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Abstract (Executive summary)

Confining CO; emissions and accelerating towards a circular carbon economy demand
process intensification strategies. This work evaluates integrated CO; capture and catalytic
conversion over a solid dual functional material in the presence of H,0 and O, approximating
industrial compositions in a laboratory-scale fixed bed reactor. CO; capture from flue gas and
its isothermal utilization with H, are temporally separated by applying chemical looping with
isolated steps driven by CaO and Ni. A ceria-modified dual functional material shows over 60%
CO2 capture efficiency and 70% CO> conversion with average space-time yields exceeding 850
kgco, M3reactor K™t @and 300 kgco M>3reactor ht at 973 K and 120 kPa. Increasing the H; feed
concentration during the CO; utilization step steers the selectivity towards CHa. The material
maintains its performance over 30 cycles using a synthetic flue gas containing CO;, O,, and
H2>0 and 75 mol% H; for the CO> capture and utilization steps.
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Abstract

Confining CO; emissions and accelerating towards a circular carbon economy demand
process intensification strategies. This work evaluates integrated CO, capture and catalytic
conversion over a solid dual functional material in the presence of H,0 and O, approximating
industrial compositions in a laboratory-scale fixed bed reactor. CO; capture from flue gas and
its isothermal utilization with H, are temporally separated by applying chemical looping with
isolated steps driven by CaO and Ni. A ceria-modified dual functional material shows over 60%
CO; capture efficiency and 70% CO. conversion with average space-time yields exceeding 850
kgco, M3reactor ™! and 300 kgco M3reactor h™! at 973 K and 120 kPa. Increasing the H; feed
concentration during the CO; utilization step steers the selectivity towards CHs. The material
maintains its performance over 30 cycles using a synthetic flue gas containing CO,, O,, and
H20 and 75 mol% H; for the CO> capture and utilization steps.



|. Introduction

Carbon capture and utilization (CCU) aims to capture CO; from flue gases or the
atmosphere and subsequently convert it into value-added carbonaceous fuels and chemical
building blocks!. Both processes of capture and conversion rely on adequate materials
achieving satisfactory performance and stability. The process efficiency and economic
viability of CCU could be enhanced by using dual functional materials (DFMs) in an approach
which is commonly termed integrated CO> capture and utilization (ICCU), which combines CO»
capture and conversion in a single process?. For the chemical conversion of CO,, different
processes such as methanation, oxidative catalytic alkane dehydrogenation, dry reforming
and the reverse water-gas shift reaction (rWGS) have been explored?. Although the resulting
ICCU processes usually require a high temperature and thus additional energy, they can be
run isothermally and continuously by alternating the inlet flow to the reactor. The

conventional counterparts of the CO, conversion processes require highly concentrated CO;

to achieve satisfactory average space-time yields (W) and practically feasible product
separation. In contrast, by combining the capture and conversion of CO; over one material in
an ICCU process, the direct use of diluted or low-value flue gases (5-15% CO3) as carbon
sources can become viable.

Currently, there is a growing interest in using DFMs that combine calcium looping (Cal)
with in situ conversion of released CO; during sorbent regeneration. Cal is a chemical looping
process based on the reversible carbonation-decarbonation reactions of CaO (equation (1)).
The use of Ca0 has drawn much attention because of its high theoretical CO, capacity (0.78
gco, per gcao) and natural abundance. The biggest challenges of Cal are the energy-intensive

regeneration and the decrease of chemical reactivity* of CaO over multiple cycles.
CaC0; + CO, = CaCOy ArH sk = —179 kj mol™1 (1)

At temperatures relevant for Cal (873 — 1173 K), in situ conversion of captured CO;
improves the kinetics of decarbonation and decreases the decarbonation temperature from
1173 K to around 923 - 1023 K°. The lower CaO regeneration temperature and the lower
partial pressure of CO, during decarbonation decreases sintering of CaO, thereby arresting
the decay of its chemical reactivity over multiple cycles®. Nevertheless, the decarbonation
reaction is highly endothermic (reverse of equation (1)). Considering the typical temperature

at which CaO can be regenerated, the two most relevant means to convert captured CO;



during decarbonation are dry reforming and rWGS, both of which are endothermic reactions.
As the former is strongly endothermic (247 kJ mol?), this work focuses on an ICCU process in
which the rWGS (equation (2)) is applied for the combined CaO regeneration and in situ CO;
conversion. During the catalytic rWGS, CO; is reduced by H, to CO (equation (2)). A fraction
of CO; can also be reduced to CH4 in the presence of excess H» via the catalytic methanation

reaction (equation (3)).

H,+ C0, = CO + H,0 AHYog = +41 kJ mol™?t (2)
4H, + CO, = CH, + 2H,0 ArHS9gx = —165 kj mol™! (3)
The process concept of cyclic capture and rWGS conversion over a Ni-CaO DFM is illustrated
in Figure 1, with an approximation of a real flue gas as COz-source. In the first step, CO; is
captured by CaO to form CaCOs. The reducing agent is fed in the second step to release and

in situ utilize the captured CO; over the present Ni active sites.

