal to the streaming potential. Electrolysis 

involves ionic transport from solution to electrode surface or vise versa. 

This transport is brought about by three different mechanisms: 

migration due to the electric field 

diffusion from regions of high concentration to those of low con­

centration 

convection of ions through the solvent motion. 

The exchange current density of Ag/AgCl electrodes is so high that there 

is virtually no overpotential during passage of current. This means that 

the passage of current during a streaming current experiment will only 

give rise to a polarization effect that is entirely due to concentration 

gradients in the electrode regions. This concentration polarization can 

be expressed as a diffusion resistance increasing with time, Rd(t). 
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Fig. 3-5. Concentration polarization during 
streaming current. 

The c u r r e n t g ene ra t ed by flow through t h e porous system can be r e -
,em presented as an electro-mechanic battery, supplying E with an internal 

26 ~" 
resistance i.e. R (see fig. 3-5). The net current through the plug 

1(2,2')t will be reduced as a result of an increase in Rj(t). It is seen 

from fig. 3-5 that: 

,em ,em 
I ( 2'2 , )t - Rp+Rd(2)+Rd(2') - Rp+Rd(t) ( 3 - 4 3 ) 

1(2,2')t Rd(t) is called the effective electrolysis potential, AE(t): 

AE(t) = E8"1 - 1(2,2')tRp (3-44) 

In the limiting case Rd(t) •* °°, the convection current is exactly balanced 

by back conduction through the plug, thus the net current is zero. Note 
ÔÏÏI 

that E represents a "hydrodynamic electromotive force", which can be 
a m 

regarded as the source of the convection current. E is defined as 

*s% 
(3-45) 

,em Eg'" equals the streaming potential E but has the opposite sign, be-
em • 

cause E "gives rise" to a convection current I , whereas E gives rise 

to a conduction current in the opposite direction. 

Any potential difference giving rise to conduction currents can be 

measured directly between the electrodes 1 and 1'. If the conduction cur­

rent equals the convection current, E(l,l') equals E . If the conduction 

current is less than the convection current, corresponding to a net cur­

rent in the (2,2')-circuit, E(l,l') will be less than E . From eq. (3-44) 

it can be seen that a decreasing net current, 1(2,2*)t# corresponds to 

an increasing conduction current and thus to an increasing potential dif-
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ference, AE(t). This potential difference is measured as E(l,l') (see 

also fig. 3-5). Because this potential difference reflects the presence 

of concentration gradients near the plug electrodes, removal of the pres­

sure difference causes the (2,2')-electrode system to act as a concen­

tration cell, causing a slowly decreasing current until the concentration 

differences have vanished. The sign of this current will be opposite to 

that of the time dependent streaming current, because the concentration 

gradients near the electrodes are not reduced by diffusion to or from 

the solution but by electrode reactions. 

The concentration polarization phenomenon appearing during streaming 

current experiments must be considered as a secondary driving force, the 

osmotic pressure difference, An . A general treatment of the streaming 

current phenomena must therefore include these polarization effects. 

Assuming stationary conditions at any moment, eg. (3-4) can be used: 

I = L21(AP A n 8 ) + L 22 E + L23 A ns/ es (3-4) 

The electromotive force can be found from the schematic represen­

tation of the potential distribution during the passage of current 

(fig. 3-6). Because there is no externally applied potential difference, 

the electrical potential difference is just counterbalanced by the elec­

trochemical potential difference. That means that E=0. We formally split 

up both compensating contributions to the E.M.F., in order to separate 

the electrical part AE(t), which is experimentally assessible with the 

other pair of electrodes (1,1') situated far from the diffusion layers 

at the (2,2')-electrodes: 

electrodes »diffusion layers 

Fig. 3-6. Potential distribution during streaming 
current. 

CI"- depletion Cl-accumulation 

BT a o I ( W 
E = E ( 2 ) t + AE(t) + E ( 2 ' ) t = AE(t) + 2 t + | ± In &

Z
( t ) (3-46) 

Because the cell can be considered as a concentration cell with 

transference, the transport number t+ of the ion to which the electrodes 

are not reversible, is involved. It is assumed that t+ is independent of 

the electrolyte concentration. The osmotic term can be found from 
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eq. (3-4) and (3-5c). For a 1-1 electrolyte we obtain: 

An v R T a?(t) 

43 cf= 2K* fc ^ l n ifrrt) <3-47) 

Substitution of eq. (3-46) and (3-47) into (3-4) yields: 

I = L2 1 AP + L22 AE(t) + (2K*ta - 2t+L22) f1- ln ^~j^) (3-48) 
cl £ 

where An is assumed to be negligible with respect to AP. We will discuss 
. . 2 . 

this assumption later. Assuming further that L12/L,, << L22, implies 
(table 3-1) that K* = L22. Then: 

I = L21AP + L22AE(t) + 2L22 (ta - t+) f± In - f — ^ (3-49) RT n_
 a 2 ( t ) 

:a 

In case the concentration polarization completely develops, the current 

I becomes zero. Remembering that E = - (L21/L22)AP we obtain: 

-a RT a2<1=°) 
0 = - Es + AE(t)I = 0 + (2ta - 2t+) f- in ^JJ=5) (3-50) 

a 2 ' 

From fig. 3-6 and eq. (3-46) it can be seen that: 

P T a~(t) 
AE(t) = 2t+ S m 2 ( 3.5 1 ) 

Combining eq. (3-51) and (3-50) and rearranging yields 

Es-AE(t)I=Q _ tf 

AE(t)I=Q - t+ " X ( 3"5 2 ) 

Both E and AE(t) are defined as differences between the high pressure 
and the low pressure side. In terms of measured quantities, eq. (3-52) 

becomes : 

ES-E(1,1')I=Q _ t £ 
E(1,1')I=0 * t+ " l ( 3 _ 5 3 ) 

In order to check the validity of the assumption that An << AP we refer 

to eq. (3-51). From measured E(1,1*)-values the activity ratio a2/a2, 

can be calculated and consequently the osmotic pressure difference. In 

this way it is found, that for a potential difference of 100 mV the os­

motic pressure correction would amount to only 1% for AP = 30 cm Hg. 
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3.4.2 The X-Y plot 

When 1(2,2')t-values are plotted versus the simultaneously measured 

values of E(l,l*)t (see fig. 3-4 and 3-7), a straight line is obtained. 

If this line is extrapolated to E(l,l')=o, the streaming current, I ,is 

found. Extrapolation to 1(2,2*)=o yields the streaming potential, 
"a provided t = t+ (see eq. (3-53)). Whether this provision holds can be 

deduced from a comparison of the extrapolated E(l,l')-value with the 

value found from a "classical" determination (see fig. 3-2). 

From fig. 3-7 it is seen that the measured instantaneous values, I , 

however reproducible they may be, are not generally equal to the real 

streaming current, I . The instantaneous value is determined by the 

velocity with which the diffusion resistance manifests itself, by the 

speed with which the desired pressure difference can be applied, and by 
"'a the speed of the recording device. When t+ = t+ (line a) the slope 

equals -Lo?- Tn:"-S c a n ^e seen when eq. (3-49) for this condition is 

written in terms of the measured quantities: 

1(2,2')t = L21AP - L22E(l,l')t (3.54) 

In the general case, where t+ f t+ and where the electroviscous effect is 

no longer negligible: 

I<2,2')t = L21AP - L22E(l,l')t -
(K*t? - L22t+) 

E(l,l')t (3-55) 

Thus, in the general case (b), the slope equals 

22 
t ; * * - t + L 2 2 

(3-56) 

1(27). 

E(i.r)i=o 
E an, 

Fig. 3-7. Time dependent current through plug 
electrodes versus time dependent potential 
difference between reservoir electrodes. 

a) a b) t*<t
+ 
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The general expression for the shift of the extrapolated value of the 

streaming potential now becomes (see table 3-1): 

E0 - E(l,l') -a 
B - ~v-,- ,r-n t? K* / L 2 \ t? 

E d ' 1 ' ) ^ 

When using non-reversible polarizable electrodes (e.g., platinum) the 

streaming current retardation phenomena can be described by incorporating 

in the circuit an additional resistance that increases with time (see 

section 3.4.4). The relation between 1(2,2')t and E(l,l')t is then given 

by eq. (3-54); thus the X-Y plot directly reveals L-,-

3.4.3 The concentration dependent retardation behaviour of the streaming 
current for pure concentration polarization 

If the electrochemical reaction is reversible, i.e. no other polari­

zation is present besides the concentration overvoltage, the overvoltage 

will depend on the difference between bulk concentration, c , and the 

surface concentration, c , according to the Nernst equation and including 

the liquid junction potential (we are considering a silver/silver chloride 

electrode and a 1-1 electrolyte): 

E(t) = 2t+ f£ In -f (3-58) 
a e 

In the general case that during electrolysis the interfacial concentra­

tion, c , is not zero, the expression for the current at a plane elec­

trode under semi-infinite pure linear diffusion control is given by 
42 (e.g. Delahay ): 

F AD,5(c -c ) 
i(t) =•-£-,- £_S_ (3-59) 

where A is the electrode's surface area. The term t+ appears because of 

the migration contribution of the electroactive species to the total 

current. In the case of excess indifferent electrolyte the transport 

number of the electroactive ion (chloride in our case) is reduced to zero 

and a pure diffusion current remains. In electrokinetic research, however, 

this is generally not the case. 

The diffusion resistance, Rd, is obtained by combination of eg.(3-58) 

and (3-59) 
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1{Z' F2 A DH o ce 
a 

Series expansion yields the expression 

R j = 
2 n ^ R T J» 1 n + l co-ce + 1 fco-ce)2

 + 1 (co-ce)\ , „ ,. , 
Fj A Da O O O O 

Application of this analysis to the situation represented in fig. 3-6 
yields expressions for Rd(2) and Rd(2') as a function of c (2) and c (21) 
respectively. For the high pressure side electrode (2) we can generally 
state that o < c ^ c , so in that case the series will be a convergent 
one. At the other electrode, c >, c during the electrolysis process. 
Because the current through both electrodes must be identical, the con­
centration difference at both electrodes must be the same, i.e. 

Ac = c -c (2) = c f2') - c . o ex e1 ' o 
In this way we are able to express Rd(2) and R,(2') as well as the 

total diffusion resistance, Rd(t), in terms of Ac. 

Rd 

Rd 

( 2 ) "^A^" t %{1 ^oA%i * r a +---} (3_62) 

ci 

a 

Rd(t) = Rd(2) + Rd(2') = const.th ±- {1 + U$ßY + U^Y +...}(3-64) 
Combining (3-43), (3-45) and (3-64) yields the expression 

I(2,2')t R 
i = £ 2 , (3-65) 

• R, . Consta l-cn • * (*) *|(tt) ..... 

This equation clearly shows the factors determining the retardation be­
haviour. In the case of a high plug resistance and relatively short 
periods of measurement the polarization effect will hardly be observed. 
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3.4.4 The effect of an external resistance on the determination of a 
streaming current complicated by concentration polarization 

Apart from the "naturally" occurring concentration polarization re­
sistance at the electrodes one can introduce an additional resistance 
into the system in two other ways: 
a. by incorporating an external resistance in the circuit, 
b. by situating the electrodes 2 and 2' at some distance from the plug 

or membrane boundaries, thereby introducing additional electrolyte 
layers. 

ad a. In the absence of concentration polarization but in the presence 
of an external resistance, R , the current through the plug is given by 
a modification of (3-4): 

1(2,2)* = L21AP + L 2 2 E* (3-66) 

where E* represents the potential difference over the plug, corresponding 
to the ohmic drop over the external resistance. At very high resistances 
(3-66) reduces to: 

o = L21AP + L 2 2 E*(I=o); E*(I=o) = E g (3-67) 

Furthermore, by analogy with eq. (3-65): 

1(2,2)* = g-V__ Ig (3_68) 

By introducing the definitions R = 1/L22 and Rg = 1/L22*, the following 
relations can ultimately be derived 

L22* 1(2,2')* = E f « I (3-69) 
^22 b22 s 

E* = r PT * Eo (3-70) 
L22 + L22 s 

Thus, by measuring both the potential drop over a known shunt resistance 
and the streaming potential the value of the plug conductance, L2 2, can 
be determined according to eq. (3-70). This method was introduced by 

21 
Eversole and Boardman . In this technique the electrodes should be sit­
uated at the plug boundaries. 
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ad b. When an electrolyte layer acts as an additional resistance, the 

four electrode method can be used (2 and 2' for current measurement; 

1 and 1' for potential measurement), but now the positions of 1 and 1' be­

come extremely important. In fig. 3-8 three different positions for the 

potential measuring electrodes are depicted (a,a'; b,b' and c,c'). In 

situation a the full potential drop will be detected: E* = E*. Then by 

dividing E* by 1(2,2')* one can determine the conductance of the electro­

lyte layers, L*22 

Fig. 3-8. Influence of electrolyte resistance; 
different electrode positions (no electrode 
polarization). 

Additional measurement of the streaming potential will then yield the 

plug resistance (eq. (3-69) and (3-70)). Alternatively, measurement of 

two sets of I* and E*, i.e. at two different positions of the current 

measuring electrodes, yields two equations with two unknowns, from which 

L2 2 and I can be solved. In situation b the potential difference is al­

most zero. Measurement of the current and of the streaming potential will 

only yield the plug resistance if the resistance of the electrolyte 

layers is known. If the (2,2')-electrodes are situated between the plug 

boundaries and the (1,1')-electrodes, no potential difference is measured 

and again the conductance of the electrolyte layers, L*22, must be known. 

In the intermediate situation c, a potential difference is noticed but 

again additional knowledge is required in order to obtain the plug resis­

tance . 

We will now consider practical situations and will indicate in par­

ticular to what extent the combined presence of external resistances and 

concentration polarization can lead to erroneous results. First the 

simple case in which the potential measuring electrodes are situated at 

the plug boundaries and in which t3. = t+ (case la in fig. 3-9) will be 

considered. A sudden pressure change leads to an instantaneous change in 

1(2,2') from zero to point a) followed by a slow change along line la 

having a slope-L22. The coordinates of a) depend on the magnitude of L*22 

(see fig. 3-9). Extrapolation to 1=0 and E=0 yield the correct values of 

the streaming potential and streaming current respectively. In the more 
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diffusion 
layers 

E(l,1') E s Qyjm 
Fig. 3-9. Influence of the combined 
presence of external resistances and 
concentration polarization; X-Y plot: 

Fig. 3-10. Potential distribution as a 
function of time (electrode polarization 
included). 

la Ha t; t v 
usual situation where t* f t+, the slope of the "retardation line" H a 

is given by eq. (3-56). Extrapolation of this line leads to erroneous 

values of both streaming current (too high) and streaming potential (too 

low). The magnitude of the deviations depends directly on the chosen 

external resistance, or, alternatively, on the concentration and thick­

ness of the electrolyte layers between plug and current measuring elec­

trodes, because they determine the coordinates of point a) (see fig. 3-9). 

Fig. 3-10 is a highly schematic represention of the potential dis­

tribution at different times. The increasing potential drops over the 

diffusion layers of the current measuring electrodes, 2 and 2', due to 

the increasing diffusion resistances, Rd(t) (see eq. (3-64)), resulting 

in a relatively smaller potential drop over the electrolyte layers. In 

other words, the increase of Rj(t) renders the place of the potential 

measuring electrodes less important. Another consequence is that, depend­

ing on the various resistances R , R and Rj(t), the X-Y plot is not 

linear for short times. 

In fig. 3-11 we have given a practical example of the case where 

the retardation is so fast that the I* „-value is not reached (compare 
a. / C 

with fig. 3-9). Now the magnitude of Rj(t) determines whether or not a 

straight line is obtained with slope-L-, in case I or with a slope as 

given by eq. (3-56) in case II. The difference between I* _ and I has 
ci t c in 

important consequences for the reliability of the shunt method, intro-
21 

duced by Eversole and Boardman . These authors plotted the instantaneous 
maximum values, I , of the shunt current by extrapolating to zero shunt 

resistance. Because of the relatively low electrolyte concentrations used 

in their experiments only a small retardation effect is observed (about 

8%) but the situation would become worse at higher electrolyte concen-
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trations, as is generally the case in charged porous plugs and coarse 

porous membranes, characterized by relatively low resistances. Experi­

mental results with our plugs are presented in section 3.7.2. 

1(2,2') 

Fig. 3-11. X-Y plot, including contribution of 
electrolyte resistance and electrode polari­
zation. 

15 "< = V 
boundaries, c) (1,1') half-way plug bound-
aries/(2,2')-electrodes. 

II: < * V a) (1,1') at plug 

E (1.1') 

3.4.5 Superposition principle 

In rheological theories one often refers to the well-known Boltzmann's 

superposition principle, which is applicable to linear retardation pheno­

mena. The principle states that, if a system is subjected to an arbitrary, 

time-dependent combination of different forces the total flow at any 

moment equals the sum of the flows the system would exhibit if the forces 

would be applied separately to the system in its equilibrium position. 

Another way of stating the same principle is: the system's response to 

an applied force is at any moment independent of the system's history, 

i.e. it does not matter whether the system is in equilibrium or already 

subject to some force(s) at the moment of application of the new force. 

Application of this principle to the retarding streaming current leads 

to the following formal expression: 

I(t) = 2 L2 1 (AP). f(t-t.) 
i=l ^ * * 

(3-71) 

where L21(AP). represents the streaming current resulting from the appli­

cation of a pressure difference (APh. f(t-t.) represents some decay 

function, and t. is the moment of application of the pressure difference 

(AP).. Fig. 3-12 illustrates the principle for the simple case that a 

pressure difference is doubled after some time. 1(b) would be the current 
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if the excess pressure difference applied at t, is thought to have been 

applied to the system in equilibrium, i.e. 1(b) at time t equals 1(a) at 

time (t-t^. The superposition principle states that 1(c) = 1(a) + 1(b). 

Two remarks have yet to be made: 

a. the potential difference between the (1,1*)-electrodes obeys the 

same superposition principle, because it depends on the same decay 

function as the current through the (2,2*)-electrodes, as will be 

clear on inspection of eq. (3-54); 

H2Z) 

' 

t 0 , t 
, <» 

z time 

K2,r> 

Fig. 3-12. Superposition principle. 
Retarding streaming current 

b. 

Fig. 3-13. Superposition principle. 
X-Y plot. 

removal of a pressure difference AP at a certain moment is equivalent 

to applying a new pressure -AP at the same moment. 

Fig. 3-13 represents schematically the consequences of the principle 

for the X-Y plot. It shows how the X-Y plot can be constructed from the 

two retardation curves; it represents the response of the system to the 

following changes: at t a pressure difference is applied to the system 

in equilibrium; at t, this pressure is doubled; at t, the total pressure 

is removed; at t3 the original pressure is applied, but in the reversed 

direction. The retardation lines in the X-Y plot are all parallel, the 

slope being given by eq. (3-56) in the more general case. 
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3.5 Polarization phenomena arising from an externally applied electric 
current through charged porous systems; the effect of low frequency 
dispersion 

Besides the indirect determination of the d.c. resistance of a po­

rous system from streaming potential and streaming current, a direct de­

termination is possible by measuring the potential difference between 

electrodes, attached to the surfaces of the porous system, during the 

passage of an externally applied current of known magnitude. In order to 

ensure that the diffusion profiles built up during the passage of current 

at the electrode interfaces do not influence the porous system and there­

by the quantity to be measured, essentially the four electrode methode 

must be used. The electrodes producing the current are situated at a 

reasonable distance from the porous system boundaries. 

In negatively charged porous systems exhibiting selectivity, i.e. 

the ionic transport numbers change at the boudaries, the passage of an 

electric current leads to a reduction of the electrolyte concentration 

at the side where the cation enters the plug and an increase at the other 
10 43 44 side ' ' . This type of concentration polarization is essentially the 

45 same as at the electrode-solution interfaces . The polarization process 

can be observed as a time dependent potential difference measured between 

the plug electrodes. A simple recording of this potential difference as 

it results from either a current interruption or a current pulse of mod­

erate magnitude enables one to discriminate between the ohmic potential 

drop and the time dependent polarization potential, provided the change 

in concentration at the plug boundaries is not too fast. 

Usually a.c. methods are preferred (measuring frequencies mostly in 

the kiloherz range) mainly for sake of convenience or in order to avoid 

polarization at electrode- and plug (or membrane)- solution interfaces. 

The thus determined a.c. resistance are then treated as d.c. values with­

out any comment. In this way any low frequency dispersion of the elec­

trical resistance is not taken into account. 

In the determination of the d.c. resistance it is important to know 

the time of adjustment of the potential difference, caused by the sudden 

passage of a constant current. If a slow relaxation is involved, the 

adjustment cannot be considered "instantaneous" and will lay behind the 

"step function" current with a speed that is determined by the particu­

lar kinetics involved 

Where the system exhibits a dielectric dispersion behaviour the 

time dependent part of the polarization potential is composed of two 
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contributions, the "intrinsic" polarization and the concentration polari­

zation due to plug selectivity. In practice, however, the intrinsic pro­

cess is often largely overshadowed by the concentration polarization phe­

nomena. Experimentally, the intrinsic polarization will be observed as an 

incorrect instantaneous value of the potential difference between the 

plug electrodes. The resistance determined from this instantaneous value 

and the applied current is then less than the value determined from 

streaming potential and streaming current. If low frequency measurements 

also lead to lower resistance values than determined from electrokinetic 

determinations, despite the electrode polarization contribution in this 

direct measurement, this will also indicate a dispersion effect. 

The intrinsic effect may be so slow that it actually complicates 

determination of the d.c.-resistance and, as will be shown, the streaming 

current determination as well. Recording of the latter as a function of 

time will then give the opportunity to separate the intrinsic polariza­

tion from the concentration polarization. 

3.5.1 Determination of the low frequency dispersion according to the 
X-Y method 

At relatively low electrolyte concentrations the X-Y plot may show 

a feature which have not yet discussed: the first part of the I-E plot 

shows a curved line indicating current values exceeding those predicted 

from extrapolation of the straight part at high values of the potential. 

For the explanation of this phenomenon the following remarks are perti-

tent. Application of a pressure difference leads to a time dependent 

current through the plug electrodes which can be considered as having two 

components, the concentration polarization at the electrodes which we • 

have discussed in detail and an intrinsic plug effect which we have men­

tioned in the discussion on impedance measurements in this section. The 

former contribution leads to a linear I-E relation and opens the possi­

bility to determine the time behaviour of the "intrinsic" phenomenon (of 

course, the time scales of both processes should be sufficiently differ­

ent). The so-called "intrinsic phenomenon" can formally be regarded as a 

dielectric displacement current superposed on the d.c.-currents which 

result from diffusion, convection and migration processes. 

Fig. 3-14 shows the method by which the separation of the two con­

tributions can be performed. In the I-E plot the dashed line, obtained 

from extrapolation of the linear part of the experimental curve, repre­

sents the retardation pattern if concentration polarization at the 2,2'-
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electrodes would be the only mechanism of retardation. The time depen­

dency of the intrinsic process can be found if the difference between 

the experimental current and the extrapolated value in the I-E plot is 

subtracted from the experimental value in the I-t plot. The intrinsic 

time dependency of the streaming current can now be formulated as: 

K i ) t = IB + K2,2') t 1(e). (3-73) 

where I = the d.c. streaming current 

1 ( 2 , 2 ' ) t = the experimental current 

I ( e ) t = the current resulting from electrode polariza­

tion only (no intrinsic effect; see contruction) 

1(2.20 Fig. 3-14. Determination of low 
frequency dispersion (see text). 

E WO •time 

It is noted that for t •* », i(2,2')t - I(e)t equals zero and I(i)t equals 

I . The consequence of all this is that if no analysis of the time behav­

iour is made and the instantaneous value, I , is taken to be the stream­

ing current, the real streaming current, I , might either exceed or be 

smaller than the instantaneous value, depending on wether or not a low 

frequency dispersion occurs, and depending on the time scales of both 

polarization processes as compared to that of the recorder response. 

Only, incidentally, might one obtain the correct value. 

Under streaming potential conditions there is no net current. This 

means that at any moment the mechanically induced convection current 

equals the conduction current: 

ï^conv. » WW* 

^^cond. = 42«1'8'*! 

(3-74) 

(3-75) 
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Suppose the streaming potential, which is in principle a function of time 

(sie the discussion in section 3.3), can be regarded to be constant dur­

ing the period in which the intrinsic retardation of the streaming cur­

rent is effective. The influence of salt filtration is still negligible. 

Hence, because E(t) = E , it can be concluded that the time dependence 

of the conductance, L22(t), is directly obtainable from that of the 

intrinsic contribution of the streaming current, I(i)t. Apart from the 

effect of electrode polarization under streaming current conditions, 

short-circuiting the 2,2'-electrodes eliminates an overall back conduc­

tion through the liquid but cannot eliminate partial streaming potentials 

(and consequently conduction) at some arbitrary points in the porous 

phase (see section 4.2.1). Physically this means that charge is accumu­

lated at points where the flow regime is altered as a result of expansion 

or contraction of the pores. In these casejthe degree of charge imbalance 

is regulated by the flow regime at the region of disturbance. In a ran­

domly packed bed these conditions are fulfilled, so that it is suffi­

cient to speak of numerous regions interconnected with each other, having 

both ionic back conduction and partial streaming potential. 

Pressure changes within short time intervals have no effect on the 

instantaneous current, I , but in some cases the rest periods between 

successive experiments have to be long enough to exclude possible memory 

effects of the preceding experiment with regard to the intrinsic retar­

dation. If the intrinsic retardation is rather slow, the potential dif­

ference can no longer be regarded as constant. In this case the procedure 

for finding the intrinsic decay function must include a correction for 

the increasing potential difference: 

Ki)t-Is = [1(2,2-)t-I(e)t] E ( f i ^ ( t ) (3-76) 

where 1(2,2')t and I(e)t are the graphically determined values and E(I=o) 

the potential difference extrapolated to I=o in the I-E plot. In the case 

of fast intrinsic retardation processes, where E(t) « o, eq. (3-76) re­

duces to eq. (3-73). 

3.6 Experimental verification of the theory developed for electrokinetic 
quantities complicated by polarization phenomena 

It is the purpose of this section to verify experimentally the 

theories and suggested methodology of measurement for a model system. 

It was impossible to accomplish this by using previously published data, 
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due to their incompleteness. It was necessary, therefore, to design an 

apparatus and to develop an experimental technique of plug preparation, 

which, while benefitting from the experience of earlier investigators, 

would be sufficiently improved to establish accurate and reproducible 

data over a wide range of system variables. 

3.6.1 Preparation of latex plugs 

Special attention has been given to the preparation of homogeneous 

isotropic plugs of polystyrene spheres. The plugs must be mechanically 

stable and have to be wetted completely in order to avoid structural 

changes during electrokinetic investigations. Various "wet preparation" 

techniques have been examined. Preparing plugs by compression of dry 

material must be excluded. It was found that complete displacement of air 

could not be achieved simply by forcing liquid through such a plug matrix 

at moderate pressure. The high pressure necessary would damage the elec­

trokinetic equipment and may possible invoke irreversable deformation of 

the particles. Consequently, contact of the plugs with air has to be 

avoided. The presence of enclosed air can be detected by measuring the 

a.c. resistances of the plugs at atmospheric and reduced pressure. 

More successfull is the filtration technique in which a latex sus­

pension is filtered in successive stages over micropore filters. The re­

sulting wet paste is transferred to the plugholder (see fig. 3-16b). 

However, plugs so obtained exhibit instability; possibly due to enclosed 

air, non-coagulated regions and inhomogeneities. Of course, such a plug 

can be stabilized by drag forces excerted by permeating liquid on the 

particles, causing a plug-pressure that increases in the direction of flow. 

But this stabilization is an irreversible process, in which particles are 
46 

displaced with respect to each other (flow and pressure consolidation) , 

thereby reducing the porosity. Finally a stable, coagulated though in­

herently anisotropic plug results. Direct filtration in the plugholder, 

provided with a filter on one side, is precluded by the role of surface 

forces (charged particles) controlling the deposition of the particles. 

The necessary bridge forming of the charged particles over the pores of 

the filter medium is decreased by their mutual repulsion forces and 

partial blocking filtration occurs, thereby increasing the hydrodynamic 

resistance. Furthermore, the filter medium is inhomogeneous, causing the 

plug to be inhomogeneous in the direction perpendicular to the main 
46 47 flow ' . Stirring the suspension during filtration can improve this 

situation to some extent. The deposition onto the first coagulated upper-
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layer is determined by van der Waals, electrical double layer and viscous 

interaction forces with neighbouring moving particles. The primary struc­

ture of the plug will be determined by the first layers and micro-inhomo-

geneities will easily lead to macro-inhomogeneities. Upon applying a con­

stant pressure difference, the filtration finally stops due to the in­

creased hydrodynamic resistance of the formed plug and of the resistance 

of the partly blocked filter medium. Reasonably high pressure differences 

were required to complete the filling of the plugholder (length 1,5 cm). 

In most experiments this procedure failed. The plugs showed mechanically 

unstable behaviour during permeability experiments, especially at flow 

reversal and this even at relatively low pressure differences 

(AP ~ 15 cmHg). Consolidation takes place in the non-coagulated regions. 

At the outset the densest parts are consolidated at the expense of the 

less dense parts. Initially, we notice an increase of permeability, in­

dicating increased inhomogeneity, but after a long time a decrease to a 

constant value indicating complete consolidation. 

The most succesfull preparation technique employs centrifugation, as 

also used for measurements of coagulation forces ~ . During centrifuga­

tion, at specified speed and ionic strength, the latex concentration at 

the bottom of the centrifuge tube increases and the lower-most layers 

start to coagulate whereas the non-coagulated sediment decreases in mass 

till the critical coagulation force is reached. 

Fig. 3-15. Dimensions of the centrifuge tube 
1-perspex threaded tube; 2-plugholder (see fig. 3-16b too); 
3-teflon o-rings. 

The deposition of the solid particles is a discontinuous process. In 

order to fill the plugholder completely some of the depleted superna­

tant is periodically replaced by original suspension; the number of re­

placements depends on initial concentration, centrifugation speed, ionic 

strength and the volume of the plugholder. The procedure is continued 

till the coagulation zone has passed the upper part of the plugholder to 

ensure complete coagulation throughout (see fig. 3-15). For that part of 
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the plug extending above the upper surface of the holder the maximum 

possible centrifuge speed is used. The threaded plugholder with the plug 

is then taken off by unscrewing, the protuding parts of the plug are cut 

off and checked for completeness of coagulation. The plug surfaces are 

moistened to prevent drying during their positioning between two perfo­

rated electrodes, with electrolyte-reservoirs on either side (see for the 

assembling prodecure section 3.6.2 and fig. 3-16b). 

Table 3-2 shows that all plugs have a density far away from their 

state of densest packing (hexagonal close-packed: porosity e = 0.27), 

irrespective of surface charge density, ionic strength, initial concen­

tration and centrifugation speed. By examining electronmicrographs of 

coagulated latex arrays formed during measurements of interacting forces 

with the compression method, Barclay et al. deduced a strong influence 

of particle size on the packing density. For small particles (radius 

88 nm) the repulsive forces must have caused the particles to move around 

during settlement, until they attained closest packing. Compression of 

suspension with larger particles (550 nm) resulted in a disorded array 

of spheres, as in our case, which can be concluded from the relatively 

high e-values. Unfortunately, the possibility of significantly exceeding 

the critical speed for coagulation, was limited. In one case (see 

table 3-2) leakage of the centrifuge tube caused an accelerated settling 

of particles, thereby increasing the effective number of kinetic elements 

in the coagulation process as can be noticed from the relatively high 

e-value. The speed at which coagulation starts can be reduced by using 

higher initial latex concentrations. The required thickening of the sus­

pension can be achieved by several weeks of undisturbed storage and/or 

by centrifuging at a speed below the critical value. It should be men­

tioned that association of particles increases with the solid concentra­

tion. Even small aggregates can disturb isotropic formation of the plug 

during centrifuging. 

In table 3-3 we have summarized the critical pressures required for 

coagulation as calculated from the formula: 

Pc r = ̂  (p-p^d-sl^d^-r^l/A (3-77) 

where p and p denote the densities of medium and the latex particles 

respectively, w the angular velocity of the centrifuge and A the cross-

sectional area of the centrifugation tube, r,, is the distance between 

the rotoraxis and the upper boundary of the coagulated plug, r- is the 
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Table 3-2. Influence of initial latexconcentration, electrolyte concentration, sur­
face charge density and centrifuge speed on the porosity. Radius of rotation 18.7 cm. 

L: a = 0,906 pCcm ; M: O = 4.00 \iCcm~ H: a =9.21 uCcm 
o r 

-2 

plug 

I 

II 

III A,B,C 

IV A,B 

V A 

V E 

V C 

VI A 

VI B 

VII A 

VII B 

VII C 

VIII A 

VIII B 

L 

H* 

L 

H 

L 

L 

L 

L 

L 

H 

H 

H 

M 

M 

centrifuge 
speed 
r.p.m. 

2900 

3800 

2800 

3700 

3500 
tt 

It 

tl 

II 

3200 

M 

tl 

3500 

it 

electrolyte 

-

-

-

-

2.5 10"2 M LiCl 

KCl 

CsCl 

-

-

-

-

-

-

-

volume conc. 
latex % 

4.0 

4.5 

4.0 

4.5 

2.3 

2.3 

2.3 

4.5 

4.5 

11.0 

9.4 

7.5 

6.0 

6.0 

porosity 
e 

0.4085 

0.4581 

0.3936 

0.421 

0.3985 

0.3959 

0.3985 

0.4120 

0.4112 

0.4029 

0.3867 

0.3685 

0.4154 

0.4049 

* leakage of the end cap during centrifugation 

distance of the rotoraxis to the position of the upper boundary after 

complete coagulation, which can be achieved by replacing part of the 

supernatant by a high concentrated electrolyte solution followed by cen-

trifuging at the maximum speed. The porosity of the coagulated sediment 

layer prepared in this way with thickness (r,-r2) may be regarded as 

identical to that of the plug. Due to the moderate centrifugation speed 

used, the thickness of the sediment ultimately coagulated amounts to 

several millimeters and is consequently readily measured. When latices 

Table 3-3. Some experimental 
coagulation pressures, P , for 
three surface charge densities 
at different electrolyte con­
centrations . 

having relatively low coagulation forces are centrifuged, it is more con­

venient to measure the mass, m, of the non coagulated sediment (see e.g. 
50 

Meyer et al. ). The critical force for coagulation is then calculated from: 

c 

L 

M 

H 

-

2.4 

4.9 

5.8 

P .10 J 

er 

10-3M 

3.4 (KCl) 

3.4 (KCl) 

(Nm"2) 

2.5 10"2M 

2.8 (KCl) 

1.9 (Li.K.CsCl) 
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er 
m (1-P/P0) w r ^ (3-78) 

The results of table 3-2 and 3-3 show that an attempt to vary the 

porosity by changing the counterion was not successfull. An explanation 

can be that for the radii of the particles used in our study (250-300 nm) 

a detectable specific ion effect will only be manifested at higher elec­

trolyte concentration . Besides, the force pressing the particles to­

gether exceeds the minimum force for coagulation; consequently kinetic 

elements probably mask the effects of particle size and type of coun-

terion. 

As to the mechanical stability one must realize that in general a 

plug is formed under pressure conditions that exceed those used in elec-

trokinetic experiments. Consequently it normally does not exhibit un­

stable behaviour. In our case permeability experiments were performed at 
4 -2 pressure differences up to 30 cm Hg (4.0 10 Nm ). Even so no changes in 

the structure of the plug were observed which indicates complete coagu­

lation. 

3.6.2 Electrokinetic equipment 

Fig. 3-16a and b show details of the electrokinetic equipment*. The 

procedure for assembling the equipment is as follows (see fig. 3-16b). 

The perforated electrode support (2) with the teflon o-ring (3) and plug 

electrode (5) are inserted as one unit into the end cap (1), after which 

(?Y© ® 
1' ̂ O Yl""l"" ••••!-

Fig. 3-16a. Equipment for measuring electrokinetic quantities. 
1. cylinder with compressed N_ 6. air cock 
2. pressure valve 7. electrolyte reservoirs 
3. Moore nullmatic pressure regulator 8. filling device with air outlet for 

(Foxboro: model 41A) refilling 
4. pressure vessel 9. syringe 
5. mercury manometer 10. calibrated capillary tube 

1,172,2' - Ag/AgCl electrodes 

Designed and constructed in cooperation with S. Maasland, Laboratory for Physical 
and Colloid Chemistry, Agricultural University, Wageningen, The Netherlands. 
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the central sample holder (4) with or without a plug is screwed into the 

end cap. The teflonring (3) seals the threaded end cap. The other end cap 

with the same parts is also screwed into the plugholder until a tight fit 

is obtained. The connections of the electrolyte reservoirs(9) are inserted 

into both end gaps and fastened with the souvirel caps (6). The electrode 

leads, isolated in tight glass capillaries (8), enter the reservoir 

through the souvirel end caps. After the reservoirs have been filled with 

Q ® ® ® © ® ® © ® ® ® ® 

Fig. 3-l6b. Dimensions of the plugholder section 
1. double threaded end cap 
2 . perforated electrode support ( tef lon) 
3 . tef lon o-ring 8. 
4. threaded plugholder 9. 
5. perforated s i lver-s i lverchloride 10. 

plug electrodes (disk) 
6. Souvirel connection cap with a hole 11. 

for mounting the reservoirs 

s e l f sealing rubberring gasket covered 
with tef lon 
glass tubing 
e lectrolyte reservoir 
i solated platinum leads to plug e l ec ­
trodes 
coaxial cable 

e lec t ro ly te solut ion, the a i r i s expelled from both reservoirs s imulta­
neously (no l iquid or a i r displacement in to the plug or plugholder), in 
order to remove any a i r bubbles near the plugsurfaces. 

The 1 ,1 ' -p la te e lectrodes (surface area per e lect rode: 2.5 cm2) are 
mounted in the r e se rvo i r s . In order to perform electro-osmotic flow and 
permeability experiments the f i l l i n g device (8) , with the ca l ibra ted 
cap i l l a ry tube (10) i s assembled. An adjustable syringe (9) i s used to 
s e t the i n i t i a l level in the c ap i l l a ry . The pressure regulator (3) i s 
adjusted to the desired pressure (5 ) . The aircock, placed between p res ­
sure vessel and e l ec t ro ly te reservoir , permits instantaneous appl icat ion 
of the adjusted pressure difference or a quick depressurizat ion (< 0 .2s ) . 
The symmetry of the equipment allows reversement of l iqu id flow by i n t e r ­
changing the pressure i n l e t with the f i l l i n g device. 

The optimum choie of the ca l ibra ted cap i l l a ry has t o be considered 
in r e l a t i on to the system as a whole, the purpose of t h i s c ap i l l a ry being 
to measure accurately pressure or current induced flows. The factors to 
be considered include the flow cha rac t e r i s t i c s of the plugs, the dimen-
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sions of the cell and the requirement of a negligible hydrodynamic resis­

tance. A direct verification is obtained by measuring E at fixed AP 

with and without the filling device and capillary. It was found by trial 

and error that the optimum diameter was 0.4-0.6 mm. The capillary tube 

was cleaned by soaking it in chromic acid, and then rinsing it thorough­

ly with, demineralized water prior to testing. 

electrodes: each electrode is connected to the outsideiof the cell by a 

platinum wire permanently welded to the back surface of the platinum disk. 

In order to avoid exposure of the leads to the electrolyte solution, they 

have been isolated in tight glass capillaries. The degree of perforation 

of the plug electrodes was adapted to the permeability of the plugs. By 

choosing an electrode and its support having their porosity comparable 

to that of the plug but with pores 1000 times greater in diameter, 0 = 
0.3 mm, results in a hydrodynamic resistance that is negligible with 

respect to that of the plugs. The silver-silverchloride electrodes were 
52 prepared in the usual way , which basically consists of plating the bare 

platinum electrodes with high purity silver, followed by a partial con­

version to silverchloride. The electrodes were aged for 3 days at 80°C 

in a solution of pels*4 and stored in the same solution, mutually short-

circuited, until usage. Individual voltage readings usually differed by 

less than 0,5 mV. 

Electrical system* 

The experiments required a sensitive and continuous reading system 

for rapid simultaneous measurement of current and resistance. All elec­

trode terminals were connected to a multifunctional box, which made all 

electrode signals clear for recording purposes (see fig. 3-17). The leads 

from the electrodes to the converters are separated shielded with coaxial 

cables. The shields are connected to one point of the electronic box. 

This box contains: 

an ultra high impedance differential amplifier, serving the dual 

purpose of bringing the output within the operatiiig range of the 

recorder device (gain select: lx, lOx, lOOx) and providing adequate 

high input impedance; 

a current-voltage converter of which both inputs are isolated from 

ground; 

a constant current source which generates currents with three ranges: 
10 MA, 100 pA and 1 mA. The s t a b i l i t y was 0.5% of the chosen range. 

The e lec t ron ic pa r t was developed and b u i l t by R. Wegh, Laboratory for Physical 
and Colloid Chemistry, Agricul tural Univers i ty , Wageningen, The Netherlands. 
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2' V 

plug 
V.A. 

r 

r 
x-t 

Fig. 3-17. Circuity used in streaming current exper­

iments (see text). V.A. - ultra high impedance dif­

ferential amplifier: input impedance > 10 Q; 

common mode > 10 Q; output impedance < 75Q. C.C. -
-3 

current-voltage converter: input impedance « 10 x 
source impedance; output impedance < 2000; select­

able output 100 jjV/volt, 10 |JA/volt, 1 pA/volt 

All terminals could be connected to any combination of Ag/AgCl-elec-

trodes of one of four équipements by using selectors. For streaming cur­

rent experiments the current-carrying electrodes are connected to the 

C.C. device, the potential measuring electrodes to the V.A.-device. The 

outputs of both converters are connected to the input of a X-Y recorder 

(Speedomax XL 684; Leeds & Horthrup) and one output to a X-t recorder 

(Kipp BD-5) in case the timedependency of the streaming current has to 

be measured. Since both recorders have a time constant of about 0.2 s, 

identical to that of the pressure device and the time constant of the 

electronics is negligible, any immediate changes in current and/or volt­

age could be measured within a fraction of a second. 

Temperature regulation and measurement 

The whole équipement was placed in a thermostatted box provided 

with a cooling thermostat, a heating element and a temperature control 

element connected to an electronic regulator. The temperature fluctua­

tions in the box were held to within 0.2°C. The temperature fluctuations 

in the electrolyte solution in the reservoirs could be easily kept within 

0.1°C. 

Survey of usual combinations of electrodes in electrokinetic and control 
experiments 

streaming potential : 1,1' or 2,2' 

streaming current : mostly 2,2' for I and 1,1' for E 

electro-osmosis, electro-osmotic counter pressure, d.c. resistance deter­

mination: 4-electrode technique; 1,1'-working electrodes; 2,2' for E 

a.c. resistance measurements: 2,2' 

salt filtration experiments; 1,1' and/or 2,2' 

measurements of local concentration changes at the plug surfaces: 

1,2 and/or 2' ,1'. 
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Imperfect seals may develop minute cracks giving anomalously high 

fluctuating potentials and a sluggish response in reaching their ultimate 

potentials. An imperfect electrode or rest potential can easily be de­

tected by measuring the potential difference of the various combinations 

(1,2), (2,2'), (1,1') or (2',1') during a pressure change. 

3.7 Streaming potential experiments: verification of the time dependency 
of E and calculation of the electrolyte content of the porous phase 

Prior to an experimental run, the plug was permeated, until complete 

equilibrium was attained. A check could be made by intermittently record­

ing one of the electrokinetic variables, suitable for this purpose. Gen­

erally, a 20-fold displacement of the interstitial liquid of the plugs 

(within 2 days at AP = 30 cm Hg) was adequate to attain steady conditions. 

Our "stable" reversible electrodes made it possible to obtain data at 

very high ionic strength. Only at c above about 0.3 M 1-1 electrolyte 

the magnitude of the streaming potential (< 0.1 mV at AP = 30 cm Hg) 

limited accurate determinations. Considerable attention was given to ex­

perimental problems such as electrode polarization and asymmetry poten­

tials (see the review of Ball and Fuerstenau ). The measurements were 

accomplished by monitoring the change in potential between two reversi­

ble electrodes resulting from a pressure change. In the studied pressure 

range (30 cm Hg), for all plugs, plots of the measured potential differ­

ence against the applied pressure change gave straight lines passing 

through the coordinate origin. Small base-line potentials (residual po­

tentials at AP=0) were automatically eliminated. It made no difference 

in the results if they are obtained with an increase or decrease in 

pressure. No hysteresis was detected. Some examples are presented in 

fig. 3-18. The linearity of the results indicate the absence of side-

Fig. 3-18. Streaming potential vs. pressure for plug 

HIB (L) • KCl, • BaCl2 and plug IV (H) O KCl, 

DBaCl2; C Q = 10"3M, t = 25.0°C 
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effects; all plugs were studied well within creeping flow conditions 

(see section 3.7.4). 

In the literature much attention is given to the appearance of inter­

cepts in actual plots of recorded potentials vs. pressure differences 

(Ball and Fuerstenau ). If the same asymmetry is observed in both flow 

directions, the cause is supposed to be more than an "electrode effect". 
53 Recently, Eagland and Allen observed a clear trend with regard to the 

alkali ions in the positive pressure difference corresponding to zero 

streaming potential for P.V.A. plugs (beads). These findings were associ­

ated with a yield stress of the boundary layer on the particles. Inspec­

tion of these and similar results reported in the literature reveals the 

following: 

the magnitude of the intercept tends to zero as the ionic strength 

is increased; 

the slope, 6E_/6P, of the E -AP curves remains constant despite the s s 
time dependence of the intercepts; 

in none of the cases was a transition region observed which would be 

typical for a yield stress of the boundary layer. 

Apparently, the fact that at low ionic strength coarse porous plugs may 

exhibit salt rejection had been overlooked in these analysis. This phenom­

enon implies that during permeation, the concentrations near the plug 

boundaries may change. The ensuing non-steady state phenomena have been 

analyzed in section 3.3. The effect of development of a concentration 

profile on the determination of E was thoroughly examined. It appeared 

that the relatively slight rejection by our coarse porous plugs hardly 

influenced the magnitude of the electrokinetic quantities, even after 

prolonged permeation. However, they caused "erratic rest potentials" in 

both flow directions. Fig. 3-2 in the theoretical section 3.3 is very re­

presentative of the time dependency of E„ for all our plugs studies below 
-3 . . 

about 10 M, where they become somewhat selective. When the experiments 

were performed in a partly systematic way, specific ionic trends were 

observed in the "rest potentials", at least if they were recorded after 

a similar period of permeation of the electrolytes involved. With the 

four electrode technique we could rigorously discriminate between an 

"electrode effect", the appearance of local concentration changes and 

"boundary effects" by monitoring separate potential differences, viz., 

E(l,l'), E(2,2') and E(2,l') during the course of an experiment. Only a 
time dependent concentration change at the low pressure side could be 

_3 
detected at relatively low ionic strengths « 10 M 1-1 electrolyte). 
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Figures 3-19, 3-20 and 3-21 represent some experimental r e su l t s for 
our polystyrene plugs. Fig. 3-19 shows the time dependency of E ( 2 ' , l ' ) 
a t three d i f ferent temperatures and one pressure difference. At higher 
temperatures the electromotive force increases . This could be ant ic ipated 
from eq. (3-34); a t increasing temperatures J v as well as D wi l l be en­
hanced due to a decrease in the v i scos i ty , but the increase of J v w i l l 

Fig. 3-19. The time va r ia t ion of the po t en t i a l difference E ( l ' , 2 ' ) t between to s i l v e r / 

s i lve rch lor ide e lectrodes a t the low pressure s ide a t the plug boundary and in the 

bulk a t AP = 30 cm Hg. Plug VIIB (H); c = 2.65 10 M KCl; temperature as indicated in 

the figure. 

Fig. 3-20. E(l',2')/J* vs time for 0.92 10"3M LiCIO, 1.00 10_3M KCl © and 1.00 10"3M 

CsCl • and plugs VIIA, VIIB and VIIC (H) resp. at 25.0°C. 

Fig. 3-21. E(l',2') as a function of the square root of time for 0.92 10 M LiCl 

(VIIA, H) and AP = 30 cm Hg at three temperatures. 

exceed that of D*5. In other words, both the convection flux and the dif­

fusion flux increase with temperature, but the increase of the convection 

flux being more pronounced, the depletion will be faster. Fig. 3-20 shows 

the time dependency of the quantity E(2',l,)/Jv for three different 

electrolytes at the same temperature and nearly the same concentration. 

In potential difference should be divided by the convection velocity in 

order to show the influence of the kind of electrolyte (see eq. (3-34)). 

This ratio depends on the cation transport number and the electrolyte 

diffusion coefficient. The former of these plays the dominant role. This 

is confirmed by the much slower increase in the case of LiCl. 

Fig. 3-21 shows E(2',l') as a function of t*4 at three different tempera­

tures for 10"3M LiCl. The straight line predicted by the theory of con­

centration polarization, eq. (3-34), is confirmed, at least for short 

periods. For very short periods the theory is not corroborated because 

just after application of the pressure difference, the concentration in 

the liquijd leaving the plug will not equal c , due to the gradual concen­

tration change from c to cQ in the first layers of the plug. From the 
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slope dE(2',1')/dt% c can be- calculated. This is done for various expe­

rimental parameters (kind of electrolyte, cone, temp, and surface charge 

density). Jy has been determined from permeability measurements under 

streaming potential conditions (see section 3.7.4). It was shown that the 

filtration coefficient, L , is not influenced by induced osmotic forces 

that arise from concentration polarization processes. Values of c are 

presented in tabel 3.4. It is allowable to compare the results for the 

different plugs because their porosities differ only slightly. Three 

features are noticed: 

Table 3-4. Calculated c -values according to eq. (3-34) and pertinent parameters for L, 
M and H. Except for IIIP(A), all results correspond to plugs treated at high ionic 
strength. Values of t+ and D were calculated from tabulated values (Parsons). 

