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A combined sorbent-catalytic material (Fe/K,COz/Al,O3) has
been developed for the Integrated Direct Air Capture and
Catalytic (iDAC-CAT) process, which converts captured CO,
from air into valuable C,. products such as olefins. Herein,
the proximity between K and Fe was identified as critical for
producing C-C coupled products from the captured CO..
Initial technoeconomic and life-cycle assessments suggest
that the proposed iDAC-CAT technology can considerably
lower DAC costs and potentially produce renewable olefins
with negative greenhouse gas emissions.
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Reactive direct air capture of CO, to C-C coupled
products using multifunctional materials¥

Shazia Sharmin Satter, 22 Johnny Saavedra Lopez, 2/ Michael L. Hubbard,
Yuan Jiang, Robert A. Dagle and Jotheeswari Kothandaraman = *

Current direct air capture (DAC) approaches require a significant amount of energy for heating CO,-
sorbed materials for regeneration and for compressing CO, for transportation purposes. Rationally
designing materials offering both capture and conversion functionalities could enable more energy and
cost-efficient DAC and conversion. We have developed a single sorbent-catalytic (non-noble metal)
material for the Integrated Direct Air Capture and CATalytic (iDAC-CAT) conversion of captured CO, into
value-added products. Solid sorbents are integrated with catalytic components to first capture CO, from
air. Subsequently, captured CO,, with renewable H, co-feed is converted into olefins and paraffins. To the
best of our knowledge, this is the first proof-of-concept demonstration for production of C, products
such as olefins from captured CO,. Among the different sorbent-catalytic materials studied, Fe/K,CO3/
AlLO3z showed the best performance for integrated CO, capture and conversion to C, products. CO,
capture capacity of 8.2 wt% was achieved under optimized capture conditions at 25 °C, and a conversion
of >70% to paraffins and olefins was achieved at 320-400 °C. The hydrogenation of captured CO, was
facilitated by the in situ formation of FesO4 and FesC, species. The proximity between K and Fe was ident-
ified to be critical for producing C, products from the captured CO,. The preliminary technoeconomic
and life-cycle assessments suggest that the cost of the DAC can be considerably decreased by adopting
the suggested iDAC-CAT technology, while renewable olefins could potentially be produced with nega-

rsc.li/greenchem tive greenhouse gases emissions.

Introduction

Given the increasing CO, concentration in the atmosphere,
rapid and massive deployment of negative emission techno-
logies (NETs) will be needed to limit global temperature
increase to 1.5-2 °C." NETs should be large enough to remove
several gigaton quantities of CO, from the atmosphere and in
this context, DAC is expected to complement other NET
options. DAC technologies remove CO, from the atmosphere at
any location to balance emissions that are unavoidable or tech-
nically difficult to avoid.> A variety of sorbents are being inves-
tigated for CO, capture, including physisorbents such as
metal-organic frameworks,’ zeolites, and activated carbon,®
as well as chemisorbents such as amine-functionalized adsor-
bents that commonly contain polyamines.”® Particularly, che-
misorbents are best suited for CO, capture from ultra-dilute
sources such as air due to strong chemical interactions
between CO, and sorbents. As a result, chemisorbents are the
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subject of extensive studies aimed at understanding and
improving their CO, adsorption and desorption processes.
However, the economic feasibility of large-scale deployment of
current DAC systems is uncertain due to high energy input
needed for the desorption process (cost estimates are
$200-1000 per tonne CO, for DAC compared to $36-53 per
tonne CO, for coal-derived flue gas).” Thus, innovative use
opportunities, including synthetic fuels and chemicals are
desired as a means to drive down costs and provide a market
for DAC. However, there are no commercial technologies that
can economically produce either value-added fuels and chemi-
cals, or solid products for storage using CO, captured from air.

The capture of CO, and conversion of CO, have long been
viewed as two independent processes. Recently, the benefits
associated with integrating the capture and conversion pro-
cesses have been realized by the scientific community.'®™?
The direct conversion of captured CO, into value-added pro-
ducts (coupled approach) has potential advantages over tra-
ditional decoupled CO, capture and CO, conversion because
the coupled approach avoids the energy-intensive sorbent
regeneration (CO, desorption), compression and transpor-
tation steps. Importantly, new reactive pathways for the CO,
conversion can be realized in the capture media, leading to

This journal is © The Royal Society of Chemistry 2024
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higher conversion, selectivity, and reduced cost."* For example,
typical gas-phase CO, hydrogenation to methanol requires
high temperatures due to slower kinetics. At high temperature,
a competing reaction-the reverse water gas shift reaction-is
also favored, which reduces the selectivity and consumes valu-
able H,. On the other hand, in the amine-based capture
medium, CO, hydrogenation to methanol followed a nontradi-
tional route for conversion to methanol through a formamide
intermediate.”*”"” This nontraditional low-temperature metha-
nol synthesis route was made possible by the presence of an
amine-based capture solvent medium. However, amine-based
aqueous/non-aqueous solvents are not suitable for DAC appli-
cation due to high volatility, viscosity, and evaporative loss of
water under realistic DAC conditions. For DAC, solid sorbents
have several benefits (over well-studied liquid sorbents) such
as increased adsorption capacities, lower regeneration energy
penalties, relative ease of handling, and improved
recyclability.'®*°

Though the feasibility of integrating capture and conversion
processes has been shown with liquid capture solvent
systems,' 141720723 the material design principles are not
transferable to solids because unlike liquid systems, the
sorbent and catalyst need to be integrated into a single multi-
functional material in solids. The solid-state iDAC-CAT
approach is limited by the lack of design parameters for this
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multifunctional material with the cooperative sorbent and
catalytic features to perform both capture and conversion. In
traditional DAC approaches, solid or liquid sorbents with low
reaction enthalpy, high capture capacity, and rapid kinetics are
preferred. The strong binding of CO, via chemisorption is con-
sidered a limitation in traditional DAC approaches due to
regeneration requirements. But in the iDAC-CAT approach, the
strong binding will be considered an opportunity because the
captured CO, is undergoing chemical conversion. The strong
CO,, binding will enhance the CO, uptake kinetics, which is
critical for DAC application.

