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ABSTRACT: A method for the rapid assessment of metallic impurities in carbon
nanotubes (CNTs) by pin-cell source geometry glow discharge mass spectrometry
(GDMS) is presented. Pins were prepared by pressing CNT powder onto an indium
substrate. GDMS analysis was performed using high-carbon-content nanotube and coal-
certified reference materials for calibration purposes. This approach enables the calibrated
measurement of 41 elemental impurities in CNTs. The method was validated by the
analysis of NIST SRM 2483 single-wall CNTs (raw soot) with good agreement with the
certified values. The proposed measurement approach could also be applied not only for
CNTs but also for the assessment of precursor materials used in the synthesis of CNTs and
for quality control during the entire manufacturing process. The ability to assess the
presence of all metallic impurities in a simple, reliable, high-throughput manner will allow the industry to real-time monitor any
changes in the product process, access its toxicity, and environmental impact. As sample preparation is maintained to a minimum,
this allows the determination of metallic impurities at concentration levels that are usually not attainable by most techniques.

1. INTRODUCTION

Since their discovery in 1991,1 carbon nanotubes (CNTs) have
attracted a lot of interest due to their unique electronic,
thermal, and mechanical properties enabled by their nanoscale
structure.2,3 CNTs are non-homogeneous materials, usually
containing both amorphous and graphitic carbon along with
catalytic metal impurities. These impurities could come from
various sources such as the starting materials or the synthetic
process or be introduced during post production manipulation.
Despite extensive post-synthesis purification processes,4

considerable variation in metal impurity still persists potentially
impacting the quality and functionality of CNTs.
Characterization of the metallic impurities is of great

importance not only because their presence in CNT materials
can change the properties of these materials but also due to
their potential impacts on environmental health and safety
issues.5−8

Various analytical methods have been proposed for the
determination of metal impurities in CNTs including spatially
resolved techniques such as microscopy and bulk spectroscopic
techniques.
Microscopic techniques such as transmission electron

microscopy and scanning electron microscopy can often only
provide a highly localized qualitative/semi-quantitative analysis
of the material.9,10

Atomic spectroscopy methods such as inductively coupled
plasma mass spectrometry (ICP−MS), optical emission
spectrometry (ICP−OES), atomic absorption spectrome-
try,11−18 and microwave-induced plasma optical emission
spectrometry (MIP−ICP−OES)19 are typically used for the

characterization of metallic impurities in a variety of matrices.
All these techniques are based on aqueous sample introduction
requiring the solubilization/digestion of CNTs. However,
CNTs are extremely refractory materials not amenable to
conventional acid digestion procedures, thus requiring very
demanding and laborious sample preparation procedures such
as multistep microwave-assisted acid digestion,15 combustion-
based sample preparation,13,14,20 or direct solid sampling16,17

for quantitative determination. These procedures require
extreme care and special clean room environments in order
to avoid contamination and achieve low, reproducible
blanks15,21 while complete digestion is often not achieved.
Neutron activation analysis (NAA)18,20 does not require

sample pretreatment while offering high sensitivity; unfortu-
nately, the accessibility of these nuclear analytical techniques is
limited, making this approach unsuitable for routine or daily
analysis.
X-ray fluorescence (XRF)22−24 is another non-destructive

technique (when samples do not need to be mixed with X-ray-
transparent materials to form a tablet) for quantification of
impurities in CNT samples but requires a large amount of the
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sample and has limitations to measure impurities presented at
trace levels along with a limited elemental coverage.
Glow discharge mass spectrometry (GDMS) is one of the

most sensitive analytical technique available for the direct
determination of the elemental composition of solid
materials25−27 and is considered to be the gold standard for
the analysis of trace elements in high-purity metals.26,28 The
high sensitivity of GDMS enables determination of impurities
in the sample at the low/sub parts per billion level. Also, the
universality of the method allows for the detection of virtually
all elements in the periodic table. GDMS has several
advantages such as the following:

(i) The ability to simultaneously analyze major to ultratrace
levels of contaminants.

(ii) Minimum sample preparation is required as samples are
analyzed directly in the solid form, therefore avoiding
time-consuming chemical sample decomposition steps
which can cause analyte loss and contamination, both of
which are inherent to techniques relying on the wet
chemical sample preparation and introduction system
used in conjunction with inductively coupled plasma−
mass spectrometry.

