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ARTICLE INFO ABSTRACT

Keywords: Steam cracking of naphtha is a commercially proven technology for light olefin production and the primary
Oxidative cracking source of ethylene in the Europe and Asia-Pacific markets. However, its significant energy consumption and high
Naphtha CO, intensity (up to 2 tons CO»/ton C,H,), stemming from endothermic cracking reactions and complex product

Chemical looping
Redox catalyst
Perovskite

separations, make this state-of-the-art process increasingly undesirable from an environmental standpoint. We
propose a redox oxidative cracking (ROC) approach as an alternative pathway for naphtha conversion. Enabled
by perovskite oxide-based redox catalysts, the ROC process converts naphtha (represented by n-hexane) in an
auto-thermal, cyclic redox mode. The addition of 20 wt.% Na,WO,4 to SrMnO3; and CaMnOs; created highly
selective redox catalysts capable of achieving enhanced olefin yields from n-hexane oxy-cracking. This was
largely attributed to the redox catalysts’ high activity, selectivity, and stability towards selective hydrogen
combustion (SHC) under a redox mode. Na,WO,/CaMnO; demonstrated significantly higher olefin yield
(55-58%) when compared to that from thermal cracking (34%) at 725 °C and 4500 h™1. COoy yield as low as
1.7% was achieved along with complete combustion of H, over 25 cycles. Similarly, Na,WO,/SrMnOj3 achieved
41% olefin yield, 0.4% COy yield, and 73% H, combustion at this condition. Oxygen-temperature-programmed
desorption (O»-TPD) indicated that Na,WO, hindered gaseous oxygen release from CaMnOs;. Low-energy ion
scattering (LEIS) and X-ray photoelectron spectroscopy (XPS) revealed an outermost perovskite surface layer
covered by Na,WO,, which suppressed near-surface Mn and alkaline earth metal cations. The formation of non-
selective surface oxygen species was also inhibited. XPS analysis further confirmed that promotion of SrMnO3;
with Na,WO, suppressed surface Sr species by 90%, with a similar effect also observed on CaMnOs. These
findings point to the promoting effect of Na,WO, and the potential of promoted SrMnO3; and CaMnOj as se-
lective redox catalysts for efficient production of light olefins from naphtha via the ROC process.

1. Introduction

Ethylene is a critical building block in the chemical industry, with a
worldwide market totaling 148 million tonnes in 2014 [1,2]. Steam
cracking of hydrocarbon feedstocks (ethane, naphtha, etc.) is the
leading technology for ethylene production, but it is also one of the
most energy- and CO,-intensive processes in the chemical industry; in
2010, 1.9 exajoules of energy were consumed and 120 Mt CO,-eq
emitted solely as a result of ethylene production via steam cracking
[3,4]. With the global ethylene market projected to grow by as much as
400% by 2050, new process technologies are needed to maintain this
growth while reducing the environmental impacts of ethylene produc-
tion [5].

In Europe and the Asia-Pacific region, steam cracking of full-range
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naphtha (boiling point range of 35-180 °C) is the primary source of
ethylene production; worldwide, naphtha constitutes 55% of all steam
cracking feedstocks [1,3]. In a typical naphtha steam cracking process,
naphtha is vaporized and pre-heated in the convective zone of the
furnace and mixed with diluting steam (0.4-0.5kg/kg feed) before
entering the radiant tube (750-900 °C) and cracking into smaller mo-
lecules via free-radical reactions [1,3,6]. A subsequent quenching step
preserves the light olefins formed. Steam cracking requires significant
heat for steam generation, naphtha vaporization, and the endothermic
cracking reactions. This heat requirement is met by combusting car-
bonaceous fuels such as fuel oil and/or natural gas, resulting in sig-
nificant energy usage and up to 2ton CO, / ton ethylene produced
[3,7]. Aside from heat supplied for cracking, the wide range of gaseous
products generated through steam cracking necessitates an extensive
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separation train which consumes additional energy. Novel approaches
that can reduce the energy- and CO.-intensity for light olefin produc-
tion from naphtha are highly desirable.

While catalytic cracking in the presence of heterogeneous catalysts
(e.g. zeolites) can decrease the temperature of the cracking reactions,
the heat requirements associated with naphtha vaporization and pyr-
olysis are still present [8,9]. To balance these heat requirements, mul-
tiple process alternatives have been proposed in recent years. Liu et al.
proposed a gas phase oxidative cracking process which gave 50% yield
of light alkenes from n-hexane (as a model compound for naphtha) in
the presence of gaseous oxygen at 750 °C, but combustion reactions led
to 12-13% CO, yield [10,11]. Boyadjian et al. used Li/MgO catalysts in
combination with gaseous O, in a catalytic oxidative cracking process
to achieve 17% light olefin yield from n-hexane at 575 °C; the corre-
sponding CO, yield was 7% [12]. In a subsequent process analysis,
feedstock loss to COy was shown to significantly harm the process
economics [13]. In both studies, co-feeding of gaseous oxygen with
hydrocarbons introduces an inherent flammability hazard and reduces
olefin yields. Oxygen production via cryogenic air separation is also
energy- and capital-intensive.

Chemical looping provides a strategy for separating oxidative pro-
cesses into two-step, cyclic redox processes in spatially separate re-
actors to mitigate the challenges related to oxygen co-feed [14,15]. In
this study, we demonstrate a redox oxidative cracking (ROC) concept
for naphtha conversion in absence of O, [7]. In the ROC process, as
illustrated in Fig. 1, vaporized naphtha is cracked at temperatures
above 500 °C to form light olefins and hydrogen [7,16]. The resulting
hydrogen is selectively combusted by the lattice oxygen of a metal
oxide redox catalyst to form water [7]. The reduced redox catalyst is
then re-oxidized with air in a separate regeneration reactor, completing
the redox cycle. In a study by Elbadawi et al., lattice oxygen from VO,/
Ce-Al,03 was used to drive a combined n-hexane cracking and oxida-
tive dehydrogenation (ODH) reaction between 525 °C and 600 °C in an
oxidative cracker, with a separate regenerator reactor restoring the
lattice oxygen. While this redox catalyst showed stable behavior over
many redox cycles at 550 °C, the olefin selectivity (60%) and hexane
conversion (30%) were relatively limited [16]. In contrast, we recently
showed that ROC of naphtha with a manganese-containing redox cat-
alyst has the potential to reduce thermal energy demand by 52% and
CO, emissions by over 50% in comparison to steam cracking while
slightly improving light olefin yields [7,17]. Given the importance of
redox catalysts to the overall performance of ROC, further development
and optimization of redox catalysts is highly desirable.

Our recent studies on chemical looping-oxidative dehydrogenation
(CL-ODH) of ethane indicate that manganese-based redox catalysts
capable of selective hydrogen combustion (SHC) can enhance olefin
yields from ethane cracking by 25% at 850 °C [18,19]. In addition to
increasing yields, combustion of the hydrogen co-product in CL-ODH
enabled auto-thermal operation of the ethane cracking reactor [20].
While a similar strategy can be applied for naphtha cracking, lower
operating temperatures are required than those for ethane cracking.

