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Reducing the ever-growing level of CO, in the atmo-
sphere is critical for the sustainable development of
human society in the context of global warming. Inte-
gration of the capture and upgrading of CO, is, there-
fore, highly desirable since each process step is costly,
both energetically and economically. Here, we report
a CO, direct air capture (DAC) and fixation process
that produces methane. Low concentrations of CO,
(~400 ppm) in the air are captured by an aqueous
solution of sodium hydroxide to form carbonate. The
carbonate is subsequently hydrogenated to methane,
which is easily separated from the reaction system,
catalyzed by TiO>-supported Ru in the aqueous phase
with a selectivity of 99.9% among gas-phase pro-
ducts. The concurrent regenerated hydroxide, in turn,
increases the alkalinity of the aqueous solution for
further CO, capture, thereby enabling this one-of-
its-kind continuous CO, capture and methanation
process. Engineering simulations demonstrate the en-
ergy feasibility of this CO, DAC and methanation

process, highlighting its promise for potential large-
scale applications.

Capture: CO, + 2NaOH — Na,CO; + H,0

Capture

2 P
o e Fixation

:j: XX cH, H,

NaOH

Fixation: Na,CO; + 4H,— CH, + 2NaOH + H,0

Keywords: CO, capture and methanation process,
sodium hydroxide, carbonate, Ru/TiO,, catalytic
mechanism, CO, activation and hydrogenation

Citation: CCS Chem. 2023, Just Published. DOI: 10.31635/ccschem.023.202303594

Link to VoR: https://doi.org/10.31635/ccschem.023.202303594



mailto:dma@pku.edu.cn
mailto:B.M.Weckhuysen@uu.nl
mailto:bxu@pku.edu.cn
mailto:jxliu86@ustc.edu.cn
mailto:wuzhou@ucas.ac.cn
https://doi.org/10.31635/ccschem.023.202303594
https://doi.org/10.31635/ccschem.023.202303594

@CCS

RESEARCH ARTICLE

Chemistry

Introduction

Accelerating the transition of the current fossil carbon-
dependent economy to a renewable energy-based one is
increasingly urgent as the anthropogenic climate change
exacts a rapidly growing economic and humanitarian toll
across the globe.”? Projections recent reports by the
Intergovernmental Panel on Climate Change make it
clear that not only should CO, emissions be drastically
cut, but also that a significant fraction of CO, in the
atmosphere must be scrubbed to evade the most dire
consequences of climate change.®* Capture of diluted
CO, in airtight living structures like space vehicles and
transforming it on-site into fuels is also crucial for
manned space explorations. A key challenge facing our
society is the lack of economically viable technologies to
capture and upgrade CO, from distributed point sources
and the atmosphere.® Considerable effort has been de-
voted to tackling specific aspects of this challenge, such
as CO, capture and fixation. For example, multiple direct
air capture (DAC) strategies for CO, are being explored,
including temperature/humidity swing adsorption with
liquid amines,® processes similar to the Kraft Caustic
Recovery Cycle (KCRC),” and a thermochemical cycle.®
However, it remains challenging to employ these tech-
nologies in the near future due to their high cost and/or
low technological maturity.®® On the CO, upgrading
front, progress has been made in both the electrocata-
lytic and thermocatalytic routes;™ however, they typi-
cally require a high-purity CO, stream.® In this context,
integrated CO, capture and fixation processes are highly
desirable for their potential to be deployed both at point
sources of CO, emissions, for example, thermal power
plants and industrial sites, and in a distributed fashion for
DAC.®?2 To make such processes economically viable, a
key consideration is the potential for downstream pro-
cess intensification,” for example, by easing the separa-
tion of products from the reaction medium. Recent work
reported an integrated CO, capture and fixation process
by using an alkaline medium to capture CO,, followed by
its conversion to methanol? Although methanol is a
valuable chemical, its energetically costly separation
from the reaction mixture limits its economic viability.
Similarly, selectivity control in the thermo/electrocataly-
tic conversion of CO, to a single product is challenging,®
and the separation of multiple gaseous and liquid pro-
ducts into valuable pure compoundsis also costly. There-
fore, given the demonstrated absorption efficacy of CO,,
especially at low concentrations, by alkaline liquid media,
production of a single gaseous product from the cap-
tured CO, with high selectivity to enable facile separation
would be highly advantageous.

