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In this study, redox catalysts composed of Fe—Mn mixed oxides with Na,WO, and NazMg(WO,)s promo-
ters are investigated for chemical looping oxidative dehydrogenation (CL-ODH) of ethane. Although
NazMg(WO,)s was shown to be more effective in inhibiting CO, formation when used to promote a
Mg—-Mn oxide, both promoters performed similarly for Fe—Mn mixed oxides during CL-ODH. Due to
their tendency to spontaneously release lattice oxygen at the CL-ODH operating temperature range, a
number of reoxidation conditions were investigated for a NasMg(WO,)s promoted (Feq 1Mng 6),0, redox
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catalyst to determine the effect of the cation oxidation state. Tuning the oxidation conditions signifi-
cantly improved ethylene (from 59 to 63%) and C,, high-value products (from 67 to 70%) yields, which

DOI: 10.1039/d5ey00325¢ can be primarily attributed to lowered CO, formation. From in situ XRD, XPS, and pulsed experiments,

the inhibition of CO, formation resulted from the lower proportion of Mn®* cations, which decreased

rsc.li/eescatalysis the amount of highly active lattice oxygen species responsible for CO, formation.

Broader context

Ethylene is the most important building block in industry, with an annual production exceeding 200 million tons. However, its production by steam cracking
remains one of the most carbon- and energy-intensive industrial processes, responsible for more than 300 million tons of CO, emissions annually. Developing
routes to low-carbon ethylene is therefore essential for decarbonizing the chemical sector. Chemical looping oxidative dehydrogenation (CL-ODH) offers a
promising alternative by employing lattice oxygen from redox-active oxides to selectively combust hydrogen. This approach can surpass equilibrium yield limits
of thermal cracking while reducing energy demand and CO, intensity. Recent work has shown that oxide composition, promoters, and redox conditions
strongly govern activity and selectivity. In this study, we report how mixed Fe-Mn oxides promoted with alkali tungstates can be tuned to maximize ethylene
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yield while suppressing CO, formation, pointing to a promising strategy for sustainable olefin production.

Introduction

Ethylene is an important precursor for a number of materials,
including polyethylene, ethylene oxide, ethylene glycol, vinyl
chloride, and many others." An estimated 228.5 million tons of
ethylene were produced in 2023.> Ethylene is industrially
produced using thermal cracking, catalytic cracking, and
methanol to olefins, with thermal cracking accounting for over
80% of its global production.® The primary feedstocks for
ethylene production via cracking are naphtha and ethane, with
ethane being the predominant feedstock in North America due
to shale gas production. In this process, ethane and steam are
fed to a high temperature reactor (typically 850-950 °C) where
ethane undergoes thermal cracking to form ethylene via a
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series of gas phase radicals, which also produces other side
products and deposits coke. The thermal cracking of ethane is
given below in eqn 1:

CoHg © CH, +H, AH®C=143kmol™ (1)

There are numerous drawbacks to the steam cracking pro-
cess. The single-pass ethylene yields from steam cracking are
typically 52-55%, and are limited by the thermal cracking
equilibrium. The production of ethylene from the steam crack-
ing of ethane contributes an estimated 1.2 tons of CO, per ton
of ethylene produced.”® Steam cracking processes in general
generate an estimated 300 million tons of global CO, emissions
per year.®

Chemical looping oxidative dehydrogenation is an alternative
process that uses the lattice oxygen from a reducible metal oxide-
based catalyst to directly dehydrogenate ethane, or selectively
combust hydrogen under thermal cracking conditions.”>°
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The catalyst is then regenerated using an oxidant such as air in
a second step (or second regeneration reactor). Using this
method, the single-pass ethylene yield can potentially exceed
the thermal equilibrium yield, which can lower downstream
compression and separation demands, energy requirements,
and CO, emissions.

There is a great deal of literature investigating chemical
looping redox catalysts for various applications, where Fe
and/or Mn are the redox-active cations responsible for lattice
oxygen donation and uptake.”'°'®1820:2274% The activity and
selectivity of these catalysts are generally attributed to the
catalyst’s reducibility, as well as the near-surface concentration
and oxidation state of the redox active species,>*32%2331,32,39,41,43
Hong et al. reported a Fe-CeZrO,-based catalyst for CO, CL-ODH
of ethane, where the surface concentration of Fe was found to
correlate with the formation of CO, through deep oxidation of
surface intermediates.*> Wang et al reported a Ce-doped
LaMnO; redox catalyst for CL-ODH of ethane, where Ce-
modification was found to improve ethylene selectivity through
the decrease of near-surface Mn**/Mn** ratio.”® Xing et al
investigated a SrtMnO; catalyst doped with halide ions, which
were shown to improve oxygen mobility, decrease non-selective
adsorbed oxygen, and increase the average Mn oxidation state,
leading to higher activity for ethane dehydrogenation.*® Luongo
et al. reported a sequential bed chemical looping system using
an M1 dehydrogenation catalyst in tandem with a Sr-Ca-Fe
perovskite material for hydrogen combustion. The perovskite
material is utilized for its oxygen uncoupling capability, where
the oxygen carrier releases gaseous oxygen into the gas
phase,**2**>7%7 in this case to combust hydrogen. They modified
the perovskite using a molten Na,CO; promoter to suppress
nonselective oxygen uncoupling, which would otherwise lead to
CO, formation, showing that the molten salt effectively slowed
the rate of O, release.'® Despite many investigations of catalysts
utilizing Fe and Mn as the active components, there are few
studies of mixed Fe-Mn oxides for CL-ODH. Zhang et al. inves-
tigated Fe-Mn mixed oxides synthesized using a green solid-state
grinding method with biomass based oxygenates for the CL-
ODH of ethane. Doping with xylitol resulted in increased poros-
ity, increased oxygen vacancies, and lower Fe and Mn oxidation
state, resulting in improved ethylene yield.”® Yusuf et al. inves-
tigated several Fe-Mn oxides promoted with Na,WO, for the
CL-ODH of ethane, demonstrating the ability to alter the Fe : Mn
ratio to achieve a reduction enthalpy that could satisfy the
ethane thermal cracking heat requirements.*’

