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Abstract.

In the work, the kinetic laws of the process of obtaining nanocarbon and hydrogen from the
propane-butane fraction were studied under differential reactor conditions. Experiments were
conducted in a differential-mode, flow-through laboratory setup consisting of a vertical
stainless steel reactor with a 32 mm internal diameter and a length of 500 mm. The initial
period (=10 min) is the stage of reduction of Ni, Co, Fe and Mo oxides to metal, accumulation of
free carbon and formation of carbon nanotube particles, the active phase of synthesis lasts 9+10
min and ensures 1 within 22 gc/gcat.

The effect of temperature on the specific yield was studied in the temperature range of 550+700
°C with a step of 10 °C. The thickness of the catalyst layer was hk=0.2 mm (m=12 mg), the
consumption of carbon-retaining gas was 9£0.1 1/hour, and the time of the process was 12
minutes. According to the results of experimental research, starting from 620 °C, the process
temperature does not affect the specific yield of carbon nanotubes, it was . Evaluation of the
influence of technological parameters of the process on the relative yield of the product and the
properties of the obtained materials was carried out by the gravimetric method under
isothermal conditions. During the process, the relative yield of carbon nanotubes was
determined using the formula . Experimental studies to determine the dependence of carbon
nanotube-specific yield n on process time were conducted at 550 to 700 °C and hydrocarbon
flow rates of 15 to 20 1/h. The structural characteristics of the original HSZ and the modified
samples before their processing and subsequent processing, acidic properties of the catalysts -
temperature-programmed desorption of ammonia - were studied by IR-spectroscopy, X-ray
phase analysis, benzene adsorption methods. The qualitative and quantitative composition of
the reaction products was studied by the gas-liquid chromatographic method in the
“Chromatek - Kristall 7000” chromatograph. The dimensions and morphology of the catalyst
were determined by illumination electron microscopy, scanning electron microscopy and
adsorption (BET) methods. Based on the study of textural characteristics, mesoporosity was
estimated.

The purpose of the work consists of studying the kinetic laws of the process of obtaining
nanocarbon and hydrogen from the propane-butane fraction.

Keywords: carbon storage compounds, catalyst, contact time, hydrogen, nanocarbon,
temperature
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INTRODUCTION

A sharp increase in demand for hydrogen is expected in the near future. The major
contributors to global hydrogen demand are expected to be automotive and energy supply
systems, where hydrogen serves as an energy carrier that can be stored and transported like
natural gas. The growing needs of the chemical industry and the energy industry will help to
increase the production of hydrogen. For example, during the last decade, the annual growth of
world hydrogen production was 4.5%, and the current production level exceeds 100 million
tons per year. Hydrogen has no resource limits and does not produce greenhouse gases. At the
same time, the use of carbon nanotubes is increasing in various fields, such as the development
of water purification filters, the synthesis of multipurpose hydrogels, drug delivery, and
biosensors. Multi-walled carbon nanotubes [1, 2] are promising materials with low toxicity and
adsorption capacity. Multi-walled carbon nanotubes are preferred in the production of
biosensors with lower costs and higher electrical conductivity. [3-6] Many results have focused
on the successful use of carbon nanotubes in many fields of science, such as energy,
construction, cleaning and environmental protection. [4-9]

Currently, hydrogen is a valuable chemical product and is widely used in several important
industrial processes, such as the production of ammonia [10], methanol [11, 12], hydrazine
[13], and synthetic hydrocarbons. [14] Hydrogen is of great importance in the food industry,
and it is used in the hydrogenation of vegetable oils. [15,16] On the other hand, hydrogen is one
of the most environmentally friendly sources of thermal energy. [17] On an industrial scale,
hydrogen is produced by methane steam reforming, heavy oil oxidation, coal gasification, and
water electrolysis [18-20]. It should be noted that biomass is also a potential source of
hydrogen. [21] In general, the process can be represented by the following equation:

CH, > nC + (m/2)H, (1)
This process is widely used [22] to obtain carbon nanotubes. Pure hydrogen is obtained by
catalytic decomposition of carbon compounds into carbon and hydrogen. [23-31]

Materials and Methods

The Experiments were conducted in a differential-mode, flow-through laboratory setup
consisting of a vertical stainless steel reactor with a 32 mm internal diameter and a length of
500 mm. A mixture of gases is sent from the bottom of the reactor. To uniformly heat the gas
mixture supplied from the bottom of the reactor and to distribute the gas flow over the cross-
section of the reactor, the bottom of the catalyst is filled with nozzles (quartz pieces) from 150
mm below. A substrate dusted with a catalyst was placed at the bottom of the reactor and its
sealing was carried out. During the heating of the reactor, it was filled with argon.

