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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.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
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b main task of technical committees is to prepare International Standards. Draft International

prnational Standard requires approval by at least 75 % of the member bodies casting avote.

ther circumstances, particularly when there is an urgent market requirement for such documents,
mittee may decide to publish other types of document:

an ISO Publicly Available Specification (ISO/PAS) represents an agreement between technica

of the parent committee casting a vote;

an ISO Technical Specification (ISO/TS) represents an agreetment between the members of
committee and is accepted for publication if it is approved hy'2/3 of the members of the commit
a vote.

ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed f
be years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS is
reviewed again after a further three years, at which'time it must either be transformed into an In
ndard or be withdrawn.

ention is drawn to the possibility that someJof the elements of this document may be the subjeq
hts. ISO shall not be held responsible foridentifying any or all such patent rights.

D/TS 13278 was prepared by Techni¢al Committee ISO/TC 229, Nanotechnologies.
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Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) is a well-established multi-element analytical
technique used for fast, precise and accurate determinations of trace elements. ICP-MS has many advantages
over other elemental analysis techniques such as atomic absorption and ICP atomic emission spectrometry
(ICP-AES). The ability to handle both simple and complex matrices with a minimum of matrix interferences
is due to the high temperature of the ICP source. ICP-MS also has high sensitivity and superior detection
capability.

Owing to their unusual physical and chemical properties, and potential applications in_a number of areas,
interest in ¢carbon nanotubes (CNTs) has shown tremendous growth in the past decade. Metal particle catalysts
are essenfial in the mass production of nanotubes by chemical vapour deposition (CVD)!i218]. Remiova| of
these resiqual catalysts (typically Fe, Co, and/or Ni) after CNT production is one of the key challenges’for the
applicatior] of CNTs in many fields!4l. After complicated purification steps, the concentration of stich catalysts
is measurgd. It is of great concern that the results of toxicological and ecological impact studies of carhon
nanotubes| could be misinterpreted due to the presence of impurities in the test materials®l€ll7] and that the
metals coyld be released into the environment during disposal of the product by means ef.combustion or other
ways. Addjtionally, the actual desired performance of nanotube materials might depénd on these impurities,
reason why it is so crucial to use reliable techniques to determine their(content in these materials.

Currently @vailable methods for analysis of the purity of CNTs include neutron activation analysis (NAA),
transmissipn electron microscopy (TEM) with electron energy loss spectroscopy (EELS), scanning electfon
microscopy (SEM) with energy dispersive X-ray analysis (EDX), Ramafn spectroscopy, X-ray photoelectfon
spectroscapy (XPS), thermogravimetric analysis (TGA), and X-ray fluofescence (XRF) spectrometryl[81[91[10][11]
[12]. A numper of these techniques for the characterization of single-wall and/or multiwall carbon nanotubes are
the subjec} of standardization within ISO/TC 229, including SEM (ISO/TS 10798), TEM (ISO/TS 10797"), and
measurement methods for the characterization of multiwall carbén nanotubes (ISO/TR 109292)).

ach method has its limitations for determinatien: of elemental impurities. TGA can only providge a
gross estimation of metal content. NAA is a quantitativerand qualitative method based on nuclear reactiIns
between neutrons and target nuclei. This method provides high efficiency for the precise and simultanegus
determinafion of a number of major, minor and trace elements in different types of samples in the parts per
billion (107°) to parts per million (10-6) range~Moreover, due to the superior figures of merit, including hjgh
accuracy, good precision and no matrix blank-requirement, NAA is widely used in the certification of refereqce
materials. NAA is, however, not a technique that is readily available, being not only a highly specialised field of
analysis, but also requiring access to anuclear reactor. ICP-MS, on the other hand, is also capable of providjng
highly acclirate and precise results; while being widely available in most commercial laboratories. Howeyer,
using convientional solution sampléjintroduction ICP-MS, the sample has to be completely solubilised. Digesfjon
of some types of samples requires thorough pretreatment schemes. Standard sample preparation procedures
are availalle for routine matrix types, including soils, rocks and biological specimens. In the case of carljon
nanotubes] because of their extremely stable structure and possible encapsulation of metals in structyral
defects, it is necessarysthat the materials go through special destructive pretreatments before analysis by ICP-
MS12I13IHINS] |ICE-MSS offers better sensitivity than graphite furnace atomic absorption spectrometry with the
multi-element speed of ICP-AES.

However,

The purpogé-of this Technical Specification is to provide guidelines for optimized sample pretreatment methq)ds
for single-wall carbon nanofubes (SWCNTS) and multiwall carbon nanotubes (MIWCNTS) 10 enable accurate
and quantitative determinations of elemental impurities using ICP-MS. An example of the determination of
elemental impurities in commercially produced carbon nanotubes, using the methods described, is given in
Annex A.

1)  Under preparation.

2) Under preparation.
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Nanotechnologies — Determination of elemental impurities in
samples of carbon nanotubes using inductively coupled plasma
mass spectrometry

1
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inductively coupled plasma mass spectrometry (ICP-MS).

