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Chemical looping partial oxidation (CLPO) is a novel technology for converting methane into high quality
syngas that can be further converted into liquid fuels. In the present work, Ni-doped Ca,Fe,Os oxygen
carriers are employed as looping media wherein the Ni-doping concentration is varied from 0 to 10%.
Thermogravimetric performance tests are carried out where the doped/undoped carriers are subjected to
methane reduction in the first half cycle and subsequently the reduced carriers are regenerated using CO,
or air in the second half. The cyclic redox performance of Ni doping on the characteristics and the
stabilities of these oxygen carriers are also investigated by means of X-ray diffraction and scanning electron
microscopy. Based on the oxygen carrier characterization, an unwanted phase, NiFe,Oy, is formed beyond
5% dopant concentration which exhibited weak methane interaction and inhibited CO, regeneration
thermodynamically. Moreover, doping Ni at 0-5% exhibited increased reactivity across the temperature
range of 750-1000 °C as compared to the undoped sample, with the 5% Ni doped sample showing a
substantial improvement of 1149% over the undoped sample at 750 °C. This explains its potential in an
adiabatic process where a temperature gradient is generally observed across the syngas generation reactor.
Density functional theory (DFT) calculations further reveal the role of the Ni doping effect on methane
partial oxidation and CO, conversion, wherein adding the Ni dopant lowers the oxygen vacancy formation
energy and increases the CO, adsorption energy which is favorable for CO, activation and splitting. The
findings of this study provide a fundamental insight into the reactivity enhancement of calcium ferrite-
based oxygen carriers and open new avenues for designing a novel chemical looping system for
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1. Introduction

Abundance of shale reserves in the U.S. has propelled the
extraction of natural gas at unprecedented rates. Coupled
with the lowering of prices and an increase in the energy
demand, natural gas utilization is at an all-time high.!
Natural gas has already surpassed coal as the fuel utilized in
thermal power stations for producing electricity.> Methane,
which constitutes the majority of the natural gas by volume,
is an extremely versatile compound, serving as the building
block of petrochemical industry. Apart from its use as a fuel
in the conventional sense, it is also used for producing value-
added products of commercial importance. An example of
such a process is the oxidative coupling of methane (OCM)
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where methane is converted into higher hydrocarbons in a
single step.” However, this type of methane utilization has
numerous practical challenges such as deactivation of
catalysts due to coking, low per pass fuel conversion and low-
to-moderate product yields. Moreover, separation of CO/CO,
gases from the product hydrocarbon feed is energy intensive.
Consequently, a more common route for converting natural
gas/shale gas/methane into syngas is adopted in the industry,
wherein the syngas produced is further processed to generate
desirable products.

Syngas production has been conventionally carried out
using processes such as steam methane reforming (SMR) or
autothermal reforming (ATR) wherein the natural gas is co-
fed into a reformer with steam and/or molecular oxygen for
partial oxidation.* Moreover, processes such as dry methane
reforming (DMR) and catalytic partial oxidation of methane
(CPOX) are being actively investigated for their commercial
deployment. Methane is reformed using CO, and molecular
O, in the presence of a catalyst in the DRM and CPOX

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d1re00150g&domain=pdf&date_stamp=2021-09-23
http://orcid.org/0000-0001-7910-4264
http://orcid.org/0000-0002-3892-5362
https://doi.org/10.1039/d1re00150g
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE006010

Published on 14 July 2021. Downloaded on 12/4/2025 3:11:30 PM.

Reaction Chemistry & Engineering

processes, respectively.” However, all the above mentioned
processes collectively suffer from limitations such as high
endothermic heat requirement, catalyst deactivation due to
coking, and added CO, capture cost that arises from burning
tail gases and additional fuel for providing heat to the
reformer.®’” Additionally, most of the total parasitic energy
required to operate these processes is consumed by the
cryogenic air separation unit (ASU), which increases the
operating cost requirement.® As CO, generation along with
its capture remains a major concern in the industry, several
techniques including amine-based removal, membrane-based
separation, or sorbent-based capture are employed to achieve
the goal of carbon capture, utilization and storage (CCUS).
However, the primary concern with these processes is their
high energy and cost demand, thus making it imperative to
develop technologies that can achieve this goal in a more
economic and sustainable manner.

