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ABSTRACT: Anthropogenic emissions of CO, from industrial
processes are considered the major cause of global warming and
ocean acidification. To this end, different abatement strategies have
been sought to capture CO, directly from various effluent sources.
Carbon capture and sequestration (CCS) has been touted to solve
this problem; however, due to the challenges associated with this
approach, research efforts have been focused on the development
of dual-function materials (DFMs) that can effectively capture and
convert CO, to value-added products. In this review, we first
describe existent CO, capture processes, followed by relevant CO,
adsorbents. Then, we focus on the development of DFMs for CO,
capture and conversion through various reaction pathways, such as
methanation, reverse water-gas shift, and dry reforming. We also
elaborate on the challenges associated with these systems with emphasis on the stability and regenerability of the materials. Finally,
some future perspectives and possible areas of study are highlighted.

1. INTRODUCTION Owing to the challenges associated with these strategies for
environmental CO, abatement, dual-function materials
(DFMs) are currently being sought out as a means to
capture and convert CO, to value-added products. DFMs
contain both an adsorbent and a catalytic component for
CO, capture and conversion, respectively. The adsorbent
component, which usually consists of alkali metal oxides or
carbonates, provides basic sites to capture CO, directly from
flue gas in exhaust systems; then, this can be converted on
the same material to different value-added products, such as

Increasing CO, emissions and atmospheric concentration has
been considered the main cause of global warming.' In the
US, for instance, the CO, emissions from energy-related
systems have been projected to increase by 3% from 2013 to
2040, while the consumption is only expected to increase by
0.3% within the same time frame.” To this end, considerable
research efforts have focused on the chemical transformation
of CO, and its utilization as a carbon source for the

production of fuels and commodity chemicals.”™’ light hydrocarbons or commodity chemicals. DFMs also have
Carbon capture and sequestration (CCS) has been widely the ability to efficiently concentrate CO, from very dilute
reported as a means to mitigate the emissions of CO, to the streams such as the typical exhaust and waste gases from
atmosphere, employing systems based on amine solvents, industrial plants. The use of DFMs can also ultimately
ionic liquids, solid sorbents, advanced membrane, and porous eliminate the problems of CO, transportation and storage
materials.*” CCS enables CO, to be concentrated, liquefied, associated with CCS.
and stored to minimize the emissions from large-scale In this review, we first examine several oxides and
industrial processes. If applied efficiently, this strategy has carbonate-based adsorbents with excellent sorption capacities
the potential to reduce CO, emissions from a conventional that have been combined with catalysts for the development
power plant by 80—90%.5 CCS systems are generally of DFMs. Then, we critically discuss the different types of
categorized as precombustion, oxy-fuel combustion, and DFMs that have been used for the capture and valorization of
postcombustion, based on the location of the capture CO,, with major emphasis on Ni, Ru, and Rh-based DFM

9,10 . )
system.”~ However, these are thermal swing sorption

processes that rely on temperature variations for carbon Received: May 6, 2020 !QECH
capture and subsequent regeneration of the sorbent. In Revised:  August 14, 2020 =
addition, these processes involve the transportation of Accepted: August 27, 2020
compressed CO, gas and subsequent storage in geological Published: August 27, 2020

formations. Thus, making the processes highly energy
intensive and less economically viable.
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systems. The use of these DFMs under simulated flue gas
conditions is also elaborated in relation to different catalytic
reactions. Further, focus is given to the effect of the different
parameters on the capture capacity and catalytic activity of
these materials. Lastly, some future directions and areas for

study are highlighted.

2. CO, CAPTURE PROCESSES

Several thorough reviews on existing CO, capture processes
can be found in the literature. For instance, Mondal et al.
described recent technologies for CO, capture and separation
from thermal power plant flue gas,'' and Al-Mamoori et al."”
reviewed the most recent advances on combined CO, capture
and utilization, along with their associated challenges. This
section summarizes the main technologies for capturing CO,
and Table 1 compares them in terms of energy requirement,
cost, CO, recovery, challenges, and areas of improvement.

Precombustion capture is a technique in which the fuel is
reacted with air or oxygen, and sometimes with steam, to
produce syngas (CO + H,) as the major product, after which
the CO produced is reacted with steam in a catalytic reactor
to produce CO, and more H,."” Produced CO, is then
separated either by physical or chemical absorption processes
to produce hydrogen-rich fuel that can be used in boilers,
furnaces, and gas turbines. On the other hand, oxy-fuel
combustion involves the combustion of fuel in an atmosphere
of oxygen with recycled CO, and/or steam leading to a
stream rich in CO, and water, which is easily separated by
condensation. Oxy-fuel combustion can take place either by
O, combustion with CO, recycle or by a chemical looping
combustion (CLC) in which a solid material is used as the
oxygen carrier. Another technique that can be employed in
both precombustion or postcombustion is called calcium
looping cycle. This process involves capturing CO, from flue
gas by relying on the reversible reaction between CaO and
CO, to form calcium carbonate.

Postcombustion strategies for CO, capture include
absorption, membrane separation, and adsorption. Absorption
involves the capture of CO, from flue gas by reaction with a
chemical solvent, typically amine-based solvents, such as
aqueous solutions of mono-, di-, triamine, and di-isopropanol
amine, among others.'" Though the amine scrubbing system
has been well developed for CO, capture from flue gas, it
suffers from some drawbacks, such as high energy cost for the
regeneration of the absorbent due to the presence of water in
the amine solution, low CO, capture capacity, thermal
degradation of the amines and losses through evaporation.'*
To address the challenges associated with the use of amine
solutions, amine-based solid sorbents have also been
developed.'® Amine-functionalized solids require less energy
when compared with amine solutions since no heat is
required to evaporate water. Additionally, solid sorbents have
lower heat capacities than aqueous amine solutions. Zhang et
al. carried out a parametric study on the regeneration heat
requirement of an amine-based solid material.'® While the
calculated heat requirement for polyethyleneimine (PEI)/
silica was 2.46 GJ/tCO,, the heat requirement was 3.9 GJ/
tCO, for a typical aqueous monoethanolamine (MEA)
system, and 3.3 GJ/tCO, for an advanced MEA system
with optimized process configuration. In addition, amine-
functionalized solids generally exhibit higher CO, capacity
and higher resistance to flue gas contaminants. However,
these solids have not been used at industrial scale because
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Table 1. Comparison of Main Existing CO, Capture Technologies
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this technology is yet to be fully developed. Membrane
separation technology is another postcombustion technique
for capturing CO,; however, further research is still needed to
improve the stability, permeate purity, and recovery rate of
the membranes.'” Adsorption is also a promising technique
for capturing CO, due to its reduced energy requirement,
ease of handling, and lack of corrosion problems. As a result,
adsorbents have been combined with catalysts for the
development of DFMs.

3. ADSORBENTS FOR CO, CAPTURE

Adsorbents for the selective capture of CO, from gas
effluents need to meet several specifications, such as high
adsorption capacity, low cost, low regeneration requirements,
long-term stability, and fast kinetics."® Different materials,
such as zeolites and activated carbons, have been stated to
have a good affinity for CO,; but their sorption capacities are
affected at high temperatures.'” Others, such as mesoporous
materials (SBA-1S and MCM-41) and metal organic
frameworks (MOFs), have been reported to have good
adsorption capabilities and cyclic stabilities when used at low
temperatures, although they have also shown poor sorption
capacities at high temperatures.'” This is also the case of
hydrotalcites, which have been reported as excellent
adsorbents for CO,, but possess low sorption capabilities
for large scale industrial applications.'®'” Some of the most
promising adsorbents for DFMs are those based on calcium
due to their excellent sorption capabilities at high temper-
atures. "

In this review, we focus on oxides and carbonate-based
adsorbents with good sorption capabilities that have been
effectively combined with catalysts for the development of
DFMs.

3.1. Oxide-Based Adsorbents. Calcium oxide (CaO) is
an excellent adsorbent because it is inexpensive, robust, and
has a high reactivity toward CO,."**" CaO can be obtained
from limestone/dolomite by calcination at about 900 °C,*"**
and it is able to capture CO, by a process called carbonation,
as shown in eq 1. The CaO carbonation involves an initial
fast phase that is kinetically controlled, followed by a second
slow phase that is controlled by diffusion.'®*" Despite the
excellent properties of CaO as a solid adsorbent for CO,
capture, its use presents some drawbacks, as its energy-
intensive regeneration often results in excessive sintering and
mechanical failure. Also, the carbonation process becomes
slow after forming the first layers of calcium carbonate. While
the capacity of CaO as a sorbent is higher when used as a
powder (due to its higher surface area), challenges such as
high-pressure drop, entrainment of the flow, and attrition of
the material are sometimes observed.'””'