Olefins + Water 0,-depleted Air

Naphtha Air

Oxidative Cracking (R1):
C,H,, + MeO, — 3 C,H, + H,0 + MeO, ,
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Recently, we identified a promising set of Mn-containing perovskite
oxides capable of performing SHC in the presence of ethylene across a
wide range of temperatures. With demonstrably high selectivity and
activity values in the range from 650°C to 800 °C, SrMnOs- and
CaMnOs-based redox catalysts are potentially suitable for the ROC of
naphtha [21].

In this work, we investigated the merits of perovskite oxides applied
in the redox oxidative cracking of n-hexane as a model compound for
naphtha. Strontium manganate (SrMnOs) and calcium manganate
(CaMnO3) were synthesized both in as-prepared forms and with sodium
tungstate promotion (20 wt.% Na,WO,). The performance of these
redox catalysts was explored across a range of temperatures and gas
flowrates. NayWO,-promoted SrMnO3; and CaMnO; were capable of
achieving olefin yields in excess of the thermal background (e.g 57%
vs. 41% olefin yield at 750 °C) while maintaining low CO, yields (4% at
750°C) and combusting most of the H, produced during cracking
(83%). Characterization including O,-TPD, XPS, LEIS, and XRD were
used to study interactions between each perovskite oxide and the
Na,WO, dopant and correlate the structure and near-surface composi-
tion with reaction performance. Furthermore, Na,WO,/SrMnO3 and
Na,WO,/CaMnO3; were evaluated in terms of their cycling stability and
long-term performance for ROC of n-hexane under a cyclic redox
scheme.

2. Experimental
2.1. Synthesis of redox catalysts

SrMnOj (strontium manganate) and CaMnOj3 (calcium manganate)
were prepared via a modified Pechini method described elsewhere
[21]. Briefly, stoichiometric amounts of Mn(NO3),4H,O (97.0%,
Sigma-Aldrich) and either Sr(NO3), (99.0%, Noah) or Ca(NO3),4H,0
(99.0%, Sigma-Aldrich) were dissolved in deionized water and stirred
at 40 °C. Citric acid (99.5%, Sigma-Aldrich) was then added into the
solution at a molar ratio of 2.5:1 to metal ions (Mn?* and either Sr>* or
Ca®™). The solution was kept stirring at 500 rpm and 40 °C for 30 min.
Afterwards, ethylene glycol (99.8%, Sigma-Aldrich) in a molar ratio of
1.5:1 to citric acid was introduced to the mixture to promote gel for-
mation. The solution was heated to 80 °C with continuous stirring until
a viscous gel formed, then dried overnight at 100 °C in an oven. The
dried precursor was first pre-treated in a muffle furnace at 450 °C for 3h
to burn off nitrates, and then calcined in a tube furnace (GSL-15 0X,
MTI Corporation) at 1000 °C for 12h under continuous air flow. The
high temperature sintering contributed to the formation of SrMnO3 and
CaMnOj; perovskite oxides.

Promotion of the as-obtained SrMnO; and CaMnO3; materials with
20 wt.% Na,WO,4 was done by wet impregnation. Calculated amount of
Na,WO42H,0 (99.0%, Sigma-Aldrich) was mixed with deionized water
and added dropwise to the base perovskite oxides. After being stirred
every 15min until dry, it was kept overnight at 80°C in an oven.
Finally, the promoted samples, namely Na,WO,/SrMnO3; and Na,WO,/

Fig. 1. A block flow diagram for the redox
oxidative cracking (ROC) of naphtha concept,
using the simplified net reaction CgHy4 — 3
C,H4 + H, to represent thermal cracking of
naphtha with n-hexane as a model compound.
MeOy represents a fully oxidized perovskite-
type mixed metal oxide while MeO, ; indicates
lattice oxygen has been donated.

MeO,
Oxidative m Air Air Regeneration (R2):
Cracker U Regenerator MeO,, +% 0, — MeO,
MeO, ;
Net Reaction (R1 + R2):

CH,, +% 0, — 3C,H, +H,0
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CaMnOs, were calcined again at 900 °C for 6h. All catalysts were
ground and sieved into the size range of 250-850um for reaction
testing. Powders smaller than 250 um were used for characterization.

2.2. Characterization of redox catalysts

Powder X-ray diffraction (XRD) experiments were conducted to
determine the crystal phase of both the as-prepared and cycled redox
catalysts, using a Rigaku SmartLab X-ray diffractometer. The radiation
source was monochromatic Cu Ka with A = 0.1542 nm, operated at
40kV and 44 mA. A continuous scan method within a 26 range of 10-
80° was adopted to generate XRD patterns, with a step size of 0.05° and
holding at each step for 3s. The crystal phases were determined using
the International Center for Diffraction Data (ICDD) database in
HighScore Plus software.

X-ray photoelectron spectroscopy (XPS) was adopted for near-sur-
face composition analysis of the fresh and cycled redox catalysts. The
XPS system consisted of a Thermo-Fisher Alpha 110 hemispherical
energy analyzer, a Thermo-Fisher XR3 and 300 W dual-anode X-ray
source, with Al anode (1486.7 eV) as the excitation source. For each
catalyst, XPS narrow scans were taken for all metal cations present (Sr
3d, Ca 2p, Mn 2p and 3s, Na 1s, W 4f), along with C 1s and O 1s. XPS
patterns were analyzed by the CasaXPS program (Casa Software Ltd.,
U.K.). An adventitious C 1s peak at 284.6 eV was used for calibration of
all binding energies.

Low-energy ion scattering (LEIS) was conducted at the Surface
Analysis Center at Lehigh University on an ION-TOF Qtac'® spectro-
meter to obtain surface compositional information. A 3keV He™
(2 x 10'* jons ecm ™2, 1.0x 1.0 mm raster) primary ion beam was used
at 3000 eV pass energy, while a 0.5keV Ar* sputtering source (0.5 or
1.0 x 10" em ™2 cyc?, 2.0 x 2.0 mm or 1.5 x 1.5 mm raster) was used at
30° angle to the sample surface for depth profiling; during spectra ac-
quisition and sputtering, charge neutralization was invoked. Prior to
analysis, sample powders were dispersed into a sample holder and
compressed by 2000 psi.