Th
for

impurities using ICP-MS.
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ISQ/TS 80004-3, Nanotechnologies — Vocabulary — Part3: Carbon nano-objects

3.1 Terms and definitions

Fo
3.1

inductively coupled plasma/source

de

eldctromagnetic fields

31
IC

inductively coupled plasma mass spectrometry

an
ge

Scope

s Technical Specification provides methods for the determination of residual elements other th
samples of single-wall carbon nanotubes (SWCNTs) and multiwall carbon nanotubes (MWC

b purpose of this Technical Specification is to provide optimized digestion and,ypreparation f
SWCNT and MWCNT samples in order to enable accurate and quantitative determinations of

Normative reference

b following referenced documents are indispensable for the{application of this document.
brences, only the edition cited applies. For undated referencesjthe latest edition of the referenced
Lluding any amendments) applies.

Terms, definitions, symbols and abbreviations

the purposes of this document, the terms and definitions given in ISO/TS 80004-3 and the follo
1

ice used to generate a plasma sustained in argon gas at atmospheric pressure by radi

2
-MS

hlytical techhique comprising a sample introduction system, an inductively coupled plasma
heration:of ions of the material(s) under investigation, a plasma/vacuum interface, and a mass sp

an carbon
NTs) using

rocedures
elemental

For dated
document

ving apply.

bfrequency

source for
ectrometer

comprising an ion focusing, separation and detection system
Nmeﬁammg to

almost every field of application of analytical chemistry.

31

3

elemental impurity
element other than carbon that is present in a sample and not in the form of carbon nanotubes

NOTE 1 Such impurities are primarily remnants of metal catalysts used during large-scale production of C

NOTE 2

but

is outside the scope of this Technical Specification.

© 1SO 2011 — All rights reserved
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3.2 Symbols and abbreviations

CCT collision cell technology

ci sensitivity coefficient for input quantity, x;, defined as df/dx;

CNT carbon nanotube

Cs expected concentration, in micrograms per litre, of spiked sample solution based on the added
spike

CVvD chemicat-vapotrdeposition

DRC dynamic reaction cell

ICP-MS inductively coupled plasma mass spectrometry

ICP-AES | inductively coupled plasma atomic emission spectrometry
k coverage factor
Iy dilution factor of the analysed sample solution, accounting for all sample/preparation steps

MWCNT multiwall carbon nanotube

Mg measured concentration, in micrograms per litre, of the analysed sample solution
Mg measured concentration, in micrograms per litre, in the spiked sample solution
NAA neutron activation analysis

oD outer diameter

PTFE polytetrafluoroethylene

Sw weight, in grams, of CNT sample

SWCNT single-wall carbon nanotube

U expanded uncertainty

uc(y) combined standard uneertainty of the final result

u(x;) standard uncertainty associated with input quantity, x;
14 volume, in litfes, of the analysed sample solution

wt % weight percentage

4 Samples and reagents

4.1 General

CNT samples produced by various processes typically contain impurities consisting of amorphous carbon
and other elements if they are not specifically separated. ICP-MS allows the determination of major, minor
and trace elements, providing quantitative information important for the characterization of the relative purity
of CNT samples. By acquiring the mass spectrum of the plasma, data can be obtained for almost the entire
periodic table in just minutes, with detection limits below 0,1 pg/l for most elements.

4.2 Samples

Samples shall be used that contain either SWCNTs or MWCNTSs, or both.

2 © 1SO 2011 — Al rights reserved
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4.3 Reagents

4.3.1 General

All reagents should be prepared and stored in polytetrafluoroethylene (PTFE) containers precleaned by nitric
acid and ultrapure water. Precleaned containers made from polypropylene, quartz, or other materials may also

be

suitable.

4.3.2 Purity of acids

Ul
an

4.3

ra high purity acids (e.g. HNO3, guaranteed reagent or equivalent grade) shall be used for sample
| preparation of calibration standards.

.3 Purity of reagents

Guaranteed grade chemicals (99,99 % or higher than 99,99 %) shall be used in all tests)(e.g. H2O2, ¢
redgent or equivalent grade). Certified reference materials should be used wheneyer available.
4.3.4 Purity of water

Ultrapure water having a resistivity of at least 18 MQ cm shall be used-n all tests.

4.4 Stock solutions

441 General

Stqck solutions may be obtained directly as multi-elefnent standards from accredited commercial

nafional metrology institutes as certified reference;materials. They may also be prepared from sing
standards or suitable starting materials in-house; although this can be difficult due to problems
comtamination. The following stock solutionsshall be available for calibration of the instrument. Th
starting materials should be assessed.

4.

10
in

4.43 ICP-MS calibration standard stock solution No. 2

10

4.4.4 ICP-MS calibration standard stock solution No. 3

10

.2 ICP-MS calibration standard-stock solution No. 1

00 mg/l of each element (Ca; Ce, Gd, Ge, Hg, La, Li, Sb, Sm, Ti, W, Yb) in 10 vol% HNO3 (1,6 m
vater.

