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Abstract: Catalytic processing of organochlorine wastes is considered an eco-friendly technology.
Moreover, it allows us to obtain a value-added product—nanostructured carbon materials. However,
the realization of this process is complicated by the aggressiveness of the reaction medium due to
the presence of active chlorine species. The present research is focused on the characteristics of the
carbon product obtained over the Ni-Pd catalyst containing 5 wt% of palladium in various quartz
reactors: from a lab-scale reactor equipped with McBain balance to scaled-up reactors producing
hundreds of grams. 1,2-dichloroethane was used as a model chlorine-substituted organic compound.
The characterization of the materials was performed using scanning and transmission electron
microscopies, Raman spectroscopy, and low-temperature nitrogen adsorption. Depending on the
reactor type, the carbon yield varied from 14.0 to 24.2 g/g(cat). The resulting carbon nanofibers
possess a segmented structure with disordered packaging of the graphene layers. It is shown that the
carbon deposits are also different in density, structure, and morphology, depending on the type of
reactor. Thus, the specific surface area changed from 405 to 262 and 286 m? /g for the products from
reactor #1, #2, and #3, correspondingly. The main condition providing the growth of a fluffy carbon
product is found to be its ability to grow in any direction. If the reactor walls limit the carbon growing
process, the carbon product is represented by very dense fibers that can finally crack the reactor.

Keywords: catalytic chemical vapor deposition; 1,2-dichloroethane; Ni-Pd alloy; metal dusting;
carbon nanofibers; characterization

1. Introduction

Due to a growing world production volume of such chlorine-substituted hydrocarbons
as dichloroethane, vinylidene chloride, vinyl chloride, etc., the utilization of harmful
organochlorine wastes is of great importance [1]. Most of these wastes come from the
production of vinyl chloride [2], which is a starting monomer for the manufacturing of
polyvinyl chloride—a highly demanded material in the modern polymer industry. Thus, the
production of one ton of vinyl chloride is accompanied by the appearance of nearly 50 kg
of organochlorine wastes, represented by a complex mixture of chlorinated derivatives of
ethane and ethylene. All these substances are xenobiotics, i.e., they are foreign to the body
or to an ecological system and therefore exert highly toxic effects on living forms, including
humans [3-5].

Most conventional utilization approaches are not applicable for chlorine-containing
wastes. For instance, the open burning of chlorinated substances leads to the formation of
even more hazardous compounds [6,7]. The landfill of such wastes also causes ecological
disasters [8]. Therefore, the catalytic processing of chlorine-substituted organics seems
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to be the most prospective. In this case, two scenarios can be considered: hydrogen-
assisted dechlorination with the formation of corresponding unsubstituted hydrocarbons
and complete decomposition with the formation of a solid carbon product [9]. The present
research deals with the second scenario. As is known, the catalytic decomposition of
hydrocarbons, including chlorine-substituted ones, proceeds over iron subgroup metals via
the so-called carbide cycle mechanism [10]. Among these metals, nickel possesses higher
resistance to chlorination, since the formation of metal chlorides completely deactivates
the catalyst. The addition of odd hydrogen into the reaction mixture allows cleaning the
nickel surface from the chemisorbed chlorine species, thus stipulating the pulse regime
of the catalytic process. The solid carbon product of this process is represented by carbon
nanofibers (CNF) with a unique segmented structure [11,12]. It should be noted that the
potential of the practical application of CNFs intensively grows every year [13,14]. In recent
years, such materials have been notably attractive for application in various electrochemical
processes [15-20].

Despite the high resistance of Ni to the chlorine action, pure nickel catalysts undergo
deactivation caused by the formation of amorphous carbon blocking the active surface of
nickel particles. Doping nickel with other metals (Cr, Co, Cu, Mo, W, Pd, Pt) results in
the enhanced activity and elongated stability of Ni-based catalysts [11,21,22]. It should be
emphasized that both bulk alloys and specially prepared porous alloy systems can serve as
precursors of self-organizing catalysts [11,23]. In this case, the initial alloy samples undergo
rapid disintegration under the action of an aggressive chlorine-containing medium. This
phenomenon is well-known in the literature under the name of metal dusting (MD) [24,25].
In industry, the MD process is negatively associated with the destruction of metal reactors
and pipelines [26-29]. However, in recent decades, this phenomenon has been more often
considered an alternative method of catalyst preparation for CNF production [30,31]. At the
same time, the chemical aggressiveness of the reaction gas mixture restricts the application
of metal reactors for the target decomposition of organochlorine wastes. Therefore, all
heated elements of the installations used for this purpose are usually made of quartz.