(iii) Fast analysis time.
(iv) As a direct atom ratio counting method, it has the ability

to provide SI-traceable purity determination of metals.28

One drawback of GDMS is that it is a microsampling
technique interrogating only a minute portion of the solid
sample presented and, as such, inherently sensitive to sample
inhomogeneity issues which could lead to a substantial increase
in reported uncertainties. As there are only a limited number of
reference materials/solid calibration standards available, high-
precision calibration of this technique is often challenging.
However, due to the nature of the ionization process, there is a
fairly uniform instrumental response observed across the

periodic table. This makes it possible to determine the ratio of
the impurity signals to the major/matrix constituent signal
with an additional minor correction factor derived from
standards in a simple way.
In this study, we explore the use of GDMS for the analysis of

carbon nanomaterials. The typical samples for the VG9000
model GD MS are solid, conductive, non-powdered (single-
piece) pins.28 The CNTs are powders, so approaches for
sample presentation have to be developed. Knowledge of all
the elemental impurities present in the CNTs will help
manufacturing and determine end-user product specifications.

2. RESULTS AND DISCUSSION

Since the CNT material is in the powder form, a simple
approach is required to present samples to GD analysis as
powders are not inherently compatible with pin-cell GDMS.
Consequently the CNT was pressed onto the surface of a high-
purity indium pin. This indium pin acts as a substrate or binder
for the nanotube materials.
The CNT-coated indium samples were sputtered for 20 min

prior to acquisition of analytical data. During this time, the
instrument was optimized for the best signal noise ratio and
resolution. As the sample powder itself cannot be chemically
precleaned prior to analysis (unlike a solid piece of the metal),
this preburn step allows the removal of surface contamination
due to sample handling and adsorbed atmospheric gases prior
to analysis. After this step, the sample analysis was carried out.
The entire analysis time was typically 60−90 min under
discharge conditions of 800−900 V to 2.5 mA. The length of
the analysis is due to the sequential nature of the high-
resolution mass spectrometry data acquisition.
Using the mass balance approach in order to compute the

purity of the CNT, assessment of all potential elemental

Figure 1. Reproducibility [presented as RSD (%) vs element] for the GDMS analysis of the NRC SWCNT-1 CRM.30 Relative standard deviation
(%) of the results of a single pin of In coated with SWCNT-1 CRM that was analyzed 10 times (orange box) and relative standard deviation (%) of
the results of 9 different pins of In coated with SWCNT-1 CRM, with each one analyzed 5 times (blue box).
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impurities is required. Purity was assessed by using the
following mass balance calculation formula:28

∑= − [ + ]w M w( ) 1 ( ) (0.5 LOD)
i j

i j
,

M
e

(1)

where w(M) is the assigned purity of the matrix sampleM (kg/
kg) and (wM

e )i are the individual mass fractions of each
impurity element “i” present at mass fractions greater than
their limit of detection (LOD). For those impurities present at
or below the LOD (denoted as impurity element “j”), a
rectangular distribution of values between 0 and the LOD was
assumed and the value was assigned as LOD/2. This approach
may lead to an overestimation of the total impurities but is
generally suitable since LODs are in the ng/g range.
In was not included in impurity list as it was used as a

substrate presenting to CNTs into GDMS, and it is not
possible to differentiate indium originating from CNTs versus
indium from the substrate.
2.1. Stability Measurement. A single pin was prepared

using the procedure described in the sample preparation
section from the NRC single-walled CNT certified reference
material (CRM SWCNT-1).16,29 This sample was measured 10
times in order to verify instrumental reproducibility. The time
period of this analysis was over 165 min. During these
measurements, the pin remained mounted in the GDMS ion
source. Figure 1 shows the relative standard deviation obtained
for 35 representative analytes spanning a concentration range
of 280 ppb for Ce to 2.3% for O.

It was noted that for a few elements such as B, Fe, Na, and P,
the concentration increases slightly over the 165 min period.
Since the C matrix signal is stable over this period (2% RSD),
it would indicate that the impurity concentration increases
with depth. A possible explanation would be that surface-
contaminated SWCNT granules that have not been sputtered
clean have been exposed to the plasma. This is a notorious
problem when analyzing powder samples.
It is known that analysis of powdered samples by GDMS

may cause signal instabilities.31 In our case, the signal
instability is likely due to the “excess” powder being sputtered
off the surface of the indium pin. It was noticed that within 1
to 2 min, the signal becomes more stable as this excess powder
is removed from the pin during the initial “burn-off process”.
Measurements were not taken during this period. While
running at a power setting of 800−900 to 2.5 mA, a signal for
12C of roughly 5.5 × 10−12 amps was achieved.
CNTs are also prone to absorbing moisture.32 During

initiation of the sputtering process, any moisture presented in
the sample will vaporize due to local heating, causing a
temporary increase in pressure which consequently causes a
voltage drop in the GD source and herein signal instability.
The stability of the 12C matrix signal was measured over the
165 min analysis period, which was found to be extremely
stable (5.38 ± 0.12 A), representing only a 2.2% variation.
Demonstrating minimal drift in the matrix signal has occurred
over the course of the data acquisition process.