In this work, we report an integrated CO, capture and
methanation (CC&M) process. Dilute CO, is captured by
an alkaline solution, and the produced carbonate is

selectively hydrogenated on a Ru-based catalyst to
methane with a selectivity of 99.9% among gas-phase
products, which also regenerates the base and com-
pletes the cycle (Figure 1a). The net effect of this circular
process is to capture CO, in a dilute gas feed, such as air
or industrial emissions, and produce a pure/concentrat-
ed methane stream. Provided that the hydrogen needed
in this process is supplied from renewable sources, our
preliminary technoeconomic analysis suggests that the
proposed CC&M process can enable a renewable circular
economy. With low-cost renewable hydrogen increas-
ingly available, the proposed CC&M process would be
both environmentally beneficial and economically viable.

Experimental Methods

The experimental details are available in the Supporting
Information, including the synthesis of catalysts, evalua-
tion of catalytic performance, CO, air capture, structural
characterization, process simulation methods, and den-
sity functional theory (DFT) calculations.

Results and Discussion

Alkaline agueous solutions are known to be able to
effectively capture dilute CO,, and can be used in the
DAC of CO,.” To confirm that low-level (400 ppm) CO,
in the air can be effectively absorbed by NaOH solution,
we have first performed a simplified laboratory-scale
CO, capture experiment by bubbling the ambient air
into the alkaline solution. More than 90% of the CO, in
the atmosphere (~400 ppm) was absorbed by passing
air through an alkaline solution of sodium hydroxide and
sodium carbonate (pH = 13.5, similar to that after the
hydrogenation of carbonate, see below), at room tem-
perature (Figure 1b). CO, concentration in the exhaust
did not rise appreciably until all OH™ was converted to
COz* (pH ~ 11.7). Afterward, the CO, concentration
gradually recovered to ~400 ppm as COz> was further
converted to HCOz™. No appreciable CO, in the feed was
absorbed when the solution pH reached 10.8, which
roughly corresponded to the complete conversion of
COz* to HCOz™ according to well-established aqueous
phase equilibria.?* Therefore, we can expect effective
DAC (>90% CO, capture) given sufficient gas/liquid
contact (which can be easily achieved in industrial pro-
cesses) and that the pH of the solution can be main-
tained above ~11.7, which corresponds to capturing 90%
of CO, in ~1.2 x 10* L of air per liter of solution after
carbonate hydrogenation (pH =13.5). The viability of the
proposed DAC strategy on an industrial scale is con-
firmed in the process simulations based on a CC&M plant
(see below).

Since COz* becomes dominant in the aqueous phase
after the CO, DAC process, it is pivotal to develop a new
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Figure 1| CC&M process and catalytic performance of Ru/TiOx. (a) Schematic diagram of CC&M cycle. Dilute COs in air
or industrial emission can be easily captured by alkaline solution like sodium hydroxide solution, and the formed
carbonate can be converted by catalysis (with renewable hydrogen) into methane and recycle back the alkaline
solution for the next capture and fixation cycle. (b) Laboratory-scale CO, air capture test at room temperature using
ambient air containing ~400 ppm CO> as the feed. (c) Catalytic performance of TiOs 5%-Ru/C, and 5%-Ru/TiO>
catalyst in aqueous-phase Na,COsz hydrogenation (463 K, 3 MPa H.). (d) Stability of 5%-Ru/TiO, catalyst in CC&M

cycles (463 K, 3 MPa Hy). TTN, total turnover number.

catalytic system to convert this CO, capture product into
valuable chemicals, such as methane. Hydrogenation of
agueous carbonate solution was evaluated on a series of
supported metal catalysts at 3 MPa of H, and 463 K
(Table 1). Negligible activity was observed on the blank
TiO, support, with a 0.8% conversion of carbonate after
3 h and a trace amount of formate. On Ru/C and Ni/TiO,
and Rh/TiO, (5 wt % metal loading) catalysts, formate
was the main product (selectivity >85%), while Ru/CeO,
produced a mixture of methane, C,. hydrocarbons, and
formate (Table 1, entries 2-5). Importantly, carbonate was
selectively hydrogenated to methane on Ru nanoparticles
supported on TiO, (5%-Ru/TiO,, Table 1, entry 6). A
carbonate conversion rate of 1.3 MolyazcozMolg,™h™
was achieved at 463 K in an agueous solution of sodium

