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Abstract

The quality of nanomaterials and nanotechnologies is largely determined by the stability of the app-

lied technologies, which, to a large extent, depend on the constancy of particle sizes. In this regard,
metrological problems arise that are associated both with measuring the dimensions of the microstructure
of aerosols, suspensions and powders, and with ensuring the uniformity of measurements when transferring
a unit of a physical quantity from a standard to working measuring instruments. The purpose of this work
was to determine and calculate the error in transferring the size of a unit of length when measuring
the diameter of nanoparticles.

An analyzer of differential electric mobility of particles was determined as a reference measuring
instrument for which the calculation was made. It allows the separation of aerosol particles based on the
dependence of their electrical mobility on the particle size. In combination with a condensation particle
counter, it allows you to scan an aerosol and build a particle size distribution function. This measurement
method is the most accurate in the field of measuring the diameters of particles in aerosols, therefore, the error
in the transmission of particle size must be set as for a standard.

The paper describes the physical principles of measurement by this method and presents an equation
for determining the diameter of nanoparticles. Based on this equation, the sources of non-excluded syste-
matic error were identified. Also, an experimental method was used to determine the random component
of the measurement error of nanoparticles and to calculate the error in transferring the size of a unit

of length when measuring the diameter of nanoparticles.
The obtained results will be used for metrological support of standard samples of particle size, ensuring
traceability of measurements of aerosol particle counters and for aerosol research.
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OnpenesieHne NOrpelIHOCTH NepeJaYu pa3Mepa eTuHHIbI
JJIMHBI IPU U3MEPEHUU JUaMeTPa HAHOYACTHIL C IOMOILIBLIO
aHam3aTopa a1updepeHIAIBHON JJICKTPUUECKOU
MOJABUKHOCTH YaCTHII
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KauecTBO HaHOMATEPUAJIOB U HAHOTEXHOJIOTHI BO MHOTOM OTIPEACISCTCS CTA0UIBHOCTBIO MTPUMEHSIC-
MBIX TEXHOJIOTHUM, KOTOPBIE B 3HAYUTEIBLHON CTENEHU 3aBUCAT OT MOCTOSHCTBA Pa3MepOB YacTul. B cBs3u
C 3TUM BO3HUKAIOT METPOJIOTHYCCKHE 3aJIa4H, CBA3aHHBIC KAK COOCTBEHHO C U3MEPEHHUEM Pa3MEPOB MHUKPO-
CTPYKTYpPBI a3p030Jieii, CyCIIEH3U 1 MOPOIIKOB, TaK U ¢ 00ECIICUCHUEM SIMHCTBAa U3MEPEHUH MPH Mepeade
eAMHUIIBI (PU3NYECKON BETMUMHBI OT 3TAIOHHOTO K pa00OYMM cpelcTBaM u3Mepenuil. Llenpro ganHoi paboTsl
SIBJISITIOCH OIPEJETIEHUE U Pacu€T MOTPEIIHOCTH NEpeAady pa3mMepa eIUHUIbI JUIMHBI IPU U3BMEPEHUU Ha-
METpa HAHOYACTHII.

B kadecTBe 3TaJIOHHOTO CPEACTBA M3MEPEHUS, JUUIsl KOTOPOTO MPOU3BOAMIICS pacuér, ObUT onpeeiéH
aHanu3arop AudQepeHIaTbHON MISKTPUUSCKOH MOABMKHOCTH YacTHIl. OH MO3BOJISIET PAa3ACsTh YACTULIBI
a’p0o30Jisi HA OCHOBE 3aBUCUMOCTH UX JJICKTPUYECKON MOJBHKHOCTH OT pa3Mmepa dacTull. B xomOuHarmu
C KOHJICHCAIIMOHHBIM CUETYMKOM YACTHI] IMO3BOJIICT CKAHUPOBATh a3P030Jib U CTPOUTH (PYHKIIMIO pacrpe-
JICJICHUS YaCTHI] TI0 pa3MepaM. JlaHHBIH METOJ] U3MEPEHUS SBJSICTCS CAMbIM TOYHBIM B 00JIACTH H3MEPEHUS
JIMAaMETPOB YAaCTHI[ B a3P030JIsiX, TIOATOMY MOTPEIIHOCTD Mepeaun pa3Mepa YacTHIl HE0OXO0AMMO YCTaHO-
BUTH KaK JJIsI 3TAJIOHA.

