<]
TUDelft

Delft University of Technology

Integrated CO2 capture and reduction catalysis
Role of y—AI203 support, unique state of potassium and synergy with copper

Pinto, Donato; Minorello, Stefano; Zhou, Zhouping; Urakawa, Atsushi

DOI
10.1016/j.jes.2023.06.006

Publication date
2024

Document Version
Final published version

Published in
Journal of Environmental Sciences (China)

Citation (APA)

Pinto, D., Minorello, S., Zhou, Z., & Urakawa, A. (2024). Integrated CO_ capture and reduction catalysis:
Role of y-Al_O_ support, unique state of potassium and synergy with cdpper. Journal of Environmental
Sciences (Chiria), 140, 113-122. https://doi.org/10.1016/j.jes.2023.06.006

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jes.2023.06.006
https://doi.org/10.1016/j.jes.2023.06.006

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



JOURNAL OF ENVIRONMENTAL SCIENCES 140 (2024) I13-122

Available online at www.sciencedirect.com E :

ScienceDirect JOURNAL OF

ENVIRONMENTAL
SCIENCES

www.elsevier.com/locate/jes www.jesc.ac.cn

Research Article

Integrated CO, capture and reduction catalysis:
Role of y-Al,0; support, unique state of potassium
and synergy with copper

Donato Pinto, Stefano Minorello, Zhouping Zhou, Atsushi Urakawa*

Catalysis Engineering, Department of Chemical Engineering, Delft University of Technology, Delft, 2629HZ,

Netherlands

ARTICLE INFO

Article history:

Received 31 March 2023
Revised 6 June 2023
Accepted 7 June 2023
Available online 15 June 2023

Keywords:

Carbon dioxide

Carbon capture and utilisation
CO, capture and reduction
Solid CO, sorbents
Heterogeneous catalysis
Potassium

Copper catalysts

Aluminium oxide

ABSTRACT

Carbon dioxide capture and reduction (CCR) process emerges as an efficient catalytic strat-
egy for CO, capture and conversion to valuable chemicals. K-promoted Cu/Al,03 cata-
lysts exhibited promising CO, capture efficiency and highly selective conversion to syngas
(CO + Hy). The dynamic nature of the Cu-K system at reaction conditions complicates the
identification of the catalytically active phase and surface sites. The present work aims at
more precise understanding of the roles of the potassium and copper and the contribution
of the metal oxide support. While y-Al,05; guarantees high dispersion and destabilisation
of the potassium phase, potassium and copper act synergistically to remove CO, from di-
luted streams and promote fast regeneration of the active phase for CO, capture releasing
CO while passing H,. A temperature of 350°C is found necessary to activate H, dissociation
and generate the active sites for CO, capture. The effects of synthesis parameters on the
CCR activity are also described by combination of ex-situ characterisation of the materials

and catalytic testing.
© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

strategies, however, is too slow to act as realistic solution
for the abatement of CO, emissions (Rubin et al., 2015). The
principal bottlenecks are the energy penalties and high costs

Drastic actions to abate CO, emissions are required in the
short term to prevent global warming while transitioning to-
wards a more carbon neutral industry and economy. Carbon
capture and storage (CCS) strategies are technologically ma-
ture options to abate emissions from highly emitting sec-
tors as industry and energy production, by CO, sequestra-
tion and storage in geological sites (Haszeldine et al., 2018;
Marocco Stuardi et al., 2019). Current implementation of CCS
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associated to sorbent regeneration, compression and trans-
portation steps. In addition, the CO, is essentially treated as a
waste, thus CCS processes do not generate any economic re-
turn and ultimately fail to develop a closed carbon cycle.

In this regard, carbon capture and utilisation (CCU) strate-
gies stand as favourable solutions to recover the captured CO,
and valorise it as a feedstock for production of more carbon
neutral chemical and fuels (Aresta et al., 2014; Fernandez et al.,
2020; Leclaire and Heldebrant, 2018). Despite its abundance,
CO, utilisation in chemical industry is scarce due to its ther-
modynamic stability and relative inertness. A half of the CO,
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https://doi.org/10.1016/j.jes.2023.06.006
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/jes
mailto:A.Urakawa@tudelft.nl
https://doi.org/10.1016/j.jes.2023.06.006

114 JOURNAL OF ENVIRONMENTAL SGIENGES T40 (2024) T113-122

utilised as feedstock in industry is used in urea synthesis, but
it is also employed in synthesis of carboxylic acids, in the
CO hydrogenation to methanol and as an additive in food in-
dustry. However, these applications currently utilise a limited
amount of CO,, less than 1% of the CO, emitted every year
from anthropogenic sources (Mikkelsen et al., 2010).