carbonate (25 mmol carbonate), with a methane selec-
tivity of 93.0% (Figure 1c). This rate is comparable to
those observed at 473 K over Rh and alkali-promoted
Ru catalysts in the gas-phase CO, hydrogenation reac-
tion.2?5% After optimizing the ratio of H, to sodium car-
bonate in the feed, we demonstrate that carbonate
conversion of up to 86.3% can be achieved with the
methane selectivity exceeding 99% (Table 1, entry 7;
5 mmol carbonate, 3 MPa H,, 473 K, 3 h). Sodium formate
was the only liquid-phase by-product, along with a trace
amount of gas-phase C,: hydrocarbons. CO was not
detected (Supporting Information Figure S1). Thus, meth-
ane was the sole gas phase product (with a selectivity of
99.9%). As will be discussed later, formate is a reaction
intermediate en route to methane. Therefore, the overall
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Table 1| Catalytic Performance of TiO, and Supported Catalysts for Hydrogenation of Aqueous Carbonate Solution

Mass-Specific Activity

Selectivity (%)

Entry Catalyst Conversion (%) (MMOlNazcoz Geat -h™) CH,4 Cos HCOO-
1 TiO,-P257 0.8 0.16 — — >99.9
2 5%-Ru/C? 52 1.08 — — >99.9
3 5%-Ni/TiO, 16.8 3.51 1.5 0.1 88.3
4 5%-Rh/TiO5 15.2 3.17 7.8 — 92.2
5 5%-Ru/CeO, 9.7 2.02 66.7 4.4 28.9
6 5%-Ru/TiO» 26.9 5.60 93.0 0.1 6.9
7 5%-Ru/TiO," 86.3 3.60 99.1 - 0.9

Reaction conditions: 400 mg catalyst, 35 mL H,0, 25 mmol Na,COz, 3.0 MPa H, (10 vol % Ar as the internal standard), 463 K, 3 h.
@ Commercial catalyst purchased from Evonik Industries AG.
b Commercial catalyst purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).

5 mmol Na,COz was used as the substrate.

reaction converts carbonate to a single product (meth-
ane) without accumulating organic carbon species over
repeated runs. The Ru/TiO, catalyst exhibited excellent
stability during 10 consecutive reactivity tests with
minimal regeneration between runs (see Supporting
Information Stability Evaluation). A cumulative turnover
number of 146.0 molcpa-molg,™ was achieved (Figure 1d).
The pH of the solution increased from 11.8 to 13.6 after
reaction due to the production of 2 units of OH™ upon
hydrogenating 1 unit of COz?", suggesting that this reac-
tion can maintain the solution alkalinity when it is coupled
with DAC of CO..

The ability to simultaneously achieve high carbonate
conversion and near exclusive methane selectivity is key
to scaling up and intensifying the proposed CC&M pro-
cess for three reasons: (1) it enables the integration of
capture and conversion of CO, without the energetically
costly temperature swing adsorption in existing DAC
strategies; (2) methane spontaneously separates from

the aqueous reaction medium, thus avoiding product
separation; and (3) the majority of captured CO, is con-
verted each cycle with the high conversion of carbonate,
enhancing the throughput of the entire process. These
considerations are shown to be key to the economic
viability of the proposed CC&M process via the technoe-
conomic analysis presented in the next section. We
should stress that no parametric optimization of reactiv-
ity has been conducted in this proof-of-concept study, as
the focus is on demonstrating an effective strategy for
the combined CO, DAC and fixation process.