N2 N2
H,O0 N

Figure 1. Process schematic for integrated chemical looping CO, capture and utilization from flue gases
using a dual functional material containing CaO and Ni. In the capture step, CO, and residual O; in the
flue gas are removed by CaO and Ni. In the rWGS step, Ni is regenerated and acts as a catalyst for CO,
conversion with H, into CO, driving the isothermal CaCO; decomposition through Le Chatelier’s

principle.

Much of the research work on DFMs for ICCU-rWGS focuses on the application of Ni-CaO

systems at operating temperatures ranging from 923 — 1023 K, CO; concentrations of 10-15%



and H, concentrations of 5, 10 or 100%, while alternative DFM formulations seek to avoid Ni
by combining CaO with an Fe-based catalytic function.

Jo et al. studied a Ni/CaO DFM for application in ICCU methanation, DRM and rWGS®.
During the CO; capture step, they used 10% CO; and 10% H,0 in inert gas as model flue gas,
whereas 10% H in inert was used for the rWGS stage of the ICCU process. Based on
thermodynamic and experimental analysis, they proposed 973 K as optimal temperature for
the ICCU-rWGS cycle. Wang and co-workers studied the effect of the Ni/CaO synthesis
method on their performance as DFMs for ICCU-rWGS’. The resulting materials, based on
calcium carbide slag as Ca precursor, were tested at 923 K using 10% CO, during the CO;
capture stage and 5% H, during the CO; utilization stage. Their results show that the DFM
synthesized through Ca extraction by propionic acid, followed by filtration and addition of
nickel nitrate with citric acid as complexing agent, performed the best in terms of CO, uptake
and CO yield among the studied materials. The potential synergies in upcycling both gaseous
and solid industrial by-products through chemical looping are indeed increasingly
appreciated®. Another example is the work by S. Sun et al., who investigated the use of marble
dust as functional material for ICCU-rWGS at 923 K using 10% CO; during the CO; capture
stage and pure H during the rWGS step®. The cheap and abundantly available material was
found to exhibit promising rWGS activity, though its CO; sorption capacity decreased by 30%
over 47 cycles.

H. Sun et al. studied the effect of Ce-modification on CaiNip.1 materials using 15% CO;
and 5% H, in the CO, capture and rWGS step of the ICCU process®®. They found that the
modification by ceria resulted in improved CO yields and DFM activity, and hypothesized that
CO,, when released from CaCOs, can directly be reduced over oxygen vacancies generated by
ceria owing to its excellent redox properties. Moreover, they found that the thermally
resistant ceria could effectively act as a physical barrier to impede material deactivation
through CaO and Ni crystallite growth. This can be attributed to the high Tammann
temperature!! of 1337 K for CeO;, as well as the strong metal-support interaction between Ni
and Ce0,*2.

S. Sun et al. studied a range of NixFey-CaO materials as DFMs for ICCU-rWGS at 873 —
973 K using 10% CO, during the CO; capture and 100% H; during the rWGS stage®3. The NiiFeo-
CaO material was found to exhibit the best performance with a CO yield of 11.3 mmol/goem,

82.5% CO; conversion, and 99.9% CO selectivity at 650°C. In this material, the presence of



Ca;Fe;0s was found to play two major roles, as oxygen carrier for in situ chemical looping CO
production and as physical barrier to retard crystallite growth and agglomeration. Shao and
coworkers proposed a Fe-Co/Mg-Ca dual functional material and found that the refractory
MgO, highly disperse Fe and Co, and hierarchical porous CaO provided a recipe for success in
solving the challenge of CaO sintering!4. This material was found to achieve a CO, conversion
of 90% and CO selectivity close to 100% when operated at 650°C in an ICCU-rWGS cycle using
10% CO; in the CO; capture step and pure H; in the CO; utilization step. Jin et al. proposed a
Prussian blue derived Ca-Fe/Zr bifunctional material for a variant of the ICCU-rWGS cycle, in
which the bulk of the CO is formed during the CO capture step over reduced Fe'>. Within
their set of sample compositions, they observed that the space-time yield of CO during the
CO; releasing step increases with the CaO loading, whereas an optimum Fe,0s3 loading exists
for maximizing the CO space-time yield during the CO; capture step. In another alternative
approach, S. Sun and co-workers studied the application of industrially supplied CaO powder
directly as functional material for ICCU-rWGS under 15% CO; during carbonation and pure H;
during the rWGS step of the cycle®®. Their results show CO, conversions in the range of 75 —
90% with a 100% selectivity to CO when operating the process at 873 —973 K. The CO; capture
and CO product yields drastically improve as the temperature is increased from 873 Kto 973 K
at the cost of a more rapid deactivation of the material with a decrease in CO, capture
capacity from nearly 11 mmol/gcao to around 3 mmol/gcao over 50 ICCU cycles.

