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Abstract: Currently, converting CO from industrial exhaust into fuel is a challenging issue that many researchers
are working on. As it is obvious, adsorption and conversion are two distinct processes, and there is a need for
special materials and conditions to occur in each of them. Lately, there have been efforts to combine these two
steps by using dual functional materials (DFMs) and making adsorbents and catalysts simultaneously. DFMs
comprise two components. The first component of DFMs is the adsorbent, which researchers can get from oxides,
carbonates, or both. The second component is the catalyst, which is typically made of metallic elements, such as
Nickel or Ruthenium. Capturing systems of CO, by DFMs, innovative developments, and suggested ways to boost
the efficiency of CO, capture are discussed in this review. DFMs made with changed adsorbents perform better
in CO; adsorption and conversion, according to sources.
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1. Introduction

Due to global warming, rising greenhouse gases and air pollution, there have been efforts to develop cleaner
and more reliable energy sources. Hydrogen is a significant source of energy. Combining it with oxygen produces
energy and steam, which is why people are interested in this system. The second eco-friendly method is using
solar cells to produce electricity from sunlight. Capturing CO- gas and converting it to fuel is another desirable
technology that is being discussed here [1-6].

It causes consumption and climate change to the increase in population and the need for more energy to
ensure human well-being in today’s world. In the energy supply cycle, CO; gas plays two different roles. Fossil
fuel combustion causes it to enter the environment and air pollution which may trigger many respiratory diseases.
CO- gas results in global warming, climate changes and rising seawater levels so mass increase of CO; can even
cause drowning of coastal cities in the near future. Mentioned reasons are among the most vital reasons of CO;
emission. To minimize the damage caused by CO; gas, a second role for it through strategies outlined in the
international treaty has been discussed which allows to capture of the gas and reuse it as a fuel [6-9].

Despite progress in capturing and converting CO, obstacles remain in its reuse. The materials used for CO;
capture are one of the most significant challenges. Many researchers have conducted studies in this field. DFMs
are used to tackle some of these challenges practically. DFMs can detect CO; in diluted exhaust gas from industrial
plants and aid in CO, transportation and storage using carbon capture and storage (CCS) technology. Researchers
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make these materials by combining a sorbent component with a catalytic component. commonly used alkali metal
oxides or carbonates are commonly used as sorbent components to prepare active points for direct CO, capturing
[10-14].

CCS technology relies on special materials with a high capacity for sorbing CO.. These materials need to
stay stable in super-hot or quite cold conditions. Scientists are researching various materials to find the best ones
for different purposes [15-17]. CCS has three main types: pre-combustion, oxy-fuel combustion, and post-
combustion. These methods are sensitive to temperature changes, which affect how much CO; they can capture
[16-18]. This review explains CCS technology briefly and focuses on the materials used to sorbing CO; in DFMs.
It also talks about the progress made in recent years and what other advances might happen in the future.

2. Different Methods of CO, Capturing

Figure 1 summarizes CO; capture methods. The pre-combustion sorption approach involves partially burning
fossil fuels and producing CO, gas. Next, the system directs the carbon monoxide (CO) into a chamber with a
catalyst, resulting in a reaction that produces CO, and hydrogen. Processes by the team capture and make CO;
available for reuse through adsorption and absorption processes. Oxy-fuel combustion is another technique that
captures CO; by reacting to fuel with oxygen in a condensation process. Oxygen can be generated by burning
recycled CO; or using a solid material in a process called chemical looping combustion (CLC). The calcium
looping cycle is a versatile method that can be used both before and after combustion. By utilizing calcium oxide
(Ca0), this method captures CO, from exhaust gases and forms the calcium carbonate (CaCO3) [18, 19].

( CO, Capture Option )

Pre-Combustion Oxy-fuel Post-Combustion ~ Calcium Looping
Capture Combustion Capture Cycle
I | 1
i Membrane
Absorption Adsorption Separation
1
0, Combustion Chemical
with CO, Looping
Recycle Combustion

Figure 1. CO, capture options (redrawn by authors from Zhao et al. [19])

Capturing CO; using post-combustion methods involves three steps: sorption, membrane separation, and
surface adsorption. In the sorption stage, CO; is removed from exhaust gases by reacting it with a chemical solvent,
usually amine-based solutions, like monoamines, diamines, triamines in water, and diisopropanolamine. [20, 21].
While amine scrubbing systems have been extensively developed for CO, capture from exhaust gases, they still
face several significant challenges. Problems with amine solutions involve high energy costs, low CO; sorption
capacity, and thermal instability of amines. To address these challenges associated with amine-based solutions,
solid amine sorbents have been developed. These solid materials functionalized with amines offer several
advantages, including lower energy requirements compared to amine-based solutions. A key reason for their
reduced energy demand is their lower heat capacity when compared to amine-based solutions [22].

In a recent study conducted by Zhang et al. [23], a comprehensive parametric analysis was undertaken to
assess the heat requirements for the regeneration of solid amine-based materials. The heat demand for
Polyethyleneimine (PEL)/SiO2 is 2.46 GJs per metric ton of CO,, while Monoethanolamine (MEA) requires 3.9
GJs and optimized MEA requires 3.3 GJs. Furthermore, it was observed that amine-functionalized solid materials
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exhibit superior CO, adsorb capacities and heightened resistance to exhaust gas contaminants. The widespread
use of solid materials in industries is on hold until technology improves.

Among post-combustion CO, capture techniques, membrane separation technology stands out. More
research is needed to improve membrane stability, gas purity, and recovery rates. Adsorption techniques for CO,
capture are promising because they require low energy, are easy to handle, and are not affected by corrosion.
Scientists are researching the combination of adsorbents and catalysts to make DFMs [21, 23].

3. Different CO; Sorbents

Having characteristics such as high sorption capacity, low production cost, low regeneration needs, fast
kinetics, and long-term stability are the most important features that can be controlled to selectively CO, capturing
from exhaust gases. Zeolites and activated carbon selectively capture materials, but their effectiveness decreases
with high temperatures. While Hydrotalcites have shown promise in CO, capture, their sorption capability is
limited for large-scale industries. Research has shown that mesoporous materials perform well and have a high
absorption capacity at low temperatures [24, 25]. In general, sorbents used for CO, sorption are grouped into three
different categories: oxide-based, carbon-based, and other sorbents which are discussed below.

