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ABSTRACT

Synthesis gas is an important intermediate of organic petrochemical synthesis. At this article the features of the
catalytic conversion of methane to synthesis gas are described. A review of information on the chemical composition of
catalysts is given and assumptions about the mechanism of their action are made. The facts and generalizations contained
in the article can be useful in determining ways to improve catalytic systems. The most active and most selective catalytic
systems allow optimizing existing processes by reducing energy consumption, cost, emissions and increasing the yield of a
valuable product. The effective and rational use of natural and secondary resources is determined by the leading role of
catalysis in the implementation of chemical transformations. Increasing the depth of conversion and the integrated use of
raw materials, as well as ensuring the environmental cleanliness of the technological processes of its processing is achieved

by using highly efficient catalysts.
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INTRODUCTION

Synthesis gas is an important feedstock for the
production of numerous chemical products. Depending on
the hydrogen and carbon monoxide ratio (I) in synthesis
gas, it is used for obtaining liquid hydrocarbons and
oxygen-containing compounds, including methanol, acetic
acid, formaldehyde or dimethyl ether [1-3].

In the industrial environment, carbon monoxide
that is part of synthesis gas is consumed mainly for the
synthesis of methanol (more than 50%), oxo synthesis
products (15%), acetic acid (10-15%). In small amounts,
CO is used in herbicide and pharmaceutical production [4-
6].
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Figure-1. Sources and major application areas of synthesis gas.

Synthesis gas of specific composition is obtained
as a result of methane conversion, the sources of which are
natural gas and other hydrocarbons. The special attention
is given to effective processes of hydrocarbon processing -
substrates of synthesis and anthropogenic origin, including
substrates obtained from renewable biomass.

The development of methane and carbon dioxide
joint processing is of practical concern for the purpose of
industrial waste gas carbon and biogas carbon rational use.
High thermodynamic stability of CH4 and CO, molecules
complicates this task. Nevertheless, the two specified
components are among promising non-petroleum
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resources for the production of important carbon-bearing products and hydrogen [7].

Table-1. Main petrochemical products from synthesis gas.

Product Required ratio Production volume, Syn:gfsi/;g(?lsogzgf nd,
H,/CO, mol/mol kt/year conditions)
Methanol 2:1 160 - 1,275 48 — 1,900
Acetic acid 0:1 275 - 545 18 - 36
Acetic anhydride 0:1 90 3.5
Oxo synthesis products 2:1 115 -275 12-25
Phosgene 0:1 45-160 35-12
Formic acid 0:1 45 3.5
Methyl formate 0:1 9 0.6
Propionic acid 0:1 45-68 24-35
Methyl methacrylate 1:1 45 4.7
1,4-butanediol 2:1 45 4.7

The basic procedure of natural gas processing is
steam methane reforming.

Methods of methane oxidative reforming to synthesis
gas
oxidative

The three methods of methane

reforming to synthesis gas are:

1) steam reforming

CH4 + Hzo = CO + 3H2

AH = +206 kJ/mole

2) partial oxidation

CH,+ 1/20,=CO + 2H,

AH = - 35.6 kJ/mole

3) carbon dioxide reforming
CH, + CO, = CO + 2H,

AH = +247 kJ/mole

Steam reforming method - is the only method that
is currently used in industry. The quantitative composition
of formed synthesis gas in chemical reactions is different.
Demand in synthesis gas of one or another composition is
determined by its subsequent industrial use. Thus, for
methanol synthesis the synthesis gas with 1:2 ratio is
required [8-10]:

CO + 2H, = CH;0H.

For ammonia production from the nitrogen-
hydrogen mixture, the synthesis gas with the composition
of 1CO: 3H, is used on the production stage. Receipt of
synthesis gas with the ratio of 1:1 for the industrial
production of diethyl ether corresponds to the equation
[11,12]:

3CO + 3H, = CH;0CH; + CO..

However, in the conditions of this process, H,O
interacts with CO (CO steam reforming).

Great difficulties in the practical realization of all
methane reforming methods are associated with a
significant thermal effect: both the endothermicity of
steam and carbon dioxide reforming and the exothermicity
of partial oxidation create a problem of heat supply or
removal [13-15].

