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Foreword

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

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed*for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Dispersions are widely used in industry and everyday life. There is a need to understand the density
of dispersed particles or droplets, e.g. for physico-chemical calculations such as kinematic viscosity
of dispersionslll, determination of particle size distribution by sedimentation[2l3] or acoustic
techniques(4], particle characterization by field-flow approaches(2], optimization of dispersion long-
term stability by density matchinglél as well as, more generally, characterization of particles (e.g.
composition, internal phase content of double emulsions or homogeneity of hollow capsules) in manifold
academic and industrial areas. Nowadays there is an increasing 1nterest in using partlcle density to

. : : 3 3 ation for in

vitrjo nanotox1c1ty assessment[7][8][9])

The density of a body is defined as its mass divided by its volume. This calculation is)straightforward
for p large uniform body or particle. However, determination of the volume of a macroscopic body is
diffjcult. The geometrical volume (defined by length, width and thickness) and the volume 1felevant for
the|determination of density may differ due to surface irregularities, fractures, fissures and pores or
the[measuring techniques employed.

Derlsity determination of micro-particles, especially nanoparticles digspersed in a liquid, is difficult not
only due to the determination of mass and volume for small particles, but also due to the fuzzy boundary
betveen the liquid and the particle, which is often described in tefmss of a coronall?l. Liquid/and solute
molecules in the continuous phase are partially immobilized at-the surface. Physico-chemicallproperties
(e.g} viscosity, ion composition, solute concentration) in theduzzy coat differ from the bulk.|This effect
is eppecially important for small microparticles and naneparticles that are dispersed in a polymer or
biological mediallll. The so-called corona may be intefpreted as an integral part of the pprticle and
incgeases the effective/apparent volume compared-to the space occupied by the dry p4qrticle. The
thidkness of this layer ranges between a few to tens of nanometres. The effective/appar¢nt volume
devijates increasingly from the “geometrical” volume of dry particles as the particles becoine smaller.
Corfespondingly, density determination by traditional methods is affected. These concernjs hold also
for particle size, which may refer to differentgeometrical and physical properties. In the context of this
document, the Stokes diameter and diameter of the enveloping sphere/hull are particularly relevant.
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Determination of particle density by sedimentation
methods —

Part 2:
Multi-velocity approach

1 (Scope

Thif document specifies an in situ method for the determination of the density of solid particles or liquid
droplets (herein referred to as “particle”) dispersed in liquid continuous phase: The meth¢d is based
on {lirect experimental determination of particle velocity in these liquidshor media in grfavitational
or ¢entrifugal fields based on Stokes law. The particle density is calculated from expg¢rimentally
detérmined particle velocities in different liquids or media, taking into aécount their dynamidviscosities
and| densities, respectively. The approach does not require the knowledge of particle size distribution
but|assumes that sedimentation relevant characteristics (e.g. voluine, shape, agglomeration state) do
not|change. This document does not consider polydispersity with regard to particle denpity, i.e. all
parficles are assumed to be of the same material composition,

2 |Normative references

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

[S0|14887, Sample preparation — Dispersing procedures for powders in liquids

3 |Terms and definitions
For|the purposes of this dogument, the following terms and definitions apply.
[SOJand IEC maintain terminological databases for use in standardization at the following addresses:

— |IEC Electropedid-/available at http://www.electropedia.org/

— |ISO Onlinebrowsing platform: available at https://www.iso.org/obp

31
bugyaiit'density
ratip‘ef particle mass to particle volume including filled or closed pores as well as adjacent layers of
liquid or other coating materials

3.2
dynamic viscosity
measure of the resistance of a fluid which is being deformed by shear stress

Note 1 to entry: Dynamic viscosity is calculated by shear stress divided by shear rate and determines the
dynamics of an incompressible Newtonian fluid.
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3.3

migration

directed particle movement (sedimentation or creaming/flotation) due to acting gravitational or
centrifugal fields

Note 1 to entry: Sedimentation occurs when the density of droplets/particles is larger than that of the liquid.
Creaming/flotation occurs when the density of droplets/particles is smaller than that of the liquid. In these two
processes, particles move in opposite directions.