Plug 

type 

III A(L) 

III B(L) 

V B(L) 

VIII B(M) 

VII A(H) 

VII B(H) 

VII C(H) 

VII A(H) 

VII B(H) 

VII C(H) 

c M 
o 

xlO4 

2.00 KCl 

2.00 

1.00 

7.65 

2.00 

10.0 

2.44 LiCl 

It 

ft 

2.65 KCl 
tl 

It 

2.78 CsCl 

tl 

It 

9.20 nci 
It 

tl 

10.0 KCl 

It 

tl 

10.0 CsCl 
It 

tl 

temp. 

°C 

25.0 

tl 

It 

tt 

tt 

tl 

15.0 

25.0 

35.0 

15.0 

25.0 

35.0 

15.0 

25.0 

35.0 

15.0 

25.0 

35.0 

15.0 

25.0 

35.0 

15.0 

25.0 

35.0 

J' cms"1 

V 
xlO5 

9.45 

8.37 

11.01 

11.54 

10.82 

11.10 

7.41 

9.74 

12.17 

6.89 

8.85 

11.13 

6.35 

7.96 

9.68 

7.79 

10.00 

12.35 

7.41 

9.33 

11.20 

6.44 

7.83 

10.12 

-E(2,,l,)t/t% 

mV.min. 

0.394 

0.476 

0.860 

0.214 

0.856 

0.140 

0.440 

-

0.595 

0.620 

0.720 

0.803 

0.515 

-

0.648 

0.075 

0.086 

0.095 

0.120 

0.138 

0.151 

0.105 

0.118 

0.135 

c M 
P 

xlO4 

1.34 

1.09 

0.50 

6.82 

1.04 

9.2 

1.44 

-

1.48 

1.26 

1.29 

1.33 

1.49 

-

1.50 

8.6 

8.6 

8.6 

9.1 

9.0 

9.1 

9.1 

9.0 

9.1 
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c -values do not vary extensively, either with temperature or with 

the kind of electrolyte; 

c deviates significantly from c at concentrations smaller than 

10"3M; 

as a result of more pronounced exclusion of co-ions, high surface 

charge densities cause lower c -values. 

In sector 4.7 the c -results will be further analysed and transformed 

into double layer parameters. That the moving average electrolyte concen-
he tration, c , may differ from the static one will also be considered 

there. 

Fig. 3-22 presents the results of an experiment in which the pres­

sure difference was suddenly reversed after twenty minutes. Starting from 

the absence of a potential difference between electrodes 1 and 2 during 

filtration, during the first minutes a negative potential is found indi­

cating the passage of electrolyte that had been accumulated in the first 

layers of the plug at the high pressure side. 

Fig. 3-22. E(l,2) vs time during appli­
cation of a constant pressure (30 cm Hg) 
followed.by a pressure reversal for c 
2.44.10"7M LiCl (VII A,H)Oand ° 
2.65 10"*M KCl (VII B,H)» at 35.0°C. 

25 mm 

3.7.1 Electro-osmosis and electro-osmotic counter pressure experiments 

In order to obtain reasonably accurate values for liquid flow and 

counter pressure in electro-osmotic investigations, relatively high cur­

rent densities have to be applied for some time. This means that the con­

centration polarization effects already discussed in section 3.5 are even 

more important here. The combined processes of electric current (through 

the plug), convection and diffusion give rise to time dependent concen­

tration profiles within the plug, thereby changing the electrokinetic 
4.-4.- 7,8,10,55 quantities ' ' ' 

In other words, the passage of an electric current gives rise to time 

dependent phenomenological coefficients, L-.. Prolonged current of rela­

tively high density might even lead to zero concentration at the boundary 

of decreasing concentration, resulting in the occurrence of additional 
54 . . . 

modes of transference (Bethe and Toropoff effect : concentration polari­

zation at the anodic interface, induces the dissociation of H-0 into H and 

OH", the former replacing the migrating counterion in the porous phase). 

Small induced external concentration changes can influence the pore liquid 

composition by various mechanisms. The more important effect during the 
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passage of an electric current is the electro-convection process giving 

rise to a volume flow in the direction of the cathodic side. By this pro­

cess the profile at the anodic side, which is characterized by a time 

dependent concentration decrease, is transported into the porous phase, 

so that the pore liquid concentration gradually decreases. If both the 

electro-convective and osmotic flows can be neglected the back diffusion 

of electrolyte due to the induced concentration difference will cause the 

porous system's electrokinetic properties to change in the direction of 
CfL c'y 

high concentration ' . The latter effect plays a dominant role in fine 

porous membranes and is observed during the determination of transport 

numbers. 

From these considerations it is obvious that experimental conditions bear 

heavity on the determination of the phenomenological coefficients. In 

order to ensure a linear voltage-current and volume flow-current relation­

ship, the current must be fan below the limiting current. The solution 

near the membrane surfaces must be agitated if possible (when electro-

convection dominates stirring of the solution at the anodic side only is 

sufficient). Periodic interruption of the current is also effective. 

Constant currents of short duration (not more than 3 min. at a given cur­

rent polarity, just the time necessary to produce a 5 cm liquid dis­

placement) were imposed on the cell through the Ag-AgCl plate electrodes 

(1,1') and interrupted for 5 min. Each experiment was performed for 

several current densities, up to a maximum of 0.4 mA/cm2. After each run 

the same procedure was applied in the reverse direction. The volume flux 

of the liquids was measured by the rate of advancement of the liquid 

meniscus in the calibrated capillary. 

Control of temperature was very important as the electrolyte reservoir 

connecting the plug and the capillary acted as the reservoir of a ther­

mometer. The electro-osmotic counter pressure was also measured, for 

a range of current strengths by applying a pressure difference such that 

the liquid flow just stopped. Simultaneously current-voltage characteris­

tics were obtained by monitoring the potential difference between the 

plug electrodes (2,2') during a current pulse. At the same time induced 

concentration changes at the plug surfaces during the current pulse and 

the decrease due to diffusion and natural convection during the interrup­

tion periods were followed. The results shown in fig. 3-23 and 3-24 in­

dicate that the interruption technique minimizes the influence of con­

centration polarization. 
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ÎOO 250HA 

Fig. 3-23. The dependence of volume flow, 
J , on current, 1(1,1') for plug I(L) and 

11(H) at t=25.0°C (KCl) 

Fig. 3-24. The dependence of pressure 
difference, AP, on current, 1(1,1') for 
plug I(L) and 11(H) at t=25.0°C (KCl). 

Fig. 3-25 represents an example of a characteristic apparent non-linear 

relation between volume flow and current density. The relevant electro-

osmotic experiments were conducted by starting at low current densities. 

After some time the current was interrupted for several seconds. Then a 

higher current was applied for the next measurement. This was followed 

by another current interruption, and so on; the duration of the current 

Fig. 3-25. Apparent non-linear J -I character­
istic (see text). 

interruptions was held constant. It was observed that beyond a certain 

value of the current density (several mA/cm2) the slope of the volume/ 

current curve increased considerably. The location of the transition to 

the steeper dependence is fully determined by the experimental procedure. 

A sudden decrease of the current (a •» b in fig. 3-25), followed by the 

same procedure results in the same slope as at high current values. If, 

starting from equilibrium the current is directly raised to high values 

the measured electro-osmotic displacement fits the low slope relation. 

If however the measurement is repeated at the same high current density, 

the volume flow gradually increases along the line c •* a. If in situa­

tion a) a streaming potential measurement is carried out it is found that 

the Saxen relation (see table 3-1): 
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(««•-(8 AP=0 

holds extremely well. Furthermore, a direct resistance measurement in 

situation a) reveals an increased plug resistance. These findings verify 

the hypothesis of dominant electro-convection during electro-osmosis, 

leading to a time dependent concentration decrease of the pore liquid. 

The time required to reach situation a) is much smaller than the reverse 

process, restoration of equilibrium starting from situation a). The res­

toration of equilibrium can be accelerated by the following procedure: 

after the current has been interrupted wait some time to allow the catho-

dic profile to diffuse into the reservoir, and then apply pressure in 

such a direction that the volume flow will restore the equilibrium elec­

trolyte concentration. 

In electro-osmotic counter pressure experiments the linear relation 

between I and AP was found to hold up to much larger current densities 

than in the case of electro-osmotic flow. This is so because the applied 

pressure counteracts the concentration changes induced by electro-con­

vection. 

Finally, we draw attention to the fact that the polarization phen­

omena occurring during electro-osmotic experiments carried out in a sys­
tematic way resemble "special transitions". Additional information is 

needed before interpretations of non-linear J„/I relations in terms of 
58 

these transitions, as were made, e.g., by Bondarenko and Nerpin 

can be accepted 

3.7.2 Streaming current experiments; tests of various polarization 
phenomena, determination of transport numbers and intrinsic 
relaxation phenomena from X-Y plots 

Concentration polarization at the electrodes: 

The effect of concentration polarization on streaming current can be ob­

served by applying a pressure change as discussed in detail in section 

3.4.3. Fig. 3-26 represents the characteristic retardation behaviour as 

a function of the electrolyte concentration. At high concentrations 

(10 M) the retardation is very pronounced, even to the extent that in 

the case of fast application of the pressure difference and fast record­

ing, the instantaneous value of 1(2,2') - see fig. 3-26 - only amounts 

to less than half the value of the real streaming current. Going from 
— 1 —2 10 to 10 M the retardation process decreases as a result of the m -
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Fig. 3-26. Current retardation for short-
circuited plug electrodes during pressure 
application (30 cm Hg). plug III A(L): 

a. 2 10"4M; b. 10"3M; c. 10_2M; d. 10_1M 
KCl. t = 25.0°C. 

crease in the plug resistance, R . A further decrease in electrolyte 

concentration only slightly affects the value of R . because fixed charge 

plugs and membranes tend to exhibit constant resistances at low concen­

trations (see section 4.5). The diffusion resistance R,, will however 

become more and more important because of the decrease in the value of 

cQ (see eq. (3-64) and (3-65). At the same time we notice from the re­

verse in sequence of the retardation curves the effect of time as predict­

ed by eq. (3-65). 

Another feature of fig. 3-26 is the ultimate steady value of the 

current, which can be interpreted as the result of natural and forced 

convection which prevents unlimited spread of the diffusion layer. 

Measurement of local Cl~-concentration during retardation: 

The déconcentration decrease at the high pressure side and the in­

crease at the low pressure side during pressure application (negatively 

charged plugs) can be followed by monitoring the potential differences 

E(l,2) and E(2',l'). The 1,1'-electrodes serve as reference electrodes. 

An example for the low pressure side is given in fig. 3-27. A pressure 

difference of 30 cm Hg was applied till steady state conditions were 

reached. In case a) the equipment was depressurized at t=o, in case 

b) the 2,2'-electrodes were disconnected. At t=7 min. the pressure dif­

ference AP = 30 cm Hg was applied again in case a) and the 2,2'-electrodes 

were short-circuited in case b). In both cases the potential change indi­

cates the effect of diffusion relaxation. It is evident that the change 

in interfacial concentration is faster when the electrodes are short-cir­

cuited and current flow can take place. From the change to steady-state 

for t >, 7 min. it can be inferred that the contribution of convective 

flow (AP = 30 cm Hg) to the interfacial concentration change is relatively 

small, at least for short periods. By recording the variation of inter-

facial potential at the high pressure side it could easily be checked 
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Fig. 3-27. Example of the variation in the 
intërfacial potential of the 2'-electrode upon 
a) pressure change o, b) disconnection or short-
circuiting of the 2,2'-electrodes at constant 
pressure difference •. At t < o : AP = 30 cm Hg, 
2,2'-electrodes are short-circuited; at 
o ̂  t < 7 min. a) the pressure is removed and 
b) the electrodes are short-circuited; at 
t > 7 min. the conditions correspond to those 
before t=o. , 
plug VII B(H): 10"JM KCl, 15.0°C. 

that for Ri << R the following relation holds: E(l,2)t + E(2',l')t = 

E(2,2')t. 

Generally, one can test the retardation phenomena due to concentration 

polarization for any equipment and electrode set by applying a constant 

current pulse through the cell containing electrolyte enclosed by the 

perforated electrodes short-circuited over an amperemeter with low R.. 

The effect of an external resistance on streaming current retardation: 

We now consider an experiment according to the method of Eversole and 
21 

Boardman at high electrolyte concentration when the retardation is ex­
pected to be pronounced. Fig. 3-28a represents the potential difference 
over the shunt resistance as a function of time for various values of 
the external resistance, ranging from 0.4 to 100 kfi. The picture clearly 
shows the retardation behaviour. 
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Fig. 3-28. The method of Eversole and Boardman. 

a. Fast recordings of the potential difference over the plug, E*(2,2'), for various 

shunt resistances and AP -»• 30 cm Hg. R . : 1-1.00 102; 2-10.0; 3-7.00; 4-3.00; 5-1.00; 

6-0.700; 7-0.400 kfl. The results for 6 and 7 have been multiplied by a factor 2. 

b. Instantaneous maximum current, I*(2,2') and plug resistance R * vs. R , . calcu-
p snunt 

lated from max. E*-values in fig. a. according to I*(2,2') = E* . /R . and eq. 
(3-70) resp. , 
plug VIII A(M); c = 10_ 1 M LiCl; t = 25.0°C. AP : 30 •+ 0 • O ; AP : 0 -» 30 cm Hg • O 
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In fig. 3-28b the instantaneous maximum values, Im, are plotted versus 

the shunt resistance. Moreover, using eq. 3-70 the plug resistance, 

R (= L22_1^ w a s a l s o c a l c u l a t e d a s a function of the shunt resistance. 

The small systematic differences between the results for AP -» 30 cm Hg and 

AP -» 0 can be attributed to the fact that at this high ionic strength the 

retardation is very fast. Therefore, the maximum values of 1(2,2') are 

influenced by the speed of pressure change. The result is a more or less 

constant plug resistance of about 2 kfi. So the shunt method seems to pro­

duce accurate and reproducible results. But, despite its reproducibility 

there is a large systematic error in the plug resistance, its true value 

being 865 ohms, as determined from the extrapolated values, Eg and Ig, in 

an X-Y plot. Admittedly, the example we have chosen is a rather extreme 

one because of the high electrolyte concentration (10" M), in which case 

the retardation is very fast. But, although at lower concentrations the 

deviation will be less drastic, as a rule the shunt method leads to exces­

sively high plug resistances, or, to streaming current values that are 

too low. Fig. 3-29 examplifies the influence of the input impedance upon 

the retardation behaviour of the streaming current in an X-Y plot at a 

concentration, for which the selectivity is absent (t+ = t + ) . For the 

X-Y plot it makes no difference if they are recorded with pressure appli­

cation or removal (superposition principle). The slope of an arbitrary 

"retardation line" can be used for the determination of L22- Extrapolation 

of this line to 1=0 and E=0 yields correct values for Eg and I resp. 

1(2.2) 

0 1 2 
A P — 3 0 c m Hg 

Fig. 3-29. Influence of the input im­

pedance, R., on streaming current retar­

dation for t*=t+. R.: a-1.00; b-3.00; 

c-6.00; d-10.0; c-40.0 kfi. The not-indi­

cated curves correspond to R . « R . 
-2 x P 

Plug V C ( L ) , co=10 Tl CsCl, t=15.0°C. 

•E(I.D 

Fig. 3-30. Influence of electrode spacing 

on streaming current retardation for 

tj=t+. a. I(2,2')-E(l,l'); 

b. I(l,l,)-E(2,2'). plug VII C ( H ) , 

c =10"XM CsCl, t=35.0°C. 
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This plot clearly demonstrates that application of a high input impedance, 

yielding a relative short "retardation line", makes the extrapolation 

procedure less accurate. Similar results are obtained when the external 

resistance is introduced by electrode spacing. For this the 1,1'-elec­

trodes were short-circuited and the 2,2'-electrodes used for the poten­

tial difference measurement. Consequently not the full potential drop is 

detected during the retardation (section 3.4.4). However, at the high 
~a 

ionic strength used in the example in fig. 3-30 (t+=t+) the extrapolation 

procedure yields again I and E . Fig. 3-31 is a typical example, showing 

the effect of the plug selectivity (t° f t+) on the retardation behaviour. 

Three situations are considered: 

1. the X-Y plot is recorded using a very low R.; 

2. an external resistance is introduced by electrode spacing, using 

the method presented in the preceding example,-

3. the Ag/AgCl-electrodes are replaced by irreversible Pt-electrodes. 

In case 1. extrapolation of the retardation line gives I and E(1,1')T__. 
Sa 

From the latter quantity and the separately measured Es t+ can be calcu­

lated, using eq. (3-57). In case 2. the same slope is obtained as in 

case 1. but extrapolation of 1(1,1') to E(2,2')=0 leads to excessively 
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Fig. 3-31. Influence of the electrode 
spacing and the reversibility of the 
electrodes on streaming current retar­
dation. 1. I(2,2')-E(l,l'); 

2. I(l)l,)-E(2,2,); 

3. I(l,r)-E(2,2') with 
1,1'-electrodes of Pt. 

Plug M, 10_3M KCl, t=25.0°C. 

15cm Hg 

Fig. 3-32. Superposition plot. 

a. 1(2,2') vs. E(l,l') during application of 
several pressure changes at arbitrary times, 
as indicated in the figure. The arrows indi­
cate the direction of the current/voltage 
change. The dashed line represents a slope 
corresponding to L„ 

b. 
22. 

Plot of extrapolated I -values vs. 
difference, AP, determined from the super 
position plot. , 
Plug IV(H), c =10"*M BaCl, 

pressure 

t=25.0°C. 
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high streaming current values. In case 3. the use of irreversible elec­

trodes eliminates the transport number effect; extrapolation yields 

directly I and E_. All retardation curves show that the first part shows 
S s 

higher values than those corresponding to extrapolation of the linear 

portion, which points to a slow intrinsic relaxation contribution to the 

streaming current. For cases 2. and 3. this effect is seemingly less pro­

nounced. However, as indicated in section 3.5.1, the existing and in­

creasing potential difference present just after pressure application 

suppresses the intrinsic contribution to 1(1,1'). . 

Superposition principle: 

Fig. 3-32a represents experimental data illustrating the superposi­

tion principle. It will be seen that the slope of the retardation lines 

differs from the "theoretical" quantity L22- L-» is determined from the 

streaming potential and the streaming current of which the former is 

measured in a separate experiment and the latter is found from extrapo­

lation of the retardation line to E=0 at the same pressure difference. 

The deviations in slope of the actual retardation lines indicates that 

the cation transport number in the plug differs from its bulk value. 

In fig. 3-22b we have plotted the extrapolated I -values versus the cor-

responding pressure difference. The straight line clearly shows the ex­

cellent linear dependence on pressure in the range studied. 

Determination of tranport numbers from X-Y plots: 

In section 3.4.2 it has been pointed out that the X-Y plot permits 

a direct determination of the transport number in the porous phase-. In 

order to obtain a line of sufficient length, making the determination of 

the pertinent parameters, I and E(1,1')I_0 accurate, the retardation 

line has to be monitored over an extended period and for R. << II . An 

example of a series of measurements for one surface charge is given in 

table 3-5. All pertinent parameters have been obtained from X-Y plots, 

and separately performed streaming potential and permeability experiments. 

The t"-data were calculated according to eg. (3-57), making allowance 

for the difference between K* and L,, (see table 3-1). The results for 

concentrations below 10 M LiCl and KCl, have been omitted because an ex­

tremely slow intrinsic relaxation phenomenon impedes accurate determina­

tion of E(l,l')j . It can be inferred that by increasing the external 

concentration, counterion uptake increases and the plug loses its selec­

tivity. Each pore of the plug becomes filled uniformly with the solution. 
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Table 3-5. Pertinent parameters of plug VIII A,B(M) at 25.0°C, required for calcu­
la 

lating t . t data (nearly independent of cone.) are taken at infinite dilution: 

t+(LiCl)=0.3364; t+(KCl)=0.4906. AP=30 cm Hg 

c 

moles/1 

. 4 "CI 
2 10 

KCl 

0 LiCl 
10"J 

KCl 

, LiCl 
10 

KCl 

n L i C l 
10 

KCl 

E s 
mV 

44.65 

31.6° 

40.68 

27.9 

14.3 6 

10.35 

1.795 

1.178 

E ( i , r ) I = 0 

mV 

16.1 

17.4 

23.3 

21.0 

11.4 

9.79 

1.80 

1.18 

( 1 -L"2 T1 
\ L 1 1 L 2 2 / 

1.023 

1.015 

1.032 

1.021 

1.012 

1.008 

1.001 

1.001 

"l 

0.954 

0.904 

0.595 

0.655 

0.429 

0.523 

0.336 

0.491 

Host of the direct measurements of ionic transport numbers in mem­

branes which have been reported in literature have used some form of 

Hittorf procedure, in which the quantities transported have been deter­

mined analytically by permitting changes in the external concentrations 

to occur. The significance of such data and the conditions needed to 

obtain accurate transport numbers which refer to a definite solution con-
59 

centration have been carefully considered (e.g. Kressman et al. ). The 

X-Y method involves very controlled polarization conditions and seems 

capable of avoiding the errors and difficulties likely to occur in the 

"classic methods". 

The advantages are: 

exceedingly small currents flow (only some M A ) during relatively 

short periods (several seconds), consequently only minute amounts 

of material are involved, part of which is again converted upon a 

subsequent pressure change. The influence of polarization, acting 

via concentration gradients to procedure retrodiffusion and osmosis, 

is very small; 

the slight perturbations in composition induced at the electrode 

surfaces do not have time to diffuse into the plug during the short 

period of measurement; 
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a laborious analysis of the solutions after electrolyses can be 

omitted; 

only relatively short amounts of time are required for the analysis. 

The disadvantages are: 

the electrodes have to be reversible to one of the ion constituents; 

a slow intrinsic resistance dispersion and/or the salt filtration 
^a effect may cause the t+-determination to be inaccurate; 

especially for membrane systems with relatively high resistances any 

disturbance (convection) tending to limit the growth of the diffu­

sion boundary layer (increase of the diffusion resistance) must be 

kept as small as possible. Otherwise, the resulting short retardation 

line makes the X-Y method inaccurate. Also, more time is needed to 

obtain a line of considerable length, which implies an increase of 

the influence of the salt filtration effect. 

In order to generalize the applicability of the X-Y method, similar 

studies have to be performed on other systems, especially on membranes. 

Determination of intrinsic retardation phenomena from X-Y plots: 

As already noticed in the experimental examples at relatively low 

c , reported in this section, the first part of the retardation line 

shows a time dependent retardation contribution to the current. Similar 
-3 observations were made at all plugs studied. Especially for c <10 M 

the intrinsic effect is most marked and remarkably slow. The transient 

phenomena were obtained by a simultaneous fast recording of 1(2,2') vs. 

time and vs. E(1,1') using the recording device at such sensitivity as to 

provide full-scale deflection for the transient changes. In fig. 3-33 we 

have presented the time dependence of the streaming current, for three 

concentrations, fully corrected for electrode polarization according to 

the procedure depicted in fig. 3-14 and corrected with eq. (3-76). The 

curves show an initial rapid fall, followed by a continuous slow downward 

trend to I . . When adequate rest periods were taken into account, in 

order to exlude the influence of the "slow part" of the retardation on 

the subsequent experiment it appeared that the shape of the curves was 

independent of the pressure difference. The transient phenomena become 

noticeable in a c -range where the plugs are selective and E becomes 

time dependent (see section 3.7). However, in our case E_ hardly changes 

in the period that the current transient takes place. Consequently, the 

time dependence of the conductance can be computed from: L22(t)=I(i)t/E
s 

(see eq. (3-73), (3-74) and (3-75). I ^ ^ ) t n u s c a l c u l a t e d w a s indepen­

dent of the applied pressure difference. Fig. 3-33 clearly shows that the 
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Fig. 3-33. The intrinsic time dependence of the 

streaming current for AP=30 cm Hg. plug VIII A(LiCl) 

• , VIII B(KC1)0; t=25.0°C. 

c. 6.6 10"5M LiCl, 4.0 10"5M KCl. I 

a. 10 hi; b. 2 10 

-values, 

M 

s,ac 
computed from a.c. resistances, are indicated. 

dispersion region shifts to longer times upon decreasing c . For com­

parison purposes we have inserted some I_-data computed from E„ and a.c. 
s s 

resistance values. The substantially higher I_ (freg.)-values once more 

point to the presence of a low frequency dispersion. An unnoticed dis­

persion may invalidate much of the published data on streaming currents 

or resistances of plugs. 

In order to determine unequivocally the physical nature of the time 

dependent.streaming current, we have also considered possible mechanical 

transients, arising from an instantaneously applied pressure change. 

The transient streaming current may be related to transient velocity 

profiles in the pores where the excess charge is spatially distri­

buted. Generally, the time required for the development of a steady 

state velocity distribution is strongly dependent on the pore radius 

and the kinematic viscosity (a and v*, resp.). For axial flow in a 

circular tube the dimensionless number v*t/a2 governs the deviation 

from steady state conditions . If for our rather loosely packed 

plugs an average pore radius of about 25% of the particle radius is 

used, a velocity profile within 10% of its steady state value de-
—8 

velops within 10 seconds. In other words, the influence of inertial 
effects on the streaming current can be neglected. These inertial 

effects do play a role, however, in alternating streaming current 
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28 measurements in capillaries with relatively large diameters . In 

this method the maximum current will therefore depend on frequency, 

apart from electrode polarization complications. 

The transient streaming current may be related to a time dependent 

reversible compression of the plug's matrix. A change in structure 

would directly influence the net current flow. One would have to 

study then the effect of the applied pressure change on the perti­

nent parameters. A time dependent reversible compression or expan­

sion, i.e. a change in packing density would cause the expulsion or 

uptake of water with the same time decay function which was riot 

noticed (see section 3.7.4). The linearity of the liquid flow/pres­

sure relation, the linear I-E-characteristics superposed at various 

constant pressure differences, the absence of any effect of pressure 

application on a.c. conductance and capacity point to the absence 

of compression (see section 3.7.4). 

Finally, it should be stressed that the X-Y method is especially 

suitable to detect the time-behaviour on a time-scale which cannot normal­

ly be covered in dispersion measurements due to the effect of electrode 

polarization on the resistive part of the total impedance (see chapter 7). 

3.7.3. d. c. resistance experiments 

The determination of the conductance consists in principle of 

passing an accurately known electric current between the electrodes in 

the reservoirs (1,1') and determining the potential difference between 

the plug electrodes. Pulses of short duration and small current density 

(<10pA/cm2) were used to keep polarization at the plug surfaces as small 
_3 

as possible. Nevertheless, recordings for c <10 M clearly show certain 

potential transients. A typical example is presented in fig. 3-34. The 

curve shows that initially the potential increases sharply and then slowly 

levels off at a finite value. The current that flows may not only comprise 

a conduction current but at least two other components, viz. a current 

induced by concentration changes at the plug-electrolyte interfaces and 

a dielectric displacement current. By waiting long enough the conduction-

current is only obscured by the effect of concentration polarization, 

since the dielectric displacement component will decrease to zero while 

the conduction current remains constant. Due to the slow adjustment of 

E(2,2') it was difficult to separate these two contributions. Measure­

ments of the local concentration changes during and after a current pulse 

clearly show that only a small part of the transient potential change 

can be attributed to the transport number effect (formation and relaxation 

of the concentration profile at the plug surfaces, causing a time depen-
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Fig. 3-34. Potential change in responce to a pulsed 

c e l l current for c < 10 M o 

Table 3-6. Survey of characteristic quantities of the plugs VIIIA and B(M) at 25.0°C. 

I , I and E are presented in the experimental sequence. I and I are the extrapo­

lated and instantaneous values obtained from the X-Y p lo t , resp. R i s the resistance 

computed from the voltage-current characterist ic , using the instantaneous E(2,2') -

value. The a .c . resistances have been determined using the 2 ,2'-electrodes 

c 

moles/1 

, fuci 
10_ J / 

l KCl 

, (LiCl 
10~* J 

\ KCl 

(LiCL 
10_ 1 1 

\ KCl 

6.6 10~5 LiCl 

4.0 10"5 KCl 

.(LiCl 
2.0 10 J 

\ KCl 

f l iCl 
10 *l 

l KCl 

I 
s MA 

2.20 

2.10 

2.68 

2.60 

2.078 

1.928 

1.28 

1.37 

1.59 

1.55 

2.41 

2.36 

E 
8 

mV 

46.0 

33.0 

14.36 

10.35 

1.795 

1.178 

43.75 

32.0° 

44.65 

31.60 

40.6 8 

27.9 

I m 
MA 

2.52 

2.40 

2.45 

2.36 

1.66 

1.55 

2.078 

2.125 

2.32 

2.27 

2.64 

2.61 

R<W 
kO 

20.9 1 

15.71 

5.566 

4.01 2 

0.864 

0.61 1 

34 .1 8 

23.3 6 

28.08 

20.39 

16.88 

11.82 

s m m 
kQ 

18.25 

13.75 

5.861 

4.386 

1.081 

0.760 

21.05 

15.06 

19.25 

2 
13.9 

15.41 

10.69 

kfl 

18 .1 3 

13.7° 

5.56 

4.02 

0.871 

0.605 

21.04 

15.05 

19.08 

13.51 

15.08 

10.37 

R a .c . 
(80Hz) 

kfl 

15.35 

11.3° 

4.81 

3.47 

0.868 

0.602 

16.40 

11.90 

15.70 

10.90 

12.60 

8.35 

R a . c . 
(1592Hz) 

kfi 

15.53 

11.10 

15.00 

10.25 

R a .c . 
(10kHz) 

kfl 

14.03 

10.10 

4.543 

3.213 

14.89 

10.22 

12.07 

8.091 

dent potential difference across the plug). Even when using pulses of long 
duration (several minutes) the instantaneous potential change was perfect­
ly l inear with 1 (1 ,1 ' ) , indicating the small influence of the transport 
number e f fect at low current densi t ies . A resistance determination using 
the instantaneous potential change, E(2,2') , seems to produce accu-
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rate and reproducible results because the transport number effect is 

eliminated. In this connection it appears that the resistance computed 

from E and the instantaneous streaming current, I , yield identical 

values. In order to illustrate the consequences of considering the thus 

calculated resistance as the d.c. resistance, resistances of plug M, de­

termined in every possible way, are presented in table 3-6 for an ex­

tended c -range. 

It appears that at high c the fast retardation in a streaming cur­

rent experiment gives I < I„ and consequently R(E_/I_) > R(E /I ). How-
m s s in s s 

ever at these high ionic strengths, current-voltage characteristics can 

be determined without any problem. Note that R (E(2,2') /I(1,1')) equals 

R(E /I ). At lower c the dispersion region extends to larger periods. 

Despite the effect of electrode polarization I exceeds I ; consequently 

R(E /I ) > RCEg/în,)- T n a t R<Es//Im^ e ( I u a l s % results from the use of the 

same equipment and recording device. Some a.c. resistances have been in­

cluded to show the marked decrease in resistance if a.c. values are used, 

despite the contribution of electrode polarization in the direct measure­

ment. In section 7 we will briefly discuss possible causes underlying 

the dispersion phenomenon. 

3.7.4 Permeability experiments, electroviscous retardation 

Introduction 

The fundamental variables governing fluid flow through porous media 

have been the subject of extensive experimental and theoretical studies 

For many systems it has proved possible to correlate a number of physical 

properties of the permeating solution and porous solids with experimentally 

determined permeabilities. The permeability is indispensable in studying 

several transport processes simultaneously, in particular interstitial 

diffusion, electrical conduction and fluid flow . One example has already 

been given in section 3.7. There is a direct advantage in using the per­

meability method in model considerations, provided the hydrodynamic and 

electrokinetic characteristics are determined simultaneously. Discrepan­

cies between experiment and predictions of thoroughly tested theories 

provide additional information for the interpretation of the electrokine­

tic results (chapter 4). Deviations from 'normal' permeability behaviour 

fall into two basic categories. One group, A, attributes permeability 

'abnormalities' to changes which are brought about during the formation of 

the particle bed and/or during subsequent permeability experiments (e.g. 

van den Hul ). The other group, B, ascribes these abnormalities, espe­

cially when they are concentration dependent, to ionic or molecular forces 
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acting on the permeating fluid concentrated at the solid-liquid inter-
64 faces . The factors of group A controlling the permeability, include: 

1. Reversible and/or irreversible (time dependent) deformation of the 

particles during flow; this may result in non-linear flow-pressure 

dependencies and pressure dependent phenomenological coefficients. 

A rigorous direct control involves the determination of an a.c. or 

d.c. resistance at different pressures at an ionic strength not 

corresponding with the isoconductivity point (conductivity of the 

particle system + continuous phase equals that of the continuous 

phase; section 5.4.1). 

2. Small traces of air, that drastically influence electrical and hy-

drodynamical characteristics and are often responsible for a pres­

sure dependent resistance (decrease upon pressure application, 

irrespective of ionic strength, contrary to the effect mentioned 

under l.)and a non-linear permeability characteristic. 

3. Repeptisation and channeling effects; as discussed previously (sec­

tion 3.6.1) upon flow reversal, non-coagulated regions can reveal 

a sudden increase of the permeability followed by a slow decrease 

to complete consolidation. It is clear that repeptisation processes 

occurring in those parts of the plugs that are coagulated in the 

secondary minimum, may increase anisotropic structuring. These ef­

fects often coincide with bad adhesion qualities at the wall of the 

plugholder and the appearance of microcracks. 

A proper choice of the centrifuging conditions for the plug preparation 

can eliminate the afore-mentioned effects completely. 

The factors of group B include: 

1. The effect of a boundary layer that causes an abnormally high vis­

cosity of the permeating fluid near the solid surface e.g. water 

structuring near the surface can control the location of the hydro-

dynamic shear plane. Increased electrolyte concentration opposes 

structuring (except for certain ionic species). 

2. The electroviscous retardation that results when a streaming poten­

tial has developed (section 3.2). When a rather concentrated aqueous 

solution of a strong electrolyte is caused to flow through the par­

ticle bed, the high conductivity of the solution will cause this ef­

fect to be virtually zero. The measurement of the coefficient L,, = 

(J^APJg . implies the measurement of Jv, while An and E are kept 

zero. s As has been proved streaming currents will give rise 

to the appearance of concentration polarization at the electrodes. 

Over a relatively short period the development of substantial dif­

fusion resistances impedes the determination of L,, (see section 

3.7.2). 
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3. At low ionic strengths a possible salt filtration gives rise to a 

time dependent accumulation and depletion of electrolyte at the high 

and low pressure sides, resp. (see section 3.3 and 3.7). This effect 

can experimentally be determined or estimated. In our case it was 

found that the filtration coefficient, L =[J /(AP-An )]. ,, was 

hardly influenced by induced osmotic forces, due to s 

the concentration polarization processes at the plug surfaces under 

the applied experimental conditions. 

4. The electrolyte causes some shrinkage of the particle, especially 

for colloids of a macromolecular nature. 

Experimental procedure 

The construction of the permeability cell has been described in section 

3.6.2. The conditioning of the plugs was described in section 3.7. The 

experimental runs and sequences are the same as reported for the electro-

kinetic measurements. Only a small pressure range was investigated. At 

pressure differences up to 30 cm Hg the Reynolds number, defined as Re = 

D J p/(r|Ap), does not exceed 0.1, corresponding the conditions far within 
P v en 

the creeping flow regime . D is the mean particle diameter, J the 

volume flow, A the cross-sectional area of the particle bed and p the 

volume fraction solid of the plug. Since the spheres were very small, 

the ratio of the diameters of plugholder and particle remained very large. 

Consequently, no effort was made to correct for wall effects (uneven 

packing adjacent to the wall). Data for a particular run were rejected 

because of the appearance of bad adhesion on the perspex wall of the plug-

holder or micro-cracks within the plug. It is noteworthy, however, that 

even when these irregularities are present and induce permeability 

changes of 10-20%, these are hardly reflected in the electrical conduc­

tance and streaming potential, even for conditions far removed from the 

isoconductivity point. This illustrates the high sensitivity of the flow 

in comparison with the other electrokinetic quantities to packing para­

meters . 

The permeabilities of the plugs were calculated from the displace­

ment of the liquid meniscus in the capillary connected with the streaming 

cell (fig. 3-16a). Plots of the displacement versus time became linear 

after a short interval. L was determined from linear plots of volume 

flow versus pressure difference. The porosities of the plugs were always 

determined from the volume of the plugholder and the weight and density 

of the latex particles constituting the plug. 
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Results 

Table 3-7 is a compilation of most of the experimental 'permeability de­

pendent flow rate' data for KCl. The results for LiCl and CsCl show the 

same trend and have been omitted. The results are presented according to 

the actual experimental sequence. All the plugs, irrespective of their 

surface charge density, temperature and kind of electrolyte, generally 

show a small but significant decrease in J upon decreasing c. The ob­

served changes are significantly greater than the experimental error 

(±5%). We did not observe any irreversibility in these observations; ip 

other words, the permeability at an arbitrary concentration is indepenr 

dent of the history of the plugs. If the decrease were caused by a change 

in structure or by other irregularities pertaining to group A, the per­

meability change would not be reversible and no linear J-Ap plots would 

be obtained. The values in parentheses are fully corrected for the elec-

troviscous retardation by dividing the experimental permeability by the 

factor [l-L^/fLj^L^)]. For L ^ the experimental value was used and 

subsequently improved by successive approximations. From the differences 

it can be concluded that the (calculated) electroviscous retardation 

Table 3-7. Volume flow, J , at pressure difference Ap=30 cm Hg under zero current condi­
tion. The plugs indicated with L, M and H were V B(0.6041), VIII B(0.5951) and VII 
B(p=0.6l33) resp. The values in parentheses have been corrected for the electroviscous 
effect. 

J x 105 cm3/s 

c 

moles/1 

10"1 

10'2 

5 10"3 

1.25 10 - 3 

10"3 

7.65 10~4 

2.65 10~4 

2 lO- 4 

10"4 

L 

15°C 25°C 

7.51(7.51) 9.31(9.31) 

9.38(9.44) 

6.86(7.06) 8.77(9.02) 

7.02(7.34) 8.81(9.10) 

6.77(6.92) 8.43(8.65) 

35°C 

11.0(11.0) 

10.7(10.8) 

10.2(10.5) 

10.7(11.0) 

9.94(10.2) 

M 

25°C 

8.79(8.80) 

8.66(8.73) 

8.26(8.43) 

7.89(8.01) 

H 

15°C 25°C 35°C 

6.02(6.08) 8.07(8.14) 10.30(10.39) 

5.72(5.80) 8.13(8.24) 9.87(10.01) 

5.16(5.29) 7.41(7.60) 9.49( 9.75) 

5.60(5.72) 7.22(7.39) 9.26( 9.45) 

contributes a small but just detectable resistance to solute permeation 

if no concentration polarization at the electrodes occurs. From the re­

sults it is clear that the electroviscous retardation contributes only 

a small factor to the observed permeability. Thus the observed permeabi-
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lity reduction probably results from the two remaining factors of group B 
(1 and/or 4). 

The term Lf2/^LllL22^' aPPear:"-n9 i n t n e permeability relation 

Lp=L11[l-L|2/(L11L22)], can in principle be determined directly by meas­

uring the potential difference E as a function of the electric current I a 

zero volume flow: ( I / E ) J V = L 2 2 [ 1 - L 2 2 / ( L 1 : L L 2 2 ) ] . Qualitatively, the effect 

of suppressing the electro-osmotic flow by a compensating pressure dif­

ference AP was clearly noticeable in our experiments (see section 3.7.1). 

However, in the c-range of interest, a time dependent concentration pola­

risation at the plug/solution boundaries is significant and hardly to 

eliminate, and thus impedes accurate determination of this relatively 

small effect. 

Fig. 3-35. The factor L ^ / d ^ L ^ v s . c for 

LiCl, KCl and CsCl at three different tempera­

tures, plug VII A,B,C (H) 

icr'm 

In fig. 3-35 data for L|2/(LnL22' is plotted as calculated from 

the component phenomenological quantities. The values of the various 

phenomenological coefficients, viz. L^, L12 and L22, are determined from 

the slopes of straight lines for the volume flow, streaming current and 

streaming potential versus pressure difference. Successfull experimental 

checks on criteria such as linearity, superposition principle and Saxen 

relation, demonstrate the validity of the postulates of irreversible 

thermodynamics. This in turn implies that the coefficients are invariant 

and also stresses the correctness of the method of calculating the elec-

troviscous effect. All curves in fig. 3-35 show maxima independent of 

the conditions. In chapter 4 we will analyse the electroviscous effect 

in relation to recent theoretical models and interpret the permeability 

'abnormality1 in terms of the factors 1 and 4 of group B. 

3.7.5 Summary 

In order to describe the influence of all possible forms of polari­

zation on phenomenological coefficients the theory of irreversible thermo­

dynamics was modified. 

The effects of concentration polarization on streaming potential, 

electro-osmosis electro-osmotic counter pressure and current-voltage 

curves were studied. It was shown that they could easily be minimized 
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and even eliminated, if experimental conditions were chosen such as to 

suppress interfacial concentration changes. The four-electrode technique 

was used to verify these predictions. It was also examined that moderate 

or high current densities applied in electro-osmosis experiments, when 

carried out in a systematic way, could lead to an apparent non-linear 

flow-current characteristic. Much attention has been given to the time-

dependency of the streaming potential, as it occurs at relatively low 

ionic strengths. From the experimental data it was concluded that it is 

hardly possible to determine the non-steady salt accumulation process 

for porous systems, because the selectivity, exclusively a result of 

negative adsorption, decreases during the accumulation. On the other hand 

it was shown that an analysis of the depletion process at the low pres­

sure side opens perspectives, experimentally as well as theoretically. 

The ensuing concentration gives information about the electrolyte content 

of the 'pore liquid', a relevant colloid-chemical quantity. A quantita­

tive expression for the depletion process was derived and experimental 

data, proving the validity of the method, have been presented. 

The separate and combined effects of either concentration polariza­

tion at the electrodes and/or a resistance in the electrical circuit 

(externally) or by electrode spacing (internally), on the streaming cur­

rent, were theoretically and experimentally studied. The employment of a 

new experimental method, using the four-electrode apparatus permits ex­

perimental verification of the diffusion-relaxation processes occurring 

at the electrodes and the determination of the d.c. streaming current. 

A detailed study in the general framework of irreversible thermodynamics 

showed that the 'X-Y method' permits the determination of the transport 

number of counterions in the porous system under study. These numbers, 

which were measured under very controlled and 'soft' polarization condi­

tions, are presented. It is likely that the methods developed here are 

also suitable for other systems such as membranes. 

It has been demonstrated that for our systems at low ionic strengths 

the combination of a slow intrinsic polarization process and the trans­

port number effect complicates determination of the d.c. resistance. How­

ever, determination of the streaming current retardation with the four 

electrode technique not only enabled the determination of the d.c. 

streaming current and thus the d.c. resistance, but also the slow part 

of the time behaviour of the involved intrinsic process. 

Special attention have been given to the preparation of stable, iso­

tropic plugs of polystyrene latices. The permeability measurements show 

that if appropriate centrifuging conditions were chosen for the plug 

preparation a mechanically stable system could be obtained. The fil-
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t r a t i o n c o e f f i c i e n t s , L , were determined over a wide c on c en t r a t i on r ange . 

The observed i n c r e a s e of L wi th i o n i c s t r e n g t h could no t be exp la ined 

by t h e e l e c t r o v i s c o u s e f f e c t , which was c a l c u l a t e d from independent ly 

de termined phenomenological c o e f f i c i e n t s . An a n a l y s i s of a l l t h e f a c t o r s 

p o s s i b l y concerned r e v e a l s t h a t two flow r e t a r d i n g e f f e c t s could s e rve 

as an e xp l ana t i on v i z . a c onc en t r a t i on dependent water s t r u c t u r i n g near 

t h e s u r f ace of t h e p a r t i c l e s and/or a sh r inkage of t h e p a r t i c l e s upon 

i n c r e a s e of t h e e l e c t r o l y t e c o n c en t r a t i o n . 
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APPENDIX 3A: Equations for the depletion of local concentration at 

a plane surface* 

The differential equations and the boundary conditions considered in 

section 3.3.2 are: 

c(x,o) = cQ for x £. o (A-2) 

lim c(x,t) = c for t > o (A-3) 

x + » 

D j | (o,t) - J c(o,t) = - J c for t > o (A-4) 

Solution: Let c(x,t) = u(x,t) e ax+^t (A-5) 

then substituting (A-5) in (A-l) gives: 

j | + ßu = D f ^ + (2c*D-J) |H + (Da2 - J a ) u 

a and ß are chosen so that: 2aD-J = o and ß = Da2-Ja 

Thus a = 20 > o, (A-6) 

ß = - g < o (A-7) 

Introducing foregoing equations into eq.(A-l) through (A-4) yields: 

ou _ n ô2u fA-fn 
S t - D Sx? ( A 8 ) 

u (x , o ) = c 0 e " a x f o r x >, o (A-9) 

l im u ( x , t ) = o (A-10) 
X -» » 

§ £ ( o , t ) - a u ( o , t ) = - 2 a c p e ~ p t ( A - l l ) 

Taking t h e Laplace t r ansform of t h e d i f f u s i on equa t ion and t h e boundary 
c ond i t i on s we can w r i t e fo r eq . (A-8) : 

5 The author is indebted to I r . M.H. Hendriks of the Department of Mathematics, 
for his help in obtaining the solution 
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sü - u(x,o) = D g^; according to eq. (A-9) it becomes: 

D g - s ü = - c 0 e - a x (A-12) 

where ü(x,s) = ƒ e~s u(x,t)dt ; s is the Laplacian operator. 

Eq. (A-10) becomes: Lim ü(x,t)=o (A-13) 
x -> oo 

j~ 2ac 
Eq. (A-ll) becomes: §£(o,s) - aü(o,s) = - - ^ (A-14) 

Suppose ü = k e~aK is the solution of eq. (A-12), then the general 
solution of eq. (A-12) becomes: 

ü = A e x ^ 5 + B e ' * ^ + \ 
S+p 

From (A-13) it can be shown that A=o 

Thus ü = B e'^8^ + - ° ^ s — (A-16) 

e"ax (A-15) 

With eq. (A-14) we get for B: 

2aVÖ (C -c ) 
B = VE)(s+ß (Js+ujD)(s+ß) 

Let 2^5 = ßX/ then ß = - ß.^ and ajü = ß± (A-17) 

After rearrangement eq. (A-16) becomes: 

cn-co p-x/s//D C C -XVS/VD -X/S/VD c e~ax 

ü = -Is-^ - §5-°- ̂  (c-cj ̂  + ° (A-20) 
2h Vi-ßj. 2ßl ^ P ° (VF+ßj)2 S+P 

Evaluating the inverse Laplace transforms (see Roberts-Kaufman: Table of 
Laplace transforms) and introducing eq. (A-17), (A-5), (A-6) and (A-7) 
into the solution of eq. (A-20) one finally gets after some rearrangements 
the complete time dependency of the concentration at arbitrary distance 
from the plug surface at the low pressure side: 

eU.t, - „V=0> [«* ** . (^ • g , • x) A ^ ) • 

* iif\ * °° <s-21) 
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CHAPTER 4 

CONVERSION OF ELECTROKINETIC PARAMETERS OF CONCENTRATED DISPERSIONS INTO 

DOUBLE LAYER CHARACTERISTICS; CAPILLARY MODELS AND CELL MODELS 

4.1 Introduction 

Interpretation of electrokinetic data of porous media requires the 

introduction of a geometric model in order to compute correction factors 

to be applied to Smoluchowski's classical equations. The model-based the­

oretical investigations described in the literature are limited to capil­

laries or cells. In this chapter the consequences of such approximations 

of the microstructure of real plugs will be discussed. Next, we will ana­

lyse our electrokinetic results on polystyrene plugs in terms of some re­

cent theoretical representations. Special attention will be given to the 

effective boundary layer thickness as it is evaluated from the hydrodyna-

mic experiments and from the electroviscous effect. For that purpose the 

capillary model is extended to incorporate the possibility that the shear 

plane does not coincide with the particle surface and tangential ion 

transport can take place through the layer near the surface (anomalous 

conduction). The cell model will be used in assessing the hydrodynamical-

ly effective charge density from the observed time-dependency of the 

streaming potential, using the theory of negative adsorption. 

4.2 Problems involved in studying electrokinetic phenomena in porous 

media; complications due to surface conductance 

At high electrolyte concentrations, i.e. thin double layers, elec­

trokinetic effects are confined to an area that is relatively close to 

the charged surface. This condition is characterized by a relatively high 

value of the reciprocal double layer thickness, K, which is defined by : 

K2 = lciZiF|/e0£rRT (4-1) 

c. and z- are the bulkconcentration and valency of ion i, resp.. F_ is 

the Faraday constant, e the relative permittivity, e the permittivity 

of free space, R the gas constant and T the absolute temperature. Under 

these conditions, electrokinetic data of porous systems can be inter-
. 1 2 

preted using the classical formulae of Helmholtz and Smoluchowski ' . 

