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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
ith 1ISO_also take part in the work. ISO collaborates closely with the International Flectrotechnical
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ion (IEC) on all matters of electrotechnical standardization.
nal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.

rnational Standards adopted by the technical committees are circulated to the mémber bodie
bn as an International Standard requires approval by at least 75 % of the member.bodies castin

nal Standard ISO 13320-1 was prepared by Technical Committee ISO/FC 24, Sieves, sievin
bthods, Subcommittee SC 4, Sizing by methods other than sieving.

0 consists of the following parts, under the general title Particle size analysis — Laser diffractiol
1: General principles
2: Validation of inversion procedures
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Laser diffraction methods are nowadays widely used for particle sizing in many different applications. The success
of the technique is based on the fact that it can be applied to various kinds of particulate systems, is fast and can be
automated and that a variety of commercial instruments is available. Nevertheless, the proper use of the instrument

and the inte

rpretation of the results require the necessary caution.
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Within certqin limits the scattering pattern of an~ensemble of particles is identical to the sum of the

scattering p
of particles
distribution

5 purpose is to provide a methodology for adequate quality control in particle size analysis:

the laser diffraction technique started by taking only scattering at small angles into’eonsiders
ben known by the following names:

ofer diffraction;
forward light scattering;
hle laser light scattering (LALLS).

e technique has been broadened to include light scattering i@ wider angular range and app
bry in addition to approximating theories such as Fraunhofer and anomalous diffraction.

iffraction technique is based on the phenomenon that ‘particles scatter light in all directions
ttern that is dependent on particle size. All preseft instruments assume a spherical shap
gure 1 illustrates the characteristics of single partiCle scattering patterns: alternation of high
vith patterns that extend for smaller particles-to’wider angles than for larger particles [2-7, 10,

1

atterns of all particles present. By using an optical model to compute scattering patterns for unit
in selected size classes and a“mathematical deconvolution procedure, a volumetric par
s calculated, the scattering pattern of which fits best with the measured pattern (see also anne

here is a need for establishing an International Standard for particle size analysis by laser diffraction

tion and,

ication of

5 with an
e for the
and low
15 in the

ndividual
volumes
ficle size
A).

a) D)

Figure 1 — Scattering pattern for two spherical particles: the particle generating pattern a) is twice as large

as the one generating pattern b)

A typical laser diffraction instrument consists of a light beam (usually a laser), a particulate dispersing device, a
detector for measuring the scattering pattern and a computer for both control of the instrument and calculation of the
particle size distribution. Note that the laser diffraction technique cannot distinguish between scattering by single
particles and scattering by clusters of primary particles forming an agglomerate or an aggregate. Usually, the
resulting particle size for agglomerates is related to the cluster size, but sometimes the size of the primary particles
is reflected in the particle size distribution as well. As most particulate samples contain agglomerates or aggregates
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and one is generally interested in the size distribution of the primary particles, the clusters are usually dispersed into
primary particles before measurement.

Historically, instruments only used scattering angles smaller than 14°, which limited the application to a lower size of
about 1 um. The reason for this limitation is that smaller particles show most of their distinctive scattering at larger
angles (see also annex A). Many recent instruments allow measurement at larger scattering angles, some up to
about 150°, for example through application of a converging beam, more or larger lenses, a second laser beam or
more detectors. Thus, smaller particles down to about 0,1 um can be sized. Some instruments incorporate
additional information from scattering intensities and intensity differences at various wavelengths and polarization
planes in order to improve the characterization of particle sizes in the submicrometre range.
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Particle size analysis — Laser diffraction methods —

Part 1:
General principles
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3.1 Ter

e

of ISO 13320 provides guidance on the measurement of size distributions 6fparticles in any
for example powders, sprays, aerosols, suspensions, emulsions and gas*“bubbles in liqui

two-phase
0s, through

of their angular light scattering patterns. It does not address the specific requirements of particle size

ment of specific products. This part of ISO 13320 is applicable to particle’sizes ranging from ag
3 mm.

spherical particles, an equivalent-sphere size distribution istobtained because the technigy
on of spherical particles in its optical model. The resulting _particle size distribution may be di
ained by methods based on other physical principles (e.g.'sedimentation, sieving).

ving normative document contains provisions which, through reference in this text, constitute g
Df ISO 13320. For dated references, subseguent amendments to, or revisions of, any of these
pply. However, parties to agreementsased on this part of ISO 13320 are encouraged to iny

of applying the most recent edition,of the normative document indicated below. For undated
edition of the normative document referred to applies. Members of ISO and IEC maintain
valid International Standards:

-1:1990, Representation‘afresults of particle size analysis — Part 1: Graphical representation.

s, definitions-ahd symbols

Lirposes of-this part of ISO 13320, the following terms, definitions and symbols apply.

ms and-definitions

proximately

e uses the
fferent from

rovisions of
publications
estigate the
references,
registers of

3.1.1

absorption
reduction of intensity of a light beam traversing a medium through energy conversion in the medium

3.1.2

coefficient of variation
relative measure (%) for precision: standard deviation divided by mean value of population and multiplied by 100
(for normal distributions of data the median is equal to the mean)
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3.1.3

complex refractive index

N
p . .
refractive in

NP:np

3.14

dex of a particle, consisting of a real and an imaginary (absorption) part

_|kp

relative refractive index

m

complex refractive index of a patrticle, relative to that of the medium

©1SO

m:Np

3.1.5

deconvoluti
mathematig
scattering p

3.1.6

diffraction
spreading @
from rectilin

3.1.7
extinction
attenuation

3.1.8

model matr
matrix conf
geometry, 8

3.1.9
multiple sc3
subsequent
patterns fro

3.1.10
obscuration
optical cong
percentage
particles

3.1.11
optical mod
theoretical

Nm

DN
al procedure whereby the size distribution of a particle ensemble is inferred frommeasuremen
attern

f light around the contour of a particle beyond the limits of its geometrical shadow with a small
ear propagation

of a light beam traversing a medium through absorption‘and scattering

X
s derived from model computation
ttering

scattering of light at more than, one patrticle, causing a scattering pattern that is no longer the s
M all individual particles (in contrast to single scattering)

entration
or fraction of incident light that is attenuated due to extinction (scattering and/or absorptio

el
model ‘used for computing the model matrix for optically homogeneous spheres with, if nec

specified cqg

mplex refractive index, e.q. Fraunhofer diffraction, anomalous diffraction, Mie scattering

s of their

deviation

aining light scattering vectors for unit volumes of different size classes, scaled to the detector’s

im of the

) by the

pssary, a

3.1.12
reflection

return of radiation by a surface, without change in wavelength

3.1.13
refraction

change of the direction of propagation of light determined by change in the velocity of propagation in passing from
one medium to another; in accordance with Snell’s law

NpSin O, =n

pSin Qp
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3.1.14

ISO 13320-

scattering
general term describing the change in propagation of light at the interface of two media

3.1.15

scattering pattern
angular or spatial pattern of light intensities [I(6) and I(r) respectively] originating from scattering, or the related
energy values taking into account the sensitivity and the geometry of the detector elements

1:1999(E)

An value and

d scattering

particles is

3.1.16

single scatterlng

scattering] [

populatign is mdependent of the other members of the population

3.1.17

width of mormal size distribution

standard|deviation (absolute value) or coefficient of variation (relative percentage) of the size-distribution

NOTE For normal distributions about 95 % of the population falls within + 2 standard deviations from the me

about 99,7 % within + 3 standard deviations from the mean value.