Solid materials with dual functionalities have been reported
for integrated CO, capture and conversion to C; products such
as methane®*° and methanol.*** Most of these materials
are composed of sorbents (metal oxides and carbonates) and
metal catalysts (such as Ru, Ni, and Rh).*>*® In a first step, the
sorbent reacts with CO, to form (bi)carbonate and in a second
step, (bi)carbonate reacts with hydrogen at high temperature
(>300 °C) to form methane. Most of these materials also
require high temperature for capture, which is not an econ-
omical option.>**”*Amine-functionalized silica and Pd cata-
lyst combinations have been demonstrated to be active for the
integrated capture and conversion to methanol.**** Recently,
Cu/Zn catalyst and metal carbonate combinations were identi-
fied as effective for the reactive capture of CO, to
methanol.>'?* While these materials are effective for the for-
mation of C; products, the conversion of captured CO, to C,,
products remains a challenge.

In this work, we report how combinations of catalytic com-
ponents and sorbents can be integrated into a single material
that can capture CO, from air at ambient conditions, and then
convert the captured CO, into valuable C, products such as
olefins. Olefins are building blocks for producing a variety of
products including plastics, paints, lubricants, and surfac-
tants. Olefins can also be converted into hard-to-decarbonize
jet and diesel fuels.*® In this work, Fe-based catalytic com-
ponents were incorporated into the sorbent materials to facili-
tate the formation of C-C bonds. Upon studying different
materials and conditions, we show a proof of concept using
Fe/K,CO53/Al,0; (Fe/KA) to produce C,-C, olefins from CO,
derived from air. We also identified that these materials are
effective at converting gas-phase CO, to olefins, with olefin to
paraffin ratio of 6.9 at 360 °C.

Results and discussion
CO, capture studies using K,CO3/Al, 03

Inorganic chemisorbents are chosen for this study because
they are more durable and low-cost materials compared to
amine-based sorbents for DAC.*' The commonly used in-
organic chemisorbents for DAC are CaO, MgO, and alkali
metal carbonates.”” Among these sorbents, alkali metal car-
bonates can perform capture at ambient temperature.*®**
Alkali metal carbonates are usually dispersed on high-surface-
area materials such as Al,Oj, to increase the carbonation rate
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of alkali carbonates.*>*® Based on literature studies conducted
on K,CO; loading on various supports, including carbon,
alumina, and ZrO,, an optimal K,CO; loading between
25-35 wt% on supports was identified for CO, capture. The
adsorption capacity increases with higher K,CO; loading;
however, loading above 35 wt% results in decreased adsorption
capacity due to reductions in surface area and pore
volume.”””* Thus, here 25 wt% of K,CO;/Al,0; was syn-
thesized,”® characterized, and evaluated at 25 °C at different
capture conditions to identify suitable conditions for DAC (sec-
tions S1.2, 1.3 and 1.4%). As-synthesized K,CO3/Al,0; was
characterized by BET (Brunauer-Emmett-Teller) analysis. Type
IV isotherms with a characteristic hysteresis loop for both
Al,O; and K,CO3/Al,0; were realized in the BET analysis
(shown in Fig. S1A%), indicating that alumina is mesoporous
in nature. Impregnation of K,CO; over alumina resulted in a
decrease in both surface area and pore volume of the original
support, but the average pore sizes were almost comparable as
shown in Table S1.f This implies that smaller sizes of K,COj3;
filled the pores of the mesoporous alumina, confirming the
dispersion of K,COj; over the alumina surface.**

The effect of pretreatment conditions and water vapor
content on the capture performance of the sorbent was
studied. The K,CO;/Al,0; sorbent was first pretreated at
200 °C for 1 h under N, flow (100 mL min~"). The material was
then cooled to room temperature and pre-saturated with both
0.5 and 1.0 mol% H,O vapor, followed by introduction of
400 ppm of CO, (Fig. S2A and S2Bft) with H,O vapor (0.5 or
1.0 mol%). The amount of CO, per g of sorbent adsorbed
during both the experiments was calculated from the molar
flow concentration profile of CO, versus time. For 0.5 mol% of
H,0, 850 pmol g~ of CO, was adsorbed, whereas in the case
of 1.0 mol% of H,0, 770 pmol g~ of CO, was adsorbed. This
indicates that the 0.5 mol% of H,O had a slightly higher
adsorption capacity, possibly due to the K,CO; phase tran-
sition in the presence of excess water.”*

The effect of saturating the sorbent with water vapor during
CO, capture was investigated. Here, CO, was co-fed with
0.5 mol% H,0 vapor over the pretreated K,CO3/Al,0; as shown
in Fig. S3f and compared with the pre-saturated sample
(0.5 mol% H,O vapor pretreatment). The water vapor co-fed
sample shows the highest sorption capacity of 6.5 wt% com-
pared to the water vapor pretreated samples, as shown in
Fig. S3.f The amount of CO, adsorbed by the 25 wt% K,COs/
Al,O; sorbent is ~6.5 wt%, surpassing the amounts reported
in the literature, which are 3.6 wt% for K,CO3/Al,0; and
4.1 wt% for K,CO3/Al,05-750 (Al,O5; heated at 750 °C before
K,CO; impregnation) under similar capture conditions, as
shown in Table $3.7>> The increased CO, capture capacity
could result from the fine dispersion of K,CO; over Al,O;. The
X-ray diffraction (XRD) analysis shown in Fig. S1Bf illustrates
the change in phase composition of the K,CO3/Al,0; before
and after CO, capture at room temperature in the presence of
water vapor. For fresh K,CO;/Al,03, the main diffraction peaks
were attributed to dawsonite, KAICO3(OH),, K,CO;, and
y-Al,O3. The formation of the dawsonite on the fresh samples

8244 | Green Chem., 2024, 26, 8242-8255

View Article Online

Green Chemistry

takes place due to the exposure of as-synthesized K,CO3/Al,03
to CO, in air. This agrees with the Temperature Programmed
Desorption (TPD) of the fresh material shown in Fig. S1C,T
where the peak at 350 °C is due to the decomposition of the
dawsonite.

