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ABSTRACT

The main deliberation of this review paper is on metallic catalysts, including Cu-based catalysts, with distinct
formulations and compositions, utilized for steam reforming of methanol (SRM). The review critically examines the
performance of these catalysts, considering the active components, supports, promoters, and their interactions.
Additionally, the review identifies and elucidates the various kinds of reaction mechanisms and routes involved in
SRM. This comprehensive analysis provides valuable insights into the progress of well-organized and effective catalysts
for SRM. To achieve high yields of Hy, it is crucial to conduct a fundamental study of the role of copper as a component
in both mono and multimetallic systems, as well as the nature of support. These factors are essential to understand the
catalytic mechanisms involved in the steam reforming of methanol and to develop effective strategies for optimizing
hydrogen production. Therefore, a thorough investigation of copper-based catalysts and their interaction with the
support material is essential for the development of highly efficient steam reforming processes.
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1. Introduction

In the present day, achieving stability between economic
evolution, growth, and sustainability while safeguarding the
environment poses a monumental challenge to the world. Energy and
the environment are intricately linked, and the path toward achieving
this balance grows more complex each day. According to a report in
2019 by the International Energy Agency (IEA), a 1% increase in
global economic output results in a 0.5% rise in CO, emissions
annually™. In recent decades, there has been a significant focus on
using non-carbon renewable sources, such as solar, wind,
hydrothermal, and tidal energy, as well as hydrogen energy. However,
all of these sources, except hydrogen, experience availability issues
throughout the year!?. Hydrogen is becoming an increasingly popular
alternative to traditional energy sources in fuel cells, thanks to its
higher energy density and lack of greenhouse gas emissionstl,
Specifically, when it comes to energy sources for transportation,
polymer electrolyte membrane fuel cells (PEMFC) are extensively
utilized™. However, unlike fossil fuels that can be directly extracted
from the environment, hydrogen needs to be obtained through
different reforming reactions, including steam reforming, auto-
thermal reforming, and partial oxidation®. Methane is often used as a
feedstock for hydrogen generation, but this process has significant
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drawbacks when it comes to industrial applications. It can be complex, and there are safety concerns related
to hydrogen storage and transportation®l. The majority of hydrogen production worldwide, particularly for
the refinery and chemical industries is achieved through steam reforming or partial oxidation of fossil fuels
like naphtha or natural gas. This process is well-established and widely used for various feedstocks,
including LPG, methanol, diesel and jet fuell™.

Currently, natural gas reforming is considered more cost-effective and efficient than steam reforming of
methanol (SRM) for the production of H,. However, relying on natural gas reforming is not a sustainable and
environmentally friendly solution in the long termfl. The process reforming of natural gas involves high
temperatures, which results in significant CO, production and purification requirements for hydrogen
production. This translates into higher assets funds, functional charges, and CO, radiations®. Byun et al.[*"!
revealed that the lowest cost for hydrogen production was 2.78 USD per kilogram of hydrogen, achieved
with a reactant cost of 100 USD per ton and a cost exponent of 0.6, it remains higher compared to the cost of
hydrogen produced through SMR (steam methane reforming), which is 2.30 USD per kilogram. However,
the analysis of various scenarios provided valuable insights into the steps necessary to achieve economic
feasibility in hydrogen production.

In modern centuries, there has been a growing interest in using methanol reforming as an attractive
option for hydrogen production. Methanol has several advantages, including its small sulfur content, higher
volumetric energy density, higher hydrogen/carbon ratio of 4:1, and biodegradable properties™. In the
context of hydrogen extraction, methanol stands out as the preferred choice among other alcohols due to its
ability to undergo the process at lower temperatures, typically within the range of 200 °C-300 °C. This is
attributed to the absence of C-C bonds in methanol’s molecular structure. In contrast, the reforming of
ethanol and methane necessitates higher temperatures, around 400 °C and 500 °C, respectively™,

The demand for methanol has been growing at a compound annual growth rate (CAGR) of 6% since
2014, mainly due to its increasing usage in various industries. Recent studies have shown that 40% of the
methanol formed is used in the area of energy region™®3. The reforming technologies for hydrocarbons and
alcohols have made it possible to generate hydrogen in situ, thereby overcoming the challenges of hydrogen
storage and transportation*?14, The US Department of Energy (DOE) has established a goal to achieve
hydrogen production at a charge of 4 USD/kg or lower, employing emerging technologiestt. By 2030, it is
projected that the cost of hydrogen extraction will see a further reduction to 1.8 USD/kg. Additionally,
hydrogen is expected to fulfill approximately 15% of the global energy demand (GED) during that
timeframel*®,

