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Foreword

[SO (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.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

There are several different types of porous materials, such as porous monoliths, porous particles, deposits of
solid particles, etc. Each of these different types can require a special sample handling system. This document
covers only those aspects of the measurement and interpretation of electrokinetic and electroacoustic
phenomena that are common for all these types of porous materials.

The determination of the zeta potential in wetted porous materials is complicated by the fact that this
parameter is not a directly measurable quantity. It is calculated from the measured electric signal (either
current or potential) that is generated in the wetted porous material by the liquid moving under the
influence of an applied pressure gradient. The theories used in the calculation will not be discussed in detail.

There are grmumberof sttuationrs whereetectrokireticamd etectroacoustic measurenents, withput further
interpretation, provide extremely useful and unequivocal information for technological purpesés. The most
important jof these situations are:

a) identification of the isoelectric point by titration of the zeta potential against a petential determining
ion (e.g. pH titration);

b) identification of the isoelectric point by titration with other reagemts such as surfpctants or
polyeléctrolytes;

c) identification of a saturation plateau in the adsorption indicating optithim dosage for a dispeifsing agent;

d) relative comparison of various porous materials with regard to-their electric surface properties.

© IS0 2024 - All rights reserved
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Methods for zeta potential determination — Streaming
potential and streaming current methods for porous
materials

1 Scope

This docun
with a liqu
or on the p
or smaller

This docuy
aqueous m,

This docun

2 Norm

hent specifies methods for the zeta potential determination in porous materials that ar
d where the pores are readily accessible. There is no restriction on the value of the zet
orosity of the porous material. A pore is assumed to be on the scale of hundreds-of m
without any restriction on pore geometry.

hent covers the applications of alternating current (AC) and direct current (DC) met
edia as wetting liquids.

nent is restricted to linear electrokinetic effects.

ative references

There are po normative references in this document.

3 Term
For the pui
[SO and IE
ISO On

IEC El¢

3.1 Terr

3.1.1
Debye len
K_].
characteris

Note 1 to en

s and definitions
poses of this document, the following ternis and definitions apply.
[ maintain terminology databases foryuse in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www.electropedia.org/

hs related to the electric double layer and the zeta potential

th

tic lengthrof the electric double layer (3.1.2) in an electrolyte solution

try: The Debye length is expressed in metres.

[SOURCE:

S0/13099-1:2012, 2.1.2, modified — In the Note to entry, "nanometres” has been

b saturated
a potential
icrometres

hods using

2]

Thanged to

"metres".]

3.1.2

electric double layer
spatial distribution of electric charges that appears on and at the vicinity of the surface of an object when it
is placed in contact with a liquid

© IS0 2024 - All rights reserved
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electric surface charge density

o

charges on an interface per area due to specific adsorption of ions from the liquid bulk, or due to dissociation
of the surface groups

Note 1 to en
[SOURCE: I
3.1.4

try: Electric surface charge density is expressed in coulombs per square metre.

SO0 13099-1:2012, 2.1.6]

electrokinetic charge density

Oek

effective c
surface cha

Note 1 to en

3.1.5
isoelectrig
condition d

[SOURCE: |
3.1.6

Targes at the shpping plame—{shear ptame)perarea duetopartiat compensation of
rge density (3.1.3) by the accumulation of oppositely charged solutes in the bulk liguid

try: Electrokinetic charge density is expressed in coulombs per square metre.

F point

SO 13099-1:2012, 2.1.10]

surface conductivity

KO‘
excess eled

Note 1 to en
[SOURCE: 1

3.1.7
electrokirn

trical conduction tangential to a charged surface

try: Surface conductivity is expressed in siemens.

SO 13099-1:2012, 2.2.11]

etic potential

zeta-potential

{-potentia
¢

difference
Note 1 to en

[SOURCE: |

3.2 Terr

3.21
colloid vil
CVI

n electric potential betwéen that at the slipping plane and that of the bulk liquid

try: Electrokinetic poténtial is expressed in volts.

SO 13099-1:2012,-2.1.8]

hs related to electrokinetic and electroacoustic phenomena

ration current

fliquid medium, usually the value of pH, that corresponds to zero zeta-potential (3.1.7)

he electric
phase

alternating current generated between two electrodes, placed in a dispersion, if the latter is subjected to an
ultrasonic field

[SOURCE: ISO 13099-1:2012, 2.3.1, modified — The admitted term I.y; has been removed; the note has been

removed.]

3.2.2

electrokinetic phenomena
phenomena associated with tangential liquid motion adjacent to a charged surface

© IS0 2024 - All rights reserved
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electroacoustic phenomena
phenomena arising from the coupling between the ultrasound field and electric field in a liquid that contains ions

Note 1 to entry: Either of these fields can be primary driving force. Liquid can be a simple Newtonian liquid or complex
heterogeneous dispersion, emulsion or even a porous body. There are several different electroacoustic effects,
depending on the nature of the liquid and type of the driving force.

3.2.4

seismoelectric current

SEI
I

see

non-isochoric streaming current (3.2.5) that arises in a porous body in liquid when an ultrasound wave

propagateq

Note 1 to en

through

kry: A similar effect can be observed at a non-porous surface, when sound is bounced off at'an’oblique angle.

Note 2 to enftry: Seismoelectric effect is expressed in amperes.

3.2.5

streaming current

IStI'

current through a porous body in liquid resulting from the motion of the diquid under an applield pressure
gradient

Note 1 to enftry: Streaming current is expressed in amperes.

[SOURCE: ISO 13099-1:2012, 2.2.8]

3.2.6

streaming current coupling coefficient

I /AP

electrokinetic phenomenon (3.2.2) determined by the slope of the linear dependence of the| measured
streaming ¢urrent (3.2.5) on an applied pressure gradient

Note 1 to enftry: Streaming current coupling cogefficient is expressed in amperes per pascal.

3.2.7

streaming potential

Ustr

potential diifference at zero electtic current, caused by the flow of liquid under a pressure gradienf through a

capillary, p

lug, diaphragm or.imembrane

Note 1 to enftry: Streaming potentials are created by charge accumulation caused by the flow of counterch

capillaries d
Note 2 to en

[SOURCE: ]

r pores (3.3.5¥
try: Streaiming potential is expressed in volts.

SO"13099-1:2012, 2.2.10]

arges inside

3.2.8

streaming potential coupling coefficient

U, /AP

electrokinetic phenomenon (3.2.2) determined by the slope of the linear dependence of the measured
streaming potential (3.2.7) on an applied pressure gradient

Note 1 to entry: Streaming potential coupling coefficient is expressed in volts per pascal.

