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Abstract: In the energy transition from fossil fuels to renewables, the tendency is to benefit from ultra-
sour natural gas reserves, whose monetization was previously considered unviable. The increasing
H;S content together with the growing concern about emissions that are harmful to the environment,
make necessary the development of efficient strategies for pollutants management. Although large-
scale H,S conversion is well-established through the Claus process, novel technologies for HyS
valorization could be a reliable alternative for waste-to-valuable chemicals, following the circular
economy. In this perspective, technologies such as Hydrogen Sulfide Methane Reformation (H,SMR),
non-thermal plasma, photocatalytic decomposition, decomposition through cycles and electrolysis are
analyzed for the H, production from HjS. They represent promising alternatives for the simultaneous
H,S valorization and H; production, without direct CO, emissions, as opposite to the traditional
methane steam reforming. The various H,S conversion routes to H; are examined, highlighting
the advantages and disadvantages of each of them. This review focuses in particular on the most
promising technologies, the HSMR and the non-thermal plasma, for which preliminary process
scheme and techno-economic analysis are also reported. Finally, the major research gaps and future
developments necessary to unlock the full potential of hydrogen sulfide valorization as a sustainable
pathway for hydrogen production are discussed.

Keywords: hydrogen sulfide; H,S valorization: methane reforming; non-thermal plasma; H,S
decomposition; hydrogen production

1. Introduction

Global energy demand is expected to grow in the coming years. Therefore, to satisfy
the growing natural gas demand, the exploitation of sour and ultra-sour natural gas
reservoirs, which was previously deemed unprofitable [1,2], should be considered. The
high acid and sour gas content of these types of raw gases must be lowered to meet
commercial natural gas specifications [3-5]. Waste-to-chemicals technologies are gaining
attention because of growing concerns about emissions and of the widespread diffusion of
circular economy concepts [6,7].

In the natural gas treatment chain, hydrogen sulfide is a hazardous component that
must be removed and post-treated [8,9]. H,S, together with CO,, is usually removed in
an amine absorption and regeneration unit. The hydrogen sulfide-rich stream, separated
from the natural gas, is then processed in the Claus sulfur recovery unit [10], where the
hydrogen sulfide is oxidized to elemental sulfur (reactions (1) and (2)).

HyS +3/20; — SO, + HyO (1)

2H,S + SO, — 35+ 2H,O (2)
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In reactions (1) and (2), hydrogen present in H,S molecule is converted into water
vapor. Together with H,O, SO, is generated to ensure sulfur production. In principle, it
would be advantageous to exploit HyS by recovering its intrinsic hydrogen content, with
the production of a high added value compound.

To date, steam methane reforming (SMR) is the reference catalytic process for Hj
production. The high CO, associated emissions, both direct and indirect, are the main
drawbacks of methane reforming: for a given mole of CHy, one mole of CO; is emitted
directly from the reaction (3), in addition to the indirect CO, emitted to provide the
required reaction heat (4). Therefore, the COx generation inside the process makes SMR a
non-environmentally friendly production of Hp [11].

CHy + H,O + 3H, + CO 3)

CO + H,0 + H, + CO, @)

The conversion of H,S to H; offers several advantages [6]. Firstly, it presents an oppor-
tunity to mitigate the environmental and health hazards associated with H,S emissions. By
transforming this hazardous compound into a valuable energy carrier like hydrogen, not
only can environmental pollution be reduced, but also economic benefits can be achieved
through the utilization of a previously wasted resource. Moreover, hydrogen, as a versatile
energy vector, can be stored, transported, and utilized in a wide range of applications,
including fuel cells, chemical synthesis, and industrial processes [12-15].

This comprehensive review aims to provide a state-of-the-art analysis of the tech-
nologies available for hydrogen sulfide valorization to hydrogen. A classification of these
technologies based on technology readiness level (TRL) is shown in Figure 1.

TRL

H,S methane
reformation

5.5

Direct Photocatalytic Thermochemical ~ Thermocatalytic =~ Decomposition via
decomposition decomposition decomposition decomposition electrolysis
through non-thermal through cycles
plasma

H,S valorization technologies

Figure 1. TRL of technologies for H,S valorization. Reproduced with permission from [16], Else-
vier, 2024.

TRL is a systematic metric used to assess the maturity and readiness of a technology.
It is used as an evaluation standard in this work since it provides a way to evaluate
the progress of a technology from its early concept to its practical application. The TRL
scale typically ranges from 1 to 9, with each level representing a different stage in the
development and readiness of a technology. Among the available H,S to H; valorization
technologies, the hydrogen sulfide methane reformation (H,SMR) is the one with the
highest TRL value, ready for commercial-scale implementation, as the process shares
similarities with SMR and does not require special equipment. Decomposition using non-
thermal plasma stands as the second most developed technology for decomposing H,S
to Hy. This technology has a TRL equal to 5-6. However, its unconventional equipment
needs further testing to verify its scalability and lifetime. Also, the reaction mechanism
remains not fully understood, necessitating a thorough kinetic analysis to understand
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how operating conditions and feed mixture composition can affect the process [17]. The
photocatalytic decomposition technology, which presents a low TRL (equal to 3), and
requires in-depth research at the laboratory scale, before the process can potentially reach
commercialization level [18]. Thermochemical decomposition via metal or metal sulfides
cycles presents a very complex reacting system, due to the difficult separations downstream
the reactor, hindering the technology scale-up [19]. H,S thermocatalytic decomposition,
involving catalyst use to lower reaction temperatures and allowing the presence of O,,
holds a TRL of 4. Issues related to SO, formation during oxidative decomposition and
catalyst deactivation prevent its industrial scalability at present. The electrolysis-based
decomposition process currently faces two main obstacles that hinder its industrialization:
electrode passivation and formation of polysulfides in the reaction environment [20].

In the following sections, the various HS conversion routes to Hy are examined,
highlighting their underlying principles, recent developments, and potential applications.
The key factors influencing the efficiency and scalability of these processes, such as catalyst
design, process optimization, and hydrogen purification techniques, are discussed. This
review focuses in particular on the most promising technologies, the HySMR and the
non-thermal plasma, for which preliminary process scheme and techno-economic analysis
are also reported. Finally, the major research gaps and future developments necessary to
unlock the full potential of hydrogen sulfide valorization as a sustainable pathway for
hydrogen production are discussed. Overall, this review aims to serve as a comprehensive
resource for researchers, industry professionals, and policymakers seeking to understand
the current state of H,S valorization technologies and their role in the transition towards a
cleaner and more sustainable energy landscape.

2. Hydrogen Sulfide Methane Reformation

H,S methane reformation process is the most promising alternative for the H,S val-
orization to Hy. According to the H,SMR, hydrogen sulfide is converted to H, and carbon
disulfide (CS;) via reaction (5). Hydrogen holds considerable value due to its versatility
and potential as a clean energy carrier, as its combustion does not generate CO, emis-
sions [21]. As a clean alternative to traditional fuels, hydrogen can be employed in various
applications, ranging from fueling vehicles and generating power to serving as a reducing
agent in industrial processes. Additionally, hydrogen plays a crucial role in decarboniz-
ing industries like steel and chemical manufacturing, providing a cleaner alternative to
carbon-intensive methods. CS, is a colorless, toxic, and highly flammable chemical [22].
It was first produced in 1880 through the high temperature heating of charcoal together
with sulfur. The original process was then replaced by a novel one based on hydrocarbons
such as methane, ethane, and ethylene as feedstock. CS,, typically commercialized both in
technical and reagent grades (up to 99.9% pure), finds its primary application in producing
xanthate for cellulosic materials like rayon and cellophane. Viscose products account for
approximately half of the CS, market. The second main use is in the production of CCly.
Other applications include flotation agents, pesticides, and rubber chemicals [23]. As the
demand for carbon disulfide is expected to increase by 2025 [24], due to the growing need
for cellophane from the packing industry, carbon disulfide production is getting attention
in the industrial processes panorama.

Reaction (5) allows both the hydrogen and carbon disulfide production, enabling the
simultaneous H,S abatement and valorization. The duty required by reaction (5) is very
high (AH%0g ¢ = 232.4 kJ-mol~1): fuel has to be burnt to supply the duty. No direct CO, is
emitted from the reaction process: only indirect CO, emissions due to the fuel combustion
are present. At high temperature, in the presence of H,S and CHy, side-reactions (6) and (7)
can take place. Reaction (7) is one of the main criticalities of the HySMR process. In fact, if
this reaction takes place in the reacting system, the carbon deposit can poison the catalyst
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and damage the equipment. So, a thorough understanding of the system’s thermodynamics
is essential to assess under which conditions carbon lay down is likely to occur.

2H,S + CH,4 <+ CS, + 4H, (5)
H,S + 1/2S, + H, (6)
CHy <+ C(s) + 2H, 7)

The first paper in the literature on the chemical equilibrium of CHs and H,S at
high temperatures goes back to the one by Megalofonos et al. in 1991 [25]. Later on,
Huang and T-Raissi [26] carried out phase-equilibria calculations to assess how the inlet
reactants affect the system. Subsequently, experimental and simulation analyses were
carried out to characterize the kinetics of the system and identify the most performing
catalyst [27-35]. Most of the work is aimed at defining the operation ranges in order to
avoid carbon deposition. Indeed, for a successful scale-up of the process, the optimal
operating conditions in terms of pressure, temperature, and feed composition must be
assessed carefully. The thermodynamic assessment of the reacting mixture is detailed in
Section 2.1.

2.1. Thermodynamic Assessment

The effect of the operating conditions, mainly temperature and pressure, on the
equilibrium of a reacting system can be clarified through the careful assessment of the
process thermodynamics. To study the chemical equilibrium of a reacting system, ad
hoc developed routines or commercial process simulators can be used. In both cases, the
aim is to minimize the Gibbs free energy of the reacting system at a fixed temperature T
and pressure P, to evaluate the chemical composition of the system at thermodynamic
equilibrium conditions. In the specific case of hydrogen sulfide methane reformation,
Spatolisano et al. [16] performed thermochemical equilibrium calculations using the Aspen
Plus® V.11 RGibbs module [36]. In this work, the effect of reaction temperature and
feed composition on system behavior was first assessed at atmospheric pressure. The
investigated temperature range was 800-2000 °C, while the feed composition was varied by
varying the CHy/H,S feed molar ratio in the range 1/3-1/10. These ratios were chosen to
investigate the potential advantage of having a H,S excess on the solid carbon deposition
and were compared with the stoichiometric ratio CHy/H»S of 1/2. The results, reported
in Figure 2 in terms of carbon disulfide, hydrogen, carbon, and sulfur yields, are coherent
with the study performed by Huang and T-Raissi [26]. At elevated temperatures, CS,,
Hj, C, and S; are established as the thermodynamically favored products. The C yield
(Y.) decreases when temperature rises at fixed CH4/H,S feed molar ratio. The point at
which no carbon deposition takes place is of particular interest for the process operating
conditions. The minimum temperature for which the carbon yield is 0 is called “pinch
point temperature” in the literature. This temperature is known to decrease when CH4/H,S
decreases: in this case, an excess of H,S is available to react with methane such that reaction
(5) occurs preferentially rather than reaction (7). As a consequence, the reformation reaction
is more favored at high temperatures and low CH,/H;S feed molar ratios, such that the
CS; yield increases in these cases. Furthermore, for the same reasons, a decrease in S
yield occurs: HjS reacts preferentially with methane and reaction (5) is more favored than
reaction (6) (Figure 2c). According to thermodynamics, it would be advantageous to work
with a large H,S excess. However, significant HpS content in the process, higher than the
stoichiometric ratio, makes the unreacted gas volume increase, thus increasing the flowrate
of the recycle stream. As a consequence, the fixed and operating costs of the purification
section downstream the reactor increase in this case. For this reason, in order to identify the
optimal reactants feed ratio, a sensitivity analysis must be performed during the process
simulation phase with the purpose to minimize the total costs of the process (presented in
Section 2.3.2).
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Figure 2. H,S methane reformation products: yield (Y) of (a) CS,, (b) Hy, (c) C and (d) S, as a function
of temperature, for different CHy/H,S feed molar ratios and at fixed pressure of 1 atm. Reproduced
with permission from [16], Elsevier, 2024.

