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Abstract

This work investigates the possibility of using electrocracking for the decomposition of liquid organic waste from chemical
and petrochemical industries. This approach yields a gas containing 22-23% acetylene and a wide range of valuable products
from lower olefins, paraffin, and hydrogen. The acetylene concentration reported herein is unattainable by other processes for the
production of acetylene from hydrocarbon feedstock, and this method is more environmentally friendly than the carbide method.
Electrocracking gas is a very promising raw material for the synthesis of carbon nanostructures and carbon nanofibers (CNFs) in
particular, and its use for these purposes creates viable preconditions for the establishment of an integrated technology for the
utilization of liquid organic waste. The electric discharge process has a marked advantage in that the electric power consumption
is low (8-10 kW.hr per 1 m® of C,H,). The growth of carbon nanofibers from the Ni-Al,Os-catalysed decomposition of
electrocracking gas at temperatures of 250-550 °C and electrocracking gas space velocities of 1500-3000 h™ has been
investigated in a fixed bed reactor. Scanning electron microscopy (SEM), X-ray powder diffraction (XRPD), and Raman
spectroscopy were used to characterize the nanofibers. We demonstrate that carbon nanofibers with diameters mostly between
21.3 and 60.6 nm can be synthesized uniformly and densely on the catalyst.
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1. Introduction

The increasing demand for unsaturated hydrocarbons as raw materials in the petrochemical industry has
encouraged the development of new processes aimed at utilizing new raw materials, increasing yields, and
minimizing energy requirements. One such topic of investigation is the cracking of high-molecular-weight
hydrocarbons at high temperatures and over very short times using electrocracking techniques and energy beams [1-
3]. The process of electrocracking is based on excitation (by certain methods) of an electric arc discharge between
electrodes placed inside a liquid feedstock. The plasma formed as a result of the electric discharge, with a
temperature in the range of 5000 to 10000 K, interacts with the feedstock and induces its thermal decomposition,
yielding gases composed of hydrogen, acetylene, methane, ethylene, and fine carbon black [4]. The first reactor used
for the decomposition of liquid hydrocarbons by electric arc discharge featured two graphite electrodes and was
constructed in the 19th century by Pechuro and Pesin, and the first patent for such a reactor was granted in the 1970s
[3].

The electrocracking process has been the subject of intense research because the acetylene concentration resulting
from the decomposition of liquid hydrocarbon feedstock can be as high as 30% vol. Acetylene is in high demand as
a basic monomer for the synthesis of a variety of chemicals. In recent years, there has been an increase in demand
for C;-C,olefins. One way to obtain C3-C, olefins is using ethylene dimerization (oligomerization) [5,6].

A mixture of high-molecular-weight compounds and soot can be used to produce highly effective sorbents. The
heat treatment and sequential activation of an oxidative mixture yields a carbon-carbon material with an adsorption
surface of ~ 680 m*/g. The high acetylene content in electrocracking gas can be used in the pyro-densification of
carbon materials to obtain carbon-carbon composites, similar sibunit. The pyro-densification of carbon nanofibers
(CNFs) allows materials to be obtained with a much greater sorption capacity than their corresponding sibunits; thus,
CNFs are currently the object of significant interest for use as a catalyst support [7,8]. It is now recognized that when
carbon materials are used as a catalyst support or catalyst, their surface area, porosity, structure, and surface
chemistry affect not only the catalyst preparation process with respect to the active metal dispersion on the CNFs but
also the activity and selectivity of the resulting CNF-supported catalysts [9-11].

