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Foreword

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

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént‘may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techtiical Barriers to Trade (TBT), see wiww.iso.org/
iso/fpreword.html.

This|document was prepared by Technical Comimittee ISO/TC 24, Particle characterization including
sievilg, Subcommittee SC 4, Particle characterization.

This|second edition cancels and replacesthe first edition (ISO 13320:2009), which has been technically
reviged. The main changes comparedto-the previous edition are as follows:

a) protocols for evaluation of accuracy and qualification of instrument were newly develdped;
b) mew Annex H (normative) for usage of reference material has been added;
c) 1new descriptions forwider applications, such as off-line, online, in-line and at-line have been added;
d) gome informativeparts have been moved to new annexes;

e) inor reyisions and updates have been made throughout the document.

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

The laser diffraction technique has evolved such that it is now a dominant method for determination
of particle size distributions (PSDs). The success of the technique is based on the fact that it can be
applied to a wide variety of particulate systems. The technique is fast and can be automated, and a
variety of commercial instruments is available. Nevertheless, the proper use of the instrument and the
interpretation of the results require the necessary caution.

Since ISO 13320-1:1999 was first published, the understanding of light scattering by different materials
and the design of instruments have advanced considerably. This is especially marked in the ability

Bartial Thaox SO 122

to measure
and since th
recently nof
of the accur
most recent

very-fine-particles—herefereitwasreplaced-with-thefirsteditionef456043320-n
en the method has been developed for a wider application. Additionally, demand$.b
only on establishment of accuracy of measurements but also on necessity of €yalu
acy and of qualification of instrument by users. Therefore, this document incorporate
advances in understanding.

2009,
hised
htion
s the
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Particle size analysis — Laser diffraction methods

1 Scope

This document provides guidance on instrument qualification and size distribution measurement of
particles in many two-phase systems (e.g. powders, sprays, aerosols, suspensions, emulsions and gas
bubbles in liguids) through the analysis of their light-scattering properties. It does not address the
spec]fic requirements of particle size measurement of specific materials.

This
instr

With special
elow 0,1 um.

document is applicable to particle sizes ranging from approximately 0,1 um to 3, mm.
umentation and conditions, the applicable size range can be extended above 3 mim‘and b

For spherical and non-spherical particles, a size distribution is reported, where-the predictd
pattern for the volumetric sum of spherical particles matches the measured scattering p
is because the technique assumes a spherical particle shape in its optical model. For n
particles the resulting particle size distribution is different from that.ebtained by metho

othef physical principles (e.g. sedimentation, sieving).

d scattering
attern. This
bn-spherical
ds based on

2
The

Normative references

following documents are referred to in the text in such a way that some or all of their content

cons
unda

ISO 9

ISO ¢
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L
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3.1
For t
ISO 4

|
I

Fitutes requirements of this document. For dated Teferences, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

276-1, Representation of results of particle-size analysis — Part 1: Graphical representati

D276-2, Representation of results of particle size analysis — Part 2: Calculation of avel
diameters and moments from particle size distributions

[erms, definitions and:symbols

Terms and definitions
he purposes of this'document, the following terms and definitions apply.
nd I[EC maintain terminological databases for use in standardization at the following z

SO Online’browsing platform: available at https://www.iso.org/obp

EC Electropedia: available at http://www.electropedia.org/

applies. For
nts) applies.

on

age particle

ddresses:

3.1.1
absorption
reduction of intensity of a light beam not due to scattering

3.1.2

daccu

racy

closeness of agreement between a test result or measurement result and the true value

Note

1 to entry: In practice, the accepted reference value is substituted for the true value.

Note 2 to entry: The term “accuracy”, when applied to a set of test or measurement results, involves a combination
of random components and a common systematic error or bias component.

Note

© ISO

3 to entry: Accuracy refers to a combination of trueness and precision.
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[SOURCE: ISO 3534-2:2006, 3.3.1]

3.1.3
aspectratio
ratio of the minimum to the maximum Feret diameter

Note 1 to entry: For not very elongated particles.
[SOURCE: ISO 26824:2013, 4.5]

3.1.4

certified reference material
CRM
reference mqterial (3.1.16) characterised by a metrologically valid procedure for one or more spegified
properties, pccompanied by an RM certificate that provides the value of the specified phopertly, its
associated yncertainty, and a statement of metrological traceability

Note 1 to enfry: The concept of value includes a nominal property or a qualitative attribute’stch as identjty or
sequence. Ungertainties for such attributes may be expressed as probabilities or levels of confidence.

Note 2 to entfy: Metrologically valid procedures for the production and certificationn0f/RMs are given in, among

others, ISO 1
Note 3 to ent
Note 4 to ent
[SOURCE: IS

3.1.5
complex re

Iy

refractive iy
Note 1 to ent

ﬂp=l’1p—l

where

i ist
kp ist
n, ist
Note 2 to ent
imaginary p3

034 and ISO Guide 35.
Fy: ISO Guide 31 gives guidance on the contents of RM certificat€sy
Fy: ISO/IEC Guide 99:2007, 5.14 has an analogous definition:

0 Guide 35:2017, 3.2]

fractive index

dex of a particle, consisting of a real\and an imaginary (absorption) part
'y: The complex refractive index of(a particle can be expressed mathematically as

b

he square root of —13
he positive imaginary (absorption) part of the refractive index of a particle;

he positive real part of the refractive index of a particle.

rt of the refractive index.

3.1.6

ry: In epntrast to ISO 80000-7, this document follows the convention of adding a minus sign f{

o the

deconvolution
<laser diffraction> mathematical procedure whereby the size distribution of an ensemble of particles is
inferred from measurements of their scattering pattern

3.1.7
diffraction

<particle size analysis> scattering of light around the contour of a particle, observed at a substantial

distance (in

the ‘far field’)

© IS0 2020 - All rights reserved
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3.1.8

equivalent spherical diameter

<laser diffraction> particle size reported from a distribution of spherical particles that creates a
scattering pattern that matches the light scattering distribution observed from the measurement

Note 1 to entry: The scattering pattern of the spherical particles is calculated according to an optical model.

3.19

extinction

<particle size analysis> attenuation of a light beam traversing a medium through absorption and
scattering

3.1.10
intermediate precision
<lasqr diffraction> accuracy and precision under intermediate precision conditions (3.1.11)

[SOURCE: ISO 3534-2:2006, 3.3.15, modified — field of application <laser diffraction> has been added.]

3.1.11
intermediate precision conditions
<lasg¢r diffraction> conditions where test results or measurementestults are obtained pn different
laser{diffraction instruments and with different operators using the_same prescribed methpd

Note [l to entry: There are four elements to the operating conditionstime, calibration, operator and pquipment.

3.1.12
multiple scattering
consgcutive scattering of light by more than one particle, causing a scattering pattern that|is no longer
the sum of the patterns from all individual particles

3.1.13
obscuration
fractjon of incident light that is attenuated:due to extinction (scattering and/or absorption)|by particles

Note [l to entry: Obscuration can be expressed as a percentage.

Note P to entry: When expressed as'fractions, obscuration plus transmission (3.1.29) equal unity.

[SOURCE: ISO 8130-13:2019;73.1, modified — words “percentage” and “during a lasey diffraction
meagurement” have beenemitted because of context.]

3.1.14
opti¢al model
theoretical modél used for computing the model matrix for optically homogeneous apd isotropic
sphefes with;if necessary, a specified complex refractive index

EXANPLIE Fraunhofer diffraction model, Mie scattering model.

3.1.15

precision

closeness of agreement between independent test/measurement results obtained under stipulated
conditions

Note 1 to entry: Precision depends only on the distribution of random errors and does not relate to the true value
or the specified value.

Note 2 to entry: The measure of precision is usually expressed in terms of imprecision and computed as a
standard deviation of the test results or measurement results. Less precision is reflected by a larger standard
deviation.

Note 3 to entry: Quantitative measures of precision depend critically on the stipulated conditions. Repeatability
conditions and reproducibility conditions are particular sets of extreme stipulated conditions.

© IS0 2020 - All rights reserved 3
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0 3534-2:2006, 3.3.4]

reference material

RM

material, sufficiently homogeneous and stable with respect to one or more specified properties, which
has been established to be fit for its intended use in a measurement process

Note 1 to entry: RM is a generic term.

Note 2 to entry: Properties can be quantitative or qualitative, e.g. identity of substances or species.

Note 3 to enftry: Uses may include the calibration of a measurement system, assessment of a measuxe

procedure, af

Note 4 to en
apply to quan
properties, c

[SOURCE: IS

3.1.17
reflection
<particle siZ
or frequenc}

3.1.18

refraction
process by
propagation
separating ¢

Note 1 to ent

n,, sinf_, 4
See 3.2 for sy
3.1.19

relative refractive index

mre:l
ratio of the

[SOURCE: IS
refractive it

Note 1 to ent
imaginary p3

signing values to other materials, and quality control.

ry: ISO/IEC Guide 99:2007 has an analogous definition but restricts the term “medsureme
titative values. However, ISO/IEC Guide 99:2007, 5.13, Note 3 (VIM), specifically in€ludes quali
hlled “nominal properties”.

O Guide 35:2017, 3.1]

e analysis> change of direction of a light wave at a surface'without a change in wavelg
"

which the direction of a radiation is changedvas a result of changes in its veloci
in passing through an optically non-homogeneous medium, or in crossing a su
ifferent media

Fy: The process occurs in accordance with Snell's law:

F 1

P sm6p

mbol definitions.

romplex refractive)iindex of a particle to the real part of the dispersion medium

0 24235:2007, 3.3, modified — “absolute refractive index” has been replaced by “con
dex” and “the sample” has been replaced by “a particle”.]

ry: In\ritany applications, the medium is transparent and, thus, its refractive index has a negl
rt.

ment

t” to
ative

ngth

[y of

rface

hplex

gible

Note 2 to entry: The relative refractive index can be expressed mathematically as

Mype) = np/nm

where

Nm

0y,

See single sca

is the real part of the refractive index of the medium;

is the complex refractive index of a particle.

ttering (3.1.26).

© IS0 2020 - All rights reserved
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3.1.20
repeatability
precision under repeatability conditions (3.1.21)

Note 1 to entry: Repeatability can be expressed quantitatively in terms of the dispersion characteristics of the
results.