3.2 Symbols

c volumetric particulate concentration, %

f focal length of lens, mm

1(6) angular intensity distribution of light scattered by partiCles (scattering pattern)

I(r) spatial intensity distribution of light scattered by‘particles on the detector elements (measure
pattern by detector)

[ indication for imaginary part of refractive index

in photocurrent of detector element @, tA

k wave number: 2n/A

Ko imaginary (absorption) part of particle’s refractive index

I illuminated path length containing particles, mm

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

m relative, Complex refractive index of particle to medium

Nm real part of refractive index of medium

Ny reat-partof refractive-indexof particte

Ny complex refractive index of a particle

r radial distance from focal point in focal plane, um

v velocity of particles in dry disperser

X particle diameter, um

X50 median particle diameter, um; here used on a volumetric basis, i.e. 50 % by volume of the
smaller than this diameter and 50 % is larger

X10 particle diameter corresponding to 10 % of the cumulative undersize distribution (here by volume), um
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X90 particle diameter corresponding to 90 % of the cumulative undersize distribution (here by volume), um
o dimensionless size parameter: nx/A
0 scattering angle with respect to forward direction
Om angle with respect to perpendicular at boundary for a light beam in medium (as used in Snell's law; see

refraction)
6o angle with respect to perpendicular at boundary for a light beam in particle (as used in Snell's law; see

refraction)
A wavelength of illuminating light source in medium (i.e. liquid or gas/air), nm
0] rotational velocity of particles in dry disperser
4 Principle
A representfative sample, dispersed at an adequate concentration in a suitable liquid.or gas, is passed thfough the
beam of a monochromatic light source, usually a laser. The light scattered by ‘the particles at various pngles is
measured hy a multi-element detector and numerical values relating to the scattering pattern are then regorded for
subsequent analysis. These numerical scattering values are then transformed, using an appropriate opti¢al model
and matheratical procedure, to yield the proportion of total volume to a-discrete number of size classes forming a
volumetric particle size distribution.
5 Laser diffraction instrument
A typical sef-up for a laser diffraction instrument is given infigure 2.

9 | 11
: 8 10
1 _ '
: /1{r) h
(/) 1
3 2

Key
1  Obscuration,detector 7  Light source laser
2 Scatteid beam 8 Beam processing unit
3  Direct beam 9  Working distance of lens 4
4 Fourier lens 10 Multi-element detector
5  Scattered light not collected by lens 4 11 Focal distance of lens 4
6  Particle ensemble

Figure 2 — Example of the set-up of a laser diffraction instrument

In the conventional set-up, a light source (typically a laser) is used to generate a monochromatic, coherent, parallel
beam. This is followed by a beam processing unit, usually a beam expander with integrated filter, producing an
extended and nearly ideal beam to illuminate the dispersed particles.
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A representative sample, dispersed at an adequate concentration is passed through the light beam in a measuring
zone by a transporting medium (gas or liquid); this measuring zone should be within the working distance of the lens
used. Sometimes, the particle stream in a process is illuminated directly by the laser beam for measurement, as in
the case of sprays, aerosols and air bubbles in liquids. In other cases (such as emulsions, pastes and powders),
representative samples can be dispersed in suitable liquids (see annex C). Often dispersants (wetting agents;
stabilizers) and/or mechanical forces (agitation; ultrasonication) are applied for deagglomeration of particles and
stabilization of the dispersion. For these liquid dispersions a recirculating system is most commonly used, consisting
of an optical measuring cell, a dispersion bath usually equipped with stirrer and ultrasonic elements, a pump and
tubing.

Dry powders can also be converted into aerosols through application of dry powder dispersers, which apply

mechani
sample.

the partig
that colle

There ar
the paral
reversed
[see FigJ

Fal Torces 1or deagglomeration. Here a dosing device teeds the disperser with a constant.m
The disperser uses the energy of a compressed gas or the differential pressure to a vacuum
les. It outputs an aerosol that is blown through the measuring zone, usually into the inlet'af a v
cts the particles.

b two positions in which the particles can enter the laser beam. In the conventional case the pa

Fourier optics case the particles are entered behind the collecting lens andy thus, in a convs
re 3 b)].

The advantage of the conventional set-up is that a reasonable path lengthifor the sample is allowe

working
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fdistance of the lens. The second set-up allows only small path ‘fengths but enables meag
light at larger angles, which is useful when submicrometre particles are present.

action of the incident light beam and the ensemble of dispersed particles results in a scattering
ight intensities at various angles (see annex A for theoretical background of laser diffractior
htensity distribution 1(0), consisting of both direct ang.S¢attered light, is then focused by a pos
nble of lenses onto a multi-element detector. The,lens(es) provide(s) for a scattering pattern v
not dependent upon the location of the particles in the light beam. So, the continuous angy
n 1(6) is converted into a discrete spatial intensity distribution I(r) on a set of detector elements.

ndividual single scattering particles présented in random relative positions. Note that only a lim
scattered light is collected by the léns(es) and, thus, by the detector.

Ctor generally consists of a pamber of photodiodes; some instruments apply one photodiode in
ing slits. The photodiodes-convert the spatial intensity distribution I(r) into a set of photd
ent electronics then convert and digitize the photocurrents into a set of intensity or energy
ling the scattering pattern. A central element measures the intensity of the non-scattered ligh
Iculation, provides a-measure of optical concentration or obscuration. Some instruments pro
bs of the centralelement in order to automatically re-centre or re-focus the detector by moving
ns. It is desirablé that the detector elements are positioned so as to prevent the light reflect
om re-traversing the optical system.

fer controls the measurement and is used for storage and manipulation of the detected signals
Icdlation of a proper form of the optical model (usually as a model matrix containing light scatte

ass flow of
to disperse
lacuum pipe

rticles enter

el beam before and within the working distance of the collecting lens [see Figure 3 a)]. In the so-called

rging beam

0 within the
urement of

pattern with
). The total
itive lens or
hich, within
lar intensity

med that the recorded scattering pattern of the particle ensemble is identical to the sum of the patterns

ted angular

combination
currents i,
vectors L,
t and, thus,
vide special
he detector
bd from the

for storage
ring vectors

per unit

f volume per size class, scaled to the detector's geometry and sensitivity) and calculation of

the particle

size distribution (see annex A for theoretical background of laser diffraction). Also it may provide automated
instrument operation.

Several significant differences exist, both in hardware and software, not only between instruments from different
manufacturers but also between different types from one company. The instrument specifications should give
adequate information for proper judgement of these differences. In annex B recommendations are presented for the
specifications of laser diffraction instruments.
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Key
1 Detecto 4  Working distance
2 Fourier Jens 5 Focal distance
3 Particlelensemble

) Conventional set-up: particles are in parallel beam before and within working distance of lens

Key

1 Detecto

2 Flow thjough cuvette
3  Particle

b) Reverse Fourier set-up: particles are in converging beam between lens and detector

Figure 3 — Set-ups of laser diffraction instruments

6 Operatjonal procedures

6.1 Requirements
6.1.1 Instrument location

The instrument should be located in a clean environment that is free from excessive electrical noise, mechanical
vibration, and temperature fluctuations and is out of direct sunlight. The operating area should be well ventilated.
The instrument should either contain a rigid internal optical bench or be installed on a rigid table or bench to avoid
realignment of the optical system at frequent intervals.