3.4
migration velocity
absolute v4Iue of sedimentation or creaming/flotation terminal velocity

Note 1 to enftry: Velocity of creaming/flotation is indicated by a negative sign.

3.5
shape factor

ratio of th¢ sedimentation velocity of a non-spherical particle to the one of a sphegical particle of|the
same volurpe and density

4 Symbols
Quantity Symbol Unit Derivative unit
Acceleration a mfs?
Angular velocity ) rad/s
Coverage factor k —
Dynamic viscosity n Pa-s mPa-s
Expanded uncertainty for density U kg/m3
Liquid density oL kg/m3
Maximum density Pmax kg/m3
Minimum density Pmin kg/m3
Particle density Pp kg/m3
Radius r m mm
Relative centrifugal acceleration RCA —
Stdndard acceleration due'te gravity g m/s?
Temperatuse ) °C
Time t S
Velocity 1% m/s
Wavelength A m nm

5 Basid

nrincinle oftha maoathod

PriacIpItUr CIICIIICtITUTT

Density is the mass of a body divided by its volume. In case of fine particles, microscopic surface and
internal structure have to be taken into account to define the true particle volume of a dry particle.
The true volume can be defined as the volume of the particle envelope minus the volume of external
and internal voids as depicted in Figure 1 a) and Figure 1 b). Voids may also be pores [see Figure 1 d)].
The measured “volume” depends on the applied determination technique (ideally 3D) and conditions
of measurement. When determining the envelope volume, adequate resolution is crucial for detecting
external voids due to surface irregularities, small fractures, fissures etc. Often the only information
available is from image analysis[13][14] and the volume is extrapolated based on geometric assumptions.
True particle density according to Reference [15] is defined as the ratio of particle mass to its volume,

excluding o

pen and closed pores.
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If a particle is dispersed into a liquid continuous phase, additional uncertainties emergel?], due to
the creation of a heterogeneous system. Liquid molecules, solutes etc. interact with the particle
surface, and an “unstirred” or adsorption layer forms, becoming an integral part of the particle and
consequently of its volume [see Figure 1 c)], similar to a soft core-shell particle. The thickness of such
a layer is fuzzy and the term corona was introduced to emphasize that fact. In general, the density and
physico-chemical parameters in the corona are not constant, and gradients with respect to the distance
from the “real” dry particle surface exist. The “soft” structure of this layer may be influenced by ions,
surface active molecules, macromolecules or polymers of the continuous phase as well as by particle
kinematics. This peculiarity is especially distinct in the case of surface-functionalized particles, such
as polymer brush grafted partlcles (brushed partlcles) The 1nf1uence on apparent partlcle volume”

i he values of
the case of
1 d), the widely-used term “skeletal density” is defined as the ratio of the mass of the discrete
partlcle of solid material to the sum of the volumes of the solid material in the particle and closed (or
blind) pores within the solid particle[1€l,

D&
b

a) Macroscopic solid b) Particle with c) Particle with an d) Particle with open
particle closed pores adjacent/immobilised pores
layer to its surface

NOTE Boldlinesindicate obtained solid veldme relevant envelope by applied measurement technique {reproduced
witl} permission from Reference [17]).

Figure 1 — Schematic sttuctures of particles (cross section) with regard to the measurand
particle density

Sedlimentation techfiiques allow, principally, in situ density determination, pp, of particles dfspersed in
liquid continuous 'phases. In any case, density of the liquid p; has to be known and in mos{ cases also
liquid viscosity-: Four experimental approaches have been used for decades.

— |Densitycalculation from experimentally determined velocity based on Stokes law [see Fqrmula (1)],
if shape and particle size are known.

