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In the year 1803, the German medical doctor andhrién Ferdinand Friedrich von
Reus& (1778”-1852) was invited by M.N. Muraviev, the curatorlafmonossow’s Moscow
University to hold the chair of chemistry at theyBibal-Mathematical Faculty. Inspired by
Alessandro Volta's work on electricity, Reuss @arout some electrolysis experiments in a
beaker, but also on the banks of the Moscow rivearder to study the influence of barrier
layers on electrolysis, he applied an electricagwt (provided by a Volta column) to sand and
clay layers and observed the movement of watemugirdhe barrier layers. In 1809, Reuss’
studies were published (with the date 1808) injtlienal Mémoires de la Société Impériale
des Naturalistes de I'Université Impériale de Masfh]. The 200 years old publication de-
scribes the discovery of the two electrokineticnpdraena electro-osmosis and electrophore-
sis.

Definition of electrokinetics

Electrokinetics are the sciences of the generatfan electric current by moving a non-con-
ductor and the movement of non-conductors causeshlgfectric field.

Electrokinetic phenomena are observed on the axterbf two interacting phases, such as a
solid, which is in contact with a liquid. An essahtrequirement for the observation of elec-
trokinetic phenomena is the formation ofelactrochemical double layet the interface. The
electrochemical double laye&an be considered as space charge, and extesotiadl fields
cause a movement of the fluid phase(s). Materialénly a large specific surface, such as col-
loidal particles, fine-porous solids, capillaries.eare favorites to study their electrokinetic
properties.

Well-known electrokinetic phenomena are

» Electrophoresismovement of electrically charged particles (sdiglid or gaseous) in an
electric field, with is filled with a liquid as sexnd phase.

» Sedimentation potentigleverse electrophoresis), generation of an éattpotential by
the movement of a solid or liquid particles inguid caused by e.g. particles’ sedimentati-
on or centrifugation.

» Electro-osmosismovement of a liquid along a solid or liquid sué driven by an electric
field.

» Streaming potentigandstreaming curren{reverse electro-osmosis), generation of an elec-
trical potential and current by the movement afjaitl along a solid or liquid surface.

» Electro-capillarity, changing the surface tension of a liquid duritegteical charging.

» Electro-acoustic effectsalternating movement of colloidal particles, caidy applying
ultrasonic vibrations or an electrical field geriesaan electric potential or alternating
shock waves (electro-acoustic wave).

Reussds the English transcription of the German arisdog namevon Reul3During Reuss’ stay in Moscow
his name of was translated and used in Russiarudeyed-edor Fedorovich Reus@benop demoposuu
Peiicc). Sometimes, the Russian was transcribedeiss

P Sometimes, Feb. 18, 1788 is published as Reushtlbly.



Electrochemical double layer and double layer msdel

An insoluble solid, which is dipped in an agueolesteolyte solution forms a solid/liquid in-
terface. The interface is characterized by a difiechemical potential pu of the two interac-
ting phases and a charge distribution, which iedght from the bulk of the two phases. Free-
ly moveable charge carriers (e.g. solvated ione)lmadsorbed on the solid surface. There,
they can remain or initiate surface reactions, agthe dissociation of Brgnsted-acid surface
groups, the partly desorption of surface-bonded iand the substitution of ions having a
higher or lower number of charges (isomorphic stigin). In presence of an organic liquid,
which does not contain ions, electrons can be fiearesl from the solid to the liquid phase (or
vice versa) and charge-up the interface.
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Fig. 1: Model of the electrochemical double layecading to Helmholtz's condenser model
(a) and the potenti&P in dependence on the distanc&’z W(z) (b); W° = surface potential.

From the excess of charges (regarded to the zemgelor charge neutrality of the bulk pha-
se) at the solid/liquid interface an electric paigdrV arises. The excess of charges at the in-
terface is calle@lectrochemical double lay€bDL). In 1859, theDL was postulated by Quin-
cke who discovered the streaming potential as aglstreaming current and wanted to ex-
plain his and Reuss’ electrokinetic phenomena T2 first DL model was developed by
Helmholtz [3]. Helmholtz transferred his finding6tbe behavior of a simple plate condenser
to the solid/liquid interface (Fig. 1, eq. 1).

o= — Weg, 2, (1)
z

(with ¢® = surface charge density; = surface potential, z = distaneg,= permittivity of the

free spaceg, = dielectric number)

The model by Helmholtz does not consider the migtalf the ions solved in the liquid phase.
They can be attracted by the solid surface, bstdivected force is simultaneously disturbed
by the non-directed Brown’s molecular movement. &dang to Gouy and Chapman a cloud
of ions is situated near the solid surface (Fig[42)5]. The charge distribution in this ion

cloud is controlled by the attraction of the ionystbe solid surface. The attraction lowers with
increasing the distance z, and the influence ofBitmevn’s molecular movement. In contrast
to Helmholtz’s assumption the ions in the cloud o highly ordered. Hence, the ion cloud
is calleddiffuse layer(diff). The Poisson equation (2) describes theeatation between po-

tential W and space charge dengityor each point in the space.
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Fig. 2: Model of the electrochemical double layecading to Gouy and Chapman (a) and
the potentiaW in dependence on the distancé¥z= W(z) (b); W*° = surface potentialy® =
surface charge density®™ = charge density of the diffuse layer.
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(with W = potential, z = distance, = space charge densitg, = permittivity of the free space,
& = dielectric number)

