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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 partlcular the different approval criteria needed for the dlfferent types

of ISO documen
ISO/IEC Directives, Part 2 (see WWW.is0. org/dlrectlves)

les of the

[SO draws$ attention to the possibility that the implementation of this document may involve‘thefuse of (a)

patent(s).[ ISO takes no position concerning the evidence, validity or applicability of ahy clai
rights in
patent(s) which may be required to implement this document. However, implemefiters are caut

d patent
respect thereof. As of the date of publication of this document, ISO had not received ndtice of (a)
joned that

this may not represent the latest information, which may be obtained from the patent database ayailable at

www.iso.prg/patents. ISO shall not be held responsible for identifying any or alljsuch patent rightg.

Any trad¢ name used in this document is information given for the convenience of users and| does not

constitut¢ an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and e
related tp conformity assessment, as well as information about ISO's adherence to the Wo

Organization (WTO) principles in the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

This docyment was prepared by Technical Committee ISOQATC 24, Particle characterization includihg sieving,

Subcommlittee SC 4, Particle characterization.

This secopd edition cancels and replaces the first edition (ISO 13318-1:2001), which has been t¢chnically

revised.

The main|changes are as follows:

revisjon of core terms (3.3, 3.5, 3.10, 3.11, 3.16, 3.14) and inclusion of further terms;
revisg¢d and expanded explanation of measurement principle and techniques (Clauses 5 and 6]};
inclugion of the terminalsedimentation velocity as a measurand;

introfluction of informiative annexes that provide:

ajh overviewyef particle sizing techniques based on centrifugal liquid sedimentation (Anngx A);

=

emarks.on particle density (Annex B);

—n

1|1formatior1 regarding sedimentation beyond the validity of Stokes' law (Annex C);

trueness, reproducibility and uncertainty determination for velocity and particle size (Annex D);
an explanation on the multiwavelength approach (Annex E);
a description of the spatial distribution of particles in centrifugal fields (Annex F);

the use of CLS for particle characterization beyond the particle size and sedimentation velocity
(Annex G).

Alist of all parts in the ISO 13318 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Particle size analysis by centrifugal liquid sedimentation (CLS) methods has been performed for several
decades, and there are numerous national and international standards employed in various academic and
industrial applications. Along with the development of manifold new measurement techniques during the
last two decades, sedimentation methods are currently enjoying a renaissance due to technical progress (e.g.
multiwavelength features) and the fact that most sedimentation techniques are based on the first-principle
measurement of the directed motion (migration) of particles in gravitational or centrifugal fields. The rate
of this motion is the particle sedimentation velocity, its acceleration-specific value is called "sedimentation
coefficient". Both are individual particle properties, which are related to the particles’ external dimensions,
and can be considered as primary measurands of liquid sedimentation methods.

Analytical centrifuges determine distributions of these primary measurands from the variation of
concentrdtion-dependent signals over time and/or along the radial coordinate of the centrifugal field. This
step does|not require any pre-knowledge of the dispersed or liquid phase. Further, data processing allows
for partic]e size distributions to be derived from sedimentation velocity and sedimentation coeffjcient. For
this purppse, spherical particles and the applicability of Stokes’ law are assumed; the’equivalert particle
diameter|is called the Stokes diameter. The conversion requires knowledge of therelevant properties of
the parti¢les and liquids (e.g. particle shape, density or refractive index). In this regard, CLS yesembles
gravitatidnal liquid sedimentation (see ISO 13317-1 for further information),

The ISO 13318 series covers methods for characterizing dispersed materials in liquids by centrifugation
with resgect to the particle size distribution and the related distributiens of sedimentation velocity and
sedimentption coefficient. Their common principle is allocating a particle quantity to the rate of fnigratory
motion ir] the centrifugal field. They differ with respect to partiele quantification, mode of opernation and
data analysis.

The meaqurement techniques described in the ISO 13318-séries are applicable to liquid dispersions, like
suspensidns and emulsions, with the continuous phase being a Newtonian liquid. Particles and liqiiid should
not undexfgo any interactions, which cause significantzchanges of the dispersed phase in the cou‘t‘se of the
measurerpent, such as swelling, shrinking, and disseluttion. For some instrumentation, the density flifference
(also callgd density contrast) between the disperséd and continuous phase should be limited to posit{ve values.

The meadurable particle size range depends'on the properties of the materials and typically reathes from
a few nmfto 100 um for aqueous samples,\whereas the migration velocity can be quantified for the range of
10 nm/s fo 1 mm/s. Sedimentation analysis is conducted for low particle concentrations. The pgrmissible
range of doncentration depends on the:measurement technique and theory of analysis; with no correction, it
is typically no higher than 0,5 vol%,

As a fractjonating technique/sedimentation analysis allows for distinguishing between particle frjactions of
close sedjmentation velocity~and the corresponding equivalent Stokes diameter. Accordingly, pafticle size
distributipns can be finély resolved, which is an advantage compared to spectroscopic ensemble tgchniques.

Finally, CILS techniguesprincipally offer the chance to characterize liquid dispersions beyond sedim¢ntational
particle pfoperties'(see Annex G). For instance, some CLS techniques facilitate the quantification of the total
and fractjonal ‘particle concentration. Moreover, if particles are very fine, i.e. in the case of nanpparticles
such as roteln aggregates or quantum dots the dlffusmnal flux of partlcles can be 1n the orgler of the
sedimentatic : : eSS s, i.e. the
simultaneous determlnatlon of more than one dlstrlbuted quantlty (e g. partlcle size and den51ty or shape
factor).

© IS0 2024 - All rights reserved
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Determination of particle size distribution by centrifugal
liquid sedimentation methods —

Part 1:
General principles, requirements and guidance

1 Scope
This document specifies the principles of particle size analysis by centrifugal liquid sedimentation (CLS). It also:
— define§ the relevant terms;

— describpes the various measurement techniques;

— gives guidance for sample preparation, conducting measurements as welkds data analysis;

— establishes rules for method validation, determination of the uncertainty budget as well as reprgsentation
of results

An imporfant part of this document deals with the derivation. of particle size distributions from|CLS data,
including|discussions on:

— the impact of Brownian motion;

— the pafallel determination of particle concentrations;

— the wofking range with respect to size and.gorncentration;
—the harldling of non-spherical and porous particles.

This dociment applies to samples «composed of dispersions of low particle concentration, sdq that the
particles’|motion can be considered as that of fully isolated particles. This document does not covgr particle
migratior] by gravity, electric or magnetic forces. It also does not cover deriving particle properfies other
than size,|sedimentation velocity and sedimentation coefficient.

NOTE This document eafinvolve hazardous materials, operations and equipment. It does not purportjto address
all the safety problems-associated with its use. Regulations regarding explosion-proof analysers can apply when
examining volatile liquids with a low flash point. It is the responsibility of the user of this document t¢ establish
appropriafe safety.and health practices and to determine the applicability of the regulatory limitations priof to its use.

2 Nor1|native references

The following documents are referred to in the text in such a way that some or all of their content constitutes
requirements of this document. For dated references, only the edition cited applies. For undated references,
the latest edition of the referenced document (including any amendments) applies.

[SO 9276-1, Representation of results of particle size analysis — Part 1: Graphical representation

3 Terms and definitions

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

© IS0 2024 - All rights reserved
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[SO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IECE
3.1

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

sedimentation
directional motion of particles (3.7) in a viscous liquid under the action of gravity or centrifugal fields

Note 1 to entry: For a positive density contrast (3.18), sedimentation occurs in the direction of centrifugal acceleration;
itis counter directed to this acceleration for a negative density contrast.

Note 2 to

Note 3 to gntry: An inward motion due to centrifugal force is also called "creaming" (e.g. droplets) oxmere
"rising" anld "floating".

[SOURCE;

3.2
migratio
direction

Note 1 to gntry: Migration in gravitational or centrifugal fields is called sedimentation (3.1).

[SOURCE;

3.3

terminal
sediment
and the d

[SOURCE;
3.4

sedimentation coefficient
I sedimentation divided by the acceleration of the force field (gravitation or centrifugatign)

velocity o
[SOURCE:

3.5
Stokes dil

equivalenft diameter of a sphere that has the same buoyant density (3.17) and terminal sedimentatiq

(3.3) as th

Note 1 to ¢
coated pal
approximg

Note 2 to g

i A 4. pa| 3 < i daasr L 1_£, H ] Lo d s H o1l Li
Ty 7T oacvwar O o tro GaC O CCIITN ITa g aT TOT e S ars O Cammct SCTUTITS - O Talillg -

n
Wl motion of particles in a viscous liquid under the action of a forcefield

[SO 13317-1:2024, 3.2]

sedimentation velocity
htion velocity in the case that gravity or the centriftigal force is completely balanced by
rag force

[SO 13317-1:2024, 3.3]

IUPAC Gold book[1]]

ameter

e real particledin-the same liquid under creeping flow (3.20) conditions

ntry: The general rule that the buogyant density is used for calculating the Stokes diameter alsg
ticles or‘multiconstituent particles (such as droplets in multiple emulsions). The buoyant den
ted with the skeleton density (3.15) for monoconstituent particles.

ntry: For porous particles, it is common use to compute particle size based on the apparent part|

ISO 13317-1:2024, 3.1, modified — notes are adapted for centrifugal liquid sédimentatiop]

generally,

buoyancy

n velocity

applies to
ity can be

cle density

(3.16). Thi

APPToaciT ComSders tie stagarnt tiquid i the operr pores( 3-10)asimtrinsic comnstituent of th

phase. Thus, the obtained size values are hydrodynamic equivalent diameters.

dispersed

Note 3 to entry: For close-packed agglomerates or aggregates, the buoyant density can be replaced by the apparent
particle density, with "particle” referring to the agglomerate or aggregate, in order to get the hydrodynamic equivalent

diameter.

[SOURCE:

[SO 13317-1:2024, 3.4]

© IS0 2024 - All rights reserved
2


https://www.iso.org/obp/ui
https://www.electropedia.org/
https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

3.6

ISO 13318-1:2024(en)

shape correction factor
ratio of the sedimentation velocity of a non-spherical particle to the one of a spherical particle of the same
volume and apparent particle density (3.16)

[SOURCE:
3.7

[SO 13317-1:2024, 3.5]

hindrance function
ratio of the terminal sedimentation velocity (3.3) of a particle placed in well-mixed dispersion to its
sedimentation velocity in an infinite vessel in the absence of other particles

[SOURCE:

1SO 13317-1:2024, 3.6, modified "divided by" changed to "to" and "for" changed to "in".]

3.8
particle

minute pipce of matter with defined physical boundaries

[SOURCE;

39

agglomel
collection
similar to

Note 1 to €

or simple physical entanglement.

Note 2 to
primary p

[SOURCE;

3.10
open por]
pore that

interconnlecting with other pores, and is therefore accessible to liquid

[SOURCE:
changed t

3.11
closed pc
pore that
by liquidg

[SOURCE:

3.12
dynamic

IS0 26824:2022, 3.1.1, modified — Notes 1, 2 and 3 to entry have been deleted.]

rate
of weakly or medium-strongly bound particles (3.8) where the resulting external surfa
the sum of the surface areas of the individual components

ntry: The forces holding an agglomerate together are weak forcés’such as, for example, van der W
entry: Agglomerates are also termed secondary particles and the original source particles 4

hirticles.

[SO 26824:2022, 3.1.2]

e
is not totally enclosed by its wallsand is open to the particle surface, either dire

ISO 15901-1:2016, 3.11, modified — the word "fluid" is replaced by "liquid" and "s
0 "particle surface".]

re
is totally enclosed by its walls and, hence not interconnecting with other pores and not

[SO 1590151:2016, 3.10, modified— the word "fluids" is replaced by "by liquids".]

viscosity

ce area is

hals forces

re termed

tly or by

urface” is

hccessible

measure

fflow Teststance for Newtontanm Hquids, calcutated as the ratio of the Stear Stress to

shear for laminar flow exposed to a pre-set shear stress or strain

[SOURCE:
3.13

[SO 13317-1:2024, 3.11]

apparent viscosity
measure of flow resistance for non-Newtonian liquids at a defined shear stress or strain, calculated as the
ratio of the shear stress to the shear rate

[SOURCE:

[SO 13317-1:2024, 3.12]

© IS0 2024 - All rights reserved
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3.14

true density of the dispersed phase

ratio of mass to volume for a body solely consisting of the dispersed phase without pores, voids, inclusions
or surface fissures

[SOURCE: ISO 13317-1:2024, 3.13]

3.15

skeleton density

ratio of the sample mass to the volume of the sample, including the volume of closed pores (3.11) (if present)
but excluding the volume of open pores (3.10)

Note 1 to entry: The skeleton density refers to solid particles and is determined for samples of dry powder.

[SOURCE:ISO 12154:2014, 3.3, modified — reference to the volume of void spaces between pafticles within
the bulk gample is removed and Note 1 is added]

3.16
apparent particle density
effective particle density

ratio of mass to volume for a particle including particulate inclusions, entrapped stagnant liquid 4nd gas in
pores, voids and surface fissures as well as surface layers and coatings

Note 1 to ¢ntry: The apparent particle density is the density of a migrating entity and is calculated as th¢ weighted
average offits constituents.

Note 2 to pntry: The apparent particle density depends on the wettability of open pores (3.10) and the Kinetics of
wetting orjthe replacement of pore liquid. Therefore, it is affected by sample preparation.

Note 3 to gntry: The apparent particle density is not identical withithe buoyant density (3.17). They deviatel from each
other for plorous particles and particle agglomerates (3.8) in pacticular.

[SOURCE:ISO 13317-1:2024, 3.15]

3.17
buoyant {lensity
ratio of mass to volume for a particle (37)Nncluding particulate inclusions, liquid and gas in clgsed pores
(3.11) angl voids, as well as surface layers and coatings, but excluding the liquid continuous phase that
penetratds open pores (3.10)

Note 1 to|entry: The buoyant density equals the (hypothetical) density of the continuous phase for [which the
gravitatiopal force acting on the immersed particle is counterbalanced by buoyancy.

Note 2 to gntry: The buoyantdgensity of a particle can be experimentally determined. See ISO 18747-1 and [$0 18747-2
for further information.

Note 3 to eptry: The bugyant density of monoconstituent particles can be approximated with their skeleton density (3.15).

Note 4 to [entryt>The buoyant density of multiconstituent particles (e.g. coated pigments and droplets ¢f multiple
emulsions] can‘be approximated with the averaged densities of the single constituents.

Note 5 to entry: The buoyant density is affected by the adsorption of dissolved species at the particle surface and,
therefore, depends on the solvent and its composition.

Note 6 to entry: The buoyant density is not identical with the apparent particle density (3.16), particularly for porous
particles and particle agglomerates.

[SOURCE: ISO 13317-1:2024, 3.16]

© IS0 2024 - All rights reserved
4


https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

ISO 13318-1:2024(en)

3.18
density contrast
difference between the particle density and the density of the continuous phase

Note 1 to entry: For quantifying the density contrast, the buoyant (particle) density (3.17) is used, but for porous
particles the apparent particle density (3.16) is more appropriate.

[SOURCE: ISO 13317-1:2024, 3.17]

3.19

particle Reynolds number

dimensionless parameter expressing the ratio of inertial to viscous forces within a fluid flowing past a
particle

Note 1 to gntry: The particle Reynolds number is based on the volume equivalent diameter.

Note 2 to pntry: In other contexts, the definition of the particle Reynolds number can refer to différent fequivalent
diametersfor to the equivalent radii.

Note 3 to gntry: The particle Reynolds number is a characteristic of the flow field and mobility of the partic

o

[SOURCE:|ISO 13317-1:2024, 3.18]

3.20
creeping|flow
type of flow solely governed by viscous forces and not affected by inettial forces

Note 1 to gntry: For moving particles or for the flow past a particle, the creeping flow condition applies if the particle
Reynolds number (3.19) is well below 0,25.

[SOURCE:ISO 13317-1:2024, 3.19]

3.21
Browniah motion
random otion of particles caused by collisions with the molecules or atoms of the sugrounding
continuoys phase

Note 1 to gntry: The trajectory of Brownian mofion is not differentiable.

Note 2 to gntry: Brownian motion results:en a macroscopic level in mass transport of the dispersed phase, €. g., in case
of diffusiof, thermophoresis or photephaoresis.

[SOURCE:ISO 13317-1:2024, 3:20]

3.22
lower size limit
size of tHe smallesti{particles that are detectable and with a diffusional particle flux that is negligible
compared to the sedimentational one

Note 1 to gntry; The ratio of sedimentational flux to diffusional flux (also called Péclet number, Pe) should He > 1.

[SOURCE:1S013317-172624,3:21}

3.23

upper size limit

size of the largest particle that satisfies the condition of creeping flow (3.20) and of which the terminal
sedimentation velocity (3.3) is detectable

[SOURCE: ISO 13317-1:2024, 3.22]

© IS0 2024 - All rights reserved
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3.24
type of quantity
specification of the physical property employed to quantify the individual particle fractions

Note 1 to entry: The type of quantity is a cumulable property of single particles or disperse systems, such as number,
mass, intensity of scattered light (within the single scattering limit), light extinction (within the Lambert-Beer-limit),
refractive index increment or X-ray attenuation.

Note 2 to entry: The type of quantity is indicated by a numerical or character subscript when symbolising the density
and cumulative function of a size distribution. Moreover, the subscript also specifies distribution parameters such as
median, mean and modal values or any quantiles.

Note 3 to entry: The following conventions apply for the subscript of geometric or gravimetric properties:

number: subscriptr=0
length: subscriptr=1
area: subscriptr=2
volume or mass: subscriptr=3

Note 4 to gntry: The following conventions apply for the subscript of physical propérties:

light extinction: subscript toq = “ext”
light intensity: subscript toq = “int”

[SOURCE: ISO 9276-1:1998, 4.3, modified — the definition ahd notes are expanded to include frequently
used, nonfgeometrical quantities.]

