
Introduction

Since the work of Iijima [1] in 1991, carbon nanotubes

have been the subject of significant attention for many

research scientists. They are a unique nanostructured

material that can be considered conceptually as one-di-

mensional quantum wires. Carbon nanotubes have re-

markable thermal, electronic and mechanical proper-

ties [2, 3] stemming from their structural similarity to

graphene sheets and their one-dimensionality. The sin-

gle walled carbon nanotube is the simplest form of

nanotube and can be visualised as a single sheet of

graphene rolled-up into a steamless tube that may be

several microns in length and as small as 0.7 nm in di-

ameter [4]. Carbon nanotubes are either metallic or

semiconducting in nature depending on their chirality

and diameter, thus making them ideal reinforcing fill-

ers in composite materials. Polymer composites con-

taining carbon nanotubes are of great interest as they

may possess new or novel combinations of electrical,

optical and mechanical properties [5, 6].

Carbon nanotubes synthesised by common tech-

niques such as arc discharge [1, 7], laser vaporisation

[8] and catalytic pyrolysis [9] often yield a randomly

entangled array of metal catalyst particles, nanotubes

and other carbonaceous materials which require post-

synthesis manipulation. Arc discharge synthesis is

used in the large scale production of carbon nanotubes

[10] which often requires significant purification and

work-up for many applications because the as-pro-

duced material frequently contains a significant con-

tent of impurities [11]. Several catalysts have been

used to synthesize SWNT through arc discharge, the

morphology and ratio of catalyst, the mechanism of

nanotube growth and the properties of the final soots

have been extensively discussed [12, 13]. A special

case of interest is the SWNT prepared by arc using

Ni–Y in the ratio 4:1 at.% since this material is com-

mercialized (by Carbolex) and widely used in funda-

mental an applied research [13–18].

There have been a number of significant studies in

the thermal analysis of both single-walled and multi-

walled carbon nanotubes [19–24]. The aim of these

studies is often to characterize the purity of the carbon

material treated by several different procedures. Ther-

mal analysis has also been used to study the properties

of composites with carbon nanotube filler [25–27].

Some of the best reports of purity evaluation in

the literature employed conventional TG performed at

5°C min
–1 in air [11, 13, 19, 21–23]. The general be-

haviour summarized in Fig. 1 can be extracted from

these reports. The temperature of maximum rate of

decomposition assigned to carbon nanotube fraction
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Fig. 1 Flow chart of the temperature range for the oxidation of

SWNT based on thermogravimetric studies at

5°C min–1 in air [11, 19, 21–23]
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in SWNT and MWNT can vary from 390 to 730°C

depending on the content of metal catalyst and more

reactive carbonaceous materials. The structure of the

nanotube walls also influences the results, annealed

samples with lower content of defects and func-

tionalities exhibit higher thermal stability.

The as-bought carbon nanotubes employed in

this work were of stated 50–70 vol% purity. How-

ever, it is reported to be very difficult to extract this

amount of nanotube from the commercial raw mate-

rial, after the purification procedures [19]. The pur-

pose of this work is to attain a better understanding of

the exact composition of purified and unpurified

SWNT matrices through thermogravimetric analysis.

TG methods of high resolution thermogravimetry

(HRTG) [28, 29] were used to this purpose.

Experimental

Purification of SWNTs

Purification of the single-walled carbon nanotubes was

undertaken using a method adopted from Furtado et al.

[17]. The as-prepared SWNTs (Carbolex) was heated

in a furnace under air at 395°C for 20 min. After this

stage of dry oxidation the material was refluxed in

3.0 mol L–1 HCl for 4 h. The acidified dispersion was

then filtered through polycarbonate membranes and

copiously washed with ultra-pure water (Milli-Q). The

filtrate was twice resuspended in water, sonicated, fil-

tered and washed with ultra-pure water. These proce-

dures led to loss of material at each stage. The yield of

the purification was 6 mass%.

Scanning electron microscopy (SEM)

Samples were prepared for SEM by dropping

sonicated DMF dispersions of carbon nanotubes onto

an aluminium stub. The SEM images were obtained

using a FEI Quanta 200 scanning electron microscope

operating at 30 kV.

