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SELECTION OF CATALYSTS FOR THE
PROCESS OF OXIDATIVE CONDENSATION
OF METHANE USING THE INTELLIGENT
DECISION SUPPORT SYSTEM

OcKinvku Girpwicms XiMMHUX NPOYECI6 € KAMALTMUYHUMU, MO NPodaema 6udOpYy Kamarizamopie mpaouyiuno
Po32AsA0aembCst 8 6azamvox NYOIKAUISX Ma SUCCIMAIOEMbCS Ha bazamvox inmepuem caimax. B daniii pobomi
aK 06’exm docaioncenns po3ziidacmocs Kamaiimuuull nPouec OKUCII06AIbHOT Kondencayil memany ma inme-
JIeKMYANbHi MeXHOL02ii ananisy ma npuinsmms pimens 3a0is 6ub0py HAUKPAW,020 eapianmy Kamaiisamopa.
B pesyrvomami eusuenns uucieHnux oxcepen OYi0 SUHAUEHO, U0 3adaui, noe’s3ami iz eubOpom HAUKPAW,020
8 KONMCHOMY KOHKPEMHOMY BUNAOKY KAMALi3amopa, 4acmo oydice nHeoonosnauni ma cxiaouni. Tomy Oyov-sika in-
popmayitina niompumka npu piwenni sadau, noe’A3anux i3 6U6OPoOM Kamauizamopis, 6yoe xopucnolo. Beiuxa
KinvKicmo iHopMayii, 3a1yuenns CyuacHux KOMN 1iomepHux mexHonozii ma 3Hamsv Kealipikosanux excnep-
mie — 6ce ye pooUmb CMEOPeHHs. THMELeKMYaivHol CUcmemy NiOMpPUMKY NPULHAMMS PDIUeHb 6aNCIUB0I0 Ma
peanvioro 3adauero.

Jlana poboma nanpasiena na pospooKy iHmeiexmyaivroi cucmemu niOMpPUMKU NPUUHAMMS piiens st
6UOOPY HAUOLILW eHeKMUBHO20 KAMANIZ3AMOPY NPOUECY OKUCTIOBANILHOT KOHOeHCayii Memay.

Memoou, wo o6pani ¢ cucmemi 0t NpuiHIMMSL piens, — ye Memod anaii3y Epapxii ma iHmeiexmyaiy-
Hutl ananiz danux na 6asi depee piwens. Hepwuil 3 nux nompebye yuacmi 100unU-eKcnepma, opyzuil GUKOHYE
inmenexmyanvnuil ananiz danux 6es yuacmi axisys. Cnio saysaxcumu, wo 6ubip ocmantvo20 6y6 00yMOsaeHULL
we mum, w0 Memoou Ha OCHOBL Oepes Piluenb 6X008mb 00 Nepuioi 0ecsamkiL 3a C60€10 epheKmuenicmio ous inme-
JIeKMYANbHO20 AHANIZY OAHUX.

st komn tomepnoi peanizauii cucmemu 6Yi0 SUKOPUCAHO 00 €EKMHO-OPIEHMOBHE NPOZPAMYEAHs Ha 0a3i
Microsoft Visual Studio.

B x00i sukonanns 0ociioncennus xpim ubOpy Kamaiizamopie i3 SUKOPUCMAHHAM PO3POOLEHOL cucmemu
NPUTUHSAMMSL Pilets, NPOBOOUTIOCH KOMN IOmepHe MOOeI08AHH NPOUECY OKUCIIOBAILHOI KOHOeHCayil memany
3 BUKOpUCMANHAM 0Opanux Kamaiisamopie ma 6yno oopano kpawguil eapianm cxemu. Ompumani pesyromamu
MOACYMb OYMu KOPUCHUMU HA eMAanax npoexmy6anis ma 6nposaoHcenis. 6i0noeionoz0 eupooHULMeEd, a maxoxic
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1. Introduction

The relevance of the problem of sustainable manu-
facturing in our time is not in doubt. Ensuring the sus-
tainability of chemical production is possible through the
implementation of the twelve principles of green chemistry,
among which the ninth principle reads: «Catalytic processes
(whenever possible the most selective) should always be
preferred». Currently, approximately 90 % of industrial
chemical and petrochemical industries use catalysts. Finding
the best catalyst for a particular process is no easy task.
Therefore, the presence of intelligent computer systems
which can help in finding the best solution for choos-
ing a catalyst is always relevant. That is why a study
is conducted, the result of which is a decision support
system for choosing a catalyst for the methane oxidative
condensation [1].

