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Abstract

Carbon nanofibers (CNFs), cylindrical nanostructures containing graphene, were synthesized directly from South
African fly ash (a waste product formed during the combustion of coal). The CNFs (as well as other carbonaceous
materials like carbon nanotubes (CNTs)) were produced by the catalytic chemical vapour deposition method
(CCVD) in the presence of acetylene gas at temperatures ranging from 400°C to 700°C. The fly ash and its
carbonaceous products were characterized by transmission electron microscopy (TEM), thermogravimetric analysis
(TGA), laser Raman spectroscopy and Brunauer-Emmett-Teller (BET) surface area measurements. It was observed that
as-received fly ash was capable of producing CNFs in high yield by CCVD, starting at a relatively low temperature of
400°C. Laser Raman spectra and TGA thermograms showed that the carbonaceous products which formed were
mostly disordered. Small bundles of CNTs and CNFs observed by TEM and energy-dispersive spectroscopy (EDS)
showed that the catalyst most likely responsible for CNF formation was iron in the form of cementite; X-ray
diffraction (XRD) and Mössbauer spectroscopy confirmed these findings.
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Background
The synthesis of carbon nanomaterials (CNMs) has re-
ceived tremendous interest in the last two decades [1-5].
These endeavours have been driven by the need to
exploit the unique chemical and physical properties as-
sociated with CNMs (e.g. strength [6,7]), as well as the
desire to develop synthetic strategies that are cost-effec-
tive and non-destructive to the environment [8-10]. The
synthesis of well-structured CNMs is known to require
three main components: a source of energy, a source of
carbon and a template or catalyst [11]. Recent publica-
tions have shown that efforts have focused on using
lower energy sources (low-temperature synthesis), na-
tural or recyclable carbon reactants and appropriate
templates [12-15].
One of the main challenges in the chemical industry

has been the development of low-cost, recyclable and ef-
fective substrates (catalysts) upon which well-structured
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CNMs can grow [16-18]. This has prompted interest in
several industrial by-products that contain components
that are known to actively decompose carbon reagents
into CNMs [19-22]. Of interest has been the study of
the effect of coal fly ash as a catalyst for carbon nanoma-
terial growth. Fly ash is typically a by-product of several
energy and power generation industries throughout the
world, with an estimated 25 million tons produced an-
nually in South Africa [23]. Currently, only a fraction of
this material is utilized effectively, with the remainder
proving to be environmentally hazardous due to the
presence of several toxic elements like mercury, lead,
etc. [24-26]. It has been observed that fly ash can be ef-
fective at producing carbon nanotubes (CNTs), provided
that the reaction conditions are correct (as summarised
below) [13,27,28]. This is due mainly to the transition
metal contents in certain fly ashes. Generally, fly ash
consists of SiO2 (c.a. 73.6%), Al2O3 (c.a. 18.7%), Fe2O3

(c.a. 1.9%) and TiO2 (c.a. 1.4%) and can also include
trace amounts of CaO, BaO, MgO, MnO, P2O5 as well
as copper and chromium oxides [29]. However, metals
such as Fe/Ni, Ni, Co, Mn, Cu, V, Cr, Mo and Pd have
been used in the past as catalysts for CNT and carbon
an Open Access article distributed under the terms of the Creative Commons
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nanofiber (CNF) syntheses [30-35], hence the potential
of fly ash to be used as a catalyst in this reaction. In this
regard, Yasui et al. [28] have used Japanese fly ash, where
Fe was added to the ash to enhance its activity. Although
CNTs were produced, these were of a very low yield and
poor quality. Dunens et al. [36] showed that CNTs and
CNFs could be produced by Australian coal fly ash using
the chemical vapour deposition (CVD) method. How-
ever, in their case, multiple steps were followed, as iron
(which was low in their fly ash, <2.5%) also had to be
impregnated into their substrate and ethylene (an expen-
sive carbon source) was used. This therefore resulted in
the high cost of CNT and CNF production, although a
recycled waste material was used as a catalyst. In an ef-
fort to improve the aforementioned processes, Salah
et al. [27] used carbon-rich Saudi Arabian fly ash to pro-
duce CNTs. These tubes were also synthesized through
a CVD process, but pre-treatment of the ash to remove
unburned carbon was required in order to use the ash as
a catalyst.
Reports on the effectiveness of fly ash as a catalyst or

template in the synthesis of CNFs are limited [27,28,36].
Moreover, fly ash is either considered as a support for
other more active metallic catalyst particles [28,36] or
used after extensive synthetic treatment [27]. On the
other hand, no work has been done using the South
African coal fly ash to make CNFs.
This article reports a simple, direct route for the synthe-

sis of CNFs from South African coal fly ash and acetylene
at varying temperatures. Here no pre-treatments or ad-
ditions of expensive catalysts were required, as the fly ash
was used as received.
Table 1 The chemical composition of South African coal
fly ash samples obtained by XRF

