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Abstract

The chemical looping-oxidative dehydrogenation (CL-ODH) of ethane is investigated in this
study. In CL-ODH, a redox catalyst donates its lattice oxygen to combust hydrogen formed from
ethane dehydrogenation (ODH reactor). The reduced redox catalyst is then transferred to a
separate reactor (regenerator), where it is re-oxidized with air. Typically, the ODH step is
endothermic, due to the high endothermicity to reduce the redox catalyst. This energy demand is
met through sensible heat carried by the redox catalyst from the regenerator, which operates at a
higher temperature. This temperature difference between the two reactors leads to exergy losses.
We report an Fe-Mn redox catalyst showing tunable exothermic heat of reduction. Promotion
with NaaWOQO, resulted in high ethylene yields due to the suppression of surface Fe/Mn. ASPEN
Plus® simulations indicated that Fe-Mn redox catalysts can lower the temperature difference

between the two reactors. This can lead to efficiency improvements for CL-ODH.

Introduction
Ethylene is a heavily utilized commodity chemical for the production of important
compounds such as polyethylene, ethylene oxide, dichloroethane, ethylbenzene, and

acetaldehyde[1]. Worldwide production of ethylene is projected to more than triple by the year
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2050 relative to the 2013 production level of 150iom tonnes/year[2]. Due to the recent
increase in shale gas production, ethylene prooluétom ethane, the second most abundant
component in shale gas, has become particulargcéite[3]. The predominant production route
for ethylene is the steam cracking of ethane, iicvbthane is pyrolyzed at elevated temperature
in the presence of steam diluent[1]. This endotleprocess requires fired heaters to supply the
necessary high heating rates, resulting in subata®®, and NQ emissions from the

combustion of carbonaceous fuels such as methamejd]tional energy demands arise from
downstream compression and separation units sathinhtotal, more than 16 GJ of energy is
required to produce one ton of ethylene througarsteracking[1]. Thermodynamic equilibrium
limitations on ethane conversion and coke formaithosteam crackers also limit the

performance of steam crackers[5].

Ethylene production through direct oxidative deloggmation (ODH) of ethane has been
explored to replace steam cracking[6—10]. ODH z&8ia co-feed of ethane and oxygen, the
latter of which combusts hydrogen and removes dxjwim limitations. The resulting reaction is

exothermic AH=—105 kJ/mol at 850°C):

CoHg+ 2 O,— CoH4+ HO

Ethane ODH with oxygen co-feed has been extensstatied in terms of both catalyst
development and mechanistic investigations [11-&8{isfactory ethylene yields (>40%) were
reported in numerous studies [20-29], with a MoVBbEéNcatalyst showing an ethylene
selectivity of 81% and ethylene yield of 75% [38lthough these results are highly promising,
conventional ODH faces a few practical challengést instance, this method introduces the

potential safety hazard of mixing ethane and gaseaygen, and air separation units upstream



of the ODH reactor are costly and energy-intensiveuild and operate. Downstream separation
and purification of the ethylene product streamml$® complex and energy intensive[31]. To
overcome the challenges of co-feeding ethane ODHnwestigated a two-step chemical
looping ODH (CL-ODH) scheme, which addresses mdriechallenges facing catalytic
ethane ODH[31-35]. In CL-ODH, a redox catalyst deaaxygen from its crystal lattice to
convert ethane to ethylene and water. Subsequéndyeduced catalyst is transferred to the
regenerator where it is re-oxidized in air and $@ak to the ODH reactor, completing the redox

cycle. Acting as an oxygen carrier, the redox gatatan be repeatedly reduced and oxidized.

C;Hg + MeOy — C,H,4 + MeOy—; + H20O (ODH reactor)

MeOy.1 + 1/20;, (air) = MeOy + heat (Regenerator)

There are several potential benefits of CL-ODHrdxeditional ODH: (i) CL-ODH
avoids the safety issues inherent to co-feedingnetland oxygen; and (ii) the use of an oxygen
carrier eliminates the need for costly air separatinits. In CL-ODH, process heat integration
between the two reactors is accomplished throughlitect heat transfer of the sensible heat in
the oxygen carrier particles, resulting in redueadrgy requirements. Experimental studies
indicated that CL-ODH can result in higher singbesg yield of ethylene compared to thermal
cracking [33—37]. ASPEN Plus® simulations furthadicated that the CL-ODH scheme can
reduce energy consumption and emissions by up%e&#npared to traditional steam cracking
because of the selective combustion of hydrogen@amer demand for downstream

separation[31].