To investigate the reducibility of the catalysts as well as the onset
temperature of reaction, n-hexane temperature-programmed reaction
(TPR) experiments of the four as-prepared catalysts were carried out
using a 1/8 in. ID fixed-bed quartz U-tube reactor. Heat was provided to
the reactor externally by a tube furnace equipped with a K-type ther-
mocouple. In each run, 0.5 g of catalyst (250-850 pm) was loaded into
the reactor. For comparison, a blank n-hexane TPR with inert Al,03 (16
mesh) was also conducted. Prior to TPR tests, the samples were first
pre-treated at 900 °C in 10 vol.% O, (balance Ar, with a total flowrate of
100 mL/min) for 30 min to fully oxidize and clean the surface of the
catalyst. After cooling down to room temperature, the catalyst samples
were then heated from 450 °C to 750 °C at 5 °C/min under "13 vol.% n-
hexane flow. 75 mL/min Ar carrier gas (a relatively low flowrate as
compared to later tests) was used in order to amplify product signals on
the mass spectrometer. Gas products generated in the reaction were
analyzed by an MKS Cirrus II mass spectrometer, and volumetric
flowrates of several primary gases (H,, C;H,4, CO5, CgHi4) were calcu-
lated using three-point calibrations (m/z = 2, 26, 44, and 57, respec-
tively; m/z = 26 from ethylene was deconvoluted from ethane and n-
hexane).

Oxygen and carbon dioxide temperature-programmed desorption
experiments (O,-TPD and CO,-TPD) were performed on a SETARAM
Setsys Evolution Thermal Gravimetric Analyzer (TGA-DTA/DSC) using
redox catalyst samples in the particle size range 150-250 um. In a ty-
pical O»-TPD experiment, 40-60 mg of catalyst was cycled three times
between 10% H, / 10% O, using a carrier gas flow of 180 mL/min He at
750 °C. The sample was then maintained under 10% O,, ramped to
900 °C at 20 °C/min, held at 900 °C for 30 min, and cooled to 150 °C at
10 °C/min. After purging for 1 h in He, the sample was ramped to 900 °C
at 5°C/min and mass loss was recorded. For CO,-TPD experiments,
40-50 mg redox catalyst was heated to 900 °C at 20 °C/min under 10%
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CO, (with 180 mL/min He) and held there for 30 min, then cooled to
150 °C at 10 °C/min. The sample was then purged in He for 1h and
ramped to 900 °C at 5 °C/min.

2.3. n-hexane oxidative cracking test conditions

Oxidative cracking experiments with n-hexane were conducted in a
1/8in. ID fixed-bed quartz U-tube reactor heated externally by a fur-
nace controlled with a K-type thermocouple. Cycling between reduction
and oxidation steps were achieved using an automated valve switching
system. Each experiment used 0.5g (approximately 1 mL volume) of
redox catalyst sized 250-850 um, with 16 mesh Al,O3 grit loaded into
the remaining void space on either side of the fixed bed to limit the gas
volume in the heated zone. For quantification of thermal background
conversion and yields, the redox catalyst was replaced with Al,O3 grit
at the same testing conditions.

Prior to n-hexane oxy-cracking tests, samples were pre-treated at
750 °C with five redox cycles comprising a 3min reduction step of
80vol.% ethane/Ar (total flowrate of 75 mL/min) and a 3 min oxida-
tion step of 17 vol.% O,/Ar (total flowrate of 90 mL/min) to achieve
stabilized redox characteristics. During a typical n-hexane cracking
experiment, up to 6 different temperature conditions (650-775 °C, 25 °C
increments) were evaluated at a constant gas hourly space velocity,
GHSV = 9000h ™. A lowered GHSV = 4500 h~! was also used during
redox catalyst stability experiments to achieve deeper reduction and
greater redox stress, conditions which are more likely to expose stabi-
lity or coke resistance issues. Vapor-phase n-hexane was introduced into
the reactor by flowing the inlet Ar stream into a stainless steel bubbler
containing liquid n-hexane maintained at 20 °C. Condensation of liquid
n-hexane was avoided throughout the procedure by saturating the Ar
stream at several degrees below room temperature and by diluting the
saturated stream (Yhexane = 0.159) with pure Ar in a 4:1 ratio prior to
the reactor, resulting in a final n-hexane concentration of
Vhexane = 0.127, below the saturation limit at 23 °C. In a typical test at
GHSV = 9000 h™ !, 120 mL/min Ar was introduced into the bubbler to
generate saturated n-hexane/Ar flow and another 30 mL/min Ar was
added before entering the U-tube reactor for 20 s reaction duration.
During the oxidation step, 150 mL/min Ar + 30 mL/min O, (resulting
in 16.7vol.% O,) was used to regenerate the reduced catalyst for
3min A five-minute purge step with 150 mL/min Ar was introduced
before and after each reduction step. For each condition, four redox
cycles were conducted and the effluent gas from the third reduction
step was collected in a sample gas bag for gas chromatography.
Furthermore, to verify the stable cyclic redox characteristics of the two
promoted samples, longer-term experiments with 25 redox cycles were
conducted at 4500 h~! GHSV and 725 °C. To ensure a constant volume
of n-hexane injection at 4500 h~! compared to 9000 h~?, the injection
time was doubled.

A gas chromatograph (GC, Agilent Technologies 7890B), with a
flame ionization detector (FID) channel for hydrocarbon analysis and
two thermal conductivity detector (TCD) channels for H, (Ar/TCD
channel) and COy (He/TCD channel) identification, was used to analyze
the outlet gas (collected by a gas sampling bag) during the reduction
step. Before measurements, a refinery-grade gas calibration standard
was used to calibrate the GC signals. The volume percentage of different
gas species was calculated by integrating the signal peak. The conver-
sion of n-hexane and selectivity to all carbonaceous products were
calculated on a molar carbon basis. H,O formation was calculated on
the basis of atomic H balance of all observed products. The whole
product distribution was used to calculate the approximate oxygen
donation (in wt.%) by the redox catalyst at each condition via the
method given in Supporting Information. All cycles not analyzed via GC
were measured by the MKS Cirrus II mass spectrometer and used to
quantify coke (i.e. CO, upon regeneration) as well as to verify GC re-
sults.
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Fig. 2. Oxygen donation by (a) SrMnO3, Na,WO,/SrMnOj3, and (b) CaMnO3, Na,WO,/CaMnOs3, as determined by material balance on H,/CyH, co-feed experiments
in a U-tube reactor. Conditions: F = 100 mL/min, yy>/Ycona/Yar = 0.4/0.4/0.2, m = 100 mg, step duration = 10s.

3. Results and discussion
3.1. Perovskites as redox catalysts

Ethylene is the major hydrocarbon species produced from the n-
hexane cracking reaction, while hydrogen is a byproduct that can be
selectively combusted to provide the energy for the endothermic
cracking reaction. Our previous work has demonstrated the effective-
ness of SrMnO3; and CaMnO3 as oxygen donors capable of selective H,
combustion (SHC) in the presence of ethylene and hydrogen [21].
Therefore, these redox catalysts are investigated here for ROC appli-
cations. Na,WO, was selected as a “promoter” since it was shown to be
effective for inhibiting undesired COy formation in ODH and SHC re-
actions [18,19,21,22]. Unlike conventional heterogenous catalysts, an
important function of the redox catalyst is to carry and donate its active
lattice oxygen in the oxidative cracking reaction. As such, oxygen sto-
rage capacities of both the unpromoted and Na,WO,-promoted per-
ovskite redox catalysts were determined first.

