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A B S T R A C T   

Rising levels of carbon dioxide (CO2) emissions due to human activities exert a substantial adverse effect on the 
environment. The conversion of CO2 into methanol (CH3OH) through hydrogenation is a promising way to utilize 
this greenhouse gas, thus maintaining carbon in the cycle. In terms of sustainability, methanol is of particular 
interest because of its dual utilization potential as a fuel or base material to produce different chemicals. The 
versatility of the latter allows it to be used directly as a precursor to produce numerous compounds, including 
dimethyl ether (DME), olefins, formaldehydes, and hydrocarbon fuels. This paper first reviews the latest de
velopments in catalyst design, focusing on the relationship between catalyst structure and performance. In 
addition, recent advances in understanding the reaction mechanisms, optimizing catalyst architectures, inno
vating membrane reactors, and reaction conditions have been discussed. This summarizes the strategies for 
increasing the efficiency of sustainable methanol production with the help of membranes. This study provides an 
outlook for future research in this field.   

1. Introduction 

The burning of fossil fuels remains the world’s primary source of 
energy, accounting for over 85% of global energy output [1,2]. This 
process releases large amounts of greenhouse gases (GHGs) into the 
atmosphere, trapping heat and contributing to climate change [1–3]. 
The significant release of carbon dioxide (CO2) from various sources 
contributes to roughly two-thirds of global warming [1,4]. According to 
a recent report from the National Oceanic and Atmospheric Adminis
tration’s (NOAA) Global Monitoring Lab, the average global atmo
spheric CO2 reached a record-breaking 421 parts per million (ppm) in 
2022, despite the ongoing economic impact of the COVID-19 pandemic 
[5]. 

The use of CO2 as feedstock for synthesizing chemicals and fuels is a 
promising strategy for mitigating gas emissions [6–9]. Global warming 
resulting from greenhouse gas emissions has recently garnered signifi
cant attention [10]. The rise in atmospheric CO2 levels significantly 
contributes to climate change, which is characterized by melting ice 
caps, rising sea levels, and extreme weather events [3]. To address this, 
the Conference of the Parties (COP) convenes annually to negotiate 
agreements. In 2015, the COP enacted the Paris Agreement, which seeks 
to limit global warming to less than 2 ◦C by 2030 and achieve net-zero 
greenhouse gas emissions by 2050. COP-27 in 2022 further supported 
this agreement by promoting clean technology development. Malaysia 
has pledged to achieve a substantial 45% reduction in its greenhouse gas 
emissions by 2030 with the intention of achieving carbon neutrality by 
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2050 [11]. 
Carbon capture and utilization (CCU) is becoming an increasingly 

viable alternative to conventional carbon capture and storage (CCS) 
methods for reducing CO2 emissions. CCU involves capturing CO2 from 
different sources and utilizing it as a sustainable carbon feedstock to 
produce valuable chemicals and materials. This approach not only helps 
reduce CO2 emissions but also allows for renewable energy storage in 
chemical bonds by producing valuable fuels and feedstock [12]. 

Combating atmospheric CO2 through capture and utilization tech
nologies is essential to curb global warming and preserve the environ
ment. Nonetheless, the primary obstacle to CO2 conversion is its 
thermodynamic stability (ΔH = -393.5 kJ/mol). However, many recent 
reports have confirmed that converting CO2 into useful products is 
promising and can help to solve environmental problems [13–16]. Most 
CO2 conversion methods are characterized by high energy demand [7], 
and by utilizing hydrogen for energy production, greenhouse gas emis
sions can be significantly reduced because its combustion produces only 
heat and water vapor [17]. Almost all industrial hydrogen comes from 
fossil fuels (like natural gas and coal), even the "cleanest" methods 
releasing CO2. To produce cleaner hydrogen, three options exist: 
capturing CO2 emissions (CCS), using non-polluting hydrocarbon con
version, or using renewable energy sources, such as nuclear or solar 
[18]. The report "Large-scale electricity storage" discovered that by 
2050, the UK will require substantial energy storage to achieve its 
net-zero goal of generating electricity solely from wind and solar sour
ces. The majority of this storage is expected to rely on hydrogen [19]. 
Hydrogen is the most abundant element in the universe, making up 
approximately 75% of all matter [20]. 

The co-utilization of CO2 and hydrogen gas presents an opportunity 
to produce diverse chemical products including methanol (CH3OH), 
methane (CH4), carbonate, and formic acid [21,22]. Among these 
products, CH3OH is a particularly intriguing candidate because of its 
wide-ranging utility as an energy source in fuel cells, hydrogen storage 
applications, and internal combustion engines [5]. It is also regarded as 
a secure, highly transportable, and swiftly biodegradable liquid fuel 
with steadily increasing demand [23]. Its compatibility with the existing 
vehicle technology renders it a viable option for utilization with minimal 
incremental expenses [24,25]. 

Additionally, methanol serves as a convenient hydrogen carrier, of
fering a viable option for hydrogen production in internal reforming 
methanol fuel cell (IRMFC) applications [26], and demonstrates favor
able attributes, such as lower storage costs and enhanced trans
portability, compared to compressed hydrogen [21]. Compared to other 
hydrogen carriers, methanol is notable for its high hydrogen-to-carbon 
ratio, lack of C-C bonds, and relatively low reforming temperature 
ranging from 250 to 350 ◦C [27]. Approximately 30% of the globally 
produced CH3OH is used to make formaldehyde [28]. Within the 
broader framework of sustainability, methanol exhibits notable appeal 
because of its dual functionality as both a fuel source and foundational 
component for diverse chemicals. Its versatility enables its direct use as a 
fuel and serves as a precursor to produce various substances, including 
olefins, dimethyl ether, formaldehyde, and hydrocarbon fuels [9,29,30]. 

In 2019, global CH3OH production amounted to 98 million tons (Mt) 
and annual demand nearly doubled over the last ten years [31]. A 
prospective analysis indicated an anticipated escalation in worldwide 
methanol demand, exceeding 120 Mt by 2025 and potentially reaching 
500 Mt by 2050. The conversion of CO2 into CH3OH represents the in
verse process of methanol steam reforming (CH3OH + H2O ⇄ CO2 +

3H2) [27,32]. The conventional method for producing methanol in
volves a catalytic reaction pathway using syngas primarily composed of 
CO2, H2, and CO. Cu/ZnO/Al2O3, also known as CZA catalyst, is 
commonly used for this process. In this catalyst, copper (Cu) serves as 
the active component responsible for the catalytic activity and surface 
area, which is key to the efficiency of the catalyst. Zinc oxide (ZnO) is a 
secondary component that primarily enhances copper dispersion [33]. 
Aluminum oxide (Al2O3) serves as a support or carrier material, 

providing the fundamental structure and morphology of the catalyst. 
Several studies have been conducted to enhance catalyst reactivity 

by augmenting the dispersity, porosity, and surface area of the active 
ingredient, particularly Cu [34,35]. Recent research has demonstrated 
that various oxides, such as ZnO, ZrO2, Al2O3, In2O3, CeO2, SiO2, Ga2O3, 
TiO2, MgO, Cr2O3, and Nb2O5, can form support-metal interfacial sites. 
This leads to enhanced Cu dispersion on the catalyst surface, along with 
modifications in the acidity, basicity, and oxygen vacancy concentration 
[36]. ZnO-based catalysts enhance the rate of CH3OH production by 
utilizing the synergistic interactions at the interfaces between the Cu and 
ZnO components [37]. Big data analyses based on the available litera
ture show correlations between the catalyst composition, reaction con
ditions, and performance [38]. 

A promising approach to achieving optimal catalyst efficiency is the 
use of metal-organic frameworks (MOFs), which are characterized by 
their outstanding crystal structure, large surface area, and considerable 
porosity. As platforms for Cu-based catalysts, MOF precursors offer a 
solution to the often inadequate efficacy usually associated with ternary 
co-precipitated Cu-based catalysts [39]. 

Owing to the relatively low unidirectional conversion efficiency of 
the CH3OH synthesis reactor, a substantial amount of unreacted gas is 
sent back to the reactor, while a small portion is vented to prevent by- 
product buildup. Ultimately, the CH3OH-rich liquid is introduced into 
the distillation column [40]. 

By employing a membrane to separate the products within the 
reactor, the conversion rate within the reactor can be enhanced, ac
cording to recent reports. The membrane offers the benefit of extracting 
reaction products in situ. Such membrane-based processes, also known 
as membrane reactor (MR) technologies, are based on vapor permeation 
technology developed to separate vapors (H2O and CH3OH) from gases 
(CO, CO2, and H2) in a preferred manner [41]. 

The development of catalytic membrane reactors (CMR) overcomes 
the limitations arising from the thermodynamic equilibrium in the 
conversion of CO2 to CH3OH. In this technology, catalytic reactions are 
integrated with selective membrane separation to facilitate the contin
uous and in situ elimination of steam byproducts. This approach helps 
shift the reaction equilibrium, promoting higher conversion rates and 
improving methanol yields [42,43]. 

This paper provides a succinct yet comprehensive analysis of recent 
advancements in membrane and catalyst syntheses. This review places 
particular emphasis on how factors such as the starting material, chosen 
support structure, crystallization time, temperature, and reproducibility 
can significantly impact the final membrane product. Following the 
analysis of synthesis methods, this review explores the latest advance
ments in CO2 hydrogenation to CH3OH, with a focus on Cu-based cat
alysts that encompass catalyst formulation (with special attention to the 
effect of metal-organic frameworks (MOF)), reaction mechanisms, 
innovative approaches in membrane reactor design, and emphasis on 
the significance of fine-tuning reaction conditions. Finally, this review 
summarizes the key findings of analysis methods, catalyst advance
ments, and reactor design. It also identifies promising avenues for future 
research and explores the potential environmental implications of these 
technological advancements. 

2. Membranes 

2.1. Membrane synthesis 

Membrane-based procedures have gained widespread recognition as 
fundamental steps in numerous industrial separation processes [44,45]. 
These procedures are prompted by factors such as pressure, concentra
tion gradients, or electrical fields across the membrane and can be 
categorized based on the driving force, molecular dimensions, or oper
ational nature [44]. Common membrane processes include gas segre
gation, pervaporation, reverse osmosis, nanofiltration, dialysis, and 
membrane contactors [44,45]. Although some hydrophobic polymer 
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membranes exhibit significant separation capabilities for organic and 
water pervaporation, they also suffer from thermal, mechanical, and 
chemical limitations. Enhanced properties have been observed in novel 
membranes, such as polymer blends, polymer membranes infused with 
zeolite, and dedicated zeolite membranes [46]. 

The International Zeolite Association (IZA) has documented more 
than 200 distinct framework structures. However, only 15 of these have 
been tested for membrane production [47]. Several years ago, the Jap
anese shipbuilder Mitsui pioneered the industrial application of the 
zeolite NaA membrane [45,48]. In recent decades, the use of zeolite 
layers as membranes has gained wide interest for applications such as 
electrodes, sensors, organized catalysts, and membranes. These mate
rials, which are based on aluminosilicates, have highly ordered and 
consistent pore arrangements, which make them excellent candidates 
for membrane production. Among the various zeolite forms, the NaA 
phase has attracted considerable attention, particularly because of its 
effectiveness in separating gases and liquids [49]. 

Zeolite membranes are typically categorized as either zeolite films 
applied to stable substrates or self-standing crystalline zeolitic mem
branes. Supporting materials can be broadly categorized into porous 
supports (porous ceramics, porous Al2O3, and stainless steel) and sub
strate materials (silicon wafers, quartz plates, glass, and LiTO3 single- 
crystal plates) [50]. Zeolite-type materials, including MCM-41, ZIF, 
SBA-15, and MCM-48, have been explored and promising outcomes 
have been achieved with MOF fillers. These MOF fillers offer improved 
interfacial interactions with polymers, making them particularly 
appealing [51]. 

The uniform pore structures and strong thermal and chemical sta
bilities of microporous membranes (zeolites) have attracted consider
able attention because of their potential for separating liquid or gas 
mixtures. Over the last 20 years, significant research has been conducted 
on the use of hydrophilic membranes (zeolites), such as zeolite LTA 
(NaA), T, MOR, CHA, MFI (Silicalite-1 and ZSM-5), and FAU (Y and X), 
for dehydration [52]. Additionally, hydrophilic FAU zeolite membranes, 
owing to their reduced Si/Al ratio, can be utilized to eliminate water 
from organic solvents using methods such as pervaporation and steam 
permeation [53]. Materials with elevated Si/Al ratios in their framework 
can withstand both high temperatures and water-rich environments, 
which in turn leads to enhanced hydrophobicity [52]. 

Numerous approaches have been devised for fabricating supported 
and self-supported zeolite membranes. These methods include embed
ding, seeding, in-situ hydrothermal synthesis, and secondary growth 
[51]. They are broadly classified into two types: indirect 
pre-seeding/crystallization and direct or in situ synthesis. 

In the direct approach, the support material is exposed to a synthesis 
mixture containing the necessary precursors and templating agents, 
which can be homogeneous or heterogeneous. These precursors can be 
introduced as solutions or gels, or pre-applied to porous supports. This 
process may also involve the use of support materials, such as silica or 
alumina. Under hydrothermal conditions, nucleation, crystallization, 
and growth occur on the support surface, resulting in the formation of 
zeolite films [54]. 

Zeolite membranes can also be produced using a secondary hydro
thermal synthesis method that separates the nucleation and crystal 
growth processes. This process involves the deposition of zeolite crystals 
on a support, followed by hydrothermal synthesis. Performing multiple 
synthesis cycles in succession is suggested to address the limitations of 
previous syntheses [55]. 

For example, the secondary growth technique has been effectively 
employed to synthesize high-quality Si-rich LTA membranes using an 
organic structure-directing agent (OSDA)-free gel solution with a silica- 
alumina ratio of 1.5. Notably, one membrane displayed exceptional 
water selectivity, exceeding 100,000 during vapor permeation at 378 K 
for the water/isopropanol, water/ethanol, and 90/10 wt% methanol/ 
water mixtures. Si-rich LTA membranes exhibit exceptional stability in 
environments with water-rich mixtures and high temperatures. They 

also demonstrated hydrothermal stability in a 50 wt% aqueous meth
anol solution at 333 K and maintained thermal stability during the vapor 
permeation of a water/methanol mixture with equal vapor proportions 
at 423 K. These findings suggest that Si-rich LTA membranes have sig
nificant potential for dehydrating water-rich mixtures and achieving 
separation under high-temperature conditions [52]. 

Despite significant advancements in creating LTA membranes 
through innovative synthesis techniques, such as secondary growth with 
seeds, multi-stage synthesis, microwave-assisted heating (Fig. 1), and 
the use of additional organic cations or intergrowth-enhancing sub
stances, the separation factors for hydrogen (H2) in binary mixtures with 
H2/O2, H2/N2, H2/CO2, and H2/CH4 are closely aligned with Knudsen 
diffusion values. Consequently, the synthesis of LTA membranes with 
true molecular sieving capabilities remains challenging. An innovative 
approach was developed to synthesize dense LTA zeolite membranes 
without the need for seeding. This method involves the use of 3-amino
propyltriethoxysilane (APTES) as a covalent bridge connecting the 
zeolite membrane and the porous Al2O3 support (Fig. 2) [56]. 

