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ABSTRACT

The scientific problem of the development of ideas about the possi-
bilities of using the process of toxic H,S conversion into demanded
chemicals - hydrogen and elemental sulfur is considered. Until
recently, all solutions to the very urgent problem of H;S utilization
were based on the paradigm of the generally accepted concepts
of decomposition of a molecule of this substance within the frame-
work of ‘classical’ equilibrium thermodynamics using external energy
sources, but no acceptable solution to this problem has yet been
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non-equilibrium

found. In this regard, a new paradigm of H,S decomposition is pro-
thermodynamics

posed, which is based on the non-equilibrium thermodynamics of an
irreversible process in an open system. The concept of the decisive
role of solid catalysts in the reaction of low-temperature decom-
position of H,S makes it possible to solve not only the problem of
efficient utilization of H;S, but also opens new pages in the chemistry
of this substance as both a source of atomic hydrogen and an energy
supplier for activation of the chemically inert molecules. Therefore,
‘useless’ H,S acquires the status of a ‘useful’ chemical that will be
probably in demand to solve problems which could not be carried
out within the framework of the previous paradigm.
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1. Introduction

Hydrogen sulfide, H;S, has been known to mankind since time immemorial, so it is not sur-
prising that an incredible number of scientific and practical researches have been devoted
to the study of its properties. H;S is one of the most toxic substances formed as a manda-
tory and unavoidable by-product in many industries with a total annual volume of tens of
millions of tons. The content of hydrogen sulfide in the bowels and water reservoirs of the
Earth is estimated at tens of billions of tons. However, unlike water, the chemical analogue
of H,S, hydrogen sulfide is a ‘useless’ substance that has not found practical application,
with rare exceptions, in human life. Therefore, it must be removed from the exhaust gases
and water to the level of sanitary standards. This process, known as the Claus method, was
found in the nineteenth century and has been used worldwide ever since, updating only
certain stages to improve economic and environmental performance. However, this loses
hydrogen, the generally accepted environmentally friendly ‘green’ energy carrier of the
future and a valuable chemical reagent. Therefore, the great efforts of many generations of
researchers have been directed to the decomposition of hydrogen sulfide in order to obtain
the products in demand - hydrogen and sulfur. The most complete reviews on hydrogen
sulfide processing are considered in [1-5].

For the time being, the acquisition of new knowledge in the experimental and theoretical
study of this substance could be explained within the framework of existing paradigms gen-
erally accepted in the scientific community, but at the beginning of the twenty-first century,
experimental facts began to appear that could not be interpreted within the framework of
well-known concepts. Let’s try to analyze the contradictions that have arisen and consider
ways to eliminate them.

In the modern interpretation, the scientific paradigm (from the Greek paradeigma -
example, sample) is a set of scientific achievements recognized by the entire scientific com-
munity at one time or another and serving as the basis and model of new scientific research
[6]. The concept of paradigm became widespread after the monograph publication by T.
Kuhn [7], in which the author for the first time analyzed the process of formation of new
scientific theories against the background of existing well-known and generally accepted
models of the development of the given science in a certain time period. According to
Kuhn, a scientific revolution occurs when scientists discover anomalies that cannot be
explained using a universally accepted paradigm, within which scientific progress has taken
place up to this point.!

This article attempts to substantiate the need to change the paradigm of high-energy
processes of H,S utilization to a new paradigm of low-temperature decomposition of
H,S, which is due to the unique property of this molecule to dissociate on the sur-
face of solid catalysts already at low temperatures with the formation of surface atomic
species. Therefore, the new paradigm considers H,S as a supplier of energy and a source
of atomic species of hydrogen and sulfur for the implementation of new transformations
of chemically inert molecules, what makes H,S as ‘a substance in demand for humanity,’
to solve the problems which could not be resolved within the framework of the previous
paradigm.
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2. Equilibrium thermodynamics of H,S decomposition into consisting
elements

There are various ways to dispose of toxic hydrogen sulfide to the level of sanitary stan-
dards, including the Claus process, but we will only be interested in methods for producing
hydrogen and elemental sulfur as demanded chemical substances.

