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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.
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Introduction

Particle size analysis in the submicrometre size range is performed on a routine basis using the dynamic
light scattering (DLS) method, which probes the hydrodynamic mobility of the particles. The success of
the technique is mainly based on the fact that it provides estimates of the average particle size and
size distribution within a few minutes, and that user-friendly commercial instruments are available.
Nevertheless, proper use of the instrument and interpretation of the result require certain precautions.

Several methods have been developed for DLS. These methods can be classified in several ways:

a)

frequency

nalysis);

b) by the difference in optical setup (homodyne versus heterodyne mode);
c) by the angle of observation.

In addition, instruments show differences with respect to the type of laser source and|often allow
application of different data analysis algorithms (e.g. cumulants, NNLS, CONTIN, etc.).

© IS0 2017 - All rights reserved v
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Particle size analysis — Dynamic light scattering (DLS)

1 Scope

This document specifies the application of dynamiclight scattering (DLS) to the measurement of average
hydrodynamic particle size and the measurement of the size distribution of mainly submicrometre-
sized particles, emulsions or fine bubbles dispersed in liquids. DLS is also referred to as “quasi-elastic

light
then

This
susp
for a
test
part
part

neasurement techniques.

document is applicable to the measurement of a broad range of dilute -and c
bnsions. The principle of dynamic light scattering for a concentrated suspension is

sample preparation are required for concentrated suspensions. At high’’concentratio
cle interactions and multiple light scattering can become dominant’and can result
cle sizes that differ between concentrated and dilute suspensions.

2 Normative references

The
cons
undg

ISO 9

ISO 4
sizes

3
Fort
[SO 4
— 1
— 1

3.1
part
miny

following documents are referred to in the text in¢suich a way that some or all of t
Fitutes requirements of this document. For datedoreferences, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

diameters and moments from particlelsize distributions

[erms and definitions
he purposes of this document, the following terms and definitions apply.
nd IEC maintain terminological databases for use in standardization at the following ¢

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

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

icle

te’piece of matter with defined physical boundaries

scattering (QELS)” and “photon correlation spectroscopy (PCS),” although PCS actudlly is one of

oncentrated
the same as

dilute suspension. However, specific requirements for the instrument.setup and specification of

Ins, particle-
in apparent

heir content
applies. For
hts) applies.

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

D276-2, Representation of results of particle size analysis — Part 2: Calculation of average particle

ddresses:

Note
Note

[SOU
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1 to entry: A physical boundary can also be described as an interface.

2 to entry: A particle can move as a unit.

RCE: ISO 26824:2013, 1.1, modified]
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3.2
average hydrodynamic diameter

X
DLS
hydrodynamic diameter that reflects the central value of the underlying particle size distribution

Note 1 to entry: The average particle diameter is either directly determined without calculation of the particle
size distribution, or calculated from the computed intensity-, volume- or number-weighted particle size
distribution or from its fitted (transformed) density function. The exact nature of the average particle diameter
depends on the evaluation algorithm.

Note 2 to entry: The cumulants method yields a scattered light intensity-weighted harmonic mean particle
diameter, whichrissometimesatso referred toas the “z=average diameter:

Note 3 to entry: Arithmetic, geometric and harmonic mean values can be calculated from the paxticl¢ size
distribution qccording to ISO 9276-2.

Note 4 to entry: Mean values calculated from density functions (linear abscissa) and transformed dgnsity
functions (logarithmic abscissa) may significantly differ (ISO 9276-1).

Note 5 to entry: )?DLS also depends on the particle shape and the scattering vector’(arid thus on the angle of
observation, Jaser wavelength and refractive index of the suspension medium).

3.3
polydispersity index
PI
dimensionldss measure of the broadness of the size distribution

Note 1 to entfy: The PI typically has values less than 0,07 for a monedisperse test sample of spherical parti¢les.

34
scattering yolume
volume defined by the intersection of the incident laser beam and the scattered light intercepted by the
detector

3.5
scattered intensity
intensity of the light scattered by the particles in the scattering volume

3.6

count rate
photocurrent
Is
number of photon pulses-per unit time

Note 1 to entry: Itds‘also a photodetector current which is proportional to the scattered intensity as meagured
by a detector

3.7
validation
proof with reference material that a measurement procedure is acceptable for all elements of its scope

Note 1 to entry: Evaluation of trueness requires a certified reference material.

3.8

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

[SOURCE: ISO Guide 30:2015, 2.1.1, modified]
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certified reference material

CRM

IS0 22412:2017(E)

reference material characterized by a metrologically valid procedure for one or more specified
properties, accompanied by a certificate that provides the value of the specified property, its associated
uncertainty, and a statement of metrological traceability

[SOURCE: ISO Guide 30:2015, 2.1.2, modified]

dimensionless
metres squared per
sécond

metres squared per
second

metres squared per
second

hertz
dimensionless
arbitrary units

arbitrary units

arbitrary units
arbitrary units
dimensionless
dimensionless

arbitrary units

© IS0 2017 - All rights reserved

dimensionless

dimensionless

nanometres

nanometres

3.10

qualification
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4 $ymbols and units

c(r) normalized distribution function of decay rates or
characteristic frequencies

Dt translational diffusion coefficient

D¢ collective diffusion coefficient

Dy self-diffusion coefficient

f frequency, f= w/(2 m)

gW() normalized electric field correlatian function

G(2)(f)  scattered intensity correlatiodfunction

G(T}) normalized distribution function of the individual
decay rate [

Is scattered intensity;-count rate, photocurrent

Io intensity of the‘incident light

M number ofsteps in the histogram

n refractive index of the suspension medium

P(w) power spectrum

PI polydispersity index

AQint,i scattered light intensity-weighted amount of particles in
size fraction i,
i.e.Xji1<X< =X;

X within this document: hydrodynamic diameter of a
particle

= average hydrodynamic diameter

XpLs

ations

m2/s

m2/s

m2/s

Hz

nm

nm
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r scattered light intensity-weighted average value of the reciprocal seconds s71
distribution function of the decay rate or characteristic
frequency
Inax maximum decay rate (histogram method) reciprocal seconds s-1
Inin minimum decay rate (histogram method) reciprocal seconds s-1
n viscosity of the suspension medium millipascal seconds mPa-s
0 scattering angle degrees °
Ao whvelength of the laser light in vacuum nanometres nm
uz sgcond cumulant of the distribution function of decay = reciprocal square s—2
rdtes or characteristic frequencies seconds
P particle density grams per cubic g/cm
centimetre
T cqrrelation time seconds S
q mjodulus of the scattering vector reciprocal nm-1
nanometres
10) particle volume fraction dimensionless
w arjgular frequency radian per seconds rad/s
5 Principle

Particles su
the molecul
motion of si
and temper
a fluid of kn

The DLS te
illuminated
suspended

time-depenI:E

or as a speq
random par
shifts are d
or by using
optical signi
are thus sca

spended in a fluid are in constant BFownian motion as the result of the interaction
s of the suspending fluid. In the Stokes-Einstein theory of Brownian motionlll, pa
mooth spheres at very low concentration is determined by the suspending fluid visd
iture, as well as the size of the particles. Thus, from a measurement of the particle moti
bwn temperature and viscosity, the particle size can be determined.

chniquel2][3][4][5][6] probes the particle motion optically. The suspended particleg
with a coherent.monochromatic light source. The light scattered from the mqd
articles has a time-dependent phase imparted to it from the time-dependent position|
ent phase of the scattered light can be considered as either a time-dependent phase
tral frequency shift from the central frequency of the light source. Measured over

with
rticle
osity
on in

are
ving
. The
shift
time,
hese

ticle motion forms a distribution of optical phase shifts or spectral frequency shifts. |
btermined by comparison either with all scattered light (homodyne or self-beating
h portion of the incident light as reference (heterodyne mode). Regardless of the setu

ttered intensity-weighted.

ode)
, the
and

Sedimentation of particles, dependent on their density, sets an upper limit to the particle size that can

be assessed

by the technique; typically, the upper limit is much less than 10 pm.