Copyright © 2020, Bugaieva L., Shagan D., Beznosyk Yu.
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

2. The ohject of research
and its technological audit

The object of research is the catalytic process of oxi-
dative condensation of methane (OCM) and intelligent
analysis and decision-making technologies to select the
best catalyst option. Many studies are devoted to the
problem of choosing catalysts that are most suitable for
use in this particular process. First of all, the catalysts
must have high activity and selectivity for the desired
products. However, the catalysts must exhibit good stabil-
ity and maintain their own activity and selectivity over
a long period of time. Finally, the catalysts should be
characterized by such physical properties that allow them
to work in production with minimal losses. Often, com-
binations of catalysts must be used to achieve chemical
process goals.

.
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Despite the high interest in the process of methane
oxidative condensation, as well as the fact that the mecha-
nism of the reaction and catalysts for the reaction of OCM
are considered in many studies, it still has not reached an
effective industrial implementation. It is clear that a good
choice of catalyst contributes to a better course of the
OCM process, and therefore contributes to obtaining high-
quality products. Given the complexity and multivariance
of the task of choosing a catalyst for the methane oxidative
condensation, it would be appropriate to develop a deci-
sion support system capable of issuing recommendations
for determining the most effective catalyst.

3. The aim and ohjectives of research

The aim of research is the design and development of
an intelligent decision support system to select the most
effective catalyst for the methane oxidative condensation.

To achieve this aim it is necessary to solve the fol-
lowing tasks:

1. To study the process of methane oxidative condensa-
tion and determine the characteristics by which the catalysts
should be selected for the process.

2. To develop appropriate software to solve the problem
of choosing the optimal catalyst, which should be part of
the decision support system (DSS).

4. Research of existing solutions
of the prohlem

Many publications were studied by the authors of the
presented work, which highlighted the general problems of
the choice of catalysts and the problems of the choice of
catalysts for the OCM process itself. For example, in [2],
criteria are given that can be used to select the best cata-
lyst for a particular oil refining process. At the same time,
the author notes that the price of the catalyst may be
a secondary factor. But other factors, such as possible raw
materials, reactor parameters and operating conditions, mar-
ket demand for products are much more important factors
when choosing the optimal catalyst. These factors should
be transformed into quantitative requirements for the cha-
racteristics of the catalyst, such as activity, selectivity and
stability. In the end, the selected catalysts must be checked
for compliance with these objective selection criteria.

One can cite another work [3] devoted to the main
aspects of this subject; but it also addresses other important
issues, among which the following are of particular interest.
The first aspect is how to make catalytic cracking more
environmentally friendly. The second aspect related to the
emergence of monatomic catalysts for the implementation
of important chemical reactions. The authors note that
recently the goal of many developments is the desire to
use raw materials such as pyrolysis oil, microalgae and such
biological waste, sawdust and various non-food products
from lignocellulose. An important task, however, is to ensure
that CO, can be converted into fuel or useful materials and
to reduce its concentration in the atmosphere. Therefore,
the authors noted significant progress in the development
of new catalysts, especially for the CO, treatment.

Many publications related to the subject of catalytic
processes can be cited. In the post-Soviet space, the well-
known Institute of Catalysis named after G. Boreskov of
the Siberian Branch of the Russian Academy of Sciences,

which publishes the «Catalysis in Industry» journal, on
the pages of which there are many publications devoted
to problems of catalytic processes [4]. Similar publications
are constantly appearing on the MIT website [5]. There
are more specific sites. with reference information, give
recommendations on the choice of catalysts, for example,
the site [6] provides in tabular form information on how
to choose gas purification catalysts.

The problems of catalytic processes are the subject of
many works both in well-known magazines and in informa-
tion resources on various sites. All of them are intended
to help technologists in deciding which catalyst is best for
a given process. But still, finding the best solution remains
a complex, multivariate, and often multi-step process. There-
fore, the development of a computer system that will help
in finding the best solution will always be a promising task.