Carbon nanofibers and nanotubes are generally grown by conventional thermal chemical vapour deposition
(CVD), and electric arc discharge is one of the most important methods developed to produce CNTs and CNFs.
Various carbon-containing gases, such as CHy, C,Hy, C,H,, and CO, are used as the carbon source, and Fe, Ni, Co,
and Cu are utilized as catalysts for the decomposition of carbon-containing gases [12-15,7]. Studies by [7] showed
that the decomposition of electrocracking gas over y-Fe,O; formed CNFs (prepared by the decomposition of a diesel
fraction) with different morphologies and graphitization degrees. This method has the advantages of a high yield,
high selectivity and low cost relative to traditional physical methods, such as laser ablation and chemical vapour
deposition. It was demonstrated that the use of electrocracking gas is promising for the synthesis of carbon
nanofibers. This approach allows one to utilize organic liquid waste from chemical industries and obtain a valuable
carbon material and hydrogen at moderate temperatures.

Nickel catalysts prepared by co-precipitation have been widely used in the hydrogenation and dehydrogenation
reactions of hydrocarbons. In these processes, carbon formation on the catalysts has been generally considered
harmful, as it causes catalyst deactivation [16]. However, in recent years, such carbon, often with a filamentous or
fibrous texture, has become the purpose of production due to its special physical and chemical properties [17]. A
nickel-alumina composite catalyst derived from the activation of coprecipitated Feitknecht compound (FC) has been
designed and tested [18]. This catalyst grows carbon fibers from methane at a high rate at 500 °C [18]. It has been
proposed that a strong interaction between nickel and alumina inherited from the FC structure enhanced the activity.
Carbon nanofibers generated from the Feitknecht compound (FC) Ni-AI203 catalysed the decomposition of methane
at 500 °C and correspondingly increased the CNF growth rate [19]. The activity of the Ni—Al,Os catalysts for
methane decomposition to produce hydrogen and carbon nanofibers was investigated. In NiO-AL,O; samples
calcined at 300-600 °C, only NiO phases were identified, while the samples calcined at 750 °C revealed the
formation of segregated NiAl,O4 spinel [20].

In the current investigation we have extended these experiments to explore the sequence of events that occur
when organic liquid wastes are used as raw materials for electrocracking, thus producing a gas that serves as a
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carbon source for the synthesis of carbon nanofibers and providing an opportunity to ameliorate the negative
environmental impact of organic waste disposal.

2. Experimental

2.1. Production of electrocracking gas

The liquid organic waste used in this investigation was obtained from a local refinery, and its physico-chemical
characteristics are given in Table 1.

Table 1. Physico-chemical characteristics of liquid organic waste.

Tests Liquid organic waste
Specific gravity at 15.5 °C 0.897

API gravity 22.41

Viscosity at 40 °C (mm’s™) 4.539

Distillate at 300 °C (vol%) 66.4

Flash point (°C) 113

Sulphur content (wt%) 1.090

The equipment used in this investigation included a laboratory reactor for the decomposition of liquid organic
waste in low-voltage electrical discharges, as shown schematically in Figure 1.
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Figure 1. Schematic of the reactor used in the decomposition of liquid organic waste.

The reactor is a stainless-steel vertical cylinder with a water jacket designed for the loading of 700 ml of raw
material. This container holds fixed stationary graphite electrodes in the form of graphite rods arranged in parallel
with a spacing of 1 mm. On the electrodes, there is a mobile intermediate contact, and a graphite ball with a
diameter of ~6.5 mm is positioned between the rods. When voltage from the power supply is applied to the
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stationary electrodes and a ball arc discharge occurs, raw materials decompose, producing gas and soot. The gas was
collected to study the result of decomposing the electrocracking liquid organic waste fractions. The gas composition
is given in Table 2.

Table 2. Composition of the electrocracking gas liquid organic waste.

component % vol.
H, 64 +1.0
CH, 64+1.0
C,Hs 0.7+0.1

C,H, 6+1.0
C;Hs 0.8+0.1
CH, 22.1+1.0

The reactor is filled with a certain amount of the raw materials, after which the installation is sealed. Next,
voltage is applied from the power source. The resulting gaseous decomposition products accumulated over the
reaction period were analysed by gas chromatography every 20 min.

