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Introduction

With the increasing crisis of global warming, carbon

Heterojunction-Redox Catalysts of Fe.Co,Mg;0CaO for High-
Temperature CO; Capture and In-situ Conversion in the Context of
Green Manufacturing

Bin Shao?, Guihua Hu®, Khalil A. M. Alkebsi®, Guanghua Ye®, Xiaoging Lin?, Wenli Du®, Jun Hu®",
Meihong Wang®*, Honglai Liu® and Feng Qian®

The integration of carbon capture and CO; utilization could be a promising solution to the crisis of global warming. By
integrating the calcium-looping (Cal) and the reverse-water-gas-shift (RWGS) reaction, a high-temperature CO; capture
and in-situ conversion technology is successfully realized in one fixed-bed column at the same operating temperature of
650°C. Inspired by the heterojunction photocatalytic mechanism, the heterojunction-redox catalysis strategy is proposed
for the first time by doping bimetallic Fe3*/Fe?* and Co3'/Co?* redox couples into a hierarchical porous CaO/MgO
composite. The presence of different valence states of doped Fe and Co oxides not only provides extra oxygen vacancies to
facilitate CO, adsorption, and hence the adsorption enhanced conversion (AEC); but also significantly lowers the electric
potential difference of Fe**/Fe?* through the newly formed Fermi level in FesCosMg10Ca0, which makes the electron
spillover easier to improve the catalytic activity in the RWGS reaction for CO, conversion. More importantly, with the high-
temperature refractory of MgO and the highly dispersed Fe and Co oxides in FesCosMgi10Ca0, the problem of CaO
sintering is successfully solved. An excellent and stable high-temperature CO, capture capacity of 9.0-9.2 mmol g%, an in-
situ CO: conversion effeciency nearly 90 % and a CO selectivity close to 100 % are achieved in the integrated CaL/RWGS
process. In addition, the experimental and simulation scale-up studies further demonstrate its pratical scalability.
Economic evaluation reveals that the integrated CaL/RWGS technology is much more cost-effective than the separated
CalL and RWGS processes. Therefore, the heterojunction-redox strategy provides a unique way to design bifunctional
adsorbent/catalyst materials. The integrated CaL/RWGS process could be a promising technology for CO. capture and
utilization.

industry is as high as 1,000 °C. It is reported that the global
production capacity of ethylene is around 170 million tons per
year. Manufacturing one ton of ethylene produces between 1

capture, utilization and storage (CCUS) technology has been
demonstrated to be an effective solution to address the global
climate change.* Currently, most CCUS studies focus on the
power generation sector and explore carbon capture,
utilization and storage separately. Accordingly, after carbon
capture, CO; purification, compression and transportation are
necessary for further sequestration, which consume a huge
amount of energy.>’” Moreover, the CO, emission from
industry accounting for about 25% of total global CO;
emission® has not been systematically explored. It is worth
mentioning the temperature of flue gas from the furnaces of
industrial process is usually very high. For example, the flue
gas temperature from thermal cracking furnace in the ethylene
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to 2 tons of CO,.° A huge amount of energy is needed for
cooling so that the low-temperature CO; capture (50 - 60 °C)
can be applied, and even more energy is consumed for heating
again to realize the high-temperature CO, conversion (>
300°C).10. 11 Therefore, developing an integrated process
combining carbon capture and utilization could be a promising
solution in the context of green manufacturing.'? 13 If this
integrated process can be operated in the same column under
the same high temperature, it can significantly reduce the
capital and operating cost, and also the energy consumption.4
15

A few pioneering studies have been performed to
integrate carbon capture and carbon conversion. Farrauto’s
group fabricated a Ru/CaO composite to capture CO, and
subsequently to produce CH,4 at the same temperature of 320
°C in the same column.1® 17 Urakawa’s group synthesized Ni-
K/ZrO, and showed a synergistic effect on CO, methanation
reaction.18 Gonzalez-Velasco’s group synthesized Ni-CaO/Al,O3
and Ni-Na;COs/Al,03 with Ni as the catalytic active site to
integrate CO, capture and methanation conversion.1®
However, the low CO, capture capacity seriously impeded the
development of this integration strategy. There remain great
challenges to develop dual function materials (DFMs) with
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both excellent CO; capture capacity and high-efficient catalytic
activity to convert the adsorbed CO, into high value-added
chemicals.2® Another challenge comes from the temperature
matching between CO, capture and conversion. Most CO;
conversion reactions take place at a high temperature, but
conventional adsorbents prefer a low temperature and do not
maintain the stability at such a high temperature.

Among various CO; capture technologies, the calcium-
looping  (Cal) process based on the reversible
carbonation/calcination reactions at high temperature has
attracted significant  attention. The techno-economic
evaluation of CalL revealed that its carbon capture cost is
competitive to the current amine scrubbing technology?!
because of the high reactivity with CO, (theoretical capture
capacity of CaO is 17.8 mmol g?1)22 and the abundantly
available and low-price natural CaO source.?* However, CaO is
easily sintered due to the pore collapse and agglomeration
during carbonation-calcination cycles at high temperature,
leading to a rapid decrease of its surface area and thus its
reactivity loss towards CO; due to the relatively low Tammann
temperature of CaCOs; (533 °C).2* Many efforts have been
devoted to solving this sintering problem.?> Among them, one
promising strategy is to use inert additives such as high-
temperature refractory oxides of Al,032% 27, Zr0,28, TiO,2?,
Si0339, Mg031 and the inert metals of K32, Sr33 and Ga3* to
effectively improve the thermal stability of CaO. An alternative
strategy is to construct porosity in CaO to prevent sintering. In
previous work, we had successfully applied mesoporous CaO in
a stable high-temperature CO, capture.3> The porous CaO can
not only enhance the CO; capture performance, but also act as
a good substrate for loading metal catalysts. Very recently, the
group led by Wu and Huang prepared a porous CaiNip.1Ceo.033
by a sol-gel method, which exhibited high adsorption capacity
and catalytic stability.3® However, the CO,; conversion
efficiency by the reverse-water-gas-shift (RWGS) reaction is
still not high enough, compromising the overall performance.