Generally, the composition of the reaction used to represent the 
precursor mixture for zeolite synthesis is expressed in terms of the molar 
ratio of the oxide constituents, that is M2O:R2O:XO2:H2O. The roles of 
these components in the crystallization process of zeolites can be sum
marized as follows: (a) X represents framework atoms such as Ti, Ga, B, 
Al, Si, Fe, and others; (b) M stands for alkali metals like Cs, Rb, K, Na, Li, 
and others; (c) R denotes the OSDA (also known as the template), which 
is used to stabilize the zeolite structure and influence its chemical 
composition (quaternary ammonium compounds are commonly 
employed), shape, and size; (d) H2O is the solvent, typically water, 
although other substances such as ammonia, diols, and alcohols may 
also be used. Water serves as both a solvent and space filler as well as a 
catalyst for hydrolyzing chemical reagents and accelerating chemical 
reactions [57]. 

Among the methods used to create zeolite membranes, such as sec
ondary growth, vapor-phase transfer, and in situ hydrothermal synthe
sis, the secondary growth technique utilizing a seed layer has been 
extensively studied and is considered the most efficient means of pro
ducing high-quality membranes with superior separation performance, 
particularly on the outer surfaces of tubular supports [59]. Regrettably, 
the mechanical strength of the supportive material can be diminished 
owing to an excess of pores given its porous nature. An effective tech
nique for enhancing and strengthening ceramics involves incorporation 
of whiskers. Currently, there are two primary approaches for enhancing 
the mechanical robustness of ceramics: external incorporation and 
inherent formation [48]. 

Despite numerous efforts to enhance zeolite deposition, multiple 
factors affect the morphology, structure, and physicochemical charac
teristics of zeolite layers. These factors include elements such as raw 
materials, composition of the reactant mixture, temperature, and the 
physical and chemical attributes of the porous support [49]. The sec
ondary growth method with seeding is widely regarded as the most 
appealing technique for producing a range of zeolites (such as MFI, FAU, 
SOD, LTA, DDR, and CHA) and zeolite-like (such as MOF and MCM) 
membranes. It offers enhanced flexibility in managing the crystal 
growth and film microstructure, providing a higher level of scalability 
and reproducibility than the direct in situ hydrothermal synthesis 
method [51]. 

Zeolite membranes, characterized by a consistent pore structure and 
excellent thermal stability, are promising options for creating catalytic 
membrane reactors [43]. 

2.1.1. Effect of starting material 
The performance of a zeolite membrane depends significantly on the 

chemical composition of the growth gel [45]. In the context of zeolite 
crystallization, the presence of OH− ions as mineralizing agents facili
tates the translocation of substances between solid and liquid phases, 
consequently influencing the crystallization process. The impact of the 
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membrane synthesis can be outlined as follows: First, higher concen
trations of OH− ions within the gel matrix promoted the dissolution of 
the gel substance, concurrently augmenting its saturation capacity. 
Conversely, a carefully controlled amount of OH− ions within the gel 
matrix is imperative; a significant excess of OH− ions has the potential to 
induce dissolution of the resultant crystals within the system [60]. In 
addition, the concentration of Na2O strongly influences the particle size 
and distribution of the product but does not alter the chemical compo
sition of the product [61]. Nonetheless, as the Na2O/Al2O3 ratio in
creases, the separation factors of these zeolite membranes decrease [59]. 

2.1.2. Effect of crystallization time and temperature 
Conventionally, the synthesis of zeolites in powdered form involves 

conducting syntheses at elevated temperatures ranging from 363 to 473 
K, with the duration varying from hours to weeks depending on the 
specific zeolite configurations and synthesis parameters. The fabrication 
of zeolite membranes typically occurs under similar conditions, despite 
some differences compared with the production of zeolite powders [62]. 

Aging the secondary growth gel is a crucial step in the synthesis of 
high-quality zeolite membranes [45]. The degree of crystallinity in 
hydrogels increases as the duration and temperature of pretreatment are 
extended [59]. This can be explained by the substantial activation en
ergy required for crystal growth in contrast to the lower energy required 
for nucleation. Consequently, as the temperature increased, the crystal 
growth rate surpassed the nucleation rate [63]. Synthesis at lower 
temperatures promotes nucleation over crystallization, resulting in the 
production of much smaller zeolite crystals, ultimately leading to the 
formation of thin zeolite membranes (Fig. 3), albeit with a considerable 
reduction in the overall product yield. 

This dual-stage synthesis approach is a promising alternative to the 
single-step method. Specifically, initiating the first step at a lower 
temperature promotes rapid nucleation and allows the nuclei to migrate 
into the pores of the seed layer. Subsequently, during the second step, 
conducted at higher temperatures, these nuclei continued to expand in 
all directions, effectively bridging the gaps. Conversely, the single-stage 
heating technique accelerates crystal growth, resulting in a thicker and 

Fig. 1. Zeolite membrane synthesis using traditional/conventional heating and microwave heating. Reprinted from Ref. [58]. Copyright (2008), with permission 
from Elsevier. 

Fig. 2. Illustrative representation of the process for creating an LTA membrane employing 3-aminopropyltriethoxysilane (APTES) as a covalent connector between 
the alumina support and LTA zeolite membrane. Reprinted from Ref. [56]. Copyright (2010), with permission from Elsevier. 
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less defect-free membrane layer [64]. 

2.1.3. Effect of support on membrane formation and separation 
performance 

The composition and arrangement of the support materials are 
crucial factors in the creation of zeolite films, and significantly affect the 
separation characteristics of the membrane. The surface texture and 
pore size dictate the optimal dimensions of the zeolite crystals and the 
membrane thickness (Fig. 3). The chemical properties of the support 
surface influence the initiation of the zeolite formation, crystal growth, 
and film adhesion. It has been shown that chemical modifications to the 
support surface can markedly transform the formation of zeolite films. 
Porous stainless steel supports coated with extremely thin layers (20 nm) 
of metals and metal oxides offer exceptional reproducibility in film 
microstructures and hold promising potential for widespread utilization 
in the large-scale production of zeolite membranes [54]. The growth of 
the membrane layer relies heavily on the condition of the supporting 
surface [48,60]. 

Embedding is commonly employed in the fabrication of composite 
membranes and is referred to as a mixed-matrix membrane. These 
membranes incorporate zeolite particles that are evenly distributed 
within the bulk matrix and are typically composed of polymers. Typi
cally, zeolite membranes are affixed, secured, or developed on porous 
supports with tailored mechanical, thermal, and chemical resilience 
using metals or ceramics [51]. The consistency of zeolite membranes 
improves when they are applied to coated supports [54]. 

Li et al. introduced a simple method to create a highly effective 
membrane designed for selective water vapor removal in challenging 
environments. CAU-10-H and [BMIM][BF4] were selected owing to 
their strong hydrophilicity, exceptional stability, and compatibility. 
Functionalizing the MOF membrane with a hydrophilic ionic liquid (IL) 
not only increases its water capture capability but also closes off inter- 
crystal voids within the polycrystalline layer. The initial IL layer sepa
rated CO2 and H2O from H2, whereas the subsequent MOF layer further 
impeded CO2 permeation, resulting in impressive separation factors for 
H2O/H2 and H2O/CO2. At 473 K and 2.0 MPa with 10 mol% water 
content, the separation factors reached 446 and 273, respectively, with 
water permeance improving from 2.1×10− 8 molm− 2 s− 1 Pa− 1 to 
7.7×10− 8 molm− 2 s− 1 Pa− 1 after IL treatment. Notably, IL treatment 
enabled water removal even at a low water content (5 mol%), where the 
original membrane failed. This selective water permeation suggests 
promising applications for IL-treated MOF membranes for in situ water 
removal under severe conditions, although membrane stability remains 
an area of improvement [65]. 

2.1.4. Reproducibility of membrane synthesis 
Replicability of the synthesis is crucial for industrial advancement 

[60,66], and immature seeding techniques can hinder the reproduc
ibility of membrane synthesis. Seeding is a critical step in the membrane 
fabrication process to produce high-quality zeolite membranes [66]. A 
study investigated the consistency of the membrane production process 
by synthesizing six membranes using mullite and porous stainless-steel 
supports. The membranes produced on mullite and stainless steel sup
ports exhibited variations of 9% and 6% in flux and 22% and 19% in the 
separation factor (gases …), respectively [67]. The partial spontaneous 
transformation of the inorganic support to MOF membranes can 
enhance heterogeneous nucleation and increase the adhesion between 
the MOF grains and the support. This, in turn, enhances the reproduc
ibility of the as-synthesized membranes [68]. Finally, the reproduc
ibility of the zeolite membrane synthesis is a key challenge that requires 
attention to make these membranes more commercially viable [69]. 

3. Catalysts 

3.1. Catalysts for CO2 hydrogenation to methanol 

The conversion of CO2 into CH3OH by the reaction (CO2 + 3H2 ⇌ 
CH3OH + H2O) is seen as a promising approach, as it contributes both to 
mitigating the greenhouse effect and reducing dependence on fossil fuels 
[70]. At present, CH3OH is synthesized from syngas using a copper-zinc 
catalyst at 473–573 K and 5–10 MPa [29,71–73]. Industrially, these 
Cu-ZnO-Al2O3 (CZA) catalysts are commonly used because of their 
remarkable catalytic activity, prolonged operational longevity, excep
tional resistance to poisoning, and favorable reaction parameters con
cerning temperature and pressure [74]. While these CZA catalysts 
exhibit activity in the hydrogenation of CO2 to CH3OH, their practical 
implementation faces several issues. A significant concern is their pro
nounced activity in the rWGS reaction, where CO2 and H2 combine to 
yield CO and H2O. This poses a major drawback for the CZA catalysts. 
The CO + H2O → CO2 + H2 (WGS) reaction is crucial for the synthesis of 
CH3OH from syngas over these catalysts because the primary reaction 
mechanism involves direct hydrogenation of CO2 [29,75]. 

Over the years, scientists have developed a diverse range of catalysts 
to facilitate CO2 hydrogenation into CH3OH. Notably, significant 
attention has been paid to Cu-based systems, which are often employed 
in conjunction with various metal oxides. These metal oxides act as 
carriers and promoters to optimize the catalytic processes [76]. In many 
countries, both companies and scientific research institutions are 
enthusiastically engaged in developing and executing projects focused 
on CH3OH synthesis via CO2 hydrogenation. Key participants in this 
area include Imperial Chemical Industries, Haldor Topsøe, Carbon 

Fig. 3. Demonstration of the approach used to synthesize thin zeolite membranes. Reprinted from Ref. [62]. Copyright (2020), with permission from Elsevier.  
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Recycling International in Iceland, Mitsui Chemicals Inc. from Japan, 
the Korea Institute of Science and Technology, and Lurgi [77]. Diverse 
catalyst materials have also been utilized for CO2 conversion to CH3OH 
through hydrogenation. These materials include Cu, noble metals (Ru, 
Pd, Pt, etc.), MaZrOx (Ma = Zn, Ga, etc.) solid solution, and indium oxide 
(In2O3). However, their susceptibility to Ostwald ripening and particle 
migration in high-temperature aqueous environments leads to catalyst 
deactivation [78]. Table 1 presents a concise survey of the diverse cat
alysts employed in the contemporary methanol synthesis industrial 
sector. 

3.1.1. Effect of catalyst preparation method 
In addition to the constituent elements of the catalyst system, the 

preparation method has a significant impact on the solid-state surface 
and textural, structural, and catalytic characteristics of the intended 
materials. The most common synthesis method involves precipitation 
reactions. In this method, solutions containing precipitating agents such 
as oxalates and sodium carbonates are introduced into a solution with a 
targeted salt concentration to create catalyst precursors. An alternative 
method is impregnation; however, catalysts prepared through this 
method typically exhibit inferior performance compared to those pre
pared through coprecipitation [81]. 

Zain et al. investigated the influence of the preparation technique on 
the catalytic efficiency. They found that In2O3/ZrO2 catalysts synthe
sized via the citric acid-based sol-gel method exhibited the best perfor
mance, followed by deposition-precipitation assisted by wetness 
impregnation and urea hydrolysis. These catalysts achieved 16.23% CO2 
conversion, 94.39% CH3OH selectivity, and a methanol production rate 
(STY) of 0.95 gmethanol/gcat⋅h [82]. 

Other studies have demonstrated the advantages of co-precipitation. 
A separate study revealed that a catalyst synthesized through impreg
nation displayed an activity of 12% and a selectivity of 70% towards 
CH3OH at 513 K. In contrast, the polyol method yielded a catalyst with 
20% CO2 conversion and 90% CH3OH selectivity [83]. Additionally, 
research has shown that the preparation techniques and pretreatment 
processes significantly influence methanol selectivity [84]. However, 
deposition-precipitation offers advantages in other areas. Another study 
identified it as favorable for yielding catalysts with an increased surface 
area and better control over the size of Au particles [85]. Fig. 4 illus
trates the evolution of the catalyst preparation techniques and their 
influence on catalytic performance. 

The methanol space-time yield exhibited an 8.5-fold enhancement 
for Cu/ZnOx@UiO-66 and a 5.5-fold enhancement for commercially 
available CZA catalysts compared to those prepared by the traditional 
impregnation method. The precipitation-coating approach produced the 
maximum In2O3 exposure area, whereas the co-precipitation method 
produced the lowest In2O3 exposure area by causing In2O3 to create a 
bulk dispersion structure with ZrO2 [87]. In academic research on 
methanol synthesis catalyst preparation, the impregnation method is a 
common approach for loading Cu onto supports [75]. 

Generally, coprecipitation results in greater methanol selectivity 
than wet impregnation and deposition-precipitation methods [84]. 

3.1.2. Effect of active metal (ratio) and catalyst composition 
Regarding the influence of the Cu content on the catalytic perfor

mance, the CO2 conversion increased as the Cu content increased from 
10% to 30% but showed a negligible change between 30% and 50%. 
This suggests that a high Cu loading on Cu− ZrO2 has a minimal impact 
on performance [88]. In comparison to catalysts with a higher Zn con
tent, the catalyst containing 30% Zn exhibited improved dispersion and 
a larger surface area for Cu. The methanol production performance was 
found to be influenced by the proportion of active Cu and Zn sites, and 
the best results were achieved using a Cu-ZnO-based catalyst with a 
composition of 70% Cu and 30% Zn. This catalyst achieved methanol 
selectivity of 92.1% and CO2 conversion of 14.2% [89]. It was recently 
reported that the addition of Zn greatly influences methanol production. 
Catalysts containing Zn loads of 1.6 and 2.4 wt% exhibit about 1.7 times 
greater methanol space-time yield (STY) compared to the catalyst with a 
Zn load of 0.5 wt% [90]. 

To achieve optimal performance in CO2 conversion to CH3OH via 
hydrogenation, the weight ratio of Al2O3 to ZrO2 in mesostructured 
Cu− ZnO/Al2O3− ZrO2 (CZAZ) catalysts was adjusted to optimize their 
microstructure and surface characteristics. Incorporating ZrO2 into the 
supports provided a strong basic surface for the catalysts, while the 
smaller Cu particles enhanced the interfaces of Cu with ZnO, thereby 
augmenting CH3OH selectivity [37]. For example, both catalysts ach
ieved a methanol selectivity of 27% at 563 K and 5 MPa, but the catalyst 
with 8% Si (a Si-rich bifunctional catalyst) exhibited better performance 
with a CH3OH content of 6.8% compared to 5.4% for the 4% Si catalyst 
[91]. A catalytic performance was significantly influenced by the 
CuZnCeTiOx composition, with optimal results achieved at a Zn/Cu 
molar ratio of 1.2 and 30 wt% CuO content [92]. In a different scenario, 
increasing the Ga2O3 content led to a significant increase in the inherent 
reactivity, suggesting the involvement of both Ga2O3 and Pd2Ga phases 
in methanol synthesis, possibly at bifunctional active sites, where both 
components contribute to the reaction [93]. Recently, a 5.0%Zn-CdZrOx 
catalyst with a solid solution structure demonstrated the best catalytic 
performance at 593 K, achieving CO2 conversion and CH3OH selectivity 
of 8.52% and 80.82%, respectively. These values were 1.9 times higher 
for conversion and 1.1 times higher for selectivity compared to a 0% 
Zn-CdZrOx catalyst [94]. 