Table 1. List of CRMs Used for Calibration of the GDMS Instrument

CRMs and QC used

analyte
# of CRMs,
QC samples CN coal

Al 3 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a

As 3 NIST SRM 1632d, NIST SRM
1632a, BCR 038

B 2 NRC SWCNT-130 NIST SRM 1632d

Ba 1 NIST SRM 1632d

Ca 4 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, ERM-EF412

Cd 1 NIST SRM 1632a

Ce 2 NIST SRM 1632d, NIST SRM
1632a

Cl 2 NIST SRM 1632d, BCR 038

Co 4 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038

Cu 4 NIST SRM 1632d, NIST SRM
1632a, BCR 038, ERM-EF412

Cr 4 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038

Cs 2 NIST SRM 1632d, NIST SRM
1632a

Dy 1 NIST SRM 1632d

Eu 2 NIST SRM 1632d, NIST SRM
1632a

F 2 BCR 038, ERM-EF412

Fe 4 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038

Ga 1 NIST SRM 1632a

Hf 2 NIST SRM 1632d, NIST SRM
1632a

K 3 NRC SWCNT-130 NIST SRM 1632d, BCR 038

La 2 NRC SWCNT-130 NIST SRM 1632d

Mg 3 NIST SRM 1632d, NIST SRM
1632a, ERM-EF412

CRMs and QC used

analyte
# of CRMs,
QC samples CN coal

Mn 4 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038

Mo 1 NRC SWCNT-130

N 2 NIST SRM1632d, ERM-EF412

Na 5 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038, ERM-EF412

Ni 5 NRC SWCNT-130,
in-house QC-1a

NIST SRM 1632d, NIST SRM
1632a, BCR 038

Pb 5 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038, ERM-EF412

Rb 1 NIST SRM 1632a

S 3 NIST SRM 1632d, NIST SRM
1632a, ERM-EF412

Sb 3 NIST SRM 1632d, NIST SRM
1632a, ERM-EF412

Sc 2 NIST SRM 1632d, NIST SRM
1632a

Se 1 NIST SRM 1632d

Si 1 NIST SRM 1632d

Sm 1 NIST SRM 1632d

Sr 1 NIST SRM 163da

Ti 3 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a

Th 3 NIST SRM 1632d, NIST SRM
1632a, BCR 038

U 2 NIST SRM 1632d, NIST SRM
1632a

V 5 NRC SWCNT-130 NIST SRM 1632d, NIST SRM
1632a, BCR 038, ERM-EF412

Y 1 in-house QC-1a

Zn 4 NIST SRM 1632d, NIST SRM
1632a, BCR 038, ERM-EF412

aIn-house QC-1: validated with ICP−MS analysis.
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As shown in Figure 1, relative standard deviations below
10% were obtained for the majority of the analytes (26 of the
35 analytes). From the remaining nine analytes, four of them
(Cr, Ru, Ba, and Cl) showed relative standard deviations
between 10 and 15% and only five analytes (F, Te, K, Sn, and
O) had a relative standard deviation between 15 and 26%.
These results suggest that the pin integrity with regard to the
overall distribution of impurities is excellent, indicating that the
prepared pin is homogeneous.
The repeatability of pin preparation was also verified. Nine

individual pins of CNT powder (CRM SWCNT-1) pressed
onto the surface of indium were analyzed, and each of the pins
was analyzed five times. The results are also presented in
Figure 1.
As expected, higher pin to pin variation was observed during

the analysis of nine different SWCNT-1 pins, as presented in
Figure 1. RSD ranges from 5 to 45%. This increase in the RSD,
when compared to only a single pin that was analyzed several
times (Figure 1), is mainly due to variability introduced by the
sample loading onto the pins (sample preparation) and
possible variation in the CNT samples due to sample
homogeneity.
It should be noted that the nine pins were prepared using

three different vials of SWCNT-1 CRM. Also, certified values
in the SWCNT-1 CRM were established using 25 mg of
samples, and the amount used during the GDMS analysis is
around 3.5 mg, which can explain the higher level of variability
observed in this study.
2.2. Calibration. GDMS is considered a primary analytical

method,33 where the ratio of ion current for any impurity to
the matrix is representative of the atom number ratios. The
constraints of this hypothesis have been extensively evaluated
and discussed elsewhere.25,28 In brief, this theory holds firm for
pin geometry GDMS instruments with a typical analyte relative
uncertainty of 300% or less. If such a data quality meets the
requirements of the data users (fit for purpose), then direct
GDMS analysis could be considered a primary method. With
this approach, there is no need for external standards, greatly
simplifying the workflow of quantifying these many analytes.28