Compared to conventional ODH in the presence atarbgeneous catalyst, CL-ODH is

comparatively less developed. Previous CL-ODH ssithiave examined redox catalysts



containing vanadium and molybdenum[38—42], buthigiest obtained ethylene yield was 38%
with the majority of catalysts showing ethylenelggebelow 20%. Further concerns with
toxicity, high material cost, and potential staiBublimation issues may limit and
attractiveness of V and Mo based redox catalystsiddnese and iron oxides are alternative
redox catalysts that are abundant, low-cost aradively benign and each have been studied for
chemical looping applications[43—49]. Mn oxides é&een studied as oxygen carriers for
chemical looping combustion (CLC) and chemical iagpwvith oxygen uncoupling (CLOU) of
methane and coal [43,44,46-48,50,51]. We have qusiy reported Mn-containing oxides such
as mixed Mn-Mg and Mn-Si oxides for CL-ODH[32,34,3%]. For instanceMgsMnOg

exhibited a low ethylene selectivity of 14% at 85Gind 3000kt GHSV, but the selectivity was
increased to 48.5% with a sodium pyrophosphate prenand to 89.2% with a sodium tungstate
(NaWQ,) promoter[34]. A manganese silicate oxygen casiewed ethylene selectivity of
44.08% at 850°C and 3000h&HSV, which increased to 63.33% with the additibsodium
tungstate[35]. The primary effect of N&O, promotion was to decrease the ,@lectivity,

which was the primary undesired byproduct in CL-QB8]. For instance, COselectivity
dropped from 36.52% to 2.96% for manganese silietex catalysts and from 78.04% to
2.23% for MgMnOg redox catalysts. Alkali metal oxide promotion aisgproved the selectivity
of redox catalysts composed of Fe-containing pitas[33,37]. Overall, alkali metal
containing promoters, especially N&O,, have shown promise to improve the ethylene

selectivity on various redox catalysts containing &hd/or Fe oxides in CL-ODH.

It is noted that CL-ODH reactions carried out uding redox catalysts mentioned above
are generally endothermic, with My, redox catalysts showing an estimated heat of igaof

118 kJ/mol GHg[36], which is comparable to thermal cracking (kd3nol GHg). Although this



endothermicity would not affect the overall exotharity of the two-step CL-ODH cycle, the
energy demand in the ODH step does need to béisaty the sensible heat carried by the
redox catalyst particles from the regenerator. Swedt integration requirements would dictate:
(i) a large temperature difference between the @&ddtor and regenerator; and/or (ii) a high
solids circulation rate. As such, CL-ODH operattam potentially be further optimized by
developing CL-ODH redox catalysts with lower endwthicity for CL-ODH (Figure 1). In this
aspect, mixed Fe-Mn oxides are promising candidadasidering their abilities for tunable and
spontaneous oxygen release [54-57]. The presaiy stuestigates mixed Fe-Mn oxides as
redox catalysts for the CL-ODH of ethane. Spediffcdocuses were placed on the development
of redox catalysts with less endothermic and patytunable CL-ODH heat of reactions while
maintaining high activity and selectivity. It wastdrmined that the best performing redox
catalyst had a Fe-Mn molar ratio of 20-80. Thistlefaeduction of this catalyst was exothermic
at all stages of reduction, and after promotiothhWgWO,, it was able to achieve an ethylene
yield of 62.21% and a CGelectivity of 3.15%. ASPEN Plus® simulations rate that Fe-Mn
redox catalysts can decrease the temperaturedatifferbetween the ODH and regenerator
reactors and while having similar solid circulatiates as traditional coal chemical looping
combustion (CLC) systems. The properties of thitoxecatalyst will allow for the further

optimization of the CL-ODH process through addiébenergy savings.
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Figure 1: CL-ODH scheme with M§D, (left) and Fe-Mn redox catalysts (right)