V& £ oo 3 = H £t o 1 = 2| £ o 1 d h
vIreastt \.ul\.u\. OT uusx cu.xuu e \.\.Lxuu O part Lu.u.o quP\.l SeaHa-SerieSot \.Uu\.uluuuo Ul p ases

with different densities. Liquids densities are required to be lower and higher than that of particles
to be analysed (p; < pp < pr, (1+1)) Particle density is obtained interpolating quantitative data
reflecting the reversal of migration direction to isopycnic liquid density (zero velocity). Shape
does not matter, but the particles should not shrink or swell in used liquids. For details refer to
[SO 18747-1.

— Buoyantdensity centrifugation orisopycnic gradient centrifugation. This approach is predominantly
employed for preparative particle separation but was adopted for particle density determination.
Density gradient centrifugation separates particles solely based on their density in contrast to
migration velocity (see Annex A).
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— Density determination based on precise measurement of migration velocity of particles dispersed
into at least two continuous phases exhibiting different densities, driven by gravitational or
centrifugal fields.

This document deals with the latter approach. It was first applied by the analytical ultracentrifugation
(AUC) community[18l[19] and is based on Stokes law [see Formulae (1) and (2)]. Migration velocity v
for a given particle of size x and shape factor w depends on the density contrast between liquid p; and
particle p, and on the liquid viscosity 7, respectively. If sedimentation or creaming velocity of the same
particle in at least two different liquids is experimentally determined, the two velocities v; and v, are
connected with particle density via Stokes law as given in Formula (1) and Formula (2).

(FP —PL,1)‘W‘X2 a
vy = €y
181

(fp —pra) wora

vy = 18-1, (2)
where

a corresponds to the standard acceleration due to gravity g ot_centrifugal acceleration

a=w?r;

1% is the migration velocity;

w is the shape factor;

X is the apparent spherical particle size;

PL is the density of the liquid;

Pp is the density of the particle;

n is the liquid viscosity;

land? areindices corresponding to the two liquids.

This appropch does notrequire the knowledge of particle size distribution. [tassumes that sedimentafion
related particle characteristi¢s,do not change being dispersed into the different liquids or during|the
measurement, i.e. the shapé-size value w-x? does not alter. With that assumption, Formulae (1) and (2)
can be regrranged with‘ceégard to (w-x)? and equated. The result in Formula (3) calculates particle
density based on veloeity determination of particles dispersed in liquid 1 and liquid 2.

VI N1Pr2 V2 M2 PLa
Pp = (3)
VM=V

To calculate particle density p, the viscosities 7, and 1, as well as the fluid densities p; ; and p; ; need
to be known at the measurement temperature. Uncertainty is reduced if i samples (i > 2) are used and is
calculated for all possible pairs pp (multivelocity approach).

Size and shape are not included in Formula (3) but equalization of Formulae (1) and (2) presupposes
that migrating particles shall not be altered by the chosen liquids.

6 Measuring techniques to determine sedimentation and creaming/flotation
velocity of dispersed particles

Determination of the particle density according to Formula (3) requires an accurate measurement of
the particle velocity in chosen liquids. Any method is appropriate that allows quantitative measurement

4 © IS0 2019 - All rights reserved
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of particle migration velocity (e.g. sedimentation or creaming/flotationl2l[3]). Particle migration may
be driven by gravity or, especially for nanoparticles, by enhanced gravity (centrifugal field). Basic
measurement principles of standard techniques which each generates information about an aspect
of the sample are described in detail in References [20] and [21]. In recent years, space-resolving
techniques with high resolution have become availablel221(23][24],

Velocity determination should be in accordance with the Stokes law. It is obtained from direct
observation of distance of particle travel over a period of time. The uncertainty of velocity measurement
depends mainly on the time resolution of the measuring system and the resolution of position. A
precise determination of the starting (reference) point, typically the meniscus, is important. Care shall
be taken to meet the required conditions for the Stokes equation to be valid. These conditions include
Reyjnolds number, particle concentration, wall interaction, particle-particle interaction and,fheological
behlaviour of the continuous phasel25],

Grafitational migration velocity may be very slow in the case of particles of l16w-density contrast
or submicron particles. In such cases, analytical centrifugation is advantagéqus to accglerate the
evaluation of particle migration (see ISO/TR 13097[26] and 1SO 13318-2[27]), Multichannel ifstruments
incttease the throughput and allow for increased similarity in measurement ¢onditions.