Indeed, in their 2020 ICCU review, Omodolor et al. highlighted the challenges of cyclic
sorbent stability, and suggested that a major challenge for Ni-based DFMs is their deactivation
under simulated flue gas conditions (containing oxygen and water) at relatively high operating
temperatures (>873 K)'’. Cu-based systems have been shown to operate well as DFMs for
ICCU-rWGS at 623 — 823 K using K/Ba'® or K/hydrotalcite®® for the CO; sorption functionality.
In their study on the FeCrCu/K/MgO-Al,O3 DFM, Bobadilla et al. showed that the presence of
5% 0Oz and 4% H,0 in a synthetic flue gas (9.5% CO; in N;) resulted in a negative impact on the
CO; capture efficiency and CO; conversion, which was hypothesized to be the result of an
altered state of the active sites?®. As suggested by Lv et al. in their recent perspective article
on ICCU, the influence of gas components in actual industrial flue gas on the successive
reactions require further investigation?. In their 2021 review, S. Sun et al. identified several
additional research gaps in the development of ICCU processes, namely engineering aspects

such as process design and techno-economic analysis, as well as more fundamental aspects



such as more in-depth understanding of the synergies between the sorbent and catalytic
functionality in DFMs?°. For ICCU-rWGS in particular, they pinpointed a lack of attention of
the research community for the H,:CO ratio of the produced syngas.

The aim of this work is to address and fill in some of the research gaps in ICCU-rWGS as
identified over the past years. This study focuses on holistically evaluating the effect of
practically relevant operating conditions during both steps of the ICCU cycle by means of four
process performance metrics: STY, product selectivity to CO and CHa, product purity (H2:CO
ratio), and DFM material utilization. The main operating conditions under consideration in the
current study are (1) operating temperature, (2) the hydrogen concentration during the rwGS
step of the ICCU cycle, and (3) the presence of O, and H,0 during the CO; capture step of the
ICCU cycle.

2. Experimental

2.1. Material preparation

A simple wet physical mixing method was used to synthesize a DFM with a nominal
composition of 40 wt.% NiO, 40 wt.% CaO, and 20 wt.% CeO,. This DFM has been shown to
exhibit excellent stability as DFM for a combined chemical looping process?!. A mixture of
predetermined amounts of calcium d-gluconate monohydrate (Ci2H22Ca0O14-H20, Sigma-
Aldrich, 98%), nickel nitrate hexahydrate (Ni(NO3),:6H,0, Sigma-Aldrich, 99.999%) and cerium
nitrate hexahydrate (Ce(NOs)3:-6H,0, Sigma-Aldrich, 99.99%) was dissolved in deionized water
under continuous stirring at 353 K and the solution was allowed to evaporate under the same
conditions. The gel-like remnant was dried overnight at 393 K. The dried solid chunks were
crushed and calcined at 1173 K for 1.5 hours after increasing the temperature at 2 K min!
from ambient temperature.

2.2. Material characterization methods

The prepared material was characterized using N2 sorption at 77 K, scanning electron
microscopy with energy dispersive x-ray spectroscopy (SEM-EDX), scanning transmission
electron microscopy (STEM), temperature programmed reduction (TPR), and x-ray diffraction
(XRD). Further details related to the sample preparation, equipment specifications, and data

collection are elaborated in section 1.1. of Sl.



2.3.  Equilibrium calculations

Equilibrium calculations were performed on the “Equilib” module of FactSage using the
FactPS database. For the calculations, temperature, pressure, and the total amount of
compounds (COz, Hz, and Ar) were provided. An exception was made for calculating the
equilibrium CO; capture, wherein CO, and CaO data were taken from NIST and CaCOs (calcite)
from FactSage. Further details are provided in section 1.2 of Sl.

2.4. Cyclic operation testing in a fixed bed reactor

The proposed concept is proven by performing cyclic CO, capture and utilization
experiments in a quartz fixed-bed reactor with an internal diameter of 7.5 mm, wall thickness
of 1 mm, and length of 470 mm. The electrically operated oven of the setup is equipped with
three heating zones and four thermocouples. One of these is directly in contact with the solids
bed to regulate the temperature accurately. The mass flow controllers (MFCs) (Bronkhorst
EL-flow) and a pneumatic valve can rapidly switch the inlet to the reactor, which allows
processes with short and alternating cycles. For feeding steam, a Coriolis MFC (Brooks-
Coriolis) was used to feed deionized water to an evaporator operating at 453 K. The total inlet
gas flow rate was kept constant at 104 ¢ 107 mol s* (GHSV: 13575 h). The inlet lines and
valves were heated by heat tracing elements with a temperature set point of 403 K. The outlet
of the reactor was connected to a sampling port with an on-line mass spectrometer (MS)
(Pfeiffer Vacuum OmniStar QMS 301). The product gases were analyzed by tracking H,, He,
CHg4, H20, CO, Oy, Ar, and CO; signals at 2 AMU (atomic mass unit), 4 AMU, 15 AMU, 18 AMU,
28 AMU, 32 AMU, 40 AMU, and 44 AMU respectively. Fragmentation patterns were taken
into account and Ar, fed continuously at set flowrates, was used as the internal standard. The
MS was regularly calibrated with reference gases flowing through an empty reactor at room
temperature under the assumption that reactions would not occur either because of
very slow kinetics and/or unfavorable thermodynamics. The pressure over the bed was kept
constant at approximately 120 kPa by means of a back pressure regulator. The DFMs were
pelletized, crushed, and sieved to obtain aggregates in the size range of 355-500 um before
being used in the reactor. The total amount of DFM loaded in the reactor was kept constant
at 0.5 g unless mentioned otherwise.