In order to extend the utilisation of CO, as feedstock, it is
desirable to convert it into more reactive C1 building blocks
(e.g., CO, CH4, CH30H), which can be exploited in existing in-
dustrial processes (Keim, 1986). However, methanol synthesis
and reverse water-gas shift to CO suffer from thermodynamic
limitation, requiring harsh conditions (temperature, pressure)
to obtain adequate conversions, while exothermic methana-
tion is favoured at low temperature where yields are kineti-
cally limited (Cui and Keer, 2019; Stangeland et al., 2017). More-
over, conventional catalytic processes put a strong require-
ment on the purity and compression of the CO, feedstock, in-
crementing the total costs and energy requirements.

In this perspective, strategies that combine the capture
of CO, from diluted sources with its conversion to valu-
able chemicals are effective solutions to decrease the energy
penalty associated with the purification and pressurisation
steps (Marocco Stuardi et al., 2019; Zhang et al., 2022). Aiming
at one-step capture and conversion of CO,, a new CCU strategy
referred to as ‘integrated CO, capture and conversion’ or ‘CO,
capture and reduction’ (CCR) was recently demonstrated. This
approach effectively integrates in one process the sequestra-
tion of CO, from diluted streams (e.g. flue gases, air) with its
conversion to more valuable molecules as CO and CHy. Far-
rauto group proposed a bifunctional catalyst materials based
on Ru and CaO with the ability of capturing CO, and convert-
ing it to CHy by use of green H, (Duyar et al,, 2015). Urakawa
group demonstrated the activity of catalysts made of earth-
abundant elements in terms of CO, capture efficiency and se-
lective conversion to syngas (CO + H;) (Bobadilla et al., 2016;
Hyakutake et al., 2016). The overall reaction can be thought
as a reverse water-gas shift reaction (RWGS) performed in an
unsteady-state operation. A CO,-containing feed is sent to the
catalytic bed for CO, capture followed by a H, feed that re-
duces the captured CO, and releases it as CO. Thanks to the
reversibility of the sorption, the capture and reduction pro-
cesses are operated at same temperature and pressure, elim-
inating the need of sorbent (catalyst) regeneration step and
potentially lowering energy requirements. Moreover, contin-
uous CCR operation with excellent performances can be ob-
tained in circulating fluidised bed reactors. A recent publica-
tion (Kosaka et al., 2022) demonstrated that CO, can be cap-
tured from low concentration feed (2%) and converted into
high concentration CHy stream (20%) with high capture effi-
ciency and H, conversion.

Bifunctional catalyst materials exhibiting the abilities to
capture CO, from flue gas and selectively convert it to the
desired product are needed (Duyar et al., 2015). CaO is well-
known for the CO, capture ability through carbonation re-
action, but it needs high temperature for regeneration and
generally shows poor stability over the capture-regeneration
cycles (Abanades, 2002; Shimizu et al., 1999). It has been re-
ported that other alkali/alkaline-earth metals (Li, Na, X, Cs, Ba)
are effective promoters, increasing the CO, sorption capacity
of the base materials (Arco et al., 1989; Cimino et al., 2020;

Hyakutake et al., 2016; Oliveira et al., 2008; Roesch et al., 2005).
Amongst them, K shows unique promotion properties by en-
suring highly efficient CO, capture and reactive desorption of
captured CO, to CO under H, atmosphere at isothermal con-
ditions in the temperature range of 300-500°C (Bobadilla et al.,
2016; Lee et al., 2010; Walspurger et al., 2008). Besides the al-
kali promoter, the introduction of transition metals in the cat-
alytic systems is fundamental to ensure the conversion of the
captured CO,. The choice of the active metal greatly affects
the reduction products. The use of Ni or Ru promotes cat-
alytic methanation (Duyar et al., 2015; Hu and Urakawa, 2018;
Kosaka et al., 2021) of the captured CO, while Cu brings high
selectivity towards CO (Bobadilla et al., 2016; Hyakutake et al.,
2016). The latter case is attractive for the versatility of the tech-
nology and product, since the presence of product CO and un-
converted H, during the reduction phase results in the pro-
duction of a syngas, with H,/CO ratio tuneable by changing
operation conditions and further adding H, in the product
stream.