The RWGS reaction is one of the established reactions for
CO; conversion37-3 and the produced CO can be an industrial
feedstock for further conversion to valuable chemicals and
fuels through well-developed syngas conversion technologies,
such as Fischer-Tropsch synthesis?® 41 and Monsanto/Cativa
acetic acid synthesis.#? 43 Various heterogeneous transition
metal-based catalysts such as Cu, Pd, Au, Pt, Ni, Re, Rh, Ru, Co,
Fe and Mo supported over metal oxides of MgO, TiO;, SiO, or
Al,O3 have been explored within the temperature range of
200-600 °C.44-46 As the RWGS reaction is slightly endothermic,
a higher temperature is more favourable.3” This provides a
possibility to match the high temperature of CaL CO; capture.

In this study, we investigate carbon capture and in-situ
CO; conversion by integrating CaL and RWGS reaction in the
same column and operating at the same temperature. Through
a simple one-pot sol-gel method, bimetallic Fe/Co catalysts
and a high-temperature refractory MgO were doped into
porous CaO. The structures of the obtained Fe,CoyMg10,CaO
were well characterized to reveal their contributions to the
simultaneous CO; capture capacity and catalytic conversion
efficiency. Among them, FesCosMg10CaO exhibited the best
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performance for simultaneous CO; capture and conversion,
superior to the reported works so far to our best knowledge. A
heterojunction-redox mechanism of bimetallic catalysts was
proposed for the first time to illustrate this superior catalytic
performance. In addition, we evaluated the scale-up potential
benefits of this integrated Cal/RWGS
technology. Therefore, a novel strategy for simultaneous CO,

and economic

capture and utilization has been developed in this study.

Experimental
Synthesis

FexCoyMg10Ca0 was prepared through a simple one-pot
sol-gel method4” and subsequent calcination. Typically, 8.43 g
of calcium nitrate tetrahydrate (equivalent to 2 g CaO) and
2.133 g magnesium nitrate hexahydrate (mass fraction of Mg
based on CaO was 10%) were dissolved in an aqueous solution
at room temperature with the molar ratio of CaZ* to water as
1:40). Then, 7.5 g chelating agent of citric acid monohydrate
was added under stirring. After mixing for 0.5 h, Iron nitrate
nonahydrate and cobalt nitrate hexahydrate with the total
loading amount of 10 wt% corresponding to CaO were added
into the mixture solution. Under vigorous stirring at 90 °C for 5
h, a transparent light-yellow sol was obtained. After the
filtration, it was further dried at 120 °C overnight and calcined
in a muffle furnace at 800 °C for 4 h with the heating rate of 2
°C minl. The obtained samples were denoted as
FexCoyMg10CaO (x, and y are the mass percentage of Fe and Co
corresponding to CaO, respectively). Fe;oMgi10CaO and
Co10Mg10Ca0, as well as pure CaO were also prepared as the
reference samples. All the samples were crushed and
compacted into fine pelleted particles of 40-50 mesh (0.35-
0.45 mm or 10-20 mesh (0.85-2.0 mm) before the CO; capture
and conversion test.

Characterization

The powder X-ray diffraction (PXRD) was carried out on a
D/Max2550 VB/PC diffractometer (40 kV, 200 mA) using a Cu
Ka as the radiation. The morphology was characterized by a
field-emission scanning electron microscope (FESEM, JEOL
JEM-6360). The microstructure was characterized by a high-
resolution transmission electron microscopy (HRTEM, a
JEOL2010) with an elemental mapping. The porosity properties
were determined by N, adsorption—desorption isotherms at 77
K on Micromeritics ASAP-3020, in which the Brunauer
—-Emmett-Teller (BET) model was used to calculate the specific
surface area and the pore size distribution was calculated
the Barrett-Joyner-Halenda approach. The
elemental analyses were detected by an inductively coupled
plasma atomic emission spectrometer (ICP, Varia 710 ES). The
elemental states were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi).

Temperature-programmed-reduction with H, (H2-TPR)
was performed using an Autochem 2720 (equipped with
thermal conductivity detector). In a typical experiment, a 100
mg sample was loaded in a quartz reactor and heated to 400
°C at the heating rate of 10 °C min-l. After holding for 0.5 h

based on
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under 50 ml min! nitrogen to remove moisture, the sample
was heated again to 900 °C. The gas was switched into the gas
mixture of Hy and Ar (1:9 v/v) with the total flow rate of 50 ml
min-l. Temperature-programmed-desorption with CO, (CO,-
TPD) was also conducted using the same equipment. A 100 mg
sample was pre-treated at 500 °C under the gas mixture of H,
and N (1:9 v/v) with a total flow rate of 50 ml min? for a
complete reduction. Subsequently, the sample was cooled to
the room temperature, and exposed to the gas mixture of CO,
and He (1:9 v/v) with a total flow rate of 50 ml min for 1h.
Then, the gas was switched to He for 1.5 h to remove the
physically adsorbed CO,. Finally, the sample was heated to
900°C at the heating rate of 10 °C min-L.

