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Annotation

Based on the concept of the nature of the membrane catalyst as a form of
heterogeneous catalyst, it was found that the intensification of the heterogeneous catalytic
process is possible in the absence of the effect of the reaction mass splitting on the
membrane. It was found that the effect of the membrane catalyst is related to the increase
in the porosity level of the catalyst. The shape of the kinetic model of the reaction showed
that the rate and selectivity of the conversion of methane to carbon dioxide are
characterized by a membrane in the reactor-contactor for all studied types of catalyst and
traditionally a general system of differential equations. the change in the parameters of the
catalytic reactor and model in which the catalyst layer is installed corresponds to the change
in the penetration level of the inner surface of the pores. The difference in the kinetic
properties of methane carbon dioxide conversion and the difference in the porous structure
of the membrane catalyst does not preclude the manifestation of the membrane effect,
regardless of the method of its preparation.
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Introduction

The process of converting methane to carbon dioxide and obtaining a “synthesis
gas” has not yet been introduced into industry due to the lack of a long-lasting stable
catalyst, but it is important in terms of CO> loss. Carbonate conversion of methane is also
a promising method with the simultaneous use of two different gases (methane and carbon
dioxide) that evoke the ‘“greenhouse effect” and has significant environmental and
economic significance. Another advantage of this method is that the process of carbonate
conversion of methane is carried out at normal atmospheric pressure (0.1 MPa), at 650-
800°C [1-6]. Therefore, it is important to develop new, cost-effective, waste-free methods
and environmentally friendly technologies for the production of import-substituting,
export-oriented products from natural gas, as well as to increase the country's export
potential for chemicals and new technologies and protect the environment.

Methane carbonate is a conversion synthesis gas and the methanol production
reaction based on it takes place in the presence of a zeolite-containing catalyst.

384


mailto:feruz-nazarov88@mail.ru

Feruz Farkhodovich Nazarov, Khamidov Davron Ruzimurodovich, Nazarov Farkhod Sobirovich, Samadov

Saloxiddin Jovlievich, Fayzullaev Normurod Ibodullaevich

Based on the above, the aim of this work is to synthesize environmentally friendly
liquid fuels by direct catalytic conversion of the two gases methane and carbon dioxide,
which cause the “greenhouse effect”.

Currently, the only and most sensible way to process natural gas is to synthesize it
by catalytically converting it into a gas and obtaining methanol on its basis. It has been
more than 30 years since the catalytic carbonation reaction of methane was discovered, but
this reaction has not yet been introduced into the industry due to the lack of a stable catalyst
with high activity and efficiency. The catalytic carbonation reaction of methane has the
following advantages [7-11]:

» The process of carbonation of methane takes place in one technological stage.
According to the Fisher-Tropsh reaction, the synthesis-gas production by converting
methane with water vapor is a multi-step process [12-16].

* Synthesis gas is the main product of petrochemical synthesis, from which many
substances can be synthesized [17-21].

« The catalytic carbonation reaction of methane takes place at normal atmospheric
pressure, unlike the Fisher-Tropsch synthesis. Fisher-Tropsh synthesis proceeds under high
pressure. This, in turn, is costly [22-25]. An analysis of the literature [26-33] shows that
the specific features of the methane catalytic carbonation process are the high temperature
and the relatively low selectivity in all known catalysts. A number of works have been
carried out on the synthesis of methane from methanol and the production of methanol on
its basis, which is distinguished by its economic efficiency [34-39]. However, work in this
area is still insufficient. It is important to study the mechanism of the process of catalytic
carbonation of methane, to create its mathematical model, to optimize the process by
assessing the adequacy of the models, to create an automated control system of Kinetic
processes. Therefore, it is expedient to study the thermodynamic laws of the carbonation
process for the simultaneous production of synthesis gas and methanol, which are valuable
raw materials from methane, the selection of specific active and efficient catalysts,
modeling and optimization of the process in differential reactors. These are relevant in
terms of developing a method of synthesis of methane carbonation process based on kinetic
laws, its improvement and the creation of an automated system of the process. Selection of
cheap and active catalysts for methane catalytic carbonation reaction with high efficiency
and selectivity, high temperature stability, stable, strong, thorough and extremely stable
and evaluation of kinetic results based on them, full study of the mechanism of the process
and its thermodynamic substantiation. The creation of energy and resource-saving
technologies is one of the most important and topical issues facing professionals. In this
study, membrane catalysts were considered as one of the types of heterogeneous catalysts
characterized by the possibility of forced transport of reagents through the hole structure.
This approach allows the use of preparation methods known in heterogeneous catalyst
technology, as well as the use of traditional classification in heterogeneous catalysis
(dividing them into massive and supported ones). It should be noted that a solid membrane
catalyst is a catalyst in which the active component is somehow deposited directly on the
substrate (microfiltration corundum membrane), in which it is located in the form of an
independent layer. In a membrane catalyst, the reactive component is distributed in a
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special catalyst base layer, which is a layer of y -Al203 deposited to increase the substrate
surface area and narrow the hole size.