For hydrogen sulfide methane reformation, the same considerations of the traditional
steam methane reforming regarding the operating pressures can be applied. High pressure
operation can be helpful in reducing the reactor’s volume. Therefore, the analysis of the
pressure effect on the reaction thermodynamics can be useful in the assessment of the best
operating pressure in the process design phase. The effect of the operating pressure on
the chemical equilibrium of the reacting system is reported in Figure 3. The investigated
pressure range is 1-20 bar. From the thermodynamic point of view, the HySMR reaction
(reaction (5)) takes place with an increasing number of moles, thus it is favored at low
pressures. Indeed, CS, and Hj yields shown in Figure 3a,b are lower at increasing pressures.
When the pressure increases, carbon deposition becomes higher, as depicted in Figure 3d.
If, on the one hand, high pressure is advantageous to reduce the reactor’s volume and to
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favor the kinetics, on the other one, it is not beneficial for the thermodynamics, making the
pinch point temperature rise at fixed CHy/H,S feed molar ratio.
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Figure 3. H,S methane reformation products: yield (Y) of (a) CS,, (b) Hy, (¢) C and (d) S, as a function
of temperature, for different pressures and at fixed CHs/H,S feed molar ratio of 1/6. Reproduced
with permission from [16], Elsevier, 2024.

The behavior of the system as a function of pressure qualitatively discussed, is clearly
independent on the considered CHy4/H,S feed molar ratio (Figure 4). However, the pinch
temperature increases with pressure is more significant at high CH4/H,S feed molar ratios.
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Figure 4. Carbon yield (Y¢) as a function of temperature, at different pressures. CHs/H,S feed molar
ratio is fixed at: (a) 1/4; (b) 1/6; (c) 1/10. Reproduced with permission from [16], Elsevier, 2024.

To perform a complete assessment of the reacting system thermodynamic behavior,
the effect of impurities in the inlet stream is worthy of consideration. As the fed CHy, is
likely sourced from a natural gas stream, the presence of water, heavier hydrocarbons
(ethane and propane), and CO, on the chemical equilibrium has to be discussed. The effect
of the presence of H,O on the thermodynamics of the system was discussed by Spatolisano
et al. [16]. These authors assumed a HyO variable content in the inlet stream ranging
from 0 to 7 mol% and concluded that the presence of water causes a decrease in the pinch
point temperature. This is an advantage for the process operation, because coke formation
can be reduced. Nevertheless, carbon monoxide is co-produced in this case and, if fuel
quality Hj is the desired product, it must be separated from H; downstream the reaction
section. Together with water, a small quantity of heavier hydrocarbons (as C,.) may be
present in the inlet stream. For the sake of simplicity ethane and propane were selected to
represent the heavier hydrocarbon species. Their effect on the system’s thermodynamics
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was assessed by Spatolisano et al. [16] at variable molar content in the feed, ranging from 0
to 10 mol%. The results showed that the effect of higher hydrocarbons is to increase the
pinch temperature (reactions (10) and (11)), but also to increase, in a less significant amount,
the hydrogen and carbon disulfide produced, because of the reformation reactions (8) and
(9). This evidence was also confirmed by Megalofonos and Papayannakos [25].

4H,S + CoHg + 2CS; 4+ 7H» (8)
6H,S + C3Hg < 3CS, + 10H, (9)
CoHy > 2C(s) + 3H, (10)
C3Hs ¢ 3C(s) +4H, 11)

When carbon dioxide is also present in the feed stream, CO and COS are coproduced.
According to Spatolisano et al. [16], at high CO, contents, H, and CS; production is
lower and the same is for carbon deposition. On the other hand, an increase in CO and
COS production is observed. Thus, it can be stated that, if carbon dioxide traces can be
advantageous to avoid coke formation, at higher CO, contents in the inlet stream other
gaseous species (mainly CO and COS) are coproduced, that can hinder the Hj separation
from contaminants downstream the reactor. Generally, impurity content must be tuned
according to the market specifications of the product. If fuel quality H, must be obtained,
low HyO, Cy, and CO, contents can be tolerated. If syngas (H,-CO mixture) is the desired
product, higher impurity contents are admissible.

The effect of the presence of sulfur on the reaction thermodynamics is investigated by
Tollini et al. [37]. Results show that modifying the Sy, H,S, and CHy inlet composition can
optimize the system. This optimization leads to improved Hj yield, decreased C and S,
deposition, enhanced H,S removal efficiency, and reduction in the required thermal duty.

2.2. Catalyst and Kinetic Modelling

Once the thermodynamic framework has been assessed, it is necessary to investigate
the kinetics. There are numerous experimental studies conducted at laboratory level, in the
presence of a catalyst, in order to identify an optimal formulation for the catalytic species
on the one hand, and to clarify the reaction mechanism on the other, thus proposing a
model for the kinetic phenomenon. The optimal formulation for the H,SMR catalyst of
the reformation process is one of the critical issues for the scale-up of the technology at an
industrial level. In general, all proposed catalysts must be designed to withstand severe
operating conditions, resulting from high temperatures and a highly corrosive atmosphere
due to the high concentrations of HjS.

Megalofonos and Papayannakos [25] conducted experiments using a MoS; catalytic
tubular reactor. The catalyst was tested in a temperature range of 700-800 °C and under a
pressure of 1 bar. Results indicated that for residence times less than 5 seconds and reaction
temperatures below 790 °C, the percentage of H in the gas mixture at the reactor outlet
varied between 10% and 25%. This corresponds to 40-80% of the respective equilibrium
values. The catalyst exhibited irreversible deactivation, but after 240,000 s in operation, it
stabilized at a constant remaining activity level of approximately 50%. The same authors
also studied the HSMR reaction over a Pt/Al,O3 catalyst [27] in a fixed bed tubular
reactor in a temperature range of 700-800 °C under 1 bar pressure and for space times
between 0.1 and 1 s. Megalofonos and Papayannakos [27,28] employed the Langmuir-
Hinshelwood-Hougen-Watson theory to obtain 18 different kinetic models for each of the
two investigated catalysts, MoS; and Pt/ Al,Os:

(4-d)/2\  pl2-0)/2 (20+d) /2
L (Pery /PG 72) - P22 By g — (1/Key) - Pes, - P

(12)
4-d)/2\1¢
|Pruss + Kps - B> + Kpcs - B, + Kpeny - (Peny /By, %) |
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In Equation (12), d = 4, 3, 2 is the number of H atoms in the molecule CHy, depending
on the molecular or radical species involved, v is the number of chemisorbed sulfur atoms
reacting with CH, and c is the number of participating catalytic sites. The parameters k
and Kp; are functions of temperature as follows:

k,Kp; = exp(%)exp(%é?) (13)

In Equation (13), By; and B,; are constant parameters. The best kinetic model for each
of the investigated catalyst is defined by the values of d, v and ¢ reported in Table 1, where
the optimal values of the parameters k and Kp; for each catalyst are also summarized.

Table 1. Constants of the best kinetic model for each of the investigated catalysts [27,28].

k Kps Kpcs Kpcha
Catalyst d ¢ (mol-atm-g—1.s~1) (atm??5) (atm®%) (atm0-54—d))
MoS 3 3 exp(Bi/R) 2.17 x 107 9.03 x 10% 8.64 x 107! 6.23 x 10*
2 Boi 5.59 x 10* 2.50 x 10% 1.75 x 103 8.26 x 103
exp(Byi/R) 3.96 x 1012 1.77 x 1074 3.11 x 103 4.361 x 1071
Pt/ALOs 2 3 Buoi 5.46 x 10* —2.72 x 104 8.01 x 103 5.881 x 103

According to the best kinetic model for each catalyst, for MoS, the rate-controlling
step resulted to be the reaction involving the chemisorbed species H,S, CH3 and S on the
catalytic surface, with the participation of 3 catalytic sites, while for Pt/ Al,Os it resulted to
be the reaction among two chemisorbed S and one CH; on the catalytic surface, with the
participation of 3 catalytic sites.

Martinez-Salazar et al. [32] conducted experiments on a set of supported catalysts
utilizing ceramic-type supports (ZrO;-La;O3 and ZrO,-SBA15) and refractory metals (Cr,
Mo). The catalytic activity of these materials confirmed elevated Hj yields (64%) within the
temperature range of 800-850 °C, with evolution of the initial crystalline phases into a mix-
ture of sulfides (MoS;, ZrS;) and carbides (MoC, Mo3C;) during the reaction, which could
be the active phases. The most effective catalysts were those consisting of CrMo/LayO3-
ZrO, and Mo/LayO3-ZrO,. For the latter, Martinez-Salazar et al. [31] calculated the pre-
exponential factor A and activation energy E, of the Arrenhius equation for reactions
(5) and (6), whose values are A = 129832.44 mol~kgcat’l -h~!and E; = 57.91 kJ-mol~! and
A =13164.78 mol-l<gcat_1-h_1 and E, = 33.3 kJ-mol 1, respectively.

Mo-based catalysts are among of the most active for hydrodesulfurization in sulfur-
containing reaction systems, due to their excellent absorption and resistance to sulfur
components [38]. Also, the high melting point of Mo-based species have been shown to be
effective in eliminating carbon deposition in dry reforming of methane [39].

The Institute of Gas Technology (IGT) [40] carried out tests on various catalysts
to assess their activity toward methane decomposition and the regeneration of surface-
accumulated carbon. The results revealed that two catalysts, IGT-MS-103 (Cr,S3) and
IGT-MS-105 (Ce;S3), exhibited the highest activity in both inhibiting carbon formation and
regenerating after carbon deposition. These catalysts were demonstrated to be active in
dissociating HjS, a crucial reaction in the HySMR reaction pathway. Furthermore, they
remained stable above 1000 °C and retained a significant portion of their original surface
area (2-5 m?-g~!). Additionally, these catalysts proved highly effective in promoting the
reaction between H,S and the carbon deposits on their surfaces.

