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ABSTRACT 

In the current work, carbon nanospheres (CNSs) were prepared via pyrolysis of gas 

condensate in N2 at 1273 K and atmospheric pressure for 2 h using ferric chloride as a catalyst 

precursor. X-ray diffraction, energy dispersive X-ray spectrometry (EDX) in scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Raman spectrometry (Raman), Fourier 

transform infrared spectroscopy, and thermal gravimetric analysis (TGA) are employed for the 

structural and morphological characterization of the nanomaterials formed. The conductivity of 

these films was measured using the four probe method. As results, SEM-EDX and TEM analysis reveal 

spherical shaped particles, with diameter varying between 100 and 200 nm and graphene interlayer 

distance of 0.339 nm. The very low ID/IG ratio obtained reveals a relatively low amount of disorder in 

the nanostructures and TGA analysis implies that thermal stability was achieved after 470°C. Our 

work provides a simple synthetic strategy in one-step sample preparation of CNSs, which can be used 

for furfur applications such as high-performance supercapacitors or adsorbents. 
 

1. Introduction 

Carbon, a sixth element in the periodic table, has ability to ond to itself. It is the most 

versatile element in terms of the variety of materials it may form. Inagaki [1] pointed out that the 

diversity of the texture in different scales was one of the characteristics of carbon materials. Carbon 

has many natural structures such as soot, an amorphous structure, diamond, a crystalline structure, 

graphite, and honeycomb lattice structure. With the technological advancement and understanding 

the properties of carbon, researchers are able to prepare verities of carbon containing materials from 

the micrometer to nanometer range. The shape and size of carbon nanomaterials can easily be tuned 

during the growth process to produce carbon nanoparticles in the shape of nanotubes, nanoflakes, 

nanoplates, nanorods, nanoballs, nanoonions, nanospheres, and many more.[2] Nevertheless, 

among all these allotropes, carbon nanospheres (CNSs) have been recognized as a new class of 

carbon structure with unique properties, such as light weight and high thermal resistance. In general, 

the sphere may indicate the simples form that a colloidal particle can easily adopt during the 

nucleation and growth process, as driven by minimization of interfacial energy. [3,4] Spherically 

shaped carbon materials have been given many names, including carbon balls, carbon nanospheres, 

carbon microbeads, carbon blacks, onions, mesoporous microbeads, etc. [5] The spherical forms 

were classified according to their nanometric texture: concentric, radial, or random arrangement of 

the carbon layers.[1,4–7] Serp et al.[8] have classified these structures according to their size in three 

classes: carbon onions (2–20 nm, with a closed graphite layer), carbon nanospheres (50 nm–1 μm) 

and carbon beads (above 1 μm). In the two past decades, CNSs have attracted significant attention in 



the fields of optoelectronics, medicine, engineering, chemistry, and physics, with highlights in 

lubricants, the development of nanodevices for better energy storage, combinatorial synthesis, 

encapsulating electrodes, separation technology, and others.[4,7–11] The success of all these 

applications strongly depends on the availability of spheres with tightly controlled sizes and surface 

properties.  However, an economic method of preparing large amount of carbon spheres under 

reasonable experimental conditions is still lacking to date. In this regard, various elegant synthetic 

strategies have been successfully developed, such as chemical vapor deposition (CVD),[12–14] 

hydrothermal carbonization,[15,16] hard or soft templating method,[17] emulsion 

polymerization,[18] etc. Among the above-mentioned methods, the main process used for the 

synthesis of CNSs, both on a lab-scale and commercially, is the thermal chemical vapor deposition 

(CVD) as a promising technique, presenting a high selectivity, a moderate cost, low growth 

temperature (less than 1200 °C), simple furnace, high efficiency, one-step process, control in 

synthesis parameters, and high purity of the product.[12–14] During the chemical vapor deposition, 

the carbon feedstock was decomposed at a specified temperature into carbon gas deposited on 

transition metal catalysts such as Fe, Co, or Ni. For example, Wang et al.[19] prepared CNS via the 

decomposition of benzene over an iron catalyst at 1000 °C and Serp et al.[8] obtained a comparable 

spherical material after the decomposition of methane (in hydrogen) over an iron catalyst at 1100°C. 