Fig. 2 shows the oxygen donation achieved by four redox catalysts
during 10-second step experiments in the presence of a Ho/C>H, mix-
ture. As can be seen, oxygen carrying capacities of Na,WO,-promoted
redox catalysts are lower than their unpromoted counterparts. Never-
theless, all four redox catalysts exhibited satisfactory oxygen capacity
within the temperature range of interest. It is also noted that the lattice
oxygen of redox catalysts employed in partial oxidation processes such
as ROC can be utilized more effectively compared to complete com-
bustion processes, e.g chemical looping combustion (CLC). For in-
stance, CLC of n-hexane would consume up to 19 times more lattice
oxygen than n-hexane ROC (see Supporting Information). Therefore,
the oxygen capacities demonstrated by the four redox catalysts become
potentially more attractive when lattice oxygen utilization in ROC is
considered. Specific surface areas of the redox catalysts are summarized
in Table S1 (supplementary).

3.2. Olefin yield comparisons

Accurate evaluation of the role of catalysts, including redox cata-
lysts, for ODH and oxy-cracking reactions can be affected by potential
contributions from thermal cracking, especially at higher operating
temperatures. While redox catalysts can significantly enhance single-
pass olefin yield through SHC even if they are largely inactive for C—H
bond activation [18,19], catalytic activity for alkane activation is
nevertheless desirable for redox catalysts due to the possibility of
lowering the operating temperature and/or residence time [23,24]. We
employed a combination of temperature-programmed and isothermal
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experiments to establish that SrMnOs- and CaMnOs-based redox cata-
lysts are capable of generating ethylene yields in excess of the thermal
background in an n-hexane cracking setting. Temperature-programmed
reaction (TPR) experiments were first conducted to assess the activity
and reducibility of four redox catalysts under n-hexane flow in com-
parison to a thermal background TPR over inert alumina grit. The re-
sults of the five n-hexane TPR experiments are shown in Fig. 3 in the
form of ethylene product flow, incremental ethylene flow over the
background, and incremental CO, product flow over the background.

Fig. 3a-b indicates that each of the four redox catalysts initiates
ethylene formation at a lower temperature compared to n-hexane
thermal cracking. n-Hexane reacts on the redox catalysts to produce
ethylene at temperatures as low as 600 °C, and the ethylene yield im-
provement over the background is the most significant around 650 °C;
for CaMnOs3 vs. thermal background, this difference is 1.2 mL/min CoHy
vs. 0.3 mL/min C;Hy, or 4 C% yield towards Co;H, vs. 1 C% CyH, yield.
Thermal cracking of n-hexane to its products becomes dominant over
surface-initiated reactions (i.e. over a redox catalyst) at temperatures of
700 °C and above.

Formation of CO, is important in identifying the selectivity of redox
catalysts towards hydrogen combustion (i.e. SHC) relative to oxidation
of hydrocarbons (n-hexane fed, C,H4 produced, etc.). Loss via non-se-
lective combustion would lead to CO, formation and hence decrease the
selectivity of desired olefin products. Generally, CO yields were insig-
nificant compared to those of CO, in both TPR and isothermal experi-
ments. Fig. 3c shows that in the case of the CaMnO; redox catalyst,
lower-temperature activation of n-hexane resulted in both C,H,; and
CO,, (e.g for CaMnOs at 650 °C, 0.6 C% CO, yield vs. 3.8 C% CyH4
yield). Promotion of CaMnOs; with 20 wt.% Na,WO, led to a higher
onset temperature for CoH4 formation and suppression of CO, genera-
tion until above 700 °C. Meanwhile, SrtMnO3 and Na;WO,/SrMnO; did
not yield appreciable amounts of CO, at temperatures below 750 °C
during the TPR; however, the observed low COy selectivity from TPR
experiments cannot be directly used to predict the redox catalyst per-
formance at high-temperature isothermal conditions, due to the gradual
removal of both selective and non-selective oxygen species at lower
temperatures during the TPR [21].

Isothermal n-hexane oxy-cracking experiments over Na,WO,/
CaMnOs; feature olefin yields significantly higher than those from the
background thermal cracking between 650°C and 775°C (Fig. 4).
Comprehensive reaction data for several background thermal cracking
conditions are given in Table S2. The improvement in olefin yield by
Na,WO0,/CaMnO;3 is most significant at 750 °C, where the yield in-
creases by 35% over the background (55% vs. 41%). The yield increase
observed across these conditions is mostly attributed to a
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the thermal background indicates n-hexane activation by the redox catalyst, while CO, production indicates undesired side reactions. Results were obtained via mass
spectrometry. Conditions: GHSV = 4500 h ™! (F5; = 75 mL/min, m = 500 mg), Vyhexane = 0.13, ramping rate of 5°C/min.
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Fig. 4. A comparison of n-hexane conversion and olefin yields over the
Nap,WO0,/CaMnO; redox catalyst with those from the thermal cracking back-
ground. Conditions: GHSV = 9000 h~! (F,, = 150 mL/min, m = 500 mg), y,.
hexane = 0.13, step duration = 20s.

commensurate increase in n-hexane conversion (66% vs. 48% at
750 °C); selectivity towards olefins decreased only slightly over the
redox catalyst due to non-selective combustion (COy selectivity below
3% across this temperature range). Na,WO,/CaMnO3 achieved an
olefin yield of 67% at T = 775 °C with 2.3% CO, yield. Moreover, at the
conditions shown, 88% or more of the H, produced was combusted,
which can provide heat to the overall reaction and may contribute to
the increase in n-hexane conversion.

3.3. Effect of temperature on product yields

A series of tests were conducted to assess the applicability of the
four redox catalysts to n-hexane ROC and to study the resulting product
distributions. Conversion of n-hexane proceeds largely via thermal
cracking at the conditions tested (725 °C-775 °C), and olefin yields (i.e.
ethylene, propylene, and C4,) are therefore strongly dependent on
temperature. Fig. 5 illustrates the relationships between n-hexane
conversion, olefin selectivity, and temperature for each of the redox
catalysts, at a fixed GHSV = 9000 h ™. Olefin yields are differentiated
by constant-yield contours.
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SrMnOj3 showed the highest n-hexane conversion among the four
redox catalysts, even at relatively low temperatures (82% at
T = 725°C), along with the highest COy selectivity (43%), indicating
that its lattice oxygen participates significantly in non-selective com-
bustion. SrMnO3; was the only redox catalyst in this study to exhibit
coke formation (Tables S3, S5; coke determination methods are de-
scribed in Figure S1). Unpromoted CaMnOj converted less n-hexane but
was more inherently selective to olefins, though olefin selectivity de-
creased significantly with increasing temperature. The activity towards
n-hexane conversion and the significant COy selectivity of the base
SrMnO3; and CaMnO; redox catalysts is not entirely surprising, given
that perovskite oxide-based catalysts have been explored for catalytic
combustion or degradation of various hydrocarbons [25,26]. Promotion
by 20 wt.% Na,WO, consistently improves selectivity to olefins for both
SrMnO; and CaMnOs. COy yield from CaMnO3; dropped by over 96%
upon Na,WO, promotion and olefin yield increased by 19% at 725 °C,
indicating that Na,WO, suppressed the non-selective combustion of n-
hexane and olefins by CaMnOs3 and facilitated olefin yields in excess of
the thermal cracking yields, as shown in Fig. 4. Similarly, Na,WO,/
SrMnOj; exhibited a 130-140% increase in olefin selectivity compared
to SrMnOs at all temperatures tested. Complete reaction testing results
can be found in Table S3.
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Table 1

Product distribution of the n-hexane oxy-cracking reaction over the 20 wt.%
Na,WO0,/CaMnO; redox catalyst at GHSV = 9000 h™! (m = 500 mg) and over
a range of temperatures. Thermal background (BG) data at 725 °C and 775 °C
are from an inert alumina-packed reactor.