As the metal loading increased, there was a notable increase in the 
dimensions and thickness of the layered particles, which reached a peak 
at a catalyst loading of 33.61 wt % for both Cu and ZnO [95]. Another 
recent investigation revealed that doubling the Cu loading led to a 
quadrupling of CO2 hydrogenation from 10.8% to 45.6%, along with an 
improvement in the methanol production rate [39]. The catalyst with a 
low overall metal content (9.94 wt%) showed noticeably lower meth
anol preference than the other catalysts. However, this preference in
creases with higher loading, primarily because of the significantly 
smaller size of the Cu particles (< 5 nm) and the greater proportion of 
isolated CuO phase. Furthermore, even with a relatively high total metal 
content (44.50 wt%), the CZA catalyst maintains consistent catalytic 
performance, thanks to the formation of a specific layered structure that 
helps maintain performance [95]. Adding ZnO to a Cu1MnZr0.5 catalyst 
had a major positive impact on CH3OH synthesis. As the Cu content 
increased, the CO2 conversion rate increased, whereas the methanol 
selectivity declined. Nevertheless, overall methanol production (STY) 
improved [96]. A noticeable trend was observed, where a higher silver 
content consistently resulted in a reduction in methanol selectivity [97]. 

3.1.3. Effect of precipitation temperatures and synthesis pH 
A higher temperature reduces the degree of oversaturation, facili

tating precipitation and resulting in a slower precipitation rate [79]. 
Conversely, decreasing the precipitation temperature during catalyst 
preparation is beneficial for achieving elevated Cu dispersion, reduced 
Cu crystal dimensions, and increased activity during the synthesis of 
CH3OH [74]. The impact of temperature and pH on catalyst activity can 
be attributed to the varying Cu and Zn distributions. In particular, the 

Table 1 
Copper-based catalysts commonly employed for methanol synthesis at low 
pressures.  

Company Catalyst Composition Ref 

ICI Cu:Zn:Al:C 58:27:16:1 [79] 
Topsoe Cu:Zn:Al:C 60–52:25–21:15–28:8–6 [79] 
Haldor Topsøe (MK-121) Cu:Zn:Al 55:21–25:8–10 [80] 
AlVIGO (CHM-Y) Cu:Zn:Al 53:26:5.5 [80] 
Alfa Aesar Cu/Zn/Al/ 

Mg 
64.2/24.5/9.8/1.3 [39] 

INS Puławy and ZA Tarnów S. 
A. (TMC-3/1) 

Cu:Zn:Al 50:25:10 [80]  
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pH primarily affects the catalyst by changing the type of precursor 
material formed, whereas the temperature affects it by altering the 
precipitation kinetics of precursors with identical compositions. In brief, 
to achieve a highly active catalyst for CH3OH synthesis at low pressure 
using the nitrate route with a high Cu/Zn ratio, it is essential to conduct 
precipitation at a pH of 7.0 and a temperature of 343 K, followed by 
aging for approximately 0.5 h at a temperature exceeding 343 K [79]. 

CZZ catalysts were prepared via co-precipitation at different pH 
levels, and their performance in CH3OH synthesis through CO2 hydro
genation was subsequently evaluated. At pH 8.0, the precipitation pro
cess demonstrated the coexistence of Zn-malachite and aurichalcite 
within the precursor. Consequently, the resultant catalysts exhibited 
improved performance compared to those formed without Zn–ma
lachite. The observed effect of pH was attributed to its ability to modify 
the phase compositions of the starting materials. The existence of Zn- 
malachite within the precursor materials promotes the generation of a 
more intimate inter-dispersion between ZnO and CuO, leading to the 
formation of smaller Cu particles after the calcination and reduction 
stages [98]. Malachite was also detected in Cu/Mg/Al catalysts under 
acidic conditions (pH 3–7), whereas catalysts synthesized under alkaline 
conditions (pH 8–11) exhibited XRD patterns, indicating the existence of 
CuO and Cu2O phases. This indicated a partial reduction in Cu2+ during 
the co-precipitation process [99]. In another related study, Cu-ZnO 
catalysts were prepared via the wet impregnation method at different 
pH values. Subsequently, these catalysts were subjected to calcination 
and evaluated for methanol synthesis at a temperature of 493–533 K, 
3.5 MPa pressure, feed molar ratio of H2/CO = 2, and space velocity (SV) 
of 3000 h− 1. The catalyst prepared at pH 7.0 demonstrated the highest 

activity, with a CO conversion of 35.7% and methanol selectivity of 
98.1%, effectively catalyzing the CH3OH-FPSO (floating production 
storage offshore) process [100]. 

3.1.4. Effect of noble and rare-earth metal addition (alternative catalysts to 
cu) 

Studies exploring alternative catalysts for CO2 hydrogenation to 
CH3OH have shown that silver (Ag) catalysts exhibit a strong and sig
nificant preference for methanol production. Research has focused on 
enhancing the performance of Ag catalysts. Notably, the Al2O3-sup
ported catalyst exhibited a substantial increase in methanol production, 
which was hypothesized to be due to Al2O3 effectively preserving Ag in a 
finely dispersed metallic form. Furthermore, the Ag-ZnO-Ga2O3Al2O3 
catalyst yielded more methanol than the Ag-ZnO/Al2O3 catalyst, sug
gesting that the addition of Ga2O3 regulates the electronic state of Ag, 
shifting it towards a mildly oxidative condition compared to its metallic 
state [101]. 

Pd-based catalysts are the most popular noble metals for CO2 hy
drogenation to CH3OH because of their high activity and selectivity 
[102]. The introduction of Pd into the CuO-ZnO base of the PCZ catalyst 
improved the conversion of CO2 to CH3OH across all investigated tem
peratures [103]. Similarly, incorporating gold (Au) nanoparticles into 
the CuO-ZnO catalysts significantly enhanced both CO2 conversion and 
CH3OH yield, resulting in a two-fold improvement compared to the 
CuO-ZnO/Al2O3 catalyst [104]. However, bulk Au is generally not an 
effective catalyst owing to its high molecular stability and low adsorp
tion energy. Despite its early recognition as a potential hydrogenation 
catalyst, Au has rarely been used for this purpose for a long time. 

Fig. 4. Developments in catalyst preparation methods and their impact on catalyst activity. Reprinted from Ref. [86]. Copyright (2020), with permission 
from Elsevier. 
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Nonetheless, Au nanoparticles have been documented to be highly 
effective in numerous catalytic reactions, including CO2 hydrogenation, 
the water-gas shift (WGS), and CO oxidation. The substantial impact of 
various preparation factors on the catalytic performance of gold nano
particles (Au NPs) underscores their strong dependence on structural 
characteristics. The heightened reactivity of Au NPs can be attributed to 
two main factors: (i) the large number of surface sites with low coor
dination on nanoparticles and (ii) the effects of quantum size. In addi
tion to the nanoparticle size, the efficacy of the Au catalysts is 
significantly affected by the supporting material. Different oxide mate
rials, including CeO2, ZrO2, ZnO, Fe2O3, and TiO2, have been examined 
as carriers. Studies have indicated that Au generally exhibits greater 
activity when paired with highly reducible oxides [105]. 

3.1.5. Role of promoters and supports 
In recent years, several interesting studies have been carried out 

using rare earth metals as efficient promoters to improve the catalytic 
performance in CO2 hydrogenation to CH3OH. The presence of lanthana 
as a promoter substantially improves the catalytic efficacy, resulting in a 
significant improvement relative to a Cu-based catalyst without this 
promotion [4]. For example, various CZZ catalysts have been prepared 
using various lanthanides (Pr, Nd, Ce, and La) and tested for their ability 
to catalyze CO2 conversion. The impact of these modifiers on the 
physicochemical properties of CZZ catalysts was investigated. La and Ce 
enhanced the CH3OH synthesis process, while the addition of Nd and Pr 
did not have much effect [106]. Using CZA catalysts with varying levels 
of substitution of Al2O3 (0, 25, 50, 75, and 100%) with La2O3, the 
conversion of CO2 to CH3OH was examined. A catalytic performance 
evaluation conducted at atmospheric pressure indicated that intro
ducing La2O3 typically results in decreased CO2 conversion but 
increased CH3OH selectivity. The CZA-La50 catalyst yielded optimal 
performance, exhibiting a 30% increase in CH3OH production compared 
to the unpromoted catalyst. This was attributed to the high porosity and 
specific surface area of the catalyst, facilitating the enhanced adsorption 
of intermediates and CO2, which promoted the hydrogenation steps. 
Additionally, the catalyst effectively maintains a significant portion of 
Cu in its metallic state during the reaction, further contributing to the 
observed effects [107]. 

The selection of catalyst supports for producing hydrocarbons from 
CO2 is based on the established relationship between product selectivity 
and support characteristics, such as specific surface area, pore structure, 
strength, and the concentration of acid sites. Commonly used supports 
include boron nitride (h-BN), CeO2, SiO2, TiO2, niobium oxide, ZrO2, 
zeolites, and carbon carriers [9]. The hydrophilic metal oxides used as 
catalyst supports for methanol synthesis have several disadvantages, 
such as low mechanical strength, poor thermal stability, high toxicity, 
and a short lifespan. For instance, although SiO2 offers a large surface 
area, it transforms into Si(OH)2 at elevated temperatures in the presence 
of water vapor, resulting in reduced thermal stability [108]. In addition 
to their role as supports, SiO2 and Al2O3 can also act as structural pro
moters [9]. 

3.1.6. Effect of molecular sieves 
The presence of microporous and mesoporous structures in a catalyst 

can enhance its chemical and thermal stability, thereby improving the 
overall catalytic performance [109]. For example, incorporating mo
lecular sieve (3A) leads to an enhancement in CH3OH production from 
8.5% to 33.6% by selectively adsorbing water and preventing it from 
competing for active sites on the catalyst surface [110]. Similarly, a 
Cu-based catalyst deposited on SBA-15 achieved higher CH3OH selec
tivity (91.32%) and CO2 conversion (13.96%) than alternative oxide 
supports, while also offering the advantage of being readily reducible 
[111]. Several catalysts consisting of CZZ-SiO2 were synthesized 
through a reverse co-precipitation method (where precursors are mixed 
before precipitation) involving Zr, Zn, and Cu precursors alongside 
dispersed colloidal Si-nanoparticles. This study explored the impact of 

varying the Si content (0–5 wt%) on both the physicochemical charac
teristics of the resultant catalysts and their performance in CO2 hydro
genation. The promotional effect of Si was attributed to geometrical 
alteration, proving particularly efficient when utilizing small quantities 
of SiO2 (≤1.5 wt%). Upon the inclusion of 1 wt% SiO2, a 26% increase in 
CH3OH synthesis activity was noted in comparison to the SiO2-free 
ternary system. In addition to its impact on methanol synthesis activity, 
a catalyst prepared with silica exhibited enhanced CO2 to CO conversion 
stability [112]. 

3.1.7. Effect of calcination temperature 
Several factors influence the properties of a catalyst, including the 

choice of starting materials, preparation method, and calcination tem
perature. The calcination temperature (heating the catalyst to a high 
temperature) plays a crucial role in modifying the catalytic behavior for 
specific reactions [113]. Studies have shown that calcination of 
Cu-Zn-based catalysts causes phase decomposition, leading to an 
increased specific surface area and consequently enhanced activity. For 
example, Cu-Zn-based catalysts were calcined at three different tem
peratures (573, 673, and 773 K) and their efficiencies in CH3OH syn
thesis were examined. These findings indicated that higher calcination 
temperatures were associated with improved CH3OH production yields 
[114]. However, elevated calcination temperatures (>573 K) signifi
cantly affect the microstructure of the catalyst by inducing the formation 
of new phases and diminishing the dispersion of Cu, which is detri
mental to CH3OH production [115]. Certain catalysts subjected to 
calcination at 673 K exhibited the highest methanol yield (7.0) because 
they possessed the smallest Cu crystal size and the largest surface area of 
metallic Cu [116]. In contrast, a lower calcination temperature did not 
facilitate the movement of Cu2+ ions into the crystalline structure of 
TiO2, and a higher calcination temperature damaged the facets, leading 
to a reduced presence of Ti3+ [117]. 

4. CO2 hydrogenation 

Recent progress in CO2 hydrogenation has led to the development of 
new catalysts, such as MOFs and single-atom catalysts, designed to 
address the limitations of traditional ones [3]. Copper (Cu) is the 
preferred catalyst for CO2 conversion to CH3OH because of its high 
reactivity at lower temperatures, affordability, multiple oxidation states, 
and strong interaction with various coexisting materials [118]. Tran
sitioning away from traditional catalysts, which often utilize readily 
available materials such as Cu, Zn, and Al, presents a major challenge 
[119]. However, there is a demand for catalysts with improved water 
resistance and extended durability for industrial applications. 

While an increased copper concentration enhances catalyst reac
tivity, it also leads to unfavorable lifetime behavior characterized by 
minor coke formation on the catalyst surface [74]. One approach to 
improve Cu-ZnO-based CO2 to methanol catalysts is to replace Al2O3 
with alternative support materials such as ZrO2, which has been 
extensively studied for this purpose [75]. Recently, there has been a 
significant focus on and rapid development of catalysts composed of 
mixed oxide solid solutions [120]. A recent study showed that the sur
face of CPNs prevents agglomeration and oxidative damage, thus 
maintaining a uniform dispersion of copper and iron nanoparticles 
throughout the reaction [121]. 

The performance and structure of new copper nanoparticle (CuNP) 
catalysts produced via a novel synthesis method were investigated at 
low temperatures and pressures (443 K, 3 MPa) for the catalytic con
version of CO2. This study also reports the first synthesis of a CH3OH 
catalyst using a polymer (polyethylene glycol and maleic acid, PEG-MA) 
as a stabilizing agent and layered hydrotalcite (HTC) as the supporting 
material [5]. 
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4.1. Catalysts for selective methanol production 

Catalysts for methanol synthesis can be classified into three main 
groups: metal-based (e.g., copper), noble metal co-catalysts (e.g., gold, 
silver, palladium, and platinum), and oxygen-deficient materials such as 
In2O3 and ZnO. Oxygen vacancy sites serve as active centers for CH3OH 
formation in these catalysts. Despite the exploration of various catalysts, 
copper-based catalysts have remained dominant [122–124]. Prior 
research has established the relative order of catalytic activity:  

Au < Rh = Ag = Ir = Os < Pt = Ru < < Ni < Re = Pd = Co ≪ Cu        

In other words, CH3OH synthesis catalysts can be categorized into 
Cu-based catalysts (e.g., Cu/ZrO2 and Cu/ZnO), noble metal catalysts (e. 
g., Pd-In, Pd-Zn, and Pd-Ga), and metal oxide catalysts (e.g., In2O3/ZrO2 
and ZnO-ZrO2) [94]. 

4.2. Catalysts for stable and long-term operation 

Industrial-scale CO2 hydrogenation to CH3OH using catalysts relies 
heavily on its stability [125]. Commercial methanol catalysts (Cu-Z
nO-Al2O3) are prepared through co-precipitation, resulting in compo
sitions of approximately 5–20% Al2O3, 20–50% ZnO, and 50–70% CuO 
[126,127]. Catalyst deactivation remains a significant challenge in 
commercialization. Despite their promising activities, CZA catalysts 
suffer from stability issues [127]. Like most Cu-based catalysts, their 
effectiveness deteriorates over time owing to sintering and phase sepa
ration [128]. The sintering of Cu nanoparticles on metal oxides at high 
temperatures significantly challenges the stability of CH3OH formation 
via CO2 hydrogenation [129]. 