Experimental

Redox Catalyst Synthesis

All redox catalysts were synthesized through agsblprocedure in order to obtain a redox
catalyst with higher homogeneity. In this procedunetal precursors (iron (lll) nitrate
nonahydrate (Sigma-Aldrich ACS reagent, > 98% aadganese (ll) nitrate tetrahdyrate
(Sigma-Aldrich, > 97.0%) and citric acid (Sigma Ath > 99.5%) were dissolved in DI water.
The citric acid to total cation molar ratio was arkd the mixture was stirred at°&0for 30
minutes. Afterwards, ethylene glycol (Sigma Aldrielmhydrous 99.8%) was added (ethylene
glycol to citric acid molar ratio = 1.5) and thergerature was raised to“8to complete the
gelation process. The resulting mixture was drieglmight at 80C and then calcined in air at
450°C for 3 hours to decompose any nitrates and reroine acid. Then the temperature was

raised to 900°C for 8 hours in order to obtaindksired crystal phases. After calcination, the



synthesized redox catalyst was sieved into 3 pestsizes: 850-42pm, 425-250um, and < 250
um. A total of three Fe-Mn molar ratios were syniheg: 20-80, 50-50 and 60-40.

Each of the base redox catalysts were promotedssiium tungstate. The sieved redox
catalyst particles were mixed with a water solutontaining sodium tungstate dihydrate (Sigma
Aldirch, 99.5%). The weight loading of sodium tutege for all redox catalysts was 1.7wt% on
an Na basis. The promoted particles were then awednight at 80°C, and then calcined in air
at 900°C for an additional 8 hours. In this pap@rpromoted redox catalysts are designated by
the Fe-Mn molar ratio (20-80, 50-50, and 60-40) praimoted redox catalysts are designated
using the Fe-Mn molar ratio and N8O, (20-80-NaWO,, 50-50-NaWO,, and 60-40-

NaWO,).
Ethane ODH experiments

The activity of the synthesized redox catalystsiier ODH of ethane was determined
using a previously described reactor setup andigesnatography analysis[35]. A U-tube
reactor made of quartz with a 1/4” O.D and 1/8D1 was used for reaction testing. 0.5g of
redox catalyst particles was loaded into the boténme reactor and alumina grit (16 mesh) was
used on both sides of the U-tube to prevent losediix catalyst particles and to reduce the gas
residence time inside the heated reactor. In dadebtain thermal cracking (blank)
measurements, a U-tube with only alumina grit wsedu

The gas composition and flow rate inside the qudftabe reactor were controlled with
mass flow controllers and a valve manifold. TherallésHSV during all pretreatment steps and
reaction testing was 4500hrDuring the pretreatment step, the redox catalystterwent 2
redox cycles which were comprised of a 3 minuteicédn step (80%/20% 4Ar) and a 3

minute oxidation step (17%/83%/8r) at 900°C. The pretreatment step resulted red@x



catalyst with stable chemical and physical propsrtiFor ethane ODH reaction testing, the
oxidation remained unchanged, but the reduction wies altered: a total of 5 mL of ethane was
flown into the reactor (5 second injection of 8098/2GHg/Ar). In between each reduction and
oxidation step during the pretreatment and ethadkl @action testing, 100% Ar was flown into
the reactor for 5 minutes. Ethane ODH reactiorirtgstias performed at 850, 825, and 800°C
for all redox catalysts.

The products from the reduction step were collettealgas bag and injected into a gas
chromatograph (GC) for analysis. The GC was anegiv890 Fast RGA with a flame
ionization detector (FID) for hydrocarbon analyasial two thermal conductivity detectors for
CO, CQ, and H analysis. A refinery gas standard (Agilent Pabt180-0519) was used to
calibrate the GC. Mass Spectroscopy analysis obtidation step did not show significant
coking or tar formation, so a carbon mass balaree® wged to calculate ethane conversion and
hydrocarbon product selectivity and yields. Thedma distribution was also used to calculate
the amount of hydrogen formed during the reducsiep and the amount of hydrogen converted
to water. Formulas for product selectivity, yielidehydrogen conversion can be found below
(n(x) refers to the total amount of carbon in spect measured by GC).

n(Ethane)
n(All carbon species)

n(x)

n(All carbon species) — n(ethane)

Ethane Conversion =1 —

Selectivity (species x) =

Ethylene yield = Ethane Conversion * Selectivity(Ethyelene)

(HZ)out
(Hz)gen

H, combustion =1 —

XRD Characterization



Powder X-ray Diffraction (XRD) was done to determicrystal phases present in freshly
synthesized and post testing redox catalysts. Tleasorements were performed at room
temperature with a Rigaku SmartLab X-ray Diffractder. The radiation source was Cu & =
0.1542 nm) and the diffractometer operated at 4@RY 44 mA. XRD patterns between 10-80°
(26) were generated with a step size of 0.1° and @ tirole of 2.5s.

