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Abstract: Depleting fossil fuel resources and anthropogenic climate changes are the reasons for the
intensive development of new, sustainable technologies based on renewable energy sources. One
of the most promising strategies is the utilization of hydrogen as an energy vector. However, the
limiting issue for large-scale commercialization of hydrogen technologies is a safe, efficient, and
economical method of gas storage. In industrial practice, hydrogen compression and liquefaction
are currently applied; however, due to the required high pressure (30-70 MPa) and low temperature
(=253 °C), both these methods are intensively energy consuming. Chemical hydrogen storage is a
promising alternative as it offers safe storage of hydrogen-rich compounds under ambient conditions.
Although many compounds serving as hydrogen carriers are considered, some of them do not have
realistic perspectives for large-scale commercialization. In this review, the three most technologically
advanced hydrogen carriers—dimethyl ether, methanol, and dibenzyltoluene—are discussed and
compared. Their potential for industrial application in relation to the energy storage, transport, and
mobility sectors is analyzed, taking into account technological and environmental aspects.

Keywords: hydrogen storage; methanol; dimethyl ether; dibenzyltoluene; organic hydrogen carriers;
chemical storage

1. Introduction

Decarbonization of the energy, production, and transport sectors is an urgent global
target. Renewable energy sources, such as wind and solar energy, are considered green
alternatives to depleting fossil fuels [1]. However, the seasonal fluctuation of energy pro-
duced by windmills or photovoltaic cells results in regional the under- and overproduction
of electricity. To overcome these irregularities and the imbalances between regions of energy
generation and consumption, hydrogen is proposed as one of the most promising energy
carriers [2]. According to the power-to-gas concept (P2G), the energy produced by renew-
ables can be used for water electrolysis. The obtained hydrogen can be stored, transported,
distributed, and used when needed to generate electricity, as a fuel in hydrogen-powered
vehicles, or as a feedstock in the chemical industry [3]. Currently, hydrogen is mostly
consumed directly at the location where it is produced. Only 5% of obtained hydrogen is
traded on the market [4]. In the future, hydrogen storage and long-distance transport will
play more significant roles.

Before the worldwide commercialization of hydrogen-based technologies, several
issues need to be addressed. Although hydrogen is considered a green and efficient
energy carrier due to its zero-emission combustion and high gravimetric energy density
(120-143 M]J /kg), its storage and transport are challenging [5]. This is mainly because
of its low volumetric energy density (0.017 MJ /L) [6]. Other problems are the explosive
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character of hydrogen, small size, and low dynamic viscosity, which may result in gas
losses during storage. Hydrogen diffuses in steel at elevated temperatures and pressures,
causing corrosion [7].

At present, the most technologically advanced methods of hydrogen storage are com-
pression, liquefaction, and their combination [5]. These storage options are characterized by
high hydrogen purity and security demands due to high pressure (30-70 MPa) and low tem-
perature (—253 °C), respectively. Under storage conditions, hydrogen density is increased
(39.22 kg/ m?3 at 70 MPa and 70.8 kg/ m? at —253 °C [2,8]). However, the maintenance of
such conditions is highly energy consuming. Liquid hydrogen storage requires insulated
cryogenic tanks, from which boil-off losses may occur [2]. Thus, alternative methods that
ensure high efficiency and safety of storage are intensively investigated. For large-scale
storage of gaseous hydrogen, underground reservoirs can be utilized, among which ar-
tificial salt caverns are the most suitable [9,10]. Compared with aboveground hydrogen
tanks, geological formations are better protected against external stimuli (e.g., terrorist
attacks, fires, and others). Due to the physicochemical and mechanical properties of salt
rocks, the caverns ensure safe and efficient hydrogen storage at a high pressure [11,12].
However, the suitable salt deposits are distributed irregularly; thus, the utilization of this
type of hydrogen storage strongly depends on localization [13]. Another method of storage
is based on the physical adsorption of the gas on porous materials with a large specific
area [14]. Examples of effective sorbents are metal-organic frameworks (MOFs) [15], porous
carbon-based materials [16], and zeolites [17]. The materials are usually cost-efficient and
offer low binding energy and relatively fast kinetics in charge and discharge processes.
However, compared with compression and liquefaction of hydrogen, there is still little
experience with hydrogen sorption, and the most advanced research is carried out only
on the laboratory scale [18]. Due to low gravimetric and volumetric hydrogen density,
which can be obtained by this method, the sorption can be considered only for small-scale
hydrogen storage. An alternative to physisorption can be the storage of hydrogen in the
form of metal or chemical hydrides. In metal hydrides, hydrogen is directly bound to the
metallic center or as a part of a complex ion. Hydrogen release is obtained by thermo- or
hydrolysis. Although a high hydrogen density can be gained, thermal decomposition usu-
ally requires high temperatures. Additionally, solid wastes are often generated. Similarly,
as in hydrogen physisorption, the development of this storage option needs to be carried
out [5].

Among chemical hydrides are hydrogen carriers, in which hydrogen is linked by
a covalent bond to a carbon, nitrogen, or boron atom [19,20]. In this storage system, a
hydrogen-lean form is transformed by exothermic hydrogenation to a hydrogen-rich com-
pound, which ensures hydrogen storage under ambient or near-ambient conditions in
contrast to the storage of compressed or liquid hydrogen [21]. If a hydrogen-rich form is
liquid or gaseous under ambient conditions, it can be easily integrated into an existing fuel
(gasoline, oil, natural gas) infrastructure. When needed, hydrogen can be released from a
hydrogen-rich form via endothermic dehydrogenation. Until now, many systems have been
investigated for chemical H; storage. Among them, ammonia [22], methane [23], dimethyl
ether [24], methanol [25], and formic acid [26] can serve as examples. Handling all these
compounds is easier than molecular hydrogen due to narrower explosive limits and milder
storage conditions (Table 1). They are so-called “circular” hydrogen carriers as in each
hydrogenation—dehydrogenation cycle, a new batch of material is needed, similarly as in
the case of fossil fuels [27]. However, if they are produced from green hydrogen (obtained,
for instance, from water electrolysis) and atmospheric nitrogen or carbon dioxide, the
total cycle is carbon neutral. Upon dehydrogenation of the abovementioned carriers, the
mixture of hydrogen and another gas (nitrogen or carbon dioxide) is obtained. Thus, a gas
separation step may be required depending on the hydrogen application. Liquid organic
hydrogen carriers (LOHCs) are aromatic compounds that can be reversibly hydrogenated
and dehydrogenated at elevated temperatures [19,28]. In contrast to circular H; carriers,
the hydrogen-lean form of LOHCs is liquid or solid under ambient conditions; thus, the hy-
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drogen released upon dehydrogenation can be easier separated. The LOHC systems, such
as toluene-methylcyclohexane [29], benzene-cyclohexane [30], naphthalene-decalin [31],
and dibenzyltoluene-perhydrodibenzyltoluene [32], were investigated. Although these
compounds have rather high hydrogen storage capacities, some of them are too toxic (such
as benzene or naphthalene) or too volatile (such as toluene-methylcyclohexane) to be con-
sidered for real-life applications. In addition, toluene, benzene, and naphthalene and their
hydrogenated counterparts are flammable, which is not favorable from the safety point of
view. In comparison, dibenzyltoluene is nonflammable, nontoxic, and nonmutagenic or
noncarcinogenic [33]. Moreover, dehydrogenation of aromatic compounds usually requires
high temperatures, which increases operational costs. The presence of heteroatoms in rings
reduces the amount of heat required for hydrogen release, as in the case of perhydrocar-
bazole (Table 1) [34]. However, its hydrogen-lean form obtained after dehydrogenation is
solid (melting point equal to 68 °C [28]), which complicates the technical use of this system.
To avoid solidification, the tank has to be heated above N-ethylcarbazole melting point, or
the dehydrogenation degree has to be limited to around 90%. Another barrier to utilizing
this and other heteroaromatic systems (derivatives of indole) on a large scale is their high

price [19].
Table 1. Comparison of selected properties of several Hy carriers with compressed and liquid
hydrogen [19,21,35].
Hydrogen .
Explosive "
Storage Method Sto{ag‘e Storage H, Rezl('aase Limits (%vol  Toxicity PELs Price
Conditions Capacity Conditions AR (ppm)
o in Air)
(% wt)
Compressed Hy 70 MPa 100 Pressgre 4-75 - - -
reduction
Liquid Hp —253°C 100 Evaporation 4-75 - - -
.. —33.5°C, 0.1 Catalytic, .
Liquid NHj; MPa 17.6 T > 400 °C 15-28 Toxic 50 934 USD/t
Formic acid Ambient 44 Catalytic, 18-34 Toxic 5 350 USD/t
: T>50°C
Toluene— 1.2-7.1
methylcyclohexane Ambient 6.1 Catalytic, (toluene) Toxic 200 910 USD/t
(MCH) T >300°C 1.2-6.7 500
(MCH)
1.4-8.0
Benzene— . Catalytic, (benzene) . 10
cyclohexane Ambient 72 T > 300 °C 13-8.4 Toxie s00 S USD/
(cyclohexane)
N-ethylcarbazole Catalytic
(NEC)- Ambient 5.8 T> 150 °C - Toxic nd 20 USD/kg

perhydrocarbazole

* PELs—permissible exposure limits, Occupational Safety and Health Administration, U.S. Department of Labor,
given as 8 h weighted values.

This review aims to present the current state of knowledge on chemical hydrogen
carriers having the highest potential for large-scale application. The three most techno-
logically advanced systems are analyzed and compared: dimethyl ether, methanol, and
dibenzyltoluene. As all of these compounds are tested on a technical scale, we strongly
believe that they will be key players in industry decarbonization.

2. Methanol
2.1. General Properties and Applications

Methanol is the primary representative of the group of alcohols. Its structure includes
a methyl and a hydroxyl group, resulting in a molecular weight equal to 32.04 g/mol.
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In Table 2 are listed the basic physicochemical properties of methanol. Under normal
conditions it is a transparent, colorless, flammable liquid. It may be mixed with majority
of organic solvents and water. In everyday work with this reagent, special care should
be taken due to its high toxicity and almost immediate absorption through the digestive
system, respiratory system, or skin [36]. Its boiling point (BP) is estimated to be 64.7 °C,
which proves the safety of storage at room temperature. The BP temperature is higher
in comparison with other hydrogen carriers, such as ammonia; however, due to high
flammability and volatility even at low concentrations, safety handling is still demanding.
The flash points of methanol range from 12 to 15.6 °C, and the flammability limits in air at
lower and upper limits are 6.0% and 36.5%, respectively. Therefore, the safety storage of
methanol requires effectively avoiding the formation of explosive methanol/air mixtures
by keeping it below the lower explosion limit, eliminating ignition sources, or keeping
them at a safe distance [36].

Table 2. Selected physicochemical parameters of methanol [3,36-39].

Methanol Properties

Molar mass (g/mol) 32.04
Appearance Colorless liquid
Density (g/ cmd) 0.792
Melting point (°C) —98
Boiling point (°C) 64.7
. o 12 (closed vessel
Flash point (°C) 15.6 (open vessel)
Autoignition temperature (°C) 470
Cetane number 5
Gravimetric hydrogen density (wt %) 12.5
Volumetric hydrogen density (kg /m?3) 99
Toxicity
e RfC (reference concentration for inhalation exposure) (mgm*3) 2
o RfD (reference dose of oral exposure) (mg/kg day) 2
BMDL5 (benchmark dose at 95% lower confidence limit) (mg/kg-day) 43.1

Generally, the applications of methanol may be classified into three main groups,
including the chemical industry (as a substrate for other syntheses), energy (in gas turbines
and direct heat generation), and fuel (as a fuel additive and in direct/indirect methanol fuel
cells). Methanol is currently used as a substrate for chemical synthesis, such as esterification
or acetic acid production; cleaning agent; solvent in inks; resins; dyes. It plays a particularly
important role as a solvent used in the production of pharmaceutical products. The interest
in this compound in the fuel sector has been growing recently. It has been recognized
and classified as a clean fuel for internal combustion engines due to the possibility of its
synthesis using carbon dioxide and hydrogen, low soot emission after the combustion
process, and high oxygen content per molecule. The high oxygen content in the CH;OH
formula allows for the reduction of combustion temperature, thus inhibiting the formation
of nitrogen oxides [40,41].