Unless mentioned otherwise, each cycle consisted of 2 steps: CO, capture involving

carbonation of CaO and CO; utilization involving regeneration and rWGS. For the parametric
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study to screen process conditions (sections 3.1, 3.2, and 3.3), the following ranges for
variations were experimentally tested:

e Temperature: 948 — 1023 K.

e Half-cycle duration for CO, capture or carbonation: 120 — 360 seconds.

e Half-cycle duration for CO> utilization or regeneration: 36 — 420 seconds.

e H; concentration of feed gas during CO; utilization or regeneration: 10 — 75 mol%.
A pre-treatment procedure was applied before the screening experiments comprising
reduction by 10% Hz in Ar by ramping the temperature from 473 to 873 Kat 10 K min, where
it was held for 15 min. The temperature was then increased to 1098 K under Ar at 10 K min-!
followed by re-oxidation of the DFM by 10% CO, for 10 min. A detailed overview of the
experiments performed for the parametric study can be found in Table S1 (SI).

For the long-term stability tests at 973 K and 120 kPa, the synthetic flue gas was fed to the
reactor for 60 seconds at WHSV = 3.3 gco, gorm ™ h. Two sets of experiments were performed:
dry and wet. In dry conditions, the synthetic flue gas was composed of 10 mol% CO,, 2 mol%
0,, and Ar (remainder). In wet conditions, the composition matched a typical flue gas stream
from a power plant comprising 10 mol% CO;, 20 mol% H;0, 2 mol% O, and the Ar
(remainder). After feeding the synthetic flue gas, 75 mol% H, in Ar was fed to the reactor to
regenerate the DFM for 40 seconds at WHSV = 1.1 gy, gormt h'l. The presence of Ar in the
regeneration feed gas was necessary for analytical purposes. The pre-treatment procedure
before the long-term stability test lasting 60 cycles included: 1) reduction by 75% H, in Ar at
998 K for 2 min; 2) gas switch to Ar for 3 min; 3) gas switch to 10% CO; in Ar for re-oxidizing
the DFM by CO; for 1 min; 4) flushing the reactor with Ar for 3 min to fully decarbonate the
DFM; 5) reduction by 75% H, in Ar for 2 min. The reproducibility tests for the long-term tests
comprising 30 cycles under dry conditions were pre-treated with a procedure containing only
steps 1 and 2.

A complete list of calculations applied for obtaining the performance metrics for the

experiment and the process are detailed in Sl section 1.2.

3. Results and discussion

In the following sections, the impact of critical input variables such as operating
temperature (section 3.1) and H, concentration (section 3.2) in the regeneration gas on the

material performance is evaluated. Process performance metrics are discussed in section 3.3
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using a compilation of data from experiments designed to screen operating conditions. The
full data set of computed values such as conversions, selectivity, average space-time yields,
and elemental balances are provided in the Sl (Tables S2 to S5). Section 3.4 explores the long-
term stability of the material at optimal conditions derived from the screening study and using
feed gases approximating realistic industrial compositions. The complete data set of the long-

term tests is also provided in Tables S7 to S12.

3.1. Impact of operating temperature
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Figure 2. Measured outlet flow rate of gases (CO,, CO, H,, CO, and CH,) in the reactor effluent stream
versus time for a single cycle at different temperatures (a —948 K, b — 973 K, c — 998 K, d — 1023 K).
The dashed lines indicate the flow rate of feed gases (green: CO; and light blue: H) and the yellow
ellipsoid indicates the point at which the outlet flow rate of CO is at its maximum. Experimental
conditions: CO; capture step (1% half-cycle): 10% CO, in Ar for 120 seconds and CO; utilization step
(2" half-cycle): 10% H, in Ar for 36 seconds (except cycle 10, wherein 10% H, in Ar was fed for 360
seconds). The catalyst bed consisted of 500 mg DFM.
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A lower operating temperature thermodynamically favors CO; capture as illustrated in
Figure 2. As the temperature increases, the fraction of CO; not captured increases, which is
indicated by the decreasing disparity between the measured outlet flow of CO; (in green solid
line) and the inlet flow of CO; (in green dashed line). Figure 2 a-c show CO production occurring
when CO; is fed. This may either be attributed to reduction of CeO; or carbon deposited in
the previous cycle during the regeneration step, which is operated under highly reducing
conditions because of the H; feed and concomitant CO production. Thermodynamics suggests
that carbon formation is unfavorable under the applied conditions. In contrast, reducible
oxides such as CeO; are well-known to be redox-active and applicable for chemical looping
mediated rWGS (CL-rWGS)?2. Moreover, experimental results from other researchers have
also reported CO production during the CO; capture step when the DFM comprised reducible
oxides such as ceria?3 or iron oxides'> 1°, Based on the above reasoning, it is assumed that CO
production in the CO; capture step can be solely attributed to ceria in the DFM acting as the
solid mediator for CL-rWGS. The absence of CO in Figure 2d, which shows the first experiment
of the campaign (Table S1), corroborates this hypothesis.

