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Abstract Carbon nanotubes (CNTs) grown by chemical
vapor decomposition of ethylene on alumina- and silica-
supported Fe—Co bimetallic catalysts were examined
before and after purification encompassing chemical oxi-
dation treatment in 3 M NaOH and 3 M HNOj solutions,
sequentially. Thermal properties were investigated and
correlated with structural changes followed by TEM, X-ray
diffraction and Raman spectroscopy characterization.
Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TG) were employed simultaneously in the
regime of TPO and TPH, in diluted flow of either O, or H.
TG revealed almost complete burning of both refined CNT
samples in diluted O,, indicating the efficiency of the
purification method used to remove the catalyst remains.
However, different trends and significant magnitudes of
changes in the heat of combustion demonstrate changes in
CNTs stability after purification as a function of the cata-
lyst support type. This is the consequence of changes in
carbon type, CNTs order degree and morphology, as well
as the degree of functionalization, which have their own
effects on the CNTs thermal stability.
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Introduction

Since the discovery of carbon nanotubes (CNTs), special
attention has been focused on understanding their structure,
properties and use. Potential applications of CNTs signifi-
cantly expanded after it was found that they can be
chemically modified by functionalization of their surfaces
[1]. However, CNTs may also present hazards due to
flammability, and therefore, evaluation of their thermal
stability during the utilization stage is very important [2].
Unfortunately, research on CNTs thermal properties is
much rarer in the literature than in accounts of their syn-
thesis [3-5], purification [6—8] and use [9-11]. According
to Xu et al. [12], thermal properties of CNTs are a function
of their geometric characteristics, and their stability
increases with greater length for tubes with diameters in the
range of 60—100 nm. For CNTs with diameters of less than
60 nm, stability decreases with increasing length. Studies
of the thermal properties of different carbon-based mate-
rials have revealed lower thermal hazards for carbon
composites with Al,O5; powder, relative to carbon powder
and commercial CNTs [13]. Likewise, addition of carbon
nanotubes to epoxy matrix leads to the decrease in thermal
stability of nanocomposite as an effect of thermal con-
ductivity increase [11]. Thermal analysis of HNO3z;-modi-
fied multi-walled CNTs (MWCNTs) has shown higher
decomposition temperature relative to as-grown material
[14]. The thermal delay effect (higher onset temperature)
observed after treatment in HNOj3 has been explained by
the presence of carboxyl groups that form hydrogen bonds
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leading to higher CNT stability. It has also been established
that defect sites in the structure of the tubes have an impact
on their thermal stability [15]. Defects, including edges,
dangling bonds, vacancies, dislocations, etc., have different
reactivity toward oxygen at higher temperatures, compared
with regular tube structure. When defects are removed, by
annealing at high temperature for instance, enhanced air
stability is found, relative to the as-produced CNTs [15].

The aim of this research was to explore the thermal
characteristics of as-produced and acid-modified carbon
nanotubes, originally synthesized by the chemical vapor
deposition (CVD) method over two bimetallic catalysts
differing in their supports. It was expected that the dif-
ferent textural [16] and possibly acidic properties of the
supports (alumina vs. silica) would result in the generation
of tubes with different structures and that these might be
further altered by means of their functionalization using
acid [14, 15]. Increase in amorphous material fraction and/
or defectiveness degree, which might appear due to an
acid treatment of CNTs [17], may affect thermal proper-
ties in different extent in CNTs of different origin.
Although the thermal stability of CNTs has been studied
in the past, data on CNT behavior under regimes of
temperature-programmed heating in dynamic conditions in
different gas environments are scarce. Only small fraction
of them is related to variety of thermal properties as
function of CNTs origin (different catalysts) and purifi-
cation. Of the particular interest is their behavior during
heating in hydrogen, since recently much of attention has
been drawn to high CNTs potential for hydrogen storage
[9, 18].

The thermal properties of as-grown and purified tubes
were investigated using thermogravimetric and scanning
calorimetric (TG-DSC) analysis in the flow of diluted
oxygen and hydrogen. Results were interpreted in terms of
differences in CNTs geometry, stability, purity, and quality
with regard to the presence of functional groups. Trans-
mission electron microscopy, high-resolution transmission
electron microscopy, X-ray diffraction and Raman spec-
troscopy were also used to characterize CNTs and further
clarify the TG-DSC findings.