DLS was developed for static suspensions. Provided that orthogonal flow and observation axes are
adopted, flowing samples may, under some circumstances, be measured if the procedure is properly
validated (see Annex C).

Different modes of diffusion, particle-particle interaction, multiple scattering and fluorescence can
significantly influence the apparent particle diameter calculated from a DLS experiment. Annex B
should be consulted.
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Apparatus

A typical apparatus consists of the following components:

6.1

Laser, emitting coherent monochromatic light, polarized with its electric field component

perpendicular to the plane formed by the incident and detected rays (vertical polarization). Any kind of
lasers may be used, e.g. gas lasers (He-Ne laser, Ar-ion laser), solid-state lasers, diode-pumped solid-state
lasers and laser diodes.

6.2

Optics, lenses and equipment used to focus the incident laser light into a scattering volume and

toct coatin niic oaxra oft 4d o ot of +bha doto ot

t dr rad - licht O 2] £l n aftan 1ca ac o ackion cyctaa o d f l' ht_
(0] oS tattCTrCaTErcopttar ToTCoar C ot oSt t—asS—apar ¢ O ot attC oS y St o or lg

delivering optics.

The
the

cominonly used and are illustrated in Figures 1 a) and b).

1)*_ , 1) N5

Key

S U1 A W N

use of a coherent optical reference allows using interference between the scatter¢d light and
leference to measure the frequency shift of the scattered light. Two metheds of refgrencing are

/

3 4
a) Homodyne b) Heterodyne c) Cross-correlation
(= two simultaneous/homodyne
experiments)
laser
dample
detector
dorrelator or spectrufmanalyser
Bheam splitter
lens

Figure 1 — Typical optical arrangement for DLS

(

« 1€ 1. £3 daot £3 LAY B M 1 Ay e N . h
Serroeatmg aere o Trigutre—aj, te mixXing at the
optical detector of all of the collected scattered light provides the reference for frequency- or phase-
difference measurement.

i | dat 3 (o] £, d 4+
I1 uu1uuu_y IICT UTLCULIVUIL l_cllDU ICICITCU U ddS

In heterodyne detection [Figure 1 b)], the scattered light is mixed with a portion of the incident
light. The unshifted incident light provides the reference for the frequency- or phase-difference
measurement.

NOTE In DLS, “heterodyne” is understood as mixing of scattered light with unscattered light from the
same source. This convention differs from, for example, the use in optical interferometry.

In a cross-correlation setup [Figure 1 c)], two homodyne scattering measurements are performed
simultaneously in such away thatthe two scattering vectors and scattering volumes are the same, but
the corresponding wave vectors are not coincident. These two laser beams produce two correlated
fluctuation patterns. The correlation is not perfect, since on the one hand, both detectors collect

© IS0 2017 - All rights reserved 5
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light from the other scattering experiment, and on the other hand, multiply scattered light of the
incoming laser beams is totally uncorrelated. The two contributions of the multiply scattered light
to the detector signal, however, do not contribute to the time-dependent signal but to an enhanced
background.

6.3 Test sample holder, allowing fluctuations of the sample temperature to be controlled to
within 0,3 °C. While precise knowledge of the sample temperature is required for evaluation, it is not
necessary to regulate the temperature to any defined value.

6.4 Photodetector w1th an output that is proportlonally related to the 1nten51ty of the collected

scattered ligh
placed at an

6.5 Signa
and outputt
signal. This
logarithmic3

The resultiy
dependent f
probability
if the intens
intervals is
signal is co

In spectrunp analysis, the uncorrelated signal is akin to a DG or zero frequency term which i
e time-dependent component is analysed to determine the particle-size distribution yising

recorded. T
the theory d

Y% angle Data collectlon can be performed ina hnear or logarlthmlc manner.

processing unit, capable of taking the time-dependent scattered light imtensity s
ng the autocorrelation function, cross-correlation function or power spectrum of the
correlation can be performed by hardware and/or software correlators, operating lin
lly or in a mixed mode.

1g output from either mode contains a distribution of characteristic frequencies or {
hases representative of the particle size of the suspended particles. Photon detection
Histribution of photon arrival times, which means that a fluc¢ttating signal is obtained
ity of the incident light is constant. The intensity of the-photons arriving at varying
superimposed on this already fluctuating signal. In correlation analysis, the uncorre
hstant, whereas the signal associated with the diffusing particles decays exponent

f DLS.

6.6 Computation unit, capable of signal processing to obtain the particle size and/or particlg

distribution

Evaluat
determf

Evaluat
spectrul

Evaluat
multipld
(howev
method

6.7 Instru
mechanical

Some computation units also functioh-as the signal processing unit.

on via the autocorrelation function allows determination of a mean diameter wit
nation of the particle size distribution, but determination of the distribution is also pos

on via the frequency distribution determines the particle size distribution using the p
im of the signal.

on via photon €ross-correlation allows quantification/minimization of the effec

ean be

ignal
nput
barly,

ime-
has a
even
time
lated
ially.
not

size
hout
sible.
pwer

ts of

 scattering, thiis-extending the useful concentration range towards higher concentra
1, the effect‘efparticle-particle interaction cannot be eliminated). The disadvantage o
is that itrequires a more complex optical setup.

iment location, placed in a clean environment, free from excessive electrical noisg
vibpation and out of direct sunlight. If organic liquids are used as the suspension meg

E

ions
this

and
lium,

there shall be due regard to local health and safety requirements, and the area shall be well ventilated.
The instrument shall be placed on a rigid table or bench to avoid the necessity for frequent realignment
of the optical system.

WARNING — DLS instruments are equipped with a low- or medium-power laser whose radiation
can cause permanent eye damage. Never look into the direct path of the laser beam or its
reflections. Ensure highly reflecting surfaces are not in the path of the laser beam when the

laser is on.

Observe local regulations for laser radiation safety.
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7 Test sample preparation

7.1 General

Test samples should consist of well-dispersed particles in a liquid medium. Dispersion procedures like
sonication, filtration, etc. may influence the result and therefore have to be reported. The suspension
liquid shall

a)
b)
‘)
d)
e)

f)

Inad
diam

can

1 m§Y
micr

Watsd
wate

be sufficiently transparent (non-absorbing) and non-fluorescent at the laser wavelengt

be free of particulate contamination,

h,

ot dissolve, swell or coagulate the particulate material,
ave a known refractive index that is sufficiently different from that of the particulate

ave a known value of viscosity within *2 % over the operational range: of tempe}
sed, and

INOTE

certainty of n.

As )_(DLS is directly proportional to 1, the uncertainty of EDLS will always be la

:E
eet the guidelines of the instrument for low background scattering.

This can be checked by measuring the count rate for:the suspending medium alone 3

¢ount with no sample or solvent present. The formér’should be at least one order o

pquate suppression of the double layer can-have a significant influence on the hyj
eter. A medium with ionic strength high_enough to suppress the electric or diffuse
improve agreement between results obtained by DLS and electron microscopy. A cor
cm is usually sufficient to achieve this between the hydrodynamic diameter and that
bscopy techniques, especially for small particles.

r is often used as a suspension medium. The use of freshly deionised and filtered (pore
ris recommended. A trace-gfionic additive (e.g. NaCl at a concentration of 10 mmol/l =

be adlded to such samples tp-reduce the double-layer thickness. However, precaution has

that

with

7.2
The

parti

The

such ionic strength adjustment will not make sample unstable or that the additive dd
the sample (e.g. Clavith Ag ions).

Concentration limits

ower coficentration limit of the working range of DLS is determined, amongst other
cle sizé&,detector sensitivity, etc., by the number of particles that are present in the scatte

$cattered light intensity (e.g. expressed as count rate or Is) of the sample containing t

materials,

ature to be

ger than the

nd the dark
[ magnitude

lower than the sample, and the latter should be within the recommended range for the instrument.)

drodynamic
Houble layer
ductivity of
obtained by

size 0,2 um)
0,6 g/1) may
to be made
es not react

factors like
ring volume.

le dispersed

partictesshoutd ideatty be =10 times the sigmat obtained by the suspension medium ato
intensity ratios below 10, either caused by low particle mass fractions or by very broad particle size
distributions, will result in higher variation of results and poorer precision.

e. Scattered

The maximum concentration of dispersed particles that can be measured without the concentration
influencing the particle size reported is determined by particle-particle interaction and multiple
scattering. This concentration limit should be determined empirically by dilution (see Annex B).