The exothermic nature of the carbonation reaction is highlighted by the accompanying
increase in temperature consistently observed in Figure 2 a-d when CO; is fed to the DFM. This
increase diminishes at higher temperatures because the total amount of CO; captured or
reacting decreases as dictated by the thermodynamics of CaO carbonation. During the CO;
utilization step when H, is fed, the formation of CO at all studied temperatures is
accompanied by a sharp temperature decrease reflecting the endothermic nature of both
rWGS and CaCOs decarbonation. CO; and CO formation persist over the 36 seconds of the
CO; utilization step, indicating incomplete decarbonation of CaCO3 in the DFM at 948 K, 973 K,
and 998 K over the applied step duration. Faster kinetics of CaCOs decarbonation coupled
with lower CO; captured at 1023 K explain the full regeneration of the DFM at this
temperature. Despite the faster kinetics at elevated temperatures, the rate of decarbonation
remains rate-limiting during the CO; utilization step as suggested by the reaction quotient
(Figure S1). Further analysis of the reaction quotients indicates that the rWGS reaction is close
to equilibrium, in contrast to the decarbonation reaction.

Like carbonation and decarbonation, rWGS is a reversible reaction, the kinetics and
thermodynamics of which are favored at higher temperatures. Thus, higher temperatures

improve H; and CO; conversion, thereby decreasing the H,:CO ratio. For the sake of
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estimating the best-case scenario for CO; conversion and the ability of the catalyst to hasten
the approach to equilibrium, the point at which maximum production of CO is observed is
highlighted with a yellow ellipsoid in Figure 2 a-d. This point is used to compute the lowest
H,:CO ratio observed during the transient operation of the CO; utilization step. Figure 3a
shows how the minimum H»:CO ratio (yellow open circles on the secondary y-axis) becomes
lower at higher temperature, thereby alluding to the thermodynamics at play.
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Figure 3. Impact of temperature on a) CO; captured (==) and the H,:CO ratio of the product gas
(-=- cumulative values; - at the point of maximum CO production rate); b) CO, conversion (=) and
the selectivity of CO, conversion (== CO selectivity; m= CH, selectivity); c) H> conversion (-=-) and the
selectivity of H, conversion (== selectivity to H,O associated with CO product; selectivity to H,O
associated with ceria reduction; == selectivity to H,O and CH,; associated with CHs; product);
d) utilization of the CO, sorption capacity of CaO (== CaO conversion), CO, releasing capacity of
formed CaCO; (=== CaCOs; conversion) and CaO regeneration (- CaO carbonated regenerated).
Experimental conditions: CO, capture step (1% half-cycle): 10% CO, in Ar for 120 seconds and CO,

utilization step (2" half-cycle): 10% H; in Ar for 36 seconds (except cycle 10, wherein 10% H, in Ar was
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fed for 360 seconds. Error bars wherever displayed indicate the spread of the values when the same
metric is calculated via two or more different methods (see section 1.2 of S| for more details).

Figure 3b shows that the CO, conversion increases with temperature (secondary y-axis).
Methanation is not favored at high temperatures and less than 2% of CO, converted results
in CHs4 formation. Figure 3c shows the analogous form of Figure 3b with H, conversion and
selectivity of H instead of CO,. Given the high value of Hx%, its efficient utilization in this
process is critical. Increasing the temperature from 948 K to 998 K increases the H, conversion
from 28% to 43%, which can be attributed to the higher thermodynamic driving force for
rWGS. Apart from that, higher temperature also improves the reduction of CeO; by H,,
thereby increasing its contribution for CL-rWGS, i.e. the use of fed H, for CO production during
the subsequent CO; capture step. The cumulative H, conversion drops from 43% to 37% when
the temperature is further increased from 998 K to 1023 K. This can be attributed to CO;
becoming a limiting reactant at 1023 K during the CO; utilization step (Figure 2d), which is a
direct consequence of the limited amount of CO; captured at 1023 K in the preceding CO;
capture step (dotted bars on the primary y-axis Figure 3a). This effect is also reflected in the
trend breaking high cumulative H,:CO ratio of the product gas at 1023 K in Figure 3a (black
open diamonds on the secondary y-axis).

Figure 3d shows the impact of temperature on the regeneration of the CO; sorbent. At
lower temperature, a large disparity exists between the CO; captured in the CO; capture step
(dotted bars) and the CO; released and/or converted during the CO> utilization step (black
bars). Although the kinetics of decarbonation are strongly improved via Le Chatelier’s
principle when released CO; is quickly converted into CO'®, the evaluated temperatures in
this study remain low enough to hamper the decarbonation reaction. Moreover, equilibrium
limitations are also imposed by rWGS, which prohibits complete conversion of CO; and fed H»
into CO and H;0. An increase in temperature significantly improves the kinetics of
decarbonation and provides a higher thermodynamic driving force for CO, conversion
resulting in lower disparity between the CO; captured and released in the two half-cycles. The
secondary y-axis on the plot (Figure 3d) shows the percentage of CaO carbonated during the
CO; capture step which is regenerated during the CO; utilization step, thereby providing an
advanced visual cue to the above discussion. It should be noted that the utilization of the
sorbent at all studied temperatures remained relatively low at less than 25%. Several

researchers active in the field of calcium looping have noted that carbonation occurs in two
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steps: 1) a fast kinetic regime limited to the surface and sub-surface and 2) a slow diffusion-
controlled regime?>. By limiting the utilization rate of CaO to lower values, the process can be
operated in the so-called “fast kinetic regime”. However, this comes at the cost of having a
larger reactor with under-utilized material, which impacts the average space-time yield. A
trade-off between the material utilization in the bed and the reaction kinetics associated with
it can inform an optimization study to maximize the average space-time yield.