Experimental
Catalyst synthesis

Two bimetallic Fe—Co (2.5 mass % loading of each metal)
catalysts were prepared by the simultaneous precipitation
of equivalent masses of both metal hydroxides from the
corresponding salts, Fe(NO3);-9H,0O and Co(NOj3),-6H,0,
on either commercial y-Al,O5; (Ketjen Catalysts) or SiO,
(Kemika, Zagreb) supports. After aging overnight the
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precipitates obtained were filtrated, washed, and dried at
110 °C for 24 h, followed by calcination in static air
conditions at 600 °C for 5 h. The catalyst precursors in
their oxide form were ground into powder and stored for
CNTs growth.

Carbon nanotube synthesis and purification

CNT synthesis was carried out in a home-made quartz
reactor setup, as described elsewhere [19]. Catalysts in
their oxide forms were reduced in situ, in a hydrogen flow,
following exposure to a reaction mixture containing eth-
ylene and nitrogen (1:1) at 700 °C for 1 h. After cooling
the system in nitrogen, the content of the reactor was dis-
charged and measured by mass. The percentage of deposit
(carbon yield) was calculated, based on the reduced cata-
lyst mass. For the sake of clarity, CNTs samples are labeled
according to the catalyst support used for the tubes syn-
thesis: CNTs-A and CNTs-S, for alumina- and silica-
originated CNTs, respectively.

In order to remove the catalyst support and remaining
metal particles, the raw CNT product was treated with 3 M
NaOH and subsequently with 3 M HNOj solutions for 6 h
reflux at the boiling point of each, with intermediate wash-
ing. Finally, the purified carbon nanotubes were washed with
distilled water and dried at 110 °C for 24 h [19].

Characterization of products

The structure and the morphology of the as-grown and
purified CNTs were characterized, using transmission
electron microscopy (TEM) (Philips CM20 200 kV ana-
lytical microscope) and high-resolution transmission elec-
tron microscopy (HRTEM, JEOL-3010 300 kV).

Thermal analysis was used to study the thermal behavior
of CNT samples and to ascertain their purity. Simultaneous
thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC) was carried out, using SDT Q600 TA
Instruments by means of temperature-programmed oxida-
tion (TPO) and hydrogenation (TPH). Measurements were
done in the temperature range 25-1,000 °C at a ramping
rate of 10 °C min™', in a 100 cm® min~' flow of either
5 %0,/He (TPO), or 10 %H,/Ar (TPH). Both mixtures
were prepared using high purity gases, and the flow rate
was controlled by a mass flow controller integrated into the
equipment.

X-ray diffraction (XRD) (Powder diffractometer Seifert
MZIV with CuKa radiation A = 0.15406 nm) was used to
study the crystallinity of both as-grown and purified CNTs,
and the Scherrer’s equation was applied to calculate the
average thickness of the tube walls and therefore the mean
number of graphitic planes [20].
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Fig. 1 Low-magnification TEM images of as-grown CNTs over a Fe—~Co/Al,05 and b Fe—Co/SiO, catalyst

Raman analyses were carried out using a LabRam HR-
800 spectrometer from Horiba Jobin—Yvon. For excitation,
the 532.2 nm line from a doubled-frequency Nd:YAG laser
was used. The spectra were collected in backscattering
geometry with a resolution of 2 cm™" and recorded with a
Peltier-cooled camera [21].

Results and discussion

Under the applied reaction conditions, the Fe—Co/Al,O3
catalyst exhibited much higher activity toward CNT for-
mation than the silica-supported one, with carbon yields of
264 and 62 %, respectively. This was confirmed by the
TEM analysis revealing a larger number of entangled
nanotubes in case of CNTs-A which indicates good
homogeneity of the catalyst particles responsible for the
efficient CNTs growth (Fig. 1a). No amorphous carbon
was formed, confirming high selectivity of both catalysts
and an appropriate reaction procedure which achieved
equal rates of carbon-source supply and solid carbon pre-
cipitation [22].

TEM micrographs obtained at higher magnification
(Fig. 2a, b) show multi-walled structures in both CNT
samples regardless of used catalyst. There is no obvious
difference in CNTs average thickness, products from both
catalysts have diameters in the range 10-30 nm. The dif-
ferent locations of catalyst particles within the tubes,
however, allow for speculation about diverse mechanisms
of growth over the two catalysts. Thus, thin tubes with
diameters about 10 nm, produced over the alumina-sup-
ported catalyst, were observed with metal particles posi-
tioned on their tops (Fig. 2a—arrows 2), indicating the
“tip-growth” mechanism [23]. On the other hand, the
CNTs synthesized over the silica-supported catalyst, have

metal particles only within the hollow of the tubes
(Fig. 2b). In both cases, however, metal particles embed-
ded in the interior of the tubes are probably just that part of
the original metal clusters attached to the support where the
growth process began [24, 25]. That is to say, at the syn-
thesis temperature, small metal particles follow a phase
transformation from solid to quasi-liquid state [26]. This
enables their partial disintegration and mobility of the
detached metal fraction along the emerging tube [27-29].
Once encapsulated, the particle may change its parent
shape into an irregular or rod-like one, as depicted by
arrow 1 in Fig. 2a and b.