Experimental part. The schematic diagram of the laboratory unit for steam-carbon
dioxide conversion of methane is shown in Picture-1, and the general view of the
installation is shown in Picture-1.
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Picture 1. Diagram of the block of steam-carbonate conversion of methane: 1-
conversion reactor, 2 - check valve, 3 - flow meter, 4 - water bottle, 5 - refrigerator, 6
- cyclone, 7 - separator, 8, 9 - valves.

The analysis of the composition of the resulting synthesis gas was carried out using
a Chromatograph "Kristalluks-4000M". We used columns 3 m long and 3 mm in inner
diameter. Helium was used as a carrier gas. The phases in the columns are molecular sieves
5A and Haysep Q. Determination of the quantitative composition of gas mixtures was
carried out by an external standard method (chromatograph was pre-set for each component
of the gas mixture) [40-47]:

Ci=k; xS,

Where Si is the concentration of the i-th component in the gas mixture (vol.%), the
calibration coefficient for the ki-chi component (vol.% :( mV-min)), Si is the peak area of
the i-th component in the chromatogram (mV-min).

Processes are carried out in a flow reactor in the absence of water vapor at
atmospheric pressure (carbonate conversion of methane) and in the presence (methane
vapor carbonate conversion) in a ratio of 1: 1 CH4: CO2, volumetric feed rate 1000 -1 (V0)
and process temperature 300 to 1050 Was carried out by modifying to °C. The analysis of
the initial and final products of the reaction was carried out on-line using gas
chromatography. The volume of the catalyst was 6 ml, the duration of the process was 10-
12 hours.

Contact time 7 contact (in Seconds) is calculated according to the following formula:

_ Viar *273
teont = FL (T, + 273)

60
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Where V caalyst is the volume of the catalyst sample (ml), F is the volume (molar)
flow rate of the reaction mixture, and T is the reaction temperature (° C).

The volume of the V caalyst Was determined according to the following formula.

m* (D? —d?)
qat — 4

Where D is the outer diameter of the catalyst (cm), d is the inner diameter of the
catalyst (cm), and h is the length of the catalyst (cm).

The main parameters of the process of conversion of methane to carbon dioxide
were determined by the following formulas:

F(CH,)o — F(CH,) F(COy)o — FCOy)
X(CH,) = F(CH), ¥ 100%, X(CO,) = FC00), * 100%,

where X (CH4) 0 and X (CO) are the conversion rates of methane and carbon
dioxide (%), F (CHa) 0 and F (CHa4) are the volumetric (molar) consumption of methane at
the inlet to the reactor and at the outlet, respectively ( ml: min), P (CO) 0 and F (COy) -
volumetric (molar) flow rate of carbon dioxide at the entrance and exit of the reactor (ml):
min), F (CO) is the flow rate of carbon dioxide at the outlet of the reactor ( ml: min), F (Hz)
- volumetric (molar) hydrogen consumption at the output.

Experimental results and their discussion. Catalyst samples were obtained by the
sol-gel method using a highly dispersed mixture of particles consisting of non-
stoichiometric molybdenum compounds with oxidation states ranging from 5 to 6 - layers
called “molybdenum blue”. The molybdenum faces themselves were synthesized by the
reduction of ammonium pentamolybdate in an acidic medium; glucose solution was used
as a reducing agent.

