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A B S T R A C T   

To mitigate global warming and achieve a sustainable society, innovative technologies for efficient CO2 utili
zation are required. Integrated CO2 capture and reduction (CCR) using dual-function materials (DFMs) is 
favorable owing to its potentially low energy consumption, capital investment, and processing costs. Although 
numerous studies have focused on catalytic science, continuous and steady-state CCR operations have not been 
sufficiently addressed from an engineering perspective. In this study, a circulating fluidized bed (CFB) system is 
investigated for continuous CCR to syngas (CO + H2). In the CFB system, transition-metal-free DFM (Na/Al2O3) 
particles are circulated between two bubbling fluidized-bed reactors. The DFM captures CO2 in one reactor (CO2 
capture reactor) and reduces the captured CO2 to CO by the reaction with H2 in the other reactor (H2 reactor). 
The effluent gas concentrations from both reactors reach steady state and are maintained for over 8 h. For the 
product gas from the H2 reactor, the CO2 conversion and CO selectivity exceed 80 % and 99 %, respectively. 
However, the H2 conversion is <20 %, indicating a potential challenge for the CFB system for integrated CCR. 
Furthermore, this study confirms that the H2/CO ratio for syngas can be controlled by adjusting the experimental 
conditions (particularly, the H2 flow rate). Consequently, the CFB system can be modified to facilitate the 
interaction between H2 gas and the DFM particles.   

1. Introduction 

The Intergovernmental Panel on Climate Change (IPCC), in its sixth 
report, concluded that anthropogenic emissions of greenhouse gases 
(GHGs) have unequivocally caused global warming [1]. Global net 
emissions of the primary GHG, carbon dioxide, have continually 
increased and reached 59 GtCO2-eq in 2019; more than 60 % of the CO2 
emissions were found to originate from fossil fuels and industry [2]. The 
development of innovative technologies for carbon dioxide capture, 
utilization, and storage (CCUS) is essential for controlling global 
warming and achieving a sustainable society. CCUS technologies 
generally require a series of operations such as CO2 capture, desorption, 
purification, compression, and transportation before CO2 utilization, 
including conversion or storage [3–8]. The utilization of CO2 is prefer
able to its storage from the perspective of exploiting CO2 as a carbon 
source to produce fuels and value-added chemicals. 

Recently, various studies have been conducted to investigate the 
viability of integrated CO2 capture and utilization (ICCU) or CO2 capture 
and reduction (CCR), wherein CO2 is captured by an absorbent and 
directly converted into the desired product without being desorbed. The 
advantage of CCR is that the operations between CO2 capture and uti
lization are eliminated; thus, energy consumption and costs for capital 
investment and processing can be substantially reduced. Techniques for 
CO2 capture using amine solutions have been combined with thermo
catalytic [9–11] and electrocatalytic [12,13] CO2 conversion. Although 
such gas–liquid absorption techniques are industrially established for 
CO2 capture, amine solutions are typically unstable under heating con
ditions exceeding 100 ◦C and generate emissions of harmful thermal 
degradation products [14–16]. This limits the scope of CO2 conversion 
reactions to those with sufficient reaction rates at extremely low tem
peratures. In contrast, the integration of CO2 conversion with CO2 
capture using solid adsorbents is feasible at higher temperatures. 

Abbreviations: CCR, CO2 capture and reduction; CCUS, carbon dioxide capture, utilization and storage; CFB, circulating fluidized bed; DFM, dual-function ma
terial; DRM, dry reforming of methane; GHG, greenhouse gas; RWGS, reverse water gas shift. 
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Consequently, a greater variety of CO2 conversion reactions, such as 
methanation, reverse water gas shift (RWGS), and dry reforming of 
methane (DRM), can be considered. 