Both alumina- and silica-originated CNTs were suc-
cessfully purified by a “liquid oxidation” treatment [30]
which efficiently eliminated catalyst remains (Fig. 3). As
depicted in Fig. 3b, obtained by HRTEM, the purification
treatment caused partial damage to the structure of some of
the silica-originated CNTs. That can be seen on the tube
positioned on the left side of the figure, by both thickness
and roughness of its external walls. Furthermore, the same
inner tube diameter of both tubes shown in Fig. 3b
witnesses on same history of their growth; they rose on
catalyst particles of the same size and by the same mech-
anism, resulting in tubes of same thickness [31-33]. That is
to say, difference in outer diameter of two CNTs-S shown
in Fig. 3b is a consequence of wall etching on some tubes
during their purification.

TG, DTG and DSC profiles of as-grown and purified
CNTs under TPO regimes are given in Figs. 4 and 5, while
corresponding results are summarized in Table 1. Data on
heat of decomposition is given both per g of sample (as
measured), as well as per g of CNTs (calculated), the last
accounting for omission of water and impurities from the
calculation. As seen from Fig. 4, TG curves of all samples
encompass profiles showing continuous mass loss, which is
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Fig. 2 TEM image of a as-grown CNTs over Fe-Co/Al,O; catalyst revealing tubes with different positions and shapes of metal particles:
1-encapsulated; 2-tip metal particles and b as-grown CNTs over Fe—Co/SiO, catalyst with encapsulated metal particle of irregular shape

Fig. 3 a TEM image of purified CNTs over Fe—-Co/Al,05 catalyst and b HR-TEM image of purified CNTs over Fe—Co/SiO, catalyst

not in line with oxygen atoms chemisorption which has
been reported to accumulate up to 50 % of original mass of
single-walled nanotubes [34]. First derivate of the same
curves shows oxidation maximums ranging from 610 to
630 °C, which is a temperature interval that has often been
claimed for CNTs combustion to occur [15, 35]. Absence
of other oxidation maximums in case of both of as-grown
samples witnesses on good selectivity of CNTs synthesis,
i.e., no amorphous carbon, graphitic carbon, etc.

High thermal stability of CNTs has been explained in
the past by their structure defined by aromatic rather than
dangling bonds [36]. However, the decomposition tem-
perature has not been reported in the literature as a constant
value but increasing one following the increase in CNTs
diameter [37, 38], severity of purification conditions [17,

@ Springer

35, 39] and heating rate in temperature-programmed
experiments [17, 39]. In addition, the fact of more reactive
thinner CNTs relative to thicker ones may be overruled if
impurities are present [40]. Values of heat of decomposi-
tion of CNTs presented in Table 1 are smaller compared
with those usually reported in the literature, which may be
accounted to the specificity of the used gas mixture, i.e.,
5 %0,/He in this investigation, contrary to air, either in
static [40, 41] or flow conditions [12, 34]. Almost equal
values of heat of decomposition of both as-grown CNTs
samples in this study, 6,738.3 and 7,006.6 J gEﬁITS,
obtained by omitting impurities from the calculation, speak
on similar average diameter (number of walls) of both
CNTs samples. However, different onset decomposition
temperatures appearing in DTG profiles of as-grown CNTs
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Fig. 4 TG and DTG profiles of unpurified and purified CNTs in TPO
regime
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Fig. 5 DSC profiles of unpurified and purified CNTs in TPO regime

samples may be the basis for the speculation on nonuni-
form samples morphology (Fig. 4). Namely, although dif-
ference in tubes diameter as a function of their synthesis
history was not clarified by TEM analysis, the onset tem-
perature shift to lower value in the case of CNTs-A com-
pared with CNTs-S (385.6 °C relative to 465.2 °C) might
indicates existence of very thin tubes in the first case,

starting to decompose at lower temperature (Table 1).
Lower onset temperature may also be connected to higher
portion of tubes having open tips [36], but it is generally
accepted view of thinner tubes having higher number of
sites exposed to oxygen thus resulting in lower oxidation
stability [37, 38].