Thermal decomposition of the CO,-captured K,CO; using
TPD shown in Fig. S1Cf shows two characteristic peaks within
100-200 °C, which is likely due to the decomposition of the
species containing bicarbonate, K,CO32KHCO;-1.5H,0, and
KHCO;. This agrees with the XRD diffraction patterns of the
air-captured sorbent. The higher-temperature peak is mainly
due to the decomposition of the KAICO;(OH),, which was
reported to take place between 260 and 320 °C.**

As activated carbon (AC) is recognized as a suitable support
material for CO, capture, K,CO3/AC was synthesized and
tested to evaluate its CO, capture capacity.”” Compared to
K,CO;/Al,03, the capture capacity of K,CO3/AC was 1.3 times
lower, as shown in Fig. S4.1 Due to the superior capture per-
formance of K,CO3/Al,03; under the optimized reaction con-
ditions, K,CO3/Al,0; was chosen as the sorbent material for
the integrated capture and conversion studies.

Conversion of captured CO, to C; and C, products

The direct conversion of captured CO, from air or concen-
trated point sources to C; products such as methane, metha-
nol, and CO has been effectively demonstrated in earlier
studies.>*2*29313%53 However, due to the high energy barrier
of C-C coupling reactions, conversion of captured CO, to C,;
products is still a challenge. In the literature, combining the
endothermic reverse water gas shift (RWGS) (CO, + H, — CO +
H,O0) reaction with the exothermic Fischer-Tropsch (FTS) (CO
+ H, — C,H,) reaction has been identified as one of the strat-
egies for converting concentrated streams of CO, and H, in
the gas phase to C,, products.> Particularly, potassium (alkali
metal) modified Fe-based catalysts are known to promote
carbon-chain growth in the gas-phase CO, hydrogenation
reactions.”>® We hypothesized that by combining the Fe-
based catalysts and potassium-based sorbents the captured
CO, can be directly converted to C,, products, bypassing the
energy-intensive CO, regeneration and compression steps.
Additionally, alkali modification of metals can potentially
develop optimal electronics that allow the selective formation
of olefins by decreasing the reactivity of adsorbed H
species.’®® To test our hypothesis, we synthesized different
combinations of iron and K,CO3/Al,0; based sorbent-catalytic
materials and evaluated the capture and conversion perform-
ance of these synthesized materials.

Fe,03-K,CO03/Al,0;. A physical mixture of Fe,O; and K,CO;
has been reported to be effective for converting CO, into C,-C,
olefins with approximately 31% selectivity via a tandem
mechanism.”® The addition of K,COj is the key for promoting
the formation of CO (via potassium bicarbonate and potass-
ium formate intermediates), which gets converted into olefins
and paraffins in the presence of iron oxide and iron carbide
phases at 350 °C. Based on this study, we evaluated a physical
mixture of Fe,0;-K,CO3/Al,0; (Fe,03-KA). The Fe,0;-KA was

This journal is © The Royal Society of Chemistry 2024
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prepared as mentioned in section S1.27 and pretreated at
400 °C under H, flow (60 mL min~") for 5 h to convert Fe,O;
to Fe nanoparticles.

CO, capture was performed with 400 ppm of CO, (1200 mL
min~") and 0.5 mol% of H,O at 25 °C. The capture perform-
ance was compared with K,CO3/Al,03;, which was activated
under similar conditions. Under this condition, ~100% of the
K,CO; was utilized during CO, capture in the case of K,CO;/
Al, O3, whereas in the case of Fe,0;-KA, only 81% of the K,CO;
was utilized in CO, capture, as shown in Table S2.{ High-temp-
erature pretreatment enhanced the capture capacity through
the dawsonite decomposition reaction.** Then, hydrogenation
of the captured CO, was performed under hydrogen pressure
of 1.0 MPa at 320 °C (hold for 2.5 h) and 360 °C (hold for 2 h)
at a ramp rate of 5 °C min~"' under H, flow (60 mL min™").
This resulted in desorption of CO, with no detectable amount
of hydrogenated CO,-derived products. Most of the CO, was
released at ~320 °C, suggesting that dawsonite is the major
species formed during CO, capture.

K,CO;/Fe/C and K,COj;/Fe/C/Al,0;. Sun et al. showed that
the use of potassium-promoter-modified Fe/C catalysts can

A) (B)
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increase olefin selectivity in CO, hydrogenation.”” Fe/C was
synthesized by the hydrothermal method (section S1.2 in
ESI). K,CO;/Fe/C was formed by impregnating K,COs
(25 wt%) on the Fe/C catalyst. The synthesized material was
pretreated at 400 °C under H, flow for 10 h to ensure carbide
formation before CO, capture and conversion studies.’” CO,
capture was performed by following the standard capture pro-
cedure mentioned in section S1.4.f The capture profile is
shown in Fig. 1A. In the first 50 min, there was an induction
period after which the CO, capture breakpoint started. The
initial delay in the capture could either be due to physical
adsorption of the CO, occupying the macropores of the
materials or because the material surface was not immediately
saturated with water vapor, which is necessary to start the car-
bonation reaction. The total CO, captured in 4 hours by this
material typically ranges between 600 and 700 umol g™, which
is ~2 times lower than that of K,CO3/Al,O; (see Table 1).

As shown in Fig. 1B, conversion of the captured CO, was
carried out with H, feed at different temperatures. When the
temperature was increased from room temperature (capture) to
320 °C (conversion) some unreacted CO, began to desorb.

Region 1 Region 2

400 6

0.7 Temp (°C)

r 375

&5 Temp. 06
oo a
g 300 i ® CH, o | 325
) g @ Unreacted CO, | 05 &
£ £, £
= S W CH, E L 275
£ . : ' 0 E
r ° = C,Hq :
2 200 F S 2 225
< g g
N = 03 =
8 2 g s
== 2 A‘h
100 ® 5 02 _Z* L 125
! | °
0.1 s
0 M - .
0 0 L 25
g l g 3 % 0 1 2 3 4 5
Time (h) Time (h)
C
100.0 © 50.0 100.0 ()] 50.0
Es00 400 gso.o L 200
g -~ & =
£ S S
g s £ &
3 60.0 3002 2600 I 300 &
@« z & z
g I f
[ = )
g 400 200%  Za00 L 200 4
g 9 = Q
[ [SI] &)
5200 10.0 £200 k100
o o}
0.0 - 0.0 00 - 0.0
20°C/min  5°C/min  LowP  HighP 20°C/min  5°C/min ~ LowP  HighP
0.5MPa 2.0 MPa 0.5MPa 2.0 MPa

< €O, Conversion I CH, selectivity

C,-C, Paraffins selectivity

M C,-C, Olefins selectivity

Fig. 1 (A) CO, capture profile over K,COz/Fe/C at 25 °C, (B) hydrogenation profile of the captured CO, (at heating rate of 20 °C min~?), (C) compari-
son of the CO, conversion and selectivity of products formed in Region 1, at 320 °C, and (D) comparison of the CO, conversion and selectivity of
the products formed in Region 2, at 360 °C. Amount of material: 2 g; pretreatment conditions: H, = 60 mL min~?, 400 °C, 10 h; CO, capture con-
ditions: CO, = 400 ppm in N, (flow rate = 1200 mL min~?), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min~%, 1.0 MPa, 320 °C for
2.5 h (5 °C min™3), followed by heating to 360 °C (5 °C min™) for 2 h. The selectivity of CO is <5% during the hydrogenation.