Considering the relevance of designing efficient catalytic
systems, it is fundamental to understand the catalytic role
of the different promoters and their participation in the CCR
process. In reaction conditions, the two functionalities inter-
play in a highly dynamic system. In a previous attempt to
elucidate the role of K and its interaction with Cu by means
of operando XRD analysis (Hyakutake et al., 2016), it was re-
ported that the generation of a highly dynamic state in re-
action conditions, with a profound change in the crystalline
structure of the material. However, the dynamic nature of the
catalyst and catalytic process set the barrier high for detailed
investigations on the roles of K and its synergistic interaction
with Cu. Another question mark regards the role of the sup-
port material and its contribution to the CCR activity. Studies
about the influence of support material on the mechanism
of RWGS reaction led to the distinction between irreducible
oxides (Al,03, SiO,) promoting activation of CO, via formate
route and reducible oxides (TiO,, CeO,) activating CO, through
oxygen vacancies (Zhu et al,, 2020). Employment of y-Al,03
and MgO-Al,03 mixtures as supports ensured high CCR per-
formance in various catalytic systems (Arellano-Trevifio et al.,
2019; Bobadilla et al., 2016; Kosaka et al., 2021). Modification of
Al,03 with basic metal oxides is known to increase the heat
of CO, adsorption and, in particular, a strong interaction be-
tween the acidic y-Al,05; support and the basic K,CO3 is ex-
pected (Kantschewa et al., 1983). Hu and Urakawa (2018) re-
ported activity in integrated CO, capture and methanation for
a ZrO,-supported catalyst. However, their role as supports in
bifunctional catalysts for integrated CO, capture and conver-
sion have not been clarified yet.

In this work, we employed K-promoted Cu/y-Al,03 cat-
alysts as the model system to identify the fundamental
catalytic properties to develop the CCR activity. Catalysts with
variable composition were prepared and tested to elucidate
the roles of potassium promotion and of the Cu active metal
as well as their synergetic behaviour to develop efficient CO,
capture and selective reduction to CO. Synthesis parameters,
including the choice of the potassium precursors and the
conditions of the impregnation synthesis, were evaluated
to clarify their influence on the formation of the active CCR
phase. Besides, the peculiarities of the y-Al,03 as support
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were investigated in comparison to TiO, rutile and ZrO,
counterparts. Temperature-dependant catalytic activity was
studied to identify the conditions for the formation of the
catalytically active phase for CCR. The empirical evidences
collected in this work suggest that an highly amorphous state
of potassium, whose formation is favoured by high dispersion
on the y-Al,03 support, interacts with the metallic Cu phase
to synergistically develop the unique CCR catalytic activity.

1. Materials and methods
1.1. Catalyst synthesis

Aluminium oxide (y-phase, Alfa Aesar, catalyst support), ti-
tanium oxide (rutile, Alfa Aesar, > 99.5%) and zirconium ox-
ide (monoclinic, Alfa Aesar, catalyst support) were employed
as support material. Cu and K were introduced by incipient
wetness impregnation using copper nitrate trihydrate (Merck
Sigma, > 99.5%) and potassium carbonate anhydrous (Merck
Sigma, > 99.0%) as precursors. Potassium nitrate (ACS reagent,
Merck Sigma, > 99.0%) and potassium bicarbonate (Merck
Sigma, > 99.5%) were also employed as potassium precursors.
A two-step impregnation procedure was used. First, the sup-
port material was impregnated with the aqueous solution of
copper nitrate, dried overnight at 80°C and calcined at 500°C
for 5 hrin air. Then, the resulting catalyst was further impreg-
nated with an aqueous solution of the potassium precursor,
followed again by overnight drying at 80°C and calcination at
500°C for 5 hr in air.

1.2 Catalyst characterisation

Powder X-ray diffractograms were acquired on a Bruker D8
Advance diffractometer with Bragg-Brentano geometry using
monochromatic Co Ko radiation (A = 1.7902 A) or Cu Ka ra-
diation (A = 1.5405 A). BET surface area of the catalysts was
determined from N, adsorption isotherms at 77 K using a Mi-
cromeritics TriStar II 3020 instrument. H, temperature pro-
grammed reduction (H,-TPR) was carried out in a dedicated
set-up, consisting of a tubular furnace in which a 6 mm inter-
nal diameter quartz tube for holding the sample is inserted
and equipped with thermal conductivity detector (TCD) to
monitor H consumption. Experiments were performed using
a diluted H, stream (10 vol.% in Ar) with a 30 mL/min flow
rate. 100 mg of sample were charged in the tube, and its tem-
perature was raised from 25 to 800°C with a ramp rate of
10°C/min. Scanning electron microscopy and energy disper-
sive X-ray spectroscopy (SEM-EDS) measurements were car-
ried out on a JEOL JSM-6010LA InTouchScope operated in high
vacuum mode, with acceleration voltage set at 20 kV. Trans-
mission electron microscopy was carried out on a Jeol JEM 1400
plus TEM.