© IS0 2024 - All rights reserved
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3.3 Terms related to porous materials

3.31
deposit of

solid particles

accumulation of individual particles (3.3.4) by sedimentation from a dispersion (3.3.2) on a solid support

3.3.2

dispersion
multi-phase system in which discontinuities of any state (solid, liquid or gas) are homogeneously distributed
in a continuous phase of a different composition or state

Note 1 to entry: This term can also refer to the act or process of producing a dispersion, but in this context the term

“dispersion

process” shall be used.

Note 2 to ejf
dispersion

[SOURCE: |

3.3.3
monolith
solid porot

3.3.4
particle
minute pie

Note 1 to en
Note 2 to en
[SOURCE: I

3.3.5
pore
cavity or cl

[SOURCE: |

3.3.6

pore size
internal pg
material (3

EXAMPLE
[SOURCE: |
3.3.7

try: If solid particles (3.3.4) are dispersed in a liquid, the dispersion is referred to as a suspe
onsists of two or more immiscible liquid phases, it is termed an emulsion.

SO/TS 22107:2021, 3.7]

s object with size on scale of a few millimetres or larger

ce of matter with defined physical boundaries
try: A physical boundary can also be described as an interface.
try: A particle can move as a unit.

SO 26824:2013, 1.1, modified — Note 3 to entry has been removed.]

nannel which is deeper than it is wide, otherwise it is part of the material’s roughness

SO 15901-1:2016, 3.5]

.3.8)

Diameter of aCylindrical pore or the distance between the opposite walls of a slit.

SO 15904-1:2016, 3.13, modified — Part of the definition has been moved to an examp

porosity

nsion. If the

re (3.3.5) width, which is a representative value of various sizes of vacant space insigle a porous

e

ratio of the
[SOURCE: I
3.3.8

otumme of theaccessible pores(3:3:5 ) and voids to the butk votume occupied by amarmour

SO 15901-1:2016, 3.27]

porous material
materials with cavities or channels which are deeper than they are wide

3.39
powder

of the solid

porous or nonporous solid composed of discrete particles (3.3.4) with maximum dimension less than
approximately 1 mm

Note 1 to entry: Powders with a particle size below approximately 1 pm are often referred to as fine powders.

© IS0 2024 - All rights reserved
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[SOURCE: ISO 15901-1:2016, 3.4, modified — Part of the definition has been moved to a Note to entry.]

4 Symbols

a pore radius

a; radius of particles building sediment

c electrolyte concentration in the bulk

C; concentration of the i-th ion species

er tiffie to Teaci firstaximur of the efectroacoustic sigmat
Z vdlence of the i-th ion species

Z, vdlences of cations and anions

D ¢ effective diffusion coefficient of the electrolyte

F Fqraday constant

1 iopic strength

Lieo stireaming current in high frequency AC mode (seismoelectpie’current)
I, streaming current in DC mode

K electric conductivity

K, elpctric conductivity of the dispersion mediudor liquid
K electric conductivity of the wetted porotis-material

P pressure

R ideal gas constant

T absolute temperature

U voltage

Uger streaming potential

14 v@lume flow: ¥ate

& v4cuumnppermittivity

Em rdlative permittivity of the medium

n dynamic viscosity

10) volume fraction of solids

Psed volume fraction of solids in sediment

k1 Debye length
Pm liquid density

Pp particle density

© IS0 2024 - All rights reserved
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density of the dispersion
electric surface charge density
electric charge density of the diffuse layer

circular frequency

electrokinetic potential, zeta potential

Q0

porosity

5 Strea

5.1 Gen

The pheno

with a liqufid. The pore walls of such porous materials are covered with electric chapges that are
he dissociation of surface functional groups or by the specific adsorption of solutes at the solid-

either by t
liquid inte
accumulatg
of EDLs ap

The applic:
the pores.
the metho
is dragged
“streaming

The AC an
techniques

the zeta potential is determined by the pore size-of the porous material. The threshold betwe

methods m
AC mode ig
10 um wh¢
DC method

There is af
flow with 4

blocks liqy
streaming
high frequ

This differ

= - 3 = - P |
IIITg CUI It diiu SUTdIilnilg poulciitidl

bral overview

mena of streaming current and streaming potential occur in porous materials that

rface. These surface and interfacial charges are screened by statienary and diffus
bd ions forming a structure known as the “electric double layer” (EDL). Different types
blicable to porous materials are described in Annex A.

ition of a pressure gradient on wetted porous materials generates a flow of liquid passi
This liquid flow, in turn, causes an electric response;either current or potential, dej
1 of its measurement. This electric response occurs:due to the motion of the diffusg
by the liquid flow tangentially to the pore-liquid @hterfaces. This response is referre
current” or the “streaming potential”.

d DC modes of the streaming current and’ streaming potential require different
and different instrumentation. The applicability of AC and DC techniques for the cal

ay be defined in terms of the pore size. This critical pore size is approximately 10 pm
applicable below and the DC madde‘above this threshold size. There is a certain size ra
re both AC and DC methods are applicable. Due to the different applicable size ranges,
s are discussed separately-below.

other justification for a-separate presentation of AC and DC techniques. The generati

id flow. This aneans that a DC pressure can be applied for generating streaming c
potential only-for sufficiently large pores and porosity. In contrary, an AC pressure
ency (MHz)\can penetrate only into porous materials with small pores and limited por

entiation indicates different application ranges for the DC and AC streaming current and

potential

mode to materials with small pares and low parosity

edsurements. The DC mode is applicable to materials with large pores and high poro

hre wetted
generated

e layers of
ind models

ng through
bending on

layer that
d to as the

measuring
culation of
en the two
where the
hge around
the AC and

bn of liquid

DC pressure gradient.is possible only for porous materials with a sufficiently high hydrodynamic
permeability. Decreasing either pore size or porosity leads to a decrease of the permeability and

eventually
urrent and
bradient at
Dsity.

streaming
sity, the AC

5.2 Streaming potential in DC mode

5.2.1 Ge

neral

The streaming potential depends strongly on the distribution of the electric potential inside the pores.

Figure A.1
a)

isolate

illustrates possible space distributions of this potential including two extreme cases:

d thin double layers;

b) homogeneous, completely overlapped double layers.

© IS0 2024 - All rights reserved
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There are analytical theories of the streaming potential that correspond to these two extreme cases.