In order to get an expression describing the chdegsities on the solid surfacg®( and the
diffuse layer 6“™) equation (2) has to be integrated consideringothendary conditions that
Y =0 at z = (in that case #/dz}, . - =0 andp|, . » = 0) and¥ = ¥ at z = &. The un-
wieldy parameter space charge dengityan be substituted by the concentratighdtexcess
charge carriers situated in the diffuse layer 8q.

p = Hvidy —vide] 3

(with F = Faraday constant,= valency, ¢ = concentration of cationseG concentration of
anions)

If Brown’s molecular movement controls the concation of the cations and anions in the
diffuse layer, their concentrations))(can be expressed by the Boltzmann distributidias (
and 4b).

ch=¢c" @x;{— ZDFBP} (4a)
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o= ¢ @xp{— (4b)

(with ¢ = bulk concentration of iong,= stoichiometric number, it is the ions’ valencgon-
sidering the sign of the ions’ chargeft1] for cations and@[+1] for anions ¥ = potential, R
= gas constant, T = absolute temperature [K])

For monovalent ions the integration of elf! gives:
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or (dW/dz)} - o =-0Y[g &].

4 All integration steps are provided in Ref. [6].



The fundamental condition of charge neutrality ieggo®" = —o°,

Equation (5) can be used to approximate the effectiickness of the electrochemical double
layer. The effective thickness of the electrochamdouble (d) can be defined as the z-posi-
tion where the potentid¥ = (1/e) (e = Euler’s number). With the conditiéh= (1/e) equation
(5) can be developed as progression with eq. (@headirst term. For the approximation all
further terms are neglected.

o diff
ot :F@pq/w - l.IJ:O 0 ROT - (6)
RIT T 208, (¢, [¢

The distance d can be calculated by the solutioeqof(7), where the differential quotient
(dW/dz)}, - o can be substituted by @[olE] = 0%/[olE]), the second boundary condition
used to integrate eq. (2)

&)

Finally, for monovalent ions we get:

d:lq/—RU@ooo@r:E (8)
F 2[¢ K

As can be seen in eq. (8), the effective thickmdésbe electrochemical double layer d equals
the reciprocal of the Debye Huckel radiwg. (A low ion concentration gives an expanded
double layer, while an increase of the ion con@din reduces the effective double layer
thickness. This effect is calledmpression of the electrochemical double layer
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Fig. 3: Potential in dependence on the distancéz= W(z) (b) for an electrochemical dou-
ble layer according to Ster¥® = surface potential' = potential at the distance, o° =
surface charge density’ = charge density of the immobile layef'" = charge density of the
diffuse layer.

In 1924, Otto Stern combined the two models deedriBbove and created the first double
layer model [6], which was suited to explain thectlokinetic phenomena. Later the Stern’s
model was multifariously modified and extended. &pndthe so-calle€6SCG mode(Gouy-
Chapman-Stern-Grahame model [7]) is generally dedef explain charging processes ta-
king place on a solid/liquid interface and explagthe resulting electrokinetic phenomena.



According to Stern, freely moveable ions solvedhia liquid phase were attracted by surface
forces and irreversibly adsorbed on the solid sexfé so-called immobile layer with a thick-
ness of zis formed. This assumption corresponds to the inogdielmholtz. However, the
irreversibly adsorbed ions do not fully compenghteoppositely charged carrier on the solid
surface. Hence, a diffuse layer as described by@od Chapman is formed to compensate
the excess charges (Fig. 3). The fundamental chrageality is given by the sum of all char-
ge densitieo® + ' + 0% = 0. The surface charge densityis given by Helmholtz's con-
denser model (eqg. 9a) and the charge density diffuse layer confirms the Gouy-Chapman
approach (eq. 9b).

g° :_soz_[isrl:ﬂq_,s_q_,i) (9a)

(9Db)

o' = [8LE, [&, [t” [IREI’B;in){ POV }

20ROT
(with $' = potential at the'plane)

The charge density of the immobile lay®rcorresponds to the numbey)(af excess charges
in the plane z(eg. 10 is only valid for monovalent ions, for ethions their valence; has to
be multiplied with r).

0 = ey — o) (10)
(with e = elementary chargeg = number of cations,gn= number of anions)

lons of the liquid phase can be adsorbef(ror be dissolved in the liquid’s bulk phase
(n°°). The transport of an ion from the liquid’'s bulkgse to the plané ¢Fig. 3) requires a
amount of energy, the specific adsorption poteiripiaeg. 11).

6 = pol+ e (11a)
¢ = dpolZ @' (11b)

(with & = elementary chargéy = specific adsorption potential of catiogs = specific ad-
sorption potential of anion¥' = potential at the' plane)

As discussed for the Gouy-Chapman model the iamilglision near the solid/liquid interface
can be expressed by a Boltzmann approach (eq. 12).

nads nadsmax _ nads
solv = solv,max solv GEX - ¢ (12)
n N>t — kg O

n

(with N*®™*= maximum number of ions, which can be adsorbeth& immobile layer,
n*°"M = maximum number of ions, which are solved in liqeid phase, k = Boltzmann
constant)

Egs. (11) and (12) were combined and put in eq. (1@ives a practicable expression for the
charge density of the immobile layer'); Multiplying the equation with the Loschmidt con-
stant (N) we get molar values (N 5 ; F = @M ; ®; = ¢;; R = kD), (eq. 13):

1 1
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(with x = molar fraction of the dissolved ions, xn®"/(n*°" — *°"™¥: & = non-electro-
static or intrinsic adsorption free enthalpy ofieas, o = non-electrostatic or intrinsic ad-
sorption free enthalpy of anions)

