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The efficient use of fly ash is a worldwide issue due to its high production and harmful effects on the

environment. In this work the synthesis of carbon nanomaterials (CNMs) via the chemical vapour

deposition (CVD) method, using fly ash as a catalyst and CO2 as an alternate carbon source, was

investigated. Here CO2 was employed in three different ways: (1) as a sole carbon source, (2) as an

additive to C2H2 and (3) as a carbon source prior to the reaction of C2H2 with fly ash. SEM, TEM and

laser Raman spectroscopy confirmed that CNMs were formed in all three cases. In the first case, when

CO2 was used as a sole carbon source, CNMs were formed in low yields with a considerable amount of

amorphous carbon. However, in the second case when CO2 was used as an additive to C2H2, a drastic

increase in CNM formation was observed. In both cases optimal yields were observed at 600 �C.
However in the third case, when CO2 was used as a carbon source prior to the reaction with C2H2,

uniform-sized nanofibers of the highest yields of all three cases were formed. Likewise these CNMs were

found to be the most thermally stable. Hence this study has shown that the use of waste materials such

as fly ash as a catalyst and CO2 as a carbon source prior to the reaction with C2H2, results in a very

simple and cost efficient process to make uniformally shaped, thermally stable CNMs.
Introduction

Since the rediscovery of carbon nanomaterials (CNMs) in 1991,
their production has been found to be a costly exercise. This is
mainly due to the catalysts used and the carbon sources.1 In
order to remediate this researchers across the world have tried
to nd more efficient and cheaper ways of synthesizing CNMs
(e.g. carbon nanotubes (CNTs) and carbon nanobres
(CNFs)).2–5 At present, three methods are widely used for such
syntheses: laser ablasion, arc-discharge and chemical vapour
deposition (CVD).5–11 CVD is the most widely used of these
techniques due to its high product yield, selectivity and scale-up
capabilities.12 During CVD, a gas phase carbon rich molecule
(e.g. C2H2) is pyrolysed in the presence of a transition metal
catalyst (e.g. Fe, Mo, Cu, Co, etc.) at high temperatures
(800–1000 �C).13 Though hydrocarbons are widely used, they do
offer some disadvantages, as they are mostly hazardous and can
form polyaromatic by-products during a CVD synthesis process.

CO2 is a low energy molecule that is found in abundance on
the earth.14 Due to its relative cheapness and availability, the
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search for uses of CO2 has attracted a lot of attention. The need
to do this has been heightened by the current problems of
global warming that face society and the impending shortage of
fossil fuels. Recently when researchers used CO2 as an alter-
native carbon source for CNT production, results showed that
parameters such as high pressures, specic temperature ranges,
high ow rates and the choice of catalyst support played a very
important role.15–18 In one study, when FeO was used on a
support of CaO, CNTs were formed.14 However, when Al2O3,
SiO2 andMgO were used as supports, no CNTs were produced.18

Unfortunately this approach still suffers from low CNT yields
and high energy consumption due to the very high carboniza-
tion temperatures that are required. These conditions regret-
tably tend to be unsuitable for such approaches to be scaled up.

Recent studies have shown that an addition of a small
amount of an oxygen containing species to the carbon source
(e.g. C2H2) improves the yield of CNMs.19 For example, the
addition of oxygen which has been shown to act as a scavenger
of hydrogen radicals, has provided conditions that were suitable
for CNM synthesis. On the other hand the addition of water,
which acts as an etching agent that prevents the encapsulation
of catalyst particles by amorphous carbon, increased the CNT
yield, extended lifetime of the catalyst and an enhanced the
initial growth rate as compared to those of classical C2H2

decomposition reactions.28

Fly ash is an inorganic waste material generated from the
burning of coal in the production of electricity. It is an
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Synthesis of CNMs using CO2 as a sole carbon source, as an
additive and as a carbon source prior to the reaction with C2H2.
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heterogeneous material with a variable composition depending
on its source and the processes used. It is mainly composed of
Al2O3, SiO2 and other materials such as Fe2O3, MgO and CaO.20

Disposal of this material has become a major issue due to the
expense. In recent years, owing to the transition metal content
in y ash, this waste material has been at the forefront of CNM
(in particular CNT/CNF) synthesis.12,13,20,21 In recent years, owing
to the transitionmetal content in y ash, this waste material has
been at the forefront of CNM (in particular CNT/CNF)
synthesis.12,13,20,21 In particular, Dunens et al. have shown that
CNTs and CNFs could be synthesised by reaction of acetylene
and Australian coal y ash.13 However, unlike in this present
study where no pre-treatment of the South African y ash was
required, Dunens et al. were required to further impregnate
their y ash with iron before these materials could be
synthesised.13 To date, no study has reported on the use of
as-received y ash as a catalyst with CO2 as a carbon source for
CNM formation. Likewise the use of y ash, CO2 and C2H2 in
one system for CNM formation has also not been reported.