3.2. Impact of H, concentration on selectivity and regeneration duration
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Figure 4. Measured outlet flow rate of gases (CO,, CO, H,, CO, and CH,) in the reactor effluent stream
against time for a single cycle with different concentrations of H, fed in the CO, utilization step (a— 10
mol% Hz, b — 50 mol% H,, and ¢ — 75 mol% H,). CO, capture step (1% half-cycle): 10% CO; in Ar for 120
seconds and CO; utilization step (2" half-cycle): 10 - 75% H, in Ar with duration adapted based on
observed CO and CO; outlet. The furnace temperature was controlled at 948 K for all cycles. The
catalyst bed consisted of 500 mg DFM. Temperature profiles for b) and c) are presented in Figure S2.

Figure 4 illustrates the following effects of increasing the H, concentration during the
CO, utilization step on the process: 1) the duration of the CO, utilization step decreases by a
factor of 2-3 with increasing Ha concentration, 2) the H,:CO ratio increases by a factor of 3 —
5, and 3) the production of methane becomes favorable at higher H, concentrations driven
by larger thermodynamic forces. It should be noted that these cycles were performed at a
fixed duration of the CO, capture step, while the duration of the CO; utilization step was
adaptively shortened when no more carbonaceous products were measured by the MS.

The CO; captured (Figure 5a) decreases slightly with increasing H, concentration in the
feed gas used for the CO; utilization step although the operating temperature and pressure,
carbonation duration, and the CO; content in the flue gas feed are kept constant. This may be

attributed to either material deactivation or analytical errors introduced by significantly

changing the concentration of Ar, the internal standard for the MS, in the regeneration gas.
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The secondary y-axis of Figure 5a depicts the cumulative H,:CO ratio (black open diamonds)
and the H,:CO ratio at the point of highest CO production during the CO; utilization step
(yellow open circles) of the product stream. Such high H:CO ratios can severely impair further
utilization of the product stream given the fact that commodity chemicals such as methanol
require H2:CO ratio only slightly greater than 2. When CO: is present, the optimal H»:CO; ratio
lies between 1 and 32%°. It should be noted that these experiments were performed at a
relatively low temperature of 948 K to maximize the CO; capture efficiency (more than 70%),

which — as evidenced in the above discussion — also results in a higher H;:CO product ratio.
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Figure 5. Impact of H, concentration on a) CO, captured (==) and the H,:CO ratio of the product gas
(-=- cumulative values; - at the point of maximum CO production rate); b) CO, conversion (-=-) and
the selectivity of CO, conversion (== CO selectivity; m= CH, selectivity); c) H, conversion (-s-) and the
selectivity of H, conversion (= selectivity to H,O associated with CO product; selectivity to H,O
associated with ceria reduction; == selectivity to H,O and CH,; associated with CHs; product);

d) utilization of the CO, sorption capacity of CaO (== CaO conversion), CO, releasing capacity of
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formed CaCO; (wm CaCOs; conversion) and CaO regeneration (- CaO carbonated regenerated).
Experimental conditions: CO, capture step (1% half-cycle): 10% CO; in Ar for 120 seconds and H»
utilization step (2" half-cycle): 10 - 75% H; in Ar with duration adapted based on observed CO and CO;
outlet. The furnace temperature was controlled at 948 K for all cycles. Error bars wherever displayed
indicate the spread of the values when the same metric is calculated via two or more different
methods (see section 1.2 of Sl for more details).

The combination of higher H, concentration in the regeneration gas fed in the CO;
utilization step and a low temperature of 948 K increases the selectivity of CO; conversion to
methane. Both factors indeed favor the thermodynamics of methanation, an exothermic
reaction favored at high reactant pressure?’. Both the CO, conversion (white squares on
secondary y-axis of Figure 5b) and H, conversion (grey squares on secondary y-axis of Figure
5c) increase when the H; concentration of the feed gas used in the CO; utilization step
increases from 10 mol% to 50 mol%. A further increase in Ha concentration from 50 mol% to
75 mol% has little impact on CO, and Hx conversions. This can be attributed to the released
CO; becoming the limiting reactant and excess H being fed during the regeneration when 75
mol% H; is fed. Interestingly, an increase in H, concentration of the regeneration gas strongly
impacts the selectivity of CO, and H; conversion to CHs. Almost 60% of the converted H; is
consumed for CHs formation when the H, concentration of the regeneration gas is 75 mol%,
reflecting the increased thermodynamic driving force for methanation at high partial pressure
of Hz and the significant catalytic activity of the DFM towards methanation.

The experiments discussed in this sub-section were performed under conditions
designed to ensure complete decarbonation of CaCOs, thereby fully regenerating the
material. Thus, Figure 5d shows that the total amount of CaCO3 decarbonated during the CO;
utilization step is close to the amount of CaO carbonated in the CO; capture step. More than
90% of CaO carbonated was decarbonated eventually leaving only a small discrepancy
between the two. The physical phenomena underlying this discrepancy could be
accumulation of CaCOs and/or a deviation in the carbon balance caused by the limited
accuracy of the analytical instrument (MS).