Previous studies have demonstrated that Na- and W- based
promoters have relatively low melting points and exhibit sur-
face enrichment on Mn-based oxides. As a result, they suppress
near-surface nonselective oxidative species while facilitating
the transport of ionic oxygen species to the surface to selectively
combust hydrogen.'***149 As such, these promoted Mn-
containing oxides are effective for ethane ODH through
coupled gas phase ethane cracking and selective hydrogen
combustion. We recently reported the use of a Na,Mg(WO,);
molten salt promoter with a redox-active oxide composed of
Mge¢MnOs. Using this promoter, we were able to significantly
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suppress the CO, selectivity, which we attributed to a slower
reduction rate and improved surface coverage of MgesMnOjg at
high temperature compared to promotion with Na,WO,.*'
In the current study, we evaluated the performance of Fe-Mn
oxides with Na,WO, and Na,Mg(WO,); promotion under vary-
ing oxidation conditions. While the Na,Mg(WO,);promoter did
not produce a similar effect when used with the mixed Fe-Mn
oxides, we were able to demonstrate fine control of CL-ODH
performance within a narrow range of reoxidation oxygen
partial pressures, achieving 63-64% ethylene yield and 5-7%
CO, selectivity. Detailed characterizations, including in situ
XRD, TGA/DSC, and XPS, were conducted to identify the active
species responsible for nonselective products.

Methods and materials
Catalyst synthesis

Each of the Fe-Mn oxide catalysts was synthesized via the modi-
fied Pechini method. Stoichiometric amounts of Mn(NOj3),-4H,0
(Sigma-Aldrich, 98%) and Fe(NO3);-9H,O (Sigma-Aldrich,
>99.95% trace metals basis) were dissolved in DI H,O with
stirring. Once the metal precursors were fully dissolved, citric
acid was added to achieve a 2.5:1 molar ratio of citric acid to
metal ions in the solution and heated to 50 °C with stirring for
1 hour. Following the dissolution of the citric acid, ethylene
glycol was added to the solution in a molar ratio of 1.5:1 to the
citric acid and heated to 80 °C. Once gelated, the resulting
mixture was dried overnight in an 80 °C oven. Finally, the dried
mixture was calcined in a still air furnace at 450 °C for 3 hours
to decompose the citrate polymer, then ramped to 900 °C for
8 hours to form the final mixed metal oxide. For the samples
without Fe, commercial Mn;O, (Noah Technologies, Lot
#0239936/1.1) was used.

The Na,Mg(WO,); promoter was synthesized via a solid-
state method, as reported in our previous study.*"*® Briefly,
stoichiometric amounts of Na,COj; (Sigma Aldrich, >99.5%),
Mg(NO3),-6H,0 (Sigma Aldrich, 99%), and WO; (Sigma Aldrich,
>99.9%) (2:1:3 molar ratio) were ground together in an agate
mortar until a uniform, fine powdered mixture was formed. The
uniform mixture then underwent calcination under a still air
atmosphere, first heating to 450 °C for 5 hours to decompose
the nitrates and carbonates, and then heating to 632 °C for
72 hours to form the Na,Mg(WO,);. The as-synthesized promo-
ter will be abbreviated as NaMgW.

For promotion with Na,WO,, the Na,WO0,-2H,0 (Sigma
Aldrich, >99%, Lot #MKBZ4027V) was used. The promoter
loadings were normalized to attain a final loading of 1.7 wt%
Na, to achieve 10.8 wt% Na,WO, and (15.9 wt% Na,Mg(WO,);),
respectively (based upon total of promoted catalyst weight). The
metal oxide and the salt promoter were added to a 50 mL
stainless steel ball mill jar, and 3 mm ZrO, balls were added to
attain a 10: 1 weight ratio of balls to precursors. The ZrO, balls
served as the grinding media to promote uniform mixing and
intimate contact between the promoter and oxide during ball
milling. After milling, the balls were removed by sieving, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the resulting mixture was calcined in air at 900 °C for 8 hours.
Zr contamination was confirmed to be negligible based on
X-ray fluorescence spectroscopy. In the following sections,
the catalysts will be abbreviated NaMgW-(Fe,Mn;_,),0, or
NaW-(Fe,Mn,;_,),0,.

Reactive testing

Chemical looping oxidative dehydrogenation of ethane
reaction testing. The synthesized catalysts were sieved to attain
particles in the size range of 425-850 um. 500 mg of the catalyst
particles were loaded into a quartz U-tube of 8 mm O.D. and
4 mm 1.D. The catalyst bed volume was measured to normalize
the gas hourly space velocity (GHSV) to 4500 h™ . The catalyst
bed was fixed in place at the bottom of the U-tube by placing
quartz wool on either side. The U-tube was then filled with
a-Al,O; grit on each side of the catalyst bed. The U-tube was
placed into a reactor furnace to heat it to each respective
operating temperature. The catalytic activity for ethane oxida-
tive dehydrogenation (ODH) was evaluated using redox cycles.
The setup for the CL-ODH catalyst activity testing is represented
in Fig. 1. Initially, the catalysts underwent two break-in cycles at
900 °C in an 80% H,/Ar mixture, to stabilize the physical and
chemical properties prior to ODH cycling. Each cycle included
a reduction step (3 minutes in H,/Ar) and a reoxidation step
(3 minutes in 20% O,/Ar), with a 5-minute argon purge between
each half-cycle. After completing the break-in cycles, the cata-
lysts were tested under CL-ODH conditions. For this, a 5 mL
injection of ethane (80% C,Hg/Ar) was introduced into the
reactor, followed by a 5-minute purge with 100% Ar. The
catalysts were then reoxidized with 17% O,/Ar for 3 minutes,
with a final 5-minute purge with 100% Ar.

The catalyst bed volume, density, and flow rates for each
step are given for all of the catalysts in Table S1. The products
from the reduction steps were collected in a Tedlar gas sam-
pling bag and characterized using a gas chromatograph
(Agilent Technologies 7890B). The gas chromatograph is
equipped with a flame ionization detector (FID) for analysis
of the hydrocarbon products, and Ar and He thermal conduc-
tivity detectors (TCD) channels for H, and CO/CO,, respectively.
The conversion of ethane, and the selectivities of each of the

Reduction Step

80% C,Hy/Ar ToGC
(5 mL C,Hg total) 1
™ Quartz tube
AlO; grit
Quartz wool
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carbonaceous species were calculated based on the carbon
mass balance. The total hydrogen expected was calculated from
the hydrogen mass balance from the measured hydrocarbons.
The hydrogen conversion was calculated based on the differ-
ence between the total expected hydrogen and the hydrogen
measured via the TCD. To quantify coke formation, the effluent
gas composition was monitored during the reoxidation step
using a quadrupole mass spectrometer (MKS Cirrus II) in all the
experiments performed. The reported selectivities are adjusted
to include the coking selectivity.

