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ABSTRACT: The valorization of CO, appeals to the chemical
industry due to the reduction in greenhouse gas emissions and the
ability to offer more renewable products. Propylene production is
the second largest process in the chemical industry, and it strongly
depends on fossil fuel feedstocks. Coupling CO, reduction with
propane dehydrogenation boosts conversion and produces CO, a
valuable platform chemical currently synthesized by fossil-methane
reforming. In this work, (i) we demonstrate the environmental
benefits of coupling CO, with a life-cycle assessment under
industrial conditions, potentially reducing emissions by 3 tcq,..q per
ton of propylene produced. (ii) We screen supported catalytic
materials—both known and novel—with a focus on propane and
CO, reaction mechanisms under industrial reaction conditions of
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400—700 °C and pressures of 1—6 barg (redox: V, Galinstan, In, Mo, Mn, Bi, Sb, Ta; nonredox: Cr, Ga, co, Al, Zn, Au, Zr, Ag, W,
La, Cu; and some alloy combinations). We evaluate each material under the kinetic regime, and we quantify reaction, side reaction,
and deactivation kinetics (coking, cracking, and dry-reforming), as well as the regeneration ability. We then classify them based on
their dominant mechanisms (direct CO, assistance or indirect with H, via reverse water gas shift) and identify each catalyst’s
strengths and weaknesses. Finally, (iii) we correlate our database of experimental results of 22 active metals/metal oxides with the
Tamman temperature and density functional theory (DFT)-based oxygen vacancy formation energies. We discovered that oxygen
mobility plays a crucial role in the kinetics of reoxidation with CO, and the overall balance of active sites related to dehydrogenation

and reoxidation.
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B INTRODUCTION

Propylene is the second largest bulk chemical produced
globally, primarily feeding the ever-growing polymer industry.
The production of propylene has steadily increased by 6%
annually in the past 10 years,"”” and despite the 2019
coronavirus pandemic, it reached 130 t y_1 in 2020 and is
expected to keep growing at a similar rate for the next decade.’
Regarding propylene production, fluid catalytic cracking
(FCC) and steam cracking (SC) dominate the industrial
panorama, converting naphtha into a mixture of olefins—
primarily ethylene and propylene—while the coal-to-olefin
(CTO) process relies on coal to synthesize syngas, methanol,
and ultimately olefins.* Various life-cycle analyses (LCAs)
estimate the associated environmental impact (EI) costs for
each technology. (i) FCC generates the least amount of
greenhouse gas (GHG) emissions with 1.5—1.6 kgcos-eq
kgcsue ' and fossil fuel depletion (FD) with 1.4—1.5 kgoil.eq
kgcsns ' but only accounts for 25—-35% of the global
production of propylene. (ii) SC represents 40—50% of
propylene production with comparatively modest emissions of
2.1 Kgcopeq kecans | and 1.6 kgoyeq kgcame - (i) CTO,

instead, is the most polluting of all three processes relative to
the amount of propylene produced (10%): GHG = 9-12
kgco2-eq kgcsus ' and FD = 2.9-3.7 Kgyileq kgeams 70
Dehydrogenation of (fossil) propane (DHP) offers an
alternative as a selective on-purpose production of propylene
with similar EI to FCC, with EI variabilities based on local heat
supplies (shale gas vs coal vs electricity): GHG = 1.7 kgcoy-e
kgcans | (North America),’ 2.0 kgcoseq kgeams (China),;I
2.2 kgconeq kgcspe (electric),'” and FD = 12-1.6 kgoil-eq
kgcse - The technology was introduced in the 1990s to
bridge the growing gap in the demand for this chemical.
Several commercial catalytic processes exist today, satisfying
15-20% of the global propylene production: Catofin,
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Table 1. Commercial DHP technologies”

process (licenser) catalyst, wt %

reactor configuration supply T, °C P, bar

heat
Xesug % SV, h7!

Catofin (CB&I Lummus-  18—20% Cr,05/AL0; with a 1-2% K 8 parallel adiabatic fixed coke 550—-650  0.3—-0.5 45-50 02-1
Clariant) promoter beds burn-off
FBD core—shell: 12—20% Cr,0;/Al,0; with fluidized bed similar to coke 550—600 1.1-1.5 40 0.2-1
(Snamprogetti-Yarsintez) 1-2% K and 1-2% SiO, for attrition FCC designs burn-off
resistance
PDH (Linde-BASF) 18% Cr,0; on AL, O; with 0.25% Zr, K; or 3 parallel isothermal fixed  furnace 590 1.0 30 1-4

Pt-Sn on hydrotalcite Mg(Al)O;
Pt-Sn/ZrO,

Oleflex (Honeywell UOP)  0.3% Pt/ALO; with Sn promoter

Star (Thyssenkrupp-Uhde) 0.2—0.6% Pt/CaO-ZnO-ALO,

4 adiabatic moving beds in  furnace
series

multiple fixed beds and furnace

550—650 1.1-3.0 35-40 1-2

550—680 5.0-6.0 40 2-3

adiabatic
oxy-dehydrogenation

“Star adds O, to drive forward the equilibrium. T and P: reaction temperature and pressure. X¢3yg: propane single pass conversion. SV: weight

hourly space velocity, kgcsps h™' kgcatalyst_1 Hots

fluidized-bed dehydrogenation (FBD), propane dehydrogen-
ation (PDH), Oleflex, and Star (Table 1).

The DHP reaction is endothermic and thermodynamically
limited below 500 °C. However, working above this temper-
ature causes coke to form, resulting in catalyst fouling,
representing the main reversible deactivation mechanism and
byproduct of the reaction. Fresh and recycled propane feeds
multiple reactors that switch between reaction and regener-
ation, in order to maintain continuous productivity. At present,
only two active materials dominate the industrial market—
chromium and platinum—each with similar activity and
selectivity (85—90%), but with design differences based on
heat supply and in situ catalyst regeneration methods. Catofin
and FBD, based on Cr oxide catalysts, opt for frequent catalyst
regeneration (time scale: hours), and coke combustion in air/
O, provides the heat requirement for the reaction. PDH,
Oleflex, and Star rely instead on Pt catalysts, which accumulate
less coke, thus requiring an external heating source and a
longer time-on-stream (TOS) between cycles (time scale:
days). Each regeneration cycle shortens the catalyst lifespan by
irreversibly deactivating Cr and Pt, which generally last 1-2
and 3 years, respectively. In the case of Cr, hotspots induce
metal diffusion into the support lattice, creating solid solutions
of inactive a-Cr,05-AL,O;"” as well as the formation of low-
surface-area crystalline a-Cr,O;—difficult to reoxidize and
redisperse.16 Pt instead sinters' and requires expensive
oxychlorination conditions to mitigate this process during
regeneration.18

With regard to the nature of the active phase, bulk a-Cr,0O;
is thermodynamically the most stable oxide at the reaction
temperature but is inactive and needs dispersion on a support,
such as y-Al,O;, which can stretch the active metal oxides in
high-valent polychromate species Cr®*, Cr**, and Cr*".'>*
Grafted polychromates are highly active but more selective to
cracking and reforming, and also unstable, quickly reducing to
Cr* in a matter of minutes. Cr’* is the active site for DHP,
which proceeds via a Langmuir—Hinshelwood mechanism of
C—H cleavage and H-abstraction.”"”** Within hours, the active
sites reduce to less active Cr** species, requiring catalyst
regeneration.”” Other supports such as mesoporous silica
(SBA-1, SiO, gels) have a higher specific surface area and are
more inert than alumina, allowing better dispersion of
chromium oxides and a higher propylene selectivity.”"**
However, the low thermal conductivity of mesoporous SiO,
(0.1 vs 10 W m™" K™' of y-AL,O5) requires more expensive

reactor designs for heat management. Furthermore, a faster
sintering deactivation is observed during numerous regener-
ation cycles;*® hence, no industrial application has been found
using SiO, as a support.

Concerning Pt-based catalysts, Al,O; is the support of
choice. The type of alumina used depends on their acidic and
morphological properties: a- and @-alumina supports possess
relatively less Bronsted and Lewis acid sites than y-alumina and
are more stable against sintering and coking but also have
lower surface areas. Strong Brensted acid sites are also
responsible for coking via direct alkane protonation and
propylene condensation. The support forms “hard” aromatic
coke (graphitic), while “soft” aliphatic coke (amorphous-
polymeric) adsorbs on Pt metal sites. The presence of H, in
the reaction gases weakens the support’s Bronsted acid sites,
convertin§ them to Lewis sites, thus reducing coke
formation.”’ Strong Lewis acid sites, on the other hand,
induce alkane cracking via hydride abstraction and the
generation of carbenium ion-activated complexes. Therefore,
alkali metal promoters (K, Sn, Mg, Zn) are added to saturate
the acid sites of the support and mitigate sintering.”® The
surface chemistry of highly dispersed Pt proceeds via an
irreversible dissociative adsorption of the alkane on two Pt
atom active sites (rate-determining step), followed by the
second H-elimination (in quasi-equilibrium).”’

At present, the CO,-assisted oxidative dehydrogenation of
propane (ODHP) has no industrial application. However, it
has great potential, as the presence of CO, drives the reaction
equilibrium forward and converts this greenhouse gas into
CO—an important platform chemical.**~** O, is a 100-fold
stronger oxidizing agent than CO, and can render the process
autothermal;®’ however, less selective (60% for V/SiO,) and
catalytic materials struggle to avoid total combustion catalytic
pathways at high conversions.”* The hexagonal boron-nitride
catalyst has shown a remarkable improvement in selectivity
(80% at 8% conversion) thanks to a different mechanism
versus the classical surface C—H bond activation, where radical
reactions activate propane in the gas phase; however, also in
this case, selectivity drops as the conversion increases (60% at
35% conversion).” CO, has the chemical potential for
partially reoxidizing the reduced metal oxides formed during
ODHP, replenishing oxygen vacancies.” For redox materials
like V oxides, this occurs via a Mars—van Krevelen (MvK)
mechanism,**™>* in which the C—H bond activation proceeds
via a lattice oxygen abstracting a H atom from an adsorbed



kRWGS

C,H, +H, CO +H,0
M-MO,
kDHP kRWGS
@ MOX-I
kODHP kreoxidation
C;H, + H,0 co

100%

75%

50%

25%

Equilibrium conversion, %

0%
400 500 600 700 800
Temperature, °C

Figure 1. Left: Forward reaction mechanism: highly valent metal oxides (MO,) directly convert propane and CO, via a redox mechanism (red).
The reduced active site (MO,_;) requires CO, reoxidation to close the catalytic cycle. Reduced species and nonredox metal or metal oxides (M-
MO,) participate in the separate conversion of propane and CO, via DHP (blue) and rWGS (light blue), respectively. For chromium oxides, the
kinetics benefit from the presence of CO, (kopgp > kppp), which is efficiently converted to CO (kpwgs > kopup)- However, Cr®* is short-lived and
regeneration does not occur due to thermodynamic (chemical potential of CO, oxidation) or kinetic constraints (koppp > kieoxidation)s leading to
fast deactivation.*”**** Right: Equilibrium conversion for 0.5 bar of propane with 0.5 bar of CO, (Aspen Hysis); the nonoxidative DHP is also
shown (0.5 bar of pure propane). The indirect mechanism assumes the presence of DHP and rWGS equilibria, and the direct mechanism assumes

only ODHP equilibrium.