Methanol fuel cells are currently implemented in the industry. They have already
found applications as energy source in portable devices, such as mobile phones, laptop com-
puters, and portable hearing aid devices [36,42,43]. Methanol fuel cells may be constructed
in direct or indirect technology. In direct methanol fuel cells (DMFCs), the chemical energy
of methanol is directly transformed into electric energy, in which MeOH is converted in the
presence of oxygen to a water molecule and then carbon dioxide. Despite many advantages
of DMEFCs, the technical limitations should be also considered. DMFCs require the usage
of high-purity methanol. Another issue that should be addressed is to limit or completely
inhibit the methanol crossover from another to cathode in DMFCs through the membrane
due to the electro-osmotic drag mechanism. The methanol crossover results in the lowering
of cathode potential, leading to lower performance. Currently, global research is focused
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on obtaining new, improved membranes, minimizing the effect of methanol crossover. An-
other concern is the need for further works on the development of the stage of separation of
the released carbon dioxide from the vapors of unreacted methanol (and water). Currently
proposed separation solutions focus on anode outlet cooling or implementation gas separa-
tion membranes [44—46]. Another issue is the degradation of the cell with prolonged use as
a result of the catalyst’s aggregation and dissolution and electrode structure destruction.
Moreover, the generated water during MeOH oxidation may be corrosive for the fuel cell
membranes [47]. The indirect technology employs methanol as an easy-to-store hydrogen
carrier. Under standard conditions, it is a liquid that is easy to transport. An application of
methanol in indirect methanol fuel cells (IMFCs), also called reformed methanol fuel cells
(RMFCs), as a hydrogen carrier may be the solution of technical problems related to the
direct use of methanol as a fuel. Among other promising hydrogen carriers, methanol is
characterized with high gravimetric and volumetric hydrogen density. The idea behind
indirect fuel cells is to convert methanol to hydrogen-rich gas. The previously generated
Hj-containing gas is fed into the fuel cell. The gas is obtained by steam reforming of
methanol (MSR). The lack of a C—C bond in a methanol molecule allows for efficiently
reforming to hydrogen at relatively low temperatures (up to 300 °C) [48,49].

2.2. MeOH Synthesis

On an industrial scale, methanol is produced via low-pressure catalytic conversion of
synthetic gas. Synthetic gas used for methanol synthesis may originate from reforming,
partial oxidation, or gasification of fossil fuels, including coal and natural gas. Industrial
plants for methanol production involves three main modules: syngas generation, methanol
synthesis, and methanol distillation [36]. Currently, the methanol synthesis process is car-
ried out at a pressure from 50 to 100 bar (in most cases, 50-80) and in the temperature range
of 220-230 °C over the copper catalyst CuO/ZnO/Al,O3 (CZA) promoted with variable
stabilizing additives, including zirconium, chromium, and magnesium compounds [37,50].

The reaction of methanol synthesis proceeds according to the equations below:

The carbon monoxide conversion:

CO + 2H, = CH30H, AH" = —90.6 kJ /mol 1)
The carbon dioxide hydrogenation:
CO, + 3H, = CH30H + H,0, AH? = —49.4 k] /mol 2)
The reverse water—gas shift (RWGS):
CO, +H, = CO + H,0,AH" = —41.2 kJ/mol 3)

The process of methanol synthesis is highly exothermic, thus requiring constant re-
moval of heat generated during the reaction. The temperature of the methanol process
should be maintained below 300 °C in order to prevent the sintering of copper particles,
which is apparently from poisoning, one of the main factors of catalyst deactivation. The ef-
ficiency of the methanol synthesis process depends on the process parameters (temperature,
pressure) and the properties of the copper catalyst [36,37,50-52]. As methanol synthesis
is a well-known process in the industry, in the sections below are presented the latest
literature reports on steam methanol reformation, including catalyst, reactor configuration,
and alternative systems for the MSR.

2.3. Hydrogen Generation from Methanol

Methanol, as a liquid hydrogen carrier, may be used for high-purity hydrogen produc-
tion. Among thermochemical processes for syngas production, methanol steam reforming
(MSR), autothermal reforming of methanol (ATRM), methanol decomposition (MD), and
partial oxidation of methanol (POM) may be distinguished. Among them, from the point
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of view of obtaining a gas stream as rich in hydrogen as possible, steam reforming seems
to be the most appropriate due to the highest content of hydrogen in an outlet stream
when referring to the process equation (see Table 3) [38]. In the case of the decomposition
of methanol, the content of carbon monoxide in the stream of products is much higher.
In addition, higher process temperatures are required, but they favor the formation of
undesirable products. Partial oxidation of methanol (POM) is an interesting alternative
to steam reforming, mainly due to the lack of the need to continuously supply external
thermal energy for heating the system due to the exothermic nature of the process. What is
more, the generated heat can be utilized in other production nodes. However, POM also
has disadvantages; in particular, the CO content is much higher compared with methanol
steam reforming. What is more, during this process, methoxy and formate species are
generated, which may be a contamination of the generated gas. Methanol may also interact
with nitrogen oxides, leading to the formation of HONO, formate, and formate radicals.
The process of fuel combustion is inextricably linked to the generation of nitrogen oxides.
Nitrogen oxides are one of the smog constituents that have a detrimental effect on the
nervous system. Their source can be both the fuels themselves contaminated with nitrogen
compounds and air. Pure methanol burns with no nitrogen oxides; moreover, the addic-
tion of first-order alcohols (methanol, ethanol) to the combustion system allows for the
reduction of nitrogen oxide emissions [53-55]. The last method for obtaining hydrogen-rich
gas from methanol is autothermal reforming, combining POM and MSR. The combination
of these two processes allows the efficient use of the heat generated during oxidation to
maintain the steam reforming reaction. Nevertheless, due to the differences in the orienta-
tion of the processes, it is necessary to strictly control the processes and strictly specialized
catalysts [38,56-59].
Steam reforming of methanol (MSR) proceeds according to the following equation [60,61]:
K]
CH3;0H + H,0 < CO; + 3H,, AHpgg = +49.4m701, (4)
The process of methanol steam reforming is conducted mainly under atmospheric
pressure at variable temperatures in the range of 200400 °C and a methanol-to-steam ratio
(1:1[62], 1:2 [63], 1.3:5). Referring to the stoichiometric equation in the outlet stream, there
are three moles of hydrogen per mole of carbon dioxide. However, during the MSR process,
side reactions are taking place, including methanol decomposition:

CH30H « CO;, +2H;, AHpgg = +90.5mk7i1, 5)
and reverse water—gas shift (RWGS):
k]
CO+ HyO +» CO; 4+ Hjp, AHyeg = 741.111’1701’ (6)

Due to the side reactions, in addition to hydrogen and carbon dioxide, small amounts
of carbon monoxide occur in the reformate. Combining the MSR with fuel cells (MFCs)
would require the removal of CO before the introduction into an MFC unit. The presence
of carbon monoxides can poison the membranes present in fuel cells [60]. Therefore, it is
important to control the content of carbon monoxide in the reformate in order to maintain
acceptable CO levels before the introduction to membranes of fuel cells. The removal of
excess carbon monoxide may be achieved using swing adsorption methods (PSA—pressure
swing adsorption, TSA—temperature swing adsorption, and VSA—vacuum swing adsorp-
tion) [64], selective methanation [60], preferential oxidation, and membrane separation
methods [65]. A new system that combines fuels cells, a methanol steam reformer, and
methanation units is currently being developed. Xing et al. [60] investigated the efficiency
of a fuel cell integrated with a methanol steam reformer and methanation reactor in order
to reduce the harmful impact of carbon monoxide on the fuel cell membranes. The metha-
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nation requires other catalysts to perform the reaction of carbon monoxide and hydrogen
to methane and water [60].

Table 3. Characterization of processes for hydrogen production from methanol based on [38,56-59].

Process

Summary Reaction/Standard Process

Enthalpy Conditions Advantages/Disadvantages

Methanol steam reforming
(MSR)

Low temperatures and
pressure
High methanol conversions
High content of hydrogen in
outlet steam
Minimal carbon monoxide
content
May be performed in
homogeneous and
heterogeneous systems
Necessity of steam preheating
Necessity of wastewater
management

T = 150-350 °C
CH30H + H,O + CO;, +3H, p=1atm
AHpog = +49.4mk—g)1 H,0O/methanol molar ratio:
1.3-5

Methanol
decomposition (MD)

Outlet stream rich in carbon
monoxide
Temperature increase favors
the generation of by-products
(e.g., dimethyl ether, methane)

CH;0H < CO + 2H, T = 100450 °C
AHjog = +90.5XL p=1-6atm

mol”

Partial oxidation (POM)

Reduction of heating cost due
to the exothermic character of
the process
Excess heat may be used in
other endothermic processes
High content of CO as a
product of the reaction
POM process proceeds
through the formation of
methoxy and formate groups,
which may be present as a
by-product

CH;OH +0.50; < CO +2H, O,/ mrl(;t;:r?(;f 151?01; ratio:
AHaog = —192.3 X 2 '

mol” 0.3-0.8

Autothermal
reforming (ATRM)

Hydrogen-rich gas is
generated
Reduction of external heating
costs due to the exothermic
CH30H + rO, + T =200-550 °C character of oxidation and use
(1-2tr)H,O « O, /methanol molar ratio: of released heat for reforming
(8 —=2r)CO; +2H, 0.1-0.6 triggering
r <0, 0.5>—ratio between O, H,0O/methanol molar ratio: Differences in kinetics of
and MeOH in inlet stream 1.0-1.5 oxidation and methanol
reforming enforce strict
control of parameters and the
selection of a specialized
catalyst