Surface Area Measurements

A Micromeritics ASAP 2020 was used to collect &tisorption isotherms at 77K. Before
adsorption isotherms were generated, all redoxlysasawere degassed at 473K. Brunauer-
Emmett-Teller (BET) theory was used to calculatdamie areas from the measured adsorption
isotherms.

TGA/DSC Measurements

The heat of reduction of each of the redox catalysas measured on a TA Instruments
SDT Q600 Dual Thermogravimetric Analysis (TGA)/&ifential Scanning Calorimetry (DSC)
unit. First, fresh redox catalyst was loaded it sample crucible and heated to €th a 10%
O,/Ar environment to clean the redox catalyst. Thee,5 H/O, redox cycles were performed
on the redox catalyst. In each cycle, the initias dlow was 10% @Ar. After 10 minutes, the
gas flow was switched to 100% Ar for 10 minutes #meh to 10% KAr for 10 minutes to
reduce the redox catalyst. After another 10 mid@% Ar purge, the gas flow was switched to
its initial conditions (10% &Ar). This completed the redox cycle and alloweel tadox catalyst
to be re-oxidized. The heat flow curve was integtaising TA Instruments TRIOS software in
order to determine the heat of reduction of eacloxecatalyst. A detailed explanation of the
integration process can be found in the suppoitifagmation

XPS Analysis



Fresh (as-synthesized) and cycled (more than ;BQ/O, redox cycles, cleaned in 17%
O,/Ar at 850 °C, held at 850°C in an 100% Ar atmospHer 1 hour, and then cooled to room
temperature in 100% Ar atmosphere) redox catalyst® analyzed using X-ray photoelectron
spectroscopy (XPS). Both the near-surface atomimposition and the oxidation states of
manganese and iron were determined for all meastgddx catalysts. All analysis was
performed using an Al anode and the XPS systemcaaprised of a Thermo-Fisher Alpha 110
hemispherical energy analyzer and a Thermo-Fis¢R&, 300W dual-anode X-Ray source. The
Cls peak (284.6eV) was used to calibrate all spectr
Process Simulation

ASPEN Plus® is used to simulate the ODH reactor @amalyze the effect of obtained
heat flow in the Fe-Mn system on the solid ciraolatrates. The ODH reactor is represented by
an RStoic rector model, using the product distrdyubbtained in the ethane ODH experiments.
A sequential modular approach is used. The ODHtoeds operated at 8580. FeOs is used as
a representative solid with pure ethane as the fBeel heat of the reaction is balanced so that it
matches the experimentally obtain&tH values. Additional information is provided in the
supporting information. The circulation rates oé t8L-ODH system are compared with coal

CLC systems, which are well studied.

Results and Discussion
Redox Catalyst Characterization

Figure 2 shows the XRD patterns for the freshiytisgsized redox catalysts. The
characteristic peaks for a bixbyite phase [(FeXdnJPDF# 01-075-0894)] were observed on all

un-promoted and promoted redox catalysts. Tha\MG&, (PDF#04-008-8508) phase was also



seen on all of the promoted redox catalysts. NoRRO, spinel oxide phases, which represent
a reduced form of mixed Fe-Mn oxides, were ideadifon any of the redox catalysts. The
measured surface areas(Table 1) of the as-syndluesizpromoted redox catalysts are similar
and after promotion with N&QO,, the surface area for all redox catalysts deceglagaround

50% in all cases.
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Figure 2: XRD patterns of as-synthesized redox catalystarfg)romoted and (b) N&/O,

promoted Fe:Mn oxide catalysts. [a]PDF# 01-075-0@9RDF# 04-008-8508

Table 1. BET surface areas for the as-synthesized redaysts

Redox Catalyst Surface Area (fg)

20-80 3.48

50-50 4.10

60-40 3.17
20-80-NaWO, 1.75
50-50-NaWQO, 1.28
60-40-NaWO, 1.47

ODH Reaction Testing
Ethane ODH results at 850°C and a GHSV of 458@fwall synthesized redox catalysts
are summarized in Figure 3. All of the redox catdyexhibited higher ethane conversions than

thermal cracking (75.7-83.3% vs 62.9%) and had addversion higher than 70% (which is



desirable for the CL-ODH from an energy balancedpaint[31]). When comparing the un-
promoted redox catalysts, the 20-80 redox catalystved the highest GQelectivity (50.7%)
while the 50-50 and 60-40 redox catalysts had |c@@y selectivity values (35.2 and 37.5%
respectively). These results matched with previdemature, which have shown that Rin