Ca0(s) + CO,(g) = CaCO4(s);
AH? = —178.2 kJ mol ™' (1)

Several studies have sought to address the challenges
associated with the use of CaO as an adsorbent by improving
its stability and reusability using different strategies. For
example, Florin et al. investigated the sorption capability of
CaO derived from nanosized CaCO5.*® The sorbent material
was subjected to five cycles of carbonation experiments (24
h/cycle) and they concluded that there was no morphological
impediment for the carbonation of CaO derived from
nanosized CaCO; when giving it enough time. In another

set of experiments, they found that the residual conversion
capacity was 20% after 100 CO, capture-and-release cycles of
20 min, which is higher than those previously reported for
bulk CaO, highlighting the potential of nanosized CaO. Li et
al. explored the hydration of CaO with an ethanol—water
mixture to help improve the reactivity of the spent
adsorbent.”* The authors reported this to improve the
sorption capacity of the spent catalyst by twice its initial
value. Granados-Pichardo et al. also showed that the sorption
capacity of CaO could be enhanced by modifying the
synthesis method.”” They synthesized a new CaO-based
adsorbent by a fast solution combustion method and a high-
energy ball-milling approach. They found that the novel CaO
was easily converted to CaCO; when subjected to a CO,
flow at 25 °C and 1 atm. The high conversion of the as-
prepared CaO was attributed to the improved textural and
structural properties.

To help improve the sorption capabilities of CaO and
minimize sintering, Belova et al. adopted the strategﬁy of
dispersing CaO on an inert support like y-ALO;”° As
previously stated, the carbonation reaction is initially fast, and
once a layer of carbonate is formed, this becomes limited by
the diffusion of CO, through that layer. Small CaO particles
provide higher surface area and reduced diffusion limitations,
and increased dispersion helps to minimize sintering.
Similarly, Gruene et al. demonstrated that CaO dispersed
on high surface y-Al,O; resulted in a stable sorbent able to
overcome the challenges associated with limited long-term
stability, slow uptake kinetics, and energy intensive
regeneration.”’ In this work, CO, uptake kinetics and
capacities were investigated using thermogravimetric analysis
(TGA), while the long-term stability was evaluated through
multicycle experiments. They observed that dispersed CaO
was an active sorbent at low temperature, with a capacity to
bind CO, at 300 °C up to 1.7 times when compared to bulk
CaO powder. The stability test involved 84 CO, capture-and-
release cycles at 650 °C, and this showed that CaO dispersed
on y-Al,O; possessed superior long-term stability than bulk
CaO. They also reported that while the adsorption capacity
of bulk CaO dropped below 50% after 20 cycles, that was not
the case with CaO/y-Al,O5, which after 20 cycles, maintained
90% of its adsorption efficiency with no sintering observed.

Antzara et al. developed a mixed CaO-based CO, sorbent
with inert structural promoters via the sol—gel autocombus-
tion method in an attempt to enhance the resistivity of CaO
toward sintering.”” They found that the most stable sorbents
were those containing Al,O; and ZrO, as promoters, and
they attributed this to the formation of mixed phases of
Ca;AlL 04 and CaZrO; However, others like Mg-CaO and
La-CaO showed lower adsorption capacities and stability than
the parent CaO. Guo et al. synthesized a novel Ce—Mn
doped calcium-based sorbent and investigated the effect of
the incorporation of Ce and Mn on the CO, capture.”® The
capture cycles were carried out in a thermogravimetric
analyzer by monitoring the change of mass with time and
temperature. Figure 1 shows the CO, uptake of the Ce—Mn
doped calcium-based sorbent in comparison with the Ce-
doped, Mn-doped, and bulk CaO materials. While the CO,
adsorption capacity of the Mn-doped sample decreased
continuously with the number of cycles, the Ce-doped
sorbent showed a slight increase in the CO, uptake, which
became constant after ~20 cycles. The self-reactivation in the
latter was attributed to structural rearrangement of the

https://dx.doi.org/10.1021/acs.iecr.0c02218
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Figure 1. CO, uptakes with different synthesized adsorbents as a
function of (top) number of cycles and (bottom) carbonation time.
Reprinted with permission from ref 28. Copyright 2018 Elsevier.

particles and good dispersion of the inert materials among
the CaO particles. The Ce—Mn doped CaO sorbent provided
the highest adsorption capacity and stability (0.61 g CO,/g
ads. after 40 cycles). The outstanding performance was
attributed to the synergistic interaction between Ce and Mn,
the formation of CeO, and Ca,MnO, crystallite phases that
act as barriers between CaO preventing growth and
agglomeration, enhanced dispersion and porosity, and
optimized pore size distribution for CO, adsorption.
Al-Mamoori also doped CaO in order to improve the
adsorption performance.” In this case, they chose Fe and Ga
as the doping metals, and these were incorporated by wet
impregnation of their nitrate precursors. They obtained the

highest adsorption capacities of 13.7 mmol/g and 14.2
mmol/g when doping CaO with 10 wt % Fe and 10 wt %
Ga, respectively, which was two times better than that of the
undoped CaO. Additionally, cyclic adsorption and desorption
demonstrated the stability of the doped materials, which
retained 95% of their initial capacity after 10 cycles. Table 2
summarizes the adsorbents discussed above and the different
strategies used to boost the sorption capacity of CaO.

The CO, adsorption capacities of other oxides have also
been explored. Yoshikawa et al. investigated the possibility of
using single metal oxides to capture CO, from flue gas.”’ In
this work, they explored and compared the sorption
capabilities of SiO,, Al,O;, ZrO,, and CeO, with different
morphologies: high surface area mesoporous CeO, (CeO,-1),
CeO, nanoparticles (CeO,-2), and CeO, powder (CeO,-3)
(Figure 2). While SiO, showed no CO, adsorption, CeO,-3
exhibited the most significant CO, sorption per weight of
sample.
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Figure 2. CO, adsorbed by different metal oxides as a function of
weight and surface area. Reprinted with permission from ref 30.
Copyright 2014 Elsevier.

3.2. Carbonate-Based Adsorbents. Carbonates are
excellent adsorbents because of their high reactivity toward
CO,, low energy demand, low cost, and the advantage that
they do not corrode devices. Liang et al. studied the sorption
capacity of Na,CO; in a simulated flue gas.’’ Equations 2
and 3 show the most important reactions that happen
between CO, and Na,CO;>' They found that Na,CO,
captured 90% of CO, from flue gas and that there was little
or no decrease in the carbonation rate and sorbent capacity
after limited multicycle tests.

Na,COs(s) + CO,(g) + H,0(g) = 2NaHCOs(s);
AH? = —135 kJ mol ™' (2)

Table 2. CaO-Based Adsorbents Showing Different Improvement Strategies, Feeds, and Sorption Capacities

adsorbent improvement strategy feed gas composition

CaO* increasing the surface area 15% CO,/N,
CaO™ hydration with ethanol—water mixture 15% CO,/N,
CaO* change of synthesis approach CO,

CaO™ CaO on y-ALO; support 50% CO,/N,
Ca0™! dispersing CaO on y-Al,O; support 15% CO,/N,
Ca0” use of dopants like Fe and Ga 10% CO,/N,
Ca0*® use of dopant like Ce—Mn CO,/N,

17615

temp (°C) adsorption/desorption cycles CO, sorption capacity(mmol/g)
650 S
650—700 15
25 9.31
650 30
650 84 6.4
650 10 13.7-14.1
600 40 13.68
https://dx.doi.org/10.1021/acs.iecr.0c02218
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Table 3. Carbonate-Based Adsorbents Showing Different Improvement Strategies, Feeds, and Sorption Capacities

temy adsorption/desorption CO, sorption capacity

adsorbent improvement strategy feed gas composition (°c cycles (mmol/g)
Na,CO;**  Fecralloy coating 10% CO,/Ar 150 500 7.7
Na,CO;*  amine modification H,0/CO, (1:1) 50 10 2.51
K,CO;** hexagonal crystal structure 10% CO, and 10% H,O 65
K,CO;*®  K,CO; impregnated on ALO, 13% CO,, 13% H,0 and 74% N, 60—350 10

support
K,CO;*  K,CO, impregnated on ZrO, 9% H,0/1% CO, 60—150 1.89-2.11
K,CO;**  K,CO;/y-AlLO; modified with 10% CO,, 12% H,0, 0.05% SO, and 60 25 2.05

Ca(OH), 77.95% N,

Na,CO5(s) + 0.6CO,(g) + 0.6H,0(g)

= 0.4[Na,CO,-3NaHCO;](s);  AHS = —82kJ mol™’
()

As the carbonation process is exothermic, a mechanism
needs to be put in place to dissipate the heat to allow for
continuous adsorption and desorption. One of the strategies
to overcome the heat transfer issues is to deposit the sorbent
onto metal foils. For example, Kondakindi et al. coated
Fecralloy foil, high temperature steel that is an alloy of iron
and nickel, with Na,CO,/y-Al,O; and K,CO,;/y-Al,O; and
compared their CO, sorption capacities with those of their
powder analogues.’” They discovered that 35 wt % Na,CO,/
7-Al,O; coated on Fecralloy performed much better than its
powdery form. Some durability tests were carried out with
various foil samples, and they observed a loss of 15% of their
capacity through the first 1520 cycles and 40—50% after
500 cycles. However, they concluded that even after 500
cycles, the Na,CO;/y-Al,0;-coated foil provided a CO,
capture performance that could be economically competitive
with current methods. In an effort to improve the CO,
sorption capacity of Na,COj; Yu et al. developed a novel
sodium-based adsorbent with amine modification (NaN) that
was synthesized using Na,CO;, 3-aminopropyltriethoxysilane
(APTES), and tetraethylorthosilicate (TEOS) through a sol—
gel approach.”® They reported that the new material
possessed a high sorption capacity of 2.51 mmol/g. In
addition, this material was shown to be regenerable and
stable during 10 cyclic operations.

