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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
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The basic theories and understanding of the electrokinetic and electroacoustic phenomena in a liquid
suspension, an emulsion, or a porous body are presented within this part of ISO 13099 as an introduction to
the subsequent parts, which are devoted to specific measurement techniques.

Many processes, from cleaning water, after either human or industrial fouling, to the creation of stable
pharmaceutical suspensions, benefit from an understanding of the charged surfaces of particles. Also, causing
the particles of a targeted mineral to have an affinity with respect to air bubbles, is a mechanism employed in

the

recovery of some minerals.

It sh
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phe

ould be noted that there are a number of situations where electrokinetic and electroacoustic meg

most important of these situations are:

potential determining ion (e.g. pH titration);

identification of a saturation plateau in the adsorption indicating optimum dosage for a disperg
relative comparison of various systems with regard to their electric surface properties.

determination of zeta-potential, which is not a directly measdrable quantity, but one that is es
use of an appropriate theory, can be interpreted to establish the region of stability for some s

filter bed or settling out in a lagoon can be set to facilitate the clean-up of fouled water.

document follows the IUPAC Technical Report on measurement and interpretation of e
nhomena (Reference [1]) and general References [2]-[5].

surements,

out further interpretation, provide extremely useful and unequivocal information for technaelagical purposes.

identification of the isoelectric point (or point of zero zeta-potential) by electroKinetic titrafions with a

identification of the isoelectric point by titrations with other reagents such as surfactants or polyglectrolytes;

ing agent;

ablished by
Ispensions.

etermining the isoelectric point, conditions for the optimum coagulation of particles prior to either capture

ectrokinetic
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INTERNATIONAL STANDARD ISO 13099-1:2012(E)

Colloidal systems — Methods for zeta-potential
determination —

Part 1:
Electroacoustic and electrokinetic phenomena

1 [Scope

Thig part of ISO 13099 describes methods of zeta-potential determination, both electric and pcoustic, in
hetgrogeneous systems, such as dispersions, emulsions, porous bodies with liquid dispersion megium.

There is no restriction on the value of zeta-potential or the mass fraction of the, dispersed phase; poth diluted
and|concentrated systems are included. Particle size and pore size is assumed t0 be on the micrometre scale
or smaller, without restriction on particle shape or pore geometry. The characterization of zeta-potgntial on flat
surfaces is discussed separately.

Thelliquid of the dispersion medium can be either aqueous or non-adueous with any liquid conductiyity, electric
perinittivity or chemical composition. The material of particles cap-be’electrically conducting or non-conducting.
Dodble layers can be either isolated or overlapped with any thickness or other properties.

Thig part of ISO 13099 is restricted to linear effects on electric field strength phenomena. Surfade charge is
asspimed to be homogeneously spread along the inteffaces. Effects associated with the soft sufface layers
confaining space distributed surface charge are beyehd the scope.

2 |Terms and definitions

For the purposes of this document, the-following terms and definitions apply.

2.1| Electric double layer

NOTE The electric double layer (EDL) is a spatial distribution of electric charges that appears on and @t the vicinity
of thie surface of an object when‘it is placed in contact with a liquid.

21.
Dehye—Hiickel approximation
model assuming,Small electric potentials in the electric double layer

21.2
Delhye length
Pl
characteristictengthrof theefectric doubte tayerimarmefectrotyte sotution

NOTE The Debye length is expressed in nanometres.
213

diffusion coefficient

D

mean squared displacement of a particle per unit time
21.4

Dukhin number

Du

dimensionless number which characterizes contribution of the surface conductivity in electrokinetic and
electroacoustic phenomena, as well as in conductivity and dielectric permittivity of heterogeneous systems

© 1S0O 2012 — All rights reserved 1
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21.5

dynamic viscosity

n

ratio between the applied shear stress and the rate of shear of a liquid

NOTE 1

which is being deformed by shear stress.

NOTE 2
NOTE 3

21.6
electric su
O

charges on
of the surfa

NOTE

217
electric su

Yo

difference i
NOTE

21.8
electrokin

It
zeta-potenttial

(-potential
¢

difference i
NOTE

21.9

i

H

H

Dynamic viscosity determines the dynamics of an incompressible newtonian fluid.

Dynamic viscosity is expressed in pascal seconds.

For the purposes of this part of ISO 13099, dynamic viscosity is used as a measure of the resistance of a fluid

rface charge density

an interface per area due to specific adsorption of ions from the liquid bulk, or due to\dissocizs
Ce groups

Flectric surface charge density is expressed in coulombs per square metre.

rface potential

N electric potential between the surface and the bulk liquid

Electric surface potential is expressed in volts.

ic potential

N electric potential between that at the slipping plane and that of the bulk liquid

Electrokinetic potential is expressed in volts:

Gouy-Chapman-Stern model

model desg

2110
isoelectric

condition of

2111

ribing the electric doubledayer

point
liquid medium,<sually the value of pH, that corresponds to zero zeta-potential of dispersed parti

slipping plane

shear plan

abstract plgng inthe vicinity of the liquid/solid interface where liquid starts to slide relative to the surface u
influence ofLa-shear stress

tion

cles

Tder

2112
Stern pote

YA

ntial

electric potential on the external boundary of the layer of specifically adsorbed ions

NOTE

Stern potential is expressed in volts.