The NaMgW-(Fe, ;Mn, 4),0, catalyst was selected for addi-
tional experiments with varying oxidation conditions. The
rationale for these oxidation conditions is discussed in greater
depth in later sections. The conditions for the reduction half-
cycle were the same as for the other tests. This catalyst was
subjected to reoxidation half-cycles with the same reoxidation
time using 4.3% O,/Ar and 10.8% O,/Ar. It was also subjected to
reoxidation half-cycles using 17% O,/Ar, but halving the reox-
idation time to 90s. Additionally, the catalyst was subjected to
identical reoxidation conditions (17% O,/Ar for 3 minutes),
with 20 minutes of inert purging following the reoxidation.

C,H,-H, co-feed pulse experiments

To evaluate the selectivity of hydrogen combustion vs. ethylene
overoxidation to COy, the NaMgW—(Fe, ;Mn, )0, was selected
to undergo C,H,-H, pulse experiments. 100 mg of the catalyst
in the 425-850 um range was packed into a quartz U-tube
(8 mm O.D., 4 mm LD.). The catalyst bed was fixed in place at
the bottom of the U-tube by placing quartz wool on either side.
The U-tube was then filled with o-Al,O; grit on each side of the
catalyst bed. The U-tube was placed into a reactor furnace to
heat it to 850 °C. The catalyst was pretreated with 17% O,/Ar for
30 minutes to ensure it was fully oxidized. After this, the reactor
was purged with 100% Ar for 5 minutes. Then the catalyst was
subjected to 50, 1 mL pulses of 80% C,H,4/20% H,. This number
of pulses was calculated to be sufficient for the exhaustion of
the catalyst’s maximum oxygen capacity. The catalyst’s max-
imum oxygen capacity was calculated using the theoretical
weight change from the bixbyite phase to the monoxide solid-
state solution. Then the catalyst was reoxidized in 10% O,/Ar,

Reoxidation Step

To MS

17% O,/Ar
(3 min total)

500 mg NaMgW-(Fe,Mn,_),0, or NaW- (Fe,Mn,_,),0,

T = 800, 825, 850°C; GHSV = 4500 h!

Fig. 1 Schematic for CL-ODH catalyst activity testing.
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and again subjected to the same pulses, and finally reoxidized
in 4% O,/Ar before being subjected to the pulses again. The
pulses were fed to the reactor using a Vici Valco 6-way valve,
where C,H, and H, were fed into a 1 mL sample loop using
Alicat mass flow controllers. The sample loop was filled for
2 minutes, and then the contents of the loop was injected to the
reactor for 2 minutes using 100% Ar (25 sccm).

H,-temperature programmed reduction

H, temperature programmed reduction was performed with
each of the catalysts using a TA Instruments SDT Q600.
Approximately 10-30 mg of each catalyst was loaded into the
instrument using alumina crucibles. The samples were heated
to 850 °C for 30 minutes in 20% O,/Ar to ensure a clean catalyst.
After this, the catalysts were cooled to 500 °C, and held in 20%
O,/Ar for 10 minutes to ensure they were fully oxidized to
bixbyite ((Fe,Mn; ,),03). These conditions were selected
to replicate oxidation with air. The gas flow was switched to
100% Ar for an additional 10 minutes to purge out the
remaining O, before switching to 5% H,/Ar. The temperature
was held at 500 °C for 10 minutes, before ramping to 900 °C
(5 °C min™") and holding at the final temperature for an
additional 10 minutes. Following the TPR, the samples were
cooled to 850 °C in 100% Ar with a ramp rate of 5 °C min~". The
samples were then reoxidized at 850 °C in 20% O,/Ar for 20
minutes. The gas flow was finally switched to 100% Ar and the
temperature was held at 850 °C for an additional 60 minutes to
observe if any oxygen uncoupling occurs under the inert purge.
The weight loss and derivative weight loss with respect to
temperature were normalized to the initial total weight of the
samples following the pretreatment.

TGA/DSC redox cycling. Redox cycling was performed with
the promoted-(Fe, ;Mn, )0, catalysts using a TA Instruments
SDT Q600. Approximately 10-30 mg of each catalyst was loaded
into the instrument using alumina crucibles. The samples were
heated to 850 °C for 30 minutes in 20% O,/Ar to ensure a clean
and fully oxidized catalyst. The gas flow was switched to 100%
Ar for an additional 10 minutes to purge out the remaining
O, before beginning 5 redox cycles. Each cycle consisted of a
10-minute reduction with 5% H,/Ar and a 10-minute reoxida-
tion with 17% O,/Ar, with 11 minutes of purging with Ar
between each step. For the NaMgW—(Fe,,Mn,,),03; sample,
the catalyst was first subjected to a 5% H,/Ar pretreatment for
30 minutes at 850 °C, then reoxidized with 4.3% O,/Ar for
30 minutes. The catalyst was then subjected to 5 redox cycles
using varying oxygen partial pressure for reoxidation (4.3%
O,/Ar, then 10% O,/Ar, and finally 17% O,/Ar). The resulting
heat flows were normalized so the cumulative sum of the heat
released during redox cycles was equal to the lower heating
value for H,. Additional details for the DSC computation are
given in the SI.

Characterization

X-ray diffraction. The crystal structures of the prepared and
cycled catalysts were identified using X-ray diffraction. An
Empyrean X-ray diffractometer was used to analyze the phases
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of the catalysts for both ex situ and in situ experiments, with a
radiation source of CuKa (4 = 0.1542 nm) operated at 45 kV and
40 mA. For ex situ XRD, a scan range of 260 = 10-90° was used
with a 0.025° step size.