In the more general interpretation of streaming potential or electro-

osmosis experiments, one has to be aware of complications that can arise 

from the occurrence of surface conductance. The critical importance of 
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this phenomenon, which is especially crucial for dilute electrolyte solu-
3 tions, was already recognized by Briggs and has since been subjected to 

many investigations. Another complicating factor in the theoretical and 

experimental approaches is contributed by the circumstance that, also de­

pending on the value of the pore or particle radius, at low ionic strength 

double layer overlap and double layer polarization cause serious correc-
. 4 tions to the classical formulae (e.g. Dukhin ). 

In order to obtain fully reliable values of the zeta-potential, one 

can either select the conditions in such a way that specific surface con­

ductance and double layer polarization can be ignored or corrected proper­

ly for these phenomena. In the.latter case the numerical value of the spe­

cific surface conductance has to be determined experimentally from the to­

tal conductance, which can only be done unambiguously for well-defined 

systems as single capillaries or parallel plates having perfectly smooth 

surfaces, so that the double layer is not polarized by an electric or hy-

drodynamic field. 

The impossibility of calculating the true zeta-potential from experi­

mental electrokinetic parameters of charged porous systems in the presence 

of a non-negligible specific surface conductance, has in the literature 

often been considered as an accepted fact even for the case of a thin 

double layer. This judgement is partly based on experimentally observed 

large differences between zeta-potentials obtained with a glass capillary 

and with a plug of small particles of the same material under identical 
7 8 

conditions ' . However, this experimental evidence is not convincing, be­
cause the plug resistance was measured by the shunt method, thus it is 
quite possible that part of the apparent zeta-potential depression has to 
be attributed to polarization effects at the electrodes (see sections 
3.4.4 and 3.7.2). 

The theoretical study of electrokinetics in porous systems has gained 

impetus from model approaches to hydrodynamic problems. We can classify 

theoretical studies in this field into: 

a) traditional theories in which the porous system is modelled to a net­

work of capillaries. The most simple model viz. an equivalent bundle 

of capillaries of equal diameter is of direct importance for esti­

mating the effect of a thick double layer. In several theoretical 

analyses considering a thin double layer, it is proved that a network 

with cylindrical capillaries even with only slightly varying diame­

ters and lengths will display a reduced zeta-potential. The first 

theoretical analysis of the surface conductance problem in terms of 
o 

capillary models was presented by Overbeek and Wijga . Their treatme 

of two simple models, dealing with an arrangement of capillaries in 
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series and in parallel, has shown, that for porous beds, the mere mea­

surement of total conductance is totally inadequate. Direct substitu­

tion of this value in the Helmholtz-Smoluchowski equations for elec­

tro-osmosis or streaming potential leads to zeta-potentials that may 
9 

strongly deviate from the true values. Tikhomolova approached this 
problem theoretically and experimentally by relating the electro-os­

motic volume rate to the varying structural and double layer charac­

teristics of layers associated with the different particle sizes 

that compose the dispersed medium. The generation of interlayer 

pressure differences during electro-osmosis is responsible for an 

apparent zeta-potential depression. The so-called 'hydraulic effect' 

should not be significant when measurements are carried out on homo­

geneous porous media made up of particles of equal size. However, 

the fact that every individual particle can be polarized by the ap­

plied electrical field was not taken into account. 

b) theories which describe the porous system as an array of charged 

spheres, often presented as the cell-type model. It is clear that 

cell models and also particle models are more suitable for incorpo­

rating the concept of 'particle polarization' and the effect of a 

relatively thick double layer simultaneously. The particle models, 

however, can only be used to predict the electrical conductivity of 

a particle dispersion and are therefore separately treated in chap­

ter 5. It will be shown that the cell model is eminently suitable to 

relate the electrolyte content of the interstitial phase, determined 

from the time-dependency of the streaming potential, to double layer 

characteristics. 

In the following sections recent theoretical results, dealing either 

with the * single capillary model', including surface conductance and thick 

double layers, or with the cell model, will be briefly reviewed. The re­

sults are presented in terms of the phenomenological coefficients occur­

ring in the theory of irreversible thermodynamics. 

4.2.1 Surface conduction in relation to streaming current 

It has often been suggested (mostly implicit in the theoretical 
11-14 

model ), that short-circuiting the electrodes attached to the inter­
faces of the porous system eliminates the influence of surface conductance. 
However, short-circuiting the end electrodes does not eliminate at all lo­
cal ionic conduction (thus partial streaming potential conditions) at in­
termediate points in the porous system, as will be shown in the following 
example. For this we will use the same capillary model as taken by Over-
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8 . . . 
beek and Wijga . In the upper part of fig. 4-1 a two-capillary system with 
circular cross-section is presented; for convenience both sections have 
been given the same length 1. We will assume that the Helmholtz-Smoluchow-
ski model can be used, with incorporation of the specific surface conduc­
tivity, K°.' Under streaming current conditions with volume flow J , the 
net current in section I, composed of a convection and a conduction part, 
can be written as: 

Ix = 8e0ejjva-2 + 7iK(a2 + a a ^ E ^ l"1 (4-2) 

and for section II as: 

I n = 8e0
er£Jva2 + n K ( a 2 + a a 2 > EBC (4-3) 

with a = 2KCT/K. K denotes the specific conductivity of the equilibrium 
electrolyte in the capillary system. E»g and E ß c are the potential differ­

ences E. and E_ - E_, resp . The s teady-s ta te streaming current con-

Fig. 4-1 . A two-capillary system with the corres­
ponding potential prof i le under streaming current 
condition. 

d i t i on i s given by I . = I j , and EA = E c . This i den t i t y of eq. (4-2) 
and (4-3) allows us to formulate EaR (= - ERr) e xp l i c i t l y . The sign of AB 
Eĵ g depends on the sign of the zeta-potential and the sequence of the two 
capillaries. The streaming current with the short-circuited (non-polari-
zable) electrodes can be obtained from either eq. (4-2) or (4-3) in com­
bination with the explicit expression for E.g: 

8eoer^Jv 4 + a2 + a ( a î + a2> 
a2a2 
ala2 

2 2 a1 + a2 + a(a1 + a2) 
(4-4) 

where AP and n denote the pressure difference and the viscosity resp. and 
4 4 4 4 

J = na1a,AP/{8nl(a1 + a2)}. The streaming potential can either be calcu­
lated from the condition I_ III = °' o r v^a t n e t o t a l electrical resis­
tance of the capillary system and I . By substituting the expression for 
J into eq (4-4) and by using the geometric cell constant of the capil­
lary system, c, for the streaming current we can formally write: 

79 



I = îfifrL AP 1 . . 

in which Z is a correction factor, which must be applied in a calculation 
of the zeta-potential from the Smoluchowski-formula. C is defined by 

2 2 2 2 C = lfa.̂  + a^/natat, and is usually determined at high ionic strength. 
With a, = xa», Z transforms into: 

(x2 + l)(x4 + 1) + (x + l)(x4 + l)a/a, 
Z = — , 2 3 é. (4-6) 

(sC + l)(x* + 1) + (x + l)(xJ + l)a/a2 

For x * 1 and finite values of K ° , Z exceeds 1. As depicted in fig. 4-1 a 
potential profile with corresponding migration currents will develop in 
order to compensate charge accumulation/depletion. The final streaming 
current equation only contains the correction factor in the presence of a 
non-negligible K ° . Calculation of Z as a function of the heterodispersity 
of the capillary diameters, x, reveals the influence of the dimensionless 
parameter a/a,. This parameter is twice the Rel concept of Dukhin for a 
capillary, expressing the contribution of K° to the total conductance of 
the capilllary. For small x-values Z increases substantially with Rel 
(e.g. x = 2; Rel = 1: Z = 1.032, Rel = 5: Z = 1.112). For a large diame­
ter ratio, however, Z becomes insensitive to the presence of surface con­
ductance, because the relatively high conductance of the bigger capillary 
suppresses the potential difference E-g (e.g. for Rel = 5 , x = 20: Z = 
1.016). The conclusion of this analysis must be that: 

a) when considering the streaming current in network models such as 
that of Overbeek et al. , a non-negligible surface conductance 
leads to a zeta-potential depression. The amount of depression in­
creases with increasing Rel and is sensitive to the degree of hetero­
dispersity of the capillary system. 

b) it is of interest to study the effect of the type of counterion on 
I . An increase in the molar conductivity of the ions decreases Rel. 
Determination of I for series of alkali ions may give direct infor­
mation about the polarization effect in case no anomalous conduction 
takes place and no specific adsorption effects occur. 
In order to verify the effect of double layer overlap similar calcu­

lations were performed using the physically unrealistic fixed charge den­
sity theory (often used in membrane literature), which assumes the capil­
laries to be homogeneously charged . It can be shown that in this case 
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under streaming current conditions no conduction takes place in the capil­

lary system. However, for moderately charged pores, even at pronounced 

double layer overlap (K = 0), the charge distribution is by no means homo­

geneous since the charge excess is substantially localized near the sur­

face (see sections 4.5 and 4.5.1) so that a zeta-potential depression re­

mains to be expected. 

4.3 The specific surface conductance: defining equations and explanation 
of terms 

In descriptions of systems with enhanced conductivity due to the pre­

sence of a charged interface the term surface conductance is often used. 

Any expression for this quantity should include the contribution of the 

excess of counterions, a+, as well as the deficit of co-ions, o_, near the 

charged surface which contribute positively resp. negatively to the sur-
17 18 

face conductance (Bikerman ; see also Watillon et al. ). Moreover, the 

electro-osmotic displacement of ions in the double layer should also be 

included. For a negatively charged surface and a symmetrical z-valent 

electrolyte the general expression for K° for a diffuse double layer is 

given by: 
i 2eve~RT 2e e RT 

*° = J- « W - a_A. + a+ - J L 2 - - a_ - J L £ - } (4-7) 
a + — 

A+ and A_ are the molar conductivities of the counter- and co-ions, resp. 

The first two terms in eg. (4-7) represent the conductive contribution 

and the last two terms the superimposed electro-osmotic (convective) con­

tribution. For spheres, at any <a the a and o values can be calculated 
~ 19 

from the reduced quantities I.(t|»d,Ka) of the L.O.W. tables by the re­
lation: 

a±(»|(d,Ka) = ere0RTKl±(i|»d,Ka)/Fa (4-8) 

where i|i, is the potential of the diffuse part of the double layer corres­

ponding to a surface charge density o , and a is the particle radius. The 

condition for electroneutrality prescribes that a = -(o. + a_). For rela­

tively high Ka and/or i|i, values the ionic components of charge, a., can 

be expressed as a function of the electrokinetic potential, £, just as if 

one is dealing with the theory of flat electrical double layers. For a 

system containing a monovalent electrolyte eq. (4-7) then transforms into: 
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K° = <2e re 0RTc/F!) , s { ( exp ( -£ /2 ) - 1)(A+ + 2e re 0RT/n) + 

( exp(£ /2) - 1)(A_ + 2e re 0RT/n)} (4-7a) 

where £ is the reduced electrokinetic potential: £ = F £/RT. It is assumed 

that the partiele surface and the shear plane coincide, thus £ 4-/ 
Surface conductance data obtained on many systems have revealed large 

discrepancies with values calculated according to eg. (4-7a) when using 

experimentally determined zeta-potentials. These discrepancies may be re­

lated to the presence of a conducting layer between the solid surface and 

the shear plane. Assuming that the potential distribution in this layer 

can still be described by the Gouy-Chapman theory, and taking into account 

the fact that the molar conductivities of the ions do not necessarily have 

to be equal to their values in the bulk, the Bikerman equation can be mo­

dified to: 

K° = (Se^RTc/F!)** {A*(cosh $d/2 - cosh £/2) + 

(A± + 2eoerRT/n)(cosh £/2 - 1)} (4-7b) 

where A+ and A_ have been taken as identical. The same assumption holds 

for the molar conductivities of the ions in the A-layer, A,. A similar ex­

pression can be obtained for the case A+ * A_ and A^ t A_. Using additions 

experimental data on the electrokinetic potential and the surface charge 

density, from eq. (4-7b) one can evaluate A., t|»d and £ and from the combi­

nation of the latter quantities A((|>-, £)• I n table 4-1 some K° results 

are presented in order to show the dependency of K° on a , c and the kind 

of electrolyte. The effect of ignoring the electro-osmotic contribution 

(£=0) on K is rather sensitive to a and c, but is independent of the 

Table 4-1. Some K -values calculated according to eq. (4-7a) at 25.0 C. The result for 
£ = 0 were obtained by ignoring the electro-osmotic terms. 

1 K° x 1010 

n 

moles/1 

10"1 

10"2 

10"3 

5 10 - 5 

a =1 uC/ 
o r 

•d« 
-0.901 

0.980 

3.59 

5.37 

LiCl 

cm2 

t=o 
-1.16 

0.241 

2.20 

3.52 

a =8 o 

* < f * 

25.1 

39.2 

45.2 

47.5 

uC/cm2 

irO 

14.8 

25.4 

27.9 

31.6 

a =1 
0 

+d=* 

1.12 

3.45 

6.66 

8.83 

KCl 

pC/cm2 

t=o 
0.854 

2.71 

5.26 

6.99 

a = 8 
0 

+<ft 
48.8 

65.9 

73.4 

76.2 

MC/cm2 

£=o 
38.5 

52.2 

58.1 

60.3 
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nature of the electrolyte. Furthermore, it may be noticed, that K° becomes 

negative when a+ and a_ are of the same magnitude (low a , high c) and the 

counterions are less mobile than the co-ions. It is important to realize 

that a constant surface charge density does not imply an invariable sur­

face conductance. Without any knowledge of t,, a and A. can be determined 

from experimental K° data by assigning different values to the thickness 

and A,, to a first approximation assuming them to be independent of c, and 

minimizing the mean square deviation between calculated and experimental 
20 values of the surface conductance . An experimental check on this method 

is the determination of the influence of the nature of the counterion on 

surface conductance. However, various factors often discussed in the lite­

rature, such as surface roughness, specific adsorption of ions, variation 

of e and n within the double layer, etc. invalidate the presented formu-

lae . Most of the many possible sources of error in determining the double 

layer parameters will be discussed in relation to our experimental results. 

4.4 Survey of recent theories of electrokinetic phenomena for the capil­
lary model and the cell-model 

a. The capillary model 

Describing a steady-state electrokinetic flow involves constructing 

and solving model equations (Poisson-Boltzmann, Navier-Stokes) with the 

proper boundary conditions. Recent mathematical (numerical) treatments as 
31 30 

those of Anderson or Levme are hardly limited with regard to the mag­

nitude of the potential (charge) and the electrokinetic radius, Ka. Never­

theless, they are subjected to some restrictions that are rather important 

in view of practical applicability: 

I it is assumed, that both monovalent ions, which constitute the elec­

trolyte, have the same molar conductivity (A+ = A_). 

II any contribution to the surface conductance residing inside the shear 

plane is disregarded (no anomalous conduction). The shear plane is 
32 treated as a discrete slipping plane 

Despite these restrictions, the relations for the several electroki­

netic effects as obtained by Levine et al. extend and/or complete older 
21-29 . . . results significantly. Levine's theory refers to the constant poten-31 tial case, whereas Anderson et al. presented their (mainly numerical) 

results for constant charge conditions. We summarize the more accessible 

results of Levine in terms of phenomenological coefficients containing the 

factors that must be applied to Smoluchowski's classical results. The 

coupling coefficient L_,, which characterizes the convection current, may 

be expressed by: 
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L 2 1 = ^ ! ^ <1 - G) , „here (4-9) 

G = G(Ka, 1) = 2 ». ƒ R $(R)dR (4-10) 
(Ka)2£ o 

C denotes the cell constant of the capillary, (1-G) the correction factor 
and R = Kr the dimensionless radial coordinate, iß and Ç are the dimension-
less potentials within the capillary and at the shear plane, resp. The 
correction factor will be used in evaluating our streaming current data. 
Comparison of (1-G) with the numerical results of an earlier study of the 

21 streaming current by Oldham et al. for an extended potential and Ka-
range reveals no difference. 

The coefficient characterizing the conductance of the capillary is 
given by: 

L21 = Ü 4 ^ w i t h (4-11) 

Fc = Fc (Ka' £' P*> = —id *s(*a)2(l-G) ̂  (4_12) 

ƒ R cosh $(R)dR + ß* ƒ Rfd||R^2dR 

where 

( e e k K ) 2 T 

ß* = ° Keg <4-13) 

is a dimensionless parameter, that depends solely on electrolyte proper­
ties. The enhanced conductivity of the pore liquid at low xa-values, with 
complete incorporation of the effect of negative adsorption is given by 
(1-G)/F . For a discussion and calculation of the correction factors F 

. 3 0 and (1-G) one is referred to the original article . 
Combining the equations (4-9) and (4-11) one gets for streaming po­

tential and electro-osmosis: 

where F„ = £ /£. £ denotes the apparent zeta-potential, thus the non-
C a a. 

corrected value obtained from the Smoluchowski equation. 
In electrokinetic research the phenomenon of flow retardation is of 
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special interest. The decrease in volume velocity due to the electro-

viscous effect is given by the relation (see section 3.2): 

(J/AP)I=0 _ L LÎ2 ) _ (. 8P*(J- - G>Fc) | 4151 

(J/AP)E=0 - i1 L ^ L ^ / - I1 (Ka)2 J (4"15) 

with 

L n = a V O n C ) (4-16) 

Numerical results can be evaluated'for every combination of Ka and £. 

For the constant charge case we first compute the potential at the various 

surface charge densities according to the Gouy-Chapman theory and then 

calculate the phenomenological coefficients as a function of Ka or the 

external electrolyte concentration. 

For sufficiently low potentials (ICI ^ 25 mV) or charge densities, 
25 

i.e. in the range of the Debye-Hückel approximation, Rice and Whitehead 

presented analytical expressions for the correction factors in terms of 

the zeta-potential: 

2l!(Ka) 
and (4-10a) Ka IQ(Ka) 

F = — •*• ~ " (4-12a) 
C 1 - (e0

£JK>2/<nKc).[l - G - I12(Ka)/I02(Ka^] 

where I and I, are modified Bessel functions of the first kind of zero o 1 
and first order, respectively. The denominator of F_ equals 1 as £ •+ 0; 

n* C oft 

consequently F equals (1 - G) as £ •* 0. S^rensen and Koefoed presented 

similar approximations for L», and L22» but then in terms of the charge 

density, a : 

L2i = n Ä <*a ïTtfcïT " 1} è ( 4" 9 a ) 

2na 2 . 
L22 = {

 n K2 p(Ka> + K} è w h e r e (4-lla) 

p<Ka> = i r f e y { K a VKa> - W£ » and 

Q(Ka) = ƒ R I 0 ( R ) 2 dR 
o 
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The terms on the right-hand side of eq. (4-lla) denote the purely 
convective and conductive contribution to the total current respectively. 

Determination of the equivalent pore radius, a 

In the traditional theoretical approach of replacing the actual sys­
tem by an equivalent bundle of capillary tubes, it is customary to speci­
fy an effective pore radius and an effective pore length in terms of mea­
surable overall properties of the porous system. For that purpose we choose 

33 the widely employed Kozeny-Carman relation , which assumes that the pore 
space in a packed system is equivalent to a bundle of parallel capillaries 
with a common hydraulic radius. The permeability coefficient, k*, defined 
in terms of Darcy's law: 

J' = £ XT (4-17) 

may be evaluated experimentally. Here J1 denotes the volume flow rate per 
unit cross sectional area of the uncharged porous plug and h the thick­
ness of the plug. The K-C relation in the terminology used here, takes 
the form: 

k* = KC S 2(l-£)2 <4"18> 
O 

where S is the surface area exposed to the fluid per unit volume of solid 
and K the Kozeny constant. For capillaries of length 1 and radius a 
through which the fluid is transported by Poisseuille flow, the permeabi­
lity coefficient reads: 

k* = l ( l ) 2 s0»u-«>* <4-18a> 

where S is related to the porosity and the capillary radius by: 

so = iih- (4-19) 

The capillary model can be matched with the K-C relationship by de­
fining the effective length as 1 = h/>/2K . The effective pore radius then 
becomes : 

( * $ aK-c = 2(^) <4-20> 
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For our packed beds of uniform latex spheres we use the Kozeny con-
33 stant K = 1/5, as determined empirically in the porosity range e = 0.26 

to 0.8. The effective radius expressed in the particle diameter, D, ac­

cording to eq. (4-19) or (4-20) amounts to: 

aK-c = 3 f c r D < 4- 2 0 a ) 

In order to analyse the sensitivity of the correction factors for 

the magnitude of the effective radius, we also introduce the radius cal-
34 

culated from the simple Bjerrum-Manegold model , in which the porous bed 

is considered as a bundle of equivalent capillaries with length h. The 

radius then obtained is related to a „ c by: 

aB-M = l ^ 1 5 aK-C ( 4 " 2 1 ) 

b. The cell-model 

The experimentally observed variations of electrophoretic mobility 

with the concentration of charged particles stimulated the experimental 

and theoretical study of diffuse double layer interaction in homogeneous 

swarms of particles ' . A first theoretical approach for Ka << 1 was 
35 

made by Möller et al. , who used a cell-model. In this model each par­
ticle is enclosed within a spherical shell of electrolyte, containing 
just enough ions to neutralize the surface charge. The particles and their 
surrounding shells are considered to be of uniform size, each one being 
equal to the total volume of the suspension divided by the number of par­
ticles. In terms of porosity this model can be related to the particle 
radius a and the radius b of the particle with the shell: 

e = 1 - (a/b)3 (4-22) 

The distortion of the applied field around the particle was con­

sidered negligible. Consequently, application to the important Ka-range, 

1.0 4 Ka ̂  100, where the relaxation and retardation effects are particu­

larly pronounced for moderately charged spheres, is excluded. Further, 

hydrodynamic interaction was not incorporated, so in principle this cell-

model can only be used to examine double layer interaction. 

Ciriacks et al. incorporated the hydrodynamic interaction in the 

derivation of a relationship between zeta-potential and streaming current 

for mats of cylindrical fibers by using the cylindrical cell-model developed 
37 by Happel . Apart from the effect of linearization of the Poisson-Boltz-
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mann equation for practicability, the neglect of double layer polarization 

makes their theory less useful than Levine's treatment of the capillary 

model. 
38 

Following Möller et al., Levine et al. studied electrokinetic phe­
nomena of particle dispersions resulting from an externally applied elec­
tric field using the same cell-model for an extended «a and porosity range 
(0 < e ̂  0.4). The hydrodynamic interaction was now incorporated by using 

37 39 . 

Happel and Kuwabara's hydrodynamic boundary conditions. The electrical 

considerations were based on Henry's classical treatment of electrophore­

sis of a single isolated spherical particle. Consequently, the effects of 

surface conduction and double layer polarization are not considered. More­

over, the linearized Poisson-Boltzmann equation was used, reducing the 

applicability to small zeta-potentials. The electrophoretic (electro-osmo­

tic) velocity was characterized by the factor f(xa,£) with which Smolu-

chowski's expressions have to be multiplied. This factor, including se­

veral complicated integrals, can be evaluated for any e and Ka, for which 
38 we refer to the original article . f(xa,£) predicts the correct trend 

for electrophoresis and electro-osmosis within multiparticle systems. For 

Ka •» », f(«a,£) -» 1 and for Ka •* 0, f(Ka,e) -* 0. Increase of double layer 

interaction due to changes in K and/or e may result in a considerable de­

viation from Smoluchowski* s equation. In a subsequent paper Levine et 
40 al. , again using the cell-model, developed a modified and generalized 

theory, covering the interrelated phenomena of sedimentation potential 

and streaming potential within swarms of spherical particles. The distor­

tion from spherical symmetry of the charge partition within the shell 

(relaxation effect), due to an electric field, was described by a simple 

approximation. Just as in the treatment of the electrophoretic velocity of 

a particle swarm, the hydrodynamic considerations were based on the Kuwa-

bara hydrodynamic cell-model. A crucial point in their theory, apart from 

the restriction to low zeta-potentials, is the way in which the 'streaming 

potential' condition was formulated. It appears that the relaxation effect 

in the convection current is neglected (see their equations (3-14) through 

(3-17)). In reality, liquid flow also deforms and polarizes the double 

layer, leading to an angular dependence of the volume charge density. 

Their expression for the internally induced macroscopic electric field, 

E*, in the Dorn effect reads: 

9e e £v(l - e) 
E* = r °2Kaa v(Ka,e) (4-23) 

where v is the sedimentation velocity of the particles and y a complicated 
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correction factor, which has to be applied to the classical result of Smo-

luchowski. This factor equals 1, and thus the S. formula is obtained, for 

Ka -» «. and e -»• 1. The (primary) electroviscous effect, responsible for a 

retarded sedimentation velocity, was presented in the form: 

v 2 = 1 + fj^î H(Ka,e) (4-24) 

where v denotes the sedimentation velocity of an uncharged swarm and 

H(Ka,e) the correction factor that equals 1 for high Ka and e. The velo­

city ratio can also be expressed in the apparent viscosity n and the true 
CI 

viscosity n as t\/r\. The functions y(Ka,e) and H(Ka,e) were numerically 
a. 

evaluated for discrete values of e (0.5 - 1.0) and graphically displayed 
4 

for an extended Ka-range (10 <: Ka ̂  10 ). The predictions of the theory 
can be verified experimentally by a rather cumbersome determination of 

settling velocity and electric field strength of a suspension. All relevant 

physical parameters have to be known and association of particles, in­

creasing with concentration of the solid, must be avoided. A much simpler 

experimental verification is feasible, however, by determination of the 

related phenomenon of streaming potential, combined with permeability ex­

periments on plugs composed of charged spheres. At the same time, immobi­

lization of the particles in the plug eliminates the necessity of incor­

porating the extremely difficult secondary electroviscous effect which was 

not considered in their theory. For this purpose we transform the formula 

for the settling velocity to flow through fixed beds caused by an applied 

pressure gradient. In terms of Darcy's law we get: 

J'(=v) - (l - Ä ) ? " 
37 . . 

The 'free surface' cell-model of Happel and the 'zero-vorticity' 
39 cell-model of Kuwabara , describing the hydrodynamic flow field in the 

spherical shell of associated pore space, provide analytical expressions 

for the permeability constant k*. We restrict ourselves to Happel's pre­

dictions (k£), which are more satisfactory than those of Kuwabara: 

*H « 9(l-eÎQH(y) <4"25> 

with fi„(y) = 2 < 3 + 2 y ) 5- and y = (1 - e ) 1 / 3 

a 3(l-y)J(l+y)(2+y+2yz) 
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An expression for the streaming potential (or electro-osmosis) can be 

obtained by combining equations (4-17a), (4-23) and (4-24) and the rela­

tion E_ = E*h: 

/w 
^ V \ 9e e t(l-e) / e s t * Ï 
[ê)ls0 = 2nKaS V(Ka,e) k* ̂ 1 + - ^ H/ (4-26, 

This expression allows a quantitative comparison between the cell-model 

and the experimental results obtained with our polystyrene plugs. 

In an attempt to consider three-dimensional membrane effects on a 
14 microscopic scale, Metha and Morse modelled the membrane by a lattice 

of charged uniform spheres, thus essentially employing the cell-model. * 

They formulated the flux equations by averaging the flow over the cell 

volume. The convection current obtained by integration of the flow velo­

city and the equilibrium volume charge density over the cell yields a vo­

lume averaged current flow lower than the net flow of electric current 

formulated by Ciriacks or Levine . It will be clear that such an aver­

aging procedure also disregards the effect of double layer polarization. 

4.5 Evaluation of electrokinetic effects in constant charge sustems 

Almost all published formulae and figures related to electrokinetic 

phenomena enable the conversion of an experimentally measured quantity 

into the electrokinetic potential, which can be defined as the potential 

difference between the shear plane inside the porous system and the elec-

troneutral electrolyte solution beyond. It is obvious that with increas­

ing double layer overlap the potential in the symmetry plane in a parallel 

plate system, at the axis of a capillary or on the outer envelope of the 

cell in a cell-model will increasingly diverge from zero. In those cases 

we cannot simply interpret the corrected electrokinetic potential without 

considering the effect of interaction. In the case of constant surface 

charge the electrokinetic potential must increase, possibly even to infi­

nity, when K •» 0. However, if in practical aqueous systems dissociation 

of water molecules is taken into account, the Debye length is limited to 

a maximum value. For weakly overlapping double layers the charge (poten­

tial) partition near the surface will hardly be influenced for moderately 

charged surfaces. However, increase of overlap finally results in a shift 

of the whole potential profile relative to the reference potential in the 

electroneutral region beyond the interacting system. It will be clear that 

in this case a transformation of electrokinetic potentials into charge 

densities offers more direct information. We also have to consider the in­

fluence of curvature of the surface on the potential-charge relationship 
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together with the superimposed effect of double layer overlap. Fortunate­
ly the effect of curvature is rather limited. In mutually converting po­
tential and charge, the error made while using the non-linearized P.B. 
equation for a flat double layer, although actually dealing with spheri­
cal or cylindrical geometry, is small for charge densities and/or 

30 41 42 -2 
Ka-values ' ' that are not too low. For a capillary with a = 1 uC cm 
and Ka = 1 (c = 10" M 1-1 electrolyte, $ H s^8) the error amounts to about 

-2 
8%, while for the same capillary for a = 10 uC cm the error does not ex­
ceed 0.2%. Thus the error decreases sharply with increasing a . The same 
trend is noticed in the case of double layer overlap. If the charge of, 
for example, plates is assumed to be constant, the dependency of the ratio 
$H(Kh)/>Pj(Kh=<») on the distance h between the plates indicates the extent 

43 -2 -5 
of overlap . For a = 1 uC cm at 5 10 M 1-1 electrolyte and Kh = 2 this 
ratio amounts to 1.005; even at Kh = 0.2 it does not exceed 1.04. Summar­
izing, it can be stated that a corrected electrokinetic potential at mo­
derate Ka and a values can be regarded as being identical to that of a 
1 free * surface. 
4.5.1 The K-concept 

A useful concept related to an analytical solution of the Poisson-
Boltmann non-linear equations is that of Möller et al. ' for the cell-
model. They presented an alternative definition of K in which the total 
surface charge was incorporated. Their parameter K is based on the arith­
metic mean (C+ + C_)/2, where C+ and C_ are the average molar concentra­
tions of the positive and negative ions in the liquid phase. i< is de­
fined by: 

2F 2 

*2 = i^RT <e
+

 + 5-> <4-27> 

This implies that K increases with increasing a and/or with increasing 
volume fraction of the solid at constant surface charge. 

We will use this concept to evaluate the phenomenological coeffi­
cients for the cylindrical geometry. An approximate solution of the P.B. 
equation can then be obtained by using the Debye-Hückel approximation. 
For this geometry the, negative, surface charge density can be incorpo­
rated by the relation: C_ - C+ = 2a / a F . The calculation of the coeffi­
cients involves a similar mathematical treatment as used by S0rensen and 

28 Koefoed . In their final results, our eqs. (4-9a) and (4-lla), only K has 
to be replaced by K. The function Q(i<a) can be approximated by %i<a for 
Ka ̂  10 (Ka = 10: error *s%); in practice Ka = 10 does not mean a severe 
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limitation for constant surface charges. The expression for L2 2
 c a n then 

be simplified. For a negatively charged surface, we obtain 

L22 = {°|/nKa + A+(cp - 2oQ/a) + A_cp}/C (4-28) 

where c is the average electroneutral electrolyte concentration in the 

capillary, defined as *s(c. + c + 2a /aF=). To a first approximation, we 

assume that c equals the electrolyte concentration outside the capillary 

(see also section 4.8). An interesting consequence of the i<-concept is 

that one notices directly that a decrease of the external electrolyte 

concentration, even to zero, does not ultimately eliminate i< and conse­

quently neither the electrokinetic effects; in other words, the charge 

distribution at low ionic strengths is only determined by the surface 
45 46 charge density and the geometry of the system ' . Another consequence 

of the constant charge concept is that upon decreasing the external con­

centration all phenomenological coefficients approach asymptotically to 

constant finite values. In the constant potential concept e.g. L~, exhi-
30 . 

bits a maximum value and finally becomes zero as c -» 0, because ulti­

mately the surface charge tends to zero. Comparing results of L,, and L2 2 

for cylindrical geometry according to the modified analytical formulae of 

S^rensen et al. (K replaced by K ) with numerical ones according to Levine, 

reveals a substantial improvement over the unmodified counterparts (see 

table 4-2 on next page). 

We would also expect that in the cell-model for concentrated systems 

of constant charge, or more generally for an actual particle system, pola­

rization becomes constant upon decreasing the electrolyte concentration. 

For K-values roughly exceeding 10K the charge partition in the double 

layer hardly changes any more and consequently the distortion of the 

double layer remains constant upon further decrease of K. 

4.6 Survey and discussion of experimental results; interpretation in 
terms of the capillary-model and the cell-model 

An attempt will be made to analyse experimental data obtained by dif­

ferent techniques and under widely different conditions of electrolyte 

concentration, nature of electrolyte and temperature. The discussion will 

be related to recent theoretical model representations. This approach en­

ables us to obtain the general characteristics of our geometric model sys­

tem. 

It has already been shown that in our studies all possible sources 

of error, including effects of low frequency dispersion, concentration po­

larization at the electrodes and the plug surfaces, can be properly cor-
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Table 4-2. The phenoraenological coeff ic ients for a cy l indr i ca l c ap i l l a ry and KCl solu­
t ions as calculated from the various approximate expressions and the numerical approach 
according to Levine. 

Sm.-Smoluchowski: eq. (4-9) and (4-11) with G=0 and F =1; Le-Levine: eq. (4-9) and 

(4-11); Ri-Rice and Whitehead: see Le, with G from eq. (4-10a) and F from eq. (4-12a); 

S^-Sj(rensen and Koefoed: eq. (4-9a) and ( 4 - l l a ) ; K-K concept: eq. (4-9a) with K r e ­

placed by K and eq. (4-28). t = 25.0°C; a = 4.00 |JC cm -2 . 

c(KCl) 
moles/1 

IQ" 1 

lO" 2 

lu"3 

10"4 

10"5 

0 

Ka 

104 

32.9 

10.4 

3.29 

1.04 

0 

L12. 

Ka 

107 

40.6 

25.9 

24.0 

23.7 

23.7 

Q 

C x 10 : 

Sm. 

39.6 

85.6 

132 

178 

224 

A kg_1s2 

Le.' 

39.6 

82.2 , 

116 

130 

135 

Ri. 

38.8 

80.5 

108 

87.9 

26.4 

Stf. 

52.9 

162 

469 

10.3 

13.9 

102 

103 

K 

51.8 

133 

204 

220 

222 

222 

c(KCl) 
moles/1 

l O " 1 

10"2 

10"3 

lO"4 

lO"5 

0 

Sm. 

266 

57.4 102 

88.3 103 

11.9 105 

15.0 106 

L12/L22 x 

Le. 

253 

34.4 102 

97.1 102 

11.9 103 

12 103 

..9 .-1 3 -1 10 : A m s 

Ri. 

256 

47.1 102 

40.4 103 

12.4 104 

44.4 104 

Srf. 

347 

68.7 1 0 2 

16.4 103 

12.9 103 

10.8 103 

K 

323 

44.9 102 

10.2 103 

11.2 103 

11.3 103 

11.3 103 

rected for. Detai ls of the experimental procedures and techniques have 
been given in the experimental chapter 3 . 

4 .6 .1 Irreversible behaviour of polystyrene plugs 

With regard to the reproducibi l i ty of our experiments, the experi­
mental sequence appeared to be of v i t a l importance. P r ior to the exper i ­
mental runs most plugs were thoroughly equi l ibra ted a t ionic s t rengths 
subs tan t ia l ly higher than those used in the preparation of the plugs 
(J. 10" M 1-1 e l e c t r o l y t e ) . After the determination of the e l ec t rok ine t ic 
quan t i t i es a t these high concentrations, the plug was permeated thoroughly 
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with the lowest electrolyte concentration to be studied, until complete 

equilibrium was obtained. The electrokinetic measurements at this low con­

centration were followed by successive experiments with solutions of pro­

gressively higher concentrations ending with the initial high concentra­

tion. Many tests were duplicated with different plugs to verify the re­

sults, especially if any question existed as to the validity of the test. 

The precision was satisfactory and most experiments could be reproduced 

with another plug to within a few per cent. In a few cases plugs were 

tested, starting at once at low electrolyte concentration. Comparison of 

the results obtained with these 'untreated' plugs with those initially 

equilibrated at high c ('treated' plugs) reveals significant differences 
-2 in the electrokinetic quantities, in the c-range up to about 10 M 1-1 

electrolyte, irrespective of the nature of the electrolyte (LiCl, KCl, 

CsCl), surface charge density (L, M, H) and temperature (15, 25, 35°C). 

In the following the term 'untreated' is restricted to latices, which 
_3 

have not been exposed to c's exceeding 5 10 M 1-1 electrolyte, neither 

at the preparation stage nor at the centrifugation to plugs. A plug 

treated at high c exhibits complete reversibility. The electrokinetic 

data of treated plugs at arbitrary c's could always be reproduced. The 

irreversible behaviour of untreated plugs obviously reflects an irrever­

sible change in electrochemical properties of the polystyrene surface and/ 

or the bulk phase, induced at high c. It goes without saying, that these 

findings have been thoroughly tested by applying rinsing times sufficient­

ly long to ensure complete equilibrium. 

4.6.2 Plug resistance: experimental and theoretical results 

It was necessary to measure the d.c. resistance of all plugs, since 

a pronounced dispersion effect at low ionic strength yields a.c. resis­

tance values which are in considerable error. At low electrolyte concen-
- 3 • • 

tration (c < 5 10 M) the X-Y method offers the opportunity to eliminate 

the effects of electrode polarization and low frequency dispersion (see 

sections 3.5 and 3.7.2). At higher c the direct determination from un­

complicated current-voltage characteristics, measured with the four-elec­

trode technique, and the calculation from the streaming current and stream­

ing potential experiments render the same information; the choice between 

them being a matter of required accuracy. At relatively high c (> 10~ M) 

the sensitivity of the X-Y method drops considerably, so that the direct 

method is to be preferred. The general agreement between the two methods 

indicates that the directly determined d.c. resistance is essentially equal 

to the resistance being operative when a streaming potential is generated. 

The results of the low frequency dispersion will be discussed in chapter 7. 
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Examples of plug resistances vs. KCl concentration at 25 C are given 

in fig. 4-2a for three surface charge densities. This figure illustrates 

the observed irreversible behaviour. In all cases the R values of the 

untreated plugs are significantly higher than those of the treated ones. 
-2 Increase of' c causes a drastic drop in R at about 10 M. Above 10 ''M the 

full an broken lines converge, reflecting increasing coincidence of the 

electrical properties. At higher c's for each plug all experimental curves 

converge to one single curve; the influence of surface charge density be­

comes negligible and the conductance properties are only determined by 

the ionic strength and the mutually hardly different porosities and plug 

dimensions. 

-c(KCl) — c(KCI) 

Fig. 4-2a,b. Experimental (a) and t heo re t i ca l (b) plug 
r es i s tances as a function of ionic s t rength for L ( I I I , 
A,B), M(VIIIB) and H(VIIB) a t 25.0°C. The experimental 
curves of the untreated plug are represented by broken 
l ines and f i l l ed symbols; the arrows ind ica te the ex­
perimental sequence. The t heo re t i ca l curves are com­
puted according to Levine e t a l . with eq. (4-11) , 
using the experimentally determined a va lues . 

At low c for each charge density the curves show d i f ferent p la teaus , 
r e f l ec t ing a constant contr ibution of the mobile excess charge to the flow 
of e l e c t r i c i t y by migration and convection. Without the double layer con­
t r ibu t ion , R^ would continue to vary in an inversely proportional way to 
the specif ic conductivity of the bulk e l ec t ro ly t e , K; in t ha t case R 
would exceed 5 104Q a t 10-4M KCl. 

The i r r eve r s ib l e behaviour indicates a charging process. At t h i s 
stage i t i s perhaps worthwhile to note t ha t an i r r eve r s ib l e co-ion ad­
sorption cannot be responsible for t h i s e f fec t . Adsorption measurements 
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with radioactively labelled CI yield an increase in a which does not 

exceed -0.2 pC cm" . The differences in R at low c between the untreated 

and treated plugs M and H correspond to about ten times this value. Appa­

rently, at the first treatment with high ionic strength, irreversible re­

arrangements of the polystyrene surface occur; this may be accomplished 

by exposure of a larger fraction of negatively charged groups being lo­

cated close to the surface. This results in an increase of the effective 

charge and consequently in lower R values. One should take into consider­

ation that the surface charge densities of the latices, as determined con-

ductometrically, are evidently associated with the untreated plugs. Here 

we will restrict ourselves to some general aspects of this charging pro­

cess; a more elaborate and quantitative analysis will be given in section 

5.8. 

The theoretical R values (fig. 4-2b) have been computed for an 

'equivalent' capillary model with eq. (4-11). In the calculation the phy­

sical properties were assigned to an aqueous potassium chloride solution. 

The functions G(Ka,i|),) and F (Ka,i|»d) in eq. (4-11) were evaluated on basis 

of Ka- and <|i.-data estimated by means of eq. (4-20a), yielding the equiva­

lent pore radius and surface charge densities, respectively. As was to be 

expected, the values calculated at high c coincide with the experimental 

curves, because the experimental cellconstants were used. At lower concen­

trations the theoretical predictions do not agree with the experimental 

ones. Inspection of the plateau values, for instance, reveals marked dif­

ferences. This disagreement stems mainly from the fact that the capillary 

model does not allow for double layer polarization. 

The theoretical predictions include a complete electro-osmotic contri­

bution (i|>, = £). By assuming complete absence of this effect, a small shift 

to higher R values results, which, however, reduces the differences be­

tween theory and experiment only slightly. It illustrates that the infor­

mation obtained on basis of R measurements alone is rather limited. The 

apparent better correspondence with the curves of the treated plugs M and 

H results from the charging process; increase of effective mobile charges 

partly compensates the effect of double layer polarization. It is noted 

that the deviating relative position of the theoretical and experimental 

curves for L reflects the sensitivity for a small increase of a ; an in-
-2 crease with about 1 uC cm halves the theoretical plateau value. 

4.6.3 Streaming current: experimental and theoretical results 
-2 

At high electrolyte concentration (> 5 10 M) it was difficult to 

accurately determine the streaming current from the X-Y plot because of 

fast retardation. In those cases the d.c. streaming current can be com-
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puted accurately from streaming potential and d.c. resistance. In discus­

sing the consequences of the constant charge concept for electrokinetics 

(section 4.5.1), the conclusion was drawn, that all electrokinetic pheno­

mena, even when complicated by double layer polarization, gradually ap­

proach finite values as c •> 0. This fact is illustrated by the theoretical 

predictions of Levine for I in fig. 4-3b and R and fig. 4-2b. The expe­

rimental curves in fig. 4-3a reveal several conspicuous features: 

-c(KCl) 
10-2 10"' m 

-c(KCI) 

Fig. 4-3a,b. Experimental (a) and theoretical (b) stream­
ing current characteristics for L(IIIA,B), M(VIIIB) and 
H(VIIB) at 25.0°C and AP = 30 cm Hg. The experimental re­
sults of the untreated plugs are indicated by broken 
lines and filled symbols. 

a) all experimental curves pass through a maximum at intermediate con­

centration, reflecting an anomalous behaviour, irrespective of the 

surface charge density; 

b) at low c's I tend to approach a constant value; the marked drop to 

constant values occurs over a small c-range. We have previously shown 

that upon variation of the bulkconcentration at low c and moderate 

a -values, so that K P^IOK, a redistribution of the charge excess 

in the double layer is small. Consequently, I will not vary signifi­

cantly with c, certainly not in the observed direction; 

c) the almost identical positions and shapes of the I curves below 
-3 about 10 M point to the fact that nearly the same amount of excess 

charge is effectively conveyed by the mass flow irrespective of a ; 

d) a marked deviation of the mutually hardly different experimental pla­

teau values with the predicted ones indicates that for all o's only 
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a strikingly small part of the excess charge is convected; 

e) the irreversible charging process is less pronounced than in its ef­

fect on R ; apparently nearly all the new charges are hydrodynamical-

ly inactive. 

A mutual comparison of the trend and the position of the experimen­

tal and theoretical curves gives insight in the concentration dependency 

of the hydrodynamically effective charge density. The substantial decrease 

of this charge density would imply an anomalous behaviour, e.g. a structu­

ral rearrangement, of the surface layer, in which a redistribution of the 

fixed charge on the latex surface is responsible for a reduction of the 

excess charge carried by mass movement. Consequently, the charge transmit­

ting the electric field to the surrounding fluid medium must also decrease. 

This could suggest that the anomalous findings must be reflected in the 

R -characteristics too. However, only a small part of the maximum possible 

convection current contributes to the total plugconductance, so that a 

sudden decrease of this contribution will be hardly noticeable. 

In computing the theoretical I2 values the same Ka and G(Ka,t|i,) were 

taken as used in the R -calculations. The classical Smoluchowski predic­

tions in the same figure illustrate especially for high constant a , the 

good predicting trend as compared to the Levine prediction, even for low 

c-values. It should be recalled that this is a typical consequence of the 

constant charge concept. It is noted that the correction factor G(Ka,i|j,), 

that must be applied to Smoluchowski's equation, is based on a Gouy-Chap-

man ionic atmosphere. Consequently the I predictions are independent of 

the nature of the monovalent electrolyte. 

No allowance could be made for the possible influence of double layer 

polarization on the streaming current. If the excess charge moves along 

with the lines of flow along a curved surface, it will give rise to a sub­

stantial volume charge density outside the double layer. Consequently, re­

distribution of ions due to the locally induced polarization field occurs 

by processes of diffusion and migration. A locally opposite current, gra­

dually increasing with decreasing concentration, partly compensates the 

convective current, resulting in a smaller streaming current. This effect 

will only be substantial for not too small convective currents and curva­

ture values that are moderate in comparison to the double layer thickness. 

In section 4.2.1 we have already noticed that for a two capillary system a 

non-negligible surface conductance leads to a depression of the streaming 

current. For a particle system we can express this effect more quantita­

tively by modifying the Rel concept of Dukhin (see chapter 5): 

Rel<V = Kek/V 
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where K°k is the specific surface conductance beyond the plane of shear, 

K is the specific conductivity of the pore fluid and a the particle 

radius. A small value of Rel corresponds to a weak polarization effect on 

I . This is the case for low K ^ and/or high K . 

In case of anomalous conduction (KCT > K ^ O the amount of depression 

of the polarization field will be strongly dependent on the actual mobili­

ty of the ions in the immobilized layer which is reflected in K ( K°,K). 

It is clear that for a lyotropic sequence the difference in ion mobility 

and thus in Rel(l ) leads to a lyotropic sequence in I and can mislead-

ingly be interpreted in an ion-specificity of the zeta-potential (see 

chapter 6 too). In all probability the polarization effect on streaming 

current is insignificant for our plugs. If the smallness of I at low 

ionic strength is just a result of substantial polarization, than the in­

fluence of the mobility of the counterions must be distinguishable. The 

comparatively small effect that results from variation of the nature of 

the ionic solute and the surface charge density point to a small effect 

of polarization on I . These findings will be exemplified in table 4-3. 

A quantitative interpretation of the results in terms of a boundary con­

cept is postponed for the time being. It will be shown later that an ana­

lysis of the electroviscous effect offers more direct insight into all 

anomalous effects connected with an 'immobilized' water layer. 

4.6.4 Streaming potential: experimental and theoretical results 

The measurements of streaming potential, contrary to those of elec­

tro-osmosis, show a high degree of reproducibility. 

The effect of an intrinsic dielectic dispersion on I and R , ob­

served at low c, completely cancels for E . The influence of the relative­

ly slight rejection properties of our coarse porous plugs on the determi­

nation of the electrokinetic quantities was thoroughly examined. Exten­

sive theoretical and experimental details have been given in sections 3.3 

and 3.7. 

For the sake of clarity we have presented the experimentally obtained 

and the theoretically calculated streaming potential results in separate 

figures. In fig. 4-4a the experimental results for KCl at 25°C are plotted. 

The effect of irreversible charging on the streaming potential values of 

the untreated plugs is indicated by the broken and full lines. The gradual 

increase of E to plateau values, observed for all curves in case of de­

creasing c, does not reflect the anomalous findings for I . A substantial 

increase of R in the c-range involved masks the change of I . In general, 

a streaming potential characteristic does not lend itself very well to 

conclusive interpretation because all possible effects separately percep-
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tible in I and R are now incorporated in one quantity. For a brief dis­

cussion we present three model calculations which should permit interpre­

tation of the experimental data. In fig. 4-4b we have plotted E vs. c at 

AP = 30 cm Hg according to the capillary model of Levine, eq. (4-14), for 

the particular case i|i, = £. In fig. 4-4c results for the same capillary 

model are presented, but are now calculated using the analytical expres­

sions for the correction factors of Rice and Whitehead, as defined in 

eqs. (4-10a) and (4-12a). In these calculations the physical properties 

and capillary dimensions are the same as used in calculating R . In fig. 

4-4d we have plotted the result for the cell-model, where the polarization 

concept is approximated. The expressions of Levine et al., as adapted for 

the streaming potential phenomenon in a fixed bed of spherical particles, 

are given in eq. (4-26). Evaluation of the expressions for v(ica,c) and 
40 H(Ka,e), presented in the original article , entail numerical integration. 

The experimentally determined porosities and particle radii have been used. 

It is recalled that the last two models are both subjected to the Debye-

Hiickel approximation. 

• c(KCl) — -c(KCl) 
«^m 

Fig. 4-4a,b,c,d. E vs. c curves for KCl solutions at 25 C and AP = 30 cm Hg. 
(a) experimental results for L(IIIA,B), M(VIIIB) and H(VIIB); the results of the un­
treated plugs are indicated by broken lines and filled symbols, (b) the theoretical 
predictions for the capillary model of Levine et al., (c) the theoretical results for 
the capillary model of Rice and Whitehead subjected to the Debye-Hiickel approximation, 
(d) the theoretical results for the modified cell-model, according to Levine et al. 