The product composition as it leaves the reformer
is usually very close to equilibrium and can be predicted
on the assumption of following parameters: a) temperature
at the outlet from the apparatus, b) mole ratio of
steam/carbon and CO,/C and c) pressure.

A search for selective catalysts permitting the
purposeful receipt of beneficial products is being held for
a long time; however, the problem is not yet completely
resolved. Therefore, the studies on catalysts, capable of
selectively reducing methane, are still topical. To
understand the mechanism of the catalytic process and the
possibility of its control the knowledge of catalyst surface
condition is required. Effective catalyst shall combine not
only high activity but also high selectivity in respect to the
required product with high formation rate [16, 17], as well
as keep both properties throughout its working period [18,
19].

Selectivity shall be understood as the ability of
the catalyst to hasten one of the thermodynamically
possible reaction paths. A relationship between the
reaction rate and the number of products may have a
complicated nature due to diffusive and correlated factors,
the studying of which presupposes the use of complicated
methods [20-23].

Calculations use the differential selectivity S, that
is equal to the ratio of the amount of product that was
formed by the instant of time t at this temperature to the
total amount of formed products:

3536



VOL. 14, NO. 20, OCTOBER 2019

ISSN 1819-6608

©2006-2019 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;ax.

www.arpnjournals.com

Sy =—2
> A

Given that the test conditions involve the equal
rate of reagent passing through 1 cm’ of catalyst (the
identical volume rate), it is supposed that S; qualitatively
characterizes the CH, reduction process selectivity relative
to product i.

It should be noted that the use of selectivity when
comparing catalyst properties relative to a specific
chemical process implies that the reactions relate to a
commensurate class [24-27], quasistationary in chemistry
terms, otherwise the description loses touch with the
physical understanding of time.

Another important technological aspect relates to
the side reactions of carbon formation that may occur
when feeding the insufficient amount of water steam to the
reforming installation. Coke production primarily
deactivates the catalyst, then it causes the destruction of its
granules, which in turn results in partial or complete
blocking of reaction flow in the catalyst layer that fills out
the tube side. As a result, the local overheating sections
occur.

The main obstacle to the use of various catalysts
for methane reforming is their ease of poisoning by coke.
Two paths of carbon formation during methane
decomposition are possible [29-31]:

1) methane dissociation

CH4 =C+ 2H2

AH =+74.8 kJ/mole C

2) CO disproportionation, Boudouard equilibrium
2CO=C+CO,

AH =-172.5 kJ/mole C

In reality, reactions take place at various
temperatures: methane dissociation reactions takes place
mainly at high temperatures, Boudouard equilibrium - at
low temperatures, and in real condition coke forms almost
always. In accordance with thermodynamic
considerations, the total carbon deposition shall decrease
with temperature rise. The test confirms that the main
quantity of carbon forms according to methane
dissociation reaction, but not Boudouard equilibrium.
Often carbon diffuses to metal forming at the catalyst
discharge in the form of filaments.

Disadvantages of different catalysts include the
high gas-dynamic resistance to gas flow, imposing
restrictions on the rate of volume velocity, and therefore
on the synthesis gas output rate, as well as on the
increased coke and carbon dioxide formation [32-34].

Methane oxidation methods
They include homogeneous gas-phase oxidation,
oxidation in the presence of heterogeneous catalysts, as
well as photochemical and electrophilic oxidation [35-37].
Feedstock, namely natural gas and light
hydrocarbons, usually contain sulfurous components that
shall be removed to prevent reforming catalyst poisoning.

In the conditions that are favourable to obtaining
synthesis gas with low H,/CO ratio, coke formation is
much more likely, therefore the steam reforming catalyst
shall be resistant to coke formation processes.

One of the problem solving approaches is the
conduction of the steam reforming process that is
passivated by sulphur [38]. This process implements the
idea of "ensemble control" by the constant addition of
sulphur that blocks active centres during coke while
preserving active centres of methane steam reforming.
Such a process requires the careful dosage of sulphurous
components and constant control over the performance of
their functions. The use of catalysts containing precious
metals is effective, since they are characterized by low
coking [39, 40].

Our survey is dedicated to use consideration of
platinum-based catalysts that is characterized by a number
of features, platinum group metals, and some other d-
elements.