Process Parameters and Catalysts for MSR

The process of methane steam reforming takes place in the presence of a catalyst. The
release of hydrogen from a methanol molecule may be performed in both homogeneous and
heterogeneous systems. The heterogeneous system using a solid catalyst is preferred due to
the simplicity of the catalyst separation of generated gas products, unreacted methanol, and
water. However, the dehydrogenation of methanol in the homogeneous phase allows for the
direct transfer of hydrogen for homogeneous hydrogenation reaction systems [56]. Hetero-
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geneous catalysts applied for the MSR are mainly based on copper or noble metal particles
supported on materials of high surface area. However, using of carbide catalysts was also
reported [66,67]. Among conventional copper catalysts, commercial CuO/ZnO/Al,O3
and its modification are widely applied mainly due to their availability, high activity, and
low price. Nonetheless, copper catalysts suffer from deactivation due to copper particles
sintering at temperatures above 300 °C [68] and coking with amorphous and graphitic
coke [69]. Another factor affecting the activity of methanol steam reforming is also the
acidity of the catalyst [63]. Very strong acid sites lead to the occurrence of side reactions
that decrease the selectivity towards hydrogen. The proposed modifications of the catalysts
are most broadly related to the improvement of the dispersion of copper particles and the
enhancement of their redox properties [68]. Therefore, combining copper species with other
active phases, including nickel, platinum, palladium [57,66], zirconium [69], cobalt, and
strontium [70], to form heterodimers, alloys, perovskites, or core—shell structures, allowing
for increasing and maintaining a high degree of dispersion, has been the subject of intensive
research. In Table 4 are presented the characteristics of selected catalysts for MSR and their
activity in order to vary process parameters. The performance of MSR catalysts apart from
process parameters results from preparation technique, added promoters, and selected
support. Among reported preparation techniques for MSR catalysts, the wet impregnation,
hydrothermal, coprecipitation, sol-gel, carburization, and solid-phase approaches may
be distinguished [57,62,63,68,71,72]. The proposed modifications of the catalysts are most
broadly related to the improvement of the dispersion of copper particles and the enhance-
ment of their redox properties [68]. Among promoters for copper catalysts, ZrO, [68,69],
Gay 03 [73], TiO; [66], ZnO [71], CeO, [57,68,74], MgO [71,75], yttrium [72], lithium, sodium
potassium [75], and lanthanum [76] have been reported. The amount of promoter added
to the catalyst structure strongly affects the catalytic activity; therefore, the selection of
the appropriate promoter content is crucial for the activity and selectivity of the methanol
steam reforming process. Cheng et al. [71] investigated the effect of magnesium promoter
content on Cu/Zn0O/ Al,Os catalytic activity. The content of a magnesium promoter ranged
from 0% to 7%. They found that increasing Mg up to 5% in the catalysts results in en-
hancing hydrogen generation. After exceeding the optimal value to 7%, the yield of Hp
generation decreases. Apart from the influence of the magnesium amount on the efficiency
of hydrogen generation, its influence on the selectivity of the process was observed. Along
with the increasing hydrogen generation efficiency, an increased proportion of carbon
monoxide was observed. The increased presence of CO resulted from the side reaction
between Hy and CO;. Zhao et al. [63] investigated the effect of the modification of copper
catalysts supported on y-Al,O3 /Al with titanium. The evaluated copper-to-titanium ratio
equaled 0, 1.5, 1.9, 2.5, and 3.2. They found that optimal doping with Ti species increases
the surface area, stabilizes the copper dispersion, enhances the adsorption of methanol,
and improves the copper redox performance by facilitating electron transfer from Cu to Ti.
Moreover, the addition of titanium promotes the reduction of the acidity of the catalyst,
thus limiting the occurrence of side reactions. It was also reported that a basic promoter,
including Na, K, Mg, may be used as a sorbent for generated carbon dioxide, allowing for
obtaining a gas stream with an even higher hydrogen content [75].

As supports, mesoporous silica KIT-6 [68], CeO, [57], y-AlL O3 [63], Al,O5 [71], TIO; [66],
zeolites [69,75], and ZrO; [77] were used. The role of support includes not only proving the
dispersion for copper particles and preventing sintering. Moreover, supports of a highly
developed surface area, micro- and mesoporous structures, also contribute to effective heat
and mass transfer, promoting the activation, diffusion, and migration of the reactants and
intermediated and reaction products [69]. Some reducible supports are reported to strongly
interact with active-phase-forming redox couples (e.g., Cu?*/Cu” and Ce** /Ce?* [57].
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Table 4. Characteristics of selected catalysts for MSR and its activity in order to vary process parameters.
Catalyst Preparation Method Process Conditions Methanol Conversion (%) Hydroge;liggneration Selestci){ligycl)%iel d Observations/Conclusions Ref.
GHSV = 9000 emPe~1h-1 The higher the temperature of the
o s = cm :
d%arbunzanon from ap161;r51e 7a2t5 MeOH:H,0 :gl: 1 For the most active catalyst MSR, the higher the levels of
ifferent temperatures: 675, 725, T = 200-400 °C thurized at 675 °C methanol conversion, however,
and 750 °C _P —1atm carburizeda with the rise of temperature, the
Wirelike Mo,C content of CO and CH4. 62
trefie Moz T = 200 °C, Xpeoms = 30% Ciyz = 70 mol. % Cco = 0 mol. % [62]
T=250°C, XMeOH =45% CHZ =67 mol. % CCO =2mol. %
T =300 OC, xMeOH =85% CHZ =64 mol. % CCO =5mol. %
T =350 °C, Xmeon = 100% Ci2 = 60 mol. % Cco =4 mol. %
T =400 °C, Xpmeon = 100% Ci2 = 60 mol. % Cco =3 mol. %
Ti species increases the surface are
a, stabilizes the copper dispersion,
enhances the adsorption of
; hanol, and improves copper
Impregnation of y-Al,O3 /Al GHSV = 4000 cm3¢—1h~! met / p copp!
support with titanium and copper MeOH:H,0O =g1;2 The most active catalyst, redox performance by facilitating
salts T =225-350 °C, where Cu/Ti = 1:1.9 electron transfer from Cu to Ti.
Cu/Tix (x =0, 1.5, 1.9, 2.5, 3.2) p=1atm . Moreover, the addition of
Ti-modified titanium promotes the reduction
Cu/y-Al,03/Al of the acidity of the catalyst, thus (631
limiting the occurrence of side
reactions.
T =225 °C, Xpeon = 67%, Cpyp = 45 molkgea ~th™! Sco =1.5%
T =250 °C, Xpeon = 90%, Cpyp = 62 molkgea " th™! Sco =2.5%
T=275°C, XMeOH = 95%, Cip =65 molkgcat’1h71 Sco =3.0%
T =300 °C, XMeOH = ~100%, CHZ =68 molkgcat71h71 SCO =4.0%
T =325 °C, Xpmeon = ~100%, Cip =70 molkgcatflh’l Sco =5.0%
T =350 °C, Xmeon = ~100% Chp = 73 molkgeat th™! Sco =5.1%
Impregnation of KIT-6 with ceria, - - ~ - - ~ - - ~ . .
CeOy-Cu/KITE COEPe% and zirconium salts. The WHSV =2 g th ™! ZrOg(CeOZ :C ;16/"}5 e 7102 SCGO:29S%£/§< e 0 SCGO:2 0C ;1"//0KIT o Promotion with ZrQ, enhanced
promoted with ¢ q4 MeOH:H,0 = 1:2 Ie %998 /KITo6 C 6[2_(: /KIT-6 C CSKBC JKIT-6 the performance of the catalysts [68]
ZrO, support was prepare T =225-350 °C U o/ S CL2 by stabilizing copper dispersion.
hydrotherma]]y XMeoH = 85-92% St =99.2% Sco =0.8%
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Table 4. Cont.

Catalyst

Preparation Method

Process Conditions

Methanol Conversion (%)

Hydrogen Generation
Yield

CO, CO,
Selectivity/Yield

Observations/Conclusions

Ref.

Cu-M/Ce0O,
M = Pt, Pd, Ni

Wet impregnation of ceria
commercial support

T =100-350 °C,
T=24h

At T =350 °C, methanol
conversion drops rapidly
along with time. The higher
was the content of the
modifying metal (Pt, Pd, or
Ni), the higher was the
activity observed

Not determined

Not determined

The amount and type of the
modifying metal (Pt, Pd, Ni)
determined the catalytic activity.
Hydrogen selectivity was
improved in the case of catalysts
modified with Pt or Pd.

[57]

Mg-promoted
Cu/ZnO/AIZO3,
Cu/Zn/Al/Mg
=60:30:10:x, x =
0,357

Coprecipitation from nitrate’s
salts with sodium carbonate

WHSV =3.84

MeOH:H,O = 1:1
T =200 °C,
p=0.1MPa

gflhfl

Not determined

H, STY (molKg~h™1)

Cu/Zn/Al/Mg0: 145
Cu/Zn/Al/Mg3: 170
Cu/Zn/Al/Mg5: 172
Cu/Zn/Al/Mg7: 158

Scon = 99.9%
Scon = 99.5%
Scon = 99.2%
Scon = 99.7%

The promotion with magnesium
enhanced the copper surface area
and Cu-ZnO interactions. The
optimum content of magnesium
equaled 5%.

[71]

Cu/ZnO
Cu/Zn0O/ZrO,

Coprecipitation from nitrate’s
salts with sodium carbonate

MeOH/H,0 = 1:3
T=250°C,
p=1atm

Cu/ZnO: Xypeoy = 51.8%,
Cu/Zn0O/ZrO;:
XMeOH = 88.6%,

Cip =0.19 molgcaflh’1
Cip =126 molgcat’lh’]

Sco =4.7%
Sco = traces

Zirconium component increases
copper-zinc oxide microstrains,
thus stabilizing dispersion.

[77]

XmeoH = methanol conversion (%); Cy2 = hydrogen content in the outlet stream (mol. %); Sco—selectivity towards CO generation (%); Spy—selectivity towards H, generation (%);

WHSV—weight hourly space velocity (time™'); H, STY—hydrogen space time yield (mol kg~! h™!), Cco = carbon monoxide content in the outlet stream (mol. %). Sco;—selectivity
towards CO; generation (%).
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The efficiency of hydrogen generation and its selectivity strongly depends on process
conditions. Ma et al. [62] investigated the effect of MSR temperature on the level of
methanol conversion and product distribution in the outlet stream over molybdenum
carbide wirelike catalysts. They found that along with the rise of the process temperature,
the level of MeOH conversion increased. However, as the process temperature increased
from 200 to 400 °C, they noticed a decrease in the hydrogen generation selectivity of the
process. Above 250 °C, there was a significant increase in the CO and CHy4 contents in
the outlet stream up to 10 mol. % and a decrease in the H, content from 80 to 60 mol. %.
Similar results were obtained by Zhao et al. [63]. They also investigated the effect of process
temperature on effectivity and selectivity over Ti-Cu—y-Al,O3 /Al catalysts. They found
that above 275 °C, practically all of the methanol was converted. As the process temperature
increased, an increase in the selectivity towards the formation of carbon monoxide was
observed. In contrast to the results published by Ma et al. [62], the hydrogen generation
efficiency also increased with the process temperature. Araize et al. [57] also observed an
increase in hydrogen generation efficiency with increasing temperature, from 0% at 100 °C
up to 80% above 250 °C

3. Dimethyl Ether
3.1. General Properties and Applications

Dimethyl ether (DME) is the simplest ether with the chemical formula CH3OCH3.
Under normal conditions, it is found as a colorless gas. It can be easily condensed at a
temperature of —25 °C and atmospheric pressure, or at a pressure of about 0.5 MPa at a
temperature of 25 °C. Therefore, it is widely used and stored in liquid form [78]. Table 5
summarizes selected physicochemical parameters of DME.

Table 5. Selected physicochemical parameters of dimethyl ether [78-80].

DME Properties
Molar mass (g/mol) 46.07
Appearance colorless gas
Density (g/cm3) 1.97 (1 atm, 20 °C)
Liquid density (g/ cm?) 0.667 (1 atm, —25 °C)
Melting point (°C) —141.5
Boiling point (°C) —249
Flash point (°C) —41
Autoignition temperature (°C) 235-350
Cetane number 55-60
Flammability limit in the air (vol %) 3.4-17
Lower heating value (M]/kg) 28.90
Gravimetric hydrogen density (wt %) 13
Volumetric hydrogen density (kg-Hy/ m?) 86.9

DME is a multipurpose fuel and chemical feedstock that can be used in a wide variety
of applications, from transportation fuels to power generation and the production of
olefins, synthesis gas, and hydrogen [80,81]. Currently, DME is mainly used as an aerosol
propellant as an alternative to banned ozone-depleting chlorofluorocarbons (CFCs). Its
global warming potential is much lower than that of CFCs. In terms of safety, dimethyl
ether is nontoxic and nonmutagenic. However, it should be noted that it is flammable
and therefore, requires, proper handling [82,83]. DME also plays an important role as
a chemical feedstock. It is used as a substitute for methanol for the synthesis of light
olefins and synthetic gasoline. Many other important chemicals can be obtained from DME,
including dimethyl sulfate, acetic acid, and methyl acetate [84-87]. Furthermore, DME has
gained great interest as an alternative fuel for diesel, gasoline, and LPG [79,88-91]. As a
compound with high oxygen content (34.8 wt %), it has very good combustion properties.
DME does not generate particulate matter (PM) in the combustion process as it has no C-C
bonds in its chemical structure. As a “clean” fuel, DME also produces no SOx, while the
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Green hydrogen
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Grey/blue hydrogen
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Petroleum
Coal

H,

| CO

emissions of NOx and CO are significantly lower compared with conventional fuels. DME
has a low autoignition temperature and a high cetane number (55-60); hence, after minor
modifications, it can be used in compression-ignition engines. DME is also widely used as
a high-quality fuel for household use.