3.1 Oxide-based sorbents

In many sources, CaO (Lime) has been introduced as an excellent sorbent due to its characteristics such as

low cost and high tendency to react with CO,, CaO is the basis of the calcium looping cycle technology [24, 26,

27]. CaO can be obtained from Limestone/Dolomite by calcining at a temperature about 900°C. As shown in
equation 1, CO; can be adsorbed by Limestone by a carbonation process [27, 28].
kJ

Ca0 (s) + €0 (g) = CacO; (s); AHY = ~1782— )

Despite the good properties and performance of CaO as a sorbent for CO, Capture, it also has its
disadvantages. A drawback is increased mechanical failure because of excessive sintering during high-energy
regeneration. Also, the carbonation rate slows down and drops after the formation of the first layers of CaCOs. By
using powdered CaO and increasing the amount of surface, this problem can be solved approximately, but other
challenges such as high-pressure drop, entrainment of the flow, and attrition of materials have been observed [27].
In order to investigate these disadvantages more closely and their elimination, different research have been
conducted to investigate CaO. For example, Florin et al. [29] have investigated the sorption ability of CaO
obtained from CaCOj3; nanoparticles. Changing the structure of CaO didn't matter because there was enough time
for sorption during the test cycles. Additionally, other results showed a 20% increase in CO; sorption and
desorption capacity after 100 cycles of 20 minutes, compared to bulk CaO [29]. Li et al. [30] investigated the
hydration of CaO by using a mixture of ethanol-water to improve the sorbing reaction. The results showed that
by doubling the initially prepared mixture, the sorption capacity of the catalyst is improved. Also, Pichardo et al.
[31] showed that the adsorption capacity of CaO can be increased by modifying the synthesis method. They
created CaO by combining two methods: rapid solution combustion and high-energy milling. They then studied
how quickly it adsorbs under standard conditions. they also found that the new CaO when subjected to a CO- flow
at 25 € and 1 atm, it is easily converted into CaCOs. The high conversion of CaO was attributed to the
improvement of structural and textural properties such as nano adsorbent fluffy structure, specific surface area
(Brunauer-Emmett-teller (BET)), and large pore volume.

Belova et al. [33] tried to improve the sorption capacity of calcium oxide (CaO) and prevent sintering by
dispersing it on an inert alumina (Al,O3) substrate. Initially, the carbonation reaction exhibited rapid kinetics.
However, once a carbonate layer had been established, the reaction rate became predominantly limited by the rate
of CO; release within that formed layer. Increasing the surface area of CaO particles improved diffusion and
sintering challenges. This issue has been investigated in another study by Gruene et al. [27] The reported results
showed that the stability of the sorbent was obtained by dispersing CaO on Al,Os. In this research, the kinetics
and CO, sorption capacity have been investigated by thermogravimetric analysis. It has been observed that during
84 cycles of CO; sorption and desorption, carbon at 650 <C has maintained 90% of its sorption efficiency, while
the sorption capacity of bulk CaO after 20 cycles at 300 <C was decreased over 50%. Reports in the sources
indicate that adding secondary particles to CaO improves CO; adsorption. For example, Anatzara et al. [32] have
increased the stability of CaO by adding zirconium oxide (ZrO,) and aluminum oxide (Al,O3) compounds to CaO
using the sol-gel method. In another research, Al-Mamoni et al. [33] added two metal elements; iron and gallium,
as dopants to CaO, using the hydrothermal synthesis method. The results of CO, adsorption tests showed that by
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gallium, which is almost twice the value reported for undoped CaO. Yoshikawa et al. [36] examined how CO,
adsorbs and desorbs on various metal oxides such as ZrO,, Al,Os, SiO-, and CeO,. As the results are shown in
Figure 2, silicon has shown no adsorption, while CeO, nanoparticles (2) and CeO, mesoporous material (1) have
shown high adsorption due to their high specific surface area.

doping 10 W% of iron and gallium, the adsorption capacity has increased to 13.7
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Figure 2. Amount of adsorbed CO, per weight (left axis), and amount of adsorbed CO, per surface area (right axis). Black and white bars
show the value of each weight and surface area, respectively [34]

3.2 Carbonate-base sorbents

Carbonate base adsorbents offer the advantages of being cost-effective, energy-efficient, and corrosion-
resistant. In their research, Liang et al. [38] determined that sodium carbonate (Na,COs) can capture 90% of the
CO; gas.

kJ

NayC0; (s) + €0, (g) + H0 (9) = 2NaHCO; (s): AHp = =135 @
kj

Na,C0; (s) + 0.6C0, (g) + 0.6H,0 (g) = 0.4[Na,C03.3NaHCO;] (s): AH? = _SZE (3)

Yu et al. [35] improved Na,COjs sorption capacity to 2.51 %r‘” by using amine modification on Na,COs
using the sol-gel method. In this modification, amine-modified materials, Aminopropyltriethoxysilane (APTES)
and Tetraethyl Orthosilicate (TEOS) were used. The results of the experiments showed that the amine-modified
Na,COs3 can be revived and is stable during 10 cyclic operations. Another carbonate substance that researchers
have used is potassium carbonate (K.COs). By examining the crystalline structure of K,COs, Zhao et al. [36]
found that the crystalline structure of materials has a significant effect on the amount of CO, capture. Their
experiments showed that the CO, adsorption of hexagonal structure is higher than monoclinic structure.

It has been found that water and sulfur dioxide gas decrease the CO, absorption of K,COj3 by forming K,SO4
and K,COs. The mechanism of how CaO, Ca(OH),, and CaCOs could prevent the decrease in CO- sorption was
investigated and The results showed that the sorption capacity after surface modification of K,COj3 by Ca(OH);

would be 70.7 % Modified Ca(OH), materials in K,COs/y Al,O3 sorbent had higher CO, sorption capacity. They

performed better than K,COs/y Al,O3 sorbents in the presence of SO; in the exhaust gas [37, 38].

Li et al. [39] studied the thermal stability of K,COs3 sorbent placed on ZrO; and titania (TiO,) for a fixed bed
reactor in a 60-150 <C temperature range. The results showed a decrease in CO, sorption capacity when
K2CO3/TiO; is calcined at a temperature of higher than 500 <C subjected to air or nitrogen. The reason for this
reduction is attributed to the production of inactive species K,Ti,Os and K;TisO13 during calcination. However,
the K,CO3/ZrO; despite being calcined at a temperature of 500 - 700 T shows a high CO; sorption capacity of
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about 83-93 %COZ. Also, Zhao et al. [40] investigated the effect of K.CO3; smeared by Al,O3 on the amount of

CO, capture. This material was tested in a bubbling fluidized bed reactor and a sorption capacity of over 90%
over 10 cycles was reported, which was improved compared to the untreated sample.

3.3 Other sorbents

Except oxide-based and carbonate-based materials, some other emerging materials are used for CO; sorbing.
Metal organic frameworks (MOFs) and covalent organic frameworks (COFs) are among the newest materials for
CO;, capture. These materials, because of their special crystalline structure, porosity and high specific surface area
are good candidates of being used for gas adsorption, separation, catalytic reactions, energy conversion and
storage [41-44].