Dual-function materials (DFMs) which serve as both solid CO2 sor
bents and catalysts for CO2 conversion have been proposed by pioneer 
research groups [17,18] and investigated by several researchers thus far. 
Alkali or alkaline earth metals including Na [19,20], K [21,22], and Ca 
[23,24] are typically employed as CO2 sorbents in DFMs. Generally, Ca 
requires higher regeneration temperatures (>600 ◦C) to demonstrate its 
excellent capacity for CO2 capture, whereas Na and K can be used at 
lower temperatures with less capacity [25]. Transition metals such as Ni 
[26–29], Ru [30,31], and Cu [21,22] are used in DFMs as catalysts to 
convert the captured CO2 via the desired reaction. Ni is one of the most 
frequently used catalysts in DFMs because of its relatively low cost and 
versatile activity in catalyzing methanation, RWGS, and DRM, which are 
interchangeable depending on the reaction temperature [32,33]. We 
have previously reported CCR to CH4 using Ni-based DFMs promoted 
with Na, K, and Ca [26]. Among the studied DFMs, Na/Ni/Al2O3 showed 
the highest CO2 conversion exceeding 96 % and CH4 selectivity 
exceeding 93 % at 450 ◦C and 0.1 MPa. By pressurizing from 0.1 to 0.9 
MPa, the CH4 production capacity was enhanced from 111 to 160 mmol/ 
g with a model CO2 source (400 ppm) to imitate direct air capture. 
Recently, we have further demonstrated that even transition-metal-free 
DFMs have remarkable activity against CCR to CO [20]. Na/Al2O3 
exhibited excellent performance to achieve a CO2 conversion exceeding 
90 % and CO selectivity exceeding 95 % at 450–500 ◦C and 0.1 MPa. In 
addition, it showed the potential to produce syngas-like mixture with an 
H2/CO molar ratio of 2–3 from atmospheric-level CO2 (400 ppm). The 
absence of transition metals could be advantageous in terms of low 
material cost and environment-friendliness. 

Owing to the early stages of technological development, most studies 
have primarily focused on catalytic science by developing novel DFMs. 
However, the engineering aspects of CCR have not been sufficiently 
emphasized. Studies on DFMs generally involve a fixed-bed reactor and 
intermittent alternating operations for CO2 capture and reduction. 
Although material development is crucial, the development of novel 
CCR processes that enable continuous and steady-state operations is 
essential for industrialization. Continuous operations for CCR to CH4 
[34] and CO [35] have been demonstrated at the lab scale using two 
isothermal fixed-bed reactors packed with DFMs in parallel. This 
method enables an apparent steady-state capture and conversion by 
alternating the feed gases to each reactor. Another approach, namely, a 
circulating fluidized bed (CFB) system, was employed in our previous 
study for CCR to CH4 [36] using approximately 1 kg of the Na/Ni/Al2O3 
DFM. In the CFB system, DFM particles were continuously circulated 
between two fluidized-bed reactors instead of exchanging the feed gases. 
The advantage of this CFB system is that the temperature in each reactor 
can be controlled separately, and an actual steady state in terms of gas 
feed, effluent flow, and concentration, can be achieved. 

In this study, the concept of continuous CCR to syngas (CO + H2) is 
demonstrated by combining our knowledge of transition-metal-free Na/ 
Al2O3 DFM [20] and the CFB system [36]. The obtained results are 
compared with previous results for CCR to CH4 using a Na/Ni/Al2O3 
DFM to determine the bottleneck that reduces the overall efficiency. 
Accordingly, the effects of the operating conditions are investigated to 
elucidate the characteristics of the CFB system and to maximize its 
performance for continuous CCR. 

2. Materials and methods 

2.1. Preparation and characterization of DFM 

γ-Al2O3 (Neobead MSC#300, Mizusawa Industrial Chemicals, Ltd.) 
was used as a support for the DFM, and Na2CO3 (guaranteed reagent, 
Fujifilm Wako Pure Chemical Corp.) was used as the precursor. The 
transition-metal-free Na/Al2O3 DFM was prepared by the wet 

impregnation of an aqueous solution of Na2CO3 on γ-Al2O3. The 
impregnated samples were dried at 110 ◦C for 12 h and subsequently 
calcined in air at 550 ◦C for 4 h. The alkali-metal loading was set to 16 wt 
% in the carbonate form. The textural properties and crystalline struc
tures of the prepared DFM was characterized by N2 adsorp
tion–desorption and powder X-ray diffraction (XRD) analyses, similar to 
our previously reported process [20]. In addition, the minimum fluid
ization velocity of the sample was experimentally determined from the 
relationship between the pressure drop in the DFM bed and the gas 
velocity, as described in the Supplementary Material. 