Different values of mass loss of as-grown CNTs (62.4
vs. 32.2 %), indicating differences in carbon yields
(Table 1), are not in line, however, with the real catalysts
activity obtained by measuring the mass of catalysts before
and after the synthesis. As noted, the true difference in
yield is much higher, i.e., 264 vs. 62 % in favor of the
alumina-based catalyst, and the discrepancy is due to the
inhomogeneous samples taken for TG analysis. The prob-
lem of sample inhomogeneity can also explain highly
diverse values of heat of decomposition of as-obtained
CNTs measured by DSC (4,043.3 and 2,138.0J g "),
accounting for different catalyst contribution to the sam-
ples due to different yields (Fig. 5; Table 1). However, the
perfect matching of mass loss data (TG) for both purified
CNTs samples (~95 %) speaks in favor of the conve-
nience of TG for checking the product purity, as well as
of the applied purification method efficiency (Table I;
Fig. 4).

Samples purification led to maximal combustion tem-
peratures increase, which can be explained by absence of
catalyst originally present in both of as-grown samples
(Table 1; Fig. 4). In addition, changes of heat of decompo-
sition of purified CNTs during TPO indicate evolution of
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structure as the result of purification treatment. Heat of
decomposition increases from 6,738.3 to 8,426.8 J gEﬁITS for
CNTs-A and decreases from 7,006.6 to 5,629.3 J gEﬂITS for
CNTs-S upon purification (Table 1). This indicates that
purification induces evolution of structure in the original
CNTs, resulting in increased order degree of CNTs-A and
decreased one in the case of the sample originating from the
silica-based catalyst. Beside, credible values of onset tem-
peratures of as-grown samples turned to a pretty fuzzy
estimation after purification (Fig. 4). This is in particular
true in the case of CNTs-A sample TG showing an additional
maximum at 427.4 °C corresponding to a 9 % mass loss
(Table 1). Heat of decomposition of 5,151.9 J g, referring
to the exothermal effect at 427.4 °C implies a material
having a different structure from tubes decomposing at
631.6 °C with an exothermal effect of 8,426.8 J g&lws (Table 1).
Various forms of carbon have been shown to have different
thermal resistance in air flow, i.e., 695, 645 and 420 °C for
CNTs, graphite and fullerene, respectively [36]. More recent
investigations attribute a peak of about 420 °C to the com-
bustion of amorphous carbon, which appears due to purifi-
cation [17, 35]. Temperatures as high as 500 and 850 °C
have been claimed for amorphous carbon and graphite
combustion, differing from the previously reported due to
applied reaction conditions [37]. Based on results from
Figs. 4, 5 and Table 1, it can be concluded that both as-
grown samples went through substantial structural changes
during purification, changing partly to amorphous carbon in
the example of the CNTs-A sample. The observed thermal
stability changes may be due to an unproportional contri-
bution of structural imperfections, i.e., vacancies, disloca-
tions and steps [15, 36], or the consequence of simple CNTs
morphology change due to wall etching [12], both occurring
during CNTs purification. However, attachment of func-
tional groups during liquid oxidation may also induces
thermal properties changes [14].

60

(a) 450, CNTs
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Fig. 6 XRD profiles of a as-grown and b purified CNTs
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According to XRD analysis, there is a substantial change
in degree of graphitization and crystallization in the case of
CNTs-S upon purification (Fig. 6). As seen from the peak
20 = 26.5° corresponding to (002) graphite-like phase and
by using Debye—Scherrer’s equation, the mean crystalline
sizes along the tube diameter as L. = 2.389 nm may be
calculated for purified CNTs-S, relative to L, = 4.796 nm
for the same of the purified CNTs-A (Fig. 6b) [22]. Taking
an average inter-layer distance (0.342 nm) following from
Bragg’s law, a different number of graphene sheets in the
tube walls can be calculated, i.e., only 7 for CNTs-S,
compared with 14 in the case of CNTs-A [20]. Unfortu-
nately, the same procedure can only partially be applied to
as-grown samples since there is an interference of dif-
fraction lines of tubes and catalyst, the last being signifi-
cantly present in the case of as-grown CNTs-S (Fig. 6a).
Anyhow, based on shape of XRD lines of CNTs-S before
and after purification it is likely to estimate a substantial
change in number of graphene sheets due to the liquid
oxidation. The tubes thickness reduction is followed by
decreasing of CNT-S heat of combustion as discussed
above. In the case of as-grown CNTs-A, however, the same
calculation showed no difference in number of graphene
sheets (14) before and after purification. That is to say, the
diameter of purified CNTs-S is significantly lower than it
used to be in the as-grown sample, and substantially lower
then the diameter of the purified tubes of another origin.
This difference is the consequence of wall etching occur-
ring during purification of the CNTs-S sample, as already
was indicated in Fig. 3b. Consequently, such a process may
produce defects which themselves are sites where bonding
of functional groups of acidic origin is more likely to occur
[42, 43]. Results of DSC and XRD in this work are both in
accordance with previous findings that releasing heat dur-
ing the programmed thermal treatment of CNTs decreases
following their diameter decrease, but is not influenced by