3.3.  Evaluation of process and material performance metrics
Figure 6 displays a compilation of experimental data points obtained by varying process
conditions such as duration of the CO, capture and CO; utilization step, operating

temperature, and H; concentration. Figure 6 a-e all show that under the probed operating
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conditions, the reaction kinetics are rapid enough to approach equilibrium under most of the
probed conditions. Figure 6a shows that only in some cases the measured H,:CO ratio is lower
than its equilibrium value. This may be attributed to utilization of H, for the reduction of CeO,
which is not accounted for in the equilibrium calculations (see section 1.2 of Sl for details).
Other values of H,:CO ratio which are higher than the equilibrium value represent cases when
equilibrium is not reached either due to excess H, fed or slower kinetics. Figure 6b displays
that, for most experiments, the actual CO; capture is lower than the equilibrium CO; capture.
FactSage predicted no CO; capture at 1023 K, 120 kPa total pressure, and 10 mol% CO; feed,
which were conditions used in 25% of the screening experiments. Thus, data were partly used
from NIST (CaO and CO;), which supported CO; capture at above conditions consistent with
the experimental findings. It should be noted that this calculation does not consider the fed
CO; that is lost as CO, thereby overestimating the equilibrium CO; capture value. As the
thermodynamically computed value is purely a function of temperature (see section 1.2 of Sl

for more details), traversing the x-axis of Figure 6b from left to right is indicative of decreasing

temperature.
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and f) average space-time yield (7 CO; © CO; A CH4). Annotations in b) and f) indicate the duration of
the CO, capture step, i.e. the 1% half-cycle, and the operating temperature of the cycle for which the
average space-time yields are presented. Dashed lines in f) indicate the typical minimum average
space-time yield (also termed reactor productivity) for industrial reactors as reported by Lange?®. Error
bars wherever displayed indicate the spread of the values when the same metric is calculated via two
or more different methods (see section 1.2 of Sl for more details).

The lack of data points at high equilibrium H, conversion (>70%) in Figure 6e is indicative
of the trade-offs involved in operating ICCU isothermally. High equilibrium H, conversion
requires high temperature and/or excess CO. On the one hand, high temperature isothermal
operation results in lack of captured CO; in the 1%t half-cycle to react with H in the subsequent
half-cycle. On the other hand, excess CO; can be provided by isothermally operating at lower
temperature. However, low temperature operation hampers rWGS, thereby limiting H;
conversion. As previously reported for a similar chemical looping CO; utilization process by
Singh et al.?®, a trade-off should be found between improved production rates and product
purity typically achieved using a temperature-swing, and irreversible efficiency losses
associated with repeated heating and cooling. In contrast, isothermal fixed bed operation
induces less strain on the functional material associated with repeated temperature swings
and can be operated with a higher thermal efficiency3°. A detailed analysis of this trade-off is
however beyond the scope of this work.

Figure 6f shows that, considering the entire cycle duration, the CO; capture STY is in the
range of 400 to 1300 kg M3 eactor ™! for the probed window of experimental conditions. These
values are in the same order of magnitude as an absorption based CO; scrubber for
post-combustion capture3! and orders of magnitude higher than CO; capture from air32. The
highest CO, capture STY and CO STY were achieved at 973 K. Figure 7 compares the CO;
utilization rate (y-axis) to the CO; capture rate (x-axis) with the diagonal representing 100%
utilization of CO; captured. At 973 K, the best CO STY (~300 kg M3 eactor h2) is reached at a
high CO; capture STY of around 750 kg m3reactor L. Since this temperature provides the best
trade-off between the rate of CO; capture and CO production, it is chosen for the long-term
stability tests discussed in the following section. At lower temperatures, the discrepancy

between CO; capture and CO STY becomes larger owing to less favorable rWGS and more
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favorable CO; capture thermodynamics, whereas at higher temperatures, CO STY becomes

limited by the much lower CO; capture STY.
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3.4. Impact of synthetic flue gas containing O, and H,O on cyclic stability
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line (----) indicates the theoretical maximum CaO conversion, i.e. at 100% CO; captured, when taking
into consideration the experimental conditions. The stability tests were performed at 973 K and 120
kPa. CO; capture step: 10 mol% CO,, 2 mol% O3, (20 mol% H,0) in Ar (remainder). CO, utilization step:
75% H, in Ar. Note that the error bars over the first 30 cycles are generated from a set of 3 independent
repeat experiments.

Figure 8a shows that the STY of CO; capture, CO, and CH4 remain fairly stable and close to
900, 350, and 30 kg Mm3reactor ! Over the 30 dry cycles (1 — 30), indicating more than 40%

mass-based conversion (>70 mol%) of captured CO.. The complete datasets are presented in