In situ XRD experiments were also conducted for the pro-
moted (Fey ;Mny ),0, catalysts. The catalysts were scanned for
a 20 range of 10-80°, with a step size of 0.04°. Each catalyst was
first heated to 500 °C in air before being subjected to similar
conditions as the TGA TPR mentioned above, with 3% H,/N,.
Following the TPR, the catalyst was then purged with 100% N,
for 10 minutes and then reoxidized under various oxygen
concentrations specified in Fig. 6. For NaW-(Fe, 1M1y o),03,
the catalyst was regenerated with 17% O,/N, for 30 minutes,
and then subjected to 2 redox cycles with 3% H,/N,. Each redox
cycle consisted of 15 minutes of 3% H,/N,, and a 30-minute
reoxidation with 17% O,/N,, with 10 minutes of 100% N, purging
between steps. For the NaMgW-(Fe, ;Mny, )0, catalyst, after the
TPR the catalyst was subjected to redox cycling with increasing Po,
(first regenerating with 4% O,/N,, then 10% O,, then 17% O,/N,).
The reduction half-cycles were the same as for the NaW-
(Feo.1Mny 4), 0, catalyst. Following the last redox cycle, each catalyst
was regenerated in air (21% O,/N,) for 30 minutes and cooled to
room temperature in 100% N,. The in situ XRD experiments were
performed using the Empyrean X-ray diffractometer with an
Anton-Parr XRK-900 reactor chamber. XRD scans of the powder
were taken during heating to 500 °C, to 850 °C, under redox cycling
at 850 °C, and cooling back to room temperature.

X-ray photoelectron spectroscopy. The near-surface (~1-
3 nm) composition and Fe and Mn oxidation states of the
unpromoted (Fey ;Mng 6),0;, NaW-promoted, NaMgW-promoted,
and several cycled catalysts were collected using X-ray photoelec-
tron spectroscopy. NaMgW-(Fe, ;Mn, 4),0, catalyst samples were
evaluated after cycling under the standard conditions, cycling
with 10% O,/Ar reoxidation, and cycling with 20 minutes of 100%
Ar purge following reoxidation with 17% O,/Ar. The cycled
catalysts were all immediately sealed and quenched following
cycling to prevent additional oxidation or uncoupling. The cata-
lysts were mounted on the sample holder in a N,-filled glovebox
and loaded into the load-lock using a N,-filled bag.

The XPS measurements were conducted using a PHI 3057
XPS system with a spherical capacitor analyzer (PHI 80-865A),
and a dual anode X-ray source (PHI 04-548). The sample
powders were mounted on Cu tape and then placed into the
load-lock at 10> torr to remove moisture. The samples were
finally moved into the analysis chamber on a tilting stage. The
chamber was pumped by a PerkinElmer TNBX ion pump, and
each sample achieved a base pressure of at 10~ ° torr or less.
Monochromatic Al Ka radiation was utilized.

The subsequent binding energies were calibrated to the C 1s
peak at 284.8 eV. Multiplex scans of C 1s, O 1s, Mg 1s, Fe 2p, Mn
2p, Na 1s, and W 4d were recorded using a 23.50 €V pass energy
and a step size of 0.025 eV. Each region was scanned 10 times, with
an additional 10 scans for species with low surface concentration.
The Mn 2p spectra were deconvoluted using CasaXPS (Casa Soft-
ware, Ltd, U.K.) to roughly evaluate the Mn oxidation state for each
of the catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Phase verification

The XRD of the unpromoted Fe-Mn, NaW-promoted, and
NaMgW-promoted catalysts are summarized in Fig. 2. Follow-
ing calcination, non-Fe containing Mn;O, (Fig. 2a) mostly
oxidizes to Mn,O; with trace Mn;O, remaining. The promoted
Mn oxide catalysts primarily consist of the promoters and
Mn,0;, however the NaMgW-promoted catalyst also contains
a small amount of Na,WO,, (see Fig. S1 for an enlarged
image)."' The (Fe,;Mn,),0, catalysts (Fig. 2b) are similar,
giving patterns generally consistent with (Feq;Mngo),0s.
We note that Fe,,csMn; 53,03 has the closest Fe:Mn ratio of
the reference patterns available in the PDXL database. A small
amount of Fe;O, is also observed for the NaMgW-promoted
sample. For the (Fey,,Mng,),0, catalysts (Fig. 2c), there are
some additional phases observed, in addition to (Fey,Mngg),O3.
There are also peak shifts (20 = 18.78, 27.15, 32.44, and 49.23°)
which suggests substitution of Mn** for Mg>" in Na,Mg(WO,)s,
which has been reported previously for this material.>* For the
NaW-promoted catalyst, a trace amount of Mn,O; is also
observed. For the (Fe,¢Mny 4),0, catalysts (Fig. 2d), they are
also oxidized to the (Fe, sMny 4),03 following calcination, with
some Fe,O; observed for the unpromoted catalyst. However, for
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the NaMgW-promoted catalyst, no crystalline Mg- or W-
containing phases were observed following the calcination.
Instead, minority phases such as Fe,O3;, Mn;0,4, and some
NaMnO, are observed. The NaW-(Fe, sMny, 4)O, consists only
of the Na,WO, and (Fe,sMn,,4),03;. The formation of the
bixbyite (Fe,Mn; ,),O; phase upon calcination in air at
900 °C is consistent with the reported phase behavior of the
Fe-Mn-O system.”>>?

Reactive performance for chemical looping - oxidative
dehydrogenation

Without promotion, mixed Fe-Mn oxides near exclusively gen-
erate undesirable CO, products. The CL-ODH performance of
each of the promoted Fe-Mn catalysts is summarized in Fig. 3.
Similar trends between the catalysts seem to hold for the
ethane conversion throughout the tested temperature range.
The promoted (Fey,Mngg)cO, catalysts exhibited the highest
activity and highest ethylene yields (63% ethylene yield for
NaW-(Fe, ,Mn, g),0,), consistent with what was previously
reported by Yusuf et al.*® The pure Mn oxide catalysts exhibit
the highest selectivity, but the lowest activity for both ethane
and hydrogen conversion. Hydrogen conversion is a key para-
meter for satisfying the net system energy demand and relaxing
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Fig. 2 Ex situ XRD of synthesized (a) Mn,O,, (b) (Feg1Mng 0)0,, (c) (Feg2Mngg),O,, and (d) (Feg sMng 4),O,, catalysts.
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NaMgW-promoted catalysts at 800, 825, and 850 °C with GHSV = 4500 h™%,

the equilibrium conversion limit.'°™** Furthermore, the NaMgW-
promoted Mn oxide catalyst was significantly less active than
the NaW-promoted Mn oxide catalyst. Despite not observing
any crystalline Mg- or W-containing phases, the NaMgW-
(Feo.eMng 4),0, catalyst performed somewhat comparably to
the equivalent NaW-promoted catalyst. In general, the Fe-Mn
catalysts exhibit similar ethylene yield at 850 °C (59-61%).
Moreover, promotion with NaMgW did not yield a significant
decrease in CO, selectivity, especially for the (Feo;Mng )0,
catalyst (5-11% CO, selectivity). This is despite the ex situ XRD
indicating that the Na,Mg(WO,); phase was preserved following
calcination for the Mn,O,, (Fe,;Mngo)O), and (Fe;,Mngg), 0,
catalysts.