In the last quarter of the 20th century after the oil
crisis, the view of petrochemists turned to natural gas as
an alternative source of hydrocarbons. Proven reserves
of natural gas exceed similar reserves of oil. In addition,
significant quantities of the main components of natural
gas-methane and ethane are formed during the processing
of biomass of plant and animal origin, as well as in the
processing of organic raw materials. As noted in [7], the
often repeated mantra that it is necessary to look for new
renewable energy sources is simply not true. It is currently
believed that there is enough natural gas in the world to
meet the needs of the planet for about 230 years! For
example, in January 2016, it was announced that Australia
would increase natural gas production by about 150 % over
the next 4 years. Until recently, the desire to discover and
use renewable raw materials for energy production and for
the production of materials was extremely strong. However,
now, the understanding that non-renewable reserves (such
as gas) are still sufficient, another emphasis appears. This is
the use of both non-renewable and renewable raw materials
in an environmentally efficient manner. Back and for the
processing of light hydrocarbons, the challenge remains
the creation of new eco-efficient technologies. One of such
technologies can be methane oxidative condensation (OCM),
which is being actively studied, as in the territory of the
former Soviet Union. For example, the work [8] describes
the OCM in the presence of new mesoporous amorphous
catalysts containing lanthanum, cerium ions and their mix-
tures. It was shown that the previously discovered effect
of the non-additive action of lanthanum and cerium ions
in the OCM process is a fundamental regularity that is
characteristic of both a mixture of oxides of these rare-earth
elements (REE) and these elements introduced into the
nanostructured silicate matrix of ions. In another work [9],
the OCM process was studied, which uses Li-W-Mn-0O-SiO,
composite materials as catalysts, which can be obtained us-
ing various synthesis methods: solid-phase, sol-gel synthesis
and silica impregnation (SI), as well as reagents of various
chemical nature. The authors of the work presented the
results and carried out a comparative analysis of the OCM
process taking into account data on the phase composition
of the Li-W-Mn-O-SiO, composites, which is formed using
various synthesis methods. The phase composition of the
composites after their participation in the OCM reaction
was determined. This assessment of the features of the
phase composition of Li-W-Mn-O-SiO, composites, which
affects their performance in the OCM. As it is possible to
see, even from these two works, the problem of choosing
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a catalyst has many options and almost every such publica-
tion adds a new layer of information that must be taken
into account when solving this problem.

It is possible to cite many publications of different re-
searchers on this topic. So, work [10] provides a whole report
on the design of an OCM installation in Pennsylvania (USA).
The resulting ethylene and ethane intended for sale to the
olefin plant for further processing into polymers and plastics.
All installation design data is provided. The OCM process
consumes 9.10 billion pounds of methane and 46.2 billion
pounds of oxygen per year. Methane and oxygen are con-
verted in four fixed-bed isothermal catalytic reactors. The
catalyst is LiMgO in the form of spherical granules with
a diameter of 50 mm. The project for the specific OCM
production presented in this work can be useful in com-
parison with similar industries and in terms of choosing
the most effective catalyst. The authors envisage further
studies of catalysts that will increase methane conversion in
combination with increased selectivity for C, hydrocarbons
and provide large profits.

A new concept for the OCM process with subsequent
oligomerization to liquid was developed as part of the EU
OCMOL project [11]. This technology is based on the prin-
ciples of process intensification using advanced structured
microreactor technology. It is also a fully integrated industrial
process through the reuse and recycling of by-products, in
particular CO», at every stage of the process. The focus is
on the engineering aspects of the main reaction steps, i. e.,
catalysts, kinetics and equipment. An analysis of this, as
in the previous project, can devote many pages.

Quite a lot of useful information on the choice of cata-
lysts for the OCM process can be found in [12]. In this
paper, let’s consider a complex microkinetic model that in-
cludes the characteristics of a catalyst and takes into ac-
count the homogeneous as well as heterogeneously catalyzed
reaction steps in the OCM process. The model was used
to evaluate large kinetic data sets obtained on 5 different
catalytic materials. Application models have been extended
from alkaline-magnesian catalysts represented by Li/MgO
and Sn-Li/MgO and alkaline-earth lanthanum catalysts rep-
resented by Sr/LayOs, to rare-earth alkaline-earth calcium
oxides provided by LaSr/CaO, and to a Na-Mn-W/SiO,.
The authors of this work were able to adequately simulate
the performance of all 5 investigated catalysts in terms of
conversion of reactants and selectivity of products in the
entire range of experimental conditions. It was found that
the activity of Sr/LayOs, in terms of methane conversion, is
about 2, 5, 30, and 33 times higher than over La-Sr/CaO,
Sn-Li/MgO, Na-Mn-W /SiO; and Li/MgO catalysts, respec-
tively, under the same operating conditions. This was mainly
due to the high stability of adsorbed hydroxyls, the high
stability of adsorbed oxygen, and the high concentration of
Sr/LayO3 active sites. It was revealed that the selectivity
with respect to Cy products depends on the coefficient of
adhesion of the methyl radical and the stability of adsorbed
oxygen and was the highest for the Na-W-Mn/SiO, cata-
lyst. Subsequently, the database created in the DSS being
developed was filled with this information.