Tables S7 to S12 (Sl section 3). When steam is added from cycle 31 onwards, the STY of CO;
and CO increase while that of CH4 remains constant until cycle 45. A steep drop in all three
average space-time yields is observed thereafter. This decline is attributed to accumulation
of H,0 (raw data displayed in Figure S3b, Sl section 3) and further confirmed by the absence
of outlet CH4, the formation of which would be strongly disfavored by the presence of excess
H,0. The presence of excess H,0 also impairs the accuracy of the MS, which results in poor

carbon balances over the last 10 cycles (cfr. el in Table S11, Sl section 3). Nevertheless, it is

worth noting that the STY of CO; and CO in the final wet cycle are near to identical to those
in the first dry cycle of the experimental run. Apart from that, all the O, fed during these cycles
was captured by reduced Ni, while the impact on the CL-rWGS contribution seems minimal
(cfr. Table S8, Sl section 3). The resulting effect of O, capture by Ni is a strong contribution to
the process of CLC driven by H; and mediated by Ni/NiO redox pair, wherein NiO is reduced
to Ni by Hz fed during the CO; utilization step and re-oxidized by O, fed during the subsequent
CO; capture step. The oxidation of Ni is highly exothermic and would hence preferably be
coupled with the endothermic decarbonation reaction33. On the other hand, industrial flue
gases are typically available at low temperatures, meaning that Ni oxidation by O, present in
the flue gas could assist in preheating the flue gas to operating temperatures relevant for CO;
capture temperature3*. Indeed, the contrasting heat management requirements for the two
half-cycles of this process do provide opportunities for innovative conceptual and engineering
solutions. Examples of conceptual solutions include auto-thermal operation by tuning the
feed gas?®, combining endothermic and exothermic reactions3* 3¢ and using an appropriate
metal oxide catalyst®’. Engineering solutions include decreasing the energy consumption
using heat integration via pinch analysis3® and multi-variable optimization3°, improving exergy

efficiency3® 40, reactor design*!, and optimizing the reactor operating conditions.
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Figure 8b shows that the CO; captured over the 30 dry cycles remains above 60%. A slight
decrease in CO; captured is accompanied by a small and gradual increase in the carbon
balance in the early cycles (1 to 10) (Table S11, Sl section 3). This may be attributed to CaCOs
accumulation (Figure S4c). Co-feeding H,0 from cycle 31 onwards improves the CO; captured,
which indicates the beneficial impact of steam addition during carbonation on the reactivity
of Ca0 as previously reported?, given that mild carbonation conditions of temperature and
CO3 concentration are applied*.

The H,:CO ratio of the product gas remains stable between 9 and 10 during the dry cycles
and decreases further to a value between 7 and 9 during the initial wet cycles. The H;0
accumulation after cycle 45 described earlier affects the H,:CO ratio negatively by hampering
H; conversion through the rWGS and methanation reaction. CaO utilization, which expresses
the amount of CaO utilized with respect to the amount of CaO placed in the reactor, reaches
10-12% throughout the run. The theoretical maximum CaO utilization of 17% is based on the
CO: fed to the reactor and assuming complete (100%) CO> capture. Characterization data of
the DFM comparing its fresh and after long-term stability tests via N2 sorption, H2-TPR, XRD,
and STEM-EDX along with SEM-EDX data for compositional analysis of the as prepared

material are provided in section 4 of the SI.

4. Conclusions

A dual functional material (DFM) comprising 40 wt.% NiO, 40wt.% CaO and 20wt.% CeO;
was prepared using a simple wet physical mixing method for an integrated CO; capture and
utilization process. Reactor tests proved that the selected DFM effectively utilizes 1) the CO;
sorption capability of CaO to capture CO, from a diluted CO; stream in one step and 2) the
catalytic activity of Ni to convert the captured CO; with fed H; in the subsequent CO;
conversion and regeneration step.

For industrial operation of such a process, the H; feedstock during the regeneration step
should be of a high purity to avoid complex and costly downstream separation. The
experimental results of this work indicate that the concentration of H; in the regeneration gas
has a significant impact on the selectivity of CO2 conversion to either CH4 or CO. The increased
selectivity to CHs at higher H, concentrations, which closely approximates a realistic
regeneration gas, is remarkable given the high operating temperature (~973 K) and low total

pressure (~120 kPa). The average space-time yield of CO was most promising at 973 K
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reaching more than 300 kgco Mreactor> h™L. Hence, 973 K was chosen as the temperature at
which long-term stability of the material was further investigated. These experiments were
performed by executing 30 cycles using synthetic feed gases, i.e. a gas containing 10% mol
CO2 and 2 mol% O during the CO; capture step and 75 mol% H> during the CO2 conversion
and regeneration step. The reproducible experiments verified that the DFM did not undergo
deactivation over the course of these cycles. 30 additional cycles were executed by adding
steam (20 mol%) to the synthetic CO,-containing flue gas along with O,. These experiments
further confirmed that the DFM withstands the presence of steam and even improves its
performance to some extent. The cyclic process maintained a CO, capture STY and CO STY
of more than 850 kgco, Mreactor> h™* and 300 kgco Mreactor> h™! while producing a stream with
an H»:CO ratio between 7 and 12.

This work shows that Ni-Ca-Ce DFMs are promising materials for integrated CO; capture
and conversion processes exhibiting enhanced stability under operating conditions which
include the presence of O; and H,0 in the CO;-containing flue gas and concentrated H; feed
for utilizing the captured CO,. Although relatively low, the observed selectivity of CO;
conversion to CHa is undesirable because it consumes valuable H; and adds further complexity
to the downstream separation and utilization of the product syngas stream. Future efforts
towards tuning the selectivity of CO; conversion, further reducing the H,:CO ratio, improving
the efficiency of H; utilization, and analyzing engineering solutions for heat management will

pave the way to commercial deployment of this technology.
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