Carp should be taken to maintain temperature stability, since liquid density and viscosity are sensitive
to temperature. Therefore, instruments shall provide temperature control. Measurements f¢r different
sanjples shall be performed at the same temperature. Multichafinel instruments are adyantageous
singe they increase the sample throughput, and samples are-measured under similar experimental
confditions. Analytical cuvette centrifugation is especially appropriate for nanoparticles and rontinuous
phalses of high viscosity.

7 |Preparation of samples

7.1 Continuous phase liquids

Very often water of different hydrogen/isotope composition are used as liquids: normal|(H,0) and
hea[r/y (D,0) water. Viscosity and density values with small uncertainties are tabulateq for these
waters in Reference [28] Both liquids‘interact with the particles in the same way chemically} therefore,
the[shape and size of the particles are expected to be the same in both liquids, and the values w-x? in
Formulae (1) and (2) are identical.

It rhay also be appropriate to prepare solutions which differ in density due to diffefent solute
conpentration. It is converient to start with a concentrated solution p; ; and dilute with the pure solvent
to gbtain density difference for the second one, p; ,. In contrast to ISO 18747-1, densities of Hoth liquids
can|be below or oyer particle density p,,.

Andther appreach consists of mixing two liquids of different density. Typical examples may be water-
ethinol-mixtires or water-glycerol mixtures. Both of them are well characterized(221[30], [pensities of
the$e mixtures range from 789,7 kg/m3 to 998,2 kg/m3 and 998,2 kg/m3 to 1 263,9 kg/m3 gt 9 = 20 °C,
respéctively.

Numerical values of density as well as dynamic viscosity are functions of temperature. If the density
and viscosity values are not known for a specific temperature, they shall be determined experimentally
(see 1SO 3105l for viscosity and 1SO 2811-3[31 for density) and meet corresponding uncertainty
requirements for particle density [see Formula (4), 9.2].

CAUTION — Liquids shall be chosen so that the particles, especially of organic or hydrocolloid
matter, do not alter in shape nor swell or shrink due to, e.g. effects of solvation, osmotic pressure
or ionic strength. In the case of particles with open pores, the pores shall be fully filled with the
liquid; therefore, liquids with contact angle > 90° shall be avoided. Furthermore, the selected
liquid should not allow gelation or particle network formation.

© IS0 2019 - All rights reserved 5
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7.2 Dispersing procedure

Powders shall be dispersed in test liquids in accordance with the procedures specified in ISO 14887
or appropriate for particles to be analysed. Any agglomerates or flocs shall be avoided since such
suspensions exhibit a wider size distribution, and the state of agglomeration or flocculation may alter
during the experiment and affect the velocity distribution. All particles shall be wetted thoroughly
to avoid density underestimation due to adhering gas bubbles to the particle surface. The continuous
phase should be free of gas bubbles to avoid interference with particle migration.

The volume concentration of all samples should be the same and in accordance with the requirements

of the mea
correction
the two co

If the orig]
concentrat]

suring technique. In general, the volume fraction of particles shall be below 0,005, to ax

7oid

5 for hindered settling that may differ due to different hydrodynamic particle interaction
itinuous phases[321[33],

nal samples are provided as dispersions, a high volume concentration is dé€sirable.
ed samples should be centrifuged; the supernatant discharged and réplaced by

correspondling test liquid. This procedure should be repeated until the continuous\phase of orig

dispersion

If the dens
also be adj

One shoul
density va

The partic

b

is ultimately exchanged. Any alteration of particle size distribution or shape shall be avoi
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entation velocities of particles dispersed into at least two liquids differing in density s
ned according to Clause 6. It is recommended to use in addition 2 or 3 mixtures of t}

hed for an emulsion. The contimuous phase density was tuned by mixtures of H,0/

(first column of Table 1). Density and\viscosity data of the corresponding continuous phases
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d in Table 1. The mean velocities were calculated according to Reference [33] and are g
[fourth column). Based(on the five experimentally obtained velocities, 10 pairwise velo
ns were sorted and forjeach pair the droplet density was calculated according to Formuld
splayed in Figure.2_The mean particle density and its standard uncertainty are calculs

different liquids improves the standard uncertainty of the density result. It allows als
ther the chosen different continuous phases have an influence on density relevant part
For details refer to B.1.