A new version of the OCM process is considered in [13].
The new OCM process is based on adsorption. A low frac-
tion of ethylene in OCM is considered appropriate. The
proposed process is more reliable and flexible with a high
reactor capacity. Another advantage of the process is the
ability to use all the heat generated by the reaction. This

energy saving, combined with the high selective performance
of the reactor, can reduce carbon should to a value where
it is lower than for ethane cracking. That is, from the point
of view of continuous production, this is a significant ad-
vantage in places with strict emissions controls.

As can be seen from the reviewed works, the OCM
process always uses various catalysts. Typically, each of them
considers only a certain type or set of catalysts. Therefore,
when designing and exploring options for the OCM process,
computer support in the form of an intelligent DSS system,
in which there will be aggregated information from dispa-
rate sources, will always be useful. Based on the collected
information, databases (DB) and knowledge bases (KB)
of decision-making systems for choosing a catalyst for OCM
can be formed.

5. Methods of research

It should be noted that the process of methane oxidative
condensation has some advantages among other methods:

— to convert methane to ethylene, only one process

step is needed;

— ethylene is the main raw material for petrochemi-

cal synthesis, from which it is possible to get a wide

range of products;

— OCM reaction proceeds at atmospheric pressure (in

contrast to the Fischer — Tropsch synthesis [14]).

At the moment, researchers of the OCM reaction have
come to a consensus that this reaction proceeds according
to a homogeneous-heterogeneous mechanism [8]. This means
that methane activation occurs on the surface of a solid
oxide catalyst with a detachment of one hydrogen atom from
a methane molecule with the formation of CHj radicals (1).
The recombination of propellant radicals occurs in the gas
phase with the formation of an ethane molecule (2).

CH,4+[O] - CH3 +[OH], 1)

CH3*+CH3*%C2H6, (2)
where [O] — the active oxygen center on the surface of
the catalyst; [OH] — adsorbed on the surface of the hy-
droxyl group catalyst.

Further, the process proceeds according to the following
scheme: a water molecule and an oxygen vacancy on the
catalyst surface are formed from two adsorbed hydroxyl
groups [OH]:

2[OH] - HyO+[O]+[...], (3)
where [...] is an oxygen vacancy.

Now it is necessary to restore the active oxygen cen-
ter. This occurs by reoxidizing the surface of the catalyst
with oxygen in the gas phase:

03 gyt 2[.1 = 2[O]. (4)

Ethane dehydrogenation with the formation of ethylene
can occur both on the surface of the catalyst and in the
gas phase (at temperatures above 700 °C):

CyHg— CyH +Ho. (5)

The flow of the OCM reaction is shown in Fig. 1.

5
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CH; — C,H¢— C;H,

N

COy

Fig. 1. The scheme of the reaction of methane oxidative condensation

In Fig. 1, COy is a generic term for carbon monoxide
CO and COj. This means that the primary product of
the OCM reaction is not only ethane, but also carbon
oxides. Depending on the type of catalyst, this may be
CO or CO,. This raises the question of the selectivity
of the OCM process, that is, the selectivity for the de-
sired products: the sum of C, hydrocarbons. Selectivity
also depends on the type of catalyst, but in addition to
this important characteristic, the activity of the catalyst
is no less important, that is, at what speed the catalyst
conducts the process.

The catalysts for the OCM reaction can be divided into
two large groups: metal oxides, it is difficult to recover
and metal oxides are reduced. As it is known, complex
multiphase catalysts consist of a carrier (substrate) and
a promoter — a substance that is added in small quantities
to the carrier. Metal oxides are a carrier (basic substance)
of the catalyst. The preparation of the catalyst is carried
out in various ways: by impregnating the carrier with
a solution containing the promoter, coprecipitation from
solutions, solid-phase synthesis, etc. The promoter on the
carrier is designated as Me/carrier. Bi- and multifunc-
tional catalysts are also distinguished in which two or
more substances are active components of the catalyst. In
such catalysts, all active phases, for example PbO/A1,03,
are indicated.

The best catalysts make it possible to obtain selec-
tivity for C, products in the range of 60—-80 %, with
a methane conversion of 20-30 %. According to economic
calculations, the OCM process becomes profitable with
an ethylene selectivity of 80 % and a methane conver-
sion of 25 %.

In early 2015, Siluria Technologies in Texas, USA
launched a commercial pilot plant for the direct conversion
of natural gas to ethylene (OCM) [15]. During the year
since the launch, 18 test tests were successfully completed,
during which various working conditions were checked,
including different temperatures, pressures, and gas flow
rates at the inlet. Siluria’s plant is flexible for incoming
raw materials, it works both in air and in oxygen, and it
also provides the ability to change the amount of ethane
by creating a recycle. The basic approach of Siluria Tech-
nologies was to test a huge number of catalysts [16]. The
company built an automated system that could simul-
taneously quickly synthesize hundreds of different cata-
lysts, and then check how well they convert methane to
ethylene. During test trials, more than 50,000 catalysts
were developed and tested.