oxides are active for the deep oxidation of hydrboas[58,59]. In previous studies[32,34,35],
promotion with NaWO, caused a decrease in ethane anddidversion, but the significant
increase in ethylene selectivity led to an increasghylene yield. For all redox catalysts, the
ethylene yields significantly increased after préimmowith Ng@WO,. The largest increase in
ethylene yield was observed on the 20-80 redoXysté83.5% to 62.2%) and the 60-40-
Na,WO, redox catalyst demonstrated the highest ethylexd (64.5%). H conversion also
decreased for all promoted redox catalysts, buretltonversion only decreased for the 20-80-
NaWO, redox catalyst (78.5% to 75.9%). The increasdharge conversion on the 50-50-
NaWO, and 60-40-NaVO, redox catalysts (75.9% to 79.6% and 75.7% to 83&9pectively)

is likely to be due to the densification of the q@ted redox catalysts during reaction testing.
This densification increased the effective gasderste time in the U-tube reactor, allowing for
additional ethane conversion. In Figure 4, theatftd reaction temperature on ethylene and, CO
selectivity is shown. As expected, a decreaseaantien temperature caused a decrease in ethane
conversion and increase in ethylene selectivitgyfé 4a). With respect to ethylene yield, the
60-40-NaWO, redox catalyst was the best performing at all terafures, but the yield
differences are relatively small as can be sean ffgure 4a. The small differences between the
promoted redox catalysts decreased as the redetigperature decreased. A slightly different
trend is seen in CGselectivity values on the promoted redox catalffSigure 4b). At 850°C,

the 20-80-NaWO, redox catalyst showed the lowest,@lectivity (3.2%) followed by the 50-



50-NaWO, redox catalyst (4.8%) and finally the 60-40.W&D, redox catalyst (5.8%). At all
temperatures, the 20:80-N8O, redox catalyst exhibited the lowest C&&lectivity. Due to the
similar ethylene yield and lower G@electivity, the 20-80-N&VO, redox catalyst was
determined to the best performing redox catalystalled reaction data for the 20-80-M&O,
redox catalyst at all reaction temperatures cafolbied in the supplementary information (Table
S1)
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60-40-Na2W04 — 83.3% 64.5% 93.9%
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Figure 3: Ethane ODH reaction data at 850°C and GHSV=45b@#rthermal cracking (blank)

and CL-ODH in the presence of the redox catalysts.
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The proposed CL-ODH scheme requires that the redtatysts demonstrate a long
lifetime. Therefore, extended redox cycling wadq@ned on the 20-80-N®WO, redox catalyst
(Figure 5). As the redox catalyst undergoes adailioedox cycles, the ethane conversion
increased until reaching a steady value at cycl@883.% to 90.0%). Over the first 35 cycles,
there was also a decrease in ethylene selectBity o to 72.2%), but the ethylene yield was
relatively stable (64.6% to 65.1%). There was alsancrease in C3+ selectivity (8.5% to
12.2%) and CQselectivity (3.3% to 7.5%) while the methane skibeg was relatively stable
(6.9% to 7.1%). The overall C2+ selectivity, whigpresents the formation of value-added
products, decreased by 4.8% over extended redde ®ating (89.0% to 84.2%). After cycle 35,
no significant changes in these values were obdervaese results indicated that the 20-80-
NaWO, redox catalyst is potentially suitable for CL-ORdplications in terms of redox
stability.
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Figure 5: Extended redox cycle testing on 20-80, W&, redox catalyst at 850°C and
GHSV=4500ht"
XPS Analysis