A comparison of the different trends in figs. 4-4c and 4-4d, consi­

dering the influence of polarization on E_/AP, may yield valuable informa-
S 
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tion for an analysis of the experimental results on the basis of the ca­

pillary model (fig. 4-4b) in the 'high potential1 range. At low c the spe­

cific conductivity of the pore and shell liquid for the cases c and d 

resp. is miscalculated when extending the calculations past the 'low po­

tential' range, due to the D-H approximation. However, an overestimation 

of the convective contribution partly compensates the underestimated con­

duction contribution to the total conductance. Comparison of figs, b and 

c clearly shows the severe low potential restriction in the E calcula-

tions. The divergence between the two predictions is already apparent at 

relatively high c. A comparison of figs, c and d reveals the typical con­

sequence of double layer polarization on streaming potential. With in­

creased surface charge density and decreased ionic strength the polariza­

tion field increasingly reduces the effectiveness of the mobile charge. 

This may result in a significant shift of the mutual intersections of the 

E -c curves to lower c values and the appearance of higher plateau values. 

The relatively increasing contributions of excess ions to the conductance 

upon decreasing c is responsible for the reversal of the sequence of the 

E -c curves with respect to the charge density. Applying similar reasoning 

with respect to the effect of polarization to the results in fig. 4-4b, 

the supposition is justified that an incorporation of double layer polari­

zation will shift the plateau region to higher E -values and the mutual 

intersections to lower ionic strengths. This will increase the divergence 

between the theoretical predictions and experimental results. The observed 

trend agrees very well with the general anomalous findings of I . From the 

position of the plateau in fig. 4-4b it is clear that varying a hardly 

decreases the gap between theory and experiment. Apparently, in the low 

c-range a marked difference between i)), and £ must be considered. 

4.6.5 Evaluation of a) the zeta-potential and b) the total charge den­
sity from electrokinetic data with the capillary model 

a) The procedure to correct the zeta-potential for the effect of a thick 

double layer was as follows: firstly the classical value of the zeta-po­

tential was calculated from the streaming current, using the Smoluchowski 

prediction, eq. (4-9) with G=0, and the experimentally determined cell 

constant, C. with this apparent zeta-potential, £ , and the Ka value, ob-

tained from the electrolyte concentration and the capillary dimensions 

obtained from eq. (4-20a), a value of G(Ka,t ) was calculated. A first 

corrected zeta-potential, £,, is obtained again using eq. (4-9) and the 

calculated G(Ka,£a). With £, a second value of G(Ka,£,) was obtained and 

compared with the preceding estimate of G. This successive approximation 
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method was used till the difference between two subsequently corrected 

zeta-potentials was negligible. Usually three cycles were required to ob­

tain an accurate corrected value. To facilitate this laborious procedure 

the presented procedure can also be performed graphically. To that end 

plots of (1-G) versus xa have to be constructed for various values of the 

parameter £ (see Levine et al. : their fig. 4). A similar procedure was 
Ol 

already given by Oldham et al. . 

Table 4-3a. Some corrected zeta-potentials of treated plugs for three surface charge 

densities at 25.0 C. The £ and £* data correspond to the apparent zeta-potentials 

and the values corrected on basis of the Bjerrum-Manegold radius. The actual £-values 

are negative and are expressed in mV. 

c 

moles/1 

2 10_1 

10"1 

l<f2 

5 10"3 

1.25 10"3 

10"3 

9.55 10~4 

9.2 10"4 

-4* 
7.5 10 * 

-4* 
2.6 10 * 

2 10"4 

10"4 

L(V) 

LiCl KCl CsCl 

29.1 20.8 25.6 

61.2 55.8 56.3 

77.9 78.1 

81.5 

80.7 81.6 80.3 

68.6 75.8 75.8 

M(VIII) 

LiCl KCl 

51.7 48.0 

68.5 66.4 

67.7 66.5 

53.5 52.1 

LiCl KCl 

45.7 43.3 

54.3 50.1 

77.5 76.6 

80.8 79.4 

83.2 

84.6 

76.6 72.3 
1 
1 

1 

H(VII) 

KCl 

43.3 

50.1 

74.2 

74.9 

74.1 

54.2 

-c* 
sc KCl CsCl 

43.3' 37.3 

50.ll 45.9 

79.0 J 74.3 

82.5 | 82.0 

91.Ol 88.9 

85.1 77.4 

* average c-values for L and M (Li,K,Cs); for the calculations the actual values 
given in Appendix 5A were used. 

In table 4-3a we have summarized the most important corrected zeta-

potentials, £ , at 25.0°C. The results at other temperatures are presented 

as a .-values in appendix 5A. Despite the correction, there is still a 

maximum in £ as a function of c, pointing to a drastic drop of o k with 

decreasing c. Even, taking a 40% lower B-M radius in the correction proce­

dure hardly changes the overall picture, as exemplified by the £*-values. 

The relatively small effect of the correction is to be expected, because 

at 10~ M Ka„ „ still amounts to about 10 (see the £_ and £_ values of 

sample H). As already suggested, the shear surface shifts outwardly on 
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decreasing c, probably connected with a change in the double layer struc­

ture. From the f -results we notice a small alkali-ion specificity the se­

quence of which reverses in going from high to low c. As already discus­

sed, the polarization of the ion-atmosphere increases with decreasing c 

and decreasing molar conductivity of the counterions, A . For a polarized 

diffuse double layer we may, therefore, expect the sequence: 

|£(Li )|<|£(K )|<|£(Cs )I. The relatively slight ion-specificity observed 

at low c probably points to a less different effective A of the counter-

ions as a result of specific double layer effects and/or an alkali-ion 

specificity in the concentration dependent location of the shear surface. 

To show the slight effect of treatment on £ , the following £ -values of 

untreated plugs at 10 M KCl may serve: L -77.0 mV; M -61.8 mV and H 

-64.8 mV. A more general discussion will be given in combination with 

surface conductance and electrophoresis results and is therefore post­

poned to section 5.8 and chapter 6. 

b) The procedure for calculating the effective charge density, a+, ac-
30 cording to the capillary model of Levine et al. is as follows: in the c-

and a -range of interest L22~a plots were calculated for chosen c-values, 

according to eq. (4-11). For this purpose bulk values were assigned to the 

constants and A + and the same parameters as used for the £ calculations 

were taken. It is recalled that in Levine's model no anomalous conduction 

takes place and A + = A_, so the calculations are restricted to KCl. From 
L22~°o c u r v e s corresponding with the actual concentration the a corres­

ponding to the experimentally obtained L-2 was assessed and this value is 

the sought at. Some at-values are presented together with a . -values in 

table 4-3b. Despite the severe restrictions of the capillary model with 

Table 4-3b. a , and a results (the latter between parentheses) of untreated and 
30 treated plugs evaluated according to the capillary model of Levine et al. ; 

t = 25.0 C. The actual O values are negative and are expressed in uC cm 

c(KCl) 

moles/1 

2 10_1 

lu"1 

10"2 

5 10"3 

lO'3 

2.6 lO-4 

2 10~4 

4 10"5 

L(IIIA,B) . 

untreated treated 

2.42 

2.27 

1.84(2.95) 1.89(2.95) 

0.78(1.60) 1.01(2.00) 

0.26(1.08) 0.38(1.65) 

M(VIIIB) 

untreated treated 

4.00 

1.98(4.30) 

0.531(2.24) 0.63(3.20) 

0.20(2.20) 

0.11(1.95) 

H(VIIB) 

untreated treated 

4.90 

4.38 

2.50(6.70) 

1.80(5.60) 1.94(6.00) 

0.74(3.95) 0.93(5.00) 

0.37(3.60) 
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respect to the a.-values, this procedure may give a general impression of 
our model system. 

A substantial decrease of a. with decreasing c accompanies a decrease 
in o , ; the former decrease, however, is mainly a result of the fact that 
the capillary model ignores double layer polarization and is for a small 
part caused by the incorporation of a maximum electro-osmotic contribution 
in the theoretical L?2-a calculations (I|I. = £ ) • T n e increasing difference 
between a k and a. upon decreasing c points to an increasing anomalous 
conduction. Apparently, the shear surface shifts outwards upon decreasing 
c and/or specific adsorption increases to such an extent that the anomaly 
of our model system is not masked by any deficiency in the conversion mo­
del. It is clear that a correction for polarization and anomalous conduc­
tion will increase the c^-values, especially at low c and high o . A com­
parison of the or . and a. data before and after treatment at high c shows 
that the new or activated charge carriers are hydrodynamically immobile. 
In chapter 5 we will analyse these results more extensively in terms of 
particle models which include the polarization concept. 

4.7 Permeability: experimental and theoretical results 

In the experimental section 3.7.4 all factors which could possibly 
explain the observed dependency of the permeability upon c have been ana­
lysed. Calculation of the electroviscous retardation indicates that this 
effect contributes only to a small extent. Apparently, the observed re­
duction is caused by the same phenomenon that is operative in the assess­
ment of the electrokinetic quantities. In order to give an impression of 
the effective thickness of the boundary layer involved (immobilized water 
and/or swollen surface layer) the variation of the permeability must be 
transformed into a shift of the hydrodynamically effective surface. The 
effective thicknesses can then be compared with those ensuing from elec­
trokinetic predictions. 

4.7.1 Computation of the location of the effective hydrodynamic plane 

The location of the effective hydrodynamic surface does not necessa­
rily have to coincide with the position of the shear plane, the plane of 
zero fluid velocity. It is possible that the position of the shear plane 
is not affected by decreasing c, but only the hydrodynamically effective 

32 surface (slipping layer concept ). In that case a complete description 
including permeation within the boundary layer region, possibly attended 
by fluid-slip phenomena, cannot be achieved without introducing empirical 
parameters. The effect on the external flow of a flow field within the pe-
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riphery or the boundary layer of the particle can become significant and 

a knowledge of it is very important for interpretation of electrokinetic 

results. In this framework it is realistic to treat the viscosity close to 

the surface as a gradually decreasing function of the double layer field 

strength, but quantitative verification is hardly possible because the 
32 47 48 viscoelastic constant of water is not known ' ' . 

Transforming permeabilities into particle radii and effective hydro-

dynamic layers can, of course, best be afforded by application of theore­

tical models, which have prove to provide satisfactory agreement with ex­

perimental data over an extended porosity range. We shall apply the widely 
37 

quoted 'free-surface1 cell-model of Happel . The coefficient L,, accord­
ing to Happel's cell-model reads: 

Lll = (ÄFJ E
 = 9(l-O0H n C (4-25a) 

C denotes the cell constant of the plug (length/surface area) and fi„ is 

the function previously given in combination with with eq. (4-25): 

°H = 2 + 4 / 3
5

y 5
 6 With y - | 

H 2 - 3y + 3y5 - 2y6 b 

a denotes the particle radius and b the outer radius of a concentric 

spherical shell of fluid. The porosity of the unit cell is equal to that 

of the plug, which necessitates that e = 1 - (a/b) . 

At low ionic strength the hydrodynamically effective particle radius 

is defined by a* = a + Ah while y* = a*/b; it is noted that only a change 

of the particle radius is considered. The radius a, referring to the 

highest electrolyte concentration, is taken as the reference. The ratio 

of the volume flows at high c, J , and an arbitrary concentration, J*, at 

the same pressure gradient yields on the basis of eq. (4-25a): 

V J v = y*ßH/y0H • (4_29) 

With a plot of the calculated permeability ratio J^yj^iy.y*) versus 

Ay = y* - y, the experimental permeability data can graphically be con­

verted into a reduced particle radius increase, Ay. The absolute value of 

the effective thickness, A., is calculated using the porosity and the com­

puted particle radius determined at high ionic strength or from electron-

microscopy provided no substantial surface area changes occur during the 

drying of the sample. It is of special interest to check the particle and 
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pore radii as calculated for high ionic strength, as these have to be used 

for determination of the effective hydrodynamic thickness and calculation 

of the double layer overlap, respectively. Comparison of the calculated 

diameters in table 4-4 with those determined by electronmicroscopy reveals 

a consistent trend, the calculated diameters being greater. It is possible 

that some shrinkage of the particles occurs during the drying process, but 

it is more likely that these differences are due to some heterogeneity of 

the particle,bed. No significant plug shrinkage was found to occur on dry­

ing which would be required if the calculated differences were caused by 

compaction of the plug. 

Table 4-4. Experimental and theoretical particle diameters and capillary radii: 

D„, diameter calculated with Happel's cell-model, eq. (4-25); D„ _, calculated with 
K-C' 

the Kozeny-Carman, eqs. (4-20) and (4-20a); D i s the diameter obtained by electron-
exp em 

microscopy; a„ £ , the e f fect ive pore radius, calculated from the experimentally de­

termined permeability coeff ic ient , k*; a6.™, the radius calculated with D , eq. (4-20a). 

The L and M results are determined at 10" M; the H results at c = 10 M. 

e 

L VA 0.3985 
VB 0.3959 
VC 0.3985 

M VIIIA 0.4154 
VIIIB 0.4049 

H VIIA 0.4029 
VIIB 0.3867 
VIIC 0.3685 

*>H 

15° 

284 
313 
288 

277 
298 
314 

25° 

284 
308 
282 

262 
286 

280 
305 
317 

nra 

35°C 

279 
301 
283 

278 
310 
308 

*>K-

15° 

299 
329 
302 

272 
315 
331 

C 

25° 

299 
324 
297 

357 
303 

275 
322 
334 

nm 

35°C 

294 
317 
297 

274 
327 
325 

*em 
nm 

253 

305 

290 

15° 

131 
145 
132 

122 
132 
128 

Vc 
25° 

131 
143 
130 

162 
137 

124 
135 
130 

• 

35°C 

129 
139 
130 

123 
137 
126 

em 
aK-C 

112 
110 
112 

144 
138 

130 
122 
113 

Furthermore, i t i s known from the l i t e r a t u r e t h a t for l a t i c e s the 
average p a r t i c l e s i ze obtained by the dry method i s in good agreement with 

49—51 t ha t from the wet method . Additional l i gh t i s thrown on these obser­
vations by comparison with the formation factors determined by e l e c t r i c a l 
measurements (see sect ion 5 .6) . The l a t t e r method, which i s based on s t a ­
t i s t i c a l considerations, gives a c loser agreement with electronmicroscope 
data which substant ia tes once again the higher s en s i t i v i t y of the permea­
b i l i t y method to a s l i gh t heterogeneity of the pore s i z e . The anisotropy 
may r e su l t from using the centr ifugation technique, where one i s l i ke ly 
to get a plug of graded porosi ty , i . e . , the plug can be imagined to con­
s i s t of a large number of s l i c e s of varying porosi ty arranged in s e r i e s . 
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However, it is evident that the relatively low overall porosity of the 

plug and the high degree of monodispersity prevent substantial differences 

in packing characteristics within one plug. Finally, it is clear that the 
> • exrj em 

observed trends are also reflected in the effective radii aR __£' and aR_c 

calculated from permeability, eg. (4-20), and electronmicroscopy results, 
a m 

eq. (4-20a), respectively. The slightly smaller aR_c value will be used in 

all the electrokinetic capillary model calculations. 

4.7.2 The effective boundary lauer thickness from hydrodynamic experi­
ments: A, 

The effective layer thickness, A., is calculated according to the Hap-

pel model with, the procedure described in the preceding section. For plug 

VII permeability results at 10 M were lacking. The standard was therefore 

taken at 10 M, which may lead to a slight underestimation of the A_ va­

lues. To get insight in the concentration dependency, we have plotted the 

temperature-averaged values in fig. 4-5. From that figure it is obvious 
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Fig. 4-5. The boundary layer thickness, A. , versus 
electrolyte concentration for a number of counter-
ions. L • (LiCl),0(KCl),©(CsCl); MA(LiCl),A 

(KCl); H B (LiCl),a(KCl),B(CsCI). 

that, independent of the nature of the cation, AR increases with decreas­

ing ionic strength. Furthermore, there is a slight tendency for the plugs 

with the highest surface charges to produce bigger An-values, especially 

at relatively high c. It is noted that on the basis of these results alone 

no conclusions can be drawn with respect to the nature of the observed ef­

fect (particle swelling, hairyness, water structuring). However, the mag­

nitude on the effective A,-values in combination with other data may be 

used to elucidate the structure and properties of the boundary layer. This 

is particularly important in view of the anomalous findings in the elec­

trokinetic phenomena observed in the same concentration range. 

4.7.3 Electroviscous effect 

It has already been demonstrated that plots of Li2/'I'11L22 vs- c ( L l ' 
K,CsCl) show a maximum for plug M (see fig. 3-35). Similar plots for L 

107 



and H for the same temperatures and electrolytes also show maxima. As ar­

gued earlier, for a system of constant charge and without a boundary layer, 

the coefficients L,, and L-2 are expected to increase gradually to limit­

ing values upon decreasing ionic strength, irrespective of possible double 

layer polarization effects (K-concept). Due to the quadratic dependency of 

the retardation upon L»,, the anomalous behaviour of the streaming current 

is clearly noticeable. Furthermore, from fig. 3-35 it is observed that the 

molar conductivity of the counterion, A+, has a strong influence upon the 

retarding flow. It is noted that a difference in A+ is only reflected in 

L22< because L2 1 is practically independent of the nature of the ions. The 

streaming current data show that a boundary layer effect at low ionic 

strength reduces L2, markedly, irrespective of the nature of the cation. 

Consequently, the observed increase in retardation in passing from Cs to 

Li was to be expected. 

The absence of any temperature dependence on the retardation indi­

cates that the part of the charge transfer that takes place through the 

boundary layer is hardly affected by varying the temperature in the stud­

ied range. 

In fig. 4-6a,b,c experimental and theoretical retardation data are 

plotted as a function of the surface charge density. The experimental re­

sults in fig. 4-6a refer to o's determined by the conductometric titra­

tion method. A comparison of the analytically computed and the experimen­

tally determined apparent viscosities serves to show the influence of 

other phenomena than those expressed by the basic electrokinetic parame­

ters used. 

In fig. 4-6b the retardation characteristics are plotted according 

to the cell-model of Levine et al. as defined by eq. (4-24). A comparison 

of our results with those of the cell-model reveals the inconsistency of 

the predictions, which is due to the severe restriction to small poten­

tials and moderate Ka-values. The fact that upon decreasing c the ratio 

n/n shows a maximum for moderate constant a -values is consistent with the 

underestimation of the shell conductivity by extending the 'low potential 

approximation'. Unfortunately, this limitation masks the improvement gained 

by incorporating double layer polarization. 

In fig. 4-6c we have plotted the data according to the capillary mo­

del, computed with eq. (4-15) for KCl at 25°C. It should be noted, however, 

that conduction inside the shear plane is not considered and that the cal­

culations are confined to monovalent electrolytes with A+ = A_. Of parti­

cular interest are the maxima for relatively low ionic strengths. This is 

a result of the combination of two trends that may be anticipated: an in­

crease of L-, with o is accompanied by an increase in fluid conduction, 
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but the latter eventually overcompensates the increase in L,,, thus re­

ducing the retardation effect. At higher ionic strength the maximum value 

of the retardation is shifted to higher o -values. Despite the marked ef­

fect of charge transfer in a boundary layer suppressing the total retarda­

tion effect and reversing the sequence at low concentration, a comparison 

of the general features of the experimental results and the capillary pre­

diction is quite striking. We will now quantitatively illustrate the ef­

fect of charge transfer in the immobilized layer on electroviscous retarda­

tion. 

1.06 

W -
Tia/Tl 

102-

2.0 

1.5 1 ^ 

® 

—\ . 1 . 

.5 

^ , 2 

I • 
10 0 10 0 8 uC cm-2 

Fig. 4-6a,b,c. Experimental and theoretical electroviscous retardation ratios, na/n> 

versus the surface charge density, a . a) exp. results for LiCl and KCl solutions: 
-4 -^ -2 ° 

1) 2.5 10 M, 2) 10 M, 3) 10 M. b) results according to the cell-model theory of 
-1 -2 

Levine et al. Curves 1-7 correspond with concentrations of 10 , 5 10 , 
-3 - 4 - 4 

10 , 5 10 and 10 M KCl resp. c) results as calculated for a capillary according to 
-2 -3 

the theory of levine et al. Curves 1-6 correspond with concentrations 10 , 5 10 , 

-2 -•? 
10 , 5 10 , 

10"3, 5 10~4, 
-4 -5 

10 and 10 M KCl resp. An immobilized layer is not considered. The cal­

culations are performed only at discrete values; therefore the precise maxima are un­

certain, t 25.0°C. 

4.7.3.1 The boundary layer thickness as inferred from the electroviscous 
effect: Aev 

Figs. 4-7a,b,c summarize calculations of the electroviscous effect 

for the capillary model incorporating the concept of anomalous conduction. 

We shall demonstrate that when the shear plane does not coincide with the 

particle surface the electroviscous effect may decrease due to charge 

transfer in the immobilized layer, an effect not incorporated in the Levine 

treatment. In calculating the various effects of an immobilized layer, we 

have used the flat-plate approximation which introduces less than 1% error 
-4 -2 

even for 10 M 1-1 electrolyte and a » 0.5 uC cm (see section 4.4.1). 
The extent of electromigration in the A-layer is indicated by the parame-
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ter p. = D^/D*, where D* denotes the ionic diffusion coefficient in a 

boundary layer of thickness A(i|id,0 and D* refers to the bulk. The first 

step in determining the electroviscous retardation is to select a value 

of A for a chosen a . The charge density at the shear plane, a , , was cal­

culated according to Gouy-Chapman and the retardation is again evaluated 

according to the rigorous quantitative approach of Levine as defined by 

eg. (4-15). For one particular a the retardation was calculated for A = 

0.5; 1.0; 5.0 and 10 nm. L,, was, of course, corrected for the reduction 

of the capillary radius. Knowing which part of the excess charge resides 

in the A-layer, thus in the space between two coaxial cylinders, the outer 

one representing the charged interface and the inner one the plane of 

shear, the decrease of the electro-osmotic contribution to the total con­

ductance can be fully accounted for. It will be clear that in computing 

the conduction of the A-layer, assuming p. = 1, knowledge of the precise 

ion distribution is not required because the electro-osmotic contribution 

does not have to be considered. In calculating the influence of a devi­

ating diffusion coefficient in the A-layer, it is important to realize 

that the charge density of the A-layer, a., consists of an excess charge 
+ — 

a due to the counterions and a charge deficit a. due to the co-ions: 

a = a. + a~. In other words, one has to take into account possible ano­

malous effects on both ions. Only for relatively low KA values can the 

contribution of the anions to the conduction of the A-layer and therefore 

any change in D? be neglected. 

From fig. 4-7a,b and c it is obvious that the reducing effect is 

highly sensitive to the thickness, A, the surface charge density, a , and 
-2 the ionic strength. At 10 M (fig. c) and moderate A-values the reduction 

is mainly cuased by the decrease of the charge excess that is hydrodynamic-

ally effective; the relatively small contribution of the excess charge to 

L_2 is of minor importance at high c. On the other hand, at low c, the 

latter effect dominates, because nearly the whole conduction is provided 

by the charge excess; however, the relatively smaller part of the charge 

excess which is hydrodynamically effective for the same A drastically com­

pensates the former effect. 

In order to illustrate the effect of p. we suppose p. = 2. For A = 
- 2 - 4 -2 . 

5 nm and o = 1 uC cm at 10 M (o. = 0.596 uC cm ) this doubling of p^ 
results in a reduction of the relative retardation, n /l - 1/ of 28%. At 

-2 -2 • • 
10 M it amounts to only 17%. For a = 9 uC cm , when the contribution 

-2 
of the excess charge to L,2 is still substantial at 10 M, we find a re­
duction of 70%. At 10"4M it amounts to 53%. It will be obvious that a re­
verse effect will be observed when considering p. < 1. We must, however, 
distinguish between the effect of a A-layer with a possible change in mo-
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bility (p. * 1) and the mere effect of specific adsorption on the electro-

viscous retardation, although both effects may result in identical L2 2 va­

lues. For a chosen a and for pA » 1, the introduction of a A-layer with 

an unmodified charge partition will always lead to a reduced electroviscous 

effect. Specific adsorption, on the contrary, not only leads to a change 

in the effective excess charge, thus in L22, but at the same time the 

charge distribution may be substantially modified. From the results at low 

c we notice that for a exceeding a fri/n is max.) specific adsorption may 
O O d 

even lead to higher r e tardat ion phenomena, ignoring, of course, any con­
t r ibu t ion of spec i f ica l ly adsorbed ions to L22-

Fig. 4-7a,b,c . The e f fect of charge transfer through 

a stagnant layer on the electroviscous retardation 

for a. 10"AM, b. 10_3M and c. 10-2M KCl at 25.0°C. 

The layer thicknesses are indicated. The f i l l e d sym­

bols represent the electroviscous retardation of 

treated plugs plotted v s . the t i t ra t ion charge den­

s i t y ; the open symbols correspond to the same re­

sul ts but now plotted v s . the charge density as 

calculated from surface conductance data (see t ex t ) . 

The l a t ter results are provided with A data which 

were obtained by interpolation, p. = 1. 

As pointed out before, the temperature independency of the experimen­
t a l L^ /L j . !^ 2 -va lues j u s t i f i e s a comparison of averaged values with t he ­
o re t i ca l p red ic t ions . Thus, besides the po s s i b i l i t y of incorporating ano­
malous conduction the main advantage of using a composite quanti ty i s be­
cause the predict ions are independent of the temperature for which the nu­
merical constants are i nser ted . The experimental r e ta rda t ion data are not 
only p lo t ted v s . the t i t r a t i o n charge dens i t ies ( f i l l ed symbols), but a lso 
v s . the mean effect ive charge density ca lculated from surface conductance 
data (open symbols) in order to incorporate the charging and specif ic ad­
sorption phenomena. For t h a t purpose average charge dens i t i es of t r ea ted 
plugs calculated according to the Bruggeman model were taken from t ab le 
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5A-1, viz. L(IIIB): -2.1 pC cm-2; M(VIIIB): -4.8 |JC cm"2 and H(VIIB): 

-2 
-6.6 uC cm . The position of the symbols tells us that the earlier dis­
cussed charging process, induced at high c, for L and M apparently out­
weighs the effect of specific adsorption of the counterions. From the po­
sition of the experimental results in relation to the predicted r\/r\(à)-o 
dependencies the effective layer thickness, A , may be determined. The 
experimental data dramatically illustrate the effect of ionic strength on 
the A -value. Even at 10 M the interpolated values exceed 1.5 nm. From 
the position of the experimental values for M and H we notice that the 
applied correction (shift from filled to open symbols) changes the thick-

-3 -2 
ness only slightly. On the other hand, for 10 M and 10 M the shift of L 

causes a sharp increase of A , causing the latter to agree better with 

the other A -values. It has been discussed earlier that double layer po­

larization will be substantial at low c and high a . Particularly at mo­

derate A-values corresponding to a low Rel(I ) value, a corresponding re­

duction of L22 would shift the 0a/n(A)-aQ curves to higher values; so we 

may expect that at high a , A is underestimated. Even at 10 M this 

trend can still be noticed. The A-values included in fig. 4-7 indicate 

that the location of the shear plane is almost independent of a , but ex­

tremely sensitive to c. These findings may support the concept of water 

structuring near the interface, which could physically control the loca­

tion of the hydrodynamic plane of shear even though electrostatic condi­

tions change drastically. Increase of ionic strength generally may disrupt 

the structuring or hydrogen bonding of water. Although the hydrodynamic 

and electrokinetic results qualitatively show the same concentration de­

pendency, there is a large discrepancy between the absolute A-values. A 

highly c-dependent surface roughness could also account for the observa­

tion, but then in combination with specific adsorption. Apparently, only 
-2 a reduction of the effective charge density to values below 1 uC cm at 

-3 -2 -4 

10 M and 0.5 \tC cm at 10 M would match the theoretical predictions and 

the observed Aj-values. In other words, the specific adsorption must in­

crease upon decreasing c. In section 5.8 it will be discussed that the 

ionic head groups probably protrude into the aqueous phase and that this 

effect increases upon decreasing ionic strength resulting in a substantial 

modification of the charge partition near the particle surface. 

In order to elaborate on the boundary layer, the time-dependency of 

the streaming potential was also analysed. In the next section it will be 

shown that this time-dependency may be used for obtaining independent in­

formation about the hydrodynamically effective charge density. 
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4.8 Determination of the effective charge density from the time-depen­
dency of the streaming potential of polystyrene plugs by means of 
the theory of negative adsorption 

Introduction 

In section 3.7 it was reported that the time-dependency of the 

streaming potential of porous charged plugs is due to an accumulation of 

electrolyte at the high pressure side and a depletion at the low pressure 

side. For our coarse porous plugs the partial salt rejection results ex­

clusively from negative adsorption and is consequently susceptible to va­

riations in electrolyte concentration and double layer characteristics. 

It was shown that only the depletion process occurring at the low pressure 

side open further perspectives, experimentally as well as theoretically. 

Under streaming potential conditions the interfacial fluxes will inherent­

ly preserve electroneutrality, so that for a monovalent electrolyte the 

fluxes of positive and negative ions will be identical. In section 3.3.2 

a quantitative expression has been derived for the concentration change 

at the low pressure side during permeation. It was expressed in terms of 

experimentally accessible parameters, like the ionic strength outside the 

plug, the electrolyte content in the porous phase and the volume flow. 

The experimental results were converted into average electroneutral elec­

trolyte concentrations, c , defined as %(c+ + c_ - X), where c+ and c_ are 

the average molar concentrations of positive and negative ions, resp.; X 

is the equivalent molar concentration on the solid matrix. We will now re­

late c with the basic double layer parameters. 

4.8.1 Negative adsorption calculations for the cell-model 

For the computation of c as a function of surface charge density 

and porosity the cell-model is of direct importance. The equilibrium dis­

tribution of ions and the velocity profile within the shell are schematic­

ally given in fig. 4-8, which applies to absence of double layer overlap. 

The velocity distribution corresponds with the widely quoted 'free-surface' 
37 cell-model of Happel . Applying proper boundary conditions (such as: the 

tangential shear stress component equals zero at r = b), general solutions 

for the r and 6 components of the fluid velocity have been derived from 

the Navier-Stokes equations. The shell is electrically neutral, thus the 

charge density a(a) is compensated by an equal but opposite space charge 

(see also section 4.3). In the absence of double layer overlap, the po­

tential at the outer radius, «Mb), equals the potential in the bulk out­

side the porous phase. In that case c+(b) = c_(b) = c , neglecting the 
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Cj(0 

Fig. 4-8. Schematic picture of the equilibrium distribu­
tion of ions around a negatively charged sphere of ra­
dius a and the velocity distribution for the polar angle 
8 = 90 measured from the direction of the mean fluid 
velocity in the entire assembly of spheres; for 8 = 90 
the r-component of the fluid velocity u (r,8) equals zero, 
b is the outer radius of the concentric spherical shell 
of fluid, sp: shear plane. 

increase in the bulk concentration due to negative adsorption. It should 

be noted that the dimensions of the porous phase of our plugs are such 

that the liquid contained is far below 0.1% of the total volume of liquid 

in the system connected to them. 

The total negative adsorption from the negatively charged sphere 

amounts to 4na2a /F. equivalents, where F is the Faraday constant. With-

out a double layer being present the total number of equivalents in the 

shell amounts to 4/3rc(b3 - a3)c with c in moles/1. Thus the net mean 

co-ion concentration c in the presence of a double layer is: 

CP = 

J" c_(r)4nr2dr 
a 
4/3n(b3 - a3) 

3a2o_(Ka) 

(b3 - a3)F. (4-30) 

where c_(r) is the co-ion concentration, in moles/1, and o_(xa) the charge 

density deficit due to co-ions at the particle surface. The mean co-ion 

concentration corresponds with the shaded area in fig. 4-8. From eq. (4-30) 

c can be calculated when a_(Ka) is known. To obtain this parameter, the 

numerical solutions of the Poisson-Boltzmann equation for spherical sym-
19 metry, as given by L.W.O. , are used. These authors express a_(Ka.) as: 

e e kT 
(4-31) 

In this notation the subscript - refers to negative adsorption. I_ 

is a function of the valencies of co- and counterions, the reduced poten-
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tial, $, and the reduced radial distance q.* 

Combination of eqs. (4-30), (4-31) and e = 1 - (a/b)3 gives an ex­

pression for the reduced mean co-ion concentration in the shell. On in­

serting the relevant numerical constants at 25°C the reduced electroneu-

tral electrolyte content appears to amount to: 

c /co = 1 - 1.823 10"7(1 - e)e~1a"1 c'^ I_(Ka) (4-32) 

4.8.2 Discussion of experimental and theoretical results 

In table 4-5 we have presented the c /cQ-values, calculated according 

to eq. (4-32) for a wide variety of surface charge densities in the c -

range of interest. In calculating the I+-values from the surface charge 

densities a purely diffuse double layer was assumed. A porosity of 0.40 

has been chosen, a value within a few per cent of the actual plug porosi­

ties. The average particle radius of the three latex samples, amounting 

to 282 ran, was used. 

As one would expect, at higher electrolyte concentrations and lower 

surface charge the system becomes less selective and salt-sieving effects, 

expressed by the c_/cQ ratio, will vanish. It is clear that this effect 

can also be achieved by increasing the porosity. 

In discussing the c_/c data in more detail it is necessary to con­

sider four complicating factors: 

(I) The cell model neglects that in the actual plug the latex spheres 

touch each other. Actually, near those contact points double layer overlap 

will be considerable, even at relatively high c . For the remaining part 

of the shell overlap causes, on the average, an overall depression of ne­

gative adsorption. Thus the actual (mean) c -value will be higher than the 

computed value. 

(II) In calculating c_/c we have used the numerical solution of the 

Poisson-Boltzmann equation for one isolated sphere, without taking account 

of neighbouring charged spheres. This must lead to erroneous results for 

low c 's, where i|i(b) differs from the bulk potential, so that c+(b) ex­

ceeds c_(b). Because the negative adsorption has not been calculated up 

to r = b but to infinity, the computed total negative adsorption will ex-

19 * Loeb et al. define q = Ka/\ where A. = (z + z_)/2z+with z being the valency of the 

counterion; A = 1 for z. = z_ = 1. Their equations refer to a positive particle. In 

our case the dimensionless reduced potential tp = et|»/KT is negative. The values for 

I_ are therefore taken from the table for I.(q) = I.(Ka). 
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Table 4-5. Reduced average electroneutral electrolyte concentration, c /c , as a 

function of electrolyte concentration, c , and surface charge density, a . The 

in brackets have been 

c 
o 

moles/1 

5 10"3 

ID"3 

-4 
5 10 * 

-4 
2 10 

-4 
10 * 

5 10"5 

0.1 

0.984 
(0.999) 
0.926 

(0.991) 
0.853 

(0.970) 
0.643 

(0.790) 
0.360 

(0.443) 
-0.097 

corrected 

0.2 

0.971 

0.871 
(0.967) 
0.766 

(0.904) 
0.013 

(0.641) 
0.176 

(0.202) 
-0.371 

for the hyc 

-a 
0 

0.3 

0.942 

0.785 
(0.919) 
0.644 

(0.791) 
0.342 

(0.419) 
-0.018 

-0.618 

rodynamic e 

pC/cm2 

0.906(L) 

0.919 

0.730 
(0.869) 
0.592 

(0.721) 
0.288 

(0.347) 
-0.076 

-0.687 

'feet (see 

4.00(M) 

0.877 

0.690 
(0.835) 
0.540 

(0.674) 
0.241 

(0.285) 
-0.154 

-0.783 

text). 

9.21(H) 

0.867 

0.684 
(0.830) 
0.532 

(0.664) 
0.227 

(0.270) 
-0.202 

-0.824 

ceed the maximum possible deficiency in the shell, resulting in negative 

c_/c values. Generally, an overestimation of n.a. arises when interpar-
,52 53, tide distances are below 8/K ( Schofield , van den Hul et al.JJ ). A cor­

rect computation involves incorporation of double layer overlap, but as 

previously noted analytical or numerical computations of the required po­

tential distribution are still lacking. The real c/c -values will be in­

termediate between values computed for distances only up to r = b without 

considering double layer overlap and values calculated for the range up 

to r = » with the lower limit c/c = 0. As a rough estimate the calcu­

lated c/c -values below 0.2 start to underestimate the actual ones. 

(Ill) One may question whether the computed c equals the actual 

flowing electroneutral electrolyte in the shell. Apparently, in the case 

of plug flow the knowledge of the precise ion partition is not required. 

The co-ion flux can readily be calculated from the volume flow rate and 

the mean co-ion concentration. For a homogeneous partition of the ions in 

the porous phase no knowledge of the actual velocity distribution is re­

quired, the co-ion flux being directly calculated from the volume flow 

rate average velocity and the co-ion concentration. For such a simple mo • 

del, as put forward e.g. by Schmid et al. , the double layer description 

is completely eliminated by considering that the volume charge density will 

be uniform in the whole shell. However, the velocity distribution for 

creeping flow of an incompressible fluid obtained from the Navier-Stokes 

equation, using the Happel-Kuwabara cell-model, indicates a discrete velo­

city pattern far remote from that of a plug flow (see fig. 4-8). The con­

tribution of the relatively high co-ion concentration near the outer ra-
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dius of the shell to the total co-ion flux is promoted by the relatively 

high liquid velocity, so that the flowing mean co-ion concentration which 

he 
we call the hydrodynamically effective mean co-ion concentration c ex­
ceeds c . A quantitative treatment of the transport processes on a micro­
scopic scale requires the solution of the diffusion equation, the Navier-
Stokes and the Boltzmann equation simultaneously, with the boundary condi­
tions imposed by neighbouring particles. Even when the Debye-Hückel linear­
ization is applicable the mathematics involved are formidable. Neverthe­
less, it is possible to estimate the salt flux by averaging sets of par-

14 tial differential equations over the shell volume (Metha et al. ). In view 
of the accessibility of solutions for cylindrical symmetry, we shall derive 

he a correction factor c /c for this geometry. It shall be assumed that the 

total amount of charge per unit of volume is constant, so that an equal 

volume-to-surface ratio for the cell and its equivalent pore may be consi­

dered. The capillary radius was calculated according to the K-C model, 

eq. (4-20a), for the actual average porosity and particle size as deter­

mined by electron microscopy. The ratio of the co-ion flux computed with 

the Poiseuille velocity profile v(r) and a plug flow profile with, of 

course, the same volume flow rate yields the correction factor. For cy­

lindrical geometry we can write: 

R 
R ƒ c_(r)v(r)2nrdr 

C
P

 = il* ' c.(r)2nrdr and ch e = ° — ^ 
° ƒ v(r)2nrdr 

o 

where r is the radial coordinate and R the radius of the capillary. As­
suming a purely diffuse double layer and introducing the Poiseuille pro-

he 
file, the c /c ratio can be simplified to: 

he ƒ (1 - r2){l - e_ili(r)]rdr 

° (4-33) 

P 2/3 jYl - e-*<£>]rdr 

where r = r/R. The correction factor was numerically evaluated and pre-
he 

sented in table 4-5 as the c /c -values in brackets. From a comparison 

of a cell-model with a capillary model representation of the same total 
14 charge and equal surface to volume ratio, Metha et al. concluded that 

the cell-model predicts a more efficient salt rejection. Despite the ex-

tremely low charge densities used in their study (a < 0.2 uC cm ) it 
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may be concluded that our correction factors are somewhat overestimated. 

The corrected values together with experimental ones are also presented in 

fig. 4-9. The general trend of these curves can be explained as follows. 

2 ^ 0 . 6 -

he F ig . 4 -9 . Theoret ical c / c -c curves for various ° p o o 
surface charge d en s i t i e s . The curves 1-6 correspond 

with aQ = 0 . 1 ; 0 .2 ; 0 . 3 ; 0.906(L); A.00(M); 9.21(H) 

|jC/cm2. The experimental data are taken from t ab le 

3-4. 

510"3m 

For high ionic strengths neutral charge conditions prevail over most of 

the region, which is reflected by high cj^/c^-values. Upon lowering cQ the 

countercharge becomes distributed over a larger part of the pore volume. 

For relatively high a , corresponding to a sufficiently negatively charged 

surface, the c /c ratio becomes independent of a . It would be antici-
P O ŷ  O 

pated that for any given aQ, c" / c Q should decrease upon lowering c0, le­

velling out asymtotically to zero (S-shaped curve). The appearance of the 

intersections with the abscisa has already been discussed. 
he 

Combining the experimentally determined c -values (table 3-4) and 
the theoretical predictions, the effective charge density was obtained by 

interpolation. The results given in table 4-6 are qualitatively consistent 

with the a k data, inasmuch as they also indicate a charge-reduction with 

decreasing ionic strength and similar substantial differences with the ac­

tual surface charge densities. These results are particularly meaningful. 

Factors such as the presence of a stagnant or slipping layer, which may 

partly explain the substantial difference between the hydrodynamically ef­

fective charge and the mobile charge effective in the conductance, are re­

latively unimportant in the 'dynamic negative adsorption' method. The co-

ion flux is practically independent of the presence of an immobilized 

layer, if its thickness is smaller than the negative adsorption depth, say 

about the thickness of the diffuse double layer. The thicknesses of the ef­

fective boundary layer as determined in the hydrodynamic experiments indi­

cates that this condition is amply fulfilled. The increase in the non-

uniformity of the counterion distribution upon decreasing the ionic 

strength means that the concept of specific adsorption is unable to ex­

plain the observed anomaly. 
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moles/1 

ID"* 

2 1 0 ' 4 

2.7 lO - 4 

7.7 10 - 4 

lO"3 

L 

0.1(0.24) 

0.2 

0.25(0.76) 

-a yC/cm2 

M 

0.26(0.20) 

0.3(0.63) 

H 

0.3(0.37) 

0.5(0.90) 

Table 4-6. Effective charge densities 
according to the 'dynamic negative ad­
sorption' method. The results in brackets 
correspond with electrokinetic charge 
densities taken from appendix 5A, plugs 
VB, VIIIB and VIIB, at 25°C. 

In all calculations we have assumed that an uniform, continuous, in­

terfacial charge is neutralized by a space charge obeying the Poisson-Boltz-

mann equation. All possible variations or inhomogeneities parallel to the 

interface are ignored. Apparently, the main cause of the anomalous beha­

viour of our system must be sought in a strongly concentration dependent 

position of the fixed charges. Upon lowering the ionic strength the sul­

fate groups probably project out into the water phase, thereby accommo­

dating a substantial part of the counterions in the spaces originated be­

tween the head groups. This 'hairy layer' model will be discussed exten­

sively, along with the irreversible charging phenomenon, in section 5.8.1. 

(IV) Finally, the possible influence of double layer polarization has 

to be investigated. The particles which form the plug matrix turn into di-

poles and the total field of the polarized matrix influences the ion fluxes. 

The counterions 'belonging' to the particles are subjected to relaxation/ 

retardation phenomena. The co-ions are excluded from the regions of high 

potential around the particles and are consequently supposedly little in­

fluenced by these effects. However, the local effective electric field 

strength at some distance from the surface is slightly stronger than the 

average field strength. This would result in a slightly increased velocity 

of the co-ions and causes more salt to pass through a selective porous 

system. However, our plugs exhibit a rather large surface conduction. At 

the same time an anomalous boundary layer effect is responsible for a 

marked reduction of the convection current. Both effects are reflected in 

the relatively low streaming potential values; in other words, a compli­

cating influence of the polarized double layer on the co-ion flux is hard­

ly to be expected. 
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4.9 Summary 

Electrokinetic and fluid flow results for three types of charged 

plugs have been investigated experimentally and theoretically, using uni­

valent salt solutions (LiCl, KCl, CsCl) at three temperatures (15, 25, 

35 C). The general consequences of analysing experimental data on basis 

of the two main geometric models, viz. the single capillary and the cell-

model, are discussed. It is shown that in real porous media with a non-

negligible 'normal' surface conductance, evaluation of the zeta-potential 

from streaming current data leads to values which are essentially too low. 

The involved polarization may result in an apparent lyotropic sequence for 

the alkali cations. For our particle system we expressed the effect of re­

laxation on the streaming current in terms of the Rel concept of Dukhin. 

The most pertinent theoretical formulae for calculating the electro-

kinetic quantities according to both geometric models, are shortly re­

viewed in terms of phenomenological coefficients. Numerical calculations, 

covering the actual range of charge density and ionic strength, are elabo­

rated for the constant charge concept and tested upon their usefulness 

with respect to the actual system. The cell-model predictions for the se­

dimentation velocity in concentrated dispersions as obtained by Levine et 

al., are transformed into expressions for the streaming potential and the 

electroviscous retardation taking place in a fixed particle bed. It ap­

pears that not only the severe restriction to low potentials, but also the 

fact that the relaxation effect is not incorporated in the streaming cur­

rent, makes the cell-model less useful than Levine's capillary model. 

In order to obtain the general characteristics of our experimental 

system, all electrokinetic results are analysed in relation to both theo­

retical models. In particular a comparison of the streaming current data 

with the theoretical predictions clearly shows that at low ionic strength 

a substantial part of the counterions is hydrodynamically immobilized. The 

results are interpreted by an outward shift of the shear surface when de­

creasing the electrolyte concentration, coinciding with a change of the 

double layer structure. These findings are verified by calculations ac­

cording to the capillary model of Levine et al. Upon decreasing the ionic 

strength the electrokinetic charge density and the total charge density 

effective in the conduction increasingly diverge. 

Special attention is given to the concentration dependent thickness 

of the boundary layer. The concentration dependent permeability data, cor­

rected for the electroviscous retardation effect, are transformed into ef­

fective boundary layer thicknesses according to Happel's cell-model. The 

boundary layer thickness is also evaluated from the electroviscous retar­

dation results according to the capillary model of Levine et al., which 
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is extended for the anomalous conduction concept. Although the latter me­

thod, which is based on a Gouy-Chapman double layer, at concentrations be-

low 10 M presents about ten times thicker layer, it becomes clear that 

the calculated effects have a common origin. 

The effective charge densities obtained from the 'dynamic negative 

adsorption' measurements are not only completely consistent with the elec-

trokinetic results, but also confirm that specific adsorption cannot ac­

count for the difference between the electrokinetic and hydrodynamic thick­

nesses. A 'hairy layer' model is proposed, in which a large part of the 

counterions is accommodated. This layer shrinks upon addition of electro­

lyte, causing an inward shift of the shear plane and an increase of the 

hydrodynamically effective part of the counterions. 
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CHAPTER 5 

CONVERSION OF ELECTROCONDUCTING PARAMETERS OF CONCENTRATED AND DILUTE 

DISPERSIONS INTO DOUBLE LAYER CHARACTERISTICS 

5.1 Introduction 

Investigating the conductivity of a dispersion may serve as means to 

determine important colloid-chemical properties of the particles, consti­

tuting that dispersion. This approach not only requires an expression 

that relates all pertinent double layer parameters of the particles to 

the macroscopically measurable conductivity of the dispersion, but also 

such quantities as the specific conductivity of the suspending medium and 

the volume fraction of the solid. 

Several aspects of the electrical conductance of a concentrated sys­

tem of charged particles have already been treated in chapter 4. It has 

been shown that even the most recent cell models (Levine et al. ), used 

for the prediction of the various electrokinetic phenomena in concen­

trated dispersions, do not yet lead to satisfactory results. The simpli­

fied model approaches for the polarization effect (concentration polari­

zation was not included), the limitation to low zeta-potentials (Debye-

Hiickel approximation) and the not-incorporated anomalous conduction con­

cept, are severe restrictions in practice. Especially, at low ionic 

strength little agreement with the conductivity results on our plugs 

could be observed. 

Particularly promising are recent developments in the polarization 
2 

theory. Dukhin and Seminikhm succeeded in deriving an analytical ex­
pression for the induced dipole moment of an individual charged spherical 
particle in an electrolyte solution. This expression enables the con­
struction of a formula for the conductivity of a dilute particle disper-

3 4 
sion (see also Pilgrimm et al. ' ). Because they considered that the ac­
tual diffuse double layer polarizes in an electric field, which enhances 
the polarization field, it is expected that an interpretation of conduc­
tivity data of particle dispersions on basis of their formulae is an im­
provement with respect to the 'classical' polarization models. 

To test the predictions of Dukhin and Seminikhin, experimental me­

thods were developed in order to obtain all pertinent parameters of di­

lute latex dispersions. For an analysis of the surface conductance re­

sults, we make use of the Bikerman predictions (section 4.3). 

The polarization theory will also be extended to concentrated dis­

persions, taking into account the effect of particle interaction on the 

polarization field. We shall make use of the abundant experimental data 
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which have been accumulated for the electrical conductance of our plugs 

(chapter 4). 

The electrokinetic parameters obtained in chapter 4 and the conduct­

ing parameters obtained in this chapter will be used to analyse the 

charge partition in our 'model' system. To elucidate the peculiar fea­

tures of our 'model' system, as observed in chapter 4, use will be made 

of the combined information on the influence of the nature of the coun-

terions and the temperature on the surface conductance. 

In the following sections we will first present an outline of avail­

able theories with and without incorporation of double layer polariza­

tion; an analysis of the applicability and limitations of these theories 

will be given on basis of experimental evidence. 

