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Abstract A new catalytic reaction of hydrogen sulfide
decomposition is discovered, the reaction occurs on metal
catalysts in gas phase according to equation

2H,S < 2H, + S{&

to produce hydrogen and gaseous diatomic sulfur, con-
version of hydrogen sulfide at room temperature is close to
15 %. The thermodynamic driving force of the reaction is
the formation of the chemical sulfur—sulfur bond between
two hydrogen sulfide molecules adsorbed on two adjacent
metal atoms in the key surface intermediate and elimina-
tion of hydrogen into gas phase. “Fingerprints” of diatomic
sulfur adsorbed on the solid surfaces and dissolved in
different solvents are studied. In closed vessels in adsorbed
or dissolved states, this molecule is stable for a long period
of time (weeks). A possible electronic structure of diatomic
gaseous sulfur in the singlet state is considered. According
to DFT/CASSCEF calculations, energy of the singlet state of
S, molecule is over the triplet ground state energy for 10.4/
14.4 kcal/mol. Some properties of gaseous diatomic sulfur
are also investigated. Catalytic solid systems, both bulk and
supported on porous carriers, are developed. When
hydrogen sulfide is passing through the solid catalyst
immersed in liquid solvent which is capable of dissolving
sulfur generated, conversion of hydrogen sulfide at room
temperature achieves 100 %, producing hydrogen in gas
phase. This gives grounds to consider hydrogen sulfide as
inexhaustible potential source of hydrogen—a very

A. N. Startsev (X)) - O. V. Kruglyakova -

Yu. A. Chesalov - S. Ph. Ruzankin - E. A. Kravtsov -
T. V. Larina - E. A. Paukshtis

Boreskov Institute of Catalysis, Novosibirsk, Russia
e-mail: Startsev@catalysis.ru

valuable chemical reagent and environmentally friendly
energy product.
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1 Introduction

Hydrogen is one of the most claiming chemical substances
widely used in many large-scale processes of industry, and
demand for its consumption is growing with advanced rate.
The point is that hydrogen is forecasted to become a major
source of energy in the future [1-4]. Currently, steam
reforming of hydrocarbons is the largest and generally the
most economical way to produce hydrogen; however, the
search for new chemical technologies of hydrogen pro-
duction is continuously accomplishing, especially from
renewable resources [5]. One of such practically inex-
haustible sources of hydrogen could be hydrogen sulfide,
H,S. In contrast to water, hydrogen is only loosely bound
in the hydrogen sulfide molecule (standard enthalpy of for-
mation AiH,9g® = —4.82 kcal/mol for H,S and AHy8° =
—57.80 kcal/mol for H,O). In comparison, AiH,95° =
—17.89 kcal/mol for methane. That means lower energy
inputs for H,S dissociation into constituent elements.
Large amounts of hydrogen sulfide are produced
worldwide, both in nature and industry, mostly from nat-
ural gas production and oil refining. Hydrogen sulfide is
emitted by some plant species as a byproduct of sulfite
metabolism. Estimates of the terrestrial emission rate of
H,S range from 58 to 110 million tons of sulfur/year and
from oceans—from 30 to 170 million tons of sulfur/year.
The Black Sea is unique basin because 90 % of sea water is
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anaerobic and contains hydrogen sulfide produced by sulfur
reducing bacteria. The total amount of H,S in Black Sea is
estimated to be 4.6 billion tons, which may potentially be
recovered into 270 million tons of hydrogen [6].

Hydrogen sulfide occurs as a by-product in the treatment of
almost all natural raw materials used for energy production,
i.e. natural gas, crude oils and coals. The hydroprocessing of
petroleum, coal and minerals yields above 60 million tons per
year of toxic H,S and thus, in addition to H,S presented in
natural gas, the utilization of H,S is the major objective of gas
processing technology. The resulting toxic H,S is often
removed via Claus process and caustic or alkanolamine
absorption. These routes permit only the recovery of ele-
mental sulfur, while H, is simply jettisoned as water.

At the same time, hydrogen sulfide is one of the most
toxic substances with characteristic odor of rotten eggs;
odor threshold in air is 0.5 ppb [7]. Therefore, all waste
gases of any manufactories must be carefully purified from
hydrogen sulfide.

The direct thermal decomposition of hydrogen sulfide
into hydrogen and sulfur

HQS<—>H2+1/252 (1)

is a highly endothermic process: A Hy9g° = 20.25 kcal/
mol, A.S>95° = 9.25 cal/mol K, A,G,93° = 17.5 kcal/mol
[8]. Detailed investigations of equilibrium conversion of
hydrogen sulfide into hydrogen and gaseous products of
molecular sulfur S; (i =1, ..., 8) have shown that at
temperature below 800 K the total conversion of H,S does
not exceed 1.5-2 % taking into account the concentrations
of all components in the equilibrium mixture H,S/H,/S;
[9]. H,S conversion is increasing at temperature raising and
total pressure decreasing. To shift the equilibrium of
reaction (1) to the right, well-known techniques of reaction
product separation and different energy sources are used
[10, 11]; however, none of them found commercial appli-
cation because of high cost of hydrogen produced [12].