Various scientific approaches to methane conversion
using catalytic systems

The use of nanostructured systems as catalysts
appears to be the most advanced. The active components
of such systems contain particles commensurable in terms
of dimensions with the range of action of interatomic
forces. The physicochemical methods state-of-the-art
permits obtaining metals in the form of nanosized
powders. The wide practical use of nanopowders for
heterogeneous catalysis, namely methane carbon dioxide
reforming to synthesis gas, methane and benzene deep
oxidation, ammonia synthesis, Fischer-Tropsch process,
carbon dioxide hydrogenation to methanol and others,
showed that the addition of metal nanopowders to zeolite
permits substantially increase the catalyst activity [41-45].
The ease of linear molecule passing to zeolite active
centres, having narrow channels, is conditioned by the so-
called form-selective properties of mesomicroporous
systems.

Zeolites are catalysts for very many acid-base
type reactions. In the course of reactant interaction with
catalyst acid sites the formation of carbonium ion occurs.
The reaction occurring on the catalyst surface is the
controlling step of the whole process [46].

The basic requirements to catalyst carriers are
their inertness, mechanical strength (abrasion), stability in
reaction conditions and physical properties (specific
surface, porosity, which is determined by the average pore
size and the pore space distribution by radii) [47-49]. The
most widespread catalyst carriers that proved their
effectiveness are aluminium, silicone, titan and zirconium
oxides.

One of the most studied and widely applied in
practice catalyst systems is the "platinum on aluminium
oxide" system. Nevertheless, the study of the mechanism
of its formation is still topical. The traditionally used
compound that is the precursor of active component in this
system is chloroplatinic acid that is irreversibly sorbed on
the aluminium oxide surface. As a result, on the ready-for-
surface catalyst, the platinum centres are formed that are
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not uniform by their condition: some part is present in the
form of disperse metal crystals, another part - in the form
of charged clusters that are chemically bound with the
carrier (ion platinum Pt°) [1, 2]. One of the methods of
handling the task of platinum stabilization in ion condition
under the condition of high-temperature catalyst reduction
treatment is the use of platinum hydroxo-complexes as
precursor compounds. Their advantage is the possibility of
strong metal attachment realization at the expense of OH-
ligand complex exchange with aluminium oxide surface
hydroxyl groups, which in this particular case plays the
role of macroligand of some sort.

The main factor preventing the use of platinum
hydroxo complex H,[Pt(OH)¢] for catalyst preparation is
its bed solubility in water. The amphoteric nature of
compound allows using it as alkaline or acid solution.
However in the first case, problems related to the
introduction of undesirable cations to catalyst arise, and in
the second case - with the platinum hydroxide settling as a
result of abrupt pH increase upon acid solution contact of
with oxide carrier surface.

At this stage the improvement of carrier
production technology happens for optimization of
physicochemical properties and modification of the
chemical composition of the carrier - aluminium oxide to
achieve the following results:

- uniformly-porous system (increased selectivity);

- percentage of 2-6 nm pores is not less than 90 %;

- the total specific volume of pores is 0.6-0.65
cm3/g;

- specific surface (200-250 m?/g) should not
change after regeneration - chlorine content (0.9-
1.2 %) depends on it;

- Pt content not more than 0.25 % by weight;

- Pt dispersity is not less than 90 %.

The relationship between methane reforming and
the temperature was studied for some VIII group metals
applied on zirconium dioxide. It is found that the activity
changes in the series: Rh, Pt > Ir, Pd > Ru. Thereby
platinum may be considered as the most effective as an
active component. Content ~0.5% (by weight) Pt was
accepted as optimal and long-run tests (1,000 hrs) were
performed with this catalyst [28, 31, 50].

Platinum metals in methane carbon dioxide
reforming were more active than Fe, Co, Ni, and less
exposed to carbon deposition because of lesser carbon
solubility in these metals. Carbon dioxide reforming on
these metals occurs with significant velocity even at
500 °C. The major and significant obstacle to their wide
application is their high cost. Ru and Rh are the most
active among all metals, applied on Al,O;, MgO, ZrO,
[51]. Ruthenium, rhodium and iridium catalysts are
poisoned least of all, but their application is also
unpromising due to their high cost. The activity was
significantly increased by adding very small (0.02%)
amounts of Pt, Pd and Ir to Nij ;Mg 47,0 catalyst [52].