Smoluchowskil2] developed the theory for the streaming potential in case of isolated thin electric double
layers. This theory yields the following expression [Formula (1)] for the electric potential difference AU,
generated by a pressure difference AP:

AUStI‘

where

is

Smgog AP

nK

the dielectric coefficient of the liquid,;

is
is
is

is

5.2.2 Mg

The streaming potential and alternatively the streaming current.are the electrical responses to

a testliqui
both ends
dependent
of the inst]
coupling ¢
measured

potential measurement in DC mode during a contintously decreasing pressure gradient.

the vacuum permittivity;
the electrokinetic potential (zeta potential) of the pore surface;
the dynamic viscosity of the liquid;

the electric conductivity inside a capillary flow channel.

asurement of the streaming potential coupling coefficient

1 through a capillary or a capillary network driven by.a-pressure gradient that is applig
f this capillary (capillary network). According to Fermula (1), the streaming potential
on the applied pressure gradient. For the sake of‘measurement reproducibility and ind

pefficient dUy,./dAP. The streaming potentidl coupling coefficient is calculated by re
streaming potential to the applied pressure gradient. Figure 1 shows the result of a

e8]

the flow of
d between
is strongly
ependence

'ument design and operation conditions, the zeta potential is related to the streaminlg potential

ferring the
streaming

© IS0 2024 - All rights reserved
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o

-10

-20

-30

Key
X
Y

pressu

stream

NOTE 1§

Figiire 1 — Measurement result of the streaming potential at a continuously decreas

523 Ca

The calculd

the streamfing potential coupling coefficient is@derived from Formula (1).

For a suffi

size at a suyfficiently high ionic strength*of the test liquid, the conductivity term K in Formula

replaced b
Formula (2

dUl
Sy

for the zet
is valid if tl
material is
which is a

-50

-60

10 15 20 253X

e difference (kPa)
Ing potential (mV)

olyether ether ketone, particle size 80 pm, 0,001 mol/1 KCl, condugtivity 0,014 S/m, pH 5,36, {

pressure gradient in DC mode

[culation of the zeta potential

ition of the zeta potential at the particle-liquid or pore-liquid interfaces from the meas

ciently large distance between adjacent particles in the sample plug or a sufficiently

y the conductivity of the'bulk liquid phase K. After re-arrangement of Formula (1),
2):

str 1

P .60

h potential determined from a streaming potential measurement. The application of H

e inter-patrticle distance in a plug of a particulate sample or the wall-to-wall distance
largé in comparison with the extension of the electric double layer at the solid-liqui
function of the ionic strength accordmg to Formula (A.1). If the condition of a >> k1,

either the

F-43,76 mV.

sing

urement of

large pore

Formula [1) may be
we obtain

(2)

ormula (2)

pbf a porous
1 interface,
where a is

Ao gn dictonon of o eaxmanla o Araoga o

e radius of

d bats an riiolag 10 nl riicnlod 129
vel ast., uiotaliccoe U\,LVV\,\—II l.l(]l Ll\,l\,D 11T Cl lJlLlB Ul d l.lcll ctIcuidactce Dallll.ll\' Ul LIIC ClV\,l GBL IJU

a porous material, is not fulfilled by the properties of the corresponding sample, Formula (2) delivers a zeta
potential result that is too low in magnitude and commonly denoted an apparent zeta potential. Formula (2)
is also not applicable to determine the true zeta potential if the material bulk or the material surface are
electrically conductive even if the boundary condition of a >> k1 is fulfilled.

Alternatively, the zeta potential is determined from the streaming current coupling coefficient d/

according to Formula (3):

di
C - dll

str

_n L
P e g A

© IS0 2024 - All rights reserved
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the length of the flow channel;

the cross-section of the flow channel;

The application of Formula (3) requires the knowledge of the ratio L/A. For a plug of a particulate sample
or a porous material, the voids inside the particle plug and the pores of the porous material, respectively,
determine the geometry of the flow channel. The exact length and cross-section of these networks of
capillaries cannot be determined quantitatively and therefore makes Formula (3) not applicable for the zeta
potential analysis of a plug of particles or a porous material.

5.3 Stre

Ultrasound
mode of m
at a freque
isochoric.l’

Frenkel us
the seismo
size. The s

o

see

where

i

wn

Pm

i

wn

Ps
K

N

K,

s s

An alterna

The measy
median di:
dispersion
in distilled

Each of the]
of the elecf
probe. Eac
during this

aminag currentin ACmode
-t re i~ ae

rismoelectric current I, is related to the zeta potential by Formiula (4)[21110];
dm€oS (4 _Pm | Ks ¢p
n Ps JKm

T

at high frequency is the driving force for the generation of the streaming cutren
pasurement. Frenkell®l introduced the term “seismoelectric effect”. Liquid becdmeés co

ncy in the MHz range, and, consequently, the corresponding electrokinetie-effects be
[1(8]

bd the theory of Smoluchowski for the streaming current in DC mogde, to derive the e
electric current, which is also limited to EDLs that are isolated andthin compared {

the density of the liquid;

the density of the wetted porous materiak

the electric conductivity of the liquid

the electric conductivity of the porous material.l11]
five theory for smaller pore$is also available.[12]

rement of the seismoelectric current is demonstrated by an example of silica parti
imeter of 1,5 um, which were used for building up a sediment as a model of a pord
of these particles wds prepared at a weight/volume percentage concentration of 10 9
water at pH 10-Sonication was applied for 5 min for dispersing particles in this soluti

sedimentation experiments with the silica particles consisted of 3 000 continuous meg
roacoustie signal generated by silica particles sedimenting to the surface of the elect
h experiment took approximately 20 h to complete. All the particles settled on the prg
time.

[mpressible

in the AC

come non-

juation for
o the pore

(4)

Cles with a
us body. A
dispersed
n.

surements
roacoustic
be surface
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Figure 2 — Time dependence of the measured seismoelectric current generated by the §
build-up of the sediment on the face of the-electroacoustic probe
Figure 2 shiows the evolution of the magnitude of the electroacoustic signal with time. The particle

is thoroughly mixed before pouring into the cup on the:face of the electroacoustic probe. Initiall
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such homogeneously dispersed particles, As time passes by, particles start settling on
e. As a result, their concentration inthe vicinity of the surface of the probe increasg
pases as well because it is proportienal to the particle volume fraction. This increasq
les fill a layer with the thickness of the half wavelength of the sound. After that, part
econd half wavelength layerswhere the direction of the pressure gradient of the ultrag
onsequently, particles start\moving to the opposite direction, which leads to the revg
cenerated by these particles. This contribution to the CVI signal will be subtracted fr
ed by the particles inmthe first wavelength layer. As a result, the total CVI signal start
ected in Figure 2 a$the signal of the electroacoustic magnitude reaches the first maxii

g deposit of particles becomes more and more dense due to the ongoing sedimentatig
electroacoustic phenomenon switches from CVI mode (particles moving relative
eismoelectric current (SEI) mode (liquid moves relative to densely packed particles). 4
inimumrin the curve in Figure 2 corresponds to this transition. A small increase in|
totheé larger magnitude of SEI compared to CVI for the same number of particles.
cdond maximum reflects the continuing filling up of the second wavelength layer. Aftey

pradual
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y, particles
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ps. The CVI
b continues
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s growing again when the third halt wavelength layer begins to be I1lled with settling

particles.

