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Carbon nanofibers (CNFs) and carbon nanorods (CNRs) are synthesized using coal particles (<44micron) as carbon
source in the presence of Ferrocene and Fe3O4 nanoparticles (50-70nm) as catalysts in solid phase at 800°C. Additionally
the catalytic effect of Fe2(SQOas)3.xH20 on the coal particles was studied. The as-synthesized samples have been
characterized through scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM),
transition electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and X- Ray Diffraction (XRD). The
results revealed amorphous carbon nanostructures such as: CNFs and CNRs are formed. The diameter of CNFs and
CNRs are in the range of 30-40 nm and 60-80nm respectively. The effect of solid catalysts on the formation of carbon

nanostructures described here.
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1. INTRODUCTION

The first mention of forming carbon filaments
from the thermal decomposition of gaseous
hydrocarbon (methane) was reported by Hughes
in 1889 [1].

Pang et al. used coal in the arc discharged method
for the first time. They presented three ways for
preparation of coke electrodes from coal [2].

The arcing methods have been continued by Qiu
et al [3-6].

Also Qiu et al. reported synthesis of carbon
nanostructures form coal gas by chemical vapor
deposition (CVD) method [7].

*Corresponding Author: h-hashemipour@uk.ac.ir

In these methods, coal should be changed to char,
coke or coal gas by two or three preparation
processes. Recently Fathabadi et al reported direct
synthesis of carbon nanostructures from coal
impregnated with Ferrocene by a one step
method; catalytic chemical solid synthesis
(CCSS) method [8].

In addition to the above methods, Ye et al.
reported a facile approach to synthesize tunable
graphene quantum dots from various types of
coal. These structures were obtained by
sonicating the bituminous coal in concentrated
sulphuric acid and nitric acid, followed by heat
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treatment at 100 or 120°C for 24 h [9].

Iron and iron compounds are widely used
catalysts for the growth of carbon nanostructures.
He et al. show that both FesC and a-Fe can act as
catalysts for the growth of carbon nanostructures,
but the carbide appears to operate at <600°C and
the growth rate of CNFs from carbide appears
largely lower than that of CNFs from Fe at higher
temperatures (650 and 725 °C) [10].

Also they synthesized well-crystallized hexagonal
MWCNTSs at a low temperature (650°C) using Fe
particles as catalysts. They found that the
hexagonal prism of the Fe nanoparticles is the
origin of the hexagonal shape of the MWCNT
because the graphene layers around the particle
are parallel to its side surfaces. The morphology
of the corresponding Fe catalyst was found to be
the driving force for the hexagonal characteristics
of the MWCNT [11].

Maksimova et al. prepared carbon nanostructures
by heating a uniform distribution of iron catalyst
particles in the polymer (polyethylene and
polyvinyl alcohol) bulk. Heating the blend to
600°C under flowing nitrogen led to the
formation of amorphous carbon incorporating
uniformly  distributed  catalyst  particles.
Subsequent heating of the samples to 750°C in a
nitrogen flow led to the catalytic graphitization of
the amorphous carbon matrix with the formation
of different carbon nanostructures [12].

He et al. found the angle of CNFs layers is
determined by the shape of metal nanoparticle
used to catalyse the growth [13].

In this study, synthesis of carbon nanostructures
with different morphology is investigated from
coal. Iranian coal is selected as the carbon
precursor which is mixed with several Fe
components as catalysts. Catalytic effect of the
components is investigated on the structure of
formed carbon.

The carbon nanostructures were characterized by
techniques including SEM, FESEM, TEM, EDX
and XRD. The results show CNFs (mean
diameters: 30-40 nm) and CNRs (mean diameters:
60-90nm) are formed from coal by (CsHs)2Fe,
Ferrocene and FesOs nanoparticles as catalyst
respectively. Carbon nanostructures are not
formed in present of Fe; (SO4)3.XH20 powder.

2. EXPERIMENTAL

All chemicals used in the study were supplied as
analytical grade. The coal sample is prepared
from the Pabdana coal mine, Iran. The
componential and elemental analyses of the as-
received coal sample are carried out by thermo
gravimetric analyzer (TG-DSC), (STA409PG
under N2 flow) and elemental analyzer (GC
Column: SS 6x5 mm- 2m- HayeSep Q 60/80)
respectively. The results of these analyses are
summarized in Table 1.

The ash was analyzed by X-ray fluorescence
spectrometer; Philips PW 1410 type.

Ferrocene and hydrated Iron (111) Sulfate supplied
by Merck (Darmstadt, Germany) and Fes;O4
nanoparticles (50-70nm) supplied by Sigma
Aldrich Company were used as catalysts in the
synthesis method.

The coal samples were first crushed and sieved to
obtain particles with diameter of less than 44
micron; then mixed with three iron catalysts;
Ferrocene (S; sample), FesO4 nanoparticles (50-
70nm) (S; sample) and Fe; (SO4)3.xH20O (Ss
sample) by an experimental mill (IKA All
model) for 2 hours. The ratio of catalyst to coal
was 1:14. The solid powders included coal and
catalyst was placed in a ceramic boat within a
reactor. The reactor is shown schematically in
Fig. 1.
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Fig. 1. Schematic set-up for synthesis of nanostructures
from coal of CNFs; a, CNRs; b.