Mott-Schottky plots were recorded on an electrochemical
workstation (Zahner, Zennium), which was conducted in a
standard three-electrodes cell. The electrolyte was 0.5 mol L
Na,SO4 aqueous solution. The working electrode was prepared
by dropping 10 pL catalyst slurry (5 mg catalyst, 30 pL 5%
Nafion dispersion, 666 L deionized water, 333 uL isopropanol)
on a glassy carbon electrode, and then dried at 80 °C for 30
min.

CO; Adsorption-Desorption

The fundamental CO, adsorption-desorption performance
was determined through thermogravimetric analysis (TGA,
Netzsch STA 449 F3 Jupiter). Firstly, the sample was heated to
500 °C under pure N; atmosphere for 0.5 h to remove the pre-
adsorbed impurities. Then, raising the temperature to 650 °C,
and the gas was switched to the gas mixture of CO, and N3 (1:9
v/v) for adsorption. After 0.5 h, the adsorption was stopped by
switching the gas back to pure N, or the mixture of H, and N,
to start the desorption with the temperature kept unchanged
for 0.5 h. The cyclic adsorption-desorption measurements
were repeated at least for 10 times.

CO; capture and in-situ conversion

CO, capture and in-situ conversion were conducted in the
same fixed-bed column (Scheme 1). The flow rates of N,, CO,,
H, were controlled by the mass flow controllers (Horiba
Metron). The products in the outlet gas were recognized by
the Gas chromatography (GC, Haixin 950) and a nondispersive
infrared analyser (Smart Pro, Shandon) was used to monitor
the concentrations of CO and CO; continuously. In a typical
microscale experiment, approximately 250 mg Fe,CoyMg10,CaO
(40-50 mesh) was added in the quartz tube (®10 mm x 150 mm)
and then placed in the reactor furnace. The first step was the
sample pre-reduction, which was carried out at 550 °C in pure
H, at the flow rate of 50 ml min! for 1h. The second step was
the CO; capture, in which the gas switched to a simulated flue
gas of 10 vol% CO, balanced with N, at 50ml min-! and at the
specific temperature such as 600, 650 and 700 °C for 0.5 h. The
third step was the purge. The pipeline was purged by pure N;
for 5 min. The fourth step was the CO; conversion, in which
the temperature was kept the same as in CO; capture, and the
gas was switched to pure H; or the mixture of H, and N3 with
different molar ratios at the flow rate of 30 ml min%, CO, was
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reduced into CO, and the sample was regenerated for the
cyclic performance tests. The operation variables of the
temperature, gas hourly space velocity (GHSV), Ha
concentration in the conversion step and switching time were
optimized respectively.

In the scale-up experiment, a 25 g pelletized
FesCosMg10CaO (10-20 mesh) sample was packed
enlarged fixed-bed column made of a standard quartz tube
(@25 mm x 500 mm). The reactor tube was surrounded by a
thermal furnace, with a K-type thermocouple inserted in the
bed for the temperature feedback control. The inlet gas flow
rate was controlled by the mass flow controller (Horiba
Metron). The concentration monitoring methods were the
same as above, and the similar CO,; capture and in-situ
conversion processes were conducted under the optimal
operation conditions.

The CO; adsorption capacity was calculated by Eq.1

in an

CO, sorption capacity (mmol g")=(J-OIS[FCT)2 -FC"O“‘2 (t)}lt) M, (1)

Where FCi'(’)2 (mmol min1) is the CO, molar flow rate in the

inlet gas of the simulated flue gas, FC"(‘;‘2 (mmol min?) is the

CO, molar flow rate in the outlet gas, t;(min) is the duration
time of capture, and Mg (g) is the sample mass.
The CO, conversion efficiency was calculated by Eq.2

unconverted) / n sorbed ( 2)

: _ sorbed
CO, conversion (%) = (n’y™ - i, co,

sorbed

Where Mo, (mol) is the amount of adsorbed CO, and

unconverted

o, (mol) is the amount of unconverted CO,.
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Scheme 1 The integration of CO; capture and in-situ conversion in one fixed-
bed column with high-temperature industrial flue gas (for example, from
ethylene manufacturing)

Results and discussion

Structure characteristics of Fe,Coy,Mg10CaO
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Figure 1 Characteristic properties of FesCosMg10Ca0 (a) SEM image
(b) XRD patterns, (c) TEM image, (d) HR-TEM image, and (e) elemental
mapping images

The obtained Fe,CoyMgi10CaO samples showed a three-
dimensional branched coral-like morphology, consisting of the
accumulated nanoparticles (Figure 1a and Fig. S1). The pore size
distribution determined by the N, adsorption isotherms (Fig. S2)
confirmed the hierarchical meso/macro-porous structures. The
XRD patterns evidenced the presence of CaO (PDF# 48-1467)
and MgO (PDF#45-0946) crystals, but without any diffraction
peaks of Fe or Co oxides, suggesting the highly dispersed Fe and
Co in CaO (Figure 1b and Fig. S3). Based on the characteristic
peak of CaO at 37.36 °, the crystal size of CaO, calculated by the
Scherrer equation, was about 28.3 nm in FesCosMg10Ca0, much
smaller than 38.4 nm and 33.6 nm in Fe;pMgi10CaO and
Co10Mg10Ca0, respectively (Table S1). It is worth mentioning
that there was a small diffraction peak at 33.5° in both XRD
patterns of FesCosMgi10CaO and Fe1oMgi10CaO, which was
ascribed to the characteristic peak of Ca,Fe;0s,*8 suggesting the
melt-intercalation of Fe into CaO during the high-temperature
calcination. Moreover, a small diffraction peak at 44.9°, ascribed
to the characteristic peak of Fe-Co alloy, was observed in the
XRD pattern of FesCosMgi10Ca0O, which could provide a
synergetic catalytic effect for the CO, conversion. From the
transmission  electron microscopy  (TEM) image  of
FesCosMg10Ca0 (Figure 1c), some hexagon CaO particles with
the size of about 50 nm were observed, but most of them were
irregular aggregations. In addition, there are some small dark
crystal particles distributed on the surface. With the spacing of
the lattice fringe of 0.26 nm, it was assigned to the (141) face of
Ca,Fe,0s crystal 4°(Figure 1d). The elemental mapping images of
FesCosMg10Ca0 further demonstrated the uniform distributions
of Ca, Mg, Fe and Co elements (Figure 1e), which could
effectively prevent CaO sintering, resulting in an excellent
stability in the following cyclic CO, capture tests. Moreover, the
ICP-OES results showed the contents of Ca, Mg, Fe and Co
elements in Fe,CoyMgi10CaO were all in consistent with
predetermined mass fractions (Table S1).
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Figure. 2 High-resolution XPS spectra of (a) Fe 2p of FesCosMg10Ca0 and
Fe10Mg10Ca0, and (b) Co 2p of FesCosMg10Ca0 and Co10Mg10Ca0; (c) Hz-
TPR patterns and (b) CO»-TPD patterns of FexCoyMg10CaO

