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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
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Introduction

:2023(E)

Multiwall carbon nanotubes (MWCNTSs) are quasi-one-dimensional tubular carbon nanomaterials
rolled up or coaxial nested by three or more graphene sheets. The production of carbon nanotubes
(CNT) generally results in significant amounts of carbon impurities (carbon material content not in
the form of CNT, including amorphous carbon and trace amounts of other types of structured carbon),
which influence the physical and chemical properties of the nanomaterial. Therefore, the measurement
of carbon impurities content in MWCNT samples is highly desirable for the determination of their
purity.

Seyeral methods have been reported to characterize carbon impurities in MWCNT
indluding transmission electron microscopy (TEM), temperature programmed oxidation

thérmogravimetric analysis (TGA), etc.,, among which TGA can provide quantitative pesult
[2]l6] This technique makes use of the fact that MWCNTSs are more stable than theymiajority
impurities, so carbon impurities less stable than MWCNTs will react firstly with carbon

carbon dioxide atmosphere. The oxidation of carbon impurities with carbon dipxide is an en
process, which prevents overheating in certain areas and restrains the reaction of MWCNTs a

ti
en
frd

e. Therefore, the separation between the oxidation of carbon impurities and those of M
hanced,[ZI[8112][10] allowing the amount of carbon impurities less stablethan MWCNTSs to be
m the mass loss in thermogravimetric analysis.

samples,
TPO) and
s [1112]1[31[4]
of carbon
dioxide in
lothermal
[ the same
WCNTs is
ralculated
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N

anotechnologies — Multiwall carbon nanotubes

— Determination of carbon impurity content by
thermogravimetric analysis

1
Th

Scope

is document specifies a mild oxidation method to determine the content of carbon impurjti

mdterial content not in the form of CNT, including amorphous carbon and trace amountd-of o

of
an

Th

tructured carbon) less stable than multiwall carbon nanotubes (MWCNTSs) by.thermogt
hlysis (TGA) under carbon dioxide atmosphere.

is document is applicable to the characterization of carbon impurities contént in MWCN

prépared by chemical vapour deposition (CVD). Measurement of carbon impurities in MWCN
prépared by other methods can refer to this document. This method isot applicable to func
MWCNT samples or MWCNT samples with encapsulant species.

NO[TE This method is applicable for the case of TG curves with a single-stage.

Th

Fo

Normative references

re are no normative references in this document.

Terms, definitions and abbreviated terms

.1 Terms and definitions

" the purposes of this document/the following terms and definitions apply.

IS} and IEC maintain terminotegical databases for use in standardization at the following ad

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropediafavailable at https://www.electropedia.org/

3.11

m

Itiwall carbon nanotube

MWCNT

multi-walled carbon nanotube

carbon nanotube composed of nested, concentric or near-concentric graphene layers with
diqtances similar to those of graphite

bs (carbon
ther types
avimetric

I' samples
T samples
tionalized

resses:

interlayer

Note 1 to entry: The structure is normally considered to be many single-walled carbon nanotubes nesting each
other and would be cylindrical for small diameters but tends to have a polygonal cross-section as the diameter
increases.

[SOURCE: ISO/TS 80004-3:2020, 3.3.6[11]]

3.1.2
amorphous carbon
carbon material without long-range crystalline order

[SOURCE: IUPAC, Compendium of Chemical Terminology[12]]
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3.2 Symbols

T, temperature of the peak on DTG curve (°C)

W300 mass percentage (%) of the sample at 300 °C

W, mass percentage (%) of the sample at temperature T,
AH is the enthalpy change

3.3 Ablreviated terms

co,
CVD
DTG
MWCNT
TG

TGA

4 Prin

Thermogj
ordertoa
change. T
Observed
solvent re
[13] The e
as a funct
changes o
thermogr
respect to

The meth¢d specified in this documentis based on different reactivity of MWCNTs and carbon impurif]
pon dioxide (CO,). atmosphere during heating. Carbon dioxide works as a mild oxidant to first

under car

carbon dioxide

chemical vapour deposition
derivative thermogravimetric
multiwall carbon nanotube
thermogravimetric

thermogravimetric analysis

Ciple
avimetric analysis measures the change in mass'Qf a material as a function of temperature

e change in mass of a material relates to change in composition and structure of the mater
mass changes with temperature increases may result from the removal of absorbed moisty
sidues, chemically bound moieties and/or the thermal or oxidative decomposition of produ

ion of temperature is a thermogravimetric (TG) curve. Mass change and the extent of th
f a material in a TG curve are indicators of the thermal stability of the material.[14] Derivat
hvimetric (DTG) curve is_asdisplay of the first derivative of thermogravimetry data w
temperature or timel13],

oxidize c
and CO,

bon impurities\ess stable than MWCNTs. Moreover, the reaction between carbon impuri]
sorbs heat{tom environment,[ZI81[9] which prevents local overheating, and thus enhan

