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ABSTRACT: Sorption-enhanced catalysts are bifunctional materials
consisting of a heterogeneous catalyst affixed to a solid sorbent with a
combined capacity to selectively capture and convert CO, directly to
value-added fuels and chemicals in the same reactor. The benefits of
facile separation of CO,, directly from air or from flue gas, and
conversion to chemical commodities is appealing for developing an
integrated carbon capture and utilization scheme. The growth of this
area is rapidly expanding with interest from catalysis, materials design,
and life-cycle analysis researchers. However, the promise of sorption-
enhanced catalysts is limited by their reduced thermal stability, CO,
capture capacity, and restricted product streams to C; hydrocarbons.
The prime issue is that the reaction conditions for the capture of CO,,
regeneration of the sorbent, and utilization can be vastly different. It
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remains a challenge to optimize both the properties of the sorbent support material and the heterogeneous catalyst used. This
perspective summarizes the current state-of-the-art for the properties of solid sorbents, heterogeneous catalysts, and the combined
sorbent-enhanced catalysts for producing hydrocarbons from CO,. Lastly, the perspective discusses challenges and future areas for
improving the performance and capture efficiency of sorption-enhanced catalysts.

KEYWORDS: integrated carbon capture and utilization, sorption-enhanced catalysts, carbon capture and utilization,

carbon—carbon coupling, hydrocarbons

1. INTRODUCTION

The technological development of our society from the start of
the industrial revolution to now has resulted in increased
emissions of greenhouse gases (GHGs), such as CH,' ™ and
CO,, in the atmosphere.*” For instance, the emissions of CO,
have, on average, increased by about 20 ppm per decade since
2000 and have now surpassed a total concentration in the
atmosphere of 419 ppm.® With the increase of CO, and CH,, the
planet’s surface temperature has increased rapidly, approaching
an increase of the global surface temperature to 1.2 °C, the
highest since the preindustrial era.’ Additionally, a higher
concentration of CO, in the atmosphere is associated with

7.8 .
" and causing other

9—11

acidifying natural sinks such as oceans
adverse impacts to ecological and environmental domains.
To reduce GHG emissions, there have been efforts to develop
negative emission technologies that take advantage of CO,
capture and storage, or CCS, where CO, is captured and
permanently stored using mineralization.'” Combining CCS
with CO, capture and utilization (CCU) provides a sustainable
approach to closing the carbon cycle where CO, is converted
and temporarily stored as chemical commodities and fuels.
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The chemical industry is one of the most significant
contributors to GHG emissions due to conventional processes
that rely on oil and fossil resources.'® A sustainable solution to
maintain the chemical industry while reducing GHG emissions
is using CO, as a potential feedstock for polymers,'*~"*
chemicals,”™** and fuels.">*>*® Such a transition will use
catalysts to provide a technologically practical solution for
mitigating GHGs. While there are several thermo- and electro-
catalytic CCU schemes,'”’ ™ the integration of heteroge-
neous catalysts with CO,-capture solid sorbents may be a viable
solution capable of selectively removing CO, directly from air or
flue gases. The advantages of processes that utilize integrated
CO, capture and utilization (ICCU) or sorption-enhanced
catalysts (SECs) are the theoretical lower costs and process
simplification, where separation of CO, can occur directly from
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Figure 1. Schematic of carbon capture pathways for the capture and utilization of carbon dioxide from different streams.

gas streams and can be converted to value-added products.‘M_?’6

Thus, technologies that rely on SECs eliminate the need for CO,
storage sites and the formation of a pipeline network. This
perspective examines the challenges of using sorption-enhanced
catalysts and their potential to use captured CO, to produce
hydrocarbons as an alternative carbon source. This perspective
is useful to spur research in heterogeneous catalysis areas that
can progress CCU and ICCU on the technology readiness scale.

There has been limited implementation of SEC strategies with
commercial success due to the limited performance of the
catalysts and solid sorbents used. The structure of CO, is stable
and kinetically inert, and thus electrocatalytic, or thermocata-
lytic transformation usually requires high energy input. Solid
sorbents with basic characteristics have high efficiency and
selectivity to bind and capture CO, due to the inherent weak
acidity of the CO,.””~*° The solid sorbents used, such as metal
oxides,>”**™* zeolites,*®**® and silicates* ™' must have
extraordinary stability to withstand impurities (H,0, H,S),
humidity, and constant temperature fluxes. Typically, the
medium to high temperatures and repeated cycling between
carbonation (CO, adsorption) and calcination (CO, desorp-
tion) accelerate the sintering of the solid sorbent reducing the
performance of the material over time. Coupling heterogeneous
catalysts with solid sorbents presents unique challenges that
must be tackled to drive research efforts toward the efficient and
commercialized conversion of CO, to value-added chemicals.
Thus, it is essential to develop active, selective, and stable
heterogeneous catalysts coupled with robust solid sorbents
while gaining insights into CO, transformation in various
catalytic environments.

Typical thermal CO, conversion schemes use renewable
hydrogen from water electrolysis as a reductant to synthesize
relevant building blocks like synthesis gas (CO, H,), methane,
and methanol.'”?%*#?73%5275% Mot research using an ICCU
framework has traditionally focused on C; products. However,
the development of ICCU that can capture and convert CO, to
C," hydrocarbons could be transformative. CO, conversion to
C," hydrocarbons provides an environmentally friendly way for
deriving essential building blocks of the chemical industry.
However, one of the significant challenges for thermal
conversion schemes is the high barrier for C—C coupling to
synthesize C," molecules. Hydrocarbons, such as ethylene, are
key feedstocks in the chemical industry to manufacture various
chemicals and polymers. Ethylene is currently produced
worldwide as a feedstock for various chemicals, plastics, paints,
textiles, and packaging. Naphtha cracking is the primary source
of industrial ethylene supply.”>® The naphtha-based cracking
process is capital and energy-intensive and is a sizable GHG
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emitter. Improving the efficiency of SECs to C," hydrocarbons
could be economically competitive and provide substantial
reductions in greenhouse gas emissions.

This perspective communicates a broad understanding of how
catalysts and solid sorbents are developed for SECs, where the
subsequent utilization step goes beyond C; products. We
describe knowledge gleaned from relevant publications on solid
sorbents and heterogeneous catalysts with a primary focus on
thermal conversion. The perspective sections describe aspects of
solid sorbent design and the development of catalysts to
synthesize hydrocarbon products. The perspective introduces
these topics separately as initially sorbent development, catalyst
development, and finally, the combination of the catalysts and
sorbent to produce hydrocarbons. We address the role of the
sorbent properties and the catalysts and the synergistic nature of
the relationship so that the catalyst-sorbent behavior can
advance. Finally, we summarize our discussions and outline
emerging opportunities and pressing needs to develop SECs to
open the door to more valuable chemical intermediates.

2. SORBENT-BASED CO, CAPTURE TECHNOLOGIES

CO, capture using solid sorbents involves either physisorption,
surface adsorption by weak van der Waal forces, or
chemisorption, where CO, binds to the surface through
chemical bonds. Some solid sorbents used to capture and
convert CO, usually operate at elevated temperatures (above
100 °C) and generally have a reduced regeneration energy
penalty compared to other capture technologies. There are
several pathways in which solid sorbents have been used to
capture CO,, including precombustion (CO, capture from
reforming or syngas),57’58 postcombustion (CO, capture from
flue gas),”™” and oxyfuel-combustion (CO, capture from
combusted fuel).®® Additional capture strategies from CO,
emission sources include chemical looping combustion (CLC)
and direct air capture (DAC) (Figure 1).°" The sorbent
properties are contingent on the operating conditions
(concentration of CO,, temperatures, pressures) and are highly
dependent on CO, capture pathways and fuel combustion
sources.

Precombustion CO, capture is based on the scaled industrial
production of hydrogen and chemicals (e.g., fuel-cell or
integrated gasification combined cycle (IGCC) plants).’>** In
the precombustion process, the fuel sources (pulverized coal or
natural gas) are converted with limited oxygen or water vapor
into syngas using either partial oxidation, steam reforming, or
autothermal reforming. The formed CO and H,O are converted
downstream to CO, and H, using the water—gas shift reaction
(WGS). Before the H,-rich fuel is combusted or the syngas is
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Table 1. Comparison of Material Properties of Select Solid Metal Oxide and Carbonate Sorbents for CO, Capture

molecular weight

theoretical CO, capture capacity

equilibrium temperature (°C)  melting point temperature
c)

