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ABSTRACT

Carbon capture and utilization (CCU) represent a promising strategy to reduce CO, emissions and promote a sustainable economy. We report an integrated CCU
(ICCU) process by integrating CO, capture with reverse water gas shift reaction by applying simple and low-cost CaO as both sorbent and catalyst. By switching
the feeding gas from CO, source to H, isothermally, up to 75% of captured CO, was 100% converted into CO at 600-700 °C and the cycle performance of CaO was
significantly improved under ICCU condition. In addition, the simulation confirms the significant economic advantage compared to similar traditional processes. The
work could dramatically reduce the cost of materials and simplify CCU processes to advance the development and deployment of carbon neutrality technologies.

One-Sentence Summary: A low-cost and widely used material, CaO, was used to not only adsorb CO, efficiently but also in situ convert CO, into valuable syngas
with > 75% CO, conversion to realise carbon neutrality, which is a vital target for sustainable future development.

Global climate change is one of the most challenging issues facing the
world today, such as ocean acidification (Doney et al., 2009), sea-level
increase (Tripati et al., 2009) and extreme weather (Cai et al., 2015)
etc. These changes result from the vast emissions of CO, (Blamey et al.,
2010). In the last half-century, the concentration of CO, has exhibited
a dramatic increase from ca. 310 to over 410 ppm owing to the large-
scale utilization of fossil fuels and various chemical refinery processes
(Lackner, 2003, Yu et al., 2008, Hu et al., 2016). Carbon capture and
utilization (CCU) has a great potential to develop a circular economy
and mitigate global warming. CO, could be an efficient energy storage
chemical if used to produce fuels and chemicals with a high energy den-
sity (Buelens et al., 2016). Although CO, is a thermodynamically and
chemically stable molecule under standard conditions, CCU represents
an attractive carbon building block in organic synthesis to mitigate cli-
mate change.

Typically, CCU has a few steps, including CO,, capture, storage, trans-
portation, and utilization. The current state-of-the-art CCU process, in-
cluding CO,, capture and CO, utilization, is researched separately. Thus,
a large amount of energy is required for CO, storage and transportation.
Recently, CO, capture and utilization have been integrated (Sun et al.,
2019, Sun et al., 2021, Sun et al., 2020). In the integrated CO, capture
and utilization (ICCU) process, dual functional materials (DFMs), a com-
bination of sorbent and catalyst, can capture CO, from flue gas. After
CO, capture, a reducing agent (e.g. Hy) can regenerate the DFMs and
simultaneously convert the captured CO, into valuable chemicals (e.g.
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CO). For both conventional and integrated CCU, the utilization of CO,
requires a catalyst and sorbent.

Furthermore, a transition-metal-based catalyst (e.g. Ni-, Cu- and Ru-
based) is known to be essential (De et al., 2020, Chen et al., 2020,
Zhang et al., 2020). However, the deactivation of transition-metal-based
catalysts is common and is a significant challenge for CO, utilization.
Besides, these catalysts have high costs and cause environmental pol-
lution during the preparation and disposal of catalysts. Thus, finding
efficient non-transition-metal-based catalysts for CO, utilisation will be
promising and essential for CCU development.

Here we report a novel ICCU process using environmental-friendly,
and cost-effective CaCO5 derived CaO as both effective adsorbent and
highly efficient catalyst to produce high purity syngas. The proposed
process vastly reduces the material cost for ICCU and effectively miti-
gates the challenges in the deactivation of transition-metal-based DFMs
in conventional CCU processes. As an adsorbent and catalyst, CaO ex-
perimentally achieved impressive carbon processing throughput, CO,
conversion (> 75%) and CO yield (Fig. 1). In this work, the reaction
temperature has shown a significant effect on the ICCU performance. A
higher temperature is more active for CO generation, yielding 0.34, 1.53
and 4.15 mmol/gc,q at 600, 650 and 700 °C in 28 mins, respectively. In
contrast, CO, conversion is slightly decreased with the increase of reac-
tion temperature, from 88.09% at 600 °C to 75.48% at 700 °C (Fig. 1)
due to the enhanced CO, desorption kinetics. Furthermore, CH, is not
detected in the overall conversion process and CO, was completely con-
verted to CO.
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Fig. 1. The yield, conversion and selectivity of CO, and CO in ICCU using CaO-
alone. (ICCU over CaO: 500ml/min 15%CO,/N, carbonation for 30 min, N,
purge for 2 min, 500ml/min H, regeneration for 28 min, cat.= 5.0g CaO; RWGS
over CaO: H,/CO,=4:1, cat.= 5.0g CaO)