EES Catal.

The similar CO, selectivity between NaW- and NaMgW-
promoted contrasts with our previous study: NaMgW was
demonstrated to suppress CO, formation by improving surface
coverage and slowing the reduction rate at high temperature for
a Mg-Mn mixed oxide catalyst. Further evaluation of the redox
characteristics and surface enrichment are therefore conducted
to elucidate the cause of the different CL-ODH performance.
Additional details regarding the product distributions, includ-
ing coking selectivity are provided in Table S2.

Evaluation of the redox behavior

The results of the H, TPR and reoxidation are summarized in
Fig. 4. The catalysts generally are fully oxidized to the bixbyite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
unpromoted Fe—Mn catalysts.

phase ((Fe,Mn;_,),0s; space group Ia3) following the pretreat-
ment at 500 °C. During the reduction the catalysts reduce
first to the spinel phase ((Fe,Mn;_,);0,; space group Fd3m),
followed by reduction to a monoxide solid-state solution
(FeO-MnO), and possible reduction to metallic Fe. For the
unpromoted catalysts, most of the reduction occurs at 500 °C,
prior to the temperature ramp. This may occur from the
reduction of bixbyite. For the Fe-containing samples, the
promoted catalysts exhibit very similar reduction rates and
oxygen capacities. The weight changes observed for each Fe-
Mn catalyst is consistent with reduction to monoxide and
reoxidation back to (Fe,Mn,),03, except for the (Feg sMng 4)<0,
catalysts, where the weight change indicates a fraction of the
Fe cations reduce to metallic Fe. In contrast, the pure Mn
oxide catalysts quickly reduce from Mn,0O; to MnO, but only
reoxidize to Mn;0,, indicating that 20% O, in Ar is insuffi-
cient to regenerate Mn,O; at 850 °C. This incomplete reoxida-
tion is consistent with its lower CL-ODH activity. DTG shows
that higher Fe:Mn ratios result in decreased catalyst reduci-
bility, which corresponds with the decreased activity observed
for the (Feq.¢Mng4),0, catalysts during CL-ODH testing. For
the promoted Mn,O, catalysts, the NaMgW-promoted sample
exhibits a higher reduction onset temperature than NawWw-
Mn,O,, consistent with its lower ethane conversion. For the
promoted (Fe, ,Mny 5)0y and (Feq sMny 4),0,) redox catalysts,
the reduction behavior is very similar for both promoters,
with the NaW-promoted catalyst skewing towards slightly
higher temperatures. The (Feo.;Mn, )0, catalyst exhibits an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Weight change during H, TPR, reoxidation, and inert purge and (b) normalized derivative weight change during H, TPR for promoted and

early onset reduction temperature, likely corresponding to
reduction from bixbyite to spinel, which subsequently
reduces to a monoxide solid-state solution. Despite the
NaMgW-promoted (Fey;Mn, )0, exhibiting higher activity
and lower olefin selectivity for CL-ODH, its reduction extent
and rate are slightly lower than those of the NaW equivalent.
Further insight can be gleaned from the reoxidation and
subsequent purging with inert gas. The addition of Fe also
enables reoxidation to the bixbyite phase in air at high
temperature, unlike the Mn oxide catalysts. However, the
NaMgW-(Fe, ,Mn, g),0,, NaMgW-(Fe, ;Mn, ¢),0,, and NaW-
(Feo.1Mnyg )0, catalysts fully decompose to the spinel phase
within ~40 minutes of inert purging. Considering that
the purge time following the oxidation during our typical
packed-bed CL-ODH experiments is only 5 minutes, it is
possible that the oxides are still readily decomposing (also
known as uncoupling) during the ethane ODH step,*’ releas-
ing appreciable amounts of active lattice oxygen into the gas
phase. The observed oxygen uncoupling (i.e. oxide decomposi-
tion) rate under inert gas flow also suggests that higher Fe
concentration stabilizes the bixbyite phase. Based on the
observation of this facile redox behavior, we decided to probe
the effect of reoxidation and/or purging conditions, which
affect the starting oxidation states of Mn and Fe in the CL-
ODH step. With this in mind, NaMgW-(Fe, ;Mn, )0, was
selected for further CL-ODH testing with varying oxidation
conditions, considering its especially high observed CO,
selectivity.

EES Catal.
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Reactive performance with varying oxidation conditions

Based upon the TPR results indicating potential influence from
the oxygen uncoupling behavior, differing oxidation conditions
were selected based on the potential active oxygen species
present during CL-ODH conditions. From the inert purge
following the reoxidation after the H, TPR, an additional 20-
minute purge was selected, as the decomposition/uncoupling rate
slows significantly over this amount of inert purging. Based upon
the weight change (~2.65 wt%), it is likely that, during the inert
purge, the material decomposes from bixbyite to spinel. Lower
partial oxygen pressures (4.3% and 10.8% O,) were selected from
the Mn oxide phase diagrams, as these are equivalent to the
equilibrium partial pressure for the conversion of Mn,O; to
Mn;0, at 800 and 850 °C, respectively.>® The higher oxygen partial
pressure of 17% was chosen for comparison with a previous study
using Na,WO0,.*° To the best of the authors’ knowledge, there are
no studies that evaluate the phase behavior of the Fe-Mn-O
system over a range of Po, applicable to the operating temperature
range and Fe:Mn ratios evaluated in this study. Finally, a 90s
reoxidation time with 17% O,/Ar was used, as it was calculated to
be roughly equivalent to the minimum oxygen required to regen-
erate the bixbyite after reduction to spinel.