5.2 Defining equations and explanation of terms 

Due to the presence of an electrical double layer at the fluid-solid 

interface, the specific conductivity of the pore fluid in a plug, K , can 

exceed the conductivity of the bulk solution, K. At sufficiently high 

electrolyte concentration, indicated by a superscript (°), the contribu­

tion of the double layer may be disregarded, so that we can then write 

for the plug resistance : 

R° = Cp/K°, (5-1) 

with K° = K°, where K° is the conductivity of the free solution and C 

the cellconstant of the plug. At an arbitrary electrolyte concentration 

we compute K from: 

KP = VRP = K ° R P / R P ( 5 ' 2 ) 

This equation merely intends to introduce an operational definition of an 

excess conductivity K (= K - K) in terms of two experimental quanti­

ties. It should be emphasized, however, that eq. (5-2) does not imply 

that the electrical conductance is identical everywhere in the plug. For 

arbitrary disperse systems it is more appropriate to define the excess 

conductivity K in terms of the specific conductivity of the complete 

disperse system, K: 

K = (Ks + K)/F (5-3) 

F is the structural resistance coefficient or formation factor to be dis-
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cussed in the following section. Both definitions can simply be related 

by the formalism: 

K = K + Ks = aK = FK (5-4) 

7 with a = 1 + K /K, where the efficiency factor a reflects the combined 

effects of the increase in conductivity due to interfacial conductivity 

and the decrease that results from introduction of a non-conducting solid 

phase into a conducting solution. Thus the contribution of the interface 

to the conductivity of the complete dispersion (K /F) can be defined as 

the diffference between the conductivities of the dispersion (K) and the 

reference solution, the latter being corrected for the tortuosity of the 

medium (K/F). Again, this is a purely operational definition of an excess 

quantity, which is only feasible if F can be determined. The contribution 

of a charge excess near the surface can be expressed in terms of the spe­

cific surface conductance KCT (fl ), the volume fraction of the dispersed 

phase p and the surface area S per unit volume of the particles composing 

the dispersion (e.g. a plug): 

a = 1 + m4) (5"5) 

In terms of the formation factor F the equation transforms into the 
Q 

well-known Street equation , which relate 

a disperse system to the plug parameters: 

Q 

well-known Street equation , which relates the specific conductivity of 

*= f+ m4i <5-6> 
Although the Street formula is generally accepted, it has features open 

9 10 

to criticism. As pointed out by Helmy and Dukhin et al. the relation 

between the contribution of the interface to the total conductivity is 

expressed in terms of only one structure factor appropriate to the tor­

tuosity of the dispersed phase. This is only justified in the case of a 

homogeneous spatial distribution of the counterions. Introduction of a 

pair of parallel conductance paths (Holmes et al. ), splitting the F fac­

tor up into two terms, may improve the model, but does not allow for the 

possible interaction of interfacial and volumetric currents. In other 

words, any contribution due to double layer polarization, particularly 

concentration polarization,. is ignored. This contribution will be sub­

stantial at concentrations where the effect of surface conductance on a 

curved or rough interface is noticeable. In this process of splitting-up, 
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it is supposed that the concentration of the electroneutral equilibrium 

electrolyte in the pores equals the bulkcomposition outside the plug. 

This assumption neglects the contribution due to negative adsorption, 

which depends on specific surface area, porosity, double layer character­

istics and external electrolyte concentration. This phenomenon will usu­

ally coincide with the appearance of surface conductance when the latter 

is due to displacement of ions in the diffuse double layer. 

The main problem we are now faced with is the determination of F 

that allows for the presence of the non-conducting matrix. Rephrasing 

the basic problem we could say that we have to determine the local flux 

through the pores, in order to establish the proportionality constant ß 

in an equation of the general form: flux = -ß (gradient of a scalar). In 

an actual experiment, however, one observes an overall quantity. Thus to 

obtain the true interstitial 'velocity' one must multiply the experimen­

tal 'superficial' value by an appropriate F. In principle this factor is 

the ratio of the experimentally determined proportionality factors ß with 

and without the obstructing medium. 

The geometry and the volume concentration of the dispersed phase are 

also important in view of the conversion of the experimentally measurable 

contribution of the interface to the surface conductance and double layer 

properties. 

5.3 Theoretical aspects of conduction through an assembly of spherical 
particles in the absence of the complicating influence of double 
layer polarization: a. dilute dispersions; b. concentrated disper­
sions. 

Many descriptions of transport processes within isotropic porous 

media can be classified as extensions of reasonably well developed theo­

ries for processes occurring in capillaries. All these models are inhe­

rently anisotropic and, without exception, incorporate at least one ad­

justable parameter which must be determined by experiment. Here, however, 

we deal with isotropic dispersions composed of spherical particles, which 

requires another approach. Even for this geometrically simple shape the 

mathematics are formidable in that one requires a solution to the Laplace 

equation inside and outside the particles, taking into account the inter-
12 action of the electric field surrounding each particle . In addition, 

at the boundaries of the phases, the continuity relations for potential 

and flux must be satisfied. Consequently, the pathways of the current 

should show no discontinuities. A rough classification of those theore­

tical formulae that express the formation factor F in terms of the poro­

sity of systems made up of spheres, discriminates between dilute and 

concentrated dispersions. 
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If the properties of the individual phases of the dispersion are 
known, a simple conductivity measurement may suffice to determine its 
composition. Conversely, if the volume concentrations are known, a con­
ductivity measurement of the dispersion reveals surface conductance ef­
fects or structural factors. 

In the following the more important models treating the electric 
conduction will be reviewed briefly. The first investigations on the 
electrical resistance of a system of solid, (non-)conducting spheres in 

13 an electrolyte solution were carried out by Maxwell . The results were 
applied later on to the relationship F(p) in porous media, however, 
without regarding Maxwell's explicit requirement that the distance be­
tween the spheres should be large compared with their diameter. 

5.3.a Dilute dispersions 

For dilute dispersions the electric field around a spherical par­
ticle, unaffected by the presence of neighbouring particles, is identi­
fied with the average field over the entire continuous phase. For a vol­
ume fraction p one then obtains Maxwell's formula: 

K/K _ (K'/K + 2) - 2p(l - K'/K) ,R 7. 
*'* (K'/K + 2) + p(l - K'/K) {S '' 

where K' denotes the specific conductivity of the particles. Experience 
has shown that conductivity data may be accurately represented by Max­
well' s equation for both random and ordered dispersions of spheres, pro­
vided the volume fraction of the dispersed phase remains below about 

14 0.1 .In the particular case of non-conduct 
(K'=0) one obtains for the formation factor: 

14 0.1 .In the particular case of non-conducting spherical particles 

F = 2 + P (5-8) 
*M 2 - 2p {S a) 

A useful form of Maxwell's equation may be obtained by expanding eq. (5-7) 
in a Taylor's series as p •* 0 and neglecting all but the first two terms: 

K/K = 1 - 3p \ I *,'/* (5-9) 

When dealing with non-conducting spheres in a dilute dispersion (i.e. 
p < 0.1), this relation, attributed to Wagner , reduces to: 

F^1 = 1 - | p (5-10) 
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5.3.b Concentrated dispersions 

Rayleigh was the first to extend Maxwell's formula to ordered ar­

rangements and higher volume fractions (close packing according to the 

cubic arrangement: p = n/6). He applied the principle of superposition 

of potentials for the dispersed and continuous phase and expressed them 

in terms of Legendre polynomials with interdependent coefficients. 
17 

Böttcher considered the surroundings of a particle as a continuum. The 

electrical conductivity and field strength of this continuum were iden­

tified with those of the mixture. Remarkably enough his formula is 

identical to Wagner's. Based on the same assumptions, but using an inte-
18 gration technique, Bruggeman arrived at the following formula: 

R ( V K>/K = 1 - P (5-11) 
(K/K) ' (1 - K'/K) 

For non-conducting spheres, this equation reduces to the simple struc­

ture factor: 

FB = (1 - p ) - 3 / 2 (5-12) 

In principle this equation can also be obtained by using the linear ex-
19 pression that results from a series expansion of Maxwell's formula . In 

doing so, one starts from a low volume fraction of solid that is gradual­

ly increased by adding infinitesimal fractions of the dispersed phase. 

After each addition the latter is considered as a continuum. This proce­

dure is justified when the particle dimensions of each additional frac­

tion are much bigger than those added previously. Instead of using the 

integral procedure it is possible to use stepwise addition of the dis­

persed phase. First, the conductivity of a dispersion is calculated with 

only half the amount of particles added. Considering this mixture as a 

continuum the procedure is repeated by adding the other half. In doing 
20 so, Meredith and Tobias obtained the structure factor: 

(4 + p H 4 - p) (5-13) 
*M-T 8̂ 2 - p)(l - p) tD 1 J' 

Although their derivation involved a quasi arbitrary decision (i.e. the 

1:1 split of particles), they argue that the primary interaction is due 

to the closest neighbours. For higher p-values the equation suggested by 

M and T represents a convenient interpolation formula between Maxwell's 

and Bruggeman's equation. It is noted that all presented formulae reduce 
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to the Wagner formula when p -» 0. 

A more advanced treatment of the conductivity of a monodisperse par­

ticle system, with incorporation of mutual polarization of spherical par­

ticles for an ordered and a statistical distribution, is given by Günther 
21 and Heinrich . Their numerical calculations are based on the formulation 

22 of this problem by Brown . Over the whole porosity range, the F-values 

of their statistical model coincide within 3% with the semi-empirical 
23 formula of Slawinski which is given by: 

Fs = fl-3219 -i0:3219(l-p)12 ( 5_1 4 ) 

5.4 Survey of theoretical equations for the prediction of conductivities 
of an assembly of spherical particles with incorporation of double 
layer polarization: a. concentrated dispersions; b. dilute disper­
sions. 

Double layer polarization results from an applied electric or hydro-

dynamic field and the concomittant variation in surface currents along a 

curved surface. The ionic transfer processes lead to deformation of the 

double layer and generation of a polarization field, in some cases com­

mensurable with the externally applied one. The polarization field is 

opposite in direction to the external one and thus leads to a decrease 

of the local electric field and of the induced currents. At a flat in­

terface with a roughness that is negligible in comparison with the double 

layer thickness, the double layer is not polarized. 
24 Dukhm introduced the dimensionless relaxation parameter Rel as a 

measure of the effect of surface conductance on electrokinetic phenomena: 

K
CT 

Rel = ̂  • (5-15) 

where a denotes the radius of curvature or radii of pores or capillaries. 

It is noted that Rel can be used with two distinct meanings, viz. in 

indicating the degree of double layer polarization for curved surfaces 

and in indicating the relative contribution of surface conductance to the 

total conductance in non-polarized systems. An increase in the surface 

conductance and/or decrease in the radius results in an increase in Rel 

and thus in the polarization field in the direction of the induced elec-

tromigration current. In the case of a hydrodynamic field a high Rel va­

lue indicates a compensation of the convection current and thus a decrease 

in streaming current. 

The induced tangential ionic flows near the surface have to be pro­

vided by radial ionic migration, diffusion and convection flows from be-
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yond the double layer where co- and counterion concentration can differ 

considerably from those near the surface. The concentration polarization 

results in an angular dependence of the ion concentration and the poten-
25 

tial. Dukhin et al. derived analytical formulae that express these de­
pendences for the cross section of the thin diffuse double layer (Ka>>l) 
of a spherical particle. The advantage of their mathematical treatment 
of the polarization phenomenon, contrary to that of Overbeek, Booth and 

26 
Wiersema , is the possibility of taking into account the effect of anom­
alous conduction on polarization. They could express this dependency in 
an analytical form. Moreover, their (Dukhin, Semenikhin) analytical ex­
pressions for the polarization potential distribution of an isolated 
charged spherical particle can be used in the computation of the dipole 
moment of such a particle: 

M = - f i E { l §§§1 -, } (5-16) 
z 1 + 2Rel - £|S in(cosh£/4) 

K ci 

where m denotes the dimensionless parameter: 

± 2eoer fkl\2 

m = m = T— ( — ) and £ the dimensionless zeta-potential. 
SnD1 Ve / 

K is the reciprocal thickness of the diffuse part of the double layer, E 

the external electric field, D* the diffusion coefficient of cat- or an­

ion. The other symbols have their usual meaning. For relatively high Ka 

and low £-values eq. (5-16) can be simplified to: 

MD-S = - fi E (1 - ! lRe
2iel) (5-17) 

5.4.a Concentrated dispersions 
• 27 Dukhin has already stipulated that in order to construct formulae 

for the electrical conductivity of a concentrated suspension, one also 

has to take into account the local environment of a particle, which 

changes considerably with increase of the volume fraction p. In other 

words, instead of M(K°, K) we must use U(K°, K), where K/ . denotes the 

specific conductivity of the disperse system. Thus the macroscopic field 

determines the dipole moment. By employing the same procedure as Brugge-
18 man we consider the medium surrounding a particle (i.e. continuous 

phase + other particles with their double layers) as a continuum with 

respect to each successively added infinitesimal fraction of the dis­

persed phase. The field intensity of this continuum is subsequently iden­

tified with that of the mixture. In that case the change in the conduc-
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tivity of the mixture by addition of the fraction dp is given by: 

*<p) • " W ) - *<P. - i m ^ 1 *<P> h (5-18» 

where v denotes the volume of one particle. In order to illustrate the 
effect of concentration polarization on the effective conductivity of 
particle-dispersions we may begin with an expression for the dipole mo­
ment that disregards the concept of concentration polarization of a thin 
double layer. This expression is based on the distribution of the pola-

28 29 
rization potential as first given by Henry and Booth : 

In short, the integration procedure with the condition K, Q> = K is 
as follows: first, we incorporate the polarization by using the two dif­
ferent expressions for the dipole moment of a spherical particle, repre­
sented by the abbreviations D-S (Dukhin, Seminikhin) and H-B (Henry, 
Booth) respectively. 

Secondly, we take into account that the dipole moment of an arbi­
trary particle, which depends on Rel, is either determined by the mean 
conductivity K (procedure I) or determined by the specific conductivity 
of the interstitial equilibrium electrolyte K (procedure II). Integration 
of eq. (5-18) in combination with the above two expressions for the di­
pole moment and taking into account that a particle 'sees' in its vici­
nity a medium of conductivity K rather than K, leads to four generalized 
equations for K/K. They are presented below, together with the explicit 
expressions for Rel: 

D-S I: ft* I HI) 2 ± = (K/K)4/3; Rel = (l-p)^(K/K)^ . R/K 
\ 1 Rel/ 1 p (l-p)1/Z(K/K)Z/3 - 1 

H-B I, («/* - g e l ) 1 = (K/KjVS. R e l = (l-p)(K/K)^ . R / K 

\ 1 - ̂ Reiy l-p 2(l-p)(K/K)1/3 - 2 

D-S II: ln(K/K) = (\ - f ï l i y in(l-p); Rel = ln{ (iê/K) (l-p)"3^} (5_22) 
\i 2 l+ZReij ln{(K/K)z(l-p)~3/z} 

H-B II: ln(K/K) = (§ - § *&) In(l-p); Rel = ln{(K/K)(l-p)"3/2} 
^ i i+Reiy ln{(K/K)(l-p)"3} 

We complete this review by modifying the expressions of Street, 
20 Bruggeman, Maxwell and Meredith and Tobias when the effect of surface 

conductance is incorporated by ascribing a specific conductivity 2Ka/a 
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:30, to the non-conducting bulk-phase of the particle (O'Konski ): 

Street K/K = J (1 + ^ E B Ë I ) ; Rel = ^ {F(K/K)-1} (5-24) 

Bruggeman (*/* " | * g ) jz£ = (K/K)1/3; see H-B I, eq. (5-21) (5-25) 

—'**- «* -sa i%i : t - . f • § a i r s i t u? • • <*-?«>_ 
Rel can easily be solved from the quadratic expression in Rel. 

Maxwell K/K = j \ |gg ; ^{f^X ; Rel = 2(l-p) - (K/K)(2+p) 
I + ZRei + p(l 2Rel) 2(l-p)(K/K)-2(l+2p) 

,31 The general Maxwell equation was also obtained by Fricke and Curtiŝ "1" by 

simplifying the Maxwell treatment for high Ka. 

Fig. 5-1 shows the dependence K/K(Rel) for the different generalized 

forms; the figure refers to p = 0.6 which corresponds to the experimen­

tally determined porosities of the various plugs studied. Several charac­

teristic features show up. 

The D-S I, II and H-B I, II formulae all reduce to the Bruggeman 

formula when K° = 0 (Rel = 0). On the other hand, for high Rel-values, 

in case of predominant surface conductance in all models, except that of 

Street, the ratio K/K levels off asymtotically to constant values. More­

over, the effect of in­

corporating the local 

environment disappears, 

so that the cases I and 

II coincide. The ab­

sence of a saturation 

effect in the Street 

model is typically a 

consequence of its ba­

sic parallel conduc­

tance path assumption. 

The H-B I formula 

is identical to the mo­

dified one of Bruggeman 

because for a thin 

Fig. 5-1. K/K as a function of the parameter Rel, as pre­
dicted by some theoretical models, p = 0.6 
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double layer surface conductance without concentration polarization has 

the same effect on the potential distribution in an electric field and 

therefore on the induced dipole moment, as bulk conductivity of the par­

ticle, amounting to 2 KCT/a. 

5.4.b Dilute dispersions 

For low p values the D-S I and II formulae reduce to one expression 

linear in p. This expression, indicated with D-S, is identical to the one 
3 . . . 

presented by Pilgnmm et al. , although they used a different derivation: 

D-S (p«l): K/K = 1 - | p (1 - J +RfRel) (5-28) 

It is of particular interest that in the limiting case of low p, a 

series expansion of all other integral forms that do not incorporate the 

concentration polarization concept (H-B I, II; Bruggeman, Meredith-Tobias, 

Maxwell), except that of Street, also lead to one expression. This equa­

tion, shown as H-B, differs from that of the foregoing expression only 

in a numerical coefficient: 

H-B (p«l): K/K = 1 - | p (1 - 1
3 ^ e l ) (5-29) 

It may be recalled that the analytical expression for polarized 

spheres is restricted to the condition of a thin diffuse double layer. 

The H-B formula involves only a thin conducting layer without further 

specification. It is supposed that ion transport from the bulk on one 

side into the conducting layer and from that layer into the bulk on the 

other side is so fast that no polarization charges arise. 

Conductivity measurements on dilute dispersions deserve much atten­

tion. However, the possibility of obtaining reliable quantitative infor­

mation entails great experimental difficulties, as will be shown in sec­

tion 5.7. On one hand, at least moderate ionic strengths are needed to 

guarantee a thin double layer, whereas on the other the difference be­

tween the electrical conductivity of the dilute dispersion, K, and that 

of the continuous phase, K, must be determined accurately. 

Furthermore, one has to be aware that for Rel<<l both expressions 

(D-S and H-B) coincide. This difficulty may be overcome by using disper­

sions of moderate p-values and relatively high surface charge densities. 

It is obvious that previous to any interpretation of the experimental 

data the linearity of the conductivity ratio K/K with p must be verified. 
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5.4.1 The isoconductance point 

The isoconductance (or isoconductivity) point, ICP, is characterized 

by K/K = 1. At this point the effects of tortuosity of the medium and 

surface conductance just balance. Its significance in relation to surface. 

conductance has been discussed by Street32. In table 5-1 we present the 

Rel-values for the various integral forms at the ICP. The modified Street 

equation gives identical F-factors for bulk and surface conductance if it 

is assumed that the surface region over which the excess conductance is 

averaged is the same as that region through which an identical conduc­

tance would be produced by the conductance of the equilibrium solution 

in a geometrically identical medium having an inert surface. Introduction 

of FM results in an ICP independent of p. This fact, which if necessary 

may be experimentally verified, does not supply evidence that the same 

F-factors may be used for evaluating the tortuosity effect upon surface 

and bulk conductance for a suspension of spherical particles, because 

this 'parallel conductance paths' model ignores the effect of double 

layer polarization. 

Table 5-1. Rel-values at the isopolarization state of dispersions of charged 
spherical particles, according to different models. 

model 

D-S I 

D-S II 

H-B I 

H-B II 

Street (FM) 

Street (Fß) 

Maxwell 

M-T 

Rel 

1.0 

1.0 

0.5 

0.5 

0.5 

(l-p){(l-p)-3/2 • 

0.5 

0.5 

• l}/3p 

The fact that higher Rel-values are necessary according to theories 

that include concentration polarization, means that a larger part of the 

mobile charge excess cannot contribute to the total conductance. At the 

ICP (M = 0!) the effect of incorporation of the local environment (pro­

cedure I) on the dipole moment disappears too; thus for any arbitrary 

particle its deficiency of bulk condition is just compensated by the ex­

cess of surface conductance, which makes K independent of p. On either 

side of the ICP, the concept of procedure I compared with II results in 

a leveling effect, thus at the low Rel-side the polarization decreases 

and at the high Rel-side it increases. It will be clear that increasing 

p to the right of the ICP increases K and to the left has a decreasing 
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effect on K. Fig. 5-2 shows the dependency of the ratio K(D-S I)/K(Street, 

FM) on Rel for three p values. The figure demonstrates the overwhelming 

effect of the 'parallel conduction paths' model of Street, especially for 

relatively low Rel-values. At high Rel-values the polarization concept 

in D-S I enhances the difference between the two models. These facts are 

extremely important in the interpretation of experimental K/K-data of 

dispersions in terms of surface conductance and coherent double layer 

characteristics. From fig. 5-2 we also notice that under conditions of 

K/K>1 the Rel-values differ considerably for the two models. For low p-

and moderate Rel-values (KReKlO) K° computed by the Street equation 

exceeds the D-S prediction by as much as 50%. 

For high Rel-values the analytical predictions [Rel>>l; D-S I,II: 

K = K(l-p)"%; H-B I, II: K = K(l-p)"3] which include double layer polari­

zation become meaningless and quantitative interpretation of experimental 

results becomes impossible. The reason for this is, that double layer in-

1.0 

as 

R(D-SI) 

0 10-' 

KfSTREET.FmP 

| p=06o\\ \ F i 8 - 5"2- ^ (D"S D/K(Street, FM) vs. Rel for three 
p-values. 

teraction (overlap) promotes short circuiting of the ion-rich layers near 

the particles, thus suppressing double layer polarization and justifying 

more the 'parallel conduction paths' model of Street, but in this case 

with different F-factors. 

5.4.2 The effect of the thickness of an electroconducting layer on the 
conductivity of dispersions 

The extension of the theory to spherical particles covered by a 

spherical conducting layer (e.g. its ionic atmosphere) of non-negligible 

thickness embedded in the continuous phase, can be realized by adopting 

a triphasé model. The interphase of thickness d and conductivity K. sur­

rounds the sphere of conductivity K'. The electrical properties of such 

a system can be approximated by using Maxwell's treatment, assuming that 

the particle and its interfacial layer can be replaced by a homogeneous 

sphere. It can be shown that the mean conductivity of the particle with 

its atmosphere, Ka+d/ is related to the conductivity of the interfacial 

layer, K,, and the particle conductivity, K', by the following expression: 
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^ = (ifa K' + 2K ( 5 - 3 0> 
Ka+d + 2 Kd d 

Then, by applying the Maxwell equation twice (see e.g. Watillon et 
33 -

al. ) the conductivity of the whole dispersion, K, can be obtained by 
inserting K ., computed from eq. (5-30), for the particle conductivity: 

£_=—K = p* -J+à (5-31) 
K + 2 K Ra+d + 2 K 

where the effective volume fraction p* is related to the volume fraction 
of the solid particles by p* = p(a + d/a)3. 

When dealing with non-conducting spheres (K'=0) and a conducting 
layer of limited thickness (p* = p(l + 3d/a)), both relations can be de­
duced by using the expression K, = K + Ka/d. Maxwell's eq. (5-27) may be 
rewritten as: 

K/K - 2r + 2Rel - 2p(r - 2Rel) ,,- ,,, 
w* 2r + 2Rel + p(r - 2Rel) ^ - ^ 

where Rel is based on the radius of the solid particle and r = 1 - d/a. 
From this equation Rel can be expressed as: 

Rel = 2r(l - p) - r(K/K)(2 + p) (5_32a) 

2(1 - p)(K/K) - 2(1 + 2p) 

By analogy with the H-B equation for dilute dispersions of spheres 
with thin conducting layers we can now write: 

K/K = 1 - | p (1 - j ^ b x ) (5-33) 

From this expression it will be clear that the effect of variation 
of the conducting layer thickness on K/K will only be substantial at 
low Rel-values, i.e. for small surface charge densities. For a system of 
particles of constant charge we may expect that with diminishing K the 
increase of Rel masks the effect of extension of the double layer (r < 1) 
to some extent. 

To account simultaneously for the effect of concentration polariza­
tion, a similar approach as for the D-S expression may well give: 
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K/K = 1 - f p (1 - r f ^ e l ) (5-34) 

In fact, an analytical solution to this problem has not been pro­

posed as yet. It is quite unlikely that analytical solution of general 

validity could be obtained. It should suffice to state that by using the 

D-S expression the condition xa >> 1 automatically reduces r to 1. In the 

absence of exact theoretical results pertaining to dilute dispersions at 

low ionic strengths on the basis of the above eq. (5-34) an empirical 

equation can be postulated: 

K/K = 1 - | p (1 - r f ^ e l ) (5-35) 

At low ionic strength the expansion of the diffuse double layer and 

a possible over- or underestimation of concentration polarization can be 

fitted with the variables r (= 1 - (Ka) ) and s. 

5.4.3 Some complicating factors concerning the measuring frequency 

A prerequisite for the experimental determination of the conductivi­

ty of plugs or dilute dispersions is that the applied frequency is low 

enough to allow the development of complete polarization of the particles. 

The frequency dispersion of the dielectric constant and the electrical 

conductivity of charged particle systems have recently been the subject 
34 35 of many investigations. ' Of special interest are the studies in which 

surface conductance is incorporated. E.g. Schwarz considers particle 

polarization, due to tangential migration around the particle of ions 

that are (partly) mobile on the surface but ultimately bound by electro­

static forces. The migration is controlled by a diffusion mechanism of 
37 these ions into a layer very close to the surface. Schurr , considering 

this model as unrealistic, reintroduces the diffuse part of the double 

layer, as proposed by O'Konsky. Of special interest are the results of 
38 Shilov and Dukhin , who consider the polarization of the diffuse part 

of the double layer. At high frequencies the alternating polarization 

field that results from the alternating electric field relaxes and the 

conductive currents become larger. The relaxation is essentially related 

to the diffusion coefficient of the ions in the double layer and the ra­

dius of the particle. The relaxation time for many theories (see Sprin-
34 ger ) is given by t = a2/2D , where D is the diffusion coefficient of 

the counterions. In order to allow the use of the D-S expression the mea­

suring frequency, v, must be low: v << D /(2na2). At relatively high fre-
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guency, v » Dc/(2na2), one can expect that the polarization field, di­

rected opposite to the external field, breaks down. It is likely that the 

H-B expression becomes useful when the concentration polarization is can­

celled. For a particle dispersion an increase in frequency will reduce 

the isoconductance condition (M=0) from Rel = 1 to Rel = %. For concen­

trated dispersions we may expect that due to interaction of neighbouring 

double layers a disturbance of the ion distribution is not limited to the 

dimensions of one particle. On concentrating a particle dispersion the 

frequency dispersion range may shift to lower frequencies. 

Our experimental study is restricted to the measurement of the con­

ductivity increment. Some results are reported and discussed on the basis 

of the D-S and H-B equations in section 5.7.7. Results of a low frequency 

dispersion of K of our plugs are presented and discussed in chapter 7. 

5.5 Procedure for evaluating and testing the electrokinetic results 

The following diagram summarizes the various steps involved in the 
conversion of K/K-data into surface charge densities (or double layer 
potentials). 

direct determination of surface 
charge density by titration, o 

o 1 'modelsystem' a. ^ 
polystyrene > - K/K(p,T) '—^> Rel - K ° - 5 9 * o 

latex many models ,, „ ,AN *• 
(<l»d> £ , A ± ) 

Bikerman streaming potential (current) 
electrophoresis ^ £ — > 

etc. 

aA 

°ek 

The first conversion of K/K-data to Rel-values (step a) and finally 

to surface charge density or t^-values (step b) is sensitive to the model 

used. It almost goes without saying that no meaningful quantitative in­

formation can be obtained if the actual mechanism of surface conductance 

were to be associated with a double layer structure that deviates from 

the assumed one or when the conditions of the polarization models used in 

the first conversion (step a) and the (modified) Bikerman expression (see 

section 4.3) in the second step b are not met. Thus interpretation of the 

calculated a t in relation to the known titration charge density, o , can­

not reveal quantitative information on parameters other than those presen­

ted. The finally computed o t can be compared with the titration charge 

density and the electrokinetic charge density oe k, giving the charge den­

sity, aA, or thickness A of the electroconducting layer, which can also 
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be interpreted in terms of the potential drop (t|>d-£) using the Gouy-Chap-

man theory. 

Conversion of K° into a. or <|id requires independent information on 

the zeta-potential. This parameter can only be calculated correctly from 

electrokinetic experiments on the basis of formulae which incorporate the 

effect of possible anomalous conductance, double layer polarization and 

double layer overlap. Unfortunately, no theory is yet available that in­

corporates all of these phenomena at the same time (see chapter 4). 

If o t computed from KCT remains constant over a concentration range 

of indifferent electrolyte it supports the model used in the first con­

version. Moreover, valuable additional information can be obtained from 

K/K-measurements for different p-values. 

5.6 Experimental results and discussion: concentrated dispersions; the 
formation factor 

The experimental determination of the formation factor consists of 

the measurement of K at such a high electrolyte concentration that the 

contribution of the interface and/or of the particles themselves to the 

total conductivity can be neglected and of the conductivity K of the same 

electrolyte solution in the same sample holder, but in the absence of the 

plug. Then we get F = C /C, where C and C denote the cell constants of 

the sample holder with and without the plug respectively. At these high 

electrolyte concentrations all C and C values were determined using sim­

ple d.c. current-voltage characteristics, measured with the four-electrode 

technique (see section 3.7.3). Table 5-2a presents some C values. From 
-1 -1 P 

the differences in C at 10 and 2 10 M we notice that for sample H the 

relative contribution of surface conductance becomes quite small although 

an extrapolation of the results towards infinitely high conductivity 

leads, of course, to an even better estimate of F. Such an extrapolation 

could be performed by plotting the reciprocal of the 'apparent formation 

factor', R K, versus the conductivities of the equilibrium solutions, 

the intercept yielding the 'true formation factor'. For our plugs with 

the highest charges, it appears that a concentration of 0.3 M 1-1 electro­

lyte was sufficiently high. 

Table 5-2b gives theoretical and experimental F-values for all the 

plugs used in this study. The porosities correspond mainly to structures 

lying between simple cubic packing with a coordination number n = 6 (p = 

0.524) and primitive hexagonal packing with n = 8 (p = 0.605),-thus still 

far from hexagonal closed packing (n = 12; p = 0.740). Almost all the ex­

perimental values show the best agreement with the statistical predictions 

(see the F-values). The experimental values are inbetween the limits pre-
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Table 5-2a. Some apparent formation factors at various temperatures and types of 
e lectrolyte: A-LiCl; B-KC1; C-CsCl. The corresponding porosit ies of the various plugs 
are presented in table 5-2b. 

c 

M 

2 lO"1 VII A 
VII B 
VII C 

10- 1 VII A 
VII B 
VII C 

15.0°C 

7.639 
7.718 
7.912 

7.545 
7.588 
7.827 

C = R K (cm-1) 
P P 

25.0°C 

7.671 
7.795 
7.988 

7.546 
7.650 
7.748 

35.0°C 

7.703 
7.872 
8.070 

7.575 » 
7.750 
8.000 

<R K> 
P 

7.67 
7.80 
7.99 

7.56 
7.66 
8.86 

Table 5-2b. A comparison of the formation factor, F, according to the models of Max­
well , Meredith and Tobias, Burggeman and Slawinski, equations (5 -8) , (5-13), (5-12) 
and (5-14) respectively, with experimental resul ts . 

plug type 

III 
(L) 

IV 
(H) 

V 
(L) 

VI 
(L) 

VII 
(H) 

VIII 
(M) 

A 
B 
C 

A 
B 

A 
B 
C 

A 
C 

A 
B 
C 

A 
B 

P 

0.6064 
it 

H 

0.579 
ft 

0.6015 
0.6041 
0.6015 

0.5880 
0.5888 

0.5971 
0.6133 
0.6315 

0.5846 
0.5951 

FM 

3.311 
tt 

It 

3.063 
It 

3.264 
3.289 
3.264 

3.141 
3.148 

3.223 
3.379 
3.571 

3.111 
3.205 

FM-T 

3.562 
tt 

It 

3.273 
II 

3.508 
3.537 
3.508 

3.280 
3.372 

3.460 
3.642 
3.867 

3.329 
3.438 

FB 

4.050 
tt 

tt 

3.661 
It 

3.975 
4.014 
3.975 

3.781 
3.793 

3.910 
4.159 
4.470 

3.735 
3.881 

FS 

3.629 
tt 

tt 

3.343 
tt 

3.575 
3.604 
3.575 

3.433 
3.441 

3.528 
3.708 
3.929 

3.399 
3.507 

Cp(cm_1) 

7.75 
7.77 
7.92 

7.04 
7.19 

8.66 
8.67 
8.61 

8.561 

7.67 
7.80 
7.99 

7.78 
7.71 

C(cm_1) 

2.12 

2.279 

2.279 

2.08 

2.279 

F 
exp 

3.66 
3.67 
3.73 

3.32 
3.39 

3.80 
3.81 
3.78 

3.76 

3.69 
3.75 
3.84 

3.41 
3.38 

dieted by the Bruggeman and the Maxwell equation. A remarkable feature i s 
exhibited by the r e su l t s of plug VII. An increasing p u sua l ly corresponds 
to an increasing deviation from the Maxwell equation, but here a reversed 
sequence i s observed. An ordered arrangement, such as a simple cubic l a t ­
t i c e , r e su l t s in a l e ss than average in te rac t ion between p a r t i c l e s com­
pared with random arrangements. Consequently, the deviat ion from Maxwell's 
equation should always be bigger for random than for ordered arrangements 
of spheres. Thus the expected increased deviation i s probably overcompen-
sated by a higher ordening. Deviations from the Bruggeman equation are 
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of t en found for monodisperse p a r t i c l e s because t h i s e qua t ion i s s p e c i f i ­
c a l l y a pp l i c ab l e t o d i s p e r s i on s wi th a b road p a r t i c l e - s i z e d i s t r i b u t i o n . 
The average d e v i a t i o n of only about 10% from t h e exper imenta l v a lue s i n 
t h i s p a r t i c u l a r p o r o s i t y range makes t he i n t e g r a l method ( see s e c t i o n 
5 . 4 . a ) r a t h e r a t t r a c t i v e for i n co r po r a t i ng phenomena l i k e double l a y e r 
p o l a r i z a t i o n and su r f ace conductance . I t i s c l e a r t h a t t h e equa t ion sug­
ges t ed by Meredi th and Tobias , r e p r e s e n t i n g a convenien t i n t e r p o l a t i o n 
between Maxwell 's and Bruggeman's equa t ion , i s a l s o very u s e f u l . 

5 . 6 . 1 The conversion of experimental K/K-values into surface conduc­

tances: concentrated dispersions 

A r e p r e s e n t a t i v e p a r t o f t h e e x p e r i m e n t a l K ( K ) - v a l u e s t o g e t h e r w i t h 

t h e K a - v a l u e s computed from them by t h e i n t e g r a l e q s . ( 5 - 2 0 ) t h r o u g h 

( 5 - 2 7 ) f o r KCl a t 2 5 . 0 ° C , i s p r e s e n t e d i n t a b l e 5 - 3 . R e s u l t s a t o t h e r 

t e m p e r a t u r e s and f o r o t h e r m o n o - v a l e n t e l e c t r o l y t e s r e v e a l t h e same t r e n d 

Table 5 -3a ,b ,c . Experimental K,K-results for KCl a t 25.0 C and spec i f ic surface con­
ductances computed according to the various indicated i n t eg ra l forms. 
a: plug VB((L); b : plug VIIIB(M); c: plug VIIB(H). The dashes correspond to experimen­
t a l K/K-values exceeding the maximum poss ib le values according to t ha t p a r t i c u l a r 
equation. 

c 

M 

Iff2 

1.25 10~3 

7.65 10~4 

10"4 

ic x i o 4 

Q cm 

4.30 

1.371 

1.193 

0.736 

K x 104 

Q cm 

13.7 

1.819 

1.112 

0.150 

DS-I 

10.9 

22.2 

34.2 

-

HB-1 

10.2 

14.1 

15.8 

24.5 

Ka 

DS-I I 

20.7 

25.9 

32.9 

-

i n 1 0 
x 10 

HB-11 

19.5 

16.6 

15.2 

9.63 

fi'1 

Stree t 

14.7 

18.9 

19.0 

14.8 

M-T 

8.34 

15.3 

22.0 

22.5 

Maxwell 

2.11 

14.1 

15.8 

85.4 

b . 

5.675 13.91 

1.926 1.490 

1.116 0.347 

0.975 0.060 

35.1 30.6 57.4 50.5 

102. 34.8 88.9 30.0 

37.8 - 17.9 

39.3 33.4 

36.7 32.3 

25.0 28.4 

23.6 

23.7 

34.9 

47.4 

10 

5 10 

10" 

2.65 10" 

-3 
6.254 13.84 

4.365 7.082 

2.509 1.477 

1.634 0.403 

54.3 44.3 84.0 69.5 58.5 52.5 39.9 

62.0 44.0 80.8 58.0 56.5 50.1 34.6 

305. 49.2 230. 36.1 48.3 36.5 50.0 

52.4 - 22.8 34.9 42.2 92.7 
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and will be discussed later. Because the experimental a.c. K-values dis­

play a time dependency in the low-frequency region, especially at low 

concentrations, the d.c. values will be considered. Furthermore, only the 

results of three plug-types (L, M and H) equilibrated at high electrolyte 

concentration previous to the K-determinations, are given. 

For analysing the usefulness of the integral forms, the various K ° -

results are displayed graphically in fig. 5-3 a, b and c together with 

the Bikerman-predictions. The latter are calculated from eq. (4-8) for 
-2 aQ's close to those of the latex particles (1, 4 and 9 uCcm ). The upper 

solid curve, indicated by K° («t»d = Ç) presents K°-C data based on the 

assumption of a fully developed electro-osmotic contribution to surface 

conductance, whilst the other one represents the calculated surface con­

ductance disregarding the electro-osmotic contribution (£ = 0). Any mobi­

lity difference between ions in the boundary layer and those in the bulk 

is neglected at present. A value in the region endosed by the two 'theo­

retical' curves points to a difference between i|>- and £. As can be seen, 

all curves for K°(C, model) with exception of the Street prediction pass 

through one of the two ICP's. These important points are indicated with 

K°«K>9 

- ICP(RH=1) 

KT2 motes/I 

Fig. 5-3a,b,c. Theoretical and experimental values of the specific surface 
conductance, K , as a function of the KCl concentration, 
a: plug VB(L); b: plug VIIIB(M); c: plug VIIB(H). 
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filled symbols. The exception of the Street case is caused by the appli­

cation of the experimentally determined F. From the KCT-C dependency for 

the highest surface charge (fig. c; H) it is evident that: 

1. the HB-II and Street predictions and to a lesser extent the M-T pre­

dictions show a dependency on c that is completely opposite to that 

in the theoretical Bikerman region ( ItyJ >, |£| > 0). Considering the 

HB-II results, it is quite obvious that by substituting the conduc­

tivity of the continuous phase, K, into the dipole moment (MH_B) in­

stead of the conductivity of the mixture as a whole, an even more 

restricted range of usefulness results. The sharp increase of K° at 

low c indicates that the maximum theoretical K/K (p, Rel •» ») is 

exceeded. 

2. already for c's below the common ICP, the DS-I and II predictions 

increase significantly with decreasing c and finally become undefined 

when the maximum theoretical K/K is exceeded; the magnitude of the 

experimental K/K-values near the ICP already correspond to that al­

most horizontal part of the K/K(Rel)-curve where small variations in 

K/K result in considerable Rel(K°) variations (see fig. 5-1). The 
-2 considerable differences between D-S I and II at high c (10 M) point 

to a still important surface conductance for H. Apparently, the ef­

fective conductivity of the environment surrounding the dispersed 

particle does not equal that of the continuous phase; The D-S I and 

H-B I predictions differ, which is understandable in terms of eqs. 

(5-20) and (5-21) as long as Rel is not sufficiently small. 

3. near the ICP, the HB-I and Maxwell predictions show the same trend, 

but just below the ICP the Maxwell model, in contrast with H-B I, 

already demonstrates an unrealistic trend to infinite Ka-values. 
-2 

4. the experimental data for Street, D-S I and H-B II converge at 10 M. 

This apparent agreement is not particularly significant; it is main­

ly a consequence of compensating effects in the fundamentally different 

concepts. At this relatively high c the effects of surface conductance, 

primary double layer interaction and concentration polarization will be 

masked by the suspending medium because K > K°a. 

In view of the fact that for non-conducting particles at p = 0.10 the 

deviations from Maxwell's equation already become noticeable, it is clear 

that the usefulness of the modified prediction (eq. (5-27)), incorporating 

surface conductance, should decline progressively with increasing p, and 

decreasing c. However, the agreement of the prediction with the Bikerman 

region is surprisingly good. 
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The position of the ICP's (Rel = \ and 1) with regard to the Biker-

man region, shows a considerable shift to relatively high K°-values upon 

decreasing a . At high a the ICP's are situated on opposite sides of the 

B-region, whereas for the lowest a both points are situated relatively 

far above this region. 

Overall the agreement between the positions of the curves in general 

and the B-region becomes poorer with decreasing a . The increasing devia­

tion is probably partly caused by the charging process discussed in chap­

ter 4. Furthermore a reversible adsorption of co-ions, starting above 

about 10 M, probably contributes to the observed deviation too. These 

effects manifest themselves predominantly at lower o0's, invalidating the 

behaviour of our system that is supposed in the model. Moreover, the 

shift of the ICP to low c upon decreasing o coincides with an increased 

violation of the condition that the conducting layer must be thin 

(Ka >> 1 for a diffuse double layer). 

All models, except Street, predict complete absence of conduction 

for K •* 0. More particularly, the concentration polarization concept 

(D-S I, II) then ceases to be meaningful. The tangential ionic flows near 

the particie surface, invoked under the influence of the external elec­

tric field, are maintained by ionic flows from the bulk. In the case of 

an isolated particle at low c diffusion flows arise beyond the double 

layer at a considerable distance from the particle surface. In a porous 

plug, however, the adjoining volume of electrically neutral electrolyte 

is restricted by the pore dimensions and decreases to zero for Ka •* 0 

(see section 4.7.2). In other words, the outer part of the diffuse double 

layer, that plays an important role in the concentration polarization me­

chanism as described by Dukhin et al., is then actually absent. At the 

same time, the unavoidable contact points of the particles in the plug 

with locally enhanced double layer overlap, connect the ion-rich layers. 

Both factors suppress concentration gradients due to polarization along 

the external boundary of the double layer at low Ka. In other words, the 

role of the concentration polarization on the small scale is partially 

cancelled. This effect and the fact that for a system at constant charge, 

especially for high o's, the excess charge in the pore fluid remains lo­

calized close to the surface, even at very low Ka (see section 4.4.1), 

are probably responsible for the good predictions of the HB-I (= Brugge-

man) model at lower Ka-values. However, the effect of short circuiting 

the ion-rich layer near the contactpoints makes K finite as K-» 0. This 

fact can easily be recognized by the sharp increase of K°(HB-I) to unde­

fined values as c -» 0. 
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Another important fact is the possible influence of the anomalous 

behaviour of our 'model system' at low c. From the electrokinetic and hy-

drodynamic experiments discussed in chapter 4 it was concluded that with 

decreasing c the ionic head groups increasingly project into the liquid 

phase. This phenomenon results in more effective shielding with decreasing 

c, because an increasing part of the excess charge is accomodated in spa­

ces between the headgroups. This specific feature probably also contri­

butes to the observed usefulness of the H-B I model over a rather extended 

c-range. 

Before the results are discussed in terms of charge densities (step 

b), the experimental procedures and conductivity-results of dilute dis­

persions will be presented. 

5.7 Electroconductivity properties of dilute latex dispersions; experi­
mental 

5.7.1 Introduction 

In the literature very little experimental data are available on 

conductivities of particle systems that are well-defined with respect to 

monodispersity, surface charge density and the extent of the concentra­

tion range, that enables a critical test of all the quantitative theories. 

One of the major deficiencies of experimental studies of the conductivity 

of particle systems is an almost consistent failure to recognize that: 

I Ka should be the same for all particles, therefore the particle sys­

tem must be monodisperse. 

II the conductivity must be measured at a frequency low enough to ap­

proach static conditions; in other words, K must be measured at va­

rying frequency to verify this. At the same time the effect of elec­

trode polarization has to be accounted for or eliminated. 

III a sufficiently extended c-range must be studied to establish the li­

mits of applicability of theories developed for dilute systems, thus 

to verify experimentally qualitative theoretical conditions as 

Ka >> 1. 

IV all parameters characterizing the double layer under static condi­

tions must be known to favour a quantitative comparison between 

theory and experiment. 

V electrophoretic mobilities under the same experimental conditions 

have to be known because the suspension conductivity has to be cor­

rected for the contribution of the moving particles. This informa­

tion can also be obtained from other electrokinetic techniques. 
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Previous experimental work on this subject has been reported by 
39 40 — 

Wright and James ' . They measured K of a latex suspension over an ex­

tended c-range (5 10 -10 M) and studied the effect of various types of 

electrolytes on K ° . However, their latices were far from being monodis­

perse. Furthermore, all experimental data were interpreted with the 

Street equation. Unfortunately, they did not report any of the parameters 

(p, the actual values of K and K) necessary for a recalculation or a 

quantitative comparison with other models. One of the inconsistencies in 

their study is that they succeeded in evaluating surface conductances of 

an apparent extremely high accuracy even at ionic strenghts up to 10~ M. 

However, the extremely high KCT-values presented with a fair degree of 
33 

certainty indicate miscalculations. Watillon and Stone-Masui have re­
ported a careful study of surface conductance in dilute latex suspensions 
(p maximal 0.04). For their data it seems impossible to use other equa­
tions than that of Street. They reviewed older literature in which very 
scattered and even negative values of K C were obtained, especially for 
systems with low p. In our opinion this results from their experimental 
conditions corresponding to Rel-values far below the ICP. 

4 More recently (Sonntag and Pilgrimm ) dispersions of Aerosil (flame 
hydrolysed silica) were investigated conductometically, but the ty^'s de­

termined from K/K according to the D-S equation and calculated from a , 
were not in good agreement. 

It is clear that there is a definite need for a controlled set of 

K(K) experiments to enable a proper assessment of the existing theories. 

5.7.2 Experimental methods: calibration procedure of the conductivity 
cell; procedure for testing the polarization state of particle 
dispersions 

It has been shown (chapter 3) that in the extreme low frequency re­

gion measurements of K of plugs are complicated by polarization of the 

electrodes and by intrinsic relaxation phenomena. By using a special mea­

suring technique it appears to be possible to separate both polarization 

phenomena and to obtain valsas of the conductivity (K) at zero frequency. 

This result appears to be of vital importance because it enables investi­

gations of fully polarized particle systems or membranes to be made. How­

ever, this newly developed measuring technique is restricted to immobi­

lized systems such as plugs or membranes. Therefore, in practice the 

electrical properties of dilute dispersions must be determined in an al­

ternating electric field which invariably gives rise to an electrode po­

larization effect and possible relaxation of the dispersion, but elimi­

nates particle accumulation near one of the electrodes. 
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All measurements reported in this section were carried out using a 

Wayne Kerr Universal Bridge B224, the design of which is based on the 

transformer-ratio arm principle. This instrument which may operate at a 

fixed internal frequency of 1592 Hz, has a conductance range of 0-111 mMho 

and a capacity range of 0-11.1 MF. In essence, the measurement is made by 

balancing the unknown impedance with standards of conductance and capaci­

tance in parallel. Measurements over the frequency range 200 Hz - 50 kHz 

were made by using a source/detector of Rhode and Schwarz in conjunction 

with the W.K. bridge and a digital frequency counter (TSA 6634 A/2 - Ven-

ner Electronics Ltd., England). Conductances were measured in a Philips 

conductance cell (type PW 9501) with platinized electrodes. The cell con­

stant was determined at the fixed internal frequency, with dilute electro­

lyte concentrations in the same range as those of the experimental latex 
-5 -3 

solutions (5 10 - 7 10 M). From these measurements it could be conclu­
ded that in the c-range studied the applied frequency was not high enough 
to eliminate electrode polarization. Furthermore, the magnitude of the 
electrode polarization error in determining the cell constant depends on 
the conductivity of the electrolyte being studied. It is possible to al­
low for the electrode polarization effect by calibrating the cell with 
standard liquids of known conductivity in the c-range being studied. In 
doing so, a c-dependent cell constant is obtained. Table 5-4 shows some 
results at three different frequencies. From this table we infer that the 
apparent cell constant tends towards a constant value at about 20 kHz. 

c 
M 

5 10"5 

lu'4 

5 10~4 

lO"3 

5 10 J 

200 Hz 

0.7049 

0.7057 

0.7067 

0.7077 

0.7085 

C(v) cm"1 

1592 Hz 

0.7042 

0.7046 

0.7053 

0.7056 

0.7060 

20 kHz 

0.7038 

0.7039 

0.7038 

0.7042 

0.7039 

Table 5-4. Variation of the apparent 
cell constant with frequency, v, and 
electrolyte concentration; KCl, 
25.0°C. 