The paradigm of all previously considered methods of hydrogen obtaining from toxic
hydrogen sulfide is based on the ‘classical” equilibrium thermodynamics

AT=>1000°C 1
2H,S S 2H, + 'S, (1)

This equilibrium endothermic process is characterized by a high positive value of the
Gibbs free energy (A H%9s = 20.25kCal/mol; A;S%9s3 = 9.25 Cal/mol.K; A;G®%98 =
17.5kCal/mol) and begins to occur only at high temperature [1-5].

It is well known that any chemical reaction can occur only if the system receives energy
from the outside in one form or another, and the final state of the system is characterized
by a decrease in the Gibbs free energy, i.e. the process occurs spontaneously. A catalyst
does not shift the equilibrium of a reaction (1) and does not change either the enthalpy
or free energy of the process, however, it does decrease the energy barrier and increases
the reaction rate equally in both directions. A potential energy diagram of a hypothet-
ical exothermic reaction depicting the interconversion of X+ Y to Z in the presence and
absence of a catalyst is shown in Figure 1. The catalyst provides a different reaction pathway
(shown in red) with a lower activation energy [8]. The catalyst, however, does not change
the products or the overall thermodynamics of the reaction. If we turn to the modern inter-
pretation of the term ‘catalysis’ published on the Internet, then catalysis is considered as a
selective acceleration of one of the possible thermodynamically resolved directions of a
chemical reaction under the action of a catalyst that repeatedly enters into an intermediate
chemical interaction with the reaction participants and restores its chemical composition
after each cycle of intermediate chemical interactions. It is important to emphasize that cat-
alysts accelerate reversible reactions in both forward and reverse directions. Therefore, they
do not shift the chemical equilibrium and do not change the thermodynamic parameters
of the process (Figure 1) [8,9].

The production of hydrogen from H,S has long attracted researchers, so an incred-
ible number of attempts have been made to obtain the target product using numerous
energy sources for the dissociation of hydrogen sulfide molecules, including thermal,
thermo-chemical, electrochemical, photochemical, plasma chemical methods, etc [1-5].
However, as special studies have shown [10], none of these technologies has yet reached
the level of readiness and financial indicators that deserve demonstration on a pilot scale
or commercial application.

3. H,S decomposition on sulfide catalysts

The first ‘swallow” — a harbinger of the inevitable contradiction, was the detection of
H,S, (disulfane, hydrogen disulfide) as a product of H,S dimerization on sulfide catalysts,
resulted in desorption of hydrogen in the gas phase at room temperature [11,12].

sulfide catalyst, 25°C
2H,S — (H282)ads + Ha 1 (2)
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E, (no catalyst)

Energy

E, (with catalyst)

X, Y

Reaction Progress

Figure 1. The energy change of the reactants during catalytic and thermal pathways of the chemical
reaction [8]. The logo of the Institute of Catalysis is shown at the bottom, which is a paradigm of all
researches carried out at the Institute since its Foundation by the academician G. K. Boreskov.

The fact is that the direct formation of disulfane H,S; from H;S in the gas phase:
2H,S # HySy + Hp (3)

is impossible in principle because of the high positive Gibbs free energy (A;H®s =
+13.6 kcal/mol, A;S%93 = —3.9 cal/molxK, A;G%g93 = +14.1kcal/mol). This experi-
mental fact allowed us to draw a far from obvious conclusion: a process is being imple-
mented on the surface of the catalyst that is impossible in the gas phase due to the creation
of conditions for the formation of a new sulfur-sulfur chemical bond (Figure 2) [11,12]. In
contrast to equilibrium thermal process (1), the reaction (2) is irreversible because molec-
ular hydrogen leaves the catalyst surface into the gas phase, while the intermediate H,S;,
undergoes further transformation on the catalyst surface into the final reaction products —
hydrogen and solid sulfur:

sulfide catalyst,25°C
2H,S — 2Hp 1 + /4 (S8)ads (4)

The thermodynamics of reaction (4) was calculated by the DFT method [11,12] within
the framework of the concept of acid-base catalysis by metal sulfides that we are developing
[13-17]. Since the reaction (4) is irreversible and is carried out on the surface of solid
catalysts without the supply of thermal energy from the outside, therefore, to justify it,
we used the principles of non-equilibrium thermodynamics of irreversible processes in an
open system [18] involving the basic laws of biological thermodynamics [19]. As a result,
the main provisions of the concept of the crucial role of solid catalysts in the reaction of
low-temperature decomposition of hydrogen sulfide were formulated [20].
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Figure 2. The mechanism of H,S; formation from H,S on the sulfide HDS catalysts [11,12].
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Figure 3. The energetic profile of H,S decomposition on sulfide catalysts at room temperature [20].