Table 1. Analysis of the raw coal and ash.

Proximate analysis (W. %) and Ultimate analysis (%)

Moisture Volatile Matter Ash Fixed Carbon C H N S
1.06 20.07 8.75 70.12 72 3.6 0.57 6.42
XRF analysis of the ash (mol %)

SiO2 Al203 Fe20s CaO MgO K20 Na20 TiO2 P20s MnO
10.6 6.1 1.42 1.05 0.50 0.98 0.22 0.15 0.07 0.015
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The dimension of reactor chamber is 36x26x32
cmd. It equipped with a temperature controlling
system. The atmosphere in the chamber was
adjusted by a continuous stream of nitrogen. The
solid mixture was heated to 800°C at a heating
rate of 80°C/min for 1hour under nitrogen
atmosphere. The black powder product containing
carbon nanostructure was characterized using
SEM (EM3200), FESEM (MIRA3TESCAN-
XMU), TEM (PHILIPS CM20), EDX instrument
(Mira 3-XMU) and XRD instrument (PHILIPS,
X'pert -MPD system, A =1.54 A°).

3. RESULT AND DISCUSSION

The SEM images for Si. are shown in Fig. 2a,b
respectively.

Fig. 2a clearly shows that woven CNFs can be
prepared in S; sample. Their diameters are almost
the same and the average diameter is about 25—
40nm.

CNRs are observed in SEM image of S, sample
which are shown in Fig. 2b. The average diameter
of them is about 60—90nm and all emanating from
a central core.

26 KV 60.0 KX KYKY-EM3200 SN:0693

26 KV 40.0 KX 1 um KYKY-EM3200 SN:0695

Fig. 2. SEM images of CNFs; a, CNRs; b.

The structural details of CNFs are shown by TEM
image; Fig. 3.

Fig. 3 shows that the surface of the CNFs is rather
rough, uniform and consists of nanorods with a
diameter about 26nm [8].

The structural details of CNRs are shown by
FEEM image; Fig. 4.

Fig. 3. TEM images of CNFs.

Fig. 4 shows that the formation of sprouts and
thin wall amorphous CNRs with some pores. The
diameter of some CNRs is about 50nm.

The SEM images of Sz are shown in Fig. 5.
Catalytic effect of hydrated Iron (I111) Sulfate
powder is not observed. The elemental analysis
and EDX pattern of S;, sample are reported
according to Table 2 and Fig. 6a,b. Mole ratio
Fe/C (fixed content not volatile matter) in the
solid powder is changed from 0.0066 to 0.0264
for Si .It means that Fe atoms diffuse to fixed
carbon matrix after decomposition of Ferrocene.
Also mole ratio Fe/C (fixed carbon content not
volatile matter) in the solid powder is changed
from 0.0222 to 0.0247 for S, .It means that the
content of iron and fixed carbon of solid phase
has not changed much and the formation of CNRs
take place by rearrangement of carbon structures
in solid phase.

Table 2. Elemental analysis of Si,2 sample by EDX.

Element C (0] Fe S Mn
S1 (W%) 76.39 1262 920 027 151
S2 (W%) 7281 18.80 8.39

26 KV 40.0 KX 1um KYKY-EM3200 SN:0695
Fig. 5. SEM images of structures prepared from Ss3
sample.
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Fig. 6. EDX pattern of S1 gample (a), S2sample (E).

The XRD pattern for S; and S, samples are shown
in Fig. 7ab respectively. Amorphous carbon
(JCPDS file no. 75-0444) is detected due to the
broad diffraction first peak shown in XRD
patterns. S; sample also contains the less graphite
phase of carbon (JCPDS file no. 80-0004) and Fe
atoms act as catalyst in form a- Fe; (JCPDS file
no. 85-1410) that obtained from decomposition of
Ferrocene.
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Fig. 7. XRD patterns.
S» sample contains Fe atoms in three forms:

(JCPDS file no. 01-1111 Fes0O4, 79-0007 Fe;Os
and 87-0722 Fe).

The all samples did not wash and therefore the
backgrounds of the SEM images of them are the
unreacted coal.

It is clear that the major mineral chemical
components in the coal ash are SiO; Al;Os3,
Fe,03 and CaO, as shown in Table 2. It is known
that Fe species could be the catalyst for the
growth of carbon nanostructures. But Fe
components in the coal ash have not sufficient
effect in the CCSS method for formation of
carbon nanostructures [8] and the using of
catalysts is necessary.

The concentration of pyrolytic carbon respect to
Fe particles that is produced from decomposition
of ferrocene was found to plays important role in
the formation of different carbon nanostructures
[14]. Ring structures and pyrolytic carbon found
in coal. The ratio of iron compounds and coal
plays important role in the formation of CNFs or
CNRs.

To figure out the formation mechanism involved
in the process, more detailed work is required,
and the work is still in progress.
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