) mg/l of each-glement (As, B, Be, Fe, Se, Zn) in 1,6 mol/l HNO3 in water.

mg’hof each element (Ag, Al, Ba, Bi, Cd, Co, Cr, Cu, Ga, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sr, T

dissolution

uaranteed

vendors or
le element
ith cross-
e purity of

ol/l HNO3)

e, TI, U, V)

in

,6-mol/l HNO3 in water.

NO

TE The working standard should be prepared daily.

4.5 Stock spike solutions

451 General

Multi-element spike standards are available from commercial vendors and national metrology institutes.
Alternatively, stock solutions of multi-element spike standards may be prepared in-house giving due
consideration to the purity of water and acids. The following stock spike solutions shall be available.

© 1SO 2011 — All rights reserved
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4.5.2 Stock spike solution No. 1

10 mg/l each of As, Ca, Co, Cr, Cu, Fe, Mn, Ni, Se, V, and Zn in 1,6 mol/l HNO3 in water.

4.5.3 Stock spike solution No. 2

20 mg/l each of Be, Cd, Fe, Ni, Gd, Ge, Sr, V, W, Yb, and Pb in 1,6 mol/l HNO3 in water.

4.6 Stock internal standard solutions

4.6.1 Gdneral

Single element internal standard solutions are available from commercial vendors and national(metrology
institutes. Alternatively, internal standard stock solutions may be prepared in-house giving due,éonsideratjon
to the purifly of water and acids. The following stock internal standard solutions shall be availabfe for calibrafjon
of the instument.

4.6.2 Internal standard No. 1

1,6 mol/l HNO3 containing 10 mg/l of Sc in ultrapure water.

4.6.3 Internal standard No. 2

1,6 mol/l HNO3 containing 10 mg/l of Y in ultrapure water.

4.6.4 Internal standard No. 3

1,6 mol/l HNO3 containing 10 mg/I of Rh in ultrapure water.

4.6.5 Intfernal standard No. 4

1,6 mol/l HNO3 containing 10 mg/I of In in ultrapare water.

4.6.6 Infernal standard No. 5
1,6 mol/l HNO3 containing 10 mg/l of Tb'in ultrapure water.

NOTE 10 pg/l of each internal standard is the final concentration used in calibration standards and samples.
4.7 Sto¢k standard tuning solutions

471 Gdgneral

Tuning of the ifistrument shall be carried out daily. Single element standard tuning solutions are available frpm
commercigl“¥endors and national metrology institutes. Alternatively, standard tuning solutions may also|be
prepared in-house, giving due consideration to the purity of water and acids. The following standard tuning
solutions should be available for optimization of the instrument.

4.7.2 Standard tuning solution No. 1

1,6 mol/l HNO3 containing 1 pg/l of Be.

4.7.3 Standard tuning solution No. 2

1,6 mol/l HNO3 containing 1 ug/l of Co.

4 © 1SO 2011 — All rights reserved
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4.7.4 Standard tuning solution No. 3

1,6 mol/l HNOg3 containing 1 pg/l of In.

4.7.5 Standard tuning solution No. 4

1,6 mol/l HNO3 containing 10 pg/l of Bi.

NOTE

tun

One multi-element tuning solution may be used in place of single-element tuning solutions. Such m
ing solutions are commercially available.

8:2011(E)
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Apparatus

b an ICP-MS instrument with a quadrupole or sector field mass spectrometer, or another ty

ecommended that CCT or DRC technologyl12I[13][141[15](16] pe used, if available;4d” efficiently

mimize spectral interferences.

Sample pretreatment

Sample preparation for ICP-MS analysis

s in turn ensures that measurement results can be compared with those generated in other la
en that different laboratories might have differentctypes of sample preparation equipment, i
provide more than one option for pretreatment of CNTs. Three different sample pretreatmen
ombination of dry ashing with wet digestion;~ahd a microwave-assisted sample preparation for

vide reliable and reproducible measugement results using ICP-MS['2l. They are all equivalent.

thri
av
If
th
ve

In

ba
sa
de

ilable equipment or other laboratory-specific factors, as well as a consideration of possible sam
lements of high volatility that.ate subject to thermal losses, such as Hg, Se, and As, are to be d
n samples shall be digested ‘using closed microwave-assisted acid digestion systems or se
sels under high pressure.

ach of the following)procedures, a selected number of “spiked” samples shall be prepared
ch of “unspiked”. Ssamples. The number of spiked samples shall be at least 10 % of the number d
ples. The purpose of the spiked samples is to allow analyte recovery to be calculated. Spike
cribed in 8s2.