Fly ash component Weight (%)

SiO2 55.03

Al2O3 27.76

Fe2O3 0.62

FeO 4.99

MnO 0.08

CaO 5.00

MgO 1.43

Na2O 0.14

K2O 0.90
Methods
Synthesis
Waste South African coal fly ash was obtained from the
Electricity Supply Commission (ESCOM) Research and
Innovation Centre (Rosherville, South Africa) and was
used without any chemical pre-treatments or thermal
modifications. Carbon deposition was achieved by the
catalytic chemical vapour deposition method (CCVD) of
acetylene over the waste coal fly ash. In these reactions,
the coal fly ash was the catalyst, acetylene the carbon
source and hydrogen the carrier gas, to create an optimal
reaction environment [37-39]. In each synthesis run, 500
mg of as-received fly ash was uniformly spread in a small
quartz boat and placed in the centre of a horizontal fur-
nace. The coal fly ash was then heated at 10°C/min in H2

at 100 ml/min to temperatures between 400°C and 700°C
in 100°C increments, where upon acetylene gas was intro-
duced into the reaction zone at 100 ml/min for 30 min.
After 30 min of reaction time, the flow of acetylene was
terminated and the reactor was cooled under H2 to
ambient temperature. The resultant carbonaceous mater-
ial was then harvested for characterization.

Characterization
To identify the metals and their amounts (Table 1)
found in the coal fly ash, X-ray fluorescence (XRF) was
employed. The morphologies and particle sizes of the
as-received and acetylene-treated fly ash were charac-
terized by transmission electron microscopy (TEM)
using a FEI Tecnai G2 Spirit electron microscope (FEI
Co., Hillsboro, OR, USA) at an accelerating voltage of
120 kV. Energy-dispersive X-ray spectroscopy (EDS) was
used to identify the catalyst/s present in the acetylene-
treated fly ash. X-ray diffraction (XRD) and Mössbauer
spectroscopy were also used to confirm the catalyst re-
sponsible for CNF formation. XRD measurements were
carried out with the help of a Bruker D2 phaser (Bruker
AXS, Karlsruhe, Germany) in Bragg-Brenton geometry
with a Lynexe detector using Cu-Kα radiation at 30 kV
and 10 mA. The samples were scanned from 10° to 90°
theta (θ).
Particle size distributions were obtained from the TEM

micrographs. The particle size distributions of as-received
and acetylene-treated coal fly ash (at different tempera-
tures) were also determined using a Malvern particle size
analyser (Master Sizer 2000, Malvern Instruments Ltd.,
Worcestershire, UK). Both these materials were analysed
by dispersing them in two different solutions: (1) water
and (2) a Dolapix solution (100 ml water:2 ml Dolapix
(Zschimmer & Schwarz, Lahnstein, Germany)). Laser
Raman spectroscopy was used to ascertain the type of
carbonaceous materials that were formed. The thermal
stability of the acetylene-treated fly ash products was de-
termined by using a PerkinElmer Pyris 1 thermogravi-
metric analyser (TGA; PerkinElmer, Waltham, MA, USA).
In these measurements, a 10 mg sample was heated to
900°C at a rate of 10°C/min under air (20 ml/min). The
specific surface areas of approximately 200 mg of as-
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received and acetylene-treated fly ash materials (between
400°C and 700°C) were determined using the Brunauer-
Emmett-Teller (BET) surface area method by N2 adsorp-
tion using an ASAP 2000 Micrometrics Tristar surface
area and porosity analyser (Micromeritics Instrument Co.,
Norcross, GA, USA). Both materials were degassed at
150°C for 4 h under nitrogen before testing to remove the
moisture. Mössbauer spectroscopy measurements were
carried out in transmission mode with a 10 miC 57Co(Rh)
source. Measurements were performed at room tem-
perature on the as-received and acetylene-treated fly ash
samples at 700°C.

Results and discussion
Morphological studies
The sizes, shapes and morphologies of the as-received
and acetylene-treated fly ash were investigated using
Figure 1 As-received coal fly ash and synthesised CNFs. Images of as-re
(d) 600°C and (e, f) 700°C. In (a), the as-received coal fly ash was observed to
ash became covered with regularly and irregularly shaped CNFs. In (c) and (d
apparently formed by tip growth, were clearly visible as seen by the red-colou
TEM. The results can be observed in Figure 1a,b,c,d,e,f.
The as-received fly ash materials (Figure 1a) appeared to
be spherically shaped. Fly ash agglomerates shaped like
these have often been observed with inorganic salts and
may be caused by inter-particulate fusion during the
cooling of the fly ash [40]. In Figure 1b,c,d,e, it was ob-
served that the glassy, smooth-shaped fly ash particles
began to be coated with regularly and irregularly shaped
CNFs when subjected to acetylene. In Figure 1c,d, it was
noted that the types of CNMs that were formed varied
from large CNFs to smaller CNTs. While the exact
growth mechanism of CNTs/CNFs formed from fly ash
as a catalyst has not been fully ascertained, it appeared
that tip growth could not be discounted (as seen by the
red-coloured circles in Figure 1e,f ). This type of growth
has typically been observed when either iron (Fe) or co-
balt (Co) was used as a catalyst for CNM formation.
ceived coal fly ash (a) and CNFs synthesized at (b) 400°C, (c) 500°C,
be glassy, smooth and spherical in nature. The glassy, smooth-shaped fly
), large CNFs were intertwined with smaller ones. In (e), well-defined CNFs,
red circles.