This journal is © The Royal Society of Chemistry 2024

Green Chem., 2024, 26, 8242-8255 | 8245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc01244e

Open Access Article. Published on 29 May 2024. Downloaded on 2/23/2026 12:46:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Green Chemistry

Table 1 Comparison of the physicochemical properties, CO, capture and catalytic activity

Physical properties CO, capture Catalytic activity

Average
SA PV diameter CO, conv. CHysel C,-C, paraffins C,-C,olefins Cs, sel
Entry Materials (m’g™") (em’g™) (nm) (mmol g™")  (wt%) (%) (%) sel (%) sel (%) (%)
1 Fe/C 33.16 0.4008 — N/A N/A N/A N/A N/A N/A N/A
2 Al,O4 182.4 0.6001 11.4 N/A N/A N/A N/A N/A N/A N/A
3 K,CO5/ALO; 99.19  0.3262  10.09 1862 8.2 N/A N/A N/A N/A N/A
4 K,CO,/Fe/C* — — — 600-700 2.6-3.1 30.0 96.8 2.2 1.0 0.0
5 K,CO,/Fe/C? — — — 41.4 93.9 4.1 2.0 0.0
6 K,CO3/Fe/C/Al,O; ¢ 29.23 0.2476 8.95 1223 5.4 30.5 83.2 8.6 7.3 0.9

Pretreatment conditions for materials: H, = 60 mL min™", 400 °C, 5 h (entry 3) and 10 h (for entries 4-6); CO, capture conditions: CO, = 400 ppm
in N, (flow rate = 1200 mL min~"), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min™", 1.0 MPa, 320 °C for 2.5 h (5 °C min™*).
“Heating rate at 5 °C min~"' during hydrogenation of captured CO,. ° Heating rate of 20 °C min~"* during hydrogenation of captured CO,.

¢ Average diameter is not given due to low surface area.

Along with CO,, CH, also formed and was the highest when
the temperature reached 320 °C as shown in Fig. 1B. C,H, and
C,H¢ were also produced at Region 1 (at 320 °C, 2.5 h). Further
increasing the temperature to 360 °C resulted in additional
CH, production along with small amounts of ethylene and
ethane (Fig. 1D). Overall, ~74% of the total captured CO, was
converted to C; and C, products with ~94.4% selectivity to
methane, 4.2% selectivity to ethane, and 1.4% selectivity to
ethene. To the best of our knowledge, this is the first demon-
stration for conversion of captured CO, (air derived) to C; and
C, based products in the presence of an Fe-based catalyst.
Besides the formation of olefins, which are the target products,
the production of renewable methane from the captured CO,
is also advantageous. This presents an alternative pathway for
generating synthetic natural gas, and its utilization in existing
infrastructure could lead to a lower carbon footprint. There
were no detectable amounts of higher olefins or paraffins
formed. Decreasing the heating rate from 20 to 5 °C min™"
decreased the overall conversion of CO, along with a decrease
in olefin selectivity at 320 °C (Fig. 1C). Increasing the hydrogen
pressure further increased the selectivity to methane with a

A

decrease in the conversion of the captured CO, (see Fig. 1C
and D).

A decrease in CO, capture with K,COj3/Fe/C compared to
K,CO;/Al,03 is likely due to the smaller surface area of Fe/C
(33.16 m> g™"), which results in larger K,CO; particles
(Table 1). A lower CO, loading could inhibit C-C bond for-
mation because there are fewer carbons. To increase the
surface area and eventually improve the capture performance,
K,CO3/Fe/C/Al,O; was synthesized via the wet impregnation
method, as discussed in section S1.2,f and the adsorption
capacity was compared with that of K,CO;/Al,O; and K,CO,/
Fe/C under similar capture conditions. The capture perform-
ance was significantly improved after the addition of Al,O;.
The K,CO;/Fe/C/AL,O; captured ~1220 pmol g~ of CO, (vs.
600-700 pmol g~ of CO, for K,CO3/Fe/C) (Fig. 2A). This differ-
ence can be explained from the BET results of the support over
which K,CO; was impregnated. The BET isotherms of three
materials are shown in Fig. 3A. Dispersion of K,CO;3; on Al,0;
retained the mesoporosity of the support and showed a type IV
isotherm despite a decrease in the surface area as shown in
Table 1. The isotherm of Fe/C is a type II isotherm with no pro-
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(A) Comparison of the CO, adsorption capacity of K,CO3 on various materials pretreated at 400 °C under H, flow, and (B) hydrogenation of