The amplitude of these oscillations decays because of ultrasound attenuation. It eventually reaches
saturation after the particles have filled approximately 10 wavelength layers. The thickness of each layer
depends on the ultrasound frequency. At a frequency of 3,3 MHz, which corresponds to a wavelength of
approximately 450 pm, the electroacoustic signal reaches saturation when the particles fill a roughly 4,5 mm

thick layer

on top of the probe.

There are two important parameters that characterize the curve in Figure 2.
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The first one is the time required for the electroacoustic signal to reach the first maximum. This number, ¢,
can be used to determine the porosity of the sediment (2 or, alternatively, the volume fraction of silica in the
sediment ¢4 (see Annex C), using Formula (5):

(psed =1-Q (5)

The second parameter is the final magnitude of the electroacoustic signal after it reaches saturation at the
end of the experiment. This parameter can be used to calculate the zeta potential in the sediment using the
derived seismoelectric theory.

The final magnitude of the electroacoustic signal, which is obtained when reaching saturation at the end
of the experiment, is identical to the magnitude of the electroacoustic signal for the particle dispersions

measured

The calibrg
It means t
particles i

Application of Formula (4) for the calculation of the zeta potential requires inforimation on 4

conductivi
based on
systems, W

Fhrouah-the colloidaibrationcurrent-A-dispersionusuaty fillsalaver thatisthicker th
tion constant determined with a certified reference material corresponds to this sati

hat the final magnitude of the electroacoustic signal can be used to calculate thel{-j
a sediment by assuming the same calibration constant.

Fies of the liquid and the sediment. Instead of measuring them, a caleulation can bg
the Maxwell-Wagner theory.[131114] [t gives an expression for comductivity in hetd

1 ~Psed Q

Substitutin
the liquid 4
obtained f(

| 10,504 1,5-0,50

g the ratio of conductivities in Formula (4) by Formula{6) and expressing the ratio of
nd the sediment though the porosity (2 of the sediment and the particle density Py For
r the seismoelectric current generated by the propagation of ultrasound through the §

|

OemC 1— 1

Aresult of
particle di
current as
for sedime

n Py

Pm

1,5-0,58
Q+—(1-Q)

bpersion at a mass fractionff 10 % was determined by the measurement of the colloi
(=-61,2 + 0,2 mV. There israther close agreement between { potential values for disy
nt.

Table 1 — Zeta-potential for a dispersion and for a sediment of silica particles

an 450 um.
ated value.
otential of

he ratio of
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hich is rather simple in the case of a negligible surface conductivity;as indicated by Formula (6):

(6)

lensities of
mula (7) is
ediment:

(7)

the zeta potential calculated using Formula (7) is shown in Table 1. The zeta potential for the silica

d vibration
ersion and

Zeta potential

Sample mv

Experimental condition

Silica p4

Dispersion at 4,8 % vol. Mixing. Inertig

rticle\giSpersion related correction, CVI theory?

size

Sediment with 62 % volume fraction, ¢

orosity

Silica p

artictesedimment

oo o
=57,9 0,9

38 %, seismoelectric theory, Formula (7)b

Determi

Determi

nation using the measurement of the colloid vibration current (CVI). Data sourced from Reference [15].

nation using the seismoelectric current (conductivity 0,03 S/m, pH 7,3).

6

Measurement of DC streaming potential for porous materials

6.1 Operational procedures

The main components of an instrument for DC streaming potential/streaming current measurement
comprise a sample holder for the solid sample, a container for the test liquid, a set of electrodes for the
measurement of streaming potential and streaming current, a supply of pressure (either a mechanical pump
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or a pressurized gas reservoir), a pressure sensor for recording the pressure difference, an electrometer
with the capability to measure streaming potential (that requires an electric circuit with a high internal
impedance of the electrometer) and streaming current (that requires an electric circuit with a low
internal impedance of the electrometer), and a conductivity probe for the measurement of the bulk electric
conductivity of the test liquid. When using an aqueous solution as the test liquid a significant dependence of
the zeta potential on the pH of the aqueous solution is commonly observed. The equipment of the instrument
for streaming potential and streaming current measurement with an integrated pH probe for a continuous
monitoring of the pH of an aqueous test solution is therefore recommended.

A granular or powder sample is prepared as a porous plug and the voids between granular particles are filled
with a test liquid. A condensed porous material provides a network of pores, which are again filled with the
test liquid. A pressure gradient is applied between the ends of the plug of the granular sample or between
the ends of the porous material, which are soaked with the test liquid. The pressure gradient provokes
liquid flow and the transport of the diffuse layer of the electric double layer at the solid-liqui&l interface,
which contains ions that compensate the electrokinetic charge density. The moving ions_ in the diffuse
layer generate an electric current (a DC current, which is called the streaming current).|At a $ufficiently
high impedance of the electrometer (voltmeter), the streaming current is compensatéd)by a bgck-current
through the conductive pathway of the test liquid. At the equilibrium of streaming cufrent and bagk-current,
the electri¢ potential between the ends of the plug of the granular sample or between'the ends of|the porous
material (§ DC voltage, which is called the streaming potential) is measured.@Alternatively, the|streaming
current is measured directly by using a low impedance of the electrometer (@mperemeter).

Figure 3 sHows the schematic drawing of a typical setup for the streaming)potential and streaming current
measurement in DC mode.

1

O
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Figure 3 — Schematic drawing of an experimental setup for the streaming potential/streaming
current measurement in DC model1¢l

The streaming potential (streaming current) is measured by a set of electrodes, which are located at both
ends of the plug of the particle sample or of the porous material. Reversible electrodes such as silver-silver
chloride [Ag|AgC1) electrodes are recommended to suppress the effect of electrode polarization, i.e. an
offset of the measured voltage different from 0 V in the absence of flow of the test liquid (see 6.8.5).
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The streaming potential coupling coefficient (streaming current coupling coefficient) may be determined by
different methods.

A single-point measurement of the streaming potential (streaming current) ata given pressure difference
applied between the ends of the plug of the particulate sample or of the porous material enables the
calculation of the quotient AU, /AP (Al,/AP). This approach can be subject to a significant error if the
assumption of a negligible electrode polarization does not hold (see 6.8.5).