More recently, Wang et al. [41] demonstrated that metal oxides of group 4-6 elements,
inert in both dry and steam methane reformation, exhibit activity and stability when em-
ployed as catalysts for the HSMR. The key active sites involve sulfur species dynamically
bound to metal cations throughout the catalytic process. The observed exchange patterns of
H/D isotopes and universal rate inhibition by H, on representative catalysts suggest that
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there is a quasi-equilibrium state reached in the processes of HyS decomposition and recom-
bination of surface hydrogen atoms, while the dissociation steps of CHy are reversible, but
do not reach a quasi-equilibrium state. A thorough investigation of the kinetic data and the
effect of isotopic substitution reveals that the most likely rate-limiting step shared by all cat-
alysts is the sulfur species-mediated cleavage of C-H bonds. Noteworthy differences exist
between 3d and 4d/5d catalysts in terms of the thermodynamic stability of sulfur species.
Table 2 shows the details of the catalysts reported in literature, with the relative
operating conditions used for the experimental tests and the observed catalytic activity.

Table 2. Catalysts used in literature and related operating conditions and activities.

Experimental

Catalyst Conditions Activity Kinetic Modelling  References
o fort<5sand T <790 °C,0.1 <yp <
b 0.25, corresponding to 40-80% of the
P =1bar ey
MoS . related values at the equilibrium; es [25,28]
2 T =700-800 °C e  after 240,000 s activity equal to 48% Y
of the initial one.
P=1atm
Pt/ Al,O3 T =700-800 °C - yes [27]
t=0.1-14s
e none of the catalysts inhibits the
formation of Cat T < Tpinch- Cr is the
CrMo/ZrO,-SBA15 P 1bar best in this respect; .
Mo/ ZrO,-SBA15 = 5 e  Mo/ZrO,-SBA15 more stable in the
) T =700-900 °C range 800900 °C: yes [31,32]
CrMo/Lay03-ZrO, (CHa/HoS) = 1/12 g , )
Mo/LayO3-ZrO, 4/129)IN = e  CrMo/ LapyO3-ZrO; more active at
T =850 °C;
e  Mo/LayO3-ZrO, less active.
P=1bar e stableat T =1000 °C;
CryS3 T'=700-1100 °C o  effective in preventing the formation no [40]
Ce,S3 (CHy/HpS)n =1/4-1/8 of coke.
t=1s

Bifunctional catalysts seem to be the most promising for the reformation process,
allowing, on the one hand, to prevent the formation of carbon deposits and, on the other, to
promote the conversion of H,S to Hy. Operating conditions typically widespread at the
laboratory level are:

Atmospheric pressure;

(CH4/H;,S);n lower than the stoichiometric ratio;
T of about 1000 °C;

Residence time in the reactor t <1s.

2.3. Process Scheme and Preliminary Economic Evaluations

Various process schemes have been proposed in the literature for the H,SMR process,
with different level of detail. The first work in this respect was the one by Huang and
T-Raissi [26] in 2008. The authors discussed three alternatives for liquid H, production and
considered several alternatives for Hy separation from the reaction products (carbon disul-
fide and sulfur), based on Hj liquefaction or membranes. The flowsheets developed were
intended as a preliminary process feasibility study, as a follow up of the thermochemical
equilibrium calculation performed. For this reason, details about equipment operating con-
ditions and relating consumptions were not provided. Some years later, Martinez-Salazar
et al. [42] carried out a techno-economic evaluation of H, production through HySMR.
The core of process scheme set-up was the reaction section, a tubular reactor in which the
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kinetic scheme developed by the same authors elsewhere [31] was implemented. Apart
from the reaction section, downstream products separation was not deeply detailed. After
the analysis of the available literature, to pave the way for the HySMR scale-up to the
industrial level, Spatolisano et al. developed a more detailed process simulation through
Aspen Plus® V.11 software [43]. Their analysis started from the Block Flow Diagram (BFD)
of Figure 5, useful to identify the main sections of the plant scheme and to develop the
process flow diagram.

Cs, S, CS, H,
v T I
CH, S,
H,S S, CS, H,
s H,SMR . . .
2 separation separation separation

H,S recycle

Figure 5. BFD of the HySMR process. Reproduced with permission from [43], Elsevier, 2024.

In the following, the results of the feasibility study by Spatolisano et al. [43] are
reported. The authors performed a process simulation at variable CHy/H,S feed molar
ratios in the range 1/10-1/4, to discuss the performance for each investigated case. As
both capital and operating expenses were also evaluated for all the process simulations
carried out, the output of the work provided the H, production cost as a function of the
reactants’ feed ratio. Despite this study was focused on H,S valorization to Hj, CS, was
considered as a valuable by-product of the Hy production reaction.

2.3.1. Process Scheme

The process flow diagram proposed by Spatolisano et al. [16] for the gaseous hy-
drogen production is reported in Figure 6 as simulated through Aspen Plus® V.11 [36]
commercial software, using the Soave-Redlich—-Kwong method to describe the system’s
thermodynamics.

H2SR2 H2S-R1

DEALTZ

REACT-2

R
£
>
B

-

W
Ll =

VLV-100

Figure 6. H,SMR flowsheet as simulated in Aspen Plus® V.11. The sections of the process are
highlighted by dashed lines: reaction section, orange; sulfur separation section, green; carbon
disulfide separation section, blue; hydrogen sulfide separation section, yellow; hydrogen compression
section, red. Reproduced with permission from [43], Elsevier, 2024.

The process flowsheet of Figure 6 receives at its battery limits methane and hydrogen
sulfide only, whose ratio was opportunely tuned to perform the process sensitivity anal-
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ysis. Due to the preliminary level of the process analysis performed, no impurities were
considered in the H,S and CH, streams.
The process flowsheet can be distinguished into different sections:

1. Reaction section (dashed orange line in Figure 6). This section mainly consists of the
reformation reactor R-100, where reactants reach the thermodynamic equilibrium
conversion at the specified pressure and temperature. For each simulated case, fixed
the CHy/H;S feed molar ratio, the reaction temperature was set equal to the pinch
temperature and the pressure was fixed at 1.7 bar. The fresh H,S and CH, streams
(respectively H2S and CH4 streams in Figure 6) are mixed with the recycled H,S
and fed to the reaction section, after being preheated by exchanging heat with the
products, in order to recover their high enthalpy content;

2. Sulfur separation section (dashed green line in Figure 6). This section mainly consists
of the flash V-101, which operates at 135 °C, as both in the Frasch and Claus pro-
cesses [44]. This separator allows the recovery of a liquid sulfur stream (S in Figure 6)
with a purity suitable to be commercialized (>99.5 mol%);

3. Carbon disulfide separation section (dashed blue line in Figure 6). This section mainly
consists of the C-100 distillation column which allows the CS; separation as the
column bottom product, with a purity >99.5 mol%, such that it can be commercialized.
The column top product, a gaseous mixture mainly composed of Hy, H,S and traces
of CHy, is routed to the hydrogen purification section;

4. Hydrogen separation section (dashed yellow line in Figure 6). This section mainly
consists of the columns C-101 and C-102. The former is an absorption column, which
uses a diethanolamine (DEA) solution at 20 wt.% as the washing solvent to separate
the Hp from Hj,S. Hj, exiting from the top of the absorption column, is routed to the
Hj compression train, while the rich amine solution, which contains almost all the
unconverted H,S, exits from the bottom of the same column and has to be regenerated
into the C-102 unit. This latter column performs the separation of hydrogen sulfide
from the DEA solution: HjS is recovered as a gaseous product from the top of the
column and recycled back to the reaction section, while the DEA solution, exiting
from the bottom, is cooled, pumped, and recycled back to the column C-101. The
overhead H;S stream contains about 2.5 mol% of water to ensure a sufficiently high
operating temperature of the condenser of C-102, such that water can be used as the
cooling utility;

5. Hydrogen compression section (dashed red line in Figure 6). This section mainly
consists of two-stage compression train with interrefrigeration. Here, hydrogen is
compressed up to 75 bar (stream H2-HP in Figure 6), assuming to inject it into the
pipeline together with methane for its distribution.

All sections but the Hj separation section operate at about atmospheric pressure. The
pressure of the hydrogen separation section was set at 10 bar, at a first attempt. However,
this operating pressure can be opportunely optimized at a later process development
stage. Together with H; separation section operating pressure, another hint for future
process intensification could be the position of the CS, separation section. In the study
of Spatolisano et al. [43], carbon disulfide separation section was located upstream the
hydrogen purification section, to lower the flowrate entering the K-100 compressor and,
thus, to reduce its energy consumption. This choice has the drawback of lowering the
operating temperature of the condenser of column C-100 down to cryogenic levels, because
the distillation column C-100 operates at atmospheric pressure. For this reason, the study
as to be intended as a preliminary feasibility assessment of HySMR technology at industrial
scale, to pave the way for future optimization. The choice of diethanolamine as solvent is
justified by the presence of sulfur-based species, mainly mercaptans and COS, in the stream
entering the absorption column C-101. It is known in literature that secondary amines as
DEA are less reactive towards these species, such that their presence does not hinder H,S
absorption [45]. For the design of the absorption and regeneration columns, however, a
more detailed study would be required according to the typical process parameters, such
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as the rich and lean loading and the thermal load of the regeneration column reboiler. If the
final destination of the hydrogen product (H2-HP) is different from the pipeline, a further
post-treatment of this stream would be necessary, in principle, to achieve purity levels
suitable for industrial applications.

Spatolisano et al. [43] chose an existing Eni S.p.A. Claus plant as a reference to establish
the conditions of the inlet streams for the process simulation. This plant receives a fresh
acid gas stream and a methane stream (H2S and CH4, respectively, in Figure 6), along
with unconverted hydrogen sulfide, recycled from downstream separation sections. The
material and energy balances of the process schematized in Figure 6 for each analyzed
CH4/H;S feed molar ratio, 1/4, 1/6 and 1/10, are reported in the work by Spatolisano
et al. [43]. The flowrate of CHy entering the process battery limits increases when the CHy
/H,S feed molar ratio is lower due to the higher amount of recycled H;S flowrate. The H,S
conversion retrieved for each of the 3 investigated cases, is respectively: 0.6298, 0.3731,
and 0.1887. As methane is the limiting reactant in all these cases, its conversion is almost
quantitative. Regarding reaction products, the material balances reveal that, when the CHy
/H,S feed molar ratio decreases, the total hydrogen and carbon disulfide molar flowrates
increase. However, their purity also decreases (for the sake of example, the stream H2-HP
in Figure 6 has a significant amount of CO in the case of CH4/H,S = 1/10). The effect of
higher CO impurities at lower CHy /H;S feed molar ratio can be explained considering
the higher H,O amount recycled to the reaction section, along with the unconverted HjS
stream. This not negligible H,O amount is responsible for CH4 conversion into CO and
H, through the steam reforming reaction. To limit the water impurity contents in the
reaction section, a dehydration stage should be considered when the process is operated at
low CHy4 /H;S feed molar ratios, before H,S recycle back to the reactor. From the thermal
point of view, a decrease in the CHy/H;S feed molar ratio corresponds to a lower pinch
point temperature and, thus, to a lower reaction temperature in the RGibbs unit (R-100).
However, the reaction duty increases due to the higher amount of circulating flowrates.
Downstream of the reactor, the carbon disulfide and hydrogen separation sections show
higher energy consumptions with decreasing CHy/H,S feed molar ratio. The heat duties
required at both the reboiler and the condenser of columns C-100 and C-102 of Figure 6
are significantly higher. More specifically, when CH/H,S feed molar ratio is lower, the
temperature at the condenser of C-100 is higher due to the higher H»S and lower Hj content
in the top product. Moreover, power consumptions are higher when the CHy/H,S feed
molar ratio is lower, although these contributions do not significantly impact the overall
energy consumption of the process.