materials reaction mechanism (g/mol) (mmol CO,/g sorbent PCO, = 0.1/1.0 bar
Na,CO; Na,CO, + CO, + H,0 & 106.0 9.44 90/110 Na,CO;: 851
2NaHCO;, NaHCOj;: decompose
before melting
K,CO; K, COj+ CO, + H,0 1382 7.24 120/150 K,CO5: 900
2KHCO, KHCO;: decompose
before melting
MgO  MgO + CO, < MgCO, 40.30 24.8 255/310 MgO: 2852
MgCO5: 990
Li,SiO,  Li,SiO, + CO, < Li,CO; 119.8 8.34 §75/725 Li,SiO,: 1258
+ Li,SiO;
CaO Ca0 + CO, « CaCO, 56.08 17.8 755/895 Ca0: 2572
CaCOs: 1339
SrO SrO + CO, «SrCO; 103.6 9.65 1050/1220 SrO: 2530
SrCO,: 1495
BaO BaO + CO, < BaCO;, 153.3 6.52 >1200 BaO: 1973
BaCOj;: 1555
utilized, the concentrated CO, (15—50 vol % CO, at a pressure between two reactors.”® In the oxidizer reactor, the oxygen
range from 0.5 to 10 bar) is removed. The removal of CO, helps carriers first provide their lattice oxygen under low oxygen
achieve a high yield of H, production or to adjust the H,-to-CO partial pressure conditions to combust hydrocarbon fuels
ratio.”” The capture or removal of CO, during precombustion is providing condensed CO,, while oxygen carriers are reduced
considered more efficient to postcombustion technologies, but to metal or less oxidized state. The reduced oxygen carriers are
the investment and operating costs of the gasification process are subsequently exposed to an oxidant such as air or water to supply
often more e)gpensive than those of traditional pulverized coal oxygen in the lattice.
power plants.®” For the solid sorbent approach, CO, interacts with the solid
The postcombustion CO, capture method can be applied to material and is removed from the air mixture. Current research
conventional coal- or gas-fired power plants. According to the efforts are studying structures such as metal—organic frame-
type of fuel used, CO, concentrations in the flue gas can range works (MOFs), zeolites, and activated carbon as viable solid
from 3 to 15 vol %. For example, the composition of the gas-fired sorbents that enhance physisorption or chemisorption. DAC is
flue gas was between 7.4 and 7.7% CO,, 14.6% H, O, ~4.45% O,, gaining attention as a complementary approach to processes that
and 73—74% N,.°*°> While the composition of the coal-fired capture CO, from more concentrated sources like flue gas. In the
flue gas was 12.5—12.8% CO,, 6.2% H,0, ~4.4% O,, and 76— DAC process, CO, is removed from the atmosphere containing
77% N,.°*°> A number of industries, including the cement, iron, approximately 400 ppm of CO, concentration.”” DAC has the
or steel plants, have excessive CO, emissions from mineral advantage of location flexibility and an input gas stream with low
conversion, and CO, concentrations can reach up to 35—40% in impurities such as SOx and NOx. Nevertheless, a diluted CO,
flue gas composition.” Ideally, CO, should be removed entirely concentration in the air is a disadvantage for efficient CO,
from the flue gas before being released into the atmosphere to capture technology, resulting in more energy-intensive than
minimize GHG emissions. However, the major challenges for concentrated CO, sources.’’
postcombustion CO, capture are the large amounts of CO, in 2.1. CO, Capture Solid Sorbents. In this perspective, we
the flue gas at essentially atmospheric pressures and in the address the solid metal oxide sorbents for CO, capture by
temperature range of ~100—150 °C. The presence of SOx, chemical adsorption that have been combined with heteroge-
NOgx, water vapor, and O, in the flue gas are additional problems neous catalysts for SECs. Albeit, there are other solid sorbents,
for implementation, leading to a technical challenge for including physical adsorption using activated carbon and carbon
developing a cost-effective CO, capture process and properties nanomaterials,”’ graphite/ graphene,71 zeolites adsorbents,”
of the sorbent. MOFs,”* and chemical adsorption using amine-supported silica
Oxy-combustion involves the combustion of fuel feedstocks adsorbents.”*~”® The materials discussed below can be used for
with pure oxygen, resulting in a pure stream of CO, after drying, DAC, pre-, and postcombustion CO, capture. In practice,
cleaning, compression, and distillation of the flue gas.”” In an air however, several sorbents would be thermodynamically favored
separation unit, substantial amounts of oxygen are separated at one specific application based on the temperature ranges,
from the air using either cryogenic distillation, polymeric pressures, CO, concentration in the feed gas, and impurities
membranes, or temperature swing adsorption (TSA) and such as water vapor, O,, SOx, and NOx (Table 1).
pressure swing adsorption (PSA). One of the operational For solid metal oxide sorbents, the maximum temperatures of
challenges is the high cost and energy consumption of oxygen carbonation and decarbonation are determined by the
from the air and the development of advanced combustors to corresponding equilibrium CO, partial pressure of solid
mitigate high heat loads. After CO, formation, the CO, is sorbents. The thermodynamic equilibrium was calculated by
purified and compressed for storage. the Gibbs free energy minimization method using the HSC
The CLC has been studied extensively for power generation chemistry software. In Figure 2, we show that the PCO, and
using a dual fluidized bed system, an oxidizer, and a reducer, for temperature above the equilibrium CO, partial pressure lines
an integrated CO, capture process. In the CLC process, oxygen can influence the thermodynamic favorability of the oxide
carriers, usually metal oxides, undergo cyclic redox reactions sorbents for CO, capture. The solid sorbents are thermodynami-
7488 https://doi.org/10.1021/acscatal.2c01646
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Figure 2. Graph of the thermodynamically favorable use of solid
sorbents as a function of the partial CO, pressure (PCO,) vs
temperature (K,CO3, Na,CO;, MgO, Li,SiO;, CaO, SrO, BaO).

cally favorable for carbonation above the PCO, partial pressure
line. While below the curve, the decarbonated phase is stable.
The adsorption of CO, is mainly attributed to the weakly acidic
nature of the molecule, where adsorption to alkali metal oxides,
alkaline earth metal oxides, and alkali metal carbonate is facile
and efficient.

Generally, the solid sorbents for CO, capture have been
classified according to their sorption and desorption temper-
atures: (1) alkali metal carbonates are preferred for low
temperatures below 200 °C, (2) MgO and hydrotalcites are
preferred for intermediate temperatures between 200 and 400
°C, and (3) Li ceramics and CaO-based sorbents are preferred
for high temperatures above 400 °C.”” Typically, ICCU
strategies use SECs with high-temperature sorbents due to
their enhanced stability at temperatures to convert CO, to
chemical commodities. Some alkali metal oxides (Na,O and
K,0) and alkaline metal oxides (SrO and BaO) are not typically
used as solid sorbents because of their extremely high
carbonation and decarbonation temperatures (>900 °C). In
addition to thermodynamic equilibriums, the solid sorbents
should be selected by evaluating several factors such as the
theoretical and experimental CO, capture capacity, CO,
selectivity, sorption/desorption kinetics, mechanical strength,
chemical stability, tolerance to impurities, regeneration energy,
and sorbent cost.”®

2.1.1. Low Temperature. Low-temperature CO, solid
sorbents, such as alkali metal carbonate-based sorbents
(M,CO;, M = K, or Na), have been widely investigated with
high CO, capture capacity and low cost at temperatures below
200 °C.”” These sorbents can be applied for CO, capture from
the flue gas of fossil fuel-fired power plants at low temperatures
between 100 and 150 °C.®* In the chemical adsorption of CO,,
the alkali metal carbonate reacts with CO, and water vapor at
40—80 °C to form an alkali metal bicarbonate (M,CO; + CO, +
H,0 < 2MHCO;). In comparison, decarbonation occurs at
around 120 °C.*" Recently, the low-temperature CO, capture
sorbents have been widely studied for the DAC process.”"**
Despite the advantage of low-temperature carbonation and
decarbonation, the common problem is that the overall
carbonation reaction using alkali metal carbonates is relatively
slow. Researchers have tried to improve Na,CO;-based sorbents
using different precursors (Na,CO;, NaHCO;), but the CO,
capture kinetics and capacity are still unsatisfactory at low
temperatures compared to the K,COj-based sorbents.”” To
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improve the heat transfer and to fluidize the solid particles for
maximum CO, capture, the CO, capture and regeneration
properties of K,CO; have been widely investigated in a
circulated fluidized bed process.”*® The studies showed that
the fluidizer decreased the regeneration energy and improved
the sorbent stability in dry and hydrous conditions (Figure 3).
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Figure 3. Comparison of the regeneration energy for K,CO; in a
bubbling fluidized reactor compared to other CO, capture
technologies. Reproduced with permission from Reference 84.
Copyright 2020, Elsevier.

Many researchers have attempted to resolve the slow kinetics
by dispersing the active alkali metal carbonate on porous
materials such as activated carbon,**° TiO,,”**’ MgO,8 89 and
ALO;,*°7” leading to an enhanced sorption rate and
mechanical strength required for usage in a fluidized bed or
transport reactor. Lee et al. reviewed the CO, capture capacity
and regeneration properties of K,COj-based sorbents using
different support materials (activated carbon, TiO,, ZrO,,
Al,O3 MgO, and Ca0).”” However, several sorbents formed
solid byproducts during the carbonation, such as KAI-
(C0O4),(0OH), in K,CO;/AL0; sorbent, K,Mg(COs),, and
K,;Mg(CO;),-4(H,0) in K,CO;/MgO sorbent, and K,Ca-
(COy), in K,CO4/CaO sorbent, which is not completely
decomposed and regenerated to the K,COj; at a temperature
below 200 °C. Cho et al. prepared K,CO;-based sorbents using
metal silicates as a support.”” These sorbents exhibited an
excellent regeneration ratio (>90%) with high CO, capture
capacities at a low regeneration temperature of 200 °C
compared to K,COj;-based sorbents using a metal oxide
(AL,0;, CaO, Si0,). Several studies identified that sufficient
concentration of water plays a vital role in preventing the active
species (K,CO;-1.5H,0) from converting to the original phase
(K,CO;) in the carbonation step,”*”* which is also confirmed by
combining density functional theory (DFT) and phonon lattice
dynamics by Duan et al.”

2.1.2. Intermediate Temperature. Intermediate temperature
CO, capture sorbents such as MgO and Mg—Al layered double
hydroxide (LDH) materials have been widely investigated in
both the pre- and postcombustion CO, capture technologies in
temperatures between 200 and 400 °C.°° MgO has been
considered a promising CO, capture sorbent because of its high
theoretical CO, capture capacity (24.8 mmol CO,/g sorbents),
abundance, low cost, nontoxicity, and wide operation temper-
ature (from room temperature to intermediate temperature).97
CO, is captured by MgO through chemisorption to produce

https://doi.org/10.1021/acscatal.2c01646
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MgCO; (MgO + CO, «> MgCO;). However, a limited number
of basic sites are exposed for CO, sorption because of its low
specific surface area, resulting in poor CO, capture kinetics and
capacity.”®”” Moreover, MgO has a high sintering-rate after each
thermal cycle, and the bulk volume expansion from the
formation of MgCO; layer decreases the mass transport of
CO, gas to the adjacent basic sites.”®

Compared to other modification methods, molten salts-
modified MgO-based sorbents have been widely applied to
enhance CO, capture performance, regenerability of sorbents,
and thermal stability.'”"~'"* Harada et al. reported effects of
molten alkali metal nitrate modification of MgO-based sorbents
on CO, capture capacity and regenerable properties.'>> The
study suggested the presence of a high concentration of oxide
ions in the molten alkali metal nitrates restricted the formation
of rigid surface layers of unidentate carbonate and facilitated the
generation of carbonate ions (CO,’7), resulting in the rapid
formation of MgCO;, increase in CO, uptake (Figure 4a), and
ease of regeneration of the MgO-based sorbents (Figure 4b).
Zhao et al. studied the effects of hydrothermal solution pH and
metal promoters such as NaNO; and NaNO, over MgO-based
sorbents to determine the optimal synthesis conditions.'’* The
addition of NaNO, and NaNOj; to MgO exhibited higher CO,
capture capacity than the solely promoted-NaNO;-MgO-based
sorbents. Among these sorbents, the MgO-0.07NaNO;-
0.04NaNO, exhibited the highest CO, capture capacity of
19.0 mmol/g, equal to a MgO conversion of ~96%.

