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Abstract

This study reports an isothermal CO; capture strategy using redox-active perovskite oxides and
demonstrates its application in sorption-enhanced hydrogen production. Using a thermodynamic
analysis, we investigated the relationship between the equilibrium oxygen partial pressure and the
extent of CO, sorption as well as the theoretical hydrogen purity. To validate the concept, calcium
and cobalt co-doped SrFeO; (SrixCaxFeiyCoyOs.5) samples were screened experimentally to
assess their (isothermal) CO, sorption capacity and reducibility. The optimal sorbent,
Sro.6CagpaFeo7C003035 (SCFC-6473), underwent further characterizations and was used for
isothermal sorption-enhanced steam reforming (iISESR) of glycerol to produce Ha, achieving 93
vol% H; purity. In addition, we present iISESR of biogas and isothermal sorption-enhanced
gasification (iISEG) of pulverized pine by Sros75sBao.12sMnOss (SBM 718) to validate the
generalizability of the proposed concept for a variety of applications. Nearly 90% syngas
efficiency was demonstrated for iSEG of biomass while producing a hydrogen enriched (73 vol.%)

syngas product.
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1.0 Introduction

CO» emissions have almost tripled since 1960, primarily driven by fossil fuel combustion and
industrial processes.[1] Renewable energy sources such as solar, wind, and biomass are the
ultimate solution towards a low-carbon society.[2,3] However, they still face challenges for
widespread adoption. For instance, wind and solar energy are largely limited to power generation
and confront challenges related to intermittency, which can hinder their integration into wide-area
synchronous grids.[4] Biomass, on the other hand, provides a renewable carbon source for energy,
fuel, and chemical production. However, state-of-the-art approaches for biomass conversion, such
as gasification and pyrolysis, face challenges in terms of complexity, efficiency, and economic
viability.[5,6] Therefore, there is a growing demand for intensified processes that can efficiently
convert biomass into hydrogen or hydrogen-enriched syngas. One promising approach is sorption-
enhanced reforming or gasification of biomass and biomass derivatives, which involves the
thermochemical conversion of the carbonaceous feedstock in the presence of a CO; sorbent at high
temperatures. However, the main challenge resides in severe limitations in sorbent performance,
since most sorbents require a significant temperature swing during the endothermic sorbent
regeneration step and are prone to deactivation.[7—11] The same limitations also apply to sorbent-
based COz capture technologies in the context of carbon capture and sequestration in fossil fuel

conversion.[12—19]

All sorbent-based CO> capture methods require a regeneration or decarbonation step aside from
carbon mineralization, which aims to permanently store CO; as stable carbonates. Although a
decrease in CO; pressure by vacuuming could, in theory, drive the decarbonation reaction,
vacuuming alone is usually unable to provide a sufficient driving force for regeneration due to the

strong sorbent-COz interactions. Moreover, achieving and maintaining low vacuum conditions (e.g.
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below 5 kPa) at large scale is a significant cost challenge.[20,21] For practical usage of high-
temperature sorbents for thermochemical biomass conversion (> 500 °C), a substantial temperature
increase is required to achieve efficient regeneration of sorbents.[7,8,11,22,23] The large
temperature swing and strong endothermicity of the decarbonation step lead to a high energy and
economic penalty.[10,24-26] Therefore, a CO;-sorbent that can operate isothermally would
greatly simplify the reactor system design and improve the process efficiency. Unfortunately,
existing high-temperature sorbents, such as CaO or modified Ca0O,[13,27-39] and mixed alkali
oxide and alkaline-earth oxide [24,40-50], all typically require a large temperature increase (> 100
°C) in the context of sorption-enhanced biomass gasification.[51-53] Moreover, they tend to
deactivate under repeated carbonation-decarbonation cycles, unless an energy-intensive sorbent

re-activation step is implemented.[54,55]