Chemical looping partial oxidation (CLPO) is an advanced
technology that offers the advantage of converting methane
into syngas in an efficient and clean manner while mitigating
the drawbacks associated with conventional syngas
production technologies. In chemical looping, metal oxides
and their derivatives serve as oxygen sources where the lattice
oxygen present within these oxides is responsible for
selectively oxidizing methane to produce syngas.”'® The
reduced metal oxides are then regenerated using air in a
separate reactor, thus eliminating the need for an ASU as no
molecular oxygen is required. The fundamental scheme of a
CLPO process is depicted in Fig. 1, wherein a two-reactor
system is employed for syngas production. The movement of
oxygen ions present in the oxygen carrier lattice takes place
due to the interaction between gaseous oxygen and the
oxygen vacancies as shown in reaction (1), where Vgeo is the
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Fig. 1 A schematic of the adiabatic chemical looping partial oxidation
process for syngas generation depicting a temperature gradient in the
reducer.
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oxygen vacancy, O, is the location of the oxygen ion in the
lattice and h is the electron hole.

1
Oy + 2h° — EOZ(g) + Vooo (1)

Apart from the role of oxygen carriers in selectively
oxidizing natural gas to produce syngas instead of full
combustion products (CO,/H,0), the mode of gas-solid
contact in the reducer remains critical. The syngas produced
using a fluidized bed reducer has a lower purity as the solid
conversion (extent of lattice oxygen lost to methane) is not
uniform across all the particles, and as a result syngas can be
overoxidized to produce a higher concentration of CO,/H,0.”
A high-purity syngas stream can be produced by using a co-
current moving bed reducer configuration wherein both CH,
and the oxygen carrier particles move downwards along the
length of the reducer and the syngas produced through gas-
solid equilibrium exits the reducer from the bottom as
depicted in Fig. 1. This type of reactor configuration
ensures all the particles undergo a similar extent of
reduction, thus preventing overoxidation of syngas.

Oxygen carriers are the most critical component of the
CLPO process as their performance dictates the process
economics. They must be developed such that their activity is
retained across an extended number of redox cycles and at
the same time show a higher tolerance towards attrition."?
Although the oxides of several transition elements show
multiple oxidation states (and thus redox capable), both
supported and unsupported Fe-based oxides remain the
preferred choice due to their good reaction kinetics, high
mechanical strength, and low procurement cost.'>"*
However, pure Fe-based metal oxides do not show very high
activity towards methane to produce syngas. As a result,
Fe,0; is typically combined with either support(s), dopant(s),
or a combination of both for reactivity enhancement.
Addition of dopants such as Cu and Co to Fe,O; has shown
considerable improvement in reactivity towards CH,,
especially at low temperatures.'>'® More recently, the use of
Fe,0;-based nanosized oxygen carriers developed by Liu et al.
showed near 100% selectivity towards CO formation along
with a substantial improvement in the reactivity as compared
to the unsupported, microsized Fe,O;.'” The use of Fe-based
perovskites for carrying out partial oxidation of methane to
generate syngas has also been reported in the literature,
wherein the perovskites offer inherent advantages of high
oxygen mobility and better control over the product selectivity
by doping either A or B sites of the crystal. For instance,
Zhang et al. have reported that partially substituting La with
Ce in LaFeO; promotes methane conversion while also
boosting the performance of water splitting during the
regeneration of the reduced carrier.'® The authors have also
reported an increase in the syngas yield and CO, conversion
(during regeneration) for the La,sCe,sFeO; oxygen carrier
due to a higher distortion of FeO, octahedra as compared to
pure LaFeO;."” Another approach for improving oxygen
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carrier reactivity is the coupling of CaO and Fe,O; to form
Ca,Fe,0s, an active metal oxide with a unique brownmillerite
structure that can undergo cyclic redox reactions.? Ca,Fe,0O5
exhibits high reactivity due to the presence of oxygen ion
vacancies in the structure, which accelerate the rates of ion
dissemination through intervacancy diffusion.*’ Apart from
better reaction kinetics, Ca,Fe,Os also exhibits a high
thermodynamic selectivity towards partial oxidation as
reported by Shah et al., wherein the production of syngas
with a purity of >98% along with almost-complete CH,
conversion is reported.”>* Due to its kinetic and
thermodynamic benefits, the use of Ca,Fe,O5 for producing
syngas and hydrogen by carrying out partial oxidation of
various feedstocks such as biomass, coal, risk husk, coal tar
vapor, microalgae and CH, has been reported by various
research groups.>*™° The effect of adding dopants and
supports has been investigated. Their addition to Ca,Fe,Os
has been reported to enhance the reaction rates. Liu et al
reported that substituting Ca atoms with Sr in the lattice
enhanced the Fe®" activity in Ca,Fe,Os, whereas doping with
Co led to an improvement in the hydrogen yield for biomass
gasification.”®*" Hosseini et al. investigated the role of Cu
and Ni dopants and concluded that rapid formation of
metallic Ni/Cu through exsolution promoted Ca,Fe,O5
reducibility in CH,.** The effect of supports such as MgO,
ZnO, and Al,O; on Ca,Fe,Os reactivity has been reported by
Liu et al. who concluded that MgO was a superior support
material as it increased the oxygen release capability of Ca,-
Fe,Oj5 for partial oxidation of biomass to produce syngas.*
For all the studies reported in the literature, the reducer is
typically operated isothermally at high temperatures and as a
result, the rates of reaction remain high. However, a
commercial CLPO process must be operated adiabatically to
significantly reduce the cost associated with providing an
external endothermic heat to the system. An adiabatic CLPO
system is the one where the heat generated in the combustor
during the regeneration of reduced oxygen -carriers is
transferred to the reducer and utilized for carrying out the
endothermic partial oxidation reaction.®® As the reactor
operates adiabatically without any external heat to drive the
reaction, a temperature gradient is established in the reducer
along its length where the top is at a higher temperature
whereas the bottom is at low temperature as shown in Fig. 1,
and the gradient is developed as the reaction progresses in
the absence of any external heating and the temperature
drops from 1000 to 750 °C. CH, shows a good reactivity at
high temperatures due to enhanced kinetics, but the rate of
reaction slows down as the temperature drops. As a result, it
is important to develop an oxygen carrier that can enhance
CH, conversion even at low temperatures. Although extensive
research has been conducted on modifying oxygen carriers
with various dopants for their reactivity enhancement, much
work remains to be done in terms of exploring the dopant
effect on the structure/activity relationship. A deeper
understanding of the underlying enhancement mechanism is
also crucial for the design of highly active and stable oxygen
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carriers. The work reported here focuses on the use of Ni-
doped Ca,Fe,O5 carriers for the CLPO process. The role of Ni
doping in this study has been systematically examined using
density functional theory (DFT)-combined experimental
investigation to gain a mechanical insight into the reactivity
of calcium ferrite oxygen carriers in this process. The
regeneration of reduced calcium ferrite using CO, has also
been investigated as the reduced Ca,Fe,O5 possesses a unique
ability to be fully regenerated in CO,. The regeneration
involves the production of CO which is an important
industrial commodity used for numerous applications like
manufacturing of chemicals (acids, esters, alcohols, etc.) and
synthesizing metal carbonyls, and in the pharmaceutical
industry and electronics and semiconductors.*”