In

rcomplish this, TGA requires the precise measurements of mass, temperature and temperatiire

jal.
re,
ct.

kperiments are carried out in an inert or oxidising atmosphere. The recorded mass change

bse
ive
ith

ies

ies
Ces

the separation of carbon impurities and MWCNTs. The amount of carbon impurities in MWCNT sampjles

can be calculatedfrem the mass loss in thermogravimetric analyser. See the reaction formula below

where

Co

is the carbon impurities in solid state;

CO,(g) is the carbon dioxide in gaseous state;

COrg)
AH

is the carbon monoxide in gaseous state;

is the enthalpy change.
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5 Sample preparation

MWCNT sample should be of good quality. MWCNT sample is first placed in a thermostatic vacuum
drying furnace for 2 h at 150 °C to remove unwanted volatile components.l16l Then the sample is
transferred to a desiccator to cool down to room temperature and it is stored there until used.

6 Measurement

6.1 Apparatus

6.1.1 Thermogravimetric analyser

Thermogravimetric analyser should consist of a furnace, which is capable of heéating from room
tepperature to 1 000 °C or above. Heating rate during experiment should be contrgHed by temperature
prggramme set in softwarel14],

Th,f linear heating rate should be controllable in the range from 1 °C min” to 50 °C min-1. The balance
sefpsitivity should be at least 1 pg, and the temperature controller sensitivity less than of equal to
0,41 °C.

A ¢rucible should be used as a sample container. The crucible is génerally made of alumina,|platinum,
quprtz or other materials, which does not change or react undef.the measurement conditions.

6.1.2 Drying furnace

A drying furnace capable of controlled heating to atdeast 150 °C is used.

6.1.3 Analytical balance

An|analytical balance capable of weighing 0)1 mg or lower is used.

6.1.4 Desiccator

A dlessicator containing a desiccant such as dried silica gel impregnated with cobalt chloride is used.
The drying agent shall not réact with MWCNT samples.

6.2 Reagents

6.4.1 Inertgas

Drl, commeTrgially available inert gas, such as nitrogen gas or argon gas, with minimum volunje fraction
of P9,99994 should be used in the measurement.

6.2.2” Carbon dioxide

Dry, commercially available carbon dioxide gas with minimum volume fraction of 99,999 % should be
used in the measurement.

6.3 Measurement procedures

The thermogravimetric analyser should be calibrated according to the manufacturer’s protocol to
ensure proper temperature and mass measurement.

a) Turn on the thermogravimetric analyser and wait until equilibrium is reached. Then inert gas and
carbon dioxide gas are introduced.

©1S0 2023 - All rights reserved 3
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b)

e)

Repeat the measurement at least three times for one MWCNT sample.

7

TG and DTG curves of one MWCNT sample are shown in Figure 1.

Obtain a baseline correction file using empty crucibles at the same experiment conditions to be
used for the MWCNT sample. Specifically, set the flow rate of gas to the furnace according to the
instrument type. The recommended inert gas flow is 10 ml min= to 20 ml min-1 and carbon dioxide
gas flow is 20 ml min~1 to 40 ml min-1; set the heating rate as 10 °C min~! within the temperature
range from room temperature to 1 000 °C.

Weigh an appropriate amount of MWCNT sample (3 mg to 5 mg) using an analytical balance and
transfer the sample into the crucible.

Before starting the measurement, keep the MWCNT sample in a closed thermogravimetric analyser

under-a gas flow for atleast 15 min and waituntil the cigna] (mncc’ temperature, gas ﬂnur) isstable.

Test the sample under the same conditions as in b). Thermogravimetric analyser will automaticglly
recorfl the mass change of MWCNT sample with temperature.

Datd analysis and interpretation of results

Y1 Y2
110
100 J s ‘\2 P A
9 - T
80 1 - -0,0005
70 -
60 - 0,001
50
40 - - 10,0015
. I—
30 ---- DTG
20 - 0,002
10 +
0 - 0,0025
-10 ] T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000 X

temperature (2C)
masy percentage (%)
deriyativesmass percentage (%/ °C)

masspercentage of e MWENTsampteat306-"€; w355 t9%)

extrapolated initial temperature of MWCNT component oxidation in one MWCNT sample, T, (°C)
mass percentage of the sample at T, w, (%)

temperature of the peak on DTG curve, T, (°C)

Figure 1 — TG and DTG curves of one MWCNT sample

The mass loss below 300 °C is due to the loss of volatile componentsl1el,

T, is the intersection point between the base line and the tangent line at the maximum mass loss rate
point, where the maximum mass loss rate point is provided in the DTG curve and the tangent line is
obtained by ordinary analysis software.