2.2 Synthesis of carbon nanofibers (CNFs)

As shown in Figure 2, a flowing laboratory setup was used for the synthesis of the CNFs consisted with an
integrated reactor. The electrocracking gas was displaced from the electrocracking gas storage by water through a
valve, regulated by a control valve, and operated at atmospheric pressure, as set by a water U-tube manometer. The
gas flow to the reactor was precisely regulated by calculating the gas hourly space velocity (GHSV) and then sent
into a rheometer to ensure that each sample was subjected to the selected GHSV.
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Figure 2. Schematic of the laboratory setup for the synthesis of carbon nanofibers (CNFs).

The gas flow was in the direction of the quartz reactor. Catalyst samples (0.2 g) were placed in a fixed bed in the
center of the reactor tube (inner diameter, 10 mm) inside a split furnace. The temperature in the reaction zone was
measured by a thermocouple and registered. The reaction was followed as a function of time by sampling both the
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input and output gas streams at regular intervals and analysing the reactants and products with a LHM-8 gas
chromatograph and a thermal conductivity detector (TCD). The current bridge detector was set at -90 mA., and the
carrier gas flow (nitrogen) was set at 25 ml/min. The column was 7 m in length and thermostatted at 80 °C. This
chromatograph was specially configured (columns and microvalve switching) for the analysis of light gases, i.c.,
alkanes (C,-Cs), alkenes (C,Hy4, C3Hg), and alkynes (C,H,). These experiments were performed using quartz as a
reference material under analogous conditions and with the same weight as used in the catalyst experiments to
evaluate the reaction selectivity toward carbon nanofiber formation. The total amount of carbon deposited during
exposure to the stream was determined by material balance.

2.3 Catalyst preparation

The composite catalyst used in this investigation was obtained from the activation of co-precipitated Feitknecht
compound (FC). FC was synthesized by mixing solutions of Ni(NOs),-6H,0 and Al(NO;);-6H,O such that the final
solution was 3 wt% Ni and 1 wt% Al,O; (Aldrich). The salts were dissolved in distilled water along with a certain
molarity of Na,COj; to induce precipitation under vigorous stirring. In this study, we synthesized FC with an atomic
ratio of Ni*'/AI’'=3/1(w/w). The precipitate was then washed with D.I. water to remove Na' residue. The solution
was filtered, and the precipitate dried overnight at 120 °C. Calcination was performed at 500 °C for 5 h. The
calcined catalyst was crushed to a particle size of 300-400 mesh for the catalysed growth. The reduction of the
composite catalyst was then carried out at 500 °C with a mixture of H, and N, for 1 h. The gases used in this study
(hydrogen and nitrogen) were used without further purification.

2.4  Characterization

The nature and characteristics of the carbon nanofibers product were ascertained using a combination of
techniques. Scanning electron microscopy (SEM) was performed using a Nova nanoSEM field emission scanning
electron microscope (FESEM, FEI Company, Hillsboro, OR) operated under high-vacuum conditions using a
Everhart-Thornley (ET) detector as a secondary electron detector and a high-resolution in-lens thermoluminescence
detector (TLD). The parameters were 5 kV, a spot size 2.7, 3.5-4 mm a working distance, a 30-pm objective
aperture, and magnifications of 25-200K. X-ray powder diffraction (XRPD) pattern was obtained using a Rigaku
Smart-Lab diffractometer in reflection (Bragg-Brentano) geometry using a line source X-ray beam. The X-ray
source is a Cu long fine focus tube operated at 40 kV and 44 mA. The diffractometer was operated to give peak
widths of 20<0.1° using a continuous scan of 26=6°/min with an effective step size of 260=0.02°.

Raman spectra were obtained using a Renishaw inVia Raman microscope. The inVia system interfaces a Leica
DMLM microscope to a Raman spectrometer. Each sample was placed on a motorized x-, y-stage underneath a 50x
objective and excited by a polarized diode laser (785 nm) through the microscope. The system was calibrated using
the 520.5 cm™ peak of an internal silicon wafer.