3.25
sensitivity
change of|instrument response with respect to chranges in concentration or absolute quantity of particles in
a specifiefl size class

Note 1 to gntry: Concentration or quantity cafi be given in relative or absolute values depending on the detgction aim.
Note 2 to gntry: Sensitivity depends on the type of quantity (3.24).
Note 3 to gntry: Sensitivity is a function of size.

[SOURCE:|ISO 13317-1:2024.3:2%]

3.26
limit of quantity detecCtion
smallest quantity<of 'specified particle size class for which the instrument response can be distjnguished
from the backgrouid

Note 1 to [entry: The limit of quantity detection depends on factors such as the size range, precision, Iroise level,
smoothingalgerithms-ete-

Note 2 to entry: The limit of quantity detection affects the lower (3.22) and upper size limit (3.23).
[SOURCE: ISO 13317-1:2024, 3.25]

3.27

measurement uncertainty

uncertainty of measurement

parameter associated with the result of a measurement that characterizes the dispersion of the values that
can reasonably be attributed to the measurand

[SOURCE: ISO/IEC Guide 98-3:2008, 2.2.3, modified — the term "measurement uncertainty" has been added]

© IS0 2024 - All rights reserved
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homogeneous-start method

HSM

method characterized by measurement cell(s) filled with a homogeneously mixed dispersion

3.29

line-start method

LSM

method characterized by measurement cell(s) filled with a thin layer of the sample either on top or below a
particle free (spin) liquid depending on the density contrast of the dispersed and continuous phase

ols and abbreviated terms

4 Sym

For the pt
in parentl

Ar

heses in the right column.

Archimedes number

centrifugal acceleration

systematic deviation of measured value from true value

drag coefficient

relative centrifugal acceleration

concentration density of particle size being indicated by the index "toq"

concentration density of the sedimentation coeefficient with respect to the type
of quantity being indicated by an index

particle diffusion coefficient

particle concentration with respectto a specified index "toq"
drag force (also known as "hydrodynamic resistance")
gravitational acceleration

hindrance function

auxiliary coefficient of centrifugation

Boltzmanin's constant, kg = 1,380 649x10-23 J-K-1
shape.correction factor

Ljas¢enko number

rposes of this document, the following symbols apply. In some cases, an alternative-SIiun

m2-s-]

itis given

1

. -2 (Cm.s'z)

varying
1
1
varying

varying

(um2-s1)
varying

N

32 (cm-s2)

Qtog

is the amount of dispersed phase quantified by a specified property
Péclet number

cumulative function of distributed quantity, index “toq” indicates which of the
fractions are weighted

density function of particle size, index “toq” indicates which of the fractions
are weighted

© IS0 2024 - All rights reserved
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Jroq density function of sedimentation coefficient, index “toq” indicates which of s
the fractions are weighted

Re, particle Reynolds number 1
r radial distance from rotor axis, radial coordinate m
S signal of CLS measurement, being proportional to particle concentration varying
T absolute temperature K
t time

teed sedimentation time s
U expanded uncertainty of a measurand varying
u uncertainty of a measurand varying
Veed terminal sedimentation velocity m-s{! (um-s1)
Vstokes terminal sedimentation velocity for creeping flow (Stokes regime) m-sf! (um-s1)
X particle size m| (Lm, nm)
XStokes Stokes diameter m{ (um, nm)
Ar radial sedimentation distance m
Ap density contrast between the dispersed and gentinuous phase

£ porosity 1
e viscosity of the continuous phase N-s{mZ (Pa-s)
0 volume fraction of open pores that'is filled with liquid 1
K,K kernel functions of Formulae (22) and (23), respectively 1
Pe density of the continuous phase kg:m{ (g-cm3)
Pp particle density kg:m{ (g-cm3)
Tsed sedimentation-¢oefficient s
oy volume fraction of the dispersed phase 1
y sphericity 1
W angular frequency rad-s1

For the purposes of this document, the following subscripts apply.

© IS0 2024 - All rights reserved
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0 initial state, start position

aggl agglomerate, aggregate

app apparent

bias bias, deviation from true value
bouy bouyancy

c continuous phase

cr critical

d dispersed phase

incl inclusions

max maximum

meas measurement position

min minimum

occl occluded voids

ref reference

rel relative

rep repeatability

RMS root mean square, quadratic mean
Rw reproducibility

sed sedimentation

sk skeleton

toq type of quantity

tot total

For the pyrposes af'this document, the following abbreviated terms apply.
CLS centrifugal liquid sedimentation
CRM certified reference material
DBM direct boundary method

HSM homogeneous-start method
LSM line-start method

QCM quality control material

RCA relative centrifugal acceleration
RM reference material

© IS0 2024 - All rights reserved
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5 Measurement principle and technical realisations

5.1 General measurement principle

Centrifugal liquid sedimentation (CLS) techniques! quantify the separation of particles (dispersed phase)
from a liquid (continuous phase) under the presence of a centrifugal force. This phase separation relies on
the directional, migratory motion of each particle, which this document refers to as "sedimentation". Its
rate is called the "sedimentation velocity", while the acceleration-specific rate is named the "sedimentation
coefficient". Both depend on the particle size and, thus, offer a chance for the granulometric characterization

of partic

NOTE 1

the particlps move along or against a centrifugal force.

CLS occurs for any particle dispersed in a quiescent viscous liquid and exposed to a centkifugz

le systems. Additional factors are particle shape and the particle density.

CLS techniques are generally called “sedimentation techniques” in this document, irrespective of whether

| field, as

long as a density contrast exists. It is driven by centrifugal forces that act on the particle' (Weighf) and the

displaced| liquid (buoyancy). The resulting net force (excess force) causes a migratery directe
motion, which is retarded by a frictional force (also called the drag force). The drag-force increasq

with the

falling or

sedimen
depends
sedimen
moving,

larger thdn the time scale of viscous relaxation. Hence, the particles.are considered to be in a qu
state, which means that at each radial position, they move with the terminal sedimentation vel
Formula

The mai

and more| variable driving force, which allows the characterization of nanosized particles and fa

broaden

rhigration velocity. If the excess force is positive (i.e. weight > buoyancy), thie,particle motio
tation (see ISO 13317-1), particle motion never reaches a true steady-state as the centrif

bn the radial position (in relation to the centre of rotation) and. thus changes in the
tation (see 6.1). Particles settling outwards are steadily accelerated whereas creaming, i.

4])] they would achieve if the local force field prevailed-at all radial positions.

1l particle
s linearly
n is called

settling. In the opposite case, it is called rising, creaming or floating, In contrast to grajvitational

1gal force
course of
. inwards

si-steady
city [see

particles experience a gradual deceleration. Nevertheless, the time scale of this alteratiéE is much

n| advantage of centrifugal versus gravitational liquid sedimentation is in the consideral

ply higher
ilitates a

accelerations of 10 x g to about 25 000 x g. Yet some instruments (analytical ultracentrifugation] can even

realise r
100 000

or quanty
centrifuggl acceleration (RCA) as a ratio of the centrifugal to gravitational acceleration. This dimg
parametejr relates the time scales of-Sedimentation phenomena under gravity to those in centrifug

Sedimentption results in a size-dependent separation of dispersed particles from the liquid, which

with cla
particle

— One

methpd (HSM)], ' Which consists of the following:

ofation speeds of up to 60 000 rpm corresponding to centrifugal accelerations consider

g, which facilitates an expanded.characterization to very fine objects, such as macro

spification in the case.of polydisperse materials. These effects can be employed to me|
s]ze distribution. l\GCLS there are two principal approaches (see Figure 1).

dpproach is ajgradual demixing of a homogenously mixed dispersion [i.e. the homogeng¢

I initially homogenous sample undergoes a gradual depletion of the dispersed phase whig

i%g of the measurement range. Particle size'analysis for CLS is typically conducted at cgntrifugal

bly above
molecules

m dots, and may include shapé€ and material analyses.[2] It is common to calculate the relative

nsionless
4] fields.

coincides
asure the

ous-start

h leads to
Creaming,

a
the formation of a particle layer at the outermost or innermost cell position for settling and
respectively;

— in HSM, depletion occurs as successive separation of the respective largest particles at a given

position and time;

1) CLS techniques are also referred to as analytical centrifugation. Instruments are called analytical centrifuges.

© IS0 2024 - All rights reserved
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within the dispersed phase, a concentration gradient is observed, which is directed to the

aforementioned particle layer.

The other approach is a chromatography-like separation in a particle-free medium (i.e LSM), which
consists of the following:

a thin layer of the particle sample is placed on the top of a particle-free liquid (supernata
liquid);

particles move through this “stationary phase” according to their size and density;

nt or spin

polydisperse materials are split into separate bands, which contain all particles of a certain size and

density fraction;

—

his kind of separation requires density gradients within the supernatant or spin liquid’t
poid instabilities and attain a high size resolution.

job)

velocity pesulting in a change of the particle concentration, which is independent, from the g
between [fine and coarse particles. A radial dilution is observed for settling particles (i.e. fo
density cpntrast), which is due to the divergence of the trajectories and to thé acceleration
sedimentption path. The effect is particularly comprehensible for the LSM. Radial acceleration brg
chromatographic band, while radial divergence widens its perimeter. As the tetal amount of partic
the band remains constant, their concentration becomes reduced.

Key

r
t

Al
A2
A3
A4
BO

0 A3

radiallcoordinateystarting at the axis of rotation

sedimlentation time

parti

h order to

notion in centrifugal fields occurs along radial trajectories at a steadily increasing or decreasing

eparation
[ positive
along the
adens the
es within

sL]:ccessive time points

effee sunernatant
r

depleted dispersion phase (due to loss of coarse particles)

original dispersion phase

sediment

initial layer with the bi-disperse particle sample
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B1 particle-free zones
B2 band with fine particle fraction
B3 band with coarse particle fraction

NOTE This figure shows spatial distribution of fine and coarse particles at the start (t=0) and at two later
instances (t2 > t1 >0 for HSM on the left and LSM on the right) .

Figure 1 — Illustration of phase separation due to sedimentation in a centrifugal field for a bimodal
sample with a positive density contrast

The principal effects of CLS are illustrated in Figure 1, which depicts the spatial distribution of settling
particlesllor a bi-disperse system at the start of centrifugation and two subsequentinstances. Thel]ustration
refers to poth modes of operation, the HSM and the LSM. In either case, a classification of the partigle system
is observgd, as coarse particles move faster in the centrifugal field than fine ones.

The formpation of four zones along the radial coordinate is observed in case of the HSMAsee Figufre 1). The
innermosf layer, the supernatant (zone A1), has become free of all particles. In the,subsequent 1gyer (zone
A2), ther¢ are only particles from the fine fraction, whereas the next layer (zone A3) contains prticles of
both fine aind coarse size fractions. The particles from zones A2 and A3 migrate.outwards due to a cgntrifugal
force and|eventually deposit as a sediment (zone A4). As a result, a step-like-cencentration profile|is seen at
each instgnce. However, while the particle concentrations in zones A2 and ‘A3 are invariant with respect to
space, thgy steadily decrease with time as the zones move to the outermost part of the cell. Thig is due to
the incregsing centrifugal acceleration along the radial coordinate and; on the other hand, the divé¢rgence of
particle tfajectories (that is, radial dilution). The effect also concerns the composition of zone AB because
coarse pafrticles leave zone A3 faster than fine ones. Consequently, the size distribution of zone A3 becomes
graduallyldominated by fine particles.

NOTE 2 |In the general case of polydisperse materials, zone.A3 is composed of all the size fractions|that were
originally present and experiences a gradual shift in size distribution towards the fine edge. Zone A2 can be ¢onsidered
as a blurreld sedimentation front, which is partly depleted.ef'’coarse particles (with the coarsest particles atfthe border
to A3, and pll but the finest ones at the border to A2).

NOTE 3 |In systems with a negative density contrast, i.e. for floating particles, the order of the four zonef along the
radial coofdinate is reversed. In addition, the-€ffect of radial dilution causes thickening and coarsening [of the size
distributidn in zone A3.

When LSM is applied to materials with*a positive density contrast (see Figure 1), a very thin layer|(zone B0)
of the original sample is, at first, plaeed “on the top” (i.e. close to the rotor) of a particle free spin liquid (zone
B1). During centrifugation, all particles of a given size fraction move together at the same velocityl|at a given
radial pogition through the §pint liquid to “the bottom” (i.e. the outermost wall of the cell). A polydisperse
system is|thus split into size-specific yet generally coherent bands, with the coarsest, i.e. fastes}t settling,
particles [leading the particle sedimentation front and the finest, i.e. slowest settling, particles|following
behind. F¢r a bi-disperse system as shown in Figure 1, two distinct bands are observed for each sizg fraction.
The separation of the'bands and their broadening increases with centrifugation time.

The rate |of jphase separation for CLS, e.g. quantified by the sedimentation velocity or sedi
coefficienft,/depends on the properties of the continuous phase (such as density and rheological behaviour)
and on ¢ TSt i e SIiZE; T i i —This allows
its conversion into particle size based on Stokes’ law and its corresponding presumptions (see 6.1). This
(indirect) quantification yields an equivalent diameter with respect to sedimentation velocity, called
the Stokes diameter (xg,.q¢)- It reflects the weight or volume of the particles, as well as their mobility or
drag coefficient. It is typically one of the smallest equivalent diameters for a given particle. According to

Leschonski,[3] Formula (1) applies:

Xstokes < Xy < Xg = Xproj,m < Xproj,st' (1)

© IS0 2024 - All rights reserved
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Xproj,m

Xproj,s
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is the volume equivalent diameter;
is the surface equivalent diameter;
is the projected area equivalent diameter for mean orientation;

. Isthe projected area equivalent diameter for stable orientation.

The difference between these equivalent diameters is particularly pronounced for particle aggregates and
agglomerates, where the following relationship applies!4l:

XStoke

where

Xhd

Xgyr

XFeret

NOTE 4

refers to the particles’ drag coefficient. Colloid scientists often use the radius of gyration (i.e. 0,5 x x

Particle s
explains

However,
sediment
a smooth

s < Xpg < Xgyr < XFeret,max

hydrodynamic equivalent diameter
diameter of gyration

max Maximum Feret diameter

The Stokes diameter is not identical to the hydrodynamic or mobility equivalent diameter, w|
gyr):

ze analysis by means of CLS relies on the assumption:that centrifugal sedimentation ¢
in the event of extremely low sedimentation velocities, e.g. for fine nanoparticles (<

htion can be superposed by the diffusion fluxes'due to Brownian motion.[21[6] Diffusi
ng of concentration gradients, thus broadefning the measured distribution function. T

is well-umderstood and described by quantitative\models, which can be used to correct the
g due to diffusion.[21.61I7] A more sophiSticated method (Lamm equation) is described i 6.3.7.18]

broadeni

An essen
the parti
sediment

attenuatipn or light obscuration, hydrostatic pressure, sediment height). The quantification d

intrinsic {

fial feature of each sedimentation‘technique is the way of quantifying the particles
[le size fractions. It occurs separately from the physical process of particle classifi
htion and can employ very, different measurands (e.g. local mass concentration, la

ype of quantity, by which-the individual size fractions are weighted (see 5.2 and Anng

5.2 Ted

There is d
to Tables

hnical realisation of sedimentation-based centrifugal measurement techniq

onsiderdble' variety in analytical instrumentation for particle characterization based on
A.1 and A.2). All types of CLS instruments probe the Stokes diameter of dispersed pa

either mgnjitoring the depletion of the dispersion phase or observing the growth of the deposite]
layer (sedfiment or cream). However, these techniques differ in several aspects which can significa

(2)

hich solely

pmpletely

'he observed phase separation. This holds true for the vast majority of practical applications.

100 nm),
bn causes
his effect
impact of

and thus
ation via
cal X-ray
pfines the
px A). The

conversiglg of these quantities to fundamental ones (i.e. volume or number) can either rely on an urbiased or
biased linfear scaling or involve parametric models (e.g. for light obscuration).

1€S

CLS (refer
rticles by
d particle

ntly affect

data interpretation and comparability.[2}-[10]

Geometry of the measurement cell:

The most popular criteria to distinguish an analytical centrifuge refers to the cell-type, in which the
dispersion samples are exposed to a centrifugal field. This cell can be either a cuvette, or a hollow, cylindrical
disc. Accordingly, the instruments are called disc-type centrifuge or cuvette-type centrifuge.

© IS0 2024 - All rights reserved
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w w

CAPN
Key
®  angulgr frequency
NOTE This figure shows a sector-shaped cuvette which mimics disc cells on the left, and a‘tectangular

the right.

igure 2 — Schematic representation of CLS in regards to the sample cell geometry

Cuvettes ffor CLS have either a sector-like or rectangular shape in thé.centrifugal plane (Figui

cuvette on

[e 2). The

former cdn be considered as a representative part of a disc-cell, in svhich particle trajectories capnot meet

A furtherdistinction refers to the detection of temporal and/or spatial variation in the particle conc

contrast,
sidewalls,
However,
hal centre
ervations
n particle
(see 5.1).

Ent one in

entration

within thle centrifugal field. While centrifugation time and radial position determine the sedifnentation

velocity ajnd thus the particle-size, further techniques for detecting concentration shifts and/or gr
prerequidite must be used for-weighing the individual size fractions of polydisperse systems. Techn

— probe Jntegral properties of segregated particles (e.g. sediment mass);
— address the intégral (cumulated) quantity of dispersed particles (e.g. via hydrostatic pressure);

— measyre the local concentration of the dispersed phase (e.g. via X-ray attenuation, light ¢

hdients as
jques can:

xtinction,

interpherphretric or Schlieren optics).