WARNING — The radiation of instruments equipped with a low power laser can cause permanent eye
damage. Never look into the direct path of the laser beam or its reflections. Avoid cutting the laser beam
with reflecting surfaces. Observe the local laser radiation safety regulations.
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6.1.2 Dispersion liquids

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

If an organic liquid is used for dispersion, observe the local health and safety regulations. Use a cover for the
ultrasonic bath when using liquids with a high vapour pressure in order to prevent the formation of hazardous
vapour concentrations above the bath and/or the generation of low-temperature zones with fluctuating refractive
indices in the fluid by evaporation.

6.1.3 Dispersion gases

ispersion and spray applications a compressed gas is sometimes used. If used, it is essential tl1at it is free

For dry d

from oil, water and particles. To achieve this, a dryer with a filter is required. Any vacuum unit should be located
apart from the measurement zone, so that the output of the hot air does not reach the measuring zope. Draught
should b¢ avoided in order to avoid unstable particulate streams.

6.2 Sample inspection, preparation, dispersion and concentration

6.2.1 Sample inspection

Inspect the material to be analysed, visually or with the aid of a microscopey. firstly to estimate its sizg¢ range and
particle shape and later to check whether the particles have been dispersed adequately.

The size|distribution measured in a sample is only valid for a batch<of material if the sample is repregentative for
that batch and has been dispersed adequately.

6.2.2 Prpparation

For dry gowders, prepare a representative sample of suitable volume for the measurement by an adeqyiate sample
splitting technique, for instance a rotating riffler. If very.small samples are required, or in the case of wel powders, it
is also ppssible to take fractional samples out of aswell-mixed sample paste. The consistency of the| paste then
avoids sggregation errors. The pastes are formed by adding dispersant to the sample drop by drop while mixing it
with a spatula. As long as the mixture forms lumps, single drops should be added while continuing the mixing after
each drogp. A good consistency for the pastetis one like honey or toothpaste. If the paste becomes [too fluid by
mistake, Jt shall not be used, and a new preparation should be initiated.

If the makimum size exceeds the measuring range, remove the material that is too coarse, e.g. by presigving. In this
case det¢rmine and report the amount/percentage removed.

Sprays, aerosols and gas bubbles in liquid should be measured directly, provided that their concentration is at an
adequatq level (see 6.2,3-@nd 6.2.4), since sampling or dilution is generally impossible without altering|the particle
size distrjbution.

6.2.3 Digpersion

6.2.3.1 Pryfpowders can be dispersed either in air or in liquid. The dispersion procedure shall be adjpisted to the

en down to

purpose pfthe measurement, e.g. it has to be decided whether agglomerates should be detected or bro
the primary particles.

6.2.3.2 An adequate dry disperser should be applied; here, generally compressed air or vacuum is applied for
dispersion by shear stress with the assistance of mechanical de-agglomeration by particle-particle or particle-wall
collisions (see figure 4). For dry dispersion, the complete fractional sample shall be used for the measurement. Note
that the use of large sample quantities can overcome the poor statistical representation of coarse particles in a wide
size distribution. It is necessary to check that comminution of the particles does not occur and conversely that a
good dispersion has been achieved. This is usually done by direct comparison of dry dispersion with a liquid one:
ideally, the results should be the same. Another possibility for checking the degree of dispersion or comminution is
by changing the dispersing energy (e.g. the primary air pressure) and monitoring the change of the size distribution.
Usually upon increasing the dispersing energy the amount of fines is increased at first, due to improved dispersion,
until a plateau is reached, where the size distribution is nearly constant with increasing energy. At still higher
energies the amount of fines may rise again as a result of comminution. On some occasions, agglomeration has
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been found at high flow rates through a cascade. The centre of the plateau defines the optimum dispersing energy.
Note, however, that a plateau is not always found (for instance for highly aggregated or fragile particles).

e’

o—

d,/1—=
dy, w
®)

a) Velocity gradients caused by shear stress

.V\
‘VZ/ Collision .\0":

b) Particle to particle collisions

& .

.———
Vi
—_—

Collision

c) Particle to-wall collisions

Figure 4 — Processes inyolved for dry dispersion of powders

6.2.3.3 Fof the preparation of liquid dispersions a variety of liquids is available. Annex C presents requirements

and some
particles in
the suspen
instrument,
sample is W

The minim
distribution

hdvice. Generally, pasting,(stirring and ultrasonication can be used to facilitate proper disp
he liquid. A preliminary check on the dispersion quality can be made by visual/microscopic ins
sion.  Also, it is possible to perform some measurements of the suspension in the laser
with intermediate ultrasonication: the measured size distribution should not change significa
ell dispersed and‘the particles are neither fragile nor soluble.

Im volumeof sample, required for repeatable measurement, increases as the width of
becomesigreater in order to allow a sufficient number of large particles to be present. Accord

ersion of
ection of
iffraction
ntly if the

the size
ingly, the

volume of tihe dispersion fluid required to suspend these samples also increases if the limits of optical congentration

are to be oljserved.

For example, fora sampie Wittt particies i the approxXimate SiZe range of 2 [m o 200 [, a sampie votume of at
least 0,3 ml is needed. This will require at least 500 ml of suspension fluid for its dispersion. Also, the measurement
time or the number of detector readings within one measurement should be sufficient to reach a reasonable
precision. Appropriate measurement conditions should be established experimentally, in relation to the desired
precision.

6.2.4 Concentration

The particle concentration in the dispersion should be above a minimum level, which for many instruments will
correspond to about 5 % obscuration, in order to produce an acceptable signal-to-noise ratio in the detector.
Likewise, it should be below a maximum level, which for many instruments will correspond to about 35 %
obscuration for particles larger than about 20 um, in order to avoid multiple scattering (where light is scattered
subsequently at more than one patrticle).
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For particles smaller than about 20 um, the obscuration value should be kept below about 15 % for the same
reason. In general, multiple scattering appears at larger scattering angles. Without multiple scattering correction, the
amount of fines calculated will exceed the true value. If work at higher concentrations is required, it should be
possible to correct for multiple scattering or systematic errors will arise. A first estimate for the concentration can be
observed from figure 5.