B pabore onucanbl pu3nUecKUe MPUHIIUIIBI K3MEPEHUS JaHHBIM METOJIOM U PE/ICTABICHO YPpaBHEHUE
JUTSI OTIPEJICIICHUS IMaMeTpa HaHouacThil. Ha ocHOBaHMM JAaHHOTO ypaBHEHUsI ObLTH ONPEICICHBI HCTOYHHU-
KU HEHUCKJIIOYEHHOW CUCTEMATUYECKON MOTPEIIHOCTU. TaKkKe SKCIEPUMEHTAIbHBIM METOJIOM OIpEeIeHa
clydailHasi COCTaBJISIOLIAS MMOTPEIIHOCTH M3MEPEHUS HAHOYACTHUIl M PACCUMTaHA MOTPELIHOCTh MEpEeaadn
pasMepa eAUHUIIBI JJIMHEI TPYU U3MEPEHUU JUaMeTpa HAHOYACTHIL.

[TosydeHHbIe pe3ynbTaThl OYAYT HMCIOJIB30BAHBI JIJII METPOJOTHUECKOTr0 00ECIEUeHUsT CTaHIapTHBIX
00pas3IoB pa3Mepa 4acTull, 00ECICUCHUs TPOCICIKUBAEMOCTH U3MEPEHHM CYETUNKOB a3PO30JIbHBIX YACTHII
U JJIS1 UCCIEA0BaHUM a3pO30JIeH.

KuioueBble c10Ba: HAHOYACTHIIBI, AJICKTPUUECKAs TOABHKHOCTD, IIPOCIICKUBAEMOCTh H3MEPCHUH, THAMETP
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Introduction

Nanoparticles and nanotechnology are one of
the most promising areas of scientific development
at the present stage, creating preconditions for sol-
ving various applied technological problems. All
over the world, a huge number of “nanoproducts”
are being developed, based on the use of
nanoparticles, which make it possible to obtain
new quality products and technologies [1].

Nanostructured (nanophase, nanocrystalline,
subpremolecular) materials traditionally include
materials with microstructure sizes from 1 to
100 um. This definition of dimensional boundaries
is not accidental. The lower limit is associated with
the loss of some symmetry elements in crystals of
nanocrystalline materials as their size decreases.
The value of the upper limit is due to the fact that
noticeable “useful”, from a technical point of
view, changes in the physicomechanical, chemi-
cal, electrical, optical, tribological and other
properties of materials sharply decrease with a
further increase in the particle size [2, 3].

Currently, the priority interest in the devel-
opment of nanomaterials and nanotechnology is
due to [4, 5]:

— using the unique properties of materials in a
nanostructured state;

— development of technologies for obtaining
nanoclusters and nanostructures;

—the need to develop and implement new
materials with qualitatively new properties;

— the desire for miniaturization of products;

—the practical implementation of modern
methods and means of control, including na-
noobjects and nanomaterials, etc.

The quality of products is determined by the
stability of technologies, which, in relation to
nanotechnology, largely depend on the constancy
of particle sizes. Among the characteristics defined
by the Organization for Economic Cooperation and
Development, the determination of particle size is
determined by the most important element in the
study of the properties of nanoparticles.

Therefore, the harmonization of methods for
measuring the size of nanoparticles is extremely
demanded, firstly, to ensure the continuous
development of nanotechnology and support trade in
nanoproducts, and secondly, to assess the potential
danger of their impact on the environment, health
and safety of human life [6]. Under these conditions,
it is very important to ensure the metrological

traceability of measurements of nanoparticles,
including the creation of the necessary reference
means of changes.

There are various methods for measuring linear
quantities in this size range. In particular, the stan-
dard ISO/AWI 15900 “Determination of particle si-
ze distribution. Differential analysis of the electrical
mobility of particles in aerosols” provides that the
measurement of particle sizes in the analysis of the
disperse composition of gaseous media is carried out
using a differential particle mobility analyzer (DMA).

Physical principles of measuring particle
diameters by electrical mobility

This method is based on the physical principle
of differential electrical mobility analysis, which
separates aerosol particles based on the dependen-
ce of their electrical mobility on particle size. The
electric mobility of a particle Z is equal to the velo-
city U of a charged particle divided by the strength
of the electric fields £:

(1

Electric mobility is calculated from the balance
of electric forces arising from the charge on the
particle and the resistance force determined by
Stokes' law:

3ntuUD,

(2)
c(D,)

nek =

b

where n is the number of charges; e is the electron
charge; p is the viscosity of the gas; D, is the particle
diameter; C(D,) is Cunningham slip correction.