Calcium promotion slightly enhances methanol conversion and im
proves the catalyst lifetime stability [130]. This exceptional activity and 
stability arise from the unique microstructure of the catalyst, where ZnO 
acts as a spatial separator between Cu nanoparticles, ensuring optimal 
dispersion and abundant active sites [131,132]. The incorporation of 
Al3+ ions further enhance the chemical and thermal stability [133,134]. 

Over a 720-h reaction time (TOS), investigating the catalytic per
formance of a CZA catalyst in CO2 hydrogenation to CH3OH, the CH3OH 
production rate significantly decreased by 34.5%. The primary causes of 
deactivation were confirmed to be the oxidation of metallic Cu and 
clustering of ZnO species. Interestingly, the size of the Cu particles 
remained largely unchanged after 720 h, likely because of the relatively 
low reaction temperature. This suggests that the Cu particle size is not a 
major factor in deactivation. 

Therefore, enhancing the durability of ZnO and metallic Cu is crucial 
for extending the lifespan during CO2 hydrogenation to CH3OH. It has 
been suggested that controlling the structural promoter and incorpo
rating a hydrophobic promoter can facilitate the stabilization of the ZnO 
species and suppress metallic Cu oxidation, thereby fostering superior 
catalyst stability [135]. An overview of the catalyst stability during 
methanol synthesis through CO2 hydrogenation is provided in Table 2. 

4.3. Effect of metal-organic frameworks (MOF) 

Researchers are becoming increasingly interested in MOF catalysts 
because of their potential to outperform conventional catalysts [141]. 
MOFs, which are hybrid materials combining organic and inorganic 
components, possess well-ordered crystalline lattices with nanopores. 
Modifying the organic linkers within MOFs allows for easy control of the 
pore dimensions and overall chemical and physical properties, making 
them ideal for gas separation membranes. Compared to zeolites, MOFs 
offer exceptional tunability; their pore size, shape, and overall structure 
can be varied significantly. Notably, MOFs have 90% higher porosity 
than zeolites, and some MOFs exhibit remarkable thermal stability, even 
in the presence of water vapor at elevated temperatures (up to 673 K) 
[142]. These materials, with their distinctive arrangements of openings 

and gaps, are promising options for overcoming the limitations of 
traditional materials [143,144]. 

The appeal of MOFs in heterogeneous catalysis stems from their 
ability to serve as excellent supports for dispersing the active metal 
phases [39]. The production of CH3OH through CO2 hydrogenation is 
influenced by the structure of the catalyst. The composition of the metal 
and its interaction with the supporting material significantly affect its 
performance. Many Cu-ZnO catalysts typically exhibit a modest surface 
area of approximately 30 m2/g, limiting their effectiveness in promoting 
the reaction [145]. In this regard, MOFs offer the advantage of inter
acting with other catalytically active metals. This is due to their small 
metal oxide secondary building units (SBUs) at the nanoscale and their 
ability to adjust their compositions. Consequently, we can systemati
cally explore the impact of the catalytic interface [146]. MOFs also show 
exceptional promise for water adsorption [147]. 

Cavka et al. were the first to document UiO-66, a zirconium-based 
MOF that has attracted significant interest owing to its remarkable 
thermal and chemical durability, along with its convenient custom
ization potential [145]. A scalable and consistent approach for pro
ducing UiO-66- and UiO-67-type MOFs was developed, involving the 
introduction of HCl into the reaction mixture. This method is signifi
cantly faster than previously documented methods, generates remark
able porosities, and is compatible with various linkers [143]. 

A novel bimetallic MOF-based catalyst (referred to as Cu-ZnO
MOF⊂Al2O3) was developed to convert CO2 into CH3OH through hy
drogenation. This newly devised catalyst exhibited remarkable 
selectivity for CH3OH production, along with superior performance and 
durability in CO2 hydrogenation compared to a standard Cu-ZnONO3/ 
Al2O3 catalyst. The Cu-ZnOMOF⊂Al2O3 catalyst showed only a small 
decrease in CO2 conversion at high temperatures and remained stable at 
a high conversion level, suggesting minimal deactivation [148]. 

An experimental investigation explored the influence of various 
materials, including MOFs such as ZIF-8, MIL-101 (Cr), and UiO-66, as 
well as mesoporous silica (MCF-26), ZrO2, and Al2O3, on the perfor
mance of Cu catalysts in CO2 conversion to CH3OH. These results indi
cate that UiO-66 is the most effective promoter for Cu-based catalysts, 
resulting in both exceptional yield and selectivity in the conversion of 
CO2 to methanol [146]. 

Studies examining the impact of structural defects in UiO-66 on its 
performance in CO2 hydrogenation to methanol found no correlation 
between these two factors [145]. Another study investigated Cu nano
crystals encapsulated within UiO-66, ZIF-8, and MIL-101 as catalysts for 
CO2 hydrogenation to CH3OH at 448 K and 1 MPa. They determined that 
only the catalyst based on Zr-containing UiO-66 exhibited activity. 
Furthermore, they observed that the placement of Cu within the struc
ture significantly affected catalytic performance. The Cu nanocrystals 
encapsulated within UiO-66 demonstrated double the activity and 

Table 2 
Catalyst stability in the hydrogenation process for the conversion of CO2 to 
methanol.  

Catalyst (composition) T 
(oC) 

P 
(MPa) 

TOS 
(h) 

Activity loss 
(%) 

Ref 

CuZnZr (Zn/(Zn + Zr) =
0.13) 

250 3.0 250 0 [129] 

In13/ZrO2 280 3.0 50 0 [125] 
MoS2@C (C:Mo = 45) 160 3.0 150 0 [136] 
10%Pd/In2O3/SBA-15 260 5.0 120 0 [137] 
CuFe/CPN1 300 2.0 12 0 [121] 
PdZnTi-x (4 wt% Pd, x =

Zn/Pd = 7.5) 
250 3.0 12 0 [138] 

Cu/ZnO/Al2O3 (Cu/Zn =
7:3) 

240 4.0 200 1.09* [95] 

CuZn10Zr 220 3.0 118 0 [139] 
CuZnZr (60:29:11) 240 3.0 200 0 [140] 
CuO-ZnO-ZrO2-SiO2 (CZZ- 

1.0Si) 
280 2.0 96 0 [112]  
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improved stability compared to the Cu deposited onto UiO-66. The 
improved performance of the latter can be attributed to the enhanced 
metal-support interactions, facilitating the creation of active Cu sites 
responsible for converting CO2 to CH3OH [146]. 

5. Reaction kinetics and mechanism 

Despite over a century of research on methanol synthesis, the un
derlying mechanism remains incompletely understood, leading to 
ongoing debates on various reaction aspects [34,149]. The CO2 hydro
genation process to synthesize CH3OH occurs in a catalytic gas phase 
environment and involves a sequential progression of three fundamental 
reactions (1)–(3). The first reaction entails the direct conversion of CO2 
through hydrogenation to synthesize CH3OH (Eq. (1)). Subsequently, 
the second reaction involves the generation of CO via the r-WGS reaction 
(Eq. (2)). Lastly, the third reaction encompasses the hydrogenation of 
CO to produce CH3OH (Eq. (3)). This multi-step sequence is crucial for 
the conversion of CO2 to CH3OH. The decomposition of the resulting 
methanol has already been discussed and proven with experiments 
[150]. 

CO2 +3H2⇄CH3OH + H2OΔH25 [◦C] = − 49.50 kJ/mol (1)  

CO2 +H2⇄CO + H2OΔH25[◦C] = +41.20 kJ/mol (2)  

CO+2H2⇄CH3OHΔH25[◦C] = − 90.63 kJ/mol (3) 

The most desired reaction is the hydrogenation of CO2 to CH3OH (Eq. 
(1)). However, this process competes with the r-WGS reaction (Eq. (2)), 
which rapidly consumes hydrogen (H2) and produces water (H2O) as a 
major byproduct. Water production imposes thermodynamic constraints 
on the system and deactivates the catalyst [76]. The endothermic 
properties of the r-WGS reaction favor its equilibrium at elevated tem
peratures [151]. 

Significantly, industrial syngas feed (a mixture of CO and H2) gen
erates more heat compared to CO2 feed. This is because CO hydroge
nation releases more heat than CO2 hydrogenation [26]. Understanding 
the reaction kinetics of catalysis is crucial for balancing the desired 
product with the thermodynamically favored product from the r-WGS 
reaction [152]. Fig. 5 shows different possible pathways (reaction 
mechanisms) for producing methanol through the reaction of CO2 and 
H2. 

Fig. 5. Reaction mechanism network of methanol synthesis on Cu (111). Reprinted from Ref. [153]. Copyright (2019), with permission from Elsevier.  
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Upon activation of CO2 on electron-intensive oxygen vacancy sites, it 
undergoes a structural change into bent CO2 species, followed by a hy
drogenation reaction, resulting in the formation of a monodentate 
formate intermediate (HCOO*) bonded to the catalyst by one oxygen 
atom. This step is both kinetically and thermodynamically favorable. 
Subsequent hydrogenation of HCOO* leads to the production of 
methanol. 

To prevent the unwanted r-WGS reaction and CO byproduct forma
tion, controlling the presence of the key intermediate adsorbed COOH* 
(a COOH molecule clinging to the catalyst surface) is crucial [154]. 
Consequently, Density Functional Theory (DFT) investigations into 
thermal catalysis have revealed two primary pathways for CO2 hydro
genation to produce CH3OH. The r-WGS and formate (HCOO) pathways, 
in conjunction with the CO-hydro (COOH) pathway, are recognized as 
the respective routes. Several studies have examined these pathways 
[133,155,156]. 

The hydrogenation of CO2 in the HCOO pathway involves sequential 
steps. Initially, CO2 undergoes hydrogenation to form H2COOH* or 
HCOOH* (another way of representing the formate intermediate). 
Subsequently, H2COOH* or HCOOH* is further transformed into H2CO*, 
ultimately leading to the formation of CH3OH [157]. 

Nonetheless, in the COOH pathway, the transformation of CO2 ini
tiates with the r-WGS reaction, wherein CO2 undergoes the initial con
version to CO* through COOH*. Subsequently, CO* undergoes 
additional hydrogenation via H2COH*, H2CO*, H3CO* or HCO* result
ing in the ultimate production of CH3OH [158]. Fig. 6 describes the most 
widely accepted mechanism of CO2 hydrogenation on Cu surfaces, as 
determined by DFT calculations [152]. In the HCOO pathway, HCOO* is 
the most important intermediate, while in the rWGS and trans-COOH 
mechanisms, HCOO* is seen as a dead-end species [72]. 

It is difficult to convert CO2 into hydrocarbons or other multi-carbon 
products using only copper (Cu) catalysts. However, Cu-based catalysts 
containing other metals like iron (Fe) or nickel (Ni) hold greater 
promise. This is likely because breaking the carbon-oxygen (C–O) bond 
to form CHx (x = 0–4) species, crucial for the subsequent C-C coupling 
reaction, proves challenging on Cu surfaces. Specifically, breaking the 
bond between carbon and oxygen in the absorbed CO* on Cu is difficult, 
with a very high energy barrier (>2 eV) compared to Fe catalysts [152]. 

6. Membrane reactor design and operation 

A membrane reactor (MR) is a unit that integrates a chemical reac
tion process with a membrane-based separation or distribution process 

within a single system [44,159]. MRs can achieve high conversion rates 
of reactants into products in a single pass, particularly for CH3OH pro
duction [160]. Struis et al. pioneered the use of MRs to enhance con
version in CH3OH synthesis. They conducted reaction tests within a 
Nafion membrane reactor with lithium content at 473 K and 0.43 MPa, 
followed by a publication that included both empirical and modeling 
investigations using the same reactor [42,161]. In a catalytic membrane 
reactor (CMR), the membrane serves a dual function. It acts both as a 
separator and a catalyst [162]. Enabling the membrane to actively 
engage in the chemical reaction occurring within the reactor. Conse
quently, certain reaction products, particularly those of small size, can 
permeate selectively through the membrane and exit the reactor via the 
permeate side. 

The concept of catalytic membrane reactors (CMRs) is introduced to 
overcome the limitations of thermodynamic equilibrium in the CO2 
conversion to CH3OH. These reactors integrate catalytic reactions and 
membrane separation into a single system, enabling the continuous and 
on-site removal of produced steam through selective membranes [43]. 

This integration of reaction and separation significantly improves 
chemical processes, ultimately reducing processing costs. Membrane 
reactors can enhance reaction progress through two main methods:  

(a) selective removal of products: By selectively extracting one or 
more products from the reaction side through the membrane, the 
equilibrium of the reaction shifts toward the product side. This 
leads to an increase in yield, potentially exceeding the thermo
dynamic equilibrium for reversible reactions. 

(b) Controlled reactant feed: Delivering a specific reactant exclu
sively to the reaction zone allows for an optimal concentration 
ratio between the two reactant streams. This improves selectivity 
by inhibiting unwanted side reactions or product-related sec
ondary reactions [44]. 

These membrane reactors, which synergistically combine a selective 
membrane and a catalytic reaction, represent a promising strategy for 
enhancing the conversion efficiency in CH3OH synthesis. By utilizing 
water-selective membranes, water vapor produced during the catalytic 
process can be promptly removed from the reaction environment. This 
removal facilitates the advancement of the reaction towards completion, 
even when operated at lower temperature and pressure conditions 
[163]. Permeability of H2O and CH3OH remained unaffected by CH3OH 
feed concentration, except when concentrations were low [46]. 

Shifting the thermodynamic equilibrium towards increased CH3OH 

Fig. 6. The potential reaction network and reaction pathway for CO2 hydrogenations on the Cu surface. Reprinted from Ref. [152]. Copyright (2023), with permission 
from Elsevier. 
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yield can be achieved by extracting the products (CH3OH and H2O) from 
the reaction system. Several studies have explored this approach 
through different reactor designs, including membrane reactors and in 
situ condensation, but these technologies remain under development 
and are not yet viable for commercial use [164]. Considering the 
inherent nature of the CH3OH production reaction through CO2 hy
drogenation, the strategic elimination of the resultant H2O from the 
reaction environment holds the potential to surmount thermodynamic 
equilibrium constraints by leveraging Le Chatelier’s principle. This 
approach is anticipated to enhance CO2 conversion and CH3OH selec
tivity. To date, there exist only limited instances of successful catalytic 
membrane reactors (CMRs) employed in the hydrogenation of CO2 to 
methanol [43]. 

The catalytic performance of CO2 conversion to CH3OH by hydro
genation in different reaction scenarios is shown in Fig. 7. It can be 
inferred from the figure that the zeolite membrane reactor achieves 
higher methanol selectivity than the traditional reactor (TR) at 250 ◦C 
and 240 ◦C, reaching 46% and 73%, respectively, compared to 43% and 
67% for TR. This confirms the potential of MR to produce more of the 
desired product [70]. 

6.1. Membrane materials and properties 

In the context of membrane development for CH3OH synthesis using 
MR technology, emphasis should be placed on optimizing materials for 
atmospheric sweep operation. A key property is high-pressure stability, 
considering the pressure difference (5–10 MPa) between the retentate 

(concentrated solution left behind) and permeate (solution that passes 
through) sides during operation. This pressure difference significantly 
impacts the overall performance and efficiency of the membrane system 
[165]. 