2.2 Electrokinetic phenomena

NOTE

Electrokinetic phenomena are associated with tangential liquid motion adjacent to a charged surface.
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2.21

electroosmosis

motion of liquid through or past a charged surface, e.g. an immobilized set of particles, a porous plug, a
capillary or a membrane, in response to an applied electric field, which is the result of the force exerted by the
applied field on the countercharge ions in the liquid

2.2.2
electroosmotic counter-pressure

Apeo
pressure difference that is applied across the system to stop the electroosmotic flow

NOTE 1 The electroosmotic counter-pressure value is positive if the high pressure is on the higher electric potential side

NOTE 2 Electroosmotic counter-pressure is expressed in pascals.

2.2,
eleg¢troosmotic velocity

Veo
unifprm velocity of the liquid far from the charged interface

NOTE Electroosmotic velocity is expressed in metres per second.

2.2,
eleg¢trophoresis
moyement of charged colloidal particles or polyelectrolytes, immersed in a liquid, under the inflience of an
extgrnal electric field

2.2,
elegtrophoretic mobility

elegtrophoretic velocity per electric field strength

NOTE 1 Electrophoretic mobility is positive if\the particles move toward lower potential (negative elgctrode) and
negative in the opposite case.

NOTE 2 Electrophoretic mobility is expressed in metres squared per volt second.

Ve

pariicle velocity during €lectrophoresis

NOTE ElectropHorgtic velocity is expressed in metres per second.

2.2)7

sedimentation potential

Usefi

potentialhdifference sensed by two electrodes placed some vertical distance apart in a suspensipn in which

parﬂiplnc are sedimentina under the effect of aravity
~J ~J J

NOTE 1 When the sedimentation is produced by a centrifugal field, the phenomenon is called centrifugation potential.
NOTE 2 Sedimentation potential is expressed in volts.

2.2.8
streaming current

Istr
current through a porous body resulting from the motion of fluid under an applied pressure gradient

NOTE Streaming current is expressed in amperes.

© 1S0O 2012 — All rights reserved 3
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229
streaming
Jstr

current density

streaming current per area

NOTE

2.210
streaming
Ustr

Streaming current density is expressed in coulombs per square metre.

potential

potential difference at zero electric current, caused by the flow of liquid under a pressure gradient through a

capillary, pl

g
N

NOTE 1
capillaries of

qg
N

NOTE 2

221

19, dlaphragm or membrane

treaming potentials are created by charge accumulation caused by the flow of countercharges in
pores.

treaming potential is expressed in volts.

surface conductivity

KG
excess eled

g
N

NOTE

2.3 Elect

NOTE i
that containg
heterogeneo]
on the naturg

trical conduction tangential to a charged surface

urface conductivity is expressed in siemens.

roacoustic phenomena

Flectroacoustic phenomena arise from the coupling betweensthe ultrasound field and electric field in a |
ions. Either of these fields can be primary driving force. Liguid might be a simple newtonian liquid or com

us dispersion, emulsion or even a porous body. There.are several different electroacoustic effects, depen
of the liquid and type of the driving force.

side

quid
plex
ding

field

d to

2.31

colloid vibfation current

CVI

Icvi

a.c. current penerated between two electredes, placed in a dispersion, if the latter is subjected to an ultrasonic
NOTE Colloid vibration current is expressed in amperes.

2.3.2

colloid vibfation potential

Cvu

a.c. potentigl difference-generated between two electrodes, placed in a dispersion, if the latter is subjecte
an ultrasonic field

NOTE Colloid\vibration potential is expressed in volts.

233

electrokinetic sonic amplitude

ESA

AesA

amplitude is created by an a.c. electric field in a dispersion with electric field strength, E; it is the counterpart of
the colloid vibration potential method

NOTE 1

NOTE 2

See Reference [6].

Electrokinetic sonic amplitude is expressed in pascals.
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2.3.4

ion vibration current

VI

a.c. electric current created from different displacement amplitudes in an ultrasound wave due to the difference
in the effective mass or friction coefficient between anion and cation

NOTE 1 See References [7][8].
NOTE 2 lon vibration current is expressed in amperes.

2.3.5

streaming-vibration-—ctrrent
Svi

strepming current that arises in a porous body when ultrasound wave propagates through it

NOTE 1 See References [9][10].

NOTE 2 A similar effect can be observed at a non-porous surface, when sound is bouncéd eff at an obligqjie angle, see
Refgrence [11].

NOTE 3  Streaming vibration current is expressed in amperes.

3 [Symbols
a particle radius
c electrolyte concentration in the bulk

Cqi| double layer capacitance

cj concentration of the ith ion species

D, | diffusion coefficient of cations

Deffl  effective diffusion coefficient of the\electrolyte
Du | Dukhin number

D_ | diffusion coefficient of aniens

e elementary electric\‘charge

F Faraday constant

K° | surface eenductivity

ke Boltzmann constant

Km | cconductivity of the dispersion medium

Kp conductivity of the dispersed particle

Ks conductivity of the dispersion

m parameter characterizing electroosmotic flow contribution to surface conductivity
Na  Avogadro’s number

p pressure

geo electroosmotic flow rate per current

R ideal gas constant

© 1S0O 2012 — All rights reserved 5
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r radial distance from the particle centre
Rc radius of cell in electrokinetic cell model
T absolute temperature