3. Results and discussion

3.1 Flow reactor studies

In an initial series of experiments, various electrocracking gas mixtures were passed over the Ni-Al,O; catalyst,
and the amount of solid carbon produced was determined as a function of reaction temperature under survey
conditions including temperature, feed composition, and gas hourly space velocity (GHSV). The deactivation rates
depended strongly on temperature and composition. Under standard conditions (electrocracking gas: 64% H,, 6.4%
CH,, 0.7% C,Hg, 6%C,H,, 0.8% Cs3Hg, 22.1% C,H,; 200 mg of catalyst used with a 3:1 atomic ratio of Ni*"/AI*";
6.66, 9.60, and 13.00 cm’/min total flow; GHSV of ~1500, 2200, and 3000 h™, respectively), it is evident that the
optimum conditions for this reaction are realized at approximately 250-550 °C. As the temperature is shifted either
above or below this level, there is a precipitous drop in the yield of solid carbon. The data presented in Table 3 show
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that the optimum yields of solid carbon occur at 350 °C and a gas hourly space velocity of 3000 h™'. An example of
the typical dependence is shown in Figure 3.

Under these conditions, the yield of carbon nanofibers was ~44% on a theoretical basis. Subsequent analysis
demonstrated that catalytic decomposition of C,H, was the major route for the growth of carbon nanofibers. It can
be seen that at low temperatures (to ~350 °C), carbon was formed because of the decomposition of acetylene. Above
~350 °C, an increase in the concentrations of methane and ethane in the gas suggested that acetylene hydrogenation
occurred along with decomposition. As the temperature increased further, other hydrocarbons from the
electrocracking gas were involved in the carbon formation reactions, and only H, and CH,; were present in the
effluent gases at 550 °C. In this set of experiments, we have endeavoured to probe the effect of temperature on the
overall solid carbon yield. We found an amorphous carbon content of 10% in the yield of CNFs at high
temperatures, especially 550 °C. It is also evident that catalytic activity is constant at temperatures up to 550 °C.
When the reaction was performed above 550 °C, a sudden drop in activity was observed approximately 40 min into
the reaction. According to a mechanism proposed in the literature [12], the nature of the carbon-containing gas as
well as the catalyst composition plays an important role in the formation of the microstructure and morphology of
CNFs.

Table 3. Percentage gas phase product distribution as a function of synthesis conditions over Ni-Al,O3 (3:1) for 40 min.

Synthesis conditions Effluent gas composition, vol.% Carbon
yield, g/(1
Temperature, GHSV H, CH4 C,Hg C,H, C3Hg C,H, gas)
oC b

1500 69.5 12.3 0.7 8 1.7 7.8 0.06

250 2200 72.41 12.8 0.8 8.1 1.75 4.14 0.08

3000 72.6 13 0.84 8.49 1.95 3.12 0.10

1500 75.03 13.45 0.98 8.76 1.78 0 0.12

350 2200 75.2 12.95 0.97 9.13 1.75 0 0.14

3000 76.41 12.83 1.21 8 1.55 0 0.16

1500 78.77 14.33 1.1 4.7 1.1 0 0.10

450 2200 82.29 11.74 1.14 4.5 0.33 0 0.12

3000 84.43 10.5 0.74 423 0.1 0 0.14

1500 89 9.6 0.3 1.1 0 0 0.08

550 2200 90.15 8.83 0.28 0.74 0 0 0.10

3000 92.43 7.57 0 0 0 0 0.12

Generally speaking, the affinity of different metals with different carbon-containing gases controls the degree of
dissolved carbon supersaturation in metal and consequently the microstructure of the carbon filament deposited on
the metal.