Equation (13) seems to be very useful to charasexisolid surface, which is in contact with
an aqueous solution. It contains the two very irgrdrparameter®y and®o controlling the
adsorption behavior of ions and the charge formatiechanism on the solid surface. The
two parameters describe the non-electrostatic wingic adsorption free enthalpies for the
ions dissolved in the solution. If ions are adsdrba the surface an additional term conside-
ring the electrostatic interactions also contribotéhe driving force of adsorption. The know-
ledge of the two parametedis; and®o is fundamental to describe the the chemical equili
brium of the solid/liquid system (see Chagteerpretation of electrokinetic measureme@nts

The estimation of the two parameters describingdghedsorption requires the determination
of the potential at the plane between the immohild diffuse layet'(z). Electrokinetic
methods are established to measure a potedjjakhich is aroundV'.
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Fig. 4. Schematic build-up of the electrochemicalildle layer in the frame of electrokinetics.
The block file shows an external force F, whiclapplied to move the liquid relative to the
solid.

Electrokinetic potential — zeta-potential

Fig. 3 schematically shows the build-up of an etettemical double layer. According to
Stern, the layer consists of an immobile and auddflayer. The immobile layer is between
theinner Helmholtz plan¢lHP) and theouter Helmholtz planéOHP). In Fig. 3, the position

of theouter Helmholtz planés indicated by 'z The solid surface (z = 0) can be considered as
inner Helmholtz plarf® (hence¥' = $'"7). Sometimes, the two planes are also cafiesin
plane

In order to reach a relative movement between d¢hid and the liquid phase an external force
(F) is applied. In such an electrokinetic experimére liquid has to move along the solid.
lons are firmly adsorbed in theamobile layerremain on the solid. lons in the diffuse layer
are transported with the liquid (Fig. 4). The reatmovement requires @ip planebetween

the immobile and mobile part of the electrochemadalble layer. The exact position of the

¢ Many scientists differentiateurfaceandinner Helmholtz planeln thermodynamics and reality, a surface is
not a mathematical line, it is rather a thin voluoomsisting of the solid and liquid phase. All agthat the
inner Helmholtz planenust be very near thmirface
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slip planeis not clear [8]. It cannot be thmuter Helmholtz plandecause ions and their
solvatation shell have a geometric extent; howéveslip planemust be very near thauter
Helmholtz plane

The potential in theuter Helmholtz plan&°"* equals the potenti&' at the Z position in
the Stern model. Hence, in eq. (#8)can be substituted B°"". If it is assumed that theip
planeis very closed to theuter Helmholtz planéhe potential®"" can be approximate y
(W' = WP = 7), whereZ is the potential in thslip plane.According to Freundlich, the po-
tential of theslip planeis calledzeta-potential9] or electrokinetic potential. It can be indi-
rectly determined by carrying out an electrokinegiperiment (see Chapté&tectrokinetic
experiments The zeta-potential gives a very relevant infaioraabout the build-up of the
electrochemical double layer because it reflectsrtiechanical equilibration of the force of
ions’ adhesion on the solid surface and the apgiedrnal force (F).

It is very important to point out that tlzeta-potentials neither a property of a solid surface
nor a property of a liquid or solution. It resuitsm the coexistence of two phases and reflects
the properties of the interphase formed betweenlid and liquid phase. If the properties of
the liquid phase, e.g. an aqueous electrolyte isolus changed (e.g. variation of the ion
strength, pH value, concentration of surfactants),ethe equilibrium between the solid and
the solution is newly adjusted and a changed zetanpial value will be determined (eq. 14).

¢ ={(solid/liquid; ¢’; pH; ...) (14)
Electrokinetic experiments

Electrokinetic experiments require the coexistenficevo phases, usually a solid and a liquid
phase. As mentioned above, during the experimegiative movement between the solid and
liquid phase has to be generated by an externed f@rable 1 summarizes common electroki-
netic experiments and informs about the force dgvihe relative movement between the
solid and liquid phases (the electro-acoustic arparts will be separately discussed). Most-
ly, the shape of the solid sample (e.g. powderetsHibers etc.) determines the selection of
the suitable experiment. The electrokinetic experita deliver measured values, which can
be used as received or can be converted into thesponding zeta-potential values.

Table 1: Survey of electrokinetic experiments (eleacoustic experiments are not included)

Electric force Mechanic force

Liquid is immobile,
solid is mobile

Sedimentation and centrifuge

Particle electrophoresis .
potential

Solid is immobile, . Streaming potential and
L : Electro-osmosis .
liquid is mobile streaming current

Particle electrophoresis / micro-electrophoresis

Solid particles are suspended in a liquid. During ¢lectrophoresis experiment the suspen-
sion must be stable and no sedimentation of pastishould take place. The particle concen-
tration should be low that no turbidity or opadiyobservell. The size of the particle must
allow to observe them by microscopic technidlielr a measuring cell equipped with two

For highly concentrated suspensions electro-amoesperiments can be successfully employed.
9 A special technique, using a so-calledss transport analyzetetermine the mass of the solids transported
from the anode space to the cathode space or gisa.v



electrodes an electric filed is applied to the saspn (Fig. 5). If the electric force ks in an
equilibrium with the friction force £ (Fs = F)™, a particle having a radius r moves with the
constantlectrophoretic velocity, (eq. 15). The velocityarcan be determined by measuring
the particle’s way and the time or directly by laaeemometry.

electrochemical

double layer
electrode electrode
__liquid particle -
@ =
/ Ve
Fel Fir
2r4 < 4
- I >
dc
OUO