The measurement of streaming potential (streaming current) at a single pressure difference, where
pressure is applied alternatively on either end of the plug of the particulate sample or of the porous
material eliminates the contribution of any electrode polarization to the calculation of the quotient
/AP (Alstr/AP)

Str

series of
individual pressure differences shall present a linear dependence of the streaming potential‘(streaming
currerlt) on the applied pressure difference. A fit of the set of streaming potential (streamipg current)
and priessure difference data by a linear regression gives the differential quotient-d4U,./dAP (dAl,./
dAP) and eliminates the contribution of any electrode polarization.

The me¢asurement of streaming potential (streaming current) simultaneously to.a continuously changing

pressu
pressu
the pr¢
fluctud

6.2 Inst

The instru
in a clean
dispense o
parts of th
measuring

Sources off

instrument

re gradient enables the recording of a large set of streaming poteritial (streaming cu
re difference data for a fitby alinear regression with improved measurement statistics
ssure difference is varied without the action of a mechanical puinp in order to elimina
itions.

rfument location

ment for streaming potential and streaming current measurement in DC mode should,
environment. Conveniently, the instrument is‘placed next to a water purification y
f ultrapure water for the preparation of the aqueous test solutions and for cleaning of
e instruments. It is also convenient to placethe instrument next to a sink for disposif
and cleaning solutions.

mechanical vibration nearby thecinstrument do not harm the measurement; ho
should not contact any device that generates such vibrations.

rrent) and
Preferably
e pressure

be located
nit for the
the wetted
1g the used

wever, the

The influence of temperature on the zeta potential is negligible in the range of 20 °C to 30 °C, hgwever, the

temperatu
of the test
temperatu
tabulated ¥

re dependences of the eleCtric conductivity, the dynamic viscosity and the dielectric p
Kolution need to be considered. It is common practice to record the electric conductiv]
Fe of the test solution.simultaneously to the streaming potential or streaming current
ralues for the temperature dependence of viscosity and dielectric permittivity of the

ermittivity
ity and the
and to use
solvent for
1 dielectric

the calculation of the zetapetential according to Formula (2) and Formula (3). The viscosity an
permittivity values for£he’solvent are a suitable substitute for the corresponding parameters of t
solution especially atlow and medium ionic strength of I < 0,1 mol/I.

ne aqueous

A variety of-differentssz —totdersare ed-tocove —widerangeof sotid-materiats-with different
size and shape For partlculate samples and porous materials, the sample is accommodated in a sample
holder with a cylindrical compartment. A suitable diameter of the cylindrical compartment is in the range of
10 mm to 20 mm in order to provide a cross-section of the plug of granular media or of the porous material
for a sufficiently high volume flow rate of the test liquid at the applied pressure gradient. The cylindrical
jacket of the compartment shall fully seal the particulate plug or porous material sample to avoid any bypass
of the test liquid. At both ends of the sample plug or porous material, perforated disks support the sample
thereby enabling the permeation of the test solution without adding an additional pressure gradient. For
a condensed porous material, support disks with coarse holes of 1 mm to 2 mm diameter are suitable.
For sample plugs prepared from particles, additional support is required, e.g. by covering the ends of the
particle plug with filter disks with a mesh that is sufficiently dense to prevent leakage of particles as well as
sufficiently loose to let the test liquid permeate without any additional pressure drop across the filter disk.
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The compartment of the sample holder enables the adjustment of a flexible volume to accommodate
different amounts of the particulate sample or different lengths of the cylindrically shaped porous material.
Furthermore, the sample holder contains a mechanism for a continuous adjustment of the compression of
the plug of particles.

6.4 Sample preparation

In the DC mode of the streaming potential and streaming current method for the zeta potential analysis,
the solid and liquid phases are initially separated from each other (different to the particles dispersed in a
liquid for the measurement of the electrophoretic mobility, the colloid vibration current, or the electrosonic
amplitude). Although the solid material (consolidated plug of particles or porous material) is commonly
considered as the “sample”, the test solution also requires some attention (see 6.8).

The preparation of a granular or powder sample requires the formation of a compacted plug jwith focus
on the hydraulic permeability towards the flow of the test solution. Since the test solution.permeates the
porous plug of granular powder for recording the streaming potential signal, this approach is feferred to
as the permeation mode of measurement. The starting material is usually available a@s.a'dry ppwder. The
permeability of the particle plug is determined by the powder mass and the plug compression. For rigid
particles, the plug formed inside the cylindrical recess of the sample holder isthardly compré¢ssible and
its permeapility is therefore mainly determined by the powder mass. The mass used for the fgrmation of
the permegble plug of the granular media depends on the particle size and-is estimated empirically. The
smaller theg particle size, the lower is the required sample mass. Typical samiple weights and the height of the
cylindricallcolumn of the plug-shaped sample are given in Table 2 for ageries of particle size ranges. Besides
the particle size, the wettability of the particle sample determines the)permeability. When testipg the zeta
potential of granular media in the presence of an aqueous solution, the hydrophilicity of the particle surface
and the propensity to swelling reduce the required mass for the.formation of the sample plug.

Table 2 — Relation between particle diameter and particle mass for the formation of a sample plug
with a suitable permeability for the streaming potential and streaming current measurement

in DCmode
Partigcle diameter Particle mass Plug height Porosity
d m
pm mg mm 9
=1p <d <100 50, m <100 1 5075
10D <d <500 200 <m <500 10 75490
5000<d <1000 1000 20-40 75 88
100p<d<2000 5000 100 7%
The prepafation of a cofisolidated porous material for the streaming potential and streamipg current
measurement requiresithé complete removal of air inside sample pores. Soaking of a porous material in
the test solution for-a sufficiently long time (12 h — 24 h) prior to the measurement is required tjo establish
an equilibrium betweéen the pore surface and the surrounding liquid phase. As for a plug of granfilar media,
the hydraglic permeability of the porous material determines the applicability of the permeatipn mode of

the streanjing, potential and streaming current measurement. For a porous material the permeability is
determinedbytheporesizeandporosityandthe thicknessof acylindricalty shapedsampte-The-wettability
of the pore surface by the solvent of the test solution is of secondary importance.