The ferrocene-catalyzed synthesis of CNS has also been reported in the literature using different 

carbon precursors at different temperatures by CVD process such as anthracene (900–1000 °C)[20] 

or pentane (900–1000 °C).[21] Unfortunately, conventional CVD methods suffer from various 

disadvantages, including employing high purity light hydrocarbons as carbon sources (such as 

methane, ethane, ethylene, etc.), resource intensive production processes, complex purification 

process, and energy consumption. This results in high price of the obtained CNSs.[22–24] Considering 

the high hydrogen and carbon content and high energy density, the production of CNSs from 

petroleum distillates provides a sustainable solution to both the upgrading of the distillate and the 

mass production of carbon nanomaterials. [24] For example, Alexandre and Luiz[25] fabricated CNSs 

by pyrolysis of three kind of petroleum residues using flow of nitrogen (1.3 L/min) or argon (20 

mL/min) at 800–1200°C, without catalysts and in a continuous process. They concluded that the 

yielded nanospheres have similar properties, which were more influenced by the nature of the 

carrier gas and temperature. Moreover, carbon black and the soot obtained by the pyrolysis of 

commercially available kerosene, diesel oil, paraffin wax, and lubricant oil as precursors for the CNSs 

preparation were investigated by Mohan and Manjo.[26] The diameters of CNSs obtained were 

62.48–108.41 nm, 48–57 nm, and 45–68 nm for kerosene, diesel, and lubricant oil, respectively.[26] 

Mohammed et al.[27] prepared CNSs from asphalt by CVD method under argon atmosphere 900 °C 

in quartz tube over Co/Al2O3 catalyst material, obtaining carbon spheres with 30–240nm diameters. 

Carbon core shell nanospheres were fabricated by Ehab et al.[28] using bitumen-derived coal 

obtained from pyrolysis of petroleum bitumen at 600°C in argon atmosphere with average diameter 

of about 200–400nm in the product. Mohammad et al.[29] synthesized CNSs form the incomplete 

combustion of diesel with controlled air oxygen in special type of round bottom flax of glass, with 

size in the range of about 10–80nm in diameter. In addition, Nandiyanto et al.[30] synthesized small 

CNSs from commercially available liquefied petroleum gas using a homemade burner that was 

connected with a flow of air (600 mL/min). It could be clearly observed that catalyst, temperature, 

carrier gas and reactor design are the key parameters for converting raw material into reactive 

carbon clusters which would undergo the self-assembly process to generate carbon nanospheres. 

 



The aim of this work is to synthesize and characterize carbon nanospheres by natural gas 

condensate pyrolysis as a new precursors under N2 atmosphere. The highlight is an application of a 

simple one-step, low-cost method resulting in carbon spheres, involving the use of FeCl3 as a catalyst, 

nitrogen atmosphere and short times. The morphological, structural, thermal, and optical properties 

of as-synthesized nanoparticles were determinated using X-ray diffraction (XRD), energy dispersive X-

ray spectrometry (EDX) in scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), Raman spectrometry (Raman), Fourier transform infrared spectroscopy (FTIR), and thermal 

gravimetric analysis (TGA). 

 

 

2. Experimental 

2.1. Materials and samples preparation 

The chemicals and suppliers used in this study were as follows: anhydrous ferric chloride 

(FeCl3, 6H2O, 99%), propanol (C3H8O, 98%), toluene (C7H8, %), nitric acid (HNO3, 37%), and chloridric 

acid (HCl, 35%) were supplied by Sigma- Aldrich Company (all reagents used are chemically pure and 

were all used as received). Inert gas carrier (nitrogen gas, 99%) was purchased from Rasgas-Algiers. 

Natural gas condensate sample as the carbon source was collected from Gassi-Touil Refinery in 

Algeria. Table 1 presents the gas condensate characteristics.  

 

Table 1. Characteristics of Algerian gas natural condensate. 