According to our concept [20], the energy profile of the H,S decomposition reaction
on sulfide catalysts at room temperature can be represented as shown in Figure 3. The gas
phase kinetic energy of the H,S molecule and the potential energy stored in its chemical
bonds serves as the reference point for the energy profile. It is evident that no external
energy input is necessary to traverse the first three stages of H,S decomposition since
they proceed spontaneously with a decrease in the Gibbs free energy. The sole energy-
consuming stage is the decomposition of the key surface adsorbed disulfane intermediate.
This step occurs with a small energy barrier as a result of the free Gibbs energy accumu-
lated in the prior exothermic stages of H,S dissociation coupled with the highly exothermic
process of recombination of diatomic sulfur in cyclooctasulfur.

Therefore, the catalytic reaction (4) is a spontaneous exothermic process at room
temperature despite the decrease in entropy that is expelled from the system into
the environment as bound (waste) energy (A;H%9s = —23.0kcal/mol, A S8%95 = —
53.2 cal/molxK, A;G®%293 = —7.2 kcal/mol). The remaining part of the Gibbs free energy
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is used to carry out the energy-consuming stage of decomposition of the key surface
intermediate and desorption of hydrogen into the gas phase.

The endothermic gas phase reaction of H,S decomposition at room temperature into
hydrogen and solid sulfur is impossible because of positive Gibbs energy [20].

2H,S # 2Hs 1+ +1/4(S8)solid (5)

(ArH®98 = +4.9kcal/mol, A;S%9g = —17.1 cal/molx K, A;G°93 = +10.0 kcal/mol)
Thus, the catalytic process of hydrogen sulfide decomposition on the sulfide catalysts
became possible due to the creation of the necessary conditions on the surface of the
catalyst for the redistribution of the energy of adsorption and dissociation of hydrogen
sulfide molecules to form new chemical bonds in the surface disulfane, followed by its
decomposition to elemental sulfur and removal of hydrogen molecules into the gas phase.

4. H,S decomposition on metal catalysts

An absolutely unexpected and unpredictable result was obtained when hydrogen sulfide
was passed through platinum catalysts at room temperature, when, along with hydrogen,
we found diatomic gaseous sulfur, a stable molecule that exists under normal conditions
[21,22].
2H,S metal cLaly)st,25°C oH, + + 3Sz(gas) A ©6)

This experimental fact required a thorough analysis of extensive literature devoted to
the study of the properties of elemental sulfur in all three aggregate states. As a result, it
was concluded that the gaseous diatomic sulfur molecule obtained in reaction (6) is in
the ground triplet state {S, X >~ ¢} [23], as it has previously being predicted by theorists
in accordance with the chemical analogue of diatomic sulfur — oxygen [24]. In turn, it was
shown that the thermodynamic parameters of diatomic sulfur given in the reference books
[25] refer to its metastable singlet state{ S, al Ag }, which can exist in free state only at high
temperature; upon cooling, this substance inevitably turns into ‘normal’ solid sulfur.

However, there is some internal contradiction with the generally accepted thermody-
namics of sulfur-containing molecules (sulfur paradigm). The fact is that according to the
theory of molecular orbitals, the standard enthalpy of formation of diatomic triplet sulfur
should be equal to zero, as is customary in thermodynamics for all diatomic gases in the
ground electronic state:

AfH® 05 (82X3Zg) =0

while the generally accepted thermodynamic reference point is solid orthorhombic
a-sulfur. Therefore the question to resolve this very difficult conflict situation remains
open.