4
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Calculate the content of carbon impurities in MWCNT sample by Formula (1),

W=Ws3pp ~ We

where w is the mass percentage (%) of the carbon impurities.

:2023(E)

ey

Conduct three independent TGA measurements for one MWCNT sample. The three measurements
results are referred as wy, w, and wj, respectively. Calculate mass percentage of carbon impurities in
MWCNT sample according to Formula (1). Calculate the average value of the three measurements by

Formula (2):

wh

NO

Sa
thd

content in several separate TGA runs.[13] Errors in result caléulation can be introduced if the

no

wi +wy +wy
3

w=

vides the detailed procedures for the analysis of the TG curve.
TE This method is applicable for the case of a TG curve with a single-stage.

nple homogeneity should be considered. The homogeneity of MWCNT samples can be evs;
constituency, thermal stability and scatter in the oxidatior temperature and the residua

h-homogeneous.

8 | Measurement uncertainty

8.1 Type A uncertainty

8.1.1 The uncertainty is introduced by the measuring method, such as measurement preq
mdthod bias. It is calculated by measuring repetitive standard deviation of the reference
which is used for instrument calibration.

8.1.2 The uncertainty is-introduced by aspects of sample measurement, such as the uni
samples, weighing, drying and gridding. It is calculated by measuring repetitive standard dg
the sample.

8.2 Type B uncertainty

ere w is the average mass percentage (%) of the carbon impurities in one MWENT samplé.

(2)

A;nj;nex A and Annex B provide the case studies of repeatability and reproducibility, respectively. Annex C
pr

nluated by
1 material
sample is

ision, and
material,

formity of
viation of

The uncertainty is introduced by instrument calibration, such as mass calibration, and temperature

calibrationts],

9 LFestreport

The test report shall include the following information:

a) refer to this document (i.e. ISO/TS 23690:2023);

b) sample type and name;

c) tester;

d) organization, contact address and telephone number;
e) type of thermogravimetric analyser and model;

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=05b54262228bbc799351956ec35667f5

ISO/TS 23690:2023(E)

f)

g)

h)

j)

test conditions, including crucible type, atmosphere, gas flow, sample mass, temperature range and
heating rate;

test results, including the TG and DTG curves, data and calculated content of carbon impurities in
MWCNT sample;

any deviations from the procedure;
any unusual features observed;

the date of the test.

© IS0 2023 - All rights reserved
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Annex A
(informative)

Repeatability test: Case study

A.r—Generat
Thlis annex provides three cases for determination of carbon impurities less stable\than| MWCNTs
content by thermogravimetric analysis in CO, atmosphere.
A.p Sample preparation

Fifstly, MWCNT samples were placed in a thermostatic vacuum drying ftirnace for 2 h at 150 °C. Then,
the samples were transferred to a desiccator to cool down to room temperature and stored there until
used.

A.B Measurement conditions

The measurement conditions were as follows:

a) | heating rate was 10 °C min1;

b) | the temperature range was set from room temperature to 1 000 °C;
c) | the inert gas, N,, flow rate was set as 20 ml min~1;

d)| the CO, gas flow rate was set as 3011l min~1.

A4t Measurement procedure
A.4.1 Obtain the correction baseline file using empty crucible under identical experiment cpndition.
A.4.2 Add an appfepriate mass of the MWCNT sample into the crucible.
A.4.3 Put criueible into sample holder of thermogravimetric analyser.

A.4.4 , Set the measurement parameters in accordance with Clause A.3 and start the measuijement.

A.475 Repeat the measurement three times for one MWCNT Sample and use the results to calculate
the average value of carbon impurities content.

A.5 Data analysis and interpretation of results

A.5.1 Sample A

TG and DTG curves of sample A are shown in Figures A.1 to A.3.