As Fe and Co oxides showed no characteristic XRD peaks,
we adopted XPS to determine their valence states in
Fex,CoyMg10Ca0. The XPS spectrum of the elemental survey scan
exhibited typical peaks of Ca, Mg, Fe, Co respectively (Fig. S4a).
Based on the high resolution Fe and Co 2p spectra, Fe3*/Fe?* and
Co3*/Co? turned out to be the predominant valences in the
FesCosMgi10Ca0 (Figure 2a and 2b)>% 51 In comparison with
monometallic Fe;pMg10Ca0 and Co10Mg10Ca0, the binding energy
of Fe?* and Fe3* showed a negative shift of 0.3 eV and 0.6 eV;
whereas that of Co?* and Co3*showed a positive shift of +0.4 eV and
+0.2 eV, respectively (Table S2), suggesting Fe-Co forming an alloy
through the electron-transfer from Co to Fe. Moreover, the Ca 2p
spectrum shifted a little to higher binding energy of 346.57 eV
(2ps/2) and 350.07 eV (2pai2), respectively (Fig. S4b). With a
binding energy difference of 3.5 eV and a half peak intensity
ratio, it indicated Ca?* was in an excited state,52 and the
formation of Ca,Fe;0s by the melt-intercalation was further
confirmed.

The activity of metal-based catalysts for the RWGS reaction
is more likely related to its redox reaction. Comparing with the
H,-TPR  patterns of monometallic Co10Mg10Ca0O and
Fe10Mg10CaO catalysts, the bimetallic FesCosMg10CaO showed
three reduction peaks (Figure 2c), of which the first one at 320 °C
was ascribed to the reduction of Co3* to Co?*; whereas the
second and third ones, attributed to the reduction of Fe3* to
Fe?, shifted towards much lower temperature of 550 °C and 675
°C from 675 °C and 850 °C of Fej;oMg10Ca0, suggesting the
catalytic reduction activity of FesCosMg10CaO was significantly
improved. In addition, it had been demonstrated the mixed
phase of Ca,Fe,0s and Fe,03 had an excellent activity for the
hydrogen production in toluene steam reforming,>3 therefore,
the catalytic activity of FesCosMgi10Ca0O could be also suitable
for the RWGS reaction. While in the CO,-TPD tests (Figure 2d),
FesCosMg10Ca0 showed a strong peak at 650 °C, higher than the
main peak of Fej;oMgi10CaO and Co10Mg10Ca0O at 350 °C and

This journal is © The Royal Society of Chemistry 20xx
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small peak at about 600 °C, revealing the bimetallic Fe/Co
doping effectively increased the CO, affinity of CaO, which
would endow its excellent CO; capture capability.

CO; adsorption performance

The CO, adsorption performance of FexCoyMg10CaO from
a simulated flue gas (the molar ratio of CO;: N,=1:9) through the
Cal over a wide temperature range of 30 °C to 900 °C was
recorded by monitoring the CO; concentration in the outlet gas
(Figure 3a and Fig. S5). When the temperature was increased to
300 °C, a small peak appeared, attributed to the CO, adsorption
on MgO. However, further increasing the temperature resulted
in the CO;, desorption due to the decomposition of MgCOs.
When the temperature was above 400 °C, the CO;, adsorption
took place again on CaO. In line with the thermodynamic
characteristics of high-temperature CO, capture by CaO, the CO;
adsorption rate reached the maximum when the temperature
was about 650 °C. Further increasing the temperature caused a
fast decrease in CO, adsorption rate due to the decomposition
of CaCOs. Thus, the temperature of CO, capture was fixed at 650
°C to investigate the adsorption performance of FexCo,Mg10CaO
and CaO (Figure 3b and Fig. S6). Data processing through fitting
the Langmuir model to the adsorption isotherms and the
pseudo-second-order kinetic law to the dynamic adsorption
curves at 650 °C gave results as shown in Fig. S6 and Table S3.
FesCosMg10CaO exhibited the best adsorption performance
among all the samples, with CO, adsorption equilibrium capacity
of 9.93 mmol g! and the rate constant of 0.1064 g mmol-! min1.