However, to obtain more precise results (below 300%
uncertainty), a relative sensitivity factor is applied to
compensate for the behavioral differences observed for the
various elements in the GDMS instrument.
In order to improve trueness of analysis, solid samples of

known chemical compositions or CRMs could be used. In an
ideal case, these solid calibrators should be similar to the
analytes in terms of matrix composition. Unfortunately, only a
limited number of matrix CRMs are available, and even these
CRMs have only a few impurities certified. Fortunately,
calibration factors for various elemental impurities vary only
slightly between matrices of the same general composition, and
accuracies of 15−20% could still be achieved by transferring
calibration factors from matrix to matrix.33,34

It should be noted that calibration factors are considered
constant over time as long as the ion source geometry and
plasma condition are kept the same.35

To improve the GDMS calibration for the analysis of CNT
materials, a host of CNT and coal CRMs were analyzed. There
are several commercially available references materials of coal
which we evaluate as proxy for CNTs, and unlike CNT CRMs,
these are widely available. In this study, NIST SRM 1632d
trace elements in coal (bituminous), NIST SRM 1632a trace
elements in coal (bituminous), BCR038 fly ash from

pulverized coal, and ERM-EF412 brown coal were used
(Table 1). Although these materials were not CNTs, we
demonstrate the suitability of these materials as calibrators for
GDMS analysis of nanotubes. These reference materials, in
conjunction with NRC SWCNT-1,30 enable the calibrated
measurement of 41 different elements in CNTs.
For most analytes, at least two CRMs were used for the

instrument calibration. It was noted that for the majority of the
elements, the instrument response factors obtained for the coal
CRMs/QC samples were higher than the ones obtained for the
CNTs, as shown in Table 2. However, the response factor
ratios ranged from 0.37 to 1.21.

2.3. Method Validation. The trueness of the results
obtained by the proposed GDMS methodology was evaluated
by analysis of a NIST SRM 2483 (single-wall CNTs). The
results are summarized in Table 3 and are based on five
measurements of a single pin. The results are presented as the
mean ± standard deviation.
It can be seen from Table 3 that good agreement with the

certified values was obtained for most of the analytes. A total of
14 values (of 17) obtained are within 20% of the certified
mean value. Al and As are within 30%, and Ce and Dy are
within 60%. The magnitude of these biases is consistent with
the variations observed between the calibration factors
observed among the CRMs used for the calibration and
similar to the SWCNT-1 CRM and the recommended
minimum mass of 25 mg sub-sample for NIST SRM 2483,
and for the coal reference materials (i.e., NIST 1632a, NIST
1632d, BCR-038, and ERM-EF-412), the minimal mass value
is 10-fold higher. As we are not capable of analyzing the
material using the minimal mass amounts, homogeneity issues
may be encountered.
The high sensitivity of GDMS enables the determination of

impurities in the sample at the low/sub parts per billion level,
thus offering orders of magnitude better sensitivity when
compared to wet chemical,11−18 XRF,22−24 MIP−ICP−OES,19
and other techniques.

Table 2. Ratio of Instrument Response Factors Obtained for
CNTs and Coala

instrument response factor CNT/coal

Al 1.01
B 1.21
Ba 0.70
Ca 0.55
Cl 0.81
Co 0.71
Cu 0.75
Cr 0.58
Fe 0.37
K 0.61
La 0.37
Mg 1.00
Mn 0.63
Na 0.82
Ni 0.58
Pb 0.46
Ti 0.58
V 0.65

aValues obtained using the CRMs/QC samples listed in Table 1.
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Table 4 represents the purity profile of biochar powder
(derived from the pyrolysis of a hardwood) that was analyzed

by GDMS and also by ICP−MS. Biochar is often used as a
renewable precursor material for the synthesis of CNTs.36,37

In Table 4, data are reported as the mean ± standard
deviation obtained during four consecutive runs of the same
pin and ICP−MS to three replicates of the same sample.
Microwave-induced combustion sample preparation (de-
scribed in ref 15) was used in conjunction with quadrupole
ICP−MS analysis. For 12 of the analytes that were analyzed,
30% or better agreement was obtained between GDMS and
ICP−MS results.

The biggest discrepancies are for elements at low ppm levels
such as V and Mo (although good agreement was obtained for
the analysis of NIST SRM 2483). Mo is a refractory element,
and this could explain the lower value obtained by the ICP−
MS method, indicating incomplete digestion.
For Ba, Cr, and Fe mass fractions, it could be verified that

the GDMS results were within 1.4 and 2-fold higher than those
generated by microwave-induced combustion with ICP−MS.
Digestion residues were visible following the microwave-
induced combustion, indicating incomplete solubilization. A
similar trend was previously observed15 when comparing the
mass fraction of CNT samples obtained by NAA and
microwave-induced combustion with ICP−MS.