©1S0 2023 - All rights reserved 7
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Y1 Y2
110
100 1 - 0
0 ] T
80 ] 1 - -0,0005
70 ]
60 - -0,001
50 -
20 L -0,0015
30 _ — TG
20 ---- DTG -0,002
10
0 - +-0,0025
10
0 100 200 300 400 500 600 700 800 900 1000 X
Key
X  tempefature (°C) 2 T,=6889°C
Y, mass percentage (%) 3 w,=8730%
Y, derivzi[ive mass percentage (% °C) 4 T,=727,7°C

Figure A.1 — TG and DTG curves of sample A.in"the first run of measurement

Y1 Y2
110
100 - Lo
% ! -
50 1 - -0,0005
70 -
60 - -0,001
50 _. -
- - -0,0015
30 - R -
20 - ---. DTG 0,002
10 _- -
0 - 10,0025
1 J N —
——100——200—360—406—500—600—700—866—900—1 066 X
Key
X  temperature (°C) 2 T,=6812°C
Y; mass percentage (%) 3 w,=8770%
Y, derivative mass percentage (%/ °C) 4 T,=7252°C

Figure A.2 — TG and DTG curves of sample A in the second run of measurement

© IS0 2023 - All rights reserved
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y
temperature (°C) 2 T,=681,0°C
mass percentage (%) 3 w,=8680%
derivative mass percentage (%/ °C) 4 T,=7252°C
W300 = 99,50 %

Figure A.3 — TG and DTG curves of sample A in the third run of measurement

Y1 Y2

110
100 J -0
] x

80 - 1 - -0,0005
70

60 - - -0,001
50

40 - - -0,0015
30 ' — TG

20 - ---- DTG - -0,002
10

0 - -0,0025
10

— T T~ T T T T~ T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 X

ThE content of carbon impurities in the MWCNTsample was calculated according to Formulae [1) and (2)
in Llause 7.
W1 = W300.1 = We.1= 99,7 % - 87,3 %E12,4 %
Wy = W300.2 =~ Wer= 99,7 %877 % = 12,0 %
W3 =W3q09.3~ We3=99,5%-86,8 % =12,7%
. w1 +Wy Ws) 12,4%+12,0%+12,7% —12.4%
3 3
where
W is the mass percentage (%) of the carbon impurities of sample A in the first run of megdsurement;
W300.1 1S the mass percentage (%) of sample A in the first run of measurement at 300 °C;
W1 isthe mass percentage (%) of sample A in the first run of measurement at temperature T;
w, is the mass percentage (%) of the carbon impurities of sample A in the second run of
measurement;
W300-2 1S the mass percentage (%) of sample A in the second run of measurement at 300 °C;
W., isthemass percentage (%) of sample A in the second run of measurement at temperature T;
w3 is the mass percentage (%) of the carbon impurities of sample A in the third run of measurement;

©1S0 2023 - All rights reserved 9
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W300-3 is the mass percentage (%) of sample A in the third run of measurement at 300 °C;

We 3

w

is the mass percentage (%) of sample A in the third run of measurement at temperature T;

is the average mass percentage (%) of the carbon impurities in the measured MWCNT sample.

The average value of the w and the standard deviation from multiple runs were calculated as shown in
Table A.1. The standard deviation value of the mass percentage (%) of the carbon impurities should be

less than or equal to 1,5 %, showing repeatability of multiple TG runs.

Table A.T— Calculations of wand T, average and standard deviations from three repeat runs|of
sample A
Parameter Symbol Run 1 Run 2 Run 3 | Average gtal:ldf:}l‘d
eviatior
Extrapolated initial temperature (°C) T, 688,9 681,2 681,0 683,7 4,50
Mass pgrcentage content (%) of the
sample at 300 °C W300 99,70 99,70 99,50 9963 0,12
h 0,
Mass percentage content (%) of the w 87,30 8770 86,80 87,27 0,45
sample at T, e
0,
Mass pprcentage (%) of the carbon w 12,40 | 12,00 | AZ%70 | 12,37 0,35
impurities, wsp - W,

A.5.2 Sample B

TG and D]

X  tempe

Y1

'G curves of sample B are shown in Figures A.4 to A26.

Y2

110

100
90 ]
80
70
60
50
40
30
20
10

0T

0 100 200 300 400 500 600

700 800 90010001100 Y

rature (°C)

Y, mass percentage (%)

Y, deriva
1 wsg=
10

tive mass percentage (%/ °C)
99,94 %

T,=736,5°C
w, = 89,24 %
T,=759,2°C

Figure A.4 — TG and DTG curves of sample B in the first run of measurement

© IS0 2023 - All rights reserved
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Y1 Y2
110
i | 2
100 4 s evaesy e O
90 T Wi
80 ] 1 3/(:.‘ :; - -2
70 — i 1.4
60 i
co il \ 5 16
40 7 -8
304 T
i ---- DTG ¥
20 4
10 —
0 T I T I T I T I T I T I T I T I T I T I T
0 100 200 300 400 500 600 700 800 900 10001 160 ~x
Key
X | temperature (°C) 2 T,=7342°C
Y, | mass percentage (%) 3 w,=8842%
Y, | derivative mass percentage (%/ °C) 4 T,=756,1°C