1.3. Catalytic reaction

The catalytic testing was carried on a dedicated set-up, in a
configuration similar to the one reported in previous works
(Hyakutake et al., 2016). A schematic representation of the re-
action set-up is presented in Appendix A Fig. S1. The inlet feed

was controlled by a system of mass flow controllers (MFCs,
Bronkhorst) and two electric 4-way valves to switch amongst
different gas flows at the inlets. The reactor consisted of a
tubular quartz tube reactor (4 mm ID, 6 mm OD), loaded with
200 mg of catalyst material, pelletized, crushed and sieved in
200-300 pm range. Prior to each reaction, the catalyst under-
went an activation treatment consisting of 50 mL/min of pure
H, at450°C for 1 hr. The temperature of the bed was controlled
by a thermocouple inserted in the quartz reactor. The catalytic
performance was evaluated under CCR conditions at differ-
ent temperatures (300, 350, 400 and 450°C) and ambient pres-
sure. A typical reaction cycle consisted of the alternation of
25 mL/min of 10 vol.% CO; in He, to a reduction phase con-
sisting of 50 mL/min of H, (100 vol.%). An inert phase of He
(80 mL/min, 100 vol.%) was flushed between the CO, and H,
phases (and vice versa). The composition of the product gas
mixture was evaluated quantitatively by Fourier transform in-
frared (FTIR) spectroscopy (ALPHA Bruker) with a time resolu-
tion of 5 s. Valve switching and spectral acquisition were syn-
chronised by LabView software. The data presented resulted
from the average of multiple cycles of stable operation, after a
reproducible activity was achieved.

Quantitative comparison of the CCR activity of different
catalyst was made on the basis of the capture capacity defined

by Eq. (1):
Capture capacity = /(CO)/gmt 0]

as the total amount of CO released during the reducing
H, pulse per gram of catalyst (get) expressed in pmol/g
(Kosaka et al., 2021).

2. Results and discussion

CO, capture and reduction was performed experimentally by
exposing the catalytic bed to the periodic alternation of a di-
luted CO, feed (10 vol.% in He) and pure H,. The gas compo-
sition of the reactor outlet stream was analysed by FTIR. The
gaseous concentration profile for a blank CCR experiment is
reported in Fig. 1. Each CCR cycle of operation consisted of a
CO, pulse (0-420 sec), followed by the reducing H, pulse (570
990 sec). For the purposes of this investigation, inert flushing
phases (He, 420-570 sec and 990-1140 sec) were introduced be-
tween the CO, and H, pulses to avoid mixing of the reactants
phases, to eliminate possible side reactions activated in co-
feed conditions and to univocally identify the role of the cat-
alytic materials in the capture and reduction phases.

2.1. Catalytic role of potassium

Bifunctional materials guarantee the activity in CO, cap-
ture and reduction reactions (CCR), introducing both the
strong affinity to CO, and the selectivity towards the de-
sired carbon products. Following the previous contribution
(Hyakutake et al., 2016), we employed a Cu-K/Al,0O3 catalyst
(Cu 11 wt.%, K 10 wt.%) as a model system to investigate the
catalytic roles of the two promoters.

The X-ray diffractograms acquired on the synthesised ma-
terials are reported in Appendix A Fig. S2. Potassium would



116 JOURNAL OF ENVIRONMENTAL SCIENCES 140 (2024) 113-122

®
o

o,

1

co,

W

Concentration (vol.%)

0 250 500 750
Time (sec)

1000

Fig. 1 - Reactor outlet CO, concentration obtained by FTIR
spectroscopy during a blank CCR experiment on a
Cu-K/Al,05 catalyst (11 wt.% Cu, 10 wt.% K) at room
temperature. CCR cycle consists of the alternation of diluted
CO; feed (blue region, 25 mL/min, 10 vol.% in He, 0-420 sec),
He flush (50 mL/min, 420-570 sec), pure H, feed (red region,
50 mL/min, 570-990 sec), He flush (50 mL/min,

990-1140 sec).

be expected in the carbonate form, considering its employ-
ment as precursor for the synthesis and the calcination per-
formed in air. However, no K,CO3 reflexes were detected. Sim-
ilar results were previously reported (Bansode et al., 2013),
pointing out the existence of a highly dispersed K phase in
the form of nanocrystallites or thin layers. The appearance
of narrow metallic Cu reflexes in the XRD reflects a sinter-
ing phenomenon, indicating that the amount of copper em-
ployed exceeds the conditions to obtain a uniform dispersion
of nanocrystals.

To isolate the promotional effect of potassium, we com-
pared the catalytic performance of the catalysts at increasing
potassium loadings (Fig. 2). Fig. 2a shows that the unpromoted
catalyst (11 wt.% Cu / Al,03) does not possess the ability to
capture CO,. During the CO, pulse, CO was produced from the
direct interaction with the reduced catalyst. No COx species
were released in the H, pulse, indicating that the capture of
CO, is not active in absence of potassium. Low loadings of

A

’/¥ K(10%)/A1,04

Cu(11%)-K(10%)/AL,0,

TCD signal (a.u.)