At low ionic strength the magnitude of the electrode polarization 

effect is not substantial. It is clear that by taking one cell constant 

for an extended c-range the calculation of K° may misleadingly be influ­

enced. Measuring at higher frequencies, in order to eliminate electrode 

polarization, would only be correct if one assumed no frequency variation 

of the latex dispersion itself; such an assumption, however, is particu­

larly questionable for our latex dispersion as will be shown later. In 

order to verify the relative contribution of both polarization phenomena 
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to the total impedance we assume that for our dilute dispersions 

(p 4 0.10) the electrode polarization in the measurement of the unknown 

solution is the same as in the reference solution. The procedure rests 

on the assumption that electrode polarization impedance is solely a func­

tion of the bulk conductivity of the solution. This substitution tech-
41 42 nique (Rosen , Schwan ) is reasonably successful if the particles which 

give rise to unknown impedance properties are of sufficiently low volume 

concentration. The correction procedure means in terms of the apparent 

cell constant that the dispersion conductivity, K, and that of the equi­

librium electrolyte, K, at a certain frequency are calculated from the 

corresponding conductances using the same cell constant determined at 

that particular frequency. Fig. 5-4 illustrates the frequency dispersion 

2* 

20- AG 
G(200Hz) 

xlO* 

»10 kHz 

° 5 kHz 

. 20 kHz 

o 10 kHz 

o 5 kHz 

2 kHz 
1592 Hz i 

i-"—8-^^ 20 kHz 
tlkHz ?-l kHz 

«92 Hz 

o-500 Hz 
CKCI 

Fig. 5-4. The reduced conductance, AG/G 
(200 Hz), versus the KCl concentration for 
different frequencies. AG = G(v) - G(200 Hz). 
The open circles represent data for the latex 
sample M with p = 0.0710, the filled circles 
correspond to the electrolyte solutions, 
t = 25.0°C. 

10"J lO-'mol r 

of reduced conductances as function of c„c, and frequency of a dilute la­

tex dispersion and its equilibrium electrolyte. The conductances at 200 Hz 

were taken as standard. From the results we immediately notice that the 

polarization of the metal-electrolyte interface increases with c (see also 

table 5-4). At the lowest concentration studied the magnitude of the elec­

trode polarization is rather small. The relatively sharp increase of 

AG/G(200 Hz) at v = 20 kHz for the latex dispersion compared to that of 

the equilibrium electrolyte reflects the relatively large contribution of 

the latex sample relaxation to the total impedance. In the low frequency 

range (below about the internal frequency: v = 1592 Hz) the onset of a 

relaxation contribution of the polarized particles to the resistive part 

of the total impedance is apparently small. A graphical extrapolation of 

the results obtained at c = 2 10 M to zero and high frequency shows that 
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the significant change with frequency occurs within about one frequency 

decade (2-20 kHz). It is noted that the relaxation time calculated from 

T = a2/2D for KCl amounts to 2.3 10~ s; this value corresponding to a 

critical frequency of about 6.8 kHz which is in good agreement with the 

observed dispersion region. 

For tux >> 1 the ratio K/K equals 0.982 and for iut << 1 K/K is about 

0.965 (w is the angular frequency: 2nv ). At the internal frequency 

(1592 Hz) the conductivity ratio amounts to 0.967. This value hardly 

differs from that at zero frequency. The same indications were obtained 
-4 at 10 M. Apparently, conductivity measurements carried out at frequencies 

below 2 kHz ensure static conditions for our latices in the c-range stu 

died, since below that value the ratio K/K becomes practically constant 

when applying the described correction method for electrode polarization. 

Summarizing, we can say that these tests demonstrate the importance 

of studying the influence of frequency variation on dispersion conducti­

vity. 

5.7.2.1 Titration method 

The most common technique for determination of the electrical con­

ductivity of the equilibrium solution corresponding to a particle disper­

sion is by actually measuring the conductivity of the supernatant that is 

obtained after removal of the particles by centrifuging the dispersion. 

A disadvantage of this method is that the great number of involved mani­

pulations enhances interference by atmospheric C02. This holds especially 

at low c because even a small change of the conductivity of the equili­

brium electrolyte may influence the final calculations drastically. The 

latex dispersions and their equilibrium solutions have to be treated with 

scrupulous care. Furthermore, it is evident that this procedure, when 

carried out over an extended concentration range, requires a lot of mate­

rial and time. Of more fundamental importance is the question as to 

whether this method provides the actual K-value, thus the local conducti­

vity of the interstial liquid outside the double layer of the particles. 
The same applies to those methods where the suspension is equilibrated 

with an electrolyte solution using dialysis tubing. In those cases only 

the conductivities of that solution were determined. This aspect is cru­

cial, because the actual concentration of the charge carriers along the 

outer double layer boundary determines the degree of double layer polari­

zation under the influence of an electric field. One has to realize that 

by measuring the conductivity of the supernatant the conditions may have 

changed with respect to those in the dispersion. This is because the ef­

fect of negative adsorption may be reduced by partial overlapping of the 
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double layers in the sediment. Thus the conductivity of the supernatant 
is somewhat lower than that of the solution outside the double layer of 
the particles in the actual dispersion. It will be clear that in adopting 
the conductivity of the dialysate the actual saltcontent is overestimated, 
especially when the dialysate is diluted. To quantitatively verify the 
effect negative adsorption exerts on the determination of K accurate in­
formation of the actual system parameters, such as the surface charge 
density, are required. But the latter is just a quantity we want to es­
tablish. 

As an alternative approach we used a 'continuous' titration technique 
to obtain relatively easily the required K(K)-characteristics. Two proce­
dures were carried out: 
a) a purified saltfree latex dispersion was titrated with an accurately 

made-up solution of electrolyte of relatively high ionic strength. 
b) one half of the saltfree latex solution was mixed with an equal vo­

lume of conductivity water and the other with an equal volume of spe­
cified eletrolyte concentration. The latter was used to titrate the 
first one. In order to exclude local coagulation the electrolyte 

-2 concentration never exceeded 5 10 M. 
In method a the decrease of the solid volume fraction has to be in­

corporated in computing the electrolyte concentration. Upon adding an 
electrolyte solution of volume x and concentration c , the electrolyte 
concentration in the latex dispersion, based only on the continuous phase, 

(5-36a) 

p denotes the volume fraction of the solid phase after adding the volume 
x and p is the initial volume fraction (x = 0); x is the total volume 
of the saltfree dispersion (x = 0). By taking suitable values for xQ (in 
our case 50 ml) and moderate values for c (5 10" M 1-1 electrolyte) for 

-3 ' • 
a concentration range up to 5 10 M the change in p is rather restricted. 
The second method b has the advantage that the solid fraction remains 
constant during the titration. The actual electrolyte concentration is 
calculated from: 

c = -4 ö—2— (5-36b) x x + x„ 2 - p„ o ro 

where c denotes the concentration of the electrolyte before mixing with 
an identical volume of saltfree latex with volume fraction solid pQ. 

c , becomes: 

c _ x 
~x x + X o 

c o 
1 " P x 

w i th ?x = P 
x o 

x + x 0 
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The specific conductivity, K, is computed from c and the molar con­

ductivity A which decreased with increasing c. The A-data for strong elec-
43 trolytes are fairly well represented by the empirical relation (Parsons ): 

A = A (1 - â c + be), where A denotes the molar conductivity at infi­

nite dilution. The following data were used: for KCl at 25.0°C, A = 

149.8 fl"1cm2eq"1, a = 0.78 and b = 0.64; for LiCl at 25.0°C, An = 
- 1 2 - 1 115.0 fi cm eg , a = 0.78 and b = 0.63. c is here in moles per liter. 

Then K(Q~ cm" ) can be calculated by multiplying A with c, but now c in 

moles cm" . 

The titration procedure was checked with the values of the solute 

presented above by using blanks. For that purpose the conductance was 

measured at a fixed frequency after addition of electrolyte of known con­

centration and converted to a conductivity using the appropriate apparent 

cell constant. The resulting K-value was then compared with the computed 
-4 one. It appears that below c's of 10 M the contribution of the solvent 

becomes noticeable and already starts to exceed 1% of that of the added 

electrolyte. In order to obtain good reproducibility, experimental factors 

as addition of the standard solution, attainment of equilibrium, determi­

nation of the volume fraction of the solid phase were carefully control­

led. To measure the conductivities of the solutions as accurately as 0.1%, 

it was necessary to regulate the thermostat (Haake), containing the ti­

tration set up within 0.05°C. The titrations were performed in a 200 ml 

pyrex round bottom vessel equipped with a perspex cover with holes for the 

conductivity cell and in- and outlet tubes for nitrogen gas. It was essen­

tial to maintain a small nitrogen overpressure. 

For this study latex, that had already been purified, was treated 

once more with purified ion exchange resins (Dowex 50W-X4; I-X4) accord-
44 ing to the methods described by Van den Hul and Vanderhoff . All charged 

surface groups were thus converted into the H -form. Finally, shortly be­

fore the conductometric titration, with either LiCl or KCl solutions, the 

latex was converted into the Li - or K -form to ensure a well-defined 

electrolyte composition over the whole concentration range under study. 

The latter conversion was achieved by a conductometric titration with 

LiOH or KOH till the point of lowest conductivity. This procedure is ac­

ceptable because this point differs only slightly from the equivalence 

point. In most cases the resulting conductivity (thus K for x = 0) was 

of the same order as that of the conductivity water even at moderate 

volume fractions (p = 0.1). This indicates the absence of free electro­

lyte and the small number of effective charge carriers of the highly po­

larized particles. 
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5.7.3 Conversion of experimentally observed conductivity values, K u , 
to K-values 

For the conversion of the conductivity of a particle system to a 

specific surface conductance, the following factors not incorporated in 

the theoretical formulae have to be considered: 

I the suspension conductivity has to be corrected for the effect of 
33 45 electrophoresis ' . The contribution of the moving particles to 

the suspension conductivity can be written in terms of particle 
2 -1 -1 charge, Q, and mobility U/X (cm s V ): 

K = KQ b s - Ngu/X (5-37) 

where N is the number of particles per cm3. The factor NQU/X, repre­

senting the specific conductivity of the moving particles (Q~ cm" ), 

when expressed in terms of the particle fraction p, particle radius 

a, and the effective or electrokinetic charge density, oek, is given 

by: 3pa jU/(aX). o . can be evaluated from the electrophoretic mo­

bility of individual particles, or from other electrokinetic experi­

ments with plugs. In our case detailed information on the electroki­

netic charge densities, obtained by various methods, was available. 

For the present purpose zeta-potentials and corresponding charge 

densities were evaluated from mobilities, according to Wiersema's 

theory of electrophoresis (see chapter 6). Despite the unmistakable 

presence of anomalous conduction, which according to W's theory leads 

to an underestimation of the charge density, it appears that the 

a ,'s thus calculated nearly coincide with those obtained from other 

electrokinetic experiments. This is merely a result of mutually com­

pensating factors as discussed in section 6.5. The correction fac­

tors required for electrophoresis are relatively low because in the 

c-range, where this correction may be significant, the electrokine­

tic charge density was orders of magnitude lower than the surface 

charge density obtained by titration. In this connection it is im­

portant to realize that the mere occurrence of a common intersection 

point (ICP) does not offer an independent test of the correctness of 

the applied correction, because the factor is linear with p. An un­

der- or overestimation of a . (or Q) would result in a shift of the 

ICP to a higher resp. lower electrolyte concentration. 

II an additional dipole moment originating from deformation of the 

double layer due to particle movement (My)- Its effect, relative to 

that due to the electric field ( M E ) / can be roughly estimated from 
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• 2 

46 
the ratio : 

MU -2 £oer£2 -1 fi-

ï ^ 10 (TaTOT 10 TA (5"38) 

Application of the proper data shows this correction to be negligible 
-4 t 

for our particle system. Even at 10 M (Ka = 10) the value Ç = 4 is 
hardly surpassed for any of the studied latices. 

Ill the contribution of negative adsorption to the interstitial (bulk)-

phase. Using our titration method, the average free electrolyte con­

tent based on the total liquid phase is exactly known. As already 

mentioned, the degree of polarization of the particles depends, among 

other things, on the interstitial saltcontent, the actual charge par­

tition, thus the deficit of co-ions and the excess of counterions at 

any point in the double layer in a closed system has also to be de­

fined with regard to the interstititial concentration. The extent to 

which negative adsorption enhances the bulk concentration depends on 

the actual double layer parameters. Assuming a purely diffuse double 

layer and absence of specific adsorption and double layer interac-
47 tion, we can write for the increase in concentration : 

S. a (a) , 
A ci = V z. F ( m o l e 1 > (5-39a) 

u. X H 

where a_(a) is the deficiency of negative ions (charge density), Sfc 

the total surface area of the spheres, Vfc the total liquid volume 

and F. the Faraday constant. Inserting the known relation between 
CI 

charge and potential (see section 4.8.1) and after evaluation of the 

constants, the relative increase for monovalent electrolytes at 

25.0 C is given by: 

Ac 
S w I (Ka) 

Y—J (5-39b) 1.644 10" Vt c 

in which I (Ka) is a quantity that for spherical particles has been 
~ 48 

tabulated by Loeb et al. . S denotes the specific surface area in 

m2/g, w the particle mass in g and V. the total liquid volume in cm3. 

In our case the effect of negative adsorption on K and thus on the 

ratio K/K was calculated using the experimentally determined charge 

densities. In general, however, without any knowledge of the system 
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involved, one has to convert the uncorrected K/K-ratio into a speci­

fic surface conductance and a surface charge density and then to use 

the latter value to calculate the concentration rise. The final re­

sults can be improved by successive approximation. It is clear that 

the resulting higher K's will lead to lower Rel values, irrespective 

of the theoretical prediction used. The equations given above relate 

to systems without interacting double layers. It is easy to show that 

they remain valid to within a few per cent as long as the average 
49 particle separation exceeds 8/K (Schofield ). The situation may be 

complicated by the fact that anions such as Cl~ are also adsorbed, 

resulting in a partial or complete masking of the anion expulsion. 

Further comments will have to await the experimental results. There­

fore, we shall first give a short account of the titration experi­

ments . 

5.7.4 Titration characteristics: results and discussion 

For discussing the general features of the titration curves, we have 

plotted in fig. 5-5 typical K/K vs. c data, corrected for the electropho-

retic contribution, for three volume fractions of sample M, together with 

the theoretical results according D-S, H-B and Street (eq. (5-28), (5-29) 

and (5-24) resp.). The theoretical curves are computed for a fully de­

veloped electroosmotic contribution (i|>d = Ç). Without this contribution 

the K/K-values will be somewhat lower for the intermediate c-range around 

the ICP. For the sake of clarity the prediction according to Street is 

only given for the highest p. This figure is representative for all ti­

tration results at other charge densities and electrolytes too. The fol­

ios 

1.00 

092 

0 8 4 ^ 

Fig. 5-5. Experimental K/K-values versus c „ _ , , cor­
rected for electrophoresis for three volume frac­
tions, together with theoretical results. Sample M, 
t = 25.0°C. 

10"2 moles/1 
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lowing features are observed: 

I the experimental points refer to different suspensions, although 

prepared from a given master suspension, they all fall very well on 

smooth curves and show similar behaviour. At high cKC,, an increase 

in p leads to a decrease in K, whereas the opposite occurs at low c. 

A common feature of all latices is the existence of an ICP: irre­

spective of the surface charge density and p (up to about 0.10) all 

experimental curves pass through a common intersection point with 

K = K. 

II the ICP shifts to lower c by lowering a and/or by replacing the 

electrolyte with one having less mobile counterions. 

III the experimental curves show seme differences when compared to the 

theoretical ones. At low c especially, on the left side of the ICP, 

the slopes steepen upon decreasing c, whereas the theoretical K/K-

values tend to plateau values, at least for D-S and H-B. The ini­

tially rather convex portions of the titration curves can hardly be 

matched with theoretical predictions that suppose a concentration 

independent surface charge density. It seems useful to notice that 

the appearance of a mutual intersection and a subsequent divergence 

of a particular set theoretical and experimental curves on decreas­

ing ionic strength, in terms of that theory, implies an increase of 

charge density. Where the experimental K/K-data exceed the theoreti­

cal plateau values (K/K for Rel -» », p) the corresponding charge 

density becomes undefined. 

In testing the accuracy and reproducibility, it appears that errors 

accumulate at the end of the curves. At low ionic strength the sharp in­

crease can be attributed to one or more of three factors: 

a) the effect of small amounts of impurities, 

b) underestimation of the electrophoretic contribution, 

c) the effect of negative adsorption (n.a.). 

ad a) What prevents measurement at extremely dilute electrolytes is 

not only that the solute conductivity is overshadowed by that 

of impurities but also by the contribution of the solvent it­

self. It was possible to keep the solvent conductivity below 1% 
-4 of that of 10 M KCl and it does not seem sensible to extend 

-4 the measurements far below 10 M. Even if the contribution of 

the conductivity water is known exactly, interpretation of the 

suspension conductivity in terms of specific surface conduc­

tance becomes speculative unless the precise composition of the 

various charge carriers is known. 
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ad b) Incorporation of the effect of anomalous conduction in the con­

version of UX~ into a . results in somewhat higher a ,-values 

(see chapter 6) and a higher correction. 

ad c) As will be shown in the quantitative discussion of the results, 

the correction for n.a. is rather important, especially for an 

interpretation on the basis of the D-S and H-B equations. 

K-p characteristics. In fig. 5-6 results of K vs. p are plotted at dis­

tinct c„c,'s for three surface charge densities. The K-values were ob­

tained from accurate interpolation of titration data, corrected for the 

electrophoretic contribution. It is obvious that the straight lines, 

drawn through the experimental points, all come together at K/K = 1 . It 

can be deduced that for our dilute particle systems, even for p up to 0.1, 

the ratio K/K may be fairly well described by the relation: 

K/K = 1 - 3/2 p f(Rel). Apparently, the electric fields surrounding the 

charged particles do not interact. Except for H at the highest p the 

K/K-values show a positive deviation at low c, probably a result of small 

amounts of free electrolyte at the start of the titration. From fig. 5-6 

it can be seen that the sequence of the surface charge densities is cor-

Fig. 5-6. Experimental K/K-values as a function of the volume 
fraction, p, for some KCl concentrations and three surface 
charge densities. 

1: 10"4M, 2: 2 10"4M, 3: 5 10_4M, 4: 10"3M, 6: 5 l(f3M. 
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rectly reflected in the slopes. Furthermore, the decreasing effect of K 

on K with increasing c, is demonstrated; at high c all lines gradually 

tend to converge to a single one (Rel = 0 ) . It will be clear that such 

linear plots (K/K-p or K-p) provide independent checks on the titration 

procedure and on the correction procedure for electrode polarization: 

I extrapolation of the observed or corrected suspension conductivity 

to p = 0 yield K, 

II extrapolation to high c reveals the formation factor from which p 

can be calculated with the Maxwell equation. The latter can be com­

pared with the value obtained by drying a known volume of suspension 

after correction for the saltcontent. In connection with these checks 

it is worth mentioning that the observed linearity does not provide 

any information on the correction factors used because for dilute 

systems they are also linear with p. 

5.7.5 The conversion of experimental K/K-values to specific surface 
conductances: dilute dispersions 

In table 5-5 we have presented some experimental results for three 

surface charge densities, corrected for the effect of electrophoresis. 

The K/K-values together with those fully corrected for the effect of ne­

gative adsorption (values in brackets) are obtained by interpolation of 

the titration characteristics. For the second correction, t|i, and I (Ka) 
48 a -

were deduced from a , using the L.O.W. tables . In the same table the 

KCT results are presented according to the three basic predictions for 

dilute dispersions. The results according to the extended Maxwell expres­

sion are omitted because differences with the H-B results are negligible 

in the relevant p-range. It is seen that the apparently small effect of 

n.a. influences the final calculations, especially at low c, with the ex­

ception of the Street case. Whether the observed decrease of KCT is real 

is, of course, difficult to ascertain on account of the uncertainty about 

the actual charge densities. It may be added that it is not so much the 

surface charge itself that counts, but rather the way in which the coun­

ter charge is distributed between the Gouy and Stern layer. In this con­

nection one has to be aware of effects, as observed with our system, that 

as the solution is diluted at low c, the 'immobilized part' of the coun­

ter charge apparently increases (chapter 4). Such an observation, which 

obviously clashes with common double layer knowledge, may invalidate the 

use of the D-S expression. It is worth mentioning that for the actual 

double layer, despite all possible non-ideal effects, a general descrip­

tion in terms of the concentration polarization mechanism remains valid. 

An assessment of the usefulness of the theoretical predictions is afforded 
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Table 5-5 a,b,c. Experimental K/K-results for KCl at 25.0 C and specific surface 
conductances according to the three indicated models. 
a: sample L, p = 0.0345; b: sample M, p = 0.0355; c: sample H, p = 0.0458. 

CKC1 
M 

5 10"5 

10~4 

2 10"4 

5 10~4 

lO"3 

2 10"3 

5 10"3 

10"4 

2 10~4 

5 10~4 

10"3 

2 10"3 

5 10"3 

10"4 

2 10~4 

5 10"4 

10~3 

2 10"3 

5 10"3 

K/K 

1.271 

1.0215 

1.007 

0.990 

0.971 

0.962 

0.955 

1.087 

1.029 

1.0117 

0.999 

0.983 

0.962 

1.158 

1.112 

1.029 

1.006 

0.989 

0.964 

(1.218) 

(0.994) 

(0.989) 

(0.980) 

(0.964) 

(0.958) 

(0.953) 

(1.059) 

(1.012) 

(1.002) 

(0.992) 

(0.979) 

(0.959) 

(1.115) 

(1.085) 

(0.015) 

(0.997) 

(0.983) 

(0.960) 

D 

-

27.8 

11.6 

10.9 

7.58 

7.73 

8.11 

. 

-

48.1 

42.1 

36.9 

25.2 

_ 

-

164 

55.6 

53.9 

47.9 

-S 

-

( 2.78) 

( 4.23) 

( 6.51) 

( 4.64) 

( 5.10) 

( 5.39) 

b. 

(19.8 ) 

(25.2 ) 

(29.1 ) 

(30.0 ) 

(19.2 ) 

_ 

-

(46.0 ) 

(37.6 ) 

(42.9 ) 

(39.8 ) 

K°X 

-

3.35 

4.57 

6.86 

6.27 

6.98 

7.75 

26.0 

9.51 

15.4 

21.6 

26.0 

22.5 

_ 

46.5 

19.2 

24.1 

32.8 

38.8 

1010 fi"1 

H-B 

-

( 1.62) 

( 2.72) 

( 4.83) 

( 4.11) 

( 4.76) 

( 5.23) 

(10.5 ) 

( 6.24) 

(11.9 ) 

(17.6 ) 

(22.3 ) 

(17.7 ) 

(26.7 ) 

(23.7 ) 

(14.8 ) 

(20.0 ) 

(28.4 ) 

(33.3 ) 

Street 

5.96 

2.68 

4.27 

7.50 

7.94 

9.32 

10.5 

6.04 

7.03 

13.8 

21.8 

30.0 

29.9 

7.24 

11.5 

15.3 

23.1 

35.3 

48.3 

( 5.20) 

( 1.71) 

( 2.99) 

( 5.72) 

( 5.44) 

( 6.45) 

( 6.92) 

( 4.95) 

( 5.56) 

(11.7 ) 

(18.8 ) 

(26.6 ) 

(23.7) 

( 6.08) 

(10.0 ) 

(13.3 ) 

(20.4 ) 

(31.8 ) 

(42.3 ) 

by comparing the calculated K -values with those predicted by the Biker-
man-equation. As in the case of the plugs p-averaged K°-values (for each 
charge density three fractions) are displayed in fig. 5-7 a,b,c with the 
Bikerman region. From the position of those curves that are not corrected 
for n.a. it is evident that none of them fits very well with the theore­
tical B-region. The Street prediction shows a similar trend as observed 

at high p, that on lowering the ionic strength the calculated KCT deviates 
a -4 

increasingly from the B-region. The rise in K for L at c's below 10 M 
may in part be attributed to experimental error, since K . becomes of 
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9.0 .fl-< , © 

K^(o0=9iiC/cm2:*d = 0 

10-* »• r 3 in-2. moles/t 

Fig. 5-7 a , b , c . Specific surface conductance, K , ca lculated from experimental K/K 
data for d i l u t e d ispersions according to three d i f fe ren t models, versus the KCl con­
cen t ra t ion . The hatched area re fers to the Bikerman region, a: sample L, b : M, c: H. 
The dashed l ines show the e f fec t of correct ion for negative adsorption. In case of 
sample L, the corrected K i s only given for D-S for the sake of c l ea rness . 

the same order of magnitude as t ha t of pure water, and t o the fac t t h a t 
a l l uncer ta in t ies in determining the correct ion factors show up s trongly 
in K/K. On inspecting the shape of the K°-C dependency as predicted by 
H-B (or Maxwell) i t becomes c lear why in the l i t e r a t u r e based on t h i s 
equation, often sca t tered or negative values for K0 are reported. Most of 
t h a t experimental work was performed in the low c-range. Incorporation of 
the effect of n . a . r e su l t s in a s h i f t of the whole curves to lower K -
values . For the S t ree t and H-B predict ions t h i s means t ha t instead of an 
improvement we are faced with an even more r e s t r i c t ed range of usefulness. 
On the other hand, the agreement of the D-S predic t ion with the B-region 
i s c loser and extends over a broader c-range. As mentioned e a r l i e r good 
agreement for t h i s p redict ion can only be expected when Ka >> 1. The sharp 
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a -4 

increase in K just below 10 M (Ka * 10) for all a's points to the fact 

that the D-S prediction overestimates the effect of concentration polari­

zation (increasingly so with a ). From our results it is clear that the 

D-S prediction is the most useful for dilute dispersions. A quantitative 

comparison of the Ka-results with those obtained at high p but also at 
-3 

high c () 5 10 M; double layer overlap reduced) gives us an overall pic­
ture of this prediction over a broad c-range. The plug results, however, 
are about 20% higher. This is in agreement with expectations that account 
for the charging effect and for the not fully eliminated double layer 
overlap near the contact points of the spheres in the plug. By examining 
the position of all curves and the ICP's with regard to the B-region at 
low and high p it is clear that the main effect of double layer interac­
tion is to exclude the existence of one practical expression for all po­
rosities. It seems quite logical to expect that upon concentrating a par­
ticle dispersion a meaningful description in terms of concentration pola­
rization shifts to higher c, whereas an interpretation in terms of the 
Bruggeman model becomes more reasonable at lower c. 

5.7.6 The effect of the thickness of the double lauer: results and dis­
cussion 

In order to estimate the effect of a finite thickness of the inter­

phase on K° we use the modified Maxwell eq. (5-32) and regard the thick­

ness as identical to the double layer thickness ( 1 / K ) . The effect is il­

lustrated on basis of the conductivity data of M not corrected for n.a. 

(see table 5-6). We also give the H-B results in order to illustrate the 

small effect of linearization even at this volume fraction solid. The 

CKC1 

M 

10"4 

2 10~4 

5 10~4 

10"3 

-3 
2 10 J 

-3 
5 10 J 

K/K 

1.163 

1.063 

1.0023 

0.996 

0.965 

0.9222 

H-B 

18.3 

10.0 

15.3 

21.0 

25.4 

22.7 

K° x 10 1 0 

Maxwell 
r=l 

20.3 

10.1 

15.3 

21.0 

25.4 

19.9 

fi"1 

Maxwell 
r=l-l/Ka 

18.2 

9.35 

14.6 

20.3 

24.8 

19.6 

Table 5-6. The influence of a 
finite thickness of an electro-
conducting layer on K according 
to the modified Maxwell eq. (5-32) 
for sample M with p = 0.0710 at 
25.0°C. 

main conclusion is that correction for the finite thickness of the con­

ducting layer always leads to lower KCT-values; so it may give a limited 

improvement to the D-S prediction at low c. In the c-range studied, this 

160 



correct ion i s only of minor importance with respect to the other factors 
considered in section 5 .7 .3 . 

5.7.7 The low frequency dispersion of the conductivity: results and 
discussion 

From the ca l ib ra t ion procedure of the conductivity c e l l i t was a l ­
ready corroborated t ha t the conductance of the e l e c t ro ly t e -pa r t i c l e com­
plex can reasonably well be separated from t ha t of the e l ec t rode-e lec t ro­
ly t e complex. Actually, the purpose of the experiments described was to 
inves t iga te the v a l i d i t y of the correct ion procedure for e lectrode pola­
r i za t ion and to verify the po lar iza t ion s t a t e of the p a r t i c l e s . We have 
focussed our a t t en t ion only on the measurement of K with the subs t i tu t ion 
technique described in section 5 .7 .2 . For an analysis of the effect of 
concentration po lar iza t ion on KCT-values calculated from the D-S and H-B 
equations, we sha l l l imi t ourselves to measurements t ha t are car r ied out 
over a r e l a t i ve ly extended frequency range in the immediate v i c i n i t y of 

the ICP, where any res idual po lar iza t ion e f fects of the e lectrodes on K/K 
_3 

must be small. To t ha t purpose we s e lec t the r e su l t s of M a t 2 10 M. In 
t ab le 5-7 we have presented KCT-values, calculated from K/K, a t various 
frequencies. The values corrected for n . a . are given in b rackets . The 
non-corrected and corrected «a-values obtained by extrapolat ing the D-S 
predict ions to zero frequency agree f a i r l y well with the H-B predic t ions 
extrapolated to i n f i n i t e frequency. The same trend i s observed a t c = 

-4 10 M. The agreement between H-B and (not presented) S t ree t for t h i s 

V 

kHz 

00 

20 

10 

5 

2 

1 

0.5 

0.2 

0 

K/K 

0.982* (0.9728)* 

0.978 (0.969 ) 

0.975 (0.966 ) 

0.972 (0.963 ) 

0.9678 (0.9588) 

0.9658 (0.9568) 

0.9653 (0.9563) 

0.9651 (0.9561) 

0.965* (0.956 ) * 

K° x 10 

D-S 

55.3 (43.9) 

50.0 (39.7) 

46.1 (36.8) 

43.0 (34.0) 

38.6 (30.5) 

36.6 (28.9) 

36.2 (28.6) 

36.0 (28.4) 

35.9 (28.3) 

10 if1 

H-B 

34.0 (29.2) 

31.9 (27.3) 

30.2 (25.9) 

28.8 (24.5) 

26.8 (22.6) 

25.8 (21.7) 

25.6 (21.5) 

25.5 (21.4) 

25.4 (21.4) 

Table 5-7. Specific surface 
conductance data as func­
t ion of frequency, V, ac­
cording to two t h eo re t i c a l 
equa t ions , (5-28) and (5-29) , 
for 2 10"5M a t 25.0°C; the 
values in brackets are cor­
rected for n . a . 
sample M, p = 0.0710. 

note : - data obtained by ex t rapola t ion a re indicated with 
an a s t e r i sk 
the_number of decimals used in the p resenta t ion 
of K/K i s determined by frequency dependent ac­
curacy of the b r idge . 
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example is a consequence of the fact that the experimental conditions 
were close to those at the ICP. This test probably cannot be considered 
as fully conclusive, but it is most likely that the observed conductivity 
increment is primarily due to the elimination of the concentration pola­
rization mechanism (see section 5.4.3 too). Moreover, as already noted, 
the calculated critical frequency falls very well within the dispersion 
region, underlining that the frequency dispersion is due to a diffusion-
relaxation mechanism of the double layer. Moreover, it appears that an 
interpretation of the conductivity results at high frequencies according 
to H-B is reasonable; this is important from an experimental point of 
view because at frequencies above the dispersion region the effect of 
electrode polarization is seriously diminished. In order to generalize 
these findings, similar conductivity studies on other well-characterized 
model systems remain desirable. 

5.7.8 The ICP's of concentrated and dilute dispersions: results and 
discussion 

In table 5-8 the ICP's are given for widely different conditions of 
surface charge density, volume fraction solid, temperature, nature of 
counterion and treatment at high ionic strength (irreversible charging). 
The results are classified under dilute and concentrated dispersions; the 
latter group is subdivided into untreated and treated ones. Unfortunate­
ly, we failed to perform sucessful experiments with treated dilute dis­
persions for practical reasons (partial coagulation, cumbersome dialysis 
and ion-exchange). The concentrations corresponding with the isopolariza-
tion state of the dispersions, cI c p, are obtained by careful interpola­
tion of the K/K-c characteristics. From the cICp-results, covering a 
rather extended concentration range (1H decades), the following features 
are observed: 
1) C TCP shift8 t o higher values on increasing a ; the increase of charge 

carriers is not fully compensated by the increased concentration po­
larization. This fits into the general picture of the concentration 
polarization mechanism. 

2) treating a plug at high ionic strengths does shift c i c p to higher 
values. The proportional increase of cIC_, indicative of the increase 
of the effective charge, is practically the same for all a 's, but is 
slightly more pronounced for K+ than for Li+ (LiCl: L 21%; M 22%; H 
17% and KCl: L 30%; M 31%; H 24%). This implies an alkali-ion speci­
ficity in the charging process. 

3) the differences between the cIcp's for Li , K and Cs are much smal­
ler than can be explained by an ordinary diffuse double layer struc-
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Table 5-8. Experimental cTrp-values of untreated dilute and concentrated dispersions 
and treated concentrated dispersions. The values in brackets are corrected for 
negative adsorption (see text). 

t 

°c 

LiCl 
25.0 

KCl 
25.0 

CICP x 1 0 

dilute dispersions 

L 

p: 0.0420 

2.19 
(0.776) 

p: 0.0172 

2.75 
(0.812) 

0.0345 

2.95 
(0.795) 

(M) 

: untreated 

M 

0.0355 0.0710 

9.33 9.01 
(5.75) (5.55) 

0.1057 

9.12 
(5.50) 

H 

0.0360 

13.0 
(8.91) 

0.0225 0.0458 0.0768 

14.5 13.2 12.9 
(9.12) (8.91) (9.11) 

concentrated dispersions 

untreated treated 

t 

°C 

LiCl 

15.0 
25.0 
35.0 

KCl 

15.0 
25.0 
35.0 

CsCl 

15.0 
25.0 
35.0 

L 

p: 05880 
(VI A) 

5.77 
5.66 
6.07 

p: 0.5888 
(VI C) 

6.45 
6.46 
6.42 

M H 

0.5846 0.5971 
(VIII A) (VII A) 

10.3 15.9 

0.5951 0.6133 
(VIII B) (VII B) 

10.7 17.2 

P 

P 

p: 

L M 

0.6015 0.5846 
(V A) (VIII A) 

7.07 
6.82 12.5 
6.83 

0.6041 0.5951 
(V B) (VIII B) 

8.68 
8.39 14.6 
8.16 

0.6015 
(V C) 

8.11 
8.06 
8.12 

H 

0.5971 
(VII A) 

19.2 
18.5 
18.2 

0.6133 
(VII B) 

21.0 
21.3 
21.4 

0.6315 
(VII C) 

17.7 
18.5 
18.9 

4) 

ture. Moreover, the sequence is at variance with the lyotropic series 

in solution, so that an alkali-ion specificity seems eminently feas­

ible. 
CICP *s temPerature"in<*ePedent, at least within experimental accura­

cy, for both untreated and treated plugs; the added charge carriers 
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after treatment at high ionic strength manifest themselves in the 

same way as the initial ones. In this connection, it is noted that 

theoretical cICp's are temperature independent too. 

In the next section all these findings will be verified and analysed 

more quantitatively for the complete c-range. To that purpose specific 

surface conductances are converted into charge densities. 

In fig. 5-8 p-averaged cICp-values for KCl are plotted vs. o , to­

gether with the theoretical D-S predictions for t|i, = £ and t, = 0. The re­

sults for LiCl reveal the same trend and are therefore omitted. We notice 

that the experimental results and theoretical predictions diverge with 

increasing a , corresponding tó a region of moderate Ka-values (Ka exceeds 
-3 30 for c * 10 M). The complexity of all factors involved as well as the 

uncertainty about the theoretical region, especially at low a (low Ka!), 

only allow some qualitative comments. It seems that at high a some of 

the counterions are immobilized or exhibit a decreased mobility. However, 

an increase of concentration polarization in consequence of the earlier 

discussed increased shielding of the fixed charges by counterions ('hairy 

layer' model) can also contribute to the observed trend. 

At low a (low Ka) the cicp's corrected for n.a. are situated below 

the lowest possible prediction (Rel = 1; £ = 0). It is likely that as a 

consequence of the anomalous double layer structure, the correction for 

n.a. is overestimated. To verify this, we recalculated the effect of n.a. 

on the basis of an effective layer thickness, A, , obtained from hydrody-

namic experiments (section 4.7.2) and the electrokinetic charge densities. 

For that purpose, we used a .-values obtained from streaming current ex­

periments on plugs, fully corrected for double layer overlap (section 

4.6.5). The A.-values are taken from fig. 4-5 and are averaged over a num­

ber of temperatures (15.0, 25.0, 35.0°C) and electrolytes (LiCl, KCl, 

CsCl). Of course, the occurrence of an immobile layer with unmodified 

charge partition does not influence the extent of the n.a. correction, 

but the supposed unusual partition of the sulfate end-groups protruding 

into the aquous phase and contracting the double layer (confirmed in sec­

tion 4.8.2), may lead to a smaller correction. In the calculations we as­

sumed that the A-layer was co-ion free. The parameter I_(Ka) was calcu­

lated on basis of a k and the specific surface area from the enlarged 

particle radius (a + A). The correction factors were obtained by interpo­

lation of plots of the concentration rise Ac/c vs. c. cICp-values cor­

rected in this way are presented as broken lines in fig. 5-8. 

For the lowest a in particular the agreement between theory and ex­

periment is hardly improved. 
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8 uC/cm2 

Fig. 5-8. Experimental cTrp-values as a 
function of the surface charge densi­
ty, a, together with the theoretically 
predicted region according to D-S at 
25.0 C. The upper experimental line is 
not corrected for n.a., the middle one is 
is corrected for n.a. on basis of a . and 
A, , the lower one on basis of a . 

5.KT 

io3 

Iff* 

-moles/1 

• CICP 

— T Ï 

• • t i 

,r*««=c 
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close packing-.—. U ç = 0 

•-*hi]H 
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» D 

10" IO"' 1.0 

Fig. 5-9. Cj„p as a function of the 
volume fraction solid, p, at 
25.0 C for three surface charge densi­
ties. The solid line and dotted lines 
represent the results corrected for 
n.a. on basis of 0" and on basis of a , 

V regp- ° ek 

The theoretical predictions accord­
ing to D-S and H-B, considering the ef­
fect of anomalous conduction (i|i. = £; 
£ = 0 ) , are inserted. 
The circles refer to KCl; the squares 
to LiCl. 

Although a positive adsorption of Cl~ions in the very low c-range 

(below 10 M) could not be demonstrated (chapter 2), it is instructive to 

test the effect of a very small chloride adsorption. A decrease in con­

centration (free electrolyte) due to Cl"-adsorption (Aa_,-) can easily be 

computed from -Ac = St Aacl w/F. For p = 0.05 and Aa-,- = - 0.1 [iC/cm2 it 

already amounts to 5 10 M. This would correspond to a decrease of 5% at 
-4 

10 M, just the value commensurate with that computed for n.a. From these 

results it may be inversely concluded that below about 5 10 M adsorption 

of moderate amounts of Cl~ions is out of the question. It is clear that 

adsorption at higher a , which would exceed 1 uC/cm2, would shift the re­

sults into the theoretical D-S region. However, values of this magnitude 

could not be detected. 

The effect of p. The effect of the volume fraction of the disperse phase 

on cICp is clearly noticed from the results of untreated dispersions, pre­

sented in fig. 5-9. The results for LiCl are inserted to express the same 

trend over the whole p-range. The most distinct effect is the strong in­

crease of cI c p upon concentrating the dispersion, especially for L (L fac-
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tor 8.2; M and H factor 1.9). 

A comparison of cI c p at high p with the theoretical regions (Rel=H,l) 

inserted along the ordinate reveal that for high a cI c p is just shifted 

into the region Rel = 1; H. For the lower o 's these regions are surpas­

sed, increasingly so with decreasing a . It is essential to realize that 

this is not fully attributable to a decrease in polarization. The irre-
-4 

versible charging, starting for L about 5 10 M (for the higher a0's at 

somewhat higher c's), also contributes to the observed increase, espe­

cially for L. 

5.8 General outline ,£ the electrokinetic and electroconducting para­
meters of the 'model' system 

In this section we will survey and analyse the structure of the 

electrical double layer of our model system on the basis of the informa­

tion obtained in this and preceeding chapters. Several important features 

have already been discussed along with various electrokinetic models, 

double layer overlap corrections and the conversion models (chapter 5 and 

6). The combined information on the influence of the nature of the coun-

terions and the temperature on K° will be used to analyse the peculiar 

features of the 'model' system. In order to facilitate the analysis, all 

experimental results have been transformed into charge densities. 

Although the procedure for evaluating and testing the electrokinetic 

results has already been discussed (section 5.5), the applied procedure 

will be briefly reviewed in order to complete some important details. 

Substituting the £-potential, deduced from streaming current experiments 

and corrected for double layer overlap (section 4.6.5), and various other 

physical constants into the Bikerman-equation (section 4.3), the specific 

surface conductance associated with the plane of shear is obtained: K^J. 

Next, the conductance contribution of the A-layer between particle surface 

and shear plane, K ° , is obtained as the difference of the total (model de­

pendent) specific surface conductance, K? m0(jei » and K<Lv- T n e charge den­

sity of the A-layer, a., could be estimated from K*J/(A.F), where A. de­

notes the molar conductivity of the counterions in that layer. This pro­

cedure is only correct if the charge deficit due to the co-ions, a", is 

negligible as compared to the charge excess a. (note that o. = a. + o7), 

a condition realized in our system. The total charge density, ofc, is then 

computed as at = a . + a.. The total, or effective, charge so obtained is 

identical to the 'mobile' charge o . In case the aforementioned condition 

is not obeyed, at must be determined indirectly. The procedure is then as 

follows: first, the electroosmotic contribution is calculated according 

to Bikerman and subtracted from K° m oHei' 9ivin9 the quantity K?_ 0 , which 
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is only related to the migration contributions of counter and co-ions. 

a. can then be determined graphically (or numerically) from Kj_-a charac­

teristics. In our case, the difference between the two methods does not 

exceed 4%. 

5.8.1 Plug results and discussion 

The main data on the charge distribution, obtained by using the H-B I 

(= Bruggeman) model, is tabulated in appendix 5A, table 5A-1 through 5A-3 

and shown graphically for KCl at 25.0°C in fig. 5-10 a,b,c. The H-Bv I mo­

del was chosen because its usefulness over an extended c-range has been 

demonstrated in the preceding discussion. Bulk values are assigned to the 

molar conductivities of the ions in the whole double layer. The results 

obtained before treatment of the plugs with high ionic concentrations 

(irreversible charging) are indicated with a single arrow. The resulting 

reversibility of the charge distribution on varying c in an arbitrary di­

rection is indicated by the double arrows. The following aspects are note­

worthy (for other electrolytes and temperatures see appendix 5A): 

I a substantial increase in the electrokinetic charge density, a . , 

with increasing c.,.,, for all three charge densities; the curves are 

not significantly influenced by treatment, except at relatively low 

c, where they are slightly shifted to larger values. 

II the shape of the a-c curves is essentially the same for the three 

charge densities; the same applies to the charging effect. 

III for treated plugs the increase of o . on increasing cMC, accompanies 

a comparable decrease of a.; apparently, the absence of decrease of 

a. before complete treatment is merely a result of the charging that 

takes place during that treatment. 

the charging effect is hardly reflected in a k; thus the new or ac­

tivated charge carriers are hydrodynamically immobile. 
IV 

It is evident, that there is little point in attributing these find­

ings to specific counterion adsorption, because the ratio o ./a. just in­

creases with increasing cMC, . Moreover, it has often been established, 

for various systems, that in case of monovalent electrolytes adsorption 

in the outer Helmholtz plane takes place only at relatively high c (from 
-2 -1 about 10 -10 M on), depending on the nature of the counterions, the 

fixed charges involved and the magnitude of the charge density. Further­

more, the results of the Cl~-adsorption study (section 2.2) show that 

one can not refer to reversible or irreversible co-ion adsorption. 

An alternative explanation could be that the shear plane shifts in­

wards on increasing c to such an extent that this not only masks but over-
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Fig. 5-10 a,b,c. The charge density distribution as a function of the electro­

lyte concentration (KCl) for L, M and H plugs at 25.0°C according to H-B I. 
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compensates for the opposing effect of compression of the double layer. 

This shift must, therefore, be associated with the highly c-dependent lo­

cation of the ionic head groups with respect to the particle surface. 

5.8.1.1 The 'hairy layer' model 

At low c the ionic endgroups of the polystyrene chains are projected 

out, probably with a broad range of lengths into the waterphase. Particu­

larly at high charge densities and a low electrolyte content, a high pro­

portion of them will be vertically oriented as a result of mutual elec­

trical repulsion. The fixed charges may be separated from each other, to 

some extent, as the polystyrene chains expand when the ionic strength 

decreases. In consequence of the more open structure of the hairy layer 

with an enlarged exposure of hydrophobic groups to the water, the ten­

dency of the hydrophobic chains to be squeezed out of the water by the 

hydrophobic effect is more pronounced (Tanford ). It is this interdepen­

dence which is mainly responsible for the extent of protrusion. Upon de­

creasing the ionic strength the counterions will tend to distribute them­

selves at larger distances from the particle surface. As a consequence of 

the increased spacing between the headgroups, a substantial part of the 

counterions is accommodated in spaces between the headgroups, a situation 
51-53 54 

also encountered in micellar and polyelectrolyte solutions . At 
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higher c there is less repulsion between the fixed charges due to more 

shielding. The A-layer shrinks, due to the hydrophobic effect, whereby 

increasing parts of the protruded chains attain a more folded state and 

tend to lie flat on the surface in hydrophobic association with the sur­

face, or adsorb into the periphery, which must not be regarded as totally 

rigid. Consequently, the screening of the fixed charges which is original­

ly spherically symmetric gradually becomes perpendicular to the particle 

surface, mainly caused by excluded volume effects. This important factor 

has a positive effect on the electrokinetic charge density (zeta poten­

tial). The reduction in entropy, associated with the increasingly folded 

state of the polymer chains and the change in the electrical free energy 

due to a decrease in sphericity of the charge screening is, apparently, 

entirely compensated by the positive entropy change due to breakdown of 

ordered water structure at the hydrophobic surface. Additional contribu­

tions may arise from the redistribution of charge that involves transfer 

of ions to a region of higher permittivity. 

The apparently important role of mutual repulsion of the fixed char­

ges upon decreasing c, responsible for the enlarged exposure of the hydro­

phobic groups to the aqueous medium, suggests a substantial overlap of 

electric fields, so that the mutual distances of the charged heads are 

small compared to the characteristic shielding length (K~ ). One may won­

der whether a continuous distribution of the fixed charges still applies 

for our 'model' system. If they are distributed uniformly over the par­

ticle surface, their mean distance to nearest neighbours will have to be 

of the same order of magnitude as the shielding length at intermediate 

values of the studied c-range. For L the inter-charge distance amounts to 

4.21 nm, for M to 2.00 nm and for H to 1.32 nm, whereas the double layer 
-3 thickness at 10 M MCI, where the collapse of the A-layer starts, is 

-2 9.62 nm. The shielding length at 10 M (= 3.04 nm) is such that one would 

not expect extensive repulsion. Fig. 5-10 a,b,c, nevertheless shows that 

this concentration is in the middle of the transition range. An interpre­

tation may be sought in a patch-wise distribution of the charged groups. 

The charge density (especially for L) is then high enough locally to cause 

the required enhanced repulsion. The close spacing creates high local po­

tentials, so that the counterions are powerfully attracted even if the 

saltcontent is very low. This may also lead to the binding of counterions 

at specific sites, which is quite different from long-range electrostatic 

field effects. Thus decrease of c, starting from such a situation, has a 

surprisingly small effect on the charge distribution in the neighourhood 

of a charged patch. 
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5.8.1.2 The charging phenomenon 

It is recalled that charging is only observed for plugs that have 

not previously been treated at high ionic strength and also that the la­

tex particles are prepared at relatively low ionic strength. 

For lattices prepared without surfactant the discrepancy between the 

titration charge and the charge calculated from the initiation if one 

end-group per chain is at the particle surface, may be due to the circum­

stance that not all the chains have an end-group at the particle surface. 

Such a conclusion arises by comparing the root-mean-square end-to-end 
55 distance of the polystyrene molecule and the particle diameter . Thus 

part of the end-groups is buried in the particle or just in the periphery. 

It is clear that due to the low permittivity inside the particle and in 

the periphery all buried sulphate groups are associated with cations. 

Upon increasing c for the first time, the chains are salted out. The 

region of high permittivity adjacent to the particle surface shifts in­

wardly; ion-paired groups become activated and the liberated cations con­

tribute increasingly (in our case K -ions from the initiator) to the sur­

face conductance» From the effect of treatment on o . we conclude that 

the influence of ionic strength on the charge distribution of the 'new1 

groups is essentially the same as on the initial ones. When this would 

not be the case and the total increase of charge would be electrokineti-

cally operative, the a , curves would have been shifted to larger values 

in the low c-range and would have completely masked the peculiar findings 

at low c, especially for L where the added charge is commensurate with 

the initial one. It is, therefore, most likely, that new groups arise in 

the charged patches. In this picture, a charge increase results in an en­

hanced inhomogeneity of the charge distribution. The ion-paired groups, 

located within the particle wall and surrounded by the protruded hydro­

phobic chains, are not accessible for ion-exchange at low c and are there­

fore not included in the titration charge density. 