2.3.2. Preliminary Economic Evaluations

The fixed and operating costs were evaluated in the Spatolisano et al. [43] work in
accordance with the Turton methodology [46]. This methodology involves the evaluation
of the capital expenses (CAPEX) for each piece of equipment through an ad-hoc cost
function, which also considers the operating pressure of the equipment and construction
material. Together with CAPEX, also operating costs associated to utilities consumption are
evaluated. For each analyzed cases, revenues for products and by-products are assessed.
The reference year of the analysis is 2020. Figure 7 reports the results of the economic
assessment regarding the capital costs and the utility costs at fixed CH, /Hj;S feed molar
ratio of 1/4. For the same inlet reactants ration, Figure 8 shows the revenues associated to
the HySMR process. The hydrogen sulfide methane reformation furnace, sized through
thermodynamic equilibrium considerations, is the most expensive item: it represents
approximately 17% of the overall fixed costs. On the contrary, regarding the utility costs, the
most expensive item is the low-pressure steam needed as heating medium. The revenues
from the methane reformation process are strongly dependent on the carbon disulfide
market, which is produced in substantial quantities and constitutes the primary source of
revenue for the process.
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Figure 7. (a) CAPEX (M$) and (b) utility costs (M$-y_1) for HyS/CHy = 4. Reproduced with permission
from [43], Elsevier, 2024.
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Figure 8. Revenues (M$~y_1) for HyS/CH4 = 4. Reproduced with permission from [43], Elsevier, 2024.

The variation in capital expenses compared with the base case (CH4 /H;S feed molar
ratio = 1/4) for the other CHy /H;S feed molar ratios analyzed are detailed in Figure 9.

Figures 10 and 11 show the utility costs and revenues variation with respect to the base
case, respectively.

Heat exchangers _ 0.8888 Heat exchangers 2.3575
- Vessels | 0.0743 - Vessels
= =
g Pumps | 0.0258 g Pumps
B =
é_ Furnace B-0.1211 é_ Furnace
Compressors 5.3561 Compressors 2.5872
Towers F 0.4087 Towers 2.6007
-2 0 2 4 6 00 05 1.0 15 20 25 3.0
CAPEX variation (M$) CAPEX variation (M$)
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Figure 9. CAPEX variation (M$) compared with the base case for: (a) HS/CH, = 6 and (b) H,S/CHy = 10.
Reproduced with permission from [43], Elsevier, 2024.
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Figure 10. Utility costs variation (M$~y*1) compared with the base case for: (a) H,S/CH; = 6 and
(b) H,S/CHy4 = 10. Reproduced with permission from [43], Elsevier, 2024.
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Figure 11. Revenues variation (M$-y*1) compared with the base case for: (a) HyS/CH; = 6 and
(b) H,S/CHy4 = 10. Reproduced with permission from [43], Elsevier, 2024.

The sensitivity analysis performed revealed that fixed costs, as well as all the utility
consumption for the fuel and boiler feed water, increase as the CHy/H;S feed molar ratio
decreases. This increase is attributed to the larger equipment size required. The decrease in
fuel and boiler feed water consumption is due to the decrease in the reaction temperature
associated with a lower CH, /H,S feed molar ratio. Furthermore, revenues increase when
CHy /H,S feed molar ratio decreases. However, as discussed in Section 2.3.1, the increased
flowrates of products correspond to a decrease in their purity. This aspect is not negligible
at all and has to be considered in the results analysis. A reduction in the CHy/H,S feed
molar ratio may necessitate the addition of a further hydrogen purification section or, as an
alternative, a dehydration section before H,S recycle to the reactor.

Ali et al. [47] conducted techno-economic and environmental assessments on the
viability of H, production processes involving H,S utilization, such as HySMR and H,S
pyrolysis, as alternatives to SMR, without and with CO, capture, utilization, and storage
(CCUS), and CHy4 pyrolysis. From the techno-economic perspective, the high economic
value of HSMR by-products (CS; and S;) is able to offset the investment costs, resulting
in a negative Hj cost of —1.000 USD/kg compared with SMR, SMR with CCUS, and CH,
pyrolysis hydrogen cost of 2.400 USD/kg, 2.410 USD/kg and 1.930 USD/kg, respectively.
On the contrary, HS pyrolysis is less cost effective than HySMR due to the lower revenue
associated with its sole by-product (S;), resulting in hydrogen cost of 3.537 USD/kg, lower
than the H, cost of SMR with CCUS without CO; sales revenue. From the environmental
point of view, HSMR and H,S pyrolysis demonstrated lower contributions to global warm-
ing, qualifying as low-carbon H; production processes. Although direct CO, emissions are
absent from methane pyrolysis, its classification as low-carbon H, producer depends on the
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level of decarbonization of the electricity grid. The authors conclude that transitioning from
SMR without and with CCUS to H,SMR for H; production appears potentially attractive,
considering the existing policies for decarbonization.

2.4. Summary and Future Outlooks

The methane reformation process has several advantages and disadvantages, sum-
marized in Table 3. The TRL of this technology, consistently with the guidelines provided
by NASA (National Aeronautics and Space Administration) [48], is 6. This process seems
feasible for implementation on an industrial level. The perspective of the technology de-
pends, on the one hand, on the energy efficiency of the process itself and, on the other, on
the carbon disulfide market. Unlike sulfur or coal, in fact, the outputs on the market of CS,,
as it is, are limited. Regarding the energy efficiency of the process, further future insights
should cover:

e  The optimal formulation of the catalyst. Designing the right catalyst for the process is
one of the key aspects of technology scale-up. The catalytic activity and the working
conditions of the catalyst itself impose limits of operability within which to operate
the reformation reaction;

e  The kinetics of the system. An in-depth kinetic experimentation could, on the one
hand, clarify the phenomenon and produce the experimental observations necessary
to model it, on the other hand, identify the most suitable operating conditions for the
process, from a not only thermodynamic but also kinetic point of view. In particular, an
aspect to be investigated in this sense concerns the effect of pressure on the system. The
thermodynamic analysis shows, as expected, that the pressure increase has a negative
effect on the balance of the mixture, increasing the production of coke. However,
working under pressure could be useful to reduce the reactor size and to facilitate
the compression of hydrogen downstream of the reaction, if to be used in pressure
applications;

e  The optimization of the process scheme, both in the reaction stage, by introducing
an appropriate kinetic model, and in the unit operations of downstream separation
(separation of CS, by distillation, Hj separation by absorption).

Table 3. Advantages and disadvantages of the HyS methane reformation process.

Advantages Disadvantages

v/ High hydrogen yield;

v/ Mature technology;

v/ No direct CO, emissions; X High energy demand;
V' Tolerated co-fed CO, with H,S: in that X CS, market;

case a mixture of CO and Hj is obtained X Catalyst needed, resistance to severe
instead of pure Hy; operating conditions required.
Simple separation of the product mixture

downstream the reactor.

&

3. Direct Decomposition through Non-Thermal Plasma

H,S decomposition through non-thermal plasma seems, after the H,S methane refor-
mation process, the second most promising alternative for the H,S valorization to Hy, also
considering the low dissociation enthalpy of the process (see Equation (14) for the sake of
clarity, where AH gy is lower than the water one, which is AHygx = 2.96 eV-molecule™).

HyS — Hy + 5(g) AHdggi = 0.21 eV - molecule ™ (14)

Plasma is a gas that is partially or completely ionized, forming a quasi-neutral state
with various components such as electrons, excited molecules and atoms, ions, radicals,
neutral gas species, and photons. Although not a thermodynamically stable phase, it is



Energies 2024, 17, 620

17 of 36

commonly regarded as the 4th state of matter, distinct from the solid, liquid, and vapor
phases. Plasma can be broadly categorized into two types: high-temperature and low-
temperature plasma. The subcategories of low-temperature plasma include thermal (or
quasi-equilibrium) and non-thermal (or non-equilibrium) plasma. Table 4 summarizes this
classification.

Table 4. Classification of plasma. Adapted from [49].

Low-Temperature Plasma High-Temperature Plasma
non-thermal plasma thermal plasma
Tor=Ti=T,<Ty<<T, To=T,=~T, =Ty =T, Tor=Ti=T, =Ty =T,
<10°°C <2 x10*°C >107 °C

Ty = gas temperature, T; = ion temperature, T, = rotational temperature, T, = vibrational temperature, T, = electron
temperature.

In the non-equilibrium mechanism, the concentration of the end product is influenced
by the cooling or quenching rate of the process. Absolute quenching assumes that all
stable products are preserved during quenching, with the remaining radicals converting
back to the initial substance. Ideal quenching, on the other hand, assumes that all radicals
are transformed into products rather than reverting to the initial substance. Even when
employing thermodynamic equilibrium modelling (with Chemkin-Pro [50] software) under
the ideal quenching assumption, it fails to account for the optimal results observed in
experiments involving microwave, radio frequency, and gliding arc plasma discharges.
Furthermore, no chemical kinetics model has demonstrated a significant improvement
over thermodynamic equilibrium calculations. A plasma-assisted mechanism for low-
temperature hydrogen sulfide dissociation has been proposed, wherein non-equilibrium
dissociation occurs. Experimental results align well with this assumption, attributed to the
transfer of heavy molecules and nuclei of the condensed phase (clusters) from the active
zone of the discharge to the periphery.

The typical parameters for assessing the cold plasma dissociation technologies perfor-
mance are:

e  Specific Energy Requirement (SER), SER = W/Q;, being W the input power and Q; the
flowrate of the product of interest, which measures the efficiency of the process in
terms of the hydrogen production;

e  Specific Energy Input (SEI), SEI = W/Q,, being W the input power and Q the flowrate
of the initial reagent, which measures the efficiency of the process in terms of the inlet
H,S conversion.

There are several types of plasma discharges available experimentally: continuous and
pulsed direct current (corona or gliding arc), glow, microwave, radiofrequency, atmospheric
pressure jet and Dielectric Barrier Discharge (DBD). Gliding arc discharges consist of two
flat divergent electrodes with gas flowing between them and they are considered suitable
for relatively large gas flows. They can be either thermal or non-thermal, depending
on the applied power and gas flowrate. The Gliding Arc Tornado (GAT) introduces a
reverse vortex flow to a gliding arc plasma discharge, creating a highly non-equilibrium
system with minimal heat losses. GAT ensures uniform treatment of H,S gas in the reactor.
Microwave discharges involve using a waveguide to direct microwaves toward the plasma
and can operate at low pressure. Since this system does not require electrodes, it has
no problem with their lifetime. The DBD setup comprises two electrodes with one or
more dielectric barriers in the discharge gap, adaptable to various applications, including
the packed-bed DBD reactor, where the gap between parallel electrodes is filled with
dielectric pellets. Radio frequency (RF) electromagnetic fields can generate weakly ionized
plasma at low pressures (1-10° Pa). Higher pressures result in a discharge approaching a
thermal regime. This system is advantageous for applications requiring electrodes to be
outside the discharge region, preventing contamination with metal vapors emitted from
the electrodes. The two main types of RF discharge are capacitively coupled plasmas (RFC),



Energies 2024, 17, 620

18 of 36

where radiofrequency power is applied to electrodes, and inductively coupled plasma
(RFI), where the field is created using an inductance coil through which radiofrequency
current passes.

