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GRAPHICAL ABSTRACT

ABSTRACT

Chemical looping reforming with CO» splitting (CLRS) is an attractive process that can be used for conversion of
hydrocarbons into syngas, an industrially important intermediate that serves as a building block for other value-
added products. Under the chemical looping approach, the oxygen carrier that provides lattice oxygen, instead of
molecular oxygen, is used for methane partial oxidation. This work focuses on MgO-supported CagFe,Os redox
materials as the oxygen carriers for simultaneous syngas production and CO3 utilization through thermochemical
CO, splitting using a two-reactor chemical looping system. We experimentally achieve a near 100% CHy4 con-
version and a high syngas selectivity of >98%, which is by far the highest in chemical looping reforming systems.
Complete regeneration of the reduced oxygen carriers is obtained using COy with ~78% conversion, thereby
operating close to the thermodynamic limit. Density functional theory calculations reveal that the lattice oxygen
in corner-sharing octahedra of brownmillerite structure possessed by CasFe,Os acts as the efficient active sites for
CO and H; production. The formed oxygen vacancy significantly reduces the energy barriers of C-H cleavage and
CO formation, leading to the reactivity and selectivity enhancement. MgO assists in reactivity enhancement by
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enabling higher degree of CasFesOs dispersion along with increasing CasFe;Os's tolerance towards sintering.
These findings will contribute to the systematic design of high-performance redox materials and chemical
looping processes for syngas production with CO; utilization.

1. Introduction

Synthesis gas, or syngas is a mixture of hydrogen and carbon mon-
oxide gas in varying proportions that acts as a feedstock for producing
other value-added products like methanol, gasoline and higher hydro-
carbons through Fischer-Tropsch synthesis, ammonia production, etc.
[1]. Syngas is also used for producing hydrogen, which has gained
importance in recent years because of its use as a clean fuel and a global
push towards hydrogen-based economy [2]. Different technologies have
been developed for the conversion of gaseous fuels like natural gas/shale
gas into syngas and subsequent production of hydrogen. Some of these
technologies are steam methane reforming (SMR), autothermal
reforming (ATR), partial oxidation (POX), catalytic partial oxidation
(CPOX) and dry methane reforming (DMR) [3]. Out of all the available
technologies, SMR is predominantly used for syngas and hydrogen
production [4]. The biggest drawback of SMR is burning of fossil fuels
for generating the endothermic process heat well as the use of secondary
shift reactors. CPOX makes use of a direct reaction between natural gas
and molecular oxygen in the presence of a catalyst. As the reaction
involved is exothermic, CPOX becomes more economically feasible.
However, use of an air separation unit (ASU) to obtain molecular oxygen
reduces the economic advantage of the process. Due to excessive
exothermicity of the reaction, CPOX also involves risk associated with
explosion. ATR is a good alternative for syngas and hydrogen produc-
tion, which combines both SMR and CPOX processes to make an effi-
cient, relatively low-temperature syngas producing technology [5]. The
use of an air separation unit and the deactivation of the catalyst due to
coking are some of the main challenges associated with this process [6].
Syngas produced from above-mentioned processes (primarily SMR) is
fed into water—gas shift (WGS) membrane rectors, which help produce
pure hydrogen with almost complete CO conversion and CO, capture
[7]. Alternatively, energy intensive amine-based CO, removal is be
employed for commercial hydrogen production. A substantial amount of
CO4, generation leading to lower CO/COx ratio, the deviation from ideal
Ha:CO ratio of ~2.0, and the use of processes such as sorbent-based CO,
capture and WGS for upgrading syngas quality are major drawbacks
with the syngas produced using conventional routes, rendering the
syngas production and downstream processing highly capital intensive
[8,9]. As CO is one of the major components of syngas with commercial
importance, technologies have also been developed to harness it through
thermochemical CO; splitting, where oxygen deficient metal oxides are
regenerated in CO5 to produce CO while minimizing the environmental
impact [10]. CO produced in this manner can be used for carrying out
processes of industrial importance such as carboxylation reactions. This
method however has severe limitations like the use of extremely high
temperatures and thermodynamic constraints for CO, utilization [11].
Incorporating CO5 splitting to produce CO simultaneously along with
high-purity syngas production can make the prospects of natural gas/
shale gas conversion highly attractive.

Chemical looping reforming (CLR) is an alternative technology that
has been developed for syngas and hydrogen production using carbo-
naceous fuels [12]. Gaseous fuels like natural gas, shale gas, reducing
tail gases, etc. and solid fuels such as biomass, algae and coal have been
used for syngas production through chemical looping [13-15]. Unlike
ATR, POX, and CPOX that use molecular oxygen as an oxidant, CLR
utilizes the lattice oxygen of the carriers as the oxygen source, thus
eliminating the need to use an ASU. In conventional CLR process, the
oxygen carrier is circulated between a fuel reactor and an air reactor.
Methane is directly converted to syngas through oxygen carrier reduc-
tion and the reduced oxygen carriers are regenerated in air to complete a

full cycle of the redox reaction. If the reduced oxygen carriers are
oxidized using CO; instead of air, a CO-rich stream is obtained, where
CO can be separated from CO> using pressure swing adsorption (PSA) or
other equivalent technique [16]. This enables the chemical looping
reforming of methane with CO; splitting (CLRS) for syngas production.
The CO produced in this step can be used to adjust the Hy:CO ratio of the
syngas obtained from the reforming step based on the downstream
production requirement or can be utilized independently for other
processes as desired.