Cu(11%)-K(2%)/AL,0,

 Cu(11%)/ALO,
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3 - H,-TPR profiles of y-Al,03 supported catalysts.
Sample were treated under H; flow (10 vol.% in Ar,
30 mL/min) and heating rate of 10°C/min.

potassium are not sufficient to develop the active phase for
CO, capture, as indicated by the results obtained in Fig. 2b for
a K-promoted Cu/Al,03 catalyst (11 wt.% Cu, 2 wt.% K). How-
ever, the presence of potassium undermined the CO, reduc-
tion responsible for CO produced in the CO, pulse, indicating
an interaction between the copper and potassium phases. At
higher loading of K (10 wt.% K, 11 wt.% Cu), the emergence
of the typical CCR catalytic activity was noticed (Fig. 2c). CO,
was sequestrated from the feed, and then selectively con-
verted and released as CO in the H, pulse. No other carbon-
containing products were detected within the detection limit.
The results indicated that an optimum loading of potassium
exists and high CCR catalytic activity may be obtained when
particular conditions of high dispersion of potassium phase
and intimate contact with copper are fulfilled.

To gain insights into the interaction between Cu and K
phase in the catalytic system, H, temperature programmed
reduction (H,-TPR) analysis was conducted (Fig. 3). For the
unpromoted Cu/Al,03 catalyst, complete Cu(Il) reduction to
metallic Cu(0) is achieved at 300°C. The profile presents a main
peak at around 235°C with a small shoulder centred at around
270°C. The first peak can be assigned to the presence of highly
dispersed CuO nanoparticles, while the shoulder can be re-
lated to bulk oxidation of bigger agglomerates (Luo et al., 2014).

= CO, H, . Co, H, .
£ 10 * E—2 - w10 E25 % <
e = 3 ERE E
= co, -1 co, = E
.2 £ 2 2 8 k=
E s g E s 1E E ;
g 2 =) S g S
o 3 o = 3} 3
g Sy 8 8 3
D 3 9O - -
0 . 0 0 » 0 0
0 250 500 750 b 0 250 500 750 0 250 500 750 1000
a Time (sec) Time (sec) ¢ Time (sec)

Fig. 2 - Concentration profiles of CO, (blue) and CO (red) during CCR at 350°C, 1 bar with 10% CO- in He (blue region) at
25 mL/min vs. 100% H; (red region) at 50 mL/min over a) Cu/Al,03 (Cu 11 wt.%), b) Cu-K/Al,03 (Cu 11 wt.%, K 2 wt.%), c)
Cu-K/Al,05 (Cu 11 wt.%, K 10 wt.%). He flush phase at 80 mL/min in between the CO, and H, pulses.




JOURNAL OF ENVIRONMENTAL

117

SCIENCES I40 (2024) I13-122

Fr

R

Spent Cu-K/Al,O,

50 nm

Fig. 4 - TEM images for the Cu-K/Al,03 (Cu 11 wt.%, K 10 wt.%) fresh (left) and spent after 50 CCR cycles at 350°C (right).

Compared to the unpromoted Cu/Al, O3 catalyst, the reduction
peak of CuO shifted towards higher temperatures in presence
of potassium, from ca. 235°C to 325°C in case of 10 wt.% K load-
ing. Conversely, the decomposition of K,CO3; was enhanced at
lower temperatures thanks to the formation of metallic Cu. In
fact, the reduction profile peaked at around 570°C observed
for the K/Al,O3 catalyst (10 wt.% K) was lost in the catalyst
containing Cu in favour of a wide reduction shoulder between
390 and 690°C detected in the Cu-K/Al,05 system (10 wt.% K,
11 wt.% Cu).

The decomposition of K,COs3, a crucial step for the acti-
vation of the catalyst towards CO, capture, can be depicted
as the results of a dynamic interplay of reactions. When the
catalyst is exposed to H, feed and heated, the reduction of
CuO produce H,0 (Eq. (2)). The resulting metallic Cu activates
the H, molecule (Eq. (3)), making H species available on the
catalyst surface (Hpgg) (Christmann, 1995). It has been re-
ported that the K,CO3 decomposition (Eq. (4)) is significantly
enhanced in presence of water release from CuO reduction
(Eg. (5)) (Duan et al., 2012). This is confirmed by the TPR pro-
files of Fig. 3, where the reduction of the K,CO3; phase in
the Cu-containing catalysts is promoted at lower tempera-
tures compared to the K/Al,03 system. When the CuO is fully
reduced, as in CCR reaction conditions, H species from H,
dissociation on metallic copper can drive K,CO3; decompo-
sition further. Operando DRIFTS results suggest that, in CCR
conditions, a KOH phase can be generated by interaction
of the K,CO3 with adsorbed H species (Eq. (6)) (Pinto et al,,
2022).