2.4. Analysis of CNT Samples. There are three main
methods for the synthesis of CNTs: laser-ablation, arc-
discharge, and chemical vapor deposition (CVD) methods.
These methods involve gas-phase processes which provide
access to the high temperature required during the synthesis of
the CNTs.
In the laser-ablation method, a high-intensity laser beam is

used for the sublimation of graphite and gives high-quality and
high-purity nanotubes, but the drawback is the high synthesis
cost. On the other hand, the arc-discharge method is
considered a more cost-efficient technique for the synthesis
of CNTs, and it is based on the application of a direct-current
arc (formed between two graphite electrodes) immersed in an
inert gas atmosphere. Both laser-ablation and arc-discharge
methods were first used to synthesize CNTs and required high
temperatures. These techniques have now been replaced with
low-temperature CVD methods (<800 °C), where a better
controlled CNT material (i.e., purity, diameter, density,
orientation) can be obtained. CVD involves the application
of an energy source, such as plasma or another heat source, to
a carbon feedstock in the gas phase to produce CNTs on a
heated (catalytic or non-catalytic) substrate. Several metals,
such as Co, Y, Fe, La, Ni, and Cu, have been proposed as
catalysts and for some applications such as composites,
nanoelectronics, and so forth. The manufactured CNTs need
to be purified post synthesis as a significant amount of the
catalyst metal could be present in the final nanotube product as
an impurity, potentially impacting functionality of these
materials.
Table 5 presents the analysis of several CNTs, ranging from

SWCNT to few-walled, double-walled, and multiwalled CNTs,
and different synthesis processes. Samples were from
commercial sources, and our analysis data are presented
along with the information provided by the manufacturer. The
majority of manufacturers determined the impurity content by
thermogravimetric analysis (TGA), where the carbonaceous
matrix is oxidized and the remaining residue comprises metallic
impurities and their oxidation products.38

The overall purity claimed was reasonable for the materials.
None of the manufacturers provided elemental composition
data, and only one sample has information regarding Fe
content (Fe < 0.1%). Knowing the elemental composition of
the CNTs is paramount for some application as it can influence
the properties of CNT and the behavior of devices built from
these materials39 along with associated health risk assessment.

3. CONCLUSIONS
The development of a GDMS method for the direct analysis of
CNTs for elemental impurities is described, permitting a fast
and reliable characterization of impurities. The analysis time of

Table 3. Analysis of NIST SRM 2483, Single-Wall CNTs
(Raw Soot), by GDMS (n = 5)

analyte certified value measured valueb recovery (%)

Ca, %a 0.303 0.346 ± 0.034 88
Cl, % 0.2125 ± 0.0089 0.2635 ± 0.672 81
Co, % 0.963 ± 0.017 0.971 ± 0.036 99
Mg, % 0.1150 ± 0.0011 0.1155 ± 0.080 100
Mo, % 3.406 ± 0.029 3.24 ± 0.28 105
Na, % 0.1187 ± 0.0036 0.127 ± 0.007 93
Al, mg/kg 723 ± 19 1018 ± 45 71
As, mg/kg 12.5a 12.05 ± 0.6 104
B, mg/kg 74.7a 57.7 ± 1.9 129
Ba, mg/kg 119.0 ± 3.4 145 ± 8.3 82
Ce, mg/kg 192.7 ± 7.3 122 ± 6.7 158
Cu, mg/kg 186a 195 ± 1.05 95
Dy, mg/kg 8.36 ± 0.17 5.3 ± 0.64 158
Eu, mg/kg 2.27 ± 0.13 2.34 ± 0.3 97
Mn, mg/kg 4.482 ± 0.041 4.6 ± 0.2 97
Sm, mg/kg 13.09 ± 0.90 14.7 ± 0.7 89
Th, mg/kg 25.7 ± 4.4 29.8 ± 1.0 86
V, mg/kg 6.89 ± 0.14 8.11 ± 0.4 85

aInformation value only. bResults presented as the mean ± standard
deviation.