2. Experimental and computational
details
2.1 Sample preparation and characterization

Five polycrystalline Ca,Fe,_.Ni,Os samples with x = 0, 0.01,
0.02, 0.05, and 0.1 were prepared using the solid-state
synthesis technique. Powders of CaO (Fischer Scientific,
99+%), Fe,03; (Noah Technologies Corporation, 99.9%), and
NiO (Noah Technologies Corporation, 99.9%) were mixed in
the desired proportions and subjected to dry ball milling for 8
hours to obtain a homogeneous powder mixture. The mixture
was converted into a thick, viscous paste by adding DI water.
This paste was dried overnight and crushed to form a powder,
which was calcined at 1150 °C for 6 hours to obtain the
oxygen carrier sample. Heating and cooling rates of 2 °C
min~' were maintained during the calcination sequence. The
as-obtained calcined sample was sieved to obtain particles in
the size range of 125-250 um, which were used for all further
experiments. All the solid samples were subjected to scanning
electron microscopy (SEM) and X-ray diffraction (XRD) for
characterizing the sample morphology and the phases formed
because of the interaction between the different metal oxide
constituents. The SEM images were obtained using a Quanta
200 electron microscope under high-vacuum setting with the
accelerating voltage, emission current, and working distance
set to 10 kv, 100 pA, and 13 mm, respectively. The XRD
spectra (obtained using a wavelength of 1.54 A) were
generated using a Rigaku SmartLab diffractometer by
scanning the samples from 10 to 75 degrees at 2° min "
coupled with a diffracted beam monochromator (DBM) to
reduce sample fluorescence. An accelerating current and
voltage of 44 mA and 40 kV, respectively, were applied for all
the scans. The generated XRD spectra were analyzed using the
Rigaku PDXL software and phase identification was carried
out using the Joint Committee on Powder Diffraction
Standards (JCPDS) database.