The addition of Ru to catalyst increases its
activity significantly by the formation of bimetallic nickel-

ruthenium clusters. At that, the more disperse Ni is
obtained, facilitating the formation of more reactive
carbon [53]. A search for noble metals applied on catalysts
is continued. In [54] it is shown that Pt/ZrO,, Rh/ZrO, and
Rh/y-Al,O5 are active and stable catalysts at 600 °C. The
activity of Pt/ZrO, catalyst is determined by the accessible
perimeter of applied platinum islands. Whereas the
activity of Rh/ZrO, and Rh/y-AL,O; is determined by the
total number of rhodium atoms on the surface and thus
does not depend on the carrier nature. Pt/SiO, activity is
significantly lower.

Studies of CH; + CO, mixture reforming on
Pt/ZrO, catalyst with the addition of molecular oxygen to
the reaction system showed the following results [55]. At
3.14% of O, and 800 °C the reaction rate increased
slightly, but at 550 - 750 °C the rate increased significantly
(thrice at 550 °C and 14% of O,) [56]. At 11% of O, the
reforming was constant for 30 hrs. In the absence of
oxygen, the reforming decreased from 75 to 70%. It is
believed that ZrO, facilitates CO, dissociation permitting
the removal of carbon, resulting from CH, dissociation

In paper [57] the carbon dioxide reforming of
CH, on platinum applied on TiO,, ZrO,, Cr,0O3 and SiO,
was studied. It was established that at 400 - 450 °C the
Pt/SiO, and Pt/Cr,0O; catalysts deactivated rapidly,
whereas Pt/ZrO, and Pt/TiO, catalysts preserved stability
for 80 - 100 hrs. According to data of different physical
methods, including diffuse scattering IR-spectroscopy,
carbon deposition on these catalysts is suppressed. On the
Pt/TiO, catalyst the effect of "metal-carrier strong
interaction" is observed. Big ensembles of Pt atoms are
active with respect to carbon deposition; deactivation is
removed in the presence of TiO,. Obviously, active
centres are located at the boundary of Pt and TiO,. In the
temperature-programmed  hydrogenation of carbon
deposits on Pt/SiO, a broad peak at 600 - 800 °C is
registered, on Pt/Cr,0O; a narrower peak at 900 °C, on
Pt/TiO, a very small peak at 200 °C, and on Pt/ZrO, no
peak is registered.

From studied results, one can draw a conclusion
that catalysts in which metal is applied on oxides that are
fixed composition phases deactivate rapidly, while the use
of variable composition phases prevents catalyst
deactivation, probably due to oxygen exchange at the
phase boundary: gas-solid solution.

Chemical nature of carriers influences the catalyst
activity and selectivity. The carrier nature mainly
influences the crystal size and absorption heat, thereby
influencing reaction parameters. There is information in
accordance with which at the identical dispersity and
selectivity the reaction is affected by the carrier acidity.
Depending on differential carrier acidity, i.e. the ratio of
Broensted and Lewis sites, catalysts showing different
activity and selectivity are formed. The acid function of
the carrier controls the formation of the metal active
surface [58, 59].
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The main directions of improving the efficiency of
catalytic systems

To improve the catalyst system characteristics the
following measures are proposed:

- improvement of platinum ion (non-metal) share.
As a result, the platinum activity in aromatization
reactions increases 10-fold;

- Pt dilution by palladium
decrease);

- carrier surface treatment for the purpose of
increasing its defect structure and obtaining
"layered" platinum on it.

(hydrogenolysis

The applied catalysts are necessary for metal
dispersity increase for the acquisition of catalyst with
more developed surface concurrently with small particles
stabilization to prevent particle agglomeration.

