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Foreword

This document (EN ISO 10801:2010) has been prepared by Technical Committee ISO/TC 229
“Nanotechnologies” in collaboration with Technical Committee CEN/TC 352 “Nanotechnologies” the
secretariat of which is held by BSI.

This European &tahdard shall be given the status of a national standard, either by publication of an identical
text or by endor t, at the latest by June 2011, and conflicting national standards shall be withdrawn at
the latest by June Z@

Attention is drawn to t ossibility that some of the elements of this document may be the subject of patent
rights. CEN [and/or CE C] shall not be held responsible for identifying any or all such patent rights.

According to the CEN/CEN C Internal Regulations, the national standards organizations of the following
countries are bound to imple this European Standard: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech
Republic, Denmark, Estonia, ’@ France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia,

Lithuania, Luxembourg, Malta, lands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain,
Sweden, Switzerland and the Unitedgfngdom.

e
)
(}ndorsement notice

The text of ISO 10801:2010 has been appr@y CEN as a EN ISO 10801:2010 without any modification.
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Introduction

The number of nanotechnology-based consumer products containing silver, gold, carbon, zinc oxide, titanium
dioxide and silica nanoparticles is growing very rapidly. The population at risk of exposure to nanoparticles
continues to increase as the applications expand. In particular, workers in nanotechnology-based industries
are at risk of bil?i exposed to manufactured nanoparticles. If nanoparticles are liberated from products, the
public could be sed as well.

There is currently @wd, but growing, knowledge about the toxicity of nano-sized particles. The processes of
nanoparticle productiondnclude gas-phase, vapour-phase, colloidal and attrition processes. Potential paths of
exposure include inha , dermal and ingestion. Inhalation may arise from direct leakage from gas-phase
and vapour-phase proc , airborne contamination of the workplace from deposition or product recovery
and handling of product, st-recovery processing and packingl”l. Exposure to manufactured nano-sized
particles might occur during uction, use and disposal in the ambient air or workplace and is of concern for

There are currently neither gen® accepted methods of inhalation toxicology testing for nano-sized
particles nor specific nanoparticle g ation methods for such testing. The ability to disperse respirable nano-
sized particles from powders has b an obstacle to evaluating the effects of inhalation of nano-sized
particles on the respiratory system. Altedugh it is possible to disperse nanoparticles in air from powders, the
size of the particles so generated may beéger than desired due to aggregation and agglomeration. In order
to gain vital information for evaluating the health effects of nanoparticles by inhalation, nano-sized particles
need to be generated and transported to t environment containing experimental animals for testing
short- or long-term inhalation toxicity. The na rticle generation method based on evaporation of metal
(silver in this example) and subsequent cond éat'wn is capable of providing a consistent particle size
distribution and stable number concentrations, suit for short- or long-term inhalation toxicity study.

This International Standard provides a method for sta@silver nanoparticle generation with particle sizes up
to 100 nm. A detailed method is described in Annex A. generation method provided here has sufficient
stability for continuous inhalation toxicity testing up to . The generated nanoparticles can be used in
various experimental systems, including high-throughput an cell-based labs-on-a-chip, a variety of
additional in-vitro methods [8F110I11] as well as the animal riments that may still be performed at this
time, which include, but are not limited to, whole-body, head-o d nose-only. The method is not limited to
the silver nanoparticles used in this example and may be used to %te other metallic nanoparticles with a

similar melting temperature and evaporation rate, such as gold. Ho r, this method is not applicable to the
generation of nanoparticles of all metals.

Yo%
@6\
&
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Nanotechnologies — Generation of metal nanoparticles for
inhalation toxicity testing using the evaporation/condensation
method

A
/5/.
1 Scope Kp

This International Star? gives requirements and recommendations for generating metal nanoparticles as
aerosols suitable for inh@on toxicity testing by the evaporation/condensation method. Its application is
limited to metals such as @ and silver which have been proven to generate nanoparticles suitable for
inhalation toxicity testing usi technique it specifies (see Annex A).