LDH-based mixed metal oxides (MMOs) have been widely
investigated because of their physicochemical properties.'**~'*°
LDHs are represented by the general formula
[M2+l—xM3+x(OH)2]x+(A—x/n)yHZO) where M,, = Mg, CO, Nj,
Ca, or Zn, M>" Al, Fe, or Ga, A = anion (organic or inorganic
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ions), 0.15 > x < 0.33 and 0.5 > y < 1.0."°*'%'%” LDH-derived
MMOs have been considered as ideal candidate materials for
intermediate temperature CO, sorbents because of their fast
sorption/desorption kinetics, high theoretical CO, capture
capacity, ease of preparation, and low cost.'® Manohara et al.
synthesized LDHs with a mixed morphology using a modified
amide hydrolysis method.'” Acetate intercalated Mg—Al LDHs
with two different Mg/Al ratios (3 and 4) were prepared by
altering the starting precursors, synthesis method, and hydro-
lyzing agent. The acetamide acts both as a pH regulator and
source of acetate ions, resulting in a new mixed morphology
having both fibrous and sheet-like crystallites. These MMOs
with high specific surface areas (316—341 m?/g) exhibited an
enhanced CO, capture capacity. They also utilized aqueous
exfoliation coupled with the freeze-drying technique to develop
LDHs-based novel MMOs and pelletized exfoliated LDH
nanosheets for implementation in industrial-scale applica-
tions.'*® Mechanical characterization data exhibited a promising
load-bearing capability and compressive strength of such
pelletized samples. The exfoliated MMOs pellets showed
improved cycling stability and excellent CO, capture capacity.

2.1.3. High Temperature. Two types of high-temperature
CO, sorbents have been widely investigated, including CaO-
based and lithium ceramics-based sorbents. These high-
temperature CO, sorbents can be used for separating CO, in
flue gas from fossil-fired power plants (postcombustion process)
or syngas from hydrogen production (precombustion process).
Calcium looping (CaL) technology is considered an efficient
technology for separating CO, utilizing CaO-based solid
sorbents because calcium minerals are one of the most abundant
materials in nature (limestone or dolomite), and its high
theoretical CO, capture capacity (786 mg CO,/g sorbent or
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Figure 5. (a) Schematic of the CaZr sorbents prepared by the (a) solid-state method and (b) sol—gel method. (b) Comparison of the uptake capability
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17.8 mmol CO,/g sorbents) throu§h the following equations:
CaO(s) + CO,(g) = CaCO;(s)."%%"" A new concept for CO,
capture from the iron and steel industry has been reported to
exploit the inherent potential of the industry to produce lime in a
CaL lime production, resulting in a significant reduction in the
CO, avoidance cost.''® The CaL process is a promising
technology that has led to a reduction in CO, emission targets,
increases in the degree of energy utilization, and minor
additional costs."'" CO, capture on CaO-based sorbents has
been reported to occur via two processes: (1) fast chemisorption
onto the CaO surface without any interruption, resulting in the
formation of a thick layer of CaCOj; covering unreacted CaO,
and (2) slow diffusion of CO, through a thick layer of CaCO;,
followed by additional carbonation with the inner unreacted
CaO phase.'””""” However, during the CaL process, thermal
sintering occurs under severe CaL conditions (carbonation, 650
°C; decarbonation, 950 °C) because this process is operated at a
temperature higher than the Tammann temperature of CaCO;
(~533 °C). The reaction surface area of the sorbents reduces as
the CaO/CaCOj crystallites and grains are repeatedly exposed
to severe conditions in a cyclic system, resulting in its gradual
decreases in CO, capture capacity.

Many researchers have studied various methods such as
developing a preparation of CaO with high surface area,
incorporating metal oxides into CaO, and surface modification
to improve the textural properties and sinter-resistance of CaO-
based sorbents.'"? Incorporating CaO into various thermally
stable and inert supports has been widely investigated to solve
the problem mentioned above.'””"'*"'* Hu et al. thoroughly
reviewed the research progress of incorporating CaO into
various inert solid supports using different synthesis methods to
enhance sintering resistance.''> However, the major limitation
of incorporating inert materials using the solid-state method and
coprecipitation is that the structural properties of such a CaO
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sorbent cannot easily be tailored and effectively cover the
sorbent.''” Therefore, CaO-based sorbents with an excessive
amount of inert materials synthesized using the solid-state
method did not show a noticeable enhancement of the cyclic
stability and had a very low CO, capture capacity. Lee et al.
reported that CaO sorbents with a small amount of ZrO,
(chemically attached to CaQO) prepared by the sol—gel method
showed much smaller particle size than those prepared using the
solid-state method, resulting in enhanced CO, capture kinetics
and capacity. They compare the CO, sorption kinetics of CaO-
based sorbent quantitatively using the experimental data
obtained from thermogravimetric analysis (TGA)."'> The
TGA curves are fitted to the double exponential model to
compare quantitatively CO, capture kinetics (eq 1).

y = Ae™M 4 BeR¥ 4 C (1)
where y represents the weight percent increase of sorbents after
CO, capture; k; and k, denote two exponential factors for (1)
fast chemisorption and (2) slow CO, diffusion through the
carbonate layer, respectively. A, B, and C are the pre-exponential
factors."'**1° Moreover, the chemically bonded Zr in CaZr
sorbents prepared by sol—gel formed a mixed metal composite
material with a CaO surface where ZrO, was well-dispersed. The
close interaction of the ZrO, with the CaO grains increased the
cyclic CO, capture stability and uptake by improving the sinter-
resistance of the materials (Figure 5).

Hydration of the spent sorbent used for CO, capture in
multiple cycles is one possible approach for sorbent reactivation
in the following reaction: CaO(s) + H,0(g) « Ca(OH),(s).
During the hydration of CaO, the weak mechanical strength of
Ca(OH), causes cracks in the particle, thereby opening
pathwa;rs for direct water penetration into the bulk unreacted
Ca0.""” Moreover, it is reported that carbonation of Ca(OH),
is much faster than that of CaO. Despite the enhancement of
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CO, capture capacity after hydration, the use of steam will raise
the total cost for sorbent-based CO, capture technology.

Attrition of the CaO-based sorbents during the carbonation
and calcination in multiple cycles is a great concern. In the CaL,
the CaO-based sorbents continuously circulate between the
fluidized-bed carbonation and the calcination reactors. Jia et al.
studied attrition tests in a fluidized bed reactor using calcining
limestone beds, suggesting that multiple carbonation/calcina-
tion cycles result in severe fragmentation during the first or two
calcination periods.''® Among the possible binders for pellet-
ization of CaO-based sorbents, calcium aluminate cement
(CAC) has been widely used for pelletization because of its fast
setting, good refractory properties, and inexpensive cost.''’
Chen et al. reported that the mechanical properties of the CaO
pellet with CAC were greatly enhanced, inproving CO, uptake
and showing slow decay in CO, capture capacity during multiple
cycles."”” They also found that the order of effects of parameters
on attrition was temperature > superficial gas velocity >
exposure time > pressure.

Many lithium containing ceramics (Li,SiO,, LigSiOs,
Li,ZrO,, Li;AlO,, LiFeO,, and Li,CuO,) have been developed
for the high-temperature CO, sorbents because of their
relatively high theoretical CO, capture capacity, compared to
other alkali metal-containing ceramics.'”' Namely, lithium
orthosilicate (Li,SiO,) has been widely investigated among
the many other lithium containing ceramics because of its higher
CO, sorption capacity, cyclic stability than LiFeO,, Li,CuO,,
and LigSiOy, and lower cost than Li,ZrO;."*"'** Moreover, the
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decarbonation temperature of Li,SiO, sorbents is much lower
than that of CaO-based sorbents among the high-temperature
CO, sorbents, leading to lower energy consumption for the
decarbonation of sorbents.'”” Recently, many researchers have
been trying to use cheap raw materials such as cheap Si resources
from industrial solid wastes or minerals because the cost of
lithium containing ceramics is expensive in comparison to CaO-
based sorbents.'*"'*¥!** The basic reversible reaction for CO,
sorption by Li,SiO, material has been widely reported:
Li,SiO4(s) + CO,(g) < Li,SiO,(s) + Li,CO;5(g)."*""** The
double-shell mechanism is regarded as the most appropriate
model for the reaction occurring between Li,SiO, and CO, in
two stages.lzz’125 In the first stage, CO, molecules react with
Li,SiO, particles on the surface of sorbents without interruption,
leading to the formation of a double shell composed of Li,CO;
and Li,SiO; covering the internal Li,SiO,. Then, the CO, and
Li" diffuse through the external double-shell; meanwhile, the
thickness of the double-shell increases as the reaction proceeds.
Thus, the second stage is much slower than the first stage due to
the high diffusion resistance of the CO,.

Li,SiO, sorbents were prepared using various Li precursors
(Li,CO;, LiOH, and LiNO;) and silica (quartz, silica gel, fumed
silica, and colloidal silica). Most of the Li,SiO, materials were
prepared using Li,CO; and SiO, by the conventional solid-state
reaction method at a relatively high temperature above 720 °C
to obtain a pure Li,SiO, phase leading to the formation of
nonporous and low surface area Li,SiO, sorbents.'”” The bulk
framework of Li,SiO, does not effectively capture CO, because
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of the very slow diffusion of CO, and Li*. Various strategies have
been investigated to enhance the CO2 capture performance by
promoting CO, diffusion or preventing sintering by adding K
and Na salts to form eutectic or metal doping to produce
defects."**~"*® Kwon et al. prepared the lithium silicate-based
sorbents by a solid-state method using Li,CO; and colloidal
silica with different Li/Si molar ratio (2, 3, 3.6, and 4), producing
different amounts of Li,SiO, and Li,CO; phases and different
crystallite size of Li,SiO,."””"*° The presence of Li,CO;, act as a
physical barrier, prevent sintering of Li,SiO, in the sorbent.
They also found that lithium silicate-based sorbent with Al,O4
showed a much faster CO, sorption ration and relatively stable
CO, capture capacity during 55 cycles."*’ Kim et al. synthesized
microporous Li,SiO,, by a simple solid-state method using LiOH
and fumed silica."*" The pure Li,SiO, with a microporous
structure formed at relatively low temperature when LiOH is
used as a precursor, compared to Li,SiO4 using Li,CO; and
LiNOj;. The microporous Li,SiO, dramatically enhanced CO,
capture performance (capacity and kinetics) at 550 °C and
multicycle stability during 10 cycles. Subha et al. prepared
platelet-shaped Li,SiO, particles by a sol—gel approach
employing the LiNO; and colloidal silica, exhibiting consid-
erably higher CO, capture capacity and faster CO, sorption rate
than those prepared by the solid-state method."** In addition, a
porous carbon mesh coated with sol—gel-based particles
exhibited a CO, capture capacity of 150 mg/g and a CO,
sorption rate of 37.5 mg/g/min with stable carbonation and
decarbonation performances for 8 cycles. Belgamwar et al.
synthesized lithium silicate nanosheets (LSNs) by solid-state
thermal treatment of LiNO; and dendritic fibrous nanosilica
with a Li/Si molar ratio of 4.66."*° Because of the nanosheet
morphology of the LSNs, the sorbents exhibited a good external
surface for CO, adsorption at every Li-site, yielding an excellent
CO, capture capacity close to the theoretical maximum value
and extremely fast CO, capture kinetics. In addition, the LSNs
showed dramatic stability without any loss in the CO, capture
capacity and kinetics even after 200 cycles. They also proposed a
mechanism of the mixed-phase model to explain the unique CO,
capture performances of LSNs.