It is generally known that a catalyst does not shift
reaction equilibrium, but it can initiate and direct the
chemical reaction in such a way that the thermodynami-
cally unfavorable process could be realized. Recently [13,
14], we have found the reaction of hydrogen sulfide
decomposition into constituent elements can occur over
sulfide catalysts at room temperature. The thermodynamic
driving force of this process is the surface stoichiometric
reaction between two H,S molecules adsorbed on two
adjacent metal atoms, which results in the formation of
sulfur—sulfur bond in the surface intermediate (H»S;)(ads)
and the removal of hydrogen molecule into gas phase:

Z(st)ads_) (HZS2)ads+H2 T (2)

this exothermic reaction (A.H,9g = —16.2 kcal/mol [14])
occurs spontaneously at room temperature on the surface of
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sulfide catalysts (A,Goos = —10.3 kcal/mol [14]), and
division of reaction products results in the reaction (2) to
be irreversible. The limiting stage of catalytic reaction is
decomposition of the key surface intermediate (H,S;).qs
resulting in removal of the second hydrogen molecule into
gas phase and recombination of surface diatomic sulfur
into cyclooctasulfur Sg [13, 14]. It should be noted that the
reaction of disulfane formation

2H,S # HbS, + Hy 3)

is thermodynamically prohibited in gas phase [8], but
occurs on the catalyst surface [15, 16]. Hence, the catalyst
accomplishes very executive and specific function: after
H,S adsorption it creates conditions to form a new chem-
ical sulfur—sulfur bond between molecules adsorbed
resulting in initiation of a new catalytic route of hydrogen
sulfide decomposition. For the first time, the formation of
disulfane as an intermediate on the surface of metallic
catalysts was observed by Raymont [17] with high tem-
perature ultraviolet spectroscopy and nuclear magnetic
resonance technique.

Despite the reaction of hydrogen sulfide decomposition
occurs on sulfide catalysts in a periodical regime with low
efficiency, the thermodynamic possibility to realize it at
room temperature served as the basis for searching such
catalysts that could provide acceleration of the reaction
limiting step—decomposition of the key surface interme-
diate into the final products. The essential requirement to
the catalysts is that the active component must be stable in
H,S atmosphere and does not form low-active metal sul-
fides. One of the suitable candidates is platinum.

This paper deals with studying the main regularities of
low temperature decomposition of hydrogen sulfide on
metallic catalysts, both bulk and supported. Three possible
regimes of the reaction are investigated—flow gas phase,
autoclave and triple phase, when solid catalyst is immersed
into a layer of solvent.

2 Experimental and Theoretical

Hydrogen sulfide was produced in the pilot-chemical
workshop of the Boreskov Institute of Catalysis by passing
of hydrogen through a mixture (commercial sulfur + sul-
fide catalysts) heated to 400 °C. Oxygen content in H,S
produced did not exceed 0.05 % vol.

To prepare supported catalysts, silica, alumina and
carbon material Sibunit with Sggr = 200-220 m2/g and
pore volume 0.6-0.8 cm>/g were used as a carrier. Pt was
supported by impregnation of a carrier with aqueous
solution of H,PtCl, followed by drying under IR lamp and
calcinations in air at 400 °C. In the similar manner, the
metallic catalysts supported on silica (BIC-24-8), alumina
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Fig. 1 Experimental setup for
low temperature decomposition
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(BIC-24-9) and Sibunit (BIC-24-10) were prepared. The
catalysts contain non-noble metals and are prepared from
aqueous solutions of cheap and non-toxic metal salts.
Before testing in catalytic reaction, all catalysts were
reduced in hydrogen flow at 400 °C. The bulk catalyst
BIC-24-7 is chips made from a pig of non-corrosive metal.

The gas-flow experimental rig to study hydrogen sulfide
decomposition is shown in Fig. 1. The flow of argon is
mixing with hydrogen sulfide flow in a definite proportion
and passing through the catalyst. At the reactor outlet, two
absorbers (the second one for control) with aqueous zinc
acetate solution serve as a trap for unreacted hydrogen
sulfide collection and are used for quantitative analysis of
hydrogen sulfide conversion. After H,S separation, com-
position of reaction mixture is analyzed with a gas chro-
matograph Zwet-500 and hydrogen detector Zircon. The
catalyst activities are compared as the amount of hydrogen
sulfide converted into the reaction products during the
time-on-stream period and related to the amount of metals
in catalysts. To study the triple-phase regime, solid catalyst
is placed in a glass mixer under a layer of solvent equipped
with a magnetic stirrer. In autoclave regime, a high pres-
sure cylinder of 300 cm® was used. On the bottom of
autoclave, 40-60 g of a freshly calcined carrier (alumina,
silica, Sibunit) was loaded and from above through a par-
tition made of fiberglass, 5 g of a catalyst was placed. After
evacuation till 1072 torr, 4-6 g of liquid H,S was intro-
duced by autoclave cooling.