Table 2. Chemical Reactions Considered in This Study and Corresponding Gibbs Free Energy of Reaction at Standard
Condition (1 bar, Stoichiometric Composition) Calculated with Aspen Hysis”

Chemical equation

Gibbs free energy of reaction plot

C3Hg + CO, & C;Hg + CO + H,0 (1)  —&— ODHP
C3Hy < C;Hg +H, (2 ---o--DHP

CO, +H, < CO +H,0 (3) rWGS
CO,+C < 2CO (4)  —B— rBoudouard
C3Hg <> CH, + C,H, ©) Cracking
C,H, + 3CO, <> 6CO + 4H, (6) —<—DRP

C,Hy < 3C+3H, (7)  —— Coking

100

& W
S o &

AG,Y, kJ mol!

-100

-150 M

400 500 600 700 800
Temperature, °C

“We considered propylene decomposition as the main reaction pathway forming coke as the allylic C—H bond is weaker than that of propane (370

kJ mol™! vs >400 kJ mol~*).*°

propane molecule coordinated with a neighbor lattice
oxygen.” For highly valent Cr oxide, there is no consensus:
either via a Langmuir—Hinshelwood mechanism*’ or via
MvK.*" For nonredox catalysts (Pt or Ga,O;) and reduced
metal oxides (like, for example, Cr**), it is believed that CO, is
unable to reoxidize them to higher-valent species (such as
Cr®") and propane catalysis proceeds via C—H cleavage and H-
abstraction.”” There, CO, consumes surface hydride species
and H, via the reverse water gas shift (rWGS) reaction,**
while the reverse Boudouard reaction reforms soft coke into
CO,*™* with CO, promoting propylene desorption, thus
lowering coke formation.

Under a carbon capture and utilization strategy, revamping
preexisting DHP infrastructures to integrate the ODHP
process and reduce the environmental footprint of propylene
can be achieved without major CAPEX investments required
for a grassroots installation. In this scenario, redox catalysts
appear more interesting, as they would promote a “direct” CO,
reaction mechanism consuming propane and CO, in equal
amounts (Figure 1 red—Table 2 reaction 1: ODHP). Instead,
in the “indirect” mechanism, DHP and rWGS coexist in series
(Figure 1 blue and cyan—Table 2 reaction 2: DHP and 3:
rWGS), maximizing propylene yield but at a lower CO,
conversion.

The presence of CO, however consumes surface H, (a
benign specie that reduces coke formation under pure-DHP
conditions) via rWGS, and CO, also enables the dry-reforming
of propane (DRP) side reaction. This complex thermodynamic
system requires a selective catalyst that can operate at high T
(500—700 °C) and ideally under steady-state conditions,
avoiding intermittent catalyst regeneration (Table 2). A
number of studies have already investigated DHP catalysts
operating in the presence of CO,, but often without
monitoring the conversion of CO, itself, due to past scientific
interest in hydrocarbon selectivities rather than permanent gas
quantification, which requires a gas chromatography system
with a FID channel for the first and a TCD for the second.
Given the prevalence of this greenhouse gas and the potential
partial (C)CU nature of this reaction, we set out to investigate
ODHP from a CO, utilization perspective.

B MATERIALS AND METHODS

The Supporting Information (SI) contains sections for
material, methods, and detailed analysis for each active metal
tested as well as complementary figures and tables (numbered
nS).
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Figure 2. LCA with sensitivity analysis at various T and P is used to calculate the EI costs (GHG and FD) for the production of 1 kg of propylene
from a DHP plant (black, left columns). I-FODHP with a catalyst that enables an indirect mechanism (blue, center). D-ODHP via a direct
mechanism (red, right). Error bars at 1 § associated with the EI database index’s variability; other isobar curves have similar uncertainties. Current
industrial levels are a weighted average of FCC, SC, and CTO—from the literature.

B RESULTS AND DISCUSSION

We divide this section into three chapters: (i) an LCA to
investigate the potential benefits of ODHP; (ii) a screening
test of catalytic materials—both known and novel to ODHP—
in realistic conditions focusing on their direct or indirect
behavior; and (iii) the correlation between the Tamman
temperature and oxygen mobility, playing an important role in
the kinetics of reoxidation with CO, of the active sites.

Life-Cycle Analysis. We first wanted to calculate how the
addition of CO, to a propane gas stream would influence GHG
and FD compared to a modeled DHP plant and current
industrial levels. We simulated (i) a DHP plant running on
pure propane (DHP reaction, Figure 1S), (ii) an ODHP plant
converting equimolar propane and CO, via an indirect
mechanism (DHP + rWGS, Figure 2S), and (iii) a third one
via a direct mechanism (ODHP, Figure 3S). Each system
reached thermodynamic equilibrium, and we calculated the EI
costs related to reagent gas feeding and utility consumption for
splitting each product gas to at least 97% purity. Note that we
have used the average CO, intensity per kWh for electricity
from the Belgian grid (0.22 kgcoy.eq kWh,;). We then proceed
to evaluate different scenarios where we change the reaction T
and P (Figure 2).

Low P and high T favor all three systems, in agreement with
the thermodynamics of the reactions involved: (O)DHP
reactions increase the number of moles (by a factor of 2 or
1.5) and are endothermic in nature (DHP has AH,¢.c" of the
reaction = +124 kJ mol™!, fWGS has AH ,5oc = +41 kJ mol ™/,
and ODHP has AH,;.c" = +164 kJ mol™'). Temperatures
lower than 500 °C diminish productivity, which in turn
increases the EI costs related to separation and purification of
the unreacted feed. Temperatures higher than 700 °C lead in
all cases to a theoretical minimum with complete conversion
and minimal separation costs; however, in practice, they are
not achievable, as undesirable side reactions, which have not
been accounted for in this simulation—coking, cracking, and
reforming—become predominant. On average, commercial
PHD plants operate at around 600 °C with a 40% conversion
per passage (Table 1). At this temperature, the EI curves
plateau at a minimum (1.5 kgcos-eq K8caus ') as long as the

pressure is below 3 bar, indicating that operating at lower
pressures lessens the environmental impact of all three
processes. When we compare our LCA with the state of the
art, we observe that China primarily uses coal to supply heat to
the reaction and scores higher in GHG emissions (2.0 kgco-eq
kgcsps ')- North American plants use methane and shale gas,
which drives the GHG emissions lower (1.7 kgcos-eq kgcans ')
and which is in line with our LCA modeling, since we also use
methane to provide the heat requirements of the reaction
(methodology under the SI).

In general, operating gas-phase reactors at high pressure
intensifies the process because it allows one to size down units
and to lower investment costs while maintaining the same level
of productivity.”" Also, separation units may benefit from high-
pressure regimes. In particular, both propane/propylene
distillation and pressure swing adsorption (an industrial
alternative to distillation) benefit from higher process
pressures: the first one in terms of energy saving when
operating at 13 bar (because of the higher boiling points of the
liquids)®* and the second one in terms of propylene recovery
(from 84 to 89%) when the adsorption pressure increases from
2.5 bar to 4 bar.”® However, in our modeling, we observe that
to maintain the same level of EI, any increase in pressure leads
to an increase in temperature—because of the thermody-
namics of the equilibrium. In this context, a catalyst capable of
operating above 600 °C would make the process more
economically appealing as it would enable operating in this
higher-pressure regime, lowering CAPEX and OPEX.

Taking T = 600 °C and P = 1 bar as reference reaction
conditions, we see a significant GHG improvement when
operating under ODHP conditions (Figure 2 top row and
Table 3).

CO, capture and utilization are the main factors driving the
EI benefit compared to DHP as it reduces GHG by 40% on D-
ODHP. A breakdown of the GHG contributions indicates that
propane is the main GHG contributor (50%), followed by
thermal heat (30%) and electricity (20%) (Figure 3).

On the other hand, DHP and ODHP do not offer any
improvements when analyzing FD (Figure 2 bottom row and
Table 3). The main FD contributor in this case is propane
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Table 3. (Top) EI Cost of Current Industrial Practices
(Weighted Average of FCC, SC, CTO—from the
Literature) and Calculated from Our Three Case Scenarios,
DHP, Indirect ODHP, and Direct ODHP, at T = 600 °C
and P = 1 bar, to Produce 1 kg of Propylene (Functional
Unit)“

EI cost current DHP I-ODHP D-ODHP
GHG, kgc03-cq kgcans 2.8(2) 1.5(1) 1.2(2) 1.0(3)
FD, kggileq kgesme ! 1.6(1) 1.7(2) 1.7(2) 1.9(2)
Net EI cost current DHP I-ODHP D-ODHP
GHG, kgcoz-eq kgcars ' -1.9(3) —2.6(3) —3.4(4)
ED, Kgyii.cq kgeans ' -0.1(2) —0.4(2) —0.8(2)

“(BOTTOM) Net EI costs discounting also H,, CO, and propylene.
In parenthesis, 1 ¢ variability.

1.5 mDHP m]-ODHP ®D-ODHP
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Figure 3. GHG cost breakdown and 1 § variability. CO, capture from
industrial flue gas (this study) is the best-case scenario to reduce
emissions: GHG = —0.70(15) kgcom-eq kgco, !, but it is highly
variable. CO, capture from air instead (not used here) is less
profitable but also less dependent on external factors and, therefore,
less variable: GHG = —0.50(5) kgcom-eq kgco,

(75%), followed by thermal heat (10%), electricity (10%), and
ultimately CO, (5%, Figure 4S).

From the perspective of a levelized energy consumption per
kg of propylene produced, we calculate that thermal heat
supplied to the reactor and column reboilers (modeled as
natural gas combustion) increases heat requirements from 6.3
MJ kgcsus ' (DHP and I-ODHP) to 7.3 MJ kgeaye ' (D-
ODHP). Instead, a heavier increase occurs for electricity
consumption to drive the cryogenic separation of H,, CO, and
CO, at the condensers: 2.9 MJ, kgeane ' (DHP), 4.4 MJ,,
kgcspe ™' (IFODHP), and 6.9 MJ,, kgcane ' (D-ODHP, Table
2S). From an environmental point of view, despite the more
energy-intense process, the EI benefits from the consumption
of CO, still offset the EI costs associated with the separation
(Figure 3). However, from an economical perspective, this
highlights the key importance of finding inexpensive and low-
EI electric sources to enable CO, utilization in future industrial
applications. Considering the costs of Belgian utilities, shifting
from a DHP to a D-ODHP process would increase these
OPEX by 0.15 Euro kgcyye ', but it would also allow the
industry to utilize coproduced CO (0.67 kg kgcyys ') as a
platform chemical for additional purposes.

When we consider the net EI (Figure SS), we see a greater
difference between technologies. At 600 °C, 1 bar, DHP
produces propylene and H, at lower GHG emissions
compared to state-of-the-art industrial methods for synthesiz-
ing the same products (SMR steam methane reforming for H,
and FCC, SC, and CTO for propylene), saving 1.9(3) kgcon-eq
kgcsns ' (Table 3). I-ODHP further improves the score
because it also converts CO, to CO, and D-ODHP achieves
the greatest EI savings of 3.4(4) kgcoy-eq kgcsns ' because of
the higher yield in CO, compared to the indirect mechanism
(45 vs 32%). In this scenario, the ideal catalyst would promote
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Figure 4. VO,/ALO; tested under screening conditions during 27 h (graph to scale). Top: Molar flow evolution of species measured via GC and
calculated from carbon and oxygen balances (coke and H,0). Bottom: Conversion (symbols) and reaction selectivity from propane (colored area);
the noise in the data is due to instrumental precision, with the highest at low X. We calibrate “cal” the inlet gas mixture via a bypass (100 N mL
min~": 2.5% propane, 2.5% CO,, 95% inert), followed by reaction and regeneration “regen” (air: 10 N mL min™"). GHSV = 40000 N mL mL, "
h™'; WHSV = 1.5 Zoropane g - h™'. Separate rtWGS reactions are reported in the SI, replacing propane with H, (Figure 12S).
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a direct mechanism (ODHP) while suppressing WGS. In fact,
in the absence of the WGS reaction, no CO is consumed to
generate H, and CO is a chemical with a higher EI compared
to H, (3-fold GHG and S5-fold ED). In terms of net FD
instead, DHP technology does not improve the situation with
savings of 0.1(2) Kgueq kgcsus - Nevertheless, I- and D-
ODHP achieve greater scores with savings of 0.4(2) and
0.8(2), respectively.