With regard to data analysis, the first two types of detection techniques are named integral or cumulative

techniques, whereas the third type is an incremental technique. In addition, there are even
modes of detection at fixed position or scanning over a radial range, observing the evolution of

different
complete

concentration profiles (Figure 3). The detection technique affects the working range of analytical centrifuges

and determines the intrinsic type of quantity, in which the measured distribution functions are
(see Tables A.1 and A.2).
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@ s s s s e

a) radiative monitoring of the local concentration ata b) radiative monitoring of the local concentration at

c) radig

Key
r radial

rp radial

Figure 3

other techiniques, mainly realised in historical instrurhentation or for academic purposes;[2[10] an

is provide

6 Mea

6.1 Pri

The prim
from cha

fixed or scanning position multiple radial positions

r |
y4

Pl !
e %, ° °, |
° L4 |
e o T, e e P Ty |
° o © < ° . e < i

coordinate of the meniscus
Figure 3 — Important measurement principles of CLS techniques

ndicates the principles of common measuring techniques using CLS analysis, however

d in Annex A.

surement data and basic rules of data evaluation

mary and derived medsurands in centrifugal liquid sedimentation

ary measurand of (LS is the sedimentation velocity of the particles. It can be deriy
hges in the local.er-integral concentration or from the formation of a sediment or cre

_—

tive monitoring of the local concentration d) radiative monitoring of the local concentration
with multiple wavelengths with multiple detectors
coordinate

there are
overview

ed either
am layer.

Sedimentption velocity js.the rate of particle displacement in the centrifugal field. The driving fofce of this
migratory motion, the/centrifugal excess force, changes along with the particles’ radial trajectorieg (see 5.1),
for which| reason the’sedimentation velocity v 4 is also a function of the radial coordinate r as|shown in
Formula (|3):
or
Vsed T E:f(r) (3)

This is a principal difference to gravitational liquid sedimentation (ISO 13317-1) and affects the evolution of
particle concentration (e.g. Figure 1) as well as the analysis of measurement results. Indeed, the functional
relationship between the sedimentation velocity and the radial position is not conventionally derived from
the measurement, rather it is supposed to obey the law of creeping flow (Stokes regime) which leads to

Formula (4):
a.(r)Ap ,
Vsed (r):VStokes (r)ZCIS—nXStokes :ac(r)'TSedJ with Ap =Pp —Pc
c

and ac(r):a)zr:Crel(r)'g

© IS0 2024 - All rights reserved
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centrifugal acceleration
relative centrifugal acceleration (RCA)
gravitational acceleration

radial coordinate

Vsiokes terminal sedimentation velocity for small particle Reynolds numbers (Stokes regime)

Ap

difference between particle density (p,) and density of the continuous phase (p,)

Ne

w

Tsed

In practic

position dr outermost cell wall:

Vsed,rd

This quar
It facilita

to gravitdtional sedimentation velocity. Alternatively, the sedimentation coefficient 7,4 can be u
primary rpeasurand.[el.[7]

dynamic viscosity of the continuous phase
angular frequency
sedimentation coefficient
e, the sedimentation velocity is compared to a certain reference point (r..) such as

I'ref or
——~—;tfunct. r
f ot ( )

r

tity should be always reported together with the centrifugal acceleration at the refere

meniscus

(6)

hce point.

es the comparison among different samples and measurements and can be easily transformed

bed as the

1 or
Tsed 3~ 37 (7)
] w2r ot
It can be |considered as an acceleration-specific sedimentation velocity or as a characteristic tifne, which

refers to the particles’ viscous relaxation! Unlike the sedimentation velocity, the sedimentation

can facilit

ate a direct comparison of results from gravitational and centrifugal sedimentation v

oefficient
elocity. In

addition, fhe parameter remains corstant in speed ramp experiments (see F.4), whereas the velgcity does

not. Howg

Both the
continuoy

morphology and densityare'bound to a specific liquid (e.g. micelles or proteins). However, in many
a pure pafticle property-representing the sedimentation behaviour is the Stokes diameter, which i

by Formula (8):

X | 18N, Vsedref _ 181, T
Stokds ~. Ap wzr . - Ap Sed

ver, for many (non-academic) users, it is less comprehensible than a velocity value.

sedimentation velocity and sedimentation coefficient depend on the physical propert
s phase (density~and viscosity). This dependency is irrelevant for particulate objeq

ies of the
ts whose
situations
specified

(8)

The Stokes diameter is the equivalent diameter for particle migration in gravitational or centrifugal fields.
It is affected by the particle’s inertia and drag coefficient under creeping flow conditions. Within this
document, this is the measurand of the greatest interest.

Under certain conditions, additional measurands can be obtained from CLS that are not related to
sedimentation. A first group of such measurands quantify the particle concentration in the original sample
(see 6.3.6). The signals of particle detection systems must reflect the total amount of particles in the
detection zone. This applies, for instance, to the attenuation or phase shift of an electromagnetic radiation.
The detection technique determines the CLS-type of quantity of concentration (e.g. volume for X-ray
attenuation), which can require elaborate models for conversion in number or volume concentration (e.g.
Mie theory for light extinction by spherical particles). Analytical sedimentation also offers an opportunity

© IS0 2024 - All rights reserved
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to measure particle density (see the ISO 18747 series for methods on how to measure particle density).
Another group of supplementary measurands can be derived for fine nanoparticles (< 0,1 um) if Brownian
motion significantly influences the spatial distribution of particles in the centrifugal field (see 6.3.7). In this
event, the particle diffusion coefficient can be computed and so too the hydrodynamic or mobility equivalent
particle diameter, which further offers a chance to extract particle density and shape parameters.[8l.[15].[16]
The shell-thickness of core-shell particles is reported based on this approach.[11]

6.2 Spatial distribution of particles in centrifugal fields

The characterization of a material’s dispersity by CLS relies on the evaluation of time curves for the local or
cumulated particle concentration, concentration profiles for defined sedimentation times or the evolution of
these profiles over time. It thus relies on a clear understanding of the spatial distribution of particles in the

centrifuggl field, which is governed by phase separation and radial dilution (see 5.1).
Annex F grovides a detailed derivation of the evolution of concentration profiles in centrifugabexgeriments.
The solufion depends on the initial conditions, i.e. whether the measurements were’ performed with
homogeng¢ous-start method (HSM) or line-start method (LSM). In the former case, thecspatial and| temporal
distributipn of particle concentration, ¢, can be expressed with Formula (9):
Xer (1) - —2x2/x§r
0
Ctoq ( ﬂ't):Ctoq J qtoq(x)'[_J dx 9)
0 0
In(r/rp)
with k.. (r,t)= |——— 10
e ()= [ (10)
2
A
and K, =2 2P (11)
18n,
where
Ctoq particle concentration with respeétto the type of quantity defined by index "toq"
C'(c)oq initial, uniformly distributed-particle concentration with respect to the type of quantify defined
by index "toq"
K. auxiliary variable
droq(q)  density function’of particle size; the type of quantity being indicated by toq
r radial coordinate
o radial coordinate of meniscus (Ap > 0) or bottom (Ap < 0)
t time
X particle size (more precisely, the Stokes diameter)
Xer critical particle size
Ap density contrast
Ne dynamic viscosity of the continuous phase
1) angular frequency

In case of the LSMs, the sample is uniformly distributed on an extremely thin layer at position r, over a
particle-free spin liquid. Centrifugation causes a separation of all particle fractions from each other,
so that at a certain radial position, r, infinitesimal narrow particle fractions can be observed passing by
consecutively, with the fastest particles appearing first. In practice, the observation is performed over a
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small radial distance, 6r, which means that a measurement at instance t captures all particles in the size
range X.,... X..+6x.. The observed local concentration then reads:

2
_ 0 o or . ~ %
6Ct0q(r't)_ctoq'(7) 2rln(r/r0) 'Xcrqtoq(xcr) with X'qtoq(x)_qtoq(x) (12)

where qfoq(x) is the transformed density function of the particle size.

Hence, the time curves at certain measurement positions can be considered as scaled, transformed density
functions for the distribution of sedimentation coefficient and particle size.

6.3 Determination of distribution functions

6.3.1 GLneral remarks

Within the context of this document, there are three interrelated characteristics of a particle’s sedimentation
behaviouf:

_rref or

sedimentation velocity: vgeq ref = o (13)
1
sedimentation coefficient: 7.4 =—2'ﬂ (14)
w’r ot
18
Stoke$ diameter: Xgioyes = Z—TICQ (15)
o*rAp Ot

Formula (#) reveals the interrelation between these characteristics. Although the definition of sedifnentation
velocity gnd sedimentation coefficient does not relycon a specific model for particle sediment:inon, data
analysis 3dssumes sedimentation under creeping flow conditions when computing distribution functions.
This is in| order to ease the correction for radial_dilution, which is virtually always met by experimental
conditionf in CLS.

In real particle systems, these quantities_are distributed and it is therefore insufficient to degcribe the
sedimentption behaviour with just onewalue. Instead, distribution functions are required. They ar¢ typically
defined fqr a property z as:

My, (z<Z) %
. o . . disp \ 4 =
cumulative distribution fiiction: Q,q(Z) :—:thoq(z)dz (16)
Mdisp,tot 0
do z
distripution den§jty function: qy,q (Z)= t(olq( ) (17)
z
Z
do z
transformed density function: qfoq(Z): dtoq/( ) (18)
Z/Z

where

Mgisp is the amount of dispersed phase with a specified property, e.g.z< Z
Mgispror  is the total amount of dispersed phase
and where index "toq” denotes the type of quantity, in which the “amount of dispersed phase” is quantified.

Sedimentation velocity and sedimentation coefficient possess negative signs for negative density contrast,
as their motion is then counter-directed to the centrifugal acceleration. In this event, the definitions of
cumulative function and density function refer to the absolute values of the two quantities, for pragmatic

© IS0 2024 - All rights reserved
18


https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

ISO 13318-1:2024(en)

convenience. However, if creaming and settling occurs simultaneously, Formulae (16) and (17) need to be
replaced by the more general Formulae (19) and (20), respectively:

Mdlsp (Vsed <V) f
Qtoq ( ) M j Qtoq (Vsed )dvsed (19)
disp,tot -
dQtoq (Vsed)
Qtoq \V ( ) % (20)
Vsed v

Most analytical centrifuges now employ an incremental type of quantification (see 5.2). This means that the
distributions of dispersity characteristics are calculated from either the spatial or local variation, or both, of

3 + £ Lo paj da i 1 Dl o o
partlcle concertratronoeyonaseamrent orcreatrayetr;,tnatts:

— as a flinction of time, for a fixed position or for a steady change of position (scan);
— asa flinction of position (profile), for a given sedimentation time;
— as a flinction of position and time (profile evolution).

Each sedimentation technique can be attributed an intrinsic type of quantity, in which the separate particle
fractions fontribute to the measured signal. These contributions are considered.to superpose lineafly so that

the measjirement signal Sy, (x) can be related to the local concentration of the different particle fractions:

Stoq( .'t)occtoq(r't) or Stoq(r't)‘>c 5Ct0q(r't) (21)

The two felationships constitute the basis for computing particle size distributions from the measured
signals.

6.3.2 Diistribution analysis for incremental techniques —homogeneous-start method (HSM)

Formulae[(12) and (14) describe the dependence of-concentration on time and radial position for] the HSM.
Elapsed time and measurement position define'the critical sedimentation properties, which refer to the
progressing sedimentation front [see Formulae (13) and (15), respectively]. A reformulation of the two
equationd yields:

TC]"

Ctoq( /Ctoq j Ters )qtoq(r)df or (22)
Ctoq()vcr )/Cgoq = J‘ KXo )qtoq(x) (23)
0

where Gyq(7) ang\gioq(x) represent the target of analytical investigation. As concentration piofiles are

measured at diserete positions and time-curves are recorded at defined time intervals, these equtions are
commonly discretised for computing the distribution functions:

Crel,k = sz,K AQtoq,f or Crel =K 'AQtot (24’)
/=1
with: Kk,f :K'(Xk,XZ):TZ'(Tk,Tg) (25)

The coefficients k; , vanish for k < £, for which reason the mathematical solution is a well-posed problem
and the distribution function (AQyq) can be directly calculated from Formula (24) without the need for
regularisation, e.g. by Reference [17]

If the measurement yields only one profile or one time-curve, the elements C , should monotonically
increase or decrease for an ideal measurement. In practice, however, noisy signals are observed. The noise
sets a limit for the achievable resolution of the distribution function. In order to avoid noisy distribution
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functions, the original data can be smoothed (e.g. by averaging over positions or time) or the resolution of
the distribution function reduced (i.e. the number of elements in AQy,).

If the measurements provide a number of individual profiles (for different instances) or time-curves (for
different positions) for the very same phase separation, noise can be handled in different ways, such as:

— averaging the individual distribution functions;

— merging all individual measurement data in a combined data set, which can be evaluated by numerically

solving Formula (24).[19]-[21]

The former approach effectively suppresses the impact of fine noise on measurement results. The variation
among the results can be also used to evaluate their consistency. For instance, systematic differences
between |ndividual results typically indicate that the computation relies on a wrong value of theJmeniscus
position. [The latter approach is a powerful tool to obtain finely resolved distribution functiofis/ffom noisy
data but fequires the handling of big data sets. Therefore, it has to employ regularisation for s¢lving the
matrix equation (24).

6.3.3 Diistribution analysis for incremental techniques — line-start method (LSM)

The LSM |principally facilitates a relatively simple data analysis because the-signals S;,4(rt) measured at
radial podition, r; and time, t, concentrations are proportional to:

— the trajpsformed density functions (q:oq(x) or qt*oq(r) );
— an invdriant geometric factor;

— and th¢ original sample concentration [see Formulae (12), (21) and (F.12)].

The measjurement thus directly yields the distribution den§ity functions of the dispersity charactgristic:

Tsedq oq(’[sed)oc 6Ct0q(r't)°c Stoq(r't) (26)

with foq = (27)

X'qto1(X)°c5Ctoq(r't)°c5toq(r't) (28)

with k= |18 In(r/ro) (29)
w’t “Ap

This prinfipal scheme-~of data analysis needs to be modified in analytical practice, primarily because the
LSM is mgst often performed with a density gradient in the liquid phase. Consequently, the liquid groperties
(density and viscésity) cannot be considered as constant for the sedimentation process. In addition, the
establish¢d density profile changes with time, which coincides with changes in the refractive in}e,:x profile

and, thus) affects the detection of photometric signals. That is, the signal S,,(rt) experiences a systematic
alteratior] even for the absence of dispersed particles (baseline shift). In order to cope with these implications,
the data analysis is typically modified, wherein:

— the actual density profile is indirectly quantified by the measurement of reference particles (calibration),
and the material properties in Formula (29) can thus be replaced by a calibration coefficient;

— the measured signal S, (r;t) is corrected for the baseline shift before applying Formulae (26) or (28).

Apart from the presence of a density gradient, signal processing must also consider the finite thickness
of the initial sample layer, the radial width of the measurement zone, possible temperature drifts and, for
some techniques, the spectral composition of the illuminating radiation. Hence, details of the implemented
algorithms for data analysis can differ from the principal scheme described above. They are explained in
literature for specific centrifugation techniquesl22l and typically provided by the manufacturer.
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6.3.4 Distribution analysis for integral techniques

Integral centrifugation techniques, such as manometric centrifugationl23l or centrifugal sedimentation
balances!19 are irrelevant for particle characterization.

6.3.5 Conversion with respect to the type of quantity?)

The technique-specific principle of quantifying the amount of particles for each size fraction defines the
type of quantity in which the distribution of the sedimentation coefficient or Stokes diameter is intrinsically
described. These distribution functions possibly necessitate a conversion with respect to the type of
quantity before further interpretation. For spherical particles, the conversion is conducted by means of

qp (x)=

22)

Jb’\“/ Jb’\“/d
DA )/ Fa(x)

where A gnd B are size dependent quantities:

A= £} (x),and B= fp (x).

EXAMPLE
beam (see

product offnumber concentration cy and the particles’ extinction cross section €,

measured
Cot () has

Photocentrifuges quantify the local particle concentration via the attenuation of a transn
[SO 13318-2). The transmitted signal is transformed into an extinction value; E, which is proporti
o< When converting an in
extinction-weighted particle size distribution into a volume-weighted one, the extinction crq
to be employed as quantity function f,(x) and x3 as quantity function f5(x) in Formula (30).

The quantity functions generally obey the power laws of particle size, for instance:

—  X-ray attenuation of dispersed particles: S xXray () X X3 = G0y (%) = q5(X)
—  light extinction of opaque micrometre particles: Jext() X X2 = ey (¥) = q2(%)
—  light extinction of opaque nanoparticles: Jext®) € X3 = Gy (%) = q5(x)
—  light extinction of transparent nanopartieles: Jext®) € X6 = oy (%) = q4(X)
—  reffactive index increment of nanoparticles: fral) xx3 = qp(x) = q3(x)

The last ¢xamples indicate that optical sample properties can scale to a power of particle size

range isr

hther restricted. In gengéral; such a simplification is not possible and sophisticated optic

such as Mjie’s solution for electromagnetic scattering from spheres, need to be employed.[24]

Formula
that this

30) defines the general way of converting with respect to the type of quantity, but it does
conversion is‘nly performed at the computed distribution functions from centrifuge

(30)

(31)

itted light
onal to the
trinsically
ss section

f the size
hl models,

not mean
| particle

characterfization. In fact; this conversion can be easily implemented in the numerical schemes for deriving
distributipn functionis from measured signals. For size analysis with HSM, conversion is achi¢ved with
Formula (|32)
XCI'
AV / 0 r 1 fR(X) L AN 1
Sp(r =t ) T ™= | DXt aatx)ux (32)
0 fa(x)
while for LSM, Formula (33) applies:
o fa(%)
Sp(r,t)e 8eg(r,t)/cd e x- 222 g, (x) (33)

a0

The proportionality coefficient in both formulae is chosen in such a way that the normalisation criterion of
the density function (J.q(x)dx =1) is fulfilled.