Quantitative analysis of H,S was conducted according
to [18] by its extraction from gas flow with 540 wt%

aqueous solution of zinc acetate. ZnS formed is decom-
posed in acid media, while hydrogen sulfide evolved is
determined with iodine titration.

Raman spectra were recorded with a spectrometer
FT-Raman RFS 100/S BRUKER (Germany) in the
region of 100-3,600 cm™"'. The excitation source is the
line at 1,064 nm of Nd-YAG laser with power of
450 mW.

Infrared spectra were recorded with a spectrometer
Shimadzu 8300 equipped with a diffuse reflection device
DRS-8000 in the region of 400-6,000 cm™! with resolu-
tion of 4 cm™' and accumulation of 200. Spectra of
adsorbed molecules were detected by subtraction of back-
ground from the analyzed spectra.

Chemical composition of solid and liquid substances
was monitored with a fluorescent X-ray analyzer ARL-
Advant’x with Rh anode of X-ray tube.

All calculations were made using the Gaussian 09
program package [19]. The electron structure calcula-
tions were made in the DFT framework using hybrid
exchange—correlation functional B3LYP [20-23], and
ground state and excited states were calculated also by
CASSCF method involving the active space (6 elec-
trons, 6 molecular orbitals). The basis set was
6-311++G(d,p) [24, 25]. The orbitals were drawn by
means of ChemCraft program [26]. The DFT/B3LYP
calculations of S, molecule were carried out for three
electronic states: the triplet (ground state), the closed
shell singlet and the singlet with a spin broken sym-
metry (BS-singlet). The ground state (triplet) and Ist
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excited singlet were calculated also using CASSCF
(6e,6MO) method.

3 Results

On passing H,S through metallic catalysts at room tem-
perature, two gaseous reaction products are detected with a
gas chromatograph (Fig. 2) (remind: non-reacted H,S is
collected in absorber with zinc acetate). Evolution of both
products is synchronous; after short “breakdown” period
attendant upon increasing H,S concentration on the cata-
lyst surface, in 40 min of time-on-stream the gas-phase
concentration of both products is increasing until constant
level. The first product is true hydrogen (proved by intro-
duction of pure hydrogen in a gas flow). The nature of the
second product was identified in the following
experiments.

An absorber with aqueous monoethanolamine (MEA)
solution was placed after the first absorber with zinc ace-
tate, and reaction of H,S decomposition was carried out in
a typical manner (Table 1). In gas phase, only hydrogen
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Fig. 2 The typical chromatograph diagram of evolution of gaseous
products during H,S decomposition over metallic catalysts at room
temperature

Table 1 Hydrogen sulfide decomposition on the bulk catalyst BIC-
24-7 at room temperature

Argon feeding (ml/min) 10
Hydrogen sulfide feeding (mmol/min) 0.0803
Amount of H,S supplied (mmol) 4.82
Amount of H,S non-reacted (mmol) 4.69
H>S conversion (%) 2.7
Amount of H,S converted (mmol) 0.13
Volume of 5 % MEA solution (ml) 100
Concentration of sulfur in MEA solution (mass %)* 0.0042
Amount of sulfur in MEA solution (mg-at) 0.13

Mass of catalyst is 2.7 g

* X-ray fluorescent analysis
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was detected with a gas chromatograph, the second product
was absent. The material balance has shown that the
amount of sulfur trapped in a MEA solution is exactly the
same as H,S decomposed. In another experiment, instead
of MEA, an absorber with pyridine was placed and reaction
was carried out once again. Only hydrogen was detected in
gas phase as well. In the Raman spectra of pyridine solu-
tion, a set of bands characteristic of solid sulfur dissolved
in pyridine was observed (Fig. 3). As follows from both
experiments, the gaseous sulfur is the second reaction
product of H,S decomposition. According to mass-spectra,
this gaseous sulfur has an atomic mass of 64 m/z (Fig. 4),
hence to the second gaseous product of H,S decomposition
the formula S, must be attributed.