The CL-ODH results from the varied oxidation conditions
are summarized in Fig. 5. Each of the milder re-oxidation
conditions effectively lower the CO, selectivity significantly.
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The additional post-oxidation purge results in the smallest
decrease, likely due to incomplete decomposition to the spinel
phase within this time. At 800 °C, both 4 and 10% O, likely
reoxidize the Fe-Mn oxide to the same oxidation state, as is
reflected by the similar CL-ODH results at this temperature. Both
shortening the reoxidation or using 10% O,/Ar proved to be
effective at lowering the CO, selectivity while still maintaining a
high ethylene yield at 850 °C (63% ethylene yield with 7% CO,
selectivity and 64% ethylene yield with 5% CO, selectivity, respec-
tively). This represents a marked improvement over the standard
operating conditions, which exhibited ~60% ethylene yield and
11.6% CO, selectivity at the same temperature. It is also observed
that there is not an appreciable drop off in ethane or hydrogen
conversion, suggesting that the metastable oxygen species present
during the standard oxidation conditions may not be selective for
hydrogen combustion. More detailed product selectivities are
provided in Table S2. Ethylene selectivity and ethane conversion
for all of the catalysts are summarized in Fig. S2. Further
characterization will be discussed in the following sections to
further elucidate the species present under varying oxidation
conditions and their impact on the CL-ODH performance.

Effects of promoters and oxidation conditions on active species

To further elucidate the metal oxide species present during
CL-ODH conditions, in situ XRD was performed on the
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(a) CO, selectivity, (b) ethane conversion, (c) total H, combustion, and (d) ethylene yield results from NaMgW-(Feq 1Mng 0),O, under various

oxidation conditions: (green) 5 min. post oxidation purge, (pink) 20 min. post oxidation purge, (purple) 90s reoxidation, (yellow) 10% O,/Ar reoxidation,

and (blue) 4% O,/Ar reoxidation.
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Fig.6 In situ XRD of (a) NaW-(FepiMngo)O, and (b) NaMgW-
(Fep1Mng o) O, subjected to 5% H, redox cycles at 850 °C. FeO and
MnO phases form during reduction but the intensity is too low to be
distinguishable on this scale.

NaMgW- and NaW-promoted (Feq;Mn,,),O, catalysts. The
results of the in situ XRD for both catalysts during the redox
cycling at 850 °C are shown in Fig. 6. We note that most alkali
metal containing tungstate salts have melting points much
lower than this temperature, and hence they are not detectable
under in situ XRD. During the initial TPR, the oxide reduces to
Fe-Mn spinel, Fe;O4, and then FeO, while also forming
some Fe-W-O compounds. After being reoxidized, Mn,0s;,
FeggsMn, 150; (higher Fe:Mn ratio than the initial oxide),
and some Na,MnO, form. In subsequent cycling, it reduces again
to Fe-Mn spinel, as well as FeO-MnO, and some Na-Mn-O
compounds. The phases observed for the subsequent reduction
and regeneration are similar. Finally, upon reoxidizing and cool-
ing in inert, the catalyst primarily consists of (Fe,Mn,),0; with a
lower Fe:Mn ratio, in addition to Fe,03, and Fe,WOs. Crystalline
Na,WO, was not detected upon cooling, but could present in an
amorphous form. This is consistent with the previously reported
catalyst, NaW-(Fe,,Mn,s),0,, where the crystalline Na,WO,
phase was no longer observed via XRD after cycling, instead
forming (Fe,Mn)WO,, NaFe(WQ,),, and NaFeO,.*’

The in situ XRD of NaMgW-(Fe,;Mn,,),0, is shown in
Fig. 6(b). At the start of the temperature programmed reduction,
the catalyst initially consists of (Fey1Mngo),03, Na,Mg; _,,Mn,-
(WO,)3;, Na,MnO,, and Na,W,0,;. During the temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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programmed reduction, it slowly progresses to FeO-MnO, Fe-
Mn spinel, Mn;0O4, Mn;WOg, and NaMn,O;,. During the later
stages of the reduction, some Mg-Mn and Mg-Fe spinel phases
(MgMn,0, (space group Pbcm) and MgFe,0, (space group
Fd3m)) can also be observed. Following reoxidation with 4.3%
0,, Fe-Mn spinel, Fe;0,4, Mn;0,, and NaMn,O,, were observed.
During the first reduction half-cycle, some spinel is preserved,
with some reduction to FeO, MnO, and some Na-Mn-O phases.
There are trace amounts of Mg-Mn and Mg-Fe spinel phases
towards the end of the reduction stage. Upon reoxidation with
10% O,/N,, a mixture of (Fey,;Mngo),03, Fe,03, Mn,03, and
Fe-Mn spinel is formed, with a small amount of Na-Mn-O and
Na-Fe-O phases. In the subsequent reduction, there is mostly
Mn;0,, FeO, MnO, with a small amount of Na-Mn-O, Mg-Mn-
O, and Mg-Fe-O phases. When reoxidized with 17% O,/N,, it
almost completely converts to a mixed Fe-Mn bixbyite phase,
Fe,03, with a small amount of MnO,. During the subsequent
reduction, the Fe-Mn phase is mostly still preserved, with some
reduction to Fe-Mn spinel, as well as some Na,MnO, and
Fe(WO,) phases. Following regeneration in air and cooling to
room temperature to inert, many phases are present, including
Feg.gsMn, 1503, Fe,03, Fe;0,4, and small amounts of Na,WQO,,
Na,Mg(WO,);, and Na,Fe,Mn,O, phases. It is clear that the
differing oxygen partial pressures result in mixtures of Fe-Mn
oxides with different average oxidation states. The nonselective
oxidation observed during CL-ODH is consistent with the
formation of bixbyite and possibly even higher oxidation state
Mn phases, which are generated during the reoxidation with
Po, = 0.17 atm.