MOFs referring to their unique crystalline structure formed by metal ions and ligands might be a new
alternative material for CO, capture [45]. Liao et al. [46] synthesized a Ca-based CO, sorbent and identified the
structure-performance relationships affected by synthesis parameter. The practical maximum sorption capacities
of Ca-based sorbents have been reported as 0.710, 0.673 and 0.650 gco, gsorpen: fOr different specimens.

COFs are built by strong organic covalent bonds in a periodic arrangement from light elements of Hydrogen,
Boron, Carbon, Nitrogen and Oxygen. COFs are grouped in different categories of Boron-based COFs, triazine-
based COFs, imine-based COFs, and Boron/imine-based COFs which is related to the CO2 Capture ratio [47].
Liu et al. [48] synthesized a 2D azine-linked COF through solvothermal method which showed high crystalline
and good thermal stability. The synthesized 2D COF recorded CO, uptake of 110 cm3g* at 273 K and 1 bar.

As it has been told oxide-based sorbents, carbonate-based sorbents, MOFs and COFs are different sorbents
that can be used for CO, capture. However, it must be said that oxide-based and carbonate-based sorbent have
been used in a more widespread way. In the other hand, MOFs and COFs are newer, emerging, still growing, and
most of studies in this fields are theoretical [41, 49].

4. Dual Function Materials (DFMs)

As it was mentioned before, DFMs comprise two components, sorbent and catalyst, usually oxides and
carbonates are used as sorbents in these materials. As shown in Figure 3, two stages of CO; gas capture and
conversion are carried out in a temperature range of 300 <C using hydrogen gas obtained from renewable energy
sources, the captured CO; gas from the industry exhaust turns into methane (CH,) gas, which can be used as fuel
in the same industries. Using metal elements in the catalyst speeds up the conversion of captured CO, into fuel,
like methane. The capture capacity in DFM design is influenced by factors such as weight loading, ratio,
temperature, and gas composition. Because of that the materials used as sorbents were examined in part 3, in the
following, different DFMs have been examined based on the type of catalyst used in them.
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Figure 3. A summary of the performance of DFMs [50]

4.1 Other sorbents
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Nickel is one of the metal elements which is mainly used as a catalyst in diverse industries. In the newly set
and growing CO; capture industry, nickel is one of the most important candidates for use as a catalyst in DFMs.
Nickel is used for CO; conversion reactions for instance Methanation [51-53], reverse water-gas shift (RWGS)
[54-57], and reforming methane and other light alkanes [58-61]. The RWGS reaction mechanism over DFMs is
shown in figure 4.

s - Scheme 1 - >

< Scheme 2 o>

Figure 4. RWGS reaction mechanism over DFMs [34]

Tian et al. [57] achieved lower energy consumption (22% less) by reforming methane using sol-gel prepared
CaO-Nickel DFMs through a calcium looping cycle. In another study, Kim et al. [62] used magnesium oxide
(MgO) for methane reformation using a Nickel/MgO-Al,Os catalyst containing CaO sorbent. The results showed
a 20 % volume reduction of CO; in nitrogen. The concentration of unreacted CO; in the exhaust gas is below
0.008%, showing a near-complete conversion of captured CO; in a single step. Sun et al. [62] by applying surface
modification on CaO using cerium, investigated the sorption performance of CaO-Nickel DFMs. Nickel in CaO
as a catalyst resulted in a doubled CO, conversion rate, going from 23.4% to 46%. In a different study, Lopez et
al [60] examined the in-situ CO, capture and methane conversion rate. They used a combination of CaO and
sodium carbonate (Na,COs) sorbents with a nickel catalyst based on equation 4.

CO, +4H, = CH, + 2H,0: AH? = —165.0 k—]l (4)
mo umole

Kinetic studies showed that methane production increases by nickel loading up to 142 Y in the sample of

15% nickel, and 15% CaO/yAl,Os at 520 °C. However, better results were obtained with samples containing
Na,COs, this value becomes 186 %f"e when using a 10 % Ni, 10% NaCOs/Al,O3 sample even at low
temperatures (400 <C) [63].

In another study, researchers examined how Platinum, Palladium, and Ruthenium changed the nickel catalyst.
The obtained results showed that by adding only 1 %W of these precious metals, CO; capture capacity is improved;

for instance, by adding 0.11 %W ruthenium, the sorption capacity would be 0.52 22 and methane conversion

mmole mmole

rate is increased to 0.38 at

at 320<C, which is much higher than the sample without ruthenium, 0.11

650 <C. Platinum and palladium-modified samples had lower rates compared to the unmodified samples. This led
to the development of ruthenium-modified catalysts, discussed in Section 2.4 [61].
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4.2 Ruthenium catalyst DFMs

Ruthenium is a precious metal which is known for its catalytic properties; ruthenium is widely used
commercially in homogeneous and heterogeneous catalytic reactions. Ruthenium is attracting a lot of attention
due to its fast reversible redox behavior between metallic and oxide states. Therefore, much researches have been
carried out on ruthenium's applications in the process of converting captured CO; into methane. From the results
it is obtained that this substance can be an excellent substitute for nickel catalyst in DFMs, however, ruthenium
production is a high-cost process [64]. Table 1 shows some examples of conducted studies in this field. The results
show that the conversion rate is boosted when the amount of catalyst is reduced.

Table 1. The conversion rate of CO, into methane by ruthenium catalysts

mmol

Adsorbent Conversion rate ( o ) Temperature Reference

5% Ru, 10% K,CO3 0.91 320 [65]
5% Ru, 10% Na2CO;3 1.05 320 [65]
4% Ru, 5% CaO 0.33 280400 [66]
4% Ru, 10% CaO 0.32 280-400 [66]
4% Ru, 15% CaO 0.26 280400 [66]
4% Ru, 5% Na;COs3 0.29 280400 [66]
4% Ru, 10% NaCO3 0.38 280—400 [66]
4% Ru, 15% Na,CO; 0.41 280400 [66]
10% Ru, 10% CaO 0.5 320 [8]
5% Ru, 6.1% Na;O 0.32 250-350 [67]

Bermejo-Ldpez et al. [66] investigated the mechanism of CO, storage and methanation by Ru-CaO/Al,O3;
and Ru-Na;COs/ Al,O3; DFMs. Adding more sorbent improves the catalyst's performance by creating stable
carbonates. The impact of CaO on storage and methanation is more noticeable compared to Na,CQOs. This is
because CO; storage involves water release and hydroxide formation (NaOH or Ca(OH)). The initial storage
occurs on the surface of basic oxides (CaO or Na;O) and then continues on the hydroxide surface after the oxides
are fully occupied. The hydrogenation step leads to the release of methane, water, and small amounts of CO,
which indicates the high selectivity of these DFMs for methanation.