Fig. 5: Principle of the particle electrophorestairticles are suspended in a liquid. The elec-
trical field between the electrodes causes a panmovement. The velocity of the particles v
is measured. (With r = radius of the particle, @ffective thickness of the electrochemical
double layer, k = electric force, | = friction force, U° = applied d.c. voltage, | = distance
between the electrodes)

ve:_gﬁio[sr“f[z (152)
n

v o= 25 E "D (15h)

v, :—gaﬁo[sfni“z[zmm 7] (15¢)

v, =-Eo & ELC (15d)

(with E = electric field strengtlt, = zeta-potential, = permittivity of the free space; = di-
electric number of the liquiti n = viscosity of the liquill, U% = applied d.c. voltage, | = dis-
tance between the electrodeg[d] = correction function explained below, the qeoti WE is
calledelectrophoretic mobilityue)

Equation (15a) is known as Huckel equation [10is Malid for particles with r << d, where d
can be calculated according to eq. (8). A more gegmguation (eq. 15¢) was derived by Hen-

" Electrical force is given by F= —HQ = —HC{ (with E = electric field strength; C = capacify;= ¥ =
potential), where C =[@rlgy(g,. The friction force F is given by the Stokes’ lowyF= 6@V MR (with n =

~ viscosity).

' The use of the liquid’s parameter is not fullyremt. More correct is the use of the values vadidthie slip
plane. These values can be only approximated byelnddee the IUPAC Report recommended at the end of
this paper).
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ry [11]. It contains a function &[] considering the ratio between the particles’iradd the
effective thickness of the electrochemical doublet, d = 1. In the case of # d (usually
given in moderately concentrated aqueous eleceagtutions, e.g.“c> 110* molD?, con-
taining monovalent ions) the functiorkff] approximates the factor 3/2. The corresponding
equation (15d) is called Smoluchowski equation [12]

Electro-osmosis

The stream of a liquid through a capillary tube nhaydriven by an applied voltage. In the
case of an equilibrium between electric foreg d@hd the friction force  (Fe = R the
liquid streams with a constant velocity through tagillary (Fig. 6). Along thalip planethe
electrochemical double layer is sheared by thestieg liquid.

liquid capillary (solid phase)

=

Fig. 6: Principle of the electro-osmosis: A ligwtreams through a capillary driven by an

electric field. The volume streav of the liquid is measured. (With r = radius of ttamilla-
ry, Fe| = electric force, F = friction force)

slip plane streaming profile

The integrations of the Poisson equation (eq. &) FEink's Second Law (see footnote j) give
an expression for the streaming velocity in x-diat, v (eq. 16a):

vy, =20 =5 (16a)

(16b)

\'/:X:_Eoljr []Jdc[lm
t nL
The velocity of the streaming liquid can be substitby the volume stream (¥ v (4, where

q is the capillary’s cross-section). The volumeaitn (V) can be easily measured by mea-
suring a transported liquid volume (V) per time (fhe electric field strength (E) is the

I Electrical force is given by ,F= —HQ = —BV[p (with E = electric field strength; V = volume; = space
charge density, see eq. 2). The friction forgaeskgiven by Fick's second low

_ dv.
R =—niv [{dxx

coordinates). For eq.’s (2) integration the potdrdi the slip plane i¥ = ¢, andW = 0 in the liquid’s bulk
phase (hence,\¥fdz = 0). For integration Fick’s Second Low, in gl plane the velocityMs V|sp = 0, in
the liquids bulk phase,\= v,.

dvy

dx

X +dx

(with n = viscosity, V = volume; y = velocity in x-direction, x, z =

X
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quotient of the applied d.c. voltage®®and the length of the capillary (L). Using theseb-
stitutions the corresponding Smoluchowski equatiem be deviated from eq. (16a).

It is necessary to note, that egs. (16a) and (a6bpnly valid for a single capillary. Electro-
osmosis experiments are usually carried out on lesraf fibers or compact powder samples.
These solids form diaphragms having unknown effectross-sections (q) and capillary
lengths (L). However, the ratio L/q (also calleell constant can be experimentally determi-
ned, and in this way it is possible to use eq. J1#bo for studies on diaphragm-forming
solids (e.g. fibers or fine powders). Ref. [13] snamizes different methods to determine the
cell constanbf a porous system.

A very comfortable method to determine ttedl constan{L/d) and consider the increased so-
lid’s surface conductivity®) was suggested by Fairbrother and Mastin [14].oAdinig to the
Ohm’s laws the applied d.c. voltage i€°8 R, (with R, = electric resistance in the electro-
osmosis measuring cell filled with the measurimgid, |1 = current) and R= 1/K/q (with X

= specific conductivity, L/q =ell constant In the diaphragm the specific conductivigy (s
composed by the electrolyte’s conductivigyY and the surface conductivity™: x = x~ + x°.
The surface conductivity can be neglected if thaplragm is filled with a highly concentra-
ted electrolyte solution, such as a 0.1 [foKCI solution. In that case, theell constantis
given by (L/igf*MXC = R MKCIROL MKE However, a highly concentrated electrolyte
solution is not suitable to carry out electro-osim@xperiments because the ion concentration
in the bulk phase and the electrochemical doulylerles not different and no potential can be
expected between the solid and the liquid phase c&h constant(L/q)* of diaphragm filled
with a diluted electrolyte solution, such as@0f moll* KCI solution is given by (L/d)=
R*I. The electric resistance$® *“! R* (in the filled electro-osmosis measuring cell) and
the conductivityx’*" ! the can be easily measufédThecell constants a geometric para-
meter and independent of the applied electrolyteentration: (L/dj*" ' = (L/q)*. Hence
the conductivity of a diaphragm filled with a didat electrolyte solution can be expressed by
X = (RYN(RO MKCIROL MK “Wwith the first Ohm's law we get thEairbrother-Mastin
approach(16c):

~ 50 @r DI l:l EROJM KCI D(O.lrvl KCI
n R*

V= (16c)

(with | = electric current).
Streaming potential and streaming current

The streaming potential/streaming current expertncan be considered as the reverse elec-
tro-osmotic experiment. During the electro-osmasiselectric force is applied to move a li-
quid through a diaphragm. In the streaming potésti@aming current experiment an electri-
cal potential and an electrical current is generdig a streaming liquid along a solid phase.
The force to drive the liquid stream is usuallyguroed by a pressure differend® (= p — ,

with p; = filling pressure andg= outlet pressure) (Fig. 7).