The process of plasmochemical dissociation of hydrogen sulfide was studied at a
laboratory level in microwave plasmatrons of the «Parus» and SV-10 setups in Kurchatov
Institute [51]. «Parus» was equipped with a power source in the order of MW, consisting of
magnetron oscillators (wavelength of 12.6 cm, frequency of 2.38 GHz, continuous-wave
output power of up to 2 kW). The gas flow was between 0.1 and 1 1-s~!, the working
pressure was in the range 0.04-0.2 bar. Results showed relatively low power consumption
of the process, (0.8 eV-molecule ! in the optimal regime) and a conversion rate up to 85% (at
the power consumption of 1.5 eV-molecule™!). The stating power of the SV-10 plasmatron
block was 10 kW (then up to 60 kW) and allowed to work both with microwave plasmatron
(magnetron generator of a ~2.40 GHz and discharge power of up to 1.8 kW), RF plasmatron
(both RFC and RFI), gliding arc and also with any other source. The results (with RFC using
a power of 0.6-2 kW, the flowrate = 150-400 normal cm3-s~! at a pressure of 0.08-0.09 bar)
showed that the attained minimum size of power inputs was 1 eV-molecule! and the
maximum degree of conversion could be close to 100% [52]. Two kinetic mechanisms have
been used for modeling the H;S system [53]:

e  Mechanism I (Kurchatov Institute in Moscow [51,54]). It involves 9 reversible reactions
and 7 species, as reported in Table 5.

Table 5. Kinetic mechanism proposed by Kurchatov Institute [54,55].

Reaction A n Ea
(cm3-Molecule—1.s—1) (kJ-mol—1)

1 H,S+M « SH+H+M 292 x 108 0 277.02
2 H,S <+ H, +S 3.16 x 10710 0 274.01
3 H,S+H < H, +SH 231 x 1077 1.94 3.77
4 SH+S < H4+S, 400 x 10~ 0 0
5 SH+H « Hy,+5S 3.01 x 1071 0 0
6 SH+SH < Hy + S, 1.00 x 1014 0 0
7 SH+SH < HyS+S 1.50 x 10~11 0 0
8 S5 4+M<S+S+M 7.95 x 10~11 0 322.00
9 Hy <+ H+H 3.70 x 10710 0 402.00

The mechanism is characterized by high activation energy of the two initiating reactions;

e  Mechanism II (Binoist et al. [56]), as reported in Table 6. It is an experimentally
confirmed mechanism that included additional species, H,S, and HSS. The mechanism
I was amended by the reactions involving H,S; and HSS.

Table 6. Kinetic mechanism proposed by Binoist et al. [56]. Reproduced with permission from [56],
ACS Publications, 2024.

A E

. a
Reaction (cm3-molecule—1.s—1) " (kJ-mol—1)
1 SH + H,S < H,S, + H 3.32 x 10710 0.50 112.97
2 HyS; +M < SH+SH +M 343 x 1077 1.00 238.99
3 HSS + HSS « H,S, +S) 3.46 x 10715 2.37 —6.99
4 HS + HSS <> HyS+ S, 3.66 x 10713 3.05 —4.60
5 H+ HSS « S+ H,S 7.32 x 10711 0 26.44
6 H+HSS < Hy, +S, 251 x 10712 1.65 —4.60
7 S+ HSS « HS+ S, 2.00 x 1072 2.20 —2.51
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Ma et al. [57] and Helfritch [58] proposed that the H,S conversion mechanism involves
ionization of HyS. In Table 7 the reaction steps involved in the mechanism proposed in the
literature are reported [17].

Table 7. Proposed mechanism of HyS decomposition in non-thermal plasma. Reproduced with
permission from [17], Elsevier, 2024.

Mechanism References

Direct ionization of H,S, and subsequent dissociative neutralization:
e+ HyS — HpSt +2¢ [57,58]
H,ST™ +e—HS+H

Ionization of the balance gas (M), resulting in a charge transfer reaction,
followed by dissociative neutralization:

e+M— Mt +2¢

MT +H,S — H,ST +M

H,StT +e—HS+H

Dissociation of H,S through direct electron collision:
e+Hy)S—-HS+H+e

Dissociation or excitation of the balance gas through electron collision,

pro-ducing active species that contribute to HS dissociation: [60]
e+M—> M +e
M" +H;S - H+HS+M

Nevertheless, both of these mechanisms might not accurately depict the actual process
due to the relatively low ionization degree in non-thermal plasmas. Research conducted by
Zhao et al. [60] revealed that ionization reactions in non-thermal plasmas are negligible.

The two main industrial setups are at Orenburg and Drogobych. The Orenburg gas
processing plant (Gazprom) has nominal power of 1 MW, nominal performance of 1000 m3
of hydrogen per hour (provided by two microwave plasmatrons with a power of up to
500 kW each), radiation at a frequency of 0.9 GHz, pressure of 500 torr (0.67 bar) and
the lowest power consumption is about 1.5 kWh per cubic meter of a synthesis gas plus
the corresponding amount of sulfur [61]. This experimental-industrial test bench was
built to study the dissociation of a HyS/CO, mixture, in a microwave and high-frequency
discharges of a power of several hundred kilowatts [62]. The Drogobych petroleum-
refining plant has power up to 50 kW, microwave magnetron at a frequency of 0.915 GHz,
pressure of 250 torr (0.33 bar) and rate of the productivity around 50 m3-h~! of H,S,
which satisfies to plant requirements in the HjS utilization. This pilot apparatuses were
constructed and tested under factory conditions (petroleum-refining plants) using technical
gas (hydrogen sulfide obtained by the hydrofining of oil from sulfur). The main result
of work at Orenburg installation and at Drogobych petroleum-refining plant showed the
scalability of the process to the plant conditions keeping the high energy efficiency and
confirmed the non-equilibrium mechanism of the of H,S plasma chemical dissociation
with a super-ideal quenching [61,63]. The essential conclusions on the study of the plasma
chemical treatment of the H,S/CO, gas are divided into ranges of energy input (SEI) [63]:

e from 0.2 to 0.7 eV-molecule !, the process mainly proceeds via the reaction pathway:
H,S+CO, - Hy + 5+ CO, (15)

The minimum calculated SER is around 1.0 eV-molecule™1;
e  From 0.7 to 1.4 eV-molecule ! the process mainly proceeds via the reaction pathway:
H»,S+CO; — Hy + CO+H,O+S (16)

The minimum calculated SER is between 1.2 and 1.3 eV-molecule™!;
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e From 1.4 to 4 eV-molecule™! the process mainly proceeds via the chemical reac-
tion pathway:

H,S + CO, — H, + CO + SO, (17)

The minimum calculated SER is around 1.6 eV-molecule .

A test-industrial setup employing a microwave plasmatron was organized to follow
the reaction pathway (16) and avoid SO, formation across a broad range of energy input
(SEI = 0.3-1.2 eV-molecule 1), at pressures ranging from 100 to 500 torr (0.13-0.67 bar) [63].
In experiments conducted by Argonne National Laboratory (USA, 1987) using the Hy5/CO,
mixture, in a range of SEI between 1.4 and 4 eV-molecule !, the observed maximum by-
product concentrations were 12% for carbon monoxide and 1.4% for sulfur dioxide (0.6% for
CS; and 0.03% for COS). However, these by-products were not observed in the low-energy
cost regime [64].

Considering the analysis of available literature, non-thermal plasma technology ap-
pears as the second most promising method, after the H,S methane reformation process, for
the H,S valorization to Hj. To delve deeper into this technology, a preliminary feasibility
study is conducted, detailed in Section 3.1, given the current level of technology maturity.

3.1. Process Scheme and Preliminary Economic Assessment

The starting point of the feasibility study performed is the setup of the process BFD
depicted in Figure 12, through which all the process sections can be identified.

Fresh H,S S, S,
| T
- S, - -
Amine H,S S Purification
absorption + PCR 2 from
. H,S condenser
regeneration aerosol
H,S +H,

Figure 12. BFD of the H;S to H; non-thermal plasma decomposition process.

Figure 13 reports the Aspen HYSYS® V.11 simulation of the H,S to H, non-thermal
plasma decomposition. The same Eni S.p.A. Claus plant, already considered in Section 2.3,
is taken as reference for the present analysis. Therefore, the same plant size, inlet feed
conditions and utility specifications are considered in the process simulation phase. The
process scheme can be distinguished into different sections:

1.  Reaction section (dashed orange line in Figure 13). This section essentially consists
of the plasma reactor, simulated in Aspen HYSYS® [65] as a black box with fixed
conversion;

2. Sulfur separation section (dashed green line in Figure 13). This section consists of the
V-100 phase separator which allows to recover a liquid phase sulfur stream whose
purity is in line with commercial standards (>99.5 mol%);

3.  Hydrogen separation section (dashed yellow line in Figure 13). This section mainly
consists of the absorption column followed by the solvent regeneration column, simu-
lated through a proprietary package available in the Sulsim sulfur recovery template;

4. Hydrogen compression section (dashed red line in Figure 13). This section has the
purpose of compressing the produced hydrogen for its introduction into the pipeline
together with methane.
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Figure 13. H,S to H; non-thermal plasma decomposition process scheme. Simulation in Aspen
HYSYS® V.11.

Based on the proposed process scheme, a very preliminary economic evaluation is
carried out, taking into account the previous evaluations of Eni S.p.A. [66]. Regarding the
fixed costs (CAPEX), referring to the 2009 report of Eni S.p.A. [66], the cost items are, first,
referred to the characteristic size of the analyzed plant, using the Hill method (Equation
(18)), and then referred to the 2020 year (the same year considered by Spatolisano et al. [43]
for the economic assessment of HySMR process, see Section 2.3.2) considering the Chemical
Engineering Plant Cost Index (CEPCI). Results for the CAPEX evaluation are reported in

Table 8. 06
” ‘
Costg = Cost <Capac% yB) (18)
Capacity 4

Table 8. CAPEX for the H,S to Hy non-thermal plasma decomposition.

Reference [66]—2009 Eni S.p.A. Claus Plant  Eni S.p.A. Claus Plant

CAPEX Capacity—2009 Capacity—2020
USD) (USD) (USD)
HF-generator 879,000 1,269,292 1,452,499
Plasmotron 131,900 190,466 217,957
Sulfur recovery 234,000 337,900 386,672
DEA block 538,500 777,604 889,842
Vacuum pump - - 364,688

The fixed cost of the vacuum pump is added to the already available cost items,
assuming the vacuum pump investment cost as those of a compressor of the same power,
evaluated according to the Turton methodology [46].