the captured CO, over K,COz/Fe/C/Al,O3 at 320 and 360 °C. Amount of material: 2 g; pretreatment conditions: H, = 60 mL min~%, 400 °C, 5 h
(K2CO3/ALL,Os) and 10 h (K,CO3/Fe/C/Al,O3 and K,COs/Fe/C); CO, capture conditions: CO, = 400 ppm in N, (flow rate = 1200 mL min™3), H,O
vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min~, 1.0 MPa, 320 °C for 2.5 h (5 °C min™), followed by heating to 360 °C (5 °C min™?)
for 2 h. The selectivity of CO is <5% during the hydrogenation.
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nounced hysteresis loop, showing that the material is either
non-porous or microporous. The surface area is very low com-
pared to the Al,O; support and has no pores, as shown in
Table 1. Therefore, the impregnation of K,CO; could have
formed larger particles on Fe/C, leading to lower CO, capture.*®
Due to the presence of the Al,O; pores, K,CO; was well dis-
persed over a mixture of high-surface-area, mesoporous Al,O;
and non-porous Fe/C. This led to higher CO, capture for K,COs/
Fe/C/Al,O; compared to only K,COs/Fe/C, as shown in Table 1.
With the improvement in capture performance, the CO,
captured in K,CO3/Fe/C/Al,O; was converted in situ (Fig. 2B
shows the conversion profile of captured CO,). A comparison
of the conversion activities of K,CO;/Fe/C and K,COs;/Fe/C/
Al,O; is shown in Table 1. Interestingly, the C,-C, olefin
selectivity significantly improved to 7.3% in the case of K,CO3/
Fe/C/Al,0;. The improved C-C coupled products formation
could be because of the relatively high CO, loading. In
addition, a small amount of Cs. products (~1%) was also
detected. Increasing the hydrogenation temperature to 360 °C
increased the conversion and selectivity further to methane.
Increased methane formation at higher temperature could be
due to a decrease in the chain growth probability of the

0 - T T T T T
0 5 10 15 20 25 30
Diameter (nm)

(A) Nitrogen adsorption—desorption isotherms of K,COz/Al,03, K,CO3z/Fe/C/Al,0O3, and Fe/C and (B) Barrett—Joyner—Halenda (BJH) curves

Anderson-Schultz-Flory product distribution that governs the
FTS reaction.®® Alternatively, it could be due to less carbon
(i.e., captured CO,) content on the material, which could
prevent C-C formation.

Fe/K,CO3/Al,0; and Fe-Co/K,CO;/Al,0;. Because the physi-
cal mixture of Fe,0;-K,CO3/Al,0; formed no CO, hydrogen-
ation products, we prepared Fe/K,CO3/Al,0; (Fe/KA) and Fe-
Co/K,CO3/Al,05 (Fe-Co/KA) (by incipient wetness impreg-
nation of Fe and Co salts on K,CO3/Al,03) to improve the coop-
erativity between Fe and K to produce C-C coupled products.
After pretreating these materials at 400 °C for 5 h under H,
flow, the CO, capture was performed under standard con-
ditions (400 ppm of CO,, 0.5 mol% of H,O vapor, 25 °C, 4 h).
The Fe-Co/KA captured 1970 pmol g~ of CO,, which is almost
similar to K,CO3/Al, O3 (pretreated at 400 °C), showing that the
addition of the catalytic component (Fe) had no impact on the
capture performance. Hydrogenation of the captured CO,
using Fe-Co/KA was carried out at two different temperature
ramp rates, 5 and 20 °C min~". Increasing the heating rate
decreased the CO, conversion to value-added products with no
significant impact on product distribution, as shown in
Table 2.

Table 2 Comparison of CO, capture and conversion performance for Fe—Co/KA and Fe/KA at 320 °C

Selectivity to hydrocarbons

Heating rate CO, captured CO, conv. CH, sel C,-C, paraffins C,-C,4 olefins
(°C min™) (umol g1 (%) (%) sel (%) sel (%)
Fe-Co/KA 5 1970 21.3 88.3 5.1 6.7
20 1970 12.0 86.8 8.3 4.9
Fe/KA 5 1645 22.4 79.7 8.9 11.4
Fe/KA“ 5 1525 18.1 81.9 6.6 11.5
Fe/KA (H,/CO pretreated)” 5 1659 24.5 72.1 11.2 16.7

Amount of material: 2 g; pretreatment conditions: H, = 60 mL min~", 400 °C, 5 h; CO, capture conditions: CO, = 400 ppm in N, (flow rate =
1200 mL min~"), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min™", 1.0 MPa, 320 °C for 2.5 h (5 °C min™"). The selectivity of
CO is <5% during the hydrogenation. “ CO, capture conditions: CO, = 430 ppm CO, (in 78% nitrogen, 21% oxygen and <1% other gases).
b pretreatment conditions: H,/CO (2 : 1) = 60 mL min™, 400 °C, 3 h, followed by H, = 60 mL min™*, 400 °C, 5 h.
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Fig. 4 (A) Comparison of CO, adsorption capacity of K,CO3/Al,03, Fe—Co/KA and Fe/KA, (B) comparison of hydrogenation of Fe—Co/KA with

different heating rates and Fe/KA (C) X-ray diffraction patterns of fresh, CO, captured and spent Fe/KA, and (D) physicochemical properties of the
K>CO3/Al,03 and Fe/KA materials. Amount of material: 2 g; pretreatment conditions: H, = 60 mL min~%, 400 °C, 5 h; CO, capture conditions: CO, =
400 ppm in N, (flow rate = 1200 mL min~?), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min~, 1.0 MPa, 320 °C for 2.5 h (5 °C

min~Y). The selectivity of CO is <5% during the hydrogenation.

The Fe/KA captured ~1600 pmol g~ " of CO, at our standard
capture conditions as shown in Fig. 4A. The hydrogenation
results are shown in Fig. S5Af and Table 2. At 320 °C, C,-C,
olefins and paraffins started forming accompanied with the
formation of CH,. The highest olefin selectivity of ~11.4% was
obtained with a CO, conversion of 22.4% as shown in Fig. 4B.
Next, to understand the effect of oxygen on the capture and
conversion, CO, capture was performed with real air (430 ppm
CO, containing 21% oxygen) using Fe/KA, which captured
~1500 pmol g~' of CO,. After the CO, capture, the material
was purged with N, for 10 min to remove air. The subsequent
hydrogenation produced C,-C, olefins with a selectivity of
11.5% and a CO, conversion of 18.1%, suggesting that the
presence of oxygen during capture did not significantly affect
the conversion and selectivity.

The BET isotherm shows that the mesoporosity of the
K,CO5/AL, 05 is still maintained after impregnation of Fe par-
ticles (Fig. S5Bf). Upon impregnating Fe, the surface area
decreased from 99.19 (for K,CO5/Al,O;) to 36.83 m”> g~ and the
diameter of the mesopores decreased to 6.79 nm, confirming
the formation of Fe particles inside the mesopores (Fig. 4D).