In recent years, DME has attracted interest as a chemical hydrogen carrier [24,80,92,93].
DME has a high gravimetric Hp density (13 wt %) and a higher volumetric H, density
than liquid Hj, which are equal to 86.9 kg-H,/ m?> and 70.9 kg-Hy/ m3, respectively [94].
Furthermore, DME has excellent characteristics in storage and transportation. Unlike
hydrogen, it can be easily liquefied [95]. Due to the similar properties to LPG, the existing
LPG infrastructure can be used for the transport and storage of DME with neither additional
safety nor technical precautions [96]. DME has a narrower flammability limit by volume
in the air (3.4-17%) compared with Hj (4-74%) [78,94]. Dimethyl ether is nontoxic; hence,
there is no danger of contamination in the case of leaking, as with other chemical hydrogen
carriers, such as methanol. It is noncorrosive, which is also beneficial in terms of handling
and transportation [78]. DME can be easily converted back via steam reforming into high-
quality synthesis gas or hydrogen if required, which can then be used, for instance, in
fuel cells [24,93,97]. It is important to note that as DME can be used directly as fuel or in
direct DME fuel cells (DDMEFCs), direct utilization of DME can be also performed without
the need for decomposition [79,98-100]. The possible schematic route of DME synthesis,
transportation, and utilization is shown in Figure 1.

Fuel cells
Power generation
Steam Heat generation
reforming  —| H, | H.,-powered vehicles
_~ H, turbines
Refining
Chemical feedstock

s |

DME synthesis Y | DME

&/\s
=
&/
K o
‘S ®,
& b
S )

!// Diesel engines
Power generation
Household use fuel
Transportation/storage Direct DME fuel cells

Figure 1. Schematic route of DME synthesis, transportation, and utilization.

3.2. DME Synthesis

DME can be produced from a variety of raw materials, including natural gas, coal,
petroleum, and biomass [95,101-103]. In general, there are two methods of DME
production—conventional indirect method and the more recently developed direct technol-
ogy [78]. Figure 2 shows schematically the indirect and direct methods of dimethyl ether
synthesis. The conventional process for DME production is an indirect (two-step) synthesis
process whose first step involves natural gas or other feedstock reforming, followed by
conversion of the generated synthesis gas to methanol, and the second step is dehydration
of methanol to DME [95]. The direct method involves the production of DME directly from
synthesis gas on a hybrid catalyst capable of catalyzing both methanol synthesis and its
dehydration in a single step [78,96,104]. Particularly, the direct hydrogenation of carbon
dioxide to dimethyl ether has attracted great attention [24,105,106]. The utilization of CO,
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Sources:

and renewable H; to generate dimethyl ether can constitute a key strategy to introduce
renewable in the chemical industry chain.

Coal Synthesis — Methanol e
Natural Gas Gas DME
Oil Indirect Conversion
Biomass (CO+H,) >

Direct Conversion

Figure 2. Schematic indirect and direct route of dimethyl ether synthesis. Reprinted with permission
from Ref. [78]. 2022, Elsevier.

The direct synthesis of dimethyl ether from synthesis gas can be expressed in the
following reactions: methanol synthesis from CO (Equation (7)) and methanol dehydration
(Equation (8)). Water—gas shift (WGS) reaction (Equation (9)) and methanol synthesis from
CO, (Equation (10)) may also occur. The overall reaction is given by Equation (11) [78].
In the case of synthesis gas containing H, and CO;, overall reaction is expressed by
Equation (12), and reversed WGS reaction may take place [24].

k]

CO +2H; =2 CH30H, AH = —904——, (7)
mol
kJ
2CH30OH = CH3;0CH3 + H,O, AH = 723‘011’1701/ (8)
kJ
CO+H,O=CO, +Hp, AH = —41.0—, 9)
mol
kJ
CO, + 3H; 2 CH30H + H,O, AH = —49.4m, (10)
3CO + 3H; 2 CH30OCH3 + CO,, AH = —245.8 k] /mol (11)
2CO, + 6H; &= CH30CH;3 + 3H,0, AH = —122 kJ/mol (12)

The direct synthesis route of DME takes advantage of a lower thermodynamic limita-
tion due to further in situ conversion of methanol to DME, which shifts its thermodynamic
equilibrium towards the formation of more methanol, resulting in higher synthesis gas
conversion. Therefore, compared with the indirect route, the direct method leads to lower
DME production costs and, hence, is more preferable [96,107,108]. The direct DME syn-
thesis process is most often carried out in a fixed bed reactor or a slurry reactor. The
operational temperature used is in the range of 240-280 °C, and the pressure in the range
of 30-80 bar [78,96,109,110]. Catalysts for the direct synthesis of DME are bifunctional cata-
lysts consisting of a metallic function for the synthesis of methanol and an acidic function
for the dehydration of methanol to DME. Commonly, the CuO-ZnO-Al,O3 (CZA) catalyst
is used as a component for methanol synthesis, while solid acid catalysts, such as y-Al,O3,
various zeolites (H-ZSM, HBFZ, HY, H-mordenite), and silica—alumina composites, are
well known for dehydrating methanol to DME [109,111,112]. In the case of catalytic hydro-
genation of CO, to DME, the conversion of CO, over the CZA catalyst was reported to be
not sufficient. A good alternative for CZA are Cu/ZnO catalysts containing ZrO; and TiO,
instead of Al,O3, allowing for higher process efficiency [24,106,113-115].

DME production technologies and catalysts are well known and have been extensively
reviewed in the literature [24,78,79,95,96,112,116,117]. Furthermore, they are used in the
industry by companies, such as Haldor Topsoe, JFE Holdings, and Korea Gas Corporation
(KOGAS) [104,107,118,119]. Therefore, the following part of the work focuses on advances
in technology for hydrogen release from DME.
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3.3. Steam Reforming of DME

Many approaches have been studied to produce hydrogen from DME, such as partial
oxidation [120-122], autothermal reforming [123,124], and steam or dry reforming [125].
Similarly, as described for MeOH in Section 2.3, DME steam reforming (DME SR) is the
most preferable method due to the advantage of having the highest theoretical hydrogen
yield; thus, it is the most widely studied method [93,97,126-128]. As dimethyl ether has no
C—C bonds, it can be reformed at a relatively low temperature (250-450 °C) [128]. Moreover,
reaction takes place under low pressure (most often atmospheric pressure); thus, the process
does not require an apparatus withstanding high pressures. Optimal process parameters
highly depend on the type of catalyst used. Typically, a process is carried out in a fixed bed
reactor [129-133]; less frequently, a fluidized bed reactor is used [134].

The steam reforming of dimethyl ether proceeds via two moderately endothermic
reactions: the hydrolysis of DME to methanol (Equation (13)) and the steam reforming
of methanol (Equation (14)). The overall reaction of dimethyl ether steam reforming is
expressed by Equation (15).

k
CH30CH3; + H,O = 2CH30H, AH = 37m—g)1, (13)
kJ
CH3;0H + H,O = 3H, + CO,, AH = 49@' (14)
k
CH3OCH3 + 3H,O = 6H, +2CO,, AH = 135m7(])1, (15)

Carbon monoxide can be formed by reverse water—gas shift reaction (RWGS) (Equation (16)).
In addition, under high reforming temperatures or in the case of a strong acidic catalyst, methane
can be generated due to DME decomposition (Equation (17)) [135,136].

CO, +H, = CO+H,0 (16)

CH30CH; — CH, +CO +H, (17)

Hydrolysis of DME is an equilibrium-limited reaction and is considered the rate-
limiting step of the overall reaction of DME steam reforming. Since hydrolysis of DME is
a slow step, steam reforming of DME requires higher reaction temperatures than steam
reforming of methanol (>250 °C). Tanaka et al. [137] performed thermodynamic calcula-
tions on the equilibrium of DME hydrolysis (Equation (13)) and revealed that high DME
conversion could not be attained by only hydrolysis of DME. The equilibrium conversion
of methanol (Equation (14)) is high in the temperature range for DME steam reforming.
Therefore, if methanol conversion by steam reforming (Equation (14)) is high enough, the
equilibrium of DME hydrolysis (Equation (13)) will shift to the forward direction, leading
to high DME conversion.

Process Parameters and Catalysts for DME SR

As the steam reforming of DME involves two steps, similarly to the direct synthesis
of DME, bifunctional catalysts are needed [138]. The bifunctional catalyst consists of both
acid sites responsible for the hydrolysis of dimethyl ether and metallic sites for methanol
reforming. The hydrolysis of DME takes place over solid acid catalysts, most often alumina
or zeolites, while methanol reforming is performed over metallic catalysts, such as Pd-, Pt-,
and most often Cu-based catalysts. Depending on the catalyst used, optimal conditions
for DME SR vary. Therefore, below we summarize and compare DME SR processes over
different catalysts up to date. Selected processes of DME SR over different catalysts and
different conditions and their effect on DME conversion and Hj production are summarized
in Table 6. The stability of the catalyst was also inserted, as it is a crucial factor in terms of
long-term process efficiency. To the best of our knowledge, there are no reports regarding
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higher-scale technologies for DME SR; hence, we described technologies tested on the
laboratory scale.

Table 6. Effect of different catalysts and process parameters on DME steam reforming.