CUO+H2= CU+H20(g)
Cu+Hy;=Cu+ 2H(ads)
K,CO3 = K,0 + CO,

K,CO3 + H,0 = 2KOH + CO,

()

During the catalyst activation step in Hj, the reduction of
CuO triggers the decomposition of K,COj initially as an effect
of water release and then by continuous supply of H species
from dissociation of gaseous H, on metallic Cu. Cu and K
phases interact strongly in reaction conditions. In situ XRD
measurements on a similar system (Hyakutake et al., 2016),
revealed that in reaction conditions a highly dynamic state
is generated, with a profound change in the crystalline struc-
ture. In such state, the absence of crystalline CuO or metallic
Cu reflexes was noticed and addressed to a nanodispersion of
the Cu phase induced by the contact with the highly dynamic
K phase. Transmission electron microscopy images collected
for the Cu-K/Al, 03 catalyst (10 wt.% K, 11 wt.% Cu) after 50
CCR cycles at 350°C, shown in Fig. 4 (catalytic results in Ap-
pendix A Fig. S3), support the previous observation. While CuO
nanoparticles up to 10 nm diameter are clearly observed in
the fresh sample, small dispersed Cu nanoparticles (2-3 nm)
are observed in the sample after reaction condition. A similar
behaviour was reported on a K-promoted Pt/Al,O3 (Luo et al,,
2014), for which they related the formation of finely dispersed
Pt species under thermal ageing to the interaction with an ex-
tremely mobile K phase. Preliminary investigation by in situ
soft-X-ray absorption spectroscopy (Appendix A Fig. S4-S6)
also revealed a change in the state of K in reaction conditions
possibly due to the generation of a highly disordered potas-
sium phase with increased dispersion on the y-Al,03 support.
Such high dispersion and the intimate contact between the
metallic Cu and the K phase are expected to play a key role for
the activity of the catalyst towards CCR.

K;CO3 + 2H(34) = 2KOH + CO

2.2.  Influence of synthesis conditions

The extremely dynamic nature of the catalytic system in re-
action conditions challenges the identification of the potas-
sium active phase for developing CCR catalysis. The nature
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of this potassium phase, however, is independent of the K
precursor employed in the synthesis. In this work, three Cu-
K/Al,O3 catalysts (Cu 10 wt.%, K 10 wt.%) were synthesized
employing different K precursors, namely potassium carbon-
ate, bicarbonate and nitrate. Those salts were chosen in view
of their different thermal stability. Bulk KNO3; decomposition
is reported at temperatures higher than the calcination tem-
perature of 500°C employed in this work (Gordon and Camp-
bell, 1955; Udupa, 1976), while KHCOj3 starts decomposing to
K,COj3 already at temperatures as low as 100°C (Hartman et al.,
2019).

Interestingly, though the as-synthesized materials exhib-
ited some differences in terms of structural and morphologi-
cal properties (Appendix A Table S1), the CCR activity was pre-
served and similar catalytic behaviour was observed for all the
samples. Catalytic activity (Appendix A Table S1 and Fig. S7)
indicated that the active K phase was generated in reaction
conditions for all the catalysts, independently of the K precur-
sor employed during the synthesis. The results suggest that,
during catalyst activation and CCR reaction, a similar potas-
sium state was generated for all the samples. Such indication
was confirmed by the X-ray diffractograms of the spent sam-
ples (Appendix A Fig. S8), that showed comparable patterns
after CCR reaction.

The potassium-derived catalytically active phase is crucial
in the generation of CO, capture and reduction activity, thus
it appears meaningful to investigate its dependence on syn-
thesis conditions. To this scope, we synthesized and tested
4 different Cu-K/Al,03 (Cu 11 wt.%, K 10 wt.%). Each catalyst
was synthesized using an increasing amount of water in the
potassium impregnation step, with the objective of transition-
ing from the incipient wetness impregnation regime to condi-
tions closer to wet impregnation synthesis. For incipient wet-
ness impregnation synthesis, the volume of potassium pre-
cursor solution matches the pore volume of the powder to be
impregnated (defined here as 1 unit of pore volume). In this
case, capillary forces drive the solution inside the pores max-
imising the dispersion of K.

Employing an excess of water (2, 3 and 5 units of pore
volume in this work) in the impregnation, the deposition
of the solute inside the material pores is expected to be
mainly governed by diffusional forces, requiring longer times
to achieve an equilibrium composition (Marceau et al., 2009).
X-ray diffractograms of the samples showed similar patterns
Appendix A Fig. S9). Only low intensity broad reflexes associ-
ated to dispersed CuO nanocrystallites and the y-Al,03 sup-
port were detected. The absence of K-related reflexes con-
firmed the low crystalline character of the phase. SEM-EDX
composition analysis (Appendix A Table S2) suggested that
excess of water in the K impregnation leads to a lower con-
centration of potassium in the catalyst bulk, preventing uni-
form dispersion and possibly favouring surface segregation
of the potassium phase. Both BET surface area and pore vol-
ume of the catalysts increased with the amount of water em-
ployed in the potassium impregnation step, indicating that,
approaching wet impregnation synthesis conditions, pore fill-
ing with the potassium solution and deposition of the potas-
sium phase were avoided (Appendix A Table S3). Fig. 5 shows
the performance of the different catalysts in terms of CO, cap-
ture capacity, as defined in the Materials and Methods section

(Eq. (1)).
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Fig. 5 - Capture capacity and pore volume for Cu-K/Al,03
(Cu 10 wt.%, K 10 wt.%) synthesized with different amount
of water in potassium impregnation step (1-5x pore
volume of support).