7.3

Checks for concentration suitability

Different instruments adopt differing optical observation angles and optical arrangements. The
observations and checks given are for the general case, but the specific instrument operational advice
should also be considered.

© IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=6714c1825a9812e431fc2b75f0e1b837

IS0 22412:2017(E)

The following observations and checks are recommended.

a)

b)

d)

Visually inspect the dispersed sample prior to placing it into the instrument. At low concentrations,
the sample will look almost transparent. At higher concentrations, a milky or opaque appearance
is seen.

Ensure that the sample is placed in the instrument prior to performing the measurement, allowing
the sample to equalize its temperature. Check the count rate or signal level. The count rate or signal
level (I5) can be adjusted by changing an aperture in the receiver (which also changes the degree
of coherence of the detector), by adjusting the gain of the receiver or by adjusting the laser power
itself, either by adjusting the power applied to the light source (limited adjustment) or by employing

t Al idhaz L1t H £. ol el o 12 Lot 4 £ £ oLl dat 4
a neu r I uCllDlLy ITILCT TIT ITTUIIU UI LIIT llsll\, SUUITLU UL TITITUIIL UL LIIT UTLTULUL,.

For instfruments using correlation analysis in autocorrelation mode, conduct a measurement fising
appropriate correlator settings and examine the intercept value which should be above-the yalue
specified by the vendor of the instrument. A low value of intercept may result from.gither a pporly
aligned| optical system, multiple scattering or from very weakly scattering samples requiiring
the detgctor aperture be increased, resulting in a multiple coherence area detection. For larger
particlels, the measurement volume may need to be increased to accommodate)an adequate number
of partifles. This can also reduce the intercept value. A lower-than-expected intercept valuel may
also be faused by sample absorbance or fluorescence. All of these factors may reduce the intercept
value rdquiring further tests to establish the reason.

Measurgments performed at different concentrations should give the same results within [their
measurgment uncertainties. A decreasing particle size with dnereasing concentration indicates a
significant amount of multiple scattering, a change of viscosity of the suspension caused by diffgrent
viscositjes of diluent and original suspension and/or collective motion of particles. Measuremg¢nt at
different concentrations is also used to extrapolate the particle size to infinite dilution [see Clause
8, listitem k).

In many apy
fulfils the r
techniques,
larger parti
either incre
laser beam

obtained m4
d) can only |

All sample
should be re

8 Measu

lications, a volume fraction (¢) of dispersed particulate material in the range 10-5 to
bquirements for particle sizes belowabout 500 nm. For cross-correlation or backsd
higher concentrations can be achieved dependent on the sample. For polydisperse ar
Cles, it may not be possible to find a concentration that satisfies all requirements wit
asing the coherence apertufe of the receiver or increasing the diameter of the inc
n order to increase the measurement volume. If this is the case, then the intercept v
y not meet the criterion set out in c). For particle sizes above 1 pm, the requirements ¢
be fulfilled in exceptional cases.

breparation steps(suspension medium, particulate concentration, dispersion proce
corded. (Recemumendations for sample preparation are given in Annex D.)

rement procedure

Switch

10-4
atter
1d /or
hout
ident
hlues

and

lure)

b)

fhe.instrument on and allow it to up. Typically about 15 min to 30 min is requiired

to stabihze Sired
temperature.
NOTE1 Monitoring the temperature rather than controlling it is sufficient for many applications provided

a known value of viscosity is available for the reported monitored temperature.

A measurement cell filled only with suspension medium should be checked to ensure a low count
rate or signal level, without radical fluctuations, which could indicate particle contamination. A
high count rate or signal level might indicate cell flare or dirty cell walls. For instruments that
provide background subtraction, measure and store the background signal for the dispersion
medium being used.

Visually inspect the sample for the presence of optically visible particles, flocs, fibres and other
possible contaminants. If these are present, repeat the sample preparation.

© ISO 2017 - All rights reserved
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Transfer a required amount of sample to a suitable and clean measurement cell. The measurement
cell may be disposable (e.g. plastic) or re-usable (e.g. optical-quality glass or quartz). Compared
to disposable plastic cells, glass cells have as main advantage that there can be less refraction
when light scatters across the cell and thus the actual observation angle will be the same as
the geometrical angle between the detector and the incident light beam. The material of the
measurement cell must be chemically compatible with the dispersion medium and the particles.
Prior to sample loading, clean the cuvettes with filtered de-ionised water or solvent if non-aqueous
dispersions are measured. In case of residual impurities, a mild surfactant or soap solution,
specifically for optical cells, may be used. Rinse the cuvettes several times with filtered de-ionised
water in order to remove residual surfactant. Let the water drain away by inverting the cuvette.
Keep cleaned cuvettes capped until needed.

he pore size of the filter used for filtering the water or solvent should be approgriate to the
application. Ideally, a membrane with a pore size smaller than the smallest particle)to he measured
fhould be used.

Alternatively, disposable plastic cuvettes (e.g. PMMA, polystyrene) may bewused. The wglls of plastic
¢uvettes are easily scratched and do not provide the optical quality of glass or quartZ. Therefore,

disposable cuvettes should not be used with weak scattering samples,)and should be
by rinsing with suspending medium and/or use of a particle-free*air stream to remov
¢on the cell walls. Take care not to touch the cuvette windows with bare hands or to y
jurface with any potentially abrasive material (including optical paper or tissue).

lemperature equilibrium to be established. The temperature value should be know
than +0,5 °C with minimal fluctuation of the value during the measurement.

An alternative method for instruments withouta temperature sensor in the cell is
the room temperature and then set the instriiment to control the sample holder ten
ithin +0,3 °C of the room temperature. Samples can then equilibrate at room temp

¢quilibrated in a temperature-controtled bath whose temperature is controlled to +0
¢of the instrument sample holderdn:this case, dry the outside of the cell before insertiy
DLS instrument.

Incertainties in particle size determined in aqueous suspensions will be approximat
degree Celsius at ambient temperature if the test sample has not reached thermal equi

OTE 2
olume of a measuging cell holding a 1 ml of sample to thermally equilibrate.

Fnsure that ne-air bubbles are entrapped in the test sample for non-air bubble samples.
no bubbles.are attached to the walls of the cell.

rleaned only
e loose dust
Vipe cuvette

Place the test sample in the instrument or place the measurement probe into the sample. Allow

'n to better

to measure
perature to
erature and

be measured immediately after insertion in the sample holder. Alternatively, samples can be

3 °C of that
1g it into the

ely 2 % per
ibrium.

For a temperature change of 3 °C, it can take about 10 min for the liquid in the neasurement

Ensure that

easurement
emperature

particle concentration/dilution, wavelength of laser and scattering angle, as well as
concentration, if known.

Check the average scattered intensity of the sample.

ion medium,

the particle

For homodyne optical arrangements, it is preferred that the average scattering intensity be
controlled by adjusting the light output power, using neutral density filters, or by minimizing
the detector aperture, to maintain detection coherence, while adjusting the receiver sensitivity
within the limits specified by the manufacturer. The scattering signal from the test sample should
be 210 times the signal from the dispersing medium alone.

For heterodyne optical arrangements, the reference signal should be substantially greater than the
test sample scattering signal (a ratio reference signal:scattering signal of 10:1 should be aimed for).

© IS0 2017 - All rights reserved 9
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It is preferred that the reference signal can be blocked so that the scattering signal can be assessed
as being greater than the suspension signal alone.

h) Measurements should not be continued if the light signal intensity contains isolated bursts of high
count rates which may indicate contamination of the test sample.

i) Measurements should not be continued if the correlation function does not decline monotonically
or if the power spectrum is not of Lorentz type.

j)  Record the average particle diameter, xp ¢, and polydispersity index, PI, for each of the
measurements performed using the cumulants method.

k) If a systematic concentration dependence of the average particle size is observed, the results jof an
extrapollation to infinite dilution (or the results obtained at the lowest acceptable conéentrdtion)
shall be reported. The dilution shall be performed with particle-free suspensjony medium,
containjng the same concentration of salts, surfactants, pH, etc., in order to not alter‘the particle-
solutior] interactions.