725°C (BG) 725°C 750°C 775°C 775°C (BG)
Conversion (mol %)
n-hexane 33.6 49.4 65.7 81.7 66.7
H, (to H,0) - 89.0 100.0 89.0 -
Selectivity (carbon mol %)
CH4 9.7 9.1 10.0 10.5 10.4
CHy 36.9 36.8 40.3 43.2 42.8
C3He 25.9 25.0 24.0 21.9 24.1
butenes 15.9 14.9 12.2 9.5 11.0
1,3-butadiene 1.9 3.2 4.6 6.2 4.2
C,-C,4 paraffins 4.2 4.3 4.0 3.7 4.1
Cs (paraffins, olefins) 4.8 4.6 3.1 1.6 2.3
Cco - 0.0 0.0 0.0 -
Co, - 1.1 1.6 2.8 -

To further understand the effect of temperature on the oxy-cracking
reaction, we examined the products formed over the Na,WO,4-promoted
CaMnOs, focusing on two aspects: (1) the combustion (via the redox
catalyst) of any resulting hydrogen, to form H,0, and; (2) the formation
of light olefins compared to that of COx compounds. On the first point,
the ability to perform selective hydrogen combustion (SHC) is a key
functionality for metal oxides employed in ROC; moreover, SHC has a
complex dependence on reaction temperature. Selective combustion of
H, to H,O shifts the dehydrogenation equilibrium towards the olefin
product and provides internal heat to the reactor, closing the heat
balance and enabling auto-thermal cracking operation. On the other
hand, the formation of easily condensable water facilitates separation
with reduced energy consumption. These benefits lie in contrast to non-
selective combustion, which would lead to CO, formation and decrease
the yield of olefin products.

Table 1 summarizes the performance of the Na,W0O,/CaMnO3 redox
catalyst in terms of key characteristics from the n-hexane oxy-cracking
reaction at temperatures from 725 °C to 775 °C. Thermal background
data are also given for T = 725 °C and 775 °C. At all three temperatures,
in the presence of the redox catalyst, > 88% of the H, co-produced in
cracking reactions was combusted. Despite the significant combustion
capability of Na,WO,/CaMnOs, there is relatively little generation of
CO, compounds at any of the temperatures studied, indicating that this
redox catalyst is capable of performing SHC under n-hexane oxy-
cracking conditions. CO, selectivity reached a maximum of 2.8% at
775 °C compared to a total olefin selectivity of 82.4%, and CO was
never detected. While the olefin selectivity remained generally constant
(from 85.5% at 725°C to 82.4% at 775 °C), the selectivity towards
longer chain olefins decreased with increasing temperature due to the
higher cracking severity. Ethylene was the favored product at each
temperature, most significantly at 775 °C, while propylene and the C,4
olefins (e.g. 1-butene, 1,3-butadiene) had greater selectivity at the low-
temperature end of the range (25.0% and 18.1%, respectively). Neither
coke nor aromatic compounds were detected in these experiments
(verified via MS on-stream analysis, Figure S1).

3.4. Redox catalyst characterization and mechanistic investigation

Redox catalysts are unique in that both the surface and bulk prop-
erties can affect reaction performance—the surface facilitates both de-
sired and undesired chemical reactions, whereas the bulk supplies ac-
tive lattice oxygen as the oxidant. In this section, we endeavor to
explain the performance of Na,WO,-promoted SrMnO5; and CaMnO;
via characterization of as-prepared and cycled variants of these redox
catalysts as well as the unpromoted perovskite oxides. The results
shown in Figs. 3 and 5 indicate that perovskite oxide promotion by
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Fig. 6. O,-TPD results of three redox catalysts. Samples were held under 10%
atmosphere of the adsorbing gas for 30 min at 900 °C, ramped down to 150 °C at
10 °C/min, and purged under an inert He environment for 60 min prior to
testing. TG weight loss rates were normalized by initial sample mass.
Conditions: m = 30-50 mg, F = 180 mL/min He, ramping rate = 5°C/min.

Na,WO, alters the oxygen donation properties of StMnO3; and CaMnO3
redox catalysts, leading to enhanced olefin yields. Generally, the in-
crease in ethylene and propylene yields for the promoted samples was
due to increased olefin selectivity rather than higher n-hexane con-
version when compared to their unpromoted counterparts; in fact,
conversion was suppressed by the presence of Na,WO, for both redox
catalyst systems whereas selectivity was significantly enhanced (Fig. 5).
Therefore, it can be instructive to investigate the effect of Na,WO,4 on
the oxygen donation and surface properties of the redox catalysts. We
begin by assessing the ability of the redox catalysts to release oxygen
directly into the gas phase (oxygen uncoupling) via oxygen tempera-
ture-programmed desorption (O»-TPD) experiments. It is worth noting
that oxygen release determined via O,-TPD is distinct from oxygen
donation capacity under a reducing gas (i.e. as in Fig. 2), and the two
cannot be directly correlated.

The effect of Na,WO, promotion on oxygen release was character-
ized using O,-TPD, with redox catalyst mass loss measured on a
SETARAM TGA instrument (Fig. 6). O,-TPD results for StMnO3 did not
show significant desorption of oxygen species until a rise starting at
800 °C which was attributed to the release of lattice oxygen resulting
from oxygen vacancy formation and reduction of Mn cations [27,28].
Conversely, significant O loss from CaMnO3 was detected beginning at
625 °C, in agreement with previous reports showing that CaMnO3 will
spontaneously release its lattice oxygen under inert atmospheres as low
as 600 °C [27]. Desorbed surface or chemisorbed oxygen species, while
potentially present, could not be differentiated from released lattice
oxygen. Oxygen desorption and lattice oxygen release were suppressed
by promotion with Na,WO, as indicated by the O,-TPD curve for
Na,WO,/CaMnOs3 in Fig. 6; loss of oxygen from CaMnOs; fell by 41%
(from 1.9 to 1.1 wt.%) upon Na,WO, promotion. Na,WO,/SrMnO3; was
not tested due to the lack of meaningful oxygen release by SrMnO3;