Key
1 High
2 Low

Figure 5
of p

Figure 5,
particle g
require \
particles
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— Typical high and low limits fer particle concentration for laser diffraction systems as a functig
article size for narrow size distributions; 2 mm path length (logarithmic abscissa and ordinate)

ize: smaller particles require lower concentrations. For instance, particles with a diameter of
olumetric concentrations during measurement of about 0,002 %, whereas the concentration
should be abelt 0,2 %, in a cell with a 2 mm path length. As a consequence, the width of the

distributig
as show
propertie

N influences the optimum sample concentration for measurement. Moreover, the range of con
in figure.5, is influenced by the laser beam width, the path length of the measurement zone
of the particles and the sensitivity of the detector elements.

though only an example, shows that the optimum particulate concentration is nearly proporfional to the

about 1 um
for 100 um
Darticle size
centrations,

the optical

6.3 Measurement

6.3.1 Procedure

A typical

a) Setti

measurement of a particle size distribution by laser diffraction comprises the following steps:

ng up instrument and blank measurement

er to decide

After selection of the appropriate particle size range and proper alignment of the optical part of the instrument,
a blank measurement is performed in which a particle-free dispersion medium is used. Detector data are saved
in order to subtract them later from the data obtained with that sample in order to obtain net sample signals.
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b)

c)

d)

6.3.2 Precautions

Measurement of the scattering pattern of dispersed sample(s)

Generally, a measuring time allowing for a large number of detector scans or sweeps at short time intervals is
used: typically some 2 seconds or 1 000 sweeps. For each detector element an average signal is calculated,
sometimes together with its standard deviation. Data are stored in the computer memory. The magnitude of the
signal from each detector element depends upon the detection area, the light intensity and the quantum
efficiency. The coordinates (size and position) of the detector elements together with the focal distance of the
lens determine the region of scattering angles for each element. Generally all these factors are factory
determined and stored in the computer.

Most instruments also measure the intensity of the central laser beam. The fractional difference between a
disperged sample and a blank experiment Is given as an obscuration value, which 1s indicaiive of the ol amount
of scattered light and the particle concentration.

Selectipn of an appropriate optical model
Most often either the Fraunhofer or the Mie theory is used.

Sometimes other approximating theories are applied for calculation of the scattering matrix. When usinpg the Mie
theory,|the refractive indices of particulate and medium, or their ratio, should bé bBrought into the instfument in
order t¢ allow calculation of the model matrix (see annex D for the refractive indexes of liquids and solids). Often,
small vialues of the imaginary part of the refractive index (about 0,01 — 0,1i)-are applied to cope with the surface
roughngss of the particles.

NOTE Small differences in the assumed complex refractive index may Cause significant differences in the resulting
particle [size distributions.

In ordef to obtain traceable results it is essential that the refractive index values used are reported
Conversion of scattering pattern into particle size distribution

This deconvolution step is the inverse of the calculation of a scattering pattern for a given particle size
distribytion. The fact that short measured data always contain some random and systematic errors, may cause
erronepus size distribution results. Several (mathematical procedures have been developed for uge in the
different instruments available [4, 6, 7,(10, 12, 14]. They contain some weighting of deviations|between
measufed and calculated scattering patterns (e.g. least squares), some constraints (e.g. non-negativity for
amounts of particles) and/or somes«smoothing of the size distribution curve. A new procedure [5] luses the
observed fluctuations of the detector signals to introduce proper weighting of these data and to |calculate
confidgnce intervals for the particle size distribution.

Before star{ing, and during*anhy measurement, the instructions given in the instrument manual should be [followed.

The followinyg precautions:should be taken.

a)

b)

d)

10

Before|switching' on the power to the instrument make sure that all components of the system are properly
grounded At is essential that all the particle dispersing and transporting devices, such as the ultrasgnic bath,
the dry] disperser, the vacuum inlets and vacuum hoses, are earthed to prevent ignition of organic sglvents or
dust explosions caused by electrostatic discharges.

After switching the power on, allow sufficient time for the instrument to stabilize. Gas lasers such as the HeNe
laser usually have a warm-up time of more than half an hour.

Check the instrument status and, if necessary, set up the required measuring range and lens. Ensure, by
watching the intensities on the detector, that the detector is properly centred and positioned in the focal plane of
the lens. Without particles, the background signal should be below the specified thresholds for that instrument
set-up and dispersing device. If this is not the case, inspect and, if necessary, clean the optical components to
ensure proper performance.

Make sure that the particles are only introduced into the laser beam within the specified working distance of the
lens, so that all relevant scattering radiation leaving the particles strikes within the clear aperture of the lens
that focusses it on the detector (and thus, vignetting is avoided).
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Validate the instrument operation with respect to both precision and accuracy at regular time intervals by

f)  In the case of wet dispersion, check that air bubbles are absent in the dispersion liquid. Foaming detergents
should be avoided.

g) Inthe 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.

h) For aerosols and sprays: make sure that no bright daylight is allowed, either directly or via scattering by
particles, into the detector and that the flow of particles/droplets is even.

i) Inveptigate, if possible, the influence of the optical model (relative refractive index) on the resulting particle size
distr[bution, especially if a significant fraction of the particles is smaller than about 10 um.

NOTE Occasionally a strong dependency of the results on the refractive index has been found whereby feven slightly

different vialues resulted in major systematic errors (see further annexes A and D).

6.4 Repeatability

For samples where the coefficient of variation of the particle size distribution is_egual to or less than abq

ratio of d
samples
sizes in S
(X50), the

should have a coefficient of variation not exceeding 5 %. Below 10 pm, these maximum values should b¢

6.5 Acd
6.5.1 Ca

Laser dif
Thus, ca
operatior

6.5.2 Vg

6.5.2.1

of the en
dispersig
essential

Certified
over one
available
imaginar
data ana

ameter of largest to smallest particle about 10:1) and for measurements performed on at least f
from the same batch in the mid-range of any instrument setting,, the’ repeatability of character
ize distributions should be as follows: for any chosen central valte of the distribution, e.g. the
coefficient of variation should be smaller than 3 %. Values atthe sides of the distribution, e.qg.

uracy
llibration

raction systems are based on first principles, though with idealized properties of the particles (g
ibration in the strict sense is not required. However, it is still necessary and desirable to confirm
of the instrument by a validation procedure (see 6.5.2).

lidation

Primary validation can be made with any certified or standard reference material, acceptable to
d-users' industries. Here,\the total measurement procedure is being examined, including samp
n, sample transport through the measuring zone, measurement and deconvolution procedu
that the total operational procedure is adequately described in full detail.

or standard reference materials consisting of a known distribution having a range of spheri
and uséd)ih conjunction with an agreed, detailed operation procedure. It is essential that t

part.ofithe complex refractive index are precisely specified for the material if the Mie theory
YSis.

ut 50 % (or
ive different
stic particle
median size

X0 and Xqq,
e doubled.

f. annex A).
the correct

the practice
ing, sample
e [13]. It is

tal particles

decade of size are preferred. They should be certified to mass percentage by an absolute technique, if

he real and
s applied in

The response of a laser diiraction instrument Is considered 1o meet this standard 1t the mean value of the Xgq
coming from at least three independent measurements deviates less than 3 % from the certified range of values of
the Certified or Standard Reference Material, i.e. the mean value together with its standard deviation; the mean
values for the x;4 and xgq should deviate less than 5 % from the certified range of values.

Although use of spherical reference materials is preferable, non-spherical ones may also be used. Preferably, these
should have certified or typical values coming from laser diffraction analyses according to an agreed, detailed
operational procedure. If the reference values come from other methods than laser diffraction, a significant bias may
result. The reason for this bias is that the different principles applied in the various methods may lead to different
sensitivity to the properties of the particles and, thus, to different equivalent-sphere diameters for the same non-
spherical particle.