[SOURCE: ISO 3534-2:2006, 3.3.5]

3.1.21

repeatability conditions
observation conditions where independent test/measurement results are obtained with the same
metHod on identical test/measurement items in the same test or measuring facility~hy the same
operfptor using the same equipment within short intervals of time

Note [L to entry: Repeatability conditions include:

— |the same measurement procedure or test procedure;
— |the same operator;

— |the same measuring or test equipment used under
— the same conditions;

— the same location;

— |repetition over a short period of time.
[SOURCE: ISO 3534-2:2006, 3.3.6]

3.1.22
method repeatability
closgness of agreement between multiple meastrement results of a given property in diffeffent aliquots
of a [sample, executed by the same operatal using the same instrument under identical conditions
with|n a short period of time

Note |1 to entry: The variability includés the variabilities of sub sampling technique, of the sampled material
together and of the instrument.

3.1.23
scattering
chanjge in propagation of light at the interface of two media having different optical propert

—-

€s

3.1.24
scattering angle
angle between the'principal axis of the incident light beam and the scattered light

3.1.25

scattering pattern
angulat)pattern of light intensity, I(6), or spatial pattern of light intensity, I(r), origihating from
scattering, or the related energy values taking into account the sensitivity and the geometry of the
detector elements

3.1.26

single scattering

scattering whereby the contribution of a single member of a particle population to the total scattering
pattern remains independent of the other members of the population

3.1.27
single shot
<sample> for an analysis, for which the entire content of a test sample container is used

© IS0 2020 - All rights reserved 5


https://standardsiso.com/api/?name=74b4a3437cc748492491b706747752ce

ISO 13320:

3.1.28
test sample
sample that

[SOURCE: IS
3.1.29

2020(E)

is entirely used for a property characterization

0 14488:2007, 3.12]

transmission
<particle size analysis> fraction of incident light that remains un-attenuated by the particles

Note 1 to entry: Transmission can be expressed as a percentage.

Note 2 to ent

3.1.30

true value
quantity or
according td

Note 1 to ent
Note 2 to ent

3.1.31
trueness
closeness of

Note 1 to ent
Note 2 to ent
Note 3 to ent

[SOURCE: IS

3.2 Symb

Ai
C
CF

D

Do,

'y: When expressed as fractions, obscuration (3.1.13) plus transmission equal unity.

quantitative characteristic supposed to be “true” as the target value of the,measure
the definition of the measurement

Fy: The true value is a theoretical concept and, in general, cannot be known. exactly.

"y: For an explanation of the term “quantity”, refer to ISO 3534-2:2006;

agreement between the expectation of a test result or aiineasurement result and a true
y: The measure of trueness is usually expressed in texfus of bias
Fy: Trueness is sometimes referred to as “accuracyef the mean”. This usage is not recommendg
Fy: In practice, the accepted reference value is substituted for the true value.

0 3534-2:2006, 3.3.3]

ols

pxtinction efficiency of size‘class i
particulate concentration, volume fraction
Coverage factor

particle diameter (x may also be used)

particle:diameter corresponding to the 10th percentile of the cumulative undersize
distribution (here by volume)

ment

yalue

ed.

Dsg 3

median particle diameter corresponding to the 50th percentile of the cumulative

undersize distribution (here by volume)

Dy 3

particle diameter corresponding to the 90th percentile of the cumulative undersize

distribution (here by volume)

1(6)
I,

I(r)

angular intensity distribution of light scattered by particles (scattering pattern)
intensity of horizontally polarized light at a given angle

spatial intensity distribution of light scattered by particles on the detector

elements (measured scattering pattern by detector)

© IS0 2020 - All rights reserved
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I, intensity of vertically polarized light at a given angle

1 first order Bessel Function of the first kind

k wave number in medium: 2mn, /A

ik, imaginary (absorption) part of the refractive index of a particle

L distance from scattering object to detector

L illuminated path length containing particles

L, vector of photocurrents (iy, iy, ... i)

meq relative, complex refractive index of particle to medium

M model matrix, containing calculated detector signals per unit volume/of partic|es in all
size classes

ny, real part of refractive index of medium

n, real part of refractive index of particle

n, complex refractive index of particle

0 obscuration (1 - transmission);

r radial distance from focal point in focal plane

up, standard uncertainty for the paramefer and value specified

Uerm standard uncertainty of the certified value

Upoude standard uncertainty of in=house reference material value

Uirm expanded uncertainty.of-the certified value

Upoude expanded uncertainty of in-house reference material value

Ulim expanded telerance limit defined by calculation

Vi volume(Certent of size class i

1% veloeity of particles in dry disperser

X particle diameter (D may also be used)

X; geometric mean particle size of size class i

X103 particle diameter corresponding to 10th percentile of the cumulative undersize distribu-
tion (here by volume)

X503 median particle diameter corresponding to the 50th percentile of the cumulative under-
size distribution (here by volume)

X903 particle diameter corresponding to 90th percentile of the cumulative undersize distribu-
tion (here by volume)

X] 3 volume-weighted mean diameter

a dimensionless size parameter: txn,, /A

© IS0 2020 - All rights reserved 7
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AQs ; volume fraction within size class i
0 scattering angle with respect to forward direction
0., angle with respect to perpendicular at boundary for a light beam in medium

(see definition 3.1.18)
o, angle with respect to perpendicular at boundary for a light beam in particle

(see definition 3.1.18)
A wavelength of illuminating light source in vacuum
o standard deviation
W hngular velocity
4 Principle
4.1 Genefal
The laser djffraction or scattering techniquel) for the determinationdef particle size distributjions,
PSDs, is baded upon the phenomenon that the angular distribution, of the intensity of scattered|light
by a particlg (scattering pattern) is dependent on the particle size.When the scattering is from a ¢loud
or ensemblq of particles the intensity of scattering for any given.size class is related to the number of
particles anf their optical properties, present in that size classt21[20],
A test sample, dispersed at an adequate concentration in a\suitable liquid or gas, is passed through the
beam of a monochromatic light source, usually a laser, The light scattered by the particles, at vafious
angles, is measured by an array of photo detectors:*The numerical values from each detector are

recorded fol
zone, the s
scattering p
selected siz¢
solve the iny

" subsequent analysis. Within certain litnits, such as of particle concentration in meas
fattering pattern of an ensemble ofiparticles is identical to the sum of the indi

e classes are used to build a matrix and together with a mathematical procedure are us
rerse problem, providing a volumetric particle size distribution (PSD), iterated to proy

best fit to the measured scattering patternl18l.

4.2 Theo

The theoret]
in generall4}
is opaque, H
Fraunhofer
material.

Some other

ry

ical scattering pattern of a single spherical homogeneous particle is given by Mie-tH
. If the partiele size is relatively large (in terms of size parameter, a = w x n,,/A > 10
raunhoferdiffraction theory is available only for small angle forward scatteringl4l[2]
ppproximdtion is an analytical method that does not require the optical properties d

vidual
atterns of all particles. The thepretical scattering patterns of unit volumes of partic}.es in

ring

ed to
ide a

eory
and
The
f the

theoretical apprnvimaﬁnnc are-available for numerical realization of the ]\/lic\_fhnnr}

and

these are called optical models in general. Choosing a relevant optical model for the inverse problem to
yield a proper PSD is important.

Laser diffraction records the scattering pattern from the particles presented. This composite pattern is
converted to a size distribution of spherical particles that would provide the same composite scattering
pattern using an appropriate optical model and data inversion routine. It therefore provides a size
distribution of laser diffraction equivalent spheres. If the test sample is not spherical, the same basic
procedure is used and the resulting size distribution is formed. Thus, PSD’s for non-spherical particles

1)  Early instruments had very limited computer capacity and were restricted to using a laser with Fraunhofer
Diffraction. Often a model form of particle size distribution was iterated to fit the scattering data. The term Laser
Diffraction rapidly became the dominant descriptor. This has continued despite the technique having advanced to
use different light sources and more sophisticated optical theories and data analysis.

8 © IS0 2020 - All rights reserved
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are likely to be different from other particle sizing techniques measuring the same material. The details
of the theory are given in Annex A.

4.3

Typical instrument and optical arrangement

The system consists of a monochromatic light source, sample feeder, optical system, light detectors,
and control-calculation device. To extend the applicable range of particle size and its analysis, multiple

light

sources, additional light detecting systems and related optical systems can be used.

The light source is typically a laser or other narrow-wavelength source to generate a monochromatic
beam. This is followed by a beam-processing unit producing an extended and nearly ideal, Gaussian

distn
meas

A co
invel
autol

Typi

Key

ibuted beam to illuminate the dispersed particles. The illuminating light beam passes
uring zone of the optical system.

mputer is used to control the measurement, to store and to process the datayand
sion problem from the data of the detected signals to the particle size distribution. It
mated instrument operation.

Fal diagrams of the set-up of laser diffraction/scattering instruments$ are given in Figu

1  light source assembly [with one @r more light 3 forward scattering multi-element deted

q

q

2 1neasurement zone (fordetails, see Figure 2)

ource(s)] including beam expansion and (with obscuration/transmission detect
ollimation 4  wide angle scattering detector(s)
back scattering detector

N vl

Fourier lens

Figure 1 — Fourier optical arrangement
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A
A
A\ 4

~
Key
1 forward kcattering multi-element detector 5 focal distance
(including obscuration/transmission detector) 6  incident light beam
Fourier lens 7  scattering light
ensemblp of dispersed particles r  radius of multi-elemerit detector
working|distance within measurement zone 6  scattering angle
Figure 2 — Fourier optical arrangement — Scattering angle
A
AN
5 ‘\\4 4
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r——————————— >
1
| |
e :
I
| |
| |
| | 6
D o | 2
Key
1  light soufce assembly [with one or more light 3  forward scattering multi-element detector
source(s)] including beam expansion and (with obscuration/transmission detector)
collimation 4  wide angle scattering detector(s)
2 measurement zone (for details, see Figure 4) 5 back scattering detector
6  reverse Fourier lens

Figure 3 — Reverse Fourier optical arrangement
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A
A 4

—h

Key
1 rward scattering multi-element detector 5 incident light
including obscuration/transmission detector) 6  scatteringlight
2 ow through cuvette for dispersed particles r  radius‘of multi-element detector
3 article(s) 6  stattering angle
4 cal distance

Figure 4 — Reverse Fourier optical arrangement — Scattering angle

4.4 | Measurement zone

The locations of the two possible measurement zones, are illustrated in Figures 2 and 4.|The Fourier
optidal arrangement allows, within certain limits, the particles to traverse the beam in a wide range
of pgsitions along the laser axis) By contrast, the presentation of particles within the reverse Fourier
optidal arrangement shall be-éonfined to a short distance along the laser axis if errors in $izing are to
be ayoided. The measurement zone shall be located at a defined distance from the low anglg detector.