K,CO;-based adsorbents have also been studied for their
capacity to capture CO, from flue gas. Interestingly, Zhao et
al. studied the effect of the crystal structure on the capacity
to adsorb CO,.>* Given that the carbonation reactivity of the
monoclinic crystal K,CO; was much less than that of the
hexagonal crystal, they concluded that the crystal structure
had an important effect on the CO, adsorption capacity.
Zhao et al. also prepared a K,COj-based adsorbent by
impregnating K,CO; on Al,O3.>> This material was tested in
a bubbling fluidized-bed reactor, and they found that the
CO,-capture capacity of K,CO3/AlL,O; was above 90% during
10 cycles and that there were little morphological changes in
the sorbent after the cyclic studies. Lee et al. studied the
thermal stability of K,CO; sorbent when deposited onto
ZrO, and TiO, supports to be used in a fixed bed reactor
within a temperature range of 60—150 °C.>° They found that
when K,CO,/TiO, was calcined in air (or N,) at
temperatures over 500 °C, the CO, capture capacity
decreased rapidly. This was attributed to the generation of
K,Ti,05 and K,Ti4O,; inactive species during calcination.
However, the K,CO;/ZrO, sample displayed a CO, capture
capacity of about 83—-93 mg CO,/g sorbent despite the

calcination at temperatures in the range of 500—700 °C.
They concluded that this was the result of the ability of
K,CO; and ZrO, to maintain their phases without forming
any new alloy species.

Wu et al. studied the failure mechanism of potassium-based
sorbents (K,CO; and K,CO,/Al,0;) when capturin; CO,
from a simulated flue gas containing 500 ppm of SO,.*” From
X-ray diffraction (XRD) studies, they observed the formation
of KHCO; and K,SO; which is undesirable because the
generation of K,SO; reduces the utilization ratio of the
sorbent. They also observed that the presence of water
accelerated the sulfation reaction of K,CO;. However, the
K,CO;/AlL,0; supported sorbent material showed good
carbonation and antisulfation properties after pretreatment
with water, which can slow the failure of the sorbent. To
increase the CO, sorption capacity of supported K,CO; and
reduce its consumption due to the presence of SO, in real
flue gas, Wu et al. also synthesized inexpensive calcium-
modified K,CO; sorbents.>® They explored the addition of
three calcium additives, Ca(OH),, CaO, and CaCO,, to
K,CO;/y-AL O3 for CO, capture under simulated flue gas
condition, and concluded that Ca(OH), was the most
effective one. Remarkably, the Ca(OH),-modified K,CO,/y-
Al O; material not only showed a higher CO, sorption
capacity but also proved to be more robust under SO,-
containing flue gas than the unmodified K,CO;/y-Al,0,
sample. A summary of some of the carbonate-based
adsorbents reported in the literature is shown in Table 3.

This section discussed several strategies adopted to
improve the sorption capacity of both oxides and
carbonate-based adsorbents. However, further investigation
is needed to make them cost-effective and suitable for large-
scale operations. The use of these adsorbents together with
catalytic materials to synthesize dual-function materials for
capture and conversion of CO, into value-added products is
reviewed in the following sections.

4. DUAL-FUNCTION MATERIALS

Dual-function materials (DFMs) are materials composed of a
sorbent and a catalytic active component. The oxides and
carbonates previously discussed typically serve as the CO,
adsorbent, while metal species catalyze the conversion of
adsorbed CO,. Melo Bravo and Debecker recently reviewed
the use of DFMs for combined CO, capture and catalytic
conversion to methane.”” These DFMs, comprised of both
basicity and redox catalytic sites, allow for in situ CO,
capture and conversion via a process often referred to as
CO, capture-reduction (CCR). These systems involve the
sequential feeding and intermittent switching between
different gas streams. Diluted CO, streams are first fed
until complete saturation of the adsorbent species (carbo-

https://dx.doi.org/10.1021/acs.iecr.0c02218
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Table 4. Ni-Based DFMs: Synthesis Methods and Relevant Reaction Conditions

temp (°C) feed composition

DEM synthesis method reaction” adsorption reaction adsorption reaction
Ni-CaO% Pechini sol—gel DRM 600 800 Co, CH,
CaO + Ni/MgO-AlZO361 coprecipitation DRM 720 720 20% CO,/N, 2.4% CH,/N,
Ni-CaO-Ce®* sol—gel combustion RWGS 650—750 650—750  15% CO,/N, 5% H,/N,
Ni-(K—Ca)/y-AL,O,;* wet impregnation DER 650 650 10% CO,/N, 5% C,H¢/N,
Ni-(Na—Ca)/7-ALO,’ wet impregnation DER 650 650 10% CO,/N, 5% C,H,/N,
Ni-(K—Mg)/7-AL O, wet impregnation DER 650 650 10% CO,/N, 5% C,Hg/N,
Ni-(Na—Mg)/)/-A12032 wet impregnation DER 650 650 10% CO,/N, 5% C,Hg/N,
Ni-CaO/Al,0,% wet impregnation methanation ~ 280—520  280-520 10% CO,/Ar 10% H,/Ar
Ni—Na,CO,/Al,0;% wet impregnation methanation ~ 280—520 280—520 10% CO,/Ar 10% H,/Ar

Ni—Na,0/Al,0,% incipient wetness methanation 320

impregnation

320 7.5% CO,/N, and 7.5% CO,, 4.5% O,
15% H,0/N,

15% H,/N,

“Notation: DRM: Dry reforming of methane, DER: Dry ethane reforming, and RWGS: reverse water-gas shift.
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free energy of the different reactions involved as a function of the temperature (D). Reprinted with permission from ref 60. Copyright 2019

American Association for the Advancement of Science.

nation or weak chemisorption). Then, a reactive component
such as H, or CH,/C,Hy (as in reforming reactions) is
flowed to convert adsorbed CO,. This strategy eliminates the
CO, transportation and storage challenges associated with
CCS processes. Furthermore, the in situ capture and
conversion of CO, on DFMs eliminates the high-energy
penalty associated with the thermal swing regeneration
process prevalent in other postcombustion capture schemes,
such as amine scrubbing. It is also worth mentioning that
both the chemisorption and physisorption properties of
sorbents could affect the working capacity of DFMs. While
the physisorption is associated with the occurrence of van der
Waals forces and a low heat of adsorption,™ in the
chemisorption, CO, undergoes a covalent chemical reaction
with the sorbent sites and incurs a much greater heat of
adsorption. Physisorption processes are less selective, leading
to the adsorption of other gases such as N, that lowers the
purity of the adsorbed CO,; however, chemisorption could
lead to the permanent binding of poisons, such as SO,, hence
decreasing the capacity of the sorbents. Nevertheless, the
predominant chemisorption process in DFMs allows for
higher affinity to CO, in diluted streams. Parameters such as
the weight loading of sorbent and catalytic species, ratio of
sorbent to catalyst, temperature of adsorption and reaction,
and composition of the feed gas streams are important in the

17617

design of DFMs, as they are essential in the optimization of
the sorption capacity, reactive potential, and stability. In this
section, we critically review and discuss different DFMs
developed for CO, capture and conversion.

4.1. Ni-Based DFMs. Nickel has been recurrently used for
CO, conversion reactions, such as methanation,‘“_47 reverse
water-gas shift (RWGS),"*™** and reforming of methane and
other light alkanes.””>” In addition to its high activity, its
frequency of utilization comes from the fact that it is highly
abundant and less expensive than other metals. Owing to its
classical use for CO, reactions, it has become a primary
target for the synthesis of DFMs. Table 4 compiles some
examples of Ni-based DFMs indicating the synthesis method,
reaction used, and main reaction parameters.