(b) 600 CNTs
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. 400 4 ﬁ
= |
S ool
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=
c 100 101
2 [ /
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Fig. 7 Raman spectra of a as-grown and b purified CNTs over Fe—Co/Al,O5 catalyst

Table 2 Raman spectroscopy results for as-grown and purified CNTs
samples

Intensity ratio Sample

CNTs-A CNTs-S

As-grown Purified As-grown Purified
Ip/lg 1.53 1.28 1.11 1.90
Lpllg 0.36 0.59 1.55 1.15

their length [12]. Chang and coworkers also found reduced
value of heat of CNTs decomposition upon treatment in
sulfuric acid [41]. Although they were not explicit the
effect was due to diameter of CNTs decrease as a conse-
quence of wall etching, it is, in fact, obvious from com-
parison of their HRTEM results of the tubes before and
after acid treatment [41].

Data from Raman spectroscopy given as D band and G
band, appearing about 1,350 and 1,580 crn*l, respectively,
as well as 2D band, at about 2,700 cm ™! [44] (Fig. 7;
Table 2), are highly compatible with the CNTs thermal
stability evolution observed by TPO. While D band is
associated with structural defects and impurities (amor-
phous carbon), the G band corresponds to the stretching
mode of carbon—carbon bond in the graphite plane. The 2D
band is highly dispersive and is usually associated with the
crystallinity degree of the nanotubes [45]. Both Ip/I; ratio
decrease and I,p/Ig ratio increase in the case of CNTs-A
indicate enhanced quality of the purified sample, i.e., its
higher crystallinity degree upon liquid oxidation (Table 2).
Beside, fairly slight intensity decrease in the D band
indicates still a substantial presence of carbonaceous
impurities, i.e., amorphous carbon whose appearance was
above confirmed by TG. This is in line with similar find-
ings connecting the increase in defectiveness degree
with severity of acids used in purification treatment [17].

In contrast, for the CNTs-S sample both Raman indicators
show the opposite trend: Ip/lg ratio increases, indicating
more structural defects formed during the purification
treatment followed by the tubes functionalization, and
Lp/Is value decreases, speaking on possible destruction of
graphene layers during purification that leads to lower
crystallinity degree (Table 2). These results of quality shift
due to products purification observed by Raman are in
accordance with the previous hypothesis on thermal sta-
bility evolution based on heat of decomposition of CNTs.

In order to test the quality of as-grown and the func-
tionalization degree of purified CNTs, related samples
prepared over both catalysts were subjected to thermal
analysis in a TPH regime (Fig. 8; Table 3). There is a
common opinion on low CNT reactivity with molecular
hydrogen, even when annealed at high temperature. In the
case of single-walled CNTs reactivity in hydrogen can be
promoted by pressure, time of exposure, as well as the
presence of catalyst remains, particularly those at the nano-
scale. This resulted in both side wall hydrogenation and
wall etching, occurring at 400—450 °C and above 550 °C,
respectively [46]. Figure 8 displays both TG and DTG
profiles in TPH conditions of as-grown and purified CNT
samples of different origin. TG profiles show a mass drop
amounting to 6.3 and 6.1 % for as-grown samples syn-
thesized over alumina and silica catalysts, respectively
(Table 3). The same purified samples are characterized by
10.4 and 23.1 % total mass loss, respectively. It has to be
noted that presented mass losses were accommodated for
different content of physically adsorbed water in the puri-
fied samples (Fig. 8). Corresponding DTG profiles indicate
two different processes in as-grown samples: at the lower
temperature of about 400 °C a minor reduction in catalyst
remains occurs (confirmed by similar TPH profiles during
the catalysts characterization, which are not shown),
whereas slight hydrogenation of CNTs occurs at higher

@ Springer



1484

S. Ratkovic et al.

105
100 ‘
95
90

85

Mass/%

801
754

704

65

. . . . . .
02610 200 400 600 800 1000
0.24
0.22
0.20
0.184
0.16
0.14
0.124
0.10]
0.08
0.06
0.04
0.02
0.004

Temperature/°C

—o— As-grown CNTs over Fe-Co/Al,O,
—e— Purified CNTs over Fe-Co/Al,O4
—a— As-grown CNTs over Fe-Co/SiO,
—#— Purified CNTs over Fe-Co/SiO,

Derivative msss/% °C~!