The advantage of these colloidal systems is that the catalytic active phase is
molybdenum carbide, which is formed immediately after their calcination in an inert
atmosphere. This is confirmed by XRD data obtained during the analysis of “molybdenum
blue” powder calcined at 800 ° C in a very pure nitrogen medium (picture 2). It can be seen
from the X-ray diffraction scheme presented that a sample consisting of a hexagonal crystal
lattice of molybdenum carbide Mo.C also contains free amorphous carbon. In the X-ray
diffraction scheme of membrane catalyst samples, the carbide phase becomes
unrecognizable due to the very small thickness of the deposited layers (several tens of
microns).

* N,
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Picture 2. X-ray powder diffraction scheme obtained by burning molybdenum blue
in an inert atmosphere at 800 ° C.

Large molybdenum-carbide catalyst. The sample was obtained by applying
“molybdenum blue” to the original corundum substrate, which was then calcined in a
nitrogen stream at 800 ° C. The fact that the catalytic layer of these membranes consists
mainly of molybdenum carbide is indirectly confirmed by MPCA data (Fig. 2a). It can be
seen that the intensity of the signals from depth for molybdenum (1) and carbon (2) is
symbolically placed in the cross section of the membrane catalyst. Figure 106 allows you
to estimate the observed depth of the signal from molybdenum and aluminum. On the outer
surface of the sample, the signal from aluminum has a minimum value and molybdenum
has a maximum value. From this, it can be concluded that the molybdenum compounds
deposited on the substrate (corundum microfiltration membrane) are partially located on
its outer surface. As the distance from it increases, the signal from aluminum increases and
molybdenum decreases. That is, the amount of molybdenum decreases. Its concentration
reaches background values at a depth of about 15 microns. Such a narrow distribution can
be considered as a layer.
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Picture 2. Active membrane molybdenum-carbide catalyst (a-Mo (1) and C (2); b-
Mo (1) and X-ray diffraction scheme of element distribution by cross section of Al
samples (2).

The content of the active component (indicating the weight of the original substrate)
was 0.85%. A comparison of the total specific surface area of the activation with the surface
of the membrane catalyst shows that this value changes significantly when the active
component is applied to the base. Before testing in a membrane reactor, the total specific
surface area of the membrane catalyst is almost five times that of the substrate. For him,
this value is determined by the inactive inner surface of the corundum particles. After
testing the membrane catalyst under conditions of carbon dioxide conversion of methane,
its specific surface area decreases to 10.5 m?: g; external - up to 7.1 m?: g, internal - up to
2.3 m% g. Such a change on the surface of the membrane catalyst can occur, for example,
as a result of sintering the active component material or removing free amorphous carbon
from it. The size of the pores of the membrane catalyst undergoes similar changes. The
values of the specific surface area of the active component obtained were found to be close
to the corresponding values for the membrane catalyst obtained by the CVD method. The
micrography of the surface (Pic. 11a) shows that the catalyst layer is a flat and almost clean
[47].

In addition, the plates of molybdenum carbide particles are clearly visible, the
molybdenum blue color is distributed in the carbon matrix formed during heat treatment.
All components of a given catalyst are clearly visible in the cross section.
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Picture 3. Surface (a) and cross-section (b) micrographs of the active membrane
molybdenum-carbide catalyst sample.

According to the principle of operation, the membrane reactor-contactor is the
closest to a conventional catalyst of all other membrane reactors. In it, due to the pressure
difference ("pushed" through the catalyst), the entire reaction mixture passes through the
porous structure of the catalyst and, together with the products obtained, is discharged from

the reactor via the permeate line (Picture 4).
CH +CO,

H,+CO
(+CH +CO,)

Picture 4. Flow diagram in a membrane catalytic reactor-contactor.