This paper reports on the utilisation of two waste products,
namely: y ash and CO2 to produce CNMs. It further demon-
strates the use of y ash as a catalyst and CO2 as an additive or a
as a carbon source prior to the reaction with C2H2 improved the
yields of CNMs, in the CVD synthesis method.

Experimental
Synthesis

Waste South African coal y ash was obtained from the Elec-
tricity Supply Commission (ESCOM) Research and Innovation
Centre (Rosherville, South Africa) and was used without any
chemical pre-treatments or thermal modications. Carbon
depositions were achieved by CVD reactions of: (1) only CO2, (2)
CO2 together with C2H2 (i.e. CO2/C2H2) or (3) CO2 followed by
C2H2 (i.e. CO2_C2H2) over the waste coal y ash. An horizontal
CVD furnace was used which had been fabricated in the School
of Chemistry, University of the Witwatersrand, as reported
previously.20 In these reactions, coal y ash was used as a
catalyst, CO2 and C2H2 were used as the carbon sources and
hydrogen as the carrier gas, in order to create an optimal
reaction environment.21–23 In each synthesis run, 500 mg of y
ash was uniformly spread in a quartz boat and placed in the
centre of a horizontal tube furnace. The y ash was then heated
at 10�C min�1 in H2 at a ow rate of 100 ml min�1 to temper-
atures between 500 �C and 1000 �C. In the cases of using only
CO2 or CO2 together with C2H2, these gases were introduced
into the reaction zone at 100 ml min�1 for 30 min aer the set
temperature for reaction was reached. Aer 30 min of reaction
time, the ows of CO2 and CO2/C2H2 were terminated and the
reactor was cooled under H2 to ambient temperature. For the
case where CO2 was used as carbon source prior to the reaction
with C2H2, the procedure followed was the same as before
except that CO2 was introduced on its own at the set reaction
temperature for 30 min, then the reaction chamber was ushed
out using H2 for 15 min, followed by the introduction of C2H2

into the reaction chamber for 30 min. The reactor was then
cooled as before. The resultant carbonaceous material was then
This journal is © The Royal Society of Chemistry 2015
harvested for characterization. The percentage yield of carbon
material that was formed was calculated based upon the mass
of carbon obtained relative to the mass of catalyst.
Characterization

The chemical composition of y ash was determined using
X-ray orescence spectroscopy (S1). The morphology and
particle size of the CNMs formed from these reactions were
characterized by scanning electron microscopy at an applied
voltage of 10 kV using an FE-SEM ZEISS SIGMA equipped with
an In-lens and secondary electron detectors and transmission
electron microscopy (TEM) using a FEI Tecnai G2 Spirit electron
microscope at an accelerating voltage of 120 kV. For SEM
analysis, carbon tape was placed on top of a specimen holder
and a small representative amount of ne powder was dusted
onto the tape. The specimen then was introduced into the SEM
instrument. For TEM analysis, a small amount of the powder
samples of CNFs were diluted in 10 ml of ethanol, followed by
sonication for 5 min. Specimens were then transferred onto
the holey carbon lm double layered 400 mesh copper grids
(sample holder) and allowed to dry at room temperature. The
specimens were then characterized by TEM.

To conrm the formation of CNFs, laser Raman spectra were
measured using an InVia Raman microscope (Reinshaw) at an
excitation wavelength of 514 nm. Powder X-ray diffraction
(PXRD) was used to identify the crystalline phases present in the
ash and products using a Bruker D2 phaser with a Lynexe
detector using a Co-Ka at 30 kV and 10 mA. The thermal
stabilities of the products through reaction with y ash were
determined by using a Perkin Elmer Pyris 1 thermogravimetric
analyser. In these measurements, 10 mg samples were heated to
900 �C at a rate of 10�C min�1 under air (20 ml min�1).
Results and discussion

A summary of the different approaches of using CO2 as well as
the various outcomes (to be discussed in further detail later on)
is shown in Fig. 1.
CO2 as a carbon source

The morphologies of the products from the CO2 treated y ash
are shown in Fig. 2(a–d). These images show that various kinds
RSC Adv., 2015, 5, 53776–53781 | 53777
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of amorphous carbon had been formed. In some cases particles
exhibited spherical shapes (Fig. 2(c)) and in others irregular
ones (Fig. 2(d)). These differences in the amorphous carbon
could possibly be due to the various mechanisms of y ash
formation or due the incomplete oxidation of the precursor
coal.24