1 W300 = 99,73 %

Figure A.5 — TG and DTG curves of sample B in the second run of measuremernt

Y1 Y2

110

T — SET——— 2 PPN
90 1 1 3/,: S
80
70 \ -4
60 -
50 - o
40 -8
30 _EFFG

20 -10
10 - 12
o+———F—+—7—1—"—1

U 100 ZUU 500 400 S5UU oUU /70U ©U0 SUU 1UUU I 10U X

Key

X  temperature (°C) 2 T,=7341°C
Y, mass percentage (%) 3 w,=8887%
Y, derivative mass percentage (%/ °C) 4 T,=7558°C

Figure A.6 — TG and DTG curves of sample B in the third run of measurement
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The average value of w and the standard deviation from multiple runs were calculated as shown in
Table A.2.

Table A.2 — Calculations of w and T, average and standard deviations from three repeat runs of

sample B
Parameter Symbol Run 1 Run 2 Run 3 Average (Sig‘l;ilg:;:;ﬁ
Extrapolated initial temperature (°C) T, 736,5 734,2 734,1 7349 1,36
Mass percentage content (%) of the w - o973 g5 598t 12
sample at 300 °C 300 ’ ’ ’ ’ ’
0
Mass percentage content (%) of the w 89,24 88,42 88,87 88,84 ot
sample at T, e
0,
Mass pqrcentage (%) of the carbon w 1070 | 11,31 | 1088 | 1096 0,31
lmpurltles, W300 - We

A.5.3 Sgmple C

TG and DTG curves of sample C are shown in Figures A.7 to A.9.

Y1 Y2
110
100 - ¢=essessccscmemomapomoossozonos lz R Gl - 0
90 - A
! 3|
80 1 | 172
70 N
] W - -4
60 AN
50 - HE
1 K 1-6
40 i
| — TG H
301 ---- DTG | -4-8
20 .
] 4
10 ~ -10
0 N R L e L L A L A L B
0.1..100 200 300 400 500 600 700 800 90010001100 X
Key
X  tempefrature (°C) 2 T,=656,5°C
Y, mass ;[ercentage (%) 3 w,=9278%
Y, derivafive masspercentage (%/ °C) 4 T,=686,2°C

Figure A.7 — TG and DTG curves of sample C in the first run of measurement
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Figure A.8 — TG and DTG curves of sample C in the second run of measurement
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Figure A.9 — TG and DTG curves of sample C in the third run of measurement
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The average value of the w and the standard deviation from multiple runs were calculated as shown in
Table A.3.

Table A.3 — Calculations of w and T, average and standard deviations from three repeat runs of

sample C
Parameter Symbol Run 1 Run 2 Run 3 | Average (Slz:"lllil:ta;;ﬂ
Extrapolated initial temperature (°C) T, 656,5 658,5 660,0 658,3 1,76
Mass percentage content (%) of the - T " s s t
sample at 300 °C W00 99, 00,0 99,95 9,89 0,16
Mass pgrcentage content (%) of the w 9278 93 68 9320 9322 ot
sample at T, e ’ ’ ’ ’ ’
Mass percentage (%) of the carbon w 693 6.33 6.75 6.67 031
mpurities, w3 — W, ’ ’ ’ ’ ’
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Annex B
(informative)

Reproducibility test: Case study

B.
TGand DTG curves of sample D between lab I and lab II are shown in Figures B.1 to B.6,
Y1 Y2
110
100 - ﬁ—z ~—~— 70
4 T \ !
90 - A !
- AN \S
80 1 3 i 2
70 7 : - L4
6 |
50-_ E E -6
40 i\
30 ! -8
] — TG i
207 ---- DTG i L -10
10 7 *
07 4 --12
-10

— T T T T (5l ~ T T T T T T T T T T
0 100 200 300-400 500 600 700 800 90010001100 X

X | temperature (°C)

2 T,=694,9°C
Y, | mass percentage (%)

3 w,=9127%
Y, | derivative mass percentdge (%/ °C) 4 T,=724,0°C

Figure B, — TG and DTG curves of sample D in the first run of measurement in lab I
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Figure B.2 — TG and DTG curves of sample D in.thé second run of measurementin lab I
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Figure B.3 — TG and DTG curves of sample D in the third run of measurement in lab I
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