The O,-TPD results could explain both the lowered n-hexane con-
version of Na,WO,/CaMnO; compared to CaMnO; and (in part) the
increased selectivity towards olefins (Fig. 5), as electrophilic oxygen
species and more readily available oxygen evolved from the bulk would
provide an abundance of non-selective oxidant for undesirable COy
formation (as observed in the n-hexane TPR for CaMnOs in Fig. 3).
Consistent with previous reports on ethane ODH with Ruddlesden-
Popper-structured redox catalysts [23,24], the O,-TPD and isothermal
ROC reaction results indicate that inhibiting oxygen release properties
from a mixed oxide can improve its selectivity towards olefins at the
expense of lowered activity. However, such a principle cannot be used
to compare different mixed oxides with varying compositions and
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Table 2
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Surface cation atomic percentages for six redox catalyst variants from XPS analysis. Carbon and oxygen are excluded. Surface enrichment and suppression of cations,
shown in parentheses, are calculated using observed percentages from XPS in combination with expected percentages from overall stoichiometry.

Redox Catalyst Sr 3d / Ca 2p

Mn 2p Na 1s W 4f

SrMnOj; (fresh)
Na,WO,/SrMnOj (fresh)
Na,WO0,/SrMnOs; (cycled)
CaMnOs; (fresh)
Na,WO0,/CaMnOs; (fresh)
Na,WO0,/CaMnO3 (cycled)

74.9% (1.5)
52.9% (1.3)
52.3% (1.3)
67.8% (1.4)
41.9% (1.0)
44.7% (1.1)

25.2% (0.5) - -
16.1% (0.4) 14.2% (1.1) 16.7% (2.6)
17.3% (0.4) 16.5% (1.3) 13.9% (2.1)
32.2% (0.6) - -
19.1% (0.5) 22.2% (2.2) 16.7% (3.3)
20.1% (0.5) 20.4% (2.0) 14.9% (2.9)

hence surface properties. For instance, unpromoted SrMnOs, with in-
ferior oxygen donation properties compared to unpromoted CaMnOs,
gave higher n-hexane conversion and lower olefin selectivity. This was
likely a result of their distinct surface properties, as will now be dis-
cussed.

Near-surface atomic percentages found via X-ray photoelectron
spectroscopy (XPS) for six SrMnOs3- and CaMnOs-based redox catalysts
exhibited a relative enrichment of Na and W atoms compared to Sr, Ca,
and Mn (Table 2). In this context, enrichment (or suppression) was
defined as the ratio of the observed near-surface metal content (in
atomic percent) to the expected metal percentage based on the overall
sample stoichiometry. W atoms were enriched in the near-surfaces of
as-prepared Na,W0,/CaMnO; (W =3.3) and Na,WO,/SrMnO;
(W = 2.6), while Na enrichment was significant for the promoted
CaMnO; (Na = 2.9) and more modest for the promoted SrMnO;
(Na = 1.1). After 25 redox cycles, Na,WO, remained prominent in the
near-surface of each redox catalyst (Table 2), rather than moving into
the bulk in response to repeated redox stresses or volatilizing due to
high-temperature operation. As such, the XPS analysis for each sample
indicates a significant Na,WO, enrichment on the redox catalyst surface
which is resistant to change after 25 redox cycles with n-hexane. Due to
the escape depth of XPS measurements ("10 atomic layers), the degree
of Na,WO, enrichment on the immediate surface is likely to be much
stronger than indicated, as suggested in studies on related systems
[19,22]. Carbon and oxygen were not included in enrichment and
suppression calculations; C 1s and O 1s XPS spectra for all samples are
provided in Figures S2-S5.

The selectivity of perovskites for partial oxidation reactions such as
methane to syngas and ethane oxidative dehydrogenation has pre-
viously been related to the relative amounts of lattice oxygen to surface
oxygen species, often estimated from the XPS O 1s spectra [24,29,30].
While these species were clearly present in the asymmetric O 1s spectra
of as-prepared SrMnO; and CaMnO; (with SrMnO5; showing slightly
higher surface oxygen species), the presence of WO,2~ species obfus-
cated the relevant peaks in the Na,WO,-promoted samples (Figures
S$3-S4). Surface Mn was under-represented in both unpromoted sam-
ples, though Na,WO, promotion further decreased the near-surface Mn
cations in both cases (Table 2). Mn 2p spectra of the as-prepared and
Na,WO4-promoted redox catalysts are presented in Figures S6-S7.

To understand the differences in olefin selectivity between as-pre-
pared and Na,;WO,-promoted redox catalysts, we examined the Sr 3d
and Ca 2p XPS spectra of SrMnO3 and CaMnO3 for changes in (Sr,Ca)
surface species upon promotion. The characteristic XPS peaks of these
alkaline earth ions, particularly Sr, indicated a suppression of surface
species upon promotion with Na,WO,. Fig. 7 shows the fitted XPS
spectra for Sr 3d (Fig. 7a) and Ca 2p (Fig. 7b) on SrMnOs-based and
CaMnOs-based redox catalysts, respectively. Details of the fit peaks are
given in Tables S6-S7. All spectra were well fit by a pair of doublets,
with one doublet consistent with bulk oxide species and another con-
sistent with surface species [31]. Line shape fitting for the Sr 3d spectra
of SrMnOj3 required two doublets: the Sr 3ds /5 peak at 132.3 eV binding
energy (BE) was assigned to bulk Sr from the SrMnOs lattice, [32-35],
while a second doublet with its characteristic Sr 3ds,» peak at 132.8 eV
was attributed to a combination of Sr bonded with surface oxygen
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species (SrCOs, Sr(OH),) [31,36,37] and a near-surface SrO/Sr,MnOy,
region (Sr/Mn = 3.0 for the SrMnOs near-surface) [38,39]. Each
doublet exhibited an energy separation of 1.7 eV, consistent with pre-
vious literature [33,36,40]. Upon promotion of SrMnO3 with 20 wt.%
Na,WO,, the presence of free SrO, Sr(OH),, and SrCO;3 in the near-
surface was diminished by over 90%, evident from the drastic reduction
of the higher BE Sr 3d doublet for surface Sr and the drop in overall
near-surface Sr enrichment (1.5 to 1.3), which corresponds to the 40%
increase in olefin selectivity of the Na,WO,/SrMnO3 redox catalyst.
CO,-TPD results confirmed an absence of strongly chemisorbed CO,
species on Na;WO,/SrMnO3;, whereas CO, adsorbed on unpromoted
SrMnOj; was significantly more stable and amounted to nearly 1 wt.% of
the sample after exposure (see Figure S5). The suppression of Sr surface
species resulting from Na,WO, surface enrichment, and the subsequent
inhibition of hydrocarbon combustion activity, was critical to achieving
the high olefin yields demonstrated in Fig. 5. This finding is consistent
with previous literature identifying the important role of surface Sr?*
in catalytic combustion reactions over Sr-containing perovskite cata-
lysts [25].