Ustr streaming potential

X distance from the particle surface

Z acoustic impedance

Zt valer|cies of the cations and anions
zj valer|cy of the ith ion species

& vacupm permittivity

&m relative permittivity of the medium
& relative permittivity of the particle

¢ electfokinetic potential, zeta-potential

n dynamic viscosity

K recipfocal Debye length

u electfophoretic mobility

Ld dynamic electrophoretic mobility
pm  medium density

pp  parti¢le density

Ds densijty of the dispersion

o electfic surface charge density

o4 electfic charge density of the diffuse layer
0} volurhe fraction

@over critical volume fraction

yd  Sterr] potential

w(x) electfic potential in the double layer

Q drag [coefficient

® rotational frequency
whg critical frequency of hydrodynamic relaxation

omw  Maxwell-Wagner relaxation frequency

4 Theory: general comments

Theory is an essential element in calculating zeta-potential from the measured data. However, there is no
theory which is valid for all real systems. Instead, there is a multitude of different theories that are each valid
for a certain subset of real dispersions and conditions. It is convenient to organize the theories into two groups:
elementary theories and advanced theories.

6 © 1S0 2012 — All rights reserved
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The elementary theories encompass several theories for non-conducting solids having a common basis for all
electrokinetic and electroacoustic phenomena. These were originally established and applied to electrophoresis
in Reference [12] and subsequently developed for other electrokinetic and electroacoustic effects. These
theories have the remarkable features that they are valid for any shape, concentration of particles and any
geometry of pores in porous body.

An important feature of the elementary theories is that there is only one EDL parameter, the zeta-potential.
These theories allow direct calculation of zeta-potential from experimental data. All instruments that report
zeta-potential values apply one or another version of the elementary theories, which are appropriate for the
corresponding measurement.

Elefnentary theories have resiricted validity range. Applicalion of these theories beyond theirv3lidity range
leads to substantial errors in absolute values of the zeta-potential. These errors can be tolerated\fpr purposes
of monitoring relative variations. However, there are many instances when accurate absolute) valyies of zeta-
potential are required. There are more sophisticated theories for such cases.

Thejse more specific theories, referred to here as advanced theories, are described”in Annexegs C and D.
Thesse theories contain some other parameters of the EDL, such as Debye lengthy-strface condugtivity, Stern
poténtial (References [2]—[4]). Applications of the advanced theories to zeta-potential calculation fare not that
direft. Additional assumptions or even measurement techniques are required.

5 |Elementary theories, Smoluchowski’s limit for electrokinetics

5.1 General

Theye are three restrictions that define the range of validity of the Smoluchowski theory for any electrokinetic
and|electroacoustic phenomena.

The first requirement is that the EDL be thin cémpared to the characteristic size of the hetg¢rogeneous
sysfem (see A.4):

Ka >> 1 (1)
Many aqueous dispersions satisfy, this condition. This condition is not valid for nano-particles gt low ionic
strepgth in aqueous solutions andfor many organic liquids.

The]second requirement is-a negligible contribution of the surface conductivity (Annex B):
Du << 1 2)
The| third requirement is that the interface does not conduct normal electric current between phases. This

congition is valid for non-conducting particles, ideally polarized metal particles, and porous bodies|{with a non-
conguctingsmatrix.

5.2 _Electrophoresis

The Smoluchowski equation (Reference [12]) for the electrophoretic mobility, u is.

— gmgog (3)
n

u

The derivation of this equation requires no EDL model.

© 1S0O 2012 — All rights reserved 7
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5.3 Electroosmosis

The electroosmotic flow rate of liquid per unit current, geo, can be derived from:

gmgoé’
=—— 4

9eo K., “4)
where Kn, is the conductivity, in siemens per metre, of the medium.
5.4 Streaming current or potential
In general, it is impossible to quantify the distribution of the electric field and the velocity in pores with unknpwn
or compleq geometry. However, this fundamental difficulty is avoided at the Smoluchowski limit,;» when
hydrodynamic and electrodynamic fields have the same space distribution.
The value of the streaming potential Ustr is obtained by the condition of equality of the conductiényand strearing

currents (th

e net current vanishes). According to Kruyt (Reference [5]) this leads to the simiple’ Formula (5}:

Ustr — _?mSOZ; (5)

Ap nKm
Formula (5)|does not contain geometric parameters, which makes it very convenient for determining zeta-potential.
5.5 Sedimentation potential or current
There is an|analogue of the Smoluchowski equation [Formula (5)] forsedimentation potential, Useg:

Emeol (Pp — Pm)gde
Used = (6)
nKm

where d is the distance between the points where the potential is measured and g is the acceleration due to grgvity.
6 Elementary theories, Smoluchowski’s limit for electroacoustics
6.1 General
Electroacoystic theory, following( electrokinetic theory, operates with a notion that it is closely relatefl to
electrophorgtic mobility. Thisso*called dynamic electrophoretic mobility, uq, is the generalization of| the

electrophor

The relatiopship between dynamic electrophoretic mobility and experimental electroacoustic data is ng

trivial as th4
electroacou

btic mobility copeept for high-frequency oscillating particle motion.

tin the case of electrokinetics. The additional theoretical step has been made through the O’'B
stic theery (Reference [14]), which is valid for concentrated systems as well as dilute ones.

t as
rien

According tpthe O’Brien relationship, the average dynamic electrophoretic mobility, g, is defined as:
Pm 1
Mg = Agsa
?(pp — Pm) A@)F(Z) -
P 1
Mg =Ty "

?(pp — Pm) A@)F(Z)

where 4Agsa or Icy are normalized with respect to corresponding driving forces. 4(w) is an instrument constant
found by calibration, and F(Z) is a function of the acoustic impedances of the transducer and the dispersion
under investigation. The densities of medium and particles, pm and pp, are required, as well as the volume
fraction of particles ¢.