2.2. Continuous CCR to CO in the CFB system 

Fig. 1 shows a schematic of the CFB setup. Approximately 600 g of 
the prepared Na/Al2O3 DFM was loaded into the CFB system and 
continuously circulated in two bubbling fluidized-bed reactors, i.e., the 
CO2 capture and H2 reactors. The CO2 capture reactor was maintained at 
200–500 ◦C with external heating, and 2 vol% CO2/N2 (flow rate = 8 L/ 
min) was supplied to the bottom of the reactor. The Na sites in the DFM 
selectively captured CO2 in this reactor. The flow rate of the CO2-con
taining gas was sufficiently high to fluidize the DFM particles in the CO2 
capture reactor and to entrain the DFM particles from the reactor to a 
cyclone through the riser. The entrained DFM particles and the CO2-lean 
gas entered the cyclone, where they were separated. The vented CO2- 
lean gas was analyzed using a dual-channel micro gas chromatograph 
(GC) equipped with thermal conductivity detectors (Agilent 490, Agilent 
Technologies, Inc.) after water vapor was condensed. 

Subsequently, the DFM particles were accumulated in the upper loop 
seal, preventing the undesired mixing of gases between the two reactors. 
As N2 was supplied to the loop seal at a relatively low flow rate of 
approximately 0.15 L/min, the overflowing DFM particles were 
continuously entrained to the H2 reactor. The H2 reactor was maintained 
at 500–700 ◦C with an electric heater, and H2 was supplied to the bottom 
of the reactor at a flow rate of 0.4–2.0 L/min. In this reactor, the DFM 

Fig. 1. Schematic of the circulating fluidized bed (CFB) system with Na/Al2O3 
dual-function material (DFM). 
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particles were regenerated by releasing the captured carbon, primarily 
as CO. Subsequently, the DFM particles returned to the CO2 capture 
reactor through the lower loop seal. The product gas was vented from 
the top of the H2 reactor and analyzed using a micro-GC after water 
vapor was condensed. 

For quantitative analysis, the data obtained from the CO2 capture 
reactor was used to calculate the CO2 capture efficiency (ηCO2

) as 
follows: 

ηCO2
=

(

1 −
CCO2 − RCO2 ,out

CCO2 − RCO2 ,in

)

× 100 (1)  

where CCO2 − RCO2 ,in and CCO2 − RCO2 ,out represent the CO2 concentrations in 
the feed gas stream and the CO2-lean gas exiting the CO2 capture reactor, 
respectively. Using the data obtained from the H2 reactor, the CO2 
conversion (XCO2 ), selectivity for CO or CH4 (SCO, SCH4 ), and H2 con
version (XH2 ) were calculated as follows: 

XCO2 =

(

1 −
CCO2 − RH2 ,out

CCO2 − RH2 ,out + CCO− RH2 ,out + CCH4 − RH2 ,out

)

× 100 (2)  

SCO =
CCO− RH2 ,out

CCO− RH2 ,out + CCH4 − RH2 ,out

× 100 (3)  

SCH4 =
CCH4 − RH2 ,out

CCO− RH2 ,out + CCH4 − RH2 ,out

× 100 = 100 − SCO (4)  

XH2 =

(

1 −
CH2 − RH2 ,out

CH2 − RH2 ,out + CCO− RH2 ,out + 4CCH4 − RH2 ,out

)

× 100 (5)  

where Ci− RH2 ,out represents the concentration of i (i = CO2, CO, CH4, or 
H2) in the product gas exiting the H2 reactor. 

