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Abstract

Vapour grown carbon nanofibres (VGCNFs) produced at industrial scale were subjected to different treatments in N2, air and CO2 atmo-
spheres. The effect of these treatments on the homogeneity of the industrial product was investigated by means of TG analysis. Temperature
programmed oxidation (TPO) experiments were performed to obtain DTG profiles. The DTG curves were deconvoluted into a mixture of
Gaussian–Lorentzian curves, so that the contribution of each peak could be evaluated and assigned to phases of different reactivity. It was
found that treatments in air are more selective in removing the most reactive phase (which has a higher content of amorphous carbon) at low
burn-off, while at an elevated burn-off degree CO2 treatments result in a greater enrichment of the product in the less reactive phase (which
has a higher content of fibre). This behaviour is attributed to the presence of a certain amount of iron in the industrially produced materials and
its catalytic effect on the oxidative reactions. The effect of the treatments on the porous texture, surface chemistry and graphite-like character
of the samples was also investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Vapour grown carbon nanofibres (VGCNFs) are a rela-
tively new type of carbon fibre, which is produced from the
pyrolysis of hydrocarbon gases, such as benzene, methane,
acetylene, etc., in the presence of hydrogen at temperatures
around 950–1200◦C [1–6]. The fibre growth is initiated by
ultrafine transition metal catalyst particles, usually Fe, Co,
Ni, deposited on a substrate (seeded catalyst method) or di-
rectly injected into the gas (floating catalyst method)[1].

These fibres have been characterised in terms of the highly
preferred orientation of their graphitic basal planes parallel
to the fibre axis with an annular ring texture in the cross sec-
tion. This structure gives rise to excellent mechanical proper-
ties and very high electrical and thermal conductivity[2,3].
These properties lie somewhere between those of commer-
cial ex-PAN or pitch carbon fibres and carbon nanotubes.
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Due to these properties VGCNFs have been used to pro-
duce polymer composites with an improved tensile strength
and tensile modulus and a better electrical and thermal con-
ductivity. Other applications of this material include its use
in tires partially to replace carbon blacks thereby adding a
greater wear resistance, or in lithium ion batteries because
carbon nanofibres are easily intercalated with Li ions[7].

Various carbon sources and catalysts can be used for
VGCNF production. Especially suitable due to their catalytic
activity are Fe, Co and Ni[8–10]. It is unlikely that carbon
nanofibres grow directly from the initial carbon source. In
fact, they are thought to be obtained from secondary prod-
ucts generated from the decomposition of the initial carbon
source. Due to the complexity of the gaseous reactions that
take place, VGCNFs can be massively produced at the ex-
pense of product quality[11]. The main problem with the
industrial-scale production of this kind of fibres is the het-
erogeneity of the product, i.e., fibres of a wide range of size
mixed with pyrolytic, amorphous and probably other carbon
forms.
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For most commercial applications it is necessary to in-
crease the percentage of VGCNFs in the industrially fabri-
cated product and sometimes it is important to obtain fibres
with a narrow distribution of sizes, then VGCNFs have to
be upgraded, for example, by applying different treatments
based on the preferential oxidation of unwanted components
with air or other oxidising agents. These treatments may also
serve to functionalise the carbon fibres, increasing the inter-
action between the fibre and the matrix in the subsequent
fabrication of composites.

There is no established technique to determine the rela-
tive amount of VGCNFs in an industrial product that con-
tains different impurities or to quantify the real effect of the
treatments performed to increase the percentage of the VGC-
NFs in the fabricated material. However, thermogravimetric
analysis has been used to assess the amount of nanotubes
produced at large scale[12] and to analyse the purity of car-
bon nanotubes attained after different purification processes
[13–15].

The aim of this work was to evaluate the effect of treating
VGCNFs obtained at industrial-scale by heating them in ox-
idising atmospheres (air and CO2) in order to preferentially
remove unwanted components and to increase the percent-
age of the desired fibres in the final product. In addition,
the application of thermogravimetric techniques in order to
quantify the relative amount of fibres in the industrially pro-
duced raw material and in the product subsequently treated
by oxidative treatments was also evaluated.