Thermal analysis

Thermal analyses of the carbon nanotube samples

were carried out in a TA® Instruments Inc. high-reso-

lution thermogravimetric analyser (series Q500) in a

flowing air atmosphere (60 cm3 min–1). Approxi-

mately 5 mg of sample was heated in an open plati-

num crucible up to 1000°C with different procedures:

i) conventional TG at rate of 5.0°C min–1; ii) high res-

olution measurement (HRTG) at 10.0°C min–1 with

resolution 6, sensitivity 1 and 4. Measurements for

each sample under these conditions were performed

in duplicate. Derivative thermogravimetric (DTG)

curves were generated with approximately

2.000 points for the conventional TG and 6.000 points

for the HRTG. The data was analysed by non-linear

least squares fit to multiple Gaussian curves; the min-

imum number of curves was used to fit each DTG un-

til the adjustment was judged visually satisfactory and

the Pearson r2 value was in general higher than 0.99.

Results and discussion

Scanning electron microscopy

The single-walled carbon nanotubes purchased from

Carbolex have a mean diameter of 1.4 nm and are re-

ported to aggregate into bundles of typically

100–400 SWNTs that are approximately 1–5 0m

long [17, 18]. At least four different components are

present in the raw materials: amorphous and graphitic

forms of carbon, carbon nanotubes and metal particles

that are encapsulated by carbon shells [13].

The SEM images of the as-prepared SWNTs in

Fig. 2 show two typical regions. The SEM Fig. 2a fo-

cuses on a gap in the carbonaceous film of an

unpurified SWNT sample. The carbon nanotube bun-

dles imaged in Fig. 2a appear to be very thin (or even

isolated nanotubes) and span the micron-sized crack

in the film. Figure 2b shows a region with evidence of

larger particles and aggregates that appear to have

clumped together into nanotube ropes. These are sim-

ilar to typical images found in literature of

as-prepared soot of SWNT sample [30].

Figure 2c is an image of the purified SWNT

sample. As can be noted the purified material still

contains particles. The ropes are thicker and appear to

be shorter. These observations can be understood in

relation to the purification procedures of selective gas

oxidation and acid reflux. The combustion of amor-

phous carbon and the digestion of the metal particles

liberate the nanotubes which readily reaggregate as

bundles. The SEM image in Fig. 2c indicates that the

purification succeeded and a sample with higher con-

tent of carbon nanotube ropes was produced.

Thermal analysis

The unpurified SWNT materials were expected to con-

tain approximately 20–30 mass% amorphous carbon

and approximately 30 mass% of carbon coated Ni–Y

particles from the catalyst [17, 18]. Therefore, the high-

est possible amount of SWNT in the as-prepared sample

can be estimated to be approximately 50 mass%.

Thermogravimetric analysis of the unpurified

SWNTs and purified SWNTs performed in conven-

tional TG at 5°C min
–1 in air are shown in Fig. 3. The

derivative curves of TG with respect to temperature
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(DTG) (Fig. 3b) shows the shift of the temperature of

maximum mass loss from 422 to 650°C after purifica-

tion. The content of residue after complete thermal

oxidation decreases from 38 to 7 mass% through puri-

fication. The TG residue is the oxide of the metal cat-

alyst Ni–Y. In the case of the as-prepared material the

metal catalyst oxidizes during the TG measurement.

On the other hand, for the purified SWNT the purifi-

cation procedure itself is likely to lead to the

oxidation of catalyst metals, at least partially.

Amorphous carbon thin coating on the walls of

carbon nanotubes have been observed by TEM [31].

This amorphous material should be very reactive and

is considered the first fraction to oxidize during TG

analysis. Amorphous fractions organized in higher

particles and aggregates have been characterized as

more stable materials [32] and may decompose over a

larger range of temperature. Graphitic shells forming

particles encapsulating the metal catalyst are more

stable than the carbon nanotube fraction as observed

in some works [22, 33]. Therefore, the following or-

der of reactivity is expected for the materials present

in the unpurified sample:

amorphous coating>amorphous

particles>SWNT>graphitic particles

The presence of fullerenes is also reported in

SWNT materials [34]. The fullerene fraction is more

reactive than the carbon nanotubes [33].

Figure 4 shows TG and DTG curves for the

unpurified material obtained with three different pro-

cedures. The inset in Fig. 4a exhibits the temperature

program applied to the sample in each measurement.

The high resolution TG curves were conducted with

resolution 6 and sensitivity 1 and 4. A quasi-isothermic

decomposition was performed in the experiment with

sensitivity 4. The curves in Fig. 4 show that the oxida-

tion shifts to lower temperature and the high resolution

measurements are characterized by two peaks.