8248 | Green Chem., 2024, 26, 8242-8255

The average pore size of the spent Fe/KA material (after hydro-
genation) increased compared to the fresh material along with
slight increase in the pore volume and surface area. This shows
that after the hydrogenation, more dispersed particles were
formed. This could be due to the formation of Fe;C, and Fe;O,
particles during the high-temperature hydrogenation.

Fig. 4C shows wide-angle XRD of the fresh Fe/KA, CO, cap-
tured Fe/KA and spent (after hydrogenation) Fe/KA. In the
fresh sample, diffraction peaks corresponding to KNO;, dawso-
nite, and Fe,O; particles were evident. XRD of the CO,-cap-
tured Fe/KA material shows peaks for KHCO; and dawsonite
along with some Fe,O; and Fe particles. The Fe particles could
form from Fe,O; due to hydrogenation with H, at high temp-
erature.®” The spent (after hydrogenation) Fe/KA shows peaks
for FesC, along with Fe;0,4, which were formed during hydro-
genation of the captured CO,. The formation of these dis-
persed particles resulted in an increase of pore volume and of
the average pore size of the material. The formation of the
FesC, phase shows the carburization of Fe;O, particles.

The spent Fe/KA after the first cycle of capture and hydro-
genation was reused to study the robustness of these materials

This journal is © The Royal Society of Chemistry 2024
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400 °C, 5 h; CO, capture conditions: CO, = 400 ppm in N (flow rate = 1200 mL min™), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, =
60 mL min™?, 1.0 MPa, 320 °C for 2.5 h (5 °C min™Y) followed by heating to 400 °C (5 °C min™) for 2.5 h to mimic the pretreatment conditions. For
cycle 5, the spent catalyst was purged with N, (30 mL min™?) for 1 h before hydrogenation. The selectivity of CO is <5% during the hydrogenation.

(Fig. 5). The capture capacity was reduced in the second cycle to
1276 pmol g~ (5.6 wt CO,%) compared to 1645 pmol g~* (7.4 wt
CO,%) in the first cycle. However, the capture performance was
steady in the subsequent third (5.4 wt%), fourth (5.6 wt%), and
fifth (~5.03 wt%) cycles. The drop in the capture capacity could
be because of the presence of K,O in the fresh Fe/KA, which
consumed CO, from air to form K,COs;. A similar drop in the
capture capacity was observed between the first (6.5 wt% CO,)
and second cycles (5.3 wt% CO,) for K,COs/Al,O5 (Table S3+).
However, in this case (K,CO;/Al,0;), the drop in performance
could be because the low-temperature pretreatment conditions
(at 200 °C for 1 h) prevented the conversion of dawsonite back
to K,COs. Prior to hydrogenation during the fifth cycle, the CO,
captured material was purged with N, flow for 1 h to quantify
physiosorbed CO, content. Only trace amounts of CO, were
released during the N, purge, and subsequent hydrogenation
showed consistent conversion and selectivity to products,
demonstrating that the material is stable for at least five cycles.
To understand the effect of the CO,: H, ratio and reaction
temperature on the product distribution and conversion, the

gas-phase hydrogenation studies were performed with Fe/KA
using 1:3 and 1:10 ratios of CO,: H,. The conversion results
for the Fe/KA at 320 °C and 360 °C are shown in Tables 3 and
4, along with Fig. 6. At 320 °C, in the case of the 1:10 ratio of
CO,/H,, the selectivity to C,—C, paraffins was higher compared
to DAC and 1:3 ratio of CO,/H, studies. The O/P (olefin/
paraffin) ratio selectivity to C,-C, olefins was not significantly
altered by the CO,/H, ratio at 320 °C. In addition to C,_, pro-
ducts, Cs, products were detected by gas chromatography in
the case of 1:3 ratio of CO,/H,. The reaction temperature
played a significant role in O/P selectivity and CO, conversion.
The CO, conversion was 66% and 15% for 1:10 and 1 : 3 ratios
of CO,/H,, respectively, at 360 °C (Table 4). High olefin selecti-
vity and O/P (olefin/paraffin) ratios were achieved for 1: 3 ratio
of CO,/H, at 360 °C. In addition, the CO selectivity depends on
the reaction temperature and the CO,: H, ratio. As shown in
Tables 3 and 4, a higher temperature (i.e., 360 °C) and lower
CO, concentrations significantly reduced the CO selectivity,
suggesting that the reaction is proceeding via the CO
intermediate.

Table 3 Comparison of hydrogenation of captured CO, with gas-phase CO, at 320 °C over Fe/KA

Selectivity of hydrocarbons (%)

CO, conv. CO sel CH, sel C,-C, paraffins C,-C, olefins Cs; olefins Css Oo/P

(%) (%) (%) sel (%) sel (%) (sel %) (sel %) ratio
DAC 22.4 <5 79.7 8.9 11.4 0.0 0.0 1.3
CO,:H;=1:10 22 54.7 33.5 33.1 24.2 9.21 0.0 0.73
CO,:H,=1:3 9.55 79.4 33.4 22.5 36.6 6.91 0.50 1.62

Fe/KA = 2 g, amount of material: 2 g; pretreatment conditions: H, = 60 mL min~", 400 °C, 5 h; CO, capture conditions: CO, = 400 ppm in N,
(flow rate = 1200 mL min~"), H,O vapor = 0.5 mol%, 25 °C, 4 h; hydrogenation: H, = 60 mL min~", 1.0 MPa, 320 °C for 2.5 h (5 °C min™");
CO,:H, =1:10 or 1: 3 ratio; flow rate = 60 mL min ™", 1.0 MPa, 320 °C for 2.5 h (5 °C min™"); GHSV = 1800 mL h™" g™,

This journal is © The Royal Society of Chemistry 2024
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Table 4 Comparison of hydrogenation of gas-phase CO, at 360 °C over Fe/KA

Selectivity of hydrocarbons (%)

CO, conv. CO sel CH, sel C,-C, paraffins C,—C, olefins Cs, olefins Cs. o/P

(%) (%) (%) sel (%) sel (%) (sel %) (sel %) ratio
CO,:H,=1:10 66.0 11.5 49.5 8.19 36.4 5.27 0.61 4.5
CO,:H,=1:3 14.7 37.3 34.4 6.97 48.0 9.17 1.40 6.9