2.2 Thermogravimetric analysis

Prior to the thermogravimetric evaluation of the oxygen
carrier samples through extended redox cycles, all the

This journal is © The Royal Society of Chemistry 2021
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samples were activated in H, for 5 consecutive redox cycles at
800 °C, wherein they were reduced in H, and oxidized in air.
15-20 mg of the activated sample was placed in an alumina
crucible of a Setaram SETSYS thermogravimetric analyzer
(TGA) for subjecting it to 15 continuous reduction-oxidation
(redox) cycles. A CH4/He/N, gas mixture comprising of 25%
CH, concentration was introduced into the TGA during the
reduction step at a rate of 200 ml min~* for 5 min. Oxidation
was carried out for 4 min using a gas stream with a total
flowrate of 200 ml min™* and 10.5% O,, with N, as the
balance gas. N,-Flushing was carried out between the
reduction and oxidation steps for 2.5 min with a N, flowrate
of 100 ml min™'. Additionally, experiments were also
performed to evaluate the regeneration performance of the
reduced oxygen carrier samples by sending in a gas mixture
with a 200 ml min™" flowrate comprising of 25% CO,. This
was done to assess the oxidation performance of the carriers
using CO,, which can oxidize the reduced Ca,Fe,O5
completely. Redox cycles were carried out at 750, 800, 900,
and 1000 °C to evaluate the effect of temperature on the
reducibility of Ca,Fe,_,Ni,Os using CH,. Eqn (2) and (3) were
used to assess the weight change data during the reduction
and oxidation (in both air and CO,), respectively.

. . Wo—-W
Solid conversion (R, %) = —>—— x100% (2)

Wo—-W;

. . Wio— W,
Solid conversion (0, %) = —>—* x100% (3)

Wo—-W;

Wo, Wy, W,, and W, refer to the weight of the fresh oxygen
carrier sample placed in the TGA, weight of the sample after
5 min of reduction, weight of the fully reduced oxygen
carrier, and weight of the regenerated oxygen carrier,
respectively.

2.3 Density functional theory (DFT) calculations

The first-principles calculations were performed within the
framework of DFT using VASP.>***” The Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA) was
used to represent the exchange-correlation energy,*® and the
projector-augmented wave (PAW) method, with an energy cut-
off of 400 eV, was applied to describe the wave functions of
the atomic cores.*>*® The 5 x 5 x 5 Monkhorst-Pack k-point
mesh was used for bulk optimization, and the structures
were optimized until the energy had sufficiently converged to
1.0 x 107> eV per atom.

The oxygen vacancy formation energy per vacancy was
calculated using the following equation:

Ef = [(Ev+gEoz>_Etot }/n (4)

where, E., and Ey are the total energy of the stoichiometric
surface and the reduced surface, respectively. Eo is the
energy of an isolated oxygen molecule and 7 is the number of
oxygen vacancies.

The adsorption energy, E,q, was calculated as follows:
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Ead = EA + Esurf - E(A+surf) [5)

where Eq,r is the total energy of the clean surface, E, is the
total energy of an isolated adsorbate in the gas phase, and
Eassurp 18 the total energy of the surface-adsorbate system.
The climbing-image nudged elastic band (CI-NEB) method
was used for reaction barrier calculations.***?

3. Results and discussion

Table 1 shows the different oxygen carriers synthesized along
with their average grain size obtained from SEM imaging and
phases identified using XRD. The XRD spectra obtained for
the freshly synthesized oxygen carrier particles are shown in
Fig. 2. As seen from the figure, a pure Ca,Fe,Os phase was
obtained by varying the dopant concentration from 0 to 5%.
As the Ni-dopant concentration was increased to 10%,
formation of an impurity phase (NiFe,O,) took place as
indicated in the XRD spectra. This finding suggested that the
Ca,Fe,O; lattice became saturated at 10% Ni concentration.
Until this doping level, the Fe atoms from Ca,Fe,Os could be
effectively replaced by Ni atoms without any Fe-Ni
interaction. However, increasing the doping concentration
beyond 5% led to the formation of NiFe,O,, an unwanted
phase that could alter the Ca,Fe,Os structure, thereby leading
to decreased reactivity and hindering the CO, oxidation as
the regeneration of the reduced Ni-Fe phase using CO, is
thermodynamically inhibited. Shin et al. reported the
formation of Fe;O, and metallic Ni upon oxidizing reduced
NiFe,0,, while Huang et al. have also reported the occurrence
of metallic Ni, Ni;  Fe,;, 04, and Fe,;;,0, phases upon CO,
oxidation.**** To carefully examine the effect of doping on
the Ca,Fe,Os structure, the peak intensity corresponding to
the doped and undoped samples was plotted by conducting
XRD while varying the 26 values from 31.6 to 32.4 degrees as
shown in Fig. 3, which shows a peak shift for all the doped
Ca,Fe,0; samples. As Ni*" (ionic radii = 69 pm) successfully
replaced the Fe®" (ionic radii = 63 pm) atoms in the lattice,
loss of oxygen takes place to maintain charge neutrality in
the compound and therefore, the wunit cell volume
decreased.* Thus, a peak shift to the right was observed for
the doped samples. Similarly, a change in the peak intensity
was observed, which can be attributed to the difference of
the electron density of the Fe-only lattice and the oxygen
carrier lattice with the Fe-Ni atoms present in the doped
samples. The surface morphology of the oxygen carrier
samples was analyzed using SEM imaging. As seen from the
micrographs shown in Fig. 4, the oxygen carriers with a
doping concentration of <5% showed a similar granular
morphology with no other visible microstructure. All the
samples had a similar grain size in the range of 1-1.3 um
suggesting that the dopant addition did not change the
physical attributes of the oxygen carrier. However, in Ca,Fe; o-
Niy 105, two types of surface morphologies were observed as
seen in Fig. 4e (also verified using energy dispersive X-ray
spectroscopy). The growth of more porous NiFe,O, crystals
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Table 1 Characteristics of the doped and undoped samples used in this study
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Sample no. Sample name Ni (dopant) concentration (mol%) Average grain size (um) Major chemical phases® Standard deviation (um)
1 Ca,Fe,O5 0 1.01 Ca,Fe,0O5 0.1
2 CayFe; goNip 105 1 1.29 Ca,Fe,05 0.11
3 Ca,Fe; 0gNip.0,05 2 1.12 Ca,Fe,O5 0.1
4 Ca,Fe; 95Nig o505 5 1.06 Ca,Fe,05 0.12
5 Ca,Fe; oNip,05 10 1.21 Ca,Fe,0s, NiFe,0, 0.1
¢ As identified by XRD.
e Nife,0, +Ca,Fe,0O4
Ca,Fe, oNig 105 T
+ 4+t +
°
¢ + t & 4 % +X + + 4ot + -
Ca,Fey 95Nig 0505
Ca,Fey 9gNig 0,05 T
+1 TT‘ + | 5 + +
Ca,Fey goNip 0105
+ T + A
Aod X 7 % D ST S5 o WO S
Ca,Fe,0q
+ + +
) X S N TR b il
20 25 30 35 40 45 50 55 60 65 70 75