As for the distributor reactor, the mechanism of interaction of the reagents with the
catalyst is less clear in it than in the contactor reactor. On one side of the membrane catalyst
(the side of the catalytic layer) the starting material A is fed (in our experiment it is
methane) (Pic. 5). It penetrates deep into the catalytic layer due to diffusion, as there is a
difference in concentration on the outer surface of the membrane catalyst and inside it. On
the other hand, the initial substance B is transported through the porous structure of the
substrate due to the pressure difference (in our experience it is carbon dioxide), the
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concentration of reaction products in its reaction zone must be limited or its interaction
prevented. In the holes of the catalyst (and not at the entrance to them), these two streams
- methane and carbon dioxide - mix and react with each other, after which the products are
desorbed and removed from the reactor. That is, the high-concentration bond of the starting
materials at the entrance to the catalyst holes in the membrane reactor-distributor is also

eliminated.
CH,

7 S
(+CH , +CO,)

Picture 5. Flow diagram in a membrane catalytic distributor reactor.

Thus, in each reactor discussed, the flow of substances moves differently relative
to the catalyst layer. to compare the effect of the process, the reaction rate in each case
under consideration must be set experimentally, i.e., a kinetic experiment must be carried
out. In this case, it is necessary to evaluate the difference in the internal properties of the
catalysts. Therefore, in the experiment, we used mass and activated membrane catalysts
with the same activating component.

In this work, the change in the concentration of starting materials and reaction
products, as well as the dependence of the conversion rates on the contact time at different
temperatures in membrane reactors (reactor-contactor and reactor-distributor) were
experimentally established. The same dependencies but for the fragmented membrane
catalysts and the powder active component (Mo2C) it was set in a solid-cell conventional
catalytic reactor.

An increase in the conversion temperature of methane to carbon dioxide to 800 ° C
(Pic. 6), although this process led to a slight increase in the rate, but the conversion rate of
the starting materials exceeded 10 per cent.
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Picture 6. Changes in the active membrane catalysis of the reaction mixture in the
UKM reaction from the time of bonding at 800 ° C in a conventional catalytic
reactor.

Low concentration variations in crushed catalysts may have the following
explanation. As a result of milling the membrane catalyst for testing in a conventional
stationary catalytic reactor, a membrane catalyst layer containing the active component is
formed on only one side of the particle (1: 6 of this outer surfaces per cube). This reduces
the possibility of complete contact of the starting materials with the clear catalytic surface,
as there is a possibility of bypassing ("'sliding™) of gases through the layer without contact
with the active component, resulting in a decrease in the conversion rate of the starting
materials.

To dispel doubts about the accuracy of the results obtained, it was decided to study
the UKM flow process in Mo2C powder. True, in this case the content of the active
component in the conventional reactor layer was almost 120 times higher than in the study
of the crushed mass membrane catalyst and almost 67 times higher than in the study of the
crushed activated catalyst. Figure 7 shows the test results of the same molybdenum carbide
powder obtained from the same molybdenum blue used in the preparation of membrane
catalysts (bulk and supported). 7a shows that in pure molybdenum carbide, the
concentrations of both the initial compounds and the reaction products vary significantly,
exceeding the same values for the crushed membrane catalyst. Conversion rates at 850 ° C
(Pic. 7b) exceed 20%. In this case, the H>: CO ratio increased from 0.21 to 0.35 as the
contact time increased.
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Picture 7. The change in the composition of the reaction mixture (a) and the
conversion rate of the starting materials (b) depend on the contact time of the powder
in the UKM reaction at 850 ° C in a conventional catalytic reactor. Mo2C (active
component of membrane catalysts).

An increase in the mass of the active component of the catalyst in a conventional
catalytic reactor with a fixed bed leads to an increase in its specific capacity (productivity
per unit volume of the bed). The low conversions in the pulverized membrane catalysts are
probably due to the low active ingredient content in them. Active membrane catalysts.
Figure 8 shows the experimental kinetic curves (dependence of concentration on contact
time) on a massive membrane catalyst at 850 ° C in a membrane catalytic reactor-contactor.
The nature of the connections between a reactor-contactor and a conventional reactor is the
same. However, the conversion rate of starting materials in a membrane catalytic reactor
is significantly higher than conventional.
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Picture 8. The change in the mass of the reactive mixture from the contact time
in the UKM reaction at a temperature of 850 ° C in the reactor-contactor in the
membrane catalyst.