Catalyst Conditions DME Conversion H; Production Catalyst Stability Ref.
1 ° _ o _ o 9% loss of Xpmg and 19% loss
CuZnOALO;/HZSM-5 275°C, 1.2 atm XpmE = 40-44% Yipp = 35-43% of Yupy after 20'h TOS [134]
o — £_8NO — AN_7E0, 38% loss of Xpyme and 47% )
CuZnOAL, O3 /HZSM-5 315°C, 1.2 atm XpmE = 50-80% Yip = 40-75% loss of Yiia after 6 h TOS [134]
o _ E(_E70 _Ar_F10 12% loss of Xpyme and 12%
CuFe,04/HZSM-5 300 °C, 1.2 atm XpMmE = 50-57% Yip = 45-51% Joss of Yy p» after 4 h TOS [134]
o 0 . 12% loss of X d11%
CuFe; 04 /v-AlL O3 350 °C, 1 atm XpME = 84-95% Vi = 31-35 mL/min loss 0‘}5\5;52 agygg‘h TOS [129]
o 0 . % loss of X d7%]1
CuFe; 5Mn5004/v-Al,O3 350 °C, 1 atm XpMmE = 85-90% Vi = 28-30 mL/min 5 Oﬁs\slgz N Tos . [129]
R B o g . 14% loss of Xpyme and 23%
CuA1204 /V-A1203 350 C, 1 atm XDME =77-90% VHZ =24-31 mL/mln loss of VHZ after 25 h TOS []29]
o 0, . 400 1 f X 00
CuGay04/v-ALO; 350 °C, 1 atm Xpue = 57-86% Vi = 20-31 mL/min 4% iy aggg%“f%é [129]
CuCry04 /y-AlLOs 350 °C, 1 atm XouE = 79-80% Vi = 26-27 mL/min 1% L‘}S\igi Xpug and 4% loss —159)
CuMn,0, /v-ALO; 350 °C, 1 atm XpME = 69-71% Vip = 23-24 mL/min 3% })Ofsegﬁ ?gg%@“ﬁ%’sloss [129]
: o 1000 1.-1 0%]loss of X d 21% 1
Cu-Ni/y-Al,03 350 °C, 1 atm XpMmEe ~ 100% Vi = 55-70 mmol g~ h! gfsi;; ) M hTOS o [131]
360 OC, 1 atm XDME =~ 50% YHZ =~ 31% n.d.
420 OC, 1 atm XDME =~ 70% YHZ =~ 46% n.d.
Pd/Z10, 480 °C, 1 atm Xoue ~ 80% Yipp ~ 55% nd. [130]
550 °C, 1 atm XpMmE ~ 100% Yo &~ 65% n.d.
300 °C, 1 atm XpMmE =~ 60% Yo &~ 45% n.d.
PdZn/Al,O; 350 °C, 1 atm XpME 2 98% Y ~ 91% nd. [132]
400°C, 1 atm Xowme 2 100% Yin &~ 92% 1o Xpue and, Yup loss after
° _ 90 _ 70 24% loss of Xpme and 32%
Cu/ZnO/A1203 400 C, 1 atm XDME =52% YHZ =25% loss of YH2 after 6 h TOS [132]
300 °C, 1 atm XpME = 35% Vi ~ 63 mmol gfl h! n.d.
o 1000 N 1 20% loss of XpyE after 50 h
Pt-Mo,C/ Al O3 350 °C, 1 atm XpMmE =~ 100% Viz = 96 mmol g Th-1 TOS [133]
400 °C, 1 atm XpwmEe ~ 100% Va2 &~ 90 mmol g’1 h! n.d.
450 °C, 1 atm Xpme = 100% Vi ~ 84 mmol g~ h~! nd.
500 °C, 1 atm XpmE = 100% Vi ~ 78 mmol g~1 h~! nd.
CuFe,04/ZSM-5 300 °C, 1 atm XpME = 65% Vi =60 mmol g~ h—! nd. [139]
CuFe,O4/H-modernite 275°C, 1 atm XpmE = 70% Vi =60 mmol g~ h™! n.d. [139]
Stable activity for DME
o — 0, _ -1K-1 Y
CuFe;04/Al1,03 350 °C, 1 atm XpMmE = 70% Viz =95 mmol g h hydrolysis for 25 h [139]
300 °C, 1 atm XpMmE ~ 70% Y & 70% nd.
CuZnOALO3/ASA 330 °C, 1 atm XpME =~ 90% Yip & 90% nd. [140]
350 °C, 1 atm Xoume =~ 100% Yip & 100% No Xpme and Xy loss after

1 Alkali-treated HZSM-5; Yip—H, yield; Vip,—H; production rate; Xppg—DME conversion; n.d.—no data.

The Cu-based catalysts are promising in terms of cost effectiveness and activity. The
most widely used metallic catalyst for steam reforming of DME is Cu/ZnO/Al,O3. How-
ever, common Cu-based catalysts are prone to deactivation due to the sintering of Cu
particles [134,141]. With the aim of increasing the durability of Cu-based catalysts, modified
catalysts, such as Cu-spinel oxides or alloy, have been tested [128,129,131,137]. Faung-
nawakij et al. [129] proposed the Cu-based spinel oxides CuB,Oy4 (B = Fe, Mn, Cr, Ga, Al,
or Feg75Mng 75) mixed with y-Al,O3 for DME steam reforming. They reported that the
stability of B metal oxides and the interaction between Cu species and B metal oxides
significantly contributed to the catalytic activity and durability. The descending order of
the activity was as follows: CuFe;O4, CuFe; sMng 504 > CuAl,O4 > CuCr,O4 > CuMn, Oy >
CuGay0O4. However, only CuFe;Oy4, CuFe; sMng 504, CuCryO4, and CuMn;O4 were highly
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stable at a reforming temperature of 350 °C and at 25 h on stream exhibited DME conversion
almost equal to ~84%, ~85%, ~79%, and ~69% respectively. Hydrogen production at 25 h
on stream was almost equal to ~31 mL/min for CuFe;O4, ~28 mL/min for CuFe; 5Mng 504,
~26 mL/min for CuCr,Oy4, and ~23 mL/min for CuMn,Oj. In another work by Faung-
nawakij et al. [142], they further investigated the deactivation and regeneration behaviors
of a composite catalyst, CuFe;O4/v-AlyO3, in the temperature range of 255-380 °C. They
revealed that a catalyst deactivated due to the concomitant effects of copper sintering and
carbon formation may be regenerated by calcination in air in the temperature range of
500-700 °C. By regeneration in this way, a catalyst degraded after 1100 h of steam reforming
achieved the redispersion of copper species through spinel reformation and carbon burning
simultaneously, resulting in the full recovery of catalytic performance.

Wang et al. [131] investigated the possibility of the inhibition of sintering Cu particles
by the modification of a catalyst with Ni. With this aim, they examined Cu-Ni/vy-Al,O3
catalysts with different metal contents for dimethyl ether reforming at 350 °C. They re-
vealed that Ni improved the dispersion of Cu, increased the interaction between copper
and support, and thus inhibited the sintering of Cu particles. The optimal catalyst molar
composition was Cu/Ni/Al,O3 = 2:1:17, which exhibited stability over 30 h of experimen-
tal test within an almost complete conversion of DME and a H, production rate above
50 mmol/gh. In addition, they demonstrated that nickel addition suppressed the activity of
copper in Cu-Ni-Al,O3 towards catalyzing water—gas shift (WGS) reaction (Equation (18)),
resulting in syngas with a higher content of CO than CO;.

CO+H,0 = CO, +H, (18)

Noble-metal-based catalysts have been reported to be highly active and heat resistant.
Ledesma et al. [130] investigated catalytic monoliths containing 1% Pd supported on CeO,,
ZrOy, CeZr) 50,2, MnOy, SNO,, Al,O3, WO3, or WO3-ZrO; in DME steam reforming in
the temperature range of 360-550 °C. Among all tested catalysts, Pd/Al,Os, Pd/ZrO,,
Pd/CeO;, and Pd/WO3; were the most active for DME conversion, with Pd/ZrO, showing
the highest yield of hydrogen (~31%, ~46%, ~56%, and ~67% at 360, 420, 480, and 550 °C,
respectively) with the lowest CHy yield (~3% at 360 and 420 °C, ~0% at 480 and 550 °C).
Yoshida et al. [132] investigated the steam reforming of DME over a PdZn/Al,O3 catalyst
at in temperature range of 300-400 °C. DME conversion increased with temperature from
~60% to ~100%, while H; yield increased from ~45% to ~90%. Moreover, no catalyst
deactivation was observed over the tested catalyst during the reaction run at 400 °C for 6 h.
In addition, they performed 6 h stability tests over the common catalyst Cu-ZnO/Al,Os at
400 °C. In contrast, in this case, both DME conversion and H; yield decreased with reaction
time on stream from ~52% to ~40% and from ~25% to ~17%, respectively. Lian et al. [133]
investigated the modification of a molybdenum carbide catalyst with Pt in order to improve
the stability of the catalyst. Both catalysts were tested in the steam reforming of DME at
300-500 °C. The 2%Pt-Mo,yC/ Al, O3 catalyst resulted in an enhanced catalytic performance
in the DME SR reaction, as the highest DME conversion rate increased from 45.7% to nearly
100%, and the Hj production rate increased from 1079 to 1605 umol/ming at 350 °C. In
comparison with an unmodified catalyst, the Pt-Mo,C/Al,O;3 catalyst exhibited better
low-temperature activity and lower yields of CO and CHy4 byproducts. In order to compare
the stability of catalysts, experimental tests were performed at 350 °C within 50 h time
on stream. The Pt-Mo,C/Al,O3 catalyst was more stable with only 20% loss of its initial
conversion after 50 h on stream, while the DME conversion rate decreased from 96.2%
to 25% after a 12 h stability test over an unmodified catalyst. The better stability of a
Pt-modified catalyst was attributed to the acceleration of the consumption of intermediate
oxygen species on the catalyst surface and the lower onset temperature of DME SR reaction
(from 400 °C for unmodified catalyst to 350 °C after modification with Pt), which prevented
molybdenum carbide from being oxidized.

DME steam reforming effectivity strongly depends on the acidic catalyst that is active
for DME hydrolysis. Solid acid catalysts, such as zeolites and y-Al,O3, are widely used
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as DME hydrolysis catalysts [93,127,137,143]. Metal catalysts supported on ZSM-5 zeolite
are reported to be active below 300 °C due to its strong acid sites. Nonetheless, it leads to
coke formation, and thus deactivation. On the other hand, Al O3 with weaker acid sites
has been reported to be more resistant to coke deposition [137,144,145]. However, such
systems require higher temperatures compared with zeolites. Faungnawakij et al. [139]
investigated the role of a solid—-acid catalyst on the hydrolysis and steam reforming of
DME. Various zeolites (H-modernite and ZSM-5 type) and alumina catalysts that provide
a variety of acid properties were mechanically mixed with CuFe,Oy spinel and tested in
steam reforming in the temperature range of 200450 °C. The effects of different solid
acid functions on DME SR are summarized in Table 7. It was found that not only the acid
amount of the acidic catalysts but also the type of acid site and the acid strength affect the
steam reforming and DME hydrolysis activity. Zeolites exhibited high activity for DME SR
in the low temperature range of 250275 °C, since the hydrolysis could effectively proceed
over strong Bronsted acid sites approaching the equilibrium. Alumina catalysts possessing
Lewis acid sites were active in the higher temperature range of 300 to 450 °C. A catalyst
with v-Al,O3 exhibited the highest DME conversion and hydrogen production with the
optimum reforming temperature at 350-375 °C. Moreover, this catalyst showed the highest
stability for DME hydrolysis with high durability for 25 h.

Table 7. Effect of different solid acid functions on DME SR over CuFe;O4 spinel-solid acid composite
catalysts [139].

. . Acid Amount 1 as Optimal DME Conversion H, Production
Acid Function (umol/g) Acid Site Strength Temperature (°C) %) (mmol g1 h-1)
Zeolite-H 720 Weak, strong 250-275 55-70 50-60
mordenite
Zeolite-H 260 Strong 250-275 50-70 40-50
mordenite
ZeOIIte'I;’;FI(ZSM’ 70 Medium 250-300 30-65 30-60
Alumina-y-Al,O3 50 Medium 350-375 ~70 ~95
Alumina-TA series 182 Weak 350-375 ~95 ~70
Alumina-TA series 300 Weak, strong 350-375 90-95 ~70
Alumina-DK series 530 Weak, strong 400-450 70-95 55-70
Alumina-NKH 440 Weak 350-400 ~95 65-70
series
Alumina-NKH 250 Weak 375-400 90-95 6065
series
Alumina-NK series 360 Weak 375-425 80-95 55-60

Wang et al. [140] examined an amorphous silica—alumina composite with regulated
acidity for the efficient production of hydrogen via steam reforming of dimethyl ether. In
this aim, they mixed silica—alumina of different acidities with metallic Cu-ZnO-Al,O3 and
carried out DME SR processes over obtained bifunctional catalysts. The processes were
performed in the temperature range of 300-350 °C. Similarly, they indicated that the total
amount of acidic sites was the crucial factor in determining the reforming performance of
the hybrid catalyst. A catalyst with the highest amount of acid sites (mainly weak sites)
exhibited the highest DME conversion and the highest H, yield around 70% at 300 °C.
Moreover, by increasing the reaction temperature from 300 to 350 °C, the DME conversion
and hydrogen yield further increased to nearly 100%. In addition, they performed a stability
test at 350 °C, and both DME conversion and hydrogen yield were kept over 66 h without
any observable decreases.