During the steam reforming of methanol (SRM) process, in which methanol is converted into hydrogen
and other products, the primary product is hydrogen, along with small amounts of carbon dioxide and CO,
unreacted H,O, and CH.. However, the generation of CO needs to be restricted, as concentrations higher than
10 ppm can damage the catalyst™ . Therefore, the design and performance of the catalyst play a critical role.
An efficient catalyst should have higher activity and selectivity to yield a higher H. production, thereby
minimizing CO production. Additionally, the catalyst should be resistant to sintering and have the longest
feasible stability™", Extensive investigations have been carried out on copper and palladium-based catalysts
in the field of steam reforming of methanol (SRM). Among these catalysts, copper-based ones are highly
favored for their remarkable activity and selectivity. However, a significant concern associated with copper-based
catalysts is their susceptibility to catalytic deactivation caused by thermal sintering!*&l,

The attainment of the catalyst through the reforming reaction is dependent on both the metal component
and the support material®®. Promoters, such as acid oxides or metals of alkaline, are critical in removing
unwanted reaction products. To increase the efficiency of the reaction, it is also necessary to understand
catalyst deactivation caused by coking or sintering®-?2, In a study by Song and Ozkan?¥, it was proposed
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that employing an improved performance reusable catalyst could offer a cost-effective solution for steam
reforming of methanol (SRM). The growing interest in the SRM is apparent from the increasing number of
publications on the topic each year (as shown in Figure 1).
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Figure 1. Publications detail on steam reforming of methanol to Hz production from various databases, modified from Reference [1].

The cost of SRM is impacted by the process of separating hydrogen from the product mixture.
Membrane reactors are more efficient than traditional reactors because they allow for the reaction and H,
separation from CH,4, CO,, CO, and other known by-products to occur within the same reactor, eliminating
the need for additional processing steps. By bypassing the water gas shift (WGS) reaction, membrane
reactors are more cost-effective. This is because they can perform both the reaction and separation
simultaneously, reducing the cost and time associated with the separation process. This information is
supported by research that shows the efficiency and cost-effectiveness of membrane reactors in SRMP24,
Numerous kinds of membrane reactors have been employed for SRM, including fluidized bed membrane
reactors (FBMRs), packed bed membrane reactors (PBMRs), micro-porous SiO, membranes, and micro
membrane reactors®!. In recent years, research has also focused on disseminated feeding membranes that
exhibit selectivity nearby H, and CO®®l, This approach has shown promise in enhancing the efficiency and
selectivity of hydrogen separation in SRM. These countless varieties of membrane devices have been studied
and evaluated, and their effectiveness has been documented in the literature.

Concerning its practical implementation, a study conducted by Pashchenko®” investigated the
utilization of low-grade heat for methanol decomposition. The findings demonstrated that the use of low-
grade heat for methanol decomposition can lead to an efficiency improvement of up to 5% compared to
utilizing the same heat for steam generation. Furthermore, the study highlighted that the efficiency of a
combined cycle increases with higher gas turbine inlet temperatures.

Pashchenko et al.?®! conducted a thermodynamic analysis using the Aspen Hysys platform to evaluate
the efficiency of various fuels, including methanol, ethanol, n-butanol, and glycerol, in thermochemical
recuperation (TCR) systems. The analysis utilized the Gibbs free energy minimization method and
investigated a wide temperature range of 400 K to 900 K, with a steam-to-fuel ratio of 1 and a pressure of 1
bar. The study focused on determining the maximum fuel conversion levels achieved. Notably, specific
temperatures were found to yield the highest fuel conversion: 600 K for methanol, 730 K for ethanol, 860 K
for n-butanol, and 890 K for glycerol.

Similarly, the study revealed that the efficiency of thermochemical heat recuperation systems is
significantly influenced by both the composition of the initial reaction mixture and the process temperature.
Notably, the maximum efficiency for steam reforming in these systems varied at different temperatures: 600 K
for methanol, 700 K for ethanol, and 900 K for methane. These findings underscore the importance of



carefully considering the specific reaction mixture and process temperature to optimize the efficiency of
thermochemical heat recuperation systems?®l,

In the concerning of pressure drop analysis, a combination of numerical simulations and experimental
investigations was employed to analyze the pressure drop and loss factor in thermochemical recuperators that
incorporated catalysts of varying shapes. The reaction space within these recuperators was modeled as a
porous packed bed utilizing a NiAl.Os catalyst, and the commercial software ANSY'S Fluent was utilized for
the simulations. A comparison between the experimental and simulation outcomes for pressure drops
revealed a strong correlation, with a discrepancy of less than 8%. Furthermore, it was observed that the
pressure loss in the packed bed displayed an approximately linear relationship with the bed depth.

Using the RBD algorithm (rigid body dynamics), a numerical calculation was performed to investigate
the flow characteristics in a realistic computational domain. The results of the analysis indicated that when
the pore size is less than 0.5 mm, the flow through the particle-filled porous medium is negligible. On the
other hand, when the pore size exceeds 0.5 mm, a substantial flow occurs through the porous elements of the
fixed-bed reactor(!,

The main aim of this paper is to offer a thorough and inclusive examination of the recent progressions
in hydrogen production utilizing the steam reforming of methanol technique. The study focuses on Cu-based
catalysts and analyzes their performance along with the factors affecting their reactivity. Additionally, the
literature review covers the classification of SRM, its usefulness as a hydrogen storage medium, and its
potential applications.