The permeability of a plug of granular media or of a porous material is described by the ratio of the volume
flow rate V and the applied pressure difference AP between both ends of the sample. Commercial
instruments for the streaming potential and streaming current measurement offer an adjustable pressure
to accommodate a wider range of sample permeabilities. The applied pressure difference has to generate a
minimum volume flow rate of approximately 2 x 108 m3/s (approximately 1 ml/min) to avoid any drift in
the streaming potential and streaming current signals. On the other hand, the permeability coefficient V /
AP should not exceed 4 x 10711 m3-s-1-Pa~1 to avoid a deviation from a linear flow profile of the test liquid,[17I
which is a condition of the Smoluchowski theory for the zeta potential analysis by the streaming potential
and streaming current method in DC mode.
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If the hydraulic permeability of a porous material is too low such that the volume flow rate does not exceed
the minimum threshold of 1 ml/min even at the highest applicable pressure difference, the permeation mode
of streaming potential and streaming current measurement fails and may be replaced by the tangential
mode of measurement. In this approach, the flow of the test solution is directed through a single capillary
channel, formed by the solid sample, and tangential to the surface of this sample. The tangential mode of
streaming potential and streaming current measurement is applicable to solid samples with a flat surface
but is not discussed in this document.

6.5 Test solution

The composition of the test solution that is used for probing the solid sample is important for the
interpretation of the zeta potential results. Streaming potential and streaming current measurements are

£, dia 1 £ Lot
Commonly perrormea e prestRte-oramagucotts—Sorttioh:

For the prgparation of an aqueous test solution, ultrapure water with a resistivity of 18,2 Mf:¢m
used. Prefgrably the test solution shall be prepared prior to the measurement to avoid a degrad:
quality of the ultrapure water during storage.

The ionic strength of the aqueous solution shall be adjusted reproducibly by weighing the correct
the selected salt. The type of salt depends on the purpose of the zeta potential-analysis and on
chemistry |of the granular media or the porous material. Commonly, a mono6valent electrolyte
is used to prepare an aqueous test solution at a certain ionic strength. Monovalent ions do no
specific inferaction (such as adsorption, complexation, precipitation), with the majority of sol
surfaces and enable the calculation of the electrokinetic charge density,from the zeta potential.[!

To prevent the dissolution of carbon dioxide (CO,) from ambient air in the dilute aqueous sd
monovalent electrolyte it is recommended to purge the aqueous.tést solution with inert gas such
of high purity.

The determination of the isoelectric point requires the adjustment of pH in the test solution and
material-wlater interface, respectively. For a reliable adjustment of a pH change at the solid-wate
a sufficiently high volume of the test solution shallpass the permeable plug of granular media o

18] shall be
ition of the

amount of
the surface
(NaCl, KCI)
[ show any

d material
b]

lution of a
hs nitrogen

at the solid
r interface,
I the pores

inside a poprous material before proceeding with the zeta potential analysis.

6.6 Verification

mode is not
measuring
ification of

A calibrati
required. K
electrodes
the instrur

n of an instrument for streaming potential and streaming current measurementin DC
lowever, different instr@ment components such as all wetted parts (see 6.8.1) and the
(see 6.8.5) can contribute to an erroneous determination of the zeta potential. A ver
hent condition prigrto a sample analysis is therefore recommended.

'sis by the
nstrument

At the timfe of publicatién) of this document, a certified material for the zeta potential analy
streaming potential andstreaming current method is not yet available. For the verification of the
for stream|ng potentigl and streaming current measurement, it is therefore recommended:

n mode of

to select a specific material, either granular or porous, for the application of the permeati
measulrement, with a reproducibly determined zeta potential;

to follow the recommendation of the instrument manufacturer of a suitable material for verification
measurement. A cotton fabric conforming to ISO 105-F09 is an example of such a suitable material for
verification measurement.

6.7 Repeatability and reproducibility

The main contribution to the repeatability of the zeta potential determined from streaming potential and
streaming current measurement arises from instability of the solid material-water interface. Both the solid
surface as well as the composition of the bulk aqueous solution can alter during a series of repetitive analyses.
The partial dissolution of the bulk solid material, the delamination of a surface coating, and the swelling
of surface or bulk material cause temporal changes in the zeta potential that contribute adversely to the
measurement repeatability. The composition of the test solution can further change due to contamination by
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the dissolution of carbon dioxide from the ambient atmosphere in water. A contamination of the test liquid
can cause a temporal drift in the recorded zeta potential due to its accumulation at the solid-water interface
and its adsorption on the solid surface.

The reproducibility of the zeta potential is primarily determined by the sample surface heterogeneity.
Although the zeta potential determined by streaming potential and streaming current measurement
is a parameter that averages the electrokinetic charge density across a relatively large surface area,
heterogeneous sample surfaces introduce a higher variance. A thorough preparation of the solid material,
achieved by selecting a proper method for sample conditioning and rinsing the sample for a sufficiently long
time with the test solution prior to the streaming potential measurement, to establish reliably an equilibrium
at the solid-liquid interface, contributes to a significant improvement of the measurement reproducibility.

The repeatability and the reproducibility of the zeta potential are best reported by the standard deviation

in millivol
of differen
the stream
potential is

6.8 Soul

6.8.1 Co

The magnitude but even the sign of the zeta potential can be affected by different artefacts t

introduced
sources of
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thereof.
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6.8.2 Ing

s (mV) for a series of at least six (6) streaming potential measurements of the same 4
batches of the sample, respectively. The repeatability of the zeta potential using the

ing potential measurement is + 3 % with a minimum of + 0,5 mV. The reproducibility
* 10 % with a minimum of + 1 mV.

‘ces of measurement error

ntamination of the current sample by the previous sample

by the solid sample, the test solution and some instrumént components. Knowing th
such artefacts assists in the problem-solving process. Preventing these artefacts will e
f the streaming potential and streaming current measiirement and the zeta potential

le. At the solid-liquid interface the chemistny,is determined by the material surface c

sample in ambient air or of contaminants dissolved in the test liquid. The contami
pared test solution can occur by thetdesorption of compounds from any of the wett
hent for streaming potential andsstireaming current measurement, that have been releg
measured solid material. Especially for samples with a small surface area (usually nof
- media and porous material). and for materials with a hydrophobic surface, the zet
n be affected by contaminants in solution already at a concentration of a few parts per bj

leaning of wetted parts of the instrument for streaming potential and streami
ent with ultrapure-Water or appropriate and highly pure organic solvents prevents
hmination. The-use of detergents or individual surfactants for cleaning the container
monly a labepatory glass beaker, is not recommended. The cleanliness of the wetted j
[ is verifiediby a zeta potential analysis of a reference sample (see 6.6).

Apprapriate sample preparation procedure

The conditi

ample and
DC mode of
of the zeta

hat can be
e different
nhance the
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possible contamination of the sample surface due to the adsorption of volatile components when
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hg current
the risk of
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joning of the solid material and the correct alignment of the sample in the sample hd

Ider of the

instrument for streaming potential and streaming current measurement are fundamental for a reliable and
reproducible determination of the zeta potential.