Wet-digestion under high pressure

b)

NO

instrument operating with at least 1 u (atomic mass unit) resolution for multi-element determ

ch can be found in Reference [12], are described here. These include wet digestion under high
blemental impurities in the CNT samples‘before ICP-MS analysis. These methods have beer

be procedures described, the appreptiate choice for a particular laboratory can be made on the |

be of ICP-
inations. It
remove or

Fmonizing sample preparation procedures by using a protocol such as that described in Refefences [12]
| [14] contributes to the quality of measurements by imptaving repeatability, reproducibility ang

reliability.
poratories.
is helpful
methods,
pressure,
dissolution
shown to
Among the
asis of the
ple effects.
etermined,
bled PTFE

with each
f unspiked
ecovery is

ssel will be

used to prepare one sample, as well as the desired number of spiked samples. Label the vessels that will
contain spiked samples with the word “spiked”, the other vessels are labelled with the word “unspiked”.

Weigh 10 mg to 20 mg of the CNT sample into each vessel.

TE 1

PTFE vessels typically have a static charge, making it difficult to accurately weigh mg samples directly into the

vessel. The accurate weight of a 10 mg to 20 mg sample in PTFE vessels is calculated from the weight difference between

the

NO

absence and presence of CNT sample.

TE 2

material is homogenized in advance.

© 1SO 2011 — All rights reserved
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c) Add to each vessel 4 ml of a mixture containing three parts by volume concentrated HNO3 and one part

by volume 3 % mass fraction HoOo.

d) Pipette 0,1 ml or more of the appropriate stock spike solution(s) into each vessel labelled “spiked”.

NOTE 3  One or both spike solutions are used, depending on the impurities remaining in the samples of carbon

nanotubes.

e) Seal the PTFE vessels inside oxygen combustion bombs (one vessel per bomb).

f) Heat the bombs in an oven at 180 °C and at a gauge pressure of 4 MPa for 12 h; then remove the bombs

and allow them to cool to room temperature.

g) Openithe bombs to see if digestion is complete, as indicated by the absence of any black residue. If
complete, proceed to step h). If it is incomplete, add a 4 ml to 6 ml aliquot of the same mixture-Lised in s
c) to gach vessel and repeat steps e) to g) until digestion is complete. Three or four heating cycles
typically necessary.

h) Evapgrate each digested solution to incipient dryness (almost dryness). Then add*2)% (volume fracti
HNOg3| to a fixed volume (e.g. 3 ml). Dilute further using 2 % (volume fraction)\ HNO3 if necessary
ICP-MS analysis.

NOTE 4  [Since evaporation necessitates an open vessel, care should be taken to minimize the potential for contaminat
e.g. using HEPA-filtered environment.

6.3 Combined dry ashing and acid digestion

a) Selectthe desired number of quartz crucibles, taking into account the fact that each crucible will be ug
to prepare one sample, as well as the desired number‘of spiked samples. Label the crucibles that
contain spiked samples with the word “spiked.”

b) Weigh between 25 mg and 50 mg of the CNT sample into each quartz crucible.
c) Pipette 0,1 ml of the appropriate stock spike solution(s) into each vessel labelled “spiked.”

NOTE 1 One or both spike solutions are used; depending on the impurities remaining in the samples of car
nanotubes.

d) Place|the crucibles in a muffle~furnace for more than 5 h at a temperature that is appropriate for
compgsition of the samples being ashed.

NOTE 2  [The burning temperature of amorphous carbon is 350 °C. SWCNTs decompose at a temperature of ab
500 °C or hjgher, while MWCGNTs decompose at a temperature between 600 °C and 700 °C, under the above mentio
conditions. When the composition of an unknown sample is not well-characterized, a temperature of 750 °C should
used.

NOTE 3 |When spiked samples are to be ashed, care should be taken to ramp the temperature to slowly evaporate
solvent; otherwise\the spike can sputter, resulting in analyte loss.
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Then completely transfer the resultant ashes into PTFE vessels using 3 ml to 4 ml hot (50 °C) concentrated

HNOs3.

f)  Seal the PTFE vessels inside oxygen combustion bombs (one vessel per bomb).

g) Heat the bombs in an oven at 180 °C and at a gauge pressure of 4 MPa for 4 h; then remove the bombs

and allow them to cool to room temperature.

h) Open the bombs to see if digestion is complete, as indicated by the absence of any black residue. If i

tis

complete, proceed to step i). If it is incomplete, add 3 ml to 4 ml hot (50 °C) concentrated HNO3 to each

vessel and repeat steps f) to h) until digestion is complete.

6 © 1SO 2011 — Al rights reserved
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i) Evaporate each digested solution to incipient dryness (almost dryness). Then add 2 % (volume fraction)
HNO3 to a fixed volume (e.g. 3 ml). Dilute further using 2 % (volume fraction) HNOg3 if necessary for ICP-
MS analysis.

NOTE 4  The combination of dry ashing with high pressure wet digestion consumes lower quantities of acid reagents
and requires a shorter digestion time than the direct high pressure wet digestion method (see 6.2).