2. Literature

2.1. Classification of steam reforming of methanol (SRM)

SRM is a chemical process used to produce hydrogen gas by reacting methanol with steam. This
process is highly endothermic, meaning it requires a lot of energy to be supplied in the form of heat. SRM is
often preferred over other methods of producing hydrogen such as partial oxidation of methanol (POM),
oxidative steam reforming of methanol (OSRM), and sorption-enhanced steam methanol-reforming because
it results in a higher yield of hydrogen. There are several categories of SRM as shown in Figure 2, including
thermo-catalytic reforming, photo-catalytic reforming, aqueous phase reforming, and high-temperature
reforming. In general, SRM is represented by the following chemical Equation (1). Figure 2 shows the
various kinds of hydrogen production methods from steam reforming of methanol.

SRM: CH30H + H,0 — CO, + 3H,; AHSggk = +49.2 (%) 1)

H; Production from Steam Reforming of methanol (SRM)

Thermo-catalytic
SRM

Photo catalytic
SRM

Aqueous-Phase
SRM

High-Temperature
SRM

Figure 2. Classification of SRM methods.



2.1.1. Thermo-catalytic SRM

It is a commonly used method in industry for hydrogen production. However, side reactions are a
common occurrence, especially when the lower ratio of steam/methanol. These side reactions often include
the decomposition of methanol and the WGS reaction, leading to the production of methane, methyl formate,
dimethyl ether, and other by-products®.

Dehydration: 2CH;0H — (CH;),0 + H,0; AHZyg ¢ = —23 () @)
Methanation: 2CH30H — CH, + 2H, + CO,; AHSgg ¢ = —66.9 (=2-) 3)
Dehydrogenation: 2CH;OH — HCO,CH; + 2Hy; AHSgq ¢ = +64.4 (=) 4)
Formaldehyde synthesis: CH;OH — CH,0 + Hy; AHZyq i = +84.7 (—-) (5)
Carbonation: CH30H — C 4+ H,0+H,; AH3gg ¢ = +159.5 (%) (6)

Wang et al.®* were involved in a study on the thermodynamic performance of fuel cells via a poly-generation
system that incorporated solar, waste heat, fuel cells, and SRM. The simulation results indicated that the
system achieved an efficiency of 73.7% during the summer and 51.7% during the winter. In a separate study,
Hosseini et al.*4 developed a poly-generation system that utilized a molten carbonate fuel cell (MCFC)
system with an SRM, a heat and power cycle, and a methanol generation process using the distillation
technique. The system demonstrated the capacity to generate electricity, warm water, and methanol
concurrently, resulting in an impressive gross exergy efficiency of 83.7%. Schuller et al.®® created a new
type of heat exchanger reactor specifically for SRM. In their study, it was reported that this reactor employed
waste heat from a fuel cell to drive the reforming reaction, leading to the thorough transformation of
methanol at a temperature of 180 °C.

2.1.2. Photo catalytic SRM

It is a new type of technology that uses photon energy to reduce the temperature of the reaction. Sun et al.*®!
studied SRM by lowering the reaction temperature with photon energy. Through a comparison of process
outcomes with and without light, it was found that photon energy promotes the dissociation of formate into
CO; and H.. With no evidence of carbon monoxide, the rate of H, generation was 50.6 mmol/(g h) at 200 °C
and 76.2 mmol/(g h) at 210 °C. Chiarello et al.*! reported SRM over Pt/TiO; retaining in situ diminished
entire reflection IR spectroscopy presented that TiO» physicochemical were pretentious from Pt nanoparticles.

2.1.3. Aqueous-phase SRM

It is an innovative technology that converts various compounds such as alcohol, sugar, and polyol into
H, and CO; by placing them in an aqueous solution. The utilization of this process is regarded as an
environmentally friendly technique for converting biomass into H, and CO; at lower reaction temperaturest®l.
The key factor for the successful agueous phase of methanol-reforming is the creation of a durable catalyst
that can produce high hydrogen yields while minimizing the absorption of alkanes and COEF®. The
hydrogenation process of CO and CO; can lead to methane development.

k]

CO + 3H, — CH, + H,0; AH9gg ¢ = —253.70 (ﬁ) 0
K]

4H, + CO, - CH, + 2H,0; AHSgg ¢ = —165 (ﬁ) ?

Davda et al.*9l utilized the catalyst (Pt/Al,O3) in their research on ethylene glycol and the methanol
aqueous phase reforming. Their findings indicated that hydrogen had maximum activity and selectivity, with
nearly 100% efficiency. Similarly, the catalyst Ni/25%CeO,—ZrO, was employed in investigating aqueous
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phase SRM. The research showcased a methanol conversion rate exceeding 50% and a hydrogen efficiency
surpassing 40%[*!. Cortright et al.*? also reported on the feasibility of H, extraction from alcohols at
approximately 227 °C via aqueous phase SRM. These studies suggest the potential for efficient hydrogen
production through AP-SRM using various catalysts.