Zheng et al. [66] studied CO; adsorption and conversion rate using a DFM made of Ru-10% CaO/ yAl,O3
with a 5% composition. They analyzed the impact of the synthesis method, Al,O3 substrate properties, and CO;
adsorption conditions. Unlike nitrate salts, the chloride compounds RuCls; and CaCl, spread uniformly into the
Al,Os particles. Active ruthenium species lower the adsorption and conversion rate of DFMs when water and
oxygen are present. Due to having great anti-corrosion properties; Radium is an excellent candidate for
applications that require a better oxidation resistance. It seems that ruthenium is still preferred for the development
of DFMs based on its stability and relatively low price compared to radium [65]. For CO, capture and
hydrogenation, Wang et al. [64] conducted cyclic aging studies using a 5% Ru-10% Na,COs// yAl,O3 sorbent. A
10-cycle aging test was performed using nitrogen-CO, gas under a free oxygen condition for storage and
methanation, while a 12-cycle test was performed under simulated exhaust gas conditions which contained oxygen,
all tests were done at 320 <C. The presence of oxygen leads to the formation of ruthenium oxide (RuO,), which
causes the loss of catalytic activity. After the 101 cycle, the catalyst was regenerated by exposure to a large amount
of hydrogen, resulting in CO- adsorption and methanation.

The parameter studies conducted by Wang et al. [67] with 5% Ru-1.6% Na,O/ yAl,Os sorbents showed that
the gas flow feed rate, oxygen exposure time during the capture stage, and reaction temperature influence the
performance of the catalyst. As shown in Figure 5-A, the amount of gas flow feed rate has a negligible effect on
the amount of adsorbed CO; and formed methane. Based on the thermodynamics of the processes, an increase in
temperature is expected to slightly adjourn both CO; adsorption and methanation steps (Figure 5-B). From Figure
5-C, it was concluded that by increasing exposure time the exhaust gas containing oxygen leads to the initial
improvement of CO, adsorption, but it reaches the maximum point after 20 minutes when the increase in CO;
concentration leads to an increase in methanation. Although increasing the exposure time to the expulsion gas
increased ruthenium oxidation, a feed gas containing 15% H,/N; suffices to return the catalyst into the metallic
state and initiate the methanation process, so no significant loss of activity was observed.
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desorbed during methanation, 3 desorbed = CO, desorbed during nitrogen expulsion [34]

In this regard, the studies conducted by Proafo et al. [68] on the Ru-Na,O/Al,O; sorbent showed that CO; is
captured in the active sites of ruthenium, alumina hydroxide groups and debranched carbonates in the Ru-
Na,O/Al;O3 sorbent. Cimino et al. [69] studied the effect of alkaline promoters (lithium, sodium, and potassium)
on the performance of Ru/Al,Os. These materials were synthesized through successive saturation of ruthenium
and alkaline precursor, and alkaline nitrate and carbonate salts were used to evaluate the effect of promoting
precursor. The lithium-ruthenium catalyst prepared using lithium carbonate (Li,COs) shows the highest
methanation activity. The Na-Ru/Al,O3; and K-Ru/Al;O3 sorbents did not work for methane production because
the carbonates did not fully decompose and the active ruthenium sites were covered by amorphous substances. In
general, doped alkaline catalysts are 4-5 times better than basic catalysts for the CO, capture process, with the
order of lithium > sodium > potassium.

4.3 Other DFMs Used for Capture Process

CaO-based sorbents for ethane oxidative dehydrogenation with CO, were investigated by Al-Mamoori et al.
[69], who used a chromium catalyst and H-ZSM-5 substrate.
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kJ
CoHg + €Oz = CoHy + CO + H0: AHP = +179.0 — (5)

Compared to the baseline study which was conducted with a mixture of CaO and catalyst, the authors
observed a higher CO; capture when using double salts. While the material (K-Ca)/Cr/H-ZSM-5 shows a CO;

capture capacity of 5.2 % the CO, capture capacity of (Na Ca)/Cr/HZSM-5 and CaO/Cr /H-ZSM-5 were 3.2
mmole and 0.8 m

carbonates such as potassium calcium carbonate and sodium calcium carbonate. With the increase of chromium
content, the conversion rate of CO, and ethane increased with a maximum rate of 10% by chromium weight and
subsequently was reduced by the increase of chromium content to 15% by weight. This activity decreases when
using 15% by weight of chromium and is attributed to poor dispersion and the formation of a chromium alpha-
carbonate phase, which limits the selectivity towards ethane [70,71]. Bobadilla et al. [72] investigated the use of
base metals for CO; capture and conversion. They used a FeCrCu-K catalyst and hydrotalcite sorbent which was
synthesized through sequential impregnation. First, hydrotalcites were calcined at 600 <C to obtain
homogeneously mixed oxides of MgO and Al,O3, and then the IW (incipient wetness) method was used to deposit
metallic elements like iron, chromium, and copper by using nitrate precursors. The catalyst captures CO; by using
nitrogen-CO- gas and by using pure hydrogen between 450 and 550 <C was subjected to the hydrogenation stage.
The concentration profiles of CO, and CO during the capture and reduction stages are shown in Figure 6. As can
be seen, CO; is effectively captured on potassium alkali metal which forms surface carbonates, and after changing
to hydrogen, most of the CO, which is captured by hydrogen reacts in catalytic sites (iron, chromium and copper)
and releases CO and some unconverted CO,.

Z, respectlvely. This improved capture of double salts was attributed to the formation of double
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Figure 6. Visual representation of the performance and mechanism of CO, capture and reduction on the catalyst material. For comparison,
the carbon dioxide concentration profile measured using an inert silicon carbide (SiC) material is also shown [34]

Hyakutake et al. [73] have studied the promotion effect of copper/Al,O3 catalysts with potassium and barium
for use in CO, capture and conversion to acquire the chemical processes and active sites involved in them. CO;
capture and reduction were conducted at 350 <T using different combinations of copper/Al,Os, copper-
potassium/Al,Os, and copper-barium/Al,Os. The copper-potassium/Al,O3; material in Figure 7 efficiently captures
CO, and converts it to CO when hydrogen is present. The presence of CO dominant species was a result of copper
surface oxidation in the copper/Al,Os catalyst, leading to a different mechanism. The use of copper-barium/Al,O3
sample shows significant formation of CO in both capture and reduction stages. Although the copper-
barium/Al,O; catalyst can capture CO; to some extent, some uncaptured CO,, however, was observed in the
effluent stream. The presence of copper oxide was not found in the potassium-promoted catalyst, as shown by X-
ray absorption fine structure (XAFS) studies, confirming its high dispersion and small particle size.
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Figure 7. Concentration profile of CO, and reduction products (CO and CH,) after stabilization by several cycles [34]

In Figure 8 A schematic view of the working mechanism of DFMs is illustrated. The first step is adsorption
in which the adsorbent is saturated with CO,. cause of the presence of oxygen, the metal nanoparticles may be
partially oxidized. In the second step (methanation) hydrogen is fed. Metallic nanoparticles are back to the metallic
state and will be active for the methanation process. The adsorbed CO2 molecules on the adsorbent desorb the

metal nanoparticles and are hydrogenated to methane. Steps are repeated cyclically.