Oxygen carriers in the CLRS process are required to have high
reactivity and recyclability, along with low cost and high mechanical
strength with enough porosity for increased mobility of oxygen ions and
reduced resistance to gas diffusion. Hundreds of materials have been
screened in the past few decades [17] and transition metal oxides such as
Feo0O3 have been identified as promising oxygen carriers for chemical
looping reforming due to their high oxygen carrying capacity, good
reactivity, and low cost [12]. However, the reactions of the transition
metal oxides are complex as they involve occurrence of multiple
oxidation states. As a result of the phase change, the crystal lattice un-
dergoes volume contraction and expansion which leads to loss of activity
and mechanical strength after multiple redox cycles [18,19]. Unmodi-
fied transition metal oxides like Fe3O3 oxygen carriers also lose reac-
tivity due to sintering, which can be prevented by the addition of
support material or dopants to the active metal oxide [20-22]. Addition
of support is also known to prevent the segregation of phases and thus
increase the stability of the oxygen carrier particles [23]. Support ma-
terials that are typically used along with iron-based oxygen carriers for
the chemical looping reforming process include TiOg [24], Al,03, CeO,
[25], SiOy [26], ZrOy [27], MgO, MgAl,04 [20,28]. Perovskites are
another class of oxygen carrier that have been employed for the chem-
ical looping reforming process. The advantage of using perovskites is
that they facilitate the quick movement of ions due to the availability of
high vacancy concentration in the lattice [29], leading to an increased
catalytic activity for methane conversion and enhanced selectivity to-
wards syngas production. However, slow regeneration kinetics and loss
of structural integrity over multiple redox cycles are major challenges
associated with the use of perovskites as oxygen carriers in CLR scheme
[30,31]. Mixed metal oxides have also been studied extensively for their
use in the CLR process. Mixed metal oxides like Fe-Ni or Fe-Cu are
known to have highly improved reduction kinetics due to the synergistic
effect of both the active metal oxides. However, the major problem with
these oxides is controlling selectivity towards syngas production
[25,32]. Due to the thermodynamic constraints, this type of metal oxides
requires the use of the three-reactor system for syngas production and
CO,, utilization as the oxides of metals like Fe, Cu or Ni cannot be re-
generated fully in CO; [12,33].

Oxides of iron and calcium react with one another to form calcium
ferrite (CagFe30s) when added in stoichiometric amounts, a compound
that is environmentally safe, chemically stable redox material and has
been of particular interest in several chemical looping applications
[34,35]. A study reported by Shah et al. showed increase in the process
efficiency and exergy efficiency by ~5.8% (percentage points) using
CagFepOs-assisted chemical looping reforming of natural gas as
compared to syngas production using autothermal reforming [36,37].
Liu et al. investigated the use of calcium ferrites with microalgae as the
carbon source for syngas production and obtained syngas with high
selectivity through steam co-injection [38]. The effects of dopants like
Cu, Ni, Sr, and Co on calcium ferrite for algae gasification and hydrogen
production have been studied by Liu et al. and Hosseini et al. [39,40].
The study showed that the addition of dopants led to an enhancement in
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the reactivity of CagFeyOs, thus increasing the syngas and hydrogen
yields. The use of CayFey0s5 for producing hydrogen and syngas using CO
[41] and pine wood [42], respectively with biomass utilization has been
investigated by Sun et al. [43]. Their results showed an increase in the
H, yield and carbon conversion with a substantial improvement in the
total gas yield. Table 1 shows a quantitative comparison between the
syngas generation performance of different oxygen carriers through
chemical looping gasification/reforming. It must be noted that for some
of the reported cases, steam and/or CO; has been co-fed along with the
hydrocarbon feedstock to enhance syngas yield. None of the oxygen
carriers reported in Table 1 simultaneously achieve full feedstock con-
version along with optimum quality syngas generation such that it can
be directly utilized for the downstream F-T process. Although CayFesOs5
has been previously investigated for syngas generation using chemical
looping, dominant research has been focused on the utilization of
biomass and related feedstocks. To our knowledge, no optimized system
has been reported in the literature for partially oxidizing CH4 to produce
high-purity syngas along with CO5 utilization using CagFe3Os. In addi-
tion, the mechanism underlying their activity remains unclear.

This work comprehensively investigates the activity of CasFeoOs5 for
CH4 conversion and COs splitting using the novel CLRS system as shown
in Fig. 1. Two reactions expected to occur for simultaneous production
of syngas and thermochemical CO, splitting are:

CasFe,Os + 3CHy — 2Fe + 2Ca0 + 3CO + 6H, €h)
2Ca0 + 2Fe + 3C0O, — CapFey05 + 3CO )

The effect of multiple redox cycles on the reactivity and morphology
of the oxygen carriers was studied using thermogravimetric analyzer
(TGA) and characterization techniques like X-ray diffraction (XRD),
scanning electron microscope (SEM) and energy dispersive X-ray spec-
troscopy (EDS). Experiments were conducted in a co-current simulated
moving bed setup with outlet gas concentrations being measured to
assess methane conversion, syngas yield, and H5:CO ratio. Atomistic
thermodynamics combined density functional theory calculation also
was performed to explore the mechanism for calcium ferrite reactivity
enhancement. The results provide a better understanding of the under-
lying solid-state chemistry which is essential for the design and devel-
opment of robust oxygen carriers that exhibit high reactivity and
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CH, Reforming
CO, Splitting

Fig. 1. Schematic representation for chemical looping reforming with CO,
splitting (CLRS) process.

the ratio 2:1 by mole and using the solid-state synthesis technique.
Desired weight of iron and calcium oxide powders (Noah Technologies,
99.9% pure, and 3-5 pum in size) was measured and the powders were
mixed together thoroughly in a ball mill so that they could be me-
chanically activated to obtain high surface energy and reduced grain
size. Deionized water was added to the powder mixture to convert it into
paste, which was dried at 150 °C in an oven for 60 min. The solids ob-
tained were crushed and sintered at various temperatures for varying
times to obtain high purity CayFe;Os phase. Based on results from
different samples, it was found that sintering the powders at 1150 °C for
10 h gave the best results with an extremely high phase purity, as
observed using XRD. The MgO-supported oxygen carriers were prepared
using a similar method by varying the MgO concentration. Various ox-
ygen carrier samples synthesized along with their oxygen carrying ca-
pacity (OCC) are reported in Table 2. OCC is defined as the number of

Table 2
Oxygen carrier samples with different compositions.