Characteristic Density at 15°C 

(ASTM D 1298) 

Refractive index, 

20°C 

Molecular weight, 

g/mol 

Aniline point, °C TVR, ASTM D 1267 

Psi 

Value 0.7170 1.4112 117.8 64 7.20 

 

 

Carbon nanospheres were produced via direct pyrolysis of gas condensate in an inert 

atmosphere (nitrogen) via CVD method. First, 0.07 g of FeCl3 powder was dissolved in 10mL of 

propanol solution and then the mixture was stirred for about 5 min. After that, 30mL of natural 

condensate gas was added and mixed with 10mL of the above mentioned catalytic solution. The 

CNSs synthesis was carried out in a CVD reactor as illustrated in Figure 1. The CVD configuration is 

composed horizontal quartz tube (0.027m diameter and 0.9m length) loaded in a tubular furnace 

using fresh feed stock (gas condensate and catalyst solution). The furnace was heated to the growth 

temperature at 1000 °C. At this temperature, 0.34 mL/min of mixture was blown into the furnace for 

2 h for CNCs to be grown up in the presence of nitrogen (99.99%) as a carrier gas at a rate of 100 

mL/min. The flow of both the feed stock (gas condensate) and N2 was optimized until the desired 

size had been attained by MODDE 6, accordingly to our previous work.[31] The furnace was then 

cooled down to room temperature under the nitrogen flow. The product containing CNCs was 

collected from the vessel. After calculating theoretical carbon deposition and weighing experimental 

carbon deposition, the CNSs purification process by HCl and HNO3 acid solutions are carried out. The 

oxidation method used in this100mL of mixture of nitric acid (65%) hydrochloric acid (35%) solutions. 

The mixture refluxed for 2 h at 115°C. The oxidized CNS was filtered, then washed with double-

distilled water and dried under vacuum at 100 °C for 10 h. 



 

 
Figure 1. Main steps for the experimental CNSs synthesis via natural gas condensate pyrolysis. 

 

 

2.2. Characterization 

The size, surface, and the morphology of the CNSs particles are characterized by energy 

dispersive X-ray spectrometry (EDX) in SEM (FEI QUANTA 600 W), Transmission electron microscopy 

(TEM, Jeol CM 200). Standard automated powder diffractometer (XRD, PANalytical: EMPYREAN) was 

used with Cu-radiation with 514 nm laser excitation, and Raman spectroscopy (Raman, Horiba HR 

800 UV) were employed to observe the structure of as-prepared CNSs. FTIR (Perkin Elmer Spectrum 

100 instrument) was employed for chemical analysis, and the thermal stability was investigated by 

TGA (Setsys Ev 1750 TGA-SETARAM). The electrical properties of the thin as-prepared CNSs films 

coated on alumina substrates were explored by the four-point probe method using a source meter 

(JANDEL RM3000) and “fluke” electrodes. 

 

3. Results and discussion 

Gas condensate has been used as a carbon precursor to synthesis CNSs via pyrolysis, to our 

knowledge, which has never been reported in the literature. After being heated, gas condensate 

would decompose, resulting in a large amount of small molecules and carbonaceous species. Figure 2 

shows 

samples obtained from the quartz tube wall surface, fine powder, and mirror-like lamella with mirror 

and dark sides. All samples obtained were characterized by both a mirror side and a dark side. The 

results obtained here are similar to those observed by others researchers, and they suggest that the 

mechanism of formation of carbon is influenced by both the environmental and the nature of solid 

surface on which carbon is nucleated.[6,32] Figure 3 shows SEM-EDX of as-prepared CNSs. These 

particles seem to form a network-like structure by joining together. As can be seen, all samples (fine 

powder and dark side lamella) show the same morphology (Figure 3c–e), while the mirror-like 

lamella side shows more disordered graphitic layers (see Figure 3b). The CNSs obtained in this 

research are similar to those synthesized by other researchers using different precursors that allows 

the formation of the smallest spheres (100–200 nm) according to experimental 

conditions.[6,27,28,33] It can be seen that the formed nanoparticles have a non-uniform, discrete 

spherical shape particles with curved surface and an average diameter from 100 to 200 nm. As can 



be observed the CNSs are presented as a conglomeration of spherical bodies. This may be attributed 

to extended reaction times and as the cooling process from synthesis to room temperature.[34] 