3. CO, UTILIZATION FOR HYDROCARBON AND
LOWER OLEFIN PRODUCTION

The primary chemical process for olefin production is the use of
thermal steam cracking. Naptha is currently the predominant
feedstock for steam cracking. The light olefins produced, such as
ethylene and propylene, are used as building blocks for
chemicals, polymers, and fuels.'** Steam cracking (SC), also
known as thermal pyrolysis, is currently the leading method for
olefin production of ethylene and propylene and uses different
types of hydrocarbons as feedstock, from natural gas liquids to
petroleum liquids."** Deep catalytic cracking (DCC) was also
developed to utilize all parts of petroleum to increase the
production of light olefins from heavy oil feedstock.'*> The
processing strategies, as mentioned above, heavily rely on a
petroleum-based feedstock to produce olefins and generate
significant CO, emissions. The increasing demand for these
products and the need to move away from petroleum have
spurned investment and research in alternative feedstocks,
including coal, natural gas, biomass, waste stream, and
derivatives.'* Among the most promising is the use of CO,
and renewable H, to form indirect and direct pathways to olefins
using processes such as methanol to olefins (MTO), methanol
to propylene (MTP), oxidative coupling of methane (OCM),
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and Fischer—Tropsch synthesis to olefins (FTO). This section
will describe the different pathways to produce synthesis gas or
direct conversion of CO, to form C, and lower olefin products
(Figure 6a). Section 4 will discuss the coupling of the sorbents
discussed in section 2 with properties conducive to subsequent
CO, conversion (Figure 6b).

3.1. Indirect Conversion to Lower Olefins. 3.1.1. CO, to
Synthesis Gas: Reverse Water—Gas Shift. One of the more
mature reaction pathways for CO, conversion is the formation
of carbon monoxide through the reverse water—gas shift
(RWGS) reaction. Depending on the reaction conditions, the
hydrogenation of CO, can produce CO (CO, + H, —» CO +
H,0) or CH, (CO, + 4H, - CH, + 2H,0). Typically, CO
formation is thermodynamically favorable at high temperatures,
while the dominant product is CH, at lower temperatures. The
CO conversion process has been studied because of the well-
established processes to further convert CO into other fuels and
alcohols using either the Fischer—Tropsch process or methanol
synthesis.

The elementary steps for RWGS reaction include the
following: (1) adsorption of CO, and dissociation of one of
the C=O0 bonds, and (2) dissociation of H, to hydrogenate
oxygen to form H,O. To favor CO production, the metal catalyst
needs to have mild C=O dissociation to avoid complete
dissociation of CO and prevent further hydrogenation of the CO
to methane and methanol. Generally, the most common
catalysts used for RWGS include noble metals such as Rh, Ru,
Pt, Pd, Ir, and Au, transition metals like Ni, Fe, and Cu, and
mixed metal oxides."””~"*’ For example, Pt and Pd have a high
hydrogenation ability to produce CO. In contrast, Ru, Cu, and
Rh have a strong C=0 breaking ability and are more selective in
producing CH, because they are mildly oxophilic.'*" The
RWGS with mixed metal oxides either occur via a redox pathway
where adsorbed hydrogen produces oxygen vacancies to activate
CO, or an associative mechanism where adsorbed CO, reacts
with dissociated hydrogen to form intermediate species that
decompose into the final products.'*”

The interaction between the support and the metal catalyst is
important for tuning the selectivity and activity of the RWGS
reaction. The reducibility and acid—basic properties of the
supports can influence CO, adsorption and activation. There are
two types of supports: irreducible (SiO,, Al,O;) and reducible
(TiO, and CeO,). The irreducible supports do not directly
activate CO,; however, they facilitate CO, adsorption at the
interface of the metal support. For example, Kattel et al. showed
through DFT calculations that when Pt is supported to SiO,, the
CO, adsorbs at the interface of the support and metal."*
Reducible supports like TiO,, and CeO,, typically generate
oxygen vacancies which allow for the strong adsorption and
activation of CO,. Supports with acidic characteristics typically
have higher activity and selectivity to CO for the RWGS
reaction. Sakurai et al. observed CO, hydrogenation of Au on
three different supports (CeO,, ZrO,, and TiO,)."* Their
studies showed that they all have identical CO selectivity, but
there was higher activity using the Au/TiO, samples due to the
higher acidity of TiO, compared to ZrO, and CeO,. CH,
selectivity is higher on reducible supports because the O atoms
are removed from CO, due to the oxygen vacancies, and
hydrogenation occurs on the C species.'** Unfortunately, one of
the primary deactivation mechanisms for supported metal
catalysts is the accumulation of carbon species.

For some catalysts, the RWGS reaction occurs at the support
and the metal interface. Maximizing the metal surface area or the
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number of metal-interface sites is critical to its performance.
This can be achieved by reducing the metal particle size.
Depending on the size of the metal particle and the interface of
the metal to the support, the dominant product of the same
material can be shifted. For example, Atibekova et al. synthesized
2.6 nm Ru particles dispersed on three different supports (TiO,,
Ce0,, and AL O;)."** They found that the reducible supports
were more active than Al,O;, but CH, was the main product.
Atomically dispersed RuO, formed sites on the CeO, supports
changed the main product to CO attributing to the weakened
CO adsorption on the RuO, sites.

The catalytic conversion of CO, to CO via the RWGS
reaction can be a way to convert CO, into valuable chemicals
and fuels. Key challenges for these reactions area are due to the
catalytic material’'s low-temperature activity and selectivity.
Enhancing CO, adsorption and facilitating CO desorption are
key factors for enhancing CO, conversion and CO selectivity.
Varying the supports characteristics and tuning the metal—
support interaction can provide additional strategies to help
improve the selectivity and activity of the materials.

3.1.2. Reverse Water—Gas Shift and Fischer—Tropsch
Reaction. The FT process is a catalytic polymerization reaction
for the conversion of synthesis gas into a variety of products like
alkanes (paraffins), alkenes (olefins), and cycloalkanes (naph-
thenes) that can be refined into synthetic fuels, lubricants, and
petrochemicals by CO polymerization and hydrogenation on a
metal catalyst. Light olefins are key building blocks in the
chemical industry, and they are essential chemicals used to
fabricate synthetic rubbers, solvents, plastics, and cosmetics.>
Typically, the syngas, which consists of a mixture of CO,, H,,
CO, and H,O used as the feed in FT is made by the RWGS
reaction, *'*’

Davis and de Smit et al. have explored Fischer—Tropsch
mechanisms."**'*” Although there are several possible mecha-
nisms for FT, the overall process is like a general polymerization
reaction that involves reactant adsorption, chain initiation, chain
growth, propagation, and termination. Initiation occurs after the
CO is adsorbed on the FT catalyst and becomes the chain
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initiator by dissociating and hydrogenating. The chain growth or
the propagation step occurs by adding CO to the chain initiator
or an already growing chain on the catalyst surface. The growth
mechanism for hydrocarbons on the metal catalyst is the surface
carbide mechanism by CH, insertion."*® This mechanism is first
initiated by the metal surface adsorbing carbon monoxide and
dissociating it to form carbide and oxygen species. Hydrogen is
also adsorbed and dissociated on the metal catalyst. The carbon
atoms are then hydrogenated to form CH, and oxygen is
removed as water. The termination step determines the length of
the chain and the terminating functional group. It is influenced
by the nature of the catalyst and the operating conditions. Two
specific processes for termination are thermal desorption and
reactive desorption. Thermal desorption is caused by the
growing chains weakening the bond between the catalyst and the
surface intermediate. Reactive desorption is the desorption by
breaking the bonds between the catalyst and the surface
intermediate.

Typical FT catalysts are group VIII metals and platinum
group noble metals like Fe, Co, Ni, Ru, and Rh. The most active
catalysts for FT synthesis are Fe, Co, Ni, and Ru. Iron and cobalt
catalysts are the most commercially used because they are
inexpensive and abundant compared to other active metals.'*’
In addition, Fe- based catalysts have been widely used for their
high activity for both RWGS and FT synthesis and resistance to
sulfur poisoning.'*” Cobalt catalysts give the highest yields and
the longest lifetime and produce linear alkanes. >’ Nickel is not
as commonly used because it produces more methane and forms
volatile carbonyls at the FT reaction conditions, resulting in a
continuous metal loss and a shorter activity lifetime. Ruthenium,
although highly active, is expensive to mass produce. The
activity of FT catalysts is dependent on H, adsorption and the
ability to adsorb and dissociate CO. and are based on the
reducibility of their oxides. Cobalt, nickel, and ruthenium
remain in their metallic states during FT conditions, while iron-
based catalysts are prone to phase changes.

The main deactivation causes for FT catalysts are surface
fouling, oxidation of the catalyst, and sintering. The surface
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fouling or deposits can be removed by hydrogenation or washing
with a light hydrocarbon liquid. In the case of Fe catalysts,
deactivation can occur when oxidized and water is present. The
two main strategies that have been used to improve the catalytic
performance of catalysts are to increase the number of active
sites on the catalyst or to increase the intrinsic activity of each
active site.”> This has been explored by adding promoters to the
metal catalysts, support effects, using bimetallic alloys, or
encapsulation of the metal catalyst.