6.4 Microwave-assisted digestion

a) Select the desired number of PTFE digestion vessels for the available microwave sample preparation
system, taking into account the fact that each vessel will be used to prepare one sample and the desired
number of spiked samples. Label the vessels that will contain spiked samples with the word “spiked.”

b) | Weigh 10 mg of the CNT sample into each vessel.

c) | Add to each vessel an aliquot of concentrated HNO3, 5 ml for SWCNT sampjes,or 10 ml fgr MWCNT
samples.

NQTE 1  The amount of acid used is significantly larger than the amount typically used for microwave digesfion of other
sample types, such as biological and environmental samples.

d

~

Pipette 0,1 ml of the appropriate stock spike solution(s) into each vessel labelled “spiked.”

NQTE 2 One spike solution or both spike solutions are used, depending, on the impurities remaining in thg samples of
carpon nanotubes.

e) | Seal the digestion vessels and perform microwave digestion using the following parameters:
— | microwave power = 800 W;

— | maximum digestion temperature = 200 °C;

— | time at maximum temperature = 30 min_for SWCNTSs or 60 min for MWCNTs.

A higher wattage can be used depending on the number of vessels. After the microwave program has ended,
remove the digestion vessels and allow them to cool to room temperature.

f) | Open the vessels to see if digestion is complete, as indicated by the absence of any black res|due. If it is
complete, proceed to step.g). If it is incomplete, add 4 ml to 6 ml concentrated HNO3 to each pessel and
repeat steps e) and f) until digestion is complete. Two or three heating cycles are typically nec:Issary.

g) | Evaporate each digested solution to incipient dryness (almost dryness). Then add 2 % (volume fraction)
HNO3 to a fixed-volume (e.g. 3 ml). Dilute further using 2 % (volume fraction) HNO3 if negessary for
ICP-MS analysis.

NQTE 3  There are now potentially more efficient systems available for dissolution/decomposition of carbom nanotubes
usifg oxygén-assisted microwave combustionl'2Il'3], but these are beyond the scope of this Technical Specification.

7 “Experimental-procedures
71 ICP-MS

Submit the ICP-MS instrument to a Performance Qualification process. Calibrate the ICP-MS instrument by
generating calibration functions using external calibration standard solutions. An alternative calibration scheme
such as standard addition or internal standard, may be undertaken to calibrate the ICP-MS.

If generation of calibration functions using external calibration standard solutions is selected as the calibration
method, then the concentrations of elements of interest shall be determined following calibration of the ICP-MS
instrument using the calibration standards referred to in Clause 4.

© 1SO 2011 — Al rights reserved 7
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The ICP-MS instrument shall be set up according to the instrument manufacturer’s instructions. To ensure
optimum instrument performance, it is recommended that the following instrument parameters be optimized

before analysis:

— plasma flow rate;

— auxiliary argon flow rate;

— nebulizer argon gas flow rate;

— forward RF power;

— dwell fime.

NOTE Optimization of instrument parameters will vary between manufactured instruments.

7.2 Interferences in ICP-MS

of the mags of the ion to its charge is displayed, and labelled m/z) in the mass region 3 to 250 u. Spec
interferenges can arise from the argon that supports the plasma, the acid used, as'well as the sample ma
A polyatorIic or isobaric interference occurs when a given species has a similarw/z to that of the analyte 3
the resolujon of the spectrometer is insufficient to resolve the two peaks, e,g.(58Ni+ on 58Fe*, 40Ar+ on 40Q
40Ar160+ gn 56Fet, 40Ar12C+ on 52Cr*, or 49Ar,*+ on 80Se*. The resolution.6f a quadrupole ICP-MS instrum
is generally around 0,8 u.

The ICP-MS instrument measures intensity at each atomic mass unit (u or Daltons; mofe-accurately, the rItio

NOTE HCI, HCIO4, H3PO4 and H2SO4 can cause considerable spegtral problems. Polyatomic interferences
caused by €I, P, and S+ ions in conjunction with other plasma/matrix-ions, such as Art, OF, and H*. Examples of s
isobaric intg¢rferences include 35CI40Ar+ on 7SAs*, and 35CI'60+ on*¥"/*. For this reason, the avoidance of HCI, HCI
H3PO4 and|H2SO4 in ICP-MS is recommended, whenever possible.

7.3 lIsotppe selection

ral
iX.
nd
a+
ent

are
Lich
Oa4,

Ofthe 70 elements that can be scanned using ICPAS, only a few are usually found in measurable concentrations

in CNT saimples. Based on potential interferences and isotopic abundances, the following isotopes should
analysed fpr ICP-MS analysis: 93Crt, 95Mnt, " 94Fe+, 57Fet, 99Nj+, 60Co+, 63Cut, 65Cut, 66znt, 68zn+ 95\
172yp+, 183w+, and 184W+, Isotopes forahalytes not contained in this list, as well as alternative isotopes
analytes tHat are contained in this list, may be selected by the analyst, based on laboratory-specific, instrume
specific, and/or sample-specific factors. When available, the CCT or DRC method may be employed for
eliminatior| of argon-based polyatomic interferences for the detection of 4Fe*, 60Nit, 63Cut, and 52Cr*, w
matrix desplvation systems niay’be employed to reduce oxide species. Sector field instruments may be us
to resolve jsobaric interferenees by means of higher spectral resolution. The polyatomic interference of A

be
o,
for
nt-
the
hile
ed
C+

is a major [problem for Crt-detection. Optimization should be carried out daily with a standard tuning solufjon