For CH3OH synthesis using MR technology, various hydrophilic 
membranes have been proposed, including zeolite, polymeric, and 
ceramic types. To maximize water permeation at high CH3OH reaction 
temperatures, it is advisable to maintain the lowest possible pressure on 
the permeate side, typically at atmospheric pressure, owing to the 
limited water permeance of these materials. Under high temperatures, 
the prevailing mechanisms by which molecules pass through inorganic 
porous membranes are anticipated to be Knudsen diffusion and molec
ular sieving. In membranes featuring a continuous polymeric selective 
layer, gas permeation is primarily governed by the solution-diffusion 
mechanism. However, at higher temperatures, particularly with glassy 
polymers, the dominant factor influencing selectivity becomes diffusion. 

H2O and H2, given their relatively small kinetic diameters (0.265 nm 
and 0.289 nm respectively), readily permeate the reaction system, 
outcompeting other molecules. This concurrent hydrogen permeation 
presents a major drawback: the expensive recompression of this low- 
density gas back to the reactor feed pressure. Overall, there is a need 
for elevated H2O/H2 permselectivity (the ability of a membrane to 
preferentially allow water passage over hydrogen). Yet, current 
advanced polymeric membranes, whether supported on porous ceramic 
or thermally stable porous polymeric substrates, typically demonstrate 
H2O/H2 permselectivity levels ranging from 1 to 10 at the relevant 
temperatures. Conversely, ceramic membranes suffer from low 

Fig. 7. (A) The performance of catalytic membrane reactors (CMR) in the conversion of CO2 to methanol was evaluated in comparison to catalytic non-permselective 
membrane reactor (CNMR) packed bed membrane reactor (PBMR), and catalytic fixed bed reactor (CFBR). The catalytic performance of CMR in the conversion of 
CO2 to methanol was also investigated as a function of reaction temperature under a pressure of 3.0 MPa (b) reaction pressures at 260 ◦C (c) and operation time at 
260 ◦C and 3.0 MPa (d) H2/CO2 feed ratio of 3 (GHSV = 3000 h− 1). Reprinted from Ref. [43]. Copyright (2021), with permission from John Wiley and Sons. 
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permselectivity, primarily because their hydrophilic structure degrades 
at elevated temperatures. 

Zeolite membranes, specifically mordenite (MOR) and hydroxy so
dalite (H-SOD), have demonstrated significant potential for this specific 
purpose, owing to their superior H2O/H2 permselectivities and sufficient 
mechanical and thermal stabilities under harsh conditions [166]. 

Recently, a study established sodium ion (Na+)-gated water con
ducting nanochannels through a carefully designed approach. This 
involved assembling NaA zeolite crystals into a seamless, flawless 
membrane for efficient water removal. This approach facilitated a 
notable increase in CO2 conversion and methanol yield during CO2 hy
drogenation to methanol [167]. 

Most recently, a flawless NaA zeolite membrane was also developed 
using a template-free method that’s cost-effective and easily scalable for 
future production. The membrane is synthesized on a hollow alumina 
fiber support. Impressively, it can efficiently separate water from small 
gas molecules like CO2 and H2 even under high conditions (temperatures 
exceeding 473 K and pressure exceeding 2 Mpa) having a water flux as 
high as 4.8×10− 7 molm− 2 s− 1 pa− 2 and high separation factor for H2/ 
CO2 (>10000), H2O/H2 (>10000), and H2O/CH3OH (>300). This 
exceptional separation ability makes it ideal for applications like CO2 
conversion to methanol via hydrogenation [168]. 

6.2. Innovations and progress in catalytic membrane reactors (CMR) 

The integration of membrane separation and reaction processes of
fers numerous advantages over conventional methods. Membranes can 
selectively permeate components in mixtures, acting as barriers or 
facilitating in situ separation of products and reactants within mem
brane reactors. Various membrane types have been used, including 
porous or dense materials made from organic polymers, inorganic ma
terials, or even metals. Asymmetric structures with thin separation 
layers on strong supports are common for high-throughput applications 
[165,169]. 

Different methods exist for categorizing membrane reactors based on 
factors including the nature of the catalyst, selectivity, and arrangement. 
This results in six distinct configurations, while the role of the mem
brane allows further categorization into extractor-type, distributor-type, 
and contactor-type reactors. Extractor-type membrane reactors utilize 
membranes to selectively extract products and intermediates, thereby 
enhancing selectivity and yield [170]. In this regard, various reactor 
setups have been employed hitherto for the catalytic conversion of CO2 
to CH3OH. 

Reactor design plays a crucial role in CO2 reduction, impacting 
catalyst longevity, product quality, production rates, process control, 
and ultimately effective CO2 mitigation [171]. Combining a Traditional 
Reactor (TR) with a Membrane Reactor (MR) consistently yielded higher 
methanol yields compared to using only the TR. In certain instances, the 
achieved methanol yield surpassed the value predicted by thermody
namic equilibrium calculations. Although the overall yields were rela
tively low due to the use of low pressure, these results are deemed as a 
significant proof-of-concept for the application of this configuration 
[161]. 

A recent investigation has introduced a dual-functional catalytic 
membrane reactor (CMR) designed to efficiently produce CH3OH from 
CO2. This reactor features a Cu-ZnO-Al2O3-ZrO2 layer for catalytic CO2 
hydrogenation that generates CH3OH, while a nearby hydrophilic LTA 
zeolite membrane simultaneously removes excess water by-product in 
real time. This dynamic water removal breaks the constraints imposed 
by thermodynamic equilibrium, leading to heightened conversion of 
CO2 and greater selectivity for CH3OH. When the CMR operates at 533 K 
and 3.0 MPa, it attains remarkable outcomes: a 36.1% CO2 conversion 
rate and 100% CH3OH selectivity (Fig. 7). These figures notably surpass 
those achieved by the CFBR and PBMR methods. Furthermore, the 
extraction of water from the reaction setup effectively prevents catalyst 
deactivation and unwanted by-product formation. Consequently, the 

CMR’s stability throughout operation is significantly enhanced. This 
positions the CMR as a favorable and promising option for other re
actions hampered by the presence of by-product water, whether due to 
thermodynamic or kinetic limitations [43]. 

To attain a high degree of CH3OH purity through a simplified pro
cedure, the selection of a membrane reactor characterized by an 
exceptional capability to exclusively separate H2O molecules is imper
ative. This necessitates the membrane to demonstrate a superior H2O 
permselective performance [172]. 

6.3. Process integration and optimization 

The Cu-based catalysts can deactivate due to exposure to water vapor 
(hydrothermal sintering), highlighting the importance of removing 
water from the reaction, especially for high CO2 conversion rates [139]. 
To address this issue, an internal cooling system that aids in condensing 
the water and methanol produced from the mixture of gases has shown 
promise in improving catalyst effectiveness [173]. 

Membrane-based reactors offer a promising alternative solution. 
They selectively remove condensable products and potentially shift 
equilibrium-limited reactions toward desired products. However, se
lective permeation of H2O in CO2 hydrogenation remains challenging 
due to the similar molecular sizes of the two gases. Zeolite membranes 
offer advantages due to their stable structure and consistent pore size, 
leading to improved performance [174]. Gallucci and colleagues 
demonstrated the effectiveness of combining a zeolite membrane 
reactor, achieving superior conversion rates compared to conventional 
reactors [175]. This enhanced efficiency persisted even under a pressure 
of 2 MPa [42]. Likewise, another study reported an increased CO2 
conversion using a hydrophilic LTA zeolite composite membrane in a 
membrane reactor [176]. The conversion of CO2 in this assisted reactor 
reached 17% at a temperature of 483 K, surpassing the equilibrium 
value of 6%. Recent research has been geared towards the separation of 
mixtures comprising water and permeate gases, particularly in 
high-temperature and high-pressure settings [174]. 

The involvement of membrane technology has opened new doors to 
enhance process efficiency. Employing a membrane reactor in the syn
thesis of methanol has proven to be a feasible alternative to overcome 
the existing challenges of low conversion in traditional packed bed re
actors (see Table 3) [177]. Additionally, membrane reactors enable 
simultaneous reaction and separation, intensifying the overall process 
[40,178]. Catalytic zeolite membranes containing modified Cu-based 
catalysts can be used for efficient catalyst deployment and excess 
water removal from the reaction. 

Studt et al. demonstrate that successful catalyst development for CO2 
hydrogenation can be a matter of chance, resulting from a favorable 
combination of kinetic and thermodynamic properties. Their work un
derscores the importance of studying the entire chemical system for 
further improvement. Simply adjusting reaction conditions or catalyst 
composition in isolation is unlikely to lead to better performance. In the 
context of CO2 conversion as a solution to the energy challenge, opti
mizing the catalyst composition beyond current technologies holds 
promise for significant performance gains. However, this approach 
hinges on maintaining the existing material’s micro and mesoscopic 
structures [157]. 

Li et al. created a model that can predict both the necessary CO2 
permeation level and the appropriate membrane size for specific oper
ating conditions. Furthermore, incorporating a more accurate kinetic 
model, like the one developed by Pavlǐsič et al., into this platform could 
lead to more precise predictions of reactor performance [179]. 

7. Conclusions from the catalytic operating conditions 

Numerous experimental studies have focused on catalyst behavior 
under specific conditions or the influence of individual factors like 
pressure or temperature. However, few have investigated the behavior 
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of the catalyst when exposed to a combination of reactants, such as CO2 
+ H2 or a combination of CO2 + CO + H2 [31]. The hydrogenation of 
CO2 has been widely reported, with Cu-based catalysts being the most 
employed (see Table 4). The efficiency of CO2 hydrogenation reactions 
depends on the inherent characteristics of the membrane and catalyst in 
addition to critical process variables, such as feed ratio, pressure, tem
perature, and gas hourly space velocity (GHSV). In the following sub
sections, the effects of these operating conditions are discussed critically 
and in perspective, as this is precisely where the scope for later appli
cation in membrane reactors lies. 

7.1. Effect of reaction temperature 

The exothermicity of the CO2 conversion to CH3OH, demonstrated 
by Eq. (1), indicates that lower temperatures are thermodynamically 
preferred. However, the high stability of CO2 necessitates sufficient 
energy to break its strong bonds. This creates a conflict: thermody
namics favors lower temperatures, but reaction kinetics, the rate of the 
reaction, accelerates at higher temperatures. Therefore, CH3OH pro
ductivity is governed by both factors [182]. 

At high temperatures, the formate intermediate, which serves as the 
primary pathway for methanol synthesis, becomes unstable and breaks 
down into CO and H2O via the r-WGS reaction [183]. The optimal 
temperature range for methanol synthesis lies between 453 and 473 K 
[74], so the membranes used in this process must be thermally stable. 
Inorganic membranes are generally preferred for this reason. 

An experimental investigation showed that at 513 K, the reaction 
exhibits a modest CO2 conversion of 5.7% but a high selectivity of 90% 
towards CH3OH. Similarly, at 533 K with all other parameters constant, 
the CO2 conversion increases to 18.7%, but the CH3OH selectivity drops 
to 53% [128]. In another study, elevating the reaction temperature from 
413 to 513 K resulted in a corresponding increase in CO2 conversion, 
from 26.3% to 32.6%. This highlights the enhanced catalytic perfor
mance of MoS2-45@C, even at lower operating temperatures [136]. 

CO2 conversion also increases with a rise in reaction temperature 
from 505 to 535 K. CO2 and CO compete for adsorption sites on the 
catalyst surface, and CO is more strongly adsorbed at lower tempera
tures. The resulting CO then reacts with H2 via the rWGS reaction to 
form methanol [184]. 

Conversely, a previous study achieved a CH3OH yield of 1.9% using 
Cu/CeO2 nanorod catalysts at 513 K and 2 MPa. The Cu/CeO2 nanorod 
catalyst exhibited the highest CO2 conversion, reaching a maximum of 
6.7% at 573 K. However, with increasing reaction temperatures, CH3OH 
selectivity decreased rapidly. The highest selectivity of 89.5% for the 

Cu/CeO2 nanorod catalyst was achieved at 513 K [185]. 

7.2. Effect of pressure 

Pressure is a critical factor in CO2 conversion to CH3OH, particularly 
within membrane reactors, where its importance has been previously 
underestimated. Future research should focus on optimizing pressure for 
this application. According to the Le Châtelier-Braun principle, an in
crease in pressure favors the thermodynamic production of CH3OH. 
Conversely, changes in pressure do not impact the r-WGS reaction 
[186]. The thermodynamic equilibrium of CO2 favors operation at 
elevated pressures, making high-pressure conditions advantageous. As 
the membrane reactor operates at higher pressures, it is anticipated that 
the system’s performance will enhance, leading to improved methanol 
yield and enhanced membrane selectivity towards water [163]. 

The impact of varying reaction pressure on both activity and selec
tivity was investigated using an effective catalyst (CuO/ZnO/Al2O3:60/ 
30/10) at 503 K. As the overall pressure rose, the conversion of CO2 and 
the selectivity towards CH3OH increased, but the selectivity for CO 
decreased with increasing total pressure. CH3OH selectivity peaked at 
7.5 MPa, possibly because the lower pressure resulted in reduced 
decomposition of the formate species. As a result, raising the pressure 
can reduce the formation of CO. The ratios of CO to CH3OH selectivity, 
when expressed as a function of pressure, exhibit a similar trend to what 
was observed when they were studied as a function of flow rate. Ulti
mately, increased pressure and flow rate promote CH3OH production, 
but have the opposite effect on CO formation [183]. 

7.3. Effect of H2/CO2 feed ratio 

In CO2 hydrogenation for CH3OH production, a balanced H2:CO2 
ratio is 3. If this ratio exceeds 3, it signifies an abundance of H2 in the 
feed gas, whereas a ratio below 3 indicates carbon excess. Alternatively, 
in the CH3OH synthesis process initiated with CO-based syngas, a 
balanced CO/H2 ratio of 2 is necessary. In contrast to the typical syngas- 
to-methanol approach, hydrogenation of CO2 demands a greater quan
tity of hydrogen per unit of carbon, leading to the production of a greater 
quantity of H2O as a by-product of the CH3OH synthesis reaction. 

Direct CO2 hydrogenation leads to lower methanol yields due to two 
factors. First, a higher CO2 concentration promotes the reverse water- 
gas shift reaction (r-WGS reaction, Eq. (2)), generating more H2O. Sec
ond, this additional H2O (illustrated in Eq. (3)) shifts the hydrogenation 
reaction equilibrium towards reactants, reducing CH3OH production. 
Compared to syngas-to-methanol, this increased H2O generation can 

Table 3 
Evaluating the effectiveness of Membrane Reactor (MR) and Traditional Reactor (TR) in CO2 Hydrogenation to Methanol.  

Catalyst (composition) System 
(reactor) 

Membrane 
(material) 

H2/CO2 

ratio 
Temperature 
(oC) 

Pressure 
(MPa) 

Space velocity 
(mLg− 1h− 1) 

XCO2 

(%) 
SCH3OH 

(%) 
Ref 

4.5Cu:4.5ZnO:1Al2O3 MR Na-LTA 3:1 240 0.5 - ~15 ~0.6 [161] 
TR - 3:1 240 0.5 - ~13 ~0.5 

0.3CuO-0.3ZnO- 
0.16CeO2 

MR Na-LTA 3:1 240 0.5 18,000 - 73 [70] 
MR Na-LTA 3:1 240 0.7 18,000 84 
TR - 3:1 240 0.5 18,000 - 67 
TR - 3:1 240 0.7 18,000 - 77 

Cu/Zn/Al (Commercial) MR LTA 3:1 206 2.0 6000 11.6 75 [42] 
TR - 3:1 210 2.0 6000 5.0 48 

Cu/Zn (Commercial) MR Nafion 3:1 200 0.43 1000 - - [180]  
TR - 3:1 200 0.43 1000 - - 

1Cu-1ZnO-1Al2O3- 
0.2ZrO2 

MR Na-LTA 3:1 220 3.0 3000 26.5 93.2 [43] 
MR Na-LTA 3:1 260 3.0 3000 36.1 100 
MR Na-LTA 3:1 260 3.5 3000 33.9 100 
TR Na-LTA 3:1 260 3.0 3000 21.9 67.3 

Cu/Zn-BTC MR Na-LTA 3:1 260 3.0  49.1 90.2 [181] 
TR - 3:1 260 3.0 3000 26.2 50.6  

M.G. Mohammed et al.                                                                                                                                                                                                                        



International Journal of Hydrogen Energy 77 (2024) 936–957

950

deactivate conventional Cu/ZnO catalysts, primarily through ZnO ag
gregation and metallic Cu oxidation [31]. 