A tegt sample of particles, dispersed as necessary, is introduced into the measuring zone at pn adequate
concentration. Seattering theories20 show that the scattering from each particle can be [combined if
the doncentration'is low enough, thus providing single scattering. It also requires that the particles
move¢ freely relative to each other. It is also necessary that all particles traverse the laser |beam at the
same velocity if the effects of velocity bias are to be avoided. Ideally, the selected concentrtion should
remdin-fairly constant during the measurement.

4.5 Application and sample presentation

The laser diffraction/scattering method is applicable to both wet and dry systems, and also to off-line,
online, at-line and in-line measurements. Sprays and gas bubbles in liquid can also be measured directly,
provided that their concentration is at an adequate level (see 5.4.4).

a) Off-line; (Laboratory) a sample is removed from the process which may or may not require reducing
to a test sample. The test sample is dispersed and manually introduced into the measurement zone,
forming a discontinuous measurement sequence whose operational parameters are adapted to the
product.
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b) Atline; (Laboratory) a test sample is automatically taken, at or close to the process, dispersed and
introduced into the measurement zone forming a discontinuous measurement sequence whose
operational parameters are most likely dedicated to the product.

c) Online; (Process) a test sample is automatically removed from the process and introduced into
the measurement zone. A quasi-continuous real-time measurement, dedicated to close-to-process
conditions is made.

d) In-line; (Process) a test sample remains in the process line during the measurement, a quasi-
continuous real-time measurement is made under process conditions.

During the introduction of any of the above methods material inspection and prp]imin;\ry investigation

shall be performed to establish whether appropriate values for sample concentration, dispersion\jtate,

resistance t

sizing result.

4.6 Off-li

In the case
transparent
is formed.

or mechani
the stabiliz
sample bath
stirring is a
be used wit

In the case
dry powder
particle str
concentrati

p optical fouling and other parameters are being achieved to ensure the desired pa

he measurements

of off-line measurement of wet systems, a test sample is dispersed in an approp
liquid medium, and transported to an optical (sample) cell, in whi¢h the measuring
[See Annex B) In off-line measurement, dispersants (wetting-agents; stabilizers)

tion of the dispersion. A recirculation system is often uséd) consisting of an optical ¢
(with agitation and/or sonication), a pump and tubing*A small volume cell with lin
so available for particles with very slow sedimentation velocity. Small volume cells s}

pf off-line measurement of dry powder systems, particles are converted into aerosols
feeder and a disperser, before being introduced into the measuring zone. The aerosg

n of aerosolised powder remains steady during the averaging of the scattered light.

“ticle

riate
zone
and/

al forces (agitation; sonication) are applied for de-agglomeépation of the particles and for

ell, a
hited
jould

h care as the very small test sample volume, required to provide single scattering, mapy fall
below a minimum test sample requirement.

by a
lised

bam is either blown or sucked through’the measurement zone. It is preferred that the

Dispersed dry powders can also be measured online or in-line. Sprays are usually measured intline.
A representative PSD analysis requires ‘that the powder stream is not segregated. Alternatively, the
degree of s¢gregation can be measured by analysis of different sections of the powder stream. At all
times, the particulate concentrationishould remain within the concentration limits for single scattgring,
be fairly staple and all sizes of particles should pass through the measurement zone at the same speed
to avoid velacity bias.

4.7 In-line measurements

of in-linevmeasurement, the laser beam illuminates particles in a flowing stream wfithin
directly. In this case, the measured sample should be representative of the whole sti
concentration should be 1n an adequate range, and any Concentratlon fluctuation d

In the case
the process
the particle
a single mek :
and may or may not be aggregated The measurlng zone formed by elther of the optical arrangements
is finite. The influence of potential multiple scattering together with the scattering from particles
illuminated by the laser beam but arising from outside of the measurement zone should be evaluated. It
is important to remove any influences of outside lighting or laser reflection from the surfaces of optical
parts, within the instruments. Such influences may be minimised by subtracting the background
measured without particles from the measured scattering pattern when particles are present. In
such subtracting procedures, it is always important to confirm the level of signal to noise ratio (S/N).
(Routine background subtraction is not always possible in some in-line set ups).

4.8 Online measurements

In the case of online measurement, a test sample is automatically taken from the process. This is often
a dedicated arrangement matched to the process. The operational conditions are similar to in-line
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methods but permit greater control of the measurement environment. Additional methods, to further
disperse the particles may be applied. The measurement sequence may be interrupted to permit optical
cleaning or other maintenance procedures.

4.9 At-line measurements

In the case of at-line systems the optical measuring system is placed adjacent to a process. This permits
the operational arrangements as in the off-line arrangement but carries some risk of contamination
from the local environment. Steps should be taken to minimize this with more frequent checks to verify
the apparatus remains fit for purpose. (see Annex D).

4.10Q Scattering and detectors

The [interaction of the incident light beam with the ensemble of dispersed particles fesults in a
scattlering pattern with different light intensities scattered at various angles:The detection of the
scattlered pattern is carried out by a number of photodiodes and/or pixel array detectors. Fpr the range
of small angular forward scattering, a multi-element silicon detector is often used. These elements
are lpcated concentrically and often having a radius proportional to the(distance from thg centre. The
number of detectors, their locations or optical (detecting) angles, should be set to satisfy the required
particle size range and resolution of the measurements. The particlesiscattering angle is measured with
respect to the incident monochromatic beam axis. For particles suspended in a liquid the jeffect of the
meagurement cell shall be included into the estimation of scattering angle. The scattering|pattern is a
continuous function of the light intensity with respect to angle, The intensity falling upon each detector
is cohverted to an energy dependent upon the detector area and its quantum efficiency. The input to
subsgquent data processing comprises a discrete set of-electrical signals whose angular and detection
properties are known or have been calibrated[42l,

Oftel a central detector is set to measure the intensity of the non-extinguished light. This provides a
meagure of optical concentration or obscuration, after a calculation. Some instruments prqvide special
geonpetries of the central element in order-to automatically re-centre or re-focus the detectors by
moving the detectors or lens.

5 Operational requirements and procedures

5.1 | Instrument location

The Instrument should.be located in a clean environment that is free from excessive eledtrical noise,
mechanical vibratien-and temperature fluctuations, and out of direct sunlight and airflows. The
operpting area shiould conform to local health and safety requirements. The instrument should either
contain a rigid.lnternal optical bench or be installed on a rigid table or bench to avoid reglignment of
the gptical system at frequent intervals.

WARNING' — The radiation of instruments equipped with a laser can cause permanent eye
dampge. Never look into the direct path of the laser beam or its reflections. Avoid bjocking the
laser beam with reflecting surfaces. See IEC 60825-1 regarding laser radiation safety measures.

5.2 Dispersion gases

For dry dispersion and spray applications, a compressed gas can be used. If used, it is essential that
it is free from oil, water and particles and has been restored to room temperature. To achieve this, a
dryer with a filter and warming system is required. In spray applications, evaporation of the liquid
may cause artefacts in the particle size results. Any vacuum unit used to collect the particles should
be located well away from the measurement zone, so that the output of the hot air does not disturb the
measurement zone. Draughts should be avoided in order to prevent unstable particulate streams or
thermal fluctuations within the measurement zone. (See C.1).
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5.3 Dispersion liquids

Any suitable, optically transparent liquid of known refractive index may be used. Thus, a variety of
liquids is available for the preparation of liquid dispersions of powders. Annex B provides information
on the dispersion liquids.

Observe health and safety measures if an organic liquid is used for dispersion. Use a cover for the
ultrasonic bath when using liquids with a high vapour pressure to prevent the formation of hazardous
vapour concentrations. Evaporation of volatile organic liquids may cause sufficient cooling as to induce
fluctuating refractive index values in the liquid medium, which in turn may induce artefacts in the
particle size results.

5.4 Sample inspection, preparation, dispersion and concentration

5.4.1 Sanjple inspection

e the
ly or

material to be analysed, visually or with the aid of a microscope, in order to: a) estimat]
nd particle shape; and b) check whether the particles have been dispersed adequatg
further treatment.

Inspect the
size range 3
will require

The size dif ble is

representat

tribution measured in a test sample is only valid for a batch(of material if the samj
ve for that batch and has been dispersed adequately. See Annex C.

h the

The inspect
naked eye. 4
using a cove

5.4.2 Pre

Prepare ar
sample splif]

Very small {
of the pastq
sample droj
or toothpas
shall be init

If the maxin
sieving. In t}

Sprays, aer
concentrati
without altg
than the lar

ion of the fully dispersed state of a suspension of particles is difficult to achieve wit
Any inspection using a microscope should be conduéted from a pool of suspension wit

paration

presentative test sample of suitable yolume for the measurement by using an adeq
ting technique, e.g. a rotating riffler«(se€ ISO 14488).

est samples can be taken from(a ;well-mixed paste of particles in liquid. The consist
then minimizes segregation errors. The pastes are formed by adding dispersant t
by drop while mixing it with'a spatula. A good consistency for the paste is one like h
Le. If, by mistake, the paste’becomes too fluid, it shall not be used, and a new prepar
ated.

hum size exceeds-the measuring range, remove the material that is too coarse, e.g. by
1is case, determine and report the amount/percentage removed.

pbsols and ‘gas bubbles in liquid are usually measured directly, provided that
nis at anadequate level (see D.1 to D.7), since sampling or dilution is generally very dif
ring the PSD. If droplets are sprayed into still air, then the small droplets decelerate f]

I slip. Such inspections are very subjective, not definitive but are helpful in many case$

hout

D.

juate

ency
b the
oney
htion

pre-

their
Ficult
hster

moving air i

be-ones, leading to a potential velocity bias. Therefore, it is preferable to spray into a suitable
WMWWMMMM@M' i i ct of

droplet evaporation, which may cause significant errors, especially for droplets in the sub-micrometer
range. Rapid evaporation of such droplets reduces their size or even makes them disappear. Moreover,
artefacts in the size distribution may appear due to a changing refractive index around the droplets,
resulting from the evolving vapour and the temperature decrease during evaporation.

5.4.3 Dispersion

Dry powders may be dispersed either in air or in a liquid. The dispersion procedure should be adjusted
to the purpose of the measurement, e.g. it shall be decided whether agglomerates should be detected or
dispersed to primary particles. See Annex C.

The transport conditions for the particles through the measurement zone should also be considered.
Adequate flow should be applied to ensure that particles of all sizes pass the measurement zone at
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similar velocity in order to avoid velocity bias in the result. Particles having a low aspect ratio have
a tendency to show preferred orientations at the flow conditions existing in the measurement cell.
Even at turbulent conditions their orientation may not be fully random. Annex A discusses the fact that
different orientations of non-spherical particles lead to different scattering patterns and, thus, different
reported sizing results.