Fe/KA = 2 g, pretreatment conditions: H, = 60 mL min~", 400 °C, 5 h; CO,: H, = 1:10 or 1: 3 ratio; flow rate = 60 mL min~", 1.0 MPa, 320 °C for
2.5 h (5 °C min™") followed by heating to 360 °C (5 °C min™") for 2 h; GHSV = 1800 mL h™" g™".
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Fig. 6 Comparison of gas-phase hydrogenation at (A) 320 °C and (B)
360 °C using Fe/KA. (C) Comparison of XRD of Fe/KA for DAC and gas-
phase reactions carried out at 1:10 and 1: 3 ratios of CO, : H,. Reaction
Conditions: Fe/KA: 2 g, total flow rate = 60 mL min™%, CO,:H, = 1:10 or
1:3 ratios; flow rate = 60 mL min~%, 1.0 MPa, 320 °C for 2.5 h (5 °C
min~Y), followed by heating to 360 °C for 2 h (5 °C min™); GHSV =
1800 mLh™t g™

The XRD spectra of the spent DAC and gas-phase CO,
hydrogenation materials are shown in Fig. 6C. Fe;O, was
observed in all spent materials. The FesC, diffraction patterns
are more pronounced for the 1:3 CO,/H, reaction compared
to the 1:10 CO,/H, reaction. This agrees with the decreased
CH, selectivity and increased O/P ratio of the 1:3 CO,/H, reac-
tion because both Fe;0, (for the RWGS) and FesC, are impor-
tant for C-C formation (Table 4). Peaks for Fe were also
observed in the spent DAC material, showing that not all of
the Fe was carburized to Fe;C,. The formation of the carbide-
phase reaction route is as follows: Fe,0; — Fe;0, — FeO — Fe,
and then finally the Fe is carburized to Fe;C,.%

8250 | Green Chem., 2024, 26, 8242-8255

The Fourier transform infrared spectroscopy (FTIR) spec-
trum of the spent DAC and gas-phase CO, hydrogenation
materials were compared (Fig. S61). The C-H vibrations were
seen between 2960-2627 cm™" corresponding to formate and
other bound -CH species. The carbonyl vibration of formate
was observed at the ~1631 cm™" region.®* The Fe-CO inter-
actions were visible in the 1800-2100 cm™' region, which
corresponds to bound CO with different forms of Fe.®® In
addition to formate and CO, there are additional bands visible
for carbonates and bicarbonates in the IR spectrum.

To further enhance the formation of C-C coupled products,
we pretreated the Fe/KA with an H,/CO gas mixture to improve
iron carbide formation. The outlet gas stream during the pre-
treatment consisted of CO,, CH, and C,-C, hydrocarbons.
After H,/CO pretreatment, Fe/KA was treated with H, at 400 °C
to remove CO, and other hydrocarbons adsorbed on the Fe/KA
prior to CO, capture. The capture capacity of this H,/CO pre-
treated Fe/KA was 1659 umol g~* at our standard CO, capture
conditions, which is comparable to Fe/KA (Table 2).
Subsequent hydrogenation of the captured CO, resulted in an
enhancement in C-C coupled products selectivity to 27.9%
(16.7% selectivity to C,—C, olefins and 11.2% selectivity to C,-
C, paraffins) with a slight improvement in the CO, conversion
to 24.5%. The selectivity of the hydrogenated products for the
first hour at 320 °C is shown in Fig. S7.} It is evident that the
selectivity to C-C coupled products was high, ~50% (with
>30% selectivity to C,—-C, olefins), initially, but decreased sig-
nificantly as the concentration of the captured CO, decreased.

Based on the selectivity of the products and the XRD and
FTIR analyses of the spent samples, the conversion of captured
CO, to olefins occurs through the direct CO, conversion
pathway, where the CO, is converted to CO via the RWGS in
the presence of Fe;0,.°® Subsequently, the CO is converted to
C-C products following the FTS mechanism in the presence of
FesC,.°® A proposed pathway has been shown in Scheme 1.
When CO, (400 ppm) is captured in the presence of water
vapor at room temperature, the K,CO; of Fe/KA transforms
into KHCO; and KAICO;(OH),. This transformation leads to
the formation of HCOOK and CO upon hydrogenation cata-
lyzed by Fe;0,/KA. The Fe;0,/KA is derived from Fe,03/KA in
the presence of H,. Furthermore, the Fe;0,/KA facilitates the
conversion of CO to *CH species, which undergo C-C coupling
in the presence of Fe;C, formed in situ during the reaction.
The increased selectivity observed for the C-C coupled pro-

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Proposed mechanism for the conversion of captured CO, to
C-C coupled products in the presence of Fe/KA.

ducts (as depicted in Table 2 and Fig. S71) following the
pretreatment of Fe/KA with H,/CO gas mixture strongly
suggests that the enhanced formation of FesC, facilitates C-C
coupling.

A preliminary techno-economic analysis (TEA) and life-
cycle analysis (LCA) were conducted to evaluate the proposed
iDAC-CAT technology for olefins production. In both TEA
and LCA, it was assumed that renewable hydrogen, electri-

Table 5 Technology performance measures and assumptions for TEA
and LCA

Assumptions Value Assumptions Value

Adsorption temperature 25 Conversion 320

(°C) temperature (°C)

Adsorption pressure 1 Conversion pressure 10

(bar) (bar)

Adsorption time (hr) 2 Conversion time with 2
heating (hr)

CO, capture (%) 62 CO, conversion (%) 80

Sorbent loading 5 C,. olefin selectivity (%) 60

(Wt% CO,)

Plant size (tonne CO, 100000 CH, selectivity (%) 40

per year)

H, Price ($ per kg) 5 Excess hydrogen 4

(ratio over stoic)

Hy, CHy, C,, Olefins

< Clean Air I l |

View Article Online

Paper

city, and fossil-based natural gas were used as main energy
inputs. A process model was developed in Aspen Plus V14 to
calculate the mass and energy balance and life-cycle inven-
tory of the proposed technology based on the performance
measures and assumptions listed in Table 5. The results
were compared with NETL’s case study for sorbent-based
DAC®” and other CO, to olefin technologies available in the
literature.®®