To verify the feasibility of the proposed process, we
performed engineering/energy simulations based on a
CC&M plant using the concept described above with a
capacity of 1 Mt/y CO, (Aspen Plus V10, Bedford, Mas-
sachusetts, United States; Figure 2a and Supporting
Information Figure S2). A state-of-the-art CO, capture
protocol proposed recently?” was adapted in our simula-
tions. A heat exchange system was employed to recycle
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Figure 2 | Energy/mass analysis of the CC&M process. (a) Flow diagram of CC&M process showing mass and energy
balances. 400 ppm CO. is used and CH, yield is assumed to be 90%. (b) Energy input of the CC&M process at different
working conditions. CO, of different concentrations (400 ppm, 10%, 50%, 90%) are used as the feed gas, and two

different levels of CH, yield are considered.
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heat from the hot stream vent from the reactor to the
cold feed H, or sodium carbonate solution and to sepa-
rate methane from the unreacted H, and steam. The
simulation results, with full consideration of the carbon
and energy balances, clearly demonstrate that the pro-
posed CC&M process is technically feasible, economically
viable, and capable of operating continuously. Energy
input of CO, capture and the hydrogenation (at 463 K)
process based on engineering simulations is shown in
Supporting Information Table S1and Figure 2b. When the
methane yield is set at 25%, 400 ppm CO, (similar to the
CO, concentration in air) can be captured at arate of 112t/
h and converted to methane at a rate of 30.2 t/h, and the
energy cost for the whole process is 7.8 kWh/(Nm®cy4)
(Supporting Information Table S1, Case 1). When the
methane yield increases to 86% (which is achieved under
our reaction condition), 400 ppm CO, can be captured
and converted at a rate of 28.9 t/h for methane produc-
tion, and the energy cost decreases to 1.9 KWh/(NmM?® c4)
(Supporting Information Table S1, Case 5). The energy
cost further drops to 0.5 kWh/(NmM?® cn4) (Supporting
Information Table S1, Case 6) when 10% concentrated CO,
(simulating the case of flue gas) is used as the feed.
Considering the energy input of the DAC process using
KCRC reported by Heidel et al.?’” (Supporting Information
Table S2) is up to 4.8 kWh/(NmM?® o5), the Na,COz con-
version step is substantially less energy-costly than the
CaCOg3 calcination step in KCRC. Furthermore, it should be
noted that Kenton’s proposal is only to separate and
enrich CO, from the air, while CO, is converted to CH,4
in our proposed CC&M process, suggesting that the pro-
posed CC&M strategy has the potential to substantially
outperform existing carbon capture technologies. A brief
comparison of the proposed CC&M process with other
processes reported in the literature is provided in the
Supplementary Information.

Matching the CO, absorption rate and carbonate con-
version rate is another key consideration for continuous
operation of the proposed CC&M process. Our process
simulations show that the CO, absorption rate and
methanation reaction rate can be tuned and matched
by the energy input of the corresponding units (more
details are provided in the Process Engineering Simula-
tion section in the Supporting Information), showing the
feasibility of the process. The engineering simulations
clearly indicate that mass and energy is balanced in the
proposed CC&M process, confirming its viability for po-
tential large-scale application.

We now turn to the fundamentals in the catalytic step of
the proposed CC&M strategy. The Ru/TiO, catalysts were
thoroughly characterized by aberration-corrected scan-
ning transmission electron microscopy (STEM), in-situ
X-ray absorption spectroscopy (XAS), X-ray photoemis-
sion spectrum (XPS), and DFT calculations, to identify the
active sites for the carbonate conversion. The morpholo-
gy of the fresh and spent catalysts characterized by STEM

high-angle annular dark-field (HAADF) imaging are dem-
onstrated in Figure 3. Ru nanoparticles are highly dis-
persed on the TiO, support in the fresh catalyst, with
an average diameter of ~1.5 + 0.4 nm (Figure 3a,b). No
notable morphological changes were observed on the
spent catalyst (Figure 3c,d). This is corroborated by the
lack of diffraction peaks attributable to ruthenium crystal-
lites in X-ray diffraction (XRD) patterns of the fresh and
spent catalysts, suggesting the highly dispersed nature of
the Ru species without much crystal growth or sintering
after the reaction (Figure 3e). In addition, analysis of the
high-magnification HAADF images and their fast Fourier
transform patterns (Figure 3b,d) indicates that most Ru
NPs are situated on the TiO, anatase structure with {101}
as the preferred facet.