According to O’Brien, a complete functional dependence of electroacoustics on key parameters, such as zeta-
potential, particle size and frequency, is incorporated into the dynamic electrophoretic mobility. For all cases

© 1SO 2012 — All rights reserved
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considered, the coefficient of proportionality between electroacoustic signal and dynamic electrophoretic
mobility is independent of particle size and zeta-potential. This feature makes the dynamic electrophoretic
mobility an important and central parameter of the electroacoustic theory.

There are two versions of the dynamic electrophoretic mobility theory at the Smoluchowski limit: when EDL
is thin and when surface conductivity is negligible. This is expressed with the same two conditions as in the
electrokinetic theory [Formulae (1) and (2)].

The first one is for dilute systems with negligible particle—particle interaction (Reference [14]), valid for
spherical particles only, but with no restriction on the particle size except that the size be small compared to
the sound wavelength. This is called “O’Brien theory for dynamic electrophoretic mobility”. It is more limited
tharf Smoluchowski theory for electrophoresis, which is valid Tor any particle shape and conceniration.

The
Thisg
mol
(Re

6.2

Thig

wheg

The|
the
the

For

Flol

freq
rela
Thig

other version of the electroacoustic theory is almost as general as Smoluchowski theory forelec
canbeachievedbyrestrictingthe frequencyrange. Ifthe frequency is sufficiently low, dynamicele
ility becomes identical to the static electrophoretic mobility. Currently, this theory is.available

erences [15][16]). It is referred to as “Smoluchowski limit theory for dynamic eleétrophoretic m

O’Brien’s theory for dynamic electrophoretic mobility

theory does not take into account particle—particle interactions, and:is\thus valid only in dilute
2
- 8r:';—‘gogc(s)p + F(o")]
7

re
14 (14 j)s
1+ (1+ s +j(252/9 {[3+2 [(Pp -~ Pm) /pm]]}
/gm]
2+ 02+ (ep /2m)|

a’wp,, _
=%

G(S)

1+ja)'[

(0')=

2 (0]

S

Oy

frequency dependencé of dynamic electrophoretic mobility is determined by the two factors s2 an
square root of —1. Thefactor G(s), reflects the frequency dependence related with the inertia effed
actor F(w”), represents the influence of the Maxwell-Wagner polarization of the EDL (Referencd

aqueous celleids, the inertia factor, G(s), plays a more important role than the EDL polariz
). The inértia factor dramatically reduces the magnitude of the dynamic mobility of larger part
uencies;-In addition to reducing the amplitude, the inertia factor also causes a lag in the par
ivedosthe external driving force, and this interposes a phase shift on the dynamic electrophorg
phase shift reaches a maximum value of 45° at the high-frequency limit.

rophoresis.
Ctrophoretic
or CVI only
Dbility”.

lispersions.

(8)

©)

(10)

d w” andjis
ts, whereas
s [17]-[19]).

ption factor,
cles at high
ficle motion
tic mobility.

Neither of these two factors is important at low frequency when the G(s) and F(w

”) factors approach 1 and 0,5,

respectively. This means that at sufficiently low frequency, dynamic electrophoretic mobility depends only on
those factors that are taken into account by the Smoluchowski theory for electrophoresis.

6.3

Smoluchowski limit theory for dynamic electrophoretic mobility

This version of the theory (References [15][16]) is important because it is as general as Smoluchowski theory,
within its range of validity — sufficiently low frequency. It is adequate for particles of any size, any shape and,
most importantly, any concentration including highly concentrated systems.

There are two critical frequencies that determine the valid range of this theory, together with the Smoluchowski
restrictions, Formulae 1 and 2.

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=6004e4d0ddb350217ca4b0fd6d8ad32a

ISO 13099

-1:2012(E)

The critical frequency of hydrodynamic relaxation (wpg) determines the range of the particle inertia and that of
the influence of the factor G(s). This factor becomes negligible when frequency w satisfies the condition:

WO<<Wpg =

2
Pma

(1)

The critical frequency of EDL electric polarization oy presents a frequency range where the second factor,
function F(w”), becomes negligible:

<<y =

Km
FoPetofa)

(12)

The expres
(Reference

&n

le0l Ks (Pp = Ps)Pm

Hyq =

7 Advanced theories

Application
involved. O
surface pro
several wayj
in Annex C
additional p
steps in thig

Estimation
hand, inforr

N Ky (Pp—Pm)Ps

of the advanced theories is much more complicated, because ,other parameters of the EDL
h the other hand, application of these theories allows much mare, detailed description of the ele
perties. The two most important parameters are the Debyedength and Dukhin number. There
5 of characterizing these parameters for the proper use of the.advanced theories. They are descr|
. Increasing complexity of the measuring procedure yiélds more detailed determination of th
arameters, which in turn leads to the more accurate zeta-potential value. There are several distin
balance between complexity of the measuring procedure and accuracy of the zeta-potential.

pf the Debye length using conductivity is simpter than measuring Dukhin number. On the o
nation on the Debye length allows us onlydimited modelling of the surface conductivity (Anne

is so-calle

becomesd
of electroph
O’Brien the

This appro(I

The next Ig
surface cor
studies indi
of the Du ¢
suitable is 4
be based o

theory (D.5).