To exclude another possible sulfur containing products,
the following arguments should be taken into account.
Oxygen is “the worst enemy” of the reaction of H,S
decomposition, therefore all gases and solvents were
carefully purified from oxygen. Even traces of oxygen
provoke the reaction of H,S oxidation to form solid sulfur
and water (not hydrogen!). SO, has an atomic mass of
64 m/z as well, but this molecule must be excluded
because it cannot form in absence of oxygen, and even
though it happened, this molecule cannot pass through
aqueous solution of zinc acetate. Moreover, in Raman
spectra no stretching modes of S—O and S—H bonds were
found (Fig. 3).

Table 2 summarizes activity of the 0.5 % Pt/SiO, cat-
alyst in a set of consecutive experiments on H,S decom-
position. After 60 min of each experiment, H,S feeding
was stopped, the setup was blown down with Ar to collect
non-reacted H,S into absorber with zinc acetate, and the
next experiment was carried out. The average H,S

220 (S 477 (Sy) 2585 (H,S)

Raman intensity, a.u.

L B S B — | f T T
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Raman shift, cm”
Fig. 3 Raman spectra of sulfur solutions in pyridine. / Pyridine; 2

H,S solution in pyridine; 3 solid sulfur Sg; 4 solid sulfur solution in
pyridine; 5,6 pyridine solution of gaseous S,
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Table 2 Hydrogen sulfide decomposition on the 0.5 % Pt/SiO, catalyst

mass

No. exp.  Reaction temperature (°C)  H,S supplied (mmol)  H,S non-reacted (mmol)  H,S conversion (%) TON?, mol H,S/mol Pt
1 25 9.8 8.5 13.3 22

2 25 9.4 8.0 15.0 23

3 25 10 7.9 21.0 35

4 25 9.4 8.4 10.6 17 Total £ = 97

Catalyst mass of 2 g was reduced in hydrogen at 400 °C. H,S feeding is 2.5-3.0 ml/min, Ar feeding is 20 ml/min. Experiment duration is

60 min. Between experiments, no catalyst regeneration was undertaken

4 Turn-over-number of the reaction calculated without considering Pt dispersion. For typical supported Pt catalysts prepared with impregnation,
Pt dispersion is varied from 10 to 30 %, therefore to get a real TON, the values given should be multiplied by a factor from 3 to 10

conversion in the time-on-stream period at room tempera-
ture is (15 £ 5) %. The reaction turn-over-number is
around 20 mol H,S/mol Pt, that means the reaction is true
catalytic one. Based on average conversion of H,S in one
experiment, a partial pressure of a substance with 64 m/z
may be estimated as about 18 £ 5 torr.

A substantial regularity was observed for all metallic
catalysts: as reaction temperature is increasing, conversion is
decreasing and vice versa (Table 3). In a set of consecutive
experiments, after catalyst testing at higher (lower) tem-
perature, a control experiment was performed at room tem-
perature. Table 3 shows a good reproducibility of catalyst
activity. Unusual temperature dependence of H,S decom-
position is typical of bimolecular reactions occurring on the
catalyst surface in an adsorbed layer, when at temperature
increasing the surface coverage with adsorbed molecules is
decreasing, which results in diminishing a probability of
chemical interaction between two adjacent molecules.

By use of alumina as a carrier for supported metallic
catalysts, division of reaction products of H,S

decomposition was fortunately accomplished (Fig. 5). On
passing H,S through the alumina supported metallic cata-
lyst BIC-24-9, evolution of hydrogen is increasing with
time, while gaseous sulfur evolution is very slight and
comes down (Fig 5a). After ~3 h time-on-stream, the
catalyst was isolated in a closed space, i.e. the reactor inlet
and outlet were shut off. Overnight later, the reactor was
blown through with argon, in gas phase only gaseous sulfur
was detected, evolution of hydrogen was negligible
(Fig. 5b). The total conversion of hydrogen sulfide in the
adsorption—desorption cycle was 27.5 %, which is essen-
tially higher in comparison with bulk and silica or Sibunit
supported metallic catalysts. The experiment is well
reproducible (Fig. 5), which means that alumina may serve
as a reservoir to accumulate gaseous sulfur that can be
removed by argon blowing through the catalyst. According
to X-ray fluorescent analysis, surface concentration of
sulfur adsorbed is ~0.5 % mass.