Although the checks described here will minimize biasing effects due_ to)multiple scattdring,
particle| interactions may, in particular for particles below 100 nm (diameter) at volume fracfions
above 0|01, bias the estimation of the average diameter. Therefore, for urtknown dispersed systems,
it is recommended that measurements are performed on at least twe concentrations varying by a
factor of at least two.

1) Check 4t the end of the measurement that no significant sedimentation has occurred in thg test
sample,|either by visually checking for sediment or by inspecting the results of multiple, sequential
measurgments for trends. If sedimentation is found, thent should be decided whether it is $mall
enough|so that its effects on the precision of the measurement are acceptable or whethel the
sample |s unsuitable for DLS measurements.

9 Evaluation of results

9.1 General

DLS is a low resolution method that is not capable of resolving narrowly spaced peaks in the particle
size distribyition. The low resolution’also means that values away from mass-median-diameter) D5,
will have in¢reasingly large uncertainties.

The original signal obtainedhy DLS is scattered intensity weighted. Many instruments allow calculption
of volume off number-weighted results from the scattered intensity-weighted signal. For most methods,
this involvgs smoothifigof the scattered intensity-weighted particle size distribution, Qint, which
introduces fincertainties. A second issue affecting all methods is the highly nonlinear dependence of
the scattering intensity on the particle size. Therefore, transformation of scattered intensity-weighted
distributionfs t6‘'volume number distributions is not recommended and number distributions fron} DLS
are specifically’deprecated, especially for methods involving the smoothing of Qjpt.

A particle size distribution determined by DLS is based on different physical properties than one
determined by, for example, laser diffraction (diffraction of light) or microscopy (transmission of
electrons), and therefore they can be different.

Note that, for a given size distribution, the distribution C(I") of decay rates or characteristic frequencies
is dependent on laser wavelength and state of polarization and on the scattering angle 6. Hence, xpLs
and PI are of a given sample depending on those quantities.

Different algorithms exist for the evaluation of results. These algorithms will, for the same sample,
often give different results. Reporting of the algorithm and any internal settings or choices, together
with the results, is therefore crucial. This clause summarizes those algorithms that are sufficiently
standardized today. More information on the theoretical background is given in Annex A and a very
brief overview is found in Reference [7].
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9.2 Correlation analysis

9.2.1 Cumulants method

The cumulants analysis compresses the entire multi-exponential decay distribution into the exponent
and then expands the exponent into a polynomial expression. Two parameters describing particle size

distributions, i.e. the average particle diameter )_(DLS and the polydispersity index PI, are determined
by a variant of the so-called “cumulants method”[4].

Obtaining )?DLS and PI from the correlation function using the cumulants method can be accomplished

by a

Newton method or the Levenberg-Marquadt method. )_(DLS and PI can also be obtained by 3

res fit to the logarithm of the correlation function with proper statistical weighting f
, since the operation of taking the logarithm of the data affects the weighting of the
lata points now are not equally significant, although the error associated with counti
not be significantly different between correlator channels. The average value and pg
ned from the cumulants method are scattering intensity weighted,

squal
poin{
The
may
obta

9.2.2 Distribution calculation algorithms

In th
solut
outp
can k

ese algorithms, the distribution of diffusion coefficients or a particle suspension @
ion is calculated by applying a multi-exponential fitting algorithm to the correlation f
it of these algorithms is a particle size distribution from which, if needed, an average
e determined.

9.2.2.1 Regularized non-negative least squares‘(NNLS)

The 1
algel
pring

non-negative least squares (NNLS) algorithm fits the exponential decay of the correlat]
raically. There are a variety of parameters that can be altered in an NNLS algorithm,
ipal ones are the “weighting schenie™ and the “alpha parameter” or “regularizer.” Daf
ed in DLS algorithms to amplify)subtle changes in the larger and more significant
ficients over noise in the baseline. In the absence of data weighting, noise in the baselin
ppearance of artefact peaks:and erroneous data interpretation.

the

The regularizer or alpha parameter in NNLS-based dynamic light scattering algorithms
acceptable degree of “spikiness” in the resultant distribution. Deconvolution of the DU
corr¢lation function dshaccomplished using an inverse Laplace transform that is ultimat
to a linear combination of eigenfunctions. The caveat to this approach is that when the
are gmall, a very’small amount of noise can make the number of possible solutions extr
hencp the labelling of the DLS method as an ill-posed problem. In order to overcome thg
stabillizing texm, in the form of the “first derivative” of the distribution solution, is added
eigenjfunctions.

honlinear least-squares fitting of the correlation function by using the gradient method, the Gauss-

linear least

br each data
data points.
ng statistics
lydispersity

r molecular
inction. The
particle size

ion function
but the two
a weighting
correlation
b can lead to

controls the
S-measured
ely reduced
eigenvalues
emely large,
e problem, a
to the set of

The lalpha ultip 0 abiliz : d
placed upon the derivative of the solution. Large alpha values (0,1) limit the spikiness of

le emphasis
the solution,

leading to smooth distributions. Small alpha values (0,000 01) decrease the weighting or importance
of the derivative, subsequently generating more spiky distributions. Therefore, the alpha parameter
can be loosely described as an estimate of the expected level of noise in the measured correlation
function. There is no ideal or best alpha parameter — the appropriate value depends on the sample
being analysed. For mixtures of narrow mode (low polydispersity) and strongly scattering particles,
decreasing the alpha parameter can sometimes enhance the resolution in the scattered intensity
particle size distribution.

9.2.2.2 CONTIN

The CONTIN algorithml(8I[9l[10] uses a constrained regularized NNLS method combined with
eigenfunction analysis to generate a smoothed solution and to reduce the number of degrees of freedom.
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The algorithm generates several solutions, of which the least tailed distribution consistent with the
data are selected. It can resolve decay rates as long as they differ by at least a factor of 2.

Prior knowledge of the expected distribution is needed, as users need to specify a number of constraints,
e.g. the expected distribution range and the number of data points. The regularization parameters
themselves can be automatically chosen based on an F-test and confidence levels.

9.2.2.3 Histogram method

The histogram method is an iterative method in which an initial I'(I" = D,.q?) is repeatedly processed to
give a final answer. In the analysis program, the initial I" is a histogram with all the steps being of equal

height. The

The histogr
data becom
Imax signall
terminates

obtained by

9.2.24 Of

There are 4
positive exf
analysis. In
“regularizer
order to opt]

higorithm 1s repeated to change the histogram to it the raw datallll.

hm approach has the advantage that the number of steps M is a variable. Thus{whe
e less precise, the M can reduce correspondingly. Initial values for G(T}) angd, for I'mij
ing the start and stop of the range of the histogram are immaterial. The fitting procq
when the limits of error are within the statistical error of measured _data. Distribu
this method tend to be broad and have connected peaks.

her algorithms

) number of other algorithms and programs which inclide L-Curvell2][13] regula
onential sum(14] and others under various names[15][16 \which are also based on |
general, the difference between these algorithms is the optimization of variables (e.g
” or alpha parameter and the weighting scheme implemented) within the NNLS analy
imize it for a given set of instrument and sample cenditions.

9.3 Frequency analysis

In frequenc
permitting
Fast Fourier

The basis fo
a number of
For exampld
channels ar
channels ar
metrics can

Step 1:
defined
to logar

Step 2: 4
afirsta

approxi

I analysis, the signal from the detectords sampled at regular intervals and at a freqy
he analysis of the highest frequency.required. The sampled values are then subject
Transformation (FFT) to yield a frequency power spectrum.

predefined size and frequency channels to obtain the complete particle size distriby
, a size range of 1 nm to 6500 nm requires a 16K linear power spectrum. The 16K 1
b then converted inte~80 channels with channel width in a logarithmic progression
e defined in the same progression. From this distribution, mean diameters, PI and
be calculated:

Size channels=1-N are defined in a logarithmic progression. Frequency channels 1-]
in the samé&logarithmic progression and the measured linear power spectrum is convg
ithmicehannels.