The propane-butane mixture of gases was fed into the reaction zone and heated to operating
temperature, and the reactor heating circuit was driven with an inert gas, which allowed
atmospheric air to be expelled from the reaction zone. Torsion balance indicators, which record
the change in the mass of the substance in the boat, were measured with a periodicity of 15 s.
After the formation of carbon nanotubes stopped, the hydrocarbon was expelled from the
reactor with an inert gas. A catalyst containing 15%Ni*5%Co*5%Fe*5%Cu*2%Mo/ HSZ was used
in the experimental studies of obtaining carbon nanotubes. The thermal decomposition method
was used in the preparation of the catalyst. The thermal decomposition method is one of the
most effective methods for the preparation of catalysts. Catalyst powder was obtained by
thermal decomposition of metal nitrates.

The essence of the method is that the catalyst contains (Ni(Nos)z'GHzo’ Co(NO,),-6H,0,
Fe(NO,),-9H,0, Cu(NO;),-3H,0, (NH,), MoO, - 24H,0) consists of the interaction of a mixture of metal
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nitrates, ammonium molybdate and high-silica zeolite (HSZ) obtained from bentonite from
Navbahor district, Navoi region, Republic of Uzbekistan, and an organic substance (for example,
a mixture of glycine and citric acid) in the air at temperatures =500 °C. At temperatures above
500 °C, thinly dispersed oxides of metals are formed. The physicochemical and textural
characteristics of HSZ have been studied [32-33] and used in the aromatization of natural gas,
petroleum satellite gases, and propane-butane fractions [34-37] and the Fischer-Tropsch
process and the production of olefins from dimethyl ether. [38-39] HSZ forms a well-developed
porous structure, with Ni, Co, Fe, Cu, and Mo particles distributed over its surface.

During the experimental studies of the carbon nanotubes synthesis process, propane-butane
mixture (C,H, / C,H,, =50%/50% ) and inert gas - argon (Ar) stored in a cylinder were used. The

removal of catalyst particles from the synthesized carbon nanotubes was carried out by the acid
washing method.

Pyrolysis of the propane-butane mixture (c,z,- 30%, c,#,,~ 70%) was carried out at

atmospheric pressure and temperature of 600-650 °C, on the fixed bed of the catalyst in
laboratory and pilot reactors operating periodically. A filter based on zeolite was used to clean
gas mixtures from additives and dry them from moisture. The waste gas was analyzed in the
"Chromatek - Kristall 7000" chromatograph.

Catalytic synthesis of carbon nanostructures by catalytic pyrolysis of carbon-containing
organic and inorganic compounds in the absence of air was carried out at atmospheric pressure
in the temperature range of 400-1000 °C. To speed up the synthesis of nanocarbon in the centre
of the reactor, powders of metals and intermetallics were placed in a thin layer at the bottom
of a quartz boat. In the same way, the placement of catalysts incorporated in different holders
was carried out. The heating of the reactor was carried out in a flow of hydrogen or argon. As
soon as the working temperature was reached, a mixture of gases in the required ratio was sent
to the reactor. The composition of the gas phase was changed by changing the volumetric
velocities of the gas streams. The flow rate of each of the gases was selected depending on the
amount of catalyst, pyrolysis temperature and process duration in the range of 5-100 cm3/min.
The pyrolysis time varied from 1.5 hours to 4 hours.

It is known that the functional properties of the obtained carbon nanofibers and nanotubes
are required. For this, it is necessary to clean the obtained carbonaceous material from catalysts
and by-products of pyrolysis. Catalyst removal of carbon nanofibers and nanotubes was treated
with concentrated sulfuric acid in an ultrasonic bath by drying at 65-70 °C for 3-3.5 hours to
neural medium and then washing and air drying at 140-150 °C for 7 hours. Further treatment
was carried out by boiling in concentrated nitric acid for one hour to remove amorphous carbon
and encapsulated metal particles. After purification, according to atomic absorption
spectrometry and chromatographic analysis, the dry residue content of the sample was less
than 0.1%, which corresponds to the measurement error. Boiling in nitric acid also causes
partial oxidation of carbonaceous material:
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This facilitates further use of nanofibers and nanotubes. If oxygen groups are not needed on
the surface of carbon nanostructures, additional treatment of carbon material is carried out in
hydrogen flow at 900 °C for one hour.

Evaluation of the effect of technological parameters of the process on the relative yield of the
product and the properties of the obtained materials was carried out by the gravimetric method
under isothermal conditions. The method made it possible to quickly select the conditions in
which the largest specific yield of carbon is achieved.