It is generally accepted that the electronic structure of
diatomic sulfur is an analog of oxygen; therefore, the
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Table 3 Temperature dependences of hydrogen sulfide decomposition on the Sibunit supported metallic catalyst BIC-24-10

No. exp. Reaction Time-on- Amount of H,S Conversion (%) Productivity, ml H,S
temperature (°C) stream (min) (mmol) converted/ml cat. h
Supplied Non-reacted
7 25 40 3.8 33 13.3 8.4
8 100 40 3.7 3.5 5.7 35
9 25 40 3.7 33 12.4 7.7
12 200 45 4.2 4.1 2.8 1.8
13 25 40 3.8 33 13.3 8.4
14 250 40 3.8 3.7 1.3 0.8
15 25 40 3.8 33 12.5 7.9
16 0 40 3.8 3.1 17.9 11.25
18 25 40 4.0 3.5 12.3 8.2

Catalyst mass of 1.0 g was reduced in hydrogen at 400 °C. Feeding of Ar is 26 ml/min, H,S—2.1 ml/min. No catalyst regeneration between

experiments was undertaken

Peak integral intensity, arb. units 3>

D 20 40 60 80 100 120 140 160
Time-on-stream, min

i

s ~

Peak integral intensity, arb. units (0

0 20 40 60 80 100 120
Time-on-stream, min

Fig. 5 a. Evolution of hydrogen and gaseous sulfur on passing H,S at
room temperature through the alumina supported metallic catalyst
BIC-24-9. b. Desorption of gaseous sulfur from the catalyst surface
later overnight after adsorption in Fig. 6a. No hydrogen evolution is
detected. Two consecutive experiments are shown

molecule is in the ground triplet state X ° X, [27]. Calculation
of electronic structure of S, molecule has shown that the
ground state is really a triplet (Table 4). In DFT/B3LYP
method the singlet with the closed shell is over for energy by
22.7 kcal/mol, but this state is unstable. Removal of the spin
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Table 4 Calculated parameters of S, molecule in the electronic states
of triplet, broken-symmetry singlet and excited singlet (in DFT—
“cleaned singlet” being constituent of BS-singlet)

Parameter and method Triplet BS-singlet Singlet
AE (kcal/mol)

DFT/B3LYP 0.0 5.27 10.36
CASSCF(6e,6MO) 0.0 - 14.38
Bond length (A)

DFT/B3LYP 1.927 1.928 1.924
CASSCF(6e,6MO) 1.904 -

Stretching mode (cm™)

DFT/B3LYP 684.0 683.4 688.4
CASSCF(6e,6MO) 735.2 -

symmetry restriction resulted in the stable BS singlet with
energy of 5.3 kcal/mol above the triplet state. The distinctive
feature of the BS singlet obtained is the true diamagnetic
state, but not a bi-radical as could be expected. This is caused
by the structure of the upper occupied valence orbitals
(Fig. 6). As follows from Fig. 6, the dimension and shape of
orbitals for different spins are similar, but they are oriented
in space in a different manner. As a result, the overlap
integral of the corresponding o- and - molecular orbitals is
not equal to 1; this caused a spin contamination, however,
their total contribution to the spin density on the atom is
equal to 0. Detailed analysis of the wave function of BS
singlet has shown that it is a mixture of the singlet and triplet
states Wps =a-Wg+ b - ¥r with almost equal weights
(a2 = 0.498, b* = 0.502). Because of this, singlet state
cannot be represented with one-determinant function,
therefore it cannot be found in a standard DFT calculation.
The energy of this singlet state can be estimated as Eg =

(Egs — b* - Er)/a* and it is over the triplet ground state by
10.4 kcal/mol: (Scheme 1).
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Fig. 6 View of the three upper
occupied ao- and B- molecular
orbitals for BS singlet

(HOMO high occupied
molecular orbital). Orbital
energy is in Hartree. Orbitals
were drawn with a Chemcraft
program [26]
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Scheme 1 Scheme of energy level dispositions of the S, molecule

One should note that bond length and stretching mode of
both triplet and BS singlet differ insignificantly (Table 4).
To estimate more accurately the energy and stability of the
excited singlet state, we used CASSCF method. The cal-
culated excitation energy from ground to singlet state is
equal to 14.4 kcal/mol (Table 4).

The similar analysis made for atomic sulfur has shown
that the ground stable state is a triplet, BS singlet is over in
energy by 8.7 kcal/mol, while the singlet state is spaced
from BS singlet by 17.5 kcal/mol. Unstable singlet state
described with one-determinate function is over the triplet
state by 38.6 kcal/mol. The calculations showed that the
formation of the diatomic singlet sulfur from two singlet
sulfur atoms results in the energy gain of 118.7 kcal/mol.
Evidently, one may be presupposed that hydrogen sulfide

t | 2
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decomposition can occur on the surface of metallic cata-
lysts according to equation:

H,S < H), + S,gs (4)

caused by the formation of atomic singlet sulfur in the
adsorbed state. Most probably, this mechanism is realized
on the surface of alumina supported metallic catalysts BIC-
24-9 (Fig. 5). In this case, after H,S adsorption at room
temperature predominantly only hydrogen evolves into gas
phase (Fig. 5a), while the reaction limiting step is a surface
reaction of the atomic singlet sulfur recombination into the
singlet diatomic sulfur, which can be desorbed into gas
phase by the catalyst flowing with argon overnight later
after adsorption (Fig. 5b).