In addition to the certified reference materials mentioned above, product samples of typical composition and particle
size distribution for a specified class of products can also be applied for validation of instrument behaviour and

11
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operational procedures, provided that their particle size distribution has been proven to be stable over time. Here,
the results should comply with previously determined data with the same precision and bias as those for the
certified reference materials.

Mixtures in ratios of volume of two or more reference materials having the same properties can be applied to test
the accuracy of the reported fractional quantities, the size resolution and the sensitivity to fines or coarse material.
Representative sampling from the various materials is here, however, even more important than in the normal case,
since the fractional quantities can be very small.

6.5.2.2 For secondary validation of a laser diffraction instrument a suitable reference reticle [1, 8, 9] can be used.

Thus, only the quallty of mstrument optics and software is being examlned Ieavmg out the effects of sample

dispersion &r Not reliable

due to spegkle effects. Of course, the proper use of a reticle includes the requirement that the |IIum|nat ng beam

diameter allows measurement of the full circular area of the dots deposited. Note that some revéers¢ Fourier
applicationg, where the reticle must be placed close to the detector, may fall within this restriction. The regponse of

a laser diffraction instrument is considered to meet the requirements of this part of ISO 13320-if the mean|value for

the x5, confing from at least three measurements deviates less than 2 % from the quoted value and for x;jy and xgq

less than 3 pa.

6.6 Error sources; diagnosis

6.6.1 Systematic measurement errors (bias) may arise from improper sample preparation, departure |[from the

theoretical assumptions for the particulate material and/or improper operation.or functioning of the instrument.

6.6.2 Errors made in sample preparation are often a main part of thetotal error. They can be attributed to the

following cquses:

O improper sampling technique, leading to a non-representative sample in the measurement zone; this type of
error iy especially significant when using an inadequate sample splitting technique in the case of a lafge batch
of free [flowing material having a wide size distributionybut errors can also be due to selective transport within
the insfrument, for example, application of too low-a pumping speed may lead to sedimentation of the larger
particlgs in the pumping circuit;

O incomglete deagglomeration of particlesy)cdue to an improper dispersion procedure (liquid; dispersant;
ultrasohication);

O commipution of particles by mechanical forces during dispersion (e.g. ultrasonication);

O swelling, re-agglomeration, dissolttion or evaporation of particles/droplets before or during measuremgnt;

O inclusign of air bubbles due\to foaming dispersants and/or vigorous stirring;

O scatter|ng from differences in refractive index in the dispersing liquid or gas due to temperature flyctuations
generated by, for-eXxample, evaporation of the dispersing liquid or presence of a flame.

6.6.3 Another main source for bias arises from the departure from the theoretical assumptions for the particulate

material. Adain, the errors can come from different sources.

O Firstly, most particles in real life do not fulfil the assumption of sphericity. Non-sphericity of particles leads to
different cross-sections in different orientations. Since particles are generally measured in all possible
orientations, this leads to some broadening of the particle size distribution as compared to the equivalent
volume distribution. Moreover, the median and mean diameter may be shifted, often to a larger size.

O Secondly, the particle surface may be rough instead of smooth. This causes diffuse light scattering at the
boundary, which often has a similar influence as absorption of light within the particle.

O Thirdly, the particles may be optically heterogeneous, as is the case for porous particles. This may lead to an
apparent presence of significant amounts of very small particles, which are non-existent.

0 Last but not least, the wrong optical model or parameters may have been chosen. For instance, if the

Fraunhofer approximation is applied for samples containing an appreciable amount of small, transparent

12
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particles, a significantly larger amount of small particles may be calculated (see also annex A). Generally, the
choice of a wrong model also results in a large difference between particulate concentration as calculated by
the instrument and from the mass of sample and the volume of dispersion medium (see also 6.6.6).

6.6.4 Errors in the operational procedure or in the functioning of the instrument can be specified as follows:

O particles with diameters outside the measuring range are present [in this case, adapt the measuring range
(change the lens) and/or remove too coarse material, e.g. by presieving];

O the sample is introduced into the laser beam outside the working distance of the lens;

O lens

0 mea

O the q

O the :Larticle concentration is too high, causing multiple scattering;

0 the
(che

6.6.5 TH
Moreove

0O usin
O work

O instr

6.6.6 Efrors of specific parts of the procedure can be diagnosed by the following operations.

O Mea|
the |
0 Obs
shoy

indig
Sign
surfg

0 obse
elem
preV
syst
elec

ES) 0T windows of theTeasurenment cettare dirty and; thos,; stoufdbetleared;
surements are conducted with excessive levels of background;

ptical system has not been aligned properly;

athematical procedure for deconvolution of light intensity values to partiCle size distribution is
ck with the instrument manufacturer).

e absence of maintaining good control on the above points may also lead to errors of a ran
[, random errors may result from

j insufficient measurement time, or readouts of each detector output,
ing at too low a concentration, and

Lment imperfections, e.g. fluctuating laser intensify; or noisy detector elements.

suring the intensity of the laser beam for at least 1 h during a blank experiment: it should be s
mits given in the instruction manuat:

brving the signals from all detector elements during a blank measurement: the background s
V' a smooth behaviour with_only small positive or zero values. Negative or overload (100 ¢
ate faulty detector elements, defects in the electronics or dirty or scratched cell windows

ices of the lens, the.cuvette or other parts illuminated by the laser beam;

rving the detector signals from repeated sample measurements, calculating both mean valu
ent and their>standard deviations and comparing the measured signals for all detector elg
ously megasured ones. Thus, an impression is gained of the precision and accuracy of these s
bmatic_differences or zero values for the signals usually indicate a faulty detector element, a g
ronics; dirty windows or lenses, bad alignment, presence of air bubbles or a problem in t

and

inadequate

lom nature.

table within

gnal should
) readings
or lenses.

ficant intensities on_only localized detector elements are often caused by reflections at damaged optical

es for each
ements with
gnals: large
efect in the
e sampling

pr—dispersion procedure. Moreover, these data enable, after conversion to light inten

5ity  values,

comparison of the measured light scaffering patterns coming from different instruments, to some extent
irrespective of the geometry of the detector elements in these instruments (provided that the geometry is
known);

O comparing the actual particulate concentration, as calculated from the sample mass and the volume of the
dispersion medium, with a calculated one from the obscuration and particle size distribution, while using the
same optical model for calculating the extinction coefficients of the particle size fractions as for the
deconvolution; a large difference indicates an inadequate optical model or bad sample handling [11];

0 comparing for all detector elements the measured and calculated signals (for the resulting, best-fitting particle size
distribution); large systematic differences indicate either a faulty element or an inadequate optical model.
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6.7 Resolution; sensitivity
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The resolution of the particle size distribution, i.e. the capability to differentiate between different particle sizes, and
the sensitivity for small (extra) amounts of particles of certain size are restricted by the following factors:

0

0

0

0

number, position and geometry of the detector elements;

their signal to noise ratio;

fine structure in the measured scattering pattern;

differe

actual

adequa

smooth

These factd
minimum w
values for r

composition.