Universal Journal of Carbon Research

10 | Ayda Shojaeinia, et al.



STEP 1:
CO; ADSORPTION

Figure 8. Schematic view of the working mechanism of DFMs [17]

5. Conclusions

In this review, the use of DFMs for CO; capture and conversion into Fuel is summarized. In order to discuss
the structure of these materials, first, different sorbents have been discussed. Oxides, carbonates are excellent
sorbents for CO; capture because of being cheap, abundant, and also highly reactive towards CO,. However, some
new materials like MOFs and COFs are being used as sorbent too. The reactivity of these sorbents can decrease
after repeated cycles of sorption and desorption. These challenges have been overcome by dispersing sorbents on
a substrate, by modifying the synthesis method, and by introducing impurity species. Nickel-based DFMs show a
good CO; capture capacity and also sufficient reactivity, these materials have been reported for a wide range of
applications, including methane production, dry reforming of methane (DRM), and dry reforming of ethane (DRE).
Although nickel is an affordable and abundant metal and shows a good activity for these reactions, it has some
disadvantages which limit its use. Ni-based sorbents require a high reduction temperature that is typically over
600 <C, which means high energy consumption. In addition, these materials are easily deactivated under simulated
exhaust gas conditions (containing oxygen and water) due to the formation of nickel oxide species that are not
easily reduced under reaction conditions. Ruthenium-based structures are effective in reactions carried out at
lower temperatures (~320 <C). Also, these structures can act isothermally for both capture and conversion
processes and make them more efficient. In addition, due to the ease of ruthenium oxide species reduction, they
show good stability in oxidizing feed conditions. The superior performance of ruthenium-based structures justifies
their higher cost over nickel ones. However, the use of ruthenium-based structures is mainly limited to
methanation reactions, and further studies are needed to investigate their activity towards CO- synthesis. Recent
reports have demonstrated the use of copper-based systems to capture and convert CO; to produce syngas. Copper
is a promising option for developing structures that can capture and convert CO; in exhaust gas. Due to being in
the early stages of development, DFMs have primarily been studied for combining sorbents and catalysts using
impregnation techniques. However, we believe that the future of this field will be improved in the design of
nanostructures with catalytic components. Since copper-based catalysts are commonly used for methanol
production, the use of copper-based DFMs could be a starting point in these efforts.

References

[1] Shojaeinia, A.; Aghajani, H.; Tabrizi, A.T. Evaluation of electrochemical hydrogen storage capability
of graphene oxide multi-layer coating. Int. J. Hydrogen Energy 2023, 48, 5836-5849,
https://doi.org/10.1016/j.ijhydene.2022.11.184.

[2] Bonab, S.S.Y.; Kouzehgar, H.; Tabrizi, A.T.; Aghajani, H. Assessment of the effect of electrophoretic
deposition parameters on hydrogen storage performance of graphene oxide layer applied on nickel
foam. Int. J. Hydrogen Energy 2021, 47, 24912499, https://doi.org/10.1016/j.ijhydene.2021.10.158.

Volume 2 Issue 1]2024| 11 Universal Journal of Carbon Research



[3] Tabrizi, A.T.; Aghajani, H.; Mashtizadeh, A. Determining the effect of porosities on the hydrogen
adsorption capacity of 3D printed PEEK. Int. J. Hydrogen Energy 2024, 49, 1009-1019,
https://doi.org/10.1016/j.ijhydene.2023.08.118.

[4] Ghorbani, R.; Behrangi, S.; Aghajani, H.; Tabrizi, A.T.; Abdian, N. Application of synthesized porous
3D graphene structure for electrochemical hydrogen storage. Mater. Sci. Eng. B 2021, 268, 115139,
https://doi.org/10.1016/j.mseb.2021.115139.

[5] Aghajani, H.; Tabrizi, A.T.; Ghorbani, R.; Behrangi, S.; Stupavska, M.; Abdian, N. Evaluation of
electrochemical hydrogen storage capability of three-dimensional nano-structured nitrogen-doped
graphene. J. Alloy. Compd. 2022, 906, 164284, https://doi.org/10.1016/j.jallcom.2022.164284.

[6] Goodenough, J.B. Energy storage materials: A perspective. Energy Storage Mater. 2015, 1, 158-161,
https://doi.org/10.1016/j.ensm.2015.07.001.

[7]1 Niaz, S.; Manzoor, T.; Pandith, A.H. Hydrogen storage: Materials, methods and perspectives. Renew.
Sustain. Energy Rev. 2015, 50, 457-469, https://doi.org/10.1016/j.rser.2015.05.011.

[8] Duyar, M.S.; Trevifp, M.A.A.; Farrauto, R.J. Dual function materials for CO 2 capture and conversion
using renewable H 2. Appl. Catal. B: Environ. 2015, 168-169, 370-376,
https://doi.org/10.1016/j.apcath.2014.12.025.

[9] Sharma, S.S. Determinants of carbon dioxide emissions: Empirical evidence from 69 countries. Appl.
Energy 2011, 88, 376-382, https://doi.org/10.1016/j.apenergy.2010.07.022.

[10]Jiang, Z.; Xiao, T.; Kuznetsov, V.L.; Edwards, P.P. Turning carbon dioxide into fuel. Philos. Trans. R.
Soc. A: Math. Phys. Eng. Sci. 2010, 368, 3343-3364, https://doi.org/10.1098/rsta.2010.0119.

[11] Song, C. Global challenges and strategies for control, conversion and utilization of CO; for sustainable
development involving energy, catalysis, adsorption and chemical processing Catal. Today 2006, 115,
2-32, doi:10.1016/j.cattod.2006.02.029.

[12] Centi, G.; Perathoner, S. Opportunities and prospects in the chemical recycling of carbon dioxide to
fuels. Catal. Today 2009, 148, 191205, https://doi.org/10.1016/j.cattod.2009.07.075.