The ratio of CO2 to H2 moles was adjusted within the range of 1:3 to 
1:5. When the ratio was set at 1:3, the yield of CH3OH reached 12.2. 
However, by utilizing a ratio of 1:5, the highest CH3OH yield of 14.8 was 
attained [187]. Au/CeO2 catalyst was used to evaluate the impact of the 
H2/CO2 feed ratio. The rise in the feed ratio positively influences the 
rates of formation for all products (CO, CH4, CH3OH), albeit to varying 
degrees. In particular, the CH3OH production rate experienced a more 
significant increase when compared to the rates of CH4 and CO. With an 
increase in the feed ratio from 3 to 9, there was a substantial increase in 
selectivity of CH3OH, from ca. 34% to62%. The increase in CH3OH 
selectivity can be rationalized by considering the stoichiometry of 
equilibrium reactions (Eq. (1)) - (Eq. (3)). When the H2/CO2 feed ratio is 

higher, it tends to favor the production of CH3OH and CH4 over the 
r-WGS reaction, as these reactions are more reliant on hydrogen. 
Certainly, raising the H2/CO2 feed ratio resulted in higher rates of 
CH3OH and CH4 formation, with a decrease in CO formation [105]. 

A study examined H2 consumption within a CO2 hydrogenation re
action using a tri promoted CZA catalyst. While increasing the H2:CO2 
ratio led to a higher CO2 conversion, a ratio exceeding 6.5–10.0 resulted 
in a significant decrease in CH3OH selectivity and a rise in methyl 
formate production [188]. Perhaps, there is a requirement to fine-tune 
the operating parameters to achieve a more effective utilization of H2 
for the best possible performance of the catalyst in the CH3OH synthesis. 

The use of membranes as distributors is suitable for setting suitable, 
homogeneous H2:CO2 ratios and concentrations along the catalyst bed. 
Selectivity shifts towards methanol appear realistic in this way. 

Table 4 
Summary of catalysts and reaction parameters for methanol synthesis.  

Catalyst (composition) Reaction condition Performance Ref. 

H2/CO2 

ratio 
Temp 
(oC) 

Pressure 
(MPa) 

Space velocity (mLmin− 1g− 1 

or h− 1) 
XCO2 

(%) 
SCH3OH 

(%) 
STY YCH3OH 

(%) 

6Ni(NO3)2:4Ga(NO3)3 3:1 250 5.0 – 95.7 75.4 – 72.2 [1] 
Ni/In2O3(10 wt% Ni) 4:1 300 5.0 21000 18.67 ~55 0.55 – [154] 
50Cu-20ZnO/Al2O3 3:1 200 5.0 15600 7.1 78 – – [190] 
50Cu-20ZnO/Al2O3-MgO 3:1 200 5.0 15600 8.1 87 – – [190] 
3.75Cu:1.25Zn:0.25UiO-66 3:1 260 4.0 12000 18.7 52 216.7 9.7 [128] 
3.75Cu:1.25Zn:0.25UiO-66 3:1 200 4.0 12000 5.8 92 115.8 5.8 [128] 
0.35Cu-0.66Zn-1UiO-66 3:1 250 4.0 12000 3.5 86 74.4 3.0 [191] 
6Cu(NO3)-3Zn(NO3)2-1Al(NO3)3 3:1 220 4.0 12000 1.9 94 44.9 1.8 [191] 
4.5Cu:4.5ZnO:1Al2O3 3:1 240 0.5 – 15 0.6 – – [161] 
30CuO-49.65ZnO/20.35Al2O3 – 300 8.5 7000 30 61.4 – 0.52 [192] 
Cu-Zn-Al-K (CZA-K) 3:1 240 3.0 2400 14.0 96.0 – – [187] 
Cu0.25-In0.75-Zr0.5-O 3:1 250 2.5 18000 1.48 79.7 – – [193] 
In2O3/ZrO2 3:1 280 4.0 15000 16.2 94.4 0.95 15.3 [82] 
0.6Cu/0.3ZnO/0.03La2O3/0.07Al2O3 4:1 300 8.5 55000 20 65 0.79 – [4] 
30%Cu− ZrO2 3:1 240 3.0 9600 24 >80 174.8 – [88] 
40.6CuO–50.3ZnO/9.1Au/Al2O3 2.8:1 250 1.5–2.0 – ~10 ~60 – ~5 [104] 
Cu/ZrO2 (10 wt% Cu) 3:1 220 3.0 – ~3 ~75 ~60 – [194] 
PdZn/TiO2 (4 wt% Pd) 3:1 250 3.0 12000 25.6 89.5 – 78.9 [138] 
CuZnZr(Zn/(Zn + Zr) = 0, 0.05, 0.13, 0.5, 

1) 
3:1 250 3.0 9000 23.6 91.2 1.23 – [129] 

2CuZnAl-In0 3:1 250 3.0 30000 ~5 ~55 ~7 – [195] 
CuZnxZr(CuO (60 mol.%))(x = 0, 5, 10, 

20, 30)) 
3:1 250 3.0 6000 14.0 54.4 0.65 – [139] 

1.0PdZn/CeO2 3:1 220 2.0 3600 14.07 97.2 165.85 11 [196] 
CuO/CeO2(5 wt% Cu) 3:1 – 2.0 – – 89.5 – 1.9 [185] 
8 wt% Cu/ZnAl2O4 3:1 220 3.0 9000 11.3 ~80 242 – [197] 
In2O3/ZrO2(20In/Zr-X) 3:1 – 2.0 – ~30 – – 1.57 [198] 
CuO-ZnO/γ-Al2O3(1:1) 3:1 230 2.5 1200 24 65 – 4.0 [118] 
In2O3− ZrO2 4:1 280 5.0 2400 – ~80 9.83 – [199] 
Cu/ZnO/Al2O3/ZrO2 (2:1:0.7:0.3) 3:1 230 5.0 8500 18.0 68.4 – 0.38 [200] 
Cu1In2Zr4-O 3:1 – 2.0 12000 12.8 72.8 – 9.3 [201] 
Pd2Ga(Pd2Ga 2:1) 3:1 210 5.0 – – >60 – – [93] 
CuO–ZnO/Al2O3 (mass ratio: 1/1/6) 3:1 270 5.0 3600 14 – 0.28 – [202] 
Cu-Ni/CeO2- Nanotube 3:1 260 3.0 6000 17.8 78.8 18.1 – [189] 
Cu/ZrO2(Cu = 9 wt%) 3:1 270 1.0 – 14.9 ~60 – – [203] 
Au/In2O3-ZrO2 3:1 300 5.0 21000 11.3 72.9 0.47 – [204] 
Au/In2O3-ZrO2 6:1 300 5.0 21000 14.8 66.0 0.56 – [204] 
Cu/ZnO/Al2O3(45/45/10 mol%) 9:1 – 0.7 2250 13.0 23 9.3 2.7 [74] 
Cu/Al2O3CeO2(60 wt% Cu) 3:1 260 3.0 14400 ~17 ~55 11.9 ~10 [178] 
CuO-ZnO-CeO2/TNTs (CZC/10TNTs) 3:1 260 3.0 7500 23.3 59.8 9.33 – [205] 
CuO-In2O3 (Cu:In (1:2)) 3:1 260 3.0 7500 10.3 86.2 5.95 – [206] 
MoS2-45@C 3:1 160 3.0 5670 27.3 95.8 0.54 – [136] 
5CuO:2ZnO:3ZrO2 3:1 240 3.0 24000 16.8 41.4 – 7.0 [116] 
Cu/ZnO/SBA-15/kaolinite (20 wt% Cu) 3:1 250 2.0 5000 17.5 – 50 mg – [90] 
Pd2.0/CZZ (2.0 wt% Pd and 10 wt% Zn) 3:1 270 6.0 3600 29.1 43.8 5.11 12.7 [207] 
50% In2O3/Co/C-N – 300 2.0 3000 9.5 88.4 2.5 – [208] 
In2O3/ZrO2(9 wt % In) 4:1 300 5.0 16000 5.2 99.8 0.295 – [209] 
Bi-MnFe2O4 3:1 – 0.1 22000 22.0 61 – – [171] 
Au/ZrO2(0.5–1 wt% Au) 3:1 240 4.0 – 6.8 72.5 1.9 – [85] 
15Cu/6.4ZnO/AlFum MOF 3:1 230 5.0 10000 – 45.6 6.9 – [39] 
Cu/TiO2-ns 3:1 260 3.0 3600 – 64.5 – 5.6 [117] 
Mn/Nb/Cu/ZnO/Al2O3-ZrO2 3:1 250 2.25 10800 15.9 68.8 – – [210] 
4Ag6CuZ 3:1 230 3.0 – – 51 0.72 – [97] 
Pd/SiO2 (1, 2, 3, and 4 wt% of Pd) 3:1 200 3.0 – – 71 – – [211]  
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7.4. Effect of space velocity (SV) 

Gas Hourly Space Velocity (GHSV) is a critical parameter that mea
sures the volumetric flow rate of gas (under standard conditions) rela
tive to the catalyst bed volume [165]. It significantly impacts catalyst 
activity and concentration profiles. The rate of CH3OH production ex
hibits a direct proportionality to the GHSV of CO2. 

In catalytic reactions, reactants undergo a series of steps to be con
verted into the final product [74]. Raising the GHSV equates to 
decreasing the reactor volume or the number of reactor tubes for a 
specific feed rate. Consequently, enhancing energy efficiency by 
lowering the GHSV entails a substantial increase in the number of tubes 
within the reactor, thereby increasing investment costs [165]. 

After initial optimization of reaction parameters, a CuNi2 alloy 
supported on CeO2− NT achieved a CO2 conversion of 117.8% and a 
CH3OH space-time yield of 18.1 mmol/gcat⋅h. Notably, this catalyst 
performs exceptionally well across a broad range of space velocities, 
with variations in GHSV not significantly impacting CO2 hydrogenation 
[189]. 

This is where the distributor principle of a membrane can be ad
vantageous. By introducing fresh reactants along the reactor bed, 
particularly towards the outlet where unreacted CO2 remains due to 
spent reactants, the entire catalyst can be utilized more efficiently, 
leading to increased productivity. 

8. Challenges and opportunities 

In general, CH3OH synthesis via CO2 hydrogenation is acknowledged 
for its cost-efficiency and eco-friendliness. Nevertheless, this process 
faces limitations because of the low reactivity and inherent stability of 
CO2 [212]. Some published works that highlight the conversion of CO2 
to CH3OH in a membrane reactor are presented in Table 5. 

8.1. Catalyst deactivation 

Catalyst deactivation is a major challenge in CO2 hydrogenation, 
necessitating a deep understanding of the deactivation mechanisms to 
develop strategies for improving catalyst stability [3]. The catalyst 
lifetime and the plant end-of-run rate are limited by catalyst deactiva
tion. Cu-based catalysts used in CH3OH synthesis can deactivate due to 
sintering and poisoning, with sintering being the more common cause. 
Sintering is a diffusion-controlled process, so its rate increases with 
temperature [213]. The literature highlights factors contributing to the 
deactivation of Cu-based catalysts by water, including the obstruction of 
hydrogen adsorption sites, alterations in the Cu morphology, and 
oxidation of the active Cu phase [25]. 

The CO2 hydrogenation efficiency of CZA catalysts is hindered by 
water-induced catalyst deactivation and crystallization of Cu and ZnO. 
To improve stability and efficiency, other metal oxides are introduced as 
promoters in the catalyst composition. Studies have investigated the 
addition of metals such as Zr, La, Ce, Pd, Ga, V, Al, and Mn in Cu-Zn- 
based catalysts for CO2 conversion to CH3OH [128,214]. It also in
volves a molecular-reducing reaction, indicating that higher pressures 
enhance its thermodynamic favorability. Numerous catalysts have been 
proposed to achieve optimal CO2 conversion across varying pressure 
ranges [215,216]. 

It is suggested that when H2O is present during the process of CH3OH 
synthesis, it speeds up the metal oxide crystal growth, leading to catalyst 
deactivation and hindering CO2 adsorption [217]. Dehydrating mem
branes could counteract this effect, and the impact on methanol catalyst 
lifetime would be of fundamental interest. 

Generally, a good catalyst for CH3OH synthesis needs a large surface 
area of Cu. This is achieved by using small Cu nanoparticles, usually 
2–10 nm in diameter [213]. Given that methanol synthesis through CO2 
hydrogenation depends on catalyst structure, and since this structure is 
influenced by its environment, it’s crucial to monitor the catalyst’s 

Table 5 
Report of previous works on CO2 hydrogenation to methanol using membrane 
reactor.  

Title Summary Findings Ref. 

Application of NaA 
Membrane Reactor 
for Methanol 
Synthesis in CO2 

Hydrogenation at 
Low Pressure 

For all reaction 
conditions, the 
membrane reactor 
(MR) performs better 
than the traditional 
reactor (TR), 
achieving higher 
methanol yields and 
selectivity. 

The MR achieves a 
significantly higher 
CH3OH yield (1.4–1.7 
times) compared to 
the TR, particularly 
under milder 
conditions (lower 
GHSV and 
temperatures 
between 493 and 513 
K). 

[70] 

Zeolite membranes: 
Comparison in the 
separation of H2O/ 
H2/CO2 mixtures 
and test of a reactor 
for CO2 

hydrogenation to 
methanol 

The experiment 
investigated the 
ability of various 
zeolite membranes, 
such as zeolite T, Ti- 
Chabazite, chabazite, 
mordenite, and zeolite 
A, to separate water 
from mixtures 
containing H2, CO2, 
and H2O at specific 
reaction temperatures. 

Zeolite A exhibited 
the highest separation 
factor between H2O 
and H2. Initial tests 
compared a 
conventional reactor 
to a setup comprising 
both a TR and an MR. 
These tests 
demonstrated a 
higher CH3OH yield. 
In one instance, the 
yield exceeded the 
maximum achievable 
through 
thermodynamic 
equilibrium in a 
standard reactor. 

[161] 

Highly Selective CO2 

Conversion to 
Methanol in a 
Bifunctional Zeolite 
Catalytic Membrane 
Reactor 

A catalytic membrane 
reactor (CMR) with 
dual functionality was 
designed to enhance 
the effective 
production of CH3OH 
from CO2. Within this 
CMR, CH3OH 
synthesis occurs 
through catalytic 
hydrogenation of CO2 

within the CZAZ layer, 
while simultaneously, 
the by-product H2O is 
selectively eliminated 
in situ by the adjacent 
hydrophilic zeolite 
LTA membrane. 

Operating the CMR at 
533 K and 3.0 MPa 
allows for a CO2 

conversion rate of 
36.1% and 100% 
CH3OH selectivity, 
significantly 
surpassing the results 
achieved in both the 
CFBR and PBMR. 
Additionally, 
efficiently 
eliminating H2O from 
the reaction system 
serves to prevent 
catalyst deactivation 
and the formation of 
by-products, 
ultimately ensuring 
the CMR’s long-term 
stability during 
continuous operation. 