Granular media exhibit a large surface area. This property offers the benefit of an enhanced reproducibility
of the streaming potential and streaming current measurement but also the drawback of a longer time
for equilibration of the solid-water interface compared to samples with a planar surface. Consolidated
porous materials require a thorough filling of the pores with the test solution or at least with water prior
to the measurement. Reactive material surfaces of both granular media and porous samples, especially
those of mineralogical origin, frequently cause partial dissolution of crystalline lattice ions and demand a
significantly longer time for equilibrating the solid-water interface.
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The packing density of a sample plug made of granular media needs monitoring to eliminate an adverse
effect on the determination of the zeta potential (see 6.7). Similarly, the pore size, porosity and height of the
cylindrically-shaped porous material determine the applicability of the streaming potential and streaming
current measurement. The effects of a packing density of a sample plug of granular media or of a permeability
of a porous material outside of the applicable range of hydraulic permeability for the streaming potential and
streaming current measurement become visible by a nonlinear deviation of the dependence of streaming
potential or streaming current on the pressure gradient. The observation of such a nonlinear dependence of
streaming potential or streaming current on the pressure gradient is possible provided that the streaming
potential or streaming current is measured at a series of multiple pressure differences (see 6.4).

6.8.3 Inappropriate test solution

The propepties—of-the—test-solution-that-determine-its—applicabilityfor-thezeta—petentialanalysis by the
streaming [potential and streaming current method are the viscosity, the dielectric permittivityxthe electric
conductivity and the purity. For aqueous solutions, the pH needs an additional consideratiofizFor{commonly
used dilutgdd aqueous solutions, the solution viscosity and dielectric permittivity are in the-appropriate range
for liquid transport and charge formation, and adverse effects of these parameters oncthe zeta pgtential are
thus eliminated.

The electric conductivity remains the most important restriction for a reliabléyzeta potential gnalysis by
the streanjing potential measurement. The lowest possible conductivity id-aqueous solutions|occurs for
ultrapure water with a resistivity of 18,2 MQ-cm (corresponding to an electric conductivity of{ 5,6 x 10-®
S/m).[18] At a medium and high applied pressure gradient (AP > 10 kPa) the streaming potential pvolving in
ultrapure yater can thus exceed the specified limit of a high-end voltmeter that is integrated in jommercial
instruments for the streaming potential and streaming current measurement. The measyrement of
streaming |current is not restricted at an extremely low electric conductivity.

At a high ignic strength of an aqueous solution the electric conductivity introduces another limitation of the
streaming potential measurement. The model of the electric-double layer predicts the dependence of the zeta
potential on the ionic strength, i.e. the magnitude of the>zeta potential for a certain material-wat¢r interface
decreases with an increasing ionic strength of an aqueous test solution of monovalent ions. A¢cording to
the Smoludhowski limit for the calculation of the:Zeta potential from the streaming potential mdasurement
(Formula {2)), the streaming potential coupling coefficient dAU, /dAP is even stronger affegted by an
increase i1} the electric conductivity K, thanthe zeta potential. For instance, for a given matprial and a
pressure gradient of AP = 30 kPa, the streammg potential AU, can assume -20 mV at an ionic jtrength of
0,001 mol/]l but less than =200 pV at an.ionic strength of 0,1 mol/1 (the corresponding zeta potential can read
(r=1mm = POmVand {;_ 150 my = -15 MV).

6.8.4 Air bubbles

The presence of air that is,remaining inside the tubing of the electrolyte circuit and especially] inside the
voids of a jpacked grantilat sample or inside the pores of a porous material affects the resistivity of the
test solutign. A thorough rinsing of the complete liquid transport system of the instrument for|streaming
potential dnd streamiing current measurement and an appropriate conditioning of the solid $ample are
required for a,complete removal of air. Preferably the instrument for streaming potential and|streaming
current m¢asurement offers the p0551b111ty to measure and to display 1nf0rmat10n about the resistivity of
the test solut egtrodes and
the correspondmg electronlc c1rcu1t

6.8.5 Faulty electrodes

Different types of measuring electrodes may be employed for the analysis of the zeta potential by the
streaming potential and streaming current measurement in DC mode. Most commonly, electrodes made of
silver|silver chloride (Ag|AgCl) as a representative of electrodes of the second kind are preferred for their
superior performance, high reversibility and larger surface area (compared to a metal electrode). Ag|AgC1
electrodes are prepared by the deposition of a AgCl coating on a silver substrate such as a silver wire or a
tubular support. Ag | AgCl electrodes become faulty if the adhesion of the AgCl coating on the silver support
fails and the coating gets peeled off. To prevent such a failure, the use of an appropriate geometry of the
silver support needs to be considered, i.e. a tubular support is preferred to a silver wire.
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Ag|AgCl electrodes require the presence of chloride ions in solution to show a reliable performance. The
use of chloride ion-generating salts is therefore recommended. For a zeta potential analysis at the pristine
material-water interface, monovalent electrolytes such as NaCl or KCI shall be used (see 6.5).

[f the presence of chloride ions in the test solution has to be omitted, a metal electrode (electrode of the first
kind) may substitute the Ag|AgC1 electrode. Electrodes made of gold or platinum are available. The higher
polarizability of electrodes of the first kind, especially in the absence of the corresponding metal ions in
solution, further limit the applicable range of the ionic strength of the test solution (see 6.8.3).

A faulty electrode performance is recognized by the measurement of the DC voltage by the voltmeter of the
instrument for the streaming potential measurement in the absence of any flow of the test solution (i.e. in
the absence of a pressure gradient, AP = 0 Pa). The deviation of the measured voltage from U = 0 mV shall
remain within the range of -1 mV < U < +1 mV (note that the deviation depends on the ionic strength of the
test solutidn and on the type of the used electrode). Alternatively, the streaming potential shall be recorded
in an apprppriate range of the applied pressure gradient using a dilute aqueous solution (€:g,(,001 mol/I
KCI) and a hon-conductive solid material (see 6.6). A strictly linear dependence of streamingpotential on the
pressure djfference and an extrapolated voltage of less than + 1 mV at AP = 0 Pa confirnta reliablg electrode
performankce.