Starting from the triplet state of the diatomic sulfur,
paramagnetic properties of this molecule should be
expected by analogy with oxygen. In literature, we have
found the only paper describing the EPR spectra at
8,880 MHz of diatomic sulfur obtained in situ by interac-
tion of sulfur dichloride with hydrogen [28]. With that end
in view, the EPR spectral were recorded at room

' Authors are grateful to S.N. Truchan and O.N. Martyanov for EPR
spectra recording.
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temperature with a spectrometer EleXsys 500 in the region
X ~ 95 GHz and Q ~ 34 GHz. In the first case, the
sample of the BIC-24-9 catalyst with the gaseous sulfur
adsorbed (Fig. 5a) was loaded into a quartz ampoule of J
10 mm; the ampoule was evacuated at —100 °C and
sealed. During EPR spectra recording of gaseous phase, the
ampoule was heated to 100 °C, which presupposed sulfur
desorption into gas phase. In the second case, the gas phase
of product desorption (Fig. 5b) was passing through a
quartz capillary of & 1 mm and at the moment of maxi-
mum sulfur evolution, the capillary was isolated on both
ends with paraffin. However, in both cases no EPR signal
was detected. Therefore, one may evidently conclude that
in the catalytic reaction of hydrogen sulfide decomposition
on metallic catalysts at room temperate the diatomic gas-
eous sulfur in diamagnetic singlet state with the total spin
equal to O is realized according to equation:

2H,S < 2H, + S| (5)

The arrangement of the formula (5) is in full agreement
with the rule of spin conservation.

According to the equation, reaction (5) occurs with an
increasing volume; therefore, to shift equilibrium to the
right, one or both reaction products should be removed
from the catalyst surface. The main idea to employ auto-
clave implies the use of a carrier to accumulate gaseous
sulfur. Actually, alumina is found to be a very effective
accumulator to keep gaseous sulfur in the adsorbed state
(Table 5). H,S conversion comes near 30 %, which is
higher than the average conversion in gas flow regime.
After autoclave was open to the atmosphere, it has been
found that color of silica is dirty-grey and alumina is straw.
After exposure to air in several days, both patterns had
become colorless, while sulfur surface concentration did
not change in this period.

In the UV spectra of diffuse reflection of sulfur adsorbed
on alumina (sample 3 from Table 5), a strong absorbance is
observed in the region above 30,000 cm ™' (Fig. 7), while a
mechanical mixture of solid sulfur with alumina absorbs
only slightly. In IR spectra of diffuse reflection of the
former sample, a strong band at 809 cm™' is observed
(Fig. 8), which is absent in spectra of solid sulfur. This
band can be attributed to the sulfur—sulfur stretching mode

in the adsorbed state vg_g. The similar band at 830 cem s

found in the spectra of sulfur adsorbed on silica.

After 1.5 year storage of sample 3 from Table 5 in a
closed vessel but under the air blanket, 25 g of this col-
orless sample was blown down with argon at room

5

0
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30000
Wavenumber, cm’

40000 50000

Fig. 7 UV spectra of diffuse reflection of gaseous sulfur adsorbed on
alumina (sample 3, Table 5). Sulfur surface concentration is 2.07 %.
I Initial alumina; 2,3 mechanical mixture of 1 and 10 % of solid
sulfur with alumina; the mixture was prepared by careful grinding of
the market sulfur and alumina in an agate mortar; 4 freshly prepared
straw sample 3 from Table 5; 5 bright-yellow pattern after keeping
sample 3 from Table 5 in a closed vessel for several hours; 6 colorless
pattern after keeping sample 3 from Table 5 in air for several days
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Fig. 8 Difference IR spectra of diffuse reflectance of gaseous sulfur
adsorbed on alumina (sample 3 from Table 5) and solid market sulfur

Table 5 H,S decomposition in

No. Carrier Carrier H,S Sulfur content on Sulfur mass on Yield of sulfur in
autoclave at room temperature mass (g) loading carrier® (mass %) carrier (g) reaction (5) (%)
over the bulk catalyst BIC-24-7 ()
Catalyst mass is 5 g. In 1 Silica 47.0 2 0.14 0.07 33
autoclave, a freshly calcined 2 Alumina 42.3 4 0.76 0.32 8.0
carrier is loaded which is 3 Alumina  54.6 4 2.07 1.13 28.2
separated from the catalyst with 4 Sibunit 50.1 5 0.82 0.41 8.2
a partition made of fiberglass o

5 Sibunit 66.7 5 0.39 0.26 5.2

? X-ray fluorescent analysis
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temperature. During the blowing, gaseous sulfur was
detected with a gas chromatograph. X-ray fluorescent
analysis has shown that the sulfur surface concentration
decreased from 1.006 % mass in the initial sample to
0.7021 % mass in the final sample, i.e., 0.076 g of sulfur
was volatilized. The understated sulfur surface concentra-
tion in comparison with the freshly prepared sample 3 from
Table 5 means that adsorbed sulfur still disappeared from
the surface, however it does react with neither oxygen nor
water of the air. Therefore, alumina can be used as an
accumulator of gaseous sulfur, which might be easily
claimed in case of need.