26 (deg.)

Fig. 2 XRD spectra of the doped and undoped oxygen carrier samples.

was observed on the Ca,Fe,O5 surface, thereby corroborating
the results obtained from the XRD analysis.

Fig. 5 shows the solid conversion of the doped and
undoped samples during the reduction at 900 °C. The doped
samples performed significantly better than the undoped
sample. In the CLPO process, oxygen carriers provide lattice
oxygen to partially oxidize methane in the reducer reactor,
thus leading to the formation of oxygen vacancies. Our
previous study has demonstrated that the formation of
oxygen vacancies plays an important role in the structure-
activity relationship of oxygen carriers.>>*® To gain a
mechanistic insight into the Ni doping effect on the reactivity
of calcium ferrite oxygen carriers, the formation of oxygen
vacancies on undoped Ca,Fe,Os, Ni doped Ca,Fe,O5 and
NiFe,0, was investigated using DFT calculations. Ca,Fe,Os
has a brownmillerite-type structure with layers alternating
between corner-sharing octahedra and tetrahedra. The doped
Ca,Fe,O5 was built by replacing one Fe atom at the
outermost layer with one Ni atom. The optimized structures

1932 | React. Chem. Eng., 2021, 6, 1928-1939

of the Ca,Fe; o5Nig 0505 (001) slab and NiFe,O, (001) slab are
shown in Fig. 6a. The oxygen vacancy formation energies (Ey)
of these slabs can be obtained from eqn (4), and the
relationship between E; and the number of oxygen vacancies
is shown in Fig. 6b. It can be found that the oxygen vacancy
formation energy increases with an increase in the number
of oxygen vacancies. The E¢ of Ca,Fe,O5 increases to 3.15 eV
from 2.12 eV when the number of oxygen vacancies increase
to 5 from 1.

For Ca,Fe; ¢5Nip 505, the formation energy of the first
oxygen vacancy is 1.72 eV, which is 0.4 eV lower than that for
Ca,Fe,05. When the number of oxygen vacancies increases to
5, the E; of CayFe; 95Nig 505 is 0.96 eV lower than the E; of
the undoped slab. It indicates that the Ni doping significantly
facilitates the formation of oxygen vacancies which favors the
CH, partial oxidation.” In the CLPO process, CH, is
dissociated to hydrogen and CH, radicals over the oxygen
carrier. Then, the CH, radicals are oxidized by lattice oxygen
to generate CO and H,. The energy barrier for the first step

This journal is © The Royal Society of Chemistry 2021
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Ca,Fe, 04

Ca,Fe; 9Nip 0105
Ca,Fe; ¢gNig 0,05
Ca,Fe; g5Nig 0505

Intensity (a.u.)