\ response is calculated for each of the N frequency channels using Formula (A.25) yie

h the
and
dure
tions

rized
NNLS
1. the
5is in

ency
bd to

" the calculation is the iterative fitting of the experimentally obtained power spectrum fising

tion.
near

Size
bther

N are
brted

lding

Zrrrrrorcro oot L=y

nrovimation afthe narticlo cizo dictrihutiaon PSS
Po Epatrtrere oA e St ouat oo

mate PSD is made.

Step 3: The calculated response and the measured response are compared and a correction to the

Steps 1 to 3 are repeated until the error between the calculated response and the measured response is
minimized, yielding the best fit PSD. Typically, 80 size channels are used between 1 nm and 6 500 nm.
The iterative deconvolution results in a full PSD in compliance with I1SO 9276 (all parts) with all size
channels having equal scattered intensity weighting.

12 © IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=6714c1825a9812e431fc2b75f0e1b837

IS0 22412:2017(E)

10 System qualification and quality control

10.1 System qualification

Since particle size determination by DLS is an absolute method based upon first principles, calibration
of the particle size scale with a particle size calibrant is not necessary. To ensure Sl-traceable results,
a number of the instrument or test parameters should be measured with traceably calibrated tools
(such as test temperature by the user, or laser wavelength and scattering angle by the manufacturer
during production of the instrument). In addition, verification of the instrument’s performance should
be performed with suspensions of particles of certified size after installation of the instrument and at

time

Instriument performance can be qualified using a suspension of particles of certified size a
instdllation of the instrument and at regular time intervals thereafter.

Failure of the qualification indicates a problem with this particle suspension, the preparatidg
samy

Certified reference materials with values assigned for DLS using the same_ evaluation algon]
ed. Ideally, the chemistry and morphology of the particles should match the test samples as closely
as passible.

be u{

Alteynatively, certified suspensions of polystyrene latex with\narrow size distribution s
CV (¥ standard deviation/average diameter) with average particle diameter as measure
electfron microscopy can be used.

To aj
tolerpnce for the measurement uncertainty and expanded with a factor of 2 to obtain 4
unceftainty. The absolute difference between the)certified value and the average of 5 res
smaller than this combined uncertainty.

For quspensions of particles of about 100am diameter, tolerance for the measurement uy
1,5 %, the standard deviation of 5 repeats shall be better than 2 %; the PI shall be smaller

intervals thereafter orin case of doubt

le or the instrument.

sess potential bias, the uncertainty for the mean-value of the CRM should be comkh

fter the first

n of the test

ithm should

uch as 5 %
d by DLS or

ined with a
n expanded
ults shall be

icertainty is
than 0,1.

uncertainty;
hrd deviation
factor stated

asured value

he expanded

EXANPLE A polystyrene latex GRM with a certified mean value of 102 nm * 3 nm (expanded
k = 2) was measured five times. The-average of these five measurements was 105,9 nm, the stand
was 1,4 nm. The check for acceptable bias and precision is performed as follows[26]:
1) Convert the expanded.uncertainty of the CRM into a standard uncertainty by division by the k
n the certificate: y¢rm=3 nm/2 =1,5 nm.
2) (Calculate the telerance for the measurement uncertainty for the measured average. As the me
ils close to 100.Am, a tolerance of 1,5 % is used: Umeas = 1,5 % x 105,9 nm = 1,6 nm.
3) (Combine-theé results of steps 1 and 2 quadratically and expand with a k-factor of 2 to obtain {
uncertairity U:
[ 2 2 ) 2
U=Z\UCRM TUmeas =2 V1,5 ¥1,67 =4,4Tm
4) The absolute difference between the measured average and the certified value is 1059 nm - 102 nm = 3,9 nm.
As this difference is smaller than U, the measurement fulfils the test for bias.
5) The relative standard deviation of the 5 measurements is 1,3 %, hence smaller than the required 2 %.

10.2 Quality control of measurement results

10.2.1 A valid measurement result should fulfil the following conditions:

a) particle size distribution independent of the delay time range, as long as the smallest range covers

the set of decay times;
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no peaks at the extremes of the chosen size range;

plausible and consistent with the physical and chemical properties of the particles;

e when compared with other sizing techniques.

peak positions of the particle size distribution independent of the chosen range of particle sizes;

10.2.2 For measurements based on autocorrelation analysis, the maximal value of the intercept of the
correlation function can be determined as follows.

If neces

a)
b) Determ
100 nm

If B depend{

10.3 Meth

The achieval
results obt4
obtained for

Repeat
repeata

NOTE
between

Repro
laborat

Trueng
evaluat
evaluat
contribt

The measurn
and reprody

11 Testr

The test report shall contain at least the following information [points k) to r) are taken
ISO/IEC 17025}

Sary and ifpnccih]n’ select g rn"nr‘fing npnrhn‘n forwhich a value of Rm - isavailable

x

ne the intercept B (see Annex A) with suspensions of polystyrene latex (diameter g
with at least two different concentrations meeting requirements 7.3 c) and d);

on particle concentration in a systematic way, extrapolate the results to infinite dilut

pd precision and measurement uncertainty

ble precision depends on the nature of the sample and the evaluation algorithm. In ger
ined for homogeneous, monodisperse samples will exhibjt less variability than re
very polydisperse samples.

hbility: For monodisperse materials with diameters between 50 nm and 200 nm, rel
pility standard deviations of §DLS should be below 2.%.

Even within one laboratory, there can be additionalvariations between runs, between oper
instruments, between locations, etc.

ucibility: For monodisperse materials with'diameters between 50 nm and 200 nm, bety
ry standard deviation of 5 % is achieyable.

ss: Results obtained by DLS depends on many factors, including the scattering angle

on setup used. For monodisperse samples of spherical particles, lower limits of the trug
ition to the measurementuncertainty can be estimated (see Reference [17]).

ement uncertainty of each result should include at least contributions from repeata
cibility.

port

bout

on.

leral,
sults

ative

htors,

yeen-

and

on algorithm, so results on polydisperse materials are specific to the instrumentation and

tNess

hility

from

particle size, x and Its uncertainty;

DLS’
ation of the polydispersity of the sample (for example, the polydispersity index);

the number of individual measurements upon which reported average values are based;

or the value obtained at the lowest concentration;

shape and homogeneity;

are relevant to the validity or application of the results;

a) average
b) anindic
c)
d)

dilution
e)

particle
f)
14

if the mean values of )?DLS and PI are concentration dependent, their values extrapolated to infinite

all the information required for the complete identification of the sample, including details of

reference to the sampling plan and procedures used by the laboratory or other bodies where these
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the evaluation algorithm used, together with reference to this document if the algorithm is within
the scope of this document. Also stated should be the type of mean (arithmetic, geometric or
harmonic mean, median and modal value), the type of scale (linear or logarithmic) and the particle

size range covered;

the suspension conditions:

— dispersing liquid and its filtering procedure (if applicable),
— concentration of particulate material (if known),

— dispersing agents and their concentration,

1+ dispersing procedure, including sonication conditions: time, frequency and appli
applicable), and

1+ viscosity and refractive index of the suspension liquid;

the measurement conditions:

— actual concentrations investigated, if known,
+ duration of measurement, and
1+ temperature of the sample;

4ll operating details not specified in this document, oryregarded as optional, together
f experimental conditions that may have influenced the result(s);

3 title (e.g. “Test Report”);
Iifferent from the address of the laboratory;

¢ach page in order to ensure that/the page is recognized as a part of the test report
identification of the end of the test report;

the name and address ofthe’customer;

4 description of, the-cendition of, and unambiguous identification of the item(s) tested;

fesults, and thedate(s) of performance of the test;

the namé(s), function(s) and signature(s) or equivalent identification of person(s) aut
tlest repert;

bd power (if

with details

the name and address of the laboratory~and the location where the tests were cafried out, if

nique identification of the test.report (such as the serial number), and an identification on

and a clear

the date of receipt of the test item(s) where this is critical to the validity and applidation of the

horizing the

yhere relevant, a statement to the effect that the results relate only to the items tested of calibrated;

all relevant evaluation and measurement parameters — these, however, do not have to be added to

the test report.
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Annex A
(informative)