The association of different Gaussian lines to car-

bonaceous fractions in a SWNT soot was previously

performed by Smith Jr. et al. [34]. Figure 5 presents the

best results of line shape analysis with Gaussian lines

for the three experimental procedures employed to

study the as-prepared material. The minimum number

of Gaussian lines was used to fit the experimental data.

The line shape analyses were evaluated by visual in-

spection of the curve and take into consideration the
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Fig. 2 SEM images of a – and b – as-prepared and c – purified

SWNT

Fig. 3 a – TG and b – DTG curves obtained at 5°C min–1 in air

for as-prepared and purified SWNTs



Pearson number r2. Table 1 summarizes the results of

the line shape analyses.

DTG curve of the conventional TG at 5°C min–1

was fitted with three Gaussian lines (Fig. 5a). The line

at 428°C can be assigned to SWNT oxidation

catalysed by the metal, as already reported [35]. This

fraction decomposition occurs through approximately

35°C (full width at half maximum). Therefore, the

range of temperature for a reasonable homogeneous

fraction to decompose during the conventional TG at

5°C min–1 is ~35°C. The separate fraction decompos-

ing around 541°C is likely to be multishell graphitic

particles whose oxidation is accompanied by the mass

gain of the metal particle’s oxidation. The large first

Gaussian line at 385°C (full width at half maxi-

mum=86°C) can not be associated with a homoge-

neous fraction. This mass loss peak is probably asso-

ciated with amorphous carbon coating and particles

and also some carbon nanotubes.

DTG curves for high resolution experiments

show two major events (Figs 5b and c). All attempts

to fit these curves with two Gaussian lines did not

succeed. Several different functions such as Gaussi-

an, Lorentzian, log normal were tested. Actually,

there is no chemical reason to expect that the oxida-

tion behaviour of the carbonaceous and metal frac-

tions in the as-prepared material could be analysed

considering only two mainly fractions. Therefore, the

line shape analysis was performed without fixing any

parameter and using the minimum number of Gaussi-

an lines to obtain a close fit. Four Gaussian lines were

deemed necessary to analyse the HRTG with resolu-

tion 6 and sensitivity 1, whereas 5 lines were required

to fit the sensitivity 4 (Figs 5b and c). Table 1 shows

the results of these analyses. The abrupt increase of

the curves at the beginning of the oxidation, per-

formed in quasi-isothermic conditions, was the most
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Fig. 4 a – TG and b – DTG curves for as-prepared SWNTs

obtained by conventional TG at 5°C min–1 and by high

resolution TG at resolution 6 and sensitivity 1 and 4.

Inset show the variation of temperature with time in

each experiment

Fig. 5 DTG curves and line shape analyses for as-prepared

SWNTs obtained by a – conventional TG at 5°C min–1

and high resolution TG at resolution 6, b – sensitivity 1

and c – 4



difficult part of the fit. The Gaussian lines in Figs 5b

and c are overlapped, thus the discussion about the

content of each fraction associated to these lines

should be considered as an attempt to quantify an

entangled oxidation behaviour.

The first two Gaussian lines on Fig. 5b and the

first three lines on Fig. 5c can be assigned to amor-

phous fractions of the carbonaceous sample. The na-

ture of these fractions is not possible to discuss at this

level. From the work of Muller et al. [32] it can be af-

firmed that larger amorphous particles and aggregates

will be more stable against oxidation than very defec-

tive thin coatings. The separate fraction which de-

composes at higher temperature in the conventional

TG (the peak centred at 541°C in Fig. 5a) appears to

shift to lower times in the high resolution measure-

ments and decompose mostly with the last fraction of

the carbonaceous oxidation. In Fig. 5b a fifth Gaussi-

an line (at 380 min) was assigned to this small last

peak, but it corresponds to less than 1 mass% of mate-

rial, thus, it is not reported in Table 1. In Fig. 5c, it

was not possible to use a Gaussian line to fit the small

peak around 700 min.

The carbon nanotube fraction in the experiments

of Figs 5b and c corresponds to the fitted Gaussian

lines centred at 210 and 391 min, respectively. There-

fore, the content of carbon nanotube determined in

the measurements of HRTG for the as-prepared soot

is between 26–29 mass%. The last Gaussian lines of

the analyses corresponding to approximately

10 mass% of the sample are assigned to more stable

graphitic shells. It is possible that some content of

graphitised carbon nanotube can also oxidize with

this last fraction.