7 Report

Results sho
order that th
may be opti

a) Sample

0

CO|

CE I scattering patern Detween SiZe Classes,
bize range of the particulate material;

icy of the optical model;

ing applied in the deconvolution procedure.

rs prevent the laser diffraction technique in its usual design from being & high resolution techr

dth of each size class is usually about 1, 1 to 2 (ratio of upper to lowen limit of the size clas
bsolution and/or sensitivity for quality control reasons should be determined by using mixtures

ng of results

uld be reported in accordance with ISO 9276-1. Morgover, the following information should be ré
e measurements can be readily repeated by different operators in different laboratories. Some of
bnal for some materials.

h

mplete sample identification, such-as:-chemical type, batch number and/or location, date an

mpling, etc.;

mpling procedure, i.e. sampling'method and sample splitting procedure;
mple pretreatment (optienal), for instance presieving, type and conditions;
te of analysis.

ion

persiontype: dry or wet.

r drydispersion

ique: the
5). Actual
of known

pported in
the items

0 time of

sa
0 sa

0 sa

0 da
b) Dispers
O dis
Fa

u

u

u
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specific details of dispersing device, e.g. injector diameter, primary pressure;
type of dosing/feeding device;

feeding rate.

For wet dispersion

O

O

O

dispersion liquid: identification, volume and, if necessary, temperature;
dispersant(s): type and quantity;

sample concentration;
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O sonication: type of unit, frequency (energy), duration and pause before starting measurement;

O pump speed.

c) Laser diffraction measurement

a

a

O

u
u

d) Anal
u

O

instrument type and number;
software version;

focal length of lens applied;

actual size range used for the measurement;

date of last alignment;

date of last validation;

date and time of measurement;

optical concentration/obscuration;

trigger thresholds for start/stop conditions (if applied);

threshold for acquisition of valid data (if applied);

type of light scattering model applied;

real and imaginary part of complex refractive indexif.the Mie theory is applied;
(optional) fit parameter resulting from deconvolution (e.g. log difference, chi-squared).
yst identification

name and place of laboratory;

operator's name or initials.

15


https://standardsiso.com/api/?name=c85facb0491f07f4a6be3ae2268fb2b1

ISO 13320-1:1999(E)

Annex A
(informative)

Theoretical background of laser diffraction

Four types of interaction exist between light and a particle [2-7, 10, 15]:

1) diffract
2) reflecti
3) refracti
4) absorp
These inte

dependent

on at the contour of the particle (Fraunhofer diffraction);

bn at the particle’s surface, both outside and inside the particle;

bn at the interface coming from medium to particle and vice versa,;
ion inside the particle.

actions lead to interference phenomena, giving rise to a characteristic/scattering pattern,

bn the size, shape and optical properties of the particle. An example is given in figure A.1:
30,000 Intensity Intensity 30,000
25,000 25,000
20,000 20,000

15,000 15,000
10,000 10,000
5,000 5,000
0 0
20 20
15 10 15

5 TRl 5
0
Angle -15 -15 Angle
-20 -20
-25 -25
Figure A.1 — Angular intensity spectrum of scattered light for a 3 pm spherical particle

[refractive index (RI) 1,60 - Oi; wavelength 633 nm]

bws thescharacteristics of the scattering pattern for a single particle.

It clearly sh
O The hig
angles.

hest intensity is in the forward direction and the intensity gradually decreases towards larger §

©1SO

which is

cattering

O There are large differences in light intensities, with characteristic maxima and minima at different angles.

O There is circular symmetry of the scattering pattern of spherical particles. These characteristics form the basis

for the

The light sc

application of the laser diffraction technique for the measurement of particle size distributions.

attered by a single spherical particle can be extended to an ensemble of particles provided that

1) each particle scatters as an independent entity, i.e. there is no significant multiple scattering, which means that
particle concentration should be low, and

2) there is no optical interference between the scattered radiation from different particles; this is satisfied if all
particles move randomly with respect to each other and if the overall scattering pattern is sampled many times.

16
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The interpretation of laser diffraction "spectra” to particle size distributions depends on two major operations. The
first requires that mathematical models are created of how homogeneous particles scatter light. The second
involves the deconvolution of the angular scattering pattern to a particle size distribution.

The scattering of unpolarized light by a single spherical particle can be written as

1(©)

where

2k2 a2

([s@) +[s@)]

1(©)

Si(¢

The inter
of certair
and over
matrix.

NOTE 1
complex g
far, comm
1ISO 1332

Historica
measure
a) all g
cons
disk

b) only

For thesq

is the total scattered intensity as a function of angle ©;
is the intensity of the incident light;

is the wavenumber = 27/,

is the wavelength of | of the illuminating source in air,
is the distance from scatterer to detector;

and S,(©) are dimensionless, complex functions defined in gepéral scattering theory, de
change of amplitude in respectively the perpendicular and thé parallel polarized light as 4
angle © with respect to the forward direction. Computer<algorithms have been develop
example [3]) in order to allow computation of these functions and, thus, of 1(6).

sity of scattered light at a detector element of given geometry by a unit volume of particles in
width can now be obtained by integration of 1(®) qvér the number of particles present in thg
the geometry of that element. For a series of size“classes and detector elements this leads

Similar equations can be derived for non-spherical particles having a regular shape. These equatig
s the intensities of the scattered light have no‘circular symmetry, but are dependent also on the azimut
ercial instruments do not contain modelsfar non-spherical particles; thus, they will not be considered i
D.

ly, the Fraunhofer approximation was the basis for the first optical model employed for |
ment. In this application, beSides sphericity of particles, the following restrictive assumptions arg

articles are much larger than the light wavelength (only scattering at the contour of thg
idered; this also means that the same scattering pattern is obtained as for thin two-dimensig

)
scattering in-the near-forward direction is considered (© is small).

approximations:

scribing the
function of
ed (see for

A size class
t size class
to a model

ns are more
hal angle. So
h this part of

barticle size
made:

particle is
nal circular

2 2

(st

L, (asine)f
=4 O ——— 0
0 asin@ [

={3)

and the general formula given above simplifies into the following equation:

1(©) =

where

Dy (asine)F

lo
E asin® E

k2a2

dimensionless size parameter o = X/A;

Jq

is the Bessel function of the first kind of order unity.
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NOTE 2 In the expression at the right-hand side often an extra multiplier term (1 + cos2 ©)/2 is added in order to extend it to
larger angles.

The advantage of this equation is that it is relatively simple and quick to calculate.

This Fraunhofer approximation does not make use of any knowledge of the optical properties of the material.
Therefore, its use is recommended in cases where products are being measured which are mixtures of different
materials. In practice, the approximation is valid for large particles (diameter at least about 40 times the wavelength of
the light, or oo >>1) or somewhat smaller particles that are opaque or have a high refractive index relative to the medium
they are suspended in. However, for small particles which have a low relative refractive index, errors occur in the
proportion of volume subscribed to a given size. This is caused by the fact that in the Fraunhofer approximation the

neviralatnn o thna aroce cnntinn 10 ~Accrtmand +0 Ihn ~anctant far All NAartinls oo ar\Aakd

extinction e

s, it does

not predict {
predict.