Sample Name Composition (wt. Phase purity (%) OCC (mol/mol

selectivity. %) basis)
CayFey05 MgO At eq. From TGA
2. Experimental section
CF-0 Mg 100 0 100 97.07 3
CF-10 Mg 920 10 100 ~98.0 3
2.1. Sample preparation CF-20 Mg 80 20 100 ~98.0 3
CF-40 Mg 60 40 100 ~98.4 3
CayFey05 was prepared by mixing the oxides of calcium and iron in
Table 1
Syngas generation comparison amongst different oxygen carriers.
Oxygen carrier Reactor configuration Feedstock Fuel conversion (%) Syngas purity (%) H,:CO Ref.
Ni/CeO, Fixed-bed reactor CH,4 ~80 90.9 2.2 [44]
Iron ore Fluidized bed reactor Biomass - ~70 ~2.45 [45]
Ni-doped Fe;03/Al;03 Fixed-bed reactor CH4 + COo 95 ~96 ~2.3 [46]
BaCo03.5/Ce0- Fixed-bed reactor CH4 - 94.5*% ~2 [47]
Mn/ZrO,/Al,03 Fixed-bed reactor CH,4 + CO, ~99 ~70" ~2.5 [48]
NiO/Al,03 Internally circulating reactor CHy4 91.7 84.1 2.16 [49]
Fe;03/A1,03 Tube reactor Rice straw 85 ~76 ~2.25 [50]
CuO/Fe;03/Al;03 Fixed-bed reactor CH4 76.3 84 1.6 [33]
LaNi; xFexO3 Tube reactor acetic acid ~70 ~74 ~6 [51]
Fe,03-phosphogypsum Fixed-bed reactor Lignite ~98 - ~0.6 [52]
CayFe,0Os5 Fixed-bed reactor Microalgae + steam - ~70 ~6 [38]
CayFey0s Fixed-bed reactor Pine wood ~90 - ~9 [42]
CagFe;0s/Zn Fixed-bed reactor Biomass + steam - ~77 ~2.4 [53]
CayFe,0s5 Fixed-bed reactor Biomass + steam - ~74 ~6 [54]
CaO/Fe,03/Al,03 Fluidized bed reactor Coal Tar ~85 ~82 ~1.3 [55]
CayFe,05/MgO Co-current moving bed reactor CHy4 99.88 98.08 2.03 This work

" CO selectivity.
# H, yield.
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moles of lattice oxygen available per mole of CasFe;Os in the sample.
Labelling of the oxygen carriers has been done as CF-xMg, where ‘x’
shows the wt% of MgO present in the oxygen carrier. MgO was selected
as it did not react with either calcium or iron and is known to be a
thermally stable metal oxide at high temperatures as seen from the
phase diagram plotted in Fig. S1. CaO-based oxygen carriers tend to lose
their reactivity across multiple redox cycles due to sintering occurring at
high temperature, which is a well-known problem reported in the
literature [56,57]. Consequently, a support material (MgO) has been
added to the CasFeyOs-based oxygen carrier samples to investigate its
effect on the reactivity and the sintering resistance as inert metal oxide
supports are known to provide high-surface area to active metal oxide,
thus enhancing reaction rates. Moreover, MgO also helped to increase
the heat carrying capacity of the oxygen carrier, a parameter critical for
ensuring adiabatic operation of the chemical looping system [58,59].

2.2. TGA experiments

The reactivity of different oxygen carrier samples was tested using
Setaram SETSYS Evolution TGA by allowing the samples to undergo 10
continuous reduction- oxidation (redox) cycles. All the experiments
conducted in the TGA were performed at 1000 °C. The rationale of
choosing this temperature for carrying out the experiments is based on
the thermodynamic constraints as explained in Section 3. The temper-
ature was ramped up from room temperature to 1000 °C at 55 °C/min
under N3 flow of 100 ml/min. He flowrate was set to 50 ml/min during
reduction and oxidation, which is used as protective gas for the TGA to
make sure no reducing gases entered the sensitive weighing balance of
the TGA placed at its top. Once the target temperature was reached, CHy4
was injected into the TGA with total flowrate of 187.5 ml/min
comprising of 20% CHy, rest balanced with Ny and He. Regeneration of
the reduced oxygen carrier samples was done by sending gas with total
flowrate of 250 ml/min into the reactor with 40% CO,, rest balanced
with Ny and He. Reduction time was set to 2 min and oxidation was
carried out for 10 min to ensure complete regeneration of reduced
samples. Ny was flown at 100 ml/min between reduction and oxidation
steps for 2.5 min to flush out the reactor. Total sample weight for
different oxygen carriers was kept between 30 and 35 pg. Small sample
size of solids and high gas flowrates were used to eliminate any mass
transfer limitations during the experiments. The oxygen carrier samples
were subjected to Hy-TPR (Temperature programmed reduction) to
investigate the improvement in their reactivity due to MgO incorpora-
tion. CH4 was not used as the reducing agent for TPR as temperature
<720 °C would have led to formation of CaCOs, which would have
decomposed at higher temperatures, thus making it difficult to under-
stand the oxidizing capability of the oxygen carrier though weight
change data analysis. Ho-TPR was carried out by mounting 30-35 pg
sample on crucible and sending 250 ml/min gas mixture containing 5%
Hj through the TGA, rest balanced with He and N». The temperature was
initially ramped from room temperature to 400 °C at 30 °C/min and
maintained isothermally with Ny-only flow for 30 min to ensure
desorption of any moisture or air. Temperature was then ramped from
400 °C to 1000 °C at 5 °C/min while injecting Hy-No mixture. TGA
chamber was flushed with N, before starting the experiment to ensure
air was completely removed.