2) The following parts of Clause 6 are focused on the determination of particle size distributions.
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Whichever approach is chosen, any conversion increases the uncertainties of the size distribution, in
particular at the fringes of the distribution function. The integral effect of this error propagation can be
calculated from the original measurement data and helps to qualify the meaningfulness of the conversion.
[25] In addition, non-spherical particles require different quantity functions [f,(x) and fz(x)] to spheres. In
practice however, the quantity functions for spheres are employed in each situation. This introduces an
error which is the more pronounced the larger the deviation is from a spherical shape.

6.3.6 Total quantity of dispersed phase and non-normalised particle size distributions

Particle size distributions are commonly presented by normalised functions, i.e. the total integral of the
density function q,,,(x) amounts to 1 and the sum function Q,,(x) varies between 0 and 1. That is because
the detected signals cannot always be transformed into absolute quantities, such as mass concentration, and
because rformalisation ensures the comparability of measured data.

However,[most centrifugation techniques facilitate the direct measurement of particle concentratipns in the
measurerhent zone or, at least, their calculation from measured data. Hence, they offer a.chance tp derive a
non-normnjalised size distribution, which quantifies the particle concentration of the different size fractions:

fractipnal concentration: ¢y,q; =Ctoqtot - Altogi (34)

conceptration density: Cy,q (X)=Ctoq tot *qtoq (X) (35)
where

Cioq(y) concentration density function with respect to the quantity indicated by the index "tqq"

Croqi| Particle concentration of the i-th size class, the type of quantity is indicated by index [toq
Croqede total particle concentration, the type of quantity being indicated by the index "toq"
droq(y) density function of particle size distribution with respect to the quantity "toq"

In practi¢e, non-normalised particle size distributions only refer to the number, volume or mass of the
quantities.

NOTE Non-normalised particle size distributions may also be expressed with extensive quantities (e.g.[total mass
of original[sample below 100 nm) rather.than by concentrations.

Prerequidites for the derivation-ofnon-normalised size distributions include the following:

— particles contribute independently from each other to the evaluated signal (i.e. light extinction, fefractive
index incfement or X-ray-attenuation);

— particlg contributiens superpose linearly.

Moreover] the size dependency of the signals, i.e. the quantity function (see Formula (31) and 6.3]5), needs
to be known\For centrifugation analyses operated in HSV, it is sufficient to use the signals of the initially
well-mixdd-Sample and to combine them with the measured, normalised particle size distribution in order
to derive the total particle concentration in the measurement cell, as shown in Formula (36):

Stog,t=0 < CN tot 'J.ftoq(x)qO(X)dXoc Cy tot ‘fftoq(x)/x3 g3(x)dx (36)

where the proportionality coefficients depend on the instrumentation and are well-specified.

When the LSM is employed, the signals for each instant reflect the concentration density of the passing
size fraction, which has already experienced radial dilution or thickening for settling or rising particles,
respectively (see Formula (18) and Reference [26]). Therefore, the total number, volume or mass
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concentration of the original sample is obtained by summation of the measured signal over the complete

period of centrifugal phase separation:

1 e

0
g o X coq(rrt ) X Stoq(rty) Sty = —————
* 2 * 2 * chczr(r'tk ) r

(37)
where

cOtoq original particle concentration with respect to the specified type of quantity

r radial position

S 1 rad cicnal b o 4+ o £ abitazio 3o 3 +taodlz o d Ny o 1
toq IIIcdaosulrvyu Jlsllal, A9 9 4oy L)’ lJ\., Ul bluallLlLy 1o IIIuIicdaltcuu IJ)’ ITIUCA LUDI

ty time step

8Coq| incrementin particle concentration related to specified time step

As the indtantaneous signal refers to a certain size range [see Formula (F.11)], time'stéps have to pe chosen
adequately.

For instance, number and volume concentration are derived from Formulae {38 and (39) respectiely:

0 _ 6Ctoq(r'tk) Stoq(r'tk)
v Z5C1V(r’tk)_zftoq(xcr(r"tk )) ftoq(xcr(r'tk )) 8

3 3
U _ Xcr(r"fk)'6Ctoq(r'tk)c>c Xcr(r'tk)'stoq(r'tk)
v ‘ZSCV(r,tk)_Z ftoq(Xcr(r'tk )) Z ftoq(xcr(r'tk))

where thg proportionality coefficients depend on the instrumentation yet are well-specified.

(39)

Computatffions based on Formulae (36) to (39) referto the quantity of particles in the analysed sagple. This
quantity |s typically adjusted to match the working range of given instrument. Hence, comparispn among
different $amples should account for preparative steps, such as sample dilution.

The determination of absolute particle quarntities and non-normalised particle size distributions cpnstitutes
a bonus feature of some commerciakinstruments but cannot be considered as highly reliable for|arbitrary
types of pgarticle systems, i.e. with@ut'restriction to particle shape, polydispersity, size range or interfacial
aspects (4ee Reference [26]).

6.3.7 Measurement analysis with respect to sedimentation and diffusion

Particles [are subject{te”a stochastic, non-directed Brownian motion, which can become relevant for
centrifuggtion analysis if particles are very fine (x < 100 nm). Brownian motion results in a snearing of
concentrdtion gradients and, thus, artificially broadens the measured distributions of sedimentation
coefficienft or, particle size, when the data analysis of the previous subclauses is applied. The relevance of

Browniar] motion depends on the dimensionless Péclet number, which can be regarded as the rgtio of the
Sedlment hticnal ta diffucianal flaw:[271

oo to- oo To o T rer T

[33 3
Pec Vsed AT _ A Tgeq AT _ Ima.Ar N Tgeq _ Ta.Apx”Ar 40)
D, D, kgT Ap 6kgT
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centrifugal acceleration

particle diffusion coefficient

Boltzmann’s constant, kg » 1,381x10-23 J/K
temperature

terminal sedimentation velocity

particle diameter

Ar
Ap

Tsed

A differen
the ratio
character
the impad

EXAMPLE
acceleratid
criterion g
than 21 nn
acceleratid

Formula

Brownian
and, as a ¢
itneedst

% _

Jt
The solut
[29-31] Suc

the distri

__wzfsed i(rzc)+D li( ac)

radial sedimentation distance
density contrast between the dispersed and continuous phase
sedimentation coefficient

t definition for the Péclet number exists referring to a factor of two.ll1'According to For}
fthe sedimentation to the diffusion flux depends on particle parameters (size and densi
istic centrifugal parameters (acceleration and radial sedimentatien/distance). As a rule
t of Brownian motion can be ignored for Pe > 200.[3]

Consider the centrifugation of colloidal silica in an aqueo@s)medium Ap = 1,2 g/cm3), the
n is to be 1 000 x g and the measurement position is 10_mm from the start position. Accord
f Reference [5] (Pe.. = 200), it is permissible to ignore thedinpact of Brownian motion for partj
h. This limit would rise for a lower density contrast (e.g. to'54 nm for Ap = 0,1 g/cm3) or a lower
n (e.g. to 76 nm for a. = 30 x g).

40) indirectly defines a lower size limit for-a' dominant sedimentation flux. For finer
motion significantly affects the evolution“of the concentration profiles in the measursg

onsequence, the simplified transport equation [Formula (10)] fails to quantify this impac
be expanded to also account for diffusion fluxes (such as the Lamm equation[28l):

p . r_
r or r ori ot
on of this equation and its application to derive distribution functions requires numen
h solutions do not only provide the distribution of sedimentation coefficient or particle siz
bution of the particlediffusion coefficient, which can be further transformed into a hydr

equivale

of a centrfifugation analysis in the Brownian regime is a two-dimensional distribution of two ind
dispersity characteristics.[8.[16] In practice, such a multi-dimensional particle characterization is
to small Béclet nufmbers (1,4 < Pe < 60[11]), which typically corresponds to nanoparticles (< 100 nnj
(e.g. lipospmes},,and micelles or macromolecules (e.g. RNA, proteins).

A special|feature of centrifugation within the Brownian regime refers to the process of phase s¢

diameter, a shape factor,[32] the molar mass[29] or particle density.[12] Indeed, the comp

nula (40),
y) and on

of thumb,

rentrifugal
ing to the
cles larger
rentrifugal

particles,
ment cell
L. Instead,

(41)

ical tools.
e, butalso
pdynamic
ete result
ependent
restricted
), vesicles

Pparation.

Unlike with coarse particles (i.e. large Péclet numbers), this process does not end with the finest particles
arriving in the sediment or cream layer. Instead, a concentration equilibrium of particles evolve between
sedimentational deposition and the diffusion-driven counter-flux. The concentration profile in this layer is

a function of Péclet number and can be also used for the determination of additional particle parameters.
[33]-[35],[95],[96]
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6.4 Deviations from Stokes-based analysis

6.4.1 General

The calculation of particle size from the sedimentation velocity according to Formula (8) relies on the

following

assumptions:

— Particle motion:
always in steady state; balance among gravity, buoyancy and hydrodynamic drag; under creeping flow;
no viscous interaction with neighbouring particles and walls.

— Particle properties:

spher
— Liqui

incompressible, Newtonian.

The indiv
sediment

Some of t
liquids sh
dispersin

Other ass|

3 1l £l dsaiaid £ L. A 14 3 4 ikl o 1 A |
Ical DIICIIJC, SITIIUULIT AdITU T 161\1 oulidiyg, uuluuscuuuo ucuau._y, ITICT U VVILIT I CDPCLL U lll/lbllu-

1 properties:

htion analysis.

hese assumptions can be addressed by proper sample preparation (see 7.2 and 7.3). Forq
ould show Newtonian behaviour, but shall not promote dissolution-or swelling and ma
b agents that impede particle agglomeration.[19]

6.4.2 U]Eper limit for sedimentation velocity and particléesize

The assu
velocity, I

Rep =

where

Vsed

b'e
Ne
Pc

Tsed

idual effects are discussed partly in Annex C and in ISO 13317-1, which{covers gralvitational

instance,
y contain

umptions set limits on the working range, with regard to pafticle size and concentration, or they
must be addressed by data analysis.

ption of creeping flow (see 6.1) imposes general*upper limits for particle size and sedijnentation

ecause it only applies for small particle Reynelds numbers, which is specified by Formul

PcVsedX — PclcTseqX
Ne Ne

centrifugal acceleration

terminal sedimentation velocity

particle size

dynamic viscosity of the continuous phase
density’of the continuous phase

sedimentation coefficient

h (42):

(42)

Conventionally, a threshold value of Rep = 0,25 is used.

It is often more convenient to calculate the upper limits of size and sedimentation velocity from the
corresponding thresholds of the dimensionless Archimedes and LjaS¢enko numbers (see C.1). These
equations show to which degree the upper limits of particle size and sedimentation velocity can be shifted
to values above 100 pm and 1 mm/s without violating the creeping flow condition, but only by adjusting the

viscosity

and the density of the continuous phase.
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Apart from the creeping flow condition, there are further instrument-specific restrictions on operations
conditions that directly or indirectly affect the maximum particle size or sedimentation velocity.

— Thei

mpact of gravity on phase separation should be minimised.

If the centrifugal rotor is horizontally aligned, gravitational sedimentation occurs perpendicular to the
centrifugal particle motion., causing deposition of particles at the lower cell wall. Deposited layers can
induce convective flow due to density gradients. It is recommended to use a minimum RCA of 30, which
sets a limit for maximum particle size at which the creeping-flow condition is fulfilled.

— The sedimentation of the fastest settling particles should be detectable.
For this purpose, the time resolution (At,,;,) of the measurement should be adjusted in such a manner
that the first signals represent the fastest sedimenting particles. The finest available time resolution

defin

Vsedthax <0, S5Ar/At

— The
Incre

og the upper limits for va]nr‘ify (\1 )l andthussize (x

-
Sed,mndax’ CTOT0KES, Md X7

min

brimary measurement signals are not markedly affected by stochastic number flu
mental centrifugation techniques probe the particle quantity in a measurenient zone

(43)

Ctuations.
f defined

volume, which decreases monotonically during the centrifugation process due’to radial dilution and

phasg

643 L

Browniar] motion results in a diffusional nondirectional flux\which superposes the migrati

centrifug

bwer limits for particle size

separation. The average number, N, of particles in the measurement*zone obeys theg Poissons
statidtics, which means that signals are principally affected by stochastigniumber fluctuation o
in thg

f particles

measurement zone. If the impact is kept below 2 %, the particle number needs to exceed 4 000.

bn in the

il field and essentially broadens the sedimentationMront. The average Brownian displacement

is proporftional to the square root of time, unlike a migratory displacement which grows lindarly with
time. Herjce, the impact of Brownian motion on the results of a sedimentation analysis becorhes lower
with progressing phase separation and increasing sedimentation distance. The relevance of this adverse

effect degjends on the Péclet number, as discussed.int6.3.7. It is important to avoid temperature

gradients

perpendi¢ular to the migration direction.
Xlimit
100 000
SN 2 \1
10000 focgzie? B e e 4|
<< 3
1000 =
2 =S
100
10 5
6
/
1
1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 Ap/p
Key
Ap density contrast, in kg/m3
n dynamic viscosity, in Pa-s
Xjimit  limits for particle size, in nm
1 upper limit due to creeping flow condition
2 upper limit due to a time resolution of 1 s
3 upper limit due to number fluctuation, for a volume fraction of 0,01 %
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4 upper limit due to number fluctuation, for a volume fraction of 0,1 %

5 lower limit due to Brownian motion

6 horizontal position for polystyrene particles in water

7 horizontal position for gold particles in water

NOTE This figure shows a measurement range of CLS for RCA of 3 000, which is valid for aqueous dispersions.

Figure 4 — Measurement range of CLS for RCA of 3 000

6.4.4 Limits for particle concentration

Stokes Fofmula (4) was developed for the unhindered settling of a single particle in an infinite\lifjuid. This
assumptign is only fulfilled for dilute (polydisperse) particle systems of volume fractions of the disperjsed phase
below 0,5|%. Under these conditions, individual particles settle sufficiently independently from/each|other.

The lowel concentration limit essentially results from the limit of quantity detectien. This megns that it
is defined by the need for sufficiently high signals for the quantification of pargicles. It may bq partially
overcomq by increasing the measuring volume by increasing the optical pathNength by using|adequate
optical céllls. Hence, these are the specific limits for the various centrifugatidgn)techniques and cgn depend
on the mgterial (X-ray centrifuges) and even particle size (e.g. photocentrifuges). They are discusped in the
other parts of the ISO 13318 series.

6.4.5 Handling of porous and heterogeneous particles

Transforrhation of sedimentation velocity into particle size'[see Formula (8)] relies on thel material
propertief, in particular the particle density. For homogeneeus liquid and solid particles, data is Jommonly
available [in textbooks or in material data sheets (e.g:Reference [36] and [37]). However, quite a few
particulate materials consist of inhomogeneous particles. That is, particles can:

— have open or closed pores;
— be coated;
— be conlposed of multiple constituents.

Since particle size analysis typicallyaims at the outer dimensions of moving entities, the apparent particle
density i employed for calculating-particle size. The apparent particle density can be considered as the
average density of the settling-entity. It is identical to the buoyant density in the absence of open pores (for
details, sqe Annex B). This facilitates the experimental determination of the relevant particle densjty within
the framework of sedimentation (see the ISO 18747 series). Pore issues regarding sedimentation tgchniques
are discugsed in I1SO 13317-1.

6.4.6 ndling‘ofinon-spherical particles and particle agglomerates

In contragt té_the assumption behind Formula (4), the majority of particle systems that are chatacterized
by analytli¢éal sedimentation consist of non-spherical and evenly agglomerated or aggregated |particles.
Moreover, particle shape and agglomerate structure are typically distributed, unknown quantities. For the
sake of feasibility, all specific effects of non-sphericity [e.g. deviation of drag force as per Formula (C.1) and
possible orientation distribution] are ignored and an equivalent diameter, the Stokes diameter, is computed
from Formula (8). This calculation uses the buoyant density of the particles and yields size values, which
are smaller than e.g, the hydrodynamic or volume equivalent diameters. For close-packed agglomerates,
which are typically isometric and with uniform porosity, the buoyant density can be replaced by the
apparent density, which refers to the constituent particles and the stagnant liquid in the voids. In this case,
the calculated size is a hydrodynamic equivalent diameter. This approach fails for fractal-like agglomerates
with size-dependent, rather high porosity, and only buoyant density should be employed.

© IS0 2024 - All rights reserved
27


https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

ISO 13318-1:2024(en)

7 Performing size analyses

7.1 General

The granulometric characterization of particle systems with regard to particle size distribution comprises
several steps, all of which affect the outcome of the analysis. Hence, they need to be thoroughly planned and
organised in advance. A starting point for each analysis is the definition of its objectives, which specify the
relevant state of dispersion, the suitable measurands and their acceptable uncertainty. Measurands in the
context of sedimentation analysis:

— can refer to the distribution of sedimentation velocity or the one of the Stokes diameter;

— can co

— are spgcified with regard to the type of quantity.

and applicable analysis algorithms, should be identified. After all pre-considerations are complete, the

In addit“i£n, all data that ensure an adequate analysis of measurement, such as material groperties
I
granulomfetric analysis can start. Typical steps are described in the subclauses 7.2.t0¥.8.

The quality of an analysis depends on whether all of these steps are conducted in an adequate apd careful
manner. Ih addition, the quality is influenced by sample properties (e.g. polydispersity, optical prdperties of
particle ahd its concentration, density contrast), instrumentation (e.g. type of sedimentation techhique and
corresponding details, such as the wavelength of radiation) and measurement conditions (e.g. temperature,
temporal Jresolution).