The CO, desorption performance was also investigated by
the purge of pure N, and the mixture of H, and N, (with the
molar ratio of 1:9), respectively. For FesCosMg;0Ca0, the CO,
desorption started at 650 °C in the purge of pure N, (Fig. S7).
Whereas adding 10 vol% H, balanced with N, it started at a
lower temperature of 610 °C. More significantly, carbon
monoxide was produced at even lower temperature of 550 °C

—~
L
=

(b)

= = wN
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by EY [ £y T 0 10 20
Time (min) )

—~
o
<
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300
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Figure 3 CO; capture from a simulated flue gas (10 vol% CO.) through
Cal (a) dynamic changes of CO2 concentration in the outlet gas in the
temperature range of 30 °C to 900 °C on FesCosMg10Ca0; (b) CO.
capture dynamic profiles of FexCoyMgi10Ca0 and CaO at 650 °C; (c) CO.
desorption performance on FesCosMg10CaO purged by the 10 vol% H.
balanced with N; (d) Comparison of cyclic CO. adsorption-desorption
stability on FexCoyMg10Ca0 and CaO at 650 °C.
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(Figure 3c). Therefore, when H; was used as the purging gas, not
only a faster regeneration of CaCOs; to CaO at a lower
temperature, but also a CO; conversion to CO was achieved. This
desorption performance provided a clear evidence that the CO,
capture and the in-situ conversion could take place successively
in a same column.

Ten cycle tests of CO, adsorption-desorption at 650 °C in N3
purge using TGA further revealed higher stability of
Fe,CoyMg10Ca0 than pure CaO (Figure 3d and Fig. S8). Among
them, FesCosMg10Ca0O showed the best stability, with the
capacity maintaining > 95%. Only a small decline from 9.58
mmol g1 to 9.20 mmol g was observed, much better than
Fe10Mg10Ca0 (from 9.09 mmol g! to 7.41 mmol g?) and
Co10Mg10Ca0 (from 8.90 mmol g to 6.68 mmol g1), suggesting
the serious problem of the CaO sintering was successfully
overcome by the porous structure and the hybrid doping of Mg,
Fe, Co oxides.

Integration CO; capture with in-situ conversion

The integration of CO, capture and in-situ conversion
process was studied experimentally in the same fixed bed
column (Scheme 1), which consisted of three steps (Figure 4a):
the CO;, capture, the purge and the conversion. After the
adsorption, the simulated flue gas was switched to pure N; to
purge the residual gases in pipeline, then it was switched to pure
H, for the CO, reduction. Firstly, we focused on the most
important issue of temperature matching between the Cal for
CO; capture and the RWGS reaction for CO, conversion (Figure
4b). In the temperature range of 600 °C to 700 °C, the Cal of
FesCosMg10Ca0 showed an optimal CO; capacity of 9.2 mmol g
at 650 °C; meanwhile, the RWGS reaction rate increased with
the temperature below 650 °C, with the CO, conversion
efficiency maintaining above 90%. However, the CO, conversion
efficiency sharply decreased to 77.4% at 700 °C since the RWGS
reaction could not catch up the fast CaCO3 decomposition at the
excessively high temperature.
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Figure 4 (a) Integration of CO: capture and conversion process at 650
°C on FesCosMg10Ca0, at flow rate of 50 ml min ; (b) Temperature
effect on CO. capture capacity and subsequent conversion efficiency;
(c) The effect of Hacontent on the conversion efficiency at 650 °C; (d)
the effect of Fe/Co ratios in FexCoyMgioCaO on the CO: capture
capacity and the in-situ conversion efficiency under the optimal
operating conditions.
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Table 1 The integrated CO: capture and conversion performance of different adsorbent/catalysts FexCoyMg10CaO at 650 °C.

Samples CO; capacity COz unconverted COyield aCarbon balances CO; conversion
(mmol g?) (mmol g?) (mmol g?) (%) (%)
CaO 9.2 2.76 2.76 60.0 50
Fe1oMg10CaO 9.09 1.80 7.20 99.0 80
FesCo2Mg10CaO 8.9 1.36 7.10 96.2 83
Fe7.5C02.5Mg10Ca0 9.0 1.31 7.42 97.0 85
Fes.7C033Mg10Ca0 9.3 1.08 7.95 97.2 88
FesCosMg10CaO 9.2 0.92 8.28 100 90
Fes3C06.7Mg10Ca0 8.9 1.53 6.97 95.5 82
Co10Mg10Cal 8.9 2.18 6.54 98.0 75

a Carbon balance = (CO yield + CO2 unconverted)/captured CO2

Considering the overall efficiencies in both steps of CO,
capture and conversion, the optimal temperature was set at 650
°C. In addition, the H, content and gas-volume hourly space
velocity (GHSV) of the inlet gas at the conversion stage were also
investigated. The CO, conversion efficiency increased almost
linearly with the H;, content in the inlet gas, from 77.4% in 10
vol% H; to 90% in pure H, (Figure 4c). Moreover, the higher the
H, content, the shorter the conversion time (Fig. S9a). Since the
CO; desorption rate and conversion rate are strongly related to
the GHSV of H,, with the total CO, conversion kept similarly at
about 90%, it took 67 min, 42 min and 32 min to convert the
adsorbed CO; into CO when GHSV was 1910 h-1, 3820 h-1, and
5730 h1, respectively (Fig. S9b). With the similar CO conversion
efficiency, the higher GHSV, the faster desorption and RWGS
reaction rate. Therefore, a suitable GHSV of H, around pre-
adsorbed CO; is necessary for effective in-situ conversion.