Tian et al. carried out a calcium-looping methane
reforming process using a CaO-Ni bifunctional sorbent-
catalyst prepared via the Pechini sol—gel method.”” The
synthesis involved the dissolution of calcium and nickel
nitrates together with anhydrous citric acid in water with
stirring at 75 °C. Next, after addition of ethylene glycol, the
temperature of the solution was raised to 90 °C to induce
gelation. The resultant gel was dried overnight at 100 °C and
calcined at 800 °C for 2 h to obtain the CaO—Ni sorbent-
catalyst. First, CO, is captured by reacting with CaO
adsorbent to form CaCOj; (eq 1), then this is decomposed

https://dx.doi.org/10.1021/acs.iecr.0c02218
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Figure 4. TEM images of (a) CaO, (b) Ca/Ni (1:0.1), (c) Ca/Ni/Ce (1:0.1:0.017), and (d) Ca/Ni/Ce (1:0.1:0.033). HRTEM (e) and
elemental mappings (fi) of Ca/Ni/Ce (1:0.1:0.033). All in molar ratio. Reprinted with permission from ref 62. Copyright 2019 Elsevier.

to bring CO, to the CaO—Ni interface for the reaction with
CH, (dry reforming) to produce syngas according to eq 4.

CO,(g) + CH,(g) = 2CO(g) + 2H,(g);
AH? = +247.0 kJ mol ™ (4)

Although the CO, adsorption experiments were performed
at 600 °C, methane reforming took place at 800 °C,
indicating a nonisothermal capture and conversion process.
This is due to the fact that both the CO, desorption and
methane reforming reaction are endothermic. The purported
reaction mechanism elucidated by temperature-programmed
surface reaction (TPSR) studies revealed the decomposition
of CaCO; to CO, under methanation conditions, and the
dissociation of CH, on the Ni surface (Figure 3). This
eventually led to the reverse Boudouard reaction between
CO, and the carbon deposited on the CaO—Ni interface to
produce CO. It was observed that the carbon deposited onto
the CaO-Ni DFM led to a more facile CO, consumption, as
the thermodynamics of the reverse Boudouard reaction was

more favorable (Figure 3D). This process resulted in 65%
CO, utilization efliciency and 86% CH, conversion, which
makes it competitive when compared to other novel methane
reforming processes. They concluded that the in situ
consumption of CO, on the catalyst surface during methane
dry reforming shifted the equilibrium to the right favoring the
dissociation of CaCOj; according to Le Chatelier’s principle.
This allowed the otherwise energy-intensive calcium looping
process to be operated at lower temperatures, thus mitigating
a major issue of deactivation through sintering. This system
was found to be highly energy efficient, with the energy
consumed during the CO, utilization being 22% lower than
that of conventional methane dry reforming.

Kim et al. also conducted the dry reforming of methane
with a Ni-based catalyst (Ni/MgO—ALO;) containing a CaO
sorbent.’" As in the previous work, they also used a calcium
looping process to capture and convert CO,. Precalcined
limestone was mixed with the Ni catalyst and was subjected
to high-temperature calcination and reduction treatments at
800 °C. The temperature was then reduced to 720 °C for the

https://dx.doi.org/10.1021/acs.iecr.0c02218
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carbonation experiments with 20 vol % CO, in N,. Unlike
the report by Tian et al,”" both the CO, carbonation—
desorption and subsequent methane reforming were con-
ducted isothermally (720 °C) with 2.4 vol % CH, in N, to
produce synthesis gas. Although the process operated
efficiently over 10 cyclic experiments, deactivation was
observed by sintering of the CaO sorbent.

Other researchers have explored means for modifying the
sorbent species to improve the CO, capture and the
conversion process on Ni-based DFMs. For example, Sun
et al. studied the use of a Ce-modified CaO adsorbent for the
development of Ni-based DFMs.”> These DFMs were
synthesized via a sol—gel combustion method using calcium
and nickel nitrate precursors and citric acid as a chelating
agent. For the preparation of Ce-doped DFMs, a cerium
nitrate precursor was introduced into the synthesis mixture
with a Ce?* to Ca?* molar ratio of 1:30 and 1:60, and the
morphology and elemental mapping of the as-synthesized
DFMs are shown in Figure 4. Integrated CO, capture and
conversion experiments were carried out at 650 °C using 15%
CO,/N, and 5% H,/N,, respectively, with pristine CaO, Ni-
CaO, and Ce-modified Ni-CaO systems. These materials
were studied in the reverse water—gas shift (RWGS) reaction
shown in eq S.

CO,(g) + H,y(g) = CO(g) + H,0(g);
AH? = +41.2 kJ mol ™' ()

Even though the bare CaO had the highest CO, capture
capacity of 15.7 mmol/g, the CO, conversion was only
23.4%. However, adding Ni to CaO (Ca/Ni molar ratio of
1:0.1) led to a 46% CO, conversion. Additional incorporation
of the Ce promoter (Ca/Ni/Ce molar ratio of 1:0.1:0.017)
improved the conversion to 50.7%, while a further increase in
the cerium loading (Ca/Ni/Ce molar ratio of 1:0.1:0.033)
led to an improved activity with 51.8% CO, conversion and
nearly 100% CO selectivity. As expected, increasing the
reaction temperature from 650 °C to 700 and 750 °C using
the Ca/Ni/Ce (1:0.1:0.033) sample increased the rate of
CaCO; decomposition; however, there was a negligible
increase in the rate of the RWGS reaction, indicating that
650 °C was the optimum temperature for carbon capture and
conversion to CO. At 650 °C, this DEM also showed to be
stable after 20 cycles of integrated capture and conversion of
CO,, while the unmodified Ni—CaO system (no Ce)
exhibited a rapid drop off in activity with increasing cycles.
It was concluded that the introduction of cerium oxide into
the material resulted in a more facile reduction of the
dissociated CO, regenerated from the DMF (owing to the
presence of oxygen vacancies) and the homogeneous
dispersion of CeO, over the DFM acted as a physical barrier
preventing the sintering of CaO and NiO species, as it can be
seen in Figure 4c.

The authors also discussed the potential reaction pathways
over DEMs. So far, two possible mechanisms have been
proposed in the literature for the RWGS reaction: redox
mechanism (scheme 1 in Figure 5) and the associative
“formate” mechanism (scheme 2 in Figure S). On the basis of
in situ DRIFTS spectra, they concluded that both
mechanisms coexist; however, owing to the similarities of
the DRIFTS spectra for all DFMs, they concluded that
surface formate and carbonyl were not the main reaction
intermediates that cause the differences in performance. For
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Figure S. RWGS reaction mechanisms over DFMs. Reprinted with
permission from ref 62. Copyright 2019 Elsevier.

the Ni—CaO system, it was suggested that upon switching
the gas to H,, CO, spills over and reacts with Ni active sites
producing CO and NiO (eq 6), and NiO species are reduced
by the adsorbed H, as shown in eq 7. However, when the
DFM is doped with cerium, CO, interacts over an oxygen
vacancy (Ce’") resulting in the oxidation to Ce*" and release
of a CO molecule (eq 10). Then, adsorbed H, species extract
lattice oxygen from ceria producing H,O and the reduction of
the catalyst back to Ce* (eq 9).

CO, + Ni = CO + Ni#* (6)
H, + Ni** = H,0 + Ni 7)
CO, + Ce’* = CO + Cce** (8)
H, + Ce*" = H,0 + Ce** ()

Al-Mamoori et al.” reported the use of Ni-impregnated
CaO- and MgO-based double salts supported on y-Al,O; as
DFMs for CO, capture and conversion to syngas via dry
ethane reforming according to eq 10.%°

2CO, + C,H, = 4CO + 3H,;
AH? = +428.1 kJ mol ™' (10)

First, they impregnated different double salts based on K-
and Na-promoted CaO and MgO (K—Ca, Na—Ca, K—Mg,
and Na—Mg) on y-ALO;. After drying and calcination, the
materials were impregnated again with Ni(NO;),-6H,0 to
obtain the desired DFMs. For the CO, capture and
conversion experiments, a 10% CO,/N, mixture was fed at
650 °C and 1 bar until saturation before switching to 5%
C,H¢/N, at the same temperature. The Ni@(K—Ca)/y-Al, 0,
system showed the best CO, adsorption and desorption
capacities, being 0.99 and 0.95 mmol/g, respectively, while
displaying a 100% C,Hg conversion and 65% of CO, reacted
to form syngas. Even when the high Ni loading contributed
to the formation of coke due to cracking reactions, the
catalyst showed long-term stability with only a 5% drop in
the catalytic activity after 600 min.

https://dx.doi.org/10.1021/acs.iecr.0c02218
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Bermejo-Lopez et al. studied the effect of the Ni loading
on the capture and in situ conversion of CO, to CH,
(methanation) using CaO and Na,CO; as sorbents (eq 11).