The overla

ch requires the assumption that surfage conductivity is only associated with the diffuse lay
“standard Debye length model” whefe according to Lyklema (Reference [2]) the Dukhin nu
pendent only upon Debye length and zeta-potential (Formula B.4). There are two analytical theg
oresis that can be applied in this-case: simplified Dukhin—Semenikhin theory (Formula D.10)
bry (Formula D.11).

vel of complexity requires”’direct measurement of the Dukhin number, which takes into acc
ductivity not only in the-diffuse layer, but under it and even in the Stern layer. There are a numb
cating the importance©f this stagnant layer surface conductivity (Reference [2]). Direct measuren
bn be achieved(using several different experimental procedures (Reference [2]). One of the 1
ased on the_ conductivity measurement, as presented in Annex C. Calculation of zeta-potential
h the numerical procedure by O’Brien and White (D.2), or general Dukhin—Semenikhin analy|

p of EDL is another factor that complicates theoretical interpretation. It becomes importan

sion for dynamic electrophoretic mobility at this limit was derived only for colloid vibration curlrent
5 [15][16]):

(13)
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volume fractions, as discussed in A.4. There are two theories that take into account this factor for both
electrophoresis (D.6) and electroacoustics (E.4).

Each particular study of zeta-potential requires a certain level of accuracy. This accuracy determines the
complexity of the theoretical interpretation procedure and the choice between either elementary or appropriate
advanced theory.

8 Equili

brium dilution and other sample modifications

A comparison of different methods is complicated by the fact that the zeta-potential is not only a property of
particles alone, but also depends on the chemical equilibrium between particle surface and the liquid. Any variation
of the liquid chemical and ionic composition affects this equilibrium and, consequently, affects zeta-potential.

10
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This presents a problem for methods that require extreme dilution of the sample. Dilution can change the
chemical composition of the liquid, if special measures are not taken. The sample preparation shall follow a
procedure so that zeta-potential is not changed from the original system to the diluted sample.

This procedure requires, upon dilution, not only that particles and their surfaces remain identical between the
original and diluted systems, but also that liquids remain identical. This condition is not easy to satisfy if both
dilution and surfactant stabilization of the sample are involved. The sample preparation procedures can affect
liquid composition tremendously.

The sample preparation shall use the so-called equilibrium dilution procedure, which employs the same
liquid as in the original system as a diluent. After dilution, the only parameter that has changed is the particle
confentration. Only sample preparation based on equilibrium dilufion provides zeta-potential vallies that are
identical between the original system and the diluted sample.

There are two approaches to the collection of the liquid used for dilution. The first copsists of gxtracting a
supgrnatant using sedimentation or centrifugation. This supernatant can be used for diluting the irfitial sample
to the degree that is optimal for the particular measuring technique. This method is.Sujtable for large particles
with sufficient density contrast. It is not very convenient for nano-particles and soft,biological sys”[-lms.

The| other approach, more suitable for nano- and bio-colloids is to employ dialysis. Dialysis menpbranes are

reqyired that are penetrable for ions and molecules, but not for colloidal pariicles (Reference [15])

In spme rare cases, there can be a need to prepare more concentraied'samples from the dilute on¢s. This can
be gchieved by initially separating particles from the liquid and the{fe~dispersing them in the same [liquid but at
a higher volume fraction.

© 1S0O 2012 — All rights reserved 1
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A.1

Annex A
(informative)

Electric double layer models

General
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made signifjcant improvements by introducing a diffuse model of the EDL, in which the electric potential deq
y away from the surface into the bulk liquid=<The Gouy—Chapman model fails for highly chafged

exponential
EDLs. In or
adjacent to
one most ¢

There are s
ions ar
the onl
electrid

dynam

There are
model, whig

(Ilt, or porous body. The structure consists of two parallel layers of electric charges. One layer (e

ble layer (EDL) is a spatial distribution of electric charges that appears on and at the vicinity ot
n object when it is placed in contact with a liquid. This object might be a solid particle, gas’buf]

egative) coincides with the surface of the object. It is the electric surface chargeCThe other |
d. It electrically screens the first one. It is diffuse, because it forms under the influence of ele
hd thermal motion of free ions in fluid. It is called the diffuse layer.

DL is usually most apparent for dispersions and emulsions with sizes-on.the micrometre or €
5cale or porous bodies with pore sizes on the same scale.

very important role in real world systems. For instance, milk eXists only because fat dropletg
h an EDL that prevents their coagulation into butter. EDLs exist in practically all heterogeng
systems, such as blood, paint, inks, ceramic slurries, cement slurries, etc.

model of the electrical EDL is usually attributed to Helmholtz (Reference [13]) who treated the
ally as a simple capacitor, based on a physical modehin which a single layer of ions is adsorbg
with compensating countercharges in the solutiony Later Gouy and Chapman (References [20]

fler to resolve this problem, Stern (Referenge [22]) suggested the introduction of an additional |
the surface that is now called the Sternttayer. The combined Gouy—Chapman-Stern model ig
bmmonly used.