Another solution to shift equilibrium of the reaction (5)
to the right consists in using solvents to dissolve sulfur
formed. For this purpose, the reaction (5) was proposed to
carry out in the trickle-bed regime after catalyst being
immersed into liquid and H,S being passed through the
reactor [29-32]. In the case of aqueous monoethanolamine
(MEA) solution, only hydrogen is detected in gas phase
and H,S conversion is close to 100 % (Table 6). In ~2 h
of time on stream, H,S feeding is stopped and reactor is
isolated in closed space. Overnight later, the reactor was
blown down with argon, only hydrogen was detected in gas
phase and H,S was supplied again (Table 6). In four con-
secutive experiments the total H,S conversion attained
99.6 % (Table 6). To recover sulfur from the solution, a
very simple method can be used: after solution acidification
with HCI until pH ~2, yellow fine sulfur is precipitated.
After separation on a paper filter, X-ray analysis has shown
an orthorhombic modification of a-sulfur. However, the
mother solution contains also sulfur; therefore, additional
investigations should be undertaken to complete sulfur
recovery from the solution. Nevertheless, the use of sol-
vents seems to be the principal resolution of the problem of
H,S utilization at room temperature to obtain the target
product—hydrogen [29-32].

Table 6 H,S decomposition at room temperature over the bulk cat-
alyst BIC-24-7 immersed into 5 % aqueous solution of monoetha-
nolamine (MEA)

No. adsorption  Reaction  H,S (mmol) H,S
duration - conversion
(min) Feeding  Non-reacted (%)

1 130 10.45 Traces

2 111 8.91 Traces

3 120 9.64 Traces

4 270 21.7 Traces

z 50.7 0.2 99.6

The Ar flow rate is 6 ml/min, H,S is 1.8 ml/min, catalyst mass is 2 g,
volume of solution is 150 ml

4 Discussion

Disulfane, H,S,, is the primary substance which gave
impetus to research mechanism of its formation from H,S
on the surface of sulfide catalysts [15, 16] (reaction 2)
despite its direct formation from H,S in gas phase is
thermodynamically prohibited (reaction 3). Disulfane is a
yellow liquid with asphyxiating smell, a rather stable
compound, but decomposes slowly in air to form sulfur and
hydrogen sulfide [33]. However, thermodynamics of its
decomposition does not exclude the possibility of hydrogen
formation in accordance with equations:

H,S, < H, + Sggas) (6)

Aerggo =27.1 kca]/mol, ArS298O = 23.4 cal/mol K,
A;G95° = 20.1 kcal/mol, A,G = 0 at 1,158 K and

H,S, — H, + 1/4 8§ (7)

A H»93° = —3.8 kcal/mol,  A.S»93° = —29.2 cal/mol K,
A;Gr9g° = 4.9 kcal/mol, A,G = 0 at 130 K (reference data
for calculations are taken from [8]). In the first case,
reaction (6) is endothermic and demands energy input from
the outside. This mechanism can be evidently realized at
high temperature [17]. The second mechanism (reaction 7)
is typical most probably of sulfide catalysts [13, 14]. Thus,
decomposition of hydrogen sulfide into constituent ele-
ments is thermodynamically favorable through the forma-
tion of the adsorbed disulfane as a key surface
intermediate, but initiation of this process is impossible in
gas phase without participation of catalyst surface.

Nevertheless, for metallic catalysts another possible
pathway of H,S decomposition seems to be realized. The
molecular and dissociative adsorption of H,S on the sur-
face of transition metals is a highly exothermic process,
which occurs at a low temperature (110 K) via very small
energy barriers resulting in the formation of adsorbed
atomic species [34, 35]. For small coverages, 65 < 0.3 ML,
atomic sulfur is the most stable species’ however, when the
sulfur coverage increases on the surface, there is a sub-
stantial weakening in Pt-S interaction due to formation of
S-S bond [36], and desorption of S, is now observed in
thermo-desorption spectrum. The key to this behavior is
probably a weakening of the metal-sulfur bonds that is
compensated by S-S bonding. It is important that sulfur
does not penetrate into sub-surface layer of Pt and does not
form platinum sulfides.

Thus, H,S decomposition at room temperature into con-
stituent elements is thermodynamically favorable process
via both adsorbed disulfane formation as a key surface
intermediate and complete dissociation of H,S to atoms at
the metallic surfaces. However, the use of metallic catalysts
has revealed unexpected and unpredictable experimental
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outcome—the reaction product, along with hydrogen, is
gaseous diatomic sulfur existing at normal conditions.