Specifically, under the optimal operating conditions (i.e. the
temperature at 650 °C and the GHSV at 5730 h'1 in pure Hj),
more samples of FexCoyMgi10CaO with different Fe/Co mass
ratios of 0.5, 1, 2, 3, and 4 were tested. As listed in Table 1,
Fe,CoyMg10CaO0 all exhibited excellent CO, adsorption capacity in
the range of 8.9-9.3 mmol g1, comparable with the pure fresh
Ca0 (9.2 mmol g1). Meanwhile, their CO, conversion efficiency
were different in the range of 82%-90%, better than that of
either monometallic catalyst of Fe1gMg10CaO or Coi10Mg10Ca0
(Figure 4d). Among them, FesCosMgi10CaO showed the highest
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Figure 5 10 cyclic CO: capture and in-situ conversion performance of
FesCosMg10Ca0 at 650 °C in one fixed-bed column (a) CO; capture
capacity (mmol g1) and conversion efficiency (%) (b) the molar flow
rate of CO and COz in the outlet gas after the conversion

6 | J. Name., 2012, 00, 1-3

efficiency of 90% with the CO yield of 8.28 mmol g1. As only a
trace of CH4 (yield < 0.03%) was detected in the outlet, CO, was
almost completely converted into CO with the selectivity close
to 100%. Moreover, FesCosMgi0CaO showed the fastest
conversion rate of 0.08 mmol min-! (Fig. S10). These results
provided a clear evidence that the bimetallic Fe/Co doping
catalyst synergistically enhanced the catalytic conversion.
Compared with state-of-the-art reported work (Table S4), with
the CO, conversion efficiency of 90% and almost 100% CO
selectivity, FesCosMg10Ca0 showed the highest CO, conversion
efficiency so far to the best of our knowledge.
Cycling tests for CO, capture and in-situ conversion stability
To explore the stability of CO, capture and in-situ
conversion performance, 10 successive runs at 650 °C in one
fixed-bed column were examined. With the flue gas flow rate at
50 ml min-l, FesCosMg10Ca0 (250 mg, 40-50 mesh) showed an
excellent stability with the adsorption capacity kept as high as
9.20 mmol g1, the CO; conversion maintained at about 90% and
the CO vyield of 8.28 mmol g (Figure 5). The SEM image of
FesCosMg10Ca0 after 10 cycles confirmed its stable porous
structure (Fig. S11a), revealing the hybrid doping of Mg, Fe, Co
oxides has a synergistic effect to prevent CaO sintering.
Moreover, comparing with the XRD pattern of the fresh
FesCosMg10Ca0, it showed almost no change after 10 cycle
runs, except for the appearance of a peak of Ca(OH); (Fig. S11b),
suggesting that the highly dispersed Fe/Co catalysts in porous
CaO0 assured their catalytic stability.

Heterojunction-Redox mechanism of bimetallic catalysts for the
adsorption enhanced in-situ conversion

The  structure  contribution of this  bimetallic
FesCosMg10Ca0 was further illustrated to understand the
mechanism for its excellent performance of simultaneous CO;
capture and conversion (Scheme 2). Comparing with the XPS
spectra of fresh FesCosMg10Ca0, the characteristic peaks in the
high-resolution Ca 2p, Fe 2p and Co 2p spectra all showed
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negative shifts after the CO; adsorption (Fig S12, Table S5 and
S6), indicating Fe and Co also participated in the CO,
adsorption. Moreover, O1s spectra exhibited abundant of 0%
species (02, ~531.2 eV) in the fresh FesCosMg10CaO for CO,
adsorption.>* After the adsorption, it showed a significant
decrease; whereas an increase of the metal-oxygen bond (O3,
529.5 eV) was observed. Therefore, in the first stage of CO;
capture, the structure of FesCosMgi10€Ca0 provides great
advantages during the Cal including (1) The hierarchical
porous structure not only provides conducive channels for
rapid CO; diffusion, but also large surface area for the surface
adsorption; (2) as 02~ has been assigned to the active site for
CO; adsorption in the Cal process (Eq. 3-5), >> the presence of
different valence states of doped Fe and Co oxides provides
extra oxygen vacancies to facilitate the CO, adsorption;¢ (3)
the melt-intercalation of Fe,0Os; into CaO through the high-
temperature calcination and the high-temperature refractory
of MgO successfully prevents CaO sintering, high stability is

achieved.

CO, () (COy) ads (3)
(CO,) ads + O —= CO;* (4)
CO;% + CaO —> (CaCO; + O* (5)

After the conversion, a further negative shift of Fe 2p high
resolution XPS spectrum was observed, and the mass ratio of
Fe2*/Fe3* increased from 0.47 to 0.75. While no obvious shift
was observed in the Co 2p spectrum, the mass ratio of
Co%*/Co3* maintained at about 1.6. (Fig. S12 and Table S7)
Thus, Fe?* was demonstrated to be the active catalytic sites,
whereas Co acted as the catalytic promoter in FesCosMg10CaO0.
They synergistically facilitated the electron donation through
the heterojunction redox mechanism to promote the CO;
reduction. Therefore, in the second stage of CO, conversion
through the RGWS reaction (Eqs. 6 and 7), firstly, CO, was
catalytically reduced to CO by the magnetite (Fes0,4).38
Secondly, the hematite (Fe;Os) was regenerated by H, under
the promoter of Co.57 During this process, the pre-adsorbed
CO; significantly enhanced the following in-situ conversion
because (1) the highly dispersed Fe or Co-oxides facilitates the
catalytic RGWS reaction with the adsorbed CO, nearby,
especially for those at the oxygen vacancies of Fe and Co
oxides; (2) the fresh CO, adsorbed on CaO in H, atmosphere is
more reductive, this adsorption enhanced conversion (AEC)
effect greatly improves the conversion efficiency and CO
selectivity.