Regarding the costs of utilities, these are related to the water, steam, and electricity con-
sumptions. These consumptions are estimated from the results of the Aspen HYSYS® [65]
simulation. Specifically, two different cases are proposed for the electricity consumption of
the high-frequency generator:

e Case 1, assuming a specific energy consumption of E = 1.2 kWh-Nm?}y, as from
Kurchatov Institute results [67];
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e Case 2, considering a specific energy consumption of E = 1.33 kWh-Nm 3y, as
proposed in the 2009 Eni S.p.A. report [66].

Results for both cases are available in Table 9.

Table 9. Utility costs for the H,S to H, non-thermal plasma decomposition, considering both case 1
(E =1.2kWh-Nm3}y,) and case 2 (E = 1.33 kWh-Nm3y,).

Utilit Cost Case 1 Cost Case 2 Cost
y (USD-GJ-1) (USD-y 1) (USD-y~1)

Electrical substation 18.72 4,587,423 1,857,451

Cooling tower water

(30 °C to 4045 °C) 0.378 72,134 72,134

Low-pressure steam 14.05 3,546,107 3,546,107

Concerning the process revenues, sulfur and hydrogen products revenues are intro-
duced. For revenues evaluation, also, two scenarios are proposed:

e Scenario 1, considering the gain associated to non-emitted CO; if comparing the
process to a traditional steam methane reforming process;
e  Scenario 2, that does not consider the gain associated to the non-emitted CO,.

Revenues for both these scenarios are reported in Table 10, while Table 11 shows the
hydrogen cost for each considered scenario and case.

Table 10. Revenues for the H,S to Hy non-thermal plasma decomposition, considering both scenario
1 and scenario 2.

Utilit Cost Scenario 1 Cost Scenario 2 Cost

¥ (USD-kg~1) (USD-y~1) (USD-y 1)
Sulfur 0.04 844,759 844,759
Hydrogen 1.45 2,008,334 2,008,334
CO, 0.04 893,877.93 0

Table 11. Revenues for the H,S to Hy non-thermal plasma decomposition, considering both cases 1-2
and scenarios 1-2.

Scenario 1, Scenario 1, Scenario 2, Scenario 2,
Case 1 Case 2 Case 1 Case 1
CAPEX (USD~y_1) 496,749 496,749 496,749 496,749
UTILITIES (USD-y’l) 8,205,664 5,475,691 8,205,664 5,475,691
REVENUES (USD-y_l) —3,746,971 —3,746,971 —2,852,913 —2,852,913
TOT (USD-y*l) 4,955,441 2,225,468 5,849,499 3,119,526
H, cost (USD-kg™1) 3.58 1.61 422 2.25

Results of Table 11 reveal that the cost of the hydrogen produced strongly depends
both on the energy consumption of the plasma reactor and on the gain associated with the
CO, quotas.

3.2. Summary and Future Outlooks

The H,S decomposition process using non-thermal plasma has several advantages and
disadvantages, summarized in Table 12. The TRL of this technology, compatibly with the
guidelines provided by NASA [48], is 5-6. Cold plasma decomposition of H,S to H; offers
a relatively simple method for converting hydrogen sulfide. However, the unconventional
equipment it employs requires additional testing to confirm its durability and scalability.
Additionally, due to the incomplete understanding of the reaction mechanism, a kinetic
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investigation is needed to evaluate how the process is influenced by operating conditions
and feed mixture composition. The technology’s lack of tolerance to impurities in the feed
mixture, such as H,O, could pose a hindrance to its industrialization. It is advisable to con-
duct a detailed experimental study to assess the non-thermal plasma technology’s tolerance
to impurities in the feed, such as CO,, H,O, and heavier hydrocarbons. Gaining further
insights to enhance the energy efficiency of such equipment is crucial for its successful
application on an industrial scale.

Table 12. Advantages and disadvantages of the HyS decomposition using non-thermal plasma.

Advantages Disadvantages

X Vacuum operating conditions;
X Low concentrations of H,S, due to its low

V' Absence of a catalyst; dielectric constant: in different

V' Low reaction temperature (200-300 °C); configurations, diluent gases such as Ny,
v Low energy requirement for the reaction; He or Ar are needed, the presence of

v/ No direct CO, emissions; which makes the separation of Hj

V' Tolerated co-fed CO, with H,S: in that heavier downstream of the reaction;

case a mixture of CO and Hj is obtained
instead of pure H.

Rapid quenching of reaction products;
HjS conversion mechanism not fully
understood;

Unproven industrial scalability.

XXX

4. Other Technologies
4.1. Photocatalytic Decomposition

Photocatalysis is the phenomenon that occurs when a light source interacts with the
surface of semiconductor materials. Unlike metals, which exhibit a continuum of electronic
states, semiconductors have a distinct energy region known as the band gap. This region
extends from the top of the filled valence band (VB) to the bottom of the vacant conduction
band (CB). When a photon with energy equal to or greater than the band gap is absorbed
by the semiconductor, an electron is excited from the VB to the CB, creating a positive
hole in the valence band. For the splitting of H;S, the CB edge of a photocatalyst needs to
have a more negative potential than that of H, generation (H* /H,, 0 V vs. NHE—Normal
Hydrogen Electrode), and the VB edge must be more positive than the potential required
for S generation (S/H,S, 0.14 V vs. NHE). The entire process can be schematized as (see
Figure 14 for clarity):

photocatalyst + hv — hyp + e cp
HoS +2ht — S+ 2HT (19)
2H" +2¢~ — Hy(g)

Potential
(Vvs NHE)
pH=0
/

(H/H,)

(S/H,S)

Figure 14. Mechanism of decomposition of H,S by photocatalysis.
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In general, most semiconductors exhibit sufficiently negative CB potentials and pos-
itive VB potentials for realizing the H)S splitting to Hy. Photocatalysts such as ZnO,
TiO,, ZnS, MnS, CdS, In;Ss, ZnlnySy are promising candidates [68]. The photocatalytic
decomposition of H,S can take place either in the gas phase or in the liquid phase.

1.  Photocatalytic decomposition in the liquid phase is more commonly employed than
in the gas phase for several reasons [69]:

e  The absorption of H,S by liquids, such as basic aqueous solution or ethanolamine, is a
widely accepted strategy to collect H,S gas;

e Itenables the achievement of higher H,S concentrations (often in the ppm level in the
gas phase).

Three types of solutions have been considered for dissolving H»S and subsequent pho-
tocatalytic decomposition [70]: solutions of alkaline sulfides (H,S dissolved in NapS/NaySO3
solutions), solutions of alkaline hydroxides (H;S dissolved in NaOH or KOH solutions)
and solutions of alkanolamines, as monoethanolamine (MEA), diethanolamine (DEA), and
triethanolamine (TEA).

As for now, various semiconductors and supports have been identified as effective
photocatalysts to produce hydrogen. Widely studied semiconductors for photocatalysis
are [71]:

e Metal oxides (binary and ternary): dO metal oxides (TiO,, ZrO,, Sr1iOs, TayOs,

Bi, W50y, and Nb,Os), d10 metal oxides (ZnO, In,O3), f0 metal oxides (CeO5);

e  Metal sulfides: ZnS, MnS, CdS, CulnS,, AgIn,S,, and their solid solutions. CdS, with

a 2.4 eV band gap is particularly noteworthy due to its responsiveness to visible light.

Sacrificial agents play a crucial role in promoting hydrogen production by interaction
with the photo-generated holes, preventing the recombination of charges between photo-
generated electrons and holes. Commonly utilized sacrificial agents for the photocatalytic
decomposition of H,S include sulfide (e.g., Na;S), sulfite (e.g., Nay;SO3), or thiosulfate.

A summary of recent advances on the photocatalytic splitting of H,S in aqueous
solutions of NayS/NaySOj is reported by Oladipo et al. [70]. The photolytic hydrogen
production from aqueous phase H,S dissolved in an alkaline solution possesses various
challenges, including the need for UV (UltraViolet) light irradiation and the shielding
of reactants by in situ generated disulfide ions. Other studies have explored the use of
ethanolamine as an alternative aqueous solution to alkaline hydroxides, offering potential
solutions to these challenges. Naman et al. [72] analyzed hydrogen production from H,S
absorbed in 3 different aqueous ethanolamine solutions: 20% MEA, 20% DEA, and 20%
TEA. In the pursuit of optimizing reaction conditions, an investigation was conducted on
this photocatalytic process using 3 distinct catalysts (TiOp, CdSe, and CdS), covering a tem-
perature range from 30 to 80 °C. Different effects of the temperature for the three solutions
was discovered. The highest production was achieved in aqueous MEA solution using the
TiO, catalyst. More recently, Ma et al. [73] extensively studied hydrogen production from
H,S dissolved in different pure ethanolamines using noble metal-CdS composites. The
Pt/CdS photocatalyst showed high activity and the highest activity was observed for DEA.

Nearly all the catalysts examined for this process have demonstrated quantum yields
below 50%, with the exception of one catalyst reported by Yan et al. [74]. They utilized a
visible light-driven Pt-PdS/CdS catalyst, achieving a quantum yield of 93%.

Solid particle dynamics calculations and computational fluid dynamics were employed
by Jing et al. [75] to simulate fluidized bed reactors for the photocatalytic H,S splitting. The
authors asserted that a fluidized-bed annular photocatalytic reactor, irradiated by a UV
lamp positioned along the axis, could represent a viable approach for developing large-scale
photocatalytic reactors. Following numerical investigations, a fluidized bed photocatalytic
reactor was constructed, employing pure H,S as the gas for catalyst suspension. They
observed that the activity of the reaction in the fluidized bed reactor surpassed that in a
batch reactor in a NayS/NaySOj3 solution [76].
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2. Photocatalytic decomposition in gas phase. Very few studies of the gas-phase pho-
tocatalytic process have been reported, which emphasized the problem of catalyst
deactivation. Canela et al. [77] performed the photocatalytic decomposition of HS in
the gas phase, employing TiO; as the catalyst, and noted catalyst deactivation at H,S
concentrations exceeding 600 ppmv. Kataoka and coauthors [78] conducted analogous
experiments and determined that HyS underwent oxidation to form SO42~ without
generating notable gaseous intermediates like SO, SO,, and SO?~. Portela et al. [79]
investigated HS decomposition with initial concentration of 15 ppm in the gas phase
using heterogeneous photocatalysts. They also noted the accumulation of SO4%2~ on
the photocatalyst surface, resulting in deactivation. Gujun et al. [80] investigated
photocatalytic decomposition of H,S in the gas phase to produce H; in an anaerobic
environment, employing five semiconductor photocatalysts (ZnO, TiO,, ZnS, CdS
and ZnIn,Sy). ZnS exhibited the maximum rate of hydrogen production, and the
introduction of Cu?* during the ZnS catalyst preparation promoted its activity. The
addition of Ir was found to be effective as well in enhancing hydrogen production.
More recently, Lou et al. [81] proposed the SiO,-supported Au as photocatalyst for
the decomposition of H;S using visible light. Reaction rates up to 20 times higher
than thermocatalysis at nominally the same surface temperatures were claimed by
the author, because of the photogenerated HCs, which accelerates the second H-S
bond scission. In the same year, anatase/TiO,(B) nanotubes were applied to favor
H,S decomposition or oxidation at concentrations below several ppb, at a kinetic rate
of 75 pmol h~1 g~ 1.