Until now, the pilot-scale utilization of chlorine-containing compounds deals with their
incineration or catalytic oxidation [32-36]. At the same time, their gas-phase conversion into
nanostructured carbon is mainly utilized at the fundamental level. Therefore, the present
work aims to scale up the process of catalytic decomposition of chlorinated hydrocarbons
with the formation of the nanostructured carbon product. In general, the upscaling of any
process proceeds through several stages, including the detailed analysis of kinetics and
thermodynamics [37-39]. In materials science, when the target product is obtained using
the chemical vapor deposition technique, the main challenge to be solved in upscaling is to
maintain the uniformity and quality of the material [40].

In the present work, 1,2-dichloroethane (DCE) was used as a representative of the
mentioned class of organochlorine compounds. The Ni-Pd alloy with palladium content of
5 wt% was chosen as a catalyst providing high enough efficiency [23,41]. Three different
reactor types were examined. Attention was mainly paid to the characteristics of the
solid carbon product being produced. The carbon deposits were studied by scanning
and transmission electron microscopies, low-temperature adsorption of nitrogen, and
Raman spectroscopy.

2. Materials and Methods
2.1. Synthesis of the Ni-Pd Catalyst

An Ni-Pd alloy containing 5 wt% of palladium was synthesized by a co-precipitation
technique as described elsewhere [42]. Precursor salts (K;PdCly and Ni(NO3),-6H,0)
were taken in a certain ratio and dissolved in deionized water (100 mL). The obtained
joint solution was mixed dropwise with an aqueous solution of NaHCO;3 (0.1 M) at a
temperature of 70 °C and was vigorously stirred. The pH was kept within a range of
7.0-9.0 by adding the precipitator (NaHCOj3). The sediment was centrifuged, washed with
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distilled water, and dried at 105 °C for 12 h. After the drying, the sample was treated in a
hydrogen flow at 800 °C for 30 min and cooled down in a helium flow.

2.2. Scaling up the Catalytic Decomposition Process

The catalytic experiments were performed using 1,2-dichloroethane (DCE) as a model
organochlorine compound. Three reactor types were used to study the scaling up of the
DCE decomposition process. The principal schemes of the experimental installations are
shown in Figure 1. In all three cases, the temperature of the process was 600 °C, and
the duration was 2 h. The inlet gas flows (argon and hydrogen) were regulated using
digital flow mass controllers (Figure 1, position 2). The outlet reaction mixture containing
aggressive HCl vapors was passed through an alkali trap (Figure 1, position 14).

Analysis

B

Hydrogen

Figure 1. Principal schemes of the experimental installations equipped with reactor #1 (a), reactor
#2 (b), and reactor #3 (c) and used for scaling up the process of catalytic decomposition of chlorinated
hydrocarbons: 1—gas cylinders; 2—flow mass controllers; 3—saturator with DCE; 4—quartz reactor
with McBain balance; 5—heating zone; 6—catalyst’s sample; 7—foamed quartz basket; 8—Ilab flow-
through quartz reactor; 9—scaled-up quartz reactor; 10—evaporator; 11—carbon collector; 12—vessel
with DCE; 13—pump; 14—alkali trap.

The first reactor type was a tubular quartz reactor equipped with McBain balance
(Figure 1a). This lab-scale reactor allowed us to measure the weight of the sample during
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the experiment, thus following the kinetics of the carbon deposition process. In this case,
the specimen (2 mg) of NiPd alloy was placed inside a basket made of foamed quartz
(Figure 1, position 7). The basket with the sample was fixed inside the reactor within the
heating zone using quartz spring and quartz thread. The coefficient of a stretch of the
spring was 12.68 mm/g. The stretching of the spring was monitored using a cathetometer
with an accuracy of 0.01 mm. Before the experiment, the reactor was heated to 600 °C with
a ramping rate of 10 °C/min in a flow of pure argon (9 L/h). Then, the reactor was fed with
hydrogen (6 L/h) to reduce the surface oxide layer. After these pretreatment procedures,
an argon flow (9 L/h) was passed through the saturator with DCE (Figure 1, position 3),
mixed with a hydrogen flow (6 L/h), and directed to the reactor. The obtained composition
of the reaction mixture was 7.5 vol% DCE, 37.5 vol% H,, and 55 vol% Ar. Note that the
reaction flow direction was downward. The sample weight was controlled every 2 min,
and the time dependence of the weight gain was plotted. After 2 h, the experiment was
stopped, and the reactor was cooled down to room temperature in an argon flow.