(1 pg/l eagh of Be, Coy'In, and U, referred to in 4.7). Raw data are usually collected on a personal compd
using proprietary software. The peak areas of elemental signals should be used for quantitative analysis.

ter

7.4 Standard calibration curve

Calibration standards having concentrations that span the range of 1 ug/l to 100 ug/l shall be used to prov

ide

appropriate calibration curves. Working standards shall be prepared daily by dilution from the stock solutions

described in 4.4. Use at least four calibration standards.

Plot the calibration curve as a function of relative response versus concentration; determine the slope, interc
and correlation coefficient of the calibration curve by the linear regression method. The correlation coeffici

ept
ent

shall be >0,95; if not, the instrument shall be re-calibrated. The concentration of a particular sample can

be further confirmed through analysis of certified reference materials. The ICP-MS response can be ma

trix

dependent. Therefore, the standards and samples should be matrix-matched, meaning primarily that the acidic

compositions of the standards and samples should be approximately the same.
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7.5 Method recovery evaluation using standard addition

Standard addition can be used to evaluate method recovery. Blank solutions are measured along with the
spiked and unspiked solutions prepared for analysis.

a) Measure the intensity of a blank solution.
b) Measure the intensity of the unspiked sample solution.

c) Measure the intensity of the sample solution which is spiked with known concentrations of each element.

d) Caibuiatu ﬂ IS TCLUVCTY fUl Cdbil UiUlllbllt fUI Wilib;l d bpii\c ildb ILJUUII addcu' (bUU 82)
e) [ The recovery is usually acceptable between 90 to 110 %.

NQTE 1 The sensitivity of measurement of the blank could be different from that of the spiked solutign for many
elements and care is required to ensure an accurate blank correction (i.e. not as a raw intensity"correction).

NQTE 2  Standard addition can also be used as a means of calibrating an ICP-MS analysis, but is not coyered in this
Teghnical Specification.

7. The use of internal standards in ICP-MS
a) | Add the internal standard quantitatively to the digested samples, (see 4.6).

b) [ Use five stock solutions, Internal Standard No. 1, Internal Standard No. 2, Internal Standard No| 3, Internal
Standard No. 4 and Internal Standard No. 5 for analytes\in the atomic mass ranges of <61 u, 6[3n to 88 u,
95 to 137 u, and 205 to 209 u, respectively, and throughout the experiment.

c) | The analyte and internal standard isotopes shall*be sampled and measured as nearly simultapeously as
possible.

NQTE 1 The aim of step c) is to compensate most'effectively for sample introduction-based and plasma-lpased noise
and achieve optimum precision.

NQTE 2 True simultaneous measurements-are only possible when a multicollector instrument is available, otherwise the

clogest approach to this is achieved using-time of flight platforms. Single detector sector field and quadrupole jnstruments
are| sequential, not simultaneous.

8 | Data analysis and interpretation of results

8.1 Calculation.of elemental impurity mass fraction in test sample

The decision whether to use peak height or peak area for signal quantitation should be made by the analyst,
thdqugh measurement of peak area is recommended.

Calculate’the mass fraction of an elemental impurity in the CNT sample (mg/kg) using the following equation:

X.:uac 14 LG | (1)
1 SW

where

Mc is the concentration obtained from the calibration curve, in micrograms per litre, of the analysed
sample solution;

V' is the final volume, in litres, of the analysed sample solution;
Ig is the dilution factor of the analysed sample solution, accounting for all sample preparation steps;

Sw is the weight, in grams, of the CNT sample.

© 1SO 2011 — Al rights reserved 9
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8.2 Calculation of the spike (method) recovery

The spike
recoveries
equation:

R% =

where

recovery in the sample is used to determine whether a result is quantitative and accurate. Spike
from 90 % to 110 % are considered acceptable. Calculate the spike recovery, R%, using the following

Mq-M
Zs e 100 @)
C

T

Ms

O

Mc

i

T

Cs

9 Uncédrtainty estimation

In accordance with international requirements, the uncertainty associated withrmeasurement results shall

be calcula
the Expres

the average measured concentration in the spiked sample solutions, in micrograms per litre, affer
ank correction;

the average measured concentration of the (unspiked) sample solutions, in micrograms,per litrg,
ter blank correction;

the expected concentration of spiked solution based on the added spike, in micrograms per litrg.