From the studied Ni-, Rh-, Pt- and Ru- catalysts,
applied on various carriers, the Ni/SiO, and Rh/AlL,O;
appeared to be the most active [60, 61]. Low and medium
temperature (400 - 800 °C) carbon dioxide reforming of
CH, was performed on Co, Ni, Ru, Rh, Ir and Pt catalysts,
applied on SiO, and ALO; [62]. At 500 °C deactivation
was observed only on Ir catalysts. At 800 °C deactivation
because of agglomeration was registered on some
catalysts; the Ni, Co and Rh catalysts are the most stable.
In terms of activity the studied catalysts form the
following series: Rh > Ni > Ir > Ru > Pt > Co. Catalysts
with SiO, carrier are much less active [63-66].

The velocity of carbon dioxide methane
reforming is proportional to CH, pressure raised to the
power of one, while the pco" value appears in kinetic
equations, specified in various papers, in numerator and
denominator raised to the power of n from 0 to 2 [67].
This indicates that methane interaction with the catalyst is
the controlling step.

The comparative analysis of acid-base properties
of titanium oxide, zirconium oxide, aluminium oxide and
ferric phosphate surfaces with catalytic activity in papers
[23, 68] showed that the substrate replacement and the
method of its treatment (by water or organic solvent)
permits changing the reaction direction. Modifiers with
high molecular weight exercise the maximum influence on
the carrier.

Activities of ruthenium catalysts on the carrier at
natural gas complete oxidation changes as follows:
Ru/ALO; > RwTiO, > Ru/SiO, > > Ru/ZrO,. When
studying the catalyst consisting of ruthenium chloride,
applied on silica gel, the reduction of CO yield is
discovered that can be explained by the chloride ion
impact on ruthenium state (at 600 °C - S(CO,) selectivity
= 100 %, and K(CH,) reforming = 0.52). Therefore, this
catalyst can be characterized as more selective than metal
ruthenium on SiO,, but less perspective than Ru on Al,O;
[22, 69].

The represented analysis implies that the potential
of applied systems was almost exhausted. However, as the
adduced material shows, variable composition oxides,
used as carriers, prevent catalyst clogging due to

carbonization processes and this line of studies are still
prospective. Probably the new generation of catalysts
based on the Ni-(Co)-Mo-S system also demonstrates their
potential  including  the  strength of  surface
nonstoichiometric compounds.

More recently a keen interest was shown in
nanocrystalline (nanostructured) space structure systems
that determine macroscopic ensembles of small particles
up to several nanometres in size, coupled together in a
certain way. Properties of such materials are determined
by both structural features of separate particles and their
collective behavior, depending on the character of
interactions between particles. At that the crystal lattice of
separate particles can be regular, defect and/or elastically
stressed. The coupling of separate elements can be realized
via intercrystalline boundaries that may have a different
structure: quasi-amorphous, highly distorted crystal
structure or with misfit dislocations, such as transition
layer with other chemical composition, interphase
boundaries.

CONCLUSIONS

In literature, special attention is paid to the
development of new methods of synthesis of various
nanostructured materials, including catalysts. The studies
of nanophase structures and their boundaries, electronic
and atomic structure are performed.

For a long time, the primary reason for using
metals in finely dispersed condition was the optimization
of their use by increasing the surface/volume ratio
(catalytic reactions occur on surface sites). However, later
it was found that the transition to nanosized metal particles
may cause changes in specific catalytic activity that is
determined as a reaction rate in the presence of a catalyst,
per the number of surface (available) atoms of metal. This
refers to the emergence of size effect in structure-sensitive
catalytic reactions, the rate of which as opposed to
structure-insensitive reactions changes with the change of
active component mean particle size. The study of size
effects is impossible without:

- development of controlled and reproduced
methods of metal nanosized particles synthesis
with uniform and varied particle distribution by
size;

- development  of methods for  reliable
characterization of nanosized particles and
determination of their distribution by size;

- study of catalytic properties and the comparison
of specific catalytic activity values depending on
the mean particle size of applied metal particles;

- study of electronic, structure and adsorptive
properties of nanosized metal particles depending
on their sizes.

The progress in determination of factors,
stipulating the emergence of size effects and the use of
new synthesis methods for obtaining catalysts with tightly
controlled properties permits obtaining more active
(specified particle size) and more selective (uniform
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distribution of particles by size) catalysts, thereby
permitting the optimization of existing processes in terms
of energy consumption reduction (reaction temperature)
and price indicators (decrease of noble metals load), the
decrease of hazardous emission amount and the increase
of valuable product yield.
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