Nieto-Marquez et al.[35] suggested that the coalescence of spheres must be attributed to the 

presence of reactive dangling bonds on their surface, providing them with a high surface reactivity; 

or it is related to the temperature increasing; it means that the susceptibility of the CNSs is high, as 

consequence, they make conglomerates quickly on the surface; this effect has been reported by 

other researchers.[6,14,36] As reported by Tiwari et al.[18] the commonly presence of various 

carbon nanospheres, such packing/aggregation is highly desirable, and generates the valuable 

hierarchical macro-/meso-/micropore structures in the carbon materials which facilitate their 

applications as superior high-rate electrode materials and fast-adsorbing sorbents. The cross 

sectional images (Figure 3c) of the broken particles reveal that the formed CNSs are not hollow and 

are made of several graphitic layers which are concentrically arranged around their core; which mean 

with concentric carbon layers of growth-type. Some CNSs particles are comprised of a single core 

surrounded by several concentric disordered 

graphitic layers and has a resemblance to an 

actual onion; while others CNSs particles 

were observed to have more than one core 

which are jointed together and share several 

common outer graphitic layers. 

The analysis of energy dispersive 

spectroscopy indicated elemental 

composition of CNSs presented in Figure 3f. Scanning points reveal that all spheres have above 99% 

carbon content and a small quantity of oxygen. The CNS has not required any additional purification 

method. 
 

 

Figure 3. SEM images of the CNSs generated in CVD wall quartz tube. The cross section views (a, b) of mirror-

like side of lamella at different magnification, (c) the cross section images of the broken CNSs obtained from 

Figure 2. General view of carbon product. 



dark side of lamella showing concentric graphitic layers arranged around a single core and multiple cores 

(pointed by arrows), the carbon spheres have a wide range of sizes: (d) bigger and (b) smaller particles 

obtained from fine powder, and (f) EDX spectrum taken from the marked area. 

As presented in Figure 4, the nanostructure of CNSs sample is composed by a large number 

of carbon nanospheres on the surface with broad size/shape distribution and the crystalline structure 

of the CNSs particles was more clearly visible under TEM. Almost all of the particles were found to be 

assembled in a chain-like branched structure (Figure 4a, b). The average interlayer separation 

between the graphitic sheets as obtained from the magnified TEM images was 0.339 nm. The 

diffraction pattern (lower inset of Figure 4b) of an NCSs particle shows a bright ring pattern 

corresponding to the different planes of graphite. The diffraction pattern indicated the turbostratic 

nature of the graphitic planes in the NSCs particle. The TEM and SEM images solidly confirm the 

successful synthesis of CNSs with small sizes in the desired range of 100–200 nm by this proposed 

process. The XRD pattern of the CNSs product is depicted in Figure 5a and shows two diffraction 

peaks situated at 226.26° and 44.48° corresponding to the (002) and (100), respectively 

according to JCPDS 00-065-6212 card. These peaks were reported by other researchers for CNSs 

synthesis.[37] According to the Scherrer formula, the graphitic line C (002) correspond to interlayer 

spacing of about 0.339 nm, if a slight decrease in the d002 suggests a better packing of the graphene 

layers.[38] There are no peaks of other materials in this XRD pattern, probably suggesting the high 

purity of the product. The Raman spectra in Figure 5b show two prominent peaks located near 1342 

and 1588 cm-1, commonly denoted as D- and G-bands respectively. The D-band is caused by the 

presence of disruptions in sp2 bonding like dangling bonds, heptagon and pentagon carbon rings, 

foreign atoms, vacancies and amorphous carbon. Herein, the intense D band in the Raman spectrum 

of CNSs is caused mainly by heptagon and pentagon rings, which are essential to produce curved 

shapes in carbon spheres.[4,6,7,13,39,40] The G band in the Raman spectrum is caused by sp2 

hybridized carbon atoms. The ID/IG value of synthesized CNSs was estimated to be 0.81. This is lower 

than the values reported for CNSs particles synthesized by other researchers [6,39] and it reflects a 

relatively better degree of graphitization. Preferably, for nanocrystalline carbon, this value is sought 

to be as low as possible.[41]  