XPS analysis was performed to determine the neface atomic composition and
oxidation states of iron and manganese specielseod-80 and 20-80-N&/O, redox catalysts.
As described earlier in the experimental sectioveraions of each redox catalysts were
analyzed: fresh and cycled. The near surface atpercentages (normalized to a carbon and
oxygen free basis), for all analyzed redox catalgsé shown in Table 2. On the fresh 20-80
redox catalyst, the surface atomic percentages sveritar to the bulk molar ratio and after
cycling there were no significant changes in th#ase composition. On the fresh 20-80-
NaWO, redox catalyst, both Na and W are enriched as segmeviously studied MInOs
and manganese silicates based redox catalysts]34[BB as-synthesized Na and W enrichment
factor (observed surface % divided by bulk %) w82 and 4.87 respectively. Also, there were
twice as many Na atoms observed as W atoms oretiresarface of the fresh 20-80-/MéO,
redox catalyst. The is the same ratio of Na to Wadium tungstate. When comparing the fresh
and cycled 20-80 redox catalysts there were notaotial differences. The cycled 20-80-
NaWO, redox catalyst had slightly lower Na and Fe sw@afatomic percentages when compared
to the fresh 20-80-N&VO, redox catalyst, but there was a significant emrmieht of W and loss
of Mn which led to a decrease in the Na to W atosnidace ratio (~2 to 0.7). The decrease in
this ratio is due to the loss of the M&D, phase which was confirmed through XRD analysis of
the cycled 20-80-N&VO, redox catalyst (Figure S1). After ethane ODH reactesting, the
NaWO, phase was replaced by and (Fe,Mn)\\@aFe(WQ), and NaFe®@phases. Unlike

previously studied redox catalysts[34,35,53], tiereéase in ethylene yield was not due to the



formation of a physical layer of M&/O,4 around the base redox catalyst. Instead, the pyima
reason for increased selectivity of the promotehbxecatalysts was likely to be the suppression
of Mn and Fe cations, and hence nonselective oxggenies, through the enrichment of Na and
W on the surface of the redox catalyst. Furthatyais of the XPS spectra, as discussed below,
provides additional insights on the change in recltalyst selectivity before and after M&O,

promotion.

Table 2: Near-surface atomic % on fresh and cycled cata(gstggen and carbon free

basis)
Catalyst Fe% | Mn%| Na% | W%
20-80: fresh 13.21/86.79| O 0
20-80: cycled 16.05/83.95| O 0
20-80-NaWOy,: fresh 7.88 | 52.53 26.47| 13.11
20-80-NaWOy: cycled 5.79 | 37.98 23.09| 33.14

The Mn 2p,; peak for the fresh and cycled redox catalystsbeaseen in Figure 6a. For
the fresh redox catalysts, both the 20-80 and 28k&0V0O, had an overall Mn 2p peak
position of 641.2 eV which is consistent with #riThe cycled 20-80 redox catalyst had the
same peak position as the fresh 20-80 redox catlysthe peak position shifted down by 0.5
eV for the cycled 20-80-N®O, redox catalyst, indicating a slight decrease endkidation
state for the near surface Mn cation. This shif$ a0 seen on previously studieddMgOg
redox catalysts[34]. Figure 6b compares the k@ 8pectra for the fresh and cycled redox
catalysts. On fresh 20-80 redox catalyst, the kg @pak was at 710.9 eV which corresponds to
Fe** and promotion with NAVO,, caused the Fe gppeak to shift down by 0.5 eV. When
comparing the fresh and cycled redox catalystsethvere no changes observed in th@ze

peak positions. While small differences in the Rd BIn oxidation states were observed on the



NaWO, promoted redox catalysts, the primary effect efN&WO, promoter is the decrease in
Fe and Mn and enrichment of Na and W species oaufface of the redox catalyst leading to
increases in ethylene yield. This matches with ipresty observed results which indicated that
the over oxidation of methane, ethane and otherdogibon species can be suppressed when

both sodium and tungsten are present on the surfabe redox catalyst.[34,35,53,60—-62].

a) |
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Figure 6: XPS spectra of a) Mn 2p peak and b) Fe 3p of fresh and cycled redox catalysts

Heat of Reaction Analysis

A potential challenge for CL-ODH is the endotharmeaction that occurs in the ODH
reactor[31]. Our previous studies indicate thaae&éhODH on NaNVO, promoted Mn oxide
redox catalysts proceeds via ethane cracking iallewith selective hydrogen combustion[34].
Even though the overall two-step CL-ODH procesisthermic, the endothermic reduction of
the redox catalyst with Hn the ethane conversion step makes the ODH reantibthermic for
all the redox catalysts reported to date. The rsacgheat for the ODH reactor is supplied from
the circulation of the redox catalysts throughrégenerator. In one potential configuration with
MgsMnQOg based redox catalyst, the operating temperatutieeafegenerator needs to be 100°C
higher than the ODH reactor. Since the re-oxidatibtine redox catalysts is exothermic, this

temperature difference allows thermal energy beathback to the ODH reactor through



sensible heat of the redox catalysts. If the heegarction in the ODH reactor was less
endothermic, the heat requirements of the ODH oeaebuld be easier to meet. This can lead to
(i) decreased redox catalyst circulation rate; @an(li) decreased temperature differences
between the two reactors. Both can result in anlthti capital and energy savings for CL-ODH.
With this in mind, dual TGA/DSC measurements wesdqgrmed to determine the heat of
reduction of the mixed Fe-Mn oxides to assist tntification of redox catalysts with decreased
endothermicity for ethane conversion. The averagg of reduction determined by dual

TGA/DSC measurements are summarized in Table 3.