4. Dibenzyltoluenes

Among attractive liquid organic hydrogen carriers (LOHCs), the dibenzyltoluene
(HO-DBT)/perhydrodibenzyltoluene (H18-DBT) system is of particular interest [32]. It
was first proposed for this application in 2014 by Briickner et al. [146]; however, the
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hydrogen-lean form (HO-DBT) has been used in the industry since the 1960s as a heat
transfer oil (sold under the trade name Marlotherm SH, Farolin, or Diphyl) [147]. The
oil is available in technical quantities at a relatively low price in the form of an isomeric
mixture (2-4 EUR/kg on a ton scale) [148]. In 2013 Hydrogenious LOHC Technologies
GmbH (Erlangen, Germany) started to commercialize hydrogen storage technologies based
on mono- and dibenzyltoluene systems [20]. Currently, the company offers plants with
a hydrogen release capacity starting from 1.5 tons per day [149]. A French company,
Framatome has been testing the HO-DBT/H18-DBT LOHC system since 2014 in the power-
to-hydrogen concept [28]. This industrial-scale demonstration of DBT-based technology is
a consequence of preferable properties of these compounds for chemical hydrogen storage.

4.1. Properties of DBT

Dibenzyltoluenes are liquid aromatic compounds of well-documented physicochem-
ical and toxicological properties (Table 8) [150,151]. They are characterized by a high
hydrogen storage capacity of 6.2% wt (58 g of Hy per L of H18-DBT), corresponding to
2.05 kWh kg~! [28]. A wide range of temperatures in which DBTs are in a liquid state
ensures convenient transport and storage even at subzero temperatures without transition
to a solid phase. Low vapor pressure enables the easy separation of hydrogen from the HO-
DBT/H18-DBT system by the simple condensation of the H, carrier and the production of
pure hydrogen (>99.98% of purity) [20]. Their hydrocarbon character permits the handling
of this carrier in the existing infrastructure for liquid fuels. An important fact is that HO-DBT
is nonflammable, nontoxic, and nonmutagenic or noncarcinogenic. The toxicity potential
indicator (TPI) of HO-DBT is 13.8 TPI/mg (values: 0 for a substance with no known hazard
and 100 for a highly hazardous substance). However, for the hydrogenated form, H18-DBT,
no toxicity data are available. Both HO-DBT and H18-DBT are characterized by good
thermal stability—their working temperature is in the range of 70-380 °C [27]. The weaker
point of the system is its relatively high viscosity, which increases pumping resistance.
At low temperatures, the increasing viscosity can be problematic from a technical point
of view.

Table 8. Selected physicochemical properties of HO-DBT and H18-DBT [19,152].

Properties Dibenzyltoluene Perhydrodibenzyltoluene
(HO-DBT) (H18-DBT)

Density (kg L) 1.04 0.91
Melting point (°C) -39 —45
Boiling point (°C) 390 354

Ignition temperature (°C) 450 No data
Dynamic viscosity at 20 °C (mPa s) 441 258
Vapor pressure at 40 °C (Pa) 0.07 0.04

Hazard classes 0.9 No data

The benzyltoluene (HO-BT)/perhydrobenzyltoluene (H12-BT) system is characterized
by lower dynamic viscosity than HO-DBT/H18-DBT (3.94 and 6.97 mPa s for HO-BT and
H12-BT, respectively); thus, it is more convenient for winter applications [20]. However,
the benefits of DBT over BT are its higher boiling point and low vapor pressure as well as
slightly higher volumetric hydrogen storage density (58 vs. 56 kg-H / m?3 for DBT and BT,
respectively) [20].

4.2. Reversible Hydrogen Storage

Hydrogenation and dehydrogenation of aromatic compounds are a mature technology,
frequently applied, for example, in the refining industry. Thus, the implementation of
HO-DBT/H18-DBT on a big scale is not particularly challenging.

The DBT molecule consists of three aromatic rings, which can be hydrogenated in
three steps by nine moles of H,. Thus, besides the final product, H18-DBT, intermediate
products with different degrees of aromatic ring saturation (H6-DBT, H12-DBT) can be
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formed. Studies of HO-DBT hydrogenation with Ru/Al,Oj3 as a catalyst carried out by Do
et al. [147] showed that two side rings of DBT molecule are saturated in the first stages,
and the middle ring is hydrogenated last. The authors concluded that the saturation of
the middle ring is the rate-controlling step, and it takes place only when almost all DBT
molecules are converted into H12-DBT when Ru/Al,Oj is used. As HO-DBT is sold as an
isomeric mixture, in the hydrogenated product, many compounds can be present (isomers
of fully hydrogenated form, but also partially saturated compounds). Hydrogenation is
an exothermic, catalytic process; however, it requires increased temperature and pressure.
The obtained product molecule, H18-DBT, stores nine moles of hydrogen, which can be
released on demand in an endothermic process. The dehydrogenation is usually carried
out under normal or slightly increased pressure and at high temperatures in the presence
of an appropriate catalyst. The schematic representation of the H0O-DBT/H18-DBT system
is shown in Figure 3.

satacit

HO DBT

Dehydrogenation Hydrogenatlon

AH = 65.4 kJ mol”

AH = -65.4 kJ mol”

@@

H18-DBT

Figure 3. Schematic representation of reversible hydrogen storage by H0-DBT/H18-DBT system.

4.2.1. Hydrogenation Process

The saturation of hydrogen-lean HO-DBT to hydrogen-rich H18-DBT is a catalytic
process carried out at high pressure and elevated temperatures, which depend on the type
of used catalyst (Table 9). Typically, noble-metal-derived, eggshell catalysts are applied due
to their high activity and selectivity [152]. Ru- and Rh-bearing materials are usually suitable
for catalyzing the reaction at temperatures below 220 °C, whereas Pt-based catalysts are
used for hydrogenation above 220 °C [20]. Jorschick et al. [153] determined that increasing
the temperature of reaction catalyzed by Ru/Al,O3 or Rh/Al,O3 decreases the activity
of the catalysts and results in by-product formation (Table 10). The analysis of the gas
phase after hydrogenation showed the presence of impurities, such as carbon dioxide, and
C1-C3 alkanes. It was postulated that CO, originates from traces of water in a catalytic
support and technical-grade HO-DBT, whereas methane is formed due to decomposition
side reactions. At temperatures higher than 200 °C, the methane concentration in the off-
gas increased significantly, especially in the case of Ru-catalyzed reaction, which indicates
that the catalyst promotes hydrocracking reactions. The increase in temperature for Pt-
and Pd-catalyzed reactions did not have such a drastic effect on methane generation. In
the hydrogenated mixture, besides gaseous products, other impurities are lower-boiling
compounds (such as benzyltoluene, benzene, toluene) and higher-boiling compounds,
which are present in commercial HO-DBT (i.e., Marlotherm SH).
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Table 9. Comparison of the catalyzed HO-DBT hydrogenation processes.

Amount of the

Degree of Hydrogen

Catalyst Conditions Catalyst Loading (DoH) [%] Reference
Ru/A1203 o o,
(5% wt) 150 °C, 50 bar, 4 h 0.25 mol. % 45 [146]
180 °C, 30 bar, 5 h 0.05 mol. % 78
1(%1; ‘(;IZCB 210 °C, 30 bar, 5 h 81 [153]
W 240 °C, 30 bar, 5 h 80
180 °C,5bar,3h 0.25 mol. % ~30
Ru/Al,O3 180 °C, 10 bar, 3h ~60 [154]
(5 % wt) 180 °C, 40 bar, 3 h 100
180 °C, 50 bar, 100 min
Rh/AL,O3 o o B
(5% wt) 210°C, 30 bar,5h 0.05 mol. % 98 [153]
Pd/ALO, 260 °C, 30 bar, 6 h 0.05 mol. % ~98 [153]
(5% wt)
Pt/ Al,O3 ° o
(0.3% wt) 260 °C,30bar,1h 0.025 mol. % 100 [153]
Pt/ ALO; 140 °C, 40 bar, 35 min 0.3 mol. % 100 [155]
(5% wt)
Raney-Ni 170 °C, 9 bar, 10 h 1 g per 10 g HO-DBT 21 [32]
NiSat 310 o
(50% wt Ni) 150-170 °C, 3-15 bar No data 74-98 [156]
Table 10. Gas-phase analysis after catalyzed HO-DBT hydrogenation carried out at different tempera-
tures [153].

Temperature Ru/Al,03 Rh/A1,03 Pt/Al,03 Pd/A1,03
O CO; (ppm) CH4 (ppm) COz (ppm) CHy (ppm) CO; (ppm) CHy (ppm) CO; (ppm) CHy (ppm)
150 6 485 45 319 15 68 35 103
180 8 1502 40 537 66 93 25 232
210 17 11,193 19 515 42 240 36 327
240 46 49,994 29 844 54 368 77 421
260 48 154 430 42 1376 74 574 38 560

Shi et al. [155] investigated the effect of various supports (Al;O3, hydroxyapatite
(HAP), activated carbon, and mesoporous silica (SBA-15)) on Pt catalyst activity for the hy-
drogenation of HO-DBT. Under the process conditions (3040 bar, 140 °C), the performance
of the catalysts bearing 5% of Pt can be set in the order: Pt/ Al,O3 > Pt/SBA-15 > Pt/HAP
> Pt/C. The DBD (dielectric barrier discharge) plasma modification of Al,O3; ensured
higher activity of 3% Pt/ Al,O3 in comparison with the respective catalyst with unmodified
support due to the increased amount of hydroxyl groups on the Al,O3 surface [157].

Although noble metal-based materials are effective catalysts for HO-DBT hydrogena-
tion, their large-scale utilization is not a perfect solution due to the metal price and scarcity.
Ali et al. [32] reported that Raney-Ni could be a cost-effective catalyst for DBT hydrogena-
tion. They compared the material activity with two other catalysts, 5% Ru/Al,O3 and 5%
Pd/Al,O3, using a stirring-type reaction under a low pressurized system (9 bar). The most
favorable temperature of the process was 170 °C, and the catalytic performance decreased
in the order: Raney-Ni > Pd/Al,O3 > Ru/Al;O3. Under these conditions, the application
of a Raney-Ni catalyst ensured 21% of hydrogenation. The utilization of another Ni-based
catalyst, NiSat 310, allowed much higher hydrogen loading (98%) when higher pressure
(15 bar) was applied [156]. These results indicate an interesting direction for future works
on DBT hydrogenation catalysts.
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Hydrogenation of HO-DBT can be carried out by using not only pure hydrogen but
also hydrogen-rich mixtures, which is very attractive from an economical point of view [20].
Gaseous mixtures with high hydrogen content can be a side product of technological
processes (e.g., catalytic reforming, coal pyrolysis), whereas wet hydrogen is obtained
after water electrolysis. Their direct utilization for chemical hydrogen storage without
the need for gases’ separation can eliminate investment and operation costs related to
purification units (like PSA (pressure swing adsorption)). Jorschick et al. [153] tested
HO-DBT hydrogenation by wet hydrogen (20 mol. % water) to evaluate the necessity of
hydrogen drying after water electrolysis. Experiments carried out over alumina-supported
Ru, Rh, Pd, and Pt showed that the presence of water slightly decreases the reaction
rate of all catalysts except Ru. However, for a reaction with this catalyst, a much higher
concentration of methane and carbon dioxide in the off-gas was detected with a comparison
with hydrogenation by pure hydrogen (6605 vs. 1502 ppm and 95 vs. 8 ppm for CHy
and CO,, respectively, Table 10). In the case of a Pt-bearing catalyst, the presence of
water had the most significant inhibition effect on the final hydrogenation step to H18-
DBT. The productivity Pgp_gp dropped from 1.59 giy» gcafl min~! with pure hydrogen
to 0.30 g gcat_l min~! with 20 mol. % water, resulting in only 46% conversion to H18-
DBT. Diirr et al. [154] determined that the methane-hydrogen mixture, which can be
obtained from the catalytic methane decomposition, has no adverse effect on the reaction
rate of HO-DBT hydrogenation over Ru/Al,O3 at 180 °C. Under experimental conditions
(pr2 = 40 bar, pcpa = 20 bar), a slight increase in hydrogen uptake was observed, which
was explained by a reduction of the system viscosity (due to dissolved methane) and
a resulting improvement in hydrogen diffusion into the liquid phase. In the case of a
hydrogen-rich mixture containing up to 30% of carbon dioxide, the activity of alumina-
supported Ru, Rh, Pd, and Pt catalysts towards methanation was evaluated [158]. Due to
this competitive process, in which hydrogen reacts with carbon dioxide, forming methane
and water (AH = —165 kJ/mol), the hydrogenation of HO-DBT can be less efficient [20].
Under measurement conditions (tested temperatures: 100-240 °C), none of the catalysts
achieved complete hydrogenation. Although very active in reaction with pure hydrogen,
the Pt-based catalyst in the presence of carbon dioxide revealed very low effectiveness (DoH:
2%). Ru/Al,Oj strongly promoted undesired methanation reaction. The highest activity
for HO-DBT hydrogenation at low temperatures showed Rh/Al,O3, whereas Pd-based
material was characterized by the lowest selectivity to methane formation at temperatures
above 200 °C. Analogous experiments carried out with Rh/C showed that the support
change increased the productivity (from 0.39 to 0.84 giyp geat | min~! for AlL,O; and C
support, respectively) and reduced the methane-to-carbon dioxide ratio in the off-gas
(from 0.075 to 0.002) [159]. Jorschick et al. [4] described that short injections of CO to the
system hydrogenated with pure hydrogen lead to the deactivation of alumina-supported
Ru, Rh, Pd, and Pt catalysts. However, the conversion of carbon oxide to methane resulted
in the regeneration of all four catalysts over the process time. Among tested catalysts,
Pd/Al,O3 showed the best compatibility with CO, even when a mixture with 10% CO
was continuously added to the system at a temperature of 320 °C. In the case of Ru, Rh,
and Pt catalysts, the presence of CO in the feedstock led to permanent deactivation. The
results described above show that among tested catalysts, the most suitable for a hydrogen-
containing mixture is Pd/Al;Os3. Thus, Jorschick et at. [4] evaluated the utilization of
this catalyst for multicomponent gas mixtures. Hydrogenation experiments with model
mixtures resembling the composition of the gas obtained in the natural gas steam reforming
process (78% Hjy, 20% CO,, and 2% CO) and coke oven gas (60% Hp, 31% CHy, 7% CO,
2% CO;) revealed good selectivity of the catalyst towards the desired reaction at 270 and
300 °C, respectively.