2.1.4. High-temperature SRM

This technique explores the utilization of bimetallic catalysts, specifically iron and copper supported on
Al;,O3-Zn-ZrO,, for the extraction of hydrogen. The investigation revealed that hydrogen extraction without
any detectable carbon monoxide could be achieved at a temperature of 500 °C. The catalytic activity was
evaluated across a temperature range of 150 °C to 500 °C. The research team observed an intriguing synergy
that led to a decrease in particle size and improved reducibility for a bimetallic catalyst with an equal Fe/Cu
ratio of 1:1. Furthermore, when the copper content exceeded 75%, the selectivity towards CO was practically
eliminated. By conducting DRIFTSs analysis, the researchers were able to identify that the existence of Fe,Os
as the surface species on the catalyst played a key role in the transformation of produced CO to CO,. The
results of the analysis indicated that Fe,O; acted as an active component in facilitating the chemical
transformation of CO into CO,. These findings suggest the potential for efficient H, production using
bimetallic catalysts through iron and copper243I,

2.2. Chemical hydrides as methanol

Chemical hydrides and metal hydrides share the characteristic of chemically bonding hydrogen, but
their properties differ significantly due to the presence of lighter elements in chemical hydrides. Significantly,
chemical hydrides exhibit a liquid state under normal conditions, which offers several advantages. It
simplifies the transportation and storage of these hydrides and facilitates heat and mass transfer through
dehydrogenation and hydrogenation approaches. Some chemical hydrides, including formic acid, methanol,
and ammonia are already commonly produced through natural gas and used for purposes beyond hydrogen
storage. This pre-existing infrastructure for production, handling, and transport is advantageous. Furthermore,
utilizing hydrogen obtained through water electrolysis instead of natural gas reforming for the production of
these bulk chemicals can contribute to a reduction in fossil fuel consumption. While certain chemical
hydrides have been proposed as substitutes for hydrogen, this article does not aim to compare these
fundamentally distinct pathways“41.

Methanol (CHsOH) exhibits hydrogen storage capacities of 12.5% (wt) and 99 kg/m?® in terms of
gravimetric and volumetric measurements, respectively, making it the simplest alcohol with the potential for
hydrogen storage. One of the most widely discussed methods for producing renewable methanol is over-
carbon dioxide (CO;) hydrogenation!. There are several ways to release hydrogen from methanol,
including through steam reforming where it reacts with water, partial oxidation where it reacts with oxygen,
or via methanol thermolysis (decomposition)“l. Among these methods, steam reforming stands out as
advantageous because it yields 3 moles of H, per mole of CH3;OH, whereas the other two reactions result in
only 2 moles of H, per mole of CH;OH 6471,

To facilitate the methanol steam reforming, external heating is required due to the endothermic nature
of the reaction and the evaporation of water and methanol. Typically, a catalyst (Cu/ZnO/Al>O3) is employed
at temperatures ranging from 230 °C-330 °CH®l, The production of methanol through the synthesis of CO,
and hydrogen has reached a commercial stage, and the “George Olah Renewable Methanol Plant” has been
operational in Iceland since 2011, making it the world’s first facility of its kind. The same type of catalyst
used in conventional natural gas-based development can be used in the CO,-based process!*®l. The reaction to
form methanol from CO;and hydrogen is exothermic, and temperatures around 220 °C-280 °C and pressures
(10-80 bar) are normal reactor conditions. The methanol-water mixture produced from this process can be
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used to hydrogen yield directly through the reaction of steam reforming, without the need for the energy-intensive
separation of developed methanol and water by distillation*]. In this scenario, the overall process can be
streamlined, resulting in a significant surplus of heat during the synthesis of methanol.

2.3. Utilization of hydrogen production in associated sectors

Hydrogen can be viewed as a feasible substitute fuel for engines originally intended to operate on
different fuels due to its broad flammability range, which allows for precise regulation of engine powert,
Chehade et al.’% have stated that, although the reactivity of liquids is not a concern, the high density of
liquid hydrogen makes it a more desirable option compared to lightweight hydrogen gas. However, due to its
compressibility in smaller reservoirs, hydrogen gas offers greater storage capacity®”. In terms of storage
efficiency, high-pressure reservoirs are preferred for storing hydrogen gas over liquid nitrogen because gas
molecules can be packed into a smaller space, whereas liquid nitrogen requires refrigeration units and takes
up more space in its liquid state. Fuel combustion can only occur in the vaporized or gaseous states, and H.
can reach its state of gaseous form at a relatively lower temperature. The flashpoint, which is the temperature
at which a fuel can ignite in the occurrence of an ignition source, is typically lower than its boiling point(
However, low temperatures can reduce vaporization, which may result in the fuel flame not lasting without
an ignition source. Consequently, it is anticipated that engines utilizing hydrogen as fuel would necessitate
less sophisticated ignition and starting equipment in comparison to engines operating on alternative fuel
types®2. Moreover, hydrogen-powered engines can operate effectively in severe conditions. For example, a
hydrogen-fueled vehicle was reported to continue functioning even after being stored in lower temperatures
for multiple days, without the need for ignition>3]. Furthermore, hydrogen has a unique flammability range,
which presents several opportunities for its use in turbine or combustion engines. This is due to the
significant disparity between its lower flammability level (LFL) and higher flammability level (HFL)®,