Table 3: Heat of reduction from dual TGA/DSC measuremeants HSC chemistry

Redox Catalyst Dual TGA/DSC (kJ/mol O)| HSC Chemisty (kJ/ mol O)
20-80 -14.26 -14.53
50-50 2.40 1.74
60-40 4.75 7.16

Table 3 also included the estimated heat of rednatalculated from HSC Chemistry
assuming the redox catalyst was reduced from timelgphase to the monoxide phase. This
assumption was based of TGA measurements, whidteited that the reduction of the bixbyite
to the spinel phase was irreversible and the sapipterily cycled between spinel and
monoxide phases (Figure S2). The transition froenbiltbyite to the spinel phase was also seen
on XRD spectra of the redox catalysts after the TMEFC measurements (Figure S3).

As can be seen from Table 3, there was good agmdmtween the DSC results and
HSC calculations. As the iron content of the redatalysts increases, the heat of reduction
became more endothermic. This was because theti@adot FeO, to FeO with H is

endothermic (28.85 kJ/mol O) while the reductiomMpi;O, to MnO is exothermic (-25.38



kJ/mol O). Only the 20-80 redox catalyst had theirée exothermic heat of reduction, but for
CL-ODH applications, it would be better to comphosv the heat of reduction changes as the
catalyst is reduced. In Figure 7, the cumulativerage heat flow per mol of O released is plotted
versus the weight of O donated normalized by tit@aimedox catalyst weight (see supporting
information file). All of the redox catalysts irally had a highly exothermic heat flow. As
additional lattice oxygen was donated, the cumuadiverage heat flow became less exothermic
(Figure 6a). The 60-40 redox catalyst had the lgbrothermic peak, which is likely due to the
hematite phase that was detected from XRD measutsr{feégure S3). As expected from the
previous heat flow data, the average heat flovitier20-80 redox catalyst was exothermic
regardless of the amount of oxygen donated whéeatlerage heat flows for the 50-50 and 60-40
redox catalysts become endothermic after extermsiygen donation. All redox catalysts were
initially able to offset the endothermicity for etie cracking (143 kJ/mol,8s at 850 °C) at low
oxygen donation. Therefore, we focused on theainigduction of each of the redox catalysts
(Figure 7b). Here it was seen that the 60-40 rexddalyst was able to donate the most amount of
lattice oxygen (0.16 wt%) while maintaining exotimé or heat neutral during the CL-ODH

step. This is followed with 20-80 (0.14 wt%) and&D (0.12 wt%) redox catalysts. Despite the
higher exothermicity during the initial reductidghe 60-40 redox catalyst was a less desirable

candidate than the 20-80 redox catalyst from agg®development standpoint.
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donated for each the redox catalysts. Positiveaaeeheat flow is exothermic and negative

average heat flow is endothermic.

Since CL-ODH in principle just decouples an oveealbthermic ODH reaction into two-
steps, the regenerator reactor would supply the Heecessary, to offset the endothermic
reaction in the ODH reactor. In Figure 8, the hedakaction in the ODH and regenerator
reactors utilizing the 20-80 redox catalyst ardtplbversus the oxygen capacity of the 20-80
redox catalysts. For the first 0.14% of the oxygapacity, the heat of reaction in the ODH
reactor was exothermic, so all of the heat fromrégenerator could be used to generate low
pressure steam [31]. Additional oxygen donation$e® an overall endothermic ODH reactor,
but at 1% oxygen capacity donated, only 30.8% eftithat from the regenerator reactor is
needed for the ODH reactor (111 kJ/mol O vs 36hkDO). As such, both the heat of reaction
and ethane ODH results indicate that the 20-89AN®y is promising for a CL-ODH process. It

is therefore further studied in an ASPEN Plus® nhode
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Figure 8: Average heat flow for the ODH and regenerator tazaior the 20-80 redox catalyst.

Positive average heat flow is exothermic and negatverage heat flow is endothermic.