This study presents and validates a unique approach to design a new class of sorbent materials
capable of isothermal operation with excellent cyclic stability. This is accomplished by carefully

choosing redox-active mixed oxides that are responsive not only to shifts in external CO> partial

pressure ( Py, ) but also to variations in the oxygen partial pressure ( P, ). The redox-active
component, which induces carbonation under a reducing (low p, ) environment and

decarbonation under an oxidizing (high p, ) environment, introduces a new dimension in sorbent

design and operation. This enables their efficient utilization, especially in the realm of carbon-free
hydrogen production from biogenic feedstocks. Specifically, we first present a thermodynamic
analysis framework to establish the feasibility of the proposed sorbent design strategy and to
facilitate the rational selection of suitable sorbent materials. The performance of these sorbents,

e.g. SrxCaijxFeyCoiy0O35 (SCFC), SrxBaixFeyMniyOss (SBM) was subsequently validated
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experimentally. We initially tested the SCFC materials using TGA on eight different samples.
Following this, SCFC 6482 was examined with in-situ XRD to investigate the dynamic phase
transitions. Subsequently, we tested SCFC 6473 for sorption-enhanced glycerol reforming in a
fixed bed configuration. Lastly, SBM 718 was evaluated for both sorption-enhanced biogas
reforming and biomass gasification to demonstrate the versatility of isothermal sorption

enhancement across various feedstocks.

As illustrated in Fig. 1, the isothermal CO; capture strategy utilizes two reactors with varying

oxygen partial pressure ( P, ). In the first step, during the conversion of a carbonaceous fuel such

as biomass, reducing gases such as H, CO, and/or CH4 are generated, creating a low p,,

environment. The redox-active mixed metal oxides are accordingly reduced, freeing up the highly
basic A-site cations such as Sr** to capture CO». The degree to which the sorbents are carbonated

is largely determined by the extent of metal oxide reduction under the reducing environment. In

the sequential regeneration under a high p,, environment, the carbonated sorbent and reduced

metal oxides will be contacted with air or O to restore the mixed metal oxide phase, releasing the
COs. Integration of redox reactions with CO; absorption/desorption can also tailor the heat
distributions between the two reaction steps, enhancing the process efficiency. Coupling the
carbonation and decarbonation reactions with the external redox environment also creates an
additional dimension in tailoring the sorbent’s operating window and performance by adjusting its

cation composition and redox properties, as elaborated below.
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Fig. 1 Schematic diagram of the isothermal redox-active sorbent looping CO> capture scheme.

MM'O, represents a generic mixed oxide sorbent.

2.0 Thermodynamic analysis approach

The thermodynamic analysis began with the effects of oxygen chemical potential (or equivalently
oxygen partial pressure) on the thermodynamic feasibility of CO> absorption. SrxCajxFeyCo1.yO2 5
and SrxBaixFeyMn;yO25 were selected as examples of redox-active CO> sorbents. Herein, x
denotes the Sr molar fraction in the A-site, and y represents the Fe molar fraction in the B-site. For
example, a simplified reaction scheme of CO2 sorption by Srp.sCaosFeyCoi1.yO2 5 involve Reactions

1-3. Under a reducing, low Po, environment, the B-site cation in the perovskite or brownmillerite

phase is reduced, “freeing up” the highly basic A-site oxide (Reaction 1). The A-site oxide would

then react with COx to form carbonates (Reaction 2 and 3). The low p,, environment is consistent
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with typical gasification or reforming conditions, which produces reducing gases such as H» and

CO.
Sty sCag sFeyCoy 4Oy 5 < 0.5 STO + 0.5 CaO +y FeO + (1-y) CoO +0.25 O,(g) (1)
SrO + CO,(g)«> SrCO; )
Ca0 + CO,(g)«> CaCO; 3)

For single-phase sorbent undergoing an isothermal process, the change in chemical potential is
equivalent to the change in Gibbs free energy (AG), and the standard pressure of the gaseous
species is set to unity. The fugacity of a component in an ideal gas mixture is equal to its partial

pressure P;. Hence, the Gibbs free energies of Reactions 1-3 can be described by Egs. (4-6)

AG,, =AG/, +RTIn p,* 4

AG,, =AG, , +RTn p, )

AG, =AG) +RThp_ (0)
3.c 3.f Co,

The overall Gibbs free energies combining Reactions 1-3 can be described by Eq. (7).
AG, =AG, , +0.5(AG, , +AG, ) ¥

Reactions 1-3 are reversed when the redox-active CO; sorbent is decarbonated and regenerated,

so the change in the overall Gibbs energy during the regeneration step (AG,, ) can be described

by Eq. (11) after combining Egs. 8-10.
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AG,, =-AG/, +RTIn p,* (8)
AG,, =-AG) , +RTInp., )
AG,, =—AG; , +RTn p, (10)

A negative AG,, for a given perovskite sorbent indicates thermodynamic favorability of

reduction-carbonation under a specific O: partial pressure, P, , and COz partial pressure, Pc, -

Likewise, a negative AG,, indicates a thermodynamic favorability of decarbonation.
AG, =AG,, +0.5(AG,, +AG; ) (11)