CO, + 4H, = CH, + 2H,0; AH? = —165.0 kfmol "

(11)

Several Ni-CaO/y-Al,0; and Ni—Na,CO,/y-Al,O; DFMs
with different Ni loadings were synthesized via wetness
impregnation.”® These materials were used for CO, capture
and conversion using 10% CO,/Ar and 10% H,/Ar gas
streams for capture and hydrogenation, respectively. It was
observed that the Ni reducibility was improved at high Ni
loadings and when these adsorbents were incorporated.
Kinetic studies revealed that the production of methane
increased with the Ni loading until reaching a value of 142
umol/g with the 15% Ni-15% CaO/y-AlL,O; sample at 520
°C. However, even better results were obtained with the
samples containing Na,CO;, being this of 186 pmol/g when
using the 10% Ni-10% Na,CO;/Al,O; sample even at a lower
temperature (400 °C).

In the same year, Arellano-Trevino et al. described some
limitations of the Ni-based DFMs for production of methane
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in simulated flue gas applications.”* The sorbent species were
first deposited on the y-Al,O; support via incipient wetness
impregnation. After drying and calcination in air, the catalyst
precursor was impregnated to obtain the DFM. The as-
prepared Ni—Na,0/Al,0; DFM was subjected to CO,
capture using 7.5% CO,/N, and a simulated flue gas (7.5%
CO,, 4.5% 0, 15% H,0, balance N,) at 320 °C and
atmospheric pressure. In the first case (ideal 7.5% CO,/N,),
the Ni-based DFM yielded a CO, capture capacity of 9.55
mL, a high capacity that was attributed to both the presence
of the Na,0/Al,O; adsorbent and Ni being fully reduced and
active toward CO, adsorption. As it can be seen in Figure 6,
its further hydrogenation produced 6.74 mL of CH,.
However, when using the simulated flue gas, the activity
dropped dramatically with only 2.70 mL of CO, captured
and no methane formation. For comparison purposes, a
reference Ru-based DEM sample prereduced at 320 °C and
subjected to the same simulated flue gas yielded a CO,
capture capacity of 9.43 mL and produced 7.11 mL of
methane upon hydrogenation (Figure 6). The low CO,
capture capacity and null methanation activity of the Ni-
based DFEM under simulated flue gas conditions was ascribed

https://dx.doi.org/10.1021/acs.iecr.0c02218
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Table 5. Ru and Rh-Based DFMs: Synthesis Methods and Relevant Reaction Conditions

temp (°C) feed composition
DEM synthesis method reaction adsorption  reaction adsorption reaction

Ru-CaO/y-ALO;"™* incipient wetness methanation 320 320 10% CO,/air and 8% CO,/21% H,0/air 5% H,/N,
impregnation

Ru-CaO/y-ALO;"* incipient wetness methanation 320 320 10% CO,/N, 4% H,/N,
impregnation

Ru-CaO/y-ALO;"° incipient wetness methanation 320 320 7.5% CO,, 4.5% O,, 15% H,0/N, 5% H,/ N,
impregnation

Ru—Na,CO;/7-ALO;”  incipient wetness methanation 320 320 7.5% CO,/N, and 7.5% CO,, 4.5% O,, 15% 5% H,/N,
impregnation H,0/N,

Ru—Na,0/y-AL,0;"° incipient wetness methanation ~ 250—350 250—-350  7.5% CO,, 4.5% O,, 15% H,0/N, 15% H,/N,
impregnation

Ru-CaO/y-ALO,"’ incipient wetness methanation ~ 280—400  280—400 1.4% CO,/Ar and 11% CO,/Ar 10% H,/Ar
impregnation

Ru—Na,CO,/7-ALO;"”’ incipient wetness methanation 280—400 280—400 1.4% CO,/Ar and 11% CO,/Ar 10% H,/Ar
impregnation

Ru—Na,0/7-ALO;" incipient wetness methanation 320 320 15% CO,/N, 20% H,/N,
impregnation

Rh-CaO/y-ALO;"* incipient wetness methanation 320 320 10% CO,/N, 2% H,/N,

impregnation

to the oxidation of Ni to NiO during the capture step. It is
well-known that Ni catalysts typically require high reduction
temperatures and are susceptible to oxygen-containing feeds.
With these challenges in mind, the same research group
decided to explore the modification of Ni with trace amount
of precious metals (<1 wt % Pt, Pd or Ru) because they are
known to dissociate H, lowering the reduction temperature.*®
They observed that the introduction of 1 wt % Pt and Ru
improved the reduction of NiO, to Ni (at 320 °C) by 50%
and 70%, respectively, thereby, enhancing the methanation
activity in simulated flue gas conditions. The best result was
obtained with a 1% Ru, 10% Ni, 6.1% Na,O/Al,0; DFM
system that provided a CO, capture capacity of 0.52 mmol
CO,/g and yielded a methane production of 0.38 mmol
CH,/g at 320 °C, which are much higher than those
obtained with the 10% Ni, 6.1% Na,O/Al,0; DFM that
provided a CO, capture capacity of 0.11 mmol CO,/g
without CH, production at 650 °C. Remarkably, this catalyst
also proved to be stable for 20 cyclic tests. However, Pd- and
Pt-modified Ni-based DFMs generally exhibited much lower
hydrogenation and methanation rates. This together with
their high cost make them unable to compete with Ru—Ni
systems. The presence of Ni in the Ru—Ni system generally
improved the CO, sorption capacity and increased the
amount of methane produced; however, there exists a trade-
off in slower methanation rates. This innovative bimetallic
approach involving a blend of precious and base metals could
be implemented to enhance the dual functionality for CO,
processes while also reducing their associated costs. These
researchers also proposed a layout for incorporating the DFM
in close proximity to a power plant and a hydrogen
generation unit (Figure 7).°° The schematic shows the
pretreatment of flue gas to remove pollutants before feeding
it to the DEM unit. Then, captured CO, is hydrogenated to
produce methane, which can be recycled as a fuel source,
thereby closing the carbon cycle. The beauty of this
operation is that the CO, adsorption and methanation can
be conducted isothermally, and the synergistic effect of the
reaction ensures that the heat released during methanation
drives the CO, desorption process.

In some instances, the CO, capture is performed
postreaction. Wu and Williams®” developed a Ni-based

17621

DFM (Ni—Mg—Al-Ca0O), and interestingly, this material
was not used for the direct capture of CO, from diluted or
simulated flue gas streams and further conversion, but for the
in situ adsorption of CO, produced during the pyrolysis—
gasification of polypropylene. The pyrolysis—gasification of
polypropylene culminates in the production of H, via the
water-gas shift (WGS) reaction (CO + H,0 = CO, + H,),
and the removal of CO, from the product stream by DFMs
permits the obtain hydrogen in higher concentrations. In the
presence of the Ni—Mg—AIl—CaO DEFM, it was observed that
the gas yield in terms of weight of polypropylene increased
from 68.1 to 252.3 wt % when the gasification temperature
increased from 700 to 800 °C. Interestingly, when using this
DFM, the H,/CO ratio remained constant at ~3 at all
temperatures, which was attributed to the in situ removal of
CO, and consequent promotion of the WGS reaction. This
catalyst/sorbent system also proved to be stable after five
cycles of carbonation/calcination at 750 °C, while the activity
of bare CaO showed an evident decay. Likewise, Di Felice et
al. developed Fe and Ni catalysts for biomass gasification with
simultaneous CO, capture and tar reforming.68 Ni and Fe
were supported on CaO, MgO, and calcined dolomite, and
these materials were studied over a temperature range from
650 to 850 °C. For all metal/substrates systems, it was
observed that low metal loadings were as effective as higher
loadings for tar abatement purposes, with the Ni-based
system being particularly reactive. The challenges associated
with this biomass postreaction CO, capture include carbon
deposition and particle attrition. However, the addition of Fe
or Ni to the traditional oxide sorbent helped to mitigate the
carbon deposition. Likewise, the use of an excess of steam in
the biomass gasification system can inhibit the coke
formation. Additionally, attrition was minimized due to the
strong interaction between metal and support, an important
factor for large-scale fluidized bed applications.

Even when Ni is one of the most abundant metals on
Earth, its use for the development of DFMs suffers from
challenges such as high reduction temperature (typically >600
°C) and tendency to deactivate in simulated flue gas
conditions. This has motivated others to use other elements,
such as Ru and Rh, even when they are costly and less
abundant. Nevertheless, it should be noted that Ni-based
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DFMs possess great versatility in a broad range of
applications, such as in methane synthesis, RWGS, and
reforming-based reactions. More in-depth studies are still
needed for the development of highly stable Ni-based DFMs,
and further emphasis should be put in understanding the
mechanisms involved in the CO, adsorption and conversion
on these DEM structures. A better understanding of the
reaction pathways could also provide additional insights for
the optimization of the process conditions for increased
selectivity.

4.2. Ru- and Rh-Based DFMs. Ruthenium has been
extensively studied because of its high activity and selectivity
in the methanation of CO,.°”””* Ru has gained a lot of
traction due to its rapid reversible redox behavior that allows
it to easily transition between its metallic and oxide states.””
These attributes have made this element to be considered as
an active replacement for Ni in the development of DFMs
despite its high cost. Table 5 compiles some examples of Ru
and Rh-based DFMs indicating the synthesis method,
reaction used, and main reaction parameters.