4.2.2. Dehydrogenation Process

The release of hydrogen from H18-DBT is an endothermic reaction with enthalpy
equal to 65.4 k] mol~ 1, which corresponds to around 27% of the lower heating value (LHV)
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of hydrogen [20]. Hydrogenious LOHC Technologies GmbH states that their release plants
of hydrogen outlet 1.5 t per day require 780 kWth of heat [149]. On the one hand, the
necessity of such high thermal energy involves high operation costs, but on the other hand,
it ensures the system safety. A much lower heat of the dehydrogenation would cause
the incidental release of stored hydrogen if a tank with hydrogen-rich compounds and
catalytically active metals warms up in the sunshine.

The most commonly tested catalysts for H18-DBT dehydrogenation are summarized in
Table 11. As in dehydrogenation, elevated temperatures are required, and a suitable catalyst
should not only show good selectivity but also display high resistance against thermal
deactivation (sintering). Briickner et al. [146] determined that among tested commercial
catalysts, the most efficient was activated carbon-supported platinum material (1% wt).
After 3.5 h of the process carried out at 290 °C, the degree of dehydrogenation (DoD)
was 98%. Contrary to the results obtained for hydrogenation, alumina support was less
effective for dehydrogenation than activated carbon. The Pd-bearing catalysts supported
on Al,O3 and C were less active than Pt materials. Ali et al. [160] determined that the
optimum temperature of dehydrogenation is 290 °C when 3% Pt/ Al,O3 is used. A higher
temperature (320 °C) ensures higher DoD values; however, it also promotes undesired side
reactions, such as ring opening and cracking of DBT [155]. The increase in Pt loading on
catalysts obtained by Ali et al. [160] resulted in a higher DoD at 290 °C (71.1-90.2% for Pt
loading on Al,O3 1-5% wt). Similar findings were described for this catalyst by Modisha
etal. [161]. At 320 °C, DoD was 50%, 80%, 96% for 0.5%, 1%, and 2% wt, respectively. The
authors reported that at low temperatures (290 °C), the dehydrogenation kinetics is slow,
but hydrogen is obtained with high purity (99.99%). At a higher temperature (320 °C), the
reaction runs faster; however, more methane is generated, and hydrogen purity decreases to
99.96%. Bimetallic Pt-Pd and Pd-based catalysts (supported on Al,O3) tested in the range
of 260-320 °C showed a much lower activity in dehydrogenation than pure Pt/ Al,O3. The
activation energy values for 1% wt Pt/ Al,O3, 1% wt Pd/Al,O3, and 1:1% wt Pt-Pd/Al,O3
were: 205, 84, and 66 k] /mol, respectively.

Table 11. Comparison of the catalyzed H18-DBT dehydrogenation processes.

Catalyst Conditions Amg:tr:ltl ;sftthe DZ%Z;eeﬁig::y' Reference
(DoD) (%)

Pé{,ﬁ‘&? 270°C,35h 0.15 mol. % 40 [146]
(522/ Vst) 270°C,35h 0.15 mol. % 55 [146]
(1132/&) 20 ZE; on 015 mol. % o8 [146]
I()ltﬁsi% 270°C,3.5h 0.15 mol. % 10 [146]
é,iﬁ) 270°C,35h 0.15 mol. % 16 [146]
Péﬁ/fii% 270°C,35h 0.15 mol. % 8 [146]
Pt(_ll? ?f vaizt)o 3 320°C,80 min 0.4 mol. % 6 [161]

Modisha et al. [156] investigated the cyclic hydrogenation/dehydrogenation of DBT
under stress conditions. The hydrogenation process was carried out in the presence of
NiSat 310 (Table 3) at 150 °C, and under 15 bar, whereas for dehydrogenation, higher
temperatures were used: 300 °C for cycles 1-5 (2 h of the process for each cycle), 320 °C
for cycles 6-10 (time—3 h), and 340 °C for cycles 11-16 (time—4 h). As a catalyst for
dehydrogenation, 1% wt Pt/ Al,O3 was used. The average DoH for all cycles was 98%, and
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the content of by-products increased from 0.4 to 5.3 mol. %. The analysis of the products of
dehydrogenation showed that after the first five cycles, the number of by-products was
4.7 mol. %. The increase in dehydrogenation temperature resulted in 5.8 and 6.5 mol. %
of by-products for 320 and 340 °C, respectively. Based on a chromatographic analysis,
it was determined that besides gaseous by-products (CH4, CO;), compounds such as
monobenzyltoluenes (MBTs), benzene, xylenes, toluene, and benzylmethylfluorenes were
formed under the process conditions. It was reported that a Ni-based catalyst promotes
isomerization and Pt-catalyzed hydrogenation produces less side products.

Jorschick et al. [4] evaluated the purity of released hydrogen from H18-DBT charged
previously by Hy /CO, /CO mixture (78:20:2 v/v). Under 0.3% wt Pt/ Al,O3 and dehydrogena-
tion temperatures of 290, 300, and 310 °C, the purity of generated hydrogen was lower, but
after 60 min, all physically bound gases escaped from the reactor, and the purity of hydrogen
increased (99.99%). At the highest tested temperature and a longer reaction time, the purity
decreased to 99.97%. The detected contaminants were short-chain alkanes (250 ppm), cyclic
hydrocarbons (10 ppm), carbon dioxide (13 ppm), and carbon monoxide (7 ppm).

Generally, hydrogenation and dehydrogenation of H; storing materials are carried
out in two separated reactors [19,21,27]. This setup makes the hydrogen storage process
more complex and limits the flexibility of the system due to extended heating time, which
is necessary to bring a reactor from standby to operation conditions. Developing a DBT
hydrogenation/dehydrogenation technology in one reactor may offer high dynamics in
switching from hydrogen charging to its release and ensure heat integration between these
two processes. Shi et al. [155] applied 3% wt Pt/ Al,O5 as a catalyst for both hydrogenation
and dehydrogenation carried out in a single batch reactor. Optimal temperatures of 140 and
270 °C for hydrogenation and dehydrogenation were determined to ensure a low number
of side products. Five cycles of integrated hydrogenation and dehydrogenation showed a
decrease in hydrogenation capacity and an increase in hydrogen storage efficiency upon
the cycles. It was concluded that the lower activity of the catalysts resulted from carbon
deposition on the catalyst surface and side reactions of DBT.

5. Comparison of MeOH, DME, and DBT Properties and H, Storage Technologies

The properties of particular candidates for the hydrogen carrier are compared in
Table 12. The highest volumetric density of hydrogen among the described carriers is
that of methanol. It is equal to 99 kg-H, /m3, which is 1.4 times higher than that of liquid
hydrogen. However, MeOH is highly toxic, which causes difficulties in handling and may
cause serious issues in the case of leakage. Moreover, the compound is flammable. Dimethyl
ether has a slightly lower H, volumetric density, equal to 87 kg-H, /m3, which is 1.2 times
higher than that of liquid hydrogen. What is more, it has the highest gravimetric hydrogen
density (13 wt %) among investigated Hj carriers. Contrary to methanol, it is nontoxic.
Under normal conditions, DME is found in gaseous form, but it can be easily liquefied; thus,
it is most often used and transported in the industry in liquid form. Due to its properties
similar to LPG, the existing LPG infrastructure can be used for its transport and use. On
the other hand, DBT is characterized by the lowest gravimetric and volumetric hydrogen
density, 6.2 wt % and 58 kg-H,/m?3, respectively. However, it takes great advantage of
the possibility of cyclic use and good properties, such as nontoxicity and nonflammability.
Moreover, this H, carrier is compatible with the existing fossil fuel transport infrastructure.
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Table 12. Comparison of selected properties of MeOH, DME, and DBT.

MeOH DME HO-DBT/H18-DBT
Physical state Liquid Gas ! Liquid
Density (g/cm?) 0.79 1.972 1.04/0.91
Melting point (°C) -98 —142 —39/—45
Boiling point (°C) 65 —25 390/354
Flash point (°C) 12 —41 212
Autoignition temperature (°C) 470 235-350 Not autoflammable
Toxicity Highly toxic Nontoxic Nontoxic/no data
Gravimetric hydrogen density (wt %) 12.5 13 6.2
Volumetric hydrogen density (kg-H,/m?3) 99 87 58

! Easily condensable under temperature of —25 °C (atmospheric pressure) or under pressure of about 0.5 MPa
(25 °C); 2 liquid density of 0.667 g/cm? (1 atm, —25 °C).

Hydrogen storage technologies are different for all investigated carriers. These tech-
nologies are listed in Table 13 along with the process parameters, the most common
catalysts and their advantages and disadvantages summarized. MeOH and DME allow
for the one-way transport of Hy—from production to the utilization sites. The key steps in
this technology are the synthesis and subsequent release of hydrogen in processes, such
as partial oxidation, autothermal reforming, and steam or dry reforming. Among them,
steam reforming of these Hy carriers seems to be the most preferable due to the advantage
of having the highest theoretical hydrogen yield. The syntheses of DME and MeOH can be
carried out using a wide variety of raw materials, including natural gas, coal, petroleum,
and biomass. Attention should be paid to the possibility of the utilization of CO, for
synthesis. Combined with the use of renewable hydrogen, it is a very promising method in
terms of sustainable development. For the synthesis of MeOH, catalysts based on Cu, most
often CuO/Zn0O/Al;O3, are used. In the case of direct DME synthesis, bifunctional cata-
lysts combining a metal function (as the aforementioned CZA) and acid sites for methanol
dehydration, mainly alumina and zeolites, are used.