The second reactor type was a quartz tube with a quartz filter (Figure 1b). The tube
was inserted into a quartz vessel with external heating elements. A specimen (100 mg) of
NiPd alloy was located on the quartz filter of the reactor. All the pretreatment procedures
and reaction conditions were similar to those in the previous case. In this case, the reaction
flow direction was upward.

The third reactor type was an enlarged quartz tubular reactor (Figure 1c). The specimen
(1 g) of NiPd alloy was placed on the quartz plate located below the evaporator. All the
pretreatment procedures and reaction conditions were similar to those in the first case. The
only exception was that DCE was fed into the reactor in a liquid state by the pump (Figure 1,
position 13). Passing the evaporator (Figure 1, position 10), DCE vapors were mixed with
argon and hydrogen flows, providing a reaction mixture composition of 7.5 vol% DCE,
37.5 vol% H,, and 55 vol% Ar. In this case, the reaction flow direction was downward. The
accumulated carbon product was unloaded via a collector (Figure 1, position 11) installed
at the bottom of the reactor. The unloading of the carbon product from the plate occurred
spontaneously when the plate was overfilled with the deposited carbon.

In all cases, the unloaded carbon product was weighted. The carbon yield (Y¢) was
calculated as: I

C — Mcat
Yc — @
where m is the carbon product weight (g), and m is the catalyst’s specimen (g). The bulk
density was estimated as:
Ve
me

0= @)

where V¢ is the carbon product volume (cm?).

2.3. Characterization of the Carbon Product

The secondary structure of the carbon product was investigated by scanning electron
microscopy (SEM) using a JSM-6460 microscope (JEOL Ltd., Tokyo, Japan). The microscope
gives magnifications in a range from x8 to x300,000.

The studies of the primary structure and morphology of the carbon nanomaterials
were performed by transmission electron microscopy using a JEM-2010 microscope (JEOL
Ltd., Tokyo, Japan), working at an accelerating voltage of 200 kV and possessing a lattice
resolution of 0.14 nm. The samples were ultrasonically dispersed and deposited on the
carbon support over the copper grids.

The pore volume (Vpore) and specific surface area (SSA) of the carbon product were
measured by means of low-temperature nitrogen adsorption. The adsorption/desorption
isotherms were obtained at 77 K using an ASAP-2400 instrument (Micromeritics, Norcross,
GA, USA).

The Raman spectra were recorded using a Horiba Jobin Yvon HR800 spectrometer
(Horiba Ltd., Kyoto, Japan). An Nd:YAG laser line at 532 nm was used for excitation.
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3. Results and Discussion

1,2-dichloroethane (also known as ethylene dichloride) is a colorless liquid with a
boiling point of 84 °C. Therefore, in order to feed the reactor with DCE, the saturation of
carrier gas with DCE vapors or direct feeding with subsequent evaporation of liquid DCE
can be used.

It should also be noted that all catalytic experiments were performed at a tempera-
ture of 600 °C. Generally speaking, the reaction conditions, including the temperature,
significantly affect the efficiency of the process [9,43]. At temperatures below 450 °C, the
process is prevented due to the formation of nickel chloride phase on the surface of nickel
particles [9]. On the contrary, at relatively high temperatures, the catalyst’s surface can be
blocked by the deposition of amorphous carbon. The optimal reaction temperature was
found to be 600 °C, which corresponds to the highest yield of carbon product [42].

The first reaction scheme (Figure 1a) is suitable for fundamental studies of the DCE
decomposition process. The use of McBain balances installed inside the reactor allows one
to monitor the sample weight during the process, thus following the kinetics of carbon
deposition. In this case, DCE was fed into the reactor through the saturation route. This
scheme was utilized in a number of recently published papers [9,11,21-23]. The main
disadvantages of this scheme should be noted. First of all, only a limited amount of the
catalyst (a few mg) that can be loaded inside the basket. Secondly, the experiment has a
limited duration since the carbon product overfills the basket at higher carbon yield values.
Finally, the efficiency of the reaction gas contact with the catalyst is estimated not to exceed
10-15%. The other part of the reaction gas flows along the reactor walls without contact
with the sample inside the basket.