31.62 3168 31.74 318 31.86 31.92 31.98

32.04 321 32.16 3222 3228 3234 324

Fig. 3 XRD spectra obtained by varying the incident angle over a narrow range.

of CH, dissociation on 5% Ni-doped Ca,Fe,Os5 is 152.7 kJ
mol™*, which is 36.5 k] mol™ lower than that of CH,
dissociation on the undoped slab. The C-H bond cleavage
barriers for CHz, CH,, and CH on 5% Ni-doped Ca,Fe,O5 are
95.1 k] mol™, 81.2 kJ mol™ and 103.6 k] mol™, respectively,
which are also lower than the corresponding barriers for the
dissociation of these radicals on the undoped Ca,Fe,05.>°
These results agree with the experimental finding that the
reactivity of Ni doped Ca,Fe,Os is higher than that of the
undoped sample. Among these slab models, the NiFe,O,
(001) slab exhibits a high oxygen vacancy formation energy,
implying its weak CH, activation capability. In addition, the

(d) (e)

Fig. 4 Micrographs depicting the morphology of the (a) Ca,Fe,Os, (b)
CazFe1.99Nip.010s, (€) CazFesogNio 0205, (d) CazFeq gsNio.osO0s, and (e)
CasFe; 9Nip 105 oxygen carrier samples.

This journal is © The Royal Society of Chemistry 2021

calculated energy of adsorption for methane on the NiFe,0,
surface is 27.1 k] mol™, which is 35.2 k] mol™ lower than
that for methane on the Ca,Fe,O; surface. Therefore, the
formation of NiFe,0, is unfavorable for the CLPO process.
Fig. 7 shows the comparison between the reduction and
oxidation performance of Ca,Fe,Os and Ca,Fe; 5Nig 505
across 15 continuous redox cycles at varying temperatures
between 750 and 1000 °C. The reduction of the samples was
carried out under 25% CH, concentration whereas the
reduced samples were oxidized in 10.5% O,. As seen from
Fig. 7, adding Ni as the dopant significantly increased the
reduction and oxidation performance of Ca,Fe,Os at all the
temperatures. Adding 5% Ni to Ca,Fe,Os increased the
average solid conversion for reduction and oxidation by
1149% and 1147%, respectively at 750 °C as compared to the
undoped sample. Similarly, the average solid conversion
(reduction) showed an increase by 396%, 259%, and 190% at
operating temperatures of 800 °C, 900 °C and 1000 °C,
respectively, as shown in Fig. 7c, e and g. Likewise, the

100

90 f —Ca,Fe,04

80 f ————Ca,Fe, goNip,05
70— Ca,Fe; 5Nig 0,05
60 E

Ca,Fe; g5Nig 0505
50 F

40 E
30 F
20 F
10 f

Solid conversion (%)

Time (min)

Fig. 5 Comparison of the reactivity (reduction) amongst the different
oxygen carrier samples at 900 °C and 1 atm.
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(b) _ 0

3.5
3.0

2.5

1.5 1

Oxygen Vacancy Formation Energy (eV)

1.0 T

0 //
————— NiFe,0,

Ca,Fe,05
Ca,Fe; 9sNig 0505

3 4 5
n

Fig. 6 (a) Side view of the optimized structures of the CazFe; 95Nip 0505 slab and the NiFe,O4 slab (the side view of the structures is shown in the
inset); (b) the oxygen vacancy formation energies (eV) plotted as a function of the number of oxygen vacancies.

average solid conversion during the oxidation showed an
enhancement by 397%, 259% and 190% corresponding to
the temperatures of 800 °C, 900 °C and 1000 °C, respectively,
for the 5% doped sample as compared to undoped Ca,Fe,O5
as depicted in Fig. 7d, f and h. It must be noted that at lower
temperatures (750 °C and 800 °C), the steady state solid
conversion is achieved after multiple redox cycles as opposed
to higher temperatures (900 °C and 1000 °C) where it is
reached within relatively less redox cycles. This behavior can
be attributed to the impact of temperature on the reduction
of the samples under given conditions, where the samples
are still activating under CH,. To further understand the
effect of dopant addition on the redox performance of Ca,-
Fe,0s, the dopant concentration was varied, and redox cycles
were conducted at different temperatures. The change in the
average values of solid conversion during the reduction and
oxidation at different temperatures for varying dopant
concentrations is shown in Fig. 8a and b, respectively. At 750
°C, increasing the dopant concentration from 0% to 1%, 2%,
and 5% led to an increase in the reduction solid conversion
by 238%, 237%, and 1149%, respectively. At 800 °C, the
oxygen carrier samples with 1%, 2%, and 5% Ni showed an
increase in the reduction performance by 59%, 58%, and
396% as compared to the undoped sample. Similarly, the

1934 | React. Chem. Eng., 2021, 6, 1928-1939

CayFeq g9Nig 0105, CayFeq 9gNig 0205, and CaFe;.95Nig.0505
samples showed an increase in the average reduction by
34%, 57%, and 259% and 10%, 21%, and 190% at 900 °C
and 1000 °C, respectively, as compared to undoped Ca,Fe,Os.
The effect of the dopant on enhancing the reactivity by
lowering the activation energy barrier is more prominent at
lower temperatures as high temperature promotes reaction
rates due to a strong effect on the rate constant.