In-situ XAS experiments were conducted at reaction
conditions (463 K, 3 MPa H,, in the presence of agueous
sodium carbonate) to determine the oxidation state and
bonding environment of Ru species in the catalyst in the
present work. X-ray absorption near-edge structure
(XANES) spectroscopy of the Ru/TiO, catalyst shows that
the fresh sample contains partially oxidized Ru (Figure 3f).
As shown in Supporting Information Figures S3-S5 and
Table S3, for the fresh 5%-Ru/TiO, catalyst, 43.4% is Ru
oxide while 56.6% is metallic Ru. The Fourier-transformed
k*>-weighted extended X-ray absorption fine structure
(EXAFS) provides evidence of the coordination environ-
ment of Ru species supported over TiO, (Figure 39).
Besides the Ru-Ru scattering at 2.70 A, a peak at around
1.93 A can be assigned to Ru-O coordination (Supporting
Information Table S4), which agrees well with the XANES
obervation. Upon hydrogen pretreatment at 623 K, the Ru
in the activated Ru/TiO, catalyst is largely reduced to the
metallic state, as evidenced by the similar X-ray absorp-
tion edges of the activated catalyst to that of the refer-
ence Ru foil. Ru K-edge EXAFS results show that the
Ru-Ru coodination number (C.N.gy_ry) increases from
4.0 + 0.8to 8.1+ 0.6, and the Ru-O coordination number
(C.N.ry-0) decreases from 3.0 + 1.1 to 0.2 + 0.2 after the
hydrogen pretreatment (Figure 3h). This suggests that
the Ru particles in the activated catalyst are largely me-
tallic and only a small fraction of Ru is partially oxidized,
which is likely located at the interface with the TiO,»
substrate (Supporting Information Figure S6).2° Indeed,
from linear combination fitting (LCF) of XANES, it is clear
that metallic Ru becomes the dominant species with the
contribution of Ru oxide at around 11.8%. Deconvoluted
Ru 3d XPS spectrum of the Ru/TiO, catalyst after H,
pretreatment (transferred to the XPS chamber in an inert
atomphere) shows the presence of 13% Ru oxide species
(Figure 3i), further confirming the presence of partially
oxidized interfacial Ru atoms in contact with the TiO,
support.?*°

The oxidation state of Ru species remained unchanged
when the catalyst was introduced into the reaction mix-
ture at room temperature (Figure 3f). Upon increasing
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Figure 3 | Structural characterization of the 5%-Ru/TiO> catalyst. (a, b) STEM-HAADF images of 5%-Ru/TiO, fresh
catalyst. (¢, d) STEM-HAADF images of 5%-Ru/TiO> spent catalyst. (€) XRD patterns of TiO>-P25 support, fresh and
spent 5%-Ru/TiO, catalysts. (f) Ru K-edge XANES spectra of 5%-Ru/TiO» catalyst for in-situ XAS measurements
during aqueous-phase Na>COsz hydrogenation reaction under high pressure (around 3 MPa) and 463 K.
(9) Corresponding Ru K-edge EXAFS fitting results of 5%-Ru/TiO- catalyst for in-situ XAS measurements. (h) Ru-
Ru and Ru-O coordination numbers as a function of reaction process during in-situ XAS measurements. Error bars
represent the fitting error of coordination numbers from EXAFS. (i) Deconvoluted Ru 3d XPS spectrum of the

activated Ru/TiO, catalyst.

the reaction temperature to 463 K, the oxidation state of
Ru and the C.N.gy-ry remained largely unchanged
(Figures 3f-h), and remained so during reaction for
5 h (Supporting Information Figures S7 and S8), sug-
gesting that the Ru/TiO, catalyst is structurally stable
under reaction conditions. Consistent with these results,
the Ru-O coordination number showed no significant
change during the course of the reaction. The structural
characterization results and the drastic difference in
methane selectivity between the 5%-Ru/TiO, and other
catalysts (Table 1) hint at the critical role of both interfa-
cial Ru and metallic Ru for the methane production. To
further understand the role of Ru/TiO, interface in the
agueous carbonate hydrogenation reaction, we studied

the catalytic performace of a series of Ru/TiO, catalysts
with different Ru loadings and different interfacial Ru
contents (see Supporting Information Figures S9 and
S10 and associated discussion in the Supporting Infor-
mation for detail). The results show that formate can
easily form at the interfacial Ru® sites (Supporting
Information Figure S6) while adjacent metallic Ru® sites
are necessary for the production of methane.