At present, extensive studies of sulfur properties in any
aggregation state and at any external impacts are collected
and classified [37-40]. Sulfur reactivity towards various
substrates is considered, e.g. in [41, 42]. Thermodynamical
properties of sulfur vapors are collected in [42—44].

Gaseous S, molecule obtained at thermal excitation of
solid sulfur has the triplet ground state with the configu-
ration X 32;, equilibrium  interatomic  distance
r. = 1.889 A, and the ground state vibration energy
w, = 725.68 cm™~' [27]. The molecule is paramagnetic at
1,000 K [45], the Raman shift at 718 cm~! was assigned to
the fundamental mode of S, vibration [46]. From UV
absorption and fluorescence spectra of sulfur vapor the
harmonic fundamental mode of the S, ground state was
derived as @, = 726 cm™'. The gas-phase EPR spectrum
of diatomic sulfur was recorded in [28]. Diatomic molecule
can be isolated only in the solid matrix of the inert gases on
condensation of S, vapor [47-49], while on warming to
room temperature it converts into “normal” solid ortho-
rhombic sulfur. The ground state of S, molecule has been
calculated using different methods [50-54].

Diatomic sulfur is isovalent with O, and has a similar
electronic structure. Singlet oxygen chemistry is well
developed [55, 56] and has initiated considerable interest in
its analogous sulfur species, 'S,. The physical properties of
S, are well known, it exists in either singlet 182 or triplet 352
forms quite analogous to the two states of diatomic oxygen.
A variety of methods for the generation of 'S, were dis-
cussed in [57-60], but none of them allowed isolating this
substance in pure form. Singlet sulfur in situ synthesized was
characterized by specific reactions with various substrates in
analogy with singlet oxygen, in particular, with conjugated
dienes [61] and anthracene [62]. Nevertheless, by means of
this very reactive molecule, large amounts of new sulfur
containing organic substances with unique properties were
synthesized and characterized [63-66].

Diatomic gaseous sulfur obtained in the reaction (5) is
characterized with loathsome sickening smell, is rather
soluble in water up to 0.5 % mass, at temperature of liquid
nitrogen is crystallized as white snowflakes, at room tem-
perature reacts with Teflon (!) and silicone. The molecule
is stable in adsorbed or dissolved states for a long period of
time (weeks and months), does not react with water and
oxygen at room temperature.

5 Conclusions
1. A new catalytic reaction of hydrogen sulfide decom-

position is discovered, the reaction occurs on metal
catalysts in flow gas phase according to equation

@ Springer

2H,S < 2H, + S{&

to produce hydrogen and gaseous diatomic sulfur, con-
version of hydrogen sulfide at room temperature is close to

15 %. When considering the temperature dependence of

the reaction discovered, conversion of hydrogen sulfide

decreases with rising temperature and at 250 °C the reac-
tion is almost stopped.

2. The thermodynamic driving force of the reaction is the
formation of the chemical sulfur—sulfur bond between
two hydrogen sulfide molecules adsorbed on two
adjacent metal atoms in the key surface intermediate
and elimination of hydrogen into gas phase. Hereby,
the solid catalyst ensures the possibility to realize
surface reaction, which is thermodynamically prohib-
ited in gas phase.

3. “Fingerprints” of diatomic sulfur adsorbed on the
solid surfaces and dissolved in different solvents are
studied. In closed vessels, this molecule is stable for a
long period of time (weeks).

4. A possible electronic structure of diatomic gaseous
sulfur in the singlet state is considered. According to
DFT/CASSCEF calculations, energy of the singlet state
of S, molecule is over the ground triplet state energy
for 10.4/14.4 kcal/mol. Some properties of gaseous
diatomic sulfur are also investigated.

5. Catalytic solid systems, both bulk and supported on
porous carriers, are developed. The supported catalysts
are prepared by impregnation of a carrier with aqueous
solution of cheap and nontoxic metal salts; the
technology of catalyst preparation can be -easily
realized at any catalytic manufactures.

6. Itwasfound that alumina is very effective accumulator to
keep gaseous sulfur in the adsorbed state, which might be
easily claimed in case of need by flowing with argon.

7. To shift equilibrium of hydrogen sulfide decomposition
to formation of final products—hydrogen and sulfur, it
is proposed to carry out the process on solid catalysts at
room temperature under a layer of solvent capable of
dissolving sulfur. In this case, a 100 % conversion of
hydrogen sulfide can be achieved. This gives grounds to
consider hydrogen sulfide as an inexhaustible potential
source of hydrogen—environmentally clean energy
source and valuable chemical product.
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