S,
2 Normative references /

*

Ve
The following referenced documents@e indispensable for the application of this document. For dated
references, only the edition cited appli For undated references, the latest edition of the referenced
document (including any amendments) ap %

ISO/TS 27687, Nanotechnologies — Termino@and definitions for nano-objects — Nanoparticle, nanofibre
and nanoplate L .

%
ISO 15900, Determination of particle size distribut% Differential electrical mobility analysis for aerosol
particles

ISO/IEC 17025, General requirements for the competené%sting and calibration laboratories
OECD Test Guideline (TG) 403, Acute Inhalation Toxicity) %

/\
OECD Test Guideline 412 (TG) 412, Subacute Inhalation Toxicity:@(-{?ay Study")

OECD Test Guideline 413 (TG) 413, Subchronic Inhalation Toxicity: 9%? Study")

For the purposes of this document, the terms and definitions given in ISO/TS% and 1ISO 15900 and the
following apply.

3 Terms and definitions

31

differential mobility analysing system

DMAS

system used to measure the size distribution of submicrometre aerosol particles consisting of a DEMC, a
particle charge conditioner, flow meters, a particle detector, interconnecting plumbing, a computer and
suitable software

NOTE Adapted from ISO 15900:2009, definition 2.8.

1) Organization for Economic Cooperation and Development (OECD) publication.

© 1SO 2010 — All rights reserved 1
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3.2

differential electrical mobility classifier
DEMC

differential electrical mobility spectrometer
DEMS

classifier that is able to select aerosol particle sizes from a distribution that enters it and pass only selected
sizes to the exit

NOTE 1 A DEMC classifies aerosol particle sizes by balancing the electrical force on each particle in an electrical field
with its aerodynamic drag force. Classified particles have different sizes due to their number of electrical charges and a
narrow range of electricaly\bility determined by the operating conditions and physical dimensions of the DEMC.

NOTE 2 Adapted from |5§1 5900:2009, definition 2.7.
(«
3.3

condensation particle counl@’
cPC (@)

instrument that detects particles that can be used to calculate particle number concentration given the
known flow rates into the detector

NOTE 1  The range of particles detecte% usually smaller than several hundred nanometers and larger than a few
nanometers. A CPC is one possible detector e with a DEMC.

NOTE 2 In some cases, a condensation particg;oﬁnter may be called a condensation nucleus counter (CNC).

NOTE 3  This definition is different from the one give, ISO 15900.

3.4 @

inhalation exposure chamber @

inhalation chamber L .

exposure chamber 7,

system prepared to expose experimental animals to an inh test substance of predetermined duration and
dose by either the nose-only or whole-body method %

NOTE 1 The term “nose-only” is synonymous with “head-only” or “sr‘%ly”.

NOTE 2 Adapted from OECD TG 403, OECD TG 412, OECD TG 413. %
3.5 ~

evaporation/condensation nanoparticle generator system Q

device used to make a nanoparticle aerosol by the evaporation/cond tion method, which can be
connected to an inhalation chamber or other toxicity testing device

3.6 @

geometric mean diameter

GMD @

measure of the central tendency of particle size distribution using the logarithm rticle diameters,
computed for the DMAS by

n
_ AN;In(d;
IN(GMD) = &=i=m__ ()
where
d, is the midpoint diameter for size channel ;
N is the total concentration;

AN, is the concentration within size channel i;

2 © 1SO 2010 — All rights reserved
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m is the first channel;
n is the last channel.
NOTE The GMD is normally computed from particle counts and, when noted, may be based on surface area or

particle volume with appropriate weighting.

3.7

geometric standard deviation

GSD

measure of width'\gr spread of particle sizes, computed for the DMAS by

A i
In(GSD) = JZQ" N;[Ind; —In(GMD) ]|

N -1

3.8 O

count median diameter O

CMD O

diameter equal to GMD for pa%:ounts assuming a logarithmic normal distribution

NOTE The general form of the re\@q@hip as described in ISO 9276-5 is

CMD = x5, = 50,6 )" @Q
%

e s the base of natural logarithms, e = 2,71(&

where

p s the dimensionality (type of quantity) of a di fion, where
p=0 is the number, /®
p=1 is the length, é
p=2 is the area, and @
p=3 is the volume or mass; ®

r is the dimensionality (type of quantity) of a distribution, whe?@/‘

r=0 is the number, @
‘%

r=1 is the length,

r=2 is the area, and ®O/

r=3 is the volume or mass; 6
s is the standard deviation of the density distribution;

x50 iIs the median particle size of a cumulative distribution of dimensionality . @:
4 Principle \S\