In the state of equilibrium the generated streansimgent {s must equal a reverse currept |
(eq. 17a). The streaming curregfis given by the sum of the transported chargedipes,
which is controlled by the volume stream (dV/dt 3 &f the liquid and the space charge den-
sity (p) along the solid/liquid interphase (eq. 17b).

lss= Ir (17a)

" In the electro-osmosis measuring cell the surfameductivity contributes to the conductivity. Hendee

conductivity of the dilute electrolyte solutiog{ cannot be exactly measured.

10



( av
= - - 17b
ss 0 p at (17b)

With eq. 2 we get:

¢ d*W dv
ls= € &, (] — — 17¢
= OE-([dz2 dt (17¢)

If the capillary is flown by a laminar liquid flowthe volume stream in a hollow cylinder,
which is the typical shape of a capillary, can b&wlated by the Hagen-Poiseuille law (eq.
17d). It bases on the equilibrium of the frictiamde (F) and hydrostatic force (&)™ .

dV _ _(r-2)(@z[Ap 20 2 - 2°) (17d)

dt 2L

Eq. (17d) can be introduced in eq. (17c). The stieg current is only generated along the
solid/liquid interphase near the capillary wall.ride, z can be neglected. The integration of
the incrementfd®¥/dZ’) dz from O to r and the substitution of the potdritidy Z gives:

o= _Aplnle (g, (17¢)
n L

a) diaphragm streamin
electrode electrode liquid

liquid capillary (solid phase)

b)
2[ ****** > Vz, max
|

z
T_X. v;=0 streatming profile
slip plant

Fig. 7: Experimental set-up (a) to measure theastneg potential and streaming current on a
diaphragm consisting of a bundle of capillarie® (two electrodes are perforated). Fig. 7b vi-
sualizes the laminarly streaming liquid in a sincggillary.

' With R, = Ry We get for a streaming layer in the height Z0H2—z)@tl {dv,/dz) = (r—zf@Ap (where L is
the length of the streaming layer). The differdntiguations can be integrated from 0 {caad from O to z.
Then, the velocity of the streaming layer in z fiosiis given by: y = -Ap/(4R 1) [(RHZ-7). The volume
stream in a hallow cylinder is given by: dV/dt 2z)mdzV,. With the expression for,\from the Hagen-
Poiseuille law we get: dV/dt = -(r—ZdzAp(RIHZ—Z)/(2[ @) (17d).
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According to Ohm'’s law the reverse currentds=l U/R, where the resistance R can be ex-
pressed by the geometric ratio @ell constant L/q and the electric conductivit). The
capillary’s cross section is q 43t Combining egs. (17a) and (17e) we get the Smoluski
equations to calculate the zeta-potential fromasiiag current and streaming potential mea-
surements (egs. 18). The two Smoluchowski equatwesonly valid for a single capillary.
The use of capillary bundles (diaphragms) and thresicderation of surface conductivity re-
quires the same procedure explained in the Chagetro-osmosisFor studying sample sur-
faces with the method described here it is reconud®@rno measure both the streaming po-
tential (UAp) andthe streaming current (ip)™.

U __e,[so[Z

Y (18a)
Ap nXx
I __& (& qld (18b)
Ap ntL

(with n = viscosity of the liquitl, x = specific conductivity, L = length of the capijaq =
cross section of the capillary, L/gcell constant

Electro-acoustic phenomena

In order to determine the zeta-potential of susjeesshaving a high fraction of solid particles
(volume fraction of particles ca. 20 vol-%) takectrokinetic sonic amplitudgSA) effect is
used. A second way is the measurement otittiasonic vibration potentia{UVP), which is
also called CVP =olloidal vibration potentia[15].

liquid electro-acoustic
shell waves
electrode electrode
microphone

Y

Fig. 8: Principle of thelectrokinetic sonic amplitud@easurement: Particles are suspended in
a liquid. The alternating electrical field betwetre electrodes causes a relative particle
movement towards the liquid. The amplitudes of ¢émeitted electro-acoustic waves were
recorded as ESA signals by a microphone. (With=Uapplied a.c. voltage with frequencies
between 0.1 and 1 MHz, n = natural numBet, wave length of the externally applied field.)

™ The quotients were determined from measuring thergial (U) and the current (1) values in depermgeon

the pressurelp), which is applied on the diaphragm. The slopthefgraphs U = Wp) and | = Ip) must
be constant.