2.3. Simulated co-current moving bed experiments

Experiments were carried out in a fixed bed setup to analyse outlet
gas compositions and critical parameters such as methane conversion,
dry syngas selectivity and Hy:CO ratio. A simulated co-current moving
bed type of arrangement was made to mimic the performance of an
actual chemical looping reducer. Once reduced, the solids were oxidized
back in CO; for regeneration. Although oxidation was carried out in a
fixed bed mode, a fluidized bed must be employed in a commercial setup
to ensure complete oxidation of the reduced particles as well as their
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pneumatic transport. Freshly prepared oxygen carrier samples were first
reduced in hydrogen to obtain reduced samples. The top of the bed was
loaded with fully oxidized oxygen carrier samples whereas the bottom of
the bed was filled with Hp-reduced samples, while both the layers were
separated using quartz wool. This configuration was chosen to mimic the
solids profile as seen in the moving bed reactor. The reduced and
oxidized particles were used in the ratio 1:3 with total sample loading of
2 g, such that the gas hourly space velocity (GHSV) remained constant at
1500 h~ L. CH4-Ar mixture with a total flowrate of 25 ml/min was sent
into the ceramic reactor with 10% methane concentration. Outlet gases
containing CHy4, Hp, CO and CO3 were measured using QMS, MKS Cirrus
2 mass spectrometer (MS). Tube furnace was used to heat the reactor
with ramp rate of about 25 °C/min up to 1000 °C (operating tempera-
ture), upon which CHy4-Ar mixture was injected into the system. Reac-
tion was allowed to proceed until Hy/(CO 4+ CO3) < 2 condition was
maintained and the amount of COy coming out of the reactor was
minimum (<1%). To carry out regeneration of the reduced oxygen
carriers, 25 ml/min CO,-Ar mixture with 40% CO, was used. CO and
CO;, gas concentrations were measured using the MS to evaluate CO,
uptake and calculate conversion.

2.4. Oxygen carrier sample characterization

XRD, SEM and EDS characterization techniques were used to analyze
fresh as well as post-reaction oxygen carrier samples to see the effect of
the reaction conditions on the oxygen carrier morphology. SEM/EDS
was carried out using the FEI Quanta 200 scanning electron microscope.
Accelerating voltage of 25.0/30.0 kV and spot size of 4.0/5.0 was set for
obtaining the images. Similarly, voltage and spot size of 25.0 kV and 6.0
was used for EDS analysis. Rigaku SmartLab diffractometer was used for
performing XRD on the solid samples. All the samples were scanned
from 10 to 75° at 1 degree per minute. Accelerating voltage of 40 kV and
filament current of 44 mA was used during all the scans. The XRD
spectra was generated by attaching a diffracted beam monochromator
(DBM) to the detector bracket to reduce the sample fluorescence.

2.5. Density functional theory (DFT) calculations

The first-principle calculations were performed within the frame-
work of density functional theory (DFT), using the Vienna Ab Initio
Simulation Package (VASP) [60-62]. The generalized gradient approx-
imation of Perdew, Burke and Ernzerhof (PBE) was used to represent the
exchange-correlation energy [63]. The projector-augmented wave
(PAW) method, with a 400 eV energy cut-off was used to describe the
wave functions of the atomic cores [64,65]. The valence electron con-
figurations that were used are 3523p64s2 for Ca, 3d74s' for Fe, and
2s22p* for O. The tetrahedron method with Bléchl corrections was used
to set the partial occupancies for the orbitals [66]. A5 x 5 x 5
Monkhorst-Pack mesh was used during the structural relaxations. The
on-site Coulomb repulsion amongst the localized 3d electrons is not
described very well in a spin-polarized DFT treatment. To consider this
Coulomb repulsion explicitly, a Hubbard U correction of 4 eV was
applied [67,68]. The oxygen vacancy formation energies were calcu-
lated based on the following equation:

Ef =Ey —Ey — %Eoz 3)

In Eq. (3), E, is the total energy of the stoichiometric surface, Ey is
the total energy of the reduced surface with one oxygen vacancy, and Eo,
is the total energy of the optimized gas phase O,. The adsorption energy
of adsorbate (E,q) is defined as the total energy difference between
before and after the molecular adsorption at each surface.

Eui = Er + Eguy — Easury) @

where Eg,fis the total energy of the clean slab, E4 is the total energy of an
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isolated adsorbate in the gas phase, and E (4 ) is the total energy of the
slab with adsorbed species. The climbing-image nudged elastic band (CI-
NEB) method was used to locate transition states and map out reaction
pathways for CHy4 partial oxidation on CagFeyOs [69,70]. This method
enabled the stationary points to be mapped out along the minimum
energy paths and identified transition states for each of the diffusion
processes.

3. Results and discussion
3.1. Thermodynamic analysis of CLRS

The thermodynamic analyses of the various reactions involved in this
process was done using the thermochemical software Factsage v7.3
[71]. Change in the Gibbs free energy was plotted as a function of
temperature for both the complete and partial oxidation of methane
using CagFeyOs to investigate the thermodynamic feasibility of the re-
actions as shown in Fig. 2a. The change in Gibbs free energy for partial
oxidation is much more negative as compared to that of complete
oxidation reaction, suggesting partial oxidation of methane using
CagFey0s5 to form syngas is thermodynamically favoured. At tempera-
tures greater than 683 °C, methane reacts with the oxygen carrier to
form limited amount of CO5. The change in Gibbs free energy for partial
oxidation of methane using Fe;O3 (—136.8 kJ/mol at 1000 °C) was less
negative as compared to CasFeoOs (—280.1 kJ/mol at 1000 °C) as shown
in Fig. 2b, implying the thermodynamic superiority of the CaO-modified
Fe;03 based oxygen carrier (CagFe20s). Similar plot was made to assess
the thermodynamic feasibility of the reactions between CayFesOs and
H, and CO, as shown in Fig. S2 of the supplementary section. The change
in Gibbs free energy is positive, suggesting that the reaction between
H,/CO and CasFe;0s is thermodynamically unfavorable. This is highly
desirable as CH4 would react with CasFe;Os to produce Hp and CO,
which will not react readily with CasFe,Os, leading to a high selectivity
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towards syngas formation. Factsage was also used to assess the equi-
librium composition data at 1 atm with varying temperatures where 1
mol of CasFe;0s and 3 mol of CH4 was used as input for the simulation
and the number of moles of product species obtained were plotted as a
function of temperature. Following equations were used to evaluate the
useful parameters of the reducer:

CH,. — CH
Methane conversion (%) = din Lot . 100 5)
CH4v[n
.. . HZ out + CO,uw
Syngas selectivity (dry basis) (%) = :
yne Y Ay asis) () = G0 s + COr p + CHa
x 10
(6)
. HZ out
H, : CO ratio = —— 7
2 ratio CO o (2]
Carbon deposition (%) = Cou x 100 8)
p v CH4vin
CO,. — CO
CO, conversion (%) = Zin Zout 100 9)
C02~m

n oy and n ;, refers to number of moles of species ‘n’ exiting and entering
the reactor, respectively. Fig. S3 shows the increase in methane con-
version and syngas selectivity with an increase in the temperature,
which can be attributed to the endothermic nature of the reaction.
Operating temperatures >900 °C in the reducer helped to achieve
>97.5% methane conversion with syngas selectivity as high as 99.5%
with ~2:1 H:CO ratio. Thus, operating temperature of 1000 °C was
used for all the experiments performed. To understand the effect of
oxygen carrier to fuel ratio at 1000 °C under atmospheric pressure,
thermodynamic simulation was set up in Factsage where CH4 input was

12
c
10
—— CH, conversion
4 8 o
— Syngas selectivity =
o 4 6 o
X —— H,:CO ratio o
’ o
&
4 4 T
4 2
0 S 1 1 1 1 1 0
0 2 4 6 8 10 12
[O]:CH,
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Fig. 2. Gibbs free energy vs. Temperature for (a) CasFe,Os and (b) Fe,O3 with effect of [0]:CH4 mass ratio on (c) conversion, selectivity and H,:CO ratio and (d)

equilibrium carbon distribution.
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fixed at 1 mol and number of moles of CayFe;Os were varied from O to 4.
Fig. 2c shows change in methane conversion, syngas selectivity, Hp:CO
ratio and carbon deposition with change in [O]: CHy4 ratio, where [O]
refers to the lattice oxygen available with CasFe;Os5 that can take part in
the reaction. Methane conversion >99% and 99% selectivity towards
syngas with Hy:CO ratio of ~2:1 is obtained at [O]:CH4 ratio of 0.98.
When [O]:CHy4 ratio >0.98 is used, the carbon deposition can be mini-
mized but selectivity towards syngas drops as the amount of CO; in-
creases, as evident from the carbon distribution shown in Fig. 2d. As the
amount of [O] increases, the formation of CO, becomes thermody-
namically favorable due to the availability of oxygen from the oxygen
carrier. Shaded region in Fig. 2d represents the region suitable for syngas
production. This information aids in estimating the ratio of solid (oxy-
gen carrier particles) circulation rate to methane feed for an actual
operation in a co-current moving bed integrated chemical looping sys-
tem such that the product gases at reducer outlet are in equilibrium only
with the desired solid phases of the oxygen carrier particles. Two pla-
teaus seen in the ‘syngas selectivity’ curve from Fig. 2c show the pres-
ence of different oxidation states of Fe. Fe mostly exists as FesC with
extremely tiny fraction of Fe (0) in the region represented by plateau on
the left. Oxidation state changes to Fe (0) in the transition region be-
tween the two plateaus. Fe is present as both Fe (III) and Fe (0) under the
region corresponding to second plateau on right. This is because the
CagFey05-CHy mixture is fuel-lean, making it impossible for methane to
reduce the oxygen carrier completely.

Apart from the high-quality syngas generation using methane,
enhanced CO;, utilization is another advantage offered by CasFe;Os. One
of the critical aspects of the thermochemical CO; splitting is achieving
maximum conversion as low conversion leads to use of excess CO», thus
increasing energy penalty associated with the process along with esca-
lation in operating cost. When unmodified iron oxide is used as an ox-
ygen carrier for thermochemical CO» splitting, it is typically reduced to
Fe/FeO mixture [72]. This reduced iron oxide is then oxidized in CO5 to
produce CO. However, conversion of CO5 to CO is thermodynamically
limited. It must be noted that for unmodified iron oxide, iron can be
oxidized in CO; only from Fe (0) to Fe (II, III) phase [12]. As a result, an
additional air oxidation step must be used to obtain the fully oxidized Fe
(III) phase to complete. However, the use of CasFe;Os as an oxygen
carrier overcomes this limitation. As seen from Eq. (2), iron can be
oxidized completely from Fe (0) to Fe (III) in presence of CaO. Higher
CO; conversion is obtained at any given temperature for CagFe2Os as
compared to unmodified iron oxide due to the synergistic effect between
CaO and Fe, which lowers the oxidizing potential required for regen-
eration of Fe (0) using CO». As seen in Fig. 3, CO, conversion close to
80% is obtained when the oxidizer is operated at 800 °C and it drops to
75% as operating temperature is raised to 1100 °C, pertaining to the
exothermic nature of the reaction. High CO;, conversion values enable
significant reduction in parasitic energy requirement for CO3 splitting.
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Fig. 3. Thermochemical CO, conversion vs. Temperature.
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3.2. Solid conversion and morphological evolution

The freshly prepared oxygen carrier samples were characterized
using EDS to get the distribution of various elements, as shown in
Fig. S4. For unsupported CasFe,0s, elemental Ca and Fe were found to
be distributed evenly across the surface with no agglomerates visible.
Similarly, MgO was found to be well dispersed throughout the MgO-
supported CasFe;Os sample. Small dark areas in the EDS elemental
mapping were present due to the shadowing created by uneven surface
of the sample. Results from the EDS analysis confirmed that all the ox-
ygen carriers prepared using solid state synthesis had homogeneous
composition.

3.2.1. Thermogravimetric analysis

Although no interaction was found between the inert support MgO
and the active metal oxide CapFe;Os using EDS and XRD spectra, two
samples-CF-0 Mg and CF-40 Mg were subjected to H,-TPR to investigate
the change in oxygen carrier reducibility because of adding MgO to the
oxygen carrier. As seen in Fig. 4, both the oxygen carriers started to
show reactivity towards Hy at ~479 °C with CF-40 Mg showing higher
reactivity as compared to CF-0 Mg. Similar results were obtained for the
other two MgO-supported samples. Significant weight loss was observed
at ~800 °C for both the oxygen carriers suggesting the loss of lattice
oxygen. No significant change was observed in the weight loss trend due
to any catalytic promotion of the oxygen carrier by MgO addition,
implying MgO addition enhanced the performance of the oxygen car-
riers by providing higher surface area and better dispersion of active
metal oxide, without any kind of chemical interaction with the active
species.