Thus, it is not surprising that we also observed the formation of pyrolytic carbon along with carbon nanofibers in
the thermocatalytic decomposition of hydrocarbons. Soot may also be formed. Therefore, studies using quartz as
inert packing were performed under analogous conditions to evaluate the reaction selectivity of carbon nanofiber
formation.
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Figure 3. Selectivity of CNF formation from the Ni-Al,Os (3:1) catalysed decomposition of electrocracking gas at GHSV values of (1) 1500, (2)
2200, and (3) 3000 h' as a function of reaction temperature.

These data were calculated using carbon atom mass balances according to the procedure described in Appendix A.
3.2 Characterization of the solid carbon product

Figure 4 shows a typical XRPD pattern of the CNFs. The high peak at 26.552° can be indexed to the (002)
diffraction plane. The diffraction peak of the CNF was clear regardless of the catalyst or carbon-containing gas used
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Figure 4. Representative X-ray powder diffraction pattern for the carbon nanofibers produced. The pattern corresponds to nanofibers grown at
250 °C and a total electrocracking gas flow rate of 6.66 cn’/min.

for the synthesis, indicating that the CNFs were highly graphitized, close to ideal and highly ordered [21]. The dgg,
spacing of the CNFs varied by 0.335 nm, and the crystallite size (Lc) was estimated by analysing the CNF peak
using the Scherrer equation, Lc=kM/(B cosf), where k is a constant (the shape factor, approximately 0.9), A is the X-
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ray wavelength (0.15405 nm), and J is the full width at half maximum (FWHM) of the diffraction line, and 8 is the
diffraction angle. The carbon nanofiber crystal size was 8.64 nm. The other three peaks at 26=42.88°, 54.69°, and
77.51° can be indexed to the (100), (004), and (110) diffraction planes of hexagonal graphite (JCPDS card files, no.
41-1487). The Ni peaks are much sharper because large catalyst particles could be easily dispersed in the fibers and
gave distinct nickel peaks: 26=44.27°, 51.54°, and 75.91° indexed to Ni(111), Ni(200), and Ni(220) diffraction peaks
of the cubic phase of nickel (JCPDS card files, no. 04-0850). The weak peak observed at 26=84° can be attributed to
Ni(222). The catalyst particles undergo surface reconstruction to form geometrical shapes, which were able to
promote the formation of carbon nanofibers under certain growth conditions in terms of catalyst, gas, and
temperature [22-24]. No impurities were observed in the XRPD pattern.

Rodriguez reported that there is a subtle relationship between the degree of ordering in the deposited CNFs and
the ability of the metal catalyst particle to participate in a strong interaction with graphite [25]. He also found that
the metal catalyst, which has good wetting characteristics with respect to graphite, forms highly graphitic carbon
nanostructures. The Raman spectrum of the CNF sample (Figure 5) obtained from electrocracking gas exposed to
Ni-Al,O5 catalyst at 250 °C exhibited the D and G peaks characteristic of CNFs. The peak centered at ~1355 cm’
corresponding to the A4;, vibrational mode (the so-called D-mode) are usually assigned to disordered sp> carbon
material or defect positions in the graphitic sheets of CNFs [26]. The peak at 1578 cm™ (the so-called G-mode) is
assigned to well-ordered graphite (normal graphite structure). The D’ peak (1685 cm™) is the disorder-induced peak
and is associated with the maximum vibrational density of states. This peak is a result of the splitting of the E»,
degenerate mode in group theoretical analysis; it is located near the G peak (in-plane E>, mode) and looks like a
shoulder of the G peak. It is to be noted that the D' peak can also be found in the Raman spectra of carbon
nanofibers, multi-walled carbon nanotubes, graphene, and coke [26].
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Figure 5. Representative Raman spectra for the carbon nanofibers produced showing the characteristic D and G peaks
of CNFs and the disordered D' peak at 1685 cm™.

The intensity ratio of the D peak and G peaks, Ip/Ig, has been employed to characterize the graphitization degree
of carbon materials [27-29]. According to our experiment, we know that the value of Ip/Ig is approximately 0.79.
For crystalline graphitic carbons, the G peak occurs at 1580 cm™. However, the G peak in Figure 5 occurs at 1578
cm™. The XRPD spectra of solid carbon obtained from electrocracking gas on the Ni-Al,O; catalyst featured a sharp
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peak at 20=26.552° (d=3.35°), which corresponds to the (002) graphitic basal plane and is typically observed for
graphite.