CO,(9) + 2Fe,0,/C0,0, — CO(g) + 3Fe,0,/2C00 + O* (6)
H,(g) +3Fe,0,/Co0 + 0° — H,0(g) + 2Fe,0,/ Co,0, (7)

Inspired by the photocatalytic mechanism, we further
proposed the heterojunction-redox mechanism (Scheme 2) to
understand this bimetallic catalytic RWGS reaction. In
FesCosMg10Ca0, the electrons hopping between the redox
couples of FeZ* and Fe3* (with the standard redox potential of
0.77 V) are dominant active sites (Eq. 8), whereas the redox
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Scheme 2 Heterojunction-redox mechanism of bimetallic catalyst
FesCosMg10Ca0 for the adsorption enhanced in-situ conversion

couple of Co?* and Co3* (1.92 V) is a promotor (EQ.9).
Determined from the Mott-Schottky plots (Fig. $13), 38 the flat-
band potentials (Ers) of FesCosMgi10Ca0O, Fe1oMgi10Ca0, and
Co10Mg10Ca0 were ca. 0.50 V, 0.21 V, and 0.77 V respectively.
As the Fermi level potential (Ef) can be roughly estimated by E
(V) = Erg + 0.24, where 0.24 V is the electric potential of
saturated HgCl,/Hg,Cl, electrode vs. Standard Hydrogen
Electrode,’® 6 the Ef of FesCosMgi0Ca0O, FejoMgi0CaO and
Co10Mg10Ca0 were ca. 0.74 V, 0.45 V and 1.01 V respectively,
suggesting an internal electric field formed in Fe3*/Fe?* and
Co3*/Co%* redox couples until a new Fermi level of
FesCosMg10Ca0 reached equilibrium, which is a characteristic
of heterojunction. Because of the synergistic effect of Fe/Co in
which Co transferred electron to Fe, newly formed Fermi level
of Fe-Co alloy makes it easier for electrons spilled-over to
facilitate the heterojunction-redox catalysis.5% 62 Moreover,
the Fermi level of FesCosMg10CaO heterojunctions (0.74 V) is
much higher than the electric potential of CO,/CO (-0.52 V),53
the adsorbed CO; molecules around the active bimetal
catalytic-sites are easily reduced to CO (Scheme 2). Therefore,
the synergistic heterojunction-redox between the bimetallic
couples could be responsible for the improved RWGS reaction
activity, which provides a promising strategy to design
bimetallic catalysts.

Fe*'+e & Fe* E=+0.77V (8)
Co +e <> Co* E’=+1.84V (9)

Scale-up study

Since the scalability is a crucial criterion for commercial
deployment of the proposed technology, the scale-up
experiment was carried out to investigate the effect of key
parameters such as the reactor geometry, the catalyst size, the
flow rate of the flue gas and H,, and time matching between
capture and conversion. Compared with the above microscale
experiments of 250 mg FesCosMgi10Ca0 (40-50 mesh) packed
in the column (®10 mm x 150 mm), 25 g pelletized
FesCosMg10Ca0 at 10-20 mesh was packed in the column (®25
mm x 500 mm) (Figure 6a and 6b, Table S8). The temperature
of both CO; capture and in-situ conversion were still set at 650
°C. When the flow rate of the simulated flue gas (10 vol% CO5)
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Table 2 Economic evaluation of the operation costs of the integrated CaL/RWGS process.

Operation costs (million $ /yr)

Utility cost CO; tax ? Feed
Nature gas 1.72 CO; in feed -0.7 H2 12.5
electricity 2.16 Nature gas ® 0.24 Flue gas (COy) © 0
FesCosMg10CaO 0.58
Total 3.88 Total -0.46 Total 13.08

Total operation cost: $16.5x108 /yr
Operation cost of CO; avoided: $165/tCO;

2 a CO; tax credit is given to the integrated CaL/RWGS process for consuming CO, as a raw material.
b CO, tax by burning natural gas and the emission of 0.00164 kmol s'* of CO,to generate 1 MW of energy in the form of heat.%*

¢ CO; is assumed to be free as a raw material.

was controlled at 200, 500, 1000, and 2000 ml min1, the CO;
adsorption curves showed a breakthrough at 260, 125, 25 and
10 min respectively (Fig. S14). Among them, with almost 50
times enlarged in total throughput of the simulated flue gas at
the flow rate of 500 ml min-1, the CO, capture capacity still
maintained as high as 9.10 mmol g (Table S9). After the
purge, the inlet gas was switched into pure H, at the same flow
rate of 500 ml min1, the in-situ CO, conversion was completed
within 90 min, i.e. only 3 times longer than the microscale one.
The CO; conversion efficiency showed only a small decrease
but still as high as 87%, with the CO selectivity of 100% (Figure
6¢c, Table S9). Moreover, a stable performance in 10 cycle runs
further demonstrated the stability of this integrated
CaL/RWGS technology (Figure 6d). Therefore, the key
parameters can be effectively controlled during the scale-up.

To study the scalability of the proposed technology at the
commercial scale, we carried out further scale-up using
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Fig. 6 (a) comparison of the reactor geometry and catalyst size
between the microscale and the scale-up experiments, (b) the scale-up
system of the integrated CO; capture and conversion reactor (with the
reactor column ( ®25 mm x 500 mm)). The scale-up experiment
results of integrated CO. capture and conversion processes on 25 g
FesCosMg10Ca0 at 650 °C (c) concentration profiles at the flow rate of
500 ml min'* and (d) 10 cvcles stability at the flow rate of 200 ml min..
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computer modelling and simulation through gPROMS
MobelBuilder®. For a commercial plant producing 100,000 t/yr
ethylene from naphtha, we set the flue gas flow rate as 10 m/s
and its temperature around 650 °C. A fixed-bed reactor with
2.5 m (internal diameter) and 10 m (length) is required to hold
50 t FesCosMg10Ca0. When the CO, capture capacity and the
capture efficiency are set as 9 mol kgt and 95%, 19.5 t CO, will
be captured with breakthrough time at 7,200 seconds in one
run (Fig. S15). Then the feed gas is switched to pure H, with
the flow rate at 1 m s at 650 °C. H; reacts with the adsorbed
CO; to produce CO immediately. CO, conversion efficiency
reaches 90% with CO selectivity at 100% and holds almost
constant after 10 cycles (Fig.S16). For more details, please
refer to the supplementary information.