Furthermore, in the context of sorption-enhanced hydrogen production, the most abundant

component in the gas phase, i.e., hydrogen and steam, can be utilized to estimate the oxygen partial

Pu,

pressure of the system. In this case, the oxygen partial pressure is correlated with , which

Pu,o

can be described by Reaction (12). Therefore, both AG,_and AG,_ are the functions of AGE I

and Pcop, . To assess the thermodynamic favorability of carbonation and regeneration steps,
Pu,o

the following ranges were considered: standard formation energy of the perovskite oxide AGE 7
=30~90 kJ/mol (the range was roughly estimated based on the DFT calculation), Afo,

Pu,
Pco, = 0.00001-0.9 bar. During the regeneration step, —— was varied between 17° to 1 which

H,0
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corresponded to the following Py, range: 0.99~22% bar. We varied the Py, and Py, ratio to

cover a realistic range of reactor conditions for the SESR process.[56]
2H,(g) + 0,(g)«>2H,0(g) (12)

Given the vast material design space for redox activated sorbents, the presented thermodynamic
framework is useful as a first pass for narrowing down suitable candidate materials (without
considering kinetic and transport effects). Sorbent design and operation principles for the
isothermal process are briefly discussed in this section. The isothermal sorption-enhancement
approach incorporates oxygen partial pressure as an additional design variable, enabling a more

precise prediction of favorable phase transition conditions. We initiate our investigation by

exploring the impacts on process variables, namely (i) perovskite composition, (i) P, , and (iii)

Pco, » on the thermodynamic favorability of using SrosCao.sFeyCo1yO25 and Sro.sBao.sFeyMni.
yO25 perovskite oxides for sorption-enhancement. Fig. 2a and 2c illustrate the dependence of

reduction-carbonation and regeneration-decarbonation AG on the gas environment using the

former composition, and Fig. 2b and 2d display the relationship for the latter. The two planes in
each figure represent AG of a specific composition of sorbent with a fixed AGf + of 30 or 90

kJ/mol. Additionally, the equilibrium composition analysis was conducted using Aspen Plus
simulation software. A detailed description of the methodology used for this analysis can be found

in the supplementary file.
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Fig. 2 Overall Gibbs free energy change in the carbonation step as a function of AGB 7> Po,>

and Pco, for (a) SrosCaosFeyCoiyOa5 (b) SrosBaosFeyMniyOa.5; and overall Gibbs free energy

: , . 0
change in the regeneration step as a function of AGL, s Po,»and Pey for (c) SrosCaosFeyCon.

yO2:5 (d) SrosBaosFeyMniyO25 (T=750 °C and Piota=1 atm). The highly favorable region is

marked with a star symbol.
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3.0 Results and Discussion

3.1 Thermodynamic analysis

As shown in Figs. 2a and 2b, the carbonation reaction is favored by an increase in CO; partial
pressure and/or a decrease in O partial pressure, as reflected by a more negative AG,, under such

conditions. This feature is distinct from that of conventional sorbents which responds solely to

CO; partial pressure change. This increased flexibility, i.e., response of the carbonation reaction
to Py, , enhances the tunability of the carbonation process compared to traditional sorbents. By

reducing the O partial pressure, the carbonation reaction can be favorable even at low CO:
concentrations, ensuring a high hydrogen purity. The equilibrium CO> pressure of BaCO3 at 750
°C (0.0036 bar) is much lower than that of CaCO3 (0.26 bar). Therefore, carbonation is more

thermodynamically favorable when the A site incorporates Ba instead of Ca.

Opposite to the carbonation step, the regeneration step is favored under decreased CO: partial
pressure and increased O; partial pressure (Figs. 2¢/d). Regenerating the Ba-doped perovskites is
more difficult than for the Ca-doped perovskites, requiring lower CO> concentrations and higher
O2 concentrations. Therefore, identifying the appropriate compositions of perovskite for the
isothermal operation requires a careful balance of both the carbonation and regeneration steps.
Beyond the two sorbents considered here, this simple and generalized approach can be used to
assess the thermodynamic feasibility of other redox-active sorbents for the sorption-enhanced

Processes.