Under the reaction conditions used in this investigation, FESEM images revealed that the solid carbon product
consisted entirely of carbon nanofibers. The materials did, however, exhibit physical and morphological
characteristics that were a function of the catalyst and reactant compositions. Figure 6a presents a typical FESEM
image of the product of reacting the Ni-Al,O; catalyst in the electrocracking gas mixture, showing thin, well-formed
filaments among much wider nanofibers and soot. The specimen does not contain free soot, but the non-uniformity
of the amorphous carbon coating on some fibers results in the formation of soot-like nanoballs along the fibers. As
previously reported by Masuda et al. [30,31], this is caused by metal particles seeded over preformed nanofilaments.
Generally, there are large differences in the fiber diameters and, despite these balls, the fibers are quite straight.
Figure 6b shows that the CNFs have diameter ranging from 21.3 nm to 60.6 nm and lengths exceeding several
micrometers. Closer observations reveal that most of the CNFs with smooth and round surfaces are bent, and a few
are curly. Neither soot nor irregularities are observed along the length of the nanofibers, and the fibers appear quite
uniform in size.

1000 nm

Figure 6. Field emission scanning electron microscope (FESEM) images of the carbon nanofibers synthesized from the Ni-ALL,Os (3:1) catalysed
decomposition of electrocracking gas (a and b) at 250 °C. The inset shows the formation of soot-like nanoballs along the fibers associated with
the “fishbone” structure (c and d) at 550 °C.
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4. Conclusions

In the current investigation, the possibility of synthesizing carbon nanofibers from electrocracking products of the
decomposition of liquid organic waste in a fixed bed reactor was investigated. The highest conversion of the carbon-
containing electrocracking gas reactant towards solid carbon occurred at 350°C and a gas hourly space velocity of
3000 h™' via interaction with a Ni-Al,O5 catalyst. Subsequent analysis demonstrated that the catalytic decomposition
of C,H, was the major route for the growth of carbon nanofibers. We found an amorphous carbon content of 10% in
the CNF yield at high temperatures, especially 550 °C. The XRPD and Raman analyses indicate that CNFs exhibit
dooo spacing, and the crystallite size (Lc) featured a sharp peak at d=3.35°, corresponding to the (002) graphitic basal
plane and typical of graphite. The platelet morphology of the CNFs synthesized on the Ni-Al,O; catalyst was
observed by FESEM, which suggested the carbon layers of nanofibers have a uniform orientation that perpendicular
to the fibre axis and that the graphite layers are stacked with a fishbone structure and a hollow core. However, the
carbon nanofibers have a crooked morphology.
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Appendix A

The relative amounts of solid carbon generated from the decomposition of electrocracking gas (EG) as a function of
the reactant gas composition were calculated according to the following procedure. Consider the material balance in
the deposition reactions,

[Ho]'m, + [CHy T'm,' + [CoHel'm,' + [CHyI'm,' + [C3Hl'm,' + [CoHo]'m,’ — [H]°m,° + [CHy]°m,® + [CoHe]’m,° +
[CHs]’m,° + [C3Hg]'m,” + [CoH,]°m,’ + mC

where [M]' = concentration of component M in the input gas

[M]° = concentration of component M in the output gas

m,, m,° = mass of gas (= M*n) for the input and output gases, respectively
The solid carbon yield from electrocracking gas (EG) decomposition can be written as

AC = mass of carbon(gm) from EGy,,, — mass of carbon(gm)from EG ¢yt

AC
Yield of CNF = L
o Volume of gas;, ¢ (gm/L)

which is
Total of CNF = yiEId of CNFpresence of the catalyst — yield of CNFpresence of the quartz
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