The employment of excess water in the K impregnation
step undermined the activity of the Cu-K/Al,05 catalysts. The
reproducibility of the synthesis procedure was tested, and the
catalytic activity results were confirmed (Appendix A Table
S4), with the descending trend of capture capacity at increas-
ing water amount in the K impregnation. The catalyst pre-
pared with incipient wetness impregnation (i.e. 1 unit of pore
volume of water solution) showed the highest performance,
indicating that, besides exhibiting lower surface area and pore
volume, the uniform dispersion of potassium and the maximi-
sation of contact with the copper phase are decisive properties
to maximise CCR activity.

2.3.  Catalytic role of copper

The role of transition metals in bifunctional materials for the
integrated capture and conversion of CO, is promoting the re-
duction of the captured CO, and selectively driving its conver-
sion towards the desired products (CO or CH,). Copper, espe-
cially, is known to provide high selectivity towards CO, conver-
sion to CO. For this reason, Cu-based catalysts are frequently
employed for CO, reduction reactions, as the reverse water-
gas shift (RWGS) (Porosoff et al., 2016). Reduced copper species
are reported to dissociate gaseous H, and provide active H
species that increase the reducibility of CO, and selectively
form CO (Chen et al., 2000; Ernst et al., 1992). In this section,
we investigate the role of copper in the development of the
CO, capture and reduction activity.

A K/Al,O5 catalyst (K 10 wt.%) was synthesized to investi-
gate the catalytic behaviour in absence of copper. The activa-
tion pretreatment of the catalyst in H; (1 hr at 450°C) leads to
the decomposition of the K phase generating active sites for
capture. After that, capture of CO, from the feed was noticed
during the first cycle of CCR operation at 350°C (Appendix A
Fig. S10). However, the regeneration of the active phase is ki-
netically slow at reaction temperature and the short duration
of the H, pulse in operating conditions (420 sec) prevented the
full regeneration of the catalyst after the first cycle. As shown
in Fig. 6a, the ability to capture CO, was drastically abated
in the following reaction cycles and continuous CCR activity
could not be achieved. In absence of copper, only a limited por-
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Cu-K/Al,05 (Cu 11 wt.%, K 10 wt.%). He flush phase at 80 mL/min in between the CO, and H; pulses.

tion of the potassium phase can be decomposed at low reac-
tion temperature. As a consequence, the catalyst exhibits very
low CO, capture capacity (65.5 pmol/g).

A substantial enhancement of the activity in reduction of
captured CO, was obtained already at low Cu loadings (Cu
1 wt.%, K 10 wt.%), as shown in Fig. 6b. During the H, pulse
(570-990 sec), the high release of CO indicates that kinetic of
reduction was clearly boosted, resulting in a drastic improve-
ment of CCR performance in terms of CO, capture capacity
(210.2 pmol/g). Metallic copper introduced the selective reduc-
tion of the captured CO, and promoted fast regeneration of
the active phase for capture, key properties to develop isother-
mal cyclic CCR operation. H species generated by H, activa-
tion on Cu appear to be decisive for the decomposition of the
potassium phase and the selective release of CO.

Fig. 6c shows that increasing the loading of copper (Cu
11 wt.%, K 10 wt.%) does not play a decisive role in enhancing
the performance of the catalytic system, since only a minor in-
crease in capture capacity was detected (227.5 pmol/g). More
than the absolute loading of copper, a decisive role seems to
be played by the dispersion of K and Cu and the optimal con-
tact between the two phases at reaction conditions. In analogy
with a proposed mechanism for RWGS reaction (Porosoff et al.,
2016), the close contact between the phases may favour the
spillover of H species from the metallic copper to the capture
sites, providing the reduction of CO, to CO (Conner and Fal-
coner, 1995).

2.4. Contribution of metal oxide support to ccr catalysis

In the previous sections, the role of Cu and K in the devel-
opment of the CO, capture and reduction catalysis has been
elucidated. In the attempt of determining the role of the metal
oxide support in generating the catalytically active phase for
CCR, we investigated the reaction on similar Cu-K catalytic
systems supported on TiO, (rutile) and ZrO, (Cu 10 wt.%, K
10 wt.%). XRD of the catalysts are reported in Appendix A Fig.
S11. The catalytic activity results are shown in Fig. 7. Negligi-
ble activity in CO, capture is noticed for the TiO,-supported
catalyst, as reflected in the low amount of CO evolved in the
H, pulse. The formation of a K-Ti mixed oxide phase, which
is stable in reaction conditions, may explain the inability of
the catalyst of generating an active potassium state for CO,

capture (Appendix A Fig. S11). Although showing some activ-
ity, the ZrO,-supported catalyst performed significantly worse
than its y-Al,03-based counterpart (Fig. 2c). Appendix A Fig.
S12 reports the CO, capture capacities of the three catalytic
systems measured at 350°C and their BET surface area. The
results suggest that, thanks to its high surface area, y-Al,03
support markedly enhances the CCR activity ensuring ade-
quate dispersion of the Cu nanoparticles and maximizing the
contact between Cu and K phases.