3. Results and discussion 

3.1. Characterization of DFM 

The characteristics of the prepared DFM are briefly described in this 
section. Further details are provided in the Supplementary Material. N2 
adsorption–desorption analysis revealed that Na impregnation did not 
markedly damage the porous structure of the alumina support 
(Table S1). In the XRD analysis, the distinct diffraction peaks of γ-Al2O3 
and extremely small peaks of Na2CO3 were detected (Fig. S1), indicating 
that the Na sites were well dispersed on the alumina support. As pre
sented in Fig. S2 and Table S2, the relationship between the pressure 
drop in the DFM bed and the gas velocity was used to determine the 
minimum fluidization velocities, which were found to be 1.2, 1.1, and 
0.99 cm/s at 300, 400, and 500 ◦C, respectively. Considering the inner 
diameters of the reactors (approximately 3.8 cm), the minimum fluid
ization velocities were converted to 0.82, 0.76, and 0.68 L/min at 300, 
400, and 500 ◦C, respectively. 

3.2. Demonstration of continuous CCR to CO in the CFB system 

The experimental results of continuous CCR in the CFB system using 
the transition-metal-free Na/Al2O3 DFM are presented in Fig. 2. Here, 
the CO2 capture reactor was maintained at 400 ◦C, the temperature and 
H2 feed flow rate in the H2 reactor were set to 500 ◦C and 0.8 L/min, 
respectively. Fig. 2(a) shows the concentration profile of the CO2-lean 
gas exiting the CO2 capture reactor. Immediately after the CO2-con
taining gas was supplied to the CO2 capture reactor, the CO2 concen
tration gradually increased and remained constant for over 8 h. The 
dashed line in the figure indicates the feed CO2 concentration. This in
dicates that approximately half of the fed CO2 was continuously 
captured in the DFM. One or more carbonation reactions listed below 

are considered to contribute to the CO2 capture.  

Na2O + CO2 ⇌ Na2CO3(6)                                                                    

2NaOH + CO2 ⇌ Na2CO3 + H2O(7)                                                      

NaOH + CO2 ⇌ NaHCO3(8)                                                                 

In addition, H2 was not detected in the CO2 capture reactor despite 
the continuous H2 supply to the H2 reactor, indicating that the loop seals 
successfully prevented the undesired mixing of gases between the two 
reactors. 

Fig. 2(b) shows the concentration profile of the product gas exiting 
the H2 reactor. The CO concentration plateaued above 5 vol% and was 
maintained for approximately 8 h. The captured CO2 in the DFM was 
reduced to CO via the following RWGS-like reactions.  

Na2CO3 + H2 ⇌ Na2O + CO + H2O(9)                                                  

Na2CO3 + H2 ⇌ 2NaOH + CO(10)                                                        

NaHCO3 + H2 ⇌ NaOH + CO + H2O(11)                                             

The formation of CH4 was almost negligible, and the captured CO2 
was selectively reduced to CO. However, more than 1 vol% of CO2 was 
detected, indicating that a fraction of the captured CO2 was released 
from the DFM without being converted into CO. The molar ratio of 
unreacted H2 to the produced CO is an important factor in the direct 
utilization of the product gas as syngas. Although the practically feasible 
H2/CO ratio for Fischer–Tropsch or methanol syntheses is 2–3, the 
steady-state value was approximately 11 in the present study. The in
clusion of CO2 in CO + H2 syngas can be beneficial, as considered in 
industrial syngas-to-methanol processes. However, for brevity and bet
ter process controllability, the discussion in this section focuses on the 
H2/CO ratio without CO2. Methods to improve the H2/CO ratio are 
discussed in Section 3.4. 

The outputs from both reactors were stable over 8 h, and CCR was 

Fig. 2. Concentration profiles of (a) CO2-lean gas exhausted from the CO2 
capture reactor at 400 ◦C and 8 L/min flow of 2 vol% CO2/N2 and (b) product 
gas exhausted from the H2 reactor at 500 ◦C and 0.8 L/min flow of 100 % H2. 
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expected to be repeated for more than 100 cycles during this operation, 
assuming the similar circulation rate of 320 cm3/min (approximately 3 
min for one cycle) to our previous result [36]. Herein, one cycle of cir
culation in the CFB system is represented by the DFM particles passing 
once through the CO2 capture reactor and H2 reactor (Refer to Table S3 
for details). The textural properties and crystalline structures of the as- 
prepared and used DFM samples were compared (Table S1 and 
Fig. S1). No obvious degradation of DFM was observed during its use in 
the CFB system. Although a considerably longer stability test is neces
sary, the Na/Al2O3 DFM can enable steady-state operation. 

