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Introduction

Because of its potential to lower greenhouse gas
emissions, using carbon dioxide (CO,) as a raw
material for fuel and chemical production has attracted
much research attention [1]|. The goal of carbon
capture and utilization (CCU) is to turn waste CO, into
practical, cost-effective inputs for various processes,
either directly or by conversion into other products. In
addition to adding value, this approach can accelerate
the shift to a low-carbon economy [2]. For example,
large-scale Carbon Capture, Utilization, and Storage
(CCUS) operations may receive additional revenue
from selling CO,-derived goods [3]. The increasing
need to reduce CO, emissions has prompted
governments and researchers to develop effective
methods for capturing and utilizing CO,. Notably,
China contributes to 30% of global greenhouse gas
emissions, a substantial percentage compared to other
nations [4]. CO,-Fischer-Tropsch (FT) synthesis
and hydrogenation processes are the main methods
to convert CO, into useful compounds [5,6]. These
procedures provide an eco-friendly choice for the
long-term use of CCU technologies, which use H, as
a reactant [7]. Notwithstanding this potential, several
obstacles need to be addressed, such as the price of
CO, collection, the costs of producing hydrogen, the
carbon emissions connected to hydrogen generation,
and the requirement for more technological
development and scalability of these conversion
processes [8]. Transforming CO, into useful products
requires significant energy input and involves intricate
reactions due to CO,'s inherent stability. Feasibility
studies of these conversion processes frequently
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assume that CO, is obtained from the combustion of
fossil fuels, such as power plants and energy-intensive
sectors, and that H2 is generated by water electrolysis
utilizing renewable energy sources, resulting in zero
direct emissions [9,10]. These studies, however,
usually ignore the sources of H, and CO, and restrict
their focus to the conversion process itself. Although
this method helps assess the conversion's viability, it
is essential to take into consideration variables like the
quantity, price, carbon footprint, and dependability of
these sources of raw materials, all of which can differ
significantly depending on where they come from.
There is great potential for efficiently processing
vast amounts of CO, straight from the air through the
catalytic conversion of CO, into valuable compounds
such as methanol (CH,OH), formic acid (HCOOH),
and methane (CH,) [11,12]. However, there are several
difficulties in turning CO, into CH,OH. It needs
temperatures between 230 and 300°C, highly pressures
between 50 and 100 bar, and three times as much H, as
CO, (3:1 molar ratio). The chemically inert CO bonds
of CO,, which have a dissociation energy of about
750 kJ/mol, are activated and broken down to start the
conversion of CO, into CH,OH during the process,
at the same time H, molecules dissociate to form
hydrogen adatoms (Hadatoms) [13-15]. H, must also
be produced cheaply for the process to be competitive
in the market. Currently, hydrogen is primarily
obtained from coal gasification, partial oxidation of
methane, and steam reforming of fossil fuels, all of
which contribute to pollution and high operating costs
[16]. Combining CO, conversion with water splitting
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through photosynthesis in mild environments is a cost-
effective alternative, as H,O supplies protons (H+) and
Hadatoms, which improve the conversion of CO, to
CH,OH [17].

Materials and Methods

In this research work, a hydrogen generator was
used to produce hydrogen. The SPH-300 hydrogen
generator, with a production capacity of 200 mL/min,
an output pressure between 4 to 6 bar, hydrogen purity
0f99.99%, and a power supply of 220 £15% volts, 50—
60 Hz, was utilized. For supplying carbon dioxide gas,
a CO, gas cylinder with a purity of 99.999% (grade
4.5 or 5), a volume of 5 liters, a charging pressure up
to 70 bar, and made of aluminum, was used. A shaped
Cu/Zn/AlO; catalyst, produced by the Petrochemical
Research and Technology Company, was employed. A
750 mL high-pressure reactor from Biichi, Germany,
was used. The catalyst was placed inside a stainless
steel mesh specifically designed for this purpose and
inserted into the reactor. A gas chromatograph made
by Tayf Gostar Company was used to identify the
outlet gases.