The final location of the headgroups at high ionic strength is deter­

mined by a balance between many factors, such as the local permittivity of 

the micro-environment, the hydrophobic effect favouring and the heavily 

hydrated groups opposing close approach and the nature of the counterion 

(the latter in view of the extent of association of the headgroups). 

Upon decreasing c for the first time, a larger portion of the sul­

phate end-groups tends to stand up on the particle surface. It is probable 

that some of them remain located on hydrophobic sites because the in­

volved polystyrene chains are more strongly adsorbed onto or inserted in­

to the particle surface. Upon protrusion of the polystyrene chains the 

average permittivity of the layer adjacent to the polystyrene surface 

170 



decreases. Consequently, the occurrance of a net charge in this region 

becomes unfavourable. The fraction of the sulphate groups fixed in that 

region will form ion-pairs, leading to a decrease of their contribution 

to the specific surface conductance. Apparently, the net result of the 

first treatment is still a relative increase of the 'mobile charge'. It 

is recalled that subsequent treatments at high ionic strength do not 

change at all the observed charge partition after the first treatment. 

A complication in the interpretation of charge partition arises from 

the fact that the nearly constant afc for K and Cs after treatment» sug­

gesting a nearly constant 'mobile charge', may be attributed to the model 

in the conversion (H-B I). In this connection, it may be significant to 

refer to the results for Li which according to the same model point to 

an increase of the 'mobile charge' upon decreasing ionic strength. 

All the anomalous findings may suggest the presence of weak acidic 

groups. The dissociation of such groups increases with increasing pH 

and/or ionic strength (e.g. Stone-Masui and Watillon ). However, in our 

case 

I conductometric and Potentiometrie titration at low ionic strength 

present no evidence of weak acidic groups; 
_2 

II in the pH range 4 to 10 the mobility of the latex particles at 10 M 
57 KN03 is independent of pH . The presence of carboxyl groups, having 

pK values between about 4.0 and 4.6 would cause an increase in the 
58 electrophoretic mobility up to pH 6 (Ottewill and Shaw ); 

_3 

III surface conductance experiments with our plugs at 10 M LiCl and KCl 

(within the charging range) reveal a slight increase in KCT (all con­

version models) with increasing pH up to 9.2. According to H-B I 

this increase covers, however, only about 10% of the difference be­

tween «^-treated and K^-untreated. Moreover, dissociation upon in­

creasing c would be reversible. 

It could be that electrolyte also influences the thickness or com­

pactness of the adhering layer of water molecules, i.e. the position of 

the shear plane. However, as discussed later, the observed lyotropic se­

quence provides evidence that the adhering water layer is thin or lacking 

on the hydrophobic parts of the particle. The shear surface probably co­

incides with the surface enveloping those hydrated end-groups which are 

most protruded in the charged patches. The hydroxyl groups, possibily 
59 present at the surface of the polystyrene particles , probably have only 

a slight effect on the anomalous effects. 

On basis of the shape of all a-c curves and an earlier analysis of 

all conversion models, it seems well founded that for the c-range studied 

the vast majority of the countercharge is diffusely distributed. Upon de-

171 



creasing c an increasing part of the counterions is present inside the 

shear plane. This effect decreases the net electrokinetic charge of the 

particle. 

5.8.1.3 Ion specificity 

In order to study the influence of the nature and concentration of 

different electrolytes upon K ° , any possible effect of the conversion mo­

del (K •* K°) should be excluded. Therefore, ratios rather than absolute 

value! are analysed, these are only slightly dependent on the conversion 

model. By way of example we compare the Street and H-B I models, which 

diverge substantially at low c. For H at 10~4M and 25.0°C the Street mo­

del gives a^1 : a* : a£s = 1.94 : 1.24 : 1 and H-B I leads to 2.24 : 

1.33 : 1, whereas the absolute values for a^ are about 3-fold less in 

the Street approach. 
Li Cs 

In fig. 5-11 we have plotted the charge density ratios afc /afc and 
a t / a t S v e r s u s c a t 25.0°C. The ratios at other temperatures are hardly 

different (see appendix 5A). We have taken the ot-ratio instead of the 

o -ratio to improve a comparison with the experimental activation energy 

results, which will be presented hereafter. 

Fig. 5-11. The charge density ratio vs. the electro­
lyte concentration at 25.0 C. 

r £ /,rCS 

°t /(Jt 

L D , M A , H O 

L • , M A , H • 

The a-ratios are calculated from the results tabu­
lated in appendix 5A-1 through 3. 

10"2 moles/I 

From fig. 5-11 we notice a conspicuous ion-specificity in the (̂ -ra­

tio, which increases progressively upon diluting the solution and increas­

ing a . This may be caused by the joint effect of two parameters, viz. in­

creasing adsorbability and change in mobility of the cations. While an en­

hanced adsorption of the counterions in the Stern layer leads to lower 

o.'s, increasing mobility is the reason for an opposite effect. It is re-
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called that bulkvalues are assigned in the computation of a., thus without 
an alkali-specificity we should expect CK /a^ = 1. For c > 10~ M all re­
sults tend to converge to 1, either corresponding with more ideality or 
with an identical deviation from ideality. However, the a . results, ta­
bulated in appendix 5A, reveal for c > 10~ M an increasing ion-specificity 
over the whole o -range. At high c (10 M) the following trend is ob-

Li K Cs served: a"t >, a , > a k . The lyotropic effect on the charge density at 
the shear plane becomes more 'visible' when the double layer is more and 
more located on the outer side of the charges. At the same time the col­
lapse of the A-layer ensures that the masking effect of anomalous conduc­
tion on it is reduced (see section 4.6.3 and chapter 6). Apparently Cs , 
by adsorbing better than K and Li in the Stern layer, screens the 
fixed charges better and consequently less countercharge seems to be in­
volved in the tangential movement of the solvent. The results suggest 
that the shear surface coincides with the OHP or is located in close 
proximity to it. The relative large a . for Li as compared to Cs , sug­
gests that little, if any, transfer of Li -ions from the diffuse region 
of the double layer into the OHP occurs. The observed sequence in a , has 
been found for hydrophobic colloids, which supports the conclusion that 
for our 'model' system the adhering layer is also thin ' 

Upon dilution we notice a more pronounced alkali-specificity in a., 
suggesting an increasing divergence in specific adsorption of the alkali-
ions. It is probable that the increased space between the headgroups, 
arising from decreasing c, facilitates specific interacton, especially 
for Cs . The Cs -ions fit better in the A-region of lower effective per­
mittivity than the Li -ions. This may agree with a hardly changed or even 
increased adsorbability of Cs with decreasing ionic strength. However, 
an increasing divergence in the ionic mobilities in the important A-region 
at low c, may also contribute to the observed trend in the a.-ratio. We 
have to regard the fact that the lower permittivity of the A-layer com­
pared to that of the bulk not only influences ion-association but has a 
drastic effect on ion-mobility. 

An increased ion-association does not necessarily have to result in 
a reduction of the mobility. If the adsorption is accompanied by a de­
crease in the degree of hydration of the cations and the distance between 
neighbouring charges is small (low energy barrier; non-localized adsorp­
tion) it is not improbable that these ions retain their mobility or even 
exhibit an increased mobility in the tangential direction. This picture 
is seemingly substantiated by the Li -results. On increasing the charge 
density the observed trend in the alkali-ion sequence is more pronounced. 

173 



This may point to the fact that the Cs -specificity is progressive with 

V 
The effect of treatment. Because of the absence of relevant experimental 

results for Cs we have only compared the results for Li and K before 
Li K and after treatment. The slightly lower at /a. -data for L and M in the 

low c-range before treatment (lower o ) are in agreement with the ob­

served effect of a on ion-specificity. From the proportional increase 

of cICp upon treatment, discussed in section 5.7.8, a small alkali-speci­

ficity was noted. Apparently, less hydrated cations are more effective 

in the salting-out process and liberation of ion-paired cations. We may, 

therefore, expect a small alkali ion-specificity in the location of the 

shear surface too. 

5.8.1.4 Temperature effect; activation energy of conductance 

The activation energies* of conductance for treated plugs have been 

calculated from the linear relationships of log K (K is the excess con­

ductivity defined by FK-K) vs. 1/T (Arrhenius). The results are compared 

with those of the alkali-ion in the bulk phase. The evaulation of an ex­

cess quantity is to be preferred over that of a quantity which may be 

markedly influenced by the model of conversion. It is easy to verify, 

e.g., that an evaluation of the activation energy via KCT(T)-data (the 

usual procedure quoted), is only justified when the conversion of K to 

K° is correct of the experimental Rel's are temperature independent. The 

activation energy indicates whether the charge carriers are involved in 

processes that imply some additional energy barrier. The presence and 

relative significance of any 'interfacial resistance' to tangential 

transfer can only be invoked if the involved ions of the excess charge 

exhibit some mobility. Detection of ions with a considerably depressed 

mobility is only possible if they constitute a substantial quantity of 

the excess charge. Of course, the distinction between ions in terms of 

bounded and mobile charge is entirely arbitrary in that on a time average 

basis, all ions contribute equally to the conductance. An interpretation 

of Ka-data in terms of an ordinary rate process may be largely specula-

* According to Arrhenius we can define the activation energy by: 

- ĝ  (In D°) = - EA/(RT2). From eq. (5-40) we can derive: 

- g^ (In Da) = (AH* + RT)/(RT2). Apparently, EA = AH* + RT. 

The difference of E, with AH* often falls far within the experi­

mental accuracy of the measurement of E.. 
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tive. The surface diffusion coefficient, readily obtained from KC 

lated to the jumping distance d by the well-known formula62: 
is re-

D' .CT A T exp(-AH*/RT) exp(AS*/R) d2 (5-40) 

where AS* is the entropy of activation for the diffusion process, the ac­

tivated state referring to an ion between two neighbouring sites. A is a 

constant and AH* the activation enthalpy. As already stated it seems rea­

sonable to suppose that an ion, adsorbed at an exchange site, is in a 

partially dehydrated state, in other words, the ion-solvent association 

is less intimate than ion solvation in the bulk. When jumping from one 

position to another, the ion moves through a region in which its sur­

rounding water molecules are liable to be reoriented, the activated state 

corresponding to the solvated state of the ion. It seems obvious, that 

the loss of degrees of freedom of water, taken up by the Li+-ion, will be 

smaller when the water is taken from the A-region, where it has already 

lost some degrees of freedom. Furthermore, the concept of close-packed 

exchange sites in the patches implies small jumping distances. 

For comparison purposes experimental results of L and H are presented 

in fig. 5-12 as activation energy-ratios. For L at c > 10~3M the low a 
o 

Fig. 5-12. The ratio of the activation energy of 

the specific ionconductivity in solution, E, bulk 
and 

of the excess conductivity E„ vs. ionic strength. 

Li+ • 

Li O 
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; K+ • 

Cs+ • 

Cs+ & 

is calculated from molar conductivity data, 
tabulated by Parsons43. 

(and therefore Kg) impedes an accurate determination of the E-ratio. 

These results are therefore less reliable. From the remaining results the 

most notable features are : 

I the lyotropic sequence fits well into the specific surface conduc­

tance results given above: The relative increase of E„ with respect to 

the activation energy values in the bulk, observed in s the sequence 

Li , K , Cs , irrespective a , suggest an increase in specific ad-
. . . . . + 4. sorption of the ions going from Li+ to Cs+ 

The CT.-values increase 
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also in the order given, which could in turn be attributed to the 

above mentioned sequence in the specific adsorption, 

II increasing a results in increasing E„ , suggesting enhanced coun-

terion adsorption, s 

III the decrease of activation energy of the excess conductivity (rise 

in the E-ratio) upon increasing c for Li and K in case of high a 
may be related to the shrinkage of the A-layer. An increase in hy­

dration of the Li and K ions 'liberated' from that layer corres­

ponds, apparently, with a less intimate interaction with the endgroups. 

This picture does not apply to the barely hydrated Cs+-ions. The decrease 

in the a.-ratios noticed in fig. 5-11 may therefore also be interpreted 
. -2 

in terms of an increased hydrodynamic radius. At higher c (> 10 M) we 

expect finally a decrease of the E-ratio due to an increase of specific 

adsorption. Low values for the activation energy of surface conductance 

for monovalent electrolytes are often noted in the literature. Kittaka 

and Morimoto found for NaCl and even MgCl« on slica, E-values less than 

those in the corresponding bulk solution. These results were explained by 

stating that high mobilities of adsorbed ions arise from their small ra­

dii in the adsorbed state in co-operation with the relatively weak ad­

sorption forces present. 
-3 . 

The effect of treatment. Only for L at 10 M were activation energies de­

termined. The E-ratios are: for Li 1.05 and for K 0.95. Both values are 

lower than those of the treated plugs; however, as already stated for L 
-3 the results are inaccurate for c >-10 M. 

Additional modes of charge transfer. When discussing KC-data one must 
take into consideration possible additional modes of change transfer. The 

L particles bear so little charge, that their surfaces, especially in 

view of the patch-concept, are essentially hydrophobic. The hydrophobic 

parts could display a charging process if 'selective adsorption' of one 
/TO 

of the ions in the waterphase occurs . A desorption rather than an ad­

sorption is suggested by the fact that simple electrolytes raise the in­

terfacial tension of water against organic surfaces ' ; consequently 

from the Gibbs adsorption equation negative adsorption is inferred. As 

cations are usually more hydrated than anions, they are unable to approach 

the interface as closely as the latter and a negative charge is produced 

at the hydrophobic sites . Electrophoresis measurements seem to confirm 

this theory. The pH-dependence of the zeta-potential of polyethylene, tef­

lon and paraffin points to the potential determining role of H and OH 
61 67 6fi 

ions ' ' . The idea that sorbed water undergoes greater dissociation 
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67 69 
is quoted by many authors ' . However, in our case specific surface 

conductance results at high pH did not reflect a drop in «a, correspond­

ing to an elimination of H-ions in close proximity to the surface. 

An analysis of the actual charging mechanism is often impeded by 

effects of dissociation of small traces inorganic impurities (residues 

of polymerization catalysts, etc.) and the effect of oxygen-containing 

groups that result from oxidation . Anyhow, in most cases conversion of 

the zeta-potential of 'clean' organic substances into charge densities 

reveals values hardly surpassing some tenths of a pC/cm2. 

A particular difference between the unsaturated benzene rings in po­

lystyrene and saturated hydrocarbons is the slightly hydrophilic property 
71 72 

of the former ' . An interaction between the water dipoles and the in­
duced dipoles in the benzene rings leads to mutual attraction. This may 
explain the relative ease with which the hydrophobic/water interphase is 
enlarged by the protrusion of the polystyrene chains. 

Combining these facts and considerations with the findings that spe-
— -3 

cific Cl -adsorption in the low c-range (< 5 10 M) is negligible justi­

fies the above mentioned possibility of charge transfer to be not worthy 

of further consideration. 

5.8.1.5 The thickness of the A-layer 

It is possible to estimate the thickness of the A-layer, assuming 

that the potential profile in this region still obeys the Gouy-Chapman 

theory. For a flat double layer, A__c ($,, £) is given by: 

ftanh $./4l 
A „ c = In 1 S _ L / K ( 5 _ 4 1 ) 

G C \ tanh Ç/4 / 

tpd and £ are computed from the titration charge density, a , and the 

streaming current results corrected for double layer overlap, resp. To 

account for the charging effect for L two a -values were taken as indi­

cated in table 5-9. The higher value gives better agreement with the 
-2 electrokmetic results. The dashes correspond to a . 's exceeding 1 MCan 

The effect of treatment on AG_C is illustrated for M. The A _ c values 

suggest an unrealistically high thickness of the immobile layer. In sec­

tion 4.7.3.1 the boundary layer thickness was estimated from the electro-

viscous effect (A ), according to the capillary model of Levine, which 

was extended to take account of anomalous conduction. The double layer is 

assumed to be identical to that used for the computation of &„_„, which 

results in a similar picture as noticed for AG__. The results are hardly 

improved by taking a.-values deduced from KCT, irrespective of the model 

177 



Table 5-9. Survey of the main layer thicknesses: Ar_„ is calculated from O -values and 

corrected zeta-potentials; A is calculated from the electroviscous effect and A, 

is determined from hydrodynamic experiments. The A,-data are averaged over the tempe­

ratures (15, 25, 35.0°C) and the electrolytes (Li, K, CsCl) given in fig. 4-5. The 

standards (A,=0) are taken for L 10_1M, M 10_1M and H lu" M (see section 4.7.2). 

L 

c 
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KT2 
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6.9 10~4 

lO"4 

a -• 
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0.53 
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-2 
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nm 

a •-
0 

LiCl 

-

0.62 
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M 
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a = -4.0 uCcm 
0 r 

untreated treated 

LiCl KCl LiCl KCl 

5.06 5.38 
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0 

LiCl 

0.30 

0.97 

1.42 

3.38 

8.30 

AG-C M 

= -9.0 pCcm" 

KCl CsCl 

0.37 0.44 

1.00 1.07 

1.47 1.37 

3.46 3.07 

9.10 8.17 

A e.v 

nm 

KCl 

1.5 

2.1 

8.6 

\ 

nm 

0 

0.59 

1.21 

1.59 
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used for conversion (K •* K ° ) . The effective hydrodynamic layer thickness, 

Ah, exhibits a much more acceptable picture at low c. However, by com­

paring the molecular radius of the hydrated sulphate endgroups (OSÔ-

0.29 nm; H20 0.138 nm) with the Ah-values one is forced to conclude that 

the extent to which the polystyrene chains protrude is substantial. The 

patch-concept may be of importance for elucidating the hydrodynamic re­

sults. It is found that a 9-fold increase in charge density hardly affects 

the effective thickness Afi. A patchwise distribution of charged groups 

might be expected to produce a pronounced surface roughness and this 

would be particularly apparent for sample L at low c. This may increase 

the hydrodynamic resistance of a sphere unit more effectively than in the 

case of a homogeneous distribution (smooth sphere). 

5.8.2 Dilute dispersions; results and discussion 

In fig. 5-13 a,b,c the charge distribution is presented as a func­

tion of the electrolyte concentration for L, M and H, calculated accord­

ing to the D-S theory. The (^-values were calculated from p-averaged 

K -data. The (^-values were obtained on the basis of the procedure out­

lined for plugs. The results for LiCl are tabulated in appendix 5B. The 

general agreement of the a-results with those for untreated plugs is re­

markably good and believed to be very meaningful, especially since the 

results were obtained by different methods and theories. The finding that 

aA(L) becomes negative for higher c is a result of underestimation of K° 

in the D-S formula. For that particular c-range a . surpasses the calcu­

lated ot-values. As already discussed, the excess conductivity for low p-

Fig. 5-13 a,b,c. The charge 
density distribution versus 
C(KC1) for dilute L, M and 
H dispersions (p < 0.1) 
according to D-S. 
t = 25.0°C. 
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values is highly sensitive to many (systematic) errors, limiting applica­

tion over a more extended c-range. It is possible that the sudden decrease 
_3 

of a. (and therefore a.) for c > 10 M can be attributed to some artifact 
in the determination of K and K. A further increase in experimental accu­

racy is, therefore, imperative. 

To all complex factors involved in the experimental and theoretical 

treatment of latex dispersions we may add the patch-concept. It is clear 

that for a sphere, the polarized charge of which is distributed in local 

patches, the mobile charge is more effectively reduced. In that case the 

polarization intensity of the total particle should not be estimated from 

the parameter Rel = K /(Ka) but from Rel = K°/(Ka ), where a is related 

to the dimensions of the patches. A patchlike distribution enhances pola­

rization, resulting in a decrease of the electrokinetic charge. The lat­

ter effect results in an apparent ion-specificity because the relaxation 

of the ion-atmosphere increases with decreasing ionic mobility, unless 

differences in mobility of the ions are cancelled due to specific effects 

in the interfacial layer, as in our case. 

5.9 Summary 

Electroconductivity results on dilute and concentrated dispersions 

of monodisperse polystyrene particles are analysed in terms of polariza­

tion theories and the Street equation. Some of the polarization models 

incorporate the double layer polarization concept of Dukhin and Semini-

khin. The surface conductance data obtained from the various models are 

compared with the Bikerman predictions. 

The presented results demonstrate, that for all three surface charge 

densities investigated the D-S equation, accounting for the concentration 

polarization effect, presents a rather satisfactory description of dilute 

particle dispersions (p < 0.1). On the other hand, the 'classical' Brug-

geman equation proves to be useful for evaluation of double layer proper­

ties in concentrated dispersions (p Äi 0.6) over an extended electrolyte 

concentration range. It appears, that concentrating a particle dispersion 

suppresses the effect of double layer polarization. Due to overlap of the 

ion-rich layers near the contact points of the spheres, the particles are 

electrically short-circuited. This keeps the conductivity finite as the 

ionic strength approaches zero; consequently all polarization models fi­

nally underestimate the conductivity of a concentrated dispersion upon 

decreasing ionic strength. 

The results of the dilute dispersions constitute fair proof for the 

correct evaluation of the electrode polarization and the presented titra­

tion procedure; furthermore, they demonstrate the necessity to correct 
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the conductivity of the suspending electrolyte solution for the effect of 

negative adsorption. The agreement between surface conductance data, ob­

tained at high frequency according to the H-B equation and those obtained 

at low frequency according to the D-S equation, lends support to the des­

cription of the concentration polarization mechanism. 

For dilute dispersions and plugs the occurrence of an isoconductance 

point is established. It appears that in case of untreated latex disper­

sions the ICP is reasonably constant for p-values up to 0.1. It is argued 

that the ICP increase observed upon concentrating the dispersion, is not 

only a result of the short-circuiting effect but for a limited part also 

of an additional charging effect. 

The combined results of the electrokinetic, electroconducting and 

hydrodynamic studies clearly show the strong deviation from 'model beha­

viour' of our latex samples. The 'hydrodynamically immobilized' part of 

the countercharge increases upon diluting the solution, an observation 

clashing with common double layer knowledge. Upon decreasing the ionic 

strength the electrokinetic charge density decreases sharply for all la­

tex samples, whereas the net contribution of the countercharge remains to 

the surface conductance more or less constant. The 'hairy layer' model 

(A-layer) is used to explain these peculiar findings. Upon increase of 

the ionic strength the protruding polystyrene chains are salted out; the 

shear surface, coinciding with the surface enveloping the endgroups of 

the most protruded chains, shifts inwardly; the counterions that original­

ly are accommodated between the headgroups and chains distribute them­

selves increasingly on the outside of the shear plane where they become 

electrokinetically 'visible'. Especially for the lowest surface charge, 

it is assumed that the charged groups are distributed patch-wise, pro­

viding the enhanced mutual repulsion required for a substantial protru­

sion of the polystyrene chains. 

For all three surface charge densities a remarkable charging effect 

was observed. A first contact with high ionic strength causes shrinkage 

of the charge polystyrene patches; the permittivity of the innermost re­

gions increases, ion-paired groups are activated and contribute to the 

surface conductance. Irreversible structural rearrangements in the 

A-layer, accompanying this salting out process, are responsible for the 

fact that upon subsequent dilution of the electrolyte a larger fraction 

of end-groups remains active. 

For the surface conductance and the activation energy of conductance 

an alkali-specificity is noticed. The relative increase of the activation 

energy in the sequence Li , K , Cs is explained by an increase of speci­

fic adsorption in the same sequence. The surface conductance data confirm 
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the observed sequence. The concentration dependent surface diffusion of 

the ions, especially substantial for Li+, is strongly related to the 

shrinkage of the A-layer. The relative large surface diffusivity of the 

Li -ions at low c is explained by the relative low permittivity of the 

A-layer. When jumping in the A-layer from one adsorption site to another, 

the loss of degrees of freedom of water, taken up by the Li -ions from 

the A-layer, is relatively low. 
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Appendix 5A 

The charge distribution as a function of the electrolyte concentrations 

for different conditions of surface charge density, nature of electrolyte 

and temperature 

In t a b l e 5A-1 through 5A-3, a t ~ r e s u l t s according t o HB-I (Bruggeman) 
a r e c l a s s i f i e d i n two g roups , v i z . u n t r e a t e d and t r e a t e d p l u g s . The s e ­
quence i n c oncen t r a t i on s does no t n e c e s s a r i l y correspond w i th t he expe­
r imen t a l one; i n t h e case of u n t r e a t e d p lugs t h e a c t u a l sequence i s from 
low t o h igh c (MCI), whereas for t h e t r e a t e d p lugs t h e exper imenta l s e ­
quence appears t o be un impor tan t . 

The a . - r e s u l t s a r e c a l c u l a t e d from z e t a - p o t e n t i a l v a l ue s ob t a ined 
by t h e s t reaming c u r r e n t method and c o r r e c t e d for double l a y e r ove r l ap 
( s e c t i o n 4 . 6 . 5 ) . 

Table 5A-1. The charge distribution for L plugs. The results of IIIA and HIB corres­
pond to one plug. In a l l other cases different numbers correspond to different plugs. 
The negative values for a. in case of plug VB (10* M KCl) at 15.0°C and 25.0°C are in 
a l l probability caused by experimental errors (see for comparison a l l other a .-results 
at 10"2M MCI). 

L 

c 
moles/1 

3 10_1 

2 10_1 

IQ'1 

IQ'2 

lu"3 

-4 
2 10 * 

- untreated 

(IIIA): KCl 25 

ek A 

pC/cm2 

2.62 

2.42 

2.31 

1.84 0.478 

0.776 0.721 

0.259 0.789 

-

0°C 

"at 

2.32 

1.50 

1.05 

- treated -

(HIB) 25.0°C 

ek A 

pC/cm2 

2.27 

1.89 0.469 

1.01 1.028 

0.378 1.765 

-CTt 

2.36 

2.04 

2.14 
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untreated -

L (VIA): LiCl 

C "CTek 
moles/1 

5.66 10" 4 

ID"3 0.837 

L (VIB): KCl 

6.46 10" 4 

IC"3 0.815 

15.0°C 

-°A 

1.305 

0.756 

•°t 

2.14 

1,57 

ek 

0.661 

0.815 

0.610 

0.789 

25.0°C 

-°A 

1.50 

1.266 

1.12 

0.792 

"at 

2.16 

2.08 

1.73 

1.58 

~0 1 ek 

0.841 

0.817 

35.0°C 

-°A 

1.312 

0.849 

"at 

2.16 

1.67 

treated -

L (VA): LiCl 

c 
moles/1 

ID'1 

10"2 

9.55 10"4 

6.86 10"4 

lO'4 

L (VB): KCl 

lO"1 

10"2 

1.25 10"3 

7.65 10"4 

lO"4 

L (VC): CsCl 

lO'1 

10"2 

1.25 10"3 

7.85 10"4 

lO'4 

ek 

2.18 

1.89 

0.862 

0.730 

0.201 

2.11 

1.58 

0.909 

0.771 

0.219 

1.88 

1.60 

0.895 

0.771 

0.209 

15.0°C 

-aA 

0.869 

1.733 

1.98 

5.40 

-0.087 

1.21 

1.49 

2.91 

0.742 

1.03 

1.30 

2.41 

"°t 

2.76 

2.60 

2.71 

5.60 

1.49 

2.12 

2.26 

3.13 

2.34 

1.93 

2.07 

2.62 

ek 

2.22 

1.75 

0.849 

0.707 

0.208 

2.16 

1.54 

0.900 

0.761 

0.243 

1.93 

1.56 

0.903 

0.750 

0.243 

25.0°C 

"aA 

0.065 

1.61 

1.86 

4.68 

-0.393 

1.131 

1.442 

3.07 

0.564 

1.004 

1.29 

2.79 

-CTt 

2.62 

2.46 

2.57 

4.69 

1.15 

2.03 

2.20 

3.31 

2.12 

1.91 

2.04 

3.03 

ek 

2.24 

1.73 

0.823 

0.679 

0.195 

2.15 

1.55 

0.911 

0.700 

0.259 

1.96 

1.61 

0.883 

0.730 

0.258 

35.0°C 

-CTA 

0.898 

1.632 

1.805 

5.09 

0.432 

1.16 

1.40 

3.30 

0.584 

1.04 

1.30 

2.74 

"Gt 

2.63 

2.46 

2.48 

5.29 

1.98 

2.07 

2.10 

3.56 

2.19 

1.92 

2.03 

3.00 
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Table 5A-2. The charge distribution for M plugs. 

-

M (VIIIA): LiCl 

c -a 
moles/1 e K 

10"1 

lO"2 

10" 3 

4.21 

2.07 

0.562 

M (VIIIB): KCl 

10"1 

lO"2 

lO"3 

4.00 

1.98 

0.531 

untreated -

25.0°C 

•°A 

3.31 

3.70 

25.0°C 

2.61 

2.49 

•°t 

5.38 

4.26 

4.59 

3.02 

c 
moles/1 

lO"3 

2 10" 4 

6.6 1 0 - 5 

lO"3 

2 1 0 _ A 

4 lO - 5 

"CTek 

0.643 

0.206 

0.123 

0.626 

0.199 

0.105 

- treated -

-°A 

5.34 

6.70 

15.9 

4.13 

4.85 

-

-°t 

5.98 

6.91 

16.0 

4.76 

5.05 

-

Table 5A-3. The charge distribution for H plugs. 

- untreated -

H (VIIA): 

c 
moles/1 

-3 
5 10 J 

lO'3 

LiCl 25.0°C 

~ a 1 ek 

1.85 

0.716 

"CTA 

3.96 

5.08 

-Gt 

5.81 

5.80 

(VIIB): 

ek 

1.80 

0.741 

KCl 25.0°C 

"aA 'at 

3.73 5.53 

4.28 5.02 

186 



treated -

H (VIIA): LiCl 

c 
moles/1 

2 lO"1 

10"1 

10'2 

5 lO-3 

0.92 10"3 

2.44 10"4 

H (VUB): K 

2 lO"1 

lO'1 

10"2 

5 10"3 

10-3 

2.65 10"4 

H (VIIC): Ci 

2 10"1 

10*1 

10"2 

5 10~3 

io-3 

2.78 10"4 

~ C T i ek 

5.25 

4.72 

2.61 

2.02 

0.897 

0.357 

:i 

4.90 

4.38 

2.50 

1.94 

0.927 

0.366 

sCl 

4.05 

3.70 

2.37 

1.94 

1.01 

0.410 

15.0°C 

•°A 

5.11 

5.49 

7.79 

10.31 

4.08 

4.33 

5.59 

6.92 

3.07 

3.12 

4.34 

4.66 

"at 

7.72 

7.51 

8.69 

10.7 

6.58 

6.27 

6.52 

7.29 

5.44 

5.06 

5.35 

5.07 

ek 

5.31 

4.70 

2.52 

1.91 

0.889 

0.387 

4.97 

4.22 

2.47 

1.86 

0.900 

0.367 

4.16 

3.78 

2.35 

1.96 

1.01 

0.420 

25.0°C 

-°A 

4.72 

5.38 

7.87 

11.15 

3.86 

4.27 

5.71 

6.61 

3.19 

3.19 

4.51 

4.98 

"°t 

7.24 

7.29 

8.76 

11.5 

6.33 

6.13 

6.61 

6.98 

5.54 

5.15 

5.52 

5.40 

ek 

5.27 

4.49 

2.47 

1.86 

0.943 

0.407 

4.81 

4.20 

2.42 

1.86 

0.961 

0.379 

4.10 

3.76 

2.30 

1.96 

1.05 

0.417 

35.0°C 

"aA 

4.48 

5.05 

7.69 

11.01 

3.86 

4.18 

5.83 

6.96 

3.34 

3.28 

4.70 

5.17 

-°t 

6.95 

6.91 

8.63 

11.4 

6.28 

6.04 

6.79 

7.34 

5.64 

5.24 

5.75 

5.59 
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Appendix 5B 

The charge distribution for dilute dispersions. 

Table 5B-1. Results for dilute untreated dispersions at 25.0 C according to D-S. 

For the conversion of K to o , p-averaged K -data corrected for negative adsorption 

(on basis of a ) are taken. 

The dashes correspond to experimental K/K-values exceeding the maximum possible values 

according to the D-S equation. 

The electrokinetic charge densities are in some cases determined by interpolation of 

results present in table 3A-1 through 3. For L the o .-results are taken from plug IIIA. 

Because the a .-results for untreated M and H do not cover the whole c-range, some va­

lues are taken from treated plugs where it is expected that they hardly differ from 

the untreated ones. The charge density is expressed in pCcm . 

c 
moles/1 

-3 
5 10 J 

2 10 J 

10"3 

5 lO-4 

2 10"4 

io"4 

-3 
5 10 J 

2 10"3 

10"3 

5 10~4 

2 10"4 

lO"4 

-a . 
ek 

1.62 

1.23 

0.78 

0.60 

0.26 

0.10 

L 

"aA 

-0.49 

-0.09 

0 

0.488 

0.390 

0.294 

-°t 

1.13 

1.14 

0.78 

1.09 

0.65 

0.39 

KCl 

M 

ek A 

1.52 1.30 

0.97 3.01 

0.63 3.47 

0.40 3.01 

0.20 2.76 

0.14 

•°t 

2.82 

3.98 

4.10 

3.41 

2.96 

-

ek 

1.86 

1.27 

0.90 

0.61 

0.30 

H 

-°A 

3.66 

4.92 

4.21 

5.45 
. 

"at 

5.52 

6.19 

5.11 

6.06 
_ 

LiCl 

1.48 

1.12 

0.86 

0.58 

0.34 

0.21 

-0.36 

-0.27 

0.12 

0.42 

0.48 

0.45 

1.12 

0.85 

0.98 

1.00 

0.82 

0.66 

1.91 

1.28 

0.93 

0.64 

0.32 

5.73 

6.89 

6.67 

7.64 
. 

7.64 

8.17 

7.60 

8.28 
_ 
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CHAPTER 6 

ELECTROPHORESIS OF POLYSTYRENE LATICES 

6.1 Introduction 

The discussion in previous chapters has shown that there are several 

methods for obtaining electrokinetic potentials and charge densities. 

However, these quantitities can only be obtained correctly on the basis 

of formulae which incorporate simultaneously the effects of double layer 

polarization, double layer overlap and anomalous conduction. From an ana­

lysis of the electrokinetic results on plugs we can infer that the effect 

of double layer polarization on streaming currents is small, whereas the 

other two factors can be accounted for. Recent developments in the pola-
5-9 ) rization theory for electrophoresis (Dukhin, Semenikhin ' allow the 

verification of the plug results in an independent way. The electropho­

resis technique has the advantage that the effect of double layer overlap 

is absent. 

6.2 Basic principles and outline of the electrophoretic study 

Since the theory of electrophoresis is most thoroughly established, 

this technique is of primary interest for suspensions of spherical par­

ticles. In case the double layer of spherical particles can be described 

with sufficient rigor by the Gouy-Chapman theory and in absence of ano­

malous surface condition, the Wiersema-Loeb-Overbeek (W.L.O.) method of 

determining zeta-potentials is the most complete treatment available. The 

absence of anomalous conduction implies that no charge transfer between 

the shear plane and the particle surface takes place. 
2 3 4 . • 

In the studies of Henry , Overbeek and Booth about the variation 

of Smoluchowski's equation with «a, mathematical complications limited 

the validity of their results to low potentials (£ < 25 mV). Therefore, 

W.L.O. made a more detailed analysis of all the forces acting on a sphe­

rical particle during electrophoresis for moderate potentials, and they 

found that the relaxation and retardation effects are particularly pro­

nounced for «a values between 0.2 and 50.* Their solutions are summarized 

* At intermediate Ka values, where sphere and double layer are of comparable size, 
the e.m. is significantly lowered by two effects. The electric field exerts on 
the ions in the atmosphere a force which is transferred to the solvent molecules. 
The resulting flow causes a retarding force on the sphere (electrophoretic retar­
dation) . The centre of the ionic atmosphere lags behind that of the moving par­
ticle, creating another retarding force (relaxation effect). 
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in elaborate tables and graphs. For a detailed discussion of the relevant 

theory and the methods of calculating zeta-potentials one is referred to 

Overbeek and Wiersema and Dukhin . 

The recent analytical approach for solid spherical particles with a 

relatively thin double layer is of special importance (Dukhin, Seme-
5—9 nikhm ). The mathematical simplification of the thin double layer 

7 
enabled D. and S. also to extend their analytical approach to cases in 

which the shear plane does not coincide with the particle surface. They 

took into account the effect of tangential ion transfer through the layer 

near the wall upon the polarization. Furthermore, a change in mobility of 

the ions was considérai by introduction of the parameter p. = D./D , 

where D. denotes the ionic diffusion coefficients in the boundary layer 

of thickness A(»l»d, £) and D refers to the bulk. It is noted that their 

derivation is also based on the Gouy-Chapman model. The complete repre­

sentation for the dimensionless electrophoretic mobility in case of mono-
7 

valent electrolytes is given by : 

üe f($d, I, pA, Ka) = § I -

0 U4( l+3m)s inh 2 C/4 + 2g,}+{2(l+3m)sinhÇ/2 - 3m£ + 2g,} 41n(cosh£/4) 
1 l = * - (6-1) 

Ka + 8( l+3m)sinh 2Ç/4 - 24m l n ( co sh£ /4 ) + 4g 1 

where g, = p . (coshipj/2 - c o sh£ /2 ) ; g_ = p . (s inhtpd /2 - s i nh£ /2 ) 

„+ - „ - - r, . „ _ m± _ 2 eo£r {KA2 

3r) D 

ü - is related to the electrophoretic mobility UX~ (velocity, U, per 

unit field strength, X) by: 

~ = 3 n e U 
uef 2e0erkT X 

The other symbols have their usual meaning. 

For comparison with Wiersema1s numerical results it is sufficient 

to substitute $, = £. Excellent agreement was already obtained for 

Ka>20; furthermore, the existence of maxima in the (!-([)-curves could 

now be checked at higher Ka-values, which was not possible with the nu­

merical calculations . Analytical formulae for m *m~ and for bivalent 
5—9 electrolytes are given in the original literature . The theoretical 

results are rather difficult to verify quantitatively because £ cannot 
1 7 

be measured directly. Wiersema and Dukhin and Semenikhin did find some 
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justification for their theoretical results for $. = £ in available data 

on electrophoresis in the critical xa-region and in most cases this maxi-

mum was in good agreement with respect to Ka and t, with the maximum ü -

predicted by the W.L.O. theory. However, some experiments with Agl-sols 

and polystyrene latices gave certain high mobilities which slightly ex-

ceeded the theoretical values. Semenikhin demonstrated that the numeri-

cal results and the analytical expression underestimate ü f for £ >• 6 

(Ka J. 50). In recent years experimental verifications of the effect of 

polarization of the double layer have much been favored by the availabi­

lity of monodisperse suspensions of solid spherical particles. Since 

there is a minimum of two independent parameters (£ and Ka) in the e.m.-

formula, it can be tested by varying one of these, when the other is 

fixed. In several studies one refers to the investigation of the relaxa­

tion effect carried out by Ottewill and Shaw . In their paper three po­

lystyrene latices of different diameters were used. In comparing experi­

mental mobilities with theoretical ones calculated according to Wierse-

ma's numerical method, it appeared that the three batches had approxi­

mately identical zeta-potentials over an extended Ka-range. This was also 

corroborated by the nearly equal titration charge densities of these 

fractions. It was therefore concluded that only the relaxation and retar­

dation effects of the ion atmosphere were observed. Semenikhin arrived at 

the same conclusion by comparing the same experimental results with the 

analytical formulae. However, a comparison of the experimental results 

converted into charge densities with the known surface charge density re­

veals the same peculiar trend as observed for our latices. The electro-
—2 —5 —2 

kinetic charge densities are 0.10 uC cm at 5 10 M; 0.48 |jC cm at 
10"3 M; 0.78 MC cm-2 at 10~2 M and 1.05 pC cm-2 at 5 10~2 M NaCl resp., 

—2 whereas the titration charge density amounts to about 6 uC cm . This 
trend is essentially the same as observed for our PS-plugs. In a combined 

study of surface conductance and electrophoresis on latices, Watillon and 

Stone-Masui point already to the discrepancy between the surface con­

ductance determined according to the Street equation and the one calcu­

lated from electrophoresis experiments. From their results it seems that 

the thickness of the boundary layer increases drastically with a slight 

decrease in ionic strength. The zeta-potentials calculated from electro-

phoresis experiments by Wright and James show even a maximum upon de­

creasing c, which also points to a sharp decrease in o . upon decreasing 

ionic strength. Consequently, it appeared necessary to consider the ef­

fect of anomalous conduction in the interpretation of electrokinetic re­

sults. It is tempting to conclude that the carboxylate latices of Watil­

lon and Stone-Masui , and of Wright and James ' , as well as our sul-
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phate latices exhibit the same peculiarities at low ionic strength. The 

causes underlying the inconsistency have already been discussed in sec­

tion 5.8. Upon decreasing ionic strength the charge distribution becomes 

progressively different from the G-C description coinciding with an out­

ward shift of the shear surface. One consequence is that various electro-

kinetic phenomena are not very sensitive to the surface charge density 

at low ionic strength. Despite the fact that the actual charge partition 

near the particle surface deviates from that used in the Dukhin-Semeni-

khin theory, it should be stipulated that in both cases the mechanism of 

anomalous conductions is associated with the presence of a boundary layer. 

It has already been noted that an interpretation of electroconductivity 

data of dilute polystyrene dispersions on basis of the D-S theory is ra­

ther consistent. Apparently the extent of perturbation of an applied 

electric field in the proximity of the actual particle hardly differs 

from that of a model particle bearing the same surface charge density 

and electrokinetic charge density. It is therefore rather attractive to 

interpret the e.m.-data also in terms of their electrophoresis theory. 

6.3 The effect of anomalous conduction on electrophoresis 

In fig. 6-1 the effect of a difference between «|<d and £ on e.m. is 

illustrated. We have computed the dimensionless electrophoretic mobility, 
-2 

'ef' using experimental data of M (a = 4 \iC cm a = 305 nm; KCl ) . A 
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difference between «jj, and £ is presented in terms of a., the charge den­

sity of the region inside the shear plane. Furthermore, the extent of 

electromigration in the A-layer is indicated with the parameter p.; three 

cases are considered, viz. 

a) all ions in the A-layer are immobile (the lines indicated with 

PA = 0 ) ; 

b) the ionic mobilities equal those in the bulk (p. = 1 ) ; and 

c) the mobilities are doubled. 

From the latter two cases (solid and dashed lines resp.) it is no­

ticed that tangential charge transfer between shear plane and particle 

surface reduces the e.m. increasingly upon increasing p.. 

The values of üefCPd» £* P A = 0 ^ c o m P u t e d according to D. and S. agree 

well with W.'s numerical results for xa > 20. 

The following characteristic features are observed: 

(i) the outward shift of the shear plane, equivalent with an increase of 

a., shifts ü - to lower values when p. ̂  0 and Ka > 10; high p.'s having 

roughly the same effect as high a.. The maxima in the o (a., p.)-curves 

shift to lower Ka-values upon increase of a.. The effect of p. on ü(a , 

a., p ) becomes more marked for greater a.-values, especially in the in­

termediate Ka-region. 

( n ) Wiersema indicated already that at relatively low Ka for $, = £ the 

curves ü(£) pass through maxima; thus two different values of the zeta-

potential correspond to an identical value of e.m. A similar behaviour is 

now observed when a. is finite. It is clear that with variable p. a large 

number of o (a., p.) combinations can fit one particular e.m. value, 

(iii) the convergence of all curves for Ka below about 30 makes an ac­

curate experimental verification of relaxation effects with anomalous 

conduction almost impossible. Generally, when the double layer of an ac­

tual particle system cannot be described by the Gouy-Chapman theory with 

sufficient rigor, although p. and a. are available, one cannot obtain 

rigorous proof for the D-S theory, especially not for Ka < 30, where the 

accuracy of the analytical formulae becomes unsatisfactory. For the study 

of the small number of parameters, necessary to describe the effect of 

anomalous conduction on polarization and electrophoresis, D. and S. pro­

posed (probably inspired by the comments made by Booth and the experi­

mental work of Ottewill and Shaw ) a method whereby the e.m. of at least 

three fractions of monodisperse suspension of spherical particles must be 

determined at one ionic strength. These fractions must have different 

diameters but the same surface characteristics: tjj, and £ may not depend 

on the particle size. Then, it is in principle possible to determine si­

multaneously t|>d, £ and p.. However, to obtain some accuracy the results 
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must cover a rather extended Ka-range. The example given in fig. 6-1 

clearly shows that these requirements conflict. A determination of p. 

for «a > 50 becomes inaccurate, whereas experiments for «a < 30 must be 

omitted. Alternative possibilities of testing the D-S theory would be: 

a) determination of ü _ for three monovalent electrolytes with greatly 

differing counterion mobilities. In case no specific ionic effects 

occur and the three p.'s are identical, a k and a (£ and i|»d) are 

b) 

obtained from an intersection of fitting a0(o., p.)-characteristics. 
The absence of any intersection or the appearance of additional in­

tersections may point to specific ionic effects and/or different 

p.-values. 

creation of an 'artificial1 boundary layer by adsorbing polymer on 

well-characterized particle systems. A suitable choice of polymer-

particle system may minimize complicating corrections for the effect 

of the adsorbed polymer on the distribution of counterions 

(Brooks13); 

c) In case the surface charge density is known, üef(oA, PA) character­

istics can be calculated. To illustrate the procedure to evaluate 

a .(p.), used in this study, we have plotted theoretical ü -(o., P A )-

curves for M at 10~ M (Ka = 32) in fig. 6-2. From this figure we 

notice that even at this relatively high Ka-value the mobilities as 

a function of o. pass through a shallow maximum for p.-values close 

to zero. At lower Ka these maxima become more pronounced; apparent­

ly, for fixed p., two different positions of the shear plane corres-
'A' 

pond to the same value of Ü _. At high p., 

lues, even at extremely small a.. 

uef sn^^ts t o lower va-

Fig. 6-2. ü _ versus a. for different va­

lues of p A at 10"2 M KCl; a (M) =4.00 

pC cm , t = 25.0 C. An experimental result 

(S ) is inserted together with its un­

certainty margins (dashed lines). 

4.0 iiC/cm2 
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The effect of the polarization field limits a further decrease of 

ü _ upon increasing a even to rather high a.-values. In this regard 

it is interesting to note that the formula for the electrophoretic 

mobility including anomalous surface conductance, obtained by Booth 
12 and Henry , predicts ü f = 0 for p. -» ». A graphical representation 

facilitates the conversion of the confidence limits of the e.m.-data 

into those of the corresponding a . (a , p.) results. The relatively 

low mobilities observed for our latex particles (far below the maxi­

mum theoretical values) guaranteed a relatively high accuracy of the 

a , (p.)-results for p.-values close to 1. These a.-values are deter­

mined from the intersections of the lines representing experimental 

mobilities and theoretical ü -(o.. , p.)-characteristics using the re-
ci il A 

lation: a ,(pA) = a - a (p ). An experimental result together with 

its confidence limits (95%) is shown in fig. 6-2. 

6.4 Experimental 

Measurements of electrophoretic mobilities were performed at 25.0 ± 

0.2 C in a Rank Bros MK II microelectrophoresis apparatus, equipped with 

a thin-walled closed cylindrical cell, platinum electrodes and a constant 

current source. The velocities of the particles, U, were measured at the 
14 

two stationary levels (van Gils and Kruyt ). At both levels, in both di­
rections at least ten particles were timed and the overall average was 
taken as the required velocity. The field strength, X, was calculated 
from the constant current through the cell and the specific conductivity 
of the sample. The electrophoretic mobility is expressed as U/X. For con­
centrations of monovalent electrolyte a 
of the measurement was better than 95%. 

-4 centrations of monovalent electrolyte above 5 10 M the reproducibility 

6.5 Results and discussion 

The first step in determining aeK(PA) was to select the total charge 

density giving $,. This value was used for the £-potential and substituted 

in eq. (6-1) for a chosen p.. Next, the calculated ü _ was compared to the 

experimental value. When the two did not match for fixed p., a new esti-

mate of £ was tried till ü__,_ equalled ü___ For one particular C L _ -

value o .(p.) was calculated changing the parameter p. from 0 to 2 in 

steps of 0.5. For L we took a = 2.5 pC cm" , instead of the charge den­

sity obtained by titration (0.92 uC cm" ). This value is in close agree­

ment with the electrokinetic results on plugs and the electrophoresis re­

sults at high ionic strength. For M and H the charge densities obtained 
-2 

by titration were taken (4.0 and 9.0 pC cm resp.). To allow for the ef­
fect of the actual molar conductivities of the ions it seemed correct to 
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Table 6-1. Results of the electrophoretic study of polystyrene latices. t = 25.0°C. 
Mobilities were converted into zeta-potentials using tables derived from the results 
of Wiersema et al. for m = 0.184 by Ottewill and Shaw10. The charge densities deduced 
from streaming current data (values in brackets) of untreated plugs are taken from 
table 5A and partly from fig. 5-10a,b,c by interpolation. For high c the results of 
treated plugs were used. 

sample 

L 

M 

H 

c 

M 

lO'1 

5 10"2 

lO'2 

5 10"3 

io"3 

5 10"4 

lu"4 

5 10"5 

10"1 

5 10"2 

10'2 

5 10"3 

10'3 

5 10"4 

10"4 

Hf* 
5 10 - 2 

10'2 

5 ÎO-3 

10"3 

5 ÎO-4 

10"4 

5 10- 5 

UX_ 1 x 104 

2„-l -1 
cm V s 

LiCl KCl CsCl 

2.37 2.25 2.12 

3.32 2.81 

5.05 4.80 4.75 

5.57 5.35 

5.00 5.49 

4.01 4.26 

2.96 

1.99 

3.30 

3.85 

-Ç(W.L.O.) 