Table 4. Analysis of a Biochar Powder Sample by GDMS
and ICP−MS Using Microwave-Induced Combustion as
Sample Preparation (n = 3)a

analyte,
mg kg−1 GD-MS

microwave-induced combustion with
ICP−MS

Na 158 ± 4 130 ± 14
Mg 742 ± 28 521 ± 28
Al 460 ± 10 350 ± 11
Si 2300 ± 130 2442 ± 73
Ca 6000 ± 300 5066 ± 187
V 0.4 ± 0.025 3.0 ± 0.1
Cr 273 ± 6 167 ± 8
Mn 160 ± 5 160 ± 7
Fe 2100 ± 100 1514 ± 10
Ni 30 ± 0.5 30 ± 1
Co 0.6 ± 0.02 0.4 ± 0.01
Cu 11 ± 1 13 ± 0.1
Mo 3.7 ± 0.2 1.2 ± 0.1
Ba 113 ± 8 56.2 ± 0.7
Pb 2.45 ± 0.1 2.9 ± 0.1

aValues presented as the mean ± standard deviation. Quadrupole
ICP−MS was used. GDMS data refer to data obtained during four
consecutive runs of the same pin and ICP−MS to three replicates of
the same sample.
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about 1.5 h per sample is feasible, yielding a purity profile
based on 60+ elements. This compares favorably to wet
chemical methods or the complexity and risk associated with
combustion-based sample preparation and offers orders of
magnitude better sensitivity compared the wet chemical and
XRF methods.
With the proposed GDMS methodology, routine analyses

are possible for the metal impurities not only in the final
product but also as quality control during the entire
manufacturing process assessing feedstocks and intermediates.

Other carbon-based engineered (nano)materials such as
carbon nanofibers,40 graphite flakes,41,42 graphene nano-
sheets,43,44 and so forth could also benefit from this proposed
methodology. Further investigation into these materials will be
required.

4. EXPERIMENTAL SECTION

4.1. Instrumentation. An A VG 9000 (VG Microtrace,
Windford, UK, subsequently supported by Thermo Fisher
Scientific) reverse Nier−Johnson magnetic sector field double-
focusing mass spectrometer was used. The instrument was

Table 5. Analysis of CNT Samplesa,b

SWCNT (electric
arc discharge)

few-walled
(CoMocat) double-walled (CVD) multiwalled (CVD) multiwalled (CVD)

multiwalled
(CVD)