2. Experimental

2.1. Materials

The material studied in this work was obtained in an
industrial-scale furnace with an inner diameter of 400 mm
and a reaction length of 4500 mm. Its length was divided
into nine heating zones of 500 mm. The operating tempera-
ture was 1100◦C, and the electrical power for heating was
109 kW[16]. The production of VGCNFs was based on the
floating catalyst method reported in the literature and patents
[8,9,17]. The process was carried out by introducing the car-
bon source (i.e., methane), the iron based catalyst and hy-
drogen from the top of the furnace. The product was sepa-
rated from the exhaust gases at the bottom of the furnace by
a filtering system and a pneumatic piston that allowed the
carbon nanofibres to be collected without compromising the
gas tightness of the furnace.

Due to the large size and the innovative concepts intro-
duced in the design of the furnace by Grupo Antolin Inge-
nieŕıa, S.A.[16], it was difficult to optimise the manufactur-
ing parameters to obtain VGCNFs of a high purity. In the first
manufacturing trials the product obtained (FGA) was char-
acterised by fibres with diameters in the range 50–500 nm
and lengths of 50–100�m. However, the product also pre-
sented significant amounts of other forms of carbon (i.e.,

Fig. 1. SEM microphotographs of selected samples.

amorphous carbon, pyrolytic carbon, etc.) as can be seen in
the SEM micrograph of the raw material shown inFig. 1a.
Similarly, the proximate analysis presented inTable 1shows
that the initial FGA product exhibits 12.4% of volatile mat-
ter (VM).

2.2. Thermal treatments

The initial product, FGA, was subjected to partial oxida-
tion by thermal treatment under air and CO2 atmospheres
in order to purify the VGCNFs of other forms of carbon.
The procedure involved the use of approximately 700 mg
of FGA fibres which were introduced into a 2.5 cm internal
diameter, 65 cm length quartz reactor, externally heated by
an electric furnace. The samples were heated from room
temperature up to the treatment temperatures (600◦C in the
case of air and 900◦C in the case of CO2), under a nitrogen
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Table 1
Chemical characterisation of the parent and treated fibres

Proximate analysis (%) Ultimate analysis (%daf) pHPZC

Moisture VM (db) Ash (db) C H N S O

FGA 0.2 12.4 2.3 98.6 0.6 0.6 0.0 0.2 8.0
N600 1.2 4.1 3.0 99.0 0.4 0.0 0.0 0.5 7.5
N900 0.7 5.5 3.2 99.1 0.3 0.0 0.0 0.5 7.6
C50 0.5 2.4 5.9 99.2 0.2 0.0 0.0 0.6 7.7
C80 0.1 n.d. 9.3 99.1 0.2 0.0 0.0 0.7 7.7
A50 3.9 7.7 6.2 99.3 0.4 0.0 0.0 0.2 7.8
A80 3.9 n.d. 16.8 99.1 0.2 0.0 0.0 0.6 7.3

n.d.: not determined; db: dry basis; daf: dry and ash-free basis.

flow rate of 50 mL min−1. These temperatures were previ-
ously chosen by subjecting the raw fibre to temperature pro-
grammed oxidation (TPO) tests in air and in CO2 in a ther-
mogravimetric system, the procedure for which is described
below.

The oxidation treatments were carried out with a gas flow
rate of 30 mL min−1 (air) or 10 mL min−1 (CO2). In both
cases the treatment times were varied in order to obtain
samples with 50 and 80% burn-off degrees (A50, A80 for
the air-treated samples and C50, C80 for the CO2-treated
samples). During the heating and cooling-down periods
a nitrogen flow rate of 50 mL min−1 was allowed to pass
through the reactor. Samples treated under nitrogen at 600
and 900◦C (denoted as N600 and N900) were also obtained
for comparative purposes. It should be noted that these high
burn-off degrees are probably unrealistic from an industrial
point of view. They were chosen, however, in order to mag-
nify the different effects produced on the fibres so that the
processes could be more easily examined.

2.3. Thermogravimetric analysis

Thermogravimetric analysis is a useful technique for
studying the thermal behaviour of carbon materials; it has
also been used to quantitatively evaluate the relative purity
of raw and processed carbon nanotubes[13,14]. However,
the well-controlled conditions encountered in TGA systems
need to be optimised for each study, due to their impor-
tant effect on the results obtained. The heating rate, the
flow rate of the gases and the amount of sample must be
well-established in order to prevent any possible restric-
tion to mass transfer through the samples, and to obtain
well-resolved peaks on the DTG curves. In accordance with
previous studies[18,19] a heating rate of 15◦C min−1, and
an air flow rate of 50 mL min−1 were used for the TPO tests.