The H; yield and H; purity, predicted from equilibrium composition analysis for a carbon (char)

gasification process, are illustrated in Fig. 3. The details of the equilibrium analysis are presented

11
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Resulting from effective capture of CO», a maximum H; yield of 1.96 mol/mol C can be achieved
at Py, ., of 1.49x10° bar and Poz,eq of 2.24x10™ bar. This H, yield is close to the theoretical
maximum of 2 mol/mol C. Meanwhile, the H» purity is 99.2 vol %. The H» yield gradually declined
with increasing Py, ., due to (partial) combustion of the produced Ha, which can balance the heat

requirement for the gasification process. On the other hand, increased CO; removal by the sorbent,

e.g. higher A-site basicity and/or higher B-site reducibility, can increase H, purity, and vice versa.
Therefore, adjusting the P, ., and Pcoz eq of the sorbent by tuning its compositions can vary the

maximum H» yield and purity in the isothermal gasification process. This versatility makes it
feasible to produce hydrogen enriched syngas product for various applications such as hydrogen

production, Fischer-Tropsch synthesis, methanol production, or methanation reaction.
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Fig. 3 The impact of Pcy o Po, ., On the (a) theoretical Hz yield and (b) Ha purity.

eq

3.2 Thermogravimetric analysis

The feasibility of isothermal CO; separation was first validated in a TGA using SCFC perovskite
oxides. Fig. 4 summarizes the CO; sorption capacity and the reduction degree of the 8 screened
samples. These materials all demonstrated isothermal CO, capture at 750 °C. In general, the
sorption capacities correlate well with the degree of reduction, confirming our sorbent design
strategy. Particularly, SCFC 7382 demonstrated the highest sorption capacity and reduction degree
among the samples belonging to the SCFC x(1-x)82 group, while SCFC 6455 exhibited the best
performance in the SCFC 64y(1-y) groups. The presence of greater than 70% Sr in the A-site
resulted in a decrease in CO; sorption but a notable increase in degree of reduction, likely due to
the less favorable regeneration of SrCOs at 750 °C. For SCFC 64y(1-y) group, on the other hand,
as the molar amount of cobalt in the A-site increased from 10% to 50%, both sorption capacity
and reduction degree increased due to the enhanced reduction rate.[57] When Co doping exceeded
50%, both sorption capacity and reduction degree decreased, highlighting the importance of of

balancing the B-site cation compositions and reducibility.

13
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Fig. 4 Comparisons of CO; sorption capacity and reduction degree among eight SCFC samples

3.3 Phase transition behavior under in-situ XRD

The phase transition behaviors of the sorbents were also confirmed using in-situ XRD. As
illustrated in Fig. 5, in-situ XRD confirmed the phase reversibility of the perovskite sorbent during
isothermal operation. Initially, SCFC-6482 underwent a complete cycle of carbonation and
regeneration for pre-treatment. Subsequently, the samples were subjected to a series of different
gas atmospheres. The Fe3O4 peak first appeared at the beginning of the CO» region. The gradual
intensification of the Fe3O4 peak at ~35° confirmed the reduction of perovskite oxide to the B-site
metal oxides. Cobalt oxide peaks were ambiguous, likely attributed to the low doping amount of
cobalt in this sample. The diffraction pattern of the sample showed a visible increase in peak
intensity around 20 = 24.91°and 25.58°, which slightly shifted from the characteristic peaks of pure
SrCOs at room temperature (20 = 25.17° and 25.8°). In addition, CaCOs3 peak briefly appeared at

~28° in the CO»-only region. It was swiftly decomposed to CaO (26 =36.25°) and remained visible

14



204  throughout the co-feeding stage. Importantly, the in-situ XRD results revealed the synergistic
205  effect of H2 and CO.. Compared to co-feeding of Hz and COz, feeding Hz alone only resulted in a

206  weak Fe30O4 peak, indicating a slow reduction of the sorbents. This observation is consistent with

207 the results of the thermodynamic analysis, which shows the synergistic effects of p, and pc, .

208
gy & SCFC 6482 V Ca0 o CaCO, # SrCO, ¢ Fe,0,
0 o PO, Regenerated
b T L *
ETg SrCo; = H/CON, ."_
! ] 1200 H.-CO |H\
E : e ‘ | e ,bjwjmw'W5-‘w?:\vmz"x.wt/?w”‘uiw-w‘a“‘.‘.’M\*.«ﬂ"‘*“"\»Wm
E 180 e Co, o Y, sy k& +
= —_— Ll g , L/
1700 purge + O,/N, §
120 [ARSNEE i g Ha b PR a
. | d 1450 E *
CacO,—~ | | { Hy/CO,/N, ,_?_- Fresh N -
' 1200 * + *
2I0 3IO 4IO SIO 6I0
20 (%) 2 ()
(a) (b)
Fig. 5 (a) In-situ XRD diffraction pattern contour plots of SCFC-6482 under 750°C (b) In-situ
XRD patterns of fresh, reduced, and regenerated stages for co-feed and single-feed streams.
209
210 3.4 Isothermal sorption-enhanced reforming and gasification experiment
211 In a packed bed reactor, the SCFC 6473 sorbent demonstrated effective isothermal sorption
212 performance for glycerol reforming, utilizing commercial NiO/Al,O; for catalytic activity. CO,
213 production in the initial 3 minutes of each cycle, attributed to unselective glycerol oxidation due
214