5.4.4 Concentration

The particle concentration in the measurement zone should be high enough to produce an adequate
signal (or in other words to reach an acceptable signal-to-noise ratio with respect to precision), yet
low enough to ensure multiple scattering to be insignificant to the particle size result. Reference [20]

proppses that the onset of multiple scattering commences if particles are regularly sep
their] neighbours by 3 times their diameter. As the number of particles increases proport
for the same volume concentration the smallest particles have the highest number(per unjfit volume. It
ther¢fore follows that the smallest sizes in any distribution determine the onset.efymultip

due

The

the {
funcf
meas
of 1
the d
addit
valug
In ge
limit
scatt]
conc
A.8)
obsc

5.5
Atyy

PRE(
instr

a)

q

1

o their possible close proximity.

effect of multiple scattering is generally to increase the angle of scattering and, t
ize distribution results to lower sizes. An exact concentration range cannot be giv¢
ion of particle size, PSD width, laser beam width and path length“ef the dispersed paj
urement zone. As an indication, it can be said that the typical vélumetric concentration
(um particles is about 0,002 % — for measurement in a cell with 2 mm path length
oncentration for 100 pm particles could be about 0,2 %<¢Chéck the instrument docum
ional information. Some guidance can be taken from:the measured obscuration or t
e, which is for the above examples about 5 % and 25% (transmission 95 % to 75 %), 1
neral, the proportion of small particles in a size distribution dominates in the upper cq
If all the particles are larger than 100 pm, then,an'obscuration of up to 30 % may not ca|
ering. To ensure appropriate obscuration limits, perform particle size measurements
entration levels for the material of interest; and monitor shifts in the distribution. A
provides some information on the relafion between particulate concentration, parti
iration.

Measurement
ical measurement of a PSD by laser diffraction comprises the following steps.

AUTION  Before starting and during any measurement, carefully follow the instructions
iment manual. It is alsg Tecommended to observe the precautions set out in Annex D.

$etting up thednstrument, confirming the optical alignment and conducting a blank m

o establish the-background scattering.

b) 1

t

Determination of the parameters of the sample material to be measured. These inclug
dex‘required for analysis, particle density to facilitate particle transport settings,
Ip in the choice of liquid dispersant.

hrated from
ional to D3

e scattering

hus, to shift
bn, as it is a
ticles in the
for analysis
— whereas
entation for
ransmission
espectively.
ncentration
use multiple
at different
nnex A (see
cle size and

given in the

easurement

e refractive
solubility to

f)

Sample preparation and introduction into the measurement zone.
Data collection to establish the scattering pattern signature.
Selection of an appropriate optical model.

Conversion of scattering pattern into PSD.

5.5.1 Setting up instrument and blank measurement

After selection of the appropriate particle size range and proper optical alignment, and after allowing a
proper warm-up period of the instrument, perform a blank measurement immediately prior to the test
sample measurement in which a particle-free dispersion medium is used under the same instrument
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conditions to be employed for the test sample measurement. These background signals are subtracted
later from the detector signals coming from the measurement of the material of interest.

5.5.2 Sample preparation

For wet application, prepare a test sample referring to D.5. Ensure that the sample is representative for
the batch of product within a stated confidence interval. The amount of test sample should correspond
to at least the minimum required for precision. The dispersion conditions should lead to complete de-
agglomeration without comminution and to a sufficiently low concentration to ensure single scattering.

5.5.3 Datacollection ofthe scattering pattern

b test
each
. Net
from
ency.
f the
Ctory
laser
psent
n or
ersed

Allow a meajsuring time for data collection sufficient for statistically adequate representation-fith
sample. Check therefore the effect of the elapsed measurement duration on the sizing resualt-For
detector elefnent, an average signal is calculated, sometimes together with its standard ‘deviation]
signals may|be calculated by subtraction of the background signals. The magnitude of-tHe signal
each detectgr element depends upon the detection area, the light intensity and thequantum effici
The coordinates (size and position) of the detector elements together with thefocal distance g
lens determijine the region of scattering angles for each element. Generally, all ¢hese factors are fa
determined|and stored in the computer. Most instruments also measure thé&power of the central
beam. The fractional difference between this measurement when a dispersed test sample is pr
and that me¢asured during the blank background experiment is givenh‘as a value of obscuratig
transmissiop, which is indicative of the total amount of light scattéred or absorbed by the dispe
particles and thus the particle concentration.

5.5.4 Sel¢ction of an appropriate optical model

Most often {
matrix, whi

ither the Mie theory or the Fraunhofer appréximation is used for calculation of a scatt
Ch represents the signal at each detector element per unit volume of particles in given size
classes. The|choice depends upon the size range of the particles to be measured; their optical propdrties
and the application (see Annex A). Other light:seattering theories may be applied for the calculatipn of
this scattering matrix; however, such occurgernces are uncommon.

Pring

When using
ratio, should
matrix[18].

the theory of Mie, the refractive indices of particulate and medium (see Annex F), or [their
| be established and entered‘into the instrument in order to allow calculation of the npodel

For practicg
required to
scattered.

| reasons, values gfthe imaginary part of the refractive index (about -0,01i to -0,03i
accommodate sunface roughness of transparent particles, where some light is rand

) are
omly

A good understanding‘of the influence of the complex refractive index of the light scattering [from

particles is
appropriate
resultin sig

strongly ‘advised in order to apply the Mie theory or the Fraunhofer approxim
y. lnappropriate choice of the optical model or of the values of the refractive index|
hificant bias of the resulting PSD. This bias is often observed when inappropriate quan

htion
may
tities

of material are being ascribed to the size classes at the lower end of the size distribution.

To obtain traceable results it is essential that the refractive index values are used as reported.

5.5.5 Conversion of scattering pattern into PSD

This de-convolution step is the inverse of the calculation of a scattering pattern for a given PSD. Several
mathematical algorithms have been developed for this purpose (see References [4], [6], [18], [30], [32],
[33], [37]). They contain some weighting of deviations between measured and calculated scattering
patterns (e.g. least squares) and some constraints on the size distribution curve. These constraints
restrict the final particle size result to values for the quantity in each size class that are either positive
or zero and limit the differences between the quantities in subsequent size classes. A procedure
(see Reference [6]) uses the observed fluctuations of the detector signals to introduce proper weighting
of these data and to calculate confidence intervals for the PSD.
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5.5.6 Robustness
It is advised, after a method of measurement has been devised for a specific material, that robustness
tests should be performed to avoid the possibility of choosing a set of parameters which leaves the

measurement vulnerable to minor errors or changes producing significant and unexpected changes on
the final result. (See Annex G)[1I,

5.6 Resolution and sensitivity

5.6.1 General

The resolution of the PSD describes the ability of a measuring device to distinguish nlleaningfully
between closely adjacent particle sizes.

Thergfore, higher resolution allows an easier discrimination between particles gf differerjt size and it
allows an unbiased determination of the width of the PSD.

The sensitivity of the PSD describes the ability of a measuring device-to distinguish npeaningfully
between small changes in the amounts of particles in a given size class;

Thergfore, higher sensitivity allows a better comparability of mixing ratios and the discrjmination of
small amounts of large particles at the upper end and small pafticles at the lower end of|the particle
size ¢listribution.

Howegver, both resolution and sensitivity, respectively, are strongly dependent on the following items:
a) nmumber, position, geometry and area of the detector'elements;

b) Iumber, width and way of generation of size glasses of the PSD;

c) 3pplication of the appropriate optical medel;

d) fline structure in the measured scattering pattern, especially of narrow-sized PSDs;

e) 4Jctual size range and distributionwidth of the particulate material;

f) ﬁossible smoothing and(negularisation effects applied to intensity signals and/or to the
econvolution procedure in the evaluation;

g) gignal-to-noise ratio;etc.

All these factors havesignificant influence on resolution and sensitivity. Therefore, there [is no simple
way [to describe procedures and measures needed for resolution and sensitivity. If instfuments are
comparable irthe sense of the items listed above, actual values for resolution and sensitivity may be
determinedsby using mixtures of known composition, e.g. for quality control reasons.

5.6. Resolution

Due to the light scattering signature arising from an ensemble of particle sizes and the need to carry
out a matrix inversion, constrained to zero or positive values, the resolution of the technique is limited.
The resolution achievable is also influenced by the particle size range and the optical properties of the
material being measured. Under cooperative circumstances mono-sized particles separated in size by a
factor of 2, can be partially separated over the mid-range of sizes. The resolution at the very highest size
is limited by the solid angle of scattering due to the finitely small optical detectors. The resolution of the
very smallest size is limited by the very weak scattering properties of particles having those sizes.

5.6.3 Sensitivity and result variability

Sensitivity in this context refers to the ability of the laser diffraction measurement instrument
to discriminate or detect small changes in both size and quantity. As a result of the scattering
characteristics of various sizes of particles coupled with limitations in both the number and angular
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extent of some detectors together with the limitations of the data inversion stage, the sensitivity is far
from uniform over the range of particle sizes covered.

The largest particles in any distribution will only be present in small numbers. To avoid uncertainty in
the higher percentiles of the distribution the minimum mass of test sample should be considered[221140],

The measurement of a fine particle distribution can be compromised by the odd large bubble or large
particle contaminant. This might be regarded as an unfortunate sensitivity to the strong scattering
properties of large particles. Equally because very small particles scatter weakly the sensitivity to
their presence can be significantly reduced when poly-disperse particle size distributions containing
larger particles are present. It is vary
dependent yponrsizerange,optiea rticle
concentratign.

6 Accuracy repeatability and instrument qualification

6.1 General
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mencing any of the tests specified in this subclause, the operator should have consid
of measurement and the recommendations of Clause 5 and Annexes D and H. In gej
y be applied to both liquid and dry dispersions. A test of instrument repeatability doe
ply to dry dispersion as the particles are not re-circulated, and different aliquots of s
5 can be used.

peated dry measurements, of the same sample, employing a gravity dispersion acce
a total sample capture provision and used tggether with fully free flowing, and

cohesive reference materials, may be employed in 6.3. Thé same gravity method may be used to
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 test set out in 6.2 using a certified referendé/material.

tion of laser diffraction units designed*for spray measurements require a different pro
nhce spray is available. If a flow cell or:a dry dispersion system can be added, then a te
described in 6.2 may be applied:"Alternatively, a reference reticulel12] that has been
bd using a laser diffraction unit that has met the accuracy test in 6.2, may be employ
he intermediate precision.

oses of this document Both terminologies “method of moments” and “moment-ratio” v
ly used, are used for(each parameter described.

alue of the uncestainty associated with each parameter which are used as the
rejection limifs shall be calculated using Formula (1) (see H.1 to H.3):

2

2
u +
up

crm

[F -

s the'acceptance limits for test 6.2 and 6.5.

ered
1eral,
S not
ingle

sory
non-
meet

{tocol
5t for
fully
ed to

rhich

final

M

The requirements for acceptable instrument uncertainty values, u,, for a laser diffraction system and
the value for the coverage factor CF are given in Table 1. The term u..,, is given in the certified reference
material documentation. The value of the coverage factor CF is usually a number between 2 and 3 and
shall be chosen by users on the basis of the desired level of confidence, and which shall be documented.