- Stock emulsion diluted with mixtures of H,0 and D,0 of different fractions, dens
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avoid creating bubbles in the sample. Attached to particles, bubbles can give false low-

hall
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5 and to perform duplicate measurements for each liquid pair. Table 1 shows example
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and harmonic mean separation veloc1ty of dlspersed oil droplets calculated from veloc1ty

distributions (see Figure B.1)

Liquid density Viscosity Mean velocity
Fraction H,0:D,0 PL n v

kg/m3 mPa's um/s
1:0 997 0,891 4,96
1:3 1021 0,941 8,67
1:1 1047 0,991 12,44
3:1 1072 1,038 15,62
0:1 1104 1,094 19,26
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Y |particle density pp in kg/m?3 2 meédn value
3 standard uncertainty
NOTE Density of continuous phase was tuned by mixtures of different fractions of H,0 and D,0.

Figure 2 — Experimental determined droplet density of polydimethylsiloxane emulsion

Particle density determination can alsobe carried out utilizing liquids with densities lowerfand higher
thah the particle density, similar to the isopycnic interpolation approach (see ISO 18747-112]]. Examples
areldescribed in B.2.

Abdve, the mean particle (velocity was employed. If the measurement technique provides particle
velgcity distributions[33}F percentiles of the velocity may also be used. This allows getting ihformation
about the density distfibution of the dispersed particles[121[34],

The report of the.analysis shall at a minimum contain the following information:
— [test liquids/(quality, supplier or how prepared);

— |sample‘preparation;

— |density and viscosity values (reference to literature or by which method determined);

— method and analysis used to determine particle velocity;

— temperature of sample during measurement.

9 Reference materials and measurement uncertainty

9.1 Reference materials

Particles of any shape may serve as reference material if density and its uncertainty are known or
can be determined by an independent technique. Certified reference particles are preferred. Density
uncertainty of the reference material shall be smaller than the accuracy needed by the application.

© IS0 2019 - All rights reserved 7
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All reference particles shall have the same density, i.e. there shall be no density distribution due to
particle composition or structure. Reference particles shall be specified regarding useable test fluids
and temperature of use. They should be easy to disperse into test liquids, but they shall be inert against
those test liquids (no swelling, shrinking or dissolution; no change of shape). Reference particles shall
be stabilized to avoid any flocculation/agglomeration or Ostwald ripening being dispersed in the
corresponding test liquids. Reference particles without pores are preferred.

9.2 Measurement uncertainty

Uncertainty of a velocity measurement depends mainly on the time resolutlon of the measurlng

to determine the sedimentation distance, typlcally the meniscus, is important. The influence.on|the
result will[be more pronounced if the sedimentation distance is short with respect to the un’certajnty
of meniscus position. For example, a 100 um meniscus error would result in a contribution 'of 2 %o of
velocity urfcertainty for a sedimentation distance of 5 mm neglecting the time uncertainty: It decregses
with longdr migration distances. The precision and accuracy evaluation of analytical instruments
shall be pgrformed in accordance with operational and performance validation réepmmended by|the
manufactufrer. In general, laboratory repeatability shall be < 2,5 %.

The uncerfainty of p,[33] depends on the uncertainty of velocity determjnation and the accuracy of
liquid dendity and Vlsc051ty data. The contribution of the temperature dependence on liquid viscosity
and density, respectively, shall be considered.