The addition of promoters to FT catalysts can increase light
olefin yields by controlling the electronic and structural
properties.”>" The addition of promoters can improve lower
olefin selectivity of iron-based catalysts such as alkali metals.'*’
Sodium has been studied as a promoter for iron catalysts because
it increases the chain growth probability and enhances olefins
production. Researchers have used alkali metal promoters in Fe-
based catalysts, which promote the growth of hydrocarbon
chains by weakening their affinity with H, while enhancing the
adsorption strength of CO, and CO.* Xie et al. studied the
effects of Na and S promoters on Fe catalysts showing that the
Na,S promoters increase the H adsorption strength on iron and
decrease the adsorption of carbon, increasing olefin production
by decreasing methane formation (Figure 7).">” Cheng et al.
showed the effects of sodium on Fe catalysts supported by
reduced graphene oxide (rGO). The addition of Na increased
the basicity of the Fe surface which improved the chain growth
probability and reduced methane formation. It increased the
adsorption capacities of CO and H,, increasing the overall
activity and selectivity of this material.">* Ma et al. researched
the effects of Na promoters on Fe—Zr catalysts. They showed
that Na had a strong electron transfer from Na to Fe, which
caused the electron-rich iron species to dissociative to adsorb
CO and hydrogen, resulting in enhanced chain propagation and
a decrease in the hydrogenation of light olefins, increasing olefin
selectivity.">* Rare earth metals have also been shown to be good
promoters for Fe-based catalysts. Han et al. studied rare earth
metal promoters on Fe-based catalysts. Nd promoted Fe
catalysts showed dissociated adsorption of CO due to the
electron transfer between Nd and Fe, which contributed to
increasing the surface charge density of iron atoms. Nd also
enhanced the catalysts’ surface basicity and inhibited the
hydrogenation reaction, resulting in high light olefin produc-
tion.">”

Researchers have tried to improve catalytic performance by
using bimetallic systems, including Co—Fe,'*® Fe—Mn, Fe—Ni,
and Co—Ni."”” Supported catalysts have also been used to
maximize the surface area of the active phase. These include
silica, alumina, and zeolite-supported catalysts. Encapsulation is
another strategy that has been used for improved catalytic
activity and lifetime by having strong thermal stability against
sintering.">® The encapsulation strategies consist of core—shell,
core—tube, mesoporous, and lamellar structures. The binding
energy between metal nanoparticles and reactive molecules can
be tuned with the presence of encapsulation structures.
Encapsulation decreases catalyst particle interaction, which
decreases sintering.

The catalytic hydrogenation process can mitigate CO,
emissions and be used for olefin production. FT is a well-
established process that has been commercially established and
can be paired with the RWGS reaction. It is important to
understand the material properties to optimize and tailor the FT
reaction toward the desired product. Fe- and Co-based catalysts
have been extensively studied due to their low cost and high
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activity. Adding promoters, using bimetallic alloy systems,
incorporating support effects and encapsulation are strategies
that have been explored to improve catalyst activity, selectivity,
and overall lifetime of the material.

3.1.3. Dry Methane Reforming. Dry methane reforming
(DRM) is an endothermic reaction that converts CH, and CO,
into synthesis gas (H, and CO), typically on an active metal
catalyst.">” The H,/CO ratio for DRM is typically 1. It is an
endothermic reaction because it requires the breakdown of very
stable molecules and requires high operating temperatures. The
mechanism for DRM involves the adsorption and dissociation of
CH, and CO, as well as hydroxyl group formation. The
dissociation of methane is the rate-determining step. CO, and
CH, adsorption, dissociation, and reduction are dependent on
the catalyst properties. CO, typically adsorbs on the metal—
support interface and can occur via C- and O-coordination or a
mixture of both.'*” The development of highly active and stable
catalysts with resistance against deactivation is important factors
to consider for the successful wide-scale implementation of
DRM."" Catalytic activity and stability are influenced by active
metal dispersion, metal—support interaction, resistance to
sintering, and low carbon formation.

Typical DRM catalyst materials include noble metals (Ru, Rh,
Pt, Pd, Ir) and non-noble (Ni, Co) metal catalysts. Noble metals
are highly active and are resistant to carbon formation but are
not widely used due to their high cost and limited availability.'**
Transition metals such as Ni and Co have been widely used in
DRM due to their high activity, low cost, and wide availability.
However, they tend to have fast deactivation due to carbon
formation limiting their usability and reducing their overall
lifetime.'**~'°° Hou et al. investigated the effect of noble metals
like Rh, Ru, Pt, Pd, and Ir supported on mesoporous Al,O; and
compared it to inexpensive Ni and Co. They showed that noble
metals have higher coke resistance, but their overall activity was
lower when compared to Ni and Co."'”

Several strategies have been investigated to circumvent
deactivation by carbon formation using either a promoter,
support effects, changing the metal particle size, or using
bimetallic alloys."®” Choosing an ideal support can enhance the
metal—support interaction, which can reduce metal sintering.
Supports not only prevent sintering and increases metal
dispersion, but they take part in the DRM reaction. The
metal—support interaction can affect the stability and
reducibility of the catalyst by providing physicochemical
properties such as basicity, oxygen storage capacity, and
reducibility.'®® Zhang et al. investigated the effects of supports
like SiO,, TiO,, ALO; MgO, and ZrO, on the catalytic
performance of Ni.'® They showed that a mix of Al,O;—MgO
support had the highest catalytic activity. Studies showed that
having high dispersion, high surface area, and small particle size
contributed to higher activity and a more stable catalyst. Sokolov
et al. studied Ni catalysts supported on Al,03;, MgO, TiO,, SiO,,
Zr0,, and La,0,—Zr0,.'”° They showed that Zr-based
supports showed the highest initial activities, and La,O;—
ZrO, showed the highest stability. El Hassan et al. dispersed Co
nanoparticles onto mesoporous silica (SBA-15), which strongly
enhanced the stability and prevented the sintering of the Co
catalyst. They also showed that adding Rh promoted the Co
reducibility, enhanced the catalytic performance, and prevented
coke formation.'”" Zhang et al. synthesized a highly stable Ni
catalyst on SBA-15. They prevented the deactivation of the
catalyst by limiting the sinterin% of Ni and having high
dispersion throughout the support.'”>
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Studies have shown that acid—base properties of the support
can affect the catalytic activity. The acidity of catalysts can
inhibit the dissociative adsorption of CO, on the catalyst surface
due to the increase of dehydrogenated carbon depositions
deactivating the catalyst.'”* Das et al. investigated the SiO, and
Al,O; supports on Ni catalyst and developed a synergistic
correlation between the acidic and basic properties of the
support.'”* They revealed that having a large number of acid
sites on the support deactivates the catalyst by coke formation.
CO, is acidic, so basic supports like MgO can enhance the ability
of CO, chemisorption and coke resistance.'”> A study by
Gadalla and Bower showed that using commercial Ni catalysts
on different supports, including y-Al,0;, Al,0;—CaO, Al,O;—
Si0,, and Al,O;—MgO. The study determined that the best
support overall was the Al,0;—CaO and Al,0;—MgO supports
that had high conversion and stability due to the formation of
intermediate species calcium aluminate or magnesium alumi-
nate.'”

Perovskite-type oxides have been used as catalyst precursors
for DRM and suppress carbon formation on Ni-based
catalysts.'”” Gallego et al. showed that using LaNiO; and
La,NiO, as catalyst precursors obtained high activity for carbon
dioxide reforming of methane, with La,NiO, showing the best
performance. Using La,NiO, led to the formation of small nickel
particles of 7 nm, which was responsible for the higher catalytic
activity.'”® Kawi et al. showed that LaNiO; had been successfully
used as a crystalline catalyst precursor for methane reforming
when compared to La,O; LaNiO; can perform at higher
temperatures to achieve CH, conversion without deactivating
the Ni.'”” Arandiyan et al. compared the catalytic activity,
stability, and surface properties of different perovskite-type
oxides doped with different noble metals, and Rh showed the
highest activity.'® Our lab has explored perovskite type-oxides
for forming metal alloys, Ni—Fe'®! and Ni—Fe—Co,"* for the
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DRM reaction. Recent findings showed that the inherent defect
material properties of the perovskite precursor influenced the
composition and size of the Ni—Fe nanoparticles exsolved and
the inherent catalyst performance and stability (Figure 8). The
Ni—Fe nanoparticles exsolved from LaFe;(Ni;;O; showed the
best catalyst performance and were regenerable after 24 h of
aging.

Alloying Ni catalysts with Co was also shown to improve the
overall performance of the catalysts. Zhang et al. studied
different compositions of Ni—Co bimetallic catalysts. Syner-
gistic effects of Ni and Co provided high activity, carbon
formation resistance, and stability.'®* Hou et al. compared coke
deposition resistance of Ni—Co alloys supported on alumina.'®*
Wan-Ying et al. performed DFT calculations on DRM
mechanisms of Ni and a Ni—Mo alloy. They showed that the
activation of CH, and CO, is higher in the Ni—Mo compared to
monometallic Ni."** Turap et al. tested a series of Co—Ni
catalysts with different ratios."** The Co/Ni ratio of 0.8 showed
the highest catalytic activity.