Table 1 — Parameters for the calculation of the tolerance limits

Parameters Nomenclature Maximum acceptable instru- Coverage factor,
required ment uncertainty, u; CF
10th percentile Dyp30r X3 2% 2-3
50th percentile Ds 3 0r X5 3 1,5% 2-3
90th percentile Dy 3 01 Xg 3 2,5% 2-3

18 © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=74b4a3437cc748492491b706747752ce

IS0 13320:2020(E)

6.2 Accuracy

6.2.1 Introduction

Certified reference materials with assigned values by laser diffraction as defined in H.1 to H.3 and
applying to the laser diffraction method shall be used for the system qualification (0OQ: operation
qualification, PQ: performance qualification)[41]42] and for the test of accuracy using the wet or dry
dispersion method.

The dry dispersion method uses a large quantity of sample per test. In order to mitigate against
the cost of the increased reference material consumption, in-house reference material, certified in

acco
dry d

The
using

matg

6.2.2

Atle
be c(
num

The 4
not d

X50,3

Inth
and

6.3

6.3.1

For t
samd

‘dance with the method set out in H.1 to H.3 inclusive may be used for the test of acc
lispersion method.

folerance limits shall be Calculated for the parameters Dy 3 or xy 3; Dgg 3 OF X5¢ 35 ]
r the formula; Ui =£CF -, /ucrm , where the values of u.,,, are taken from,the certifi

rial documentation and the values of CF and up are obtamed from Table\l:

Accuracy test

ist 3 separate test samples shall be measured, 5 separate testsamples are preferred. Eg
nducted at an adequate sample concentration and signal\integration period to allow
ber of particles to be analysed (see ISO 14488).

iverage cumulative volume distribution value from-the 3 or 5 tests, at the required per
xceed the pre-calculated tolerance limits U);,.for each of the parameters Dy 3 or x
Dyg(,3 01 X0 3-

e event of a failure of this test, then all aspects of the measurement method adopted by
f that of the instrument should be exanlined extensively.

Instrument repeatability

Introduction

he wet dispersion method, this test is carried out using one instrument, a single oper
dispersed samplecFor the dry dispersion method only, the method repeatability des

can Ipe used for this test. Well behaved dry samples which have been correctly split into
a very low sarfiple to sample variability should also be able to fulfil the tolerances in this section.

with

Any
Annd

material being either spherical or of “limited shape”, but in accordance with the reqy
x H may:be employed for this test.

6.3.2

uracy of the

90,3 OT X903
bd reference

ch test shall
a sufficient

centile shall
0,30 Ds0,3 OF

the operator

htor and the
'ribed in 6.4
subsamples

lirements of

Repeatability test

Perform at least 6 consecutive measurements, in a short time period, with the same dispersed test
sample at an adequate sample concentration and signal integration period to allow a sufficient number
of particles to be analysed (see ISO 14488)[8l.

Thle alverzge values of Dy 3 or X1 3; Ds 3 OF X5 3 and Dgg 3 Or X9 3 from the 6 measurements shall be
calculated.

a) The reported cumulative volume distribution value from each test at the 10th percentile D, 3 or
X10,3 shall not deviate from the average value of the 6 measured results values by more than + 2 %.
b) The reported cumulative volume distribution value from each test at the 50th percentile Ds 3 or

Xs50,3 shall not deviate from the average value of the 6 measured results values by more than + 1, 5 %.
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¢) The reported cumulative volume distribution value from each test at the 90th percentile Dq 5 or
Xg0,3 Shall not deviate from the average value of the 6 measured results values by more than + 3 %.

In the event of a failure of this test, then all aspects of the measurement method adopted by the operator
and of that of the instrument should be examined extensively.

6.4 Method repeatability

6.4.1 Introduction

This test is ca )
sample. It is apphcable to both the wet and dry dlspersmn methods This type of repeatablllty ine
variability due to sampling and dispersion. However, in all cases the written measurement. pro
should be followed which has been prepared incorporating the recommendations of Clause'5,

1 being either spherical or of “limited shape”, but in accordance with therequiremer
employed for this test.

Any materis
H.2 may be

6.4.2 Method repeatability test

Perform at
test shall be
sufficient nt

The averags

least six consecutive measurements with the dispersed single shot test samples.
conducted at an adequate sample concentration and sigmalrintegration period to all
mber of particles to be analysed (see ISO 14488).

values of Dy 3 or X1 3; Dg 3 Or X5 3 and Dy 3 or Xg54 from the 6 measurements shg

Each
ow a

11l be

calculated.

a)

orted cumulative volume distribution value from each test at the 10th percentile D,
1l not deviate from the average value of the\6’measured results values by more than +

The rep
Xq0,3 Sha

30r
3 %.
b) orted cumulative volume distribution“value from each test at the 50th percentile Dg
1l not deviate from the average value of the 6 measured results values by more than * 2

The rep
X50,3 Sh{

3 0r
5 %.

orted cumulative volume distribution value from each test at the 90th percentile Dy
111 not deviate from the average value of the 6 measured results values by more than +

c¢) The rep

X90'3 Sh(

3 0T
4 %.

of a failure of this test then, all aspects of the measurement method adopted by the opefator
f the instrument should be examined extensively.

In the event
and of that

6.5 Accuracy under intermediate precision conditions

6.5.1 General

The tests described below permit comparison of a wide range of instruments having similar propgrties
as well as operators having variable levels of training with an in-house reference material, prefefably
that meets therequirentents—setoutimH2—=and characterizedimaccordancewiththe—protocol set
out in H.3. However, in all cases the written measurement protocol should be followed which should
be drafted in conjunction with the recommendations of Clause 5. This protocol should describe an
adequate sample concentration and signal integration period to allow a sufficient number of particles

to be analysed (see ISO 14488).

The in-house characterized material shall be accompanied by the values of the specified property and
the associated standard uncertainties, uy, .., required for the acceptance test in this section as well
as by a measurement method describing all experimental details for its application in laser diffraction
measurement.
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6.5.2 Intermediate precision conditions (general test)

For this test, an ‘in-house’ reference material which has been characterized on several similar laser
diffraction instruments (‘different laboratories’) with different operators using the same prescribed
method is used. This in-house material may then be used to qualify the performance of laser diffraction
units of the same kind following the procedure described below. As the same kind of instruments are
involved in the characterization of the in-house material, differences in instruments and methods are
already included in the associated uncertainties of the characterized material. Therefore, up, is not
required as in 6.2 for the calculation of Uy;,,. The tolerance limits are given by the expanded uncertainty

Uhouse of Uhouse

I LL

l

whet
invol

Atle

Each
a suf

The 4
not ¢
and ]

Inth
and

; HoF-
lim ~~“house ~—— = “house

e a coverage factor of CF = 3 should be chosen in order not to exclude 5 % ©f the
ved.

hst 3 separate test samples shall be measured, 5 separate test samples arepreferred.

test shall be conducted at an adequate sample concentration and sjghal integration pel
ficient number of particles to be analysed (see ISO 14488).

wverage cumulative volume distribution value from the 3 or 5 tests, at the required per
xceed the pre-calculated tolerance limits Uy, for each of the parameters Dy 5 or xy 3,

D9o,3 OF Xg( 3-

b event of a failure of this test then, all aspects of the measurement method adopted by
f that of the instrument should be examined extensively.

(2)

nstruments

riod to allow

centile shall
Ds0,3 OF X503

the operator

7 Reporting of results

7.1 | General

Repdrt results in accordance with 1S0°9276-1 and ISO 9276-2. Moreover, the information listed in this

claude should be available in the.form of a written protocol or reported so that the measufements can

be rgadily repeated by different operators in different laboratories.

Charcteristic size value§ below Ds 3 or x5 3 and above Dy 3 or xgs5 3 are likely to be viilnerable to

additional uncertainty.ahd systematic error, as a result of sampling problems as well as by limitations

of lager diffraction,Quotation of a Dy 5 or X140 3 value or a number distribution by laser diffraction

shall{not be permitted.

The [report of results should contain some or all the following information: Items mparked * are

manglatory.

7.2 Qamplp

a) complete sample identification, such as chemical type, batch number and or location or both, date
and time of sampling, etc., *

b) sampling procedure, i.e. sampling method and sample splitting procedure,

c) sample pre-treatment (optional), e.g. pre-sieving, type and conditions,

d) amount of sample,

e) date of analysis. *
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7.3 Dispersion

for dry dispersion:

a) specific details of dispersing device, e.g. diameter of delivery tube, primary pressure,
b) type of dosing/feeding device, *

c) dosingrate,

d) dispersion pressure; *

for wet dispqrston:

e) dispersion liquid: identification, volume and, if necessary, temperature, *

f) dispersant(s): type and concentration,

g) sonication: type of unit, frequency (energy), duration and pause before starting measurement
h) pump and stirring speed, *

i) optical path length.

7.4 Laser diffraction measurement

a) instrunjent type and number, *

b) softwarje version,

c) volume|of dispersion unit,

d) optical arrangement applied (e.g. focal length eflens),
e) date and time of last alignment,

f) date of last qualification test, *

g) date angl time of measurement,

h) optical goncentration/obscutation, *

i) trigger thresholds for start/stop conditions (if applied),
j) threshold for acquisition of valid data (if applied),

k) type of light-seattéring model applied, *

1) real and imaginary part of complex refractive index, if the Mie theory is applied, *

m) real part of the refractive index of the fluid employed, if the Mie theory is applied, *

n) (optional) fit parameter resulting from de-convolution (e.g. log difference, chi-squared, percent
residual);

0) sonication settings and duration, *
p) pump and stirring settings, *

q) obscuration/transmission levels employed. *

7.5 Analystidentification:

a) name and address of laboratory,
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b) operator's name or initials. *
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Annex A
(informative)

Theoretical background of laser diffraction

A.1 Introduction

Four types|of interaction between the incident light and the particle influence laser diffrartion
measuremeptsl2l;

— diffractjon at the contour of the particle;

— reflectipn at the boundary of a particle, both outside and inside the particle;

— refractipn at the boundary of a particle coming from medium to particle ahd Vice versa;
— absorptiion within the particle.