One of the crucial advantages of Ca,Fe,Os is its ability to
be regenerated in steam/CO, while producing H,/CO as the
products, thereby providing the flexibility to manipulate the
H,:CO ratio of the syngas produced in the reducer.** To
assess the impact of Ni doping on the regeneration capability
under CO,, the doped and undoped samples were subjected
to extended redox cycles using CH, and CO, as the reducing
and oxidizing agents, respectively. Fig. 9a shows the oxidation
performance of the different samples during CO, oxidation
at 750 and 900 °C. Similar to air oxidation, increasing the Ni
concentration in the sample leads to a higher extent of
oxidation. A better reduction performance across 15 redox
cycles is also observed with CO, as compared to air, as seen
from Fig. 9b.

To elucidate the dopant effect on the CO, conversion
enhancement, the CO, adsorption on the reduced Ca,Fe,O5

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1re00150g

Published on 14 July 2021. Downloaded on 12/4/2025 3:11:30 PM.

Reaction Chemistry & Engineering

Reduction

* =8 cefer0; T=750°C
L__J CasFe; -
(a) . [ CayFey o5Nig 0505
3
@ 4+
i
gz-
14
o OO T T L T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles
(C) 14 {1 Ca;Fe,04 T=800°C
[0 CayFe; g5Nig 0505

12 4

Solid Conversion (R,%)
]

$

Solid Conversion (R,%)
3

1 2 3 5 6 7 8 9 10 11 12 13 14 15
Cycles

TE=3Ca;Fe.0; T=900°C

[ECa,Fe, 55Nig 0505

30 110 ]N - '[ - i
o | ANINRIRRIRNE Ll i
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles
120
(g) [C]Ca,Fe,0s T=1000°C
— 2Fe;.95Nig 0505

Solid Conversion (R,%)
8

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles

(b)

(f)

(h)

Solid Conversion (0,%) Solid Conversion (0,%)

Solid Conversion (0,%)

& | EJCazFe;0s

Solid Conversion (0,%)
8

View Article Online

Paper

Oxidation

T=750°C
-cazFeL’leolosos

o
L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles

14 4 [C)CazFe;05
[T Ca,Fe; 95Nig 0505

T=800°C

12 4

0
1 2 3 4 5 7 8 9 10 11 12 13 14 15
Cycles
100 -
[CCa,Fe,05 T=900°C
0 Ca,Fe, 55Nio 0505
80 -
60 -
40 -
20 I ', f
{ :
V]
1 4 5 6 9 10 11 12 13 14 15
Cycles
1220
mCa;Fe;OS T=1000°C
[ETCa,Fe, 5Nig 0505

100 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles

Fig. 7 Cyclic performance during the reduction (a, c, e and g) and air oxidation (b, d, f and h) of Ca,Fe,Os and Ca,Fe; 95Nip 0505 at different temperatures.

This journal is © The Royal Society of Chemistry 2021

React. Chem. Eng., 2021, 6,1928-1939 | 1935


https://doi.org/10.1039/d1re00150g

Published on 14 July 2021. Downloaded on 12/4/2025 3:11:30 PM.

View Article Online

Reaction Chemistry & Engineering

(b)

——(a,Fe,0;

Ca,Fe; g9Nig 0105
Ca,Fe; ogNig 0,05
Ca,Fey 9sNig 0505

Paper
(a)
100
- 750°C
1004 o 800 >
- 900°C —
= ol™ 1000 °C . x 9
> 4 - ~
« )
[
§ o g 0f
5 o
2 >
Q S 40 |
O 404 o o
2 ° . . °
[} o L~
@ . w 20
20
L ]
0 L 3 - 0
T T T T T T
0 1 2 3 4 5

Dopant concentration (%)

750

800
Temperature (°C)

900 1000

Fig. 8 Solid conversions during the (a) reduction and (b) oxidation of the oxygen carrier samples as a function of dopant concentration and

temperature.
(a)
100
go E * Ca,Fe,0q 4
R 80 f ®CayFe; gNig ;05
[°) '
P 70 F + CayFey 45Nig ;05
2 60 3
£ 50 + CayFe; g5Nig o505
2 E
- 30 3 e
8 ¢
10 f
o E
750°C
900°C
Fig. 9
atm.