It is clear that a good choice of catalyst contributes
to a better course of the OCM process, and therefore
contributes to obtaining high-quality products. When choos-
ing a catalyst, it is necessary to take into account the
parameters of the process itself, such as: the temperature
of the OCM reaction, the conversion of CHy, the selec-
tivity of C, hydrocarbons, the yield of C, hydrocarbons
and the reaction rate, etc. [1, 16].

As mentioned earlier, catalysts for the reaction of OCM
are divided into two large groups. The first group includes

oxides of alkaline-earth elements promoted by alkali metals,
as well as oxides of trivalent rare-earth elements (REE),
both by themselves and promoted by alkaline or alkaline-
earth elements (Table 1). Promotion is carried out by the
method of impregnation with hydroxides or salts of alkali
or alkaline earth metals, followed by drying and calcina-
tion to decompose salts and remove water. The content of
the promoter, as a rule, does not exceed 5-7 atm %. In
terms of metal. When the concentration of the promoter
is more than 10 atm % the properties of the catalyst are
actually determined by the properties of the phase formed
on the surface, in particular the properties of alkali metal
carbonates. Lithium, sodium, strontium and barium are
in the composition of the catalysts in the form of the
corresponding ions.

Tahle 1

Effective catalysts for the methane oxidative condensation

Conditions
for the OCM process

Catalyst

classification Catalyst composition

Metal oxides
that are difficult
to reduce

Li/Mg0, La/Ca0, Na/Ca0, Sr0,
LazU3, NdzD3, szUg, Li/Srnng.,
SI‘/L82U3

Continuous operation
(combined supply of
methane and oxygen)

Na/Mn,03/5i0;, Mn30,4/5i05,
Li/Ni0, Pb0/Al;03, Ba/Ce0,,
BioMny01q, Na/Prg01q

Periodic mode (alter-
nating supply of me-
thane and oxygen)

Metal oxides
that are
reduced

The first group of catalysts most effectively operates
in a continuous mode, that is, with the simultaneous sup-
ply of reagents-methane and oxygen. The second group
of catalysts includes metal oxides, are reduced, and, ac-
cordingly, they work better in the oxidation-reduction
mode, that is, in a batch mode. These catalysts conduct
the process due to the oxygen lattice of the catalyst,
followed by regeneration of the latter by the oxygen of
the gas phase. However, the promotion of these alkali
and alkaline earth metal catalysts also improves the ef-
ficiency of the process.

The effectiveness of the catalyst is determined by the
ability of the catalyst to activate oxygen (4), that is, to
create active oxygen centers for breaking the C—H bond in
the methane molecule according to expression (1). When
a monovalent additive is added to the oxide of a divalent
or trivalent metal (or a divalent additive to the oxide of
a trivalent or tetravalent metal), excess oxygen vacan-
cies are created that serve as oxygen activation centers
in accordance with (4). As can be seen from the Table 1,
in almost all catalysts, except for trivalent REE oxides,
additional active centers are created by introducing low-
valent additives. REE oxides have the structure of de-
fective fluorite, in which 25 % of the oxygen positions
are vacant. Therefore, they are able to activate additional
oxygen due to the nature of their structure.

Based on the complexity of the task of choosing
a catalyst for the considered process of methane oxidative
condensation, it would be appropriate to develop a deci-
sion support system capable of issuing recommendations
on a catalyst that is most effective by all criteria. The
decision support system (DSS) is a computerized system
that, based on the accumulated information in the form
of data and knowledge, can help in the process of making
managerial decisions in any area of human activity [17].
DSS is implemented as an interactive automated computer
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system that helps the decision maker (DM) to use DSS
data and models for identification, computer experiments,
analysis and decision making in this problem area. In the
developed DSS, this is the choice of the best catalyst.

Thus, the intellectual DSS developed by the authors
of the article should help in choosing the catalyst that
is most effective under the given conditions of the OCM
process. The system has two main intellectual components.
The first is based on the application of the hierarchy
analysis method (HAM) and requires the participation
of a human expert, the second on the methods of Data
Mining) without the participation of a specialist.

After solving the problem of choosing a catalyst, the
system provides for further modeling of the process in
a ChemCad environment.

The DSS structure for the choice of catalyst is shown
in Fig. 2.

sion, selectivity of Cy hydrocarbons, yield of Cy hydrocar-
bons, and reaction rate. The task of choosing a catalyst,
which is a necessary component of the OCM process, can
be considered as a decision making task. Accordingly, for
making decisions it is possible to use HAM [18].