3. Cu-based catalyst

Copper-based catalysts are widely used in the steam reforming of methanol. To improve their selectivity
and prevent deactivation, various methods have been proposed in the literature. Some of these methods
involve investigating the configuration, properties, and preparation of the catalyst, including the
accumulation of promoters and supports, while others focus on optimizing preparation methods. Furthermore,
numerous scientists have underscored the significance of examining the interfacial synergy between
supported metal catalysts and the interactions among their constituents. This approach is crucial for acquiring
a comprehensive comprehension of the reaction mechanisms and deactivation processes®.

3.1. Composition and active components

It is widely recognized that Cu/ZnO/Al,Os serves as the commercial catalyst for the SRM reaction and
the associated water-gas-shift (WGS) process employed in industrial hydrogen production. The catalyst
(Cu/znO/Al03) is widely recognized as the commercial catalyst used in the SRM reaction and the
associated water-gas-shift (WGS) process, which are integral to industrial hydrogen production.

As per prior research papers, copper is typically recognized as the primary energetic ingredient of the
metal compound, implying that the catalytic characteristics are sturdily influenced by the chemical properties
and structure of copper. Though, it is important to note that higher copper loading does not necessarily result
in better activity and selectivity. The performance of the catalyst greatly depends on the synergy with
supports and the interaction between various components. ZnO, for instance, is known to enhance the surface
catalytic properties of Cu by promoting its reducibility, which plays an essential role play in the process of
reforming.

Moreover, the process can be influenced by the acid/base characteristics of ZnO and its capacity to
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enhance copper dispersion while inhibiting sintering. Utilizing porous alumina as catalyst support offers the
advantage of generating a large surface area, resulting in enhanced copper dispersion, increased loading
capacity, and reduced particle size. Furthermore, recent studies have focused extensively on investigating
various dopants and support to enhance the overall performance of Cu-based catalysts, leading to promising
advancements(>6-581,

Fu et al.5¥ conducted a study showcasing the effective adsorption of both CO and water through Cu
doping of the FesO.4 (111) surface, which in turn facilitated the steam reforming process. Furthermore, recent
advancements highlighted the remarkable enhancement in the specific surface area achieved by the 2D Cu-
Fe-Al-O nanosheet structure, leading to the creation of additional active sites for metallic Cul®®. This
innovative structure not only contributed to the stability of the catalyst but also enhanced its catalytic activity,
showcasing the potential of Cu-Fe composite materialst®,

3.2. Effects of promoters on catalytic activity and selectivity

Copper, as the energetic element, can be easily influenced by various promoters to enhance its catalytic
performance. The desirable objectives in producing highly active catalysts are achieving well-dispersed and
small copper particles, as well as maintaining stable physicochemical properties. In addition, these promoters
can also lead to improved selectivity, which is an added benefit®®), Table 1 presents the impact of these
promoters on the performance of SRM catalysts. The impact of zirconia as a structural promoter has been
studied extensively over the years. Recent research has led to a better understanding of the synergistic effects
of zirconia, revealing that it can improve both the stability of the catalyst and the dispersion of the active
phase. As a result, this structural promoter has been shown to significantly enhance both the activity and
selectivity of SRMS],

Azenha et al.%? conducted a study to examine how the SRM behavior is affected by the structure of the
ZrO; support, specifically comparing the impacts of the monoclinic and cubic forms. The utilization of ZrO--
monoclinic as a support in CuePd/ZrO,-monoclinic catalyst resulted in significantly improved metal phase
dispersion, leading to a remarkable increase of up to 13 times in activity and a doubling of selectivity
compared to the CuePd/ZrO,-cubic catalyst, as observed in the study. By incorporating zirconia into the
conventional CuO/ZnO/Al,O3 catalyst, the researchers observed enhanced stability, which was attributed to
the presence of surface oxygen sites on zirconia clusters and an improved ability to adsorb methanol. This
finding indicates that the addition of zirconia has beneficial effects on the catalyst’s performancel®l. The
inclusion of zirconium was found to induce microstrain in CuO and ZnO, resulting in a decrease in their
crystallite size and limiting their growth. Moreover, Zr-based catalysts exhibited a higher quantity of metallic
copper during the reduction process, even at lower temperatures. These observations highlight the influence
of zirconium on the structural and chemical properties of the catalyst(4,

Table 1. Promoters effect on various categories of catalyst (Cu-based) for SMR.