3.3. Identifying bottlenecks of CCR in the CFB system 

To identify possible bottlenecks of CCR to CO in the CFB system, the 
abovementioned experimental results are further discussed in compar
ison with our previous results [36] obtained for CCR to CH4 by circu
lating the Na/Ni/Al2O3 DFM in an identical setup. The previous results 
for similar experimental conditions are shown in Fig. S3. Based on the 
concentration profiles of the two DFMs, the CO2 capture efficiency (ηCO2

) 
in the CO2 capture reactor and the CO2 conversion (XCO2 ), selectivity to 
CO or CH4 (SCO, SCH4 ), and H2 conversion (XH2 ) were calculated and 
compared (Table 1). The Na/Ni/Al2O3 DFM captured more than 85 % of 
CO2 from the feed stream (2 vol% CO2/N2) in the CO2 capture reactor, 
whereas the Na/Al2O3 DFM captured only 56 %. However, in previously 
reported experiments using a typical fixed-bed reactor setup, the Na/ 
Al2O3 DFM exhibited a comparable CO2 capture performance to that of 
the Na/Ni/Al2O3 DFM [20,26]. The reason for this difference is clarified 
through a further discussion of the H2 reactor. 

In the H2 reactor, the Na/Al2O3 DFMs exhibited an excellent CO 
selectivity of >99 %, and the formation of CH4 was negligible. CO2 
conversion was greater than 80 % in the absence of transition metals. 
The detailed reaction mechanism of the transition-metal-free DFM is 
currently under investigation and will be reported in the near future. 
Nevertheless, the CO2 conversion using Na/Al2O3 was lower than that 
using Na/Ni/Al2O3, indicating that additional CO2 was released from 
the DFM without being converted into products. The H2 conversion 
using Na/Al2O3 was only one-tenth of that using Na/Ni/Al2O3. Although 
the nature of the reaction is different (RWGS vs. methanation) and the 
required H2 amount differs depending on the amount of captured CO2, 
the results indicate that the reaction rate of Na/Al2O3 in CO2 reduction 
should be lower than that of Na/Ni/Al2O3. 

In summary, the low reaction rate of Na/Al2O3 in CO2 reduction is 
considered a bottleneck that limits the overall reaction efficiency of the 
CFB system. Only a fraction of the captured CO2 is reduced to form CO in 
the H2 reactor, implying that Na/Al2O3 is not sufficiently regenerated 
for the subsequent CO2 capture. Therefore, the Na/Al2O3 particles, 
which retain CO2, flow back into the CO2 reactor, resulting in less CO2 
capture. Nevertheless, because the reaction behaviors in the two 
fluidized-bed reactors affect each other, this bottleneck should be 
carefully examined by changing the experimental conditions in both 
reactors. 

3.4. Effect of operating conditions in the H2 reactor on overall CCR 
behavior 

To overcome the bottleneck and enhance the CCR performance, the 
effect of the operating conditions in the H2 reactor on the overall reac
tion behavior was investigated. Fig. 3 presents the experimental results 
for different H2 flow rates and temperatures in the H2 reactor. The flow 
rates relative to the minimum fluidization velocity at 500 ◦C (u/umf) are 
shown in the legend. The temperatures shown in the figure represent the 
values measured in the experiments. 

Initially, the effects of the H2 flow rate were evaluated. Fig. 3(a) 
shows the increase in the CO2 capture efficiency with the H2 flow rate, 
despite no change in the operating conditions of the CO2 capture reactor. 
This suggests that the bottleneck in the H2 reactor was mitigated by 
increasing the H2 flow rate. The increase in the CO2 capture efficiency 
was drastic when changing the H2 flow rate from 0.4 to 0.8 L/min and 
was stabilized above 0.8 L/min. Similarly, the CO2 conversion in the H2 
reactor improved when the H2 flow rate was increased from 0.4 to 0.8 L/ 
min, particularly at lower temperatures, whereas no significant differ
ence was observed between 0.8 and 1.6 L/min (Fig. 3(b)). The increase 
in CO2 conversion indicates a decrease in the proportion of unreacted 
CO2 in the product gas in the H2 reactor. 