So, in the catalytic reaction (6) there is no energy supply from the outside, but there
is an exchange of both matter and energy with the environment, because both gaseous
reaction products leave the catalyst surface [21,22]. Consequently, the reaction (6) pro-
ceeds only at the expense of the free and internal energy of the H,S molecule, therefore
the reaction mechanism has to be considered under the concept of the non-equilibrium
thermodynamics of the irreversible process in an open system [20].
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Table 1. Data from HREELS - high resolution electron energy-loss spectroscopy [26].

Observed oscillation frequencies in the HREELS spectra, cm ™~ and its assigns

T, K 315 375 585 685 1170 2500
110 v(H2S = Pt) + v(HS - Pt) v (S-Pt) §(S-H) a° (H,S) v (H,5)
155 v (S-Pt) 5(S-H) 5(S—H) a® (H,9) v (H2S5)
185 v (S-Pt)
350 v (S-Pt)

3The spectrum registration temperature is 110 K. Upon heating the sample with adsorbed H,S to the specified temperature
in the TPD (temperature-programmed desorption) mode, the sample was cooled to 110 K to register the spectra.
bAdsorbed H,S. For reference: the IR spectra of a free H,S molecule are 1180 (scissor vibration), 2615, and 2625 cm™
(stretching modes).

1

In one of the first experimental works devoted to the mechanism of hydrogen sulfide
dissociation on platinum, the behavior of H,S on the surface of a single Pt (111) crystal
is considered depending on the temperature and the surface coverage with adsorbed H,S
[26]. H,S was adsorbed on clean Pt(111) surface at various H,S exposures while keep-
ing the crystal at 110 K [26]. The HREELS? spectrum indicates (Table 1) that even at this
temperature, along with molecularly adsorbed H,S (band at 315 cm™!), H,S dissociation
products are also detected as (HS - Pt) and (S - Pt) surface species.

This experimental work [26] was analyzed in detail by us within the framework of the
concept of non-equilibrium thermodynamics of an irreversible process [20]. Omitting the
details of this examination, we will stress only several points that were made as a result of
this analysis. First of all, molecular hydrogen is released into the gas phase already at tem-
peratures of 185-230 K, leaving adsorbed sulfur on the surface in the form of Pt - S species.
This clearly indicates dissociative adsorption of hydrogen sulfide, resulting in the forma-
tion of molecular hydrogen. The chemical state of this monatomic sulfur is not discussed
in [26], however, based on the well-known redox properties of the (HS + Pt) system, one
may conclude that surface reaction (7)

Pt, 185 K
HyS 5" Hy 4 + [Slads )

should result, as demanded by the stoichiometric chemical reaction of platinum with H;S,
in the formation of surface platinum sulfide {PtS}. However, it is well established that H,S
displays only reducing properties, since sulfur is in its lowest oxidation state. Consequently,
platinum should remain in the metallic zero-valence state in reaction (7), which also clearly
indicates the formation of zero-valence atomic sulfur as well. That is, the reaction (7)
should be considered as a catalytic one, causing in the formation of both reaction products
in the zero-valence states similar to H,S decomposition by the reaction (6). Thus, experi-
mental studies [26] provide direct evidence of the possibility of catalytic decomposition of
H,S even at temperature 185 K (-88°C).

It is very important: water does not dissociate into atoms on metals [26].

Unfortunately, there are not so many experimental works on the decomposition of
hydrogen sulfide on the surface of single crystals, most of them are aimed at studying the
toxic effect of hydrogen sulfide on the activity of catalysts and sorbents, as well as on the
effectiveness of hydrogen membranes, so the mechanism of hydrogen sulfide decompo-
sition itself was not considered in these works. Recently, however, there have been a lot
of publications devoted to the study of the interaction of hydrogen sulfide molecules with
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the surface of single crystals using computational methods based mainly on the Density
Functional Theory (DFT)

The chemisorption energies of H,S on the surface of some transition metals are listened
in Table 2. Chemisorption is an exothermic process for all the metals cited that occurs
spontaneously without an activation barrier. As can be seen from Table 2, the adsorption
energy is larger for the transition metal surfaces, namely, up to —21 kCal/mol for Pt(111),
compared to the noble metal surfaces (E,gs = —3.9 to —6.2 kCal/mol, [27]).