The influence of the amount of sample used can be ob-
served inFig. 2a, where TPO tests in air for two different
initial masses of raw fibres (FGA) are displayed. A high
sample mass leads to diffusional constraints with wide unre-
solved peaks, whereas a small sample mass (i.e., 3 mg) pro-
duces two different peaks, although there is some overlap
between the two oxidation stages.

The DTG oxidation profile of the raw fibre in CO2 is
presented inFig. 2b. It can be observed that the reaction rate
is slower and the profile shifts to a higher temperature when
carbon dioxide is used. In contrast, the oxidation profile in
air shows that the oxidation proceeds in two well-defined
stages. This suggests that the least reactive carbon could be
preferentially removed by setting the oxidation temperature
at a value between the low and high temperature stages. In
this work the temperature chosen for the oxidation tests in
the quartz reactor was that needed to reach half the value
of the maximum rate of mass loss in the DTG profiles, i.e.,
600◦C in air or 900◦C in CO2.

2.4. Porous texture, morphological and chemical
characterisation

The textural characteristics of the samples were deter-
mined by nitrogen physisorption at 77 K, performed in a Mi-
cromeritics ASAP 2000 apparatus. The apparent surface area
(SBET) and the total specific pore volume(vp) were evalu-
ated using the modified BET equation[20] and the Gurvitsch
rule [21], respectively. The total specific pore volume was
calculated as the liquid volume adsorbed at a predetermined
p/p◦ of 0.95. The results are shown inTable 2.

XRD patterns were achieved with a Siemens D5000
diffractometer using Cu K�radiation (30 mA, 40 kV) as an
X-ray source. The scans were carried out over an angular
range of 10–90◦ 2θ in continuous scan mode with a step size
of 0.02◦ (2θ). Scattered X-ray intensities were collected for

Table 2
Porous texture and structural parameters of the parent and treated fibres

Sample Porous texture parameters Structural parameters

SBET (m2 g−1) vp (cm3 g−1) d0 0 2 (Å) Lc (Å)

FGA 5 0.005 3.53 26
N600 6 0.005 3.51 28
N900 5 0.005 3.51 28
C50 7 0.013 3.50 28
C80 8 0.017 3.53 28
A50 16 0.017 3.51 27
A80 12 0.014 3.52 27
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Fig. 2. DTG profiles under different conditions in (a) air and (b) CO2.

2 s at each step. X-ray structural parameters (d0 0 2, Lc) were
obtained through the analysis of the (0 0 2) line profile using
the Bragg equation[22] to evaluate the interlayer spacing
(d), and the Debye–Scherrer equation[23] to evaluate the
crystallite size of the stacks (Lc).Fig. 3shows XRD plots of
the samples andTable 2shows the values of the structural
parameters obtained. Ultimate analysis of all the samples
was carried out in a LECO CHNS-932 analyser coupled
to a LECO VTF-900 pyrolysis furnace, which enabled the
oxygen content to be determined directly. The point of zero
charge (pHPZC) of each sample was assessed by using a
modified version of a simple method proposed by Noh and
Schwarz[24], referred to as reverse mass titration[25].

3. Results and discussion

The DTG air oxidation profile of the raw fibre, FGA,
presented inFig. 4indicates that there are, at least, two easily
distinguishable steps. The figure also displays the curves
obtained by deconvoluting the DTG curve into a mixture of
Gaussian–Lorentzian curves. The two curves correspond to
the two main constituents of the FGA fibre. This does not
imply that there are only two carbon forms in the product,

but merely the presence of two products, which may include
more than one component, with clearly different oxidation
reactivities.

The two peaks on the DTG curve are centred at around 640
and 700◦C. According to the SEM micrographs ofFig. 1a,
disordered carbon (i.e., amorphous carbon) is present in the
industrial product and it is well-known that this type of car-
bon is more reactive than the carbon fibre. The first peak,
which corresponds to the most reactive fraction of the car-
bon is assumed to have a higher amorphous carbon content.
The second peak, on the other hand, corresponds to the less
reactive components. These can be assigned mainly to the
carbon fibre and spherules of pyrolytic carbon, which were
also detected by SEM (Fig. 1a). Moreover, the catalytic ef-
fect of the iron in these samples, which also influences the
reactivity (see below), must also be taken into account.