The marked change in performance upon increasing the H2 flow from 
0.4 to 0.8 L/min can be understood in terms of the minimum fluidization 
velocity, which coincides with this flow rate range (Section 3.1). 
Particularly, the fixed DFM bed changes to a fluidized bed in this range, 
resulting in a more efficient interaction and reaction between the 
flowing H2 gas and DFM particles retaining CO2. Consequently, the DFM 
particles are regenerated by releasing or reacting with the captured CO2 
at an H2 flow rate of 0.8 L/min. The more effectively regenerated DFM 
particles return to the CO2 capture reactor and can capture more CO2. As 
shown in Fig. 3(c), particularly above the minimum fluidization veloc
ity, the H2 conversion at 1.6 L/min was lower than that at 0.8 L/min, 
indicating that the excess H2 supply flowed out unreacted. As observed 
in Fig. 3(d), the H2/CO ratio at 1.6 L/min was higher than that at 0.8 L/ 
min. The excess H2 resulted in higher concentrations of the unreacted H2 
and lower concentrations of the produced CO in the product gas. This is 
the reason for higher H2/CO ratios with higher H2 flow rates. On the 
other hand, the CO selectivity approached 99 % and was unaffected in 
the investigated H2 flow rate range. 

Subsequently, the effects of reaction temperature in the H2 reactor 
were examined. Fig. 3(a)–(c) show that the CO2 capture efficiency, CO2 
conversion, and H2 conversion increase with increasing temperature. 
Higher hydrogenation temperatures favor endothermic CO formation 
reactions (Eqs. (9)–(11)) in terms of both thermodynamics and kinetics; 
therefore, these interrelated characteristics improved with increasing 
temperature. Particularly, the H2/CO ratio decreased with increasing 
temperature and approached 6 at 0.8 L/min and the highest temperature 
in the H2 reactor. Although the H2/CO ratio was still as high as that of 
practical syngas, this experimental result confirmed that the H2/CO 
ratio could be controlled depending on the operating conditions. How
ever, the CO selectivity was not affected by the temperature in the H2 
reactor or the H2 flow rate in the studied range. 

Therefore, the CFB system shows better CCR performance at H2 flow 
rates that are slightly higher than the minimum fluidization velocity and 
at higher temperatures. Nonetheless, the originally white DFM particles 
gradually turned gray as the temperature increased above 600 ◦C (data 
not shown). This could be attributed to the deposition of carbon by 
coking reactions, which may decrease the activity of the DFM. Further 
investigation is necessary to determine the optimum temperature for 
balancing the reaction efficiency and durability of the DFM. 

3.5. Effect of operating conditions in the CO2 reactor on overall behavior 

Furthermore, the effects of the operating conditions of the CO2 
capture reactor on the overall reaction behavior were investigated. 

Table 1 
Comparison of CO2 capture efficiency (ηCO2

), CO2 conversion (XCO2 ), selectivity 
to CO or CH4 (SCO, SCH4 ), and H2 conversion (XH2 ) with the two DFMs.  

DFM CO2 capture 
reactor 

H2 reactor 

ηCO2 
[%] XCO2 [%] SCO [%] SCH4 

[%] 
XH2 

[%] 

Na/Al2O3 55.7 ± 2.3 82.0 ±
4.9 

99.6 ±
0.5 

0.4 ±
0.5 

8.1 ±
0.6 

Na/Ni/Al2O3  

[36] 
>85 >99 <1 >99 >85  
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Because the feed flow rate to the CO2 capture reactor is a critical engi
neering factor that can disrupt the smooth circulation of DFM particles, 
only the effect of temperature was studied. Fig. 4 depicts the experi
mental results wherein the H2 flow rate and temperature in the H2 
reactor were set to 0.8 L/min and 500 ◦C, respectively, based on the 
abovementioned discussion. The CO2 capture efficiency slightly 
increased upon decreasing the temperature in the CO2 capture reactor, 
because exothermic CO2 capture reactions (Eqs. (6)–(8)) thermody
namically favor lower temperatures. 