The effect of adding different concentrations of MgO to CagFe;Os on
CH,4 oxidation at 1000 °C can be seen in Fig. 5a. Weight loss was
observed roughly after 25 s of methane injection in all the samples,
caused due to the time taken by weighing balance of the TGA to adjust
itself to the change in buoyancy due to introduction of CH4 along with
Ny for sample reduction. Rapid weight loss was observed for all the
samples with the rate of loss and extent of reduction depending on the
concentration of MgO added. The rate of weight loss for all the samples
was high for first 20-25 s and slowed down gradually. For the first redox
cycle, solid conversions (reduction) of 18.38%, 20.98%, 21.60% and
26.24% were obtained for 0, 10, 20 and 40% MgO loading, respectively.

Solid conversion and rate of reduction increased with the increase in
MgO concentration in the sample. For analysing the weight change data
from the TGA, the following equations were used:

M, —M,
Solid conversion — reduction (%) : T x 100 10)

Mru - Mr
Solid conversion — oxidation (%) : T x 100 (11D

M, is the weight of fully oxidized sample, M, is the weight of sample after

800°C1
1

M CF-0Mg
CF-40Mg

Intensity (a.u.)

eS|
300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 4. TPR plot showing rate of weight change with temperature.
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Fig. 5. (a) Weight change with time; (b) solid conversion-reduction and (c) solid conversion-CO- splitting over 10 isothermal redox cycles at 1000 °C, 1 atm and (d)

Reduction rate at 1st, 5th, and 10th redox cycle.

2 min of reduction, M, is the weight of regenerated oxygen carrier, and
[O] is the theoretical amount of lattice oxygen present in the sample.
The solid conversion during oxidation was normalized and then re-
ported to have a better understanding of the results. As seen from
Fig. 5b, the solid conversion (reduction) improved over redox cycles as
the sample got activated in the process through phase stabilization [23].
Presence of MgO along with CayFe;Os significantly increased the solid
conversion during reaction, which is attributed to the high degree of
dispersion of the active metal oxide over the entire surface, as confirmed
through the EDS elemental mapping. For unsupported CazFez0s, the
solid conversion increased initially due to activation and then dropped
over next few redox cycles before stabilizing. This drop in the solid
conversion was due to sintering of sample, which causes a significant
drop in the specific surface area due to formation of crystalline ag-
glomerates, leading to a drop in the reactivity. Adding MgO as support
prevented the sintering of CagFe;Os and imparted stability to it. To
ensure that this behavior was only due to sintering and not due to for-
mation of a stable unreactive phase across redox cycles, similar exper-
iment was performed using air as oxidant and the results are reported in
supplementary section. The results from Fig. S5 show that the solid
conversion dropped over cycles using air as the oxidant thus confirming
sintering of the oxygen carrier sample.

To analyse the performance of different oxygen carrier samples
during reduction across 10 redox cycles, the reduction rate was calcu-
lated and plotted as shown in Fig. 5d. The weight change data (solid
conversion) during the reduction step was plotted as a function of time
and a polynomial equation was obtained to describe the change in solid
conversion with time. The equation was then differentiated with respect
to time and the reduction rate was obtained. Reduction rate of CF-0 Mg
decreased with multiple redox cycles, which occurred due to sintering of
sample at high temperature. Oxygen carrier samples CF-10 Mg and CF-
20 Mg showed higher reactivity for the first cycle, which dropped by

~12% till 5th redox cycle and remained almost same till 10th redox
cycle was completed. CF-40 Mg showed the highest reduction rate
amongst all the samples. The reduction rate of CF-40 Mg was higher than
CF-0 Mg by ~20% and ~50% at 1st and 10th redox cycles, respectively.
Even after 10 redox cycles, the reduction rate of CF-40 Mg did not
change significantly and remained comparable to the rate observed at
1st redox cycle, suggesting 40% MgO support stabilized the active
components (CaO and Fep03) of the oxygen carrier, thus enhancing its
performance. CF-40 Mg was further subjected to 100 redox cycles in
TGA using the experimental conditions as described in Section 2.2. As
seen from Fig. 6, the oxygen carrier sample maintained its reactivity and
recyclability across extended number of redox cycles, suggesting no loss
of activity due to sintering or phase segregation.

3.2.2. Morphological evolution of the oxygen carrier
For MgO-supported CagFeyOs, solid conversion increased for first
few cycles and then stabilized as steady-state conversion was reached

Normalized weight

0 4 8 12 16 20 24 28
Time (h)

Fig. 6. CF-40 Mg subjected to isothermal redox cycles at 1000 °C, 1 atm.
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without any drop in solid conversion, suggesting an improved tolerance
of CagFepOs towards sintering. Fresh and post-redox oxygen carrier
samples were subjected to SEM analysis to assess the effect of multiple
redox cycles on the morphology of the oxygen carriers as shown in
Fig. 7.

Increase in grain size by ~11.7% and agglomeration of sample was
observed for unsupported CayFe;05 caused due to sintering of sample at
elevated operating temperature. MgO-supported sample was found to be
more porous and agglomeration-free as compared to the unsupported
one, as seen from the micrographs. The porous structure of the sample
was maintained across multiple redox cycles, with no considerable dif-
ference between the grain sizes of the fresh and the post-redox sample as
seen in Fig. 7c and d. Cyclic redox experiments were carried out in TGA
to not only assess the reactivity of oxygen carrier samples towards CHy,
but also understand the oxidation behavior of different samples. Fig. 5¢
shows the change in solid conversion during oxidation for different
oxygen carrier samples over 10 redox cycles. All the oxygen carriers
maintained steady solid conversion greater than 93%, implying stable
performance of CayFe;Os across multiple regeneration cycles. Complete
conversion of reduced CasFe;O5 sample was not achieved due increased
gas diffusion resistance provided by product layers formed on the oxy-
gen carrier. XRD results, as shown in Fig. 8 showed no presence of
compounds such as FegC/CaCOs that cannot be oxidized using COs,
along with no Fe3O4 formation indicating no Ca-Fe phase segregation
across multiple redox cycles.