[13] Aresta, M.; Dibenedetto, A. The contribution of the utilization option to reducing the CO2 atmospheric
loading: research needed to overcome existing barriers for a full exploitation of the potential of the
CO2 use. Catal. Today 2004, 98, 455-462, https://doi.org/10.1016/j.cattod.2004.09.001.

[14] Markewitz, P.; Kuckshinrichs, W.; Leitner, W.; Linssen, J.; Zapp, P.; Bongartz, R.; Schreiber, A.;
Mdler, T.E. Worldwide innovations in the development of carbon capture technologies and the
utilization of CO2. Energy Environ. Sci. 2012, 5, 72817305, https://doi.org/10.1039/c2ee03403d.

[15] Yu, K.M.K_; Curcic, I.; Gabriel, J.; Tsang, S.C.E. Recent Advances in CO, Capture and
Utilization. ChemSusChem 2008, 1, 893-899, https://doi.org/10.1002/cssc.200800169.

[16] Alami, A.H.; Abu Hawili, A.; Tawalbeh, M.; Hasan, R.; Al Mahmoud, L.; Chibib, S.; Mahmood, A.;
Aokal, K.; Rattanapanya, P. Materials and logistics for carbon dioxide capture, storage and
utilization. Sci. Total. Environ. 2020, 717, 137221, https://doi.org/10.1016/j.scitotenv.2020.137221.

[17]Melo Bravo, P.; Debecker, D.P. Combining CO; capture and catalytic conversion to methane. Waste
Dispos. Sustain. Energy 2019, 1, 53-65, https://doi.org/10.1007/s42768-019-00004-0.

[18] Cuélar-Franca, R.M.; Azapagic, A. Carbon capture, storage and utilisation technologies: A critical
analysis and comparison of their life cycle environmental impacts. J. CO, Util. 2015, 9, 82-102,
https://doi.org/10.1016/j.jcou.2014.12.001.

[19] Zhao, C.; Chen, X.; Anthony, E.J.; Jiang, X.; Duan, L.; Wu, Y.; Dong, W.; Zhao, C. Capturing CO2 in
flue gas from fossil fuel-fired power plants using dry regenerable alkali metal-based sorbent. Prog.
Energy Combust. Sci. 2013, 39, 515-534, https://doi.org/10.1016/j.pecs.2013.05.001.

[20] Mondal, M.K.; Balsora, H.K.; VVarshney, P. Progress and trends in CO2 capture/separation
technologies: A review. Energy 2012, 46, 431-441. https://doi.10.1016/j.energy.2012.08.006

[21] Al-Mamoori, A.; Krishnamurthy, A.; Rownaghi, A.A.; Rezaei, F. Carbon Capture and Utilization
Update. Energy Technol. 2017, 5, 834-849, https://doi.org/10.1002/ente.201600747.

[22] Dutcher, B.; Fan, M.; Russell, A.G. Amine-Based CO; Capture Technology Development from the
Beginning of 2013—A Review. ACS Appl. Mater. Interfaces 2015, 7, 2137-2148,
https://doi.org/10.1021/am507465f.

[23] Zhang, W.; Liu, H.; Sun, Y.; Cakstins, J.; Sun, C.; Snape, C.E. Parametric study on the regeneration
heat requirement of an amine-based solid adsorbent process for post-combustion carbon capture. Appl.
Energy 2016, 168, 394-405, https://doi.org/10.1016/j.apenergy.2016.01.049.

[24]Wang, Q.; Luo, J.; Zhong, Z.; Borgna, A. CO2 capture by solid adsorbents and their applications:
current status and new trends. Energy Environ. Sci. 2010, 4, 42-55,
https://doi.org/10.1039/c0ee00064g.

[25] Lee, C.H.; Mun, S.; Lee, K.B. Characteristics of Na—Mg double salt for high-temperature CO2
sorption. Chem. Eng. J. 2014, 258, 367-373, https://doi.org/10.1016/j.cej.2014.07.082.

[26]Li, L.; King, D.L.; Nie, Z.; Howard, C. Magnesia-Stabilized Calcium Oxide Absorbents with Improved
Durability for High Temperature CO Capture. Ind. Eng. Chem. Res. 2009, 48, 10604—10613,
https://doi.org/10.1021/ie901166b.

Universal Journal of Carbon Research 12 | Ayda Shojaeinia, et al.



[27] Gruene, P.; Belova, A.G.; Yegulalp, T.M.; Farrauto, R.J.; Castaldi, M.J. Dispersed Calcium Oxide as a
Reversible and Efficient CO,—Sorbent at Intermediate Temperatures. Ind. Eng. Chem. Res. 2011, 50,
4042-4049, https://doi.org/10.1021/ie102475d.

[28] Sun, H.; Wu, C.; Shen, B.; Zhang, X.; Zhang, Y.; Huang, J. Progress in the development and
application of CaO-based adsorbents for CO2 capture—a review. Mater. Today Sustain. 2018, 1-2, 1-
27, https://doi.org/10.1016/j.mtsust.2018.08.001.

[29] Florin, N.H.; Harris, A.T. Reactivity of CaO derived from nano-sized CaCO3 particles through
multiple CO2 capture-and-release cycles. Chem. Eng. Sci. 2009, 64, 187-191,
https://doi.org/10.1016/j.ces.2008.10.021.

[30]Li, Y.; Zhao, C.; Qu, C.; Duan, L.; Li, Q.; Liang, C. CO, Capture Using CaO Modified with
Ethanol/Water Solution during Cyclic Calcination/Carbonation. Chem. Eng. Technol. 2008, 31, 237-
244, https://doi.org/10.1002/ceat.200700371.

[31] Granados-Pichardo, A.; Granados-Correa, F.; Saachez-Mendieta, V.; Hern&ndez-Mendoza, H. New
CaO-based adsorbents prepared by solution combustion and high-energy ball-milling processes for
CO2 adsorption: Textural and structural influences. Arab. J. Chem. 2020, 13, 171-183,
https://doi.org/10.1016/j.arabjc.2017.03.005.

[32] Antzara, A.; Heracleous, E.; Lemonidou, A.A. Improving the stability of synthetic CaO-based CO 2
sorbents by structural promoters. Appl. Energy 2015, 156, 331-343,
https://doi.org/10.1016/j.apenergy.2015.07.026.

[33] Al-Mamoori, A.; Lawson, S.; Rownaghi, A.A.; Rezaei, F. Improving Adsorptive Performance of CaO
for High-Temperature CO, Capture through Fe and Ga Doping. Energy Fuels 2019, 33, 1404-1413,
https://doi.org/10.1021/acs.energyfuels.8b03996.