Comparing different support materials employed for RWGS
reaction, high dispersion of Cu on Al,03 and ZrO, was
found on catalysts prepared by deposition precipitation
method, with Cu/Al,03 exhibiting the highest catalytic activ-
ity (Jurkovic et al., 2017). Relations between the catalytic activ-
ity and the acidity of metal oxides should also be considered.
y-Al,03 exhibit strong Lewis acid sites while weaker acidity is
found for the amphoteric TiO, and ZrO, (Alvarez et al., 2017;
Ferretto and Glisenti, 2003; Lahousse et al., 1993). The added
potassium promoter is known to strongly interact with acidic
supports (Bansode et al., 2013; Garcia Cortez et al., 2003), caus-
ing their neutralisation. In this sense, the acidity of y-Al,03
can promote a peculiar interaction with the K,COs. The fine
dispersion and the strong interaction with Al,03 have been
shown to enhance the K,CO; decomposition at lower tem-
peratures in comparison with bulk K,CO3 (Kantschewa et al.,
1983; Walspurger et al., 2008), as also detected in the TPR re-
sults of Fig. 3. Such increased destabilisation of the K,CO;
phase helps to generate the potassium active state for CO,
capture and reduction.

2.5.  Temperature and generation of the catalytically
active phase

Fig. 8 reports the catalytic activity results obtained for the Cu-
K/Al,05 catalyst (Cu 11 wt.%, K 10 wt.%) in four different ex-
periments at varying reaction temperatures. Looking at the
catalytic behaviour, the typical CCR activity was noticed start-
ing from a temperature of 350°C. A significant change in the
reduction mechanism was observed at this temperature. The
higher CO formation detected at 350°C during both CO, and H,
pulses revealed an enhancement of direct CO, hydrogenation
and captured CO, reduction, respectively. The results indicate
that a temperature of 350°C is decisive for the formation of the
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active phase for CO, capture and reduction in the Cu-K/Al,03
system. The TPR profiles of Fig. 3 also displayed an increased
H, consumption in this temperature range, assignable to both
CuO reduction and K,CO3 decomposition. In reaction condi-
tions, with the copper already in its metallic state, 350°C is
necessary to activate H, dissociation (Rodriguez et al., 2003).
At this temperature, the increased availability of surface H
species promotes the decomposition of the potassium phase
generating the catalytically active state for CO, capture. At
higher temperatures, a kinetic enhancement of the CO, reduc-
tion was registered, in agreement with the endothermic na-

ture of the reaction and in similarity with the RWGS (Daza and
Kuhn, 2016). As a result, the CO, capture capacity of the cata-
lyst increased with temperature and the profiles of CO release
in the H, pulse exhibited a higher and narrower initial peak.
From the point of view of the process development, temper-
ature stands out as a key operating parameter to control the
duration of the CO, and H, pulses. Higher temperatures can
in fact shorten the H, pulse for regenerating the catalyst and
at the same time, by concentrating the CO release in time, can
tune the H,/CO ratio in the syngas product to flexibly target
the needs of the downstream processes.
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3. Conclusions

The activity towards CO, capture and selective reduction to
CO derives from a complex interaction between the Cu and
K promoters and the y-Al,03 support. Potassium introduces
the CO, affinity, but its intimate interaction with the metal-
lic Cu is vital to generate the active phase for capture. The y-
Al,03 excels as catalyst support, providing high surface area
end ensuring high dispersion of potassium and intimate con-
tact with the Cuphase. A stronginteraction between the acidic
sites of y-Al,03 and the basic potassium carbonate enhances
the decomposition of the potassium-derived phase, gener-
ating active sites for CO, capture. The formation of the ac-
tive phase for CO, capture was found to be independent of
the type of potassium precursor employed in the synthesis.
However, the high dispersion and intimate contact between
copper and potassium phases proved to be key parameters
for the activity towards CCR. The generation of active cap-
ture sites, in the H, pulse, was found to be activated at a
temperature between 300 and 350°C in presence of copper.
Metallic Cu activates H, dissociation and provides H species
that enhance the decomposition of the potassium phase. In
such a dynamic state, the synergy between Cu and K per-
mits to aggressively capture CO, from the feed and selec-
tively releasing CO when exposed to Hj, providing at the same
time fast regeneration of the CO, capture active sites. These
results furnish insights for improved catalyst design of bi-
functional catalysts for integrated CO, capture and reduction
processes.
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