[43] 

A membrane reactor 
for methanol 
synthesis 

An assessment was 
conducted on a 
perfluorinated cation 
exchange material 
(Nafion, DuPont) for 
suitability as a vapor 
permeation membrane 
in environments with 
temperatures reaching 
473 K. The perm- 
selectivities for 
CH3OH and H2O 
relative to H2 are 
influenced by the type 
of counter ion within 
the polymer, and they 
decline as temperature 
increases. 

Lithium emerges as 
the most suitable 
choice for a counter 
ion, offering perm- 
selectivity values of 
32 for H2O and 5.6 for 
CH3OH. Moreover, as 
the partial pressures 
of CH3OH and H2O 
vapors rise, both 
permeability and 
perm-selectivity 
increase. 

[180] 

Na+-gated water- 
conducting 
nanochannels for 
boosting CO2 

It is highly desirable to 
develop durable 
nanochannels for 
conducting water that 

The remarkably 
effective removal of 
water in real-time 
through these water- 

[167] 

(continued on next page) 
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evolution from its inception to its end, as depicted in Fig. 8 [218]. 

8.2. Economic viability 

The production cost of methanol and dimethyl ether (DME) from 
renewable feedstocks is determined by various factors such as feedstock 
type, production technology, energy requirements, production capacity, 
operating conditions, and product purity [212]. Methane (CH4) and CO2 
are relatively affordable, with the latter possibly having a negative cost. 
As a result, transforming these compounds into more valuable chemical 
goods offers significant economic advantages [23]. 

Global methanol production has grown significantly in recent years, 
with installed production capacity expanding at an annual rate of 10% 
and actual production steadily growing at 7%. This growth led to a total 
production of 60 billion kilograms in the year 2012 [28]. The potential 
future of the industrial-scale process lies in the economic feasibility of 
using heterogeneous catalytic methods to convert pure CO2 into CH3OH. 
Methanex Corp. estimates that the current market price of CH3OH is 
€370 per metric ton [219]. 

Significant progress has been achieved through advancement in Cu/ 
Zn-catalyst technology, which has revolutionized CH3OH synthesis. 
These catalysts now play a dominant role and have enabled lower re
action temperatures. The enhanced conversion rate facilitated by these 
lower temperatures has been advantageous economically by enabling 
operation at reduced pressure, known as the "low-pressure process." It’s 
evident that consistently removing the products from the reactor would 
substantially enhance CH3OH yield, thereby decreasing the need for 
extensive gas recycling and synthesis pressure [180]. 

By performing life cycle analyses and techno-economic assessments 
of various process intensifications for CH3OH synthesis, including 
membranes, adsorption, condensation, and absorption, the most 
appropriate reactor for a particular application can be chosen [160]. 

The idea of a Methanol-based economy has been introduced, high
lighting the importance of methanol within a circular economy. As a 
result, policies have been shifting towards embracing the methanol 
economy concept in both the fuel and chemical sectors. At present, the 
advancement of projects involving the conversion of CH3OH into 
paraffin and olefin compounds has increased the demand for CH3OH in 
the market. Thus, understanding catalyst design for CH3OH production 
is crucial, given the rapid growth of the CH3OH market and the 
consistent rise in production output [220]. 

A suitable membrane technology would reshuffle the cards, not least 
because dehydrating membranes would make complex distillation steps 

Table 5 (continued ) 

Title Summary Findings Ref. 

conversion to liquid 
fuels 

can effectively 
separate water from 
small gas molecules 
like hydrogen (H2), 
especially under high 
temperature and 
pressure conditions. 
These nanochannels 
are essential for 
enhancing numerous 
critical reactions 
significantly hindered 
by water, which is the 
primary by-product, in 
terms of 
thermodynamics and 
kinetics. The challenge 
lies in identifying and 
creating these 
nanochannels within 
large-area separation 
membranes without 
introducing additional 
defects. 

conduction 
nanochannels 
resulted in a 
significant 
enhancement of CO2 

conversion and 
CH3OH yield during 
the process of CO2 

hydrogenation for 
CH3OH production. 

An experimental study 
of CO2 

hydrogenation into 
methanol involving 
a zeolite membrane 
reactor 

This study investigates 
the potential for a 
zeolite membrane 
reactor (MR) to 
improve CO2 to 
methanol conversion 
compared to 
conventional catalytic 
setups. Zeolite 
membrane reactors 
combine catalytic 
reactions with the 
separation 
characteristics of 
zeolite membranes. 

Comparing the 
outcomes of this 
study to existing 
literature data for 
both the MR and the 
TR, with a focus on 
CO2 conversion, 
methanol selectivity, 
and yield at feed 
ratios (H2/CO2) of 3 
and 7, it becomes 
evident that 
employing a zeolite 
membrane reactor 
result in achieving 
greater CO2 

conversion, as well as 
higher levels of 
CH3OH selectivity 
and yield in 
comparison to a TR. 

[42]  

Fig. 8. The diagram illustrates the stages in the lifespan of a catalyst used in the production of methanol. A current obstacle is the absence of comprehensive in-situ 
studies that encompass multiple modes, making it difficult to explore catalyst behavior under high-pressure reaction conditions and impeding progress in enhancing 
catalytic properties [218]. 
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of CH3OH/H2O mixtures much easier economically. 

8.3. Environmental impact 

In practice, various thermochemical methods exist that can convert 
CO2 into valuable products like hydrogen, methanol, and ethanol [221], 
but Commercial technology must balance performance with environ
mental benefit [222]. Developing efficient hydrogen conversion tech
nologies can significantly reduce harmful CO2 emissions, contributing to 
a reduction in carbon emissions and the pursuit of carbon neutrality. 

A notable example is the extensive research and application of 
hydrogen fuel cells, which offer several advantages: (i) The sole 
byproduct of the chemical reaction is water, with no involvement of 
other pollutants, particularly greenhouse gases. (ii) Hydrogen is safe in 
compliance with safety standards. (iii) These fuel cells are easily trans
portable and storable. Hence, the effective utilization of hydrogen fuel 
cells holds great importance [2]. 

Advancing renewable electrolytic hydrogen is the crucial solution for 
effectively implementing the technology based on economic analysis. 
Additionally, considering ‘‘blue hydrogen’’ during the transition to 
greener production processes is important [223]. 

Nguyen et al. explored using CO2 for CH3OH production via different 
routes. They found that, from an environmental perspective, hydroge
nation technology using renewable hydrogen sources outperforms other 
methods by sequestering more CO2 than it releases. Consequently, 
CH3OH production involving CO2 hydrogenation with renewable 
hydrogen stands out as the most promising approach to achieving the 
long-term goal of near-zero emissions [224]. 

Efficient technology is desirable, and this review has provided the 
necessary input. 

9. Conclusion and future outlook 

Utilizing CO2 as a carbon feedstock for methanol synthesis effec
tively integrates this greenhouse gas into the chemical industry. How
ever, efficient catalyst systems are crucial to facilitate CO2 conversion to 
CH3OH through hydrogenation, with a focus on enhanced selectivity, 
stability, and activity. 

This review highlights advancements and challenges in using future 
membrane technologies with potential Cu-based catalysts for direct CO2 
conversion to CH3OH. Alternative catalyst production methods and 
integration of zeolite membranes can achieve high methanol selectivity 
and productivity, catalyst stability, and most importantly, increased CO2 
conversions across all reaction parameters. Enhanced reactor produc
tivity and process economics can be achieved through advancements in 
active catalysts, membrane designs, and reactor configurations. 

With continued research and development, membrane reactors have 
the potential to become a major player in the synthesis of CH3OH from 
CO2. This would be a remarkable advancement in efforts to mitigate 
climate change and develop a carbon-cycle economy. 

In this review, the progress made and perspective in CO2 conversion 
to methanol using membrane reactors were discussed in detail. How
ever, the necessary basic principles were also examined, which are: 

i. Enhancing the permeability and selectivity of membrane mate
rials hinges on understanding their fundamental properties and 
structures. Several strategies can improve the microstructure of 
these materials. Optimizing synthesis methods to minimize de
fects and enhance uniformity is crucial. Additionally, exploring 
novel fabrication techniques can lead to more controlled struc
tures. Finally, tailoring the composition and morphology of 
membrane materials through material design and surface modi
fication can further improve their properties.  

ii. The development of new, highly active, and selective catalysts is 
crucial for efficiently converting CO2 to methanol. Like mem
brane materials, catalyst stability is a primary concern due to the 

harsh operating conditions. Therefore, balancing stability with 
catalytic activity is crucial for developing effective catalytic 
membrane systems. This can be achieved through material opti
mization, surface modification, and the incorporation of robust 
support structures.  

iii. The development of membrane reactor configurations that can 
maximize the efficiency of the membrane reactor. As for reactor 
configurations, Hollow fiber membranes offer high surface area- 
to-volume ratios, making them suitable for processes requiring 
compact designs and high throughput. 

Continued research and development efforts hold the potential to 
fine-tune the reactor design, optimize catalyst and membrane formula
tions, and improve overall process economics. As researchers strive to 
address challenges such as catalyst stability, membrane selectivity, and 
reactor scalability, we anticipate the emergence of even more efficient 
and viable strategies for transforming CO2 emissions into valuable 
chemicals (e.g., CH3OH). 

Data availability 

No data was used for the research described in the article. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Mustapha Grema Mohammed: Writing – original draft, Project 
administration, Investigation. N. Awanis Hashim: Writing – review & 
editing, Supervision. Wan Mohd Ashri Wan Daud: Writing – review & 
editing, Supervision. Unalome Wetwatana Hartley: Resources, Fund
ing acquisition. Mohamed Kheireddine Aroua: Resources, Conceptu
alization. Sebastian Wohlrab: Writing – review & editing, Validation. 

Acknowledgments 

The authors would like to express their gratitude to the UM Inter
national Collaboration Grant (IMG004-2022), SouthEast Asia-Europe 
Joint Funding Scheme for Research and Innovation, KMUTNB 
(KMUTNB-FF-66-52) and JFS (B48G660108) for financial support 
throughout this research. 

References 

[1] Chiang CL, Lin KS, Lin YG. Preparation and characterization of Ni5Ga3 for 
methanol formation via CO2 hydrogenation. Top Catal 2017;60:685–96. 

[2] Wang L, Wang D, Li Y. Single-atom catalysis for carbon neutrality. Carbon Energy 
2022;4:1021–79. 

[3] Boretti A. Carbon dioxide hydrogenation for sustainable energy storage. Int J 
Hydrogen Energy 2024;58:1386–95. 

[4] Ali S, Kumar D, Khader MM, Mondal KC, El-Naas MH. Synthesis and evaluation of 
lanthana modified Cu-based catalysts for CO2 hydrogenation to value added 
products. Mol Catal 2023;543. 

[5] Ye L, Xiao P, Scales P, Webley P, Singh R, Li GK. Improved copper-based catalysts 
for alcohol-assisted CO2 hydrogenation: a comparative study between novel 
nano-stabilized and deposition-precipitation method. Mol Catal 2023;547. 

[6] Lu Z, Wang J, Sun K, Xiong S, Zhang Z, Liu C-j. CO2 hydrogenation to methanol 
over Rh/In2O3–ZrO2 catalyst with improved activity. Green Chemical 
Engineering 2022;3:165–70. 

[7] Haruna A, Tanimu G, Ibrahim I, Garba ZN, Yahaya SM, Musa SG, et al. Mitigating 
oil and gas pollutants for a sustainable environment – critical review and 
prospects. J Clean Prod 2023;416. 

[8] Meesattham S, Kim-Lohsoontorn P. Low-temperature alcohol-assisted methanol 
synthesis from CO2 and H2: the effect of alcohol type. Int J Hydrogen Energy 
2022;47:22691–703. 

[9] Minyukova TP, Dokuchits EV. Hydrogen for CO2 processing in heterogeneous 
catalytic reactions. Int J Hydrogen Energy 2023;48:22462–83. 

M.G. Mohammed et al.                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0360-3199(24)02337-1/sref1
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref1
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref2
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref2
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref3
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref3
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref4
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref4
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref4
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref5
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref5
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref5
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref6
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref6
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref6
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref7
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref7
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref7
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref8
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref8
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref8
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref9
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref9


International Journal of Hydrogen Energy 77 (2024) 936–957

954

[10] Zhang M, Li F, Dou M, Yu Y, Chen Y. The synergetic effect of Pd, in and Zr on the 
mechanism of Pd/In2O3-ZrO2 for CO2 hydrogenation to methanol, vol. 7. 
Reaction Chemistry & Engineering; 2022. p. 2433–44. 

[11] UN. 27th session of the conference of the Parties of the UNFCCC (COP 27). 2022. 
[12] Sen R, Koch CJ, Galvan V, Entesari N, Goeppert A, Prakash GKS. Glycol assisted 

efficient conversion of CO2 captured from air to methanol with a heterogeneous 
Cu/ZnO/Al2O3 catalyst. J CO2 Util 2021;54. 

[13] Artz J, Müller TE, Thenert K, Kleinekorte J, Meys R, Sternberg A, et al. 
Sustainable conversion of carbon dioxide: an integrated review of catalysis and 
life cycle assessment. Chem Rev 2018;118:434–504. 

[14] Halilu A, Hayyan M, Aroua MK, Yusoff R, Hizaddin HF, Basirun WJ. Hybridized 
Fe/Ru-SiMWCNT-ionic liquid nanofluid for CO2 conversion into carbamate using 
superoxide ion. J Environ Chem Eng 2021;9. 

[15] Halilu A, Hadj-Kali MK, Hashim MA, Yusoff R, Aroua MK. Bifunctional ionic deep 
eutectic electrolytes for CO2 electroreduction. ACS Omega 2022;7:37764–73. 

[16] Halilu A, Hadj-Kali MK, Hashim MA, Ali EM, Bhargava SK. Electroreduction of 
CO2 and quantification in new transition-metal-based deep eutectic solvents using 
single-atom Ag electrocatalyst. ACS Omega 2022;7:14102–12. 

[17] Megía PJ, Vizcaíno AJ, Calles JA, Carrero A. Hydrogen production technologies: 
from fossil fuels toward renewable sources. A mini review. Energy Fuel 2021;35: 
16403–15. 

[18] Muradov N. Low to near-zero CO2 production of hydrogen from fossil fuels: status 
and perspectives. Int J Hydrogen Energy 2017;42:14058–88. 

[19] Boretti A. Promoting further discussion of methanol and ammonia energy storage 
ecosystems. Int J Hydrogen Energy 2024;51:29–32. 

[20] Boretti A. There are hydrogen production pathways with better than green 
hydrogen economic and environmental costs. Int J Hydrogen Energy 2021;46: 
23988–95. 

[21] Bajzadeh H, Rahimpour MR, Khorram M, Mohammadzadeh S. Mathematical 
modeling the methanol production process for direct CO2 hydrogenation over a 
gallium (Ga3Ni5) catalyst. Chemical Engineering and Processing - Process 
Intensification 2023;183. 

[22] Battaglia P, Buffo G, Ferrero D, Santarelli M, Lanzini A. Methanol synthesis 
through CO2 capture and hydrogenation: thermal integration, energy 
performance and techno-economic assessment. J CO2 Util 2021;44. 

[23] Jarvis SM, Samsatli S. Technologies and infrastructures underpinning future CO2 
value chains: a comprehensive review and comparative analysis. Renew Sustain 
Energy Rev 2018;85:46–68. 

[24] Brix F, Desbuis V, Piccolo L, Gaudry E. Tuning adsorption energies and reaction 
pathways by alloying: PdZn versus Pd for CO2 hydrogenation to methanol. J Phys 
Chem Lett 2020;11:7672–8. 