The specific yield of carbon nanotubes, 1, was determined by the following ratio:

n =(rnprod - mcat.)/mcat' (2)
here, 1 - the specific yield of the nanomaterial, gc/gcat; meat. - the catalyst mass loaded into
the reactor, g; mprod. - the mass of the obtained product.

Results and Discussion

Experimental studies to determine the dependence of carbon nanotube-specific yield n on
process time were conducted at 550 to 700 °C and hydrocarbon flow rates of 15 to 20 1/h
(Figure 1).

The initial period (*10 min) describes the stage of reduction of Ni, Co, Fe and Mo oxides to
metal, accumulation of free carbon and formation of carbon nanotube particles. The active
phase of synthesis lasts 9+10 minutes and ensures that 1 is within the limits of 22 gc/gcat. Then
the growth of nanostructures stops.
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Fig. 1 Dependence of specific yield of carbon nanotubes (1) on pyrolysis time (T).

To determine the influence of the thickness of the catalyst layer on the productivity of the
product, different weights of the catalyst were placed in the "boat" (average bulk density
px=480 kg/m?3) and spread evenly over the entire surface (Sboa=0.1-10-3 m?2). The thickness of
the catalyst layer was changed in the range of hk=0.1+2 mm, and the loaded catalyst mass was
determined as mk=pkSboahk. Experiments were conducted for 10 minutes at 550 to 700 °C and
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15 to 20 1/h hydrocarbon flow rate. The duration of the procedure was selected based on
previous experience.
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Fig. 2 Dependence of the specific yield of carbon nanotubes (Ky) and reactor
productivity (Q) on the thickness of the catalyst layer (hx)

The thickness of the catalyst layer hxx0.2+0.3 mm was determined for conducting
experiments and setting the calculation parameters of the experimental-industrial device for
the synthesis of carbon nanotubes. The effect of temperature on the specific yield was studied
in the temperature range of 550+700 °C with a step of 10 °C. The thickness of the catalyst layer
was hkx0.2 mm (m=12 mg), the consumption of carbon-retaining gas was 9+0.1 1/hour, and the
time of the process was 12 minutes. The results of experimental studies (Figure 5) showed that
from 620 °C, the process temperature does not affect the specific yield of carbon nanotubes,
whichwas 5 ~22g./g,,.
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Fig. 3 The graph of the temperature (T) dependence of the specific yield of carbon
nanotubes (1)

The conducted experiments made it possible to determine the laws of the kinetics of carbon
nanomaterials (CNM) synthesis, establish the exact conditions of its transfer in a flow-type
reactor, and determine the dependence of 1 on the parameters of the main regime. These
studies, carried out at the initial stage of the work, made it possible to make sure that using a
propane-butane mixture, the synthesis of carbon nanotubes is possible with this catalyst and
its production technology.

A method based on measuring the electromagnetic properties of the synthesized material.
To study the kinetics of the carbon nanotuyrmation process, an original method was
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developed based on measuring the complex dielectric absorption of the catalyst and carbon
nanotubes placed in the reaction zone called electrographic. Depending on the size of the
catalyst, carbon nanotubes, as well as the material placed in the reactor, the complex dielectric
absorbance of the catalyst, carbon nanotubes, and the corresponding signal coming to the
counting device and reflected on the monitor screen also change.

Electronic gas
miser

Reactor

SR

- .

Computer - control unit

Fig. 4 The scheme of the device for determining the Kkinetics of the carbon nanotube
formation process

To implement this method of researching the kinetic characteristics of the carbon nanotube
synthesis process, an original design of the device was created and worked out, its scheme is
shown in Fig. 4.

By catalytic pyrolysis of organic and inorganic compounds containing carbon in the device,
it is possible to change the conditions of the carbon nanotube production process, monitor the
reaction mass change in the reactor cell, and monitor the information obtained on the monitor
screen in real-time.
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Fig. 5 Microstructure of the obtained materials
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Timely stopping of the synthesis at the end of the growth of nanostructures, which was
carried out within the framework of this experiment, allowed not only to significantly optimize
the processing time but also to obtain carborWubes with high-quality properties. Scanning
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microscopy data (Fig. 5) show that the synthesized material consists almost entirely of tubular
nanocarbon with a narrow range of diameters (15-20 nm) with a minimal amount of
amorphous carbon (<3-5 %). The conducted studies allow us to conclude that carbon
nanotubes can be synthesized by catalytic pyrolysis of the propane-butane mixture
(c,H, I C,H,, =50/50% ) using this type of catalyst (15%Ni*5%Co*5%Fe*5%Cu*2%Mo / HSZ ).
The known mode parameters and the obtained relationships are the basis of the
recommendations for the design of laboratory reactors for the synthesis of carbon nanotubes
by catalytic pyrolysis with a fixed bed of catalyst. The synthesis was carried out at atmospheric
pressure in the temperature range of 500+700 °C, the pyrolysis time was changed to the range
of 5+30 min. At the end of the process, the reactor was cooled in a stream of argon. The
processing of the obtained data allows getting the relationships that evaluate the impact of the
processing time on the relative productivity of the product (Fig. 6). The maximum 1 was
reached approximately 35 min after the start of the process.
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Fig. 6 The graph of dependences of CNM 1 specific yield on pyrolysis time ()