Particle dgnsity is estimated according to Formula (3). Based on“uncertainty propagation rules,|the
uncertainty of particle density can be calculated based on the uncertainties of experimental quantities
on the rightt side of Formula (4)[35],

The propagation of combined uncertainty according to Formula (3) reads:

2 2
V2 '771'772'<PL,1—PL,2) Av.2a4 V1'771'772'(PL,2—PL,1) A2
"AVy "AVy
(Vl‘Th —V2 '772)2 (V1'771 _Vz'nz)z
2 2
Apo_ |+ Vi 'V2'772'(PL,1—PL,2) An 2, Vi-Va '771'(PL,2—PL,1) An 2 @
P= AT "R
(V1'771 —V2 '712)2 (V1'771 —V2'772)2

2 2
+ V2 -APLJZ + Vi _Alezz
V1M1 —Vall, Vi-N1—V2 12

where
App is the uncertainty of the particle density;
PL is-the-density-of-the Hetied;
Pp is the density of the particle;
v is the migration velocity;
n is the liquid viscosity;
1 and 2 are indices corresponding to the two liquids.

The quantity App corresponds to the combined absolute uncertainty of the particle density[35]. Taking a
coverage factor k = 2 into account, the expanded uncertainty reads U = k App defining an interval about
the result of a density measurement that may be expected to encompass a large fraction of measured
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values within the confidence interval. The derivation of uncertainty propagation and some example
calculation are given in Annex C.
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Annex A
(informative)

Isopycnic density gradient (buoyant density) centrifugation

This annex is adapted from ISO 18747-1:2018, Annex D.

The isopydnic density gradient technique is predominantly used for preparative particle separafion,
especially [for biological objects, e.g. subcellular organelles or macromolecules or cancer~celld3el,
However, if can also be used for separation of minerals and for analytical purposes(3Zl,

Basically, the first step consists in creating a density gradient in a column or cell, using & s6lution with a
changing cpncentration over the column height obeying p i, < Pp < Prax This gradiefitcan be achigved
by layering several solutions with decreasing density or by building up the gradienbby centrifugafion
of a salt, sycrose or polymer solution[381(39],

—

Next, particles to be analysed are carefully delivered to the bottom or top layer of the column, while
preventing any mixing, and allowed to settle or float/cream, respectively. They will migrate yntil
they reach|the column position (isopycnic zone) where the column }iquid density corresponds to|the
particles’ buoyant density. Finally, the zone of particle accumulatior’is detected (e.g. by light, Xiray
absorption|or fluorescence analysis); the particle density is equakto that of the identified zone.

The steepness of the density gradient within the column and the accuracy with which it is posdible
to detect the position of particle accumulation determine‘the density resolution. The gradient may be
calibrated py reference particles of known density. Shape‘and size do not play a role (see ISO 18747-1).
Temperature shall be kept constant during gradient formation and particle migration. Care shal] be
taken that[physico-chemical properties of the gradient column continuous phase do not influence|the
particles (¢.g. through dissolution, swelling or shrinking).

10 © IS0 2019 - All rights reserved
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Annex B
(informative)

Examples of measurements and data analysis to determ
particle density by multi-velocity approach

ine

B.]I Density determination of liquid particles (droplets) of polydimethyly

enn
Thd
wit
Refi

ulsion

continuous phase density was tuned by diluting the purchased stock of @il and wate
h mixtures of H,0/D,0. with fractions of both types of water amount of 1:0, 1:3, 1:1, 3:1 4

brence [34]). Velocity of oil droplets was determined by analytical photgeentrifugationl34.