Due to the clear difference in CL-ODH results under differing
oxidation conditions, XPS was conducted for the unpromoted,
NaW-promoted, and NaMgW-promoted and cycled (Fey ;Mny),0,
catalysts to further evaluate the active species and surface
promotion. Table 1 summarizes the near-surface atomic con-
centrations of each of the metals in these catalysts on a C- and
O-free basis, which were computed from Mg 1s, Fe 2p, Mn 2p, Na
1s, and W 4f;), signals. Detailed peak fitting information for
each of these peaks, as well as Cls and O 1s are given in
Tables S4-S9. Each of the promoted catalysts is Na- and
W-surface-enriched, with the Mn near-surface concentration
being suppressed. All of the cycled catalysts exhibit a decrease
in surface Mn concentration compared to the fresh catalyst.
Moreover, each of the catalysts has little to no near-surface Mg,
suggesting that Mg possibly migrates into the oxygen carrier core.
This may result from the formation of Mg-Mn and Mg-Fe spinel
phases, which were observed under the lower Py, reoxidation
conditions during in situ XRD. Based on the in situ XRD and ex situ
XRD of the cycled catalysts (Fig. S4), some Na,Mg(WO,); is still
present, but some other Na- and W-containing phases also form.
This suggests that while some Na,Mg(WO,); may still be present
during or after cycling, other phases are preferentially dispersed
on the catalyst surface. This could explain the lack of CO,
suppression under the standard cycling conditions when com-
pared to the previously reported NaMgW-MgeMnOj catalyst.*

We also observe that the cycled samples with lowered
oxidations have higher near-surface Fe. This suggests that there

EES Catal.
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Table 1 Near-surface at% as determined by XPS on a carbon and oxygen free basis. The relative surface enrichment of the metals are listed in
parentheses by dividing the XPS measured near surface cation concentration with its nominal concentration from the bulk composition

Na Fe Na+W
Surface at% (C, O free) Mg Fe Mn Na w W Mn Fet Mn
(Feo.1Mng 0),0, — 7.26% (0.73) 92.74% (1.03) — — —  0.078 —
NaW-(Feo 1Mny 0),0, (fresh) — 3.97% (0.44) 60.22% (0.73) 16.39% (2.75) 19.42% (6.52) 0.844 0.066 0.558
NaMgW~(Fe, ;Mn,,0),0, (fresh) 0.00% (0.00) 3.43% (0.43) 59.73% (0.83) 19.71% (1.95) 17.13% (2.26) 1.151 0.057 0.583
NaMgW-(Fe, 1Mng )0, (17% O, cycled) 3.80% (1.51) 3.12% (0.39) 42.96% (0.60) 30.73% (3.05) 19.40% (2.56) 1.584 0.073 1.088
NaMgW—(Fe, 1Mny,0),0, (10% O,-cycled) 0.00% (0.00) 3.87% (0.48) 39.80% (0.55) 30.62% (3.04) 25.71% (3.40) 1.191 0.097 1.290
NaMgW~(Fe, 1Mny,0),0, (cycled —20 min post ox.  0.00% (0.00) 4.72% (0.59) 35.74% (0.50) 31.47% (3.12) 28.07% (3.71) 1.121 0.132 1.471
purge)

is a greater amount of exposed Fe phases, which may be due to
the formation of the Na-Fe-O, Na-Fe-W-0O, and Fe-W-O
phases. For each of the samples, the peak position of the Fe
2ps peaks is the same, and reasonably fitted with one peak at
~711 eV, consistent with Fe*'.>® The fresh NaW-promoted
catalyst has a Na: W ratio lower than 1 (despite still being Na-
and W-surface enriched), suggesting that other W-containing
phases are formed in the near-surface, which is consistent
with the previous study.*’ Additionally, the cycled NaMgW-
promoted catalysts have a higher Na: W ratio than 1. Although
the Na:W ratio for Na,Mg(WO,); is ~1.33, the lack of near-
surface Mg suggests this ratio cannot result from this phase,
while the ratio resulting from Na,W,0,; would be ~0.5. This
indicates the surface must also be enriched with other
Na-containing phases besides Na,Mg(WO,); and Na,W,0,3.

While Mn 2p spectra is often used to determine the oxida-
tion states of Mn cations in literature, an in-depth XPS study by
Ilton et al. showed that the Mn 2p fitting parameters developed
from reference Mn compounds are unable to accurately esti-
mate the oxidation state for mixed oxidation state Mn
compounds,® which is also consistent with our own studies.
In contrast, the binding energy difference in Mn 3s multiplet
splitting is proven to be a much more reliable indicator of Mn
average oxidation state. The peak positions and estimated Mn
oxidation state are summarized in Table 2, and the plots are
shown in Fig. S3.

Following calcination, the Mn in the fresh catalysts appears
to be slightly more oxidized, which is consistent with spinel
and a small amount of bixbyite. The presence of a higher
oxidation state Fe-Mn phase is feasible considering the fresh
catalyst was calcined in still air. The catalyst cycled with 17%
O, maintains this oxidation state. This is generally consistent
with both the higher ratio of bixbyite to spinel and monoxide
species observed during in situ XRD and the nonselective
oxidation observed during CL-ODH. This is consistent with

the uncoupling behavior observed during the reoxidation fol-
lowing TPR for both promoted catalysts, and the near-surface
may also be slightly more reduced than the bulk phase. The
catalyst cycled with 10% O,/Ar has a slightly lower Mn oxidation
state, consistent with Mn near the surface being present in the
spinel phase (average Mn oxidation state = 2.67). Although the
post-reoxidation purge duration was selected to result in
reduction to spinel, the Mn oxidation state is lower, suggesting
there is further reduction to monoxide in the near-surface.
Overall, these results suggest that the suppression of near-
surface Mn and maintaining a lower Mn oxidation state is
crucial for achieving highly selective ethane ODH performance.

To further probe the impact of the higher Mn oxidation
state, pulsed experiments were conducted using the NaMgW-
(Feo.1Mny o),0y catalyst using 1 ml 80% C,H,/20% H, pulses.
The results of these experiments are summarized in Fig. 7.
Beyond the first 10 pulses, which are summarized in Fig. 7b
(corresponding to ~1-1.8 wt% donation), the H, conversion
and C,H, converted to CO, are quite similar. Within the first
few pulses, the catalyst pretreated with 17% O,/Ar has appre-
ciably higher H, and C,H, conversion, with significantly more
C,H, being converted to CO,. While the H, conversion is
slightly higher throughout the 50 pulses, it is initially less
selective to H, combustion in the first few pulses. It should
be noted that this is within the range of O donation which is
typically observed during CL-ODH (1.1 wt% in the first 5 pulses
vs. 1.8 wt% lattice oxygen release observed during CL-ODH).
These results indicate that a higher proportion of bixbyite
observed from the in situ XRD leads to higher activity but lower
selectivity due to non-selective oxidation.