 

 

 



Figure 4. TEM images depict the spherical CNSs formed in wall surface of quartz tube and the lower 
inset in Figure 4b is the electron diffraction pattern of an individual CNS particle. 

 

 

 
 

Figure 5. (a) XRD pattern Raman spectra, (b) Typical Raman spectra, and (c) representative of TGA curve of the 

as-synthesized CNSs. 

The TGA curve of the as-prepared CNSs particles shown in Figure 5c and compare its thermal stability 

by examining its decomposition behavior in the presence of air. The analysis was executed under air 

heating from 40 °C to 1000 °C at 10 °C/min. The weight loss started at 470 °C and ended at around 

730 C. A minor weight loss is found just below 300 °C may be due to evaporation water contents or 

volatile substances such as hydroxyl groups, [42,43] just below 470 °C, a rapid weight loss of CNSs is 

observed in the temperature range of 470–730 °C, which indicates that there are a large number of 

lattice defects in the structure of the CNS that allow oxygen to easily enter the spheres and facilitate 

a rapid oxidation of the sample.[43] The oxidation process continued until all the carbon soot was 

completely oxidized. Furthermore, TGA analysis reveals that the CNS purity is about 97.66%, 

confirmed by the EDX spectrum shown in Figure 3f.  

Figure 6 shows the FTIR spectrum of the CNSs sample. The band at 3432 cm-1 correspond to 

the elongation vibration of free OH and peak at 2923 cm-1  indicate the presence of –CH2 radicals, 

which lead to the spherical structures formation as stated in literature.[6,42,43] The band at 1716 

cm-1 attributed to the stretching vibration of C=O. One of the most characteristic peaks for the CNSs 

is the C=C vibration, which is located all spectra at 1631 cm-1, this band is also reported by others 

authors[6,43–45] and peak at 749 cm-1 corresponds to the C–H aromatic. These results indicate that 

there are a large number of residues including hydroxyl and carbonyl, carboxyl groups; they provide a 



potential path to load other molecules, functional groups after purification. The as-synthesized CNSs 

can be used directly to deposit a film (1.1 mm) on the fourth point of dielectric substrates existing in 

the conductivity apparatus. These films were conducting in nature with an average sheet resistance 

of Rm=262 k/m for approximately 1.1 mm thickness. 

 

 

Figure 6. FTIR spectra of carbon spheres obtained via gas condensate pyrolysis. 

 

4. Conclusion 
In summary, carbon nanospheres were successfully synthesized from gas condensate 

pyrolysis precursors, with FeCl3 powder as catalyst and nitrogen carrier gas by via CVD method. Here, 
CNSs with diameter around 100–200 nm was produced with 98% yield with consuming minimum 
amount of feed stock (0.34 mL/min x 120 min = 40.8 mL) at 1000 °C for 2 h; which gives an indication 
that this process allows for the large scale production of these materials. The product obtained was 
characterized by the SEM-EDX, TEM, Raman, DRX, and the TGA. The presence of a D-band and a G-
band in the Raman spectrum supports the TGA curves which specify the thermal stability of CNSs. 
The produced CNSs were of non-uniform diameter and the size (nano) could be controlled by 
changing the pyrolysis experimental conditions. The spheres obtained present major coalescence 
effects, which could be related to the carbon interactions, promoted by the energy enhancing, but 
there was no significant effect in their sizes. These results indicate that gas condensate is a promising 
candidate to be used as precursor in carbon nanomaterials synthesis, which they can be used as 
potential supercapacitors, lubricants, adsorbents, anode materials for lithium ion batteries, and 
several new applications. 
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