Promoters are used to modify the catalyst structure to
improve stability or enhance the catalytic reaction to give better
activity or selectivity.'*® Zeng et al. added natural rare earth
metal oxide promoters (La,O; CeO,, Nd,O;, etc.) to Co
catalysts supported on y-Al, O3, enhancing the catalytic activity
and stability of the catalyst."*” The promoters decreased the size
of the Co;0, particles, enhanced the dispersion degree of the
Co, and prevented sintering by strengthening the metal—
support interaction. Jeong et al. investigated the catalytic activity
of Ni/HY catalysts promoted by Mg, Mn, K, and Ca. The Mg
promoted Ni/HY showed the highest carbon formation
resistance and the most stable catalytic performance as no
significant loss in performance was observed after 720h of
reaction testing.'*® This can be attributed to the reduced Ni
particle size caused by Mg promotion. San Jose-Alonso et al.
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studied alumina-supported Co catalysts promoted by K and Sr.
Both K and Sr showed similar catalytic activity, but K had lower
carbon deposition. The addition of K reduced the catalytic
activity due to the size of the Co particles being larger, reducing
the number of active sites.'®

3.1.4. CO, to Methanol. Methanol is a commonly used
chemical for various applications like fuels and fuel additives
used in feedstock production of small hydrocarbons.'”’
Methanol can be produced from the synthesis gas derived
from coal, natural gas, and other hyclrocarbons.19 The most
established method for methanol production comes from the
use of syngas (CO and H,) which are then converted to
methanol over a heterogeneous catalyst. Methanol synthesis
from CO is a highly exothermic process and is thermodynami-
cally favorable at low temperatures.'”” The most established and
commercially used catalyst is Cu/ ZnO/Alzos.l()3 However,
there are still questions regarding the nature of the active sites
and the reaction mechanisms.'”*

CO, hydrogenation to produce methanol has been increasing
in research demand. Synthesis gas contains a significant amount
of CO, that can also be hydrogenated from methanol. Grabow et
al. performed DFT calculations on Cu surfaces of Cu/ZnO/
Al,O; for selective hydrogenation of CO,. CO, is hydrogenated
in the sequence CO,* - HCOO* - HCOOH* — CH;0,* =
CH,0* — CH;0* — CH;O0H*, while CO hydrogenation to
methanol is CO* — HCO* — CH,0* — CH;0* —
CH;OH*.'"” An example of the calculated potential energy
surface is shown in Figure 9, showing that the pathway that there
are two energetic pathways for CO, hydrogenation. Ashwell et
al. also performed a DFT calculation on Ni(110) metal surfaces
to observe the theoretical yields on ethanol by CO hydro-
genation.'”® They also found the H;CO intermediate followed
by a final hydrogenation step toward methanol. There are also
efforts to develop non-Cu catalysts for methanol synthesis from
CO,. For instance, Docherty et al. showed that PdGa
nanoparticles supported on Ga-doped silica supports had a
high selectivity toward methanol that was much more selective
than Cu@ZrO, and Cu@SiO,.'”° Studies by Koizumi et al.
showed that Pd supported on SiO, supports with promoters of

K, Ca, and Mg enhanced their activity toward methanol
synthesis.'”” An inverse catalyst of ZrO,—Cu catalysts was
doped with ZrO, and showed that an increase of the activity
toward methanol was from the improved hydrogen activation
and CO, activation ability.'”®

3.2. Direct Conversion to Lower Olefins. 3.2.7. CO,
Oxidative Coupling of Methane (CO, to OCM). The conven-
tional OCM reaction scheme uses rare-earth oxides or carbonate
catalysts to transform CH, and O, or CO, into ethane or
ethylene.'”””?%” The reaction is complex and involves
homogeneous and heterogeneous reactions. Broadly, there are
five kinds of catalyst—support systems that are active for this
reaction: (1) pure, highly basic oxides including early lanthanide
oxide (except ceria), (2) group IA and IIA metals supported on
basic oxides such as Li/MgO, Ba/MgO, and Sr/La,0;, (3)
monophasic oxides, (4) group IA metals supported on certain
transition metal oxides, and (5) any of these materials with
chloride promoters.203 However, OCM has limited industrial
implementation due to the poor selectivity of the C, products.
The predominant dry reforming or partial oxidation is a
competing reaction that can form the undesired product of CO
and H,.”"" Additionally, the formed ethane and ethylene can
also become oxidized back into CO,, lowering the overall yield.
Nevertheless, OCM is an essential reaction for the direct
utilization of CO, and CH, into ethane and ethylene, a valuable
intermediate for the chemical industry.

There are several theories on the use of CO, for OCM.
However, the most predominant one is that the CO, replenishes
surface oxygen species of the mixed oxide catalysts that mediate
heterolytic cleavage of methane. Yoon et al. cofed CO, and O,
for OCM and observed an increase in selectivity but a decrease
in conversion that resulted in no change in yield compared to O,
as the sole oxidizing gas.””® An SrO-La,03/CaO catalyst was
studied by Xu et al., who suggested the basicity of surface sites
was key to increasing the selectivity of C, products in the
presence of CO,.”"° Shi et al. found that adding a moderate
amount of CO, to CH, and O, (CH,:0,:CO, = 3:1:2)
increased catalytic activity toward OCM. Depending on the
concentration of CO,, the reactant gases altered the
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composition of the Na,WO,/Mn/SiO, catalyst.”*” The gas ratio
of 3:1:2 had the highest ratio of Na,WO, to MnWO, as seen
under X-ray diffraction (XRD), and a strong band of WO, and a
weak band of WO, were seen in their Raman spectra. The
surface concentration of MO, species was also the highest seen
in X-ray photoelectron spectroscopy (XPS), and correspond-
ingly the CH, conversion was the highest at 33.1% compared to
other concentrations of CO,. They surmised that the relatively
high concentration of WO, was beneficial to the high conversion
of CH, and selectivity to C,H, and the moderate concentration
of CO, provided favorable conditions for WO, formation.
Other strategies involve using CO, as the only oxidant source
for OCM (CO,-OCM), which is theorized to decrease the
oxidative side products. The use of alternative oxidants such as
CO, reduces the production of the oxidative side products to
form C,, products.””> Nishiyama and Aika studied the effect of
using CO, as an oxidant for OCM over the PbO-MgO
catalyst.””® Introducing CO, in an equal quantity as CH,
increased the yield of C, products compared to the CH,—O,
mixture (CH,:0, = 100:1). They also observed that CO yield
increased monotonically with temperature, as CO, and CO
adsorbed on the catalyst’s surface and desorbed at high
temperatures. They determined through isotope experiments
that the CO was formed through the reverse gas shift of CO, and
not from CH,. Thus, the catalyst obtained a higher yield of C,
hydrocarbons through an increase in selectivity of CH,
oxidation to C,. Suzuki et al. similarly studied Mg—O, Sm—O0,
Ca—0, Sr—0, and Sm—Mg—O catalysts for OCM prepared by
decomposition of oxalates.””” On the introduction of CO,, C,
yield increased with the Mg—O and Sm—Mg—O-based catalysts.
With Ca—O0, an increase in selectivity and activity was seen only
with a low partial pressure of CO,, and with Sr—O, the activity
was curbed entirely. Chen et al. observed ~90% selectivity
toward C, with a reaction mixture of CH, and CO, with a
La,0;—Zn0O catalyst. The catalyst was stable in the reaction
environment, with the oxide states remaining unchanged
throughout testing. As seen elsewhere, the mechanism included
oxidation of CH, by surface O species which are replenished by
CO,.”"” Korf et al. found that the Li/MgO catalyst deactivated
under OCM reaction conditions could be regenerated by
passing CO, through the catalyst. The introduction of CO,
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during OCM also precluded the deactivation of the catalyst.*""
Smith and Galuszka studied the kinetics of OCM with both O,
and CO, over a Li—Pb—Ca catalyst. The formation of Li,COj;,
which is an inactive species, reduced the conversion of methane,
but there was an increase in the selectivity of C, formation.””

In summary, the use of CO, as the oxidizing gas for OCM,
either substituting or supplementing oxygen, has seen several
instances of either improving selectivity or having no effect at all.
The presence of carbon dioxide increases surface O,q4, species
and reduces exothermicity of reaction, either of which could be a
factor affecting the selectivity”**

4. INTEGRATED CO, CAPTURE AND UTILIZATION

When sorbent-enhanced catalysts are used, the CO, is first
captured by the sorbent support, and the captured CO, is
converted over the embedded heterogeneous catalysts with
reductant gas such as hydrogen or methane to value-added
chemicals or fuels in the same reactor. Compared to the
conventional CCU process (CO, capture, decarbonation,
transport, and utilization), the ICCU process that uses SECs
(CO, capture and direct utilization of CO,) simplified the
process and reduced the total energy required to produce value-
added chemicals and fuels from CO, (Figure 10).

The CO, utilization schemes summarized in section 3 to
produce hydrocarbons remain challenging to incorporate in an
ICCU scheme that utilizes captured carbon. One of the prime
issues is that the reaction conditions (temperature, pressure) for
capture, regeneration, and utilization are sometimes different.
Another area of concern is that CO, capture from nonideal
sources can introduce contaminants that are deleterious to the
stability of the catalyst and sorbent. This is further complicated
by the diminishing capture and utilization efficiency of the
catalyst and sorbent material over several cycles. To overcome
the mismatch of reaction conditions and capture, studies usually
optimally pair the capture sorbent with catalytic reaction
conditions in which the CO, desorption and subsequent
conversion to the value-added chemical have similar reaction
conditions. Additionally, researchers have started to improve
catalyst and sorbent stability with the addition of metal
promoters to staunch the sintering of the materials over several
cycles. Nevertheless, the ICCU process has attracted great
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attention in reducing total thermal energy and ensuring a
simplified capture and conversion process.

4.1. Methanation. Among the ICCU reaction pathways that
use SECs, the methanation (CO, + 4H, — CH, + H,0)
reaction is the most straightforward and suitable strategy for
large-scale CO, reduction.”’® Natural gas, which consists of
mainly methane, emits the smallest amount of CO, per energy
unit compared to other fossil fuels and can be used as an
important energy carrier in addition to electricity.”'* Large-scale
integration of renewable energy such as wind and solar energy
into the existing electricity framework is challenging because of
unstable power supply and an imbalance between the power grid
in matching the power supply and demand.”"* The power-to-gas
(P2G) technology has been considered to mitigate fluctuating
and intermittent renewable energy sources in integrated energy
storage systems.”'*7*'” The P2G process consists of H,
production by water electrolysis using surplus energy in a
power plant or renewable energy sources and methane
production using the methanation process from captured CO,
and renewable H,, which is connected to the natural gas grid
(Figure 11).

In practice, the thermodynamics and reaction rate are the
most concerning factors, although the CO, methanation takes
place at atmospheric pressure and low temperature.”'® The
novel metal catalysts such as Ru, Rh, and Pt have excellent
catalytic activity at lower temperatures compared to transition
metal-based catalysts such as Co, Fe, and Ni.>'” The Ni-based
catalyst has been widely investigated because of its relatively low
price, in spite of low-temperature catalytic activities.”*”**' CO,
methanation, which is an exothermic reaction, is favored at lower
temperatures; the reverse reaction takes place at temperatures
higher than 627 °C.22 72 At low temperatures, the reaction
rate is slow although high CO, conversion and CH, selectivity
" On the other hand, a high operating
temperature will reduce the CO, conversion according to the
thermodynamic equilibrium. Moreover, the RWGS reaction and
dry methane reforming (DMR) also occur, leading to low
selectivity for methane.”'® Therefore, it is important to
introduce proper catalysts and optimize the operating

. 2
are achieved.
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parameters for high CO, conversion, CH, selectivity, and fast
reaction rate for methanation in the ICCU process.