iloxane

r emulsion
nd 0:1 (see

—

Figlire B.1 displays a typical fingerprint of oil droplet separation in pure-heavy water (D,0). Insertion
at gllla;out 108 mm indicates the meniscus (filling height of the sample.cell). The cell bottom is marked
by the low transmission (129 mm). The first profile at the centfifugation start has nearlly uniform
trapsmission level (approximately 35 %), independent of radius:{Due to the negative density difference
(pp| = pL), particles cream up, and the transmission gradually increases starting at the bottom,
progressing towards the meniscus. Finally, the emulsion isiseparated into a small creaming lhyer on top
of a|transparent continuous phase (D,0).
y1 Y2
100 100 . —
g 80+ 1l
60 N 2/ M
60 T 3
40 40 Ny
20 2. °5
0-'1""|""-T ------ —lL Lt 0::- =
105 110 115 120 12 130 1 10 100
X1 X2
a) Transmission as a function of radius at b) Cumulative extinction-based vyelocity
discrete times distributions
Key
X1 radiusrin mm 1:0 (Fraction H,0:D,0)

Y1
X2
Y2

transmission T in % 1:3 (Fraction H,0:D,0)
1:1 (Fraction H,0:D,0)
3:1 (Fraction H,0:D,0)

0:1 (Fraction H,0:D,0)

velocity vin um/s
cumulative function (extinction-weighted)
of the velocity distribution Q(v) in %

Ul s W N

NOTE Continuous phase D,0; analytical photocentrifuge, ¥ = 25 °C, RCA = 2 300, A = 865 nm, 2 mm PC-cells, time
interval between profiles increased in 4 steps.

Figure B.1 — Creaming of dispersed phase (oil droplets) during centrifugatio
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Cumulative, extinction-weighted velocity distribution was calculated in accordance with ISO 13318-2
and displayed for all five continuous phases in Figure B.1. The mean velocities as well as density and
viscosity data of the continuous phases are summarized in Table 1 [34], Based on the five experimentally
obtained velocities, 10 pairwise combinations were sorted. For each pair the droplet density was
calculated according to Formula (3). Results are displayed in Figure 2.

The estimated densities range from 968,6 kg/m3 to 9679 kg/m3 at 25 °C, with mean value
968,3 kg/m3 and standard uncertainty 0,34 kg/m3 (0,31 %). For comparison, Reference [40] lists
a polydimethylsiloxane density of 970 kg/m3 (no temperature given). The very minor drift towards
liquid pairs with higher D,0 ratio (see Figure 2) may reflect differences in “water” adsorption for H,0
and D,0 to the droplet surface

B.2 Density determination of spherical monodisperse polystyrene (PS) particles

PS particlegs (diameter 1,1 pm) from the same batch were dispersed in water or sucrosé solution, ith
sucrose/whter mass fractions of 0 %, 4,1 %, 8,3 %, 16,5 %, 20,6 % and 28,9 %341 Migration velofity
was recorded in situ by an analytical photocentrifugel23l. Cumulative velocity digtributions of the six
suspensior]s are shown in Figure B.2 a). Positive velocities correspond to sedimentation and negafive
velocities ffo creaming, respectively. According to Formula (3), particle density-is calculated baseq on
pairs of different sucrose solutions. As Figure B.2 b) reveals, very similar«densities were obtained for
all nine possible combinations (subscript 1 stands for water, 2 for 4,1,%.and so on). The mean value
is 1 053,4 kg/m3 [with a standard uncertainty of 4,2 kg/m3 (0,4 %)}, which is the known density of
polystyrenfe (1 055 kg/m3). Since under the above experimen{al“conditions both creaming pnd
sedimentation were observed, the density was also determinedaccording to ISO 18747-1 “Isopyfnic
interpolatipn approach”. This approach reveals a particle density of 1 053,2 kg/m3. Values obtained
with both gpproaches are in good agreement.
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Y1 100 ) : = Y2 1100
3
30 1 2 1080 7
1060 ,i,fl A/ EN——
60 - T e —7 11
1040
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!
q
0 ‘ OO . 980A‘A‘ VY ATV TV
_15 _10 _5 0 5 10 15 p12 p13Ap14 plSAPZSAp24 pZ Ap34Ap35
X1 X2
a) Velocity distributions b) Densities determined according to
Eormula (3)
Key
X1 |velocity vin um/s X2 density.difference Ap
Y1 |cumulative function (extinction-weighted) Y2 particle'density pp in kg/m3
of the velocity distribution Q(v) in %
1 [water 7 ~positive standard uncertainty
2 |4,1 % sucrose/water mass fraction 8. " mean value
3 18,3 % sucrose/water mass fraction 9  negative standard uncertainty
4 ]16,5 % sucrose/water mass fraction
5 [20,6 % sucrose/water mass fraction
6 [28,9 % sucrose/water mass fraction