Catalyst T (°C) GHSV, LHSV or WHSV (h™))  Xwmeon (%) Activity (mmol/gea/h)  Shz2 (%)  Sco (%) Reference
CugsFe1sAl;s0gs 240 1760 (g) 94.3 225 100 - [60]
CuPd/ZrO,-m 260 2400 (g)* >80 40 87 5 [62]
Cu/ZnO/zro, 250 21,600 (g)* 88.6 806.41° 75 NA [64]
CuMnOy 400 12,000 (g)* 75 414 - 5 [65]
Cuzn,Gazr 275 2200 (g) 75 836 - 0.3 [66]
CueGa/ZnO 320 3600 (g) 96 720 74 NA [67]
CuO/ZNnO/Ce0,/Al,O5 260 1000 (g)* 98 - 65 NA [68]
CuO/ZNnO/AI,04/Zr0,/Ce0, 220 10,000 (g)* 100 - 75 1 [69]
CueMgO/Al0; 220 2923 (g) 100 - 99.4 <015  [70]




Table 1. (Continued).

Catalyst T (°C) GHSV, LHSV or WHSV (h™)  Xwueon (%) Activity (mmol/gea/n)  Swz2 (%)  Sco (%) Reference
CU/Ni/Zr/Ceoy 330  172(g) 60 1000 100 NA [71]
Cu/SiO, 400 2400 (9)* 97 - 72-77 <11 [72]
CueNi/LaZnAlO, 300 20.8 (w) 90 - >80 <2 [73]
CueFe/ATP 300 3.52 (w) 100 - 98.25 2.55 [74]

The unit for “a” is mL/gcat/h (milliliters per gram of catalyst per hour).
The unit for “b” is mol/molmetal/h (moles per mole of metal per hour).

3.3. Effects of Cu-based catalyst preparation methods

Apart from utilizing various promoters and combinations of active metals, the method of preparation
has also been found to significantly impact catalytic performance, a wide range of preparation approaches
have been informed via literature for different types of materials. While co-precipitation, sol-gel synthesis,
hydrothermal synthesis, and impregnation are commonly used methods, some authors have also proposed
novel approaches or modifications to conventional methods to improve the catalytic activity and selectivity
of the synthesized materials®. Hosseini et al.l" systematically investigated the effects of the preparation
method on the surface area and performance of their materials. They studied ZrO./CeO, doped
CuO/zZn0O/Al>O3 without specifying it as a catalyst.

Investigations have been conducted by researchers to examine the influence of various preparation
techniques on factors such as surface area, metal dispersion, and particle size of catalysts containing copper.
One method that has received attention is the urea nitrate combustion (UNC) method, which is known for its
fast and easy synthesis of nano-catalysts. Several studies have shown that this method can result in catalysts
with improved metal dispersion, smaller particle size, and greater surface region, which can lead to enhanced
catalytic performancel™. Yang et al.l'’7 examined different preparation methods for CuO/CeO; catalysts,
emphasizing the importance of ceria morphology in influencing catalytic performance. This underscores the
importance of selecting appropriate synthesis methods to optimize active site size, dispersion, and
morphology to achieve desired properties.

3.4. Catalyst performance by supports

It should also be noted that the quality of the support material plays a crucial role in ensuring the
effectiveness and stability of catalysts. Properly designed supports, when combined with specific
modification techniques, can lead to the development of catalysts with extremely high surface area and metal
dispersionl87,

In the study conducted by Tajrishi et al.l”®l, SBA-15 mesoporous substantial was produced using a
hydrothermal arrangement and utilized as a support for Cu-based catalysts. The research findings highlighted
that SBA-15 is a highly suitable support material for promoting the dispersion of Cu due to its exceptional
stability and maximum surface region. Opting for suitable support materials with a high surface area is vital
to enhance the dispersion of active metals. Support materials like MCM-41, SBA-15, carbon nanotubes
(CNTs), spinel, and silica possess surface areas nearly ten times larger than those of compound catalysts. A
previous study reported that an MCM-41-supported Cu-based catalyst, with a surface area of 662 m?/g,
demonstrated excellent stability and resistance to deactivation(™,

Acetic acid modification of MCM-41 before metal impregnation is effective in reducing particle size,
leading to a significant improvement in dispersion and reduction behavior, as demonstrated in previous
researchf®,

Optimizing the catalytic performance of SRM relies on the careful selection of suitable support material
with a high surface-to-volume ratio. This characteristic plays a pivotal role in facilitating the improved
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dispersion of active components on the surface of the support. The uniform mesopores, high BET surface
area, and exceptional thermal stability of mesoporous molecular sieves like SBA-15 and MCM-41 have
contributed to their widespread acceptance!®,