Figure 2 demonstrates the carbon accumulation curve recorded using reactor #1 with
McBain balance. Typically, the process is characterized by the presence of an induction
period when no noticeable changes in the sample weight are seen. During this period,
the carbon corrosion of the metal surface, the formation of microsized domains, and the
appearance of the active particles catalyzing the growth of carbon fibers take place [23,44].
In the case of chlorine-containing medium, the induction period is significantly shortened if
compared with other carburizing atmospheres [24,31] and does not exceed tens of minutes.
After the induction period, the stage of intensive carbon deposition goes on (Figure 2). As
one can notice from the graph, the experiment was stopped after 2 h from the beginning.
The quartz basket with the accumulated carbon product is shown in Figure 3a. The basket
is almost overfilled with the product. The unloaded carbon sample was weighted, and
the carbon yield was estimated to be 19.3 g/g (cat) (see Table 1). The bulk density of this
sample was found to be 0.038 cm3/ g.

4000 4
o 3000- Intensive
S Carbon
£ Deposition
>
« 2000 -
=
o
)
= 10004 Induction
Period
04
) v ) v ) v ) v ) v ) v )
0 20 40 60 80 100 120
Time, min

Figure 2. Kinetics of the carbon deposition over Ni-Pd catalyst at 600 °C for 2 h (reactor #1).
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(a) (b)
¢
Figure 3. Photographs of the carbon products accumulated using various reactors: (a) reactor #1;
(b) reactor #2; (c) reactor #3.
Table 1. Characteristics of the carbon products accumulated over Ni-Pd catalyst at 600 °C for 2 h.
Reactor Carbon Yield, g/g (Cat) Density, g/cm3 SSA, m?/g Vpore, cm3/g Ip/Ig L, A
#1 19.3 0.038 405 0.87 1.79 15.9
#2 14.0 0.057 262 0.54 2.27 17.9
#3 242 0.036 286 0.67 2.34 18.2

In the second reactor scheme (Figure 1b), the quartz tube reactor with a quartz filter
was used. The DCE-containing reaction mixture was also formed via the saturation route.
The reaction gas flow goes upward through the filter and interacts with the uploaded
sample. The efficiency of gas contact with the alloy particles was close to 100%, which is
one of the advantages of this scheme. The second advantage is the more efficient preheating
of the reaction mixture before its entrance into the reaction zone. Moreover, a large amount
of the catalyst can be uploaded into the reactor, which is also a positive feature. On the
other hand, the reaction volume is limited by the reactor walls. As is known, the growth of
filamentous carbon proceeds in all directions. Therefore, at low gas flow rates, the carbon
product growing in both the axial and radial directions halts the reactor near the filter. The
gas flow rates used in the presented experiments were optimized in order to achieve the
fluidized bed regime. In this case, each catalytic particle with growing carbon filaments is
in motion. Such process parameters allow filling about 80% of the reactor volume. Herein,
the process duration was also 2 h. Figure 3b demonstrates the reactor with the accumulated
product. Despite the more efficient contact of the gas phase with the catalyst, the carbon
yield was just 14.0 g/g(cat). Another feature of the obtained material is the highest bulk
density—0.057 cm?/g (Table 1). Such a low carbon yield can be explained by the observed
compaction of the carbon product due to the realization of the fluidized bed regime. The
formation of the dense carbon agglomerates complicates the diffusion of the reaction gas to
the active metal particles.

The third reactor scheme is the next step in scaling up the process. Herein, DCE in
a liquid state was fed into the evaporator installed directly inside the reactor above the
main reaction zone. Note that the close location of the evaporator to the plate with the
catalyst also provides nearly 100% efficiency of their contact. The reaction mixture flows
in the downward direction. The use of the quartz plate to hold the sample eliminates the
limitation effects of the reactor walls. The carbon product overfilling the plate falls down to
the collector at the bottom of the reactor. The collector with the carbon product is shown in
Figure 3c. The carbon yield after 2 h of the experiment reaches the highest value of 24.2 g/¢g
(cat), whereas the density is lowest (Table 1).