Surface oxides, hydroxides, and carbonates were significantly less
prominent for the undoped CaMnO3 system than for the SrMnOs (ac-
counting for 12.2% of Ca ions vs. 32.9% of Sr ions), and therefore the
suppression of such species by Na,WO, was less significant, as depicted
in Fig. 7b. The Ca 2p spectra exhibited a primary feature at around
345.3 eV consistent with the characteristic Ca 2p3,, peak for lattice Ca
from CaMnOs [32]. A high BE shoulder located at 346.7 eV indicated
the presence of surface-type Ca, which can be assigned to CaO, CaCOs,
Ca(OH),, or a combination thereof [32,36,41], as would be expected
from the surface enrichment of Ca from the CaMnO; lattice (1.4,
Table 2). Upon promotion with 20 wt.% Na,WO,, surface-type Ca
species decreased from 12.2% to 7.5% of all detected Ca which, com-
bined with the near-surface depletion of Ca upon promotion with
Na,WO, (1.4 to 1.0), gave an overall decrease in Ca surface species of
62%. The suppression of surface species resulting from Na,WO, en-
richment may inhibit deep oxidation, resulting in greater olefin se-
lectivity for the n-hexane oxy-cracking reaction in the presence of
Na,WO,/CaMnO3 as compared to CaMnO; (Fig. 5) [23,30].

After 25 redox cycles under n-hexane, the Ca 2p spectra of the
Na,WO,/CaMnO3; were unchanged. For cycled Na,WO,/SrMnOj3, the Sr
3d spectra reveal only a slight reemergence of surface-type Sr (11.2%),
indicating that the cycled sample maintained a significant suppression
of the surface Sr species from SrMnOj; (32.9%). Additional spectra for
the cycled samples are presented in Figures S8-S10. The presence of
significantly more surface hydroxides and carbonates on as-prepared
SrMnOj3 compared to CaMnOs5 can be attributable to both the stronger
basicity of SrO, which strongly chemisorbs H,O and CO, [36,42], and
to an elevated presence of Sr in the near-surface due to its surface se-
paration, as reported in multiple studies of Sr-containing perovskites
[38-40,42]. (XRD patterns indicated that such phase separation did not
affect the bulk, as will be discussed later.) For both SrMnO; and
CaMnO3, the suppression of surface-type Sr and Ca species upon
Na,WO, promotion was associated with a significant decline in CO,
selectivity at reaction conditions, as shown in Fig. 8.

Surface enrichment of Na,WO, was shown to have a significant
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Fig. 7. Photoemission spectra of Sr 3d (a) and
Ca 2p (b) for the SrMnOs- and CaMnO3-based
redox catalysts, respectively, using an Al Ka X-
ray source (1486.7 eV). Binding energies (BE)
were referenced to the C 1s peak for ad-
ventitious carbon at 284.6 eV. Dotted lines in-
dicate BE value for the characteristic peaks of
lattice (low BE) and surface (high BE) doublets
for the unpromoted (Sr,Ca)MnOs3.

(b)

suppression effect on surface cation and oxygen species, which resulted
in greater olefin selectivity and improved yields from n-hexane ROC.
The nature of this enrichment was further studied with low-energy ion
scattering spectroscopy (LEIS), and we determined that Na,WO, com-
prised the outermost surface layer of the Na,W0O,/CaMnO5 redox cat-
alyst upon promotion. Fig. 9a shows LEIS spectra for the 20 wt.%
Na,WO0,/CaMnO; redox catalyst surface with increasing doses of
sputter-etching using 0.5keV Ar™* sputtering source (1 x 10*° Ar*
ions/cm? corresponding to the removal of approximately one atomic
monolayer) and with a 3keV He™ probe beam [24]. Initial sputtering
with 0.5 x 10 ecm ™2 (green) revealed an outermost surface layer
composed of O, Na, and W, with a slight shoulder in the vicinity of Ca
and a less significant shoulder where a Mn peak would be expected,
altogether indicating the predominance of Na,WO, in the surface
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Fig. 8. Relationship between the accommodation of surface-type Sr/Ca species
and COy selectivity at T = 725°C and GHSV = 4500 h™! (Far = 75 mL/min,
m = 500 mg). Yn.hexane = 0.13, step duration = 40 s. The dashed line is used to
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(a)

Intensity (a.u)

He* detection source

Sputter cycle
1 —5 —10

Na,WO0,/CaMnO;,

1000 1250 1500 1750 2000
Energy (eV)

750

2250 2500 2750 3000

monolayer. Subsequent removal of the first few atomic monolayers
revealed a Ca peak, but not a Mn peak; this may indicate that the
CaMnOs; substrate terminates in a CaO plane or Ca-rich phase (e.g. CaO,
Ca,MnO,) or that Ca from the CaMnOj3 lattice migrates and reacts with
Na,WO, to form a calcium tungstate (e.g. CaWO,) phase near the sur-
face. A cumulative dosing of 20 x 10'® cm ™2 was sufficient to reveal a
Mn peak. Depth profiling of the main elements shown in Fig. 9b fea-
tured Na and W signals which rose more rapidly than those of Ca and

Na —e-W ——0 —4&—Ca —«Mn

(b)
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Fig. 9. LEIS spectra for 20 wt.% Na,WO,/CaMnOs3 acquired using a 3keV He* probe beam. (a) Surface scans after varying amounts of 0.5 keV Ar™ sputter-etching;
one sputter cycle corresponds to 0.5 x 10'® Ar™ ions cm ™2 (b) Depth profiles of Na, W, O, Ca, and Mn, showing peak areas as a function of sputter cycle, up to a

maximum dose of 5.0 X 10'°cm ™2
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Fig. 10. A comparison of reaction characteristics over the course of 25 n-hexane oxy-cracking cycles for (a) Na,WO,4/SrMnO3 and (b) Na,WO,/CaMnOs3. Thermal
background olefin yield is given as a dashed line. Conditions: T = 725 °C, GHSV = 4500 h ™! (F5, = 75 mL/min, m = 500 mg), Yn-hexane = 0.13, step duration = 40s.

particularly Mn with increasing sputtering, also indicating that the
Na,WO, promoter was at a higher concentration than CaMnO3 near the
immediate surface. Taken together, the surface-sensitive characteriza-
tion and reaction performance data of (Sr,Ca)MnOs-based redox cata-
lysts have revealed the crucial role of the Na,WO, surface layer in
achieving high olefin yields for n-hexane ROC.