Methanol formation began after 30 minutes of reaction
between 0.009 mol or 9 mmol/min of hydrogen gas
(with a flow rate of 200 mL/min) and 0.003 mol or 3
mmol/min of carbon dioxide gas (67 mL/min) inside
the high-pressure reactor at 50 bar and a temperature of
250°C. A yield of 13 mL of methanol per minute was
obtained. Prior to use, the catalyst was also reduced by
hydrogen. The outlet gases were identified using gas
chromatography. The main product among the outlet
gases was methanol, while the amounts of carbon
monoxide and methane were very low and negligible.

Results and Discussion

Methanol synthesis through CO, hydrogenation
involves reacting CO, and H, under high-pressure
conditions using Cu/Zn/Al O, catalysts. The reaction
mechanism follows: CO, + 3H, — CH,OH + H,0O
Key findings indicate that high-pressure synthesis
conditions enhance methanol yield and reactor
efficiency. Furthermore, hydrogen availability and
catalyst stability remain significant challenges.
Moreover, the conversion efficiency reaches 20%,
while methanol production efficiency stands at 70%.
In addition, the most sustainable sources of CO, are
derived from methane reforming, steel production,
and ethylene oxide processing, while hydrogen
sourced from solar or wind-powered electrolysis and
industrial by-product streams offers a cost-effective
alternative. Also, experimental conditions for methanol
production were carefully optimized, utilizing high-
purity hydrogen generators and CO, cylinders, a Cu/
Zn/Al O, catalyst, and a pressurized reactor equipped
for methanol synthesis. Moreover, reaction parameters
included a temperature of 250°C, pressure of 50

bar, and a reaction time of 30 minutes. Furthermore,
methanol yield reached 13 ml per minute, with
negligible formation of CO and CH, by-products. In
addition, analysis confirms that high-pressure reaction
conditions significantly improve methanol yield. Also,
gas chromatography verified that methanol was the
primary product, while by-products such as CO and
CH, were minimal. In addition, the study further
highlights that industrial CO, sources provide greater
sustainability compared to direct air capture methods.
Furthermore, hydrogen produced through electrolysis
remains costly, yet solar energy integration presents
a feasible long-term solution. Membrane-based
CO, separation technologies demonstrate promising
potential for future scalability.

Conclusions

In conclusion, CO, hydrogenation presents a promising
and sustainable approach to methanol production,
effectively transforming captured industrial CO,
and renewable hydrogen sources into valuable
chemical feedstock. This process not only mitigates
greenhouse gas emissions but also contributes to the
global transition toward cleaner energy alternatives.
By repurposing CO, from industrial processes and
pairing it with hydrogen generated through renewable
methods such as electrolysis powered by solar and
wind energy, methanol synthesis becomes a viable
pathway for reducing reliance on fossil fuels. The
continued advancement of catalyst design, particularly
in enhancing selectivity, stability, and conversion
efficiency, remains a critical area of research to improve
the feasibility of CO, hydrogenation. Innovations
in CO, capture technologies, including membrane-
based separation, adsorption techniques, and chemical
absorption, will play an integral role in making this
process more economically competitive and scalable.
Furthermore, integrating hydrogen production with
low-carbon energy sources is essential for increasing
the sustainability of methanol synthesis. Green
methanol serves not only as a fundamental feedstock
in the chemical industry but also as a versatile energy
carrier, offering potential applications in fuel cell
technologies, sustainable transportation, and hydrogen
storage. As industries and governments worldwide
aim to achieve carbon neutrality, the demand for
green methanol is expected to rise, necessitating more
efficient production methods and robust supply chains.
Future research should prioritize refining reaction
conditions to maximize yield and minimize by-product
formation, reducing operational costs, and enhancing
reactor design to accommodate large-scale production.
Additionally, exploring synergistic technologies—such
as direct air capture for CO, sourcing and advanced
electrolysis methods for hydrogen generation—will
further solidify the role of green methanol in the
global energy transition. Ultimately, by addressing



these challenges, CO, hydrogenation can emerge
as a cornerstone of sustainable fuel and chemical
manufacturing, paving the way toward a cleaner and
more resource-efficient future.
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