This limited LCA thus shows great promise for CO,-ODHP,
especially via a direct mechanism, as an on-purpose route for
reducing the environmental impact of propylene manufactur-
ing. The potential for negative net emissions is quite large,
provided that the coproduced CO replaces (in part) the
established but quite polluting route of SMR.® Moreover, EI
costs can be driven down even further by coupling H, with CO
(syngas), avoiding their separation, and the use of better unit
operations: pressure swing adsorption”* and membrane for the
separation of gases.”>*® It should be noted that the LCA
scenarios assume thermodynamic yields and ideal selectivities,
although imposing a fixed 80% approach to equilibrium, which
simulates typical industrial single-pass conversions, did not
significantly alter the results (Table 2S). To come close to
those performances, catalytic design is key. Since the direct
mechanism represents the best environmental scenario, we
therefore screened catalytic materials in search of redox MvK
pathways.

Catalyst Screening. Given that y-alumina is the support
material of choice in industrial catalysts, herein 22 different
active metals and mixed-metal oxides were impregnated on a
commercial -Al,0; (SASOL, SCCa-5/200) at a loading of 1.3
mmol of metal (M) per gram of catalyst support (with the
exception of Au, Cu, and Ru; see the SI), and 200 mg of the
calcined materials was tested. Assuming the formation of a
monolayer of the thermodynamically most favorable metal or
metal oxide during air calcination, this loading roughly
corresponds to 50—80% surface area coverage of y-Al,0,
(Table 6S) and should avoid its overloading.”***"*® Weak
catalysts have activity that equate to that of the bare support,
and we chose a reference reaction condition of 600 °C and 0.9
barg to compare the data because of the industrial significance.
Moreover, Al,O; shows minimal activity under these
conditions: conversion X opane = 2%, Xcop = 1%, and space
time yield STY,qpyiene = 0.4 mol h™" kg~ (Table 3S and
Figure 10S). To demonstrate our catalytic protocol—which
includes temperature ramps (T ramp) to study the kinetic and
isothermal time-on-stream (TOS) tests for the deactivation in
a plug-flow fixed-bed reactor both under two levels of pressure
P—we detail the performance of VO, on alumina in the next
section (Figure 4). Four distinct materials come forward,
which we discuss in more detail (Figure 7). Afterward, a wide
screening in terms of supported metals and metal oxides is
demonstrated (Figure 9), and correlations with their intrinsic
properties are explored (Figure 11).

VO,/Al,0O;. Kinetic isotopic experiments have proven that
the redox MvK O,-ODHP mechanism occurs with vanadium
oxide catalysts.” We tested a VO,/ALO; catalyst up to 600 °C
during CO,-ODHP, and between 400 and 500 °C, the reaction
is the most selective for propylene and the catalyst converts
propane and CO, in equimolar amounts, following the
stoichiometry of a direct ODHP mechanism. We calculate
the overall reaction selectivity (S;) in relation to the propane
feed, including all possible byproducts and side reactions, by
grouping them in terms of the reaction mechanism. For

“(O)DHP” (green), we group the reaction that produces
propylene, either via DHP or via ODHP. “Coking” (gray)
monitors the accumulation of C calculated from carbon
balance (CB) derived from the coking reaction. “Cracking”
(yellow) measures CH, and C,H,, the products generated
from the cracking of propane. “Reforming” (cyan) considers
the CO generated from propane’s carbon atoms during the
DRP dry-reforming of the propane reaction. “Others” (red)
groups the remaining species—mainly C,Hy from hydro-
genation of C,H,, cyclopropane, and saturated/unsaturated C,
(Figure 4). For our material, (O)DHP accounts for up to 90%
of the recorded selectivity in the T-ramp experiments at low P
and high P, with an optimum at 500 °C (green area in Figure
4). Whereas lower temperatures might induce transient
adsorption of propane, which coupled with the instrumental
sensitivity to measure small variations at low conversion, it
leads to noise in the data and incomplete CB shown as coke
formation. The hydrocarbon selectivity toward propylene
(Spropylene © excluding CO and coke formation) is greater
than 98%.

Provided the reaction follows a direct ODHP pathway,
ideally, no H, would be synthesized. However, it was found
that for the VO,/Al,O; catalyst, 0.3 moles of H, are produced
for each mole of propylene at S00 °C (H,/propylene ratio,
Figure S left, blue circles). This is due to (i) the hydrogen-

2.5
o O H,/C3H, ratif) %
2 0O CO/C;Hg ratio o
= hwcs O
1.5

H, and CO ratios and Ay

=3
%

0
400 500 600 700 400 500 600 700
VO/ALO, T,°C  CrO/ALO,

Figure 5. Direct mechanism catalyst (VO,—left) produces 1 equiv of
CO and no H,, but side reactions and WGS equilibrium produce H,;
however, for the indirect one (CrO,—right), this is the opposite.
RWGS alone cannot explain the product distribution on the left as
Awgs > 1 and it follows a declining trend with T, rather than
increasing (right). T-ramp data at 0.9 bar.

generating coking side reaction, which represents a selectivity
of around 10% (see the gray area in Figure 4); (ii) DHP having
a slower kinetic compared to ODHP but contributing in
parallel to the generation of propylene and H, (Figure 1 left);
and (iii) WGS, which equilibrates H, and CO balances in the
stream.

Increasing the temperature from 500 to 600 °C increases
exponentially the amount of hydrogen generated per mole of
propylene to a 2.2 ratio. This is concomitant with an increased
degree of coking as well as dry-reforming side reactions, being
more active at high temperatures compared to ODHP (see
activation energies for each reaction under the SI, Figure 8S).
The CO/propylene ratio (Figure S, red square symbols) also
measures the degree to which the reaction follows a DHP (CO
ideally absent) vs a direct ODHP (ideal CO/propylene ratio of
1) vs the indirect ODHP pathway (ideal CO/propylene ratio
follows the rWGS equilibrium, which increases with T). For
VO, /Al O;, it sharply increases from 0 to 1 between 400 and
450 °C and then it slowly increases from 1 (indicating an
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ODHP direct pathway) to 1.7 (Figure S left). This increase
highlights as well the increased extent of dry-reforming and
coking reactions, which generate extra CO and H,.

To contrast the behavior observed over VO,/AL O, we
consider an established catalyst, which proceeds via an indirect
(O)DHP mechanism, e.g, CrO,/ALO; (Figure S right). At
low temperatures of <600 °C, the H,/propylene ratio is equal
to 1, suggesting a reaction pathway via the DHP reaction. The
CO/propylene ratio gradually increases from 0 to 0.5 with
increasing temperature due to the increased extent of the
rWGS reaction (in series with DHP). At high temperatures,
side reaction contributions increase, leading to further
deviation from the ideal behavior.

When we calculate the thermodynamic equilibrium for the
rWGS, based on instantaneous reaction conditions (T, P, and
gas composition), we can also determine the reaction extent to
equilibrium: A.yqg (solid line in Figure S). The rWGS is
thermodynamically and kinetically limited at T < 500 °C
(endothermic) and explains the gradual formation of CO,
proportional to T (Figure S, right). However, for the direct
mechanism catalyst (Figure S, left), the rWGS alone could not
explain the product distribution, as it would exceed
thermodynamic equilibrium (A,wgs > 1), thus further
validating the presence of a different reaction mechanism
converting CO, for such materials (direct ODHP). In fact, at T
< 450 °C, the exothermic WGS dominates, and it consumes
CO and H,O (generated by direct ODHP), which results in
lower ratios of CO/propylene < 1. When temperatures are in
the 450—530 °C range, this WGS extent will diminish, and
direct ODHP will be dominant. A small degree of nonoxidative
PDH is also present, as documented for V in DHP experiments
without the CO, feed, which explains the rise in the H,/
propylene ratio, as well as coking, which consumes propylene
to convert it into H, and C.

At higher P, selectivity with V remains stable, with a 1.2-fold
increase in conversion achieved during the T-ramp experiment
despite an increase in the partial pressure of the feed gases and
4 times longer residence time inside the reactor. At the end of
both T ramps (Figure 4, first and second runs), at T = 600 °C
and P = 0.7—6.0 barg, the space time yield for propylene was
maximum  (STYqpyiene = 6.2—6.5 mol h™' kg, ™) and
SpmpyleneHC was 91—87%, but the overall selectivity was poor
(S(o)pup = 65—55%).

Coking is the dominant side reaction and the main
deactivation contributor, accumulating heavy hydrocarbons
on the surface of the catalyst and plugging active sites until air
regeneration. We can observe such a phenomenon by
monitoring the CB evolution during the reactions (Figure 4,
top) and also by the 7-fold drop in conversion for both
reactants during the isothermal time-on-stream (TOS) experi-
ments at 600 °C (Figure 4). On the other hand, S,,qpyiene - and
S(o)pup improve over time, at the expense of a decline in coke
formation, DRP, and cracking reactions—due to the
preferential obstruction of highly active but unselective sites
first. Coke forms mainly from the polymerization of adsorbed
propylene,”’ and indeed, higher concentrations correlate to a
faster deactivation kinetic also in our additional catalytic tests
with other active metals but the same alumina support. After
the final TOS (6 h), we also measured the amount of coke
present on the catalyst with elemental analysis (CHN); it was
found to be 12.0 wt %, which also confirms the carbon balance
integration (CB: 12.5 wt %) and thermogravimetric analysis
(TGA: 12.3 wt %), giving the same result. TGA indicates that

80% of the deposited carbonaceous species consist of hard
coke,®" and unfortunately, this graphitic form is more resistant
to dry-reforming via the rBoudouard reaction compared to soft
coke””%” at ODHP reaction conditions.

Additionally, it is worth mentioning that running a T ramp
with a catalyst that concurrently forms coke inevitably reduces
the apparent reaction rates compared to fresh catalytic activity.
However, we noticed that during the T ramp, the various
reaction rates (ODHP, cracking, coking, and reforming)
increase faster than any deactivation phenomenon induced
by the accumulation of coke—as long as the CB > 99% (which
is around 550 °C for this catalyst). We corroborate this from
three observations: (i) the Arrhenius plot for the various
reactions—calculated with intrinsic kinetics via a first-order
power-law model—shows linearity in this region (Figure 7S,
R* > 98%); (ii) the resulting E,*<" 230 kJ mol™! > E,(©)PHP
94 kJ mol™" (Figure 8S), which indicates that the onset of the
coking reaction would occur at higher T compared to
(O)DHP; and (iii) if coke accumulation is small enough that
it does not occlude the pores and active sites of the catalyst
during the T ramp, then we measure no difference in activity
between the final rates of the T ramp (at 600 °C) compared to
the initial rate of the TOS (at the same conditions).