NOTE Data recorded in situ by an‘analytical photocentrifuge with RCA = 480, 9 = 4°C, 2 mm PC-cells,|ROI 0,5 mm
widfh at 20 mm (sedimentation);"and 2 mm and 5 mm (creaming) above bottom. Adapted and repr¢duced with
perinission from Reference [34].

lligure B.2 — Cuniulative velocity distributions and densities of monodisperse polystyrene
particles (x = 1,1\wm) dispersed in water and in five different concentrated sucrose qolutions

B.3 Density determination of non-spherical reference particles produced from
pinepollen

See Reference [41].

These very isomorphic prolate spheroidal particles have apparent spherical particle size of about 31 pm
and an aspect ratio of 0,53 (standard uncertainty = + 8,5 %). Dry pollen particles were dispersed in
four differently concentrated sucrose solutions with densities of 1 118 kg/m3 to 1 232 kg/m3, and the
migration velocity [see Figure B.3 a)] was obtained by an analytical photocentrifuge (RCA = 480, 9 = 4°C,
2 mm PC-cells). Based on the four different velocity distributions, six pairwise velocity combinations
can be used to calculate the particle density according to Formula (3). In this example, 10 %, 50 %
and 90 % velocity percentiles were used to calculate density [see Figure B.3 b)]. The data reveal that
the density values calculated from different percentiles do not systematically differ from each other
indicating similar densities of analysed percentiles. The mean density value is 1 1579 kg/m3 with a
relative standard uncertainty of 18 kg/m3 (1,6 %).
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a) Velocity distributions

Key
X1 velocityvin um/s
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of the velocity distribution Q(v) in %
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NOTE Regroduced with permission from Reference [34].
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Figure B.B — Cumulative velocity,distributions of solid non-spherical microparticles produg¢ed

from pine pollen and pairwisecalculated particle density according to Formula (3) for thre¢e
different percentiles
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Annex C
(informative)

Uncertainty derivation of particle density based on uncertainty

propagation rules

Parficle density measurementis based on the experimentally determined migration velocity
dispersed in at least two different liquids (continuous phases). According to Formula (3)/(se¢

the
liqu
abs
the
visd
det

bf particles
Clause 5),

V1N PL2=V2N2 PL1
p=
Vi1 —Vv2

particle density is calculated from experimentally obtained particle’ velocities v,
ids having densities p;, ; # p|, , and dynamic viscosities 1, and 1,, respectively. Assumi
blute uncertainties of measured particle velocities in continuous-phase 1 and 2 are A
uncertainties of continuous phase densities are Ap; ; and Ap; s5.and the uncertainties
osity values are An; and An,, then the absolute uncertainty App of the particle de

ermined by Formula (C.1):

2 2 2
a’i.Avl + a’i.sz + a’iAnl +
v v, on4

’ 9 ’ 9 ’ 0 ’
Pp Pp Pp
[a 5 2 ] {a L1 L,1] [a L2 L2 ]

pp (771 PL2 _0)'("1 MRY2 '772)_<V1 ‘MN1-PL2~V2 M2 PL1 )'(771 -0)

vy (vini-v, '772)2

2 2
:V1 ‘M PL2 VN1 N2 Pr2—V1 M1 Pr2tVe N1 M2 Pra
2
(V1 M=V '772)
:Vz M A27Pr1—V2 M1 M2 PL2

(Vl M-V '772)2

and v, in
hg that the
y, and Av,,
bf dynamic
hsity pp is

(C.1)

(€.2)

=V2 N1-M> '(le —PLZ)

©IS

(Vl M-V '772)2
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(V1 M-V '772)2

(C.3)
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