Figure 2 Proposed reaction scheme for CNF growth, using South African coal fly ash as a catalyst.
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While it is known from previous studies that at least
2.5% of iron is required as a catalyst for CNF formation
when using fly ash [36], the XRF data (Table 1) obtained
for the South African coal fly revealed that at least 5.6%
of iron (in the forms of Fe2O3 and FeO) was present.
Based upon this information and observations made
from this research, the reaction scheme in Figure 2 has
been proposed.
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For this type of growth to occur, it is known that there
is normally a weak interaction between the catalyst and
support [41]. During this process, the carbon reagent de-
composes on the metal particle under specific reaction
conditions. The carbon deposited on the metal then
either dissolves/re-precipitates to form either CNT/
CNFs, or the carbon migrates over the metal particle to
form a tube/fibre [41]. If the catalyst particles are large,
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then multi-walled carbon nanotubes (MWCNTs) and
CNFs may be formed [41].
To determine the graphitic nature of the carbonaceous

products, laser Raman spectroscopy was conducted.
Figure 3 shows the laser Raman spectra that were used
to determine the structural information of CNFs pro-
duced by the exposure of coal fly ash to acetylene. As
expected, the spectrum of the as-received fly ash did not
show any peaks, but in the fly ash exposed to acetylene,
peaks at 1,350 and 1,590 cm−1 were observed. The inten-
sity ratio of these peaks, known as the D band (due to
disordered carbon features) and G band (due to the or-
dered graphitic carbon features), respectively, represents
the degree of graphitization of carbon in the reaction
products [36]. A low intensity ratio (ID/IG) indicates a
greater degree of wall graphitization, leading to a super-
ior quality of CNFs and/or CNTs. The intensity ratios of
the D and G bands (ID/IG) are depicted in Figure 3b.
The ID/IG ratio was found to be low at 400°C, indicating
that the products contained more graphitic carbon than
non-graphitic (non-crystalline) carbon. However, when the
reaction temperature was increased to 500°C, the ID/IG ra-
tio was observed to have increased to 1.1 (to the highest
value observed in these studies). The results of the TGA
analyses (Figure 4) of the carbonaceous products formed
at 500°C revealed the presence of two combustion peaks,
i.e. two separate CNM products. While the exact reason
for the formation of two types of CNMs at this
temperature is not fully known, it is believed that this
observation most likely accounts for the anomalous in-
crease in the ID/IG ratio. Thereafter, when the reaction
temperature was increased to 600°C and 700°C, the ID/IG
ratio decreased. This indicated that the degree of dis-
ordered carbon that was formed decreased as the
temperature was increased. These results showed that the
CNFs produced at 700°C had the highest quantity of
graphitic carbon and were similar to those reported in pre-
vious studies where Fe-supported catalysts were used [42].

Thermogravimetric studies
Thermogravimetric analyses were carried out to investi-
gate the thermal degradation behaviour of as-received
and acetylene-treated fly ash. It has been reported that
the graphitic nature of CNMs is directly proportional to
their thermal stability [43]. Hence, the first-order weight
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derivatives of the data so obtained typically gives an in-
dication of the type of carbon present (Figure 4). Typi-
cally, highly crystalline nanofibers have been found to be
resistant to oxidation when compared to other forms of
carbon [44]. Additionally, the diameters and the amount
of defects in such materials have also been known to in-
fluence their oxidation temperatures [36]. From the
TGA thermograms, it was observed that all of the
CNMs produced had final oxidation temperatures that
were greater than 550°C. However, as previously stated,
at least two different forms of carbon were synthesized
when the reaction temperature was 500°C. These may
have arisen due to the poor carbonization of acetylene,
leading to impurities such as amorphous carbon and
hence the formation of a higher degree of non-graphitic
carbonaceous materials, as confirmed by the laser
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Figure 7 BET surface areas. BET surface areas of CNFs synthesized by exp
in H2. The CNFs formed at 500°C had the highest surface area, which corre
Raman results (Figure 3a). However, CNFs synthesized
at 700°C had the highest oxidation temperature (c.a.
690°C). These results concurred with the laser Raman
data, where CNFs formed at 700°C displayed the lowest
ID/IG ratio, i.e. they were the most graphitic.