[34] Omodolor, 1.S.; Otor, H.O.; Andonegui, J.A.; Allen, B.J.; Alba-Rubio, A.C. Dual-Function Materials
for CO, Capture and Conversion: A Review. Ind. Eng. Chem. Res. 2020, 59, 17612-17631,
https://doi.org/10.1021/acs.iecr.0c02218.

[35] Yu, F.; Wu, Y.; Zhang, W.; Cai, T.; Xu, Y.; Chen, X. A novel aerogel sodium-based sorbent for low
temperature CO; capture. Greenh. Gases: Sci. Technol. 2016, 6, 561-573,
https://doi.org/10.1002/ghg.1578.

[36] Zhao, C.; Chen, X.; Zhao, C. Effect of crystal structure on CO2 capture characteristics of dry
potassium-based sorbents. Chemosphere 2009, 75, 1401-1404,
https://doi.org/10.1016/j.chemosphere.2009.02.045.

[37T]Wu, Y.; Chen, X.; Zhao, C. Study on the failure mechanism of potassium-based sorbent for CO2
capture and the improving measure. Int. J. Greenh. Gas Control. 2011, 5, 1184-1189,
https://doi.org/10.1016/j.ijggc.2011.05.034.

[38]Wu, Y.; Chen, X.; Radosz, M.; Fan, M.; Dong, W.; Zhang, Z.; Yang, Z. Inexpensive calcium-modified
potassium carbonate sorbent for CO2 capture from flue gas: Improved SO2 resistance, enhanced
capacity and stability. Fuel 2014, 125, 50-56, https://doi.org/10.1016/j.fuel.2014.02.014.

[39] Lee, S.C.; Kwon, Y.M.; Jung, S.Y.; Lee, J.B.; Ryu, C.K.; Kim, J.C. Excellent thermal stability of
potassium-based sorbent using ZrO2 for post combustion CO2 capture. Fuel 2013, 115, 97-100,
https://doi.org/10.1016/j.fuel.2013.07.007.

[40] Zhao, C.; Chen, X.; Zhao, C. Multiple-Cycles Behavior of K,CO3s/Al,O3 for CO, Capture in a
Fluidized-Bed Reactor. Energy Fuels 2010, 24, 1009-1012, https://doi.org/10.1021/ef901018f.

[41] Parmar, S.V.; Kumar, N.; Shewale, M.N.; Avasare, V. Insights into the CO, Capture Capacity of
Covalent Organic Frameworks. Chemphyschem 2023, 24, e202200808,
https://doi.org/10.1002/cphc.202200808.

[42] Wei, X.; Li, Y.; Peng, H.; Zhou, M.; Ou, Y.; Yang, Y.; Zhang, Y.; Xiao, P. Metal-organic framework-
derived hollow CoS nanobox for high performance electrochemical energy storage. Chem. Eng.

J. 2018, 341, 618-627, https://doi.org/10.1016/j.cej.2018.02.032.

[43]Chen, Y.-Z.; Zhang, R.; Jiao, L.; Jiang, H.-L. Metal-organic framework-derived porous materials for
catalysis. Co-ord. Chem. Rev. 2018, 362, 1-23, https://doi.org/10.1016/j.ccr.2018.02.008.

[44]Wang, J.; Yang, J.; Krishna, R.; Yang, T.; Deng, S. A versatile synthesis of metal-organic framework-
derived porous carbons for CO, capture and gas separation. J. Mater. Chem. A 2016, 4, 19095-19106,
https://doi.org/10.1039/c6ta07330a.

[45]Hu, Z.; Wang, Y.; Shah, B.B.; Zhao, D. CO; Capture in Metal-Organic Framework Adsorbents: An
Engineering Perspective. Adv. Sustain. Syst. 2018, 3, https://doi.org/10.1002/adsu.201800080.

[46] Liao, J.; Jin, B.; Zhao, Y.; Liang, Z. Highly efficient and durable metal-organic framework material
derived Ca-based solid sorbents for CO2 capture. Chem. Eng. J. 2019, 372, 1028-1037,
https://doi.org/10.1016/j.cej.2019.04.212.

[47]Zeng, Y.; Zou, R.; Zhao, Y. Covalent Organic Frameworks for CO, Capture. Adv. Mater. 2016, 28,
28552873, https://doi.org/10.1002/adma.201505004.

Volume 2 Issue 1]2024| 13 Universal Journal of Carbon Research



[48]Li, Z.; Zhi, Y.; Feng, X.; Ding, X.; Zou, Y.; Liu, X.; Mu, Y. An Azine-Linked Covalent Organic
Framework: Synthesis, Characterization and Efficient Gas Storage. Chem. — A Eur. J. 2015, 21, 12079-
12084, https://doi.org/10.1002/chem.201501206.

[49] Yoshikawa, K.; Sato, H.; Kaneeda, M.; Kondo, J.N. Synthesis and analysis of CO2 adsorbents based
on cerium oxide. J. CO2 Util. 2014, 8, 34-38, https://doi.org/10.1016/j.jcou.2014.10.001.

[50] Tsiotsias, A.l.; Charisiou, N.D.; Yentekakis, I.V.; Goula, M.A. The Role of Alkali and Alkaline Earth
Metals in the CO, Methanation Reaction and the Combined Capture and Methanation of
CO.. Catalysts 2020, 10, 812, https://doi.org/10.3390/catal10070812.

[51]Du, G.; Lim, S.; Yang, Y.; Wang, C.; Pfefferle, L.; Haller, G.L. Methanation of carbon dioxide on Ni-
incorporated MCM-41 catalysts: The influence of catalyst pretreatment and study of steady-state
reaction. J. Catal. 2007, 249, 370-379, https://doi.org/10.1016/j.jcat.2007.03.029.

[52] Aziz, M.; Jalil, A.; Triwahyono, S.; Mukti, R.; Taufig-Yap, Y.; Sazegar, M. Highly active Ni-promoted
mesostructured silica nanoparticles for CO2 methanation. Appl. Catal. B: Environ. 2013, 147, 359—
368, https://doi.org/10.1016/j.apcath.2013.09.015.

[53] Mutz, B.; Carvalho, H.W.; Mangold, S.; Kleist, W.; Grunwaldt, J.-D. Methanation of CO2: Structural
response of a Ni-based catalyst under fluctuating reaction conditions unraveled by operando
spectroscopy. J. Catal. 2015, 327, 48-53, https://doi.org/10.1016/j.jcat.2015.04.006.

[54] Wolf, A.; Jess, A.; Kern, C. Syngas Production via Reverse Water-Gas Shift Reaction over a Ni-
Al,O3 Catalyst: Catalyst Stability, Reaction Kinetics, and Modeling. Chem. Eng. Technol. 2016, 39,
1040-1048, https://doi.org/10.1002/ceat.201500548.