ome limitations in the Gouy—Chapman—Stern model:

b effectively point charges;

y significant interactions’in the diffuse layer are coulombic;
permittivity is gonstant throughout the electric double layer;
c viscosity 0f-fluid is constant beyond the slipping plane.

more recent theoretical developments studying these limitations of the Gouy—Chapman-S
h have been reviewed in References [1]-[4].

the
ble,
ther
pyer
Ctric
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EDL
d at
21])
ays
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tern

Figure A1 il

xed

(equilibrium) double layer is the non-electric affinity of charge-determining ions for a surface. This process
leads to the build-up of an electric surface charge. This surface charge creates an electrostatic field that
then affects the ions in the bulk of the liquid. This electrostatic field, in combination with the thermal motion
of the ions, creates a countercharge, and thus screens the electric surface charge. The net electric charge in
this screening diffuse layer is equal in magnitude to the net surface charge, but has the opposite sign. As a
result, the complete structure is electrically neutral. Some of the counterions might specifically adsorb near the
surface and contribute to the Stern layer. The outer part of the screening layer is usually called the diffuse layer.

The diffuse layer, or at least part of it, can move under the influence of tangential stress. There is a conventionally
introduced slipping plane that separates mobile fluid from fluid that remains attached to the surface. The
electric potential at this plane is called the electrokinetic potential or zeta-potential.
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lre A.1 — lllustration of the&o’uble layer structure according to the Gouy—Chapman-S

electric potential on the Gﬁternal boundary of the Stern layer versus the bulk electrolyte is re
Stern potential, yA. lectric potential difference between the bulk of the fluid and the surfg

electric surface p@ al, y°.

eral experie dicates that the plane of shear (slipping plane) is located very close to the oute
e that dete es the Stern potential. The layer between this plane and the interface is usual
gnant layer). Both planes are abstractions of reality. This means that, in practice, the zeta-poter
" low! magnitude than the Stern potential, y4.

A cip@ eristic value of the electric potentials in the EDL at the slipping plane is 25 mV with a max

ern model

ferred to as
ce is called

r Helmholtz
y called the
tial is equal

imum value

around T00 mV for aqueous systems. The chemical composition of the sample that brings zeta-potential to zero
is called the point of zero zeta-potential or isoelectric point. It is usually determined by the pH value of the solution.

There are useful mathematical relationships between EDL parameters that can be found in the literature.

Sev

eral geometric configurations of the EDL are presented here.

© 1SO 2012 — All rights reserved

13


https://standardsiso.com/api/?name=6004e4d0ddb350217ca4b0fd6d8ad32a

ISO 13099

-1:2012(E)

A.2 Flat surfaces

The EDL thickness is characterized by the so-called Debye length, k1, defined by:

CiZj

2 2
K =F — A1
ZI_: emEoRT (A1)
where
F is the Faraday constant;
R s thegasTonstant;
T is the absolute temperature;
& Is the dielectric permittivity of vacuum;
&m is the relative permittivity of the liquid;
¢; is the molar concentration of the ith ion species.
z; is the absolute valency of the ith ion species.
For a symmjetrical electrolyte z, = —z_ =z
For a flat qurface and a symmetrical electrolyte of concentration ¢, there is a straightforward relationghip
between the electric charge density in the diffuse layer, o9, and the Stérn potential, y4, namely:
o9 = _{BezockT sinh ¥ h.2)
1m0 2RT '
If the diffusp layer extends to the surface, Formula A.2-ean then be used to relate the surface charge tq the
surface potgntial.
Sometimesiit is helpful to use the concept of a differential EDL capacitance. For a flat surface and a symmetfical
electrolyte, this capacitance per area is given'by:
d
cy=F  —e eoncosh V- (B.3)
dp 2RFE
For a symmetrical electrolyte, the€lectric potential, v, at a distance, x, from the flat surface into the EDL, is given by:
tanh| zFw)()/4RT
exp(—kj) = (=gl /4R ] (P-4)
tanh(sz/d /4RT)
The relationjship between the electric charge density and the potential over the diffuse layer for an asymmetric
electrolyte isgiven by:
d d d d V2
o= —(sgnu/ )1/2£msocRT [v+ exp(—z+y7 )+v_ exp(—z_lﬁ )—v+ —v_:| (A.5)

where v: is the number of cations and anions produced by dissociation of a single electrolyte molecule, and

7

d
_d_Fy

is a dimensionless potential given by:

RT

For the gen

14

eral case of an arbitrary electrolyte mixture, there is no analytical solution.

(A.B)
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A.3 Spherical isolated electric double layers

There is only one geometric parameter in the case of a flat EDL, namely the Debye length 1/k. In the case
of a spherical EDL, there is an additional geometric parameter, namely the radius of the particle, a. The ratio
of these two parameters, «a, is a dimensionless parameter that plays an important role in colloid science.
Depending on the value of xa, two asymptotic models of the EDL exist.

The thin EDL model corresponds to colloids in which the EDL is much thinner than particle radius, or simply:

Ka >>1 (A7)

The| vast majority of aqueous dispersions satisfy this condition, except for very small nano-parlicles in low
ioni¢ strength media. If it is assumed that for an ionic strength greater than 10-3 mol/l, correspopding to the
majprity of natural aqueous systems, the condition xa >> 1 is satisfied for virtually all particles having a size
abope 100 nm.