Economic evaluation

To evaluate the economic benefits of the proposed
integrated CalL/RWGS technology, we integrated this high-
temperature CO; capture and in-situ conversion process with a
100,000 t/yr ethylene plant (Fig. S17). The yearly operating
time is assumed to be 8,000 hours. The flow rate of the flue
gas from such an ethylene plant (at 10 vol% CO,) was
calculated to be 8.4 x 10* kg h'l. Based on the temperature
profile of the thermal cracking furnace of the ethylene plant,
the flue gas with the temperature of 650 °C was directed into
the fixed-bed column reactor. Based on the simulation results,
50 t FesCosMg10Ca0 was filled in the column (®2,5 m x 10 m).
The integrated CalL/RWGS process takes place in turn inside
the same column at 650 °C, with the CO; adsorption capacity
of 9 mol/kg; the CO, conversion efficiency was set as 85% (5%
decreases for the unforeseen circumstances) and CO
selectivity of 100%. Accordingly, the material flows and the
energy flows (per hour) in each step during the integrated
CalL/RGWR process (Table S10) were calculated. Without any
additional desorption process, FesCosMg10Ca0 is regenerated
for the next cycle of CO; capture and conversion.

The economic evaluation based on the pricing in China
(Fig. S18, Table S11) shows that the operation costs are
dominated by the cost of H, feed ($12.5 million/yr) and
FesCosMg;0Ca0 ($S0.58 million/yr), electricity for blowers and
heating ($2.16 million/yr), and natural gas for heating ($1.72
million/yr) (Table 2). Among them, H; is the cost-determining
factor. Fortunately, H, is also a by-product in the ethylene
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plant, accounting for about 1-2% of the total output. Then the
cost of 2,000 -4,000 t/yr H, can be saved. % As a result, the
operation cost for the integrated CalL/RWGS process is about
$165/t(C0O3), much lower than the reported $323/t(CO,) of the
individual RWGS conversion (syngas production) with CO, and
H, as the reactant, in which H; is produced by the water split.
39 In addition, the operation cost of the Cal process for CO,
capture was reported as $70/t(CO,). ¢ It is worth mentioning
that for a conventional CCUS, CO; needs to be compressed and
transported after the capture. It has been reported the cost of
CO; transportation is at least $20/t(CO;) and this does not
include the huge capital costs of the pipeline network and
collecting system.®” If we simply combine two reported
separated processes of CaL and RWGS conversion together,
the operation cost will be at least $393/t(CO,), which is 138%
higher than this integrated CaL/RWGS process. Moreover, as
the outlet gas of this integrated CaL/RWGS process consists of
about 67 vol% of unreacted H; and the converted CO with the
molar ratio of 2:1, it can be a source of the syngas for the
downstream conversion to produce valuable chemicals and
fuels such as methanol through the Fischer-Tropsch
synthesis.®® If we take this into account, then this integrated
Cal/RWGS technology will produce additional $9.38 million/yr
profit (Table 2 and Table S11). More importantly, with the CO;
capture and conversion taking place in the same column, it will
save capital costs significantly, which we have not quantified in
this study.

Conclusions

A novel bifunctional adsorbent/catalyst FesCosMgi10CaO
was synthesized for CO, capture and in-situ conversion. With
the high-temperature refractory of MgO and the highly
dispersed Fe and Co oxides in the hierarchical porous Ca0O, the
bottle-neck problem of CaO sintering in CaL was successfully
solved. Moreover, the presence of different valence states of
doped Fe and Co oxides provides extra oxygen vacancies to
facilitate the CO, adsorption. As a result, a stable high-
temperature CO; capture capacity of 9.0-9.2mmol g?! was
achieved. After optimizing the operating conditions, two
separate processes of CaL and RWGS reaction were integrated
in one fixed-bed column operating at the same temperature of
650 °C. Attributed to the adsorption enhanced conversion
effect, the in-situ CO, conversion was nearly 90% and the CO
selectivity is close to 100%. More significantly, the
heterojunction-redox mechanism was proposed for the first
time to illustrate the synergistic effect of the bimetallic
Fe3*/FeZ* and Co3*/Co?* redox couples through the newly
formed Fermi level in FesCosMg10Ca0. The scaled-up studies
from gram level to large scale commercial deployment for
100,000 t/yr ethylene plant through experiments and
computer simulation further demonstrate the stable scalability
of this integrated CalL/RWGS technology. The economic
analysis reveals that the operation cost using the newly
proposed integrated technology stands at $165/tCO,. The
operating cost for separated CaL and RWGS process will be at
least $393/tCO,, which is 138% higher than the newly
proposed technology. Therefore, the hybrid doping of
bimetallic Fe/Co in porous CaO provides a promising strategy

This journal is © The Royal Society of Chemistry 20xx

for designing the bifunctional adsorbent/catalyst materials.
Accordingly, an efficient, energy-saving and cost-effective
adsorption enhance conversion technology for simultaneous
CO; capture and utilization was successfully achieved for green
manufacturing.
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