Al 45 ± 1 ppm 290 ± 6 ppm 160 ± 2 ppm 15 ± 0.4 ppm 230 ± 7 ppm 3 ± 0.1 ppm
As <0.2 ppm <0.1 ppm <0.2 ppm <0.2 ppm <1 ppm <0.1 ppm
B 1.3 ± 0.10 ppm 10 ± 0.2 ppm 298 ± 80 ppm 8 ± 0.3 ppm 0.1 ± 0.02% 2 ± 0.1 ppm
Ba 2.8 ± 0.7 ppm 18 ± 2 ppm 44 ± 2 ppm 100 ± 2.6 ppm 12 ± 0.3 ppm 1 ± 0.05 ppm
Ca <0.02 ppm 60 ± 3 ppm 0.4 ± 0.01 ppm 255 ± 7.4 ppm 400 ± 12 ppm <3 ppm
Cd <3 ppm 34.6 ± 1 ppm 25.5 ± 1.7 ppm <11 ppm 150 ± 50 ppm <6 ppm
Ce <0.2 ppm <2 ppm 3 ppm 7 ± 0.3 ppm 21 ± 1 ppm <0.9 ppm
Cl 260 ± 0.7 ppm 61 ± 3 ppm 358 ± 10 ppm 47 ± 1.7 ppm 390 ± 7 ppm 7 ± 0.3 ppm
Co 1.5 ± 0.3 ppm 2 ± 0.1 ppm 45 ± 0.5 ppm 1.98 ± 0.62% 400 ± 13 ppm 0.4 ± 0.01 ppm
Cu <0.6 ppm 1.7 ± 0.1 ppm 7.9 ± 0.4 ppm <0.3 ppm 17 ± 1 ppm <0.2 ppm
Cr <1 ppm 59 ± 3 ppm 15 ± 1.3 ppm <1 ppm <8 ppm <2 ppm
Cs <0.09 ppm <0.1 ppm <0.2 ppm <0.3 ppm <2.5 ppm <0.15 ppm
Dy <1 ppm <0.9 ppm <2 ppm <2 ppm <5 ppm <1 ppm
Eu <4 ppm <4 ppm <13 ppm <23 ppm <27 ppm <9 ppm
F <0.6 ppm 150 ± 13 ppm <1.5 ppm <1 ppm 830 ± 20 ppm <0.6 ppm
Fe 1100 ± 2 ppm 0.18 ± 0.01 ppm 2.3 ± 0.4 ppm 70 ± 2 ppm 800 ± 24 ppm 100 ± 3 ppm
Ga <0.2 ppm <0.4 ppm 2.8 ± 0.1 ppm <0.2 ppm 42 ± 3 ppm 1.3 ± 0.3 ppm
Hf <0.09 ppm <0.07 ppm <0.2 ppm <0.2 ppm <0.4 ppm <0.06 ppm
K <4 ppm 77 ± 4 ppm <4 ppm <4 ppm <6 ppm <1 ppm
La 0.6 ± 0.03 ppm 12 ± 0.5 ppm 7.5 ± 0.6 ppm 25 ± 1 ppm 60 ± 2 ppm 45 ± 1.8 ppm
Mg <0.7 ppm 550 ± 15 ppm 2000 ± 93 ppm 1.8 ± 0.4% 250 ± 5 ppm <2 ppm
Mn 3 ± 0.1 ppm 12 ± 0.5 ppm 6 ± 0.3 ppm 3 ± 0.1 ppm 5 ± 0.1 ppm <0.05 ppm
Mo 450 ± 90 ppm 0.5 ± 0.02% 2.7 ± 0.1% 9 ± 1 ppm 170 ± 15 ppm <0.2 ppm
N 1000 ± 15 ppm 0.1 ± 0.01% 6000 ± 340 ppm 1300 ± 130 ppm 420 ± 50 ppm 330 ± 33 ppm
Na 30 ± 2 ppm 370 ± 15 ppm 220 ± 9 ppm 9 ± 0.6 ppm 670 ± 48 ppm 2 ± 0.15 ppm
Ni 23 ± 1.5% 24 ± 2 ppm 267 ± 35 ppm 25 ± 3 ppm 260 ± 15 ppm 0.95 ± 0.2 ppm
Pb 0.73 ± 0.02 ppm <0.1 ppm 10 ± 0.5 ppm <0.3 ppm 51 ± 1 ppm <0.15 ppm
Rb <0.02 ppm <0.02 ppm <0.02 ppm <0.05 ppm <0.1 ppm <0.03 ppm
S 2.9 ± 0.1% 345 ± 11 ppm 2250 ± 90 ppm 40 ± 1.54 ppm 1300 ± 50 ppm 12 ± 0.5 ppm
Sb <0.2 ppm <0.2 ppm 1.3 ± 0.1 ppm <0.4 ppm 5.6 ± 0.1 ppm <0.2 ppm
Sc <0.02 ppm <0.03 ppm <0.03 ppm <0.04 ppm <0.08 ppm <0.02 ppm
Se <2 ppm <1 ppm <2 ppm <2 ppm <9 ppm <1 ppm
Si 455 ± 9 ppm 1000 ± 100 ppm 850 ± 48 ppm 100 ± 3 ppm 760 ± 26 ppm 25 ± 1 ppm
Sm <1 ppm <2 ppm <2 ppm <2 ppm <6 ppm <1 ppm
Sr <0.1 ppm 22 ± 1 ppm 42 ± 2.6 ppm <0.06 ppm <0.5 ppm <0.2 ppm
Ti 12 ± 1 ppm 20 ± 1 ppm 20 ± 1.4 ppm 10 ± 0.5 ppm 70 ± 3 ppm 4 ± 0.2 ppm
Th <0.01 ppm <0.02 ppm 2470 ± 150 ppm <0.05 ppm <0.2 ppm <0.05 ppm
U <0.01 ppm <0.01 ppm 0.2 ± 0.01 ppm <0.02 ppm <0.05 ppm <0.015 ppm
V 1 ± 0.1 ppm 1 ± 0.1 ppm 0.6 ± 0.05 ppm <0.02 ppm 3.6 ± 0.2 ppm 0.17 ± 0.01 ppm
Y 2 ± 0.1% <3 ppm 11 ± 0.3 ppm 5 ± 0.7 ppm 333 ± 50 ppm 1 ± 0.1 ppm
Zn 2 ± 0.2% <1 ppm 100 ± 4 ppm <2 ppm 67 ± 7 ppm <0.7 ppm
sum of measured
impurities

30.3 ± 2% 8000 ± 400 ppm 4.2 ± 0.14% 40,000 ± 7000 ppm 15,000 ± 300 ppm 540 ± 40 ppm

manufacturer
impurity
information

metal content
29% wt

carbon TGA 97.9% TGA analysis residue
metal oxide 6% wt

trace metal analysis
≤20,000 ppm

TGA analysis residue
metal oxide ≤2% wt

impurities <5% Fe
<0.1%

aCOMOcat: combination of of cobalt and molybdenum metal particles on a silica support; CVD: chemical vapor deposition. bValues presented as
the mean ± standard deviation.
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fitted with a pin-source tantalum mega cell, which was cooled
with liquid nitrogen in order to minimize both outgassing as
the discharge heats and the formation of polyatomic
interferences within the glow discharge plasma. A mass
resolution of 4000 was used. A combination of Faraday and
Daly detector systems, which are conveniently cross-calibrated
through use of Ar isotopes from the discharge gas (38Ar and
40Ar), permit impurity elements to be quantitated at the ng/g
mass fraction level. The Faraday ion currents lie in the range of
5 × 10−13 to 10−9 A, whereas the Daly is operated between 5 ×
10−19 and 5 × 10−13 A. All calculations performed on raw data
generated during operation are conducted using the
spectrometer operating system, and thereafter, the results are
exported to a laboratory information management system for
report generation.
Measurements were made with a cryogenically cooled mega