This was also confirmed by performing EDS mapping of the samples
post redox, which showed the distribution of Ca-Fe-O similar to the fresh
sample. The performance of unsupported CasFesOs was comparable to
the samples with 10 and 20% MgO loading with solid conversion close to
~93%. When MgO loading was increased to 40%, solid conversion
>95% was obtained. The improvement in solid conversion can be

Applied Energy 282 (2021) 116111

attributed to presence of Mg?* ions in CayFe,Os crystal lattice, which
help in creating vacancies and promote ionic diffusion through the solid
[73]. Results from the cyclic experiments revealed that the direct con-
version of Fe(0) to Fe(III) was possible when CasFe2Os is used as oxygen
carrier, thus higher CO yield can be obtained as compared to unmodified
iron oxide where Fe(0) is oxidized to Fe(ILIII) only due to thermody-
namic constraints leading to incomplete regeneration of the oxygen
carrier.

3.3. Simulated co-current moving bed experiments

Fig. 9 shows the outlet gas concentrations of various streams for the
simulated co-current moving bed experiment using the CF-40 Mg oxy-
gen carrier. Syngas selectivity of 98.08% was obtained for CF-40 Mg,
which is ~8.2% higher than Fe;03 as shown in Table 3. Similarly, an
increase of ~3.6% (percentage points) in CH4 conversion was obtained
for CF-40 Mg as compared to FeyOs. Apart from the high selectivity
towards generation of partial oxidation products at the top of the bed,
the reduced solids present at the bottom convert any residual CO2/H20
to CO/Hay, thereby further enhancing the syngas yield. Synergy provided
by using the highly reactive and syngas-selective MgO-CasFe50Os5 oxygen
carrier along with the co-current moving bed configuration enabled high
fuel conversion with enhanced selectivity towards syngas production.
Partially oxidized sample present at the bottom of the bed (oxidized by
H30/CO05) also provides lattice oxygen to methane that escapes the top
portion of the moving bed, thus ensuring almost complete methane
conversion. Methane conversion of ~99.9% was observed for the CF-40
Mg sample. Syngas with Hy:CO ratio of ~2.0 was produced using CF-40
Mg sample as compared to 2.82 for Fe;Os-based oxygen carrier. This
high H:CO ratio was obtained for the Fe;O3 case due to significant
carbon deposition as reported by Kang et. al. [74]. The MgO supported

Fig. 7. SEM images showing Fresh (a) CF-0 Mg and (c) CF-40 Mg; and fully regenerated (b) CF-0 Mg and (d) CF-40 Mg after 10 redox cycles.
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Table 3

Performance of the oxygen carriers in a simulated moving bed reactor.
Sample name CH,4 conversion (%) Syngas selectivity (%) H:CO ratio
CF-40 Mg 99.88 98.08 2.03
Fe,03/A1,03 96.26 89.82 2.82

sample showed high tolerance to sintering and maintained its porous
structure, behavior similar to that observed in the cyclic TGA tests.
These results show MgO-supported CasFe;Os5 exhibits higher activity for
CH4 partial oxidation as compared to the Fe;Os-based oxygen carrier
[74-76]. Regeneration of the reduced oxygen carriers was performed
using CO, as oxidant. CO5 conversion of ~78% was obtained for both
CF-0 Mg and CF-40 Mg, which was close to the thermodynamic

conversion as shown in Fig. 3. Gas concentration plots pertaining to CO5
oxidation of the reduced oxygen carrier are presented in Fig. S6 of the
supplementary section. CO5 and CO concentrations (by vol.) of ~9% and
~30%, respectively were obtained during regeneration, corresponding
to the CO yield of ~0.79 mols per mol of CO». The oxidized solids were
further subjected to a check in the TGA, which confirmed complete
oxidation of the oxygen carriers. These results ascertain that both
reduction as well as the regeneration of the CayFe;Os-based oxygen
carriers can be carried out close to the thermodynamic limits.

To assess long term performance of the oxygen carrier, CF-40 Mg was
subjected to 5 continuous redox cycles in a simulated co-current moving
bed setup. Different performance parameters related to the sample
across 5 redox cycles can be seen in Fig. 10, where the steady state
values of CHy4 conversion, syngas selectivity, and H,:CO ratio have been
reported. Consistent performance of the oxygen carrier was observed
over 5 redox cycles, with no change in the time required to attain steady
state. This finding suggested that MgO-supported CasFe,Os is capable of
generating high-quality syngas while getting completely regenerated in
CO, without any reactivity loss because of high temperature sintering.
Coupling these results with the long-term performance from the TGA
depicted in Fig. 6 implied that CayFe;Os is highly suitable for methane
reforming as it has fast reaction kinetics as well as high thermodynamic
selectivity towards syngas production.
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Fig. 10. Variation in process parameters with redox cycles conducted in a
simulated co-current moving bed setup.
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3.4. Theoretical study of the structure effect on reactivity

To gain a mechanistic insight into the mechanism for the reactivity
enhancement, CH4 adsorption and dissociation on CasFe205 (001) and
Fe;03(001) surface with oxygen vacancies was investigated using DFT
+ U calculations. The use of periodic models eliminates the edge effects
and allows for a more accurate description of surface relaxation.
CayFesOs, also known as brownmillerite can be described as the struc-
ture with layers alternating between corner-sharing octahedra and
tetrahedra. Depending on the cleavage position and the ordering of iron,
calcium and oxygen atoms, two models were built: Fe-O terminated
surface and Ca-O terminated surface as shown in Fig. 11. It was found
that the surface free energy of the Fe-O terminated surface is 1.09 J/m?,
which is lower than the free energy of Ca-O terminated surface (1.92 J/
m?). Therefore, the slab with Fe-O terminated surface was used to
investigate the oxygen vacancy formation during CHy4 partial oxidation.
On this slab, three chemically distinguishable types of lattice oxygen
atoms are presents: lattice oxygen in corner-sharing octahedra O(y),
lattice oxygen in tetrahedra O and lattice oxygen between corner-
sharing octahedra and tetrahedra Oy). The calculated formation en-
ergy for Og), O and Oy are 205.81 kJ/mol, 259.85 kJ/mol and
311.72 kJ/mol respectively. It indicates the oxygen vacancy prefers to
form at the octahedral sites as compared to the tetrahedral sites.