7.2 Sampling

A represgntative sample is taken from a powder or liquid-dispersion by using adequate techmpiques for
sampling pnd sample splitting (see ISO 14488) and obeying constraints on sample mass or volume resulting
from the lemands of the measurement technique and®he requirements for statistical uncertainty

7.3 Continuous phase and primary sample preparation

Sample pfeparation constitutes a crucial step in granulometric analyses because it defines, of at least
affects, the state of dispersion and thus the measured quantity. Errors and uncertainty in particle size
analysis qre commonly caused by improper sample preparation.

The purppse of primary sample ‘preparation consists of producing stock suspensions or emulsi¢ns which
have expdrienced a specified dispersion process and are thus defined with respect to their state of depersion.
Hence, prjmary sample preparation typically modifies the original sample in order to ensure a regroducible
granulomletric state. Forsedimentation analysis, it yields a master sample which can be further dlivided to
conduct npultiple measuréments with one instrument or comparative analyses with different granulometric
techniqugs.

The primgry sample preparation consists of various steps, which depend on the objectives of analydis and the
type of the original material. Powders shall be suspended in an appropriate liquid (i.e. a continuqus phase,
dispersionliquid) at first and then dispersed in it, which includes both distributive and disruptive processes
(see ISO/TS 22107). The dispersion process can be supported by wetting agents and the liquid may contain
dispersing agents, which help to maintain colloidal stability. The liquid shall ensure the chemical stability of
the dispersed phase (i.e. neither dissolution, nor chemical reaction) and its sedimentation (i.e. the density
contrast must not vanish). In addition, the liquid should be chemically compatible with the material of the
measurement cell. Reference [38] lists liquids and dispersing agents which have proven successful for a
couple of solid materials.

[f the original material is a liquid dispersion, the original continuous phase (dispersion medium) is typically
used, although a different liquid is possible. In some situations, such as trying to retard the sedimentation
process, it can be helpful or necessary to adjust the density contrast by adding solutes to the original
continuous phase.
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Independent from the initial state of the material, the dispersion process constitutes a central element of
sample preparation and decides on the size of the particulate entities that are probed by sedimentation
analysis. The dispersion process shall be specified, i.e. the dispersion technique, the intensity of treatment
and the dispersion energy. These parameters should be selected as to best match the state of the particulate
material at the relevant process, product application or test scenario.

The primary sample preparation can also include the defined removal of oversize particles. Its purpose is
to ensure that all particles fall within the acceptable limits of the size range (see 6.4.1). Upper size limits of
analytical centrifuges are typically much larger than 1 pm. For that size range, wet sieving (see ISO 2591-1)
with test sieves of electroformed sheets (ISO 3310-3.) is the preferred method of coarse particle removal
because it provides the sharpest separation and allows a gravimetric quantification of the coarse particle
content.[39]

The folloving shall be specified when conducting reproducible sample preparation for sedillnentation
analysis:

— the continuous phase and possible additives (substances and concentration);
— parti¢le concentration;
— techrlique(s) employed for dispersing the particles;

— if applicable, settings that correlate with the local stress intensity(e. rotational speed |for given
geometry, or power densities);

— the efergy density (e.g. as determined by calorimetric analyses, or calculated from pressure|drop and
flow rate);

— furthpr conditions of the dispersion process (e.g. temperature, cooling systems);

— if negessary, relevant data on the vessel (beaker), containing the sample during dispersiop (e.g. for
indirect ultrasonication with ultrasonic baths or inverted cup-horns)

See ISO 14887 and ISO 20247 regarding dispersion procedures for powders in liquids.

7.4 Sedondary sample preparation (sample conditioning)

The master samples of the defined state of dispersion, which were produced at the primainy sample
preparatipn, typically require furtherprocessing before the measurement can take place. The purpose is to
adapt the[sample to the measurement conditions without affecting the particle size distribution. yecondary
sample pijeparation can involve:

— sampld splitting (i.e. producing aliquots, see ISO 14488 for further information);
— dilutioh;
— adjustinent of viscosity or density;

— thermgdl equilibration.

It is mainly driven by specilfic requirements of the instrumentation (e.g. sample volume, working range
with respect to particle concentration) and the analytical objectives (e.g. evaluation of the temperature
sensitivity).

A typical task is the adjustment of particle concentration via dilution, for avoiding mutual sedimentation
hindrance and for adapting to the linear range of sensing techniques (see 6.4.2 and 6.4.3). Dilution of fine
particle dispersions can severely affect their stability against agglomeration (e.g. due to changes in pH) or
promote dissolution of the dispersed phase. Hence, the impact of dilution on the state of dispersion should
be checked and the granulometric state should be maintained (see ISO 14887).

Adjustment of the continuous phase’ viscosity and density can be meaningful for the analysis of
heterogeneous dispersions with multiple dispersed phases.
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Instrument preparation

Before an analysis, the instrument needs to be set up for operation. Procedures for instrument preparation
depend on the sedimentation technique and instrumentation used. The instrument manufacturer's
instructions should be followed. Instructions can include:

the formation of a density gradient (LSM);

a thermal equilibration of the measurement zone for the intended measurement temperature;

the specification of measurement parameters in the instrument software (e.g. temperature, wavelength,
temporal resolution of signals);

of m¢asurement zone or resistance to liquids or Wthh can be specifically designed for settling or
crearhing particles.

Thermal pquilibrium is achieved by running the instrument at operation conditions,without samples as
the internal heat production depends on rotor speed. This step is especially important'when the| specified
measurerhent temperature deviates from room temperature. Typically, such proéedures are described
in detail in the manuals of the specific centrifuges. Optimum measurement conditions depend on both
instrumeptation and sample, for which reason their determination can require preliminary experjments.

7.6

7.6.1 General procedures for CLS

Mepsurement

After instrument operational readiness (see 7.4), general procedures for the measurement of sedijnentation
velocity, Jedimentation coefficient and particle size and theirdistributions shall conform to the following:

specify the measurement condition according to the SOP and the name of sample(s);

any prepared master sample (see 7.2 and 7.3)shall be homogeneously mixed and thermally eqpilibrated
to thg measurement temperature by appropriate means;

if pogsible, maintain a constant temperature of the sample and perform continuous recording|of sample
tempegrature during the measurement;

keep fthe time between master(sample preparation and filling of the test sample into the meaduring cell
as short as possible;

time-resolved, original\instrument readings, including temperature and rotor speed, should be saved
together with the instruiment settings by software.

Repeated|measurements should be performed for instrument repeatability, including sample prieparation
(see Clause 8 for.dmopre details). Repeated analyses cannot replace tests of signal quality and plausibility

checks. Sych testsdepend on the respective measurement technique, and can refer to:

the ppsition of the liquid-air interface:
it should—be correctty detected by software (If appiicabte) and any temporat changes (e.g. due to
evaporation, repeated measurements with the same filling of spin fluid) should stay within certain limits;

initial and final signals:

these are values indicating the transmission (attenuation) of radiation through the sample, usually the
plausibility can be tested at the start of the measurement (e.g. expected attenuation based on mass
concentration of master sample) and the finished sedimentation process (zero concentration of dispersed
phase); additionally, requirements on the range of signal values in order to ensure a linear instrument
response (physical model, sensor characteristics) can apply;

shape of time curves or concentration profiles:
profiles facilitate a discrimination between settling or creaming — in the context of particle size analysis,
this should agree with expectation based on material properties; moreover, concentration profiles are
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monotonic for all monoconstituent disperse systems and for multi-constituent samples, if the sign of the
density contrast agrees for all dispersed constituents; time curves of transmission or attenuation should
be monotonic for all types of material.

To a large degree, the specific measurement procedures depend on the initial distribution of the dispersed
phase in the continuous phase, i.e. on whether the measurements are conducted with HSM or LSM (see
Figure 1 and subclauses 6.3.2 and 6.3.3). The operational procedures for the two methods can be completely
or partly controlled by instrument software, but they can also be left to the responsibility of the operator.

7.6.2 Procedures for homogeneous-start method (HSM)

To operate analytical centrifuges with HSM necessitates ensuring that homogeneously mixed samples are
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This 1s especially important in the case of fast-sedimenting particles.

changing
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piiperature drifts. The LSM procedure is as follows.

— Verify the cleanliness of the disc and, if needed, clean the outer and inner walls of the disc according to
the instrument manufacturer’s instructions.

— Inject the corresponding liquids to create the density gradient followed by some organic solvent to
prevent evaporation from cooling into the rotating disc. Follow manufacturers' instructions.

— Allow time for the creation and stabilisation of the density gradient within the spin fluid. Follow the
manufacturer's instructions.

— Allow the instrument to reach a constant extinction reading and, if applicable, a constant temperature of
the spin disc. Avoid changes in room temperature if the instrument does not have temperature control.
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— Calibration measurements shall be performed before each sample injection by means of reference
materials, in order to correct for changes in the gradient during the measurement session. The sample
thatis to be analysed may be spiked with the reference particles where this operation is compatible with
the analytical software of the instrument. Inject the sample into the disc as gently as possible, avoiding
high shear stress and the creation of air bubbles. Start data acquisition immediately after injecting the

samp

— Ifthe

le into the spinning disc.

absorption reading is back to baseline, a new sample may be injected.

— Analyse the saved instrument readings by instrument-specific software or special algorithms. Result
changing settings, like smoothing etc., shall be registered.

See 7.6.1 for general recommendations.
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— Position of the measurement zone.

— Value of the observed quantity (e.g. sediment mass or X-ray attenuation).

The analysis of these data can be considered as a tiered process:

a) Calcu

lation of sedimentation velocities:

from the time and position of the data sets based on the definition of velocity. It does not require model
parameters, yet assumes that the value of the observed quantity is attributed to a time point and space

point

(i.e. no smearing).
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Calculation of particle sizes:

from the sedimentation velocity. Typically, the calculation is conducted by assuming spherical particles
(i.e. the analysis yields the distribution of the Stokes diameter), Newtonian liquid, creeping flow
condition and the absence of concentration effects. This transformation requires knowledge of the
dynamic viscosity (n.), density contrast (Ap) and centrifugal acceleration (a_). See 6.1 and 6.3.1 for
further information.

Computation of the distribution function with respect to the intrinsic type of quantity:
from the observed quantity based on Formulae (22) and (23) (integral techniques) or (26) and (28)
(incremental techniques). It does not require model parameters.

Computation of the distribution function With respect to another type of quantity:
from the j : S , S - ticle size based
ona odel that correlates partlcle size w1th the observed quantity [see ormulae 130) and {{31)]. This
computation frequently requires further model parameters, e.g. wavelength of radiationand fefractive
index (see 6.3.5 and Annex E).

The distrfibution of sedimentation velocity (weighted by the intrinsic type of quantity) can be derived
from the [measured data without additional model parameters. In contrast, the ‘¢omputation df particle
distributipns always requires information on the measurement conditions and the material pfoperties.
There arg also several books with tabulated values of material properties (6.5 References [36] and [37]).
Additiondlly, parameters like particle density, liquid density, liquid viscgsity or refractive index can be
measured by means of established and standardised techniques (e.g. ISO 18747 series, ISO 15212-1ISO 2555,
[SO 3219 series and ISO 280). Data regarding temperature, centrifugalspeed, the baseline data of sensors, as
well as dqte and measurement time shall, at a minimum, be recordé€d)for any measurement. Datashould be
saved by the instrument software together with a record of the time course of transmission or attgnuation.

7.8 Reporting

Good labdratory practice requires documentation of allsSteps and results. Measurement reports shall:

— allow { reproduction of the analysis;
— visually emphasize the most important results;
— observg the international conventions injparticle characterization, including 1SO 9276-1.

The test report should include the following details:

a)
b)
)
d)
e)
f)

g)
h)

File name of measurement/report.

Namg¢ and contact inforaiation of the customer.
Namg¢ and address-of testing laboratory.
Operator.

Date pf testing.

File mame of report and link to where the experimental data and unique report identifier (where

applicable) are stored.

Sample name (identifier) and type of sample (powder, suspension, emulsion) quantity.

Additional information about sample, e.g. particle shape, agglomeration state, density contrast of
particles and liquid, viscosity and type of continuous phase, volume concentration, optical properties if
necessary, and safety information.

[SO-standard applied for testing, and any other operation not specified in this or other applied parts of
the ISO 13318 series, which can influence the result.
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k)
D)

p)
q)

I1SO 13318-1:2024(en)
Instrument type and identifier used, software version, measurement mode HSM or LSM (see 3.28 and
3.29) respectively and date of last performance test.
Sampling place and conditions (if applicable).
Sample preparation:

— Continuous phase and/or dilutant: composition (solvent as well as wetting and dispersing agents),
and viscosity and refractive index, as well as relevant properties of dispersed phase (e.g. density,
refractive index).

— Dispersion and/or homogenisation process and instrumentation.

Characteristic parameters for the average particle size, including its unambiguous specification (type
of locption parameter, e.g. median, mode, arithmetic mean or harmonic mean, and indication df the type
of qupntity - e.g. weighted by extinction, X-ray attenuation, intensity, volume, mass, particlg number)
and details of measurement uncertainty (e.g. number of replicate analyses, standard devjiation for
the ip-group-variation for a given preparation and the among group variation) for individupl sample
prepdrations).

Information about polymodality, e.g. bimodal, central size of modes,.and polydispersity, e.d. index of
polydispersity. Graphical representation, if available.

If sizp quantities depend on particle concentration, size values‘have to be indicated for the lowest
concgntration or the value extrapolated to infinite dilution.

Prindiple of used algorithms (including references) for calculation of the distribution function
Condjtions of measurement:

— rglative centrifugal acceleration (rotor speed},;'Speed ramping protocol;

— plarticle concentration, if known;

— spdimentation time;

—

bmperature of sample duringumeasurement;

—t

pe of measurement cells‘and sample volume;

— deetails on the mode pofimeasurement:

- LSM: disc, gradient, liquid to prevent evaporation, and sample volume.

- HSM: typé-.of cells (material, optical path), and sample volume.

Date pf report:

Namg¢ and'position of the person releasing the report.

System qualification and quality control

8.1 General remarks

The measurement of the particle velocity by means of sedimentation using the homogeneous-start method
(HSM) is based on first principles and does not require calibration by the user with a reference material (RM)
of specified velocity or size. However, line-start method (LSM) does require calibration in regards to the
signal response. The obtained sedimentation velocity can be transformed into particle size according to 6.1,
by relying on the input quantities centrifugal acceleration (g), density contrast (Ap) and liquid viscosity (1.).
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Performance validation is determined by comparing measured values of the particle velocity and its
deviation from the true value due to errors that are related to sample preparation (see 7.1 to 7.3), instrument
design, measurement procedure, operator skill and environmental conditions. Sources of the measurement
uncertainty can be random or systematic in nature (see Figure 5) corresponding to a reduction in precision
and trueness. Trueness is estimated via the systematic deviations (bias) of measured size values from
the true ones (e.g. approximately known for CRM), whereas precision may be quantified by the standard
deviation, which is the variation among repeated measurements of a sufficiently stable quality control
material (QCM) (i.e. RMs with proven homogeneity and stability can be a CRM). Trueness and precision
determine the accuracy of a method, which is expressed quantitatively as the measurement uncertainty.

Quantitative
expression of
Types of Performance «—l performance
errors characteristics characteristics
Systematic G Trueness —> B&
error o5 l
Measurement
G Accurac —> .
(Total) error y uncertainty

I I y

. ]
Random error — I.’.rec151on - Standard
repeatablllty/reproduc1bll1% —> L.
(e,g, within lab deviation
reproducibilitxx\'
NOTE This figure shows interrelations between error types, the performance characteristics used tp estimate

them and ¢xpressions of quantitative estimates, adapted from Reference [40].

Figure 5 — Error types

8.2 Reference materials

Referencd materials (RMs) serve different purposes (e.g. calibration or performance qualificafion) and,
as such, they need to fulfil\different requirements (see ISO TS 4807). However, RMs for sedinpentation-
based pafticle sizing shall’ consist of non-porous particles of homogeneous composition and uniform
particle density. Sphetical particles and narrow size distribution facilitate the comparison among different
sedimentftion techniques but are not a prerequisite. Polydisperse RMs are particularly advantagequs for the
evaluatiof of sediméntation techniques with regard to the sensitivity for fine and coarse particle fletection.
RM size distribgtion shall ensure the negligibility of Brownian motion (see 6.4.2), as well as hydrpdynamic
wall effedts”and wall adhesion (see 8.4). In case of CRMs, the certificate should:

a) refer to the distribution of Stokes diameters and clearly indicate this;

b) specify the kind of distribution parameter used and the type of quantity (e.g. median of volume-weighted
distribution or modal size of extinction-weighted distribution);

¢) include an uncertainty and coverage factor;
d) indicate the material properties used for data analysis (e.g. particle density);
e) reveal the type of sedimentation technique used in the certification process;

f) specify the procedures of sample preparation.
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The temperature of use and continuous phases shall be specified for RMs. The continuous phase should
ensure a fast wetting and easy dispersion of the particles (in the case of powder). The state of dispersion
shall be preserved at the time of use, i.e. no swelling, shrinking, dissolution, flocculation or agglomeration
(see ISO 14887). Some RMs are available as ready-to-use suspensions which only require a slight re-
homogenization of deposited particles before being analysed. They avoid the risk of destabilisation by
diluting or segregation due to sampling. If RMs are employed to test the instrument performance for specific
materials, they should match the expected size range and resemble the desired material’s properties (i.e.
particle density and, if relevant, also refractive index or X-ray attenuation).