Toward the end of both isothermal TOS reactions (5—6 h),
the catalyst reaches a pseudo-steady-state where side reactions
are minimized, and we can measure the intrinsic catalytic
activity of the material, which operates via the direct ODHP
mechanism—H, /propylene ratios are low (0.7—0.5) (P =
0.7—6.0 barg) and CO/propylene ratios are stable and close to
unit (1.1—1.1). This suggests that, kinetically, CO, is capable
of reoxidizing the reduced VO,_; species—because the
product distribution matches the ODHP reactivity—but CO,
does not reoxidize the hard coke. For these reasons, we exclude
the fact that the deactivation mechanism is due to the
irreversible reduction of the active material. However, partial
reduction to vanadium species with the intermediate valence
state might also occur (in parallel to coking) and contribute to
the rapid deactivation of the catalyst at the beginning of the
TOS (0—2 h). For example, in the dehydrogenation of
ethylbenzene in the absence of CO,, the oxidation state of a
vanadium catalyst dropped from V** (fresh) to V** (spent).
Instead, in the presence of CO,, the spent material maintained
a V*" state, demonstrating the chemical potential of CO, to
partially reoxidize V sites to an intermediate state.®” Similarly,
in our case, air regeneration at 600 °C reoxidizes the active
metal presumably to the same valence state present in the fresh
catalyst after air calcination at 600 °C in an oven: V°; at the
beginning of our TOS, highly valent VO, species populate the
surface of the catalyst. During the first 2 h of the time on
stream (TOS), we assist at a dynamic behavior; the ODHP
reaction rate is the highest but also deactivates the fastest,
compared to the rest of the TOS (2—5 h). We believe that
initially the activity is the highest due to V°* species.
Subsequently, progressive accumulation of reduced V sites
would then increase the probability of surface reaction with a
CO, molecule and diminish the number of highly valent V
sites responsible for fast propane dehydrogenation. Eventually
(TOS > S h), accumulation of VO,_; in an intermediate
valence state balances both reaction rates between oxidation
and dehydrogenation (Fieoxdation = fopmp), and the catalyst
reaches a pseudo-steady-state, biased only by the slower
accumulation of coke.
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To further validate our assumptions and the LCA model, we
demonstrate the application of VO,/Al,O; mimicking Oleflex’s
industrial reaction conditions over 24 h of TOS at 600 °C. We
increased the partial pressure of both propane and CO, to 47
kPa, reduced the inert dilution by a factor of 10, and decreased
the GHSV by a factor of 10 while maintaining the same WHSV
with respect to the screening methodology (Figure 6).
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Figure 6. Isothermal 24 h TOS test with 200 mg of VO,/Al,O; at 600
°C, 0.9 barg. We allowed a flow of 10 N mL min~" of gas: 25%
propane, 25% CO,, 50% N,, GHSV = 4000 N mL mL_, ' h7},
WHSV = LS gy opane g ' h7'. (Top) Conversion and selectivity
based on propane and considerations related to the thermodynamics
of the ODHP reaction. The dashed black line represents the
thermodynamic limit for the ODHP equilibrium, and the full black
line is the reaction extent Agpyp relative to the conversion of propane.
(Bottom) CO and H, to propylene ratios and the A,yqs reaction
extent.

The increase in partial pressure reduces the thermodynamic
equilibrium to 43% (Xopup'® = Xoropane + = Xco2™d assuming a
direct mechanism, dashed horizontal line), and we can observe
that at the beginning of the TOS the reaction extent Agpyp
(black line) reaches almost 90% of the full extent, to drop later
due to the decline in catalyst activity. The CB quantifies coking
during the first 4 h of TOS, which correlates with the decline in
catalyst activity and the improvement in selectivity for
propylene (Figure 6 top), as well as the coproducts CO and
H,, because of the prevalence of coking and DRP side
reactions (Figure 6 bottom). During this time, S,y drops
from 4 to 1%, which includes (relative %) ethane (60 to 90%
during 0—4 h of TOS), isobutylene (15 to 0%), 1-butene, c-
and t-2-butene (S to 0% each), and 1,3-butadiene, cyclo-
propane, and propadiene (3% each). We observe that after 12
h the catalyst reaches a pseudo-steady-state, with constant
conversions and propylene STY of 1.2 mol h™' kg, ™", while
coking and DRP become barely detectable. The CO/C;Hq
ratio gradually drops from 1 to 0.9, indicating either conversion
of CO via the WGS equilibrium or the copresence of indirect
and direct (major) ODHP mechanisms. Postmortem CHN
analysis quantifies 12 wt % coking on the catalyst, which,
compared to the overall production of propylene and the

conversion of CO,, corresponds roughly to a molar ratio of
propylene/carbon (C from coke) and CO,/carbon both of 21.
This demonstrates that from an LCA perspective it is beneficial
to run the catalyst for long TOS, as coking occurs during the
first few hours, leading to improved selectivity. However, from
a process intensification point of view, this is not ideal: STY
(productivity) drops by half in the first hour and by a factor of
10 in 8 h. Deactivation between 12 and 24 h of TOS instead is
almost null.

CrO,, Co0,(700), GalinstanO,, and InO,/Al,0;. We now
examine thoroughly four distinct catalysts from the screening,
by showing their T ramp and TOS isothermal behaviors
(Figure 7 left and middle) and a T-ramp reaction under rWwGS
conditions (Figure 7 right). Together with VO,/ALO; in
Figure 4, the following are the most promising materials: (i)
CrO,, due to high activity; (ii) CoO,, due to the coke-
reforming capability; (iii) GalinstanO,, a low-melting-point
eutectic alloy of Gayzg Ing s, and Sny gy, which is novel to the
literature and selective and stable for ODHP via a direct
mechanism compared to the high-melting-point GaO,; and
(iv) InO,, due to the high CO, uptake due to rWGS.

Chromium oxides catalyze propylene synthesis at 615 °C,
0.9 barg with Xcus = 48% and STY = 12 mol h™' kg ,, ', the
highest among the y-Al,O;-supported catalysts (Figure 7 first
row and Figure 9 “Cr”). DRP is negligible, while coking and
cracking are the main side reactions: S_q. = 10%, Scraciing = 7%,
S(oypup = 75%, and Scans ' C = 90%. The catalyst converts twice
as much propane than CO, (Xc3ps = 48% vs Xco, = 23%,
Figure 1 right), following an indirect mechanism: CrO,
dehydrogenates propane (H,/propylene ratio remains constant
at 1.0), and in series, the FWGS converts H, to CO (the CO/
propylene ratio gradually increases from 0.1 to 0.5, Figure 5
right).

Up to 550 °C, the reaction is the most selective, while from
550 to 700 °C, coke formation consumes propylene to
generate extra H, that shifts the ratios to higher values. In fact,
in this range, we reach a maximum in conversion at 615 °C,
followed by a drop in activity ostensibly due to coke
obstructing the active sites (confirmed by the CB and
measurement after the TOS at 600 °C: TGA: 1 wt % soft
coke, 3 wt % hard coke; and CHN: 4 wt % carbon). When we
integrate the amount of propylene synthesized and compare it
with the amount of carbon (coke) deposited during the TOS,
we obtain a molar ratio of 7 mol of propylene synthesized per
mole of C coked on the catalyst. When we consider the
consumption of moles of CO, per mole of C coked, we get a
ratio of 3. The catalyst at this stage was still reasonably active
and could have been used for a longer TOS, but considering
regeneration at this stage, the net CO, input—output in our
LCA flow would be 30% lower and thus GHG would be 10%
higher compared to ideal conditions.

Coke deposition is the main factor responsible for the
reversible deactivation observed; however, we believe that
sintering causes a sharp drop in activity observed during the T
ramp at 650—700 °C (max T of both T ramps). In fact, we fail
to regain the same activity during the TOS (Figure 7 TOS
rates are shifted downward compared to the T ramp), and the
calculated pre-exponential factors score lower during the
second T ramp at 6 barg, which we believe correlates with a
lower number of accessible active sites (Table 4S). At the same
time, activation energies increase, which we believe is the result
of morphological changes in the sintered active material.
Experiments at 6 barg (Figure 15S) also lowered selectivity
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Figure 7. CrO,, Co0,(700), GalinstanO,, and InO,/Al,O; (top to bottom) tested during the T ramp at 0.9 barg (first column); the isothermal test
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experimental procedure, and we report the equilibrium line of eq 3 (X,ygs'®). To compare data at the same temperature and to calculate error bars
at 1 8,_, a sixth-order polynomial fits the raw data from two repeated tests for Cr and In. The third row reports also the legend (additional plots are

provided in the SI).

(S(0)pHp = 65% and Scane 'C = 85%), which is a common trend
among all catalytic materials independent of sintering, and we
believe it is due to the more difficult propylene desorption at
higher P (due to thermodynamic equilibrium). This results in a
higher concentration of adsorbed propylene species, longer
residence time of the said species, and therefore, consecutive
surface reactions of the adsorbed propylene to coke and dry-
reforming products.

For these selected catalysts, we also studied them under
rWGS conditions (Figure 7, right) since this is the main
mechanism of CO, conversion for indirect mechanism
materials. In particular, for CrO,, Xcoym = 33%, the reaction
approaches equilibrium with a reaction extent 4,5 = 60% (at
600 °C, 0.6 barg). In comparison, during ODHP, X0, = 23%
is lower. Two reasons can explain this situation. (i) Because H,
concentration relates to propylene synthesis and is limiting, we
have a lower conversion for CO,. However, (ii) when we
calculate the thermodynamic equilibrium at the reaction
conditions Ayygs = 30%, it indicates that the H, concentration
is not limiting, but the rWGS reaction is slower in the presence
of propane. This might indicate different activation pathways
or competitive kinetics of CO, and propane for the same active
site. Further evidence for that is found in a significant
difference between CO, activation under rtWGS and ODHP
(Table 4S): under rWGS, E,°©? is 62(2) kJ mol™ and is
invariant between low and high pressures, while under ODHP,

E,“©%is 78(2) kJ mol™" at low P and 97(1) kJ mol™" at high P.
We can also observe that during rtWGS, the material shows the
same activity between T ramp and TOS (at 600 °C, Figure 16S
left and right)—absence of irreversible deactivation, unlike in
the case of the ODHP reaction—which indicates that ODHP
conditions are more severe for catalyst stability. Moreover,
during the TOS for the rWGS experiment, the catalyst activity
drops over time, probably due to reduction of the Cr centers
(as a side reaction in a reducing environment), since coke is
absent (CB) and CO, is unable to reoxidize the active site to
the highly valent Cr®* species (Figure 16S right).

As is known that metallic Co can catalyze the reverse
Boudouard reaction,®* we tested cobalt oxide under ODHP to
determine if Co would follow a redox mechanism and react
with CO, to consume coke, ideally while maintaining stable
reactivity. CoO is the prevalent oxide form when calcining the
salt precursors in air at 600 °C, while Co,0; forms at
temperatures between 600 and 700 °C. At 800 °C, Co reacts
with ALL,O; to form CoAl,O,, a similar crystal structure that
also occurs when Cr is exposed to excessive temperatures,
irreversibly deactivating the metal oxide. We first reacted the
catalyst calcined in air at 600 °C—Co(600) in Figure 9,
limiting the T-ramp test to 600 °C (Figure 17S-a). We then
calcined in situ the same catalyst at 700 °C in air for 4 h—
Co(700)—and collected the additional temperature ramps (up
to 700 °C this time, Figures 7 and 17S-b). As the third sample,
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we calcined the material in air at 800 °C and obtained the Co—
Al-sintered material—Co(800); see Figure 17S-c.