The general structure of the catalyst selection pro-
cess can be presented in hierarchical form (Fig. 3), which
contains three levels:

1) goal — a brief description of the task;

2) criteria — a quantitative or qualitative characteristic
that is essential for judgments about the object;

3) alternatives — objects between which it is neces-
sary to make a choice.

Table 2 shows the most widely studied catalysts for
the methane oxidative condensation and their indicators.

If there are authoritative experts on catalytic proces-
ses, it is possible to use the DSS component, implements
a method for analyzing hierarchies. With this ap-

Catalyst decision support system

proach, to compare two objects by any criterion,
the expert uses a nine-point scale predefined
in the HAM. Based on the judgments of the

DM expert, matrixes of pairwise comparisons
are constructed that allow at the end of this
procedure to determine the most acceptable

Program for See5 ChemCad catalyst.
~ Analytic program program In the absence of such experts, it is possible
—] Hierarchy Process ] — to use data on the catalysts of the OCM pro-

Database for
SeeS program

Database for
Analytic
== Hierarchy Process

Fig. 2. The structure of the decision support system

As can be seen from Fig. 2, the system interacts with
three programs:

1. A program for selecting a catalyst by the method
of hierarchy analysis, designed to decompose the problem
and stage-by-stage prioritization based on pairwise com-
parisons.

2. See5 program is designed for

cess stored in the DSS database (DB). Further,
the See5 software component based on decision
trees allows one to determine the catalyst for
the methane oxidative condensation, which best
suits the given process parameters.

After solving the problem of choosing the
optimal catalyst, in DSS the user is invited
to conduct computer simulation of the OCM
process in the ChemCad environment.

After that, it is possible to choose the best version
of the technological scheme, the input streams of which
are natural gas and oxygen, and the output streams are
ethylene and a mixture of hydrogen, carbon dioxide and
water. The implementation of the technological scheme in
the ChemCad program is shown in Fig. 4 [19].

intelligent processing of experimen-
tally obtained data, based on a deci-
sion tree.

Catalyst selection

3. ChemCad program is designed
for computer simulation of chemical-
technological processes.

For the development of DSS
software, an object-oriented C++
programming language and a Mi-
crosoft Visual Studio development

Temperature

CH4 Selectivity Yield of C, Reaction
conversion of C, hydrocarbons rate
hydrocarbons

environment were chosen.

6. Research resulis

6.1. The use of DSS to solve
the problem of choosing a catalyst
for the OCM process. An analysis
of the literature [1, 15] shows that
the catalyst for the OCM process is

Catalyst
No. 1

Catalyst
No. 2

Catalyst
No. 4

Catalyst
No. 5

Catalyst
No. 3

characterized by the following five
criteria: temperature, CHy conver-

Fig. 3. The hierarchical structure of the catalyst selection

s
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Tahle 2
Catalysts for methane oxidative condensation

Catalyst Temperature, °C | Conversion CHy, % | Selectivity of Cy hydrocarbons, % | Yield of Cy hydrocarbons, % | Reaction rate, molec/m®s
Pb0/Mg0 700 13.1 56.2 7.2 31019
Biz03 800 21 66.8 14 g-10"7
Lap03 750 12.2 67.4 8.3 5.5.10%0
Nd,03/MgO 770 26 46 11.2 1.2:10"
Ca-ore 870 28 77.5 22.2 2.7-10Y
Mg0 750 29 50 14.5 5.10'8
Li/Mg0 700 34 58 20 4.10v
LiCl/Mn0, 750 47.2 64.7 30.8 7.10'8
BaPbO3 800 22 62.7 14 4.5.10"
SrCepgYhg 750 53 60 318 2.5-10°
Ba,Sh(LaBi)0g 850 418 43.5 18.1 1.1019
EBiz04F 750 23.8 82.3 19.5 6-10"7
LiCapBiz04Clg 720 41.7 46.5 19.3 7.10Y7

Fig. 4. The technological scheme of the methane oxidative condensation (OCM) with recycling in a ChemCad medium: 1 — heat exchanger; 2 — mixer;
3 — evaporator; 4 — demethanizer; 5 — heater; 6 — mixer; 7 — OCM reactor; 8 — mixer; 9 — ethane dehydrogenation reactor; 10 — heater; 11 — separator;
12 — ethylene recovery column; 13 — heater; circles are devices of the circuit, and squares — the numbering of flows

6.2. Evaluation of the results. Next, a com- 450 a7
puter simulation of the OCM process was 400 393.3 388.4 .
conducted in a ChemCad environment to 357.8
verify the correctness of the solutions pro- 350
posed by the developed DSS for various ca- = 300 304.0
talysts. B}

Five catalysts with specific characteristics  » 250
are considered. =

A comparison of the performance of the _;:? 200
technological scheme of the OCM process using E 150
various catalysts is shown in Fig. 5.