The as-received y ash and CO2 reacted y ash were analysed
by SEM (Fig. 3(a and b)). Fig. 3(a) shows the spherical shape of
the as-received y ash, while Fig. 3(b) shows the CO2 reacted y
ash. Laser Raman conrmed the presence of both amorphous
and graphitic carbon, as shown by a high D (disordered) peak
and a low G (graphitic) peak Fig. 3(c).25 The presence of the high
D peak indicated that the carbon products that formed were
poorly graphitised.16

When as-received y ash was used as a catalyst it was found
that the very low yields of nanocarbon materials were formed
at 900 �C, while at temperatures between 500–800 �C and
above 1000 �C, only irregularly shaped amorphous carbon
materials were formed. This is in contrast to other studies
where CO2 was used as a sole carbon source and CNTs were
formed.15–18 In those studies iron and cobalt were used as
catalysts. The lack of CNT formation in this study could have
been caused by the large quantities of Al2O3, SiO2 and MgO
found in the y ash.19,20 On the other hand, it is possible that
the rate of carbon supply exceeded the growth rate of CNTs,
since this has been shown to result in the formation of
amorphous carbon and bers as compared to tubes.13 Our
results, in a similar manner to Xu et al.18 have revealed that
the reduction of CO2 to graphitic CNMs is sensitive to both
the catalyst and the temperature used. This work, together
with other studies, has shown that more research is still
required to understand the growth of CNMs from CO2 as a
sole source of carbon.
Fig. 2 TEM images of various amorphous carbon materials grown at
900 �C showing (a) sheet-like material, (b) sphere-like materials, (c)
carbon with metal particles and (d) Amorphous carbon with what
appears to be unreacted fly ash.

53778 | RSC Adv., 2015, 5, 53776–53781
Based on the difficulties experienced in using CO2 as a sole
carbon source for CNT formation, Magrez et al.19 attempted a
triple point junction reaction, where CO2, C2H2 and the FeO
metal catalyst were all used in one reaction. This was done in an
effort to increase the yield and favour the production of more
CNTs at lower temperatures. While their study found a dramatic
increase in the yield of CNTs, it was also found that this
decreased at higher temperatures. In another study using
Fe/MgO as a catalyst, ethanol as a carbon source and acetoni-
trile as a nitrogen source, a similar trend was reported.26 Here
this effect was attributed to the O2 containing species which
were believed to oxidise the carbon at higher temperatures.
Similarly it is known that the etching effect of OH radicals
disrupts the initiation stage of CNT growth.29 In this present
study the reaction temperatures employed were from 500 �C to
700 �C, using as-received y ash as a catalyst and CO2 as an
additive to C2H2, which was the main carbon source.
CO2 as an additive to C2H2

When CO2 was employed as an additive to C2H2, the results
obtained indicated that there was a three-fold increase in the
yield in carbonaceous materials formed from 500 �C to 600 �C,
which then remained constant at 700 �C. Laser Raman spec-
troscopy conducted on these products (Fig. 4(c)) showed that
the IG/ID ratio increased as the reaction temperature was
increased. This suggested that the degree of ordered carbon
increased as the reaction temperature was increased.
Fig. 3 SEM images of (a) as-received fly ash, (b) carbon materials
grown at 900 �C (c) laser Raman of CNMs formed at 900 �C.

Fig. 4 (a) Percentage yields of CNMs produced (b) Raman spectra of
CNMs grown between 500–700 �C and (c) ID/IG ratios of CNMs.

This journal is © The Royal Society of Chemistry 2015
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TGA was conducted on all of these products to test their
thermal stability. As shown in Fig. 5(a), the percentage of
carbonaceous products formed from the y ash increased from
500 �C to 600 �C and then remained relatively constant at 700
�C. This trend was consistent with that of the percentage yields,
as noted in Fig. 4(a).

Likewise the increase of the rst weight derivative Fig. 5(b) to
higher temperatures as the reaction temperature was increased (i.e.
from ca. 600 �C to 640 �C), suggested an increase in the amounts of
graphitic materials. This coincided with a corresponding decrease
in the IG/ID ratio (Fig. 4(c)) and a shi from straightbres of various
diameters at 500 �C and 600 �C (Fig. 6(a–d) to straight and coiled
bres at 700 �C (Fig. 6(e–f)). Similarly, as the graphitic nature of
these materials increased it was observed that their surface areas
also increased (Fig. 5(c)). Based upon the adsorption/desorption
data, a type III hysteresis loop was observed, which corresponded
to a material with non-porous structures.