It is very important that hydrogen sulfide chemisorption is accompanied by its further
dissociation into surface atomic species, S,4s and Hags (Table 2). Dissociation occurs in two
stages; each of both exothermic steps passes through a small energy barrier E, and leads to a
general decrease in the energy of the system. So, the overall dissociation process on the var-
ious metals is exothermic with energy release ranging from —35 kCal/mol for Cu(111) to
—85 kCal/mol for Fe(110) (Table 2). One may be stressed that the H,S dissociation on tran-
sition metals occurs very easy and has no thermodynamic or kinetic restrictions, whereas
on noble metals this process can be difficult at any stage.

Thus, on the surface of transition metals, the H,S dissociation into atoms is an exother-
mic process, resulting in the accumulation of energy on the metal surface. Since metals,
similar to H,S, exhibit only reducing properties, as noted above for platinum, the dissocia-
tion products are hydrogen and sulfur in the zero-valence state, which implies the catalytic
nature of the process. To close the catalytic cycle, it is necessary to use the accumulated
energy both for the formation of new chemical bonds in the reaction products and their
desorption into the gas phase. Of course, it would be necessary to calculate the entropy at
all elementary stages of the process of converting hydrogen sulfide into reaction products,
as we did for sulfide catalysts. In the absence of such an opportunity, we will try to solve
this problem within the framework of the laws of thermo-chemistry, because the energy of
chemical bonds in the molecule is one of the ground molecular constants characterizing
the structural features and reactivity of any chemical compounds [25,35,36]. Let’s con-
sider this problem on the example of platinum catalysts, since it was on platinum that we
discovered the reaction of low-temperature catalytic decomposition of hydrogen sulfide.

This problem was thoroughly analyzed in [20], so here we will very briefly focus only
on the fundamental conclusions arising from this analysis. The dissociation energies of
chemical bonds in a hydrogen sulfide molecule are presented in Table 3. Comparing the
total energy of chemical bonds that must be broken during the dissociation of two HjS
molecules in the reaction (1) with the sum energy of the bonds formed in the reaction
products; we obtain the difference in energy that must be expended to carry out the
reaction (1).

ADjgg = ZD298(2HZS) — Zngg(ZHz + S;) = 404 kcal/mol (8)

Since in our case there is no external source of thermal energy, the necessary
energy to initiate the reaction (8) can be obtained by capturing the kinetic energy
of a gaseous molecule and potential energy of its dissociating on the platinum sur-
face (Table 2). Subtracting from the total dissociation energy of two H,S molecules
AEgiss—total = —117.6 kcal/mol the energy needed to carry out the reaction (8), we obtain
some excess of energy A Egyrplus = —77.2 kcal/mol, which can be used to close the catalytic
cycle, i.e. for desorption of the reaction products in the gas phase. Taking into account that



Table 2. DFT calculation of energy adsorption and dissociation of H,S molecule on the surface of single metals (kcal/mol).

No Stage Pt(111) Ni(111) Ni(111) (Ni-Mo) Pd(111) Pd(111) Cu(111) Fe(100) Cu(111) Ni(110) Fe(110)
| LS — H)S(ads) —210 —129 126 —184 —164 —12.0 —6.0 —-106 -53 -159 —136
[ TS, E, +16 +4.8 +5.1 +8.1 +85 ? +9.9 +5.8 +5.1 +2.1 +46
I H2S ads) = SH(ads) + Hiads) 196 —28.38 —287 —275 —203 —233 185 —30.0 —1938 —256 277
v TS*, E, +06 +0.2 403 +05 +0.9 ? +9.2 +6.5 +7.1 +48 +28
v SH(ads) = S(ads) + Heads) —182 —2038 —205 —2638 1638 —203 139 —30.0 277 —286 —436
Vi AEgiss total —5838 —62.5 -618 —722 —535 —556 —348 —706 —528 —70.1 —85.1

References [27] [27] [28] [28] [29] 133] 130] 131] 1321 133] [34]

TS*, E4 - transition state, activation barrier, kcal/mol.

6/9 O AYLSIWIHD HN41NS 40 TYNYNOr
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Table 3. Dissociation energy of chemical
bonds (kcal/mol) at O Kand 298 K[25,35,36].