12



For ESA measurements an alternating electrical {igequencies between 0.1 and 1 MHz) is
applied on a suspension (Fig. 8). The field foreaegates an alternating movement of the li-
quid’s molecules and the suspended particles.rtigkes and liquid have different densities,
the velocity of particles and liquid’s moleculesdi§ferent and a relative movement of parti-
cles towards the liquid can be observed. The xaatovement between liquid and particle
shears the diffuse part of the electrochemical tolayer near the solid surface. This is the
same scenario as described for particle electrgsisorin contrast to the micro-electrophore-
sis experiment, during the ESA measurement theredtelectrical field is alternating and the
particle’s direction of movement is also alterngtihs response acoustic waves are genera-
ted. The pressure amplitudes (ESA in Pafjly and the frequency of the emitted acoustic wa-
ves are recorded by a microphone. From the ESAakitpeelectrophoretic mobilityus) can
be calculated (eqg. 19a). Shifts in the frequencylmused to determine the main particle dia-
meter.

ESA

Ue = oo, [T (192)
sl S

(with @ = volume fraction of the suspended particlgs, = amount of the difference between
the liquid’s and particle’s densitys € velocity of sound in the suspension).

As described for micro-electrophoresis experiméhéselectrophoretic mobility(us) can be
used to calculate the zeta-potential. However atternating field requires a modification of
the Henry equation (15c) with an additional compienction G compensating the periodic
speed-up and retardation of the suspended par{miesl9b). Functio® depends on the an-
gular frequency ) of the applied electrical field. More informatia@an be found in Ref.
[15].

u(®) =—§§%ﬂm[x 7] [G[w] (19b)

The second electro-acoustic method, the measureafehe ultrasonic vibration potential
(UVP) can be considered as reversal to the ESArewpat. Via the microphone alternating
acoustic waves are applied. They generate a relatmvement between the solid and the li-
quid phase and shears the diffuse part of thereldwmical double layer. The shift between
particle and its liquid shell is connected withatelal separation of opposite charge centers.
The so formed dipole alternates with the frequesfdyne applied acoustic waves. The genera-
ted potential is tapped by the electrodes.

The advances of the electro-acoustic methods is &pglication to study turbid and highly
concentrated suspensions, sludge or ceramic "urfiee size of the suspended particles
could range from a few nanometers to about 100 $tnring the suspension does not effect
the measurement.
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Interpretation of electrokinetic measurements

As mentioned above, electrokinetic phenomena asaya related to two-phases systems,
where mostly one phase is a liquid and the sectiadepa solid. The build-up of the electro-
chemical double layer is the result of the propsrbf thewo interacting phases. Hence, zeta-
potential values are never material constants ¢emaaproperties neither for the solid nor the
liquid. The zeta-potential can be considered psoheto get information about the real doub-
le layer’s build-up and can be successfully usedh@aracterize the surface properties of the
solid in contact with a liquid phase. To get qualitative godntitative information of the kind
of interactions between the solid surface anditpied the properties, such as pH value or the
concentration of salt ions gy or other dissolved substances’sfg) were varied. The
determined zeta-potential is the response on clsamg¢he electrochemical double layer’s
build-up. Hence, for interpretation electrokinaetieasurements it is necessary to record and
discuss functions, such &s Z(pH), = Z(C”iong) 0r  =Z(C”son).

Charge formation and charge formation mechanismsasi surfaces

Fig. 9 schematically shows functiogs- {(pH). The shape of three of them is very typical fo
surfaces having Bgnsted acidic or/and Bgnsted Iséteis. The fourth function was recorded
from a surface does not have dissociable surfamgpgy but adsorption centers for hydronium
(H") and hydroxyl (OF ions. The strong dependence of the zeta-potewdiles on the
concentration of hydronium (Hand hydroxyl (OH ions (expressed as pH value) make sure
that H and OH arepotential-determining ion§pdi). Obviously, these ions control the charge
density in theslip plane Dissolved ions, which are not specifically adsatlon the solid sur-
face are callethdifferent ions.These ions do not control the surface potential.

If hydronium ions (H) are adsorbed on suitable surface sites (Bgnstsid groups) the sur-
face charge becomes positive and the correspormétaypotential values have plus signs
(Fig. 9a). The increase of the hydroxyl ion concatiin propagates the deprotonation of the
positively charged surface sites. The zeta-potewsilmes decreases, cut the zero line at pH =
pHiep (see below) and become negative as a result ofddHhdsorption (Fig. 9a).

+Z| PHEEP d)
a)
0 PH
B-B-NC)
b)

—C

Fig. 9: Typical shapes af = {(pH) plots for sample surfaces endowed with Bgnstasic
sites (a), Bagnsted acidic sites (b), coexistingdbenh acidic and basic sites (c). Plot (d) is ty-
pical for inert surfaces having neither Bgnsted acidic nor bass.sThe meaning of pkb
(isoelectric point) at pklL o is explained below.
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Bansted acidic sites attract hydroxyl ions (Dkuvhich initiate dissociation reactions in a se-
cond step. The formed negative surface charges caia-potential values with minus signs
(Fig. 9b). With increasing the pH value the progres$ dissociation reactions increases the
amount of the zeta-potential values. However, saraple surface the number of dissociable
Bansted acidic sites is limited. If all dissociaBlegnsted acidic sites are dissociated the zeta-
potential remains constant and a plateau of thetimm¢ = {(pH) is observed (Fig. 9b).

Fig. 9c shows a typical functiah= {(pH) of a sample surface containing Bgnsted aadic
well as Bgnsted basic sites. Its amphoteric charaen be identified by the two clearly pro-
nounced plateau levels indicating the hydroniunsiadsorption and the dissociation of the
basic functionalities.