Table 3shows the contribution of each deconvoluted peak,
calculated on an area basis, to the reactivity profile of the
raw material. Thus, the low-temperature peak (i.e., formed
by the most reactive components) provides a contribution
of 80% versus 20% from the high temperature peak, which
corresponds to the less reactive carbon form.

The thermal treatment of the raw material in an inert
atmosphere do not seem to modify to any great extent
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Fig. 3. X-ray diffraction patterns of (a) untreated and nitrogen-treated samples, (b) air-treated samples and (c) CO2-treated samples.

the heterogeneity of the sample. A bimodal peak was also
observed for samples N600 and N900, with a similar contri-
bution of the deconvoluted peaks to that of the raw material
(Table 3). The main effect of the thermal treatment on the
reactivity behaviour of the initial product was to shift the
end of the rate of mass loss to higher temperatures, probably
due to thermal annealing of some of the carbon structures.
Therefore, heat treatment in an inert atmosphere does not

increase the relative concentration of the fibres with respect
to the parent sample.

The reactivity profiles of the samples treated in CO2 at
two different degrees of burn-off (50 and 80%) are presented
in Fig. 5. It can be seen that treatment in this reactive atmo-
sphere also shifts the end of the rate of mass loss to slightly
higher temperatures with respect to the profile of the raw
material (Fig. 4). This can be explained if one considers
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Fig. 4. Example of deconvolution of a DTG profile (sample FGA).

Table 3
Relative contribution of the peaks obtained from the deconvolution of the
reactivity profiles of the fibres studied

Sample Peak 1 Peak 2

FGA 80 20
N600 81 19
N900 80 20
C50 73 27
C80 8 92
A50 55 45
A80 20 80

that, besides the elimination of the most reactive phase by
reaction with CO2, the sample was maintained at high tem-
perature (i.e., 900◦C), which can cause certain degree of
thermal annealing.

A clear difference between the oxidation profiles of the
samples treated at 50 and 80% of burn-off can be observed.
Thus, while sample C50 presents a bimodal peak with an im-
portant contribution from the peak at low temperature (73%
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Fig. 5. DTG profiles of CO2-treated samples.

according toTable 3), sample C80 presents a single peak
at 700◦C with a very small contribution (8%; seeTable 3)
from the low-temperature peak. This indicates that the ho-
mogeneity of the product has increased to a great extent.

The samples treated with air at 50 and 80% of burn-off
present the reactivity profiles shown inFig. 6. It can be
observed that the A50 sample exhibits a bimodal peak with
nearly the same contribution from both peaks (55% for the
low temperature peak and 45% for the high temperature
peak, seeTable 3).

If the 50% burn-off samples are compared, it can be seen
that oxidative treatment in air (A50) was more selective in
the removal of the carbon material that oxidises at low tem-
perature, as its contribution was reduced from 80% in FGA
to 55% in A50. On the contrary, the treatment in CO2 (C50)
only reduces the low temperature peak contribution from 80
to 73%. Thus, the most reactive carbon form in the parent
sample, FGA, is removed by air treatment to a greater extent
than in CO2. This implies that treatment with CO2 removes
both disordered and non-disordered carbon. This result can
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be explained in terms of the catalytic effect induced by the
residual iron (used as catalyst for the production of the fibre)
on the CO2 gasification of the carbon constituents (both dis-
ordered and non-disordered). In the case of oxidation in air
it seems that the catalytic effect of iron did not have the same
influence as in the case of CO2, either due to the deactiva-
tion of the catalyst in the stronger air oxidising atmosphere,
resulting in oxidised iron species, which are poor catalysts
for the gasification of carbon with oxygen and CO2 [26], or
because of deactivation through the metallic iron sintering
[27]. An analysis of the X-ray diffraction patterns shown in
Fig. 3 indicates that, for the samples oxidised in air, the iron
is present in the form of hematite (iron oxide) while for the
CO2 oxidised samples, diffraction peaks corresponding to
metallic iron were detected. This confirms the deactivation
of the residual iron in the case of the air-oxidised samples.