ed and reported. It is recommended that this be done following<4he principles of the ISO Guidg to
sion of Uncertainty in Measurement (GUM) (see also Reference [10]). Components of uncertainty

shall be ingluded for all significant sources of uncertainty in the measurement process. Important sourceg of

uncertaint
digestion

in the case of ICP-MS analysis include, for example, sample preparation steps such as weighing,
particularly important in the case of refractory samples such as CNTs), the assigned values of fhe

calibration|standards, instrument calibration, measurement precision, and method bias. Once the individual
standard upcertainties for the significant sources of uncertaifity have been determined, these shall be combined
and convefted to an expanded uncertainty at a specified\evel of confidence.
An elemental mass fraction value, y, determined using ICP-MS is a function of N input quantities, x;, where
i=1,2,...|Ni.e,y=f(x1,x2, ..., xy)]. Using the . GUM approach, the combined standard uncertainty associated
with the determined mass fraction value, ug(y);'is found by combining the individual standard uncertainfies
according fo the law of propagation of uncertainty:
/ 2
Uc (J’) = Z[Ci xu(x; )] (3)
i

where

ci s sensitivity goefficient for input quantity, x;, defined as df/dx;;

u(x;) Is standard uncertainty associated with input quantity, x;.
Equation (B)ignores the covariance terms in the law of propagation of uncertainty. This simplification usually
has negligibte consequences i terms of the estimated vatue of uc(y)-
The final expanded uncertainty, U, is obtained by multiplying the combined standard uncertainty, uc(y), by a
coverage factor, .

U=kxuc(y) (4)

where

U is the expanded uncertainty;

10
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k is the coverage factor;

uc(y) is the combined standard uncertainty of the final result.

The value of k£ can be calculated for a specific level of confidence based on the effective degrees of freedom
associated with uc(y). The effective degrees of freedom can be estimated using the Welch-Satterthwaite
formula or other methods. However, it is usually acceptable to just assume that k£ = 2, because this approach

typ

ically results in a level of confidence of approximately 95 %.

10

T

=3

a)

b)

c)

Test report
b test report shall include the following:

identification of tested CNT samples, including the manufacturer’s code, catalogue-or formulati
batch number or date of manufacture, trade-name, etc.;

serial number or date of manufacture, brand-name, etc.;

a brief description of sample pretreatment procedures, including the type of acid, digestio
temperature, and other conditions for wet digestion, etc.;

a brief description of experimental ICP-MS procedures;
all results of the measurements and their uncertainty gstimates;
all supporting information developed during preparation and throughout tests;

the use of the appropriate units of the International System of Units (SI).

bn number,

identification of all equipment and instrumentation used, e.g. manufacturer’simodel or catalogjyie number,

n method,

© 1SO 2011 — All rights reserved
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Annex A
(informative)

Example of determination of elemental impurities in carbon nanotubes

A1 S\rC.NJ—aod-MWCNJ—sauples
The main techniques for the production of CNTs include electric arc discharge, laser evaporation, and-eatalytic
decomposition of hydrocarbons. These techniques have been successfully developed to synthesize CNTs. The
catalyst employed in synthesizing CNTs can be a single element from Group V, VI, VII or V4 aJanthanide,
or a transifion metal or combinations thereof. Table A.1 gives selected parameters of SWCNTs and MWCNTs
supplied by several vendors. Figure A.1 shows TEM images of SWCNTs and MWCNTs from several vendqrs.
The dark regions identified by arrows indicate metal impurities.
Table A.1 — Parameters of SWCNTs and MWCNTSs supplied by different vendors
Specific .
Outer . Electrical Thermal
Sample diameter Length Purity Ash surface conduictivity | conductivity | Amorphogis
area carbon
nm pum wt % wt % m2/g S/cm W/m K wt %
1-SWCNT 1to2 510 30 >90 <1,5 >407 >102
2-SWCNT <2 <20 >90 <3 >450 ~4.000 <5
4-MWCNT 20 to 30 10 to 30 >95 <1,5 >110 >102
5-MWCNT 10 to 20 0,5t02 >95 <1,5 >350 >102
6-MWCNT| | 10 to 20 ~50 >95 <5 >180 >102
5to 15
7-MWCNT] 10 to 30 >95 <0,2 40 to 300 ~2 000 <3
or1to2
5t0 15
8-MWCNT] 10 to 30 >95 <0,2 40 to 300 ~2 000 <3
or1to2
5t0 15
9-MWCNT 10 to 20 >95 <0,2 40 to 300 ~2 000 <3
or 1402
20t040 | 0915 | 95 | <02 |40t0300 ~2000 <3
or1to2
5t0 15
11-MWCNJT | 40 to 60 >95 <0,2 40 to 300 ~2 000 <3
or1to2
12-MWCNJT | 60to 100 S0 15 >95 <0,2 40 to 300
or1to2
13-SWCN 13 05ta3 |50ta70 ~2 000 3
14-SWCNT 1,3 0,5t03 >90
12 © 1SO 2011 — Al rights reserved
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3-$WCNT 7-MWCNT 8-MWCNT (1//\%

NQTE Dark regions (highlighted by arrows) indicate metal impurities!!3].