By investigating the reaction mechanism using in-situ diffused re-
flectance infrared Fourier transform spectroscopy coupled with mass
spectrum (DRIFTS-MS), we confirm the formation of calcium carbon-
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ate (CaCO3) during the CO, adsorption (character peaks assigned in
Fig. S4a). And we found the direct reaction between H, and carbon-
ates by the dissociation of carbonates into surface hydroxyl and CO (fig.
S4b). It is noted that the conversion of CO, in the ICCU process using
CaO-alone is still higher than most of the reported CO, conversion from
conventional reverse-water-gas shift reaction (RWGS) where transition-
metal-based catalysts were used (fig. S8) (Daza and Kuhn, 2016). We
further replaced H, with N, to confirm the exceptional performance of
CaO in ICCU, and there is no distinct CO production in the presence of
N,. It is interesting to observe that the yield of CO, is similar in both N,
and H, atmosphere during the utilization stage of ICCU. For example,
the yield of CO, is 1.34 and 1.53 mmol/gc,o, and the yield of CO is
4.15 and 0.01 mmol/g¢,o at 700 °C in H, and N,, respectively. There-
fore, it is proposed that CaO acts as CO, adsorbent and catalyses CO,
for producing CO by directly reducing carbonates with the assistance of
H,, which is also confirmed by in situ DRIFTS-MS (fig. S4b and S4c).
The ICCU mechanism of CO, adsorption over CaO and the H, regenera-
tion of CaCO5 were proposed in fig S5 and discussed in Supplementary
Text. Typically, the extensive hydroxyl groups in the initial hydrogena-
tion stage indicate the effective H, dissociation on the surface of CaCO5,
and the CO can be dissociated from the hydrogenated carbonate and re-
leased out quickly. The formates species or the hydrogenated carbonate
(as shown in Fig. S5) might be the critical intermediates. Notably, the
CaO used in this work is more cost-effective than the widely used transi-
tion metal-based catalysts, while achieving higher CO, conversion and
excellent CO selectivity (fig. S8). These results demonstrate this simple
process’s technical and economic advantages from the perspectives of
CO, conversion, CO selectivity, and low-cost and robust materials.
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Fig. 2. Cyclic carbonation and H,-regeneration performance of CaO under isothermal (600 °C, 650 °C and 700 °C) and non-isothermal conditions (carbonate at 650
°C and regenerate at 850 °C). (a) Cyclic capacity of CO, capture; (b) Comparison of dynamic profiles of 2nd and 50th cycles; (c) Comparison of carbonatation and
regeneration rate in cycles;(d) Comparison of carbonatation and regeneration time in cycles. (carbonation rates and times were calculated from the rapid adsorption

stage)
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Fig. 3. Schematic diagram of improved ICCU process

The excellent performance of CaO-alone in ICCU has been extended
to its stability. Using TGA analysis at 600 °C under CO, and H, switch-
ing, we obtain a very stable ICCU performance after 154 cycles of car-
bonation and regeneration in relation to weight changes, reducing from
4.1 mmol/gc,o in the 1st cycle to 3.6 mmol/gc,o in the 150th cycle
(Fig. 2a and fig. S13). The lower initial adsorption capacity at 600 °C is
mainly caused by the slow kinetics of CaCO; regeneration. That is, CaO
can not fully return to the initial state before the 2d carbonation cycle
(fig. S13). However, such incomplete desorption has shown extremely
excellent cyclic performance. In contrast, higher initial adsorption ca-
pacities are obtained at 650 °C and 700 °C (12.44 and 10.66 mmol/gc.o
in the 1st cycle, respectively) due to the enhanced kinetics (fig. S14 and
S15). However, the capacity of CO, capture is significantly reduced in
the initial 30 cycles, decreasing to 5 and 4 mmol/g,c at 650 °C and 700
°C, respectively. In terms of long-term stability, the cycle performance at
600 °C is superior to 650 °C and 700 °C, corresponding to 3.72, 3.61 and
2.12 mmol/g¢,o after 120 cycles, respectively. The severity of sintering
under various temperatures can be clearly observed from SEM (fig. S17).
The above results demonstrate both acceptable adsorption performance
and the long-term stability of CaO under isothermal conditions.