The charge distribution on particles depending
on their size is based on a theoretical model aris-
ing from the theory of diffusion for particles of the
submicron range, based on the Fuchs approximation.

Figure 1 shows curves calculated according to
Fuchs theory, where f (d) is the particle charge; d is
the particle size.

The size distribution of particles carrying zero,
one or two elementary charges at an equilibrium
charge is expressed by the equation derived from
the Fuchs model:

7 (d) = 10550
N - )

where the particle size d is expressed in nm, the
values of the coefficient a,(N) were determined using
least squares analysis and are indicated in Table 1 [7].

)
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Figure 1 — Charge distribution function for particles in
the size range between 1 and 1000 nm, where the numbers
denoting the curve are the number of elementary charges

carried by the particle
Table 1

Coefficients a;(/V) for formula (3) for a bipolar
charge conditioner with a 9.5 kV X-ray ion source

. a;(N)

l N=-2 N=-1 N=0 N=1 N=2

0 -30.616 -2.335 0.002 -2.359  -27.253
1 46.339 0436 -0.114 0.452 38.480
2 -31.182  1.087 0.334 0.998  -24.271
3 11.391  -0.557  -0.357  -0.482 8.442

4 -2.220 0.050 0.108 0.026 -1.606
5 0.179 0.006 -0.011 0.008 0.129

Equation (3) is valid for a range of particle sizes:

1 nm <d <1000 nm for N=(-1;0;1);

20 nm < d <1000 nm for N = (-2;2).

The size distribution of particles carrying three
or more elementary charges is calculated by the
formula:

e ~[N—(2ndkT) /" |
exp >
Jane, dkT 2[ (ndkT) /e’ ]
where g is the dielectric constant of the gas (for air

gy = 1.602:10"'* F/m); k is the Boltzmann constant;
T'is the gas temperature; Z, ,/Z ;isratio of ion mobility.

fN(d)= 1n(Z+i/Zx},

Coefficient (D)) tends to unity for a particle
whose diameter is greater than its mean free path in
gas, and increases with decreasing particle diameter.
In the case of singly charged particles, n = 1. Then
the following expression for the electric mobility is
derived from equations (1) and (2):

,_€C(Dy)

3nuD,

Electrostatic classifier device

The electrostatic classifier, which includes the
DMA, is structured as follows (Figure 2).

1 —%—K

Figure 2 — Schematic representation of the cylindrical
classifier: 1 —blowing air supply channel (q,); 2 —high
efficiency particulate air filter; 3 — flow meter; 4 — channel
of clean air; 5 —aerosol neutralizer; 6 — channel for
supplying polydisperse aerosol; 7 —flow straightener;
8 — acrosol inlet; 9 — classification area; 10 — high voltage
source; 11 —central rod (r,), which is supplied with
high voltage (V); 12 —outer cylinder (r,); 13 — exit slit
of monodisperse acrosol; 14 —channel for the exit of
monodisperse aerosol; 15 — filter; 16 — channel for the exit
of polydisperse aerosol

This device allows you to separate aerosol
particles based on their electrical mobility and, ac-
cordingly, create a stream of monodisperse particles
at the outlet.

The classifier contains a bipolar charger (aerosol
neutralizer). Here, the particles collide with bi-
polar ions, which leads to an equilibrium charge
distribution that depends on the particle size. For
example, according to diffusion theory for submicron
particles, 100 nm particles will definitely exit the
bipolar charger with 42.6 % uncharged particles;
24.1 % with +1 charge; 24.1 % with a charge of -1;
and the remaining particles are multiply charged.

After passing through the bipolar charger, the
aerosol enters the DMA, also located inside the
classifier. The DMA is a long cylindrical chamber
with a radius of 1.958 cm. Inside the chamber there
is a rod with a radius of 0.937 ¢cm, concentric with
the walls of the chamber, so that an annular space
is formed between the rod and the walls of the
chamber.
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The aerosol stream enters the upper part of the
chamber and is combined with a stream of clean
blowing air. The combined flow flows into the gap
between the coaxially located central rod and the
outer cylinder. The voltage on the rod can be adjusted
from 0 to 10.000 V. The outer cylindrical chamber
is supported by ground potential, which allows the
electric field to spread evenly in the annular space to
the bottom of the chamber. Along the way, charged
particles move to the central rod due to the voltage
potential difference.