Equations H
diffraction a

The anomal
assumed

a) thatall
b)

<)

that all

that th
(m-1)

This approX
to some dg
suspended
are not fulfil

The advent

the scatteripg of homogeneous spheres up to @ certain size to be coded and calculated in reasonable time

means, the
to exploit th
(including O
medium. It

part is often
in refractive
in order to

the refractiy

Thus, vario
the sizes of]
particle sizg

llul\,llu_y Tty C ot CTro oSS~ ST TtoUTT 1o TSSO TIC U to 0T~ C oSt It 1o o DT tCTiC—STIZ2C S ot T vwoTg

hat for small particles the intensity of scattering falls more rapidly than the geometric cross-séctjon would

aving similar characteristics, but of increasingly more complex form, can be written for both apomalous

nd Lorenz-Mie theory.

ous diffraction approximation has also found limited application in commereialinstruments. Here, it was

particles are spheres;
particles are transparent, and

difference in refractive index between particles and -dispersion medium is small [ratio
1].

< 1,1 or

h
K<

imation includes an estimate of how the extinction ‘efficiency varies with particle size and, thus
gree the variation of scattering efficiency with.size. Therefore, its use in circumstances of
in liquids results in more accurate size distributions in many cases, where the Fraunhofer asg
ed.

predicts
particles
umptions

of reasonably powerful desk top computers has enabled the rigorous solution from the Mie Theory to
5. By this
assumptions of the previous models have been eliminated (excluding sphericity of particles). However,
s theory to the full, the optical properties of the system shall be known, i.e. the complex refracfive index
oth the real and the imaginary part) of the particle and the (real) refractive index of the suspending
should be noted that this\knowledge is far from always available: especially the imaginary (ahsorptive)
strongly dependent on the wavelength of the light, whereas many crystalline products show differences
index in different crystal orientations. Moreover, the imaginary part of the refractive index is often used
hccount for spegific)surface structure of the particles, as for example surface roughness. Anngx D lists
e indices for ajlarge variety of liquids and solids (without the surface structure effects).

IS theorigs can be used to calculate optical models that predict angular scattering patterns in relation to
the spherical particles. As different assumptions are made, the various theories differ both in gpplicable
range and in computer time necessary for the calculations. Often, the choice between the theoretical

models can

beslightly simplified by consideration that particle size, real refractive index, and absorbance (ijmaginary

part of refractive index) are three mutually perpendicular vectors with the following distinciive values:

O particle size: distinctive values between small and medium size 1 um and between medium and large size
50 um;

O real part refractive index (particle relative to medium): distinctive value 1,1 (or m—1 = 0,1);

O imaginary part refractive index (absorbance) of particle: distinctive value 0,05 i.

If the particle size is larger than about 50 um, then the Fraunhofer approximation gives good results. The Mie theory
can also be used, and, in fact, is preferred for cases where the refractive index of the particles is close to that of the
medium. The matrix calculation time for these cases may become extended, as it should be ensured that an
adequate number of terms is included in the series expansions and that the scattering of a sufficient range of sizes
is integrated to cover each specific size class. For particles smaller than about 50 um, the Mie theory offers the best
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general solution. For medium sized particles (1 umto 50 pum) with ny/n,, > 1,1 and/or k,> 0,05 the Fraunhofer
approximation usually also gives good results. For medium sized particles for which botﬁ these values are low,
usually the anomalous diffraction approximation gives the same results as the Mie theory. In all cases where the
Mie theory is used, good values for the optical properties have to be provided. If it proves impossible to establish a
refractive index value for the material in question, then the choice is between the Fraunhofer approximation and a
realistic estimate of the complex refractive index for using the Mie theory. The former has the advantage that it is
simple and does not need refractive index values, the latter that it usually will provide less biased particle size
distributions. In every case, it should be made clear to all parties involved which choices have been made.

The theoretical predictions of the angular scattering patterns of spherical particles are then used in conjunction with
the geometry and the sensitivity of the chosen detector elements to form a matrix which describes how unit

volumes

In view o
a wide rg
seems al
signal of
and its s
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which wil
optimum
remarked

Various
A.3 give

arbitrary
equal vo
figure A.d
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0T each Size class of particles would appear as (energy-)signal at each detector element.

f the characteristic features of the scattering patterns, it is advantageous to sample the light intg
inge of angles and, for fairly narrow size distributions, with high resolution with respectto an
Hvantageous to equip instruments with as many detector elements as possible. On the othg
each detector element is the product of the intensity of scattered light, the geomgtric area of
ensitivity. Consequently, any decrease of the geometric area leads to smaller, signals and, th
noise ratio. This is especially important at higher scattering angles, where“the intensity of th
ually very low. Moreover, using more detectors than is required to adequately sample the rate ¢
lar scattering pattern may be counter-productive as more detectors\léad to more measurer

situation for the number of detector elements, their size and the @ngular range that they cover.
, however, that different designs have been worked out by different instrument manufacturers.

cattering diagrams have been calculated in order to illustrate their characteristic features. Figu
three-dimensional angular scattering diagrams, (in which-detector output in terms of energy si
detector geometry, having a strong increase in detector element size with increasing angle,
umes of particles of different sizes. For figure A.2,"the Mie theory has been used for the cal
, the Fraunhofer approximation. Comparison ©f*both figures illustrates the agreement betwyg
for large (latex) particles: above 10 um to 20,um the scattering patterns look quite similar, w
hifting towards smaller angles with increasing particle size.

nsities over
hle. Thus, it
r hand, the
the element
us, a lower
e scattered
f change of
nent errors,

have a detrimental effect on the precision of the calculated size disttibution. In practice, this leqds to some

It should be

res A.2 and
hnals for an
s given) for
culation; for
ben the two
ith detector
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Figure A.2 — Light energy scattering patterns for an arbitrary detector configuration against particle size
(um) and sg¢attering angle (°) for equal volumes of particles' (Mie theory, latex particles Rl 1,60 - 0,0i, in water
Rl 1,33)
Also, the differences in detector signals below.sizes of about 10 um for these particles are quite clearly shown: the
Fraunhofer |theory predicts only small differences at decreasing size, whereas the Mie theory results
fluctuations| of the maximum intensity jn,relation to particle size, creating signals that are much higher
correspond|ng Fraunhofer ones for some’sizes and much lower for others.
Some crosg-sections of these types of three-dimensional scattering diagrams are presented in figures A

note that ng

Figure A4
monodispet
angular pos
lies above 1
capable of

w the signals areqresented in terms of scattered light intensities.

illustrates_tlearly some of the characteristic features of the scattering behaviour @
sed particle(size distributions. Firstly, there are the minima and maxima in the intensity cu
itions ef:which are mainly governed by particle size. For example, the first minimum of 0,5 um
00° against that for 5 um particles around 10°. Remember that most early designs of instrumé
measuring up to angles of only about 15°. Of course, the presence of this fine structure in th

4 to A.6;

f almost
rves, the
particles
bnts were
p forward

direction for

erences

laraer pnrfir\lnc facilitates their discrimination-ln contrast the ahsence of sianificant infnheihj[ di
t k - & t

I
in the forward direction for submicrometre particles requires additional information. Therefore, modern instruments,
having a measuring range extended to below 1 um, also collect signals at larger angles than 15°. Note, however,
also the secondary influence of the refractive index on the position of minima and maxima.