4.1 Generation

The test airborne nanoparticles are generated by heating solid silver to evaporate silver from the solid silver
precursor. The entrained silver vapour is then cooled to nucleate and the vapour condensed to form a silver
nanoparticle aerosol. One experimental method that describes the generation of silver nanoparticles with the
evaporation/condensation method is described in Annex A.

© 1SO 2010 — All rights reserved 3
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4.2 Preparation of system

4.2.1 Prior to interfacing the nanoparticle generating system with the exposure chamber or chambers,
nanoparticle size analysis should be performed to establish the number concentrations and size distribution of
nanoparticles and to determine the stability of the generated aerosol. For this process, parameters selected to
generate the silver nanoparticle aerosol include flow rate, evaporation temperature, quench-zone length and
temperature gradients, among others. During exposure tests, analysis should be conducted continuously
and/or intermittently, depending on the method of analysis, so as to determine the consistency of particle size
distribution without disrupting the inhalation exposure.

4.2.2 Inhalation chambhirs and supporting equipment shall be prepared in accordance with OECD TG 403,
OECD TG 412 and OE ;BG 413.

4.2.3 Inhalation chamberﬁﬁnd supporting equipment shall be prepared for nanoparticle exposure studies.

NOTE 1 Aerosolized nanopart can be deposited to walls by Brownian diffusion and particle size change due to
aggregation/agglomeration. This d {ion process depends on the particle size, electrostatic charge, particle number
concentration and residence time. Se ndard texts on aerosol science, viz. Reference [12].

NOTE 2  Charge neutralization might b%uired, depending on the purpose of the study.

If charge distribution is considered a char rization requirement, this shall be specified and measured in the
study. .

Ve
NOTE 3  To reduce deposition losses, conductiv%bing of minimum length and diameter consistent with instrument
tube diameters is selected to interface with instrument@ and thereby avoid expansions and restrictions.

4.2.4 An inhalation chamber or chambers an orting equipment, such as sampling probes and
manifolds, shall be characterized to ensure copjiance with OECD TG 403, OECD TG 412 and
OECD TG 413 or US EPA Guidelines[31], for determinin ﬁ/ysampling bias.

routing samples from each inhalation chamber to on-line monitori uipment may increase particle losses and alter
downstream particle size distributions if losses are dependent upon particle\size.

NOTE The sampling manifold consisting of conductive tubir@ﬁolenoid valves and/or other elements required for

4.2.5 Measurement instruments used in inhalation testing shall @ alibrated and/or tested in accordance
with ISO/IEC 17025. %
/\

The differential mobility analysing system (DMAS) is usually caIibrated@ the factory and this should be
documented in the report. @

°s
Z
5.1 Capacity and control @

Output, reliability and control of the generator shall be adequate for the planned study, as f@s:

5 Requirements

a) metal evaporation rate (ug/h);
b) air flow rate (m3/h);

c) continuous operation of generator at target evaporation and air flow rates for study duration to be
considered.

4 © 1SO 2010 — All rights reserved
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5.2 Nanoparticle properties

5.21 The geometric mean diameter (GMD) of nanoparticles shall be less than 100 nm. This is
accomplished primarily by controlling the metal evaporation and condensation rates and the residence time in
each of the reactor zones. If, despite all reasonable effort, this requirement is unable to be met, expert
judgement will need to be provided.

5.2.2 The geometric standard deviation (GSD) shall be less than 2 (as proposed in OECD TG 403,
OECD TG 412 and OECD TG 413).

5.2.3 Test artighg purity, including particle purity and particle surface purity, shall be established to meet the
objective of the”sjufy. Preferably prior to the start of the study, there should be a characterization of the test
article that includedfs purity and, if technically feasible, the name and quantities of unknown contaminants
and impurities (OEGHYGD 39).