Process Analysis

The CL-ODH system is proposed to be operated airailating fluidized bed (CFB)
scheme, where the redox catalyst circulation rRtg)(is crucial as the redox catalyst supplies
the necessary heat to offset the endothermicitthefODH reactor. There are two important
factors which govern the circulation rate of redatalyst in the system: 1) oxygen release from
the redox catalyst supplying the heat via seleckiydrogen combustionAHsyc) and 2)AT
between the ODH reactor and regenerator providemgible heat. Optimization of these factors
can allow for adiabatic operation of the ODH reacfmroviding a more efficient operation,

which adds to the energy savings for the process.



The Fe-Mn system provides an exothermic SHC, aaisho Figures 7 and 8, which can
reduce the overallH of the ODH reactor. This can lower the requireg Yalues (mass of redox
catalyst circulated/hr). To analyze the effectsthed observed heat flows, the ODH reactor is
simulated using ASPEN Plus®. For the ODH reactoth & fixed AHsnc and oxygen capacity,
the temperature of the regenerator (or redox csttéded) is varied, till the ODH reactor reaches
85(°C. This leads to a data set of projected solidsukition rate (Ry) vs AT (between the

regenerator and ODH reactor).
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Figure 9: Projected solid circulation rates of the Fe-Mdme catalyst system (20-80) for CL-
ODH and the corresponding reactor temperaturerdiffges (at 1500 MWfeedstock processing
capacity). Corresponding data on coal chemicalifpombustion (CLC) system are also

shown as references. [63]



Rcat Values (ktonne/hr) are calculated for a 1500 {\athylene production plant which
corresponds to an annual ethylene production ofcxopately 1 million tonnes. The selected
points are mapped on Figure 9, plotted ag\R AT. CLC of coal has been well documented in
literature and is used as a reference [55,63—®lenite is chosen as the reference oxygen
carrier for the CLC systems. Based on the availbiaeature, circulation rates for a 1500 MV
capacity CLC system are also plotted in Figure 9.

As one would anticipate, low oxygen release (orgexycapacity utilized) for CL-ODH
would correspond to large solids circulation ratesnly due to the needs to supply adequate
lattice oxygen for ethane conversion. This lead&igh circulation rates and low temperature
difference between reactors. Increasing oxygeraseldrom the Fe-Mn oxides can lower solids
circulation from an oxygen supply standpoint. Hoemthis leads to increased endothermicity in
the CL-ODH reactor and hence requires a highertoedemperature difference. Overall, the
tunable heat of reaction for mixed Fe-Mn oxide pedatalysts, as a function of oxygen release,
allows the flexibility of adjusting reactor temptree differences and solids circulating rates.
Moreover, under a similar reactor temperature cifiee, the projected solids circulation rate for
CL-ODH is comparable or slightly lower than thagueed for CLC of coal, indicating its
potential technical feasibility.

Conclusion

This study explored mixed iron manganese redaiysts for the CL-ODH of ethane.
Three molar ratios (Fe-Mn) were studied: 20-80580and 60-40. XRD analysis indicated that
all as-synthesized redox catalysts contained adr(ike,Mn}O3; phase. Ethane ODH reaction
testing showed that after promotion with,M#O,, the 20-80 redox catalyst achieved high
ethylene yields (62.21%) and a low selectivity todgaCQ species (3.15%). XPS results

showed that both sodium and tungsten were enrichéte surface of the 20-80-NaO, redox



catalyst. Continuous redox cycling induced the fation of (Fe,Mn)WQ, NaFe(WQ), and
NaFeQ phases in addition to the mixed Fe-Mn oxides whicted as the oxygen carrying
phases. These results indicated that near sudagsten and sodium synergistically suppressed
the deep oxidation of hydrocarbons. Dual TGA/DSGsueements indicated that a 20-80 redox
catalyst had an exothermic heat flow during redurcindicating that it can help offset the
endothermic nature of ethane cracking. ASPEN Pkis@ilations indicate that the Fe-Mn redox
catalyst can significantly lower the solids solictalation rate when compared to traditional coal
CLC processes. Moreover, the circulation rate aadtor temperature difference is tunable by
varying the amount of oxygen extraction from théoecatalyst. Overall, the 20-80-NsO,
redox catalyst is a promising oxygen carrier f@LlaODH process and can lead to reductions in
energy consumption and emissions from ethyleneymtozh.
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CL-ODH with Fe-Mn redox catalysts
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