Fig. 8 TG and DTG profiles of unpurified and purified CNTs in TPH
regime

temperatures. In the case of the purified samples, however,
DTG profiles are different, exhibiting three peaks in the
case of the CNTs-A, and only two in the case of the tubes
of another origin. Recently, during carbon nanofibers
(CNFs) synthesis from ethylene, two maxima have been to
assigned to hydrogenation by means of in situ evolved
hydrogen: the first, occurring at temperatures as low as
200 °C, has been associated with amorphous carbon
hydrogenation, and the second, at about 600 °C, attributed
to hydrogenation of graphene based CNFs [47]. The last
one has been shown to shift to some lower temperature
depending on degree of the graphite disorder [47]. Based
on our results from the TPO of purified CNTs-A, the first
oxidation peak appearing at a temperature 427.4 °C was
attributed to amorphous carbon combustion. Therefore, we
might assume that, in the case of the same sample hydro-
genation, a low temperature TPH peak of 263.2 °C corre-
sponds to the hydrogenation of functional groups, whereas
peaks of 437.9 and 582.4 °C correspond to the hydroge-
nation of amorphous carbon and CNTs, respectively
(Fig. 8). All three peaks by their size are in line with the
scenario of changes brought by purification: there are only
small amount of functional groups, a substantial amount of
amorphous carbon and almost no hydrogenation of thick
CNTs-A which number of walls remained unchanged
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Table 3 Thermal analysis results obtained in TPH regime

Parameter As-grown  Purified As-grown  Purified
CNTs-A CNTs-A  CNTs-S CNTs-S
Tnax/°C 263.2; 264.8;
437.9; 629.1
582.4
Total mass 6.3 10.4 6.1 23.1
loss™/%
Mass loss related 2.8 7.9
to functional
groups/%

4 Mass of water is not included

during the liquid oxidation (Raman results). In line with
this reasoning, the DTG profile of the purified CNTs-S,
showing absence of a middle-temperature peak, is due to
the absence of amorphous carbon in that sample. Never-
theless our TPH experiment was not designed to follow the
hydrogen consumption or hydrocarbons formation, based
on TG and DTG profiles and peaks size we might assume
a hydrogenation of functional groups at 264.8 °C and
substantial hydrogenation of thin CNTs-S at 629.1 °C
expressed as walls etching (Fig. 8; Table 3). A substantial
mass loss at temperature above about 550 °C supports this
hypothesis.

Conclusions

Synthesis of CNTs over different catalysts (alumina and
silica-based) resulted in as-grown tubes having same
structural properties, as indicated by TEM, and confirmed
by combustion temperatures and data of heat of combus-
tion in regime of TPO. The efficiency of the applied liquid
oxidation method in terms of purification using 3 M NaOH
and subsequently 3 M HNOj; solutions was confirmed by
total mass losses of 95 % for both purified samples. On the
other hand, the applied purification method may be too
harsh for the CNTs of alumina-catalyst origin, resulting in
appearance of amorphous carbon. The purification outcome
is also different trends on thermal stability of the tubes
grown on different catalyst, revealed as significant changes
in the heat of combustion. This is partly due to changes in
thickness of the silica-based catalyst CNTs as a conse-
quence of wall etching, as confirmed by both TEM and
XRD data. Raman spectroscopy data indicate further
functionalization of sites formed as a consequence of wall
narrowing in the case of CNTs-S and higher-order degree
in the case of the CNTs of alumina-catalyst origin. Thermal
analysis data of purified samples in the regime of TPH
are consistent with TPO, XRD and the Raman spectros-
copy results. They confirm difference in degree of func-
tionalization, carbon nature and order degree of CNTs as a
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function of their catalyst supports. In addition, a substantial
mass loss at temperature above about 550 °C during TPH
of silica-based CNTs indicates a possibility of additional
wall attrition by means of hydrogen action.
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