Theoretical background

A.1 Correlation function analysis

A.1.1 Aut

In a typical |
coherent so
particles is

particles ar
time. There

pcorrelation and cross-correlation

DLS experiment, the investigated suspension is illuminated by a narrow monochromati
irce, i.e. a laser beam with one single wavelength, Ag. The light scattered by‘the disp4
foherently detected at an angle 8 with respect to the incident radiation,Since the dispq
b in continuous Brownian motion, the observed scattered intensity 4{t) ‘Will fluctuate
fore, an analysis as a function of time of these intensity fluctuatiohs-provides inform

on the motipn of the dispersed particles. In correlation analysis, the time analysis is carried out w

correlator w
given in For

G(Z)(”L')

This correl
t at which t
It) - I(t+ 1)

2

G“(1)/A (dimensionless)

thich constructs the time autocorrelation function G(2)(t) of thé-scattered light intensi

mula (A.1):
= (1(t)- 1(t + 7))

ion function depends only on the time differen¢er and is independent of the arbitrary
e evaluation of G(2)(7) is started. The symboli..) refers to an average value of the prq
or various times t. In Figure A.1, an example“of autocorrelation functions is shown.

°1

600 nm

60 nm

B1m

c and
rrsed
ersed
with
htion
ith a
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(A1)

time
duct

normalized autocorrelation function

Key
A
G(2)(1)

T

D
=
<
<P
N
<P
<P
Op
<P
<P
<P 4
<

baseline
autocorrelation function, arbitrary units
correlation time, in microseconds

Figure A.1 — Autocorrelation functions (normalized)

In cross-correlation, two monochromatic and coherent laser light beams are focused in a test sample.
The two light beams cross each other within the test sample. The overlap of the two laser beams forms
the measurement volume. Light scattered by the particles is detected under the scattering angle by two

16
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detectors. Thus, two independent scattering measurements are performed at the same measurement
volume. This reduces the effect of multiple scattering on the measurement result.

There are several cross-correlation arrangements possible, e.g. using different scattering angles, using
lasers of different wavelengths, etc. These can be evaluated in the same way as long as the scattering
vector is the same. Measured cross-correlation function looks like the autocorrelation function shown

in Figure A.1.

For a large number of monodisperse particles in Brownian motion in the measuring volume V, G(2)(t) is
essentially an exponential decaying function of the time difference 7, as given in Formula (A.2):

G(zwu) —Att=Bexp(=2F1 (A.2)
whefe
A is, in principle, a time-independent constant proportional to the square of the titne-averaged
scattered intensity (/), called “baseline” in this document;
B can be considered as an instrument factor with B < 1. (In this dgcument, it is designated as the

intercept of the correlation function.)

The [decay rate, [, is linked to the translational diffusion coefficient Dt of homogeneotis spherical
particles undergoing Brownian motion as given in Formula (A.8Y:

I = D;q* (A.3)

whefe g is the modulus of the scattering vector, as.given in Formula (A.4):

(Y

= 41_7::1 sin (9/2) (A4)

The §cattering vector q is defined ds the vector difference between the incident and scaftered wave

vectors l;i and I;S respectively:\g = kg — l;i. The modulus of both I;i and IQS are equal to 2mn/Ay,

wheie n represents the real part of the refractive index of the suspension liquid.

Note|that with DLS, the diffusion coefficient D is determined and not the particle size. The latter quantity
can ¢nly be determined-by relating the diffusion coefficient to the particle size. For nontinteracting,
spherically shaped¢particles dispersed in a medium with viscosity 7, the diffusion coefficient Dt is
relatpd to the partiele diameter x by the Stokes-Einstein equation, as given in Formula (A.5]):

b, = & (A.5)
3nanx

h I—s 4] nole . 4 Jq 7 4] 1 1.4 4 .
whereRrtstire bortZznmanrconstantana 17 1S tire apsorite LCIIPTrdturc.

The conditions imposed by this document on particle concentrations ensure that biasing effects of
particle number fluctuations in the measuring volume, multiple scattering and particle interactions
on particle size are avoided or at least minimized. In order to minimize bias by particle number
fluctuations, this document requires that at least 1 000 particles are present in the measuring volume.

The criterion for the minimum of 1 000 particles relates to monodisperse materials only. For
polydisperse samples, a much larger number of particles smaller than xp;,s may need to be present in
the measuring volume.

Although the use of previous equations is, in principle, limited to homogeneous spherical particles,
measurements on non-spherical and non-homogeneous particles, where both translational and
rotational diffusion processes are present, can be made and analysed by these formulae. In this case,
Formulae (A.1) to (A.3) and Formula (A.14) define an apparent and equivalent spherical radius.
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tical cases of polydisperse samples, Formula (A.2) is written as Formula (A.6):
2

AL+ BlgWe)| )

(A.6)

where the modulus of the field autocorrelation function g(1)(zr) is now related to the normalized

distribution

aM (z)

function of decay rates C(I') as given in Formula (A.7):

fOOOC<F)eXp<—FT)dF

(A7)

with Formu

Jy

In Formula
decay rates

A

Several kind

1) polydisj
isotropi
2) polydis}
but are
3) non-hoj
particle]
4) all poss
In the applig

In this docu

a (A.8):

C)dr =1

(A.8), C(I")d(I') is proportional to the fraction of the intensity scattered by particles
in the range I'and I" + dI"

s of polydispersities may cause a distribution in decay rates:

bersity in size, i.e. all particles have the same shape and-Cdmposition, e.g. homogen
c spheres, whereby only the linear dimensions of the individual particles differ;

persity in shape, i.e. the particles differ in shape, e.gsmixtures of spheres, discs and
equal in volume and composition;

hogeneous and anisotropic materials, i.e. the material is distributed differently
to particle, e.g. mixtures of homogeneous spheres with layered spheres;

ble combinations of the previous kinds of polydispersity.
ation of particle sizing by DLS, only:the first kind of polydispersity is assumed.
ment, the distribution of decay rates is characterized by two parameters:

age decay rate (I') defined.in Formula (A.9):

PO

re(rar

sionless polydispersity index PI, i.e. a measure of the broadness of the distribution, de

in Formjula (A.10):

(A.8)

with

eous

rods,

from

(A9)

fined

a) the avet

r=J.

0

b) adimen
18
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_Ha
)
r

Pl

where up is computed in Formula (A.11):

w, = fooo(r —F)z c(r)dr

(A.10)

(A.11)

Note that for a Gaussian distribution of decay rates with mean decay rate I" and standard deviation o,

i.e. F

rmula (A.12):

the H

Since

(A.5)

Sinc

with
isah

Note|

also
ord

Note
polai

give

is no

—\2
r-7)
exp|—

(7) ;

oV2[ 20

lisrelated to I and o as given in Formula (A.13):

0_2

—2 —2
r 2r
the Stokes-Einstein diameter is inversely proportionalito the decay rate [see Formul

|, Formula (A.9) is also used to define the average DLS diameter )?DLS in this documen

= el o]l

in Formula (A.14), C[I'(x)]d(1/x) represents the fraction of the intensity scattered
a diameter in the range x and x + dx, the average DLS diameter )?DLS defined through Fo]

pr ot

1

1

X

1
—C
0 X

¢

armonic scattered intensity-averaged diameter.

that this average diameter.js‘in general different and larger than a weight-averaged d

iffraction.

also that, for a-given size distribution, C(I") is dependent on laser wavelength ¢
ization and on the scattering angle 6 [see Formulae (A.3) and (A.4)]. Hence, )?DLS and

1 sample dépendent on those factors. For distributions with particle diameters below :
significant dependence of ?DLS and PI on laser wavelength (and on scattering angle).