Reaction up to 80% of burn-off seems to be more selec-
tive for the CO2 treatment, as the profile of sample C80
in Fig. 5 shows only a very small contribution from the
low-temperature peak (8%; seeTable 3), while the profile of
the 80% burn-off sample in air (A80) presents a contribution
of 20% for the same peak. It seems that as the reaction pro-
ceeds (higher burn-off degree) uncatalysed CO2 gasification
takes on more relevance and selectively removes the most
reactive carbon components of the fibres produced. This is
in agreement with the results of other authors, who found
that the oxidation of VGCNFs at high burn-off degrees takes
place by an uncatalysed reaction mechanism[28].

One point to be considered is the possibility of the mod-
ification of the textural properties of the product with the
oxidative treatments.Table 2 shows some of the textural
properties of the parent and treated materials. It can be seen
that neither the thermal treatment in an inert atmosphere
(N600 and N900), nor the treatments in CO2 (C50 and C80)
cause any significant modification of the apparent surface
area calculated according to the BET equation. Only the
treatments in air seem to modify the surface area of the ma-
terials, the treated samples having about twice (A80) and

three times (A50) the specific surface area of the untreated
sample (FGA). This could explain why the initial mass loss,
for the air treated samples, started at a lower temperature
(i.e., around 500◦C; seeFig. 6) in comparison with the CO2
treated samples (i.e., 550◦C; seeFig. 5). An analysis of the
N2 adsorption isotherms (not shown) together with the pore
volume and specific surface area data (Table 2) show that
treatment with air favours a general development of poros-
ity of all sizes, while CO2 treatment causes an increase in
large pores, which provide only a small contribution to the
specific surface area.

It would also be interesting to know whether the treat-
ments cause changes in the carbon structure with respect to
the original sample. The X-ray diffraction patterns of the
samples are displayed inFig. 3, and their structural data
are given inTable 2. From these results it can be inferred
that the graphite-like bulky structure of the treated VGC-
NFs remained practically unchanged, in agreement with the
findings of other authors[29,30]. Also of significance is the
presence of hematite (Fe2O3) in the samples treated with
air, as well as iron in the samples treated with CO2 and with
nitrogen.

Another point to be considered is the incorporation of
oxygen after the reactive treatments of the raw material.
As can be seen fromTable 1, all the treatments performed
(i.e., in inert atmosphere, air and CO2) produced a notable
decrease in the volatile matter content of the treated prod-
uct, although this does not imply a decrease in the low
temperature peak. The oxygen content undergoes a slight
increase while both the nitrogen and hydrogen contents
decrease. These changes take place whether the treatments
are performed in an oxidative atmosphere (i.e., air or CO2)
or in a nitrogen atmosphere. This suggests that the ther-
mal effect of the treatments is more important than the
actual oxidation. In other words, an increase in tempera-
ture during the treatment eliminates some of the surface
groups (presumably nitrogen-containing groups), giving
rise to a relatively reactive surface, which re-oxidises after
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exposure to the atmosphere once the treatment is over.
These changes in the surface chemistry are accompanied
by a slight decrease in the pHPZC, either due to the elimi-
nation of basic nitrogen-containing surface groups or to the
introduction (by atmospheric re-oxidation) of new acidic
oxygen-containing surface groups. In any case thefunction-
alisationof the surface of the fibres due to these treatments
is much less important than the changes in the relative
amounts of different forms of carbon in the final product.

4. Conclusions

Temperature programmed oxidation may be a useful
method for obtaining information about the homogeneity
and fibre content versus amorphous carbon content of an
industrial product. Under the experimental conditions es-
tablished in this work thefunctionalisationof the surface of
the fibres and changes in their porous texture, due to the ox-
idative treatments applied, are much less important than the
changes produced in the relative amounts of different forms
of carbon in the final product. Nevertheless treatments with
air cause a higher surface area development than treatments
with CO2. Remnants of iron catalyst have a significant in-
fluence on the reactivity of the industrial product and treated
samples. Thus, treatments in air give rise to Fe2O3, which
has a small catalytic effect on the oxidation reaction. In con-
trast, CO2 gasification is easily catalysed by metallic iron.
At high burn-off degrees the uncatalysed CO2 gasification
selectively removes the most reactive components of the fi-
bre. At low burn-off degrees air treatment is more selective
in removing the most reactive fractions than CO2 treatment.
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