Table 1 also presents the low-temperature nitrogen adsorption data for all the accu-
mulated carbon products. The product from reactor #1 possesses the highest values of
SSA and pore volume. In the case of reactor #2, the SSA value diminishes by more than
1.5 times, from 405 to 262 m?/g. The pore volume also decreases by 1.6 times. These
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Nitrogen Volume Adsorbed, cm3/g

700

measurements correlate well with the observed changes in the bulk density. The carbon
product accumulated in reactor #3 stands in the middle position between these samples,
despite having the lowest density. As one can note, the textural characteristics of the
nanostructured carbon product are affected by the reactor type. At the same time, Figure 4
indicates that the low-temperature nitrogen adsorption/desorption isotherms for all three
carbon products are very similar to each other. In accordance with the International Union
of Pure and Applied Chemistry (IUPAC) classification [45], all isotherms belong to Type IV
with the H3 hysteresis loop.
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Figure 4. Low-temperature nitrogen adsorption/desorption isotherms of the carbon product obtained
in different reactors: (a) reactor #1; (b) reactor #2; (c) reactor #3.

The precise characterization of the three obtained carbon samples was performed
by means of electron microscopy and Raman spectrometry. SEM images of the carbon
products from different reactors are shown in Figure 5. In general, all the samples are
represented by bunches of carbon filaments. However, at a close examination, the secondary
structures of the samples are different. The CNF#1 sample (from reactor #1) looks very
fluffy and is composed of thin carbon filaments (Figure 5a). The metal particles catalyzing
their growth can be seen. As shown in Figure 5b, the fibers have a regular segmented
structure. One active metal particle can catalyze the simultaneous growth of a few fibers in
various directions. On the contrary, the CNF#2 sample consists of dense lumps composed
of carbon filaments (Figure 5c). The fibers are compact and well-shaped (Figure 5d). No
segmented structuring is observed in this case. The third carbon product (sample CNF#3)
is represented by the thinned bundles of carbon fibers (Figure 5e). Each filament possesses
a segmented structure, which is not as regular as in the case of sample CNF#1 (Figure 5f).
Such irregularity in the structure can be connected to a pulse character of DCE evaporation.
It is important to note that, in all cases, the diameters of the representative filaments are
very close to each other—about 0.8 pm.

The primary structure of the carbon filaments was examined by TEM. The correspond-
ing images are shown in Figure 6. For sample CNF#1 (Figure 6(al-a4)), the feather-like
morphology of the filaments is easily seen. The fibers can be different in size, but they are
similar in the primary structure. In the case of sample CNF#2, dense and highly ordered
filaments along with areas of amorphous carbon are observed (Figure 6(b1,b2)). At the same
time, some non-uniformity in the density of filaments can be supposed (Figure 6(b3,b4)).
The filaments of the CNF#3 sample belong to two types (Figure 6(c1-c4)). The first type is
relatively large fibers with an irregular defected structure. They partly echo the fibers of
the sample CNF#1. The second type is much thinner fibers with a discrete structure. Their
presence explains the lower SSA value for this sample if compared with the sample CNF#1
(Table 1).
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Figure 5. SEM images of the carbon nanostructures produced in different reactors: (a,b) reactor #1;
(c,d) reactor #2; (e,f) reactor #3.