Fig. 7 shows the process flow diagram of the technology,
where air first enters the adsorption bed, and CO, is adsorbed
by the sorbent at ambient conditions. The bed is then heated
to 320 °C and H, is fed to the bed to produce CH, and olefins
from CO,. The product stream leaving the adsorption bed con-
tains H,, CHy, and C,, olefins. H, is first separated in the
pressure swing adsorption (PSA) unit. The remaining products
are then sent to a de-methanization tower. This tower is of the
design commonly used in the commercial ethylene plants,
and operated at cryogenic conditions (—100 °C, 35 bar). The
CH, and C,. olefin streams from the tower are depressurized
and then used to pre-chill the inlet stream. In the TEA, the
plant size was set the same as Case 0B in the NETL’s case
study for sorbent-based DAC.®” The capital cost of the
iDAC-CAT unit was calculated by adjusting NETL Case 0B
value®” based on flowrate and cycling time. The capital cost of
the downstream product separation and purification section
was calculated using Aspen Process Economic Analyzer V14. A
simple annualized cost approach was used to calculate the
minimum olefin selling price with 20-year depreciation and
10% per year return on investment. It was assumed that the
renewable natural gas (RNG) produced as by-product can be
sold at a price of $13 per MMBtu,* roughly five times of the
market price of fossil-based natural gas. For the Fe/KA
material, CatCost™ tool”® was used to estimate its production
cost as a pre-commercial material as well as the utility con-
sumptions and emissions during the manufacturing step. For
the LCA, a cradle-to-gate system boundary was used to evaluate
the life-cycle greenhouse gases (GHG) emissions of olefin pro-
duction using the iDAC-CAT technology, which was compared
with conventional petrochemical process. The functional unit
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Fig. 7 Process flow diagram of the proposed integrated DAC-CAT technology for olefins production.
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Table 6 Mass and Energy Balance and life-cycle inventory for the iDAC-CAT process

Mass energy balance

Life cycle inventory

Carbon intensity

Products

C,, olefins 2360 kg h™*

RNG 2015 kg h™*
Feedstock

Renewable H, 2112 kgh™

CO, captured 15553 kgh™"
Sorbent (Fe/KA) 116 kg h™*
Utilities

Electricity 32984 kW

NG 315.3 MMBtu h™

was set to per kg of olefins produced. Carbon Intensity data
for each raw material and energy involved in the process were
sourced from the GREET 2022”" and Ecoinvent V3.8 databases.

The preliminary TEA and LCA results were summarized in
Fig. 8, while the mass and energy balance, life-cycle inventory
and carbon intensity were provided in Table 6. Fig. 8(a)
suggests the integrated iDAC-CAT technology can potentially
produce renewable olefins at a cost 35% lower than that of a
separated DAC and CO, to olefins (S-DAC-C,=)
technology.®””®® Fig. 8(b) indicates that the iDAC-CAT techno-
logy can significantly reduce the cost of DAC on a per tonne
CO, basis. The error bars in both Fig. 8(a) and (b) represent
the uncertainties in TEA results from literature, as well as the
market prices of RNG and olefins. Furthermore, Fig. 8(c) and
Table 6 demonstrate that the CO, adsorbed from the atmo-
sphere and the GHG emissions avoided by producing RNG can
completely offset the GHG emissions from upstream processes
and the iDAC-CAT process when renewable H, is used as a
process input. A GHG emission reduction of 105% can be
achieved compared to the petroleum baseline.

Conclusions

A series of materials have been evaluated for direct air capture
and conversion to C-C coupled products for the first time. A
novel multifunctional and multicomponent material for

8252 | Green Chem., 2024, 26, 8242-8255

—0.045 MMBtu kg™ C,, olefins

0.895 kg kg ™" C,, olefins
6.590 kg kg™! C,, olefins
0.049 kg kg™* C,. olefins

13.98 kW h kg’1 C,., olefins
0.133 MMBtu kg ™' C,, olefins

72.62 kg CO, eq. MMBtu™ " NG

0 kg CO, eq. kg™ H,
-1 kg CO, eq. kg™ CO,
2.20 kg CO, eq. kg™ sorbent

0 kg CO, eq. kW™ h™" electricity
72.62 kg CO, eq. MMBtu™' NG

iDAC-CAT has been developed, employing a combination of
non-noble metal and solid inorganic sorbent, Fe/K,CO3/Al,O3.
Upon the impregnation of catalytic Fe particles to the sorbent
(K»CO3/Al,03), despite the decrease in surface area, pore size,
and pore volume, high and consistent CO, capture was rea-
lized at room temperature in presence of water vapor. This
shows that the addition of Fe particles did not significantly
change the CO, capture property of K,CO3/Al,0;. On recycling,
the material showed a consistent capture capacity of ~5 wt%
for up to five cycles, followed by consistent CO, conversion
into C-C products. In contrast, the physical mixture of Fe,0O;
and K,CO;/Al,O; desorbed the CO, and showed no formation
of C,—-C, products on hydrogenation. Based on this compari-
son and activity data of various combination of materials,
along with XRD and BET results, it is evident that the proxi-
mity between the Fe and K on the Al,O; is important for CO,
activation and subsequent conversion to C-C products.

We have successfully developed an approach for integrated
direct air capture and conversion to C-C coupled products
using Fe/K,CO;/Al,O;. The utilization of this material for CO,
capture from the air and subsequent conversion to C,. pro-
ducts represents an environmentally friendly approach.
Despite the current breakthrough and success of the bench-
scale experiment, scaling up poses multiple risks. Factors such
as kinetics, material mechanical strength and stability,
environmental conditions throughout the year, processing
temperature range, and deployment site must be carefully con-

This journal is © The Royal Society of Chemistry 2024
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sidered during the scaling process. Our preliminary TEA ana-
lysis indicates that iDAC-CAT technology has the potential to
substantially decrease the cost of DAC. The preliminary LCA
suggests a 105% reduction in GHG emissions compared to the
petroleum baseline, and indicates a negative cradle-to-gate
GHG emission for renewable olefin production via iDAC-CAT
when renewable H, is used as the process input. Future efforts
will focus on developing materials with enhanced reactivity for
C-C coupling and stronger CO, binding affinity to prevent de-
sorption during conversion at the high temperatures required
for C-C coupling reactions. Further exploration of Fe/K,CO3/
AlL,O; under varying conditions, and experimentation with
different material combinations, is needed to improve the con-
version efficiency. This exploration should be accompanied by
a full TEA and LCA to assess its feasibility for real-world
applications.
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