Effects of promoters and oxidation conditions on the enthalpy
of reduction

The selected promoted catalysts were subjected to redox cycling
using TGA/DSC to evaluate their enthalpy of reduction. In the

Table 2 Mn 3s XPS peak positions and the calculated (average) Mn oxidation states

Sample Peak 1 (eV) Peak 2 (eV) ABE Est. average Mn oxidation state
(Feo.1Mn, 0),0, 83.28 88.77 5.49 2.77
NaW~-(Fey ;M1 0),0, (fresh) 83.31 88.85 5.54 2.71
NaMgW—(Fey ;Mny ), Oy (fresh) 83.25 88.74 5.49 2.77
NaMgW~(Feo ;Mng 1), 0, (17% O,-cycled) 82.90 88.40 5.50 2.76
NaMgW~(Feo 1Mng )0, (10% O,-cycled) 83.01 88.61 5.60 2.64
NaMgW-(Fe, ;Mny )0y (cycled —20 min post oxidation purge) 82.68 88.67 5.99 2.19
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(@) CoH4 conversion to CO; and H; conversion over all 50 pulses and (b) over the first 10 pulses with the NaMgW—(Feg 1Mng 0),O,, catalyst at

demand for ethane thermal cracking in the ODH step alone.*
Generally, the lower Fe:Mn ratio is attributed to less
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NaW-(Fep 1Mng ¢)O, cycled with 17% O..
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Table 3 Reduction enthalpy observed during TGA/DSC redox cycling
with H;

Average heat of

Sample reduction® (k] mol ™)
NaW-(Feg 1Mng ),0y (17% O, cycled) —41.85
NaMgW—(Fey 1Mny6).0y (17% O, cycled) —40.52
NaMgW-(Fe, ;Mny )0y (10% O, cycled) —22.32
NaMgW-(Feo {Mny o),Oy, (4% O,-cycled) —9.03

“The overall heat of reaction in the DSC measurement cycle was
calibrated by the lower heating value of hydrogen.

endothermic reduction, as the reduction of Fe;O, to FeO with
H, is endothermic (28.85 k] mol™" O). The NaMgW-promoted
catalyst was also subjected to redox cycling under each of the
oxygen partial pressures investigated for CL-ODH.

The results are summarized in Fig. 8, with the reduction
enthalpy averaged from cycles 2-5 in Table 3. The heat release
for the reduction over time is also summarized in Fig. S4. The
calculations for the average heat of reduction and cumulative
heat release are described in the SI. For each of the catalysts,
the reduction is initially exothermic. This may result from the
reduction of bixbyite or Mn;O, to MnO. Both of the catalysts
cycled with 17% O, exhibit very similar heat release during the
reduction. For the NaMgW-promoted catalyst, each of the
reductions eventually becomes endothermic (Fig. S5). Although
none of the redox catalysts exhibit enough heat release to
fully offset the heat demand for ethane thermal cracking
(143 kJ mol " O at 850 °C), they all have cumulative exotherms
for the entire O donation range (Table 3) to partially offset the
heat requirement. We note that the overall ODH and regenera-
tion cycle remain to be net exothermic. That said, decreasing
the endothermicity in the ODH step is nonetheless desirable
since it can decrease the catalyst circulation rate and/or lower
the temperature difference between the two interconnected
reactors.
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Fig. 9 CO; selectivity vs. computed average starting Mn oxidation state
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(circle). post oxidation purge, and (square) 5 min. post oxidation purge at

(blue) 800 °C, (green) 825 °C, and (red) 850 °C. Note that a few error bars

are too small to be clearly visible.
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To further evaluate the relationship between the Mn active
species and selective oxidation, the average Mn oxidation state
was computed for NaMgW—(Fe, ;Mng o),O, from the TPR and
TGA redox cycling. The average Mn oxidation state from the
20 minute post oxidation purged catalyst was estimated from
the weight change during the post oxidation purge of the TPR.
The average Mn oxidation state for the 4% and 10% O,
reoxidation samples was estimated using the weight change
during the TGA redox cycles. It was assumed that the catalyst
was fully reduced to the monoxide solid-state solution. The
relationship between CO, selectivity and the average Mn oxida-
tion state is visualized in Fig. 9. It is observed that the CO,
selectivity is roughly correlated with the Mn oxidation state.
This further corroborates that the bixbyite phases which are
present during more oxidizing conditions contribute primarily
to CO, formation. Taking into account the findings from the
CL-ODH experiments and pulsed experiments, it is clear that
adjusting the oxidation conditions allows for the tuning of the
activity and selectivity via the regeneration of selective Mn
redox active species.

Conclusions

This study investigates mixed Fe-Mn oxides of varying ratios
promoted with Na,WO, and Na,Mg(WO,); for chemical loop-
ing - oxidative dehydrogenation of ethane (CL-ODH). Although
Na,Mg(WO0,); was shown to be more effective than Na,WO, in
inhibiting CO, formation when used to promote a Mg-Mn
oxide, Na,Mg(WO,); is not a more effective promoter for mixed
Fe-Mn oxides. This is due to strong Mg-Mn-Fe phase interac-
tions, as confirmed by in situ XRD and XPS analysis. None-
theless, the surface was still Na- and W-surface enriched, with
suppressed concentrations of near-surface Mn cations, a key
feature for mitigating CO, formation compared to unpromoted
oxides.

Further investigation of the various mixed oxide redox
catalysts, particularly NaMgW-(Fe, ;Mn,4),0,, indicates that
altering the re-oxidation conditions or the purge time between
the two CL-ODH steps would enable more precise control of the
cation oxidation states, which has a direct impact towards
the CL-ODH performance. For instance, using 10 vol% O,
(as opposed to 17%) or increasing the inert purge time sub-
stantially improved the ODH performance, resulting in 36-54%
reduction in CO, selectivity on a relative basis while increasing
the single-pass ethylene yields at 850 °C. Through XPS and
in situ XRD characterizations, it was determined that maintain-
ing a higher proportion of spinel phase as opposed to bixbyite
phase after re-oxidation enhances ethylene selectivity. Under
all regeneration conditions tested, the catalysts exhibited
exothermicity for H, combustion, thereby favoring the ethane
ODH reaction. These findings provide fundamental insights
into the role of cation oxidation states in generating non-
selective oxygen species, while also offering practical strategies
to tune CL-ODH operating conditions for optimized reaction
performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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