LiCl 

31.3 

43.8 

71.7 

82.3 

83.3 

65.2 

5.05 j 

5.14 

4.76 

3.97 

3.77 

4.22 3.84 3.60 155.2 

4.78 4.90 4.50 j 63.3 

5.37 5.77 5.93 ! 74.0 

5.97 5.33 

4.56 4.52 

4.10 3.98 

3.42 3.37 

2.73 

90.1 

70.6 

65.5 

60.6 

mV 

KCl CsCl 

29.7 28.0 

-a . (W.L.O.) 
ek ' 

HCcm 

LiCl KCl CsCl 

2.40(2.22) 2.27(2.16) 2.12(1.93) 

37.1 j 2.52 2.06 

66.2 65.5 'j 2.22(1.75) 1.97(1.54) 1.94(1.56) 

78.1 1.98 1.81(1.55) 

100.5 ! 0.90 1.29(0.78) 

70.7 0.43 0.49(0.52) 

51.6 ' 0.14(0.15) 

34.3 

43.3 

50.9 

0.06 

3.51(4.00) 

3.05(3.45) 

68.7 2.08(1.98) 

72.5 

74.5 

62.9 

68.5 

50.3 47.1 

64.9 59.5 

80.7 83.3 

77.9 

69.6 

62.9 

59.4 

48.0 

1.60(1.42) 

0.75(0.53) 

0.41 

0.21 

4.80(4.70) 4.24(4.22) 3.90(4.16) 

4.12 4.27(3.70) 3.77 

2.34(2.52) 2.70(2.47) 2.85(2.35) 

2.33(1.85) 1.80(1.80) 

0.69(0.72) 0.67(0.74) 

0.43 0.41 

0.17 0.17 

0.09 
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identify m with m , because calculations showed that the.mobility of the 

counterions has much more effect on the e.m. than that of the co-ions, 

even more so at higher surface potentials . Because only experimental da­

ta for Ka > 20 can be analysed in terms of the D-S theory, the charge-

potential relationship for a flat double can be used. The experimental 

mobility data, £-potentials and electrokinetic charge densities derived 

by W's method, are listed in table 6-1. To permit comparison, pertinent 

a ,-results computed from streaming current data of untreated plugs are 

also presented. The results of the a ,(p.)-calculations are presented gra­

phically in fig. 6-3 abc. 

0 0.5 10 15 20 0 05 10 1.5 20 0 05 10 15 20 0 05 10 15 2.0 0 05 10 15 20 0 05 10 15 20 

Fig. 6-3 abc. The electrokinetic charge density, 

a , , as a function of p., calculated on basis of 
ek' rA' 

eq. (6 -1) . t = 25.0°C. 

a: L a = 2.5 uC cm ; b , : M a = 4 . 0 |JC cm ; 
o r I 1 o 9 

b 2 : M aQ - 6.0 |JC cm ; c: H OQ = 9 |JC c m . 

0 05 10 15 20 0 05 10 15 20 

An attempt will be made to draw some general conclusions from the 

°ek(PA)-results: 

I The effect of p. on a
eic(PA) is only substantial at low ionic 

strength; charge transfer in the A-layer (p.>0) enhances ^ I ^ P A ) « 

II At high ionic strengths an alkali-ion specificity in a k is observed, 

analogous to the plugs (see table 6-1). Remarkably enough, at low 
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-2 
ionic strengths (below about 10 M, this trend reverses for p. = 0. 

This effect is especially visible for H and is much more pronounced 

than for the plug results. This contradiction is also consistent for 

p > 0, assuming equal p. for all alkali-ions. Furthermore, in nearly 

all cases, a .(p.)-curves for LiCl and KCl, drawn in one figure, do 

not intersect at identical ionic strengths in the studied p.-range. 

To obtain the same sequence in a . as observed at high c 
Li Li K K Li {a . (c, pT1 ) ̂  o k (c, p. = p. )} at concentrations where the 

outward shift of the shear surface becomes clear, one is forced to 
Li K 

take substantially higher p. than the corresponding p. -values. 

III The mutual inter-actions of the a ,(p.)-curves for some comparable 

concentrations of the same counterion, may be used to detect p.. For 

that purpose, for fixed p., a . -c curves are constructed from the 

a k-p. results presented in fig. 6-3. For p.-values exceeding those 

corresponding with the intersections the a , -c characteristics al­

ways become unrealistic. Suppose that at low ionic strengths the 

charge distribution and the position of the shear plane are inde-

pendent of the nature of the counterion, thus a
e\,(

a
0> PA ) = 

°0i,(CT^' P A 1 )• T h e n w e 9e t f o r H a t 10~2M p̂ "1 = 1.2, p K =0.6 and 
Cs Li 

p. =0.3. Suppose further that p. remains constant for lower 

c's; this results in pK = 0.9 at 5 10_3M and p* = 0.6 at 10"3M. The 

same procedure for L, starting from the intersection of the curves 

for KCl at 5 10"3 and 10~3M, gives p K = 0.65. At 5 10"3M this value 

cannot be matched with a p.1 -value; at 10* M we get p.1 =0.95 and 
-4 Li at 5 10 M p" = 0.6. Especially for H this example seems to indicate 

Li K Cs + 

the trend p. > p. > p. ; the ionic mobility for Li in the 

A-layer probably hardly deviates from the bulk value (see section 

5.8), for K+ and Cs+ a lower mobility is quite possible. It is not 

only experimental errors that hamper a more accurate discussion of 

this problem but also several other factors, viz., 

a) all effects of the actual double layer that have not been ac-

counted for, have been assigned to the factors p. and A($., £); 

b) the value of a is to some extent arbitrary; 
Li 

c) the irreversible charging phenomenon; the relatively low p. 

value for L partly results, because a a -value has been used 

that corresponds to the treated case; 

d) a possible alkali-specificity on charging and the position of 

the shear plane. 
M 

IV From the analysis of all the a
e^(a

Qt PA ) results the conclusion 

may be drawn, that upon decreasing the ionic strength the same dra-
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matic 'immobilization' of the electrokinetic charge occurs as ob­

served for the plugs (see table 6-1). Only assuming a substantial 

increase of p. upon decreasing c over a short range would make the 

peculiar results less drastic. However, for a more extended concen­

tration range a regular and monotonous variation of a , with c could 

then not be obtained. 

V It is important, especially in the view of the charging phenomenon, 

to get some insight into the influence of a on the oei,(PA) charac­

teristics for p. > 0. For obvious reasons, the ü(a ., p=0)-c charac­

teristic is independent of a . In order to examine the influence of 

a in case p. t 0, we assume that M has a 50% higher a -value than 

obtained from surface charge density characterization (M: a = 

4JJC cm" ). The results are presented in fig. 6-3b. From a comparison 
-2 -2 

of figures b, (4 pC cm ) and b, (6 nC cm ) we notice a remarkably 
-1 - 2 • . 

small influence for c > 10 M; the increase of a . upon increasing 

p. becomes slightly more prominent. It becomes clear from the shift 

of the intersection points at the low ionic strengths to low p.-va-

lues and the appearance of new intersection points that the chosen 

a -value is rather high. A very inconsistent a , -c behaviour is al­

ready observed for p. > 0.5. It is clear that for L the observed 
K Li unrealistic trend in p and p. as a function of c can be improved 

by a better choice of a . 
o 

Charging effect: several experiments were performed to detect the 
charging effect and the influence of the time of equilibration on 

—4 —2 e.m. Latex samples, covering an extended c-range (10 -5 10 M) were 
measured promptly after preparation and subsequently at distinct 

time intervals (1 hour). Other samples were first equilibrated at 
-2 5 10 M KCl during several days. After dilution to lower concentra-

-3 -4 -4 
tions (10 , 5 10 ,10 M) the existence of a possible time depen­
dency was investigated. In both cases no time dependency was ob­
served. Only the treated samples showed a slightly increased mobili-

-4 -4 
ty at 5.10 and 10 M KCl (5 a 10%). However, the change was not 

significant for an interpretation in terms of the D-S theory. 

6.6 Summary 

Electrophoretic mobilities of PS latices are described and inter­

preted in terms of the W.L.O. theory and the D-S theory. The latter theo­

ry allows the study of the effects of charge transfer in the boundary 

layer and a change in ionic mobility on it, in a Ka-region where the re­

laxation effect of the double layer is substantial. Evidence was obtained 
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for the presence of conduction between shear plane and p a r t i c l e surface. 
Qual i ta t ively , the a l ka l i - spec i f i c i t y on surface conductance was con­
firmed; in passing from Li to Cs the average ionic mobility in the 
A-layer seems to decrease. Apparently, the subs tant ia l decrease of the 
e lec t rok ine t ic charge density (thus the increase in discrepancy between 
£ and i|>.) upon decreasing ionic s t rength i s a typical feature of l a tex 
systems. This means t ha t with decreasing ionic s t rength the hydrodynamic 
plane moves away from the surface. One may note t ha t £-values become r a ­
ther independent of i|«d a t low c. The influence of anomalous conduction 
on the shape of the CT

e]c(PA)~c 9 r a P n s shows tha t , especial ly a t very low 
ionic s t rengths , the decrease of a . becomes l e s s d r a s t i c for p . > 0 as 
compared to the r e su l t s according W.L.O. and from our plugs. In the r e ­
gion of not too high ionic s t rengths , a combined study of e lectrophoresis 
and surface conductance of d i l u t e dispersions may be an a t t r a c t i ve method 
to ascer ta in for other systems the presence of a stagnant l iquid layer, 
for estimating i t s thickness, and for verifying the effect of concentra­
t ion polar iza t ion on e lectrophoresis under conditions of anomalous sur­
face conduction. 
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CHAPTER 7 

SOME ASPECTS OF THE LOW FREQUENCY DISPERSION OF THE ELECTRICAL RESISTANCE 

7.1 Introduction 

In chapter 3 it was shown that measurements of the electrical 

resistance may not only be complicated by electrode polarization, but 

also by a slow dielectric polarization. It appeared that the four elec­

trode technique satisfactorily overcomes the difficulty of electrode 

polarization. A second advantage of this technique is that it enables 

to detect any intrinsic relaxation of the system in a time domain corres­

ponding with an ultra low frequency range (below about 1 Hz), normally 

not covered in dielectric research . The streaming current measurements 

indicated the presence of a dispersion at extremely low frequencies for 
_3 

all the plugs at electrolyte concentrations below about 10 M. The fre­
quency dispersion range appeared to be sensitive to the ionic strength; 
within one concentration decade both the relaxation time(s) and the con­
ductivity increment increased substantially with decrease of the salt 
concentration. These findings are of particular interest with regard to 
the observed A-layer anomaly (preceding chapters), which takes place in 
the same concentration range. The main purpose of this chapter is to 
trace the possible mechanism underlying the low frequency dispersion. 

7.2 Analysis of the low frequency dispersion* 

We consider that the streaming current retardation data can be 

advantageously analysed by a direct numerical transformation into the 

dependence of the complex impedance Z = Z' + iZ" on frequency. Since 

both the imaginary part Z" and the real part Z' are calculated, this 

procedure has the advantage that Cole-Cole plots can be constructed by 

plotting Z' against Z". These plots afford to establish such factors as 

the number of dispersion processes taking place together with the in­

volved relaxation times or relaxation time-distributions, and provide an 

independent check on the d.c. resistance determined from streaming 

current and streaming potential results. 

The conversion into the frequency domain was achieved with the 
3 

Laplace transform procedure . Some results for plug M at 25.0°C are 
presented in fig. 7-la,b. In fig.a Z1 data as obtained by direct measure­

ment have been included for v>80 Hz. These data, presented as the dashed 

* The author is much indebted to Dr.K.J. Peverelli for evaluating the transformation 
procedure and presenting the computer solutions. 
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l i ne s , have not been corrected for e lectrode po la r iza t ion . The Z1 r e ­
su l t s show two d i s t i n c t dispersions v i z . a slow frequency dispersion 
with a s ingle loss peak covering the frequency range of the transforma­
t ion and a second dispersion covering the kHz range. Fig.b i l l u s t r a t e s 
Cole-Cole p lo t s for the f i r s t d ispersion range. These p lo t s deviate from 
the semicircular locus, indicat ing a d i s t r ibu t ion of re laxat ion t imes. 
The deviations from- the Cole-Cole p lo t a t the high-frequency side may be 
a r e su l t of s l i gh t overlap with the second dispersion range. In the same 
figure the mean re laxat ion times, x ^, are given, as they are obtained 
from the loss peak frequency, v 1# with 2 7 t v

r e i t
r e i = *• Both the con­

ductance increment AZ'i=Z' - Z ' i and t__, increase subs tan t ia l ly 
with decreasing s a l t concentration, in a concentration range where such 
changes are not expected. 

Fig .7 - la , b. a) Variation 
of the real , Z ' # , and the 
imaginary part, Z"0 , of 
the impedance for three 
LiCl concentrations at 
25.0°C. Plug M. The dashes 
cover the frequency range, 
inwhich the data (v£80Hz) 
have not been corrected 
for electrode polarization. 

b) Cole-Cole 
plots of the data in f i g . a . 

35 kO 

For the study of relaxation phenomena in colloid suspensions dilute 

latex systems have frequently been employed (e.g. Springer ) and various 

mechanisms have been proposed for the interpretation of these phenomena. 

At first sight, theories incorporating the presence of two phases in the 

system and properties of the double layer are eminently suitable to 

account for the observed dielectric properties. The counter ions, local­

ized to the surface by electrostatic attraction, can diffuse easily along 

this surface; thus, they will be displaced tangentially by an external 

field causing the induction of a dielectric dipole moment for the par­

ticles. All theories based upon this Schwarz - Schurr model and the modi­

fications in which the Maxwell - Wagner effect is incorporated predict a 

relaxation time which is related to the particle radius, a, and the dif­

fusion coefficient of the counter ions in the double layer, Dc, but are 

independent of parameters such as the ionic strength and the surface 
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4 5 
Charge density: t ̂  = a2/2D . The Dukhin - Shilov theory ' , which 

incorporates that the diffusion polarization actually occurs in the 

diffuse double layer, results in somewhat higher trel-values. The the­

ories based upon the relaxation of the ion atmosphere predict for our 

system a relaxation time of about 50 ps which is at variance with the 

observed relaxation times of the first dispersion by several orders of 

magnitude. The important conclusion ensues that some of the mechanisms 

proposed in those theories must be rejected, since they cannot predict 

the formidable change in tr e l and the conductance increment with c. It 

is recalled that the results of the dilute suspensions are in better 

agreement with the calculated relaxation time (section 5.7.2). Extended 
4 

experimental results on dilute latex systems by Springer point to a 

nearly electrolyte concentration independent relaxation time of the same 

order as calculated on basis of the presented formula . Probably, the 

results of the second dispersion (see fig.7-la) can be ascribed to a 

pure double layer polarization. The effect of double layer interaction 

at the contact points of the particles in the plug occasions that in the 

alternating electric field the redistribution of ions is not confined to 

the region close to one particle. This may cause a shift of the whole 

dispersion range to lower frequencies and the appearance of the spread 

in relaxation times. 

Yet another cause for the first dispersion has to be considered. An 

alternating current through the plug periodically disturbes the ion con­

centrations at the plug surfaces (transport number effect). As a conse­

quence, an additional voltage drop across the plug occurs, which is out 
8 9 of phase with the current. This diffusion polarization ' acts on the 

total impedance of the system like a parallel combination of a resistance 

and a capacitance, both proportional to v '. However, the streaming cur­

rent retardation plots showed that the time range of this process is 

sufficiently longer than that of the intrinsic dispersion process (see 

section 3.5.1). Only the part of the intrinsic effect related to the 

longer period of the intrinsic effect may be slightly influenced by the 

transport number effect. Apparently, the causes for the low frequency 

dispersion must be related to parameters associated with the hairy layer 

(section 5.8.1.1). This implies that two typical aspects of that layer 

have to be considered viz. the presence of ion-paired groups and the pro­

truded polystyrene chains. 

The ion-paired groups, probably located deep within the A-layer 

and/or buried in the periphery of the particles can only participate in 

the conduction current at an increased frequency. The counter ions may 

be made to prefer a particular position by an external field and thus 
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trie fixed site-counter ion dipole would be polarized. The order of mag­

nitude of the relaxation time pertaining to the fixed site-counter ion 

polarization process can be estimated in the following way: 

If the dipoles were spheres of radius a rotating in a uniform vis­

cous fluid with a viscosity, t], x
rei will be given by (e.g. Smyth , 

p.59): x , = 4nna3/kT. For the fixed site-counter ion dipole, which ro­

tates around a fixed pole, x would be higher than predicted by the fore­

going equation, but probably not by an order of magnitude. If we suppose 

that the counter ion radius is about Ha and that its diffusibility in 

the A-layer is idendical to that in solution, the Einstein-Stokes rela­

tion leads to D = kT/Sa6nr|. Combining this with the expression for xr e l 

we have: 

'rel a a 3 / 3 D c t7-1* 

3 Even when D is a factor of 10 smaller than in an electrolyte solution, 
—6 — 7 

x will be in the range 10 -10" s when a is about 0.6nm. It seems, there­

fore, that this process only plays a role in the dielectric loss at fre­

quencies much higher than observed for the second dispersion. 

Another interesting possibility is that the "partially dissolved" 

polystyrene molecules, constituting the A-layer, are responsible for the 

slow dispersion. The chains bearing the end charges are capable to oscil­

late in an alternating electrical field. This model was used by Goring 

et al." to explain a giant low frequency dispersion observed on plugs of 

different fibrous materials at frequencies below 100 Hz. The electrical 

resistance component must be related to the hydrodynamic resistance to 

conformational changes if the chains and the capacitance to the restoring 

force generated when the molecule is displaced from its equilibrium posi­

tion. The heterodispersity in lengths and intermolecular interactions 

(patch concept) lead to the distribution of relaxation times (depressed 

semicircular arc). Upon increase of the ionic strength the terminal 

charges are more effectively shielded and the A-layer shrinks. The de­

crease of the mean chain length is probably connected with the shift of 

x -, to shorter values and the decrease of the conductivity increment 

(e.g. Sakamoto et al. ). 

It is obvious that for v •* o two mechanisms contribute to a depression 

of the plug conductance viz. the diffuse double layer polarization and a 

slightly deformed A-layer in which the somewhat streched chains result 

in a more effective polarization field. Forv>>vrel (first dispersion 

region), thus e.g. for v's coinciding with the relaxation of the diffuse 

double layer, the A-layer can be considered as totally 'rigid'. It is 
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noted that the sequence in charge density is hardly reflected in the 

relaxation times. At identical ionic strengths we observed the slight 

trend i y\ (M) >, x , (L) > t , (H) with no distinct effect of the kind rel * rel v rel x 

of counter ion. 

At this stage the question arises if the substantial additional 

polarization contribution of the A-layer to the d.c. resistance could 

invalidate the description of the anomalous charge distribution presen­

ted and discussed in the preceeding chapters. In chapter 5 the charge 

distribution was calculated according to the H-B model using d.c. stream­

ing current and d.c. resistance values. In table 7-1 we have summarized 

some calculations of the charge distribution at v=0.32 Hz, the upper 

limit of v attainable with the four electrode technique, and at v=10 kHz 

at which the second dispersion is almost surpassed while electrode po­

larization effects are supposedly small. In all calculation bulk values 

of the involved quantities were used. The results show a remarkable small 

effect of polarization on o ,, which was calculated from I ,„ according 
6K 5/dC 

to the procedure described in section 4.5 d. These results confirm once 

more that due to a substantial anomalous conduction, thus at low Rel(I ) 

values, the hydrodynamically induced polarization field can be neglected. 

In the calculation of a. the conductivity increment was converted into 

an increase in the interfacial conduction (see section 5.8). The sub­

stantial increase of the conductivity ratio K/K shifts the applicability 

of the Bruggeman model to higher concentrations. The relatively high a. 

values at v=10 kHz are, therefore, partly due to the attainment of the 

limits of the H-B model. However, calculations according to the Street-

model show almost the same substantial increase in a. with increase in v, 

which clearly demonstrates the considerable effect of the hairy layer on 

the polarization field. 
Table 7-1. Variation of the charge distribution with frequency for the three latex 

samples at 25.0°C. 

c(KCl) 

M 
L(VB) 
1 . 25 10":? 
7 . 6 5 10";? 

10"* 

M(VIIIB) 
10~-î 

2 10 * 
4 1 0 " 3 

H(VIIB) 

5 io~i? 
1 0 - 4 2 . 6 5 10 * 

d . c . 

0 . 9 0 
0 . 7 6 
0 . 2 4 

0 . 6 3 
0 . 2 0 
0 . 1 1 

1 . 86 
0 . 9 0 
0 . 3 7 

"CTek i>c/cmZ 

0 . 32 Hz 

0 . 90 
0 . 7 9 
0 . 3 9 

0 . 7 3 
0 . 3 3 
0 . 1 9 

1 . 86 
0 . 9 0 
0 . 5 1 

10 kHz 

0 . 9 0 
0 . 5 0 

1 . 18 
0 . 5 6 
0 . 3 3 

2 . 1 1 
1 . 18 
0 . 7 2 

d . c . 

1 . 13 
1 . 44 
3 . 0 7 

4 . 1 3 
4 . 8 5 

4 . 2 7 
5 . 7 1 
6 . 6 1 

- a A jjC/cm2 

0 . 3 2 Hz 

1 . 13 
1 . 52 
5 . 4 2 

4 . 8 4 
8 . 9 3 

4 . 2 7 
5 . 7 1 
9 . 5 0 

10 kHz 

1 . 63 
7 . 2 4 

7 . 3 4 
1 6 . 7 

4 . 8 7 
6 . 8 2 

1 3 . 0 
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7.3 The influence of the thorium ions on the frequency dispersion 

Goring et al. suggested that upon removal of the electrical charges 

the low frequency dispersion would disappear. Results with thorium ions 

seemed to confirm this statement. We checked this with a M-plug using a 

10"4M ThCl. /10"4M KCl (pH=3.9) solution. At t=0 the plug which was in 
-3 . -4-1 -1 

complete equilibrium with a 10 M LiCl solution (K=1.136 10 Q cm ), 
-4 -1 -1 was permeated with the thorium solution (K=1.71 10 ß cm ). A constant 

pressure difference of 30 cm Hg was applied during more than 200 h. All 

pertinent parameters were intermittently measured together with R(80Hz). 

From the results in fig.7-2 an initial sharp decrease of I and E is 

noticed, indicating tho decrease of the electrokinetic charge density. 

The zeta-potential changed from -67.7 mV at t=0 to -6.5 mV after about 

200 h permeation. The resistance initially decreases to a minimum that 

is reached when the interstitial pore liquid had been replaced about 

6 times; subsequently, it increases slowly to a value about twice the 

resistance at t=0. The difference between the a.c. and d.c. resistance 

at t=0 points to the substantial low frequency dispersion. During per­

meation, this dispersion gradually disappears, indicating the destruction 

of the A-layer. From the results we may conclude that two effects are 

operative. The decrease in R is for a large part caused by an exchange 

• Is,d.c I O " V | l P = 3 0 c m H g 
o Es mV ( 

- , 40t" • Rd.c. k ^ 
o R(80Hz) k« 

Fig. 7-2. Change of the electrokinetic quantities 

during permeation of plug VIII A(M) with a 

10"AM ThCl,/10_AM KCl (pH=3.9) solution. At t=0 
4 _3 

the plug was in equilibrium with 10 M LiCl. 
t=25.0°C. 

100 150 200 hr 
— • t i m e 

of Li - with the K -ions in the A-layer and for a small part a result of 

the increase in the specific conductivity of the interstitial liquid. 

The transport of the thorium ions into the inner part of the A-layer is 

probably obstructed sterically and/or by repulsion due to effectively 

positively charged terminal group-counterion pairs. The eventual neutra­

lization of the outermost end charges induces some rearrangement and 

salting-out of the "dissolved chains", facilitating a further penetra­

tion of the thorium ions in the A-layer. Simultaneous with the gradual 
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salting-out of the A-layer the dispersion effect shifts to higher fre­
quencies (decrease of the mean chain length) and disappears, whereas 
the surface conductance also becomes less. A complete interpretation of 
the observed phenomena is complex, but it is clear that the combined 
measurement of low frequency dispersion and electrokinetics is a poten­
tially useful approach to the study of interfacial phenomena.•To that 
purpose methods of correcting for electrode polarization must be develo­
ped for plug systems to make also the high frequency range accessible. 

7.4 Summary 

The relaxation behaviour of the polystyrene plugs seems to be gov­
erned by two phenomena, one occurring on a time-scale of seconds and one 
in the microsecond range. An analysis of the relaxation time shows that 
the slow relaxation process must be related with the 'hairy A-layer', 
whereas the faster relaxation process could be attributed to relaxation 
of the counter ion atmosphere. Evidence that the substantial polariza­
tion originates from the protruded polystyrene chains was obtained from 
the fact that the dispersion effect disappeares upon a relatively small 
increase of the ionic strength, whereas the relaxation time decreases by 
a factor of 10. Furthermore, a kinetic experiment in which the electro-
kinetic quantities and the frequency dispersion were followed while a 
plug was permeated with a thorium solution, showed that the slow fre­
quency dispersion and the surface conductance are closely related with 
the terminal charges which were distributed over the A-layer. 

7.5 References 

1. M. Sakamoto, H. Kanda, R. Hayakawa and Y. Wada. Biopolymers, 15. 879 (1976) 

2. N.E. Hill. Dielectric properties and molecular behaviour, T.M. Sugden (Ed.), 
Van Nostrand Reinhold Company Ltd., London (1969) 

3. K.J. Peverelli, Thesis, Wageningen (1979), chapter 3 

I*. M.M. Springer, Thesis, Wageningen (1979) 

5. S.S. Dukhin and V.N. Shilov, Dielectric phenomena and the double layer in disper­
se systems and polyelectrolytes, Wiley, New York, (1974) 

6. Ref. 5, p. 78 

7. See ref. 3; p. 51 

8. K.J. Vetter, Electrochemical Kinetics, Academic Press, 1967, p. 200 

9. J.R. Segal, J. Theoret. Biol. 14, 11 (1967) 

10. C.P. Smyth, Dielectric behaviour and structure. Mc Graw-Hill Book Co., N.Y. (1955), 
p. 56 

11. D.A.I. Goring, G.J. Biefer and S.G. Mason, Can. J. Research, B 28, 339 (1950) 

207 



SUMMARY 

This thesis presents a systematic experimental and theoretical study 

on electrokinetic and electroconducting properties of disperse systems. 

The increasing interest in transport processes through charged porous 

systems has recently brought about a corresponding growth of models and 

theories since real systems are extremely complex. Monodisperse polysty­

rene latex seems to constitute a good geometrical model system to theo­

retically and experimentally assess the influence of the interfacial 

properties of the dispersed particles and the overall properties of the 

dispersed system. 

The preparation and characterization of the polystyrene latices are 

dealt with in chapter 2. The concentrated dispersions (plugs), with a 

volume fraction of the solid in the order of 0.6, were obtained by cen-

trifugation of the latex samples as described in chapter 3. 

Chapter 3 recalls the basic principles of the theory of irreversi­

ble thermodynamics which are relevant in connection with the determina­

tion and mutual dependency of electrokinetic quantities. All possible 

forms of polarization, viz. concentration polarization at the electrodes 

and/or at the plug surfaces, ohmic polarization and intrinsic polariza­

tion of the plug, are studied with a 4-electrode equipment. The main fea­

tures of these polarization phenomena are: 

(i) concentration polarization at the plug-solution interface (negative 

adsorption) may cause transient streaming potential or an apparent non­

linear electro-osmotic flow-current relationship, when this cause is not 

properly recognized, the results can, e.g., erroneously be interpreted 

in terms of special transitions in the water structure at the interface. 

(ii) the retardation behaviour of the streaming current is caused by con­

centration polarization at the current-processing electrodes and/or is a 

result of a slow intrinsic relaxation process. 

(iii) the current-voltage characteristics may be obscured by induced con­

centration polarization processes (transport number effect) but also by 

slow intrinsic polarization processes. 

The employment of this new technique has led to the correct measure­

ment of the pertinent phenomenological coefficients. Furthermore, it en­

ables to obtain the time-dependency of a possibly present slow intrinsic 

polarization process and the transport number in the plug. 

A theoretical and experimental study also shows how to evaluate the 

phenomenological coefficients in case various forms of polarization take 
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place simultaneously. The 4-electrode technique also enables to determine 

the concentration change at the low pressure side of a plug during per­

meation. A quantitative expression has been derived which interrelates 

the ionic strenght outside the plug, the electrolyte concentration in 

the porous phase and the volume flow. 

Finally, the time-dependency of the depletion process is used to calcu­

late effective charge densities (dynamic negative adsorption method) 

which appear to be completely consistent with the electrokinetic results 

(chapter 4). 

Chapter 4 summarizes and discusses the basic geometric models. The 

electrokinetic and hyarodynamic data are then presented and discussed in 

relation to these various models. Special attention is given to the 

electroviscous effect and the concept of anomalous conduction. To that 

purpose theoretical predictions for the cell and the capillary model of 

Levine are made suitable or are extended to the concept of anomalous con­

duction . 

The main features of the electrodynamic and hydrodynamic results 

are: 

the severe restriction to low potentials causes the cell model to 

be less usefull than Levine's capillary model; 

a mutual comparison of various theoretical models demonstrates the 

effect of polarization in concentrated dispersions; when surface 

conduction is not negligible, porous systems are even polarized un­

der streaming current conditions, which may lead to an apparent 

lyotropic sequence in the streaming current; 

our latex plugs show a strong deviation from 'model behaviour'. The 

experimental data are interpreted in terms of an outward shift of 

the shear surface when decreasing the electrolyte concentration, 

coinciding with a change in the double layer structure. The boundary 

layer thicknesses evaluated from the hydrodynamic and from the 

electroviscous retardation results both show the same concentration 

dependency. The difference between the absolute values is related 

to the structure of the double layer. 

Chapter 5 is concerned with the conversion of experimental data on 

the conduction of concentrated and dilute dispersions into double layer 

characteristics. A very clear view on the applicability on the various 

theoretical formulae is obtained. The conductivity of dilute dispersions 

can quite reasonably be described by an equation that allows for concen­

tration polarization according to the Dukhin - Semenikhin theory, provi­

ded that the experimental conditions are chosen such that the particles 

are fully polarized. For concentrated systems, the concentration polari-
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zation mechanism is suppressed by short-circuiting of the interacting 

double layers near the contact points of the particles. This keeps the 

conductivity finite as the ionic strength approaches zero; consequently 

all polarization models finally underestimate the conductivity of a con­

centrated dispersion upon decreasing ionic strength, especially when the 

concentration polarization according to Dukhin - Semenikhin is incorpora­

ted. The 'classical' Bruggeman equation proves to be most usefull for 

the evaluation of double layer properties. The influence of the decrease 

in concentration polarization upon concentrating a particle dispersion 

is also noticed from the shift of the isoconductivity point to higher 

electrolyte concentrations. 

Also in chapter 5, the combined information on the influence of the na­

ture of the counter ions, the temperature and the surface charge density 

on the surface conductance is used to analyse the structure of the electri­

cal double layer of our model system. The main conclusions are: 

the counter charge effective in the electric conduction remains more 

or less constant upon variation of the ionic strength whereas the 

'hydrodynamically immobilized' part of the counter charge increases 

sharply upon diluting the electrolyte; 

the hydrodynamic and electroviscous data indicate a shift of the 

shear plane upon decreasing ionic strength; 

contacting polystyrene with a medium of high ionic strength causes 

an increase in the titration charge density (charging phenomenon); 

a alkali-specificity is noticed for the surface conductance and the 

activation energy of conductance. 

The 'hairy layer' model (A-layer) is used to explain these peculiar 

findings. Arguments are given that protruding polystyrene chains with 

terminal charges are present and that they are distributed in patches. 

Increase of ionic strength causes the thickness of the hairy patches to 

shrink; the shear surface enveloping the end-groups of the most protruded 

chains shifts inwardly and the counter ions originally accommodated be­

tween the headgroups become electrokinetically 'visible'. Furthermore, 

ion-paired groups in the innermost regions of the boundary layer are ac­

tivated and contribute to the surface conductance. Irreversible struc­

tural rearrangements in the A-layer are responsible for the fact that 

upon subsequent dilution of the electrolyte a larger fraction of the 

end-groups remains active. 

The concentration dependent surface diffusion of ions, the amount 

of specific adsorption and the observed alkali-specificity are strongly 

related to the shrinkage of the A-layer and the evoked permittivity 

change within that layer. 
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In chapter 6 the effect of concentration polarization on electro­

phoresis under conditions of anomalous conduction is verified with the 

theory of Dukhin and Semenikhin. Several procedures are discussed to ob­

tain information about the boundary layer thickness and the average mobi­

lity of the ions inside the shear surface. The results are in line with 

the concept of the concentration dependent boundary layer thickness for­

mulated in the preceding chapters. In passing from Li to Cs the average 

ionic mobility in that layer seems to decrease. 

Chapter 7 presents an account of the dielectric dispersion occurring 

on a time-scale of seconds. The slow relaxation process is closely rela­

ted with the 'hairy bov-ndary' layer. The effect of salting out the hairy 

layer on the relaxation time and the conductivity increment confirms the 

proposed hairy layer model. 

In conclusion, this study shows, that electrokinetic investigations 

on concentrated dispersed systems, in combination with electrophoresis, 

are very useful in studying electrokinetic transport processes. Admitted­

ly, our latex system, due to its simple geometry of dispersed spheres, 

is an idealized model for systems that are as complex as porous plugs or 

membranes. However, the presented results are of considerable help in 

visualizing the immensely complex transport processes and the present 

shortcomings in their theoretical description. 
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Samenvatting 

In dit proefschrift wordt een experimenteel en theoretisch onderzoek 

beschreven naar de elektrokinetiek, als techniek voor de bestudering van 

de kolloïdchemische eigenschappen van disperse systemen. De toenemende 

belangstelling voor de transportprocessen die in geladen systemen plaats­

vinden, heeft vooral de laatste tijd geleid tot een sterke ontwikkeling 

van modeltheorieën. Monodisperse polystyreenlatices vormen een goed ge­

definieerd geometrisch modelsysteem voor een experimenteel en theoretisch 

onderzoek naar het onderlinge verband tussen enerzijds de elektrische 

eigenschappen van de deeltjes, van het dispersie middel en van de dubbel­

laag bij de wand van de deeltjes en anderzijds de elektrische eigenschap­

pen van de dispersie. In hoofdstuk 2 zijn de bereiding en karakterisering 

van negatief geladen polystyreenlatices beschreven. De bereiding van ge­

concentreerde systemen (proppen) vindt men in hoofdstuk 3. 

In hoofdstuk 3 worden enkele basis principes van de theorie van de 

irreversibele thermodynamica behandeld die relevant zijn voor de bepaling 

van de elektrokinetische grootheden en hun onderlinge samenhang. Alle mo­

gelijke vormen van polarisatie, te weten concentratiepolarisatie aan de 

elektroden en/of aan de grensvlakken van de prop, weerstandspolarisatie 

en intrinsieke polarisatie van de prop, zijn bestudeerd met een 4-elek-

trode opstelling. De belangrijkste kenmerken van deze polarisatiever­

schijnselen zijn: 

concentratiepolarisatie aan het grensvlak prop-vloeistof (negatieve 

adsorptie) kan een verloop in de stromingspotentiaal teweegbrengen 

of aanleiding geven tot een schijnbaar niet-lineaire elektro-osmo-

tische vloeistofflux-elektrische stroom karakteristiek. Indien de 

oorzaak niet is onderkend kunnen dergelijke resultaten onjuist wor­

den geïnterpreteerd, bijvoorbeeld in termen van een verandering van 

de waterstructuur aan het grensvlak; 

de stromingsstroomretardatie wordt veroorzaakt door concentratièpo-

larisatie aan de stroomvoerende elektroden en/of is het resultaat 

van een intrinsiek relaxatie proces; 

de stroom-spanningskarakteristiek kan sterk beïnvloed worden door 

teweeggebrachte polarisatieprocessen (transportgetal effect), maar 

ook door trage intrinsieke polarisatieprocessen. 

Het invoeren van de 4-elektroden techniek heeft ertoe geleid dat de feno­

menologische coëfficiënten volledig correct bepaald kunnen worden, ondanks 

de genoemde polarisatieprocessen. De nieuwe techniek biedt bovendien de 

mogelijkheid om het relaxatiegedrag van een mogelijk aanwezig langzaam 

intrinsiek polarisatieproces vast te leggen alsmede de transportgetallen 
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in een prop of membraan op eenvoudige wijze te bepalen. Veel theoretisch 

en experimenteel werk is besteed aan de ontwikkeling van methoden om de 

fenomenologische coëfficiënten te bepalen onder de omstandigheid dat meer 

polarisatieprocessen gelijktijdig optreden. De 4-elektrodentechniek 

maakt het tevens mogelijk concentratieveranderingen aan de lage drukkant 

te volgen als functie van de tijd tijdens het doorspoelen van een selec­

tief systeem. Er is een kwantitatieve uitdrukking afgeleid, die het ver­

band legt tussen de zoutconcentraties in en buiten de prop en de volume 

flux. De effectieve ladingsdichtheid is berekend uit de gemeten tijdsaf­

hankelijkheid van het uitputtingsproces aan de lage drukkant van het 

prop grensvlak (dynamische negatieve adsorptie methode, hoofdstuk 4). 

De resultaten zijn volledig in overeenstemming met de elektrokinetische 

ladingsdichtheden die berekend zijn uit de stromingsstroom en de elektro-

forese experimenten. 

Hoofdstuk 4 is gewijd aan de fundamentele geometrische modellen. 

Hierbij is speciale aandacht gegeven aan het elektrovisceus effect en het 

concept van anomale geleiding. De belangrijkste kenmerken van het elek­

trodynamische en elektrokinetische onderzoek zijn: 

het cel model is minder bruikbaar dan Levine's capillair model 

door de beperking tot lage waarden van de potentiaal; 

aan de hand van diverse theoretische modellen is de invloed van po­

larisatie op de elektrokinetiek van geconcentreerde systemen gede­

monstreerd. Als de oppervlaktegeleiding niet verwaarloosbaar is, 

kunnen poreuze systemen ook onder stromingsstroom condities polari­

seren en schijnbaar aanleiding geven tot een lyotrope reeks in de 

stromingsstroom; 

de dubbellaag eigenschappen van het model systeem wijken vooral bij 

lage zoutconcentratie sterk af van het model gedrag. De waarnemingen 

steunen het model waarin het afschuifvlak naar buiten verplaatst 

wordt en de dubbellaag structuur binnen het afschuifvlak sterk ver­

ändert bij afnemende zoutconcentratie; 

de dikte van de grenslaag, berekend uit de hydrodynamische experi­

mentele gegevens en uit het elektrovisceus effect, is sterk afhanke­

lijk van de zoutconcentratie. De verschillen tussen de dikten, ver­

kregen met de beide methoden, zijn in verband gebracht met de struc­

tuur van de dubbellaag in de grenslaag. 

Hoofdstuk 5 is toegespitst op het omzetten van de experimentele re­

sultaten van het elektrische geleidingsvermogen van verdunde en geconcen­

treerde dispersies in dubbellaag grootheden. Dit biedt een duidelijk 

beeld van de toepasbaarheid van diverse theoretische formules. Een for­

mule waarin het concentratie-polarisatie concept van Dukhin en Semenikhin 
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is opgenomen, beschrijft het specifiek geleidingsvermogen van verdunde 

dispersies goed. Het is hierbij uiterst belangrijk, dat de experimentele 

gegevens verkregen zijn onder omstandigheden waarbij de deeltjes maximaal 

gepolariseerd zijn. Zo blijkt het effect van de concentratiepolarisatie 

sterk af te nemen voor geconcentreerde dispersies ten gevolge van 'kort­

sluiting' van overlappende dubbellagen bij de contactpunten van de deel­

tjes. De geleiding wordt bij daling van de zoutconcentratie dan ook con­

stant, zelfs wanneer de zoutconcentratie daalt tot nul; hieruit kan ver­

klaard worden waarom alle polarisatiemodellen het specifieke geleidings­

vermogen van een geconcentreerde dispersie onderschatten bij lage zout­

concentratie. De klassieke Bruggeman vergelijking blijkt het meest bruik­

baar voor de omzetting naar de dubbellaag grootheden. Het opschuiven van 

het isoconductieve punt naar een hogere zoutconcentratie bij toe­

name van de deeltjes-concentratie wijst eveneens op de afname van het 

concentratiepolarisatie effect. 

De informatie over de dubbellaag van het model systeem is aanzienlijk 

uitgebreid met de gegevens, verkregen uit het onderzoek naar de invloed 

van het type tegenion, temperatuur en ladingsdichtheid op de oppervlakte­

geleiding. De belangrijkste conclusies zijn: 

de tegenlading, berekend uit het geleidingsvermogen, is nagenoeg on­

afhankelijk van de zoutconcentratie, terwijl het hydrodynamische im­

mobiele deel van de tegenlading sterk toeneemt bij daling van de 

zoutconcentratie; 

de titratie ladingsdichtheid neemt toe als het polystyreen op hoge 

zoutconcentratie wordt gebracht (oplaad effect); 

de oppervlakte geleiding en de activeringsenergie van het specifiek 

geleidingsvermogen zijn ion-specifiek. 

Het 'hairy-layer' model (A-laag) is gebruikt om al deze eigenaardigheden 

te verklaren. Bij een lage zoutconcentratie steken de polystyreen ketens 

(haren) met de geladen sulfaatgroepen naar buiten. Deze ketens zijn 

groepsgewijs verdeeld over het oppervlak. Neemt de zoutconcentratie toe, 

dan schrompelen de harige delen op het oppervlak in. Het afschuifvlak, dat 

samenvalt met de eindgroepen die het meeste uitsteken, schuift naar bin­

nen en de tegenionen, die zich tussen de geladen groepen in de A-laag be­

vinden, worden 'elektrokinetisch zichtbaar'; tevens zullen ionenparen 

binnenin de A-laag geactiveerd worden en bijdragen aan de geleiding. 

Irreversibele conformatie veranderingen in de A-laag hebben tot gevolg 

dat een groter deel van de eindgroepen actief blijft bij een daaropvol­

gende afname van de zoutconcentratie. 

In hoofdstuk 6 is het gecombineerde effect van concentratie polari­

satie en anomale geleiding op de elektroforese geverifieerd met de theo-
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rie van Dukhin en Semenikhin. Voor het verkrijgen van informatie over de 

dikte van de grenslaag en de gemiddelde beweeglijkheid van de ionen in 

die laag zijn diverse procedure besproken. De experimentele resultaten 

passen volledig in het beeld dat de propmetingen hebben opgeleverd. De 

gemiddelde beweeglijkheid van de ionen in de A-laag blijkt af te nemen 

in de volgorde Li ,K ,Cs . 

In hoofdstuk 7 wordt het dielektrische gedrag van de polystyreen 

proppen behandeld, dat zich afspeelt op de tijdschaal van seconden. Het 

langzame relaxatieproces staat in nauw verband met de 'harige grenslaag'. 

De invloed van het uitzouten van de A-laag op de relaxatietijd en de 

frequentie-afhankelijkheid van de geleiding bevestigen het 'hairy-layer' 

model. 

Op basis van deze studie kan worden geconcludeerd dat elektrokinetisch 

onderzoek naar geconcentreerde systemen in combinatie met de elektrofo-

rese techniek zeer waardevol is bij een onderzoek van elektrokinetische 

transport processen. Het is vanzelfsprekend dat het latex-systeem een te 

geïdealiseerd geometrisch model systeem is voor uiterst ingewikkelde sys­

temen als proppen en membranen. Echter, de resultaten van dit onderzoek 

geven een duidelijk beeld van de buitengewoon complexe transportprocessen 

en de huidige tekortkomingen in de theoretische beschrijvingen ervan. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

Symbols and abbreviations that appear infrequently or in one 

section only are not listed. 

Abbreviations 

B Bruggeman 

B-M Bjerrum - Manegold 

D-S Dukhin - Semenikhin 

e.m. electrophoretic mobility 

H-B Henry - Booth 

ICP isoconductance point 

K-C Kozeny - Carman 

M Maxwell 

M-T Meredith - Tobias 

n.a. negative adsorption 

Pe Peclet number 

Re Reynolds number 

5 Slawinski 

W Wagner 

WLO Wiersema - Loeb - Overbeek 

Symbols 

a particle radius 

a capillary radius; the subscripts K-C and B-M indicate the 

models to which the radii apply 

a. activity of species i 

a solute activity 

A cross-sectional area of the plug or centrifuge tube; electrode 

surface area 

b radius of the unit cell 

c,c electrolyte concentration 

c+ mean-molar concentration of the cations 

c_ mean-molar concentration of the anions 

c. molar concentration of species i 

c mean-molar concentration of neutral salt in the porous phase 
he c hydrodynamically effective c 

6 mean solute concentration: eg. (3-1) 

cICp electrolyte concentration under isoconductance conditions 

C cell constant 
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C cell constant of the plug 

D diffusion coefficient 

D diffusion coefficient of the counter ion 

D particle diameter obtained by electron microscopy 

Dj, particle diameter in the model of Happel 
D K-C particle diameter in the model of Kozeny - Carman 

D surface diffusion coefficient 

D. coefficients of ion diffusion in the boundary layer 

E(i,j) potential difference: E.-E-

E ( i , j ) t potential difference at time t 

E. activation energy 

E c Nernst contribution to potential difference 

E D liquid junction (diffusion) potential 

E membrane potential 

E streaming potential 

F structural resistance coefficient (formation factor); the sub­

scripts B, M, M-T, S and W indicate the models to which the 

factors apply 

F. Faraday constant 

F correction factor: eg. (4-12) 

G correction factor: eq. (4-10) 

h thickness of the plug 

H correction factor: section 4.4b 

AH* activation enthalpy 

I.,I+,I_ functions in the diffuse double layer theory for spherical par­

ticles 

1 , 1 , modified Bessel functions of the first kind of zero and first o 1 
order, resp. 

I,i electrical current 

I(i,j * ). electrical current through the electrodes i and j' at time t 

I(i) t streaming current at time t: eq. (3-73) 

I instantaneous value of the streaming current 

I streaming current 

I alternating streaming current 

J volume flux through the porous system 

J' convection velocity 
J salt flux s 
J' salt flux per unit area s r 

J- flux of species i 

k Boltzmann constant 

k* permeability coefficient 
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k* permeability coefficient according to Happel: eq. (4-25) 
K specific conductivity of the electrolyte 
K specific conductivity of the disperse system 
K' specific conductivity of the particle 
K specific excess conductivity: K = K^-K 
IC specific conductivity of the pore liquid in a plug 
K Kozeny constant 
L.• phenomenological coefficient: table 3-1 
L filtration coefficient 

m dimensionless parameters: eq. (6-1) 
+ 

m = m = m 
p volume fraction 
p. = D / D.: dimensionless parameter 
P A

 =
 PA

 = PÄ 
AP (hydrostatic) pressure difference 
r radial distance in cylindrical or spherical coordinates 
R gas constant 
R dimensionless radial coordinate: «r (section 4.4) 
R, diffusion resistance 
RÄ external resistance e 
R_ resistance determined from E„ and I„ m s m 
R_ plug resistance 
R shunt resistance 
t time; temperature 
T absolute temperature 
t- transport number of species i, with i = 1,2,3 for cation, anion 

and water, resp. 
t a apparent transport number of species i 
UX electrophoretic mobility 
uef dimensionless electrophoretic mobility 
v,v sedimentation velocity 
x,y rectangular coordinates 
X fixed charge density: section 3.3.2 
z. valence of ionic species i 
Z impedance 
Z',Z" real and imaginary part of Z, resp. 

a efficiency factor 
ß electro-osmotic permeability: section 3.2 
ß* dimensionless parameter defined by eq. (4-13) 
•y correction factor: section 4.4b 
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A boundary layer thickness as inferred from the electroviscous 
effect 

AG_c,A(i|id/t ) layer thickness defined by eq. (5-41) 
A n hydrodynamically effective layer thickness 
e porosity 
e Q absolute permittivity of free space 
e relative permittivity 
£ zeta-potential; electrokinetic potential 
I = Fat/RT 
£_ apparent zeta-potential 

a 

C corrected seta-potential 
H viscosity 
K Debye - Hückel reciprocal distance 
i< double layer parameter defined by eq. (4-27) 
K* electrical conductance at zero flow 
KCT specific surface conductance 
Kgk specific surface conductance beyond the plane of shear 
K^ specific surface conductance inside the plane of shear 

K. total specific surface conductance 
A molar conductivity of the electrolyte solution 
A ibid, at infinite dilution 

A, molar conductivity of cations and anions 

A. molar conductivity of cations and anions in the boundary layer 

|j dipole moment; the subscripts D-S and H-B indicate the models 
to which the dipole moment apply 

A|j difference in chemical potential of salt across the porous system 
v frequency of the applied field 
v• number of ions of species i in one mole of salt 
An * difference in osmotic pressure across the porous system 
p density 
a reflection coefficient 
a* parameter defined by eq. (3-22) 
a ,a_ counter charge density due to cations and anions, resp. 
a surface charge density 
a. total charge density effective in conduction 
a . electrokinetic charge density 
a. A-layer charge density 
T parameter defined by eq. (3-21) 
t , relaxation time 
i|i(x),t(»(r) potential distribution 
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»|)d diffuse double layer potential 
$ reduced potential F=I|J/RT 

C» 

u) solute permeability (chapter 3) 
u) angular frequency 
ID critical angular frequency 
u>' solute permeability per unit area (chapter 3 ) 
w* solute permeability parameter (chapter 3) 
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