The graph provided shows that the concentration of starting materials and reaction
products depends on the contact time. The starting materials are consumed at different rates
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- the methane concentration decreases more rapidly with increasing contact time than the
carbon dioxide concentration. The accumulation of reaction products in the reaction
mixture also occurs at different rates - carbon monoxide accumulates faster than hydrogen.
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Picture 9. The change in the concentration of starting materials and reaction
products at the temperatures of 800 ° C and 760 ° C in the reactive contactor relative
to the contact time in the massive membrane catalyst.

Picture 9 shows the change in the concentration of starting materials and products in the
conversion of methane to carbon dioxide in a contactor reactor with an active membrane
catalyst at 800 ° C and 760 ° C. Comparing these results with the data presented in Figure
8, it can be noted that the nature of the change in the concentration of starting materials
and products in the membrane catalytic reactor remains the same throughout the studied
temperature range. As the process temperature decreases, the starting materials are
absorbed at a lower rate. The level of accumulation of products also decreases. This is
confirmed by the fact that the conversion rates shown in Figure 10 depend on the contact
time at different temperatures of the process.
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Picture 10. The rate of transfer of starting materials to the active catalyst in the
membrane reactor-contactor at different temperatures from the time of contact: a -
850°C;b-800°C;v-760°C.

Picture 11 shows the molar ratio of carbon dioxide conversion products at different
process temperatures. An analysis of the presented dependencies shows that an increase in
temperature and contact time leads to an increase in this ratio, which reflects the selectivity
of this catalytic process. In this case, the effect of temperature on the H,: CO ratio under
experimental conditions was greater than the effect of contact time.
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Picture 11. H2; The molar ratio of CO depends on the contact time in the reactor-
contactor at different temperatures in the active membrane catalyst.

However, the value of Hz: CO is far from unity, i.e., the consumption of starting
materials and the accumulation of products do not correspond to the stoichiometry of the
reaction of methane to carbon dioxide. This provides a basis for predicting the occurrence
of side reactions, which leads to deviations from the stoichiometric ratios of the starting
materials and reaction products.

It is known that in this process, serial and parallel side conversions can occur
simultaneously with the main reaction of the interaction of CHs with CO> (1) (for the direct
reaction) 298K shown):

CHg + CO2¢» 2CO + 2Hz (AH2o5x = +247 kj: mol )
CO2 + Hz <> CO + H20 (AH2ogx = —41,1 kj: mol )
CHs — C + 2H2 (AH29gx = +74,8 kj:mol)

C + CO2 <> 2CO (AH29gx = +172,5 kj: mol

These reactions explain the results of the above experiment very well. Obviously, the
observed difference in the concentration of starting materials and products is primarily due
to the interaction of carbon dioxide and hydrogen. Reactions 3 and 4 are unlikely to cause
a difference in the concentration of starting materials and products in the reaction mixture
because the products formed in them are in the same proportion as the main reaction. The
difference in the results obtained in the reactor-contactor and in a conventional catalytic
reactor with a stationary layer is, in our opinion, explained by the difference in the different
forms of the mass transfer mechanism in the catalyst. The active component in the
membrane catalyst is in the form of a tubular porous base layer and in the fragmented
membrane catalyst in the form of a particle layer. In a conventional catalytic reactor, the
delivery of the initial compounds to the catalytic surface and the removal of the products
from it occur due to molecular diffusion. In a membrane reactor, raw materials and products
are forcibly transported due to the pressure difference on both sides of the membrane
catalyst. Obviously, we can talk about convective mass transfer in the case of a membrane
catalyst. In the crushed catalyst particles, the phenomenon of interdiffusion inhibition,
which is characteristic of rapid chemical reactions, including reactions that occur at high
temperatures, is observed.
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Activated membrane catalyst. Picture 12 shows the dependence of the composition

of the reaction mixture on the membrane reactor-contactor on the supported membrane
catalyst.
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Picture 12. The change in the concentration of the starting materials and
products of the conversion of methane to carbon dioxide to the activated catalyst in
the membrane reactor-contactor: a-870° C; b-850° C; s - 800 "C.