Zheng et al. developed sorption-enhanced catalysts, 5%
Ru,10%Ca0/y-Al,O; for the CO, capture and direct methana-
tion at 320 °C and proposed a mechanism for surface reactions
for the CO, chemisorption and direct methanation.”** During
the CO, adsorption step, CO, is rapidly adsorbed onto the CaO
site, and metallic ruthenium undergoes partial oxidation under
feed gas containing CO,, O,, and steam. Subsequently, under
the H, condition, the methanation process follows elementary
steps: (1) reduction of partially oxidized ruthenium, (2)
spillover of adsorbed CO, from the CaO to the adjacent
reduced Ru sites, (3) dissociative chemisorption of H, on Ry,
(4) dissociation of CO, and H, to complexes, and (5) catalytic
conversion to CH,. Several SECs, consisting of Na,O as an
adsorbent and Ni-based bimetallic catalysts, were also developed
to replace some Ru with Ni for possible additional cost
reduction.””***” Ni-based SECs cannot convert CO, adsorbed
to methane because of oxidation of Ni metal after CO,
chemisorption under O, containing flue gas conditions. Small
amounts of precious metal (<1% Pt, Pd, or Ru) enhance the
reduction and activation of Ni-containing SEC for direct
methanation even after O, exposure in the flue gas at 320 °C.
However, the SECs consist of a small amount of sorbent
materials, and CO, is chemisorbed onto sorbent sites, resulting
in extremely low CO, capture capacity and CH, productivity
and selectivity.

Bermejo-Lopez et al. synthesized Ni/Al,Oj5 catalysts contain-
ing CaO or Na,COj; that contain basic sites with a varying
affinity for the adsorption of CO,.”*® The amount of CH, was
always higher for the CaO containing catalysts owing to the
higher total basicity. These catalysts provided different temper-
ature ranges for CH, formation, between 200 and 600 °C for
CaO containing samples and a narrow temperature range of
200—400 °C for Na,CO; containing samples. Jo et al
synthesized Ni/CaO SEC via the sol—gel method and
investigated the influence of temperature (400—700 °C) on
direct methanation. CO, capture capacity showed a positive
correlation with temperatures.”>” They found that the captured
CO, was converted completely to CH, at 500, and carbonation
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of CaCOj; could not occur. The Ni/CaO SECs showed excellent
multicycle stability with high CO, capture capacity and CH,
productivity at 500 °C.

Using the solid-state reaction, Jo et al. also prepared nickel—
lithium—silicate (Ni/LS) SECs.”*’ The working CO, capture
capacity and CH, productivity of Ni/LS SECs were investigated
and compared with Ni/CaO SECs in a rapid cyclic system. The
Ni/CaO SECs exhibited approximately three times higher
working CO, capture capacity at 550 °C for 1 h at the first rapid
cycle than the Ni/LS SECs. However, the working CO, capture
capacity of Ni/CaO decreased dramatically in the rapid cyclic
system because the captured CO, by CaO is partially
regenerated with very slow direct methanation for 1 h at 550
C. On the other hand, the Ni/LS SECs showed stable working
CO, capture capacity and CH, productivity with the fast kinetics
of direct methanation (Figure 12). Park et al. prepared catalytic
sorbents by physically mixing NaNO;/MgO and Ru/AlL,O;
catalysts.””’ They found that the catalytic sorbent decreased
CO, sorption capacity due to the deactivation of the NaNO;/
MgO sorbent. In-situ FTIR measurements were performed
during the CO, methanation over 1% Ru/AlL,O; and 5%
NaNO;/1%Ru/Al,O;. They hypothesized that carbonyl species
were likely reaction intermediates over 1%Ru/Al,O;, while
formate species were spectators. On the other hand, for 5%
NaNO;/1%Ru/Al, O3, both carbonyl and formate species, along
with carbonate and bicarbonate species, were likely reaction
intermediates. Reaction order measurements for CO, and H,
combined with hypothetical reaction mechanisms and rate laws
for CO, methanation were developed for the two catalysts.

4.2. Reverse Water—Gas Shift. Direct RWGS reaction
using SECs has also been studied because RWGS is another
promising reaction in CO, hydrogenation, which can be
connected with the FT reaction for the production of value-
added chemicals such as hydrocarbon fuels, methanol, and light
olefins using the produced syngas. The RWGS reaction is
thermodynamically favored at high temperatures (endothermic
reaction) and a high H,/CO, ratio.”** The CO can be a major
product at temperatures above 700 °C because CO methanation
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is the main reaction below 700 °C. Therefore, the sintering of
catalysts and sorbent materials is the most important concern of
the RWGS reaction for ICCU. Until now, the studies for the H,/
CO ratio in the outlet gas via RWGS in the ICCU process are
limited. Therefore, extensive studies on the H,/CO ratio are
needed under different operating conditions (space velocity, H,
concentration in feed, catalyst/sorbent ratio, etc.) to meet the
stoichiometric ratio required for FT reaction or methanol
production. Bobadilla et al. prepared a catalyst comprising earth-
abundant chemical elements (FeCrCu/K/MgO-Al0,).”*
The catalyst exhibited high stability and high carbon balance
but an H,/COx ratio (ca. 40 times) higher than the
stoichiometric ratio of methanol synthesis or FT synthesis at
550 °C. Sun et al. integrated the CO, capture and the RWGS
reaction.”** They found that the MFM (CalNi0.1Ce0.033)
exhibited outstanding CO yield (7.3 mmol g™*) over 20 cycles at
the same temperature of 650 °C, but the unreacted CO, was
released, leading to relatively low CO, conversion (51.8%). Jo et
al. investigated the temperature-programmed surface reaction
(TPSR) using Ni/CaO SECs at different H, concentrations (10
and 100%) from 100 to 800 °C after CO, sorption for both
methanation and direct RWGS reaction in the ICCU process.**
The direct methanation and RWGS depended on the reaction
temperature and H, concentration (e.g., H,/CaCOj ratio). In
the direct RWGS, decarbonation and subsequent reaction with
diluted H, concentration (10 vol %) formed a high yield of CO
at 700 °C, but the cyclic stability was not investigated.

4.3. Dry Methane Reforming. In addition to direct
hydrogenation of CO,, such as methanation and RWGS, other
CO, utilization technologies were studied for the ICCU process
that uses SECs. Several researchers have combined CaL CO,
capture with DRM (CaLDRM), which converts two greenhouse
gases (CO, and CH,) into industrial feedstock syngas.BS_237
Because H, is industrially produced from methane, DRM is
considered more economical and efficient than CO, hydro-
genation technologies. Moreover, a higher thermodynamic
equilibrium was observed in the conversion of CaCO; by CH,,
compared to the conversion with H, at a high temperature
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Figure 13. Syngas production performances in the CH, conversion step: (a) syngas (H, and CO) productivity and capacity for desorbing CO,, (b)
CH, conversion, and (c) syngas mole fraction obtained by utilizing NiO/CaO and NiO/CaCO; under the 10 vol % CH, condition at 650 °C.
Reproduced with permission from Reference 239. Copyright 2022, Royal Society of Chemistry.

(>600 °C).*** Kim et al. demonstrated the feasibility of coupled
CO, capture and conversion reactions performed at 720 °C
using a mixture of CaO (CO, sorbent) and Ni/MgO—Al,O,4
(DRM catalyst).”*® The released CO, (regeneration of the CO,
sorbent) is converted into syngas with an approximately
equimolar ratio of H, to CO with minimal CO, slip; however,
the CO, uptake decreases during 10 cycles from thermal
sintering of CaO at 720 °C. Tian et al. coupled the CaL-based
CO, capture and DRM in ICCU, employing a CaO/Ni
bifunctional sorbent catalyst to exploit the possibility of
producing syngas from waste CO, in an energy-efficient
*%7 Compared with conventional CaL processes, the
captured CO, was desorbed with superior reaction kinetics. The
desorbed CO, reacted with CH, at 800 °C when Ni-catalyzed
CH, reforming was integrated with CaCO; regeneration,
following Le Chatelier’s principle. However, the high operating
temperature for high DRM performance caused a decrease in the
CO, capture capacity with the cycle number because of the
thermal sintering of the CaO/CaCOj; phase. This low amount of
CO, in the following DRM step marginally decreased the syngas
yield and coke formation. Although the deposited carbon could
be gasified via the reverse Boudouard reaction in the following
CO, capture step, the deposited carbon is accumulated in the
DRM process. Several researchers have been focused on
improving the multicycle stability of Ni-CaO based materials
for CaLDRM in the ICCU.

Hu et al. synthesized modified Ni—Ca materials with
structural stabilizers to serve as the bifunctional material for
CaL combined with the DRM process.”*® For Ni and CeO,
nanoparticles coloaded on ZrO,-coated CaCO; (NiCe/Ca@
Zr), the ZrO, layer stabilized the CaCO; support and served as a
barrier to prevent the loaded Ni from agglomeration during the
cyclic tests. For Ni-supported CaO,-modified CaO materials
(Ni/CaCe), the CeO, acted as a structure that stabilized
enhanced the CO, affinity of CaO and the low-temperature
activity of Ni, leading to higher CO, capture and catalytic
conversion of CO, at 650 °C. Moreover, the CeO, as a structure
stabilizer improved the sinter resistance of CaO and the Ni
dispersion, maintaining CaL kinetics and DRM activity. Jo et al.

manner.
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proposed a new type of highly efficient strategy for producing
CO and syngas in a cyclic ICCU process employing a coke-
promoted Ni/CaO (C—Ni/CaO) SECs prepared by CH,
pretreatment, in which NiO was reduced to Ni and coke was
deposited on the surface of Ni sites (Figure 13).>* Previous
studies on the DRM process mainly focused on the high
resistance to thermal sintering and alleviation of coke formation
by conducting DRM at high temperatures (>800 °C). However,
they alleviated the thermal sintering by conducting DRM in the
ICCU at a relatively low temperature (650 °C) and then applied
the coke as a source of CO production. In the CO, conversion
step, the coke was gasified by CO, via the reverse Boudouard
reaction. The residual CO, was simultaneously stored in the
CaCO; phase, thus enabling the high consumption of CO, and
CO production. In the subsequent CH, conversion step, CaCO;
was regenerated, and the desorbed CO, was converted with CH,,
to syngas via DRM. Simultaneously, hydrogen was produced,
and the carbon source to produce CO in the CO, conversion
step was supplied by the CH, decomposition. The C—Ni/CaO
SECs exhibited stable performances during 10th in the cyclic
CO, and CH, conversion.