6.8.6 Limitation of the Smoluchowski approximation

The Smolychowski approximation for the calculation of the zeta potential from streaming potential
measurement by Formula (2) was derived for a planar solid-liquid interface' with an infinite extension of the
solid surfafe. Despite the obvious deviation from this boundary condition for a plug of granular|media or a
porous material, Formula (2) is also applicable for such sample withid complex geometry of the flgw channel.
However, any contribution of the material-liquid interface or of the:bulk material to the electric c¢nductance
inside the fapillary flow channel is not represented by the measured conductivity K, of the bulk aqueous
solution. Spurces for such contribution are:

— the interfacial conductance (aka as the surface conductance) due to the higher ion concentrjtion at the
material-liquid interface compared to the bulk liquid. The inter-particle distance in a plug ¢f granular
mediaor the pore diameter in a porous materjahand the ionic strength of the test solution determine the
effectiyeness of a contribution of the interfacial conductance;

— the ionic conductance carried by the agueous solution inside pores of granular particles dr a porous
material especially if these pores are‘interconnected. The contribution of pore conductance ¢lepends on
the ionic strength of the test solution;

— theionlic conductance carried by the aqueous solution that penetrates a solid material upon qwelling;
— the electronic conductance/of the bulk material, which is applicable to conductive samples.

Especially for the cases,of'samples with a significant swelling propensity and conductive samples,jthe sample
contributign to the conductance inside the flow channel cannot be compensated by the bulk lectrolyte
conductivity, and Fermula (2) gives a zeta potential which is determined too low in magnitude. Such zeta
potential resultiindicates the correct sign of the surface and interfacial charge but provides 4 too small
estimate of the.charge density and is commonly denoted an apparent zeta potential.

7 Measurement of AC streaming current for porous materials

7.1 Instrument setup for particle deposits

Solid particles of a sufficiently large size can exist in liquid in two different states: either as a homogeneous
dispersion when the liquid is stirred, or as a deposit after stirring is turned off. In the second case, the
deposit of solid particles forms a model porous material.

Figure 4 shows the setup of the sample handling system, which allows using the electroacoustic device for
characterizing porous bodies.
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Figure 4 — Arrangement of an electro-acoustic probe for the measurement
of the seismoelectric current

b-acoustic probe is_placed vertically in a suitable stand that orients it such that the
the gold electrodeis on top. A cylindrical fixture around the top of the probe creates
ace serving as,a.bottom of the cup. This cup can be filled with liquid and a porous matg
his liquid in contact with the gold electrode. Ultrasound pulses generated by the elect
r the liquid’phase through the gold electrode, whereupon they enter the porous mj3
n top ofi\the gold electrode. The sound wave generates a seismoelectric current as it
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Instrument setup for consolidated porous materials

The measurement of the seismoelectric current requires a close contact between the sensing probe and the
surface of the consolidated porous material (porous monolith), as shown in Figure 5. The size of the flat area
on the monolith surface shall be atleast 2 cm in diameter.
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P measurement, it is important to achieve equilibrium between the monolith and the syrrounding

an equilibration for a menolith (5.3) requires approximately 10 hours. The equilibra

accelerated by stirring the liquid.that surrounds the monolith.

The monoljith shall be properly’placed during the equilibration process by soaking the complet

sample. T

The equilik
The stabilj
equilibriun

The monol

flat parts shall be exposed to the test liquid.

ration process can be monitored with a pH probe placed in the liquid surrounding th
zation ef . pH with time serves as an indicator that the interior of the monolith has
h condition with the surrounding liquid.

th'can be equilibrated with the liquid at different pH values by adding either acid or

tion can be

e monolith

b monolith.
reached an

base to the

surrounding liquid. This is analogous to an equilibrium pH titration for porous material. The main purpose
of conducting such titration is to determine the isoelectric point of the monolith, which characterizes the
chemical composition of the pore surface. The determination of the isoelectric points does not require a
conversion of the seismoelectric current into the zeta potential. Plotting the electroacoustic magnitude
versus pH is sufficient to determine the isoelectric point (this approach is the same for other electrokinetic
effects, such as the electrophoretic mobility, the colloid vibration current, and the streaming potential
coupling coefficient, that transfer into a zeta potential). An example of such titration curve is shown in
Figure 6. The main indicator of the isoelectric point is a shift of the current phase by 180 degrees driven by

the change

in the sign of the surface charge.
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hstic instrument and for instrument validation.
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Reference materials for verification shall be used with every measurement series to ensure a correct
performance of the instrument. This control is most suitably done using quality control charts. Reference
materials for this purpose shall be homogeneous and stable, but are not required to have a metrologically
valid assigned value.[22]

Different reference materials are therefore used for calibration and for daily quality control.

7.4.2 Calibration

A calibration of the electroacoustic device is required for determining the geometrical factor that
characterizes the distribution of the electric field lines. Calibration of the electroacoustic instrument that
is employed for measuring seismoelectric current can be conducted with certified reference materials for
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particulates.[21] These materials shall be used to either calibrate the instrument or to validate the trueness
of the measured results.

The distribution of the electric field lines remains the same when a homogeneous deposit of solid particles is
built on the face of the electroacoustic probe. Therefore, the calibration constant can be used for measuring
the seismoelectric current generated by the particle deposit.

7.4.3 Verification

The verification procedure for the seismoelectric effect is based on determining the zeta potential of certain
particles in the dispersed and sediment states.[22] The zeta potential results shall be identical since the

sedimentation of particles does not change the electrochemical equilibrium.

Methods f¢r the zeta potential characterization of particles in dispersions are described inI§
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Characterizing the zeta potential in concentrated dispersions by measuring the)celloi
CVP) or the colloid vibration current (CVI) described in ISO 13099-3.

patability and intermediate precision

the desired repeatability of an electroacoustic measurement, the following steps
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the measurement protocol given for the material.
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mean elect
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rophoretic mobility value of six measurements for a reference material is less than
lue of the reference material mobility is-higher than 108 m2-V-1.s71,

intermediate precision shall followthe procedure for the repeatability except that s
Juots at an appropriate concentration shall be used.

An instru
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7.6 Sources of measurément error

The main source of erters in the reported value of the zeta potential are errors in the input paramn
as porosity, densities) viscosity and dielectric permittivity of the liquid. High values of the calc
potential exceeding + 100 mV in magnitude occur due to the assumption of a too low or a too hig
a too low djiifférence in solid and liquid densities, a too low dielectric permittivity for the liquid, o
viscosity for the liquid.

0 13099-2
roacoustic
d vibration

heed to be

w all parts

fion for the
3 % if the

x different

fion for the
4 9% if the

eters, such
1lated zeta
h porosity,
a too high

Formula (4) for calculating the zeta potential is limited to solid skeletons with elastic properties.
Furthermore, Formula (4) is applicable to the case of isolated electric double layers or a ratio of the pore size
and the Debye length of a/k~1 >> 1 (refer to Formula (A1) in Annex A for a calculation and to Annex B for an
experimental estimation of the Debye length).

The measured signal can drift in time in case the equilibrium has not been established. This is especially
important for monolith samples.
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