By changing the voltage on the central rod,
thereby scanning the electric field strength, and by
measuring the numerical concentration of the aerosol
coming out of the slit, the distribution of the electric
mobility of the particles is determined.

The small radial clearance and high uniformity
of the electric field create the necessary conditions
for high-resolution electrical mobility measurements.

A small gap in the rod allows you to classify
particles with electrical mobility Z, calculated using
the following formula:

Ash_ 2y, 5)

2nVL  j

where g, is the blowing air flow rate in the shell;
V' is the voltage on the rod; L is the length from the
aerosol inlet to the slot; r, and r, are the inner and
outer radii of the annular space, respectively.

By adjusting the voltage, particles with a narrow
range of mobility are selected. The yield of nearly
monosized particles is achieved by selecting particles
based on their mobility. A stream of monosized
particles passes through the rod hole and exits the
classifier, then to the condensation particle counter,
where the number of particles is counted. The rest
of the stream leaves the classifier through an excess
stream outlet and enters the recirculation system. The
recirculation system pumps casing air through the
classifier, draws out excess air and then conditions it
before returning it as a casing air stream.

From equations (4) and (5), the particle diameter
is equal to:

eC(Dp)2VL
Pp=— ©
dsh3W In(->)
h
Determination of sources of non-excluded

systematic error

Based on equation (6), a model was built
for calculating the main sources of non-excluded

systematic errors when measuring the diameter of
particles in air using DMA:

01 = 1 (3e,814,6C(Dp),d(L,n,12),0V ,8qgp),

where 9, is the error due to the determination of
the magnitude of the electron charge; du is the er-
ror due to the determination of the value of the gas
viscosity; 8C(D,) error due to the determination
of the Cunningham correction factor; 6(L,r,7,)
the error caused by the measurement of the
geometric parameters of the DMA; 6V is the error
due to the voltage measurement on the central
rod of the DMA; d8q,, is the error due to the
measurement of the blowing air flow rate in the
DMA casing.

Quantification of the main sources of non-
excluded systematic measurement error

The error due to the determination of the magnitude
of the electron charge

The magnitude of the electron charge
and its standard deviation (lo) are equal to
(1.6021892 + 0.0000046)-10 " C.  The relative
error is about 3-10*% and is negligible when
estimating the boundaries of the non-excluded
systematic error.

Error due to the determination of the gas viscosity

R.T. Birge established a weighted average
of the viscosity of dry air at 23.00 °C equal to
1, = (1.83245 + 0.00069)-10 > kg m ' s, corrected
for temperature using the Sutherland equation.
After determining the reference viscosity at
23.00 °C, the viscosity for other temperatures can
be obtained using the Sutherland formula:

)

where 7, is the absolute reference temperature
(296.15 K); T is the absolute temperature.

The viscosity of dry air at 23.00 °C has a relative
error of 0.038 %. The air flowing through the DMA
has an estimated relative humidity of 7 %. The
reduction in viscosity due to the addition of water
is estimated at 0.08 % based on the viscosity of
the water and its air volume fraction. This value of
0.08 % is taken as the relative error in determining
the viscosity of air due to the presence of water
vapor. Calculating the relative error in determining

T

Ty +110.4K
Ty

“:“0( T+1104K
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the viscosity of a gas as a root of the sum of squares,
we get a value of 0.089 %.

Error due to the determination of the Cunningham
correction factor (slip correction)

The slip correction extends the calculation based
on the Stokes law of the retarding force acting on
a spherical particle moving with a low Reynolds
number in a gas medium to particles of the order of
a nanometer.

The Cunningham slip correction factor, which
describes the behavior of a gas in an inhomogeneous
medium when small particles move, is determined
by the expression:

C(Dp)=1+K, [Al + 4, exp(_%n H =1+K,4,

where K|, is the Knudsen number, namely, the doubled
free path of particles in air divided by the particle
diameter (K, =2M\/D,); A, A,, A5 dimensionless con-
stants; A is slip correction parameter. The error due
to the determination of the Cunningham correction
factor is taken to be 0.1 %, which corresponds to the
type 4 uncertainty from the study [8].