Particle size and surface area measurements
The particle sizes and surface areas of the as-received
and acetylene-treated coal fly ash which reacted at
temperatures between 400°C and 700°C are depicted in
Figures 5,6,7. As-received coal fly ash, when analysed in
water, had a particle size of 160 μm. After exposure to
acetylene at 700°C, this size was reduced to 130 μm. A
small reduction in the particle size was anticipated, as
the fly ash particles were entrained in the CNFs, hence
reducing their agglomeration. Likewise, although the
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00 H
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osure of coal fly ash to acetylene at temperatures from 400°C to 700°C
sponded to the lowest particle size.



Figure 8 EDS of CNFs synthesized at 700°C. Berrylium, carbon, aluminium, silica and iron were the elements identified after synthesis.
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CNFs are known to be hydrophobic and not easily dis-
persed in water [45], the entrained fly ash most probably
enhanced their solubility. Both of these materials were
then introduced into a Dolapix polymer solution.
Dolapix solution is known to have the ability to disperse
such materials evenly, reducing cluster formation and
agglomeration [46]. However, in the Dolapix solution,
the particle size for the as-received coal fly ash increased
to 180 μm. Here it appeared that cluster formation was
Figure 9 XRD of as-received coal fly ash and acetylene-treated coal fl
hematite as major phases. After synthesis, peak shifting occurred, the crysta
more evident.
even higher than before, suggesting that the as-received
coal fly ash was less soluble in the polymer solution than
in water. This could have been caused by the weak Van
der Waals forces of attraction present between the inor-
ganic fly ash particles. However, for all fly ash samples
exposed to acetylene at temperatures between 400°C and
700°C, there was a huge reduction in the particle sizes.
Those exposed to acetylene at 500°C recorded the lowest
particle size, i.e. 220 nm. For this reason, a particle size
y ash at 700°C. As-received coal fly ash contained mullite, quartz and
llinity changed, and the formation of silicates and Fe phases were
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distribution, based on the TEM images, was also con-
ducted on these CNFs.
In Figure 6, the materials found in the TEM images of

the as-received and acetylene-treated fly ash samples at
500°C were measured. As can be seen, there was a huge
reduction in the particle sizes measured by TEM, as com-
pared to when the materials were measured using the par-
ticle size analyser (Figure 6). It was noted though that one
Figure 10 Room-temperature 57Fe Mössbauer spectra for (a) as-receiv
of the drawbacks of using the particle size analyser was
that it did not allow particles to be individually mea-
sured. This explains the reduction in size when the data
(Figure 6) was compared to the TEM analyses, as particles
were individually measured. In the latter case, the average
size was found to be 57 and 28 nm for as-received fly ash
and CNFs from acetylene-treated coal fly ash, respectively.
To confirm these findings, BET was used to study their
ed and (b) acetylene-treated coal fly ash sample at 700°C.



Table 2 Room-temperature Mössbauer parameters for
as-received and acetylene-treated coal fly ash samples

Values

As-received SX1_U SX2_U SX3_U D1_U D2_U

Bhf (T) 49.0 51.6 44.2 - -

δ (mm/s) 0.40 0.45 0.59 0.45 0.79

ΔEQ (mm/s) −0.02 −0.13 −0.01 0.95 2.33

Area (%) 21 18 27 23 11

Treated SX1_T D1_T D2_T

Bhf (t) 20.5 - -

δ (mm/s) 0.29 0.43 1.02

ΔEQ (mm/s) −0.003 0.41 2.15

Area (%) 49 21 30

The as-received sample showed that the total population of the oxides is
66% and 34% is attributed to silicates. After treatment, a decrease in the area
fraction of 17% was observed for the oxides with a corresponding increase in
the silicates.
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surface areas (Figure 7). The results showed that the CNFs
produced at 500°C displayed the highest surface area
(59 m2/g). Studies have shown that the lower the particle
size, the higher the surface area [12].

Composition, mineral phase and oxidation state studies
To confirm which elements were responsible for CNF
formation, EDS, XRD and Mössbauer spectroscopy were
employed. The catalyst suspected to be responsible for
CNF formation was iron. The presence of this element
was verified by EDS as displayed in Figure 8. XRD and
Mössbauer spectroscopy were then used in an attempt
to clarify its connection with CNF formation. As-
received and acetylene-treated fly ash samples were then
analysed by XRD. These XRD patterns suggested that
exposure to heat, acetylene and hydrogen induced sig-
nificant phase changes to the coal fly ash as displayed in
Figure 9.
The major phases in the as-received coal fly ash