Unlike in the previous case where CO2 was used as the sole
carbon source, it was noted that upon reaction between the two
gases a popping noise was heard which became increasingly
louder as the reaction temperature was increased. This was
most likely due to the presence of the oxygen containing species
(i.e. CO2) reacting with the hydrocarbon in the presence of the
y ash catalyst.27 A previous study has shown that at least two
types of reactions (eqn (1) and (2)) occurred when CO2 and C2H2

were co-reacted for CNT synthesis:19

CO2 + C2H2 / 2C + H2O + CO (1)

CO2 + C2H2 / C + 2CO + H2 (2)

here it was found that the type of catalyst with support, as well
as the reaction temperature used played a huge role in terms of
Fig. 5 (a) TGA profile, (b) weight loss derivative, (c) adsorption
isotherms and (d), Table 1: BET surface area and pore volumes of
CNMs grown between 500–700 �C.

This journal is © The Royal Society of Chemistry 2015
the materials that were produced. Undoubtedly, the formation
of carbon from the side reactions between CO2 and C2H2 (eqn
(1) and (2)) must have played a role in the dramatic increase in
the percentage yield that was observed from 500 �C to 600 �C.

CO2 as a carbon source prior to C2H2

To avoid these potentially dangerous reactions from occurring,
a further study was conducted where CO2 was introduced into
the reaction zone on its own rst. CO2 was then ushed out with
H2 for 15 min. This was then followed by the introduction of
C2H2. These reactions (as described previously) were also
carried out in the temperature range between 500 �C to 700 �C.

In Fig. 7(a), it can be observed that regularly and irregularly
shaped carbon nanobers were formed when subjected to CO2

and then C2H2. Small amounts of CNTs were also observed
among the products. In Fig. 7(b) well-dened uniform CNFs,
with a narrow particle size range, were observed. In Fig. 7(c),
carbon nanobers of various diameters were observed together
with agglomerations of materials, which may have been caused
by the sintering of the y ash catalyst during the reaction.

As before the yields of CNMs formed revealed a slight
increase at 500 �C with the use of CO2 as a carbon source prior
to the reaction with C2H2 as compared to when CO2 was used as
an additive. On the other hand, at 600 �C the yield increased to
49%, which was an increase of about 17% by comparison when
CO2 was used as an additive with C2H2. Unlike when CO2 was
used as an additive, in this case when the temperature was
Fig. 6 TEM and SEM images of CNF/Ts formed (a and b) 500 �C, (c and
d) 600 �C and (e and f) 700 �C. The block gives the size of the scale bar.

RSC Adv., 2015, 5, 53776–53781 | 53779
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Fig. 9 (a) Thermal decomposition (b) weight loss derivative, (c) laser
Raman spectra and ID/IG ratio of CNF products from fly ash exposed to
CO2 and then C2H2 at 500–700 �C.

Fig. 7 TEM images of CNF/Ts formed (a) 500 �C, (b) 600 �C and (c)
700 �C.
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increased to 700 �C the percentage yield of the CNMs decreased
(Fig. 8(a)). This also corresponded with an increase in the
crystallinity of the y ash from 500 �C to 700 �C as observed in
Fig. 8(b). The reduction in the percentage yield may either have
been caused by sintering at 700 �C or by the presence of an
oxygen species (i.e. CO2) which has previously been shown to
limit the growth of CNMs at higher temperatures.19

The thermal stabilities of the CNMs formed at the various
temperatures are displayed in Fig. 9(a). As was the trend with
the percentage yields (Fig. 8(a)), the percentage of carbonaceous
products formed from the y ash increased from 500 �C to
600 �C and then decreased at 700 �C. However, the rst weight
derivative (Fig. 9(b)) increased as the reaction temperature was
Fig. 8 (a) Percentage yields of CNMs produced and (b) PXRD dif-
fractograms of the raw fly ash and the CNMs that were formed from
500–700 �C.

53780 | RSC Adv., 2015, 5, 53776–53781
increased, which suggested an increase in the amounts of
graphitic materials. As might have been expected from the
uniformity of the CNMs formed using CO2 in this way at 600 �C
(Fig. 7(b)), these materials had the highest IG/ID ratio of all the
materials formed in all three cases and under all three
temperatures (Fig. 9(c) and (d)).
Conclusions

In this study a CVDmethod of producing CNMs over y ash as a
catalyst by using CO2 as a sole carbon source, an additive and a
carbon source prior to the reaction with C2H2 was presented.
Here it was shown that using CO2 as a sole carbon source, gave
low yields and poorly formed materials, which was consistent
with similar studies. When CO2 was used as either an additive
or a carbon source prior to the reaction with C2H2 the yield of
CNMs formed increased drastically between 500 �C and 600 �C.
However, only in the case where the y ash catalyst was
pre-reacted with CO2 and then C2H2, were the highest yields of
carbon nanobers formed which were more uniformly sized
and more graphitic at 600 �C. Finally, this study has shown that
the use of two waste materials, y ash and CO2 (together with
C2H2) can be used to cost effectively synthesise CNMs.
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26 P. Ayala, A. Grüneis, C. Kramberger, M. Rümmeli,
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