8.3 Installation, operational and performance qualifications

RMs are required for calibration (see 7.6.3), installation qualification, operational qualification and
performaEce qualification. Installation qualifications indicate whether an instrument confarms to the

manufacturer’s specifications for installation. Generally, it is in the responsibility of the manufacturer to
ensure cofrect installation. Installation qualification can be coupled with an operational qualificatjon, which
demonstrfates that an instrument is able to produce correct results and for which purpose.CRMs afe used.

While opgrational qualification indicates the capability of deriving correct results, performance qualification
tests if a|method or an instrument performs consistently over time. Performan¢e-qualification| shall be
conductedl at least once a year and after each major change of the instrument (such as repairs, change of
location, ¢tc.), as well as in case of any doubt about the validity of measurementresults. It shall be gerformed
in accord@nce with the manufacturer’s instructions.

NOTE Local regulations can apply regarding quality. Testing organisation can also specify quality
requirements.

Beside a|general careful visual inspection, performance gqualification should cover the full[range of
equipmer]t capabilities, such as the following for example:

— the pogitioning of the sedimentation cell;
— constahcy of the distance between the sensor system and cell bottom;
— precision of the clock and temperature measurement;

— the sepsor system to quantify the cohcentration changes during sedimentation or the growth of the
sediment

Results shall be documented. One (method to graphically record the results of regular performgnce tests,
for example, is through the use-of control charts (see Reference [99]) performed as stipulatgd by the
organisatjon. This allows for-the easy identification of performance changes over time. These perfformance
tests servie to estimate the-intra-laboratory reproducibility (NT TR 537) under conditions such as changing
environmlental conditions,~preparation of primary and secondary samples, batches of chemicals, pipette
tips, cells) room température fluctuations, skill of the operator, etc. For details, see [SO 13317-1.

8.4 Soyrces efimeasurement uncertainty

A major gauisce for the variation among results of particle size analysis, in general, is inappropriate or
insufficie‘mmmjmmmmWMMWlntrifugal
liquid sedimentation (CLS). The importance of this general issue is addressed in Clause 7. The discussion
in 8.4 assumes that samples have been prepared according to a well-defined procedure, which ensures
a reproducible and stable granulometric state during the measurement and proper adaption to the
measurement conditions, especially with regard to temperature and particle concentration. Given this,

different sources for the measurement uncertainty in CLS can be discerned.

— A non-homogeneous mixing state at the start of sedimentation:
Demixing can become relevant for samples containing particles with gravitational sedimentation
velocity of 10 um/s or above (i.e. commonly particles 21 pm). The time between placing samples into the
centrifuge and starting the measurement should be kept short.
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Incorrect values for the radial sedimentation distance:

Time and radial distance are the basic input parameters for calculating for sedimentation velocity and,
thus, particle size and sedimentation coefficient (6.1). The sedimentation distance is the radial distance
between the measurement position and the most inward or outward particle position (start position) for
positive or negative density contrast respectively. For HSM, the start position is the meniscus position;
for LSM, it is the position of interface between sample and spin liquid. In principle, the start position can
be determined from cell geometry and liquid volume. Alternatively, the start position can be derived from
photometric measurements. For volatile liquids and/or long centrifugation times, it can be necessary to
cover the liquid surface in order to reduce evaporation.

Width of the detection zone:

As partlcle quantlflcatlon by X- ray attenuatlon llght extmctlon etc. requires a sufflclently hlgh signal-

fo a range
causes a

the initial
phase of
lent to an
disc-type

centrjfuges operated with LSM.

Non-intended variation of the rotor speed:
The rptor speed is the decisive parameter for adjusting the centrifugal acceleration. It is frequently set to
a fixed value. Speed ramps, that gradually or step-wise increase the rotor speed, are also used.|The rotor
speed fluctuates with low amplitude around the requested value, which shifts the average RCAjabove the
nomihal value. Yet, the effect is negligible in practice. More important is the deviation betweeh nominal
and rjeal rotor speed during the initial phase of roteir~acceleration. The time period depends on the
desirgd speed and can amount to several seconds. The impact on measurands sedimentation doefficient
and particle size can be neutralised if the varying speed is recorded and considered in datd analysis.
Othegwise, both measurands are underestimated, in particular for small sedimentation didtances or
shortmeasurement times.

Temperature variations in the measurément cell:
Templerature fluctuations (related to temperature control) or temperature shifts (in the abs¢nce of an
effective temperature control) canteccur and be less than 1,0 K. Temperature gradients perpendicular to
the path of sedimenting particlésshould be kept atalow level (< 0,1 K/mm) in order to prevent donvective
flow. [In contrast, a small negative gradient along the radial position can prevent temperatyre driven
convgction.

Uncertainty with respect to the viscosity and density of the liquid phase:
Thes¢ values are pequired for the computation of particle size (Stokes diameter). For LSM, th¢se values
are (Implicitly) derived from the gradient calibration with reference particle systems with their own
unceiftainty range. Gradient calibration addresses the combined effect of density and viscosity gradientin
the stfratifiedSpin liquid, which results in an effective deceleration along the sedimentation patg. Multiple

calibrations during one run of the centrifuge compensate for the steady degradation of the grgdient and
possipletemperature shifts. Temperature changes can be also responsible for uncertain dgnsity and
viscosity values in HSM, particularly when temperature shifts occur as the sample temperature lags
behind the instrument temperature in an undefined manner.

Uncertainties with regard to the quantification of particles:

Such uncertainties can be related to sensor characteristics (e.g. stability of radiation intensity, signal
noise, linearity, sensitivity) or to the applicability of Lambert-Beer law (i.e. linear concentration
dependence of signals). They affect the minimum and maximum detectable particle fraction regarding
velocity and size.

Adhesion of particles at wall:
Particles adhering at the walls of a measurement cell affect the quantification of dispersed particles.
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This effect can be checked via visual inspection after the sedimentation process. Wall adhesion depends
on particle properties, the wall material and the continuous phase.

— Uncertainty of the certified values of calibration materials:
When data analysis of CLS relies on calibration with CRMs (see 7.6.3), the uncertainty of the certified
values contributes to overall measurement uncertainty.

8.5 Accuracy and measurement of uncertainty of particle velocity and particle size

Precision (short-term repeatability, between-run variation or reproducibility) and trueness are the factors
determining accuracy (Figure 5); they are discussed in detail in Annex D, ISO 13317-1:2024 as well as in
Reference [99]. Precision is quantified by the corresponding mean values and standard deviations and can
be deternfined both on the fevet of sedimentation velocity as well as particie size. Catculating paticle size

requires the knowledge of the viscosity of the continuous phases as well as the density contrapt of both

phases, s¢e Formula (4) and (8).

Regarding the current state-of-the-art instrumentation for centrifugal liquid sedimentatjon (CLS)

D

techniqugs, it is recommended to perform either of the following:
— 26 rgplicate measurements for 1 master sample to assess the repeatability of ameasurement

— 2 3 rpplicate measurements for each of 2 3 independent master samples to assess the int¢rmediate
precifion of the analysis, including sample preparation.

Such repgated analyses yield statistical measures for the uncertainty due to stochastic variatigns of the
measurerent conditions. They cannot replace tests of signal qUality and plausibility checks. |For more
details, sqe ISO 13317-1.

Trueness |[determination demands a CRM for the measurand’velocity v or size x. Due to the lack gf CRM for
velocity, frueness estimations are mostly only performed-for the particle size despite the fact thaf it can be
transfornped back based on Stokes' law.

8.6 Combined and expanded uncertainty of particle velocity and particle size measyirement
(Stokes ¢liameter)

The basid uncertainty estimation is given-ih detail in ISO/IEC Guide 98-3. Several documents bujild on the
[SO/IEC Quide 98-3 with the aim to siraplify the calculations by not quantifying all uncertainty components
separately. This is achieved by uSing long-term reproducibility measurements to estimate combined
uncertainfties (see Reference [99] jor ISO 21748). The approach specified in NT TR 537 is us¢d in this
subclausd, but other approaches, such as that specified in ISO 21748, are also valid. The uncertpinty of a
measurerent indicates the.possible extent of the measurement error. It quantifies an interval gssociated
with the measured value-that characterizes the deviation from the true value and where the tirue value
lies with [some high probability (Figure D.1). In general, uncertainty comprises many componepts. Some
can be evjaluated fram'the statistical distribution of the results of series of measurements (experimental
uncertainjty, oftencalled standard deviation) and the other components (often called systematic effects),
which cgn alsg-be characterized by standard uncertainties (see Figure 5), are evaluated from| assumed
probabilify distributions based on experience or other information.

According to NT TR 537, the full uncertainty budget can be experimentally determined based on the
concept of reproducibility (intermediate precision) measurement (estimated as the measurement standard
deviation) and bias quantification of a specific sedimentation method. Bias can be estimated from repeated
measurements of one or several CRM samples. The number of measurements performed on the CRM needs
to be sufficiently high in order to ensure that the observed bias is not dominated by random uncertainties
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(urep)- Sources of bias uncertainty (uy,) are the average root mean square bias of reproducibility results
(brms) obtained for the CRMs and the average uncertainty of the reference values u,:

2 2
Upias =V bRMS +Uref (44)

where by Is the average bias of the different CRMs and is calculated as the RMS of the bias, as follows:

2
brus = \/ izgn("lab,i ~Vret,i ) (45)

where

brms| average bias for the all bias determinations with m CRMs

m number of bias determinations carried out for different CRMs

Viab; | measured value of v for the i-th bias determination; it is the average of all determinations for a
given CRM

Vie; | reference value of v for the i-th bias determination.

The averdge standard uncertainty of the reference values of the referencésamples (u,¢) is the RMS of given
value uncprtainty.

In the context of a performance evaluation with respect to sedinientation velocity, one CRM shall be used
with certjfied velocity values in the centre of the specified velocity range and another two CRMs with
average spdimentation velocities that are twice as high as thedlewer velocity limit and about half [the upper
velocity 1jmit, respectively. These velocity recommendatioits should be evaluated depending onl the real-
world pafticle properties, as detectable velocity ranges, can be smaller under practical circumstances. For
instance, the working range of photosedimentometers;depends on the optical properties of the pafticles.

The comljined standard measurement uncertainty, taking into account the reproducibility determination
and the ppssible bias, is given in Formula (46).

2 2
Uc =\|URw T Upjas (46)

The calcullated combined uncertainty (u.) spans a range around the arithmetic mean, which covefrs 68,3 %
of all medsurement results if nermally distributed (see Figure D.1). To increase the probability, a humerical
factor, k (coverage factor) ag-a-multiplier of u,, is used to estimate the expanded combined unceftainty U.

[see Formula (47]].
2 2
U, =K-u. =k-\ ugy+Upjas (47)

For the s¢dimentation velocity, usually a coverage factor (k = 2) can be proposed (with 95 % probgbility and
normal djstribution) to calculate the expanded uncertainty (U,).

The expanded uncertainty describes the half-width of the uncertainty range of a measured sedimentation
velocCity Vgeq meas: The true sedimentation velocity v 4 lies within the range of vgog neas * (1 * Uy ) with
a 95 % probability (see Figure D.1). If the number of performed measurements is below 30, the Student’s
t-distribution should be assumed, resulting in a reduction of the probability. If the values of expanded
combined uncertainty are communicated, coverage factor or assumed distribution should be indicated.

If corresponding CRM samples are not available, inter-laboratory comparison measurements can be used
to estimate the combined uncertainty. A practical way is to calculate the uncertainty of the mean (standard
deviation) of all participants of the interlaboratory test. In general, this approach leads to an overestimation
of Up;as-
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Annex D describes an exemplary procedure for the application of the uncertainty calculations described in
this clause.

The full uncertainty budget is underestimated within Formula (47) because sampling and sample

preparation of real-world materials can affect analytical results more strongly than in experiments with a
QCM or CRM.
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Annex A
(informative)

Particle sizing techniques based on centrifugal liquid
sedimentation (CLS)

Table A.1 and Table A.2 describe the most common types of analytical centrifuges by a set of general
measurement attributes Thev also list relevant standards and instructive references
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Annex B
(informative)

Remarks on particle density

B.1 Particle density and particle size in sedimentation analysis

The transformation of sedimentation velocity into a particle size (Stokes diameter) according to Formula (8
requiresdtolid knowledge of the density contrast between the particle and continuous phases]

particle

in practic
are comp
which vol

From the

answer af

nsity is a well-defined quantity, computed as ratio of particle mass to particle volime.
b1 applications there can be some confusion when particles are inhomogeneous, that'is, v
psed of a different internal and external phase. This confusion mainly results from the q
ume should be attributed to the particle.

perspective of an observer of sedimentation experiments, the question seems to havg

velocity (the measurand of analysis) and contributes to the observed quantity;{e.g. sediment weig|

extinctio

). The density of this entity is a weighted average of all its constituents. This average is d

called "apgparent particle density" or "effective particle density" and can.be calculated if structun
such as the thickness of a coating or the specific pore volume, are knewn. Frequently, this density i

to the b
series) or
be furthe

yant density, which can be experimentally determinéd Via sedimentation (see the I
pycnometry (see ISO 787-10 and ISO 8130-2). Howevetysome types of particulate materi
" considered.

— Poroys particles: Open pores, which are filled with centinuous phase in sedimentation or py
do ndt contribute to buoyancy; yet pore liquid is stagnant during sedimentation and is thus ¢
migrating entity.

— Aggldmerates and aggregates: Interstitial voids are filled with the continuous phase arp
contrjibute to the buoyancy; the void liguid is not necessarily stagnant. In addition, the spg
volume is frequently size-dependent; for small numbers of constituent particles or fractal di
below 2, it is not meaningful to defirie a void volume.

— Parti
the o
duri

‘les with adsorbed layers‘of/'surfactants, polyelectrolytes, polymers etc.: These layers ar¢
Figinal material in order-to tune product functionality, ensure wettability, dispersibility
g application or just\during measurement; though moving with the migrating particle

commonly not considered as part of the particle. A solvate shell, especially in case of nand
should be consideredas well.

B.2 descrjbes cases of-experimental practice. It includes information on the buoyant density and
particle density:.

NOTE

Thebuoyant density can be understood as the (hypothetical) density of a continuous phase for

N general,
However,
vhen they
liestion of

a simple

first. The complete migrating entity is considered as a particle. This entity has a sedimentation

ht or light
ommonly
al details,
b identical
SO 18747
hls should

Cnometry,
art of the

d do not
cific void
mensions

added to
, stability
they are
particles,

apparent

which the

gravitatiopalforce acting on the immersed particle is counterbalanced by buoyancy. Whereas the appar¢
density is the mass-to-volume ratio for the migrating particle, including all entrapped stagnant liquid and gas.

nt particle

B.2 Selected cases

Table B.1 shows particle structures with corresponding remarks on the buoyant density and the apparent

particle d

ensity.
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Table B.1 — Selected cases of particle structure

Configuration Size and density

Homogeneous particle without inclusions and pores;
buoyant density: p, huoy = Pg
apparent particle density: pp ., = pg

where p, denotes the true density of the dispersed phase,
which is also known as true particle density (see ISO 18747-
1:2018, 3.4)

18n.v. d
size: d? = X2 e = —— o0
O g(pa—pe)

Qq’b‘

,r\.
-'\%

Particle with occluded voids; (53
buoyant density: Pp,buoy 7 1:,}( = (1 ~€ocl ) “Pd
apparent particle densi% b,app = Pp,buoy

where p,,  denotes th\?keleton density, which is 4lso known
as skeletal densi (Qe ASTM D3766)

size: d* = §Q9=M

Key

1 occluddd voids (p=0) €
Particle with particulate inclusions;
buoyant density:
Pp,buoy = (1 ~®y ind ) “Pd TPy incl * Pincl
apparent particle density: pp o5 = Pp buoy

18n.v,
size: d? = X2 pes i
g(pp,bouy —Pc )
Key

1 particulate inclusions (p;,,)

e.g. droplets of a W/0O/W-emulsion, debris particles from a
composite material or coating.
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Table B.1 (continued)
Configuration Size and density
Particle with occluded voids and open, completely filled
1 pores;

Key
1 occluddd voids (p=0)
2 open pgres and surface fissures (p,)

buoyant density: pp, ey = Ppsk =(1—€occl ) Pd
apparent particle density:
Pp,app = (1-&w ) pg + €open " Pc

18n.v
size: d? :thokes = —fcised

g(pp,app —Pc )

S
\
O&

N\
Key Q%
1 occluddd voids (p= Q‘

2 partly filled por. <pJ
3 open pgres a rface fissures (p_)

&
Particle with \ided voids as well as open and pprtly filled
pores;
buoyan SItY: Ppbuoy = (1 — €0t 70 Egpen ) “Ad

appgg\@t particle density:
P, ?zﬁrp = (1 ~€total ) pq +0 “€open pores  Pc
. @ﬁere 6 denotes the volume fraction of liquid in the ppen pores
18n.v,
\O size: d? = X% pes = _ MeVsed
g(pp,app —Pc )

[
é\
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Table B.1 (continued)

Configuration Size and density

1

Homogeneous particle with an adsorbed layer;
buoyant density:

5layer

-3
% ] : (pd - player ) + player
4

Pp,buoy = (1 +2

: (pd - player ) + player
apparent particle density: pp .05 = Pp buoy
167 Vsed

g(pp,buoy —Pc ) Q(I/b‘

sedimentation only yields outer dimen's\ighn.e. dp26),yer
/
O

N

size: (d + 2613yer )2 =

Key
1 adsorbgd layer (pj,ye,) X O\O

Homogeneous partick%l%h a fixed shell or coatipg;

buoyant density;

Pp,buoy = 1Q2d—e ’ (pd ~ Pshell )+ Pshell

\ core
appare rticle density: pp, 200 = Pp buoy
% 18
B2, - 1
§ g(pp,buoy ~Pc )
A\%edimentation only yields outer dimension, i.e. df
xO

Key

1 fixed cqating/shell (pgpcp) {;.O ’
7/

© IS0 2024 - All rights reserved
47



https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

ISO 13318-1:2024(en)

Table B.1 (continued)
Configuration Size and density
1 Close-packed agglomerate of homogeneous particles;
V% buoyant density: P,g0) buoy = Pd

Key
1 agglomgrate (&,

ggl)
2 constitfient particles (pg)

apparent agglomerate density:

paggl,app = (1 - gaggl ) “Pa T gaggl "Pc

size:

i) if E3gg1 1S known, the approximate diameter of the convex

hull can be calculated, which is very close to the hydrody-
namic diameter:

18n.v.
with: xgnv ~xﬁd _ “OMcVsed X
(pagglapp pc) (1/
ii) typically, €391 1s DOt known, 'h\e(llce pd is used:

18n /
2 cVsed 2
XStokes = < Xenv '\QD

9(Pa —pc) Ny
Q'\(b
\Z

X
. ©

Key
1 fractal pgglomerate @?actal)

Fractal-like
buoyant d

yherate of homogeneous particles;

Y* Pagglbuoy = Pd
apparerﬁ(ﬁ\gglomerate density: not meaningful, fractal
aggregates defy any attempt to define and measyre &,

) 18

. 2 NcVsed 2 2

@5@‘* ' XStokes = ﬁ <Xhd <ZXeny
X ~Fc

Q\

ggl

2 constitpent partietes (pg)
N4

S
v
6&
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Table B.1 (continued)

Configuration

Size and density

Fractal-like agglomerate of porous particles;

buoyant density: Pagglbuoy = Psk Pagglbuoy = Pp,sk
apparent agglomerate density: not meaningful, fractal ag-
gregates defy any attempt to define and measure €aggl

for porous constituents, size can be calculated based on:
i) the skeleton density, pgc pp o :

Key
1 fractal
2 constit

hgglomerate (Dyp,cra1)
ent particles (p,, )

2 _ 1877cvsed 2 _ 18rlcvsed
XStokes = Stokes —
g(Psk —Pc) 9(Ppsi —Pc)
ii) or the apparent density of the constituent] particles,
Pp,app *
52 _ 1817cvsed
XStokes

8(Pp.app —Pc)
The second approach requires knowledge of the specific
pore volume of the constituent particles; in practige, the first
approach is more often applied:

SOURCE: K

teproduced with the permission of Frank Babick.