The latest tendencies for H,S photocatalysis, also considering its modeling by quantum
mechanical and molecular simulation approaches has been recently published by Li and
coworkers [82].

The gas-phase approach encounters various challenges, including;:

Low productivity (80 pmol-g~!-h~1);

Catalyst deactivation due to sulfur poisoning;

High relative humidity negatively affecting the photocatalytic splitting of H;S, as

water competes for adsorption on active surface sites required for HpS decomposition;
e  Research indicates that ZnS is an effective photocatalyst for H,S splitting in the gas

phase, yielding a significant amount of H, compared with other metal oxides or
sulfides like ZnO, TiO,, and CdS. However, ZnS faces issues of photo-corrosion,
prompting efforts to develop nanostructures based on ZnS heterojunctions.

The advantages and disadvantages of the photocatalytic decomposition of H,S are
summarized in Table 13. The TRL of this technology, compatibly with the guidelines
provided by NASA [48], is 3. Unlike the other HyS decomposition technologies, the
applicability of the methodology on a scale other than the laboratory one is not known.
For this reason, further research is essential before considering the commercialization of
the process.

Table 13. Advantages and disadvantages of the H»S photocatalytic decomposition process.

Advantages Disadvantages

X Complicated process scheme downstream
of the reaction section;

v/ Green technology, possible integration X Rapid d.eeizctlv.anon of the catalyst'; .
with renewable enerey sources: X Low efficiencies and low productivity;
Y NoCO, emissions 8y ’ X Absence of scale-up studies on a scale other
2 ’ than the laboratory one;
X Quite expensive UV lamps, which further

hinder the scale-up of the technology.
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4.2. Thermochemical Decomposition through Cycles

The thermochemical decomposition of H,S through cycles involves the reaction with
compounds that cause HyS decomposition. These compounds are then regenerated to be
reused in the process. They are distinguished in iodine cycles, cycles with sulfurization of
metals, inorganic sulfides or oxides and CO/COS cycles.

1.  lIodine cycles, divided in turn into two-step cycles with iodine and three-step cycles
with iodine and sulfuric acid.

The production of hydrogen in the two-step process takes place via reactions (20) and
(21) [83]:
HpS +1; — 2HI4-1/85g (20)

2HI - Hy, + I, (21)

The precise mechanism of reaction (20) remains unclear. Gillis et al. [83] observed that
the solvation of HI in I, must take place in the aqueous phase. Reaction (20) is characterized
by a negative Gibbs free energy of reaction (—71.6 kJ-mol™1), indicating that the H,S
consumption in the water phase is a spontaneous reaction.

The separation of water from the mixture of products thus formed (usually called the
HI, mixture) is particularly problematic, as well as expensive, caused by the presence of
an azeotrope which hinders the application of simple distillation as unit operation [83].
While isopropyl alcohol can be employed as a solvent to reduce the costs associated
with vaporizing the aqueous phase, fundamental problems such as solvent vaporization
and condensation make the process economically and environmentally uncompetitive.
Additionally, concerns arise regarding the side reactions of iodine with water:

I, + H,O — HI + HOI (22)

Nevertheless, process modelling indicated that the I, thermochemical cycle may be
cost-competitive and environmentally superior compared with existing industrial prac-
tices [83].

The H,S splitting cycle, a three-step process, was initially introduced by Goldstein
et al. [84]. It relies on the multistep sulfur-iodine water splitting thermochemical pro-
cess [19]:

H,S + H,SO4 — S 4+ SO, 4+ 2H,O (23)
2H,0 + I 4+ SO, — H,SO4 + 2HI Bunsen reaction (24)
2HI - Hy + 1 (25)

In the presence of oxygen, the sulfur is oxidized to SO,: the quantity of SO, circulating
in the process therefore doubles and from one mole of H,S two moles of H; are obtained [19].
The Bunsen reaction, a moderately exothermic reaction, plays a crucial role in both H,S
splitting and sulfur-iodine water splitting cycles, because it connects H»S oxidation and
hydroiodic decomposition in the H,S splitting cycle and it also serves to link the sulfur
and the iodine loops of the sulfur-iodine water splitting cycle. The company General
Atomics (GA) conducted an extensive investigation into this reaction to optimize conditions
for achieving the maximum separation of the two produced acids. GA concluded that
employing any thermal methods without reversing the equilibria would not lead to the
separation of both acids unless excess quantities of H,O and I, are utilized (creating
a two-phase system) [85]. The relative proportions of H,O and I, drive the formation
of two immiscible phases: a lighter H,SO4/H,0O and a heavier HI/I, /H,O phase (HIx
mixture), which must undergo concentration before decomposition. The downstream
sections face significant challenges as the diluted streams need further concentration and
purification [85].

Wang et al. [86] introduced a low-temperature process in which toluene was employed
to dissolve iodine, enabling the continuous execution of the Bunsen reaction at room
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temperature while bypassing the technical challenges associated with GA’s Bunsen reaction.
As outlined by Wang et al. [86], H,S was initially oxidized with concentrated sulfuric acid
(94-98 wt%). Subsequently, the produced SO, underwent a reaction with stoichiometric
quantities of I, dissolved in H,O and toluene at ambient temperature, resulting in a
multiphase system (gas-liquid-liquid) [87].

Li et al. [87] analyzed how the apparent absorption/reaction rate of sulfur dioxide in a
batch reactor is impacted by operational parameters, including liquid volume, H,O/toluene
volume ratio and agitation speed.

The Thiozen company from Massachusetts Institute of Technology (MIT) is focused
on commercializing the iodine cycle technology to generate low emission hydrogen from
sour gases [7].

2. Cycles with sulfurization of metals, inorganic sulfides or oxides. A metal M or a
sulfide M, Sy having affinity with sulfur are used as a substrate to capture sulfur from
hydrogen sulfide according to the Kiuchi type-1 reactions [88]:

xM + yHzS — MySy + yHz (26)
M.Sy + zHpS — M, Sy42 + zHp (27)
M,S, — xM +yS (28)
MySy 4z — MySy, + 25 (29)

The metal sulfides thus obtained are regenerated by thermal decomposition through:

Ag proved to be suitable for reactions (26) and (27) while Fe, Co, Ni, V and Mo sulfides
provided satisfactory results with reactions (28) and (29) [88,89].

During the regeneration process in the presence of oxygen (Kiuchi type-2 scheme),
sulfides may generate oxides and sulfates, posing a risk to the reversibility of the overall
process, except when M = Cu and Ag. In such cases, the metal can undergo regeneration
through a mutual reaction involving sulfides and oxides or sulfates, following established
metallurgical processes:

2M5S + 307 — 2M,0O + 250, (30)
M;S 4 2M,0 — 6M + SO, (31)
MS + MSO4 — 4M + 250, (32)

The reaction (31) conversion could exceed 90% when M = Ag and T = 550 °C.

Despite the presence of numerous patents, none of these approaches has resulted in
large-scale industrial applications [90].

Recently, Zagoruiko and Mikenin [91] studied sulfides of transient metals (Fe, Co,
and Ni) both in bulk and supported forms. They observed highest efficiency with bulk
sulfides NiS, CoS, and FeS, with the conversion of H,S and the yield of H; higher than the
equilibrium values for direct H»S decomposition reaction. For the optimal temperature
range 350-400 °C, the average H; yield of 26-34% per cycle was observed.

3. CO/COS cycles. Zaman and Chakma [89] outlined a process that relies on the utiliza-
tion of CO as intermediate reactant, which is consumed and subsequently regenerated
through the following steps:

H,S + CO — COS + Hy(T = 100 — 200 °C) (33)

2COS — 2CO + S, (34)
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Unfortunately, a portion of carbonyl sulfide is lost due to a disproportionation reaction,
resulting in the formation of carbon disulfide:

2COS — CO, + CSy (35)

Reaction (35) is considered the main obstacle to the real application of this scheme.
Gibson and Wachs [92] obtained a satisfactory regeneration of CO by catalytic oxidation:

COS + 0, — CO + SO,(T = 290 — 330 °C) (36)

2CS; + 50, — 2CO + 450, (T = 230 — 270 °C) 37)

The reactions (36) and (37) were carried out on metal oxides or silica supported
catalysts. The most favorable outcomes were achieved by applying a 5% V,0Os surface
coating on Nb,Os support for reaction (36) and employing the same coating on a SiO;
support for reaction (37). However, a significant drawback of HyS decomposition according
to Wachs’ scheme is the production of SO, instead of elemental sulfur. Consequently,
post-processing is necessary, similar to the regeneration of metal sulfides described earlier,
involving the use of oxygen.

The advantages and disadvantages of the H,S decomposition process via iodine, metal
or sulfide cycles are reported in Table 14. The TRL of this technology, compatibly, with
the guidelines provided by NASA, is 4 [48]. The complexity of the nature of the reacting
system and of the separations to be carried out downstream the reactor currently pose
challenges to scaling up the process beyond laboratory levels.

Table 14. Advantages and disadvantages of the H,S thermochemical decomposition by cycles of
iodine, metals, or sulfides.

Advantages Disadvantages

X Complicated process scheme
downstream of the reaction section;

j No ca.talyst ?equn‘ed; .. . X Strongly corrosive reaction environment
4 Relatively h.l g}} energy efficiency; — appropriate materials required;
No CO; emissions. X High operating cost associated with

solvent separation.

4.3. Thermocatalytic Decomposition

The conversion of reaction (38) is limited to relatively small values even at high
temperatures due to its thermodynamic equilibrium [93]. For example, at a temperature
of 950 °C and pressure of 1.01 bar the conversion is about 15% [94]. The thermocatalytic
decomposition of H,S is based on the use of a catalyst with the aim of decreasing the
temperature of reaction (38).

H,S — Hy +1/8Sg (38)

The commonly employed catalysts are metal sulfides [95,96]. Chivers et al. [93]
reported that MoS,, Cr,S3, and WS; catalysts demonstrated effectiveness at temperatures
above 600 °C, with Cr,S3 and WS; exhibiting higher H, yields below 600 °C compared with
MoS,. Startsev [97] studied NisS; and CoS; for H,S conversion at ambient temperature.
Al,O3 was used as a catalyst for HyS decomposition in the work by Bandermann and
Harder [94]. Yumura and Furimsky [98,99] investigated the dissociative adsorption of HS
at elevated temperatures on various oxides such as CaO, ZnO, Fe;O3, and Mn3Oy, and
reported that significant production of SO,. Alexeeva [100] examined catalysts obtained
through vacuum methods of catalytic coating deposition. Carbon fibrous materials and
alumina were employed as supports, with Mo, W, and various other metals or metal oxides
deposited using either electron beam evaporation or magnetron sputtering. The resulting
catalysts exhibited effective thermostability. Vaiano et al. [101] prepared, characterized and
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tested MoS, phases supported on Al,O3; with varying content ranging from 5 to 20 wt%.
Results from the chemical-physical characterization revealed a well-dispersed MoS; on the
Aly,O3 support. MoS; loading, in comparison to Al,Os, particularly influenced the H yield
and reduced the SO, production, while maintaining a relatively consistent H,S conversion
(~50%). The catalyst with a nominal MoS, loading of 10 wt% exhibited the highest Hj yield.
To further understand the system, a predictive mathematical model was developed by
identifying the main reactions occurring in the system and verifying it in the temperature
range between 800 and 1000 °C.