NOTE Determinatiog e chemical purity may require characterization of the surface chemistry of the generated
particles in addition to bulk ical purity.

5.3 Exposure chambe%osphere

(OECD TG 403, OECD TG 412 an CD TG 413; US EPA Guidelines[31]).

*

5.3.1 Air delivered to test anir%ihall be breathable, with an adequate oxygen content of at least 19 %

This may be accomplished by supplying@})propriate dilution air to the generator.

5.3.2 Care shall be taken that contami®anis are not generated by evaporation of volatile compounds in
binders, lubricants, finishes and sealants in the aerosol generator. This can be accomplished by
selection of appropriate materials and adequa &ke-out of the system.

5.3.3 The temperature of the air delivered to ‘test inhalation chamber shall be within the limits for
inhalation studies (OECD TG 403, OECD TG 412 a ECD TG 413; US EPA Guidelinesl[31]).

other contaminants, and shall be HEPA-filtered to r aerosols, including nanoparticles, dust and

5.3.4 Supply air to both the generator and inhalation i?%ers shall be free of oil, volatile compounds and
microorganisms.

5.4 System operational safety G/‘
%
Q

5.4.2 Contact with hot surfaces and electrical conductors associatQ, ith the electrical heater or other
components shall be prevented. ,

5.4.1 All local safety requirements shall be respected.

5.4.3 Gas discharged to the atmosphere from the system shall be HEPA-fiItP@\
5.4.4 There shall be no measurable leaks to the atmosphere from the aerosol g& tor.

5.4.5 Exposure chambers should be maintained at negative pressure (<5 mm water) with respect to
ambient conditions in order to avoid worker exposure in case of leakage. This pressure differential should be
monitored on a continuous basis and arranged to be kept within alarm limits. An alternative approach is to
maintain the apparatus at positive pressure with respect to ambient conditions to ensure that aerosols or
airborne contaminants cannot enter the exposure chamber. The apparatus at positive pressure should be
enclosed within ventilated secondary containment in order to minimize worker exposure.

For nose-only exposure, pressure should be slightly positive so as to ensure that animals will be properly

exposed. Due to potential leakage from this positive pressure, nose-only experiments should be conducted
inside the boundaries of an adequately designed fume hood (OECD GD 39).

© 1SO 2010 — All rights reserved 5
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NOTE Frequent leak checks, e.g. by the soap bubble method, or the installation of permanent leak detectors may be
necessary when there is a risk of nanomaterial leakage. In nose-only exposure systems, the test atmosphere could leak
around the animal where it meets the exposure apparatus. Leaks can be prevented by using a restraint system that seals
the tube, although heat and moisture buildup in the tube is a concernl29l.

6 Characterization of generator performance

6.1 Requirements for particle size distribution and mass concentration

Measurement of parti;)é\size distribution and total particle mass concentration are essential for the
characterization of nanop@gticles for inhalation toxicity testing. In the case of particle size distribution, this is
because the knowledge icle size influences dose and dose distribution while mass concentration is the
dosimetric parameter usedJroutinely in inhalation toxicity testing. In evaluating the nanoparticle aerosol
generator used for inhala@/ toxicity testing, these particle size distribution and total particle
mass-concentration measureme@ shall always be made.

Q

6.2 Particle size distribution surement

The method shall include near-contin monitoring based upon the scan speed of the classification and
detection instruments, with a time resoluti propriate for verifying the stability of the nanoparticle generator
in terms of particle size distribution concentration. The measurement method used shall be
comprehensive for nanoparticle aerosols prgfeiced by the generator. The accuracy of particle size and
concentration measurements shall be suffici for nanoparticle toxicity testing, and may be validated by
methods such as calibration against appropriate ?rence standards. The particle diameter range of particle
sizing shall be sufficiently broad so that all relevh?bata are recorded to reduce errors in conversion from
number-weighted distribution to surface-area-weig o volume-weighted distribution.