As the CO2 capture efficiency increased, additional CO2 was intro
duced into the H2 reactor by the DFM particles, thereby increasing the 
H2 conversion. Consequently, the H2/CO ratio was decreased. The CO2 
conversion in the H2 reactor decreased slightly with increasing tem
perature in the CO2 capture reactor, whereas the CO selectivity 
remained constant. This trend suggests that a greater inflow of CO2 (as 
captured in the DFM) into the H2 reactor increased the proportion of 
desorbed CO2 that was not reduced to CO. To suppress the decrease in 
CO2 conversion, the reaction efficiency must be improved in terms of 
kinetics by catalyst engineering in the H2 reactor (Section 3.3). 

4. Conclusion 

Transition metal-free Na/Al2O3 DFM particles were circulated be
tween two fluidized-bed reactors for CCR. In the CO2 capture reactor, 
approximately half of the supplied CO2 was continuously captured by 
the DFM. Subsequently, the CO2 captured in the DFM was reduced in the 
H2 reactor and a syngas-like mixture of H2/CO was obtained; the CO2 
conversion and CO selectivity exceeded 80 % and 99 %, respectively. 
The effluent gas concentrations from both reactors were stable for more 
than 8 h, indicating the successful demonstration of continuous and 
steady-state CCR of syngas using the Na/Al2O3 DFM in the CFB system. 
However, the H2 conversion was less than 20 % under the studied 
conditions, and H2/CO was still exceedingly high for the direct use of the 
product gas as syngas. If the H2 conversion is successfully improved to 
produce additional CO, the H2/CO ratio can fall within the target range. 
This study confirms that the H2/CO ratio can be controlled by varying 
the reaction conditions, such as the H2 flow rate. Although longer resi
dence time of the feed gas would be beneficial to compensate for the 
slow reaction kinetics of the transition-metal-free DFM, the gas flow rate 
should excess the minimum fluidization velocity in the CFB system. 
Accordingly, the dimensions and configuration of the CFB system will be 

Fig. 3. Effect of H2 flow rate and temperature in the H2 reactor on (a) CO2 capture efficiency in the CO2 capture reactor and on (b) CO2 and (c) H2 conversion, (d) H2/ 
CO ratio, and (e) selectivity of CO in the H2 reactor. 
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effectively upgraded in the near future to enhance the interaction be
tween the reaction gas and DFM particles. 
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R. González-Velasco, Tuning basicity of dual function materials widens operation 
temperature window for efficient CO2 adsorption and hydrogenation to CH4, 
J. CO2 Util. 58 (2022) 101922, https://doi.org/10.1016/j.jcou.2022.101922. 

[31] C. Jeong-Potter, M. Abdallah, C. Sanderson, M. Goldman, R. Gupta, R. Farrauto, 
Dual function materials (Ru+Na2O/Al2O3) for direct air capture of CO2 and in situ 
catalytic methanation: the impact of realistic ambient conditions, Appl. Catal. B 
307 (2022) 120990, https://doi.org/10.1016/j.apcatb.2021.120990. 

[32] S.B. Jo, J.H. Woo, J.H. Lee, T.Y. Kim, H.I. Kang, S.C. Lee, J.C. Kim, CO2 green 
technologies in CO2 capture and direct utilization processes: methanation, reverse 
water-gas shift, and dry reforming of methane, Sust. Energy Fuels 4 (2020) 
5543–5549, https://doi.org/10.1039/D0SE00951B. 

[33] L.-P. Merkouri, T.R. Reina, M.S. Duyar, Feasibility of switchable dual function 
materials as a flexible technology for CO2 capture and utilisation and evidence of 
passive direct air capture, Nanoscale (2022), https://doi.org/10.1039/ 
D2NR02688K. 