As can be seen from Fig. 5, the most effec- 100
tive is the LiCl/MnQOj catalyst, which provides 50
the highest performance of the technological
scheme for the obtained ethylene. 0 ] ] )

From this it can be seen that the solu- Bi,05 La,0; Mg0 LiMgO LiC/MnO,
tions proposed by DSS can be implemented MC process catalysts
in the implementation of the corresponding Fig. 5. Comparative diagram of the effectiveness of the catalysts for the methane
production. oxidative condensation (OCM)
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7. SWOT analysis of research resulis

Strengths. The positive effect of the object of research
in the possible information support and automation of
decision-making on the choice of a catalyst for the process
of methane oxidative condensation. Since it is possible
to combine the knowledge and experience of experts and
the accumulated information in the databases, it becomes
possible to choose the best catalyst option for this imple-
mentation of the technological scheme of the OCM process.
This includes both data mining procedures and modeling
methods, as part of an integrated computer DSS.

Weaknesses. The weaknesses of the proposed system include
the relatively small size of the database on possible catalysts
and the constant need to replenish it, as new catalysts appear
and the criteria for choosing the best one change.

Opportunities. The proposed DSS will help facilitate
decision-making on the choice of a catalyst for OCM and
improve the choice itself. Interaction with the WAR algo-
rithm as part of ChemCad gives additional opportunities
for assessing the stability of the proposed scheme of the
OCM process under the conditions of a selected catalyst.

Threats. From the design organization that is engaged
in the creation of production or the improvement of the
existing one that implements the OCM process, it is re-
quired, in addition to the ability to install the appropriate
DSS software, also its qualified use. This is especially true
for the use of hierarchy analysis in the DSS structure. An
engineering qualification for this may not be enough and there
is a problem in attracting another specialist in knowledge.

1. The possibilities of implementing the process of me-
thane oxidative condensation are considered. It is proved
that the process is promising, however, despite the fact
that the reaction mechanism has long been known, there
is still no effective industrial implementation. Since the
process is catalytic, particular attention should be paid
to the choice of catalyst. It is determined that the main
characteristics of the catalysts are associated with the
parameters of the OCM reaction itself. These are tem-
perature, CH4 conversion, selectivity of Cy hydrocarbons,
yield of C, hydrocarbons, reaction rate, etc.

2. Intelligent software decision-making system for the
choice of catalyst is developed, which contains two intelligent
components. The first of them is based on the application of the
hierarchy analysis method and requires the participation of a
human expert, the second — on the methods of intelligent data
processing in the See5 environment without the participation
of a specialist. The operation of the system was tested on
examples of the selection of a catalyst for the OCM process.

After evaluating the effectiveness of the selected catalyst,
a computer simulation of technological process variants using
various catalysts in a ChemCad medium is carried out. Based
on the results, the best version of the scheme is chosen.

References

1. Shagan, D. V., Bugaieva, L. M. (2018). Intelligent decision
support system for selecting catalyst of the oxidative coupling
of methane process. Modeling and simulation for chemistry and
technologies and sustainable development systems — MSCT-2018.
Kyiv: Kyiv Polytechnic Institute, 70-72.

2. Van der Grift (2017). How to select the best refinery catalyst
for your process. Catalyst Specialist. Available at: http://www.

catalyst-intelligence.com/blog/how-to-select-the-best-catalyst-
for-your-process

3. Thomas, S. J. M., Leary, R. K. (2016). On choosing the most

appropriate catalysts for the conversion of carbon dioxide to
fuels and other commodities, and on the environmentally be-
nign processing of renewable and nonrenewable feedstocks.
Applied Petrochemical Research, 6 (3), 167-182. doi: http://
doi.org/10.1007/s13203-016-0167-9

4. Eletsky, P. M., Mironenko, O. O., Selishcheva, S. A., Yakov-

lev, V. A. (2016). Investigation of the Process of Catalytic
Steam Cracking of Heavy Oil in the Presence of Disperse
Catalysts. Part 1. The Choice of Optimal Operation Condi-
tions for Steam Reforming in the Absence of the Catalyst.
Kataliz o Promyshlennosti, 16 (1), 50-56. doi: http://doi.org/
10.18412/1816-0387-2016-1-50-56

5. Chandler, D. L. (2011). How to choose a catalyst. MIT News.

Available at: http://news.mit.edu/2011/battery-principle-0613

B. Catalysts Selection Guide (2014). Anco Catalysts Ltd. Avail-

able at: http://ancocatalysts.com/catalyst_selection_guide.html

. Krylov, O. V. (2014). Geterogennii kataliz. Moscow: Akademkniga, 679.