to reduction of ABO; s5+5 to ABO» 5, which was addressed with a pre-reduction step (5 vol% Ha, 20

15
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mins) before each cycle, resulting in 7.53 vol% decrease in CO; generation. Successive sorbent
saturation led to decreased syngas yield and increased CO» concentration. The optimal H»
production region, defined by COy concentration below 4.5 vol%, lasted an average of 5 minutes
across 14 cycles, with a stable sorption capacity of approximately 16%. Analysis of reaction profile
from mass spectrometry confirmed sorbent efficacy, exhibiting concentrated hydrogen during
reforming and a notable CO; peak during regeneration (Fig. S3(a)). H purity, particularly during
the optimal region, consistently reached around 93 vol%, averaging approximately 76 vol%

overall.

In addition to glycerol reforming, SBM 718, a Ba-containing sorbent, was tested for isothermal
sorption-enhanced steam reforming of biogas at 850°C and S/C=2. During initial reforming period,
COgz release occurred due to gradual reduction of Sro.g75Bao.12sMnO3-5 to Sro.s75Bao.12sMnO2 s (Fig.
S4(b)). Further reduction led to SrO and BaO formation, capturing CO> and favoring H>
production. Similarly to glycerol reforming experiment, a sequential regeneration released
significant CO, validating sorbent efficacy for isothermal sorption-enhanced hydrogen
production. Gas concentrations remained consistent over 14 cycles, with an average overall H»
concentration of ~78% and CO> under 10 vol%. The average sorption capacity observed is 36.65%,
with the optimal Hz production region lasting ~5.45 minutes where H> concentration averaged at

~96%. Furthermore, minimal deactivation was observed indicating sorbent durability.

The efficacy of SBM 718 in sorption-enhanced gasification of biomass (SEBG) was also evaluated
in a laboratory-scale bubbling fluidized bed reactor at 850°C (Fig. S5). Fig. S6 (a) and (b) illustrate
the gas compositions during the gasification step with five pulse injections of biomass. The 1st
injection primarily resulted in significant CO; release with minimal Hz production. However, H>

gradually increased with each subsequent injection, peaking at an average of 73% in the last three

16



238  injections, while CO; fraction diminished to 11%. The high valent state of Mn cation in the 1st
239  injection led to significant CO; release, but the subsequent reduction led to SrO and BaO formation,
240  effectively capturing CO; and favoring water-gas-shift for H> generation. During the regeneration,
241 substantial CO; release corresponded to approximately 45% sorption capacity, affirming the
242  robustness of redox-active perovskite oxides for isothermal sorption-enhanced processes.
243 Furthermore, estimated high heating value (HHV) efficiencies stand at 75% and 91% based on 5
244  and the last 4 injections, respectively. Correspondingly, low heating value (LHV) efficiencies for
245  the same sets of injections are 73% and 88%, indicating enhanced energy conversion efficiency of

246  the proposed system.
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248 Fig. 6 Summary of isothermal sorption-enhanced glycerol reforming, biogas reforming and

249 bjomass gasification experimental results.
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4.0 Conclusion

In summary, this study reports theoretical analysis and experimental validation of a unique family
of redox-activated sorbents for isothermal sorption-enhanced reforming and gasification.
Hydrogen and hydrogen enriched syngas was produced from a variety of biogenic feedstocks,
showing a ~90% syngas generation efficiency from woody biomass with up to 73% H>
concentration in the gasification product. Sorbents with various compositions, supported by
thermodynamic analysis, showed excellent isothermal performance and cyclic stability. The
isothermal approach, which also facilities autothermal operation through the redox-reactions of
the B-site transition metal in the sorbent, offer distinct advantages compared to conventional
sorbents in terms of energy efficiency, cyclic stability, tunability, and versatility in handling

various biogenic feedstocks.

Supporting information

Thermodynamic analysis, Aspen simulation flowsheet, material synthesis, XRD, experimental

procedure, and calculation methods.
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