Different from MeOH and DME, the technology of hydrogen storage in DBT is based
on the cyclic use of the same carrier for hydrogenation and dehydrogenation sequentially.
Besides, Hy-rich mixtures can also be used for the hydrogenation of DBT, which is a great
advantage from an economic point of view. DBT hydrogenation can be carried out under
conditions of lower temperatures (150-260 °C) and lower pressure (3-50 bar) compared
with the syntheses of MeOH and DME (220-230 °C, 50-100 bar; 240-280 °C, 30-80 bar,
respectively). Although the hydrogenation conditions are more favorable in this case, the
hydrogen capacity in DBT is much lower. The most commonly used catalysts for DBT
hydrogenation are noble metal catalysts (Pt-, Pd-, Ru-, Rh-based catalysts); however, the
use of nickel-based catalysts has also been reported with the aim of reducing costs.

The release of hydrogen from all compared carriers takes place mainly in conditions of
low temperature and atmospheric pressure. Similar to the first stage, the hydrogen release
stage is catalytic. The use of the same catalyst for both steps should be considered as this
would simplify the process, thus reducing costs. This is possible with MeOH, DME, and
DBT. In the case of MeOH, copper-based catalysts can be used for both synthesis and steam
reforming (e.g., commercial CZA). Similarly, for DME synthesis and its steam reforming,
bifunctional catalysts containing a metallic function (for MeOH synthesis and MeOH
reforming, respectively) and acid function (for MeOH dehydration and DME hydrolysis
respectively) are needed; hence, one catalyst could be used for both of these steps. For DBT,
both hydrogenation and dehydrogenation were successfully performed using the same
Pt/ Al O3 catalyst.
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Table 13. Comparison of MeOH, DME, and DBT technologies for H; storage.

. . Dehydrogenation/Steam
Hy Hydrogenation/Synthesis Reforming Advantages Disadvantages
Carrier
Conditions Catalysts Conditions Catalysts
Low synthesis and . .
; High- th
Cu0/Zn0/AlLO; Cu-based catalysts, steam reforming B onditions
(CZA) promoted mostly Pot;;r;]lg%(;{at:frecso MeOH toxicity
220-230 °C, with variable 200-400 °C, CuO/ZnO/AlLOs Y e MeOH flammability
MeOH 507100 bar stabilizin 1bar modified with various  utilization as feedstock 51400 c0, cO
L. 8 romoters (Zr02 Low pressure of steam esides 21 or
additives (Cr, Zr, 5 " Y . CHj may be formed as
Mg compounds) 2205, TiOy, Zn0, reforming a side product of steam
CeO,, MgO) Highest volumetric Hy p ¢ .
density reforming
Bifunctional Low synthesis and
catalysts: Bifunctional catalysts: steam reforming High- thesi
Cu-based metallic Cu-based metallic temperatures 8 p;s;ztgieoi};n o
function (mostly function (mostly Cu Possibility of CO, DME flammability
DME 240-280 °C, CZA) and 250-450 °C, spinel) and alumina or utilization as feedstock Besides CO,. CO or
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The generated hydrogen can then be used in H; fuel cells, for power and heat gener-
ation, H, powered vehicles, and more. However, the possibility of contamination in the
gaseous product and the introduction of additional steps in its purification (e.g., PSA or
membrane separation methods) should be considered. Besides CO,, the presence of CO
and short-chain hydrocarbon by-products have been reported. For DBT, other impurities
present even before hydrogenation in a commercial substance, such as benzyltoluene,
benzene, and toluene, should be considered. It should be emphasized that due to their
beneficial properties, both MeOH and DME can be used directly without the need for
decomposition, as a fuel or in direct MeOH fuel cells or direct DME fuel cells.

6. Final Remarks

Diminishing of raw materials for the current fossil fuel economy and a growing
demand for energy require a transition to the new economy regime. The hydrogen economy
can make a significant contribution to making the energy sector independent of oil, natural
gas, and coal, although such a transition is challenging. One of challenges that need to be
overcome to successfully implement a future hydrogen economy is storage and transport
technology. Due to the high energy demand related to the compression and liquefaction
of hydrogen, the low volumetric energy density, and the explosive nature of hydrogen,
research was undertaken on the hydrogen storage and transport strategies. With this
aim, numerous compounds, such as porous carbon-based materials, MOFs, zeolites, and
chemical hydrogen carriers have been tested. However, as we described in this work, many
of these compounds are of no practical importance from the perspective of large-scale
applications due to factors such as safety concerns, toxicity, low hydrogen capacity, very
high costs, and lack of appropriate infrastructure. Therefore, emphasis must be placed on
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the development of effective hydrogen technologies so that a sustainable energy economy
may become a reality. Among the available hydrogen storage strategies, using chemical
hydrogen carriers seems to be the most promising. Although these technologies include
many operations, such as production of the chemicals, separation, catalyst production and
recovery, and dehydrogenation, they seem to be the most convenient compared with the
currently used hydrogen storage technologies. Due to their high gravimetric capacity of
hydrogen, the ease of hydrogenation and hydrogen release (moderate process conditions,
low energy costs, no complicated apparatus), and the opportunity to use the existing oil
and gas infrastructure, these seemingly complex technologies compared with the currently
used hydrogen storage technologies turn out to be extremely interesting and constitute a
great path for further development.

A suitable Hj carrier designed for energy storage and transport and as a fuel for
mobility applications should fulfill several requirements. Considering energy storage,
factors such as storage capacity and energy demands are essential. An ideal material for
this application should have high stability, which ensures the safety of the storage system
and many cycles of hydrogenation—dehydrogenation. The material should be readily
available and nonexpensive. For energy transport, next to availability, the toxicological
properties of the carrier are crucial. The material should be nontoxic, nonflammable,
and stable under transportation conditions. The successful application of Hy carriers
in the mobility sector requires a high storage capacity and a high energy density of the
material. These factors affect the size and weight of onboard fuel tanks. According to
the specifications of the US Department of Energy (DOE), the current onboard targets are
1.5 kWh/kg (corresponding to 4.5 wt %), 1.0 kWh/L, and USD 10/kWh [162]. The process
dynamics and dehydrogenation temperature are other factors that have to be considered for
mobility applications. In an ideal situation, the heat demand of dehydrogenation is covered
by waste heat from a fuel cell. However, if the temperature ensuring fast dehydrogenation
is higher than 180 °C, the heat demand is difficult to realize by PEM fuel cells [163]. The
purity of hydrogen released from the system is also of high importance, as contaminants
(such CO) may poison a fuel cell catalyst.

From a practical point of view, the proposed recommendations for hydrogen carriers
seem to be too restrictive and practically impossible to meet by most of the available
solutions, and thus, compromises should be sought. Taking into account the functional
aspects of hydrogen carriers and the expectations of representatives of the oil and gas
industry, we should focus on what is currently available on the market and can be adapted
to transport hydrogen using various carriers. The following points propose considerations
for each of the examples described in the work, based on cooperation with the oil and gas
sector in relation to the three most important aspects of the use of hydrogen carriers.

6.1. Energy Storage

In energy storage, it would theoretically seem that one of the most important points is
the hydrogen storage capacity. Although this is a crucial factor, it should be noted that from
a technological point of view, the ease of obtaining hydrogen from the support is equally
important in relation to its hydrogen capacity. This applies not only to the technology
of reversing the hydrogen enclosure reaction in a chemical compound, but also to the
operation and complexity of the equipment for recovering hydrogen from the carrier, as
well as the size of the installation itself. Taking into account the technological requirements
and the production process of hydrogen recovery from the carrier, DBT seems to be the
most sensible of the analyzed compounds for energy storage.

A relatively high storage capacity of DBT makes this material a good option for
energy storage. DBT is in liquid form in a wide range of temperatures, which ensures the
effective separation of released hydrogen from the storage system. High temperatures of
hydrogenation-dehydrogenation processes provide stability to the stored liquid. However,
the consequence of dehydrogenation conditions are increased operation costs. Nevertheless,
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comparing with MeOH and DME, DBT does not need advance installation for the reforming
and separation of the products.

Additional problems with storing hydrogen in MeOH and DME are the toxicity of
MeOH and the explosiveness of DME. Based on industrial experience, it is much easier to
secure the possibility of DME storage, as the explosion limits are subject to limits and the
possibility of creating an explosive atmosphere can be effectively prevented, much easier
than in the case of compressed/liquefied hydrogen. Unfortunately, when it comes to toxic
compounds, such as MeOH, their use for storage is possible only in protected areas because
they are harmful even in case of small leakage. On the other hand, leakage protection
solutions are widely available in the industry. Both DME and MeOH should be seriously
taken into consideration due to a very high hydrogen density and many other applications
in the industry.

6.2. Energy Transport

DBTs are a good candidate for energy transport. Actually, the technology of DBT
usage in such applications has already been stated. Hydrocarbon character, low melting
point, and high boiling point cause this Hj carrier to be compatible with existing fossil
fuel transport infrastructure. HO-DBTs have well-documented physicochemical and toxico-
logical properties. They are considered safe for environment compounds. However, the
properties and biological activity of the hydrogen-rich form H18-DBT have not been widely
investigated yet.

When it comes to methanol and DME, they should not cause problems in transport
from a physicochemical point of view. Under normal conditions, methanol is liquid,
whereas DME condenses under slight pressure. Unfortunately, taking into account the
safety issues, they seem to pose a risk in transport. Methanol is highly toxic and potentially
very harmful and dangerous to both the environment and humans. It requires special
safety measures and tight devices when loading and unloading the tanker, and a possible
accident of the tanker or damage to the pipeline will always be associated with the risk of
a negative impact on the environment. Dimethyl ether seems to be a much better choice
as it is considered environmentally friendly [164], and although it poses little risk due
to its flammable and explosive properties, it is much safer to transport than natural gas
or hydrogen.

Considering that all three carriers can be successfully transported both in tanks and by
pipelines, and only methanol in the event of a leak poses a direct threat to the environment
and human life due to its toxicity even at low concentrations, mainly DBT and DME
should be considered for the transport of hydrogen. Both compounds have a relatively
high hydrogen density, and possible leakage into the environment has much less negative
consequences than MeOH. In addition, they can be placed on the market using the existing
network of pipelines and conventional transport without the billions of investment costs
needed for the eventual transport of hydrogen in pure form.

6.3. Mobility

Due to kinetic and thermodynamic reasons, DBTs do not have significant potential
in onboard applications. Unfortunately, apart from promising properties as a hydrogen
carrier, the use of a heavy organic compound as a fuel or a hydrogen source for fuel cells
does not seem to be implementable. The situation looks better in the case of methanol,
which theoretically can be used as a fuel [41]. Unfortunately, in this case, strong toxic and
corrosive properties and a very low cetane number have a significant more negative impact
on its applicability. DME is much better in terms of use in mobility. Due to its high cetane
number and high energy efficiency during combustion in a diesel engine, it seems to be an
ideal substitute for it. A slight modification of the engine and the power supply system
allows for the elimination of diesel fuel with virtually zero particulate emissions [165].
DME does not have to be converted to hydrogen for mobile applications as in this respect,
it can be a standalone fuel, and when such a need arises, it can be directed to obtain
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hydrogen for other purposes in accordance with the previously described processes. From
the analyzed hydrogen carriers, DME seems to be the best for the purposes of using the
generally understood mobility in the market.

Taking into account the analysis of using the presented hydrogen carriers in energy
storage, energy transport, and mobility, we can conclude that all of them have not only
theoretical but also confirmed practical potential to be implemented in a growing hy-
drogen market. Depending on the specific use, energy prices, and availability of the
infrastructure, all of them can be widely used simultaneously in different places of a future
“hydrogen world”.
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