[55] Yang, L.; Pastor-Pé&ez, L.; Gu, S.; SepUveda-Escribano, A.; Reina, T. Highly efficient Ni/CeO2-
Al203 catalysts for CO2 upgrading via reverse water-gas shift: Effect of selected transition metal
promoters. Appl. Catal. B: Environ. 2018, 232, 464-471, https://doi.org/10.1016/j.apcath.2018.03.091.

[56] Wang, L.; Zhang, S.; Liu, Y. Reverse water gas shift reaction over Co-precipitated Ni-CeO2
catalysts. J. Rare Earths 2008, 26, 6670, https://doi.org/10.1016/s1002-0721(08)60039-3.

[57]Wang, L.; Liu, H.; Liu, Y.; Chen, Y.; Yang, S. Influence of preparation method on performance of Ni-
CeO2 catalysts for reverse water-gas shift reaction. J. Rare Earths 2013, 31, 559-564,
https://doi.org/10.1016/s1002-0721(12)60320-2.

[58] Abdullah, B.; Ghani, N.A.A.; Vo, D.-V.N. Recent advances in dry reforming of methane over Ni-based
catalysts. J. Clean. Prod. 2017, 162, 170-185, https://doi.org/10.1016/j.jclepro.2017.05.176.

[59]Li, X.; Li, D.; Tian, H.; Zeng, L.; Zhao, Z.-J.; Gong, J. Dry reforming of methane over Ni/La203
nanorod catalysts with stabilized Ni nanoparticles. Appl. Catal. B: Environ. 2017, 202, 683-694,
https://doi.org/10.1016/j.apcath.2016.09.071.

[60]Guo, J.; Lou, H.; Zhao, H.; Chai, D.; Zheng, X. Dry reforming of methane over nickel catalysts
supported on magnesium aluminate spinels. Appl. Catal. A: Gen. 2004, 273, 75-82,
https://doi.org/10.1016/j.apcata.2004.06.014.

[61] Kambolis, A.; Matralis, H.; Trovarelli, A.; Papadopoulou, C. Ni/CeO2-ZrO2 catalysts for the dry
reforming of methane. Appl. Catal. A: Gen. 2010, 377, 16-26,
https://doi.org/10.1016/j.apcata.2010.01.013.

[62] Kim, S.M.; Abdala, P.M.; Broda, M.; Hosseini, D.; Copé&et, C.; MUler, C. Integrated CO, Capture and
Conversion as an Efficient Process for Fuels from Greenhouse Gases. ACS Catal. 2018, 8, 2815-2823,
https://doi.org/10.1021/acscatal. 7b03063.

[63] Bermejo-L&pez, A.; Pereda-Ayo, B.; Gonzdez-Marcos, J.; Gonzd8ez-Velasco, J. Ni loading effects on
dual function materials for capture and in-situ conversion of CO2 to CH4 using CaO or Na2CO3. J.
CO2 Util. 2019, 34, 576-587, https://doi.org/10.1016/j.jcou.2019.08.011.

[64]Wang, S.; Schrunk, E.T.; Mahajan, H.; Farrauto, R.J. The Role of Ruthenium in CO- Capture and
Catalytic Conversion to Fuel by Dual Function Materials (DFM). Catalysts 2017, 7, 88,
https://doi.org/10.3390/catal 7030088.

[65] Duyar, M.S.; Wang, S.; Arellano-Trevifo, M.A.; Farrauto, R.J. CO 2 utilization with a novel dual
function material (DFM) for capture and catalytic conversion to synthetic natural gas: An update. J.
CO2 Util. 2016, 15, 6571, https://doi.org/10.1016/j.jcou.2016.05.003.

[66] Bermejo-Lpez, A.; Pereda-Ayo, B.; Gonzdez-Marcos, J.; Gonzdez-Velasco, J. Mechanism of the
CO2 storage and in situ hydrogenation to CH4. Temperature and adsorbent loading effects over Ru-
CaO/Al203 and Ru-Na2CO3/AI203 catalysts. Appl. Catal. B: Environ. 2019, 256, 117845,
https://doi.org/10.1016/j.apcath.2019.117845.

[67]Wang, S.; Farrauto, R.J.; Karp, S.; Jeon, J.H.; Schrunk, E.T. Parametric, cyclic aging and
characterization studies for CO2 capture from flue gas and catalytic conversion to synthetic natural gas
using a dual functional material (DFM). J. CO2 Util. 2018, 27, 390-397,
https://doi.org/10.1016/j.jcou.2018.08.012.

[68] Proafp, L.; Tello, E.; Arellano-Trevino, M.A.; Wang, S.; Farrauto, R.J.; Cobo, M. In-situ DRIFTS
study of two-step CO2 capture and catalytic methanation over Ru,“Na20”/A1203 Dual Functional
Material. Appl. Surf. Sci. 2019, 479, 25-30, https://doi.org/10.1016/j.apsusc.2019.01.281.

Universal Journal of Carbon Research 14 | Ayda Shojaeinia, et al.



[69] Cimino, S.; Boccia, F.; Lisi, L. Effect of alkali promoters (Li, Na, K) on the performance of Ru/AI203
catalysts for CO2 capture and hydrogenation to methane. J. CO2 Util. 2019, 37, 195-203,
https://doi.org/10.1016/j.jcou.2019.12.010.

[70] Al-Mamoori, A.; Lawson, S.; Rownaghi, A.A.; Rezaei, F. Oxidative dehydrogenation of ethane to
ethylene in an integrated CO2 capture-utilization process. Appl. Catal. B: Environ. 2020, 278, 119329,
https://doi.org/10.1016/j.apcatb.2020.119329.

[71] Myint, M.; Yan, B.; Wan, J.; Zhao, S.; Chen, J.G. Reforming and oxidative dehydrogenation of ethane
with CO2 as a soft oxidant over bimetallic catalysts. J. Catal. 2016, 343, 168-177,
https://doi.org/10.1016/j.jcat.2016.02.004.

[72] Bobadilla, L.F.; Riesco-Garc &, J.M.; Penel&-Pé&ez, G.; Urakawa, A. Enabling continuous capture and
catalytic conversion of flue gas CO 2 to syngas in one process. J. CO2 Util. 2016, 14, 106-111,
https://doi.org/10.1016/j.jcou.2016.04.003.

[73]Hyakutake, T.; van Beek, W.; Urakawa, A. Unravelling the nature, evolution and spatial gradients of
active species and active sites in the catalyst bed of unpromoted and K/Ba-promoted Cu/Al,O3 during
CO; capture-reduction. J. Mater. Chem. A 2016, 4, 6878-6885, https://doi.org/10.1039/c5ta09461e.

Volume 2 Issue 1]2024| 15 Universal Journal of Carbon Research