The buoy
considersd
open porg

Moreover
data shee
from the

particula

hnt density can be measured within the framework of . sedimentation, for which reasorn] it can be
d as the most appropriate particle density for computing the Stokes diameter. Only partficles with
sity need to be replaced with the apparent particledensity.

the buoyant density can be approximated by the skeleton density, which is frequently reported on
Ls. Such an approximation can be critical forithe presence of adsorbed layers of moleculep and ions

continuous phase. Typically, there is a lack of relevant data (layer thickness and compdsition), in

" because the structures of adsorbate layers depend on the environment.
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Annex C
(informative)

Sedimentation beyond the validity of Stokes’ law

C.1 Settling beyond creeping flow

Stokes’ 1a
Newtonia
liquids, it

Ne

Pc
The equa

INN XVgeq OF Cp =

WU a ., S
n fluid (see C.7) under the COIldlthl’l of creeping flow For particle sedlmentatlon in
reads:

Fy 241,

2
%pcvsed PcXVsed

drag coefficient

drag force

terminal sedimentation velocity

particle diameter

dynamic viscosity of the continuous phase

density of the continuous phase

ions are valid when inertia effects of the liquid flow field are negligible, which fine par

nconfined

quiescent

1)

ticles and

low sedinjentation velocities. An appropriate.titerion is the particle Reynolds number, Re,, for seflimenting

particles

Stokes' la
friction w

roportional to the particle Reynolds number (Cn = 24 Re . As the Reynolds number increases
prop 311 p ¥ D y

field bec
formatior
the drag ¢

see Formula (42)].

w applies to creeping laminar flow, where Re, < 0,25 and the drag force is entirely due 1
ithin the liquid (Stokes/regime). The flow flelpd is axisymmetric and the drag coefficient

mes steadily deformed and eventually loses its ax1al symmetry due to flow separation
(Figure C.1). Athigh Reynolds numbers, the flow field in the wake region becomes turh
oefficient is approximately constant (Newton regime).

fo viscous
inversely
the flow
and eddy
ulent and

© IS0 2024 - All rights reserved
50


https://standardsiso.com/api/?name=c275df7b00e29e69cbe3fd6853263c93

ISO 13318-1:2024(en)

As the definition of Re_ is based on size and sedimentation velocity, it is more convenient to calculate the
upper limits of size and sedimentation velocity from the corresponding thresholds of the dimensionless
Archimedes and LjaS¢enko numbers:

3 2.3
A
Ar., :%:4'68 and Lj,, :pcvﬂ:o’ooggll_ (C.2)
N acApe

Beyond the Stokes regime, Formula (C.1) underestimates the hydrodynamic drag of spherical particles.
Accordingly, a calculation of Stokes diameter from measured velocity based on Formula (8) would
underestimate the particle size (see Figure C.2).

EXAMPLE For a particle Reynolds number of Re, = 0,25, Stokes law for the drag force fails by 3,9 % and the
attendant prrorimr catcutating particte size fronr a reasuredsedimentation vetocity fsee Formuta 83 amounts to
2,0 %. The critical Reynolds number Re, of 0,25 defines upper limits for the sedimentation velocity and pdrticle size,
which depgnd on the examined materials and the applied centrifugal force field. The minimum centriftgal a¢celeration
required fpr ignoring effects of gravity amounts to 30 x g. Hence, the upper size limit for the creeping flow condition
are 11,3 mjm/s and 19,7 um for aqueous dispersions at 25 °C and particles with a density contrast Ap of 1,65 g/cm?3 (e.g.
quartz).

CD
10 000 —
\""“'—‘\\"""—-—-—’;
1000 \,\
.«\\. @; 1
N
100 .
N
4.\," |
10 \(ﬂ)ﬁi J
S =g
| N A =03
2 Sty
\.
0,1 . B
A B . —
3
0,01

1E-01 1E-02 1E+00/ 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 Re
p

Cp drag doefficient, dimensienless

Re, partidle Reynolds numiber, dimensionless
Stokes regime
intermediateségime

experjniental data, collected and revised by Reference [56]
solution for Stokes regime, see Formula (C.1)
regression according to Reference [57]

A
B
C  newtqn regite
1
2
3

NOTE This figure shows the drag coefficient of spheres, experimental data,[2¢] corresponding regression,[2Z] and

Stokes solution [Formula (C.1)].

Figure C.1 — Streamline images for flow regimes

In order to avoid errors in particle size determination for large Reynolds numbers, i.e. rather coarse
particles, two different strategies can be adopted. One consists of the application of correction functions
based on established models for the hydrodynamic drag at moderate and high Reynolds numbers. The other
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is recommended by this document and consists of the modification of sedimentation conditions, so that the
creeping flow condition (Re, < 0,25) is satisfied for the largest particles of the sample.

Key
Re

ox

0% —
-3%
-6 %
9%
-12%
-15%

partig
relatiy
relatiy

conve

NOTE
velocity w
(atRep =0

Figure Q.

The drag
number, i
is affectedl by the particle orientation with regard to the gravity vector.[28.59]
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re error of calculated particle size
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htional threshold for the applicability of Formula (8), i.e. Re, = 0,25

This figure shows an underestimation of the size of sphericaliparticles when derived from sed

th Formula (8), the transition from Stokes regime to intermediate flow regime is marked by the ¢
25).

2 — Underestimation of the size of sphericalparticles depending on the Reynolds

of either non-isotropic or non-spherical particles, or both, is not only a function of the
ut also depends on the particles’ alignrhent in the flow field. Similarly, their sedimentatio

perposition with Browitian motion

y either of the following:
ring the concentration changes in the dispersion phase;
ring the growth of the sediment or cream layer.

hods relyvon the assumption that these changes are solely due to sedimentation, i.e. t
r motien induced by gravity and retarded by buoyancy and viscous drag. However, par

mentation
ashed line

number

Reynolds
n velocity

htion-based measurement techniques derive the distribution of particle size or sedifnentation

he steady
ficles also

grad

eaundirected Brownian motlon Whlch results ina dlffuswe flux, smearlng the concentra i

broader and smoother than real partlcle size dlstrlbutlon [6] [19] In practlce thls effect is only relevant for
fine particles as the particle diffusion coefficient is inversely proportional to particle size. The dimensionless
Péclet number [see Formula (40)], which expresses the ratio between migratory and diffusional particle
flux, helps to estimate the additional effect of Brownian diffusion. The number should be larger than unity.
For gravitational sedimentation, this criterion is typically met for micrometre particles. However, Brownian
motion can significantly affect the sedimentation of submicrometre particles.

The overall impact of Brownian motion on the measured particle size distributions depends on the following:

— the particle system (average particle size, degree of polydispersity, and density contrast);
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—the measurement set-up (sedimentation distance, fixed or scanning measurement position, and
incremental or integral sedimentation technique).

This is particularly pronounced for the fine fractions of a particle system, materials with low density
contrastand very small sedimentation distances. The effect can be reduced by lowering the temperature and
by conducting the measurements at large sedimentation distances or long sedimentation times. Brownian
motion is one criterion for the lower size limit of gravitational sedimentation techniques. From experimental
data, Koglin et al.l2] derived that for Péclet numbers above 200 [see Formula (C.3)], Brownian motion is
irrelevant for gravitational sedimentation. More elaborate estimations by Reference [27] indicated that its
impact is negligible when the Péclet number of the volume-weighted median (x5 3) exceeds 100. Reference
[93] concludes that the impact of Brownian motion “becomes critical at particle sizes under 0,1 um in the
gravity field”.

The impoftance of Brownian diffusion is much higher for centrifugal, than for gravitational, se@ientation
techniqugs.

C.3 Nop-Newtonian continuous phase

Particle sfize analysis by means of analytical centrifugation relies on a Newtonian flow behavigur of the
continuoys phase (see 6.4). Similarly, spin liquids required for LSM shall also be Newtonian. Howgver, there
can be S}anles that are composed of particles dispersed in non-Newtonidan,liquid that cannot e diluted

or that de¢fy an exchange of liquid for the purpose of measurement. In‘his event, data analysi$ must be
considerably modified in order to derive a particle size from phase séparation in centrifugal flields (see
ISO 13317-1). A pragmatic approach is therefore to replace the dynamie viscosity, 1., in Formula ((.1) by the
apparent fiscosity, 1,,,, which corresponds to the average shear rateat the particle surface. Estimates of the
maximun} shear rate 1n the vicinity of a migrating particle under creeping-flow condition are digcussed in
Referencd [145].

C.4 Effpcts of hydrodynamic particle interaction, hindrance

Formula (|C.1) was developed for an unhindered single particle settling in an infinite liquid. This agsumption
of an unhindered settling [see 6.1 and Formula (4)] is practically only fulfilled for dilute particlg systems
of volumg fractions of the dispersed phase.below 0,5 %. Under these conditions, individual partigles settle
sufficient]y independently from each other.

If more particles are dispersed in a liguid, different particle-particle interactions take place due to| the finite
separatioh distances. Such interaetions can lead to structured arrangements of particles having their origin
in steric gnd osmotic or long-ranging and short-ranging non-viscous forces. All effects related to fincreased
particle doncentration affectthe viscous interaction among particles (e.g. via structure). They |create an
additional] hydrodynamicchividrance and thus reduce the sedimentation velocity. Particle sizes which are
derived by referring toFoermula (8) are underestimated. In addition, hindrance depends on particle size
distributipn at a given{volume concentration because the mean distance between two particleg narrows
with decrjeasing size‘of the dispersed phase. The lessening of the sedimentation velocity can be quantified
by the soqcalledhintrance function, H (¢y), which is defined as the ratio of sedimentation velocity|at a given
volume fraction, vg.4(¢y), to the Stokes velocity of an isolated particle (vgeq,) under otherwisq identical
settling cpidjtions.[60161] The hlndrance functlon has been mvestlgated in experlmental studles[ 2] as well

as in theore ' 6316 D), roposed by
Kynch: [66]
2
H((Pv) Vsed ((pV) (1 ¢V) (Cg)
sed,O Nrel ((pV )
where
Py volume fraction of the dispersed phase
Nrel relative apparent viscosity of the liquid dispersion
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Numerous empirical, semi-empirical and analytical one-to-multiparameter models have been proposed
since the pioneering work of Kynch. Approaches allow taking into account any viscosity-concentration
relationship 7, (¢)) for dispersions.[67]-[69] Hindrance function depends also on particle shape 61]

There are numerous articles, giving evidence that concentration effects can be accounted for volume
concentrations of up to about 5 % to 10 %.[¢1] For a polydisperse particle system, concentration effects are
more complex. As swarm sedimentation passes over into zone sedimentation, all particles separate with the
same velocity independent of the particle size. At this point, determination of particle size distribution is not
possible anymore.

It should be noted that beside the phenomena described above, multiple particles in the measuring volume
can also affect the concentration determination by the measuring techniques (e.g. light intensity) due to

obscuratipn-interference of scattering of different p:n*h'r‘]pc orstructured systems

As a practical approach to determine the necessary dilution of a dispersion, experiments with decreasing
volume cqncentrations can be performed. If sedimentation velocity does not increase furthén hydrpdynamic
hindrancg¢ can practically be neglected.

C.5 Nop-spherical particles and particle agglomerates

The geompetry of particles has relevance for particle motion in two pegards in the context of this
document. The first one is spatial alignment of non-spherical particles and‘agglomerates, the sec¢nd one is
hydrodynjamic friction due to gravity settling.

The sedinpentation velocity of non-isotropic, non-spherical particles\depends on their orientation wjth regard
to the grgtzity vector.[21[58].[39] Most literature assumes that, in the Stokes regime, symmetrical pafticles are
randomly] oriented and they migrate due to gravity in any (stable) orientation. Orientation effe¢ts due to
migratiorf develop only for moderate and high Reynolds numbers Re,, particles. Nonetheless, mongdisperse,
non-isotrppic shaped homogeneous particles of the samemass, exhibit different sedimentation |velocities
according to their orientation. In general, the velocity scatter for non-spherical particles with aspect ratios
smaller than 10 is rather small. Experimentally, it mahifests itself in a larger standard uncertaipty of the
average sjze.

As any nop-spherical shaped particle has a larger surface area than a sphere with the same volume|frictional
force [seel Formula (C.1)] will consequently differ along with its terminal sedimentation velocity. This effect
can be taken into account by a so-called sphericity, ¥ which is defined as the ratio between the sufface area
of a sphete having the same volume @x'mass and the one of the non-spherical particles.[21.[70] By dlefinition,
it is smaller than one. If particles are’randomly aligned, the measured velocity based on local congentration
change dyiring sedimentation will-be an average of the sedimentation velocities of the differently oriented
particles pnd smaller than the-sedimentation velocity of volume equivalent spherical particles.|The ratio
between the two velocities)is called the shape correction factor and is tabulated for various shapes (see
ISO 13317-1). For the St@KRes regime, it can be approximated:[71]

b d
=0,8431
shapd g0,065

k

If the sedjmentation velocity was measured for single particles, it would be distributed due to the varying
orientatica-andthtus-mimte-anartifieialp ispersity—Theshape-ofparticlesean affectthesig
for the quantification of size fractions, which becomes relevant when the measured quantities are converted
in volume or number. This is particularly relevant for photosedimentation. For sedimentation techniques
based on a mass-proportional detection (e.g. X-ray attenuation), it only becomes important for samples of
fractal-like agglomerates.

Agglomerates and fractals can be characterized based on a Stokes velocity for an equivalent spherical
diameter. To obtain a size estimate, the apparent density of these objects need to be available. In some cases,
like close-packed agglomerates, they can be treated like porous particles (see C.6).
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C.6 Density of porous particles or particles with any kind of internal structure

The calculation of particle size from the sedimentation velocity [see Formula (8)] relies on knowledge of
the density contrast between particles and continuous phase. The density of most common liquids is
temperature-dependent and well-tabulated in several handbooks. Such data are also available for crystalline
or amorphous solid particles without any internal structure. However, there are many particulate materials
that are composed of porous particles, coated particles or agglomerated particles. Moreover, when dispersed
in liquids, the dispersing, emulsifying or stabilising agents used (e. g. polyelectrolytes, polymers and
surfactants) can possibly adhere as a fixed layer on the particle surface.

Hence, migrating entities of sedimentation experiments are frequently not monoconstituent. One can
encounter:

— poroud particles with stagnant liquid in the open pores;
—emulsi:[n droplets with a stabilising polymer film or particle layer on their surface;
— pigments with an inorganic coating or plastic particles with included pigments.

Their dersity differs from the one of the respective main constituents, e.g. solid-skeleton, droplet liquid,
pigment dore, or pure polymer (see Annex B).

For an isglated particle without porosity or pore sizes very much smallerthan the particle size,|the outer
dimensiofs of the moving entity can be derived by employing the apparent particle density for chlculating
particle size. The apparent density can be calculated if the internal composition and the density vqlues of all
constituepts are known. In the absence of open pores, it can be identified with the buoyant density, which is
accessiblg by experiment (see the ISO 18747 series).

The situation is different for aggregates and agglomerates for several reasons:

a) the irfterstitial distance is in the order of the constituent particles and included liquid is not ngcessarily
stagnant;

b) the sqrface that separates the continuous phase from the moving entity is ill-defined;
c) the sfructure can be fractal-like, i.e. the porosity depends on agglomerate size;
d) relevint details on the morphology are typically not known.