Ru-based DFMs have been one of the most studied for
capture and conversion of CO,. Duyar et al. published one of
the earliest reports on Ru-based DFMs for CO, capture and
methanation.”* In their work, they made use of CaO as the
sorbent component and Ru as the catalyst, and both were
dispersed onto a y-Al,O; support. These DFMs were
synthesized by conventional incipient wetness impregnation
using Ru(NO)(NOs;), and Ca(NO;), as precursors. First,
Ru(NO)(NO;), was impregnated on 10 wt % CaO/y-ALO;,
followed by pretreatment in air at 320 °C for 2 h to
decompose the Ru salt, providing this temperature the
maximum Ru dispersion.69 Then, another DFM was
synthesized by impregnating Ca(NO;), on 10 wt % Ru/y-
AL O;, followed by an in situ reduction at 320 °C to
decompose Ca(NO,), into CaO.”* To properly study the
effectiveness of the DFMs, different weight loadings of Ru
catalyst (1—11 wt %) and CaO adsorbent (1—10 wt %) were
used.”* The capture step involved the exposure of the
material to a 10% CO,/N, stream at 320 °C, followed by
methanation with 4% H,/N, for 2 h at the same temperature.
It is worth mentioning that the methanation reaction (eq 11)
is exothermic, which allows for an efficient heat integration
with the CO, desorption and spillover to the catalytic sites,
making possible the isothermal CO, capture and conversion.
Optimization studies showed that 5% Ru, 10% CaO/y-Al,O,
was the best DFM, displaying the highest methanation
activity of 0.50 g-mol CH,/kg DFM, a 5-fold improvement
when compared to the base 10% Ru/y-Al,O; material (Table
6). It was also observed that it was more effective to deposit
Ru onto CaO/y-AlL,O;, and this was attributed to an
increased dispersion of Ru on the DFM as compared to
the coverage of Ru sites when CaO was impregnated onto
Ru/y-ALO;. In any case, the incorporation of the CaO
sorbent to the Ru catalyst markedly improved the
methanation activity of the catalyst, and even a physical
mixture of 10% Ru/y-Al,O; and 10% CaO/y-Al,O; provided
better results than pristine 10% Ru/y-Al,O;. This was
explained by spillover of CO, from the CaO sites to Ru
sites during the hydrogenation stage. The mechanism of the
spillover process on the Ru-CaO/y-Al,O; DFM is shown in
eqs 12—15."" The 5% Ru, 10% CaO/y-Al,O; DFM also
proved to be highly stable under accelerated aging conditions

Table 6. Methane Turnover (mol CH, Produced/mol Ru
Present in Sample) and Methanation Capacity Reported
over Different Ru-based DFMs. Reprinted with permission
from ref 74. Copyright 2015 Elsevier

sample CH,/Ru g-mol CH,/kg DFM
7-ALO, 0 0.00
10% Ru/y-ALO, 0.1 0.10
1% CaO, 10% Ru/y-AlLO, 0.19 0.19
5% CaO, 10% Ru/y-ALO, 027 027
10% CaO, 10% Ru/y-AlO, 0.31 0.30
1.1% Ru, 10% CaO/y-ALO, 2.46 027
2% Ru, 10% CaO/y-ALO, 1.79 035
3% Ru, 10% CaO/y-ALO; 1.01 0.50
6.8% Ru, 10% CaO/7-ALO, 0.65 0.44
10.6% Ru, 10% CaO/y-ALO, 0.44 0.46
10% Ru/y-ALO; + 10% CaO/y-AL O, 0.25 0.12

using an 8% CO,/21% H,O/air feed after 20 cycles on
stream (Figure 8).

CO, adsorption onto CaO sites:

CO, + CaO/y-Al,0; = CO, - CaO/y-Al, 04 (12)
CO, spillover from CaO sites and adsorption on Ru sites:

CO, - CaO/y-Al,0; — CO, + CaO/y-Al, 04 (13)

CO, + Ru/y-Al,0; = CO, - Ru/y-Al, 04 (14)

CO, methanation on Ru sites when exposed to H,:
CO, + 4H, —» CH, + 2H,0 (15)

In a similar work, these authors compared the performance
of Ru- and Rh-based DFM systems synthesized via incipient
wetness impregnation on y-Al,O; using Ru(NO)(NO;); and
Rh(NO;); as precursors.'* The samples were reduced in 4%
H,/N, at 320 °C for 2 h, after which a 10% CO,/N, mixture
was fed at 320 °C for the CO, capture stage. The subsequent
methanation step was carried out in a flow of 4% H,/N, for
2 h. On the basis of the results shown in Table 7, it was
concluded that the Rh-based DFMs were more active than
those containing Ru, obtaining 0.40 g-mol CH,/kg DFM
with only 0.1% Rh loading (0.1% Rh, 10% CaO/y-ALO;
sample), which is 80% of that obtained with the 5% Ru, 10%
CaO/y-Al,0; material with a much higher metal loading.
Even when Rh is an excellent candidate for applications that
require higher resistance to oxidizing conditions, it seems like
Ru is still preferred for the development of DFMs based on
its activity, stability, and relative low price when compared to
Rh (Ru = $280/troy oz. vs Rh = $8,600/troy oz. on July 16,
2020).7%

Further work investigated the effect of the different sorbent
species on the Ru-based DFM (K,CO; Na,CO; and
Ca0)."* To do so, 5% Ru, 10% K,CO;/y-ALO; and 5%
Ru, 10% Na,CO;/y-Al,O; were studied alongside the already
reported 5% Ru, 10% CaO/y-Al,O; DFM. It was observed
that both 5% Ru, 10% K,CO;/y-AL,O; and 5% Ru, 10%
Na,CO;/y-AL,O; outperformed the 5% Ru, 10% CaO/y-
Al,O; DFM with methanation capacities of 0.91 and 1.05 g-
mol CH,/kg DFM, respectively. Interestingly, these results
proved that the higher is the adsorptive capacity of the
sorbent species, the more effective the DFM is, as it was
shown that the performance was in the order Na,CO; >

https://dx.doi.org/10.1021/acs.iecr.0c02218
Ind. Eng. Chem. Res. 2020, 59, 17612—17631


pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02218?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

700
B CH4 released

600
- A CO2 released
S s00
£
2
e}
@ 400
@
9
[
1

B m o
~ o 5}
S 300 8 = =
g g - &/ pg—8——8

} o o a
= 5]

200 .

A
100
& = A A X
0 A A A—A A A 2 T A A—A 5352

0 1 2 3 4 5 6 7 8

10 11 12 13 14 15 16 17 18 19 20 21
Cycle

Figure 8. CO, and CH, released during the 20-cycle test performed under accelerated aging conditions. Reprinted with permission from ref 74.
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Table 7. Methane Turnover (mol CH, Produced/mol of
Rh or Ru Present in Sample) and Methanation Capacity
Reported over Rh- and Ru-Based DFMs. Reprinted with
Permission from ref 14. Copyright 2016 Elsevier

sample CH,/Rh or Ru  g-mol CH,/kg DEM
10% Rh/y-ALO, 0.3 0.30
10% Rh, 10% CaO/y-ALO, 0.9 0.90
5% Rh, 10% CaO/y-ALO, 13 0.70
1% Rh, 10% CaO/y-AlLO, 7.0 0.70
0.1% Rh, 10% CaO/y-ALO, 420 0.40
5% Ru, 10% CaO/y-ALO, 1.0 0.50

K,CO; > CaO. This shows that selecting a sorbent with high
CO, adsorption potential can go a long way to improve the
effectiveness of a dual-function material. In the same year,
Zheng et al. performed a parametric study on the capture and
conversion of CO, from a flue g stream with the same 5%
Ru, 10% CaO/y-Al,O; DFM.”” Here, they examined the
effect of the synthesis method, shape, and properties of the
alumina support, and the conditions for the CO, adsorption
and methanation stages. When comparing the use of chloride
precursors (RuCl; and CaCl,) with conventional nitrate salts,
they observed a more uniform penetration into the ALO;
particulates when using chloride-based compounds. With
regards to the alumina support, the cylindrical pellet-form
provided the best methanation performance when compared
to the spherical beads and powder forms. CO, adsorption
and conversion experiments revealed that the reaction
temperature affected the kinetics and thermodynamics of
the process achieving an optimum at 320 °C. It was also
observed that the presence of water and oxygen reduced the
adsorption and conversion capacity of the DFM due to the
oxidation of the active Ru species. Although high flow rates
of hydrogen led to an improved reduction of ruthenium oxide
to the active metallic state, the low residence times limited
the methanation activity; hence, it was preferred to operate at