Moreover, the surface area and pore volume of 3D metal foam, felt, and porous ceramics can be
modified to suit various catalyst loadings. However, it is imperative to conduct additional investigations into
the size and pores distribution, considering the dimensions of reactant molecules and their transport
characteristics. An illustration of this is seen in the case of SBA-15, which possesses mesopores with sizes
ranging from 3 to 30 nm, making it well-suited for the reforming of larger molecules such as tars. In contrast,
traditional microporous catalysts are not suitable for this application. Additionally, the thermal
conductivity and permeability of catalysts can be influenced by gradient and cascading structures, ultimately
affecting their performance. Therefore, it is important to consider the current application scenarios and not
generalize that porosity and higher specific surface zone always lead to improved catalyst performance.

3.5. Catalyst deactivation

Despite exhibiting high catalytic activity, Cu-based catalysts are prone to deactivation due to various
factors such as changes in oxidation state, sintering of the catalyst, or deposition of coke®”, as depicted in
Figure 3. Furthermore, the presence of foreign species such as chloride and sulfur in the feed mixture can
lead to the poisoning of the catalyst®®. The research conducted by Fasanya et al.® demonstrated that the
selectivity of side reactions was significantly influenced by the ratio of methanol to water. When the feed
mixture lacked sufficient water, there was a higher selectivity towards CO and CH., and coke formation
occurred at temperatures exceeding 300 °C.

Tonelli et al.[® perceived that the deactivation of Cu-based catalysts can result from two concurrent
processes. Firstly, the deposition of carbonate species, which is a reversible phenomenon. Secondly, the
sintering of the active phase, which is an irreversible process that is more likely to occur at higher
temperatures. The catalytic system, however, can undergo a simple regeneration process using either a
400 °C air flow or an inert flow at the reaction temperature. This regeneration procedure leads to nearly
identical initial conversion rates, indicating the effective restoration of catalytic activity.

Wé Support
L) Active metal = 7

Valence state change

- ‘ " _

Metal sintering

7

Carbon deposition

Figure 3. Various kinds of catalysts deactivation!®l,

3.6. Reaction mechanism

Extensive research has been conducted on the reaction mechanism of SRM over Cu-based catalysts
over a prolonged period. Initially, it was believed that the MD and WGS reactions were responsible for the
reaction processl-84,

CH;0H © CO + 2H, 9)
CO + H,0 & 2H, + CO, (10)
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Contrary to the initial assumption that the steam reforming of methanol (SRM) reaction is solely driven
by the reaction of water gas shift and methanol decomposition, it has been discovered that the resulting
product should have a higher concentration of CO, which is not observed as the produced hydrogen is nearly
pure. Subsequent investigations have indicated that the steam reforming of methanol (SRM) reaction exhibits
a low yield of carbon monoxide (CO) at lower temperatures, which is influenced by factors such as the
steam-to-carbon ratio and catalyst properties. Further research suggests the involvement of alternative
reaction pathways, including the participation of methoxy species, methyl formate, dioxymethylene, and
formate intermediatest®.

Takezawa et al.®®®! proposed a potential pathway for the SRM reaction mechanism involving a stepwise
dehydrogenation process leading to the establishment of formaldehyde and formic acid.

CH,OH - HCHO + H, (11)
HCHO + H,0 — HCOOH + H, (12)
HCOOH - H, + CO, (13)

The reaction rate may be restricted by the dehydrogenation step of methanol to form formaldehyde!l.
Nevertheless, there is some inconsistency in the explanations for how CO is formed. While Shishido et al.[®”)
supported a pathway where CO; is produced directly and provided evidence for a stepwise dehydrogenation
pathway of methanol to form formaldehyde and formic acid, ultimately resulting in the production of H,and
CO.. However, there are differing opinions on the origin of CO. Some scientists argue that adsorbed
formaldehyde is directly decomposed to generate H> and CO, which then participates in the water-gas shift
reactiont®,

HCHO - CO + H, (14)

It is worth noting that while decomposition occurs at a slower rate compared to reforming, it still needs
to be considered in most kinetic models. The endothermic nature of the decomposition reaction has a more
significant impact in the presence of water, especially at higher temperatures as predicted by
thermodynamics. Another proposed mechanism involves a complex process that includes a methyl formate
intermediate®],

2CH;0H - HCOOCH; + 2H, (15)
HCOOCH; + H,0 —» CH;OH + HCOOH (16)

The Langmuir-Hinshelwood mechanism proposes that the initial step in methanol conversion involves
the breaking of the O-H bond, leading to the formation of surface methoxy species. Subsequently, the
methoxy species undergo dehydrogenation to generate formaldehyde(l.