Surfaces do not have Bgnsted acid or base groupls,as many fluoropolymers, polyolefins
and many other polymers are characterized by cujves (pH) as shown in Fig. 9d (gray
line). Positive zeta-potential values result frame @dsorption of hydronium ions. With in-
creasing the pH value the increased number ofi@t$ compensate the positive surface char-
ge. The zeta-potential values decreases. At higHevalues the preferential Olddsorption
turns the surface net charge and the zeta-potestnagative. Of course, on the sample surfa-
ce the number of adsorption sites is limited arelzéta-potential values should reach a pla-
teau value. But all Hand OHions are wrapped by a water shell. On the hydrbjghsurface
the water molecules cannot be stabilized. Adsorimng oust their water molecules and in-
crease more and more the surface charge densithamdrresponding zeta-potertial

As mentioned above, ion adsorption and dissociatgattions charge a solid surface. The
charging mechanism can be studied by carrying leatrekinetic experiments in depends of
pH. For such experiments an equilibrium betweenstilel and liquid phase is required and
vice versa the pH-dependence of the calculatedpmtntial values contains information on
the solid/liquid equilibrium (see Chapte8sgle acid site dissociation modmhdMolar free
enthalpies of ion adsorption, adsorption enthalpg adsorption entropy

Isoelectric point and point of zero charge

In Fig. 9 each functio = {(pH) is characterized by a pH value where the petential
equals zero. This pH value is callisdelectric poin{pHep = pH} = o). In electrokinetic expe-
riments phkp cannot be directly determined because all equatasailable to calculate the
zeta-potential are discontinuous for 0. Hence, pip must be determined by interpolation.
According to its definition the zeta-potential lsetpotential in theslip plane(see Chapter
Electrokinetic potential — zeta-potenfiaFollowing the established double layer modeks th
ion concentration of @otential-determining iorspecies j in thelip pIane(qSF) can be de-
scribed by a Boltzmann approach (eq. 4, ifand OH arepotential-determining ionsg can
be expressed by pH, pH = —-lgg;]).

z [F
c¥=cy [exg —— = (4c)
RLIT

At the pHep (wherel = 0) the exponential function is one arﬁf’equals the ion concentra-
tion in the bulk of the liquid (€). At pHep the surface can be uncharged and dbeer
Helmholtz planaloes not contain an excess neither of positivetynegatively charged ions.
In that case, the pkb equals thepoint of zero charg€pH,.. see below). But, at pkb the

" The zeta-potential value can have a plus or mags. In both cases the potential is considered amxi-

mum value because a potential is the always tlierdifce between two levels. At.fx, (mad the difference
becomes a maximum independently on the sign.
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inner Helmholtz planéwhich can be considered as the solid surfaceatsmbe charged and
the immobile ions in theuter Helmholtz planeompletely compensate the surface charges. If
dissolved salt cations or anions contribute todharge compensation (astential-determi-
ning ionsbesides th@otential-determiningd™ or OH ions) pHep and ph, are different. The
role of the accompanying salt ions can be testeeldwtrokinetic measurements in dependen-
ce on the salt concentration, such as pH-dependeasurements in0°, 110* 110° and
10102 mol* KCI. Shifted pHep values indicate a specific adsorption gmudential-determi-
ning properties of the electrolyte cations and/or asion

Thepoint of zero chargépH,.¢) is known from the colloidal chemistry. AccodingNernst’s
equation, thepoint of zero chargelescribes the state of an completehchargedsolid sur-
face @° = 0), which is in contact with an aqueous elegtekolution. It does not describe the
charge distribution in alip planeor in theouter Helmholtz planeUsually, the plg,c values
were determined by potentiometric titration expemts, which do not require a relative mo-
vement between the solid and the liquid phase.rnfiotaetric titrations are very useful to stu-
dy adsorption/dissociation equilibriums and deteethe number of surfaces sites, which can
be charged. Comparisons of pkand pH,c allow to explain the mechanisms of solid surface
charging.

Single acid site dissociation mod#&b]

Many solid surfaces consisting of functional grohpsing a Bgnsted acidic character. Hence,
most materials can be found in the nature are ctexiaed by a negative surface charge if
they are in contact with aqueous solutions of lawmmderate pH values. The dissociation
equilibrium of the Bansted acidic sites®#) is described in the following equation:
AS-H + HO ~——= A®S + H0™P (20)
The dissociation equilibrium (20) is characteribgtthe dissociation constant'K

e1s oqsp s 01SP
o= APOHOTT (A HE_[HO]

[A—H] [A~] Ka (21a)

(with [A®]® = activity of the dissociated Bansted acidic sifes0™]5" activity of hydronium
ions in the Stern plane, [A—HF activity of the Bgnsted acidic surface sites)

According to eg. (4c in the Chaptisioelectric point and point of zero chajgée activity of
hydronium ions in the Stern plane can be exprebgeal Boltzmann approach (eq. 21 b) and
Ka can be transformed into the corresponding yédue (eq. 21 c).

01SP = e _FE ) ode _F&
[H,0]%" = [H,0"] Edax;{ RU} exd 2.3@H]E@x;{ RU} (21b)

Ka = exp[-2.30K] (21c)

The de(gree of dissociatianis the ratio of the activity of dissociated Bgulsteidic surface
sites [A°]° and the activities of all Bensted acidic surfacess[A°]® + [A—H]Y):
[A®T° 1 _[AHP _ [H0°]™

CEACHPRATT T o T A T

L e NN
Kl (22a)

With egs. (21b) and (21c) we get:
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1
o=

(22b)

FLL

l1+exp - 23H{pH-pK,) ———
r{ HpH-pK.) -~ ¢ H}

The sum of all charge densities in the electrochahdouble layer must be zero (condition of

charge neurality):
O.diff + O.IHP + O.OHP — O.diff + O.SP: 0 _O.diff — O.SP (23)