Hence, the apparent particle density)is typically meaningless for such particles and defies its corﬂlputation,
except for in close-packings with.a large number of constituent particles. Therefore, sedimentatjional size
determinption of aggregates and agglomerates relies on the buoyant density.

In conclugion, the buoyant-density is the appropriate density value in sedimentational size analysif for most
types of mhaterials and-frequently is equal to and resembles the apparent particle density. Only in] particles
with fine ppen pores;the buoyant density is replaced by the apparent particle density.

C.7 Miscellaneous effects

Some effectsTam principatty Tmpair tie Signal quatity or iterfere witht tie converntionar data amalysis, but
are not relevant for most situations in analytical practice. However, user should be aware of their possible
existence.

— Hydrodynamic retardation in the vicinity of a wall:
The effect is virtually negligible if the wall distance is much larger than particle size (x,/Lp,;, < 0,01)
and the measurement position is at least 50 particle diameters apart from the inner and outer interface.
These conditions are typically met in analytical centrifugation.

— Transient phase of particle motion in the centrifugal field:
The acceleration of particles from rest to terminal sedimentation velocity takes a certain period of time,
which depends on the particle size and the liquid properties. It is vanishingly small under creeping flow
condition.
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Inward motion in case of a negative density contrast:

Analytical centrifugation can, in principle, be applied to particles with negative or positive density
contrast to the continuous phase. However, particles with negative density contrast (e.g. droplets of
vegetable oils in water) can require different procedures for sample supply (in LSM). In addition, the
relevant sedimentation distance needs to be referred to the outer interface (bottom) of the sample. If
the primary measurement signals consist of radial profiles of the particle concentration, the direction of
particle motion can be concluded. In contrast, time curves do not provide such an indication.

Retarded motion in case of charged particles:
Electrical double layers, which form around charged particles, lower the sedimentation velocity due to
the sedimentation-induced polarisation of the double layer (Dorn-effect(72]). The retarding Dorn effect is
a second order effect, which is only relevant for very high zeta-potentials and very thick double layers. It
can bpcomeretevantforor ga1Tic }iquidb, for aquUeous sohrtionswithitowsattcontentorver Y i particles.
If thefe are doubts regarding the relevance of the effect, the size analysis should be repeated\fgr samples
of vagying ionic strength.
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Annex D
(informative)

Trueness, reproducibility and uncertainty determination for velocity

and particle size

D.1 Geperal

This anng¢x describes an exemplary procedure for computing the full combined uncertaifity pf results
from cenfrifugal liquid sedimentation (CLS) techniques.[2?] It discusses the uncertainty (in-the [following
measurarjds:

— sedimgntation velocity;

— particlg size.

The pres¢nted data refers to measurements made with centrifugal photosedimentation using|the HSM,
for whicH reason the details of the procedure possibly need to be modified when another megsurement
techniqug, such as X-ray centrifuges (see ISO 13318-3), or the LSM are €mployed. The description is restricted

to the ung
each part

ertainty of mean values in velocity or size; uncertainty with'respect to the measured qu
cle fraction is not considered.

D.2 Pre¢liminary remarks on uncertainty in sedimentation experiments

D.2.1 R

Figure D.
and the m

range, e.g
performa

plationships between different terms.describing the uncertainty of a measur

| provides an overview of the differentterms used to describe the relation between the {
easured value of a measurand as well:as the equations for the measurement error and uf
. for particle sizing.[Z3] Figure~D presents the notation regarding different types
hce and expression of performance.

hntities of

ement

rue value
certainty
of error,
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Figure D.1 — Measured value, true value, érror and uncertainty range

plationship between uncertainties in sedimentation velocity and particle siz

t results of sedimentation analysis are the relative quantities of particles in narrow fr
htion velocity or its corresponding particle size (Stokes diameter). The latter is computec
assuming the validity of Formulae[4) and (8) and that the model parameters used af
mption introduces additional uncertainty to the measured size value, which is not p
htion velocity, because the uncertainties in sedimentation distance and time are small.

periments for deriving precision, trueness and reproducibility

pneral

reproduc
size (me
490,0 £ 2

uncertai;llty for centrifugal photosedimentation. This includes the quantification of precision,

B describes<the” determination of performance characteristics and quantitative expr¢

bility and«combined uncertainty (see 8.5 and 8.6 and Figure 5) of measured sedimentatid
ian vahues). The analyses were based on a CRM with a certified value for the Stokes di
),0 nm.

A\

hctions of
| from the
e correct.
resent for

pssions of
trueness,
n particle
hmeter of

The measured data are interpreted through the framework shown in Figure D.1 and the Nordtest approach
(NT TR 537).

D.3.2 D

etermination of method short-term precision and trueness

Short-term precision under repeatability conditions of a measurement system refers to the closeness of
results from replicate measurement, i.e. those which are repeated under the same conditions. It is usually
just referred to as the "repeatability”. In this example, the same operator determined the sedimentation
velocity and particle size for ten consecutive measurements (i.e. without significant time delays between
measurements) with the same photocentrifuge device. All the measurements were conducted at 25,0 °C
with uniform settings for wavelength (470 nm) and measurement cell properties (2 mm polycarbonate).
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Calculation of Stokes diameters from measured sedimentation velocities employed the following values for
the model parameters:

r

n

Ne
Pc
Pp

measurement position = 125 mm

rotor speed =2 000 rpm

dynamic viscosity of the continuous phase = 0,891 mPa:-s
density of the continuous phase = 997,3 kg-m3

buoyant density of the particle = 2 000 kg-m-3

Pm

The dens
25 °C +
procedur

the measyirements velocity and size and their (relative) standard deviations were 74,08 pm/s (1,4

483,0 nm|
reference

these differences are, the better the instrument (method) trueness. Taking-the certified value f

diameter
+20 nm W

D.3.3 R

Reproduc
intermed
deviation
influencir
are inten
"intermeq
errors an

Measurern
different
different

It additio
chemicals
laborator
typical dg

The averd
deviation
with resp|

silica (Si0,) weight fraction of 0,1 %

ity and viscosity of the continuous phase were obtained from literature at a“tempq
b, and individual values of the measurements are described in Reference [96]-The mean

(0,73 %). The difference between the mean experimental values and,the certified val

as 490 nm, the bias is calculated as -7,0 nm, which is within the uncertainty of the CRI
hich means that it is not significant.

eproducibility of the particle velocity methods

ibility is another aspect of the precision of a measurement or test method, also refer
ate precision. Similar to repeatability, reproducibility is quantified and reported as a
(standard uncertainty). This kind of uncertainty covers deviations with broadg
g the measurement results compared to the repeatability, short-term precision. Exj
ionally performed over a period of 6 menths to a year. Reproducibility is sometimes
liate precision” or "within-lab precision/. The measurement uncertainty includes bot
l systematic errors.

hents were taken over a period ‘of six months with conditions referring to several oper
photosedimentometers, which were operated at different wavelengths (470 nm and 87
Cell types (optical pathlength).

). The measurement.cell itself was thermostatically controlled at 25,0 °C, but temperat
y varied between22,0 °C and 28,0 °C. Overall, the observed variation in measured value
y-to-day variations in the corresponding laboratory.

ge values, 'of sedimentation velocity and particle size amount to 73,6 pm/s (relative
of 3,032%) and 481,3 nm (relative standard deviation of 1,53 %), respectively. The uy
ect tothe calculated mean gradually decreases with the number of measurements cond

example,

with 40 measurements, the uncertainty of the average values is reduced by a factor of

rature of

| °C, held constant in the centrifuge.[113] A complete detail of the measurément parameters,

values of
16 %) and
1es of the

particle (CRM) are the measurement errors due to bias (see Figure 5-and Figure D.1). The smaller

or Stokes
1 value of

red to as
standard
r factors
periments
ralled the
N random

htors, and
nm) and

hally reflects unintended variations in sample preparation (e.g. induced by different hatches of

ire in the
s reflects

standard
certainty
icted. For

/40 =6,3

when compared to the indicated values, (1.e. the uncertainty or averages amounts to U,48 an

0,24 %).

Regarding the uncertainty of the measurements, a higher standard deviation is clearly observed under
reproducibility conditions than under repeatability ones.

NOTE

Since the measurement values refer to only one measurement in each case, the standard deviation for
reproducibility or intermediate precision can be identified with the standard deviation for the listed values. If the
listed data were average values of n individual runs at each day, less variation would be seen among the listed data
and, therefore, the average standard deviation of repeatability had to be included in the calculation of the

2

reproducibility (intermediate precision) (Slizzw = (n—l)/n-srep +S§mupS , e.g. see References [74] and [76])
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D.4 Quantification of the combined uncertainty

D.4.1 General

The various contributions to the overall uncertainty have to be considered for a full uncertainty calculation

(budget) for the sedimentation data obtained in a laboratory. These include the following:

— the systematic deviations (bias), which can be intrinsically related to the analytical method or to a

specific instrument or laboratory;

— random deviation related to any kind of stochastic variation (reproducibility), e.g. with respect to

measurement conditions or sample preparation;

— uncefftainty introduced in the signal processing due to a lack of knowledge about the exac
moddl parameters relevant for the calculation of particle size [Formula (8]].

The combined uncertainty is calculated according to Formula (46).

Since the[experimental data refer to only one CRM, the dimensional uncertainty deseriptors of §
replaced by relative standard uncertainties, which are associated to the certified Valtues of Stokes
This comnon procedure partly simplifies the uncertainty calculation and eases comparison and ¢
of uncertginty data.

D.4.2 Trueness, measurement error and bias of particle size

reproducibility study differed from the certified values,differ by 1,8 % from the certified value,
a lack of frueness of the results, however, which werecdetermined to be not significant (see Referg
The quantitative expression of the trueness performance is the bias. It is calculated based on reprg

data accofding to Formula (D.1)

by =Xjap —Xrer =481,3nm~-490 nm =-8,7nm
where
b, bias in particle size, X, from bias determination with a CRM

X;ap | measured valuewof particle size, x; average of all bias determinations in the laboratory,

reference(yalue of particle size, x

values of

.6 can be
diameter.
valuation

values of
r test and
ndicating
nce [99]).
ducibility

(D.1)
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In accordance, a relative bias then reads

Xiab — Xref _481,3nm-490 nm
490 nm

b --1,78% (D-2)

x,rel =
Xref

In order to estimate the complete bias uncertainty, one needs to include the uncertainty of the reference
values. The relative bias uncertainty (u,s ) is derived from the relative bias and the relative standard
uncertainty of the reference values (u.e¢ ) with the following formula:

U

ref
Uref k
Urefrel = = (D.3)
Vief Vief

The corrgsponding values for the reproducibility bias and for the CRM (see above) are obtained with the
following

2

-8,7
490,0

2 1-20,0
] : = (-1,78%)% +(2,04%)* =2,71% (D-4)

Upjias, el (XStokes ) = ( 490.0

D.4.2.2 [Combined uncertainty for Stokes diameter from particle size data

The comlfined uncertainty for the Stokes diameter can be determined from the bias uncertaintly and the
relative sfandard deviation due to the reproducibility experiments #/x¢, o)) in accordance with Fornpula (D.5):

2 2 2 2
Uc rel XStokes)z\/u bias,rel(XStokes)+u Rw,rel(XStokes) = \/(2’71%) +(1,53%)" =3,11 % [D.5)

D.4.3 Expanded combined uncertainty

The comHlined standard uncertainty derived for the Stokes diameter (3,11 %) quantifies the uncgrtainty of
a measur¢ment result with a level of confidence of approximately 68 % for a normal distribution. Ih order to
cover a higher level of confidence, the uncertdinty range needs to be expanded, which is commonlyf achieved
by multiglying the standard uncertainty_values by a coverage factor k. The value of k depenfls on the
number of measurements and the aspired confidence level. Its values equal the quantiles ¢, ; of the{Student’s
t-distribu'Eion (ISO/IEC Guide 98-3)~Frequently, a confidence level of 95 % is considered sufficignt, which
corresponds to a coverage factor-k-= 2 if the number of measurements exceeds 30. Hence, the gxpanded
combined uncertainty is:

Uc,rel XStokes ) =k- uc,rel (XStokes ) =6,22% Uc (XStokes ) =k- Uc (XStokes ) = 30'5 nm [D-6)

which mdans that the-true Stokes diameter of an analysed particle system lies within a range df 94 % to
106 % of the measuyed value (when aiming for 95 % confidence).
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Annex E
(informative)

Multiwavelength approach

The extinction coefficient of particles at visible light depends on size and optical properties (refractive
index difference with respect to the continuous phase and particle shape) at a given wavelength. If the
refractive index is known, the scatter and absorption of light by spherical particles of different sizes can be
taken int§ account by the Mie theory.l2t Conversion of extinction-based size distribution to volume-based

size distr|bution, as described in 6.3.5, requires knowledge of the complex refractive index ofthe|particles.
Problems|arise if these optical properties are not available.
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a] Measured particle size distribution b) Relative extinction efficiency according to Mie
theory and derived from CLS measurement

Key
Koyt extinction efficiency
Kext 200 nm | €xtinction efficiency for particle size’of 200 nm
Qs sum function of the volume-weighted particle size distribution, dimensionless
Xstokes particle size (Stokes diamreter), in nm
1 classical data processing based on Mie scattering and refractive index value
2 multiwavelength analysis without referring to the particles' refractive index
a Scaled density/function of the volume-weighted particle size distribution, arbitrary units.
b Experimental values for the relative extinction efficiency.
¢ Relativelextinction efficiency for Mie scattering at alumina spheres (RI = 1,778).
SOURCE [Referetice [77]. Reproduced with permission of the authors.
NOTE irure he SHPALisOR—o d : CLS—(based—on—Mie ering) and the

multiwavelength approach for polydisperse colloidal Al,0; measured with an analytical photocentrifuge operated at

wavelengths of 410 nm, 455 nm and 470 nm.

Figure E.1 — Comparison of classic data analysis in CLS (based on Mie scattering) and the
multiwavelength approach for polydisperse colloidal Al,0,

The way to circumvent the necessity of quantitative optical models consists in determining extinction-
based particle size distributions at different wavelengths, as proposed by Weichert.[Z2] The wavelength
dependency of turbidity for defined particle sizes is approximately equivalent to the size dependency
of turbidity at fixed wavelengths. Hence, the multiwavelength detection itself yields the required optical
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model. Extinction-weighted size distributions can be transferred into a volume-weighted distribution with
no assumption regarding material parameter and particle shape. It relies on the following assumptions:

a) that the extinction coefficient of a particle is a function of the dimensionless size x/A;

b) that the extinction-weighted size distributions of different wavelengths give the same volume-weighted
distribution.

Figure E.1 shows the results for colloidal Al,05 particles.[Z”Z] With regard to the volume-weighted size
distribution, they reveal conformity between the classic Mie approach and the newly developed analysis
algorithm based on multiwavelength data. The multiwavelength analysis also provides the size dependency
of the relative extinction efficiency, which is found to agree fairly well with the theoretical curve from Mie
scattering at alumina spheres. Figure E.2 depicts analogous results for a suspension of pyrogenic silica

that is composed of polydisperse, fractal-like aggregates in the micrometre range. The Stokes

liameters

of such npaterials are significantly smaller than the outer dimensions of the aggregates and their light
scattering behaviour obeys Rayleigh-Debye-Gans, scattering for aggregates, rather than Mig,scafftering for
homogeng¢ous spheres.
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a] Measured particle size distribution b) Relative extinction efficiency according to Mie
theory and derived from CLS measuremnent
Key
Kyt 150 nm | extinction efficiency for particle size’of 150 nm
c relative extinction efficiency for'Rayleigh-Debye-Gans scattering at silica aggregates (RI = 1,464)
SOURCE [Reference [77]. Reproduced with permission of the authors.
NOTE Figure E.2 shows.a tomparison of classic data analysis in CLS (based on Mie scattering) and the
multiwavellength approach_fen pyrogenic SiO, aggregates measured with an analytical photocentrifuge dperated at
wavelengths 410 nm, 455,am and 470 nm.[ZZ]
Figure E.2 *=~{Comparison of classic data analysis in CLS (based on Mie scattering) and|the
multiwavelength approach for pyrogenic SiO, aggregates
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Annex F
(informative)

Spatial distribution of particles in centrifugal fields

F.1 Evolution of concentration profiles in centrifugal experiments

The char
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CteTTZatiom of a Tatertat’ s tHspersity by Termtr ifugdi tquid—sedimrentatiomt€ES)Tests on the
h of time curves for the local or cumulative particle concentration, concentration profilesfpr defined
htion times or the evolution of these profiles over time. It thus relies on a clear undefrstanding of
| distribution of particles in the centrifugal field, which is governed by phase separation and radial
ee 5.1).

aration means the formation of a liquid zone which is depleted of particleslarger than g specified
igure 1). This critical size (or its corresponding sedimentation coefficient)'is described by the time
L.q» to proceed from the meniscus (in the case of a positive densitylcontrast, Ap) or from the cell
f Ap < 0) to the measurement position, ., [see Formula (F.1)]:
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In turn, K
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“tsed =@ Tgeqd “Lsed (F.1)
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radial coordinate of meniscus (Ap > 0) or bottom (Ap < 0)
radial coordinate of measurement pasition

radial coordinate of reference position

time period to migrate fromyy to r

meas

i of terminal sedimentationwvelocity for reference position
sedimentation coefficient
angular frequency

ormula (F.1) dllows for the computation of the radial positions of a particle having started at r

Consideri
of conce
is zero b
r Th

meas*

g amenodisperse sample prepared for the homogeneous start method (HSM), ajump-likg increase
ration-can be expected at position r,.,. after a sedimentation time t. 4. The concenfration, c,
nt (i.e. ry and r,.,, respectively) and at a maximum beyond

srogressing sedimetttation-due-toradiat-ditution—h order to
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