In their work, Frank et al.®®l presented a comprehensive catalytic cycle that encompasses two types of
active sites, one responsible for hydrogen adsorption and the other for the adsorption of all other
intermediates. Hammoud et al.®® illustrated a potential pathway, shown in Figure 4, for the production of
methyl formate. In this process, formaldehyde, produced through dehydrogenation, reacts with a methoxy
group. This interaction gives rise to an intermediate, which subsequently decomposes with the involvement
of hydroxyl groups, resulting in the formation of methoxy and formate groups. Another pathway involves the
dimerization of methoxy groups, leading to the synthesis of methyl formate.

Despite numerous studies, a clear consensus on the kinetics and reaction mechanism of SRM has yet to
be reached. However, significant progress has been made in utilizing these studies to develop specialized
catalyst formulations. In recent years, the pathway through a methyl formate intermediate has gained
widespread acceptance as the most feasible mechanism for SRM.
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Figure 4. Reaction pathways of steam reforming of methanol[®5:89,

4. Future research

The primary hurdle encountered in the SRM process is the deactivation of the catalyst caused by coking
or metal sintering. To address this concern, it is crucial to develop and fabricate a catalyst that exhibits,
reduced coke formation, enhanced catalytic activity, smaller particle size prolonged stability even
distribution of metal particles. These catalyst properties are essential for achieving optimal hydrogen yield at
lower temperatures. This requires advanced research focused on developing such catalysts using various
promoters and supports. Additionally, reducing the reforming temperature and producing pure hydrogen can
make the process more cost-efficient. Advanced materials like CNT (Carbon nanotubes) and SAA (single-atom
alloys) can be explored to achieve these objectives, along with amalgamating various reforming reactions to
enhance economic viability, for example, by utilizing heat produced through an exothermic reaction for
SRM. To achieve high yields of hydrogen, it is of utmost importance to gain a deep understanding of the
fundamental role played by copper in both mono and multimetallic systems, as well as the characteristics of
the supporting material. The interactions between the metal and the support, specifically the transfer of
oxygen from reducible oxides to the metal sites, need to be thoroughly investigated to assess their impact on
catalyst performance, selectivity, and stability. Moreover, advanced characterization techniques should be
employed to gain insights into the effects of alloying on selectivity in multimetallic catalysts utilizing mixed
metal oxides.

5. Conclusion

The diminishing availability of fossil fuels and the growing environmental apprehensions underscore
the urgent demand for clean and sustainable alternative energy sources. Hydrogen, being the most ample
component on earth, holds great promise as an energy solution due to its superior energy density compared
to fossil fuels on a mass basis. However, addressing the cost of production and transportation, improving
energy conversion efficiency, ensuring safety, and managing the transition period for energy infrastructure
requires in-depth research to develop and examine a comprehensive hydrogen supply-demand network that
simultaneously meets economic, efficient, and feasible standards.

The present study undertook a comprehensive review of the literature on various approaches for steam
methanol reforming (SRM) in hydrogen production. Based on the analysis conducted, the following
conclusions can be drawn from this research investigation.
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o Hydrogen production has traditionally depended on conventional sources such as coal, natural gas,
and naphtha using steam reforming processes. However, the sustainability of these sources presents a
challenge in the present era.

e In upcoming years, hydrogen is projected to have a substantial impact on carbon-neutral and carbon-
negative economies. This has spurred extensive research into developing new and environmentally friendly
technologies for H, production.

e Steam reforming methanol (SRM) has emerged as a highly promising technology that has gained
significant attention. This review offers an in-depth analysis of different catalysts, their supports and
promoters, the interactions among them, and the effects of various operating conditions on the performance
of SRM.

o The analysis of SRM catalysis utilizing different Cu-based catalysts, as well as alternative catalysts,
revealed their susceptibility to deactivation caused by coking and sintering.

¢ Among the Cu catalysts, catalysts (Cu/ZnO) have received significant attention, with the formation
of Cu-Zn alloy considered critical for high activity. To enrich the catalytic activity and stability, different
kinds of promoters such as ZrO,, Al,Os; and CeO; have been utilized.

e The existing literature addresses different types of methanol-reforming reactions, focusing on their
application in specific mobile devices powered by internal combustion engines (ICEs) with in-cylinder
thermochemical fuel reforming (TFR) processes, solid oxide fuel cells (SOFCs), and polymer electrolyte
membrane fuel cells (PEMFCs). The discussions consider the varied temperature requirements and inlet gas
compositions associated with each technology.

e The analysis utilized the Gibbs free energy minimization method and investigated a wide
temperature range of 400 to 900 K, with a steam-to-fuel ratio of 1 and a pressure of 1 bar. The study focused
on determining the maximum fuel conversion levels achieved. Notably, specific temperatures were found to
yield the highest fuel conversion: 600 K for methanol, 730 K for ethanol, 860 K for n-butanol, and 890 K for
glycerol.

e Future investigations should prioritize achieving a consistent system output and instantaneous
hydrogen yield to enhance hydrogen production and utilization.

e It is worth noting that methanol benefits in the reforming process, production, and storage making it
a crucial component of the entire hydrogen network.
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