(A12)

(A.13)

he (A.3) and
[:

(A.14)

by particles
rmula (A.14)

ameter. [t is

lifferent from the average-diameters determined by, for example, (low-angle) laser light scattering

nd state of
PI are for a

0 nm, there
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A.1.2 Cumulants analysis

In the cumulants method, the factor exp(-I't) in Formula (A.7) is expanded around exp(- I 7), yielding
a polynomial in delay time. Truncating this polynomial at the second-order term, Formula (A.6) can be
approximated by Formula (A.15):

GE(1) =~

A[1 + Bexp(-2 T T + upt2)]

(A.15)

This formula is the basis of the determination of the average decay rate I", uz and hence of the average

diameter x s ard pulydiapc1 sity tirdexPHHrordertoobtaimratinear regressiom,tor e A 5) is
transformed as shown in Formula (A.16):
1 1 - Hy o
y(t z—ln[G T —A}g—ln AB - Tt +224¢ (A.16)
(c) =6, (7) - 4] =
or in Formula (A.17)
| 20 _
y(rj)— Ay —ay7; +0a,7; (j=1,2,3..m) (A.17)

where j is th

The baselin{

time duratid
is recomme
retained. Hd
times the sni

The range
[G2(r1) - A
values of [G]
further anal

—_

Finally, the i

The paramse

y(t)) to Formula (A.15) whergby-the following function is minimized in Formula (A.18):

s(ao, aj

In Formula

e number of the delay channel of the correlator.

e for point A can be determined in two ways: by the total number of photon counts in a

n of the considered experiment or from an estimdte of G2(t) for delay times 7 > > 25/
hded that both estimates of the baseline A are determined and that the largest of bg
wever, for relative differences between the two estimates of the baseline larger than
nallest value, measurement shall be discarded for further analysis.

pf values to be retained for y; = y(z;) shall correspond to a range in [G2(7)) - |
> [G2(t)) - A] > {[G2(T1) - A]/100} wibh at least one value smaller than {[G2(71) - A]/5(
(7j) — A] in this range must be psitive; otherwise, the measurement shall be discarde
ysis.

number m of values of yjin.the acceptable range shall be at least 20.

ters ap, a1 and ay are determined by least-squares fitting of the experimental estimat

2 2

m
31

A.18)y the normalized weighting factor wj accounts for the nonlinear transformation ¢

raw data Gy

E)tal

I . It
th is
10-3

A] of
1. All
d for

es of

\.18)

f the

into the values for y()).

The average

X

DLS —

where

20

particle diameter )_(DLS is calculated from a1 by Formula (A.19):

2
1 kT |4mn sin (0 / 2)
A

a, 3nn 0

(A.19)
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k is the Boltzmann constant;

T is the absolute temperature;

n is the viscosity of the suspension medium;

n is the refractive index of the suspension medium;

0 is the scattering angle;

Ao  isthe laser wavelength in vacuo.
The polydispersity index Pl is related to ap and aq by Formula (A.20):

Rl = 2a2/ a? (A.20)
The actual value of the intercept B is computed from ag and A by Formula (A-21):

B = [exp(2ap)]/A (A.21)
and 1s to be compared to the maximum value obtainable in the/given experimental condjtions, Bpax-

Auto

to Fdrmula (A.22):

N

whet

R
1

can i
shou

purp

A2

correlation measurements for which the ratio B/Bmax < 0,8 shall be discarded. The vaf

(m - 4)

is the target function of the fittingcalculated by Formula (A.18);

N is the number of measurements.

e used as a criterion for the goodness of the fit. For spherical, monodisperse particles,
Id be 20,8. No general rule ean be given for other particles, for which the variance sho
ose.

Frequency analysis

Int

processed usingthe digital Fast Fourier Transform (FFT) technique. The FFT calculates th
powe¢r spectrtum of the fluctuations detected by the photodetector. For a monodisps

the

Refefence [18], 5.4):

frequency.analysis mode, the output of the photodetector collecting the scattered

rms;-of the power spectrum, P(w), are given by Formula (A.23) for heterodyne de

iance, equal

(A.22)

he variance
h1d be fit for

light is first
e frequency
rse system,
tection (see

2m
_ 0
P(w) = I (I) - .
o® +(wy)

where

IR is the intensity of the reference beam;

Is is the scattered intensity;

wq isthe characteristic frequency;

W is the angular frequency.
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In the homodyne mode, the amplitude of the power spectrum is proportional to the square of the
scattered intensity, (Is)2, which is proportional to the sample concentration. In this mode, it is assumed
that no unscattered primary beam is mixed with the scattered light. It is assumed that the condition
Ip < < (Is) at the detector is met. This ensures that the mode is purely homodyne with no mixture of
heterodyne and no flare. It also assumes a noiseless detector and no flare or scattering from the test
cell or optics.

In the heterodyne mode, a reference component of the laser input is mixed with the collected scattered
light. The power spectrum in the heterodyne mode will always have a component of the homodyne
mode. In order to treat the power spectrum as pure heterodyne, the homodyne component has to be
arranged to be very small compared with the heterodyne component. This can be met if Iy > > (I5). At

high concen
of the mode
mode and 2

The characty
T, the laser ¥

Tations, and thus high (Is), be careful to ensure that /o > > (Is) at the detector 1s met, M
s combines power spectra with different characteristic frequencies, wg, in the hetero
wo in the homodyne mode.

eristic frequency, wy, is inversely proportional to the particle diameter x, the'temper
vavelength A, the scattering angle 6 and the viscosity of the medium n and represent

ixing
dyne

hiture
s the

\.24)

yerse

f

half power point of the spectrum as shown in Formula (A.24).
1|16xkT
0, = oKL 2 (6/2) (
X 31211

Figure A.2 plots the power spectrum for different particle sizes in the heterodyne mode. The iny
relationship of the characteristic frequency with particle size is evident.

A A

1 6 nm

0,8}

0,6 |t

0,4 | 60 nn

0,2}

600 n1m
0 l Oeasvse : YYYYYYYY ‘_d
0 1000 2000 3000 4000 5000
Key
A amplitude, arbitrary units
f  frequency, in Hz
Figure A.2 — Power spectra for different particle sizes in the heterodyne mode
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The measured response vector r is the product of a Lorentzian matrix L with a vector consisting of the
volume-weighted particle size distribution v, [Formula (A.25)]. To a distribution of particle sizes is a
weighted sum of individual particle size responses.

F=L-v (A.25)

Inversion of Formula (A.25) to determine the particle size distribution, v, is difficult due to the ill-
conditioned Lorentzian form of the power spectrum.

For a polydisperse system, the normalized power spectra are related to the distribution of characteristic

frequerctesforheterody e detection by FormmutatAZ6 {see Reference 63—

Za)O

Plo)do =1y (1) do (A.26)

Transforming the frequency coordinates from a linear to a logarithmic basis/[[Eormulae (A{27), (A.28)]

results in Formula (A.29).

o® + a,*

¥=In(w) (A.27)
Xo =In(w,) (A.28)
Plx)dx = 1o (1) ! dx (A.29)

e(x—xo) 4 e—(x—xo)

In logarithmic coordinates, the response matrix»is shift invariant. The single particle rejsponses are
equiyalent and only shift along the log frequeney axis. For particle size distributions, each lag frequency
channel will have differing amplitudes depetiding on the contribution to the power frequenty spectrum
by ti‘e size fractions present, complete with the effects of scattered intensity weighting prgportional to
the 6th power of the particle radius andnoise. Figure A.3 shows the response functions for three particle
sizeg. The functions peak at the log of the characteristic frequency, wo. The matrix Forjmula (A.25)
becomes a convolution with R, the'response function as in Formula (A.30).

LOGARITHMIC POWER SPECTRUM

1
/\ 60 nm
0,8 hm \ {

T 600

s —7 /
0,4 J \
b

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77
LOGARITHMIC FREQUENCY CHANNELS

AMPLITUDE

Figure A.3 — Power spectrum logarithmic coordinates
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r, = ZR(xm — xn)v(xn> (A.30)

The inversion of the logarithmic coordinate frequency power spectrum [Formula (A.30)] is greatly
simplified over the inversion of Formula (A.25) and can be accomplished with linear iteration
techniques[19].
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Annex B
(informative)

Guidance on potential measurement artefacts and on ways to

minimize their influence

B.1

Variq
mini

B.2

B.2.