Figure A.1 — TEM images of as-purified SWCNTs and MWCN om various vendofs
N\
S

The as-purified CNTs received further purification by vendors.

A.2 Equipment Q

ICIP-MS with a hexapole collision cell (Thermo Eleme sI\X7)3) was used. The plasma and auxiliary argon
floy rates were 13 and 0,75 I/min, respectively. The nﬁu izer argon gas flow rate was 0,75 I/min fgr the glass
comcentric nebulizer. The forward rf power was 1 2&& . The dwell time was 200 ms.

®
A. Detailed description of sample pretreatment procedures

Before ICP-MS analysis, CNTs were ﬁ@g{ed completely in accordance with the method of wet digesgtion under
high pressure given in 6.2. This method involves placing the PTFE vessel containing 10 to 20 mg sgmples and
a 4 ml mixture of three parts H to one part H2O2 into an oxygen combustion bomb. The latter was then
hegted at 180 °C and ata gau essure of 4 MPa for 12 h in an oven. If digestion was incomplete, fore of the
acid mixture was added an@\e digestion procedure was repeated. When digestion was over, thel remaining
acid was driven off and the)final solution was adjusted to a fixed volume using 2 % nitric acid and tHen diluted,
centrifuged, and anal by ICP-MS[12],

Af ICP-MS.analysis

The final @tion solutions were first screened for the presence of elements using ICP-MS with @& hexapole
collisi . Isotopes such as 53Cr, 95Mn, %4Fe, 57Fe, 99Ni, 60Co, 63Cu, 65Cu, 66Zn, 8Zn, and P°Mo were
mcrﬂg d. The collision cell technique (CCT) was employed for the elimination of the polyatomic interferences
of AT, AFO™, NazO™, NaArT, and others in the detection of 7+Fe, “oNi; $3CT, 52Cr, and so on. Optimization was
carried out daily with a normal tuning solution (1 ng/ml, Be, Co, In, U). Raw data were collected using a personal
computer. The peak areas of elemental signals of ICP-MS were used for quantitative analysis onlinel12].

Two spiking experiments were performed to determine the accuracy of the ICP-MS method. In the first,
mixed elemental standard solutions of known concentrations were added to the final digested solutions of
CNT samples after pretreatment in order to evaluate the accuracy of the ICP-MS measuring system. For the
second, mixed elemental standard solutions of known concentrations were added to the original CNT samples
prior to acid pretreatment, through which the accuracy of the whole procedure was evaluated. Several single
elemental standard stock solutions were mixed to prepare mixed standard solutions. Then, 100 ul of mixed

3) Thermo Elemental X7 is the trade name of a product supplied by Thermo Electron Co. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of the product named. Equivalent
products may be used if they can be shown to lead to the same results.
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elemental standard solutions of known concentrations were added to 10 mg of original CNT samples prior to
acid pretreatment; the ratio of addition for each element was 1:1 in the final solution for ICP-MS. The spiked
and unspiked CNT samples were subjected to the same pretreatment procedure as for wet digestion at high
pressure and were finally determined by ICP-MSI12],

A.5 NAA analysis

20 mg samples were enclosed in polyethylene capsules. The samples were irradiated for 8 h at a thermal
neutron flux of 5,88 x 1013 n cm=2 s usmg a heavy water nuclear reactor of the Chlnese Instltute of Atomic
Energy, B
Its energy [resolution is 1 96 keV for the 1 332 keV peak of 60Co and its relative detection efficiency is'23 %
and the pg¢ak-to-Compton ratio was 48:1. Some well-prepared mixed chemical solutions were used. as the
comparatdrs, which contained the elements of interest in the known concentrations[121[13],

A.6 Example results of ICP-MS analysis

Figures A.R and A.3 summarize the mass percentages of impurity elements determined. by ICP-MS in SWCNT
and MWCNT samples, respectively, obtained from various suppliers['3l. The results shiow that these commergial
CNTs conllﬁin significant quantities of residual metals despite the use of post-processing by the manufacturers
to reduce fnetallic and amorphous carbon contents.

YA

30
25 1
20 -
15 |

Key
X sample|number
Y content|of metakimpurities (wt %)

provided by various manufacturers

The data for each sample represent the mean and standard deviation of three independent determinationsl'3l.
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Key
X | sample number
Y | content of metal impurities (wt %)

Figure A.3 — Total mass percentage of metal impurities'in MWCNT samples
provided by various manufactuters

The data for each sample represent the mean and standard deviation of three independent determihations[13l.

Figure A.4 shows the total mass percentages of metal impurities determined using ICP-MS ipn MWCNT
safnples before and after further purification using aixed acid reflux procedurel’3l. The outer|diameters
of the MWCNTs were different for each of the three Samples. The samples as received from the vendors
wefe refluxed in a concentrated mixture of sulfunie, and nitric acids, followed by washing with distjlled water.
Fidure A.4 shows that the residual metal impurities contained in the CNTs could not be removed ¢ompletely,

evegn after employing this rigorous purification-step.
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