The drop in metal catalyst content in the purified

sample was very significant (Table 2). The tempera-

ture of the dry oxidation used in the purification pro-

cesses (395°C) certainly leads to the combustion of

some carbon nanotubes. Lower temperatures are nec-

essary in this step if higher yields are desired

[17, 18, 23, 35]. Approximately 6 mass% of the puri-

fied material was lost before the 500°C. Figure 3

shows that some content of solvent was lost and also

between 300 and 400°C there is a small mass loss.

DTG curves and line shape analyses for the puri-

fied material are shown on Fig. 6. The results for con-

ventional TG and high resolution measurement at res-

olution 6 and sensitivity 1 are presented in Table 2.

DTG of conventional experiment does not allow a

good fit. As can be observed in Fig. 6a very large

Gaussian line, passing through the base of the overall

range of oxidation, is necessary to the fit. Neverthe-

less, important information can be extracted from

Fig. 6a: the range of temperatures obtained in the de-

composition, 602–655°C, is typical of purified carbon

nanotubes [19, 35].

The HRTG experiment permits a better fit of the

DTG curve (Fig. 6b). The three Gaussian lines can be

considered as attributed to carbon nanotube fractions.

This is because of the rigorous purification procedure
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Table 1 Residue and Gaussian line shape results for unpurified SWNT from TG runs obtained in air at 5°C min–1 and high res-
olution TGs with resolution 6 and sensitivity 1 and 4

Sample 1st Gaussian 2st Gaussian 3rd Gaussian 4th Gaussian 5th Gaussian r2 Residue/%

5°C min–1
X1=385°C
W1=86°C
A1=42%

X2=428°C
W2=35°C
A2=13%

X3=541°C
W3=66°C
A3=3%

– – 0.9942 39

HRTG
Sensitivity 1

X1=103 min
W1=30 min

A1=4%

X2=132 min
W2=52 min

A2=15%

X3=210 min
W3=93 min

A3=29%

X4=269 min
W4=65 min

A4=11%
– 0.9991 40

HRTG
Sensitivity 4

X1=101 min
W1=41 min

A1=3%

X2=146 min
W2=70 min

A2=8%

X3=215 min
W3=120 min

A3=13%

X4=391 min
W4=170 min

A4=26%

X5=515 min
W5=133 min

A5=10%
0.9989 40

*Xi=position, Wi=full width at half maximum and Ai=area of the Gaussian line

Table 2 Residue and Gaussian line shape results for purified SWNT from TG runs obtained in air at 5°C min–1 and high resolu-
tion TG with resolution 6 and sensitivity 1

Sample 1st Gaussian 2nd Gaussian 3rd Gaussian r2 Residue/%

5°C min–1
X1=602°C
W1=178°C
A1=27%

X2=606°C
W2=77°C
A2=32%

X3=655°C
W3=46°C
A3=28%

0.9864 7

HRTG
Sensitivity 1

X1=503 min
W1=35 min

A1=31%

X2=543 min
W2=36 min

A2=41%

X3=574 min
W3=85 min

A3=15%
0.9971 7

*Xi=position, Wi=full width at half maximum and Ai=area of the Gaussian line. **The % of material does not sum 100% because of

lost of moisture or solvent and a reactive fraction (5 mass%) which decomposes from 300°C



employed. Although on the one hand it causes a low

yield, it certainly provides a good quality material.

The first Gaussian line at 503 min can be assigned to

carbon nanotube combustion under influence of metal

particles and to some small content of amorphous par-

ticles. The second Gaussian line at 543 min is typical

of purified carbon nanotube. The third Gaussian line

can be assigned to more graphitised carbon nanotube

and graphitic shells. Therefore the content of carbon

nanotube in the purified material can be as high as

87 mass%. The SEM images presented in Fig. 2

support qualitatively these conclusions.

Conclusions

Conventional and high resolution thermogravimetry

of an unpurifed SWNT and purified SWNT matrices

revealed a large amount of information regarding the

accurate quantitative measurements of the content of

carbonaceous by-products, carbon nanotubes, and re-

sidual metal catalyst present in the materials. Purifica-

tion of the SWNTs was found to increase the content

of SWNTs in the matrix by nearly 300%.
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