In CLRS process, CHy is initially dissociated over oxygen carriers to
produce hydrogen and CHy radicals. Then the CHy radicals are oxidized
by lattice oxygen to generate CO or COz. The relationship between C-H
bond cleavage barrier and oxygen vacancy concentration of CagFesOs
(001) surface was plotted in Fig. 12. The activation barrier of C-H bond
in CHy4 decreases to 144.27 kJ/mol from 189.23 kJ/mol when the oxy-
gen vacancy concentration increases to about 4.5%, then remains almost
unchanged even though more oxygen vacancies are created. For the
activation barrier of C-H bond in CH3 radical, it decreases to 82.67 kJ/
mol from 129.57 kJ/mol when the oxygen vacancy concentration in-
creases to 4.5%, then remains at about 82 kJ/mol. The similar trend is
observed in the activation of C-H bond in CHs, the lowest barrier is
obtained (63.06 kJ/mol) when the oxygen vacancy concentration rea-
ches about 5%. For the activation of C-H bond in CH radical, the lowest
barrier is 82.19 kJ/mol and the corresponding oxygen vacancy con-
centration is 4.4%. The relationship between C-H bond cleavage barrier
and oxygen vacancy concentration of FepOs (001) surface also was
plotted in Fig. 12. It can be seen C-H cleavage barriers of CHs, CH; and
CH on CayFe;0Os5 (001) are about 10 kJ/mol lower than the barriers for

Tetrahedra

Octahedra
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Feo0O3 (001) when the vacancy concentration is higher than 3%, indi-
cating CagFey0s is more active for CHy dissociation than FeyOs.

After the last C-H bond is cleaved, the lattice oxygen diffuses from
the octahedral layers in the bulk to the surface vacancy site, to form a C-
Fe-O species, which then converts to a gaseous CO molecule by Fe-C
bond breaking. The Ca atoms, which are ordered into the oxygen
layers between the layers of four coordinated Fe ions and the layers of
octahedral Fe ions, migrate toward to the tetrahedral layer due to the
oxygen vacancy formation. It leads to a high energy barrier of 93.82 kJ/
mol for the diffusion of the lattice oxygen in the tetrahedral layer to the
same vacancy to form CO,. The energy profile of CO and CO, formation
along with CH4 dissociation on CagFe30s5 (001) and Fep;O3 (001) with
oxygen vacancies were mapped in Fig. 13a. It shows the barrier of CO
formation on reduced CasFe,Os is 25.89 kJ/mol, which is 31.92 kJ/mol
lower than the barrier obtained from the reduced Fe,O3 (001). The low
barrier with respect to CO formation and CO desorption on CasFesOs
(001) is attributed to the low formation energy of oxygen vacancy at the
octahedral sites. It is worth noting that if two H atoms at two neigh-
bouring O sites of the CagFe;05 (001) surface directly approach each
other to form Hy, it needs to overcome a high energy barrier of 229.32
kJ/mol due to the strong O-H bonds and the lack of active sites. This
process is highly endothermic with a reaction energy of 68.55 kJ/mol.
Thus, Hy formation via binding two H atom from hydroxyl groups on the
surface is both kinetically and thermochemically unfavourable. Alter-
natively, if one H atom migrates from the O(y) site to the Fe site and then
binds to another H atom at the O site, the Hy formation barrier can be
dramatically reduced to 102.56 kJ/mol. These results indicate that the
lattice oxygen in corner-sharing octahedra O acts as efficient active
sites for CO and Hj production. The overall reaction mechanism based
upon the thermodynamic analysis, redox experiments and DFT calcu-
lations is shown in Fig. 13b. Near 100% selectivity towards syngas is
obtained due to favourable thermodynamics as well as the unique
brownmillerite structure of the oxygen carrier coupled with the use of
co-current moving bed type design of the reactor. Although MgO is used
as the support of calcium ferrite oxygen carrier, it does not actively take
part in redox reactions but enhances the sintering resistance of the
material to increase its recyclability as shown in Fig. 5.

4. Conclusion

Different Ca-Fe based oxygen carrier samples were synthesized to
study methane reforming coupled with thermochemical splitting of CO»

Fe Of)

Fe-O terminated

Ca O(ot
O

Ca-0 terminated

Top view

Fig. 11. CayFe;0s5 (001) surface with layers alternating between corner-sharing octahedra and tetrahedra. Iron atoms are displayed as purple balls, Calcium atoms
as green balls and lattice oxygen atoms as red balls. Side view of different surface terminations and top view of the surface are given. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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using the novel CLRS process. Thermodynamic analysis indicated that
CagFey05 oxygen carriers give superior performance for syngas pro-
duction as compared to Fe;Os. Also, the use of CayFesOs leads to a
higher thermodynamic COy conversion upon oxidation of the reduced
samples. MgO-supported CagFe;Os oxygen carriers were prepared to
examine the support effect on the performance of the oxygen carriers in
the CLRS process. CHy4 conversion >99% with syngas selectivity ~98%
and H,:CO ratio 2:1 was obtained for 40% MgO-supported sample by
using simulated co-current moving bed experiments. Complete regen-
eration was achieved with CO5 conversion of ~78%. It was found that
addition of MgO imparted a porous structure to the oxygen carriers, thus
improving the stability and the recyclability of CagFepOs. MgO-
supported CasFesOs was able to maintain its reactivity and recycla-
bility over 100 continuous redox cycles in a TGA, while also generating
high-quality syngas consistently across 5 redox cycles as observed in the
simulated co-current moving bed setup. Density functional theory cal-
culations reveal that the brownmillerite structure possessed by
CagFey0s5 facilitates oxygen vacancy formation that promotes the
methane activation and dissociation. Further, exceptionally high syngas
selectivity has also been explained to be due to the low energy barrier of
CO formation through lattice oxygen migration in the layers alternating
between corner-sharing octahedra and tetrahedra. This study proves
that MgO supported CagFeyOs can serve as an efficient oxygen carrier for
simultaneously producing high purity syngas as well as splitting CO; to
CO via a novel moving-bed chemical looping process and will impact
future chemical looping system design.
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