NOTE For number-based particle size distribution, meas§ pt using DMAS is the only currently available method
that meets all the above requirements in the size range below 1

6.2.1 Sampling with DMAS %

Nanoparticles should be measured following manufacturer‘s‘ﬂﬁ%ﬂmendations and in accordance with
ISO 15900. O

6.2.2 Sampling for microscopy /&

The filters on which the particles are sampled shall be coated with carbon (t @iuce charging during analysis),
mounted on an electron microscope grid (200 mesh), and observed under a tr ission electron microscope
(TEM). Diameters of randomly selected particles should be measured at “10@2000x magnification, and
analysed using an energy-dispersive x-ray analyser (EDXA) at an appropriate %erating voltage for the
target. 1SO 10312[3] can be adapted for the sampling and analysis to determin ngparticle morphology.
Additional details on sampling may be obtained from other sources [61l131[15]1171[18]{27] &{

6.3 Mass concentration measured by filter sampling d\

Gravimetric filter analysis is the method used for measuring total nanoparticle concentrations, in which the test
atmosphere is sampled from the animal's breathing zone. The mass concentration is calculated by dividing
the mass of the nanoparticles collected on the filter by the volume of air passed through the filter.

NOTE Beta attenuation monitor (BAM), tapered element oscillating microbalance (TEOM), piezoelectric
microbalance, gravimetric filter and other methods based on the chemical analysis of particles collected on filter media
may meet requirements for nanoparticle mass-concentration measurement.

Obtaining adequate mass loading to generate data above lower detection limits should be considered [3].

6 © 1SO 2010 — All rights reserved
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Mass concentration can be derived from number-based size distribution measurement data by making an
assumption regarding particle density, particularly for spherical particles, which may match bulk material
density [191. However, significant errors in calculated mass concentration may result if particle density is
inaccurate or unknown. Therefore, derived mass concentration from number-weighted size distribution data
shall be accepted only when no other acceptable methods meet the measuring requirements.

6.3.1 Filter sampling for aerosol mass concentration

Nanoparticle aerosol shall be sampled with a probe onto a membrane filter at an appropriate flow rate.
Sampling times will be selected based on the ability to obtain weighable samples with a microbalance. The
actual concentr;ﬁm is commonly expressed in mass units per unit volume of air (mg/l, mg/m3).

*

6.3.2 Frequenc ampling

6.3.2.1 Frequenc@’sampling forms an important part of the study plan. Sampling shall be conducted as
often as necessary to ermine consistency of nanoparticle size distribution, number and mass dose.
Individual exposure cham@ oncentration samples should not deviate from the mean chamber concentration
by more than = 20 % for na rticles (as proposed in OECD GD 39 and US EPA Guidelines[31).

evaporation/condensation reacto es and temperatures of the evaporation and condensation zones, shall
be monitored continuously. /‘
*

)

7 Nanoparticle generation spedfications

6.3.2.2 Process paramete %enerating silver nanoparticle aerosol, such as the flow rate through the

7.1 Test particle purity/impurities /&

Test particle purity/impurities shall be established éjnéet the objective of the study.

o
7.2 Size range %

The GMD of nanoparticles shall be less than 100 n%easured at the breathing zone according to
OECD TG 403, OECD TG 412 and OECD TG 413. O

Q.

7.3 Number concentration @

Number concentration shall be measured in the unit of particles, per l@ volume of air, cm=3, measured at the
breathing zone according to OECD TG 403, OECD TG 412 and OECD®/413.

7.4 Nanoparticle shape @

7.41 Primary nanoparticles should be nearly spherical. The desired shape @ primary particle, however,
may be different, based on the purpose of the study. Particle shape shall be ented as transmission
electron microscopy (TEM) or scanning electron microscopy (SEM) images, or ot ethods; the degree of
dispersion or aggregation/agglomeration should be evaluated quantitatively, if possible, using available
methods.

7.4.2 Consideration should be given to the fraction of nonagglomerated nanoparticles.

7.5 Stability

Nanoparticles should remain in a dispersed non-agglomerated or agglomerated morphology, depending on
the study objective. Stability of nanoparticle morphology shall be documented by TEM or SEM, or other
methods; the degree of dispersed non-agglomerated or agglomerated morphology should be evaluated
quantitatively, if possible, using available methods.