moderate feed flow rates. Later on, Wang et al. reported
cyclic aging studies with the 5% Ru, 10% Na,CO;/y-Al, O,
DFM pellet system for the capture and hydrogenation of
CO,.”> A 10-cycle aging test was carried out using 7.5%
CO,/N, (O,-free conditions) for CO, adsorption and 5%
H,/N, for methanation, while a 12-cycle test was run under
simulated flue gas conditions (containing O,), all experiments
being performed at 320 °C. As expected, the presence of
oxygen led to the formation of Ru oxide (RuO,), which
caused a loss in the catalytic activity. After the 10th cycle, the
catalyst was regenerated by exposing it to an excess of
hydrogen resulting in a recovery of both CO, adsorption and
methanation. Parametric studies performed by the same
researchers with a 5% Ru, 6.1% Na,O/y-Al,O; DEM system
showed the effects that the space velocity (flow rate of feed
gas), oxygen exposure time during the capture phase, and the
temperature of reaction have on the catalytic performance.”®
As shown in Figure 9A, the gas space velocity had a
negligible effect on the amount of CO, adsorbed and
methane formed, only affecting the rate of the process. It was
also observed that both the CO, adsorption and methanation
steps were slightly hindered when increasing the temperature,
which was expected based on the thermodynamics of the
processes (Figure 9B). From Figure 9C, they concluded that
an increased exposure time to the O,-containing flue gas led
to an initial improvement of the CO, adsorption, but this
peaked after 20 min. This also led to an increase in the
methanation as the concentration of CO, increased. Although
increased exposure times led to increased oxidation of Ru, a
15% H,/N, gas feed was enough to reduce the catalyst back
to its metallic state and initiate the methanation process;
hence, no significant loss of activity was observed.
Bermejo-Lopez et al. investigated the mechanism of the
CO, capture and methanation over Ru-CaO/Al,O; and Ru—
Na,CO,/AL,O; DFMs.”” They noticed that increasing the
CaO adsorbent loading led to a reduced Ru dispersion, as
confirmed via H, chemisorption and microscopy analysis.
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Ind. Eng. Chem. Res. 2020, 59, 17612—17631


https://pubs.acs.org/doi/10.1021/acs.iecr.0c02218?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02218?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02218?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02218?fig=fig8&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02218?ref=pdf

Industrial & Engineering Chemistry Research

Review

pubs.acs.org/IECR

(A) 100+
84.09 == = 85,22
80

CO, Ads/Des & CH, Production (ml)

694 h'! 868 h'! 1042 h' 1215 h!
GHSV

| Adsorption [l Methanation [[] Desorbed M [l Desorbed 3|

(B) 10143
= 1001 92.91
< 8386 o020
2 804 . 7497
S
el
8
o
<+ 60
I
@]
o3
8 404
8]
(%]
©
<Ev 20
(@)
(@]
04

250 °C 280 °C 300 °C 320°C 350 °C
Temperature

! Adsorption [l Methanation ] Desorbed M [l Desorbed 3|

(©)

= 1001 88.59
= 88.79
.5 82.58
o 804

S
°

j<t
o

< 60
I
(&)
oS

8 40
o]
g
i 20
o]
O

0
10 min 20 min 30 min

CO, Adsorption Duration
| Adsorption [l Methanation [.0] Desorbed M [l Desorbed 3|

Figure 9. Parametric studies with a 5% Ru, 6.1% Na,O/7-Al,O;
DFM system under simulated flue gas conditions: (A) effect of
space velocity at 320 °C; (B) temperature effect at 1042 h™; and
(C) O, exposure times at 320 °C and 868 h~'. Nomenclature:
Desorbed M = CO, desorbed during methanation; Desorbed 3 =
CO, desorbed during N, purge. Reprinted with permission from ref
76. Copyright 2018 Elsevier.

Conversely, increased Na,CO; loading had a promotional
effect on the dispersion of Ru. As expected, increasing the
adsorbent loading increased the catalyst basicity due to the
formation of stable carbonate species, an effect that was more
pronounced on CaO than on Na,CO; DFM, with TPR

analysis showing a higher reduction temperature to activate
the CaO-based DFM. They concluded that the CO,
adsorption was accompanied by a release of water and the
formation of the corresponding hydroxide (NaOH or
Ca(OH),) and that the adsorption primarily happened on
the basic oxide (CaO or Na,O) surface and only proceeded
on the hydroxide surface once the oxides were fully occupied.
The hydrogenation step led to the release of CH,, H,O, and
small quantities of CO, indicating a high selectivity of these
DFMs to methane. In-situ DRIFTS studies performed by
Proafio et al. over a Ru—Na,0/AL,0O; DFM revealed that
CO, is adsorbed over the sorbent surface forming bidentate
carbonates.** While CO, is adsorbed on Ru active sites,
alumina OH groups, and bidentate carbonates on the Ru—
Na,0/Al,0; DFM, this is only adsorbed on Ru active sites
and alumina OH groups on a traditional Ru/ALO; catalyst,
which explains the reason for the enhancement in the
methanation activity with the DFM. In both cases, during the
hydrogenation step (methanation), all CO, adsorbed behave
similarly in that they spill over onto the catalytic Ru sites,
where they are hydrogenated forming methane with formates
as reaction intermediates.

Although most of the earlier reports are focused on metal
oxide- and carbonate-based DFMs, Cimino et al. studied the
effect of alkali promoters (Li, Na, K) on the performance of
Ru/AlL,O,.*" These materials were synthesized via sequential
impregnation of the ruthenium and alkali precursors, and
nitrate and carbonate alkali salts were used to evaluate the
effect of the promoter precursor. The Li—Ru catalyst
prepared using LiCO; displayed the highest methanation
activity, followed by the Na-promoted Ru catalyst prepared
with the sodium nitrate precursor. Both the Na—Ru/AlO,
and K—Ru/Al,O; DFMs synthesized with carbonate
precursors showed poor catalytic activity toward methane
production, which was the result of incomplete decom-
position of the carbonates at the reduction conditions (400
°C) and the masking effect of the amorphous species on the
Ru active sites. In general, the alkali-doped catalysts were 4—
S times more active than the base catalysts for the CO,
capture process, showing a periodic trend of Li > Na > K.
The best DFM, Li—Ru/AL,O;, was used to conduct cyclic
CO, capture and methanation experiments and showed to be
highly stable with repeatable results at 230 °C, a temperature
much lower than those reported for other Ru-based DFMs.

Indeed, Ru-based DFMs have proved to be highly active in
the CO, methanation reaction. Remarkably, the energetics of
this reaction favors the CO, desorption process, allowing for
both the CO, capture and conversion to be performed
isothermally. In addition, Ru-based DFMs exhibit good
stability in oxidizing feed conditions due to the facile
reduction of RuO, species. Even when Rh-based DFMs are
more active than their Ru counterparts, their high cost limits
their use. Further studies are necessary to probe the
utilization of Ru-based DFMs in other CO, conversion
reactions, such as reforming, synthesis of oxygenates, and
production of higher hydrocarbons.

4.3. Other Novel DFMs. Bobadilla et al. investigated the
use of abundant base metals for the capture and conversion
of CO, to syngas.”” They made use of a hydrotalcite-
supported FeCrCu-K catalyst synthesized via sequential
impregnation. First, the hydrotalcite support was calcined at
600 °C to obtain the homogeneous mixed oxides of MgO
and ALQ;, after which the incipient wetness method was
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Figure 10. Plausible mechanism for the CO, capture and conversion to syngas and representative concentration profiles. For comparison
purposes, the CO, concentration profile measured using an inert SiC material is also shown. Reprinted with permission from ref 82. Copyright

2016 Elsevier.

used to deposit the metals (Fe, Cr, and Cu) using nitrate
precursors. After drying and calcining the sample at 500 °C, a
K,COj; solution was impregnated over the sample, and this
was dried and calcined again at the same temperature. The
catalyst was subjected to CO, capture using 5.8% CO,/N,
and to the hydrogenation step using pure H, between 450
and 550 °C. The concentration profiles of CO, and CO
during the capture and reduction stages are shown in Figure
10. As can be seen, CO, is effectively adsorbed over the alkali
metal (K) forming surface carbonates, and after switching to
H,, most of the captured CO, reacts with H, over the
catalytic sites (Fe, Cr, and Cu) releasing CO and some
unconverted CO,.

For more realistic studies, they also explored the use of
other CO, streams containing water, oxygen, and a mixture
of water and oxygen (realistic conditions). In all cases, the
capture capacity remained close to 100%, only decreasing
slightly at higher CO, concentrations (Figure 11). The CO,
conversion also decreased by 30—25%, which was attributed
to the oxidation of the active species by oxygen/water, but
the CO selectivity was superior to 90% in all cases (Figure
11). Remarkably, the catalyst showed to be stable after 750
capture/reduction cycles (45 h) at 550 °C in both ideal and
realistic feed conditions. The exceptional high stability and
CO selectivity here obtained with abundant metals could
contribute to the industrial implementation of dual-function
materials for CO, capture and valorization.