The| opposite case of a thick EDL corresponds to systems where the EDL is much-larger than fthe particle
radius, or simply:

Ka << 1 (A.8)
Many aqueous nano-dispersions at low ionic strength and the vast majority of dispersions in Hydrocarbon
media, having inherently very low ionic strength, satisfy this condition.

These two asymptotic cases allow one to picture, at least approximately, the EDL structure around spherical
parficles as shown in Figure A.2:

a) thin double layer b) thick double layer

Key
1 Debye length
2a particle diameter

Figure A.2 — lllustration of the “thin” and “thick” double layer models
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A general analytical solution exists only for low potential:

d RT
= A.9
v < (A.9)

At 25 °C, the value for the right hand side is approximately 25,8 mV.

This so-called Debye—Huckel approximation yields the following expression for the electric potential in a
spherical EDL, y(r), at a distance, r, from the particle centre:

= da r—a

1//(;»)_ 1 79){{1[-1{( );l (A.10)
The relationship between diffuse charge density and the Stern potential is then:

O'd=—£m£01('l//d[1+ij (A1)

Ka
This Debye}-Huckel approximation is valid for any value of xa, but this is somewhat misleading, since it coyers
only isolatefl double layers.
There is glso one important approximate relationship derived independently by several author$ in
Referenceg [23]-[25]:
~d
, 4 4tanh(zy9/4
o= P osinn ¥ (#7°/4) A.12)
K 2 Ka
It is approximately valid for values of xa above 2.
A.4 Overlapping double layers
The Debye+Hiuickel approximation does not takeinto account the probability of an overlap of double layerf as
in a concentrated dispersion, i.e. high volume'fraction. A simple estimate of this critical volume fraction, @gver,
the volume [fraction for which the Debye lehgth is equal to the shortest distance between the particles, is gjven
by Formula|(A.13) (Reference [16]):
0,52
Pover =|=—— 3 (A.13)
[1+(Vxa)]

This depenglence is illustrated in Figure A.3.
Itis clear thpt for ka >0 (thin EDL) we can consider the EDLs as isolated entities even up to volume fractjons
of 0,4. However, thesmodel for an isolated EDL becomes somewhat meaningless for small xa (thick EPL),
because EIDL overlap then occurs even in very dilute suspensions.
There is oné-extrere-case-thatoffersa-significantsimplification-efthe-theerr-WhenEBLs-everap-strorghsthey

lose their original exponential diffuse structure. The overlapping area becomes more and more homogeneous.
At the extreme, it can be imagined that charged particles are simply screened with a homogeneous cloud of
counter-ions. This is the so-called “homogeneous” model (Reference [26]).

This model yields a very simple relationship between surface charge density and zeta-potential, especially for
a monodisperse, dispersion of spherical particles:

F¢

_ARTA=p,
- m

3 F o

o¢ 2 sinh (A14)

Formula (A.14) reflects a very important distinction between “thin EDL’ and “overlapping EDLs". In the case of
the traditional “thin EDL’ theory, both surface charge and zeta-potential are surface properties, independent
of the volume fraction. In the case of “overlapping EDLs”, surface charge is a true parameter of the surface

16 © 1S0 2012 — All rights reserved
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properties. The electrokinetic zeta-potential can lead to erroneous conclusions, because it depends on the
volume fraction, not simply on the surface charge. This all indicates that both zeta-potential and surface charge
shall be reported when dealing with concentrated dispersions with thick EDL.

%over A
0,5 F

04 -

03

0,2 -

0.1

O f f el
0,01 0,1 1 10 100 «©

Key
Ka reciprocal Debye length times particle radius
Pove critical volume fraction

Figure A.3 — Estimate of the volume fraction of the overlap of the electric double layer
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B.1

Annex B
(informative)

Surface conductivity

General

Surface cofduction is the name given to the excess electric conduction that takes place in dispersed syst

due to the
of electric

conductivity
just like the

The motion
conductivity
contributior
adsorbed ¢
shear. The

harge and another due to the part of the diffuse layer charge thatcan reside behind the plan
Charge on the solid surface is generally assumed to be immobilé¢

resence of the electric double layers. Excess charges in them may move under the‘influe
elds applied tangentially to the surface. The phenomenon is quantified in terms of the sur
K@, which is the surface equivalent to the bulk conductivity, K. K° is a surface @xcess quar
surface concentration of a certain species.

of the diffuse layer charges located outside the shear plane always contributes to the sur
. This is the “Bikerman surface conductivity” (Reference [28]). In addition, there is a poss
due to conductivity of the stagnant layer. This can include one contribution due to the specifi

EMs
nce
ace
tity,

ace
ible
ally
e of

B.2 Calculation of the Dukhin number
The formulae in this clause apply to systems where the double fayer is thin compared to the particle radiusj i.e.
xa >> 1. The conductivity in the diffuse double layer outside the shear plane consists of two parts (Refergnce
[28]): a migration contribution, caused by the movement oficharges with respect to the liquid; and a convegtive
contributior], due to the electroosmotic liquid flow beyond the shear plane, which gives rise to an additipnal
mobility of the charges and hence leads to an extra ¢ontribution to K°. For the calculation of K° the Bikerman
equation cgn be used, which expresses K¢ as a, funiction of the electrolyte and double layer parameters. Hor a
symmetricdl electrolyte, a convenient expression.is:
ZezNAzzc 4 3m 4 3m
K® =F—4~ !D, |exp| -2 |- T+—= |+ D_|exp| =2 |-1|| 1+ —— (B.1)
kgT 2 22 2 z2
where
s zF(
$= kil
The paramgters ma-reflect the relative contribution of electroosmosis to the surface conductivity:
2
m, = 2[ BB Emfo B.2)
- 3l e ) nDy

A measure of the relative importance of surface conductivity is given by the dimensionless Dukhin number, Du,
which relates surface and bulk conductivities:

KO'

Du

K

(

ma

where « is the local radius of curvature of the surface.