Despite the different nature of the mass growth curves of the carbon nanotubes used in the
reactors, , ~18g. / g.,,. was approximately the same magnitude.
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Fig. 7 The graph of dependence of mass (m) of obtained CNM on pyrolysis temperature
(T)

The results of the study of the efficiency of the synthesis depending on the temperature allow
recording 640-650 °C as the optimal range. A further increase in temperature causes an
acceleration of pyrolysis and the subsequent accumulation of excess free carbon. These carbon
nanotubes screen the surface of the active centres of the formation of bubbles, causing the
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accumulation of its amorphous constituent. As a result, the activity of the catalyst decreases,
and the amount of synthesized carbon nanotubes decreases dramatically.

Correlations showing the effect of catalyst layer thickness on 1 and reactor productivity are
shown in Figures 8 and 9 for laboratory and pilot reactors, respectively. Different amounts of
catalyst (layer thickness varied from 0.05 to 2 mm) were placed in the reactor. Experiments
were conducted at 650 °C and gas consumption of 85 1/h - laboratory reactor and 120 1/h -
pilot-industrial reactor. The cycle time was 30 minutes.
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Fig. 8 The graph of dependences of CNM specific productivity (1, gc/cat) and reactor
productivity (Q, g/h) on the thickness of the catalyst layer (hk, mm) in the laboratory
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Fig. 9 CNM comparative productivity (1, gc/cat) and reactor productivity (Q, g/h) to the 5‘,
thickness of the catalyst layer in the pilot reactor (hx, mm) graph of dependencies ;g
]

Analyzing the relationships obtained, it can be concluded that hx=0.25-0.4 mm is a
reasonable value of the thickness of the catalyst layer in the studied reactors with a fixed layer
of the catalyst.

The results of experimental studies of the effect of hydrocarbon consumption on relative
productivity are presented in Figure 10. As the hydrocarbon feed rate increases, the relative
yield of the product increases. The maximum specific productivity was achieved at
consumption values of 80 1/h - laboratory reactor and 100 1/h - pilot-industrial reactor.
However, with a further increase in consumption, the amount of stratified carbon decreases. In
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this case, the catalytic particles are covered with layers of carbon that cause the deactivation of
the catalyst.

8 40 60 80 100 120 150 Q, I'h
. laboratory reactor

B pilot reactor

Fig. 10 The graph of dependencies of CNM (1) specific productivity on propane-butane
consumption (Q, 1/h)

The study of the effects of mode parameters (t, T, h, Q) on the number of synthesized carbon
nanotubes allows obtaining initial data for establishing technological modes of operation. A
microphotograph of the resulting nanocarbon obtained by scanning electron microscopy is
shown in Figure 11 below.

= » _-)’.1_ . 27

Fig. 11 TEM image of the initial (a) and treated with nitric acid for 8 hours (b)
nanocarbon
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Conclusion

Thus, the process of obtaining nanocarbon and hydrogen from the propane-butane fraction
was studied in the presence of a catalyst containing 15%Ni*5%Co*5%Fe*5%Cu*2%Mo / HSZ
high catalytic activity and selectivity. Experimental studies to determine the dependence of
carbon nanotube-specific yield on process time were conducted at 550 to 700 °C and
hydrocarbon flow rates of 15 to 20 1/h.
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The initial period of time (10 min) is the stage of reduction of Ni, Co, Fe and Mo oxides to metal,
accumulation of free carbon and formation of carbon nanotube particles, the active phase of
synthesis lasts 9+10 min and ensures 1 within the limits of 22gc/gcat. The effect of temperature
on the specific yield was investigated in the temperature range of 550+700 °C with a step of 10
°C. The thickness of the catalyst layer was hkx0.2 mm (m=12 mg), the consumption of carbon-
retaining gas was 9+0.1 I/hour, and the time of the process was 12 minutes. According to the
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results of experimental studies, starting from 620 °C, the process temperature does not affect
the specific yield of carbon nanotubes, which was n~22g./g_,-
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