Calcination at the lowest temperature proved to be the best
procedure, which is realized during the T ramp at 600 °C, 0.9
barg, and STY = 4.7(1) mol h™" kg, ' with low coke
deposited (1(1) %, from CB, 80 wt % hard coke—TGA) and
high propylene selectivity S"© = 96.3(1)%. DRP is the main
side reaction that consumes propane. Co appears to occupy the
AlL,O; Bronsted acid sites, as evidenced by the minimized
cracking and coking side reactions compared to the blank test
(AL O;—Figure 10S). The difference between Xc3us, Xcoo
and the rate of formation of H, and CO points to an indirect
mechanism similar to that of Cr. During the rtWGS reaction,
Co approaches equilibrium at Aygs = 60% at low P, similar to
that in the case of Cr, and Ayygs = 90% at 600 °C and 6 barg.
However, the conversion curves show a sigmoidal behavior
over the range of temperatures studied, with two peaks at 520
and 608 °C (Figure 7).

Increasing the calcination and reaction temperatures above
600 °C leads to progressively lower STY and increased coke
formation (Figure 9). For Co(700), during the T ramp at 600
°C, 0.9 barg STY drops to 3.2 and 2.0 mol h™" kg, ~" for
Co(800), while that for coke increased: 14 and 11% (CB) or
13 and 10% (CHN). However, for Co(700) and Co(800),
propane conversion remains stable between 650 and 700 °C,
while CO, conversion has two characteristic bumps at 630 and
690 °C, similar to that during rWGS, which might indicate
activation of the rBoudouard reaction at higher temperatures
(Figure 17S-c). In fact, in the last portion of the T ramp T >
680 °C, we can observe how CO, conversion rapidly increases,
eventually matching propane’s.

When we tested a CoO,, catalyst, promoted with potassium
(1.08—0.22 mmol of M gy,05 't CoS-K in Figure 9), we
observed improved selectivity at the expense of a decline in
activity: Scape C = 99% and STY = 2.7 mol h™" kg_,, ™' (T ramp
at 600 °C, 0.9 barg). Potassium saturates the Bronsted acid
sites of the support, minimizing coking (below detection via
CB) and cracking side reactions. If that is the case, then
sequentially impregnating the active metal first, and the alkali
dopant later, might result in an even better dispersion of the
active metal (avoid the decline in activity, as Co and K might
compete for the same grafting sites during coimpregnation and
calcination). Moreover, surface acidity titration of the calcined
supported active metal oxide would give a precise measure-
ment for the dose of alkali dopant required to saturate the free
acid sites present on the catalyst. During the isothermal TOS,
this catalyst showed the lowest deactivation rate for propane
and an actual improvement in CO, conversion over time,
further validating rBoudouard capabilities for this material
(Figure 9 top).

Gallium oxide (Figure 22S) follows a similar behavior with
respect to Cr and Co, converting more propane than CO,. At
600 °C and 0.9 barg, Xcsyg = 28% and Xco, = 9% and the
maximum conversion is for X35 = 39% at 650 °C, after which
it rapidly drops. Likewise, the H,/propylene ratio remains
constant at 1.2 at low temperatures, while the CO/propylene
ratio gradually increases from 0.3 to 0.6 at 600 °C due to
rWGS, indicating that the indirect mechanism is at play. The
material maintains an Scye™C > 95% up to 600 °C, reaching
an STY of 7.8 mol h™" kg, ™'; then, cracking causes this value
to drop at higher temperatures. We noticed this common trend
in all of our catalytic screenings. The alumina support activates
above 650 °C, shifting the product distribution toward

cracking, due to surface acidity. In this temperature region,
coking is also prominent and deactivates the catalyst similar to
that of CrO,. After the T ramp at high P (Figure 22§ right),
the GaO, catalyst accumulated a similar amount of coke
compared to CrO, under the same reaction conditions (CHN:
14 vs 13%). Also, similar to CrO,, the GaO,, catalyst had less
activity compared to the ramp at low P, indicating a partial
irreversible deactivation, which we believe is caused either by
sintering or by volatilization of the active metal, as also
suggested by the TPR experiments for Galinstan. Likewise,
under rWGS conditions (Figure 23S), the catalyst behaves
similarly with respect to CrO,, approaching equilibrium at low
pressures and reaching thermodynamic equilibrium at 600 °C,
6 barg, due to the longer residence time in the reactor.
However, GaO, better approaches equilibrium under rtWGS
and maintains a stable reactivity during the isothermal test
compared to CrO,, which during the T ramp between 600 and
700 °C sees a plateau in conversion (Figure 16S left). We think
this phenomenon is due to the absence of redox mechanisms
for Ga, as reported in the literature.”

Galinstan is a eutectic alloy of Ga, In, and Sn (1.02—0.19—
0.09 mmol of M gu05") that is liquid at room temperature,
which was supported using alumina and calcined in air to
obtain Galinstan oxides. At 600 °C, despite the catalyst
composition being mostly Ga (>80%), STY = 2.5 mol h™'
kg ' and Xcyyg = 8.3% are modest compared to those of
pure GaO,, which is 3 times more active. This indicates the
absence of phase segregation—that would have shown
activities proportional to the loading of Ga and In—and we
can assume that the catalytic behavior is due to the metal oxide
alloy. In turn, GalinstanO, activates CO, in a greater
proportion compared to pure GaO, (Xco, = S5.6% at 0.9
barg), with a product distribution similar to a direct
mechanism catalyst (Figure S left) with a low H,/propylene
ratio (0.2—0.5) and a higher CO/propylene ratio (0.3—0.8)
that gradually increases up to 600 °C. At P = 6 barg, the ratios
are even closer to that required to follow a direct mechanism—
possibly due to catalyst activation after the first T-ramp
reaction—regeneration cycle—with H,/propylene = 0.1-0.5
and CO/propylene = 0.8—1.3. Furthermore, cracking, DRP,
and coking consume 20% of the feed propane. During the 6
barg isothermal TOS, the catalyst accumulates coke of 5 wt %
(CHN), composed of 60% hard coke (TGA), but this does not
cause the activity to drop. Galinstan is one of the catalysts with
the most steady-state conversion rate and the lowest
deactivation constant at high P (Figure 9S), maintaining X
for both gases at around 6% and SciyeC of 89%. Under
ODHP conditions, GalinstanO, remained active throughout
two T ramps up to 700 °C and the two TOS, in contrast to the
volatilization phenomenon that occurred during H,-TPR,
indicating that CO, is capable of reoxidizing the active sites.

Finally, indium oxide on alumina exhibits an interesting
catalytic behavior with a higher CO, conversion compared to
propane (Figure 7), suggesting not only a dominant direct
catalytic mechanism but also a DRP side reaction, which
consumes 3 moles of CO, per mole of propane (eq 6, Table
2). When dispersed on SiO, gel, the metal oxide showed no
reactivity, while on ZrO,, it showed an even higher reforming
selectivity (Sprp = 40%, Figure 9).

Similar to other direct mechanism catalysts (Figure S, left),
InO,/Al,O; has CO/propylene ratios greater than H,/
propylene. However, DRP and coking shift such ratios to
higher values because of the production of extra H, and CO
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Figure 8. Backscattered electrons (BECs) scanning electron microscopy (SEM) morphology of external In,O; NPs (white submicron particles) on
ALO; (100 pm spheres). (A) Calcined fresh InO,/ALO; catalyst agglomerates In,O; NPs in 30 um clusters on the Al,O; support (dark
background). (B) After several reaction—regeneration cycles, the spent catalyst disperses the clusters of NPs all over the external surface. (C) After
the rWGS reaction, the external NPs disappear and are incorporated in the porosity of the support.

(Table 2, eqs 6—7). During the first T ramp at low P—and
between 500 and 600 °C—the catalyst is the most selective for
propylene: Scy67'C > 80% and Scy6 > 65%. In this range, the
H,/propylene ratio increases from 0.3 to 0.9 (at 600 °C), while
the CO/propylene ratio remains constant around 2, approach-
ing rtWGS equilibrium: Asygs = 40—80% (Figures 185—19S).
Propylene selectivity rapidly drops between 600 and 700 °C,
reaching a maximum at 650 °C with STY = 2.9 mol h™" kg_,,™"
at 0.9 barg and STY = 4.5 mol h™" kg ~' at 6 barg, with
Scane & 65% and Scye & 50% in both cases. Coke forms
and is mostly graphitic (70%, TGA after the TOS), but it does
not deactivate the catalyst until 670 °C, and we believe this is
the only cause for deactivation, unlike for CrO,, where the
catalysts rapidly loses 80% of the activity between 600 and 700
°C. Deactivation is reversible, and air calcination at 700 °C
removes the carbonaceous deposits, actually increasing the
Xcaus (T ramp at 600 °C) from 11% (0.9 barg) to 16% (6
barg) and the Xo, from 13 to 16%. Conversion remains the
same during the T ramp at 600 °C, 0.9 barg, and the TOS was
Xcsps = 11% and Xcg, = 14%, which indicates the cyclable
behavior of the catalyst. Only the reforming side reaction
drops, arguably by better redistribution of the active metal on
the surface of the support, after the reaction—regeneration
cycles (Figure 8A,B and additional in the SI).

We initially noticed this redistribution effect when reducing
chromium oxides with H,, followed by air regeneration.
Metallic Cr° and Cr,0; have Tamman temperatures above 800
°C and are stable upon heating. CrO, CrO,, CrO; and
polymeric Cr*® grafted on ALO;, on the other hand, have
melting temperatures below 400 °C, and the likely bulk atom
mobility and higher surface energy allow for migration and
redistribution of these species under reaction conditions,
resulting in a higher propane reaction rate (Figure 14S). The
SEM morphologies of CrO,/Al,O; and VO,/Al,O;, before and
after both ODHP and rWGS reactions, do not change (Figures
355—37S). The support pores host most of the active metal
oxides, with only a few nanoparticles (NPs) visible on the
external surface (<0.5 wt %, geometrical estimation based on
the average number of NPs and the size and density of MO,
per particle of alumina), and we cannot appreciate any
morphological variation. Coke is also not visible, and we
assume it forms in the porosity of the suépport, rather than on
the surface of external NP metal oxides.”