100
90
80
70
60
50
40
30
20
10

Solid Conversion (R,%)

(b)

0 2 4 6 8 10 12 14
Ca,Fe,0, Redox cycles

Ca,Fe; o5Nig 505

(a) Solid conversion during the oxidation of the reduced sample with CO, and (b) 15 isothermal CH4-CO, redox cycles at 900 °C and 1

—_
Q
~
6] (9]
o o
1

N
o
1

30

204

Adsorption Energy (kJ/mol)

10 1

Reduced Ca,Fe,05

Reduced Ca,Fe, osNig 505

Relative Energy (kJ/mol)

-40

Reduced Ca,Fe,0;
Reduced Ca,Fe; 4sNig 0505

COo(g)

CO,(g)
: CO(ad) + O,

€O, (ad)

=l
N

3
n

T
4 5

Reaction Coordinate

Fig. 10 (a) The relationship between the CO, adsorption energy and the number of oxygen vacancies; (b) the energy profiles for the CO,
conversion to CO on the reduced Ca,Fe,Os and Ca,Fe; 95sNig 0505 slabs. O, denotes the lattice oxygen in the surface.

1936 | React. Chem. Eng., 2021, 6, 1928-1939

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1re00150g

Published on 14 July 2021. Downloaded on 12/4/2025 3:11:30 PM.

Reaction Chemistry & Engineering

and Ca,Fe; ¢5Nig 0505 slabs with n oxygen vacancies was
investigated. The relationship between the adsorption
energies and the oxygen vacancy number is shown in
Fig. 10a. It is seen that the CO, adsorption energy increases
with the increasing number of oxygen vacancies on these
slabs. Compared with the reduced Ca,Fe; ¢5Nij 0505, the CO,
adsorption energy on the reduced Ca,Fe,05; was ~20 k] mol™*
lower. Thus, the adsorbed CO, at the Ni dopant site is more
favorable to the CO, conversion in the regeneration process
of the oxygen carriers. Fig. 10b shows the energy profiles for
the CO, conversion to CO on the reduced Ca,Fe,O; and
reduced Ca,Fe; ¢sNij (505 slabs. It was found that the C-O
bond cleavage of CO, on the reduced Ca,Fe,Os needs to
overcome a high barrier of 72.3 k] mol™*, which is noticeably
larger than that on the reduced Ca,Fe; 9sNip 505 (51.1 k]
mol ™). These calculation results indicate that Ni doping is
beneficial not only for methane partial oxidation in the
reducer, but also for CO, adsorption and conversion in the
regeneration process of calcium ferrite oxygen carriers, which
is in good agreement with the TGA test.

4. Conclusion

Natural gas and CO, are the major contributors to global
warming. Utilizing natural gas and CO, as feedstocks in a
process to produce valuable products is thus advantageous
from both the environmental and economic perspectives.
Chemical looping partial oxidation (CLPO) provides a
scheme for enabling such a process that converts these
feedstocks. This study examined the usage of Ni-doped
calcium ferrite as an oxygen carrier in the CLPO process,
where the dopant concentration is varied from 0 to 10% per
mol of the carrier. As the CLPO process intended for
commercial applications tends to use an adiabatic system
wherein no external heat source is provided, the operating
temperature drops as the reaction proceeds, thereby
lowering CH, oxidation kinetics. However, Ni-doped Ca,Fe,-
Os carriers exhibited an enhanced activity across a wide
range of operating temperatures (750-1000 °C), with the
most substantial improvement of 1149% for a 5% doped
sample as compared to the undoped sample at 750 °C. The
experimental performance was validated wusing DFT
calculations, which showed the lowering of the oxygen
vacancy formation energy in the range of 0.4 to 0.96 eV
when switched to the 5% Ni-doped sample as compared to
undoped Ca,Fe,0s. The regeneration performance of the
reduced carriers was assessed using both air and CO, as
the oxidizing media, where both the oxidizing agents
achieved complete regeneration of the reduced oxygen
carriers, with the doped samples exhibiting higher reaction
rates across a wide range of operating temperatures. DFT
calculations further revealed a higher CO, adsorption energy
and a lower C-O bond cleavage energy barrier for the
reduced 5% Ni-doped Ca,Fe,Os as compared to the
undoped one. Doping Ca,Fe,Os with Ni thus yields fast
reaction kinetics that successfully convert methane in the

This journal is © The Royal Society of Chemistry 2021
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CLPO process to produce high-quality syngas, while
simultaneously splitting CO, to generate CO, making this
process highly effective.
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