We further investigated the influence of regeneration temperature
on the performance of CaO. After 50 cycles of ICCU, the regeneration
of CaO at 850 °C in H, results in a significant reduction of CO, capture
capacity from 12.45 to 2.12 mmol/gc,o (Fig. 2a). This is due to the sin-
tering of CaO particles at high regeneration temperature (Valverde et al.,
2014) (fig. S17e). In addition, we investigated the kinetic performance
for carbonation and H, regeneration (Fig. 2b, 2c and 2d). The carbona-
tion rate of rapid adsorption is decreased with the increase of carbona-
tion temperature, while the carbonation time is prolonged. The carbon-
ation kinetics are directly related to the efficiency of industrial appli-
cations, represented by the flue gas throughput of per unit of CaO at
per unit time. Compared to the carbonation rate, faster regeneration is
more correlated to the deactivation of CaO derived from the fast volume
shrinkage from CaCO5 (36.9 cm®/mol) to CaO (16.9 cm3/mol) (Fig. 2c)
(Dean et al., 2011).

In addition, regenerating CaO in CO, should be responsible for the
deactivation of CaO (Dean et al., 2011, Perejon et al., 2016). By chang-
ing the regeneration atmosphere from H, to CO, at 850 °C, we observe
rapid deactivation, especially in the initial 30 cycles (fig. S16a). There-
fore, the deactivation of CaO can be effective prohibited in H, regener-
ation. More importantly, the regeneration of CaO under H, could well
retain the characteristics of rapid adsorption of CaO in cycles of car-
bonation and regeneration (fig. S16b), which is beneficial for practical
applications by shortening the carbonation stage.

Based on the above results, we propose an improved ICCU process
including CO, capture, conversion and re-capture to deliver pure syn-

gas from flue gas (as illustrated in Fig. 3). The improved ICCU process
has three steps, including 1) using CaO-alone to capture CO, from flue
gas to reduce CO, emission; 2) using the mixture of CaO/CaCOj as the
catalyst to regenerate CaCO3 and to convert the captured CO, into CO
by switching gas to H,; 3) using another same CaO bed as a sorbent to
remove un-reacted CO, to produce pure syngas, and the saturated CaO
can be similarly regenerated by introducing H,. Since no other metal
catalysts are added, the deactivated CaO can be used for cement manu-
facturing to avoid secondary pollution.

Using Aspen Plus® to model and simulate the proposed ICCU pro-
cess, the techno-economic advantages of using CaO-alone are confirmed
to deliver efficient carbon capture and utilization. The results show that
the cost of producing CO is 292$/ton for the improved ICCU process,
which is much lower than the reference scenario (447%/ton), including
conventional calcium looping, combined with CO, transportation, stor-
age, RWGS and syngas purification. It is noted that only materials and
utility costs are considered here. In addition, the cost of CO, avoidance
of ICCU is reduced from 272 to 184$/ton compared to the reference
scenario. The energy efficiency (power production over thermal energy
input) is also improved from 20% to 25% without the consideration of
heat recovery when the improved ICCU process is applied compared to
the conventional CCU. The critical saving of the improved ICCU process
is related to the low cost of materials, the reduction of CO, storage and
transportation and the intensification of carbon capture and utilization.

To summarize, we experimentally demonstrated the feasibility of a
novel ICCU process for producing syngas from CO, sources from inte-
grated CO, capture and utilization using CaO-alone. The proposed novel
concept significantly improves the cycle stability of CaO in carbon cap-
ture and shortens the whole process to capture and utilize CO, directly
from flue gas. We also demonstrated the advantages of producing pure
syngas with CaO-alone using the ICCU process through Aspen Plus ®
modelling. The produced syngas can be used for liquid fuel production
from commercial processes such as Fischer-Tropsch synthesis.
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