In the case of univalently charged surface Sit8S the charge density in the Stern plaa&Y
can be expressed by the product of the number eofdibsociated speciesM, and their
charge g (with N, = number of acidic surface siteg,®=elementary charge). Employing the
Gouy-Chapman approack!(= 2) the charge density in the diffuse layef'() can be ex-
pressed by:

diff — o H FE{ —

o =[8E, &, & (RIT E‘slnl{ ZEREI'} LS (24)

As mentioned in the Chapté€harge formation and charge formation mechanismsalrd
surfacethe dissociation of Bgnsted acidic surface sitegpaopagated with increasing the pH
value in the liquid phase. If all dissociable grewre dissociatedi(= 1) the zeta-potential
values remain constant and a plate&d"f' = (pH)|, - 1] can be observed (Fig. 9b). From eq.
(24) we get:

const
N, = G/8t, &, @° (RIT &in _Fu (25)
& 2[R(T

Eq. (25) can be used to calculate the number ostdracidic surface sites on a solid surface.
For the determination of J\electrokinetic experiments in dependence on pHexgeired.

The combination of egs. (22b), (24) and (25) giaesequation, which can be used to calcu-
late the acid strength of a solid surface:

const
J8E, &, E:“EREI’BBin){—ZEEU} -
7 :\/SE:OErE:”ERHBinF{—%} (26a)
1+exp - 23{pH-pK,) ———
r{ HpH - pK.,) RH}
const
F Sin{_zin}
pK, =pH+0.434 L +1In -1 (26b)
"5t
sinn —
2[RT

The knowledge of the zeta-potential plateau valii®%) and the use of pairs of variates [pH;
(] from electrokinetic measurements gives a funcpé = pKy(pH). A solid surface endo-
wed with Bgnsted acidic surface sites can be cenmsitlas a polyacid. Each acidic surface
group has a corresponding p¥alue. The pKvalue of the most acidic surface group can be
considered asitrinsic or non-electrostatic pKvalue of the solid surface. During the disso-
ciation of this most acidic group one negative acgfcharge is generated. This charge influ-
ences the adsorption of the second @M, which is necessary to dissociate the secarfd-s

ce group. The additional electrostatic repulsidadteostatic interaction) shifts the pKalue

for the second dissociation slightly to a highelugaThe high number of dissociable surface
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sites and the number of negative surface chargesasing with the dissociation’s progress
results in the pH-dependence of pK

Molar free enthalpies of ion adsorption, adsorptemthalpy and adsorption entropy
Electrokinetic experiments can be carried out ipethelence on the concentration of a salt or

an other substance (e.g. ionic surfactants) dissolv water. Fig. 10 shows typical functions
¢ =(x), where x is the molar fraction of the dissolveds.

+

Xmax

Fig. 10: Typical shapes @f= {(x) plots in dependence on the valence of eledeabns [va-
lence of cations : valence of anions =4(a); 3: 1 (b); 2: 1 (c); 1: 1 (d)]. Figure according
to Jacobasch [17].

Some of the, = {(x) functions shown in Fig. 10 are characterizedh®y appearing of a tur-
ning point [nax Lmad™ P29 1) In the literature, the real existence of a tugnint is very
controversially discussed. According to the simptern theory a different number of ions
near the solid surface and the liquid’'s bulk ph@&seequired to generate an electrical
potential. In a liquid, which is not able to progidharge carriers electrokinetic phenomena
cannot be observed. Liquids with a high concerdnatif ions have nearly the same number of
ions in their bulk phase as present in the elebeotcal double layer. A potential cannot be
generated and no electrokinetic phenomena are@zsécompression of the electrochemical
double layer). Between the two ultimate states gng charge carriers vs. to much charge
carriers) where the zeta-potential has to be zbe,zeta-potential is different of zero and
must pass a turning point. '

lons adsorbed in the immobile layer contributehte ¢tharge densityo) of that layer. In eq.
(13) the potentialy') in the z layer can be approximated by the zeta-poterttal (

o =FIN 1 - 1

1+1@XF{%+FEI} 1+1@XF{%—FE&}

X RO X RO (13a)

The turning points [¥ax {mad IN the { = {(x) functions are characterized by{dx) = 0. The
differentiation of eq. (13a) gives two egs. (27ayl §27b) containing the non-electrostatic
adsorption free enthalpies of catiods;j and anions®o) [6].
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Py + Po = 2ROIY [Xmay (27a)
®p —Po = 2F{max (27b)

In the state of equilibrium th@olar adsorption free enthalmf the ion species PaudG <) is
the sum of the ions’ non-electrostaticintrinsic adsorption free enthalpyp() and the elec-
trostatic contributiow;Fld, where depends on pH and concentration (x) of the liganedse.

BaaGi = (PH, X)bq = P + V;HId(pH, X) (28)
BagS3; ™ (PH, X)bq = —RT T [Kags]eq (29)

Van't Hoff’s reaction isotherm (eq. 29) shows tle¢ationship between thaolar adsorption
free enthalpyand the equilibrium constant.{. As mentioned above (Chapt®mngle acid
site dissociation modethe dependence of the zeta-potential on the cdrateon of thepo-
tential-determining ionse.g. pH and/or x, results in a concentration ddpace of thenolar
adsorption free enthalpieend the equilibrium constants.

Employing the fundamental thermodynamic potentgction (eq. 30) thenolar adsorption
enthalpy(Aaadi©) as well as thenolar adsorption entropfaqsS ) of the ion species j can
be determined from temperature-dependent electtkiexperiments.

Dag G = DagH e — TS < (30)
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