Bond dissociation Do Dyos
Sy —>S+S 98.5 99.8
Hy - H+H 103.3 104.2
H,S — HS+H 90.7 92.0
SH—S+H 81.4 82.3

on the surface of platinum, the stabilization energy of the S, molecule is —45 kcal/mol [37],
while for hydrogen it varies within — (9.5 = 12) kcal/mol [38,39], we conclude that after
desorption of the reaction products into the gas phase, we have a small excess of energy
AEotal.min = —(8.2 = 13.2) kcal/mol, which means the exothermic nature of the catalytic
cycle. However, in the catalytic reaction (6), a spontaneous transition of diatomic sulfur
to the ground triplet state is carried out with the release of energy of 12.6 kcal/mol, there-
fore, this energy should be added to the general exothermic effect of the reaction under
consideration, which corresponds to AEtytal max = —(20.8 = 25.8) kcal/mol. Of course, a
similar analysis can be done for other metals from Table 2, however, this requires to know
the interaction energies of molecules with the surface of the corresponding metal.

A very important conclusion follows from the consideration of the transformation
energy of hydrogen sulfide molecule dissociation on the surface of platinum. In this case,
the First Law of Thermodynamics of energy conservation is fully realized: energy does not
appear out of nothing, and does not disappear into nowhere, but turns from one form into
another. In other words, the surface of the catalyst provides the possibility of transferring
the internal energy of the hydrogen sulfide molecule to create new chemical bonds in the
reaction products and their desorption into the gas phase, thus closing the catalytic cycle.

The second important conclusion is that since the entropy of reaction (6) increases
AS > 0 (the number of gaseous molecules increases), and the reaction itself is exother-
mic AH < 0, the Gibbs free energy will always be negative, which means the spontaneous
course of the catalytic reaction (6). In the gas phase this process is not possible. No doubt,
this reaction mechanism requires a comprehensive study by theoretical and experimen-
tal methods, taking into account the entropy and determining the Gibbs free energy at all
stages of the catalytic cycle, similar to that we have done for sulfide catalysts (see previous
section).

5. The concept on the crucial role of catalysts in the reaction of low
temperature decomposition of hydrogen sulfide

So, the paradigm of high-energy decomposition of hydrogen sulfide to produce hydrogen
and sulfur has received weighty arguments in favor of the need to create a new concept of
low-temperature catalytic decomposition of hydrogen sulfide [20]. The principal starting
points are

e HjS conversion can be carried out only on the surface of solid catalysts; in the gas phase,
this process is impossible;

e H)S conversion is carried out due to the free and internal energy of this molecule
without energy consumption from the outside;
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o the catalyst efficiency depends on the surface coverage with H,S adsorbed, since the
reaction is bimolecular at one of the key stages of H,S conversion, what is ensured by
the temperature: the lower the temperature, the higher the efficiency of the catalytic
system [21].

e the driving force of the process is the formation of reaction products in the ground
electronic state, i.e. having minimal energy - singlet hydrogen, solid sulfur and diatomic
gaseous sulfur in the ground triplet state;

e a necessary condition for the reaction is the concentration gradients at the inlet and
outlet of the system; in the absence of free energy supply, the process stops.

Therefore, we should talk about the crucial ‘active’ role of solid catalysts in the process
of low-temperature decomposition of H,S in an open system [20]. A solid catalyst:

e Provides capture of kinetic energy of H,S molecules - spontaneous exothermic
chemisorption;

e Ensures the flow of internal exothermic processes of dissociation of molecules to the
atomic adsorbed state;

e Ensures the accumulation of free energy due to the continuous output of entropy - the
dissipation of bound energy into the environment;

e Provides redistribution of internal energy for the formation of new chemical bonds in
reaction products;

e The free energy accumulated during dissociation of H,S molecules is used for desorp-
tion of reaction products into the gas phase;

e The efficiency of the system against external forces is ensured by the continuous supply
of free energy in the form of the internal energy of the H,S molecules.

6. Potential opportunities and prospects

Unfortunately, this scientific research was forcibly terminated in 2016, however, numerous
attempts to revive these studies were blocked by the Russian Academy of Sciences due to the
strange position of its leadership, which is reflected on the available sites [40]. Therefore,
the following are the hypothesis, ideas and results of unfinished research that could be of
interest to progressive humanity outside of Russia.