5. CONCLUSIONS AND FINAL PERSPECTIVE

This perspective discussed CO, capture and conversion
schemes that incorporate sorption-enhanced catalysts. Although
there has been progress in using SECs for ICCU, various issues
must be addressed, including the limited CO, capture and
regeneration efficiency, thermostability, product stream, and
economic feasibility. There are four areas of primary
consideration in advancing SECS:

(1) Improving the thermostability of the oxide sorbent-
support for long-term stability and enhanced sorption and
desorption rates. Ideally, sorbent-enhanced catalysts
should have a high CO, capture capacity and a rapid
sorption rate. However, the flux of CO, and the
carbonation—calcination cycles can introduce thermal
stress to SECs that can drastically decline the performance
of the solid sorbents and catalyst nanoparticles. To
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improve the evaluation of structure—function properties,
future research strategies should incorporate fundamental
studies of the SECs at elevated temperatures to ascertain
the mechanistic groundwork of the deactivation mecha-
nism that limits performance. The structural changes of
materials and reaction mechanisms during the cyclic
ICCU process are most likely distinct from that of
conventional CO, capture and utilization processes. In
situ and in operando strategies that can analyze the surface
and bulk characteristics, such as surface-enhanced-Raman
spectroscopy, XRD, and X-ray absorption spectroscopy,
will be helpful for studying the deactivation mechanisms
for SECs according to the types of materials (sorbents and
catalysts) used and reaction conditions such as feed gas
composition and temperature. For example, reoxidation
of embedded catalysts in SECs by oxygen in flue gas
during the CO, capture step can promote the gasification
of coke deposited on the surface during DRM but may
have a negative influence on the subsequent catalytic
conversion and CO, capture performances.

For sorbent materials selection, CaO is the most used
oxide sorbent but suffers from drastic performance loss
due to repeated carbonation—calcination cycles. The
sintering of the sorbent support will decrease CO, capture
performance and, as discussed, has been widely reported
because of severe conditions for decarbonation or direct
utilization. To improve stability, a variety of inert
stabilizers, such as ZrO, and Al,O;, have been
incorporated into the intraparticle region of sorbent
materials to enhance their textural properties and thermal
stability. Generally, the inert materials are in the form of a
second phase to slow down the aggregation or sintering of
the alkali or alkali earth metal sorbents. The properties of
the stabilizers can range, but generally, the materials have
a higher Tammann temperature than the sorbent. Thus,
the goal of the stabilizer is to improve the surface area and
increase the melting point of the newly formed composite
materials. For example, Al-doped CaO sorbents have
improved durability over the multiple carbonation/
decarbonation cycles compared to CaO only. The
improved stability is due to the formation of inert
composite materials (Ca;,Al;4,O53) that provide a stable
framework to inhibit the severe sintering of CaO particles.
The addition of an excessive amount of stabilizers can
considerably improve the cyclic stability of the composite
materials but can lower the maximum theoretical CO,
capture capacity. Therefore, there is a need for a more
judicious selection of stabilizers that can maximize the
cyclability and CO, capture capacity.

Low temperature (LT) CO, sorbents (e.g., zeolites,
MOFs, K,CO;, or Na,CO;) have good CO, capture and
regenerability at temperatures below 100 °C. Their
properties are ideal for some CO, capture and conversion
schemes requiring a low regeneration temperature, such
as methanol production. Nevertheless, LT sorbents have
unique challenges in comparison to their high-temper-
ature counterparts (CaO), where the sorbents can
decompose at temperatures lower than their Tammann
temperatures. The deterioration of the sorbents and
kinetics for CO, adsorption/desorption can be exacer-
bated in the presence of water and have sensitivity to
temperature fluxes. Promoters and stabilizers such as
activated carbon, AL,O;, SiO,, and TiO, have been
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introduced widely to LT CO, sorbents to improve the
durability and diffusion-limited gas exchange that some-
times prevents adsorption of CO, at low temperatures.
Similar to their HT counterparts, incorporating pro-
moters or stabilizers can decrease the CO, capture
capacity. The lower energy penalty for CO, capture and
utilization is appealing. Future endeavors should focus on
the rational addition of promoters and stabilizers and their
influence on the SECs’ cyclic stability and subsequent
reaction pathways.

ICCU valorization strategies that incorporat SECS should
include more strategies to produce high-value hydro-
carbons with C," products such as olefins, higher alcohols,
and liquid fuels. Ideally, these CO,-derived products
would replace petrochemical-derived feedstocks for
plastics, fine chemicals, and fuels. The ICCU schemes
for the capture of CO, and subsequent conversion to
methane and syngas are quite mature. This is mainly due
to the high barrier for carbon—carbon coupling and, in
some cases, enhanced selectivity to the C, products. As
discussed in this perspective, researchers circumvent this
limitation in traditional CO, utilization schemes by
focusing on methanol or syngas-mediated routes to C,*
products. However, the use of such strategies for ICCU is
relatively nascent and needs additional research for
feasibility. This must involve efforts to elucidate the
reaction mechanism and selectivity for catalysts devel-
oped and control the reaction conditions to produce
target products. Optimization of the operating conditions
such as high-temperature environments and feed gas
composition should also be considered.

Compared with conventional catalytic reactions, there
are many pathways for SEC deactivation including
reoxidation, sintering, poisoning, and carbon deposition,
due to the thermal fluxes involved in the cyclic CO,
capture and utilization. The addition of promoters is
useful for improving catalytic performance and prolong-
ing the lifetime of SECS. A strategy to decrease the
occurrence of partial oxidation is the addition of noble
metal promoters, such as Ru, Rh, Pt, and Pd, that can
enhance the reducibility of catalysts. Furthermore,
coupling the alkali oxide sorbents with a support that
has inherent strong metal—support interaction with the
catalyst, such as spinels (NiAl,O,) or perovskite oxides
(LaNiO; and LaFeOs;), could be helpful to reduce the
sintering of the embedded catalysts during the thermal
cycles. To reduce coke formation, it is advantageous to
add materials with high oxygen mobility, such as CeO, or
Fe, 03, because the lattice oxygen interacts with adsorbed
carbon to promote gasification of the formed coke.
However, further research needs to be done to ascertain
how these additional promoters improve the catalyst
performance and influence the CO, sorption and
desorption capabilities of the support.

Improving the cost of the SEC strategies to higher value
products by reducing the costs for renewable hydrogen.
CO, reduction experiments either use hydrogen or
methane to upgrade the products. The use of renewable
hydrogen is derived from the electrolysis of water, and its
generation is connected to the price of electricity.
Currently, the production costs for CO,-based chemicals
and fuels are several times higher than those for
conventional counterparts made from petrochemicals.
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Thus, competitively it is ideal for decreasing the costs for
synthesized chemicals from CO, in which ICCU is useful.
A significant component of the costs for CO, utilization
is the costs associated with hydrogen production. The
costs can be contingent on the targeted CO,-derived
products. In the case of producing renewable hydrogen
using electrolysis (green hydrogen), the process relies on
the capital cost of the electrolyzer and the average cost of
purchased electricity. Thus, hydrogen production costs
are susceptible to electricity prices. For utilization of
around 40—50% and an average electricity prices of 42—
52 $/MWh, electricity would make up more than half of
the hydrogen production costs.”*’ This signifies that the
overall cost of CO, utilization will be greatly affected by
the energy requirements to produce hydrogen. Alter-
natively, steam methane reforming (SMR) still accounts
for almost the entirety of the global demand for hydrogen:
97% (gray hydrogen). This process generates a large
amount of CO, emissions (9 kg of CO, per 1 kg of H,
produced), accounting for roughly 830 Mtca,/yr in
2018.**" Integrating CCS into the SMR may allow for the
production of low emission hydrogen (blue hydrogen).
Hydrogen production cost from SMR coupled with CCS
is mainly dominated by natural gas prices. Furthermore,
SMR is capital intensive, requires high incurring operating
costs, and largely depends on the site-specific nature of
carbon storage reservoirs.”"' Incorporating CCU strat-
egies could generate additional revenue to help offset the
cost of storage. Further study into the economics of
combining carbon capture utilization and storage
(CCUS) with SMR is needed to reduce hydrogen
production costs and improve the commercial viability
of the process. Efforts to decrease the cost of hydrogen
should also be beneficial for the expenses of CO,-derived
products, making it possible to produce at either
comparable or lower costs to the current market value.

Developing strategies in which catalyst and sorbent can
effectively function in “real” streams of CO, that contain
variable concentrations of CO, along with relative
humidity (H,0) and acid gases (H,S, SO,, and HCI).
Most research in ICCU and CO, utilization use ideal
streams of CO, with minimal contaminants. However,
research into the efficacy of sorbent-enhanced catalysts
and the additional inherent challenges of using more
realistic streams are still in their nascency and must be
explored further. While CO, can be sourced directly from
the air, the materials discussed in this perspective are
utilized primarily in pre- and postcombustion atmos-
pheres. The flue gas streams are notoriously complex. The
most common impurities include N,, O,, and H,O from
air combustion products, acidic gases such as H,S, SOx,
NOx, HCI, hydrocarbons, and trace metals including Hg,
Se, and As. The presence of H,O can significantly
influence the capture efficiency of the solid sorbents
where H,O can compete with the same active sites as
CO,. The presence of H,O can also accelerate the
sintering of the embedded catalyst nanoparticles at
elevated temperatures. Furthermore, the presence of
sulfur compounds can substantially diminish the perform-
ance of the catalyst and sorbent over time. Thus, real gases
will increase the capital costs not considered with the
current research thrusts.
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Despite research challenges, policy support by government
and industry stakeholders is a significant component of the
adoption of alternative technologies for value-added chemical
production. The development of SECs can potentially decrease
the separation and transportation costs of CO,-derived
products. But the CO,-derived products would only be
competitive against conventional processes once policies
incentivize such progress. Early adoption of policies would
help spur new markets for CO,-derived products. The policy
decisions must be informed by life cycle analysis combined with
experimental and theoretical research. Life cycle analysis is
necessary for the marketability of ICCU in CO, mitigation
schemes. The climate benefits of ICCU are not exactly clear, and
the potential climate benefits for different reaction pathways are
unknown. Growth in this field must couple experts from
computational science, experimental heterogeneous catalysis
and computational researchers, materials science and engineer-
ing, and life-cycle analysis to promote its development.
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