Another example was provided by Hyakutake et al., who
studied the effect of promoting a Cu/ALOj; catalyst with K
and Ba for its use in CO, capture and conversion with the
aim of understanding the fundamental chemical processes
and active sites involved on these.”> They utilized diffuse
reflectance infrared fourier transform spectroscopy
(DRIFTS), X-ray absorption fine structure (XAFS), and X-
ray diffraction (XRD) to gain insights about the structure of
the catalyst, surface species, and electronic structure during
the capture and reduction processes. They made use of three
different samples, Cu/Al,O;, K-promoted (Cu—K/ALOj;),
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Figure 11. CO, conversion and CO selectivity for both ideal and
realistic conditions as a function of (A) CO, concentration at 450
°C and (B) reaction temperature. Reprinted with permission from
ref 82. Copyright 2016 Elsevier.

and Ba-promoted (Cu—Ba/Al,0;) for the CO, capture and
reduction processes at 350 °C using a 4.4% CO,/He stream
and pure H,, respectively. The Cu—K/Al,O; DEM showed
the best behavior, capturing CO, efficiently as formate
species and subsequently converting them into CO upon
exposure to hydrogen (Figure 12). The bare Cu/AlO,
catalyst, on the other hand, displayed a different mechanism,
with predominant formation of CO during the capture step,
which was attributed to the surface oxidation of Cu. A mixed
activity was observed when using the Cu—Ba/Al,O; sample,
observing a notable formation of CO during both the capture
and reduction steps (Figure 12). Although the Ba-promoted
(Cu—Ba/AL0;) catalyst could capture CO, to some extent,
this catalyst was inefficient in fully capturing CO, with a large
amount of uncaptured CO, observed in the effluent stream.

XAFS studies showed that Cu remained free from
oxidation on the K-promoted catalyst and XRD spectra
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showed no diffraction peaks corresponding to metallic Cu,
which confirmed the high dispersion and small particle size.
DRIFTS confirmed the presence of formate species, which is
an intermediate commonly reported for CO and methanol
formation. These studies also showed that formate species
were in contact with K, suggesting that K provided some
coverage over Cu that ultimately inhibited its oxidation.
These characteristics explained the reason for which the K-
promoted Cu catalyst was more active than the unpromoted
Cu and Ba-promoted Cu catalysts. The mechanistic insights
provided in this work could pave a way for designing more
effective dual-function materials for CO, conversion,
especially using abundant earth metals, such as Cu.

More recently, Al-Mamoori et al® investigated the use of
potassium- and sodium-based calcium oxide double salts (K—
Ca and Na—Ca) adsorbents physically mixed with a H-ZSM-
S-supported Cr catalyst for the oxidative dehydrogenation of
ethane (ODHE) using CO, as a mild oxidant (eq 16).% This

reaction is especially attractive as ethylene is one of the most
important building blocks in the chemical industry.

C,Hy + CO, = C,H, + CO + H,0;
AH? = +179.0 k] mol ™" (16)

The authors observed a higher CO, uptake when using
double salts when compared to a base study performed with
a mixture of CaO and the catalyst. While the (K—Ca)/Cr/H-
ZSM-S material displayed a CO, sorption capacity of 5.2
mmol/g, the sorption capacities of (Na—Ca)/Cr/H-ZSM-S
and CaO/Cr/H-ZSM-S were 3.2 mmol/g and 0.8 mmol/g,
respectively. This improved adsorption on the double salts
was attributed to the formation of double carbonates
(K,Ca(CO;), and Na,Ca(CO;),). In addition, they studied
the effect of the Cr content and the C,Hy feed composition
on the effectiveness of the DFM. It was observed that as the
Cr content was increased, the CO, and C,Hy conversion
increased up to a maximum with 10 wt % Cr, and
subsequently decreased as the Cr content was increased to
1S wt %. This decrease in activity when using 15 wt % Cr
loading was attributed to a poor dispersion and the formation
of a a-Cr,0; phase, which limited the selectivity toward
C,Hg¢. Further, it was shown that although the C,H,
selectivity was reduced from 96.7 to 45.7% upon decreasing
the C,Hg feed concentration from S to 1 vol %, the C,Hg
conversion increased from 18.3 to 45.7%. This effect was
correlated to the prevalence of the RWGS reaction at lower
C,Hy concentrations, which leads to the consumption of H,
produced, promoting the conversion of C,H4 and invariably
leading to increased C,H, yield. Although cyclic studies
revealed sintering and coke formation over the material, this
work opens more avenues to harness CO, to produce light
olefins, which are highly industrially relevant.

These recent approaches using earth abundant metals such
as Cu and Cr are inherently economically viable and can
immensely benefit the development of DFM technology.
Further investigations should focus on the improvement of
the activity and stability of these base metal DFM systems. It
is worth highlighting the number of reactions that can be
carried out with this type of materials, such as the important
ODHE reaction to produce ethylene using Cr-based DFMs.
However, this particular reaction is still under investigation,
as it competes with the dry ethane reforming reaction to
produce CO, which was predominant when using Ni-based
DFMs under similar reaction conditions. The optimization of
the process together with the elucidation of the active sites
involved in the different mechanisms could go a long way in
steering future research efforts.

5. CONCLUSIONS, CHALLENGES, AND
OPPORTUNITIES

In this review, we summarized the use of dual-function
materials for CO, capture and conversion to value-added
products. To properly discuss the DEM structures, we first
took a close look at the different adsorbents used as the
capture component on DFMs. Oxides and carbonates are
excellent adsorbents for CO, capture since they are
inexpensive, abundant, and have high reactivity toward
CO,. However, sometimes these adsorbents suffer from
irreversible carbonation due to sintering and loss of reactivity
after multiple sorption/desorption cycles. These challenges
have been addressed by dispersing the adsorbents on a
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support, by modification of the synthesis protocols, and by
introduction of dopant species. These techniques were
reported to help increase the sorption capacity of these
oxides and carbonates and enabled the adsorbents to retain
their stability after several cycles.

To provide a good perspective to the reader, we
categorized the commonly used DFMs by the catalytic
metal component. Ni-based DFMs have displayed good CO,
sorption capacities and adequate reactivities and have been
reported for a wide range of applications, including
production of methane and synthesis gas, and dry reforming
of methane and ethane. Although Ni is an affordable and
abundant metal and displays good activity for these reactions,
it possesses some drawbacks that have limited its applic-
ability. First, Ni-based DFMs require high reduction temper-
atures (typically >600 °C), which implies a high energy
consumption. Further, Ni-based DFMs easily deactivate
under simulated flue gas conditions (containing oxygen and
water) due to the formation of NiO species that are not
easily reduced under reaction conditions. The introduction of
noble metals (Pd and Pt) has been reported to improve the
reducibility of Ni; however, there exists a trade off in the
reduction of the methanation rates, and the challenges
associated with the cost of these noble metals make this
alternative less profitable.

Ru-based DFM structures, on the other hand, are effective
at lower temperature reactions (~320 °C). Also, Ru-based
systems can operate isothermally for both capture and
conversion, making the process highly energy efficient. The
energetics of Ru-based DFMs is favorable owing to the fact
that much of the implementation has been limited to the
methanation reaction, which is exothermic and allows for
heat integration with the CO, desorption process. In
addition, Ru-based DFMs exhibit good stability in oxidizing
feed conditions due to the facile reduction of RuO, species.
These advantages have enabled Ru-based DFMs to gain more
traction compared to their Ni counterparts despite their
higher cost. However, the use of Ru-based DFMs have
mostly been limited to methanation reactions, and more
studies would be needed to investigate their activity toward
CO synthesis or reforming-based reactions, as in the case of
Ni-based DFMs. A combined approach using both Ni and Ru
to create bimetallic DFMs was reported to enhance the
activity for methane production, and similar systems could be
explored for other reactions in which Ni has proven to be
active. In addition, owing to the fact that chemisorption is
the main sorption process in DFMs and poisons could easily
bond to the sorbent sites, it would be beneficial to study the
effectiveness of these DFMs under real exhaust gas
conditions, in which impurities such as NO, and SO, are
present. These findings would bolster the industrial
applicability of these materials.

Recent reports have shown the use of Cu-based systems for
the capture and conversion of CO, to produce syngas. Owing
to the abundant nature of Cu and the dopant species
explored, as well as the high activity of these materials even
under simulated flue gas conditions, it would be interesting to
further develop Cu-based DFMs for CO, capture and
conversion.

As the development of DFMs is in its infancy, most of the
publications have focused on the incorporation of sorbents
and catalytic species by impregnation techniques; however,
we believe that the future of the field is in the design of well-

controlled nanoarchitectures with catalytic and sorbent
components in close proximity for improved synergy. An
almost neglected avenue in the area of DFM:s is their use in
the production of higher energy density products, such as
alcohols or higher hydrocarbons. As Cu-based catalysts have
been typically employed for methanol production, we believe
that the utilization of Cu-based DFMs could be a starting
point in establishing these efforts.
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