3.5. Evaluation and literature comparison of redox catalyst performance
and stability

Lastly, we demonstrate with XRD after 25 cycles of n-hexane ROC
that the Na,WO,/SrMnO3; and Na,WO,/CaMnO3 redox catalysts are
structurally stable and capable of maintaining desirable properties (n-
hexane conversion, olefin selectivity, SHC). Fig. 10 gives key reaction
characteristics for multiple n-hexane oxy-cracking cycles using
Na,WO,/SrMnO; (Fig. 10a) and Na,WO,/CaMnO; (Fig. 10b) at
T = 725°C and GHSV = 4500 h~ 1. Each sample was pre-treated under
ethane at 750 °C. Both redox catalysts show stable conversion of n-
hexane and of hydrogen as well as olefin yields that are consistently
higher than the thermal background (given by the dashed line), with
Na,WO,/CaMnO3; showing the greater activity (and slightly lower se-
lectivity).

Na,WO,/SrMnO; preserves its high selectivity towards hydrogen
combustion over the 25 cycles, with the last cycle showing low COy4
formation (0.28% COy yield). The slight decline in COy generation over
25 cycles may be explained by a decrease in available oxygen, as evi-
denced by the XRD pattern for the cycled Na,WO,/SrMnO; redox cat-
alyst (Fig. 11a). Non-selective combustion of n-hexane or olefins to COy
may be exacerbated by a fully restored oxygen carrier and the presence
of surface a-oxygen species. Nonetheless, the hydrogen conversion and
SHC capability by this material is not negatively affected, and Na,WO,/
SrMnOj; remains an attractive material for the application.

Na,WO,/CaMnO3; shows greater oxygen donation and higher con-
versions in general than the SrMnOs-based material, leading to higher
CO, yields (1.7-2.8%); this redox catalyst is capable of combusting
100% of the generated H, in the system. This total combustion of H,
may contribute to the elevated n-hexane conversion over this redox
catalyst (69-71% for Na,WO,/CaMnO3, compared to 48-50% for
Na,WO,/SrMnO3) and the higher olefin yields which result (55-58%
vs. 39-41% at 725°C). The results obtained for Na,WO,/CaMnO;
compare favorably with the catalyst developed by Liu et al., which
produced approximately 12-13% COj yield along with 50% olefin yield
at 750 °C; for 20 wt.% Na,WO0,4/CaMnO; at 725 °C, a maximum of 58%
olefin yield was achieved along with only 2.8% maximum COy yield
while also decreasing the temperature requirement [10,11]. In another
study by Boyadjian et al., Li/MgO catalysts achieved 17% light olefin
yield from n-hexane at 575 °C while producing 7% COy yield [12]. The
performance of Na,WO,/CaMnOs as compared to literature catalysts is
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best encapsulated in the ratio of carbon utilization for light olefin yield
vs. COy yield, which was approximately 21:1 in this work, compared to
4.2:1 (Liu et al.) and 2.5:1 (Boyadjian et al.). Na,WO,4/CaMnOs3 is thus a
stable and very promising redox catalyst for n-hexane oxidative
cracking when operated at or near 725 °C.

Fig. 11a-b shows results from XRD experiments on as-prepared and
cycled samples based on SrMnO; and CaMnOs, respectively. These
patterns indicate that both Na;WO,/SrMnO3; and Na,WO,/CaMnO;
were resistant to promoter-oxide interactions during cycling at
T = 725°C. Multiple phases were observed in the SrMnO; system: a
minor SroMnO,4 impurity was present which was later undetectable
after promotion with Na,WO,, and the brownmillerite phase SroMn,Osg
was present in nearly equal proportion to SrMnO; for the cycled
Na,WO,/SrMnO; sample. The latter phase indicated an incomplete
regeneration of the perovskite structure. Lower operating temperatures
therefore have the effect of lowering the oxygen capacity of the redox
catalyst by limiting phase regeneration, but increasing selectivity to-
wards hydrogen combustion, as supported by the results of Fig. 10. The
presence of SroMn,Os also suggests that complete regeneration of the
perovskite phase is a slower process for the hexagonal StMnO; than for
the cubic CaMnOs.

4. Conclusion

In this work, we demonstrated the effectiveness of several redox
catalysts for the redox oxidative cracking (ROC) of naphtha using n-
hexane as a model compound. At 725 °C and 4500 h ™, NayWO,-pro-
moted CaMnO; achieved over 72% increase in olefin yields, on a re-
lative basis, over thermal cracking while completely combusting Hp,
The redox catalyst exhibited < 3% COy yield and maintained excellent
stability over 25 redox cycles. Na,WO,-promoted SrMnO;3 also de-
monstrated superior olefin yield compared to thermal cracking with
COx formation as low as 0.28%. The greater olefin yields and low COy
selectivity were attributed primarily to the selective combustion of H,
by Na,WO0,/(Sr,Ca)MnO3. Promotion by 20 wt.% Na,WO, was highly
effective to improve the selectivity of the redox catalysts, which was
attributed to a surface enrichment of Na and W and significant altera-
tion of the surface sites of SrMnO5; and CaMnOs.

XRD analysis confirmed the phase stability, and promoter-oxide
interactions were not observed after cycling. Surface-sensitive LEIS and
XPS characterization revealed an outermost surface layer of was cov-
ered by Na,WO,, and near-surface regions for Na;WO,/(Sr,Ca)MnO;
were significantly enriched in Na and W but deficient in Mn. Sr 3d
spectra from XPS showed a 90% decrease in SrO/Sr(OH),/SrCO3 sur-
face species from SrMnO3; upon promotion with Na,WO,, while similar
Ca-containing surface species on CaMnO3; were diminished by 62% with
promotion. Correspondingly, we observed 97% suppression in COy se-
lectivity with Na,WO,-promoted SrMnO; and 90% suppression for
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Fig. 11. XRD patterns for all redox catalysts. (a) Patterns for (i) StMnOs, (ii) Na,WO,4/SrMnOs, (iii) cycled Na;WO,/SrMnOs. (b) Patterns for (i) CaMnOs, (ii)
Na,WO0,/CaMnOs, (iii) cycled Na;WO,/CaMnOs. Cycled samples tested and re-oxidized at T = 725 °C, GHSV = 4500 h ™" for 25 cycles.

Na,WO,/CaMnO3;. Na,WO, promotion also inhibited lattice oxygen
release from CaMnOs. Such effects, resulting from the surface enrich-
ment of Na,WO,, suppressed non-selective combustion reactions and
significantly enhanced olefin yields. Through the combination of reac-
tion and characterization, the role of Na,WO, was determined, and
Na,WO4-promoted perovskite oxides are identified as promising redox
catalysts for the oxidative cracking of n-hexane.
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcatb.2019.01.048.

Details on experimental oxygen donation calculations, details on
oxygen utilization in the ROC process scheme, BET surface areas, ex-
panded reaction data for redox catalysts and relevant thermal back-
ground at 4500 h~! and 9000 h ™%, reaction data of redox catalysts at
different particle size ranges and Na,WO, wt.% loadings, additional
details on determination of coke deposition, XPS C 1s, O 1s, Mn 2p, Ca
2p, and Sr 3d narrow scans for as-prepared, promoted, and cycled redox
catalysts, additional details on XPS spectra deconvolution and peak
fitting, and CO,-TPD results on SrMnO3-based redox catalysts.
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