These interactions lead to interference phenomena, which cause a eharacteristic pattern of scatfered
light. Both gcattering pattern and extinction are dependent on the size, shape and optical propgrties
(refractive ipdex) of the particle. Thus, they form the basis for particle size analysis by laser diffragtion.

Key
x  detector)x-axis
y  detector|y-axis

z  relative intensity

Refractive index of the medium, n, , = 1,33; wavelength, A= 633 .
2

The particle refractive index is given by n,, = 1,59 - 0,0i.

NOTE The centre of the detector area corresponds to zero degrees. The detector elements correlate with angle.
Figure A.1 — Light scattering pattern for a 5 pm sphere in water

As an example, Figure A.1 gives the scattering pattern of a 5 pm sphere in water. It clearly shows the
characteristics of the scattering pattern of single particles:

— the highest intensity is at zero angle (forward direction) and the intensity gradually decreases
towards larger scattering angles;
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— there are large differences in light intensities, with characteristic maxima and minima at different
angles in relation to particle size;

— there is circular symmetry in the scattering pattern of spherical particles — such symmetry is not
present in the patterns of irregular particles at a single orientation;

— the characteristic scattering patterns form the basis for application of the laser diffraction technique
for measurement of particle size. In laser diffraction, a PSD is formed for an ensemble of particles
passing through a measurement zone. Thus, the light scattered by a single spherical particle shall
be extended to an ensemble of particles. This is possible provided that:

;) each pnrﬁr‘]p scatters as an indpppndpnf entity ie there isno cignifir‘;mf mnlfipl scattering,

which means that particle concentration should be low, and

Ib) there is no optical interference between the scattered radiations from @ifferent particles;
this is satisfied if all particles move randomly with respect to each othér and if the overall
scattering pattern is sampled many times.

A.2 | Extinction

For particles that are very large compared with the illuminating wavelength, the quantity of light
extinguished from the incident beam is equal to twice the quantity of light that is incident on the
geonpetrical cross-section of the particle. This is the case~when the extinction is mepsured at a
signrgﬁicant distance from the particle, in the so-called “far field”.

Reference [20] gives an explanation for the apparent paradox of the factor two. Reference |20] reasons
that pne unit of light is removed from the incident beam by the geometric cross-section by absorption
or reflection and that an equal quantity is removedifrom it by diffraction, provided that the|observation
is made at great distance (in the ‘far field’). This\means that the extinction efficiency, expressed as the
ratio| of extinction cross-section and geometric cross-section, equals 2 for these large partigles.

When the wavelength of illumination canjfio longer be considered as small in comparison to the size of
the garticle, the quantity of light extimguished is no longer equal to twice the geometrical cfoss-section
of the particle, as illustrated in FigureA.2.

In gejneral, the quantity of light éxtinguished by a particle in a beam of light depends upon:
a) particle size and shapé\(scattering cross-section);

b) fefractive index relative to the medium in which the particle is embedded;

c) avelength 6fthe illuminating source;

The fefractive.index value of particles (n, = n, - ik;) is a complex number with a real term, n,,, and an
imaginaryerm, ik,

EXANMPLE Polystyrene ‘latex’ particles have n, = 1,59 - 0,0i, A = 633 nm. The zero, imaginary part indicates
that they are non-absorbing. The white, milky appearance of concentrated suspensions is due to a degree of
multiple scattering at all visible wavelengths.

The absorption coefficient, k, is usually provided as a positive number, the negative sign is included in
the definition of n,. The refractive index of non-absorbing dispersion media contains only a real part.

Some information on refractive index values is given in Annex F. The real part can be established by
direct measurement using one of several techniques. The determination of the imaginary part is more
often empirically arrived at.

The imaginary part might be considered as apparent absorption where light energy is dissipated as heat.
In addition, at irregular internal particle boundaries some light may well be lost due to total internal
reflection. This too may be included in the imaginary part of the refractive index by an apparent value
of ki, of approximately 0,01 to 0,03.
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The simplification that k_ relates exclusively to absorption may be misleading for some materials. Check
the validity of assuming a small value of k, to explain an apparent absorption for the relevant material
system; the use of an apparent k, shall be clearly stated in the measurement report.

A.3 Scattering

The quantity of scattered light emanates at refractive index boundaries or gradients. Therefore, the
relative refractive index, m,, of particle and dispersion medium is decisive in determining the quantity
of light scattering that occurs. If the particle and the medium have the same refractive index, they are
said to be in

dex-matched and no scattering occurs.

In laser diff
determinati
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gth dependence;
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brties are sometimes taken in isolation and sometimes i gombination together wit
e equipment has on them.

y of light scattered by large spherical particles is proportional to their geometric c

precise scattering from ensembles of irregularly shaped particles has yet to be
d and thus some simplification is called for:

y of the sphere is utilized as being a.shape that can be fully characterized by a single v
liameter. Present laser diffraction.instruments report their size distributions based
atterns deduced for spheres. Thejlaser diffraction equivalent sphere values for irre
e not comparable to those of other techniques. Each irregular particle may present
orientations and, hence, with different cross-sections having different scattering feat
y, the measurement result’is a distribution of spherical particles that ‘fit’” with the
bm the “irregularly shaped objects”.

0 9276-2 adopts the'convention that the diameter of the equivalent sphere is described as x or

rticles, the seattered light increases in proportion to x2. For particles very much sn
velength (typically x < 1/10; the Rayleigh region), the light scattered is proportional to

-scattering theories

fraction, the understanding of how light is scattered by particles is decisive. for
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See References [4], [5], [18], [20], [30], [42].

The interpretation of laser diffraction “spectra” to PSDs depends on two major operations. The first
requires that mathematical models be created on how homogeneous particles scatter light. The second
involves the de-convolution of the measured scattering pattern into a PSD.

Light is an electromagnetic wave with the electric and magnetic vectors at 90 degrees to each other.
The influence of these two vectors are expressed in the terms S;(6) and S,(8).
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The angular intensity distribution of polarized light scattered by a single, optically homogeneous
spherical particle, /(6) can be written as

I

(0)=2,f—2,2{[51 ) +[s, 0"}

where

k

is the wave number in the medium;

is the distance from scattering object to detector;

(A1)
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N is the intensity of the incident polarized light;

‘1 (6) ’
2(6)

are dimensionless, complex functions defined in general scattering theory, des

tively, as a function of angle 6 with respect to the forward direction:

‘raunhofer approximation was the first optical model employed for particle size meas
formulated by considering the fraction of a plane wave of knownwavelength that pas
erture in a thin metal plate. Using Babinet’s principlel2%], it can-be shown that the sam
ture is obtained from a totally opaque disk of the same diameter. In its present app
med that:

hdvantage of the Fraunhofer approximation is that it\is'relatively simple. It does not
fledge of the optical properties of the material. Therefore, it is often applied to
h the optical properties are unknown or variable or which are mixtures of differer
actice, the Fraunhofer approximation is validfor large particles (diameter much lar
length of the light, or a >> 1). For small patticles, (i.e. beyond the Fraunhofer appros
rstanding of the optical properties of the material is essential to avoid errors in predic

Formula (A.2) can be formulated.
B

is a dimensidnless size parameter, a = xn,,,/A;

J; (exsin®)
asinf

I
202 ot
K212

(6)=

4

L is the Bessel function of the first kind of order unity.

An‘extra factor, (1 + cos26)/2, is often added to the right-hand side of Formula (A.2) in or
hrger angles.

ribing the

change of amplitude in the perpendicular and the parallel to the scattering plane respec-

urements. It
sed through
e scattering
ication, it is

require any
roducts for
t materials.
ber than the
imation) an
ting particle

By assuming diffraction is the only scattering component then S;(6), S,(6) are assumed to be equal

(A.2)

der to extend

a-plane wave interacts with a spherical particle, some of the wave may pass through

the particle,

which having a different refractive index to the surrounding media, introduces refraction. Under these
conditions the dimensionless, complex functions as set out by Mie theory and for the far field, are as
follows;

In 1908, Gustav Mie described the light-scattering properties of homogeneous spheres of known optical
properties, when illuminated by an infinite plane wave of known wavelength, by solving Maxwell’s
equations for defined boundary conditions. In this way, he solved the complex functions S;(6) and S, ().
Mie theory provides a rigorous solution that is valid for all sizes of spheres (References [4], [5], [18],
[20]). When using this theory, it is assumed that:

a) all particles are optically homogeneous, isotropic, and spherical (although some special or regular
shapes can be considered as well, i.e. coated spheres);

b) the particle is illuminated by a plane wave of known wavelength;
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in are known;

d) the particles have no surface charges and no surface currents.

the refractive index of the particle, both real and imaginary, and that of the medium it is dispersed

The scattering pattern of particles can be predicted over the full 360°, together with the amplitude,
wavelength and polarization dependence of scattering. Computer algorithms have been developed

(Reference [4

4]) in order to allow computation of these functions and, thus, of I(6).

To exploit this theory to its full capacity, the optical properties of the system shall be known, i.e. the
complex refractive index (including both the real and the imaginary part) of the particle and the (real)

refractive in

dex of the dicpprqinn medium_ It should be noted that this l(nm/\l]pdgp mav not be re

dily

available: eq
on the wave
structure of]

S1(@)and S,

S1 (9)::

Sz (9)22

Fortunately,
available by

A.5 Modjs

In modern i
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as the Mie theory and Fraunhofer appreximation give similar results.

Mie theory }
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Also, amplit

The Fraunh
light and/or
Its applicati

pecially the imaginary (absorptive) part. This imaginary part is often strongly depey
length of the light and is often given a finite value in order to account for specificlsu
the particles, e.g. surface roughness. (see Annex G).