In the case of InO,/Al,O;, the fresh material after
calcination appears to have a greater portion of active metal
oxides, in clusters of NPs of In,0;, segregated from the parent

alumina support, which we could quantify (SEM on the SI) as
roughly SO wt % external In,O; NPs (Figures 8A and
385—39S). However, this morphology changes when exposed
to different reaction gases. After the test under ODHP
screening conditions, the NPs appear dispersed on the surface
(Figure 8B), without any appreciable change in the NP size
(submicron Figure 8A,B). This supports the hypothesis that
In,0; (Tramman = 820 °C) partially reduces at the interface to
metallic In° (Trymma = —58 °C), which in turn becomes
mobile and reoxidizes with CO, in different spots on the
alumina support, thus homogeneously spreading across the
external area of the support (Figure 39S). However, the size of
the NPs probably depends on the interaction between the
support and the surface tension of the metallic interface. A
similar behavior was also observed in boron oxide/hydroxide
supported catalysts for O,-ODHP (T'rymman = —52/89 °C),
where the active material became mobile during thermal
treatment and clustered.®®

More interestingly, the rWGS reaction (same conditions as
ODHP experiments, but H, in place of propane) helped
eliminate the external NPs, redistributing the materials in the
pores of the support (Figures 8C and 40S). The TOS
experiment shows stability without any occurrence of
deactivation phenomena, and the reaction data collected
during the first T ramp at 600 °C, 0.9 barg, coincide with
the activity recorded during the TOS under the same
conditions (tested after two cycles of T ramps up to 700 °C
interleaved by air regeneration) (Figures 7 and 19S). For these
reasons, we exclude the possibility that the material volatilized
or coated the internal walls of the reactor tube since those
phenomena are time-dependent and cycle-dependent. Bulk
In,O; NPs and supported on CeO, are known catalysts that
promote CO, hydrogenation for rfWGS and MeOH syn-
thesis.” "% However, to our best knowledge, no examples in
the literature have been reported of InO,/AL,O; systems with
such remarkable CO, activation features. During the FtWGS T
ramp at 500 °C, 0.9 barg, X = 24% (for both CO, and H,) and
STY¢o = 7.6 mol h™' kg, ™' (however, the kinetic here is
biased due to approaching equilibrium: Asygs = 75%). At 600
°C, Awas = 98%, X = 37%, and STY o = 11.6 mol h™" kg, ™.
At 6 barg, the data is substantially the same because we already
reached equilibrium at 450 °C. Remarkably, during the TOS at
600 °C, 0.9 barg, Sco &~ 100% (no other product is detected by
GC-FID-TCD and coke deposit is close to zero: CB = 0%,
CHN = 0.2 wt %) and also deactivation (ky) is zero. By the
Arrhenius linear regression on the T ramps (between 270 and
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Figure 9. On the top, propane and CO, activation energies assuming a first-order power law and differential conditions (bars) during the T ramp
and their deactivation rate (symbols) during the isothermal reaction at 600 °C, 0.9 barg (data at 6.0 barg and at maximum STY in the SI). *Cos-K
increases the CO, uptake over time (—k4 = —0.16 min™") arguably due to K,CO, formation. At the bottom, we list the same catalysts (active metal
supported on Al,O; if not specified) from the least active (left), reporting the reaction selectivity (bars) and the STY for propylene, H,, and CO

(symbols), at 600 °C, 0.9 barg, during the same T ramp.

350 °C, Awgs = 3—17%), we calculate an E, of 90 kJ mol™!
(Figure 208, Table 5S), which is a remarkable result compared
to high-temperature Fe—Cr catalysts’’ and Fe/AlLO; cata-
lysts.”' It mounts to a reduction in the activation energy (Fe—
Cr catalysts: E, = 95—120 kJ mol™) and increase in the
reaction rate (Fe/Al, Oy catalysts: approaches CO, conversion
to equilibrium conditions Aygs: 70% at 600 °C and GHSV =
12000 mL g, ' h™' with H,/CO, ratio of 4:1 vs reached
equilibrium at 600 °C at GHSV = 30000 mL g_,,~' h™" with a
H,/CO, ratio of 1:1 in this study).

Following the same approach, we discuss the performance of
the other screened catalysts, from the least active toward
(O)DHP to the most, looking at the reaction activity,
selectivity, as well as stability (Figures 9 and S24—S33).

From the left to right in Figure 9, we find the low-activity
catalysts: Au, Ag, ZrO,, WO,, SbO,, LaO,, and TaO, /Al O;.
The materials were tested at low and high pressures (6 barg),
without substantial differences from the reactivity of bare
alumina at the same conditions. Significant differences arise in
the amount of coke deposited: AL,O; = 2.1(2) wt %, WO, =
5.6 wt %, (CHN analysis), Au = 4 wt %, Ag = 6 wt %, ZrO, =0
wt %, SbO,, = 2 wt %, LaO, = 0 wt %, TaO, = 0 wt % (CB
estimation), and conversions (Figure 33S). W, Sb, La, and Ta
oxides occupy the alumina sites and inhibit propane reactivity.
Au, Ag, Zr, and W appear to convert more propane than CO,;
Sb, La, and Ta convert similar amounts of propane and CO,.

CuO,/Al,0;3. A Cu—Al bimetallic oxide “sponge” was
reported to outperform noble metal catalysts in DHP.”
When we tested this active metal on alumina for ODHP
however, we found low activity; the STY was low (0.3 mol h™*
kg, ") (Figure 9 bottom). To increase productivity in the
reactor and raise product detection, we loaded 2.8 g of catalyst
(vs the standard 0.2 g). No reactivity was measured below 500
°C; the material thus required higher temperatures to activate

the reactants (E,P"** = 120 kJ mol™%; E,“%? = 150 kJ mol™};
Figure 9 top). Concurrently, coking and reforming consumed
most of the propane, thus increasing CO, consumption. The
reaction pathway appears to be indirect (H,/propylene > 2),
and the catalyst irreversibly deactivated at 700 °C, arguably
due to sintering.73 Indeed, copper is not suitable to work at T
> 300 °C, and the propylene selectivity dropped by half during
the ramp at 6 barg.

RuO,/Al,03. Ruthenium oxides efficiently catalyze the DRP
reaction, consuming CO, and propane in a stoichiometric
amount (3:1). Propylene is absent below 550 °C, either
because Ru does not catalyze DHP or because propylene is
also rapidly consumed by CO, via dry-reforming (STY < 0.2
mol h™' kg, ™!). At higher temperatures, CO, becomes the
limiting reagent and we detect propylene (Figure 32S). We can
observe a drop in conversion at high pressures due to
irreversible deactivation after the first ramp at 700 °C and air
calcination. Simultaneously, the cracking side reaction becomes
prominent, and we can hypothesize that after the first T ramp
the active material sintered, agglomerated, and exposed a fresh
Al,O; surface to catalyze propane cracking.

BiO,/Al,03. Bismuth oxide appears to catalyze ODHP via a
direct mechanism, converting CO, and propane in equal
amounts based on the H,/propylene and CO/propylene ratios.
The catalytic activity is low (STY = 0.4 mol h™" kg_,, ™" at 600
°C) but selective. At the highest STY of 2 mol h™" kg, ™" (690
°C, 0.9 barg), coking and cracking severely disrupt selectivity
(50%). Interestingly, BiO, is one of the few active metals (with
Ag, Au, Co-Mn;, and Cos-K, where the subscripts denote the
molar ratio) that increases in activity during the isothermal
TOS reaction (Figure 29S). For this reason, we hypothesize
that BiO, is capable of dry-reforming coke via the rBoudouard
reaction.
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MnO,/Al,03. Manganese oxide follows a similar reactivity as
BiO,, via a direct mechanism, converting CO, and propane in
equal amounts. The H,/propylene ratio increases from 0.3 to 3
and the CO/propylene ratio averages around 2 over the entire
temperature range, with similar ratios at high pressures (Figure
30S). The Mn activity is higher than Bi, and it is less prone to
coking, reaching an STY of 0.8 mol h™! kg, at 600 °C. In
comparison, after the second T ramp, the Bi catalyst
accumulated 12% coke (CB), while Mn accumulated 10%
(CB, CHN). This catalyst activates at higher temperatures, and
the highest yield occurs at 690 °C, 0.8—6 barg (STY = 2.6—4.3
mol h™" kg, '), with DRP being the main side reaction
(Figures 6S and 30S).

Pt/Al,O; and PtSn,/Al,0;. We tested a reference
commercial Pt catalyst from Sigma-Aldrich (0.5 wt % Pt/
AL O;) and also made a coimpregnated one with 0.26 mmol of
Pt and 1.04 mmol of Sn per g of support (S wt % P,
mimicking the formulation for commercial PDH catalysts,
Figure 28S). At a low loading of Pt, the acid sites of the bare
support strongly influence selectivity, and cracking reactions
consume 25% of the feed propane. When the activity was low,
STY = 0.5 mol h™' kg, ', and coke forms and accumulates on
the catalyst (CHN: 4%). Increasing the loading on the Pt—Sn
alloy saturates the alumina sites responsible for cracking, and
this side reaction is minimized, with SpmpyleneHC reaching 99%
at 430 °C. At this temperature, we find the maximum STY of
propylene = 1.8 mol h™' kg_,,™" (at P = 0.9 barg), with Xiropane
= 6% and Xco, = 2%. Because H,/propylene = 0.7 and CO/
propylene = 0.2 up to 430 °C, we can conclude that the
catalyst follows an indirect mechanism. CO forms via rWGS
consuming H,, while cracking and coking are absent at low
temperatures. PtSn, has the highest S"© and the lowest coke
accumulation among the surveyed catalysts (CHN = 0.2%,
despite reacting at 600 °C during the isothermal TOS).
Reaction temperatures during the T ramp reached 700 °C,
which proved detrimental for the active metal, which we
believe sintered because the STY halved during the subsequent
T ramp at 6 barg: 0.9 mol h™" kg, " As a side note, supported
Pt catalysts often require activation in a H, atmosphere prior to
reaction. We also tried to activate the catalyst with H, at 600
°C, 6 barg, but the resulting activity and selectivity were similar
compared to the material activated with the feed gas ramping
from r.t. (standard procedure).

ZnO/Al,0;. Zinc oxide catalyzes propylene synthesis via
indirect DHP and rWGS mechanisms. After an initial
induction period (up to 580 °C at 1 barg and 660 °C at 6
barg), where propane and CO, are consumed in equal
proportions (due to the extra CO, uptake from the DRP
side reaction), Xpropane Teaches 15% and Xco, reaches 9% at
650 °C. At this temperature, we find the highest propylene
yield Y = 10% and STY = 3.4 mol h™' kg, ~'. The catalyst
generates H,/propylene = 1.7 and CO/propylene = 1.2 in
constant ratios up to 650 °C; then, coking shifts the H, ratio to
higher values.

MoO,/Al,0;. Molybdenum oxide also shows a similar
reaction selectivity compared to BiO, and MnO,, although it
is more active at lower temperatures (STY = 2.8 mol h™!
kg, ' at 600 °C) and more prone to coking reaction. At low
pressures, propane and CO, convert at the same rate, while at
high pressures, we observe a divergence starting at 650 °C,
which is similar for Bi as well, due to the influence of the
support, which converts more propane rather than CO,
(Figure 31S).

FeCrO,/Al,0;. Since CrO,, catalysis proceeds via an indirect
pathway, we decided to promote CO, activation by
coimpregnating 1 molar equiv of FeO,, a well-known high-
temperature r-WGS catalyst. We first attempted to coimpreg-
nate simultaneously both active metal salts (FeCr, Figure 9),
followed by air calcination. This resulted in a material with
poor ODHP characteristics. Improving the catalytic activity
required impregnating Fe salt on a precalcined CrO,/Al,O4
powder (Fe/Cr, Figure 9). We believe that coimpregnation
created a homogeneous alloy of Fe—Cr oxides, which are less
active and less selective. Such a catalyst was characterized by
greater DRP and coking behavior (Figure 24S-25S), as
suggested by the much larger proportion of CB attributed to
coke (21 vs 10 wt % for the alloyed FeCr catalyst compared to
the Fe/Cr catalyst). We believe that the alloyed FeCr catalyst
has stronger adsorption characteristics for propylene, which in
turn favors coking and reforming due to the presence of this
hydrocarbon pool on the surface of the material. The greater
activity of sequentially impregnated Fe/CrO,/ALO; is
ostensibly due to the segregated FeO, and CrO, species,
which would keep their respective pathways active and
selective. At 600 °C, 6 barg, this catalyst converted less
propane compared to the pure Cr material: Xcayg = 32%
(FeCrO,) vs 40% (CrO,)—arguably due to partial Cr sites’
occlusion from Fe—but more CO,: X¢q, = 26% (FeCrO,) vs
23% (CrO,)—achieving the expected result. Hydrocarbon
selectivity reduces due to more cracking products (Scyue ™" =
78% vs 85%), but the overall selectivity still favors propylene
formation. DRP reactivity is the same in both cases, and the
catalyst enables propane activation at higher temperatures.