8. Dedov, A. G., Loktev, A. S., Telpukhovskaia, N. O., Parkhomen-
ko, K. V., Gerashchenko, M. V., Moiseey, L. 1. (2010). Oxidative
Condensation of Methane in the Presence of Lanthanum-Cerium
Catalysts: The Fundamental Character of the Effect of Nonadditi-
vity. Chemistry and Technology of Fuels and Oils, 2 (558), 43—46.

9. Dedov, A. G, Loktey, A. S., Golikov, S. D., Spesivtsev, N. A.,
Moiseev, I. 1., Nipan, G. D., Dorokhov, S. N. (2015). Oxidative
coupling of methane to form ethylene: Effect of the prepara-
tion method on the phase composition and catalytic properties
of Li-W-Mn-O-SiO, composite materials. Petroleum Chemistry,
55 (2), 163—168. doi: http://doi.org/10.7868 /s0028242115020069

10. Fini, T, Patz, C., Wentzel, R. (2014). Oxidative Coupling of
Methane to Ethylene. Senior Design Reports, 268.

11. Thybaut, J. W.,, Marin, G. B., Mirodatos, C., Schuurman, Y., van
Veen, A. C., Sadykov, V. A. et. al. (2014). A Novel Technology for
Natural Gas Conversion by Means of Integrated Oxidative Cou-
pling and Dry Reforming of Methane. Chemie Ingenieur Technik,
86 (11), 1855—1870. doi: http://doi.org/10.1002/cite.201400068

12. Alexiadis, V. 1., Chaar, M., van Veen, A., Muhler, M., Thy-
baut, J. W, Marin, G. B. (2016). Quantitative screening of
an extended oxidative coupling of methane catalyst library.
Applied Catalysis B: Environmental, 199, 252-259. doi: http://
doi.org/10.1016/j.apcatb.2016.06.019

13. Son, N. X. (2014). Ethylene Production by Oxidative Coupling
of Methane: New Process Flow Diagram Based on Adsorptive
Separation. Berlin, 142.

14. Zakharchuk, Y., Beznosyk, Y., Bugaieva, L. (2018). Mathematical
model of obtaining a hydrocarbon fuel based on the fischer-
tropsch pathway in a stationary layer of the cobaltbased catalyst.
Eastern-European Journal of Enterprise Technologies, 3 (6 (93)),
60-70. doi: http://doi.org/10.15587/1729-4061.2018.134165

15. Siluria Announces One Year of Successful Operations of its Dis-
ruptive Ethylene Technology. Available at: http://www.prnewswire.
com/news-releases/siluria-announces-one-year-of-successful-
operations-of-its-disruptive-ethylene-technology-300266816.html

16. Bullis, K. (2014). Chasing the Dream of Half-Price Gasoline from
Natural Gas. Available at: https://www.technologyreview.com/s/
523146 /chasing-the-dream-of-half-price-gasoline-from-natural-gas/

17. Decision support system. Available at: https://en.wikipedia.org/
wiki/Decision_support_system

18. Saati, T. (1993). Prinyatie resheniy. Metod analiza ierarkhiy.
Moscow: Radio i svyaz, 278.

19. Bugaieva, L. M., Bojko, T. V., Beznosyk, Yu. O. (2017). Systemnyi
analiz chimiko-tekhnologichnykh kompleksiv. Kyiv: Interservis, 254.

~N

Bugaieva Liudmyla, PhD, Associate Professor, Department of Cyber-
netics Chemical Technology Processes, National Technical University of
Ukraine <Igor Sikorsky Kyiv Polytechnic Institutes, Ukraine, e-mail:
bugaeva_[@ukrnet, ORCID: http.//orcid.org/0000-0003-2576-6048

Shahan Dmytriy, Department of Cybernetics Chemical Technology
Processes, National Technical University of Ukraine <Igor Sikorsky Kyiv
Polytechnic Institute», Ukraine, e-mail: dmitryshagan@gmail.com,
ORCID: https.//orcid.org/0000-0002-7663-5884

Beznosyk Yurii, PhD, Associate Professor, Department of Cyberne-
tics Chemical Technology Processes, National Technical University of
Ukraine <Igor Sikorsky Kyiv Polytechnic Institute», Ukraine, e-mail:
yu_beznosyk@ukrnet, ORCID: hitp.//orcid.org/0000-0001-7425-807X

;10

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 1/3(51), 2020