For 4
will
meay
scatt]
meay
is ng
maxi

General

us factors can influence a DLS result. This annex summarizes a number of influences
mize their effects to obtain valid results.

Measurements of high-concentration suspensions

| General

n unknown sample, it is not possible to predict at what coneentration the limitations
begin to affect the apparent size of the particles. Thereéfore, it is advised to perforn
urements at concentrations over several orders of magnitude. At higher concentratid
ering, particle-particle interaction and other effects\(e.g. non-spherical geometry) m
urement result. In this case, extrapolation of the@dpparent measured size to zero cd
cessary in order to obtain an unbiased particle size. Quality procedures should de
mum concentration allowed for measurement of a specific material-dispersant combi

mea

S
be anpalysed with a given instrument. Keep'in mind that by diluting a sample, the parti
chanjge because of changes in the chemistry of the sample or the extent of the electrical ¢
bver, the apparent particle size computed with the Stokes-Einstein formula for a fixed finite particle

How
conc
samg

In on
perfq
obse

B.2.]

DLS
from|

that a validation procedure has to be executed for measurement of a given type

entration can be used for quality-Control purposes even though this apparent size ma
as that measured by diluting:the sample to a proper concentration.

rm measurements dat\several concentrations and, if a systematic concentration de
Fved, to extrapolatethe obtained results to infinite dilution.

D

Multiple-seattering

inalysis.assumes that only single scattered light is collected. At high concentrations, lig
one particle may be scattered again from another particle before it reaches the dg¢

mea

Particl€s appear to move faster, and hence, a smaller diameter is deduced.

s_that additional phase factors add and broaden the spectrum of light intensity f

and ways to

noted above
h a series of
ns, multiple
hy affect the
ncentration
termine the
nation. This
bf sample to
'le size may
louble layer.

y not be the

der to avoid biasing effects of particle interaction and multiple scattering, it is recojnmended to

pendence is

ht scattered
tector. This
luctuations.

Several strategies are used to minimize the effect of multiple scattering.

One technique utilizes an optical system which minimizes the optical path in and out of the test sample.
There are a number of means of accomplishing a minimum optical path in the test sample, including
the use of backscatter optics. Backscatter optics allow a short pathlength to be designed. Even if the
test sample is optically opaque for long pathlengths, multiple scattering over short pathlengths may be
negligible.

Another way is to use the cross-correlation method, as, in principle, this eliminates the contributions
from multiple scattering. In practice, multiple scattering effects are minimized, not eliminated. The
upper concentration limit for dispersed material is reached when single-scattered light can no longer be
observed. Similar to the backscatter optics, higher concentrations can be achieved by reducing optical
pathlengths.
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B.2.3 Particle-particle interactions

The formulae for converting the diffusion coefficient into a hydrodynamic diameter assume that the
movement of each particle is not influenced by the movement of other particles. At low concentrations,
this condition is usually met, but at higher concentrations, the particle diameter as determined by DLS
will differ from the correct particle size. Indications of a significant particle-particle interaction include
larger polydispersity, appearance of multiple modes and a larger apparent diameter.

For concentrated samples, DLS probes the diffusion of an ensemble of many particles rather than
measuring a single particle diffusion coefficient. Depending on the particle size, concentration,
scattering angle and laser wavelength, two different diffusion coefficients can be distinguished. The
ratio of the gverage imter-particte distance, 1, to the inverse of the modutus of the scattering vectgr g1
will determ]ne which of the following situations occurs (see Figure B.1).

If -1 < h/27, self-diffusion of single particles in the presence of many others is observed by DLS.
If g-1 > h/ 2, the collective diffusion of an ensemble of particles is observed.
q(il)
g
C O o0 — 1
Q
00 £p°
- (-1) —_—
q 2

Key
1  self-diffysion
2 collective diffusion

| — Effect of the ratio of mean inter-particle distance and inverse scattering vector

modulus on diffusion

Figure B.

Both modes|can be described by a different-diffusion coefficient, namely that of self-diffusion, Dg, and that

of collective

Therefore,

concentrati
between pa
self-diffusio|

As a result,

diffusion, D.. Both diffusien/coefficients are concentration dependent, but in different w

ht low concentrations, "the self-diffusion of particles is observed. When the pa
n is increased aund/or for relatively larger particles, the mean inter-particle sp
'ticle centres becomes smaller than the scattering vector, and collective diffusion inst¢
I of particles/isobserved.

the appdrent particle size computed with the Stokes-Einstein equation from the meag

ays.
"ticle

hcing
ad of

ured

diffusion copfficient can change with particle concentration.

Note that thé-gbove discussion, and in particular the Stokes-Einstein equation for the translatjonal
diffusion coefficient, holds only for spherical particles. For a non-spherical particle, the measured
diffusion coefficient is a superposition of translational and rotational diffusion coefficients.

Finally, inter-particle interactions have an important influence on the measured particle diffusion.
There are several types of interactions, ranging from purely hydrodynamic hindering, to electrostatic
repulsions caused by the existence of a surface potential of the particles, to van der Waals attraction.
They can also all occur simultaneously. Due to the presence of particle interactions, the measured
diffusion coefficients are no longer individual particle properties, but properties of the whole particle
suspension.

Measuring the sample at different dilutions can also demonstrate presence or absence of multiple light
scattering.
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The onset of the effects of particle-particle interaction is system-specific: long-range interactions can
introduce significant effects at low concentrations, whereas in rare cases, particles diffuse unhindered
at higher concentrations. However, for each particle/fluid system, there is a limit where particle-
particle interactions become significant and dilution is required for the determination of the correct
particle size.

B.2.4 Restricted diffusion

Restricted diffusion describes the phenomenon where the presence of other particles hinders free
particle diffusion. An example can be diffusion of particles in a polymer network. Symptoms include
a shift in size, with no change to modality or polydispersity, to larger sizes when the solvent viscosity

is us
diam

B.3

For [
Whe
shou
i.e. sq

The {

stability of the sample.

B.4

The
if lai
the
auto

B.5

Larg
0,15
from|
appe|
samy
(by f]
origi
distr]
Any

bd for size calculations at high sample concentrations or a concentration dependenge
eter which parallels that of the bulk viscosity of the sample.

Sedimentation

LS to yield valid results, the rate of sedimentation should be much slower,than the rate
Lher this condition is met can be seen from the correlogram, which, for random Brow
|ld show monotonous decay. Increases in correlation at high times\indicate non-rando
edimentation.

tability of the amplitude of the correlation function also gives an early indication of th

Number fluctuations

humber of particles in the measurement velume should be constant. This may not

orrelogram >1 and increases of the correlation at high times indicate number flu
Correlation setup (this may differ with-other measurement setups).

Large particles/dust

e fluctuations in recorded-scattered time-averaged signals (count rate) on short timg
intervals) with bursts.of high count rates may indicate the presence of large part
potentially sedimenting coarse particle fractions in the sample or from contaminati

arance of sparkling centres in the beam also usually indicates the presence of large pa
le. If the large‘particles are due to contamination by dust, then the liquids shall be fur
iltration andyor distillation) before use. If it is concluded that these large particles ar
nal samples, users may either accept a poorer precision of the results due to the broad
ibution;-filter the sedimenting sample or sample the supernatant suspension after seq
sample treatment should be described in the test report.

of the mean

of diffusion.
ian motion,
movement,

e dispersion

be the case

ge particles or samples with low partigle concentrations are measured. Intercept values in

ctuation for

e scales (e.g.
icles, either
hg dust. The
rticles in the
ther cleaned
b part of the
particle size
limentation.

B.6

Different modes of diffusion

Non-spherical particles contribute both rotational and translation diffusion components to the
scattered light intensity fluctuations. The proportion of each depends on the angle of observation. The
hydrodynamic diameter reported may depend on these factors[20].

B.7

Fluorescence

Fluorescent particles may absorb some of the incident light which is re-radiated at a longer wavelength.
If this re-radiated light is within the pass band of the receiver, it can increase the non-correlated signal.
Narrow band filters may be used to minimize this influence.
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