For CrO,, we also tried several supports to investigate the
relation between active metal oxide dispersion and surface
acidity during ODHP. SiO, gel (SSA = 480 m* g™') is a better
support with respect to y-Al,0; (SASOL, SCCa-5/200) for
CrO,.** When we loaded 0.33 mmol of Cr gSiOdel_l, we
obtained the highest turnover frequency (TOF) of this study
for chromium (TOFpmpame = 23 mol;yg mole, ! h™! assuming
complete dispersion of the active metal); however, the
STY propylene Was 7.5 mol h™' kg, !, and the catalyst maintained
similar activity among three catalytic cycles without any
irreversible deactivation phenomena (Figure 13S). We also
noticed that the activity improved after a H,-activation and air-
calcination treatment, as a result of arguably better dispersion
of the active metal oxide. Instead, only a H,-activation
treatment (without air-reoxidation) reduced the Cr oxide
species and the catalyst was less active (Figure 13S).

With the same loading, we also tested the effect of surface
acidity of the support against the ODHP reaction during four
reaction—regeneration isothermal catalytic TOS cycles of 200
min at 550 °C and 0.9 barg. Cr impregnated and calcined on
basic y-AL,O; (pH 9.9(5)—supplier’s analysis when the
powders are mixed in a 10% slurry with water) resulted in
lower activity (Xcsus = 7%, Xcop = 4% at TOS = 200 min)
than the neutral and acidic ones (Xcyus = 10%, Xco, = 5%),
despite the three having the same selectivity (Scspsc = 95%).
CO, conversion was also found to be dependent on the
reaction cycle, as it seems that the first cycle contributed to
activating the material. Neutral alumina, pH 7.5(3), failed to
maintain a cyclable behavior as the activity and selectivity
dropped (Xciyg from 10 to 5%, while Xco, remained
constant). Acidic alumina, pH 4.4(2), proved to be the most
active, stable, and cyclable among the tested aluminas. Despite
different surface acidities, CO, conversions remained roughly
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Figure 10. Investigated active elements in CO,-(O)DHP. Color saturation is proportional to propane conversion. The green area corresponds to
propylene selectivity via the ODHP or DHP reaction, the gray to coking, yellow to cracking, and blue to reforming. The cell outline represents the
main reaction mechanism: red is direct (ODHP) and blue is indirect (DHP + rWGS). Data obtained at 600 °C, 0.9 barg, while ramping up in

temperature. Individual analysis for each metal under the SI

invariant. This indicates that the acidity of the support did not
participate in the activation of CO, when Cr was used as the
active metal oxide. We speculate that the different activity and
stability arises from the better dispersion and grafting of Cr
oxides on the surface, where the acidic alumina showed the
best result.

Lewis-acidic alumina with 5% SiO, content (SASOL
SIRALOX 5/320, specific surface area or SSA = 320 m*> g™')
proved to be a better support for CrO, than pure alumina
(now loaded with the common 1.3 mmol of Cr gyoor ')-
During the T ramp at 613 °C, 0.9 barg, we obtained the
highest activity for propane: Xc3yg = 53%, Xco, = 17%, and
STY = 14.7 mol h™" kg, ™', with similar hydrocarbon
selectivity but a lower coke formation: So)pgp = 85% and
Scane™C = 91% (Figure 9, Cr/SiSAIO,). Instead, a Bronsted-
acidic alumina with 40% SiO, content (SIRALOX 40/480
MPV, SSA = 480 m? g_l), despite the greater SSA, halved the
conversion rate and STY of the catalyst (Figure 9, Cr/
Si40A10,). However, both SiO,-containing aluminas dropped
in conversion but not in selectivity during the subsequent T
ramp at 6 barg, also due to the irreversible deactivation at 700
°C via sintering.

Comparative Overview of Several Active Metals on
Al,O;. We could not find correlations between the catalyst
mechanism (direct vs indirect) and the properties of periodic
table elements, i.e., electronegativity, hard, and soft acid—base
theory or oxidizing power. To a degree, elements with lower
electronegativity (1.6—1.9 Pauling scale; V, Cr, In, Ga, Co)
seem to correlate with higher (O)DHP reactivity (Figure 10,
green-color saturation more intense).

For certain indirect mechanism catalysts, a H-assisted
pathway activates CO, when H atoms are dissociated on the
surface of the active site via intermediate formate HCOO or
carboxyl HOCO species, ultimately forming rtWGS products.”
For direct mechanism catalysts, propane dehydrogenation
progresses on a limited number of highly valent metal oxide
centers, in which lattice oxygen initiates the reaction by
coordinating propane and abstracting H via an MvK
mechansim.” This process ultimately desorbs water and
propylene, creating an oxygen vacancy. CO, reoxidation on
such vacancies via dissociative chemisorption to CO seems to
be the dominant mechanism for redox materials, as the vacancy
lowers the dissociation energy barrier even further with respect
to the H-assisted pathway.””

In this context, lattice oxygen mobility becomes a
discriminant factor in catalytic activity and the Tamman
temperature (Trynmen) qualitatively measures this effect.””
TTamman 18 empirically defined as half the melting point (m.p.,

K) of a material, which is used to approximate the point at
which the bulk mobility of the atoms begins to occur.”® We
assign the most stable thermodynamic form of the metal/metal
oxide based on the literature or the standard electrode
potential in their absence. For example, Cr,O; is the most
stable thermodynamic form among chromium oxides at the
reaction temperature (at standard conditions, the electron
potential is E° = —0.74 V). Cr*2, Cr™, and Cr*® have T'rymman <
50 °C but are unstable and will decompose upon heating
(likewise for Pt, Au, and Ag oxides). Indeed, the alumina
support stabilizes these highly valent species, but upon
reaction, they are short-lived.”” We excluded from our analysis
In/ZrO, or other supports rather than y-ALO; (SASOL,
SCCa-5/200) and RuO,/Al,O; since it progresses mainly via a
DRP side reaction.

When comparing the Tr,pma, for the active metal or metal
oxides used in our catalytic screening and their X, Xpmpame_1
conversion ratio measured at maximum STY propylene (Figure
6S), we can observe a linear trend. This trend correlates the
ability of the material to activate more CO, (compared to
propane) with catalysts that have a higher oxygen mobility at
the reaction conditions (Trumman < 900 K) and vice versa
(Figure 11 top).

The Pearson product moment (correlation strength) linearly
correlates Trymman a0d Xco2 Xpropane + With an R = —0.72 (R* =
52%) over the full set of data (19 catalysts, hollow and full
symbols), and the p-value below 0.001 indicates that the two
data significantly correlate with each other. We assume that Au,
Ag, and Pt are in the metallic form, while InO,, reduces to the
metallic form under reaction conditions (vide infra). Several
factors explain the remaining variance in the data: (i) catalytic
properties and the mechanism differ; (ii) DRP overestimating
the CO, consumption; (iii) experimental error at low X; or
(iv) particle size (crystallite), which is known to reduce the
melting point when small;”® and (v) erroneous attribution of
the crystalline phase, oxidation state, and therefore the T a0
during the reaction (operando). In fact, Tamman data is
estimated on bulk materials under an inert atmosphere, while
the supported oxides here—under reaction conditions (H, and
H,0 in particular)—could significantly alter the mobility.”””®

The regression improves further when we exclude the
hollow symbols, reaching an R? of 74% and p < 0.001, with 16
data points (full symbols). Indeed, Au, Ag, and Pt are unable to
form oxides or oxygen vacancies under reaction conditions,
therefore imposing an indirect mechanism. In,O; on the
contrary, is a stable metal oxide, with T, ... = 1093 K >
T, but SEM pictures show redistribution of the external

reaction/

active phase post ODHP and rWGS reactions. Due to the
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Figure 11. Xco, Xpmpane_l conversion ratios as a function of (top) the
Tamman temperature assuming the most stable metal or metal oxides
supported on alumina under reaction conditions and (bottom) the
oxygen vacancy formation energy for the most stable metal oxides.
Conversions at maximum STY of propylene are measured during the
T ramp at 0.9 barg (Figure 6S). Hollow symbols: excluded catalysts

from regression (In,O3; Pt, Au, Ag, and their oxides).

redox environment of the ODHP reaction (H, is present in
small quantities due to WGS and parallel DHP reactions, while
propane abstracts one lattice oxygen, eliminating water and
reducing the metal center), we hypothesize that In,0; forms a
metallic layer at the interface (In ™) Torimman = 215 K). This
layer is mobile and readily reoxidizable by CO,, and we think
the catalysts undergo in situ equilibrium between the metallic
and the oxide form. To support our hypothesis, we decided to
study the reducibility properties of selected materials more in
detail via H, temperature-programmed reduction (H,-TPR,
Figure 12).

All metal oxides show prominent redox properties with H,
consumption comparable to the loss of 1 molar equiv of
oxygen atoms compared to the loading of active metal present
(110—118 umol), except for Galinstan oxides. In this case,
reduction was limited to around 28% of the oxygen present (51
pumol of H, for a nominal loading of 180 yumol of lattice O of

the active phase). From the literature, H, is capable of
reducing Ga,0;/Al,0;, with a distinctive peak centered at 600
°C,”” and Ga is the major constituent in the Galinstan oxide
alloy (78%). Instead, GalinstanO, presents a broad uptake,
without the characteristic peak from pure Ga, further validating
its alloy nature and not segregated form. Moreover,
volatilization of the reduced metal alloy occurred before the
material could reach complete reduction, as we could see a
metallic mirror deposit, covering the cold spot in the internal
wall of the quartz tube, which biases the results.

Despite this, GalinstanO,, resisted volatilization during our
catalytic screening (Figure 7) and converted twice more CO,
per propane compared to pure GaO, (Xco, Xpmpm_1 =0.73 vs
0.38), but the overall activity was halved (STY,,qpyiene = 4.7 Vs
9.6 mol h™! kg_,,™"). This result further supports our Tamman
theory: we tuned the m.p. of an active metal (Ga) by alloying
with dopants (In, Sn) to lower its Trpyymar under redox reaction
conditions and shift the mechanism from an indirect catalyst to
a direct one. The resulting GalinstanO, catalyst (Trymmen =
1070 K) partially reduces during ODHP (T'r,mmen of metallic
Galinstan is 127 K) and activates twice more CO, per propane
than pure GaO,, more than a weighted linear contribution
from hypothetically segregated GaO, and InO, catalysts (Xco,
Xpropane_l = 0'5)'

InO, shows also a broad uptake of H, starting from 200 °C,
indicating the absence of ordered crystalline structures, which
might explain its peculiar high CO, activation during ODHP.
InO, peaks at 600 °C, consuming 60% of the lattice oxygen
present (In,O; to InOy ¢ and HZO(g)). As an important note for
future investigations, catalysts with a low m.p. might not be
applicable if the active material volatilizes, coalesces, and
sinters or irreversibly deactivates via Ostwald ripening during
longer TOS. However, an appropriate support mitigates this
phenomenon, if the metal—support interaction overcomes the
spontaneous tendency of low m.p. materials to coalesce.”® In
this regard, H,-TPR volatilized GalinstanO,/Al,O; but not
InO,/ALO;.