As opposed to microscopy techniques, Raman spectrometry gives average information
regarding the bulk structure of carbon materials [46]. The Raman spectra for the accumu-
lated carbon products are compared in Figure 7a—c. All the spectra exhibit the D band at
~1340 cm~! and the G band at ~1590 cm~!. The first band is connected with a breathing
mode A [47,48], whereas the second band corresponds to the allowed vibrations Epg of
the hexagonal lattice of graphite [49].
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Figure 6. TEM images of the carbon nanostructures produced in different reactors: (al-a4) reactor #1;
(b1-b4) reactor #2; (c1-c4) reactor #3.
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The D, bands at ~1614 cm~! are close to the bands at 1620 cm !, corresponding to
the disordered graphitic lattice (surface graphene layers, Eo; symmetry) [50]. The bands
Dj; at ~1520 cm~! and Dy at ~1200 cm ™! are observed for all samples. These bands can be
assigned to amorphous carbon and disordered graphitic lattice (A5 symmetry) or polyenes,
which are typical for soot and related carbonaceous materials [51]. Their average relative
intensities are Ipg /g ~ 0.3 and Ipy /g ~ 0.2. For the curve fitting of the second-order bands,
the standard set of the bands 2D, D + Dy, 2D,, and G* ~ D4+D was used. Along with
this, two sets of the bands 2D and D + D, with significantly different half-width were
used for the approximation of the experimental spectra. All this can correlate with the
inhomogeneity of the carbon fibers or characterize the process of their growth. The typical
sizes of the cluster diameter (in-plane correlation length) L, calculated in accordance with
the equation Ip/Ig = C’ (A\)-L,? proposed by Ferrari and Robertson [48] lie in a range
of 16-18 A. The intensity ratios Ip/Ig and L, parameters for the samples are presented
in Table 1. Although the changes in this parameter are not so crucial, the samples can
be ranked in the following order with regard to the defectiveness of the bulk structure:
CNF#3 < CNF#2 < CNF#1. As one can see in Figure 7d, along with the changes in the Ip /Ig
ratio, the portion of amorphous carbon in the samples (Ip3/Ig) is influenced by the reactor
type as well.

The main process parameters are summarized in Table 2. In order to obtain the
numerical data, the Reynolds numbers and the residence time values were calculated. The
Reynolds number is the main parameter defining the fluid dynamic properties of the gas
flow. It was calculated using the following equation:

Re = ud 3)

where u is a linear velocity (m-s~!), d is a linear dimension defining the flow changes in the
system (m), and v is a kinematic viscosity (m?-s~1). The value of the kinematic viscosity of
argon at 600 °C of 8.7 x 107> m?-s~! was used for the calculations. The tube diameter was
used as the linear dimension 4.

Table 2. Process parameters for the considered reactor types.

Parameter Reactor #1 Reactor #2 Reactor #3
Flow direction downward upward downward
Specimen, mg 2 100 1000

Residence time, s 0.0003 0.016 0.16
Reynolds number 2.9 6.9 4.0
Flow regime laminar laminar laminar

As is known, the flow regime is laminar when the Reynolds number is below the
critical value. For the case of a gas flow in a cylindrical tube, the critical value is equal to
2000 [52]. Therefore, for all three cases, the flow regime is laminar.

The residence time was calculated as a ratio of the catalyst volume to the volume
flow rate. The volume of the used Ni-Pd catalyst was estimated for the catalyst density
p = 1.5 g-em~3. The upscaling of the process increases this parameter by 50 and 500 times
for reactor #2 and reactor #3, correspondingly.

4. Conclusions

Chlorinated plastics are the third-most widely produced polymer materials. Besides
their direct impact on the environment, the huge amounts of organochlorine wastes from
their production are accumulated in depositories without appropriate processing. The
use of conventional industrial equipment for the utilization of such wastes is restricted
due to their high aggressiveness. The present research aimed to make a step forward in
solving this problem by scaling up the process of catalytic decomposition of chlorinated
organic compounds from the current fundamental level to the semi-pilot scale. All parts of
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the used reactor installations were made of quartz. 1,2-dichloroethane, used as a model
chlorine-containing compound, was converted into nanostructured carbon materials, which
are considered a value-added product. It was demonstrated that scaling up the process
noticeably affects the characteristics of the deposited carbon. An increase in the bulk density
of the filamentous carbon is accompanied by a drop in the specific surface area and pore
volume of the materials. The variation of the reactor scheme with the reaction volume
limited by the reactor walls gives the product with worst characteristics. Contrastingly, the
scheme with a quartz plate used to hold the catalyst along with the liquid feeding of DCE
into the reaction zone through the evaporator gives the product close in characteristics to
the carbon nanostructures produced in a lab-scale reactor. It is important to note that the
pump feeding of the liquid organochlorine substrate has an additional advantage. The real
organochlorine wastes are represented by a complex mixture of various chlorine-substituted
compounds. The use of the saturation approach is restricted due to the difference in
boiling points of these chemicals. Therefore, the gas flow will be enriched with lighter
components, and the gas phase composition will vary in time. In the case of pump feeding,
all the components come to the reactor simultaneously at a constant concentration. The
performed research has demonstrated that the process of DCE decomposition can be
scaled up, thus producing a 500-times higher amount of carbon product with appropriate
structural properties.
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