were quartz (SiO2), hematite (α-Fe2O3) and mullite
(3Al2O3 · 2SiO2). After exposure to acetylene, it was noted
that peak shifting and broadening had occurred, as was
most evident in quartz at 26.5° (2θ). This may have been
caused by amorphous glassy phases, found in the as-
received fly ash, which when exposed to acetylene and
hydrogen became more crystalline [12]. The iron content
with the presence of silicates also became more apparent
after CNF formation. However, the new phase of iron
could not be identified by XRD (which is a bulk tech-
nique). Previous studies have shown that when iron is in
low quantities and high dispersions, some of its phases
cannot be identified using XRD [47]. Likewise for iron, it
has been shown that in such cases, the exact phase iden-
tification by XRD is difficult as it tends to form a large
variety of carbides [47]. In one study, cementite (Fe3C),
which could not be identified by XRD, was observed by
Mössbauer spectroscopy during the formation of CNTs
over iron catalysts from acetylene decomposition [47].
Hence, 57Fe Mössbauer spectroscopy, which is able to
identify all forms of iron, was employed in this study. In
order to obtain the chemical and structural information of
iron-containing materials, three main hyperfine parame-
ters, namely the isomer shift, quadrupole splitting and
magnetic splitting, need to be investigated.
Figure 10a,b shows the fitted spectra obtained for the

as-received coal fly ash sample and the sample after be-
ing exposed to acetylene. The spectra were characterized
by broadened six-line patterns, and the central region
was dominated by a distribution of quadrupole split
doublets. The magnetic feature for the as-received coal
fly ash sample (not subjected to acetylene) was fitted
with three sextets (SX1_U, SX2_U and SX3_U), while
the spectrum for the acetylene-treated sample was ana-
lysed with one sextet (SX1_T). For each spectrum, two
doublets were required in the central region to give good
fits. Table 2 gives a summary of the hyperfine para-
meters obtained from the fits to the data for both the
as-received and acetylene-treated samples. Isomer shifts
and velocities were given relative to the centre of the
spectrum of alpha-Fe at room temperature (RT). For the
as-received fly ash sample, the hyperfine parameters ex-
tracted for SX1_U and SX3_U were as follows: Bhf = 49.0
T, δ = 0.40 mm/s; ΔEQ = −0.02 mm/s and Bhf = 44.2 T,
δ = 0.59 mm/s; ΔEQ = −0.01 mm/s. These values corre-
sponded to Fe3+ ions on tetrahedral A-sites and Fe2.5+-like
average signals from octahedral B-sites, respectively, and
were identified as magnetite (Fe3O4). The SX2_U spectral
component with hyperfine parameters of Bhf = 51.6 T,
δ = 0.45 mm/s; ΔEQ = −0.13 mm/s was attributed to
hematite (Fe2O3). The latter iron oxide was also detected
by XRD. For the as-received sample, the hyperfine parame-
ters determined for D1_U and D2_U were δ = 0.45 mm/s;
ΔEQ = 0.95 mm/s and δ = 0.79 mm/s; ΔEQ = 2.33 mm/s
characteristic of ferric and ferrous ions, respectively. The
quadrupole split doublets were attributed to silicates.
After exposure to acetylene, only one sextet, SX1_T,

with a reduced magnetic field was observed in the
spectrum with hyperfine parameters of Bhf = 20.5 T,
δ = 0.29 mm/s; ΔEQ = −0.003 mm/s which has been
identified as nanocrystalline iron carbide (Fe3C). The hy-
perfine parameters of δ = 0.43 mm/s; ΔEQ = 0.41 mm/s
and δ = 1.02 mm/s; ΔEQ = 2.15 mm/s obtained for D1_T
and D2_T, respectively, were very similar to those ob-
tained for the as-received sample except for the quadru-
pole splitting of D1_T which was lower and indicated
some structural relaxation.
For the as-received fly ash sample, the total population

of the oxides was 66% with the remaining fraction of
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34% attributed to silicates. After exposure to acetylene, a
decrease in the area fraction of 17% was observed for
the oxides with a corresponding increase in the silicates.
The abundance of the Fe2+ state before treatment was
approximately 11% but showed an increase of approxi-
mately 19% after acetylene treatment due to the reduced
magnetic field.
These results indicate a reduction in the oxidation

state of iron (with decreasing oxide content), as a new
phase of iron (Fe3C) and silica emerged. This sugges-
tion is in agreement with He et al., who have studied
Mössbauer spectroscopy of CNT formation from acety-
lene which reacted over iron-supported zeolite catalysts
and who have found that the +3 oxidation state of iron
was reduced to +2 by H2, which they concluded was the
active phase for their synthesis [48]. Dunens et al. found
that iron also appeared in different forms in their ash
and that H2 could not reduce these, presumably be-
cause of their location in the fly ash particles [36].
Hence, in their study, unlike in this present work,
Dunens et al. were required to further impregnate their
ash with iron in order for CNT/CNF growth to occur.
In a similar manner, Diamond [49], using acid etching
techniques, demonstrated that the location of the iron
and its morphology greatly differed for every fly ash
particle within the sample. This, he suggested, was
caused by the inhomogeneous nature of coal.
The magnetic feature for the as-received sample was

fitted with three sextets (SX1_U, SX2_U and SX3_U)
and the spectrum for the acetylene-treated sample was
analysed with one sextet (SX1_T), while the non-mag-
netic spectral components for both samples were fitted
with two quadrupole split doublets.