© 1SO 2010 — All rights reserved 7
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7.6 Animal exposure
7.6.1 The nanoparticle generator shall conform to the requirements of the inhalation studies.
7.6.2 The duration for use in the inhalation studies shall be established for the generation system.

7.6.3 There shall be ten to 15 air exchanges (continuous flow) per hour in whole body exposure, adequate
oxygen content of at least 19 % and uniform conditions throughout the exposure chamber (OECD TG 403,
OECD TG 412 and OECD TG 413; US EPA Guidelinesl31]). For animals exposed in flow-past inhalation
equipment (such as nose-only) designed to sustain a dynamic air flow, an adequate air exchange of at least
two to three times the re/sNratory minute volume of animals exposed (i.e. at least 0,5 I-min~! per exposure port
for rats) shall be ensufed£&ee OECD GD 39). Each exposure port should have similar exposure conditions,
with an oxygen concentrﬁi‘of at least 19 % (see OECD GD 39).

7.6.4 Estimate the mass do DMAS and the filter-sampled dose.

8 Assessment of results Q

The generation shall demonstrate that
long-term inhalation toxicity testing. In

le and continuous operation can be achieved for use in short- and
r to comply with the current relevant guidelines for inhalation
toxicity (such as OECD TG 403, OECD T and OECD TG 413), generation should be stable during the
period of exposure in terms of number and digseter of nanoparticles (GMD and total number concentration).
In addition, the concentration of nanoparticle&yn the exposure chamber should remain within 20 % of the

mean. Q

The results shall be assessed with respect to confo@o study and quality plans.

& .

9 Test report /(Q
9.1 The test report shall be in accordance with the test proc@‘res used.
9.2 In addition, the test report shall include the following: %

a) complete identification of the source material of nanoparticles ge ed (manufacturer's code, catalogue
or formulation number, batch number or date of manufacture, trade e, etc.);

b) procedures for the preparation of test samples; 6

c) quantification of nanoparticle size distribution and number by DMAS. : 6

8 © 1SO 2010 — All rights reserved
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Annex A
(informative)

Example method for evaporation/condensation generation of silver
nanoparticles

AA1 Genera% .
7

Silver nanoparticleskg'e often synthesized by evaporation/condensation, which is normally carried out in a

tube furnace at atmos?ric pressure. The source material within a boat centred at the furnace is vaporized

into a carrier gas and t ?ooled at the exhaust of the furnace to form nanoparticles. Nanoparticles of various

materials, such as Au, Pb and fullerene, have previously been produced using the
evaporation/condensation rréhod (11](18]121][23][24][25],

However, the generation of na
generator applications, because

rticles using a tube furnace has several drawbacks in terms of aerosol
e furnace occupies a large space, consumes a great deal of energy and
requires long periods to achieve th | stability. A typical tube requires more than 3 kW, and 30 min or more,
to attain stable operating temperatire J¥ost importantly, for inhalation toxicology studies, the tube furnace
raises the environmental temperature und the source material, which can negatively affect nanoparticle
condensation as well as make aerosol ten&ratures unacceptably high for delivery to test animals.

This annex describes a new approach, V\w@/‘material is heated on the surface of a small, flat ceramic

electrical heater.
)
.

7%
A.2 Mechanisms @

Source metal on the surface of the small (50 mm x5 m
and converted to nanoparticles in a carrier gas stream [1
short residence time during which carrier gas is exposed to
rate than with a tube furnace. As particles nucleate at the thi a near the heater surface and flow out with
the carrier air, coagulation decreases rapidly due to the quenchipg.and dilution effect of the low temperature
carrier gas. Additionally, the thermophoretic force, a positively %r electric force, and diffusion mixing

1,5 mm), flat, ceramic electric heater is vaporized
ause of the relatively small heating surface and
eater, the aerosol generated cools at a faster

contribute to the formation of non-agglomerated spherical nanoparti (171,

Yo%

A.3 Temperature characteristics of small ceramic heater @exposure chamber

evaporation/condensation method in particular, a high temperature near th elting point of the source
material is required. In order to obtain synthesized nanoparticles with s characteristics, stable
thermodynamic conditions are needed during their generation. The temperature\gistribution of the heater
surface is depicted in Figure A.1, measured at various applied voltages using a thermocouple and infrared ray
thermometer. Comparing surface temperatures of the heater, the respective emissivity at various surface
temperatures is evaluated. Emissivity changes incrementally with temperature and is 0,9 for a temperature
range of 894 °C to 1 417 °C, which is representative of the maximum temperature required (see Figure A.2).