0) are given as,

2n+1
) [anﬂn (cos0)+b, 1, (cos 9)]

i—l’n(n+1

2n+1
n(n+1)

[an'rn (cos0)+b, 7, [cos@)]

L
D
=1

the complex Formulae (A.3) and (A.4) have beenencoded into open source soft
a search of the ‘World Wide Web’ and yields Mie galculation facilities.

b] selection

nstruments, either the Mie or Fraunhofer models can be used (instrument dependen

or medium and small particles{Knowledge of the optical properties of the material
needed to allow for the selection of an appropriate optical model. For most particles 1
0 um with relative refractiVelindex greater than 1,2, such knowledge may not be neces

brovides a rigorous-selution for the complete scattering pattern that is valid for all siZ
vided that theyare’homogeneous and isotropic, and their optical properties are kn|
ude, wavelengthyand polarization dependence of scattering can be calculated.

pfer approximation requires that particles are large in comparison to the waveleng
opaque.lt does not make use of any knowledge of the optical properties of the mat
pn is timited to the near-forward direction (small scattering angles). Moreover, it doe|

predict polalrization nor account for light transmission through the particle.
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Figures A.2 and A.3 compare the extinction efficiencies according to Mie and Fraunhofer models for
both transparent and absorbing particles.
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NOTH Fraunhofer assumes an extinction efficiency of 2 for all particle sizes.

n, 1eal part of the refractive index
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Figure A.2 — Extinction efficiencies in relation to particle size and refractive i

o = 1,33; wavelength, A€’ 633 nm. The complex refractive inde
2
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o = 1,33; wavelength, A = 633.nm. The complex refractive index is giv|
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aunhofer assumes an extinction efficiency 62 for all particle sizes.

re A.3 — Extinction efficiencies in relation to particle size and refractive index
(Mie model, transparent)

and A.3 show good agreement between the Mie and Fraunhofer theories for transp
ger than about 50 _i{m and for opaque particles (k, > 0,2) larger than about 2 pm.
pfer assumes an extinction efficiency of 2 for all particle sizes. In the range 2 pm to 5

not agree, Mie theory shows the strong fluctuations that exist in the extinction effic
ange belowrabout 50 pm (size depending on complex refractive index). Both figures
pid fall-of the extinction efficiency in the sub-micrometre region.

and\Af3 illustrate that for particles smaller than approx. 50 um, the error in the quant

en by

hrent
Note
pm,
both
ency
also

ty of

particles pr

bdicted depends upon the optical properties of the material being measured.

The scattering patterns show similar regions of agreement and disagreement between the two
theories with respect to particle size and refractive index. Figure A.4 compares the Mie and Fraunhofer
predictions for the scattering patterns for 100 um (opaque) and 3 um (transparent) particles.
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Refractive index of the medium, n, o= 1,33; wavelength, A = 633 nm.
2

Figure A.4 — Comparison of scattering patterns of absorbing and non-absorhing
particlesyaccording to the Fraunhofer and Mie models

The ¢hoice between the-tw0 models may be guided by considering particle size, real refractive index,
and absorption (imaginary part of refractive index). If all particles in the size distribution are larger
than|about 50 pmgthen the Fraunhofer approximation and Mie theory usually provide yery similar
results. For particles in the size range of 2 pm to 50 pm, the degree of agreement betwgen the two
theories strongly depends on the values for the complex refractive index. Good agreement is usually
obtalned for-opaque particles, dissimilar results for transparent particles. For smaller particles, the Mie
theory offer’s a good general solution. In all cases where Mie theory is used, good values fof the optical
propertties of the material in question need to be provided. Some study or further measurements may
be required:

Guidance as to which theoretical model is the more realistic together with confirmation of the optical
properties employed can be given through comparison of the computed concentration from the size
distribution data with the true concentration. Large deviation indicates that either the optical model or
the applied refractive index is incorrect. Moreover, other techniques (e.g. microscopy or sedimentation)
can be employed to check for the existence of a significant proportion of small particles. Note, however,
that a very large number of small particles is required to yield a significant volume in comparison to a
single large particle and vice versa.

The intensity of scattered light with respect to the angle of observation for various single particle sizes
is shown in Figure A.5.
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¢ range of scattering amplitude between a’single 0,1 um particle and a single 10
proximately 1013, This dynamic range is\too great for the detectors currently emplpyed.
uced by weighting particles by their wgliume, which is related to x3. Thus, laser diffraftion

Kigned to respond to the volume of particles that have these sizes, as shown in Figure A.6.
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Figure A.6 — Light intensity scattering patterns for equal particle volumes
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in relation to size (Mie model)
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By using equal volumes of each size of particle, the dynamic range of scattering amplitudes is reduced
to approximately 104 over the size range from 0,1 pm to 100 um. This dynamic range may be further
reduced by rigorous and careful detector design.

In view of the characteristic features of the scattering patterns, it is advantageous to sample the
light intensities over the widest range of angles and, for fairly narrow size distributions, to employ
an adequate number of detectors with respect to angle. It should be understood that current laser
diffraction designs use a limited number of detectors, typically less than 100. The limited detector
number results in the fine detail shown in the scattering graph being lost due to spatial averaging. The
signal of each detector element is the product of the intensity of scattered light, the geometric area of the
element, and its sensitivity. Consequently, any decrease of the geometric area leads to smaller signals
gles, where
m situation
for the number of detector elements, their size, and the angular range that they coveﬁ/ ifferent designs
have|been implemented by instrument manufacturers. Q .

The current output of a silicon light-sensitive detector is proportional taf@ intensity integrated
over[the detector area. By arranging small detectors at low angles and hig’her relative area detectors
at higher angles, a further reduction in dynamic range of detection e achieved. Far the larger
scattlering angles, the number of detectors per unit angle can be reduced substantially in{comparison
to the smaller angles, in relation to the information content for particle size. The current sjgnal output
of an optimum detector, which has a flat, horizontal response Qhen plotted against angle for larger
partJEes, is shown in Figure A.7. A matrix of relative energQQta that has the property| of diagonal

syminetry and a uniform relationship between particle s'L{Q nd angle of observation ha} significant
adva

tage during the numerical inversion process. 5\0

Key

X  particle size (um)

Z  angle (degree)

Y relative energy (arb.)

Refractive index of the medium, n_, = 1,33; wavelength, A = 633 nm.

The particle refractive index, n,= 1,59 - 0,0i.

Figure A.7 — Scattering patterns for an optimum detector configuration
against particle size for equal volumes of particles (Mie model)

For large particles, where the scattering cross-section remains in proportion to the geometric cross-
section, equal energy values for equal volumes of particles are achieved. However, for the small particles,
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where the scattering cross-section becomes dependent upon the refractive index of the particles and
their size, the constant values cannot be maintained. It can also be seen that the scattering power from
sub-micrometre particles falls rapidly.

A graph of the light energy predicted by the Fraunhofer model for the same conditions, with the range
of angles reduced to 30°, is shown in Figure A.8.
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Figure A.8 — Scattering patt&.ﬁs for an optimum detector configuration

against particle size for @flal volumes of particles (Fraunhofer model)

O

hnd A.8 illustrate rg{ﬁ@rbf agreement and differences between Mie and Fraunhofer th
tively.

S

dicted light scattering from sub-micrometre particles shows that the an
isw elow about 0,3 um. In order to provide more data about these very small part
ng%;lﬁ'l tion is desirable. This can be achieved by using additional light sources h3
relength and /or by measuring differences of polarization and wavelength.

eory

pular
icles,
ving

The light scattered from very small particles exhibits a strong dependence upon wavelength. Such
scattering is inversely proportional to the fourth power of the wavelength, 1/A%. Some implementations
of laser diffraction make use of this phenomenon. An illustration of wavelength dependence (Mie

derived) is i

34

llustrated in Figure A.9.
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R\
Figure A9 — Wavelengt%@?endence of extinction for equal volumes
of dif{ t particle sizes in water

C)\
For qub-micrometre particles, th yolarization of the scattered light in the parallel and pdrpendicular

direqtion also varies strong ith size. The combined influence of polarization difference and
wavglength is illustrated in Figtre A.10 a) and b)[42],

-

This|illustrates that vation angles of around 90° are the most significant and have strong
wavglength dependeﬁé owever, the light scattered by such small particles remains very weak.

&
&

s

S
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refractive index. The scattered light intensity for a unit vo
larger than that of the same volume of small particles. This i
arge particles being confined to a limited range of angles. Conve

a much wider range of angles. During a measurement, generally|
ering intensities with respect to angle are important, since the abs

F size
very

narrow PSDs show fine structure with maxima and minima in the scattering pattern. For somewhat
broader size distributions, this fine structure is lost. Then, smoothing of the maxima and minima
occurs, due to the strong dependence of their positions on particle size. This loss of fine structure for
broad PSDs results in even small errors in the detector signals leading to significant differences in such
distributions. The effect of such errors is largely dependent on the mathematical procedure, including
constraints and smoothing, used in the de-convolution (see 5.5.5). It also demonstrates the merit of
having detectors positioned to capture the high angles of scattering.
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Figure A.11 — Influence of size-distribution width on scattering pattern
(log-normal size distributions around an x5, of 10 pm)

Concentration

ccattered light intensity- from many particles rises in proportion with the number
have that size. In the-low concentration region this process is linear. However, at sor
entration is such that-a significant amount of the light scattered by individual particl
ered by neighbguring particles. The point at which this multiple scattering chan
ibution in a significant way marks the maximum allowable particulate concentration
listribution determination(20,

.4, it was'noted that for the same volume of particles, the number of small particles is
that ‘of-large particles. Therefore, the concentration of the smallest particles in any
nates the point of onset of multiple scattering.

of particles
ne point the
s is further
bes the size
for accurate

much larger
distribution

Laser diffraction instruments are often provided with a measure of the attenuation of the incident laser
beam due to the presence of particles within the measurement zone. This is referred to as either an
obscuration or a transmission detector. Such detectors almost subtend 0° of scattering and, thus, may
be regarded as a measured value of extinction.

The output of obscuration or transmission can be used to judge the concentration required to avoid

signi

© ISO

ficant multiple scattering effects.
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.12 — Relation of particle size and concentration and its influence on obscuratid
(Mie calculation)

hown in Figure A.12 illustrate the relation of particle size and concentration an|
obscuration. Its construction is based upon the Lambert-Beer law to give the partic

n, C:
-21n(1-0)

i9

:Ai (AQ3,1' /Xi)

the extinction efficiency of size class, i;

n

d its
ulate

(A.5)

i9

the illuminated path length containing particles;

is the obscuration;

is the geometric mean particle size of size class, i;

AQ3; isthe volume fraction within size class, I.