Conclusions
CNFs (and a small amount of CNTs) were successfully
produced by directly using an as-received South African
coal fly ash. The smooth, glassy and inert surfaces of the
South African coal fly ash were covered with irregularly
shaped CNFs in the presence of acetylene and hydrogen
at temperatures as low as 400°C. Laser Raman spectros-
copy confirmed the formation of CNFs. TGA showed
that there were different forms of carbon present, i.e.
graphitic and amorphous. On the other hand EDS, XRD
and Mössbauer spectroscopy confirmed that iron, most
likely in the form of iron carbide, was directly associated
with the formation of CNFs. Therefore, this study has
demonstrated the successful synthesis of carbon nano-
structured materials from waste South African coal fly
ash without chemical pre-treatments (such as the im-
pregnation of other metals) or thermal modifications.
Since CNFs may in the future be beneficial for applica-
tions such as particulate nanofillers in polymer matrices,
this intervention could result in the reduction of
environmental pollutants. Concomitantly, this may also
bring relief to the financial burden involved in the dis-
posal costs of this and related coal fly ash around the
world in the long run.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
NH carried out the experimental work, synthesis, characterization and
analysis and wrote the paper. AS participated in the experimental design,
carried out the initial baseline work on the study and assisted in
constructing the paper. DN and HM ran the Mössbauer, interpreted the
results and wrote the section. DB assisted with the analysis of XRD. PF and
SD participated in the design and coordination of the study and
interpretation of the results. All authors read and approved the final
manuscript.

Authors' information
NH holds a master's degree and is currently a PhD student at the University
of the Witwatersrand. AS received his PhD after publishing in high impact
factor journals and is now working at the Registrar's office at the University
of the Witwatersrand. PF received his PhD from Cambridge University (UK)
and is now working as a lecturer at the University of the Witwatersrand. HM
holds a PhD and is a lecturer at the School of Physics. DN holds a PhD and
is the head of the Mössbauer facility at the School of Physics. DB holds a
PhD, is a professor and is the head of the XRD unit at the Wits School of
Chemistry. SD holds a PhD and is currently a senior lecturer and research
focus area coordinator for CNTs and strong composites in the DST-NRF
Centre of Excellence in Strong Materials at the University of the
Witwatersrand.

Acknowledgements
The authors would like to thank Dr P. Tripathi for his assistance with the artwork
in this paper as well as Mr T. Coetzee and Mr M. Khuzwayo who were the initial
research assistants in this project. This work is based on the research supported
in part by the National Research Foundation of South Africa (Grant Number
88076), ESKOM and the DST-NRF Centre of Excellence in Strong Materials at the
University of the Witwatersrand. We are thankful to the Electron and Microscopy
Unit (EMU) at the University of the Witwatersrand for TEM analysis.

Author details
1DST-NRF Centre of Excellence in Strong Materials, University of the
Witwatersrand (Wits), Private Bag 3, Johannesburg 2050, South Africa.
2Molecular Sciences Institute, School of Chemistry, University of the
Witwatersrand (Wits), Private Bag 3, Johannesburg 2050, South Africa. 3School
of Physics, University of the Witwatersrand (Wits), Private Bag 3, Johannesburg
2050, South Africa.

Received: 2 June 2014 Accepted: 1 August 2014
Published: 10 August 2014

References
1. White RJ, Luque R, Budarin VL, Clark JH, Macquarrie DJ: Supported metal

nanoparticles on porous materials: methods and applications. Chem Soc
Rev 2009, 38:481–494.

2. Harris PJF: Carbon Nanotube Science: Synthesis, Properties and Applications.
Cambridge: Cambridge University Press; 2009:314.

3. Bhaviripudi S, Mile E, Steiner SA, Zare AT, Dresselhaus MS, Belcher AM,
Kong J: CVD synthesis of single-walled carbon nanotubes from gold
nanoparticle catalysts. J Am Chem Soc 2007, 129:1516–1517.

4. Cantoro M, Hofmann S, Pisana S, Scardaci V, Parvez A, Ducati C, Ferrari AC,
Blackburn AM, Wang K-Y, Robertson J: Catalytic chemical vapor deposition
of single-wall carbon nanotubes at low temperatures. Nano Lett 2006,
6:1107–1112.