[34] L. Li, Z. Wu, S. Miyazaki, T. Toyao, Z. Maeno, K. Shimizu, Continuous CO2 capture 
and methanation over Ni–Ca/Al2O3 dual functional materials, RSC Adv. 13 (2023) 
2213–2219, https://doi.org/10.1039/D2RA07554G. 

[35] L. Li, S. Miyazaki, S. Yasumura, K.W. Ting, T. Toyao, Z. Maeno, K. Shimizu, 
Continuous CO2 capture and selective hydrogenation to CO over Na-promoted Pt 
nanoparticles on Al2O3, ACS Catal. 12 (2022) 2639–2650, https://doi.org/ 
10.1021/acscatal.1c05339. 

[36] F. Kosaka, T. Sasayama, Y. Liu, S.-Y. Chen, T. Mochizuki, K. Matsuoka, A. Urakawa, 
K. Kuramoto, Direct and continuous conversion of flue gas CO2 into green fuels 
using dual function materials in a circulating fluidized bed system, Chem. Eng. J. 
450 (2022) 138055, https://doi.org/10.1016/j.cej.2022.138055. 

T. Sasayama et al.                                                                                                                                                                                                                              

https://doi.org/10.1021/jacs.7b12183
https://doi.org/10.1021/jacs.7b12183
https://doi.org/10.1039/C7GC03069J
https://doi.org/10.1021/acs.iecr.0c05848
https://doi.org/10.1016/j.ijggc.2012.06.015
https://doi.org/10.1016/j.ijggc.2012.06.015
https://doi.org/10.1021/ef020272i
https://doi.org/10.1016/j.egypro.2009.01.045
https://doi.org/10.1016/j.egypro.2009.01.045
https://doi.org/10.1016/j.apcatb.2014.12.025
https://doi.org/10.1016/j.jcou.2016.04.003
https://doi.org/10.1016/j.jcou.2016.04.003
https://doi.org/10.1016/j.fuel.2022.125283
https://doi.org/10.1016/j.fuel.2022.125283
https://doi.org/10.1016/j.jcou.2022.102049
https://doi.org/10.1039/C5TA09461E
https://doi.org/10.1039/D2CY00228K
https://doi.org/10.1039/D2CY00228K
https://doi.org/10.1016/j.apcatb.2018.11.040
https://doi.org/10.1016/j.apcatb.2018.11.040
https://doi.org/10.1016/j.apcatb.2020.119734
https://doi.org/10.1016/j.apcatb.2020.119734
https://doi.org/10.1039/D1SE00797A
https://doi.org/10.1039/D1SE00797A
https://doi.org/10.1021/acssuschemeng.0c07162
https://doi.org/10.1016/j.fuel.2022.124094
https://doi.org/10.1016/j.fuel.2022.124094
https://doi.org/10.1016/j.seppur.2022.122455
https://doi.org/10.1016/j.seppur.2022.122808
https://doi.org/10.1016/j.jcou.2022.101922
https://doi.org/10.1016/j.apcatb.2021.120990
https://doi.org/10.1039/D0SE00951B
https://doi.org/10.1039/D2NR02688K
https://doi.org/10.1039/D2NR02688K
https://doi.org/10.1039/D2RA07554G
https://doi.org/10.1021/acscatal.1c05339
https://doi.org/10.1021/acscatal.1c05339
https://doi.org/10.1016/j.cej.2022.138055

	Continuous CO2 capture and reduction to CO by circulating transition-metal-free dual-function material in fluidized-bed rea ...
	1 Introduction
	2 Materials and methods
	2.1 Preparation and characterization of DFM
	2.2 Continuous CCR to CO in the CFB system

	3 Results and discussion
	3.1 Characterization of DFM
	3.2 Demonstration of continuous CCR to CO in the CFB system
	3.3 Identifying bottlenecks of CCR in the CFB system
	3.4 Effect of operating conditions in the H2 reactor on overall CCR behavior
	3.5 Effect of operating conditions in the CO2 reactor on overall behavior

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