Implicit solvent DFT calculations were performed to
understand the carbonate hydrogenation mechanism
over the Ru/TiO, catalyst, which was modeled by
Ru,0/TiO,(101) based on the STEM result (Figure 3b). We
used a genetic algorithm to identify the global minimum
structure of the TiO,(101)-supported Ruqo cluster with a
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Figure 4 | DFT studies of the COs* hydrogenation mechanism. (a) Potential energy surface for carbonate hydro-
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barriers are indicated in kJ/mol. The infinitely separated adsorbed intermediates were considered for the energetics
calculations. (b) Configurations for HCO intermediate adsorption and dissociation at the interface of the Ru;o/TiO»
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diameter of ~0.89 nm, which is close to the experimental
value. For reference, we first investigated Ru(0001) and
the calculated Gibbs free energy surface for carbonate
hydrogenation, showing that direct CO, dissociation into
CO is slightly more preferable than hydrogen-assisted
CO, reduction to formate by 13 kJ/mol. However, further
hydrogen-assisted CO to form a highly endothermic HCO
intermediate and subsequently to the CH monomer nec-
essary for methane formation requires an overall barrier
as high as 204 kJ/mol, which is unfeasible under the
reaction conditions considered (Figure 4a). However, the
formate produced from the CO, reduction binds weakly
and tends to desorb from the surface rather than disso-
ciate into the CH intermediate for further hydrogenation
to form methane (Figure 4a, Supporting Information
Table S7 and Figures S11 and S12). As a result, formate
is the main product for carbonate hydrogenation over
metallic Ru catalysts, which is corroborated by our ex-
perimental measurements (Table 1).

Compared with metallic Ru, we found that direct CO,
dissociation into CO at Ru;o/TiO, is also more preferable
than CO, reduction to formate by 27 kJ/mol (Figure 4b,c
and Supporting Information Tables S8 and S9). Different
from metallic Ru, hydrogen-assisted CO activation to
form HCO and subsequent CH monomers at Ru;o/TiO5
(Supporting Information Figure S13) has a much lower
overall barrier of 107 kJ/mol. The favorable kinetics are
mainly driven by a highly exothermic reaction energy for
CO activation (Figure 4c and Supporting Information
Figure S14) due to the stronger adsorption of HCO
(=299 vs —203 kJ/mol, Supporting Information Figure
S14) and/or O (=322 vs -222 kJ/mol, Supporting
Information Figure S14), which can be rationalized by
significant orbital hybridization and charge transfer be-
tween HCO/O and Ti atoms in Ru,o/TiO» (Figure 4d,e and
Supporting Information Figure S15). Once favorable HCO
was formed, subsequent C-O bond breaking and forma-
tion of CH monomer and methane over Ru metallic sites
were facile (Figure 4c¢). As a result, the major product of
carbonate hydrogenation is methane in the presence of
the Ru;,o/TiO, interface. We note that although formate
could form on metallic Ru sites, it readsorbs at the Ru,o/
TiO, interface to dissociate into HCO to eventually form
methane, as indicated above (Figure 4c), thus improving
methane selectivity. Our calculations are corroborated by
the experimental measurement that formate can be hy-
drogenated toward methane at the interface of Ru/TiO,
catalyst (Supporting Information Figure S16 and Table
S10). Therefore, the interfacial sites over Ru/TiO, are
essential for carbonate hydrogenation toward methane
with high selectivity.

The role of formate as a reaction intermediate toward
methane formation is also supported by the time evolu-
tion of the product distribution in the agueous carbonate

hydrogenation reaction. The yield of formate reached up
to 4.5% after the first 0.25 h of reaction and fell to 0.9%
after 10 h (Supporting Information Figure S17). This is a
hallmark of a reactive intermediate in a sequential reac-
tion network.®' As a reactive intermediate, formate does
not accumulate in the solution and leads to carbon loss in
the proposed CC&M scheme.

Conclusion

In summary, we report an integrated aqueous phase
CC&M process. An overall selectivity of 99.9% for meth-
ane production in gas-phase products is achieved on the
5%-Ru/TiO, catalyst, which enables facile separation of
the product from the reaction system. Engineering simu-
lations demonstrate that the CC&M process is energeti-
cally viable, showing promise for potential large-scale
applications.

Supporting Information

Supporting Information is available and includes experi-
mental details, supporting discussions, Figures S1-S18,
and Tables S1-S18.
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