5. Couteau E, Hernadi K, Seo JW, Thien-Nga L, Mikó C, Gaal R, Forro L: CVD
synthesis of high-purity multiwalled carbon nanotubes using CaCO3

catalyst support for large-scale production. Chem Phys Lett 2003,
378:9–17.



Hintsho et al. Nanoscale Research Letters 2014, 9:387 Page 11 of 11
http://www.nanoscalereslett.com/content/9/1/387
6. Thostenson ET, Ren Z, Chou T-W: Advances in the science and technology
of carbon nanotubes and their composites: a review. Compos Sci Technol
2001, 61:1899–1912.

7. Wang J: Carbon-nanotube based electrochemical biosensors: a review.
Electroanalysis 2005, 17:7–14.

8. Breuer O, Sundararaj U: Big returns from small fibers: a review of
polymer/carbon nanotube composites. Polym Compos 2004, 25:630–645.

9. Callis JB, Illman DL, Kowalski BR: Process analytical chemistry. Anal Chem
1987, 59:624A–637A.

10. Hutchison JE: Greener nanoscience: a proactive approach to advancing
applications and reducing implications of nanotechnology. ACS Nano
2008, 2:395–402.

11. Seah CM, Chai SP, Mohamed AR: Synthesis of aligned carbon nanotubes.
Carbon 2011, 49:4613–4635.

12. Paul KT, Satpathy S, Manna I, Chakraborty K, Nando G: Preparation and
characterization of nano structured materials from fly ash: a waste from
thermal power stations, by high energy ball milling. Nanoscale Res Lett
2007, 2:397–404.

13. Wang S: Application of solid ash based catalysts in heterogeneous
catalysis. Environ Sci Tech 2008, 42:7055–7063.

14. Shaikjee A, Coville NJ: The role of the hydrocarbon source on the growth
of carbon materials. Carbon 2012, 50:3376–3398.

15. Usubharatana P, McMartin D, Veawab A, Tontiwachwuthikul P:
Photocatalytic process for CO2 emission reduction from industrial flue
gas streams. Ind Eng Chem Res 2006, 45:2558–2568.

16. Thavasi V, Singh G, Ramakrishna S: Electrospun nanofibers in energy and
environmental applications. Energ Environ Sci 2008, 1:205–221.

17. Zaera F: The new materials science of catalysis: toward controlling
selectivity by designing the structure of the active site. J Phys Chem Lett
2010, 1:621–627.

18. MacKenzie KJ, Dunens OM, Harris AT: An updated review of synthesis
parameters and growth mechanisms for carbon nanotubes in fluidized
beds. Ind Eng Chem Res 2010, 49:5323–5338.

19. Moravsky AP, Loutfy RO: Double-walled carbon nanotubes and methods
for production and application. EP Patent 2010, 1:328,472.

20. Byrappa K: Novel hydrothermal solution routes of advanced high melting
nanomaterials processing. J Ceram Soc Jpn 2009, 117:236–244.

21. Li J, Zhang JZ: Optical properties and applications of hybrid
semiconductor nanomaterials. Coord Chem Rev 2009, 253:3015–3041.

22. Baxter J, Bian Z, Chen G, Danielson D, Dresselhaus MS, Fedorov AG, Fisher
TS, Jones CW, Maginn E, Kortshagen U: Nanoscale design to enable the
revolution in renewable energy. Energ Environ Sci 2009, 2:559–588.

23. Minchener AJ: Coal gasification for advanced power generation. Fuel
2005, 84:2222–2235.

24. Ferraiolo G, Zilli M, Converti A: Fly ash disposal and utilization. J Chem
Technol Biotechnol 1990, 47:281–305.

25. Gupta UC, Gupta SC: Trace element toxicity relationships to crop
production and livestock and human health: implications for
management. Comm Soil Sci Plant Anal 1998, 29:1491–1522.

26. Finkelman RB, Belkin HE, Centeno JA: Health impacts of coal: should we
be concerned? Geotimes 2006, 51:24.

27. Salah N, Habib SS, Khan ZH, Memic A, Nahas MN: Growth of carbon
nanotubes on catalysts obtained from carbon rich fly ash. Digest Journal
of Nanomaterials and Biostructures 2012, 7:1279–1288.

28. Yasui A, Kamiya Y, Sugiyama S, Ono S, Noda H, Ichikawa Y: Synthesis of
carbon nanotubes on fly ashes by chemical vapor deposition
processing. IEEJ Trans Electr Electron Eng 2009, 4:787–789.

29. Nath DC, Sahajwalla V: Application of fly ash as a catalyst for synthesis of
carbon nanotube ribbons. J Hazard Mater 2011, 192:691–697.

30. Li Y, Li D, Wang G: Methane decomposition to COx-free hydrogen and
nano-carbon material on group 8–10 base metal catalysts: a review.
Catal Today 2011, 162:1–48.