cell (temperature approximately −196 °C by using liquid
nitrogen), and a detector dynamic range of 1010 can be
achieved with the cross calibration of both the Faraday Cup
and Daly counting systems.
The sample introduction system used for GDMS was the

pin-cell geometry, which is based upon samples being analyzed
in the form of pins having dimensions of roughly 18 mm in
length and 2 mm in thickness. The analyte signal is obtained
from a representative portion of the sample as the sputtering
occurs on all four sides of the pin and its tip face.
4.2. Sample Preparation. Since the CNT material is in

powder form, it was pressed onto a high-purity indium pin for
GDMS analysis. This indium material acts as a substrate and
binder of the nanotube material. The indium used in this
exercise was 7N grade (99.99999%) purchased from Nippon
Mining and Metals Company (Japan). The working pins of
indium were cut down to a size of roughly 2.3 mm × 2.3 mm ×
18 mm using a thin sheet of tantalum metal. The tantalum
metal sheet was cleaned in a solution of high-purity sub-boiled
(ultrahigh purity) nitric acid for 30 min, followed by rinsing in
de-ionized water (DIW). The tantalum sheet was air-dried and
cooled prior to cutting the indium pins. Each indium pin was
chemically pre-cleaned prior to being used by etching the
material in a solution of roughly 75% (v/v) high-purity sub-

boiled nitric acid for 20 min. The pin was then rinsed with
DIW, followed by vertically standing up in a small plastic
holder inside a clean hood to air-dry. The indium pin is then
placed onto a sheet of tantalum (a 40 mm square that has been
previous cleaned using high-purity sub-boiled nitric acid), and
to the top half of the indium pin, the carbon powder material is
added. While holding the bottom portion of the indium pin
with designated plastic tweezers, a second piece of tantalum
(bent into an “L” shape) was then used as a “plunger” to press
the CNT powder onto the surface of the indium. The pin was
rolled over until all sides and tip were covered with the CNT
powder. The sample was then mounted in a clean Ta chuck
(sample holder), attached onto the end of the insertion probe,
and transferred into a clean Ta discharge cell. The sample
preparation procedure is presented in Figure 2.

4.3. GDMS Analysis. The GDMS sample interlock was
placed under 2 × 10−2 Torr vacuum before opening the valve
and exposing the sample to the high vacuum of the source
chamber. The base pressure of the source and analyzer section
of the instrument was 2 × 10−8 Torr. The running pressures of
the source chamber and analyzer section were 1.5 × 10−4 and 1
× 10−7 Torr, respectively.
The prepared pin was placed into the cell and cooled for

approximately 1 min prior to initiating the glow discharge. This
was done in order to avoid the indium substrate from possibly
melting when power is increased. The powder samples were
sputtered using a power setting of 800−900 V and a 2.5 mA
current.
Selectivity of the measurements relies on the high mass

resolving power of the VG 9000 sector instrument, permitting
mass-separated ion currents to be measured. Several
polyatomic interferences could be presented due to the
recombination of sample and matrix ions with matrix
components like in the determination of 24Mg (due to
212C), 28Si(12C16O), 48Ti(36Ar12C), 52Cr(40Ar12C), 92Mo-
(240Ar12C), and 128Te(40Ar238Ar12C) among others. These
possible interferences were resolved. The isotopes of specific
elements were chosen for quantitation by preliminary
measurements of the material using multiple isotopes for a
given element and deciding which ones were interference-free

Figure 2. Sample preparation procedure: (a) 2.3 mm × 2.3 mm × 18 mm high-purity indium pin used as a substrate and binder of the nanotube
material; (b) pressing the setup consisting of the In pin, a tantalum sheet (40 mm square), plastic tweezers, an L-shaped tantalum sheet, and the
CNT powder sample; (c) pressing the CNT powder onto the surface of the indium; (d) CNT powder sample pressed onto the surface of the In
pin; (e) CNT/In pin mounted in a clean Ta chuck before analysis; (f) CNT/In pin mounted in a clean Ta chuck after sputtering for 120 min.
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and also by being able to calculate the location of the
interfering species via instrument software to ensure that
adequate resolution/separation existed between the possible
interference and the isotope of interest.
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