The properties of a heater with respect to temperature are important for %ﬁicle generation. In the

Using this value, the heater surface temperature distribution is measured. The high-temperature surface on
the ceramic heater, required for this experiment, is a uniform 3 mm x 3 mm. Temperature characteristics of
the exposure chamber are monitored and recorded.

As shown in Figure A.3, the time to reach maximum temperature is about 10 s for each target temperature.
Compared with the tube furnace method, the small heater quickly attains requisite thermal conditions for

© 1SO 2010 — All rights reserved 9
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nanoparticle generation. After approximately 10s, the surface temperature of the heater, which directly
impacts evaporation rate of the source material, is maintained at a constant level. Hence, the small ceramic
electric heater surface is appropriate for stable generation of nanoparticles.

T°C
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Figure A.1 — Temperature distributions about X and Y axes for heating surface of
small ceramic heater using various applied voltages [13]

10
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Temperature increases almost Iir%ith the applied voltage.

%
T temperature {p

vV applied voltage

1 linear fitting Q
QO

Figure A.2 — Maximum temper(& of heater as function of applied voltage [13]

*

T temperature
t time

a  Poweron.
b Power off.

Figure A.3 — Temperature as function of time for various applied voltages ['3]
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Figure A.4 — Silver nanopartic ze‘distributions generated
using different heater su temperatures [13]

A.4 TEM and X-ray diffraction (XRD) analysis of si{a‘ nanoparticles under air carrier
gas o

Particle size distribution is affected by the heater temperature as d
silver nanoparticles created at various heater temperatures indicate
non-agglomerated [131. In the initial stage of particle formation, those gro
spherical particles because of the high temperature near the source mate
ceramic heater system has a high-temperature surface, generated silver na
via the same process. However, as nucleated particles at the small heater surfa€e flew out with the carrier air,
coagulation between particles decreases rapidly due to quenching and the dilé—zﬁect. Additionally, the
thermophoretic force near the source material, a positive unipolar electric force, iffusion mixing by the

ibed in Figure A.4. TEM images of
nanoparticles are spherical and
ia coagulation are sintered into
0l. Because the small electric
icles may grow spherically

local high-temperature gradient, contribute to the formation of non-agglomerated spheg anoparticles.
Figure A.5 shows the results of XRD analysis of Ag nanoparticles performed using an X- ractometer and
CuK radiation. As shown in the crystal structure peaks, the synthesized silver nanopa are not silver

oxides, but pure silver, even when air is used as a carrier gas. However, it is possible to form some oxidized
silver nanoparticles using this generation method.

12 © 1SO 2010 — Al rights reserved



EVS-EN ISO 10801:2010

1200 T T T T

1M1
1000 - T

800 — B

600 — E

*

/ i
d\ 200 311

% _

C@ ' 40 ' 50 60 ' 70 ' 80 O
Key 6

)
Figure A.5 —&D analyses of Ag nanoparticles [13]

>

)
A.5 Long-term stability characteristicsé%‘)inhalation toxicity studies

)\s 400 — 200 §

I intensity (arbitrary unit)
6 theta angle (degrees)

*

The experimental set-up for the long-term experime@nsists of two main parts: one for the synthesis of
silver nanoparticles by aerosol generation and the other dilution and measurement (see Figure A.6.) [14].