Secondly, it can be concluded that the scattering intensity for a volume of large particles is larger at small angles,
but smaller at large angles than that of the same volume of small particles. Remember, however, that a particle size
ratio of 10 leads to a ratio of 1 000 in volume. Also, it should be kept in mind that, during a measurement, generally
only the relative changes of scattering intensities with respect to angle are important, since the absolute intensities
are also related to particulate concentration.
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Figure

\.3 — Light energy scattering patterns for an arbitrary detector configuration against particle siz
(um) and scattering angle (°) for equal valumes of particles (Fraunhofer theory)

Thirdly, figures A.4 and A.5 show the general decrease of scattering intensity towards larger angles and tl
the optical model or refractive index. For example-it is indicated that the presence of a small amount of g
light by the particles (imaginary part of refractive index) leads to both lower intensities and more fine
compared to transparent particles.

This effe
A.4 and

't is usually even stronger forithe Fraunhofer approximation. Also, the conclusion can be drawn
A.5 that application of the“wrong optical model, for example the Fraunhofer approximatid
absorbarnce to transparent particles, leads to necessity for compensation of too small amounts of light
large angles through "appareft*yaddition of fines. Finally, figure A.6 indicates that only monosized and
distributipns of particles Show fine-structure in the angular scattering pattern. For somewhat b
distributions, this fine structure is lost. This can be explained from the strong influence of particle
position ¢f minima and¥naxima. As a result, the minima and maxima for different sizes will compensate,
to smoothing of the' angular scattering pattern for broader particle size distributions. For examp

[}

ne effects of
bsorption of
structure as

from figures
n or some
scattered at
narrow size
oader size
size on the
which leads
e, for size
of intensity
res indicate
r diffraction

techniques:

significant

differences in the resultlng partlcle size d|str|but|on when deahng with the normal case of broad size distributions.

The effect of such errors, of course, is largely dependent on the mathematical procedure, including con
smoothing, used in the deconvolution (see also 6.3.1 and 6.7).

So far, the prediction of scattering patterns for various particle sizes has been discussed. These

straints and

are usually

implemented in instruments in conjunction with the geometry of the chosen detector elements in the form of a
matrix, which describes how unit volumes of each of m particle size classes would appear as a signal at each of n

detector elements:
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Mn,m Sn

» M1 ) describes the signals for unit volumes of all m siz¢ classes

Wi

M

1000

Scattering angle, degrees

Ll Ml,l e
\
= \
\
_Ln Iv'n,l
For examplg, the first row in the matrix (Mlll, ’
on the first detector element, whereas the first column (M, ;, ..., M, ;) gives the contributions of the first-gize class
on each of fthe n detector elements. In matrix notation this can be written as:
L=MxS
In this form| the set of detector signals is seen to be the result of a matrix multiplication of\size distribution with the
scattering matrix. In the actual measurement practice, however, the inverse of this problém is required. THe signals
from all detector elements are measured, the computed matrix is available in the.instrument and the patfticle size
distribution Js expected from the calculation:
S=MtxL
2
IS
2 B0 E
> =
o —
5 of oo
© =
= BN
2 1E+05| & A\
1E+04 |= v \ /‘\ V\x\\\
1E+03| = v Vh‘/\ \
1E+01| = A
1E+00_ i i 1t i i 11
1 10
— S um RI =15 - 0
—&— 5 um Rl =15 - 0i
—— 05 um RI = 1,62 - 0,1
—— 0,5 um Rl = 1,62 - 0i

Figure A.4 — Influence of particle size on angular light intensity scattering patterns for equal volumes of
particles (medium water, Rl 1,33) — Normal size distributions by volume; width 1 % (coefficient of variation)
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Such equations are described as badly posed and badly conditioned due to measurement errors making direct
inversion without constraint unviable. Therefore a degree of constraint is necessary which varies from manufacturer to
manufacturer dependent upon design and number of detectors, noise levels and experience. Failure to constrain the
inversion adequately leads to solutions of polydisperse distributions showing ripples in the histogram data. Serious lack
of constraint can lead to zero or negative values and false modality. On the other hand, overconstraint will lead to
decreased resolution and widening of the actual particle size distributions.
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Figure A5 — Influencé€/ofimaginary parts of Rl (absorbancies) on angular light intensity scattering pattefns
for about.2\pm particles (medium: water, Rl 1,33) — Normal size distributions by volume;
width 1 % (coefficient of variation)
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Annex B
(informative)

Recommendations for instrument specifications

ISO 13320-1:1999(E)

It is recommended that manufacturers of instruments provide specifications for laser diffraction instruments

concernipgthefellowinrgitems:

B.1 General
power requirements;
weight;

dimensions;

O o o d

spedific requirements, e.g. temperature, humidity, vibration, safety, etc.

o
N
.

ight source/laser

type
wavelength;

powgr output;

intensity stability (accepted level of fluctuationy;
pardllel and/or convergent beam;

bearn width/dimension(s) in sample;

polarization;

O o o o o o o o

typiqal lifetime.

o8]

.3 Sample circuit

sample path length in laser beam;

liquigl pumgp rate, or particulate and air rate for dry dispersers;

sonication power/frequency;

volume of recirculation system and cell;

materials of system in contact with particles and dispersion liquids;

O o o o o o

maximum particle size/density which can be dispersed/handled.

B.4 Lens

O focal length(s);
O working distance;

O whether fixed, or require changing.

25


https://standardsiso.com/api/?name=c85facb0491f07f4a6be3ae2268fb2b1

ISO 13320-1:1999(E) ©1SO

B.5 Detector

number of elements;

detector geometry indication (e.g. half or quarter rings, segments, etc.);
alignment, automatic or manual;

whether or not detector elements have been calibrated;

indication for normal detector signals for blank experiments and their maximum allowable limits;

O o o o o d

£ ala " 1 +
TUT UTTTULUT TITTTITTINS.

overlogtHevet

B.6 Measurement

O typical measurement time;

O minimym time between successive measurements.

B.7 Conjputer

procesgor type;
memoryy size;
speed;
operating system;

disc type and size;

monitof type;

keybodrd type;

real time interfaces printer type/protocol;
network functions/protocol;

presente of facility for calculation of model matrix;

o o o o oo o o ogoogo o

presenge of facility for multiple scattering correction.

B.8 Decpnvolution

O type of|opticalmodel(s) that can be applied;

O indicativeé-description of mathematical procedure, for example weighting, constraints and smoothing.

B.9 Output

O measurement range(s), overall and during each analysis;
O size class ranges; also whether fixed or adjustable;

O types of output, e.g. differential and cumulative distributions; values for sizes at given percentages and/or vice
versa; moments; fits to distribution models;

O data storage; availability of background and sample light scattering fluxes.
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B.10 Performance

O repeatability, within instrument;

O reproducibility, instrument to instrument;

O resolution and number of size classes;

O lower detection limit for small proportions of small and large particles in size distributions (within measuring
range);

O how presence of particles with diameters outside measuring range is indicated.
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