31. Huczko A: Template-based synthesis of nanomaterials. Applied Physics A
2000, 70:365–376.

32. Terrones M, Hsu WK, Kroto HW, Walton DR: Nanotubes: a revolution in
materials science and electronics. In Fullerenes and Related Structures.
Heidelberg: Springer; 1999:189–234.

33. Rummeli MH, Schäffel F, Bachmatiuk A, Adebimpe D, Trotter G, Borrnert F,
Scott A, Coric E, Sparing M, Rellinghaus B: Investigating the outskirts of Fe
and Co catalyst particles in alumina-supported catalytic CVD carbon
nanotube growth. ACS Nano 2010, 4:1146–1152.
34. Lai C, Guo Q, Wu X-F, Reneker DH, Hou H: Growth of carbon nanostructures
on carbonized electrospun nanofibers with palladium nanoparticles.
Nanotechnology 2008, 19:195303.

35. Bing Y, Liu H, Zhang L, Ghosh D, Zhang J: Nanostructured Pt-alloy
electrocatalysts for PEM fuel cell oxygen reduction reaction. Chem Soc
Rev 2010, 39:2184–2202.

36. Dunens OM, MacKenzie KJ, Harris AT: Synthesis of multiwalled carbon
nanotubes on fly ash derived catalysts. Environ Sci Tech 2009,
43:7889–7894.

37. Yu Z, Chen D, Tøtdal B, Holmen A: Parametric study of carbon nanofiber
growth by catalytic ethylene decomposition on hydrotalcite derived
catalysts. Mater Chem Phys 2005, 92:71–81.

38. Melechko AV, Merkulov VI, McKnight TE, Guillorn M, Klein KL, Lowndes DH,
Simpson ML: Vertically aligned carbon nanofibers and related structures:
controlled synthesis and directed assembly. J Appl Phys 2005, 97:041301-
041301-041339.

39. Plata DL, Meshot ER, Reddy CM, Hart AJ, Gschwend PM: Multiple alkynes
react with ethylene to enhance carbon nanotube synthesis, suggesting a
polymerization-like formation mechanism. ACS Nano 2010, 4:7185–7192.

40. Fenelonov V, Mel'gunov M, Parmon V: The properties of cenospheres
and the mechanism of their formation during high-temperature coal
combustion at thermal power plans. KONA Powder and Particle Journal
2010, 28:189–207.

41. Coville NJ, Mhlanga SD, Nxumalo EN, Shaikjee A: A review of shaped
carbon nanomaterials. S Afr J Sci 2011, 107:01–15.

42. Gong QM, Li Z, Wang Y, Wu B, Zhang Z, Liang J: The effect of high-
temperature annealing on the structure and electrical properties of
well-aligned carbon nanotubes. Mater Res Bull 2007, 42:474–481.

43. Shanahan PV, Xu L, Liang C, Waje M, Dai S, Yan Y: Graphitic mesoporous
carbon as a durable fuel cell catalyst support. J Power Sources 2008,
185:423–427.

44. Lehman JH, Terrones M, Mansfield E, Hurst KE, Meunier V: Evaluating the
characteristics of multiwall carbon nanotubes. Carbon 2011, 49:2581–2602.

45. Teng F, Ting J-M, Sharma SP, Liao K-H: Growth of CNTs on Fe–Si catalyst
prepared on Si and Al coated Si substrates. Nanotechnology 2008,
19:095607.

46. Bartolome JF, De Aza AH, Martin A, Pastor JY, Llorca J, Torrecillas R, Bruno G:
Alumina/zirconia micro/nanocomposites: a new material for biomedical
applications with superior sliding wear resistance. J Am Ceram Soc 2007,
90:3177–3184.

47. Pérez-Cabero M, Taboada J, Guerrero-Ruiz A, Overweg A, Rodríguez-Ramos I:
The role of alpha-iron and cementite phases in the growing mechanism of
carbon nanotubes: a 57Fe Mössbauer spectroscopy study. Phys Chem Chem
Phys 2006, 8:1230–1235.

48. He N, Kuang Y, Dai Q, Miao Y, Zhang A, Wang X, Song K, Lu Z, Yuan C:
Growth of carbon nanotubules on Fe-loading zeolites and investigation
of catalytic active center. Mater Sci Eng C 1999, 8:151–157.

49. Diamond S: Particle morphologies in fly ash. Cem Concr Res 1986,
16:569–579.

doi:10.1186/1556-276X-9-387
Cite this article as: Hintsho et al.: Direct synthesis of carbon nanofibers
from South African coal fly ash. Nanoscale Research Letters 2014 9:387.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Synthesis
	Characterization

	Results and discussion
	Morphological studies
	Thermogravimetric studies
	Particle size and surface area measurements
	Composition, mineral phase and oxidation state studies

	Conclusions
	Competing interests
	Authors' contributions
	Authors' information
	Acknowledgements
	Author details
	References