For aerosol generation, a small, flat-plate ceramic hea onnected to an AC power supply and housed
within a quartz case. The case is 70 mm in diameter a 40 mm in length. An overall heater element
dimension of 50 mm x 5 mm x 1,5 mm is capable of gener: a surface temperature of approximately

1 500 °C with a local heating area of 5 mm x 10 mm. When 8 ga,s applied, the highest temperature on the
local heating area, Ty, is 1 140 °C. Silver source material (99,9 pure) is located at the position of highest
temperature. Dry, filtered air is used as the carrier gas, with lamin w maintained at 22 I'min~1 (Reynolds
Number of approx. 420) using a mass flow controller (MFC). The distribution of silver nanoparticles is
measured using a DMAS and a condensation particle counter (CPC).

)
%
0
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b) Ceramic heater detail 6
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A1 HEPA-filtered air at 200 I-min—1 D dilutor 6
A2  excess air N neutralizer (210Po)
A3  dried filtered air D2 differential electrical mobility ifier (DEMC)
A4 nanoparticle containing air at 22 I-min-1 U ultrafine condensation particle c r (UCPC)
A5  exhaust air at 222 |I-min-1 P2 personal computer
M  mass flow controller (MFC) C inhalation chamber
P1  AC power supply W heater width, 5 mm
Q quartz tube B source material to edge distance, 6,2 mm

H ceramic heater
S source material

Figure A.6 — Schematic diagram of experimental set-up [14]
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A.6 Estimation of long-term size distribution by changing the loaded mass of silver

For the evaluation of the health effects of nanoparticle inhalation, nano-sized particles are delivered to the test
environment containing experimental animals, which are subsequently tested for effects of inhalation toxicity.
These studies are performed for short- or long-term exposure. The silver-nanoparticle generation method
provides a consistent particle-diameter distribution and stable number concentrations, suitable for both short-
and long-term inhalation toxicity studies.

Figure A.7 a) shows the size distribution of silver nanoparticles as measured in the stability test,
corresponding to data for the change in loaded mass of evaporating silver ['4]. Figure A.7 b) shows the
change in GMDAdecreasing slowly as the mass of loaded silver evaporates from 160 mg to 100 mg,

calculated to b metric equivalents of diameters 3,08 mm and 2,63 mm, respectively. For a silver mass of
less than 100 mg, D decreases relatively quickly as the silver evaporates. GMD is affected by the diameter
and surface area e loaded silver lump. If the initial loading mass is 160 mg, it is possible to generate

consistent-size silver @aparticles until 60 mg of the loaded mass is evaporated and 100 mg of the lump

remains. O
¢
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a) Variation of number concen@ign and GMD
of particles with silver mass eater
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Figure A.7 — Variation of number concentration and GMD of les with silver mass and variation
of GMD with equivalent diameter of silver on heater — Compari between 24 h long-term stability

test data and predicted data from initial mass vs. mass reduc® péte using short-term test [14]

*

7
A.7 Long-term stability test and distribution of nanoparticle@o,

A 160 mg initial bulk silver load is selected for the long-term test. A 160 mg silv%mere has a diameter of
3,08 mm. The GMD and GSD of nanoparticles generated from this load are 14 d, 1,6 nm, respectively
[see Figures A.8 a) and b)]. The total number concentration is 3,5 x 107 particles/cm3 @See Figure A.8 c)].

Figure A.9 shows the size distribution of silver nanoparticles over time up to 24 h for aé term inhalation
toxicology test. Figures A.9 a), b) and c) show the number distribution, surface-area diskibution and mass
distribution, respectively. DMAS software is used to calculate surface area and mass on the basis of particle
diameter, assuming the nanoparticles are spherical. The approximate surface-area concentration is obtained
from the particle-number size distribution as silver nanoparticles are nearly spherical and non-aggregate.
During operation of the heater as described in Reference [14], the silver maintained its spherical shape for the
duration of the operation due to the surface tension of the liquid silver. A solid silver sphere formed on the
heater surface when the applied voltage was initially turned on; however, this shape eventually collapsed due
to the pull of gravity. The bulk silver source maintained its size and shape throughout the 24 h of operation ['4],

16 © 1S0 2010 — Al rights reserved
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Figure A.8 — Variations of GMD, GSD and total number concentration of Ag nanoparticles with time
for long-term stability testing!14]
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