The graphs show that the carbon dioxide conversion of methane in the contactor reactor
proceeds according to the laws observed in the active membrane catalyst in the supported
membrane catalyst. The concentration of carbon dioxide in the reaction mixture is lower
than that of methane and that of hydrogen is lower than that of carbon monoxide. the
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difference between carbon dioxide conversion in the activated catalyst and the active
process is that the absolute changes in concentrations are greater in the activated catalyst
if all else is equal. That is, the deposited membrane catalyst turned out to be more active
than the mass.
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Picture 13. Dependence of the molar ratio of H2: CO on the contact time in the
reactor-contactor at different temperatures of carbon dioxide conversion in the
supported membrane catalyst.

This is confirmed by the data in Picture 13. When these results are compared with the
massive membrane catalyst data (Pic. 11), it can be seen that the molar ratio at the same
temperature and contact time is high. in an activated catalyst. As with the active membrane
catalyst, an increase in the process temperature leads to an increase in the molar ratio of
the reaction products. It can be assumed that during the operation of the membrane reactor
in the contactor mode, side reactions occur in the activated membrane catalyst, which
prevents the products from achieving a stoichiometric ratio under these experimental
conditions. Thus, a comparison of the characteristics of the carbon dioxide conversion
process in a membrane reactor-contactor and in a conventional reactor in conventional
Mo2C powder shows that the basic laws are the same in both reactors. The values of the
concentration of the components of the reaction mixture and their variation with the contact
time and temperature are different.

The product ratio in the reactor-contactor in both membrane catalysts and in the
conventional reactor in Mo2C powder turned out to be less than 1. 1 from the required
stoichiometric value. In a massive membrane catalyst crushed during short contact times,
it is close to unity, which is probably due to errors in determining the concentration of the
low conversion and reaction mixture components. When testing Mo.C powder in a
conventional reactor, it was found that the active ingredient was 25 times more than the
larger membrane catalyst (0.85% Mo02C) and 16.5 times more than the supported
membrane. Kidding is very important. catalyst (Mo2C content - 1.26% by weight).

When testing Mo2C powder in a conventional reactor, it was found that the active
ingredient was 25 times more than the larger membrane catalyst (0.85% Mo02C) and 16.5
times more than the supported membrane. Kidding is very important. catalyst (Mo2C
content - 1.26% by weight).

It should also be noted that the use of a membrane reactor-contact or allows to achieve
the process parameters recorded at low temperatures in a conventional reactor.
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A comparison of the results of the study of catalysts in a conventional catalytic reactor
and a membrane catalytic reactor-contact or allows us to draw the following conclusions.
Since the conditions in the reactors differ only in the components of the reaction mixture
on the catalyst surface and in the transport mechanism from it, it can be assumed that this
Is the main reason for such a large difference in the behavior of the same catalysts. this is
observed in catalytic reactors.

Conclusion

Thus, since membrane catalysts are one of the types of heterogeneous catalysts, this
allows them to apply most of the rules of catalysis theory and practice, as well as methods
for obtaining and studying their behavior in different chemical reactions.

1. Based on the concept of the nature of the membrane catalyst as a form of
heterogeneous catalyst, it was found that the intensification of the heterogeneous catalytic
process is possible in the absence of the effect of the reaction mass splitting into a
membrane.

2. It was found that the effect of the membrane catalyst is related to the increase in the
porosity level of the catalyst.

3. The shape of the kinetic model of the reaction showed that the rate and selectivity of
the conversion of methane to carbon dioxide are characterized by a membrane in the
reactor-contactor for all studied types of catalyst and traditionally a general system of
differential equations. the change in the parameters of the catalytic reactor and model in
which the catalyst layer is installed corresponds to the change in the penetration level of
the inner surface of the pores.

4. The difference in the Kinetic properties of methane carbon dioxide conversion and the
difference in the porous structure of the membrane catalyst does not preclude the
manifestation of the membrane effect, regardless of the method of its preparation.
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