The use of membranes to remove the products from the reaction zone is investigated
with the aim of overcoming the thermodynamic and kinetic limitations on H,S conversion.
Edlund and Pledger [102] performed experimental studies on a composite-metal membrane
permeable to Hj, featuring a platinum coating layer on the feed side. At 700 °C and under
partial pressures of up to 8 bar, the platinum layer demonstrated resistance to irreversible
chemical attack by hydrogen sulfide. Employed in a laboratory-scale membrane reactor, this
membrane facilitated the splitting of H,S with a remarkable efficiency, achieving over 99.4%
conversion. The resulting by-products are sulfur and Hp, with no formation of sulfur oxides.
Akamatsu et al. [103] designed a membrane reactor using an amorphous silica membrane
and a commercially available catalyst for decomposing H,S into hydrogen. The membrane
exhibited outstanding hydrogen permeance, approximately 10~7 mol m2.s~1.Pa~!, at
600 °C, along with a notable H, /N, permselectivity of 10*. The system demonstrated a
conversion surpassing the equilibrium conversion level. Kameyama et al. [104] explored
the viability of employing microporous ceramic membranes in the production of H, from
H3S. A microporous Vycor-type glass tubing membrane, with an average pore diameter of
45 A, and a novel microporous alumina tubing membrane, with a diameter of 1020 A, were
identified as suitable for use up to 800 °C and at higher temperatures, respectively. Notably,
the microporous alumina tubing membrane exhibited a 30-fold higher permeability than
the microporous Vycor glass tubing membrane. When applied to the direct decomposition
of H;S, these membranes increased the H; yield by approximately 2 times the equilibrium
yield calculated for the process without Hy removal.

The advantages and disadvantages of the thermocatalytic decomposition technology
are shown in Table 15. The TRL of this process, compatibly with the guidelines provided
by NASA [48], is 4. It is necessary to deepen the research on a laboratory scale in order to
think about an industrialization of this technology.

Table 15. Advantages and disadvantages of the H»S thermocatalytic decomposition process.

Advantages Disadvantages
v/ Quite simple system chemistry; § Catalyst deactwatlop; .
v No direct CO, emissions; Po.st-tr.eatment requl.re.zd in case of
v/ Absence of undesired by-products. X oxidative decompoahon,
Low concentration of H,S tolerated.

4.4. Decomposition via Electrolysis

Electrolysis uses electricity to promote the decomposition of the reacting species.
Specifically, for H,S, three methods are typically distinguished: direct, indirect, and
other methods.

1. Direct methods, typically based on the use of an electrolytic cell in an alkaline medium.
The direct electrochemical splitting of H;S is represented by the two half-reactions:

H,S — 2H +2¢~ +S (anode) E’ = 0.19 V at 150 °C

2H* 4+ 2¢~ — H, (catode) (39)

Direct methods present lower power consumption than indirect ones and, in prin-
ciple, can apply the same technology used for water splitting. The main problem of this
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methodology is the anode passivation from sulfur [105]. The solubility of sulfur in alkaline
media lead to the formation of polysulfides, which tend to precipitate from the solution
and, therefore, interfere with the production of hydrogen. To facilitate the removal of sulfur,
the introduction of vapors or organic solvents into the system has been proposed rather
than the use of filters or membranes [106].

Ma et al. [107] investigated a novel organic electrolyte system that utilizes tetraethylene
glycol dimethyl ether as the solvent, the ionic liquid [C3OHmim]BF, as the supporting
electrolyte and MEA as the absorbent for HyS. Notably, no sulfur was observed to attach to
the anode during electrolysis, addressing issues associated with anodic passivation. The
addition of MEA demonstrated a substantial enhancement in the sulfur solubility of the
electrolyte, improving the efficiency of H;S electrolysis.

2. Indirect methods, involving the use of a co-oxidizing agent (typically, metals, metal
oxides, or iodides) to promote the conversion of sulfides to elemental sulfur. The
process, depicted in Figure 15, is split into three separate steps: chemical absorption
(1), sulfur separation (2) and electrochemical conversion (3). Inside the absorber,
elemental sulfur is formed and, after its separation, the resulting solution is passed
through the electrolysis cell where hydrogen is released and the starting medium is
regenerated. Acidic aqueous solutions of Fe3*/Fe?*, (VO,)* /(VO)?** or FeCl, /FeCls,
as the electrochemical intermediate, are currently the most promising systems [108].

H,S-free gas Recycled solution /_\
1 [ ‘

Hydrogen
LR © e
- +
SOLUTION
PUMP 1 TANK
ABSORBER
ELECTROLYZER
SULFUR
SEPARATOR
Acid gas I | | | /_\
Solution g ’ E
+ sulfur
ELECTROLYTE
Sulfur TANK PUMP 2

Figure 15. Indirect electrolysis process scheme where chemical absorption (1), sulfur separation (2)
and electrochemical conversion (3) sections are highlighted.

Huang et al. [20] studied the H,S absorption and conversion to H; and S in an acidic
aqueous vanadium dioxide (VO,) solution coupled with indirect electrolysis. Parametric
analyses were carried out to assess the impact of operating parameters on both absorption
and electrochemical reactions. The results revealed that H,S absorption increases with
temperature, surpassing 90% absorption 50 °C, with the absorption reaction being mass-
transfer-limiting. In the electrolysis reaction, a current efficiency of 97% was achieved at
45 °C after an extended electrolysis time. The study also addressed the ease of recovering
sulfur particles.

Adewale et al. [109] conducted a process simulation study on the Fe-Cl hybrid pro-
cess of Idemitsu Kosan Co., for the production of Hy and S from HjS gas streams. The
researchers modeled and validated the process using data from a pilot-scale plant before
scaling it up. The study investigated the impacts of absorber solution flowrate and concen-
tration on the operability of the process. It was observed that operating with high ferric
ions concentration yielded more favorable results compared with operations with high
solution flowrates. The presence of ferrous ions in the solution played a crucial role in the
downstream electrolysis process.
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3. Other methods, which are based on the use of high temperatures to favor the for-
mation of sulfur in the liquid and gas phase. However, these methodologies are at
a preliminary stage [110]. Several research groups have explored the integration of
renewable energy into H,S electrolysis. One example involves modeling the pro-
duction of hydrogen from H,S within geothermal power plants using electrolysis
methods [111]. This approach involves abatement of mercury emission, selective cat-
alytic oxidation of H;S to SO, and SO, scrubbing using geothermal water. The HjS,
obtained from gaseous emissions, is separated to the pure H, and gaseous S, using a
proton exchange membrane (PEM) electrolyzer operating at 150 °C. Thermodynamic
calculations and parametric studies were conducted by varying multiple process
parameters. The energy and exergy efficiencies of the process were determined as
27.8% and 57.1%, respectively, at an inlet temperature of H,S of 150 °C. In another
study [112], various models were developed for the use of biogas-based electricity
and sewage sludge obtained from a municipal wastewater treatment plant for H, pro-
duction. These models included alkaline, PEM, high temperature water electrolysis,
alkaline hydrogen sulfide electrolysis, and dark fermentation biohydrogen production
processes. Energy and economic analyses were conducted on these models. Regarding
the Hp production rate, the high temperature electrolysis process demonstrated superi-
ority over the other models, with PEM electrolysis following closely behind. However,
concerning Hy production cost, H,S electrolysis outperformed the other models.

The advantages and disadvantages of the electrolysis decomposition process are
shown in Table 16. The TRL of this technology, compatibly with the guidelines provided by
NASA [48], is 4. It is necessary to propose solutions that, on a laboratory scale, can solve
the difficulties associated with process management, in order to be able to think about its
industrialization.

Table 16. Advantages and disadvantages of the HyS decomposition via electrolysis.

Advantages Disadvantages

X Passivation of the electrode due to sulfur;
v/ Green technology, possible integration X High power required for indirect

with renewable energy sources; technologies;
v Easy separation for product mixture; X Presence of unwanted reactions due to
v/ Quite simple system chemistry. high temperatures, which could facilitate

corrosive processes.

5. Conclusions

Considering the environmental challenges that we are facing today about the toxic
emissions abatement, together with the increasing importance of circular economy con-
cepts, the study of novel waste valorization processes is of great interest in the chemical
engineering panorama.

Considering HjS valorization to Hj, the methane reformation process and the non-
thermal plasma H,S conversion are analyzed. For the non-thermal plasma H,S conversion
to Hy, a preliminary feasibility study is presented, considering that its scalability to the
industrial level has not been yet demonstrated. This is not the case of the hydrogen
production through HyS methane reformation, which can be considered a traditional H,S
conversion pathway. The H,SMR presents several advantages, such as the high H; yield
(for each mole of methane reacted, 4 moles of hydrogen produced) and the absence of direct
CO; emissions, in contrast to conventional steam methane reforming. To comprehend the
reacting system and consider process scalability, an in-depth thermodynamic analysis is
conducted. Thermodynamic equilibrium calculations reveal that carbon deposition during
the reaction phase can be significantly influenced by temperature and pressure, with a
higher likelihood at high pressure and low temperature. Additionally, the composition
of the feed is responsible of either promoting or preventing coke formation. Notably, the
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presence of H,O and CO, proves beneficial in preventing carbon deposition, while the
existence of C,, traces in the feed stream is undesired in this context. However, if the desired
product is Hy, careful management of impurities in the reactants’ mixture is essential due to
the potential production of CO, COS, and other sulfur-based compounds. Techno-economic
evaluations of the process are based on a simplified process scheme and are carried out
with varying CHy /H,S inlet molar ratio. Fixed and operating costs are evaluated for each
investigated case and hydrogen cost is retrieved to identify the optimal process operating
conditions in terms of the inlet reactants molar ratio. The perspective of the process depends
on the reaction section operating conditions, temperature, and pressure, which must be
sufficiently low for the technology application to the industrial scale. The other technologies
analyzed, photocatalytic decomposition, thermochemical decomposition through cycles,
thermocatalytic decomposition and decomposition via electrolysis, are too immature to be
industrialized: further research is needed to deepen their chemical-physical phenomena
on a laboratory scale. Most of the thermocatalytic technologies suffer from unfavorable
thermodynamic equilibria and poor yields. In this case, a modification of the traditional
reaction equipment with the addition of membranes for H; removal can be beneficial to
overcome unfavorable equilibria. However, fundamental research is needed to identify
more efficient catalysts operating at milder conditions.

Regarding photocatalysis, significant advances have been made in the development of
photocatalyst efficiencies. Nevertheless, the lack of effective photo reactors and separation
processes hinders the process application at large scale.

Direct electrochemical methods are not viable considering the-state-of-the-art, due to
the deterioration of metal electrodes because of sulfur passivation, while indirect electrolysis
involving a Fe-Cl cycle, may be a promising route for large scale implementing. Strategies
for the integration of renewable energy could be helpful for process application to the
industrial level.
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