Any judgement about the concentration to be used to avoid the influence of multiple scattering shall be
made with regard to the smallest sizes of particle present in any distribution. Consider also the optical

path length

38

being filled with particles. Refer to the instrument manual in this regard[28],
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A.9 Data analysis

The prediction of scattering patterns is carried out for unit volume of particles in each size class of
given width and for detector elements of given geometry. This is conducted by integration of I1(8) over
the number of particles present per volume in each size class and over the geometry of each element.
This process is carried out for each series of size classes and detector elements, this leads to a model
matrix, which is specific for each instrument. It describes how unit volumes of each of n particle size
classes would appear as a signal L; at each of m detector elements:

L1 M11 Mln Vl
N : P A6)
Lm_ _Mm1 A an_ _Vn_

For gxample, the first row in the matrix (My; ... M;,) describes the signals for unit volumeq of all n size
classes on the first detector element, whereas the first colunin‘\(M,, ... M,,,;) gives the confributions of
the first size class on each of the m detector elements. Similar matrices may be constructed [for different
wavélengths. In matrix notation this can be written as:

=My (A7)

In this form, the set of detector signals is seen to be the result of a matrix multiplicdtion of size
distrfibution with the model matrix. In aetwal measurement practice, however, the invierse of this
problem is required. The signals from all'detector elements are measured, the computed njodel matrix

is available in the instrument and the-PSD is computed by means of a numerical inversion procedurel18]
[32][3p][37][42];

W=M1L (A.8)

Formulae such as Formmld (A.8) are described as ill-posed and ill-conditioned. Even the smallest
errors due to measurement make direct inversion without constraint unviable. Therefore| a degree of
constraint is neces§ary which varies from manufacturer to manufacturer dependent upon design and
number of detectdrs, noise levels and experience. Failure to constrain the inversion adequately may
lead [to solutions of poly-disperse distributions showing ripples in the histogram data. Serious lack of
consfraint ean’lead to zero or negative values and false modality. On the other hand, ovelr-constraint
leadg to,decreased resolution and widening of the actual PSDs.

A.10Particle shape

Spherical particles show a scattering pattern with circular symmetry. This relation between particle
shape and scattering pattern holds in general: scattering patterns exhibit the same (lack of) symmetry
as the particles themselves. Some clear examples are given in Figure A.13, where circular, rectangular
and irregular particles and their scattering patterns are shown.
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Figure A.13 — Circular, rectangular and irregular particles and)their scattering pattern|
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not have cireular symmetry, as shown in Figure A.13. Thus, the geometry and orient
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brefore,«the sizing result for particles having large aspect ratios depends on the actual
h theqneasurement zone as well as on the type of detector (instrument) used.

d
ht. For particles with an¢aspect ratio smaller than about 0,2, the flow conditions i$

7]

milar

ring

the
own
zone
5ina
Pring
htion
erms
flow

strates the vital necessity of having a good quality microscope available in each fa
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engaged in particle sizing to facilitate the understanding and the interpretation of the PSD obtained.
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Annex B
(informative)

Advice on dispersion liquids

iquid chosen for the dispersion of powders should:

e compatible with the materials used in the instrument (O-rings, tubing, etc.);

ot dissolve or alter the size of the particulate material;

e essentially free from air bubbles or other particles;

avour easy and stable dispersion of the particulate material;

ave a refractive index which differs significantly from that of the particulate material
ave suitable viscosity in order to enable dispersion and réecirculation;

ot be hazardous to health and meet safety requirements.

r is often used. A low-foaming surfactant may beddded to lower the surface tension of

kane or isooctane. Guidance on dispersion'is given in ISO 14887 and References [27] {
ctive indices for a variety of liquids.

33 nm);

water (and,

facilitate wetting of the particles), whereas a dispersant (often a polyelectrolyte) mal be used to
stabillize the dispersion. Organic liquids can be chosen, such as ethanol, 2-propanol (isopmﬁ;

yl alcohol),
ind [42], list

© ISO
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Annex C
(informative)

Dispersion methods — Recommendations

ersion in gas

on in gas, an adequate dry disperser should be applied. For coarse, free-flowing part

s generally required for dispersion by shear stress with the assistance of mechanica
fon by particle-particle or particle-wall collisions (see Figure C.1). The complete test sa
d for the measurement. All particles should ideally have the same approéximate veloc
ment zone. Often, large sample quantities are used for dry dispersion, which can assig
on of coarse particles in a wide size distribution. Check that combination of the par
fur and conversely that a good dispersion has been achieved. This"is often done by d
of a dry with a liquid dispersion: ideally, the results should be the same. Another m
b the degree of dispersion or comminution is by changing-the dispersing energy (e.g
pressure) and monitoring the change of the size distribution. Usually, upon incre
ng energy, the amount of fines is increased at firstjdue to improved dispersion.

er energies, the amount of fines may rise again.asa result of attrition. If such a platg
centre defines the optimum dispersing energy.

icles,

gravity is usually sufficient for dispersion. For agglomerated particles, compressed gas

| de-
mple
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"hen,

A point is reached, where the size distribution is nearly constant with increasing enfergy.
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NOTE A plateau is not usually found, e.g. in the case of highly aggregated or fragile particles.
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b) Particle-to-particle c¢) Surface impacts

Figure C.1 — Processes involved in dry dispersion of powders

C.2 Dispersion in liquid media

For the preparation of liquid dispersions, refer to ISO 14887. A variety of liquids is available. Annex B
contains guidelines on the selection of an appropriate liquid for wet dispersion. Generally, pasting,
stirring and sonification can be used to facilitate proper dispersion of particles in the liquid. A
preliminary check on the dispersion quality can be made by visual/microscopic inspection of the
suspension. Also, it is possible to perform some measurements of the suspension in the laser diffraction
instrument, with intermediate sonification: the measured size distribution should not change
significantly if the sample is well dispersed and the particles are neither fragile nor soluble.
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The minimum volume of sample required for repeatable measurements increases as the width of the
size distribution becomes greater in order to allow a sufficient number of large particles to be present
(see ISO 14488)[29][40], The volume of the dispersion fluid required to suspend these samples increases
accordingly if the limits of optical concentration are to be observed. For example, ISO 14488 demands
for a powder containing particles in the broad size range of 2 pm to 200 pm, a true sample volume of
at least 0,3 ml for a precision of 3 % for the xq,. This requires at least 500 ml of suspension fluid to
ensure single scattering. The measurement time (or the number of detector readings that are averaged
for a measurement) should be sufficient to ensure that an adequate representation of all particle sizes
is reached. Appropriate conditions should be established experimentally, in relation to the desired
precision.
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Annex D
(informative)

Instrument preparation — Recommendations

WARNING — Before switching on the power to the instrument, make sure that all components
of the system are properly earthed (grounded). All the particle dispersing and transporting

devices, surh as the ultrasonic bath, the dry disperser, the vacuum inlets and vacuum-hpses,
shall be earnthed to prevent ignition of organic solvents or dust explosions caused by electrostatic
discharges

D.1 Warm up

After switching the power on, allow sufficient time for the instrument to stapilize. Gas lasers sufh as
the He-Ne lgser require adequate warm-up time (usually more than 30 min),

D.2 Statys check

Check the instrument status and, if necessary, set up the required measuring range and lens. In
manually aligned systems, ensure, by watching the signals of the 'detector elements, that the detector is
properly centred and positioned in the focal plane of the lens;Without particles, the background sfignal
should be b¢low the specified thresholds for that instrument’set-up and dispersing device. If this is not
the case, ingpect and, if necessary, clean the optical compohents to ensure proper performance.

D.3 Working zone

Make sure that the particles are only introeduced into the laser beam within the specified working
distance of fhe lens, so that all relevant seattering radiation leaving the particles is captured withip the
clear aperture of the lens that focusesit on the detector.

D.4 Qualjfy

Qualify the|instrument pérformance with respect to both precision and accuracy at regular |time
intervals by|measuring adeference material of known size distribution and record the date and regults.
(see Clauseq 5 and 6)

D.5 Wet dispersion

In the case of wet dispersion, check that air bubbles are absent from the dispersion liquid. Bubbles
are usually readily visible at the surface of the liquid dispersion or can be detected as random signal
fluctuations of the low-angle detectors (if a live display is available) or by strong fluctuations of the
obscuration output. Avoid foaming agents where possible (e.g. as a surfactant).

D.6 Dry dispersion

In the case of dry dispersion, check, visually or by inspection of subsequent obscuration values, that the
dosing unit for the disperser generates a steady mass flow.
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D.7 Sprays

For aerosols and sprays, ensure that no bright daylight is allowed to illuminate the detector, either
directly or via scattering by particles. Ensure that the flow of particles/droplets is even. If possible, use
some form of extraction for the particulate stream at the exit of the measurement zone to assist the
particles in maintaining the same velocity and to ensure the safety of the operator.

D.8 Optical model

Investigate, if possible, the influence of the optical model (relative refractive index) on the resulting PSD.
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Error sources and diagnosis

ling and sample preparation

E.1 Sam
a) Improp
This ty]

also be
pumpin
measur
system

b) Incomp
dispers

c) Clustering of particles by mechanical forces during dispersion (e.g. sonication in a wet measure
sive differential pressure and/or collisions with walls'in'a dry measurement). These efffects

or exces
are alw.

d) Swellin
measur

e) Inclusi(]n of air bubbles due to foaming dispersdnts and/or vigorous stirring.

f) Scatteri

fluctuations, generated, for example, by Jevaporation of the dispersing liquid or presence

externa

E.2 Erro

Another ma

material. Adain, the errorscan come from different sources.

a) Asphericity: Most particles in real life do not fulfil the assumption of sphericity. The scatt
cross s¢ctions af.non-spherical particles are influenced by the orientation of the particles

respect

possible efientations, which is not always true, especially in the case of particles having a i

br sampling technique, leading to a non-representative sample in the measurement

due to selective transport within the instrument. For example, application of too |
g speed may lead to sedimentation of the larger particles in the pumpifigCircuit. In

prior to measurement. See ISO 14487.

ete de-agglomeration of particles, due to an improper dispersion procedure (li
hnt, sonication).

hys more obvious for high-aspect-ratio and fragile/friable particles.
ement.

ng from differences in refractive.ndex in the dispersing liquid or gas due to temper:
[l heat source.

rs and bias from sources related to particle properties

n source for bias-arises from departure from the theoretical assumptions for the partic

to the)light source. It is assumed that the particles are presented to the incident light

rone.

be of error is especially significant when using an inadequate sample splitting‘techiique
in the dase of a large batch of free-flowing material having a wide size distribution..Error

b can
oW a
h dry

bment, inappropriate use of a flow system may lead to loss of large particles from the

quid,

ment

b, re-agglomeration, dissolution or evaporation of particles/droplets before or dfiring

hiture
bf an

ulate

bring
with
in all
mall

aspect fatia Often_such pnrtir‘]pc have a prpfprrpd arientation

b) Surface roughness: The particle surface may be rough instead of smooth. This causes diffuse light
scattering at the boundary and loss of light due to random scattering, which often has an influence
similar to absorption of light within the particle.

c) Optical heterogeneity: The particles may be optically heterogeneous, as is the case for aggregated or
porous particles, or mixtures of different compositions. Crystalline materials can exhibit different
refractive indices depending upon the axis of observation. Mie theory may have been used for
mixtures of materials with different refractive indices. Only one refractive index is used in the model.

d) Fluorescence: For some materials, absorbed light can be re-emitted as fluorescence. The angular
spectrum of this fluorescent radiation is not related to particle size and, thus, disturbs the size
distribution determination.
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