Sources of non-excluded systematic errors

Error due to geometric parameters measurement
of the DMA

The error caused by the measurement of the
geometric parameters of the DMA includes the
errors in measuring the length from the aerosol
inlet to the slit (analyzer length L), the inner and
outer radii of the annular space (r,, r,). The listed
errors are 0.5 %, 0.1 % and 0.6 %, respectively [9].
Calculating the error due to the measurement of the
geometric parameters of the DMA as the root of the
sum of squares, we get a value of 0.7 %.

Error due to voltage measurement on the center
rod of the DMA

The error due to voltage measurement on the
central rod of the DMA is indicated in the calibration
certificate for the electrostatic classifier and is 0.3 %.

The error due to the measurement of the blowing air
flow rate in the sheath of the DMA

The error due to the measurement of the blowing
air flow rate in the DMA casing is specified in the
calibration certificate for the electrostatic classifier
and is 2.0 %.

The main sources of non-excluded systematic
errors and their values are shown in Table 2.

Table 2

Error name Source of non-excluded systematic errors Error value 0,, %

de Error due to the determination of the magnitude of the electron charge e 0.0003

du Error due to the determination of the value of the viscosity of the gas p 0.089

3C(D,) Error due to the determination of the Cunningham correction factor C(D,) 0.1

S(L, 1y 1) Error due to the measurement of the geometric parameters of the DMA 0.79
(L, ry,17)

14 Error due to measuring voltage / at the center rod of the DMA 0.3

dq,, Error due to the measurement of the air flow velocity g, in the DMA shell 2.0

Non-excluded systematic error 0,

0, =Ky Y.6; 1.1x2.18

Note: a confidence interval P =0.95; K= 1.1

Non-excluded systematic error 6, 24
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Determination of the standard deviation
of the random component of the analyzer
error when measuring the size

of nanoparticles in air

The standard deviation of the random component
of the analyzer error in measuring the particle size in
air was determined from standard samples of PSL
particle size with a nominal value of 100 nm. This
particle size is typical and is used to represent the
accuracy characteristics of nanoparticle measuring
instruments.

The standard deviation of the random error
component S;, %, is calculated by the formula:

> (L :Z)Z
n(n—1)

Sy = -100%,
where L, is the result of the i-th observation, nm;
L is arithmetic mean of observation results, nm;
n is the number of observations.

The number of observations at each investigated
point of the measurement range » is determined by
the formula:

2

n= .
I-p

(7
where p is the confidence level (at p = 0.95, n = 40).

Since the random component of the error is
taken into account, and there is no variation, the
number of observations calculated by formula (7)
can be reduced to n = 10.

Example of protocol of measurement results
obtained in the Aerosol Instrument Manager soft-
ware is shown in Figure 3.

{«é‘ 84609 #/cm?
= 12e+6 Median: 104.7 nm
—~ let6 Mean: 104.1 nm
§ Mode: 104.6
= 8etS Geo Mean: 102.0 nm
E 6et5 Geo Std Dev: 1.238
5
% det5
:—: 2e+5 il | X-Ray On 25.7 %rH
'_8 0e+0 h,n:..,.dJJ m”ﬂ DC On 23.4°C
g 10 100 1000

: MCC On 96.8 kPa
z Diametr (nm)

Figure 3 — Example of protocol for the measurement
re-sults of nanoparticles with a nominal diameter of
100 nm

The protocol displays the particle size
distribution function in the range from 50 to 150 nm.
The median, mode, arithmetic mean, geometric mean
and standard deviation of the geometric mean of the
distribution function were also calculated.

We take the geometric mean value for the
observation result.

The standard deviation of the random component
of the error S, is 0.33 %.

Determination of the error in transferring
the size of a unit of length when measuring
the size of nanoparticles in air

The error in transferring the size of a unit of

Sy =4/S;+67.

length when measuring the size of nanoparticles in
air Sy, nm, is determined by the formula:

It is 2.42 % with a confidence level of P =0.95;
K=1.1.

Conclusion

The error in transferring the size of a unit of
length when measuring the size of nanoparticles in
air was 2.42 % with a confidence level of P=0.95;
K=1.1. This value of the error makes it possible
to calibrate the counters of aerosol particles
without resorting to purchasing standard samples
of monodisperse latexes. Moreover, based on the
results obtained, certification of standard samples of
particle size in aerosols will be carried out. Also, the
fact that the value of the error in transferring the size
of a unit of length when measuring the diameter of
nanoparticles was established by this method, and
not using a comparison standard, allows us to assert
that the analyzer of differential mobility of particles
not only stores and transmits a unit of size, but also
reproduces it.
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