18
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For the Bikerman part of the conductivity, Du can be written explicitly. For a symmetrical electrolyte, cation and
anion diffusion coefficients are identical, so that m, = m_ = m:

Du =£(1+3—Z][cosh§— ] (B.4)

Ka z

where

2
m=2[*L ] Emfo
3l e nDeff

Formula (B.4) for the Dukhin number reflects only the surface conductivity in the diffuse layef outside of
the shear plane.

B.3 Measurement of Dukhin number using conductivity

Surface conductivity through the stagnant layer increases the Dukhin numberin’some cases sjbstantially.
Thig requires direct measurement of the Dukhin number, because there is no explicit equation thgt would link
the Pukhin number with the double layer properties in this case.

Medsurement of the conductivity is the simplest way to obtain the additional experimental informat{on required
for galculation of Dukhin number. Maxwell-Wagner—O’Konski theety (References [17]-[19]) yields Formula
(B.§) for the conductivity of dispersion with non-conducting spherical particles, Ks:

Ky 1+Du—(p(1—2Du)

_ (B.5)
Ky 1+ Du+0,5¢(1-2Du)

Parameter Ks can be readily measured. The volume fraction ¢ is usually known, or easily meadqured with a
pycnometer. The measurement of the equilibrium.conductivity of the dispersion medium Ky, can be|determined
fronp the supernatant.
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Annex C
(informative)

Debye length

neral

eter is an estimate of the EDL thickness according to Annex A. It is important for understan
stability and particles interaction. It estimates an average distance of particles approaching €
id before electrostatic interaction becomes significant.

o ways to establish information on Debye length: calculation using Formula (A.1) ok-by measurem

culation of Debye length

tion of Debye length using Formula (A.1) only requires that the concentration of the sample ang
[ the ion species be known.

 works when the dispersion medium is prepared following a.defined recipe.

it is imperative to take special measures to remove impdrities by washing the powder. Pow
ain some chemical substances that can dissolve and substantially affect the chemical compos
rsion medium.

of estimating Debye length has very limited application. It does not work with liquids of unknown i
. It does not work in cases when particles interact with liquid. It can be strongly affected by impuri

y and pH measurement can assist in assessing the impact of impurities. This can be achieve
he conductivity and pH of the initial liquid and the final dispersion.

y measurement also provides.experimental data for the direct estimation of the Debye length.

psurement of Debye length using conductivity
] was suggested by,Dukhin and Goetz (Reference [16]):

EmEoDer
Km

certainty in Formula (C.1) arises from the unknown effective diffusion coefficient Defr. However,

ding
ach

ent.

the

lers
tion

bnic
fies.

] by

C.1)

this
ons

are similar and have values that at room temperature are in the range of 0,6 x 10™® m4/s to 2 x 10= m4/s. The

square root

of this variation yields uncertainty of the order of only tens of percentage points.

With regard to non-aqueous systems, the Fuoss theory (Reference [27]) can be used for relating diffusion
coefficient to the electric permittivity of the liquid.
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Advanced electrophoretic theories
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1:2012(E)
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For

elementary theories of electrophoresis presented in the main body of this part of ISO 13099 :Lssume thin

, negligible surface conductivity and non-conducting particle bulk, which is reflected through t
hematical expressions:

xa >> 1
Du <<1
Kp = 0

re are several theoretical developments that allow relaxation{of some of these restrictions ang
bral expressions for electrophoretic mobility.

O’Brien and White numerical theory
Reference [29].

is the most general approach, which.allows the calculation of the electrophoretic mobility fg
ersion of non-interacting spherical patrticles. All restrictions in Formulae (D.1) to (D.3) are rela

Henry—Ohshima theeory for conducting and non-conducting particles
References [30][31].
theory relaxes restrictions in Formulae (D.1) and (D.3). The restriction in Formula (D.2) remai
a non-conducting sphere, Henry derived the following expression (Reference [30]):

2emé&n
3

¢ f1(xa)

whe

ré-the function f4 varies smoothly from 1,0, for low values of xa, to 1,5 as xa approaches infinity

ne following

(D.1)

(D.2)

(D.3)

yield more

r any dilute
ed.

NS.

(D.4)

. Reference

(30]

gives two series expansions for the tfunction f1, one for small xa and one for large xa. Re

erence [31]

provides an approximate analytical expression which duplicates the expansion in Reference [30] almost exactly:

2,5
1+2exp

WH}N?’ |

1
f1(rca):1+§|l1+{m[

(D.5)

Formula D.4 can be used in the calculation of the electrophoretic mobility of particles with non-zero bulk
conductivity, Kp. With that aim, it can be rearranged as in Formula (D.6) (Reference [1]):

2€ €
p=="0¢F

377 (Ka’ KP )
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