(a) Utilization of greenhouse carbon dioxide CO, at room temperature to produce
carbohydrates — an analogue of chemosynthesis,

sulfur bacteria

2H,S 1o ZHZ* + {352}(g10bules)
enzymes of sulfur bacteria
Hy* + CO, — { HCOOH]} (carbohydrates)

which was discovered in 1887 by Russian scientist S. N. Vinogradsky. We know of catalytic
systems capable of carrying out this chemical transformation.
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(b) Hydrogen sulfide conversion of methane, unlike steam conversion, can be carried out
at room temperature:

2H,S + CH, ™2C s, + 4H,

This catalytic reaction is very relevant for solving the environmental safety of the Black
Sea, when huge reserves of dissolved hydrogen sulfide (billions of tons) are extracted and
processed simultaneously with no less significant reserves of methane hydrates, greenhouse
gas. The mechanism of this catalytic reaction with a possible thermodynamic justification
is proposed.

(c) When hydrogen sulfide dissociates, atomic hydrogen is formed on the surface of solid
catalysts, which has unique properties of interaction with very inert molecules at room
temperature and pressure:

e Nitrogen fixation with the production of ammonia NH; and other nitrogen-
containing molecules - NyH; and N;Hjy. These chemical compounds can solve
the problem of storing and transporting hydrogen through pipelines under low
pressure.

e Activation of argon to produce the hydrogen argonide, H;Ar, a molecule stable
under normal conditions, which can be used for the accumulation, storage and
transportation of hydrogen. Moreover, when hydrogen argonide is burned in fuel
cells or in the presence of oxygen, water and argon are released, which returns to the
atmosphere without damaging the environment. There is also reason to assume that
chemical analogues H,Ne — hydrogen neonide, and HyHe - hydrogen helionide
can be obtained in a similar way. Without a doubt, if these compounds really exist
under normal conditions, then this scientific discovery will give a huge impetus to
the development of noble gas chemistry.

7. Conclusion

The generally accepted paradigm of H,S decomposition into its constituent elements using
external energy sources has not allowed until now to create an acceptable technology for
producing hydrogen and sulfur from the point of finding the optimal combination of the
three ‘E’ - ecology, economics and energy. The proposed paradigm of the low-temperature
catalytic H,S decomposition is, apparently, the very tool for solving the extremely urgent
problem of not only the disposal of toxic H,S with the production of demanded prod-
ucts, but also opens up a wide prospect of using atomic hydrogen and sulfur to realize
unexpected chemical reactions and production of new, previously unknown chemicals.
The development potential of the advanced paradigm is limited by the volume of H;S pro-
cessed, which, in turn, is constrained by the volume of sulfur consumed. The situation
may change if new unexpected solutions will be found to use of triplet sulfur as a reagent
for the synthesis of new substances and materials in industry, engineering, medicine,
pharmacology, etc.

Notes

1. When a scientific discipline changes one paradigm to another, in Kuhn’s terminology [7], it is
called a ‘scientific revolution’ or ‘paradigm shift.” A decision to abandon a paradigm is always
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simultaneously a decision to adopt another paradigm, and the verdict leading to such a decision
includes both a comparison of both paradigms with nature and a comparison of paradigms with
each other.

. Apparently, here it would be necessary to dwell in more detail on the paradigm of catalysis

by metal sulfides, on which the most high-tonnage processes of hydrotreating oil fractions are
carried out. According to our ideas, the existing paradigm of redox catalysis involving anionic
vacancies of sulfide catalysts has long been outdated and does not allow us to answer numer-
ous questions related to the mechanism of action of these catalysts. For many years and decades
we have been defending a new paradigm of acid-base catalysis [13-17], which is based on the
concept of the unity of the essence of heterogeneous, homogeneous and enzymatic catalysis as a
Nature phenomenon, the foundation of which was laid by G.K. Boreskov, founder and first direc-
tor of the Institute of Catalysis, Novosibirsk. However, this problem goes far beyond the scope
of the task under consideration, which, I hope, will find its embodiment in the near future.
HREELS - high resolution electron energy-loss spectroscopy.
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