[25] Bukhtiyarova M, Lunkenbein T, Kaehler K, Schloegl R. Methanol synthesis from 
industrial CO2 sources: a contribution to chemical energy conversion. Catal Lett 
2017;147:416–27. 

[26] Abashar MEE, Al-Rabiah AA. Highly efficient CO2 hydrogenation to methanol via 
in-situ condensation and sorption in a novel multi-stage circulating fast fluidized 
bed reactor. Chem Eng J 2022;439. 

[27] Yang R-X, Chuang K-H, Wey M-Y. Hydrogen production through methanol steam 
reforming: effect of synthesis parameters on Ni–Cu/CaO–SiO2 catalysts activity. 
Int J Hydrogen Energy 2014;39:19494–501. 

[28] Szima S, Cormos C-C. Improving methanol synthesis from carbon-free H2 and 
captured CO2: a techno-economic and environmental evaluation. J CO2 Util 
2018;24:555–63. 

[29] Cannizzaro F, Hensen EJM, Filot IAW. The promoting role of Ni on In2O3 for CO2 
hydrogenation to methanol. ACS Catal 2023;13:1875–92. 

[30] Daifeng L, Zhen Z, Yinye C, Lingxing Z, Xiaochuan C, Xuhui Y, et al. The Co-In2O3 
interaction concerning the effect of amorphous Co metal on CO2 hydrogenation to 
methanol. J CO2 Util 2022;65. 

[31] Lombardelli G, Mureddu M, Lai S, Ferrara F, Pettinau A, Atzori L, et al. CO2 
hydrogenation to methanol with an innovative Cu/Zn/Al/Zr catalyst: 
experimental tests and process modeling. J CO2 Util 2022;65. 

[32] Cheng D, Negreiros FR, Apra E, Fortunelli A. Computational approaches to the 
chemical conversion of carbon dioxide. ChemSusChem 2013;6:944–65. 

[33] Fujitani T. Enhancement of the catalytic performance and active site clarification 
of Cu/ZnO based catalysts for methanol synthesis by CO2 hydrogenation. J Jpn 
Petrol Inst 2020;63:43–51. 

[34] Ahmad K, Abi Jaoude M, Upadhyayula S, Polychronopoulou K, Ravaux F. Kinetics 
of greenhouse gas CO2 hydrogenation over K-promoted Cu/ZnO/Cr2O3 catalyst 
towards sustainable aviation fuel production. Fuel 2023;337. 

[35] Flores JH, Peixoto DPB, Appel LG, de Avillez RR, Silva MIPd. The influence of 
different methanol synthesis catalysts on direct synthesis of DME from syngas. 
Catal Today 2011;172:218–25. 

[36] Chen H, Cui H, Lv Y, Liu P, Hao F, Xiong W, et al. CO2 hydrogenation to methanol 
over Cu/ZnO/ZrO2 catalysts: effects of ZnO morphology and oxygen vacancy. 
Fuel 2022;314. 

[37] Guo Q, Li S, Li J, Hu Y, Duanmu C. Enhanced CO2 hydrogenation to methanol on 
the mesostructured Cu–ZnO/Al2O3–ZrO2 catalyst. ACS Appl Energy Mater 2021; 
4:8311–21. 

[38] Zhao D, Ortner N, Holena M, Wohlrab S, Kondratenko EV. Identifying catalyst 
property descriptors for CO2 hydrogenation to methanol via big-data analysis. 
ACS Catal 2023;13:10547–59. 

[39] Duma ZG, Moma J, Langmi HW, Louis B, Parkhomenko K, Musyoka NM. Towards 
high CO2 conversions using Cu/Zn catalysts supported on aluminum fumarate 
metal-organic framework for methanol synthesis. Catalysts 2022;12. 

[40] Huang Y, Zhu L, He Y, Wang Y, Hao Q, Zhu Y. Carbon dioxide utilization based on 
exergoenvironmental sustainability assessment: a case study of CO2 
hydrogenation to methanol. Energy 2023;273. 

[41] Struis R, Stucki S, Wiedorn M. A membrane reactor for methanol synthesis. 
J Membr Sci 1996;113:93–100. 

[42] Gallucci F, Paturzo L, Basile A. An experimental study of CO2 hydrogenation into 
methanol involving a zeolite membrane reactor. Chemical Engineering and 
Processing-Process Intensification 2004;43:1029–36. 

[43] Yue W, Li Y, Wei W, Jiang J, Caro J, Huang A. Highly selective CO2 conversion to 
methanol in a bifunctional zeolite catalytic membrane reactor. Angew Chem Int 
Ed Engl 2021;60:18289–94. 

[44] Li K. Ceramic membranes for separation and reaction. John Wiley & Sons; 2007. 
[45] Padinjarekutt S, Sengupta B, Li H, Friedman K, Behera D, Lecaros R, et al. 

Synthesis of Na+-gated nanochannel membranes for the ammonia NH3 
separation. J Membr Sci 2023:674. 

[46] Liu Q, Noble RD, Falconer JL, Funke HH. Organics/water separation by 
pervaporation with a zeolite membrane. J Membr Sci 1996;117:163–74. 

[47] Feng C, Khulbe K, Matsuura T, Farnood R, Ismail A. Recent progress in zeolite/ 
zeotype membranes. Journal of Membrane Science and Research 2015;1:49–72. 

[48] Chen G, Zhang J, Geng M, Sunarso J, Wong NH, Ma T, et al. Design and direct 
preparation of a novel silicon carbide support for zeolite membrane. Appl Water 
Sci 2022;12. 

[49] Martinez Galeano Y, Tarditi AM, Cornaglia LM. NaA zeolite membranes on 
modified porous stainless steel supports: a comparative study of different SiO2 
sources. Braz J Chem Eng 2020;37:383–97. 

[50] Xu R, Pang W, Yu J, Huo Q, Chen J. Chemistry of zeolites and related porous 
materials: synthesis and structure. John Wiley & Sons; 2009. 

[51] Sano T. CHA zeolite membrane. Encyclopedia of membranes. 2014. p. 1–3. 
[52] Liu B, Kita H, Yogo K. Preparation of Si-rich LTA zeolite membrane using organic 

template-free solution for methanol dehydration. Separ Purif Technol 2020;239. 
[53] Huang A, Wang N, Caro J. Seeding-free synthesis of dense zeolite FAU membranes 

on 3-aminopropyltriethoxysilane-functionalized alumina supports. J Membr Sci 
2012;389:272–9. 

[54] Chau JLH, Tellez C, Yeung KL, Ho K. The role of surface chemistry in zeolite 
membrane formation. J Membr Sci 2000;164:257–75. 

[55] Schneider H, Schindel LK, Gomes LB, Tessaro IC, Marcilio NR. Template-free 
ZSM-5 membrane preparation on alumina support by secondary hydrothermal 
synthesis. Current Research in Green and Sustainable Chemistry 2021;4. 

[56] Huang A, Liang F, Steinbach F, Caro J. Preparation and separation properties of 
LTA membranes by using 3-aminopropyltriethoxysilane as covalent linker. 
J Membr Sci 2010;350:5–9. 

[57] Grand J, Awala H, Mintova S. Mechanism of zeolites crystal growth: new findings 
and open questions. CrystEngComm 2016;18:650–64. 

[58] Li Y, Yang W. Microwave synthesis of zeolite membranes: a review. J Membr Sci 
2008;316:3–17. 

[59] Ma J, Shao J, Wang Z, Yan Y. Preparation of zeolite NaA membranes on 
macroporous alumina supports by secondary growth of gel layers. Ind Eng Chem 
Res 2014;53:6121–30. 

[60] Gui T, Zhang F, Li Y, Cui X, Wu X, Zhu M, et al. Scale-up of NaA zeolite 
membranes using reusable stainless steel tubes for dehydration in an industrial 
plant. J Membr Sci 2019;583:180–9. 

[61] Sathupanya M, Gulari E, Wongkasemjit S. The effect of starting material ratio, 
heating temperature and time on the morphology of NaA zeolite. Journal of 
Metals, Materials and Minerals 2003;12:41–50. 

[62] He Qiu, Zhang Y, Kong L, Kong X, Tang X, Meng D, et al. High performance SSZ- 
13 membranes prepared at low temperature. J Membr Sci 2020;603. 

[63] Hazrati H, Rostamizadeh M, Omidkhah MR, Sadeghian Z. Influence of synthesis 
and operating parameters on silicalite-1 membrane properties. Compt Rendus 
Chem 2018;21:19–26. 

[64] Gao X, Deng S, Kawi S. Zeolite-based catalytic membrane reactors for thermo- 
catalytic conversion of CO2. iScience 2022;25:105343. 

[65] Li Z, Deng Y, Wang Z, Hu J, Haw KG, Wang G, et al. A superb water permeable 
membrane for potential applications in CO2 to liquid fuel process. J Membr Sci 
2021;639. 

[66] Sato K, Nakane T. A high reproducible fabrication method for industrial 
production of high flux NaA zeolite membrane. J Membr Sci 2007;301:151–61. 

[67] Zhang F, Zheng Y, Hu L, Hu N, Zhu M, Zhou R, et al. Preparation of high-flux 
zeolite T membranes using reusable macroporous stainless steel supports in 
fluoride media. J Membr Sci 2014;456:107–16. 

[68] Yu J, Pan Y, Wang C, Lai Z. ZIF-8 membranes with improved reproducibility 
fabricated from sputter-coated ZnO/alumina supports. Chem Eng Sci 2016;141: 
119–24. 

[69] Chen M, Guo W, Kong X, Tang X, Yang S, Meng D, et al. Efficient and facile 
preparation of pure silica CHA zeolite membranes by gel-less method. J Membr 
Sci 2023;666. 

[70] TriVan T, Nguyen L-P, Thu Hoai N, Tung Thanh D, Phuong Thuy N, Duc Anh N. 
Application of NaA membrane reactor for methanol synthesis in CO2 
hydrogenation at low pressure. Int J Chem React Eng 2018;16. 

[71] Santana CS, Rasteiro LF, Marcos FCF, Assaf EM, Gomes JF, Assaf JM. Influence of 
Al, Cr, Ga, or Zr as promoters on the performance of Cu/ZnO catalyst for CO2 
hydrogenation to methanol. Mol Catal 2022;528. 

[72] Qaderi J. A brief review on the reaction mechanisms of CO2 hydrogenation into 
methanol. International Journal of Innovative Research and Scientific Studies 
2020;3:33–40. 

M.G. Mohammed et al.                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0360-3199(24)02337-1/sref10
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref10
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref10
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref11
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref12
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref12
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref12
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref13
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref13
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref13
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref14
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref14
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref14
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref15
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref15
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref16
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref16
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref16
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref17
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref17
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref17
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref18
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref18
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref19
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref19
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref20
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref20
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref20
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref21
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref21
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref21
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref21
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref22
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref22
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref22
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref23
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref23
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref23
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref24
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref24
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref24
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref25
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref25
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref25
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref26
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref26
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref26
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref27
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref27
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref27
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref28
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref28
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref28
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref29
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref29
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref30
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref30
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref30
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref31
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref31
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref31
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref32
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref32
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref33
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref33
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref33
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref34
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref34
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref34
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref35
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref35
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref35
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref36
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref36
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref36
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref37
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref37
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref37
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref38
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref38
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref38
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref39
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref39
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref39
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref40
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref40
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref40
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref41
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref41
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref42
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref42
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref42
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref43
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref43
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref43
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref44
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref45
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref45
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref45
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref46
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref46
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref47
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref47
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref48
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref48
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref48
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref49
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref49
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref49
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref50
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref50
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref51
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref52
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref52
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref53
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref53
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref53
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref54
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref54
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref55
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref55
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref55
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref56
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref56
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref56
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref57
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref57
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref58
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref58
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref59
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref59
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref59
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref60
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref60
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref60
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref61
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref61
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref61
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref62
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref62
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref63
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref63
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref63
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref64
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref64
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref65
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref65
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref65
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref66
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref66
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref67
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref67
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref67
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref68
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref68
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref68
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref69
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref69
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref69
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref70
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref70
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref70
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref71
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref71
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref71
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref72
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref72
http://refhub.elsevier.com/S0360-3199(24)02337-1/sref72


International Journal of Hydrogen Energy 77 (2024) 936–957

955

[73] Hengne AM, Yuan DJ, Date NS, Saih Y, Kamble SP, Rode CV, et al. Preparation 
and activity of copper–gallium nanocomposite catalysts for carbon dioxide 
hydrogenation to methanol. Ind Eng Chem Res 2019;58:21331–40. 

[74] Lo IC, Wu H-S. Methanol formation from carbon dioxide hydrogenation using Cu/ 
ZnO/Al2O3 catalyst. J Taiwan Inst Chem Eng 2019;98:124–31. 

[75] Zhu J, Ciolca D, Liu L, Parastaev A, Kosinov N, Hensen EJM. Flame synthesis of 
Cu/ZnO-CeO2 catalysts: synergistic metal-support interactions promote CH3OH 
selectivity in CO2 hydrogenation. ACS Catal 2021;11:4880–92. 

[76] Poto S, van Berkel DV, Gallucci F, D’Angelo MFN. Kinetic modelling of the 
methanol synthesis from CO2 and H2 over a CuO/CeO2/ZrO2 catalyst: the role of 
CO2 and CO hydrogenation. Chem Eng J 2022;435. 

[77] Zhou Z, Gao P. Direct carbon dioxide hydrogenation to produce bulk chemicals 
and liquid fuels via heterogeneous catalysis. Chin J Catal 2022;43:2045–56. 

[78] Cai D, Cai Y, Tan KB, Zhan G. Recent advances of indium oxide-based catalysts for 
CO2 hydrogenation to methanol: experimental and theoretical. Materials 2023; 
16. 

[79] Li J-L, Inui T. Characterization of precursors of methanol synthesis catalysts, 
copper/zinc/aluminum oxides, precipitated at different pHs and temperatures. 
Appl Catal Gen 1996;137:105–17. 

[80] Ledakowicz S, Nowicki L, Petera J, Nizioł J, Kowalik P, Gołębiowski A. Kinetic 
characterisation of catalysts for methanol synthesis. Chem Process Eng 2013;34: 
497–506. 

[81] Borovinskaya ES, Trebbin S, Alscher F, Breitkopf C. Synthesis, modification, and 
characterization of CuO/ZnO/ZrO2 mixed metal oxide catalysts for CO2/H2 
conversion. Catalysts 2019;9. 

[82] Zain MM, Mohammadi M, Kamiuchi N, Mohamed AR. Development of highly 
selective In2O3/ZrO2 catalyst for hydrogenation of CO2 to methanol: an insight 
into the catalyst preparation method. Kor J Chem Eng 2020;37:1680–9. 

[83] Allam D, Bennici S, Limousy L, Hocine S. Improved Cu- and Zn-based catalysts for 
CO2 hydrogenation to methanol. Compt Rendus Chem 2019;22:227–37. 

[84] Xu J, Su X, Liu X, Pan X, Pei G, Huang Y, et al. Methanol synthesis from CO2 and 
H2 over Pd/ZnO/Al2O3: catalyst structure dependence of methanol selectivity. 
Appl Catal Gen 2016;514:51–9. 
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