CrO, and VO, both show distinctive single peaks below 600
°C, indicating the partial reduction of highly valent species to a
single crystalline phase. Assuming an initial equimolar mixture
of CrO, and CrO; (brown-copper-red powder) and V,Oq
(orange-yellow powder) as the main phase of each fresh
catalyst, H,-TPR reduces the materials to Cr,0; (green
powder) and VO, (black powder), with O stoichiometric
coefficients calculated from the H, uptake (40% and 30%).
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Figure 12. H,-TPR curves after baseline subtraction (left) and the correlation plot between the curve area and coke accumulation (carbon balance)
and the deactivation rate after isothermal reactions at 0.9 barg (RIGHT). We load 100 mg of dry catalyst and flow 10 N mL min™" of 5% H, in N,
at 5§ °C min™' from r.t. to 900 °C. A calibrated MS measures and normalizes responses with N, as the internal standard. Galinstan oxide (hollow
symbols) is not included in the correlation as the material volatilizes and shows incomplete reduction at 900 °C.
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Reduction was more severe in the Co00,(600) catalyst,
depleting 95% of the lattice oxygen present in the Co;0,
crystalline phase and in PtSn,O, it was 107% (assuming the Pt-
Sn,Og phase). This indicates that SnO, underwent complete
reduction, leaving extra H, to chemisorb on metallic Pt. Both
materials show three main distinctive peaks each, which
correlate to the progressive formation of reduced metal oxides
and metals.

We tried to correlate the reactivity of indirect (CrO, and
Co0,) or direct (VO, and InO,)) mechanism catalysts with H,-
TPR measurements (area, peak T), but unsuccessfully.
Contrarily, lower coke accumulation (CB and from CHN
analysis of the spent materials) correlated linearly with higher
H, uptake (R® = 94%, Figure 12 right). When comparing
different active metal oxides, it is unclear how reducibility can
play a role in coke formation, although H,-TPR is a technique
that does not easily differentiate between H, that is consumed
by a reaction or by adsorption.*”®" In this regard, it has been
shown that the high partial pressure of H, induces
chemisorption, which prevents hard coke from forming on
the surface of the catalyst and favors propylene desorption.””
That is arguably why the Pt-Sn, catalyst (high H, uptake) is
the material of choice in industrial DHP plants that rely on
external heating and aims to minimize coke formation,****
although in our experiments this did not translate to lower
deactivation rates. The deactivation rate (k) measured during
the isothermal tests at 0.9 barg also follows the same trend,
with CoO, (calcined at 600 °C) deviating arguably due to
different equilibrations of the active phases at 600 °C (between
CoO and Co,0;) depending on the redox environment (air
calcination, reaction, H, atmosphere).

The role of oxygen vacancies in CO, reduction over metal
oxide-containing catalysts has been widely argued. For
example, metal oxides with high oxygen vacancy formation
energies have low rWGS activity, while oxygen defect sites on
these materials would be highly reactive and lead to fast CO,
activation. For the (O)DHP reaction, the complete redox
catalytic cycle is likely to be limited by the regeneration of such
oxygen vacancies, with activities that should correlate with the
vacancy formation energy. In this context, we decided to
strengthen our empirical Tamman correlation with density
functional theory (DFT-PBE/+U, Table 7S). We calculated
the lowest vacancy formation energy in bulk metal oxides and
correlated it to our experimental results in terms of the ratio of
converted CO, to propane (Figure 11 bottom).

Lower vacancy formation energies of the bulk metal oxide
should compare well with the vacancy formation energy at the
surface as well because Tryuman < 900 K (enabling oxygen
mobility under reaction conditions, Figure 11 top). Similar to
the Tamman plot, materials with low oxygen vacancy
formation energy correlate with higher ratios of CO, converted
compared to propane. Regressing the full set of data (hollow
and full symbols) leads to no correlation (R* = 7%, p = 0.32)
because Pt, Au, Ag, and In are not present in the oxide state
(hollow symbols). Excluding those catalysts and despite the
obvious differences between the crystal structure of active
metal oxides and different stoichiometric bulk oxides, we
observe a reasonable correlation between the extent of CO,
reduction/activation and the oxygen vacancy formation energy
(full symbols, R* = 64%, p < 0.001). Overall, oxygen vacancy
alone cannot explain completely the variance in the data of
different active metal oxides and reaction mechanisms. The
Tamman correlation instead seems to be a better descriptor for

this complex system as it is able to account for more key
phenomena in this catalytic system.

In this context of oxygen mobility, we hypothesize that for
an efficient use of a direct (redox) mechanism (Figure 1, left),
catalytic materials need to have apparent reaction rates of
ODHP and reoxidation of the same order of magnitude (ropyp
R Tyeoxidation)- However, one of the drawbacks of CO,-ODHP vs
O,-ODHP is the imbalance between dehydrogenation and
reoxidation kinetic parameters (E,“°* > EJP™°) (Figure 9
top) while requiring the same active sites (pre-exponential
factor in Arrhenius-type kinetics, Figure 8S top). For this
reason, we need to engineer an active material with a greater
number of active sites available for CO, reoxidation compared
to propane dehydrogenation to balance the two half-cycle
kinetics. We think that we can achieve this condition for metal
oxides when they operate at reaction T > Trypmman bDecause of
bulk atom mobility. If dissociative chemisorption of CO,(,
competes with propane for the same active site, then it would
seem we can increase the reactivity with a catalytic material
capable of replenishing oxygen vacancies using bulk and
neighbor lattice oxygen. The migrated vacancy can then be
reoxidized by CO,, in a different site. In this context, the
spontaneous migration of bulk oxygen species (on a gradient)
achieves three improvements. (i) Lattice oxygen can migrate
from the bulk of the active material, fill vacancies, and reoxidize
the reduced metal center without the need for direct CO,
reoxidation on the same site, similar to oxygen storage
materials in chemical looping processes.”* (ii) Vacant site
diffusion via oxygen mobility constantly exposes fresh sites for
CO,(y) reoxidation in sites that are distinct from those for
propane dehydrogenation, increasing the chance of CO,
reaction on a larger surface. As a result, reoxidation with
CO, proceeds under the steady state since a greater number of
active sites (compared to ODHP) compensates for the higher
activation energy, balancing the overall kinetics of the direct
mechanism. (jii) Additionally, if the elimination of a water
molecule occurs before propylene’s desorption during the
ODHP half-catalytic cycle, we can hypothesize that the newly
formed oxygen vacancy now imposes a more electrophilic
electronic environment, from which it is more difficult to
desorb propylene. However, under oxygen mobility, a neighbor
lattice oxygen can occupy the vacancy, increasing the local
nucleophilicity and promoting the desorption of propylene.

B CONCLUSIONS

Our study intended to investigate and reshape the role of CO,
in oxidative propane dehydrogenation. First, our LCA
demonstrates the beneficial environmental impact effects of
adding captured CO, and highlights the optimal reaction
conditions. Based on the current worldwide on-demand
propylene production of 26 Mt y~!, revamping the present
DHP chemical plants to consume CO, via indirect or direct
ODHP catalysis could reduce GHG emissions by 8 to 13
Mtcog.eq ¥ - Furthermore, since indirect mechanism catalysts
coproduce H, and CO, while direct mechanism catalysts
coproduce CO, it would avoid synthesizing those gases from
steam reforming, achieving negative GHG and FD emissions,
at the net, reducing the EI by —70 to —90 Mtco.eq y ! and
—10 to —20 Mty y~!, respectively. In this regard, high
selectivity for the coproduct CO (vs H,) would be the top
choice from an EI point of view, which requires a direct
mechanism catalyst. The introduction of CO, to the gas stream
would require a revamping investment to separate and recycle
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CO, and valorize CO, shifting the OPEX of the process from
acquiring a cheap supply of feed material (propane) to an
inexpensive energy source (due to the higher endothermic
requirements of the ODHP reaction). Additionally, a H,
generator (water electrolysis) would be required to adjust
the H,/CO ratio necessary for on-site syngas applications,
highlighting furthermore the dichotomy between upgrading
CO, and finding inexpensive and renewable energy sources. In
this regard, DRP becomes an added-value side reaction and
catalysts that form coke can be integrated into plants that
already use in situ regeneration as the heat supply.

These scenarios assume thermodynamic yields and ideal
selectivities, thus rendering catalyst design essential. A broad
screening of metal oxides, mostly supported on alumina, was
performed, focusing on the role and conversion of CO,, with a
close look at reaction selectivities as well as propylene, H,, and
CO space time yields. The screening attempted to classify the
catalysts according to their direct or indirect ODHP behavior,
and five catalysts were selected for in-depth study, ie., V, Cr,
Co, Ga, and Galinstan oxides. While the chromium oxide
catalyst was found to be the most active, it unfortunately
rapidly deactivates and follows a clear indirect mechanism.
GaO,, followed the same catalytic pathway, but with a lower
activity. CoO, inhibits cracking reactions when doped with K
and is selective for DHP and DRP, with minimal coking
accumulation, with a clear indirect mechanism dominating.
Co0O, does activate at higher T, thus with a lowered activity
compared to CrO,. PtSn,O, activated at lower T instead, and it
was extremely selective for DHP but converted few CO,. On
the other hand, V, In, Galinstan, Bi, Mo, and Mn oxides do
seem to proceed via a direct mechanism, but coking hampers
selectivity. BiO,, was stable over time, making it an interesting
promoter for the activation of CO, via the reverse Boudouard
reaction at high temperatures. VO, and InO, are the most
interesting systems in the presence of CO, given their activity
and direct mechanism action. InO,/Al,O; was also found to be
an excellent high-temperature rWGS catalyst, which was
selective, stable over time, and had a low E, of 90 kJ mol™
and high activity, reaching equilibrium at 600 °C at GHSV =
30000 mL g, ' h™' with a H,/CO, ratio of 1:1. RWGS
conditions reduced InO, NPs to metallic In and dispersed
them into the porosity of the support, while ODHP conditions
dispersed the active phase on the external surface.

In this regard, calculating the energy required to form
oxygen vacancies alone cannot explain completely the variance
in the data of different active metals/metal oxides. Instead, by
assessing the Tamman temperature of the active oxide, we
discovered that this parameter correlated decently with the
ratio of conversion of CO, over propane across our broad
screening. This better describes this complex system, as it is
able to account for more key phenomena, primarily the ability
of the active sites to migrate across the support. It seems that a
lower Tamman temperature (or thus half the melting
temperature of the bulk phase) is a predictor for DHP
catalysts to operate more via a direct type of mechanism (D-
ODHP) versus an indirect one. With Galinstan for example,
we create an alloy that in the metallic form has a lower T'ry a0
(A49 K) compared to Ga. Under reactive ODHP conditions,
partial reduction of this mixed oxide likely occurs, which
enables bulk atom mobility, and we measure a shift in the
mechanism from indirect to direct. In fact, one of the issues of
CO,-ODHP is the imbalance between dehydrogenation and
reoxidation rates while requiring the same active sites.

Reoxidation has higher activation energies and requires higher
activation temperatures compared to propane dehydrogenation
(E,“©* > ErP); therefore, we need to engineer an active
material with a greater number of active sites available for CO,
reoxidation to balance the direct mechanism kinetic. We show
that metal oxides that operate at reaction T > Trppm., are
capable of replenishing oxygen vacancies using bulk lattice
oxygen and exhibit a higher CO, uptake. Because of the
vacancy migration, reoxidation occurs on additional sites on a
larger surface, which could balance the overall kinetics of
ODHP. Alternatively, with a limited or fixed number of sites,
or, e.g, an isolated active cluster, one could focus on better
balancing its intrinsic dehydrogenation and reoxidation rates.

In conclusion, we have presented the broadest screening
ever for CO,-assisted (O)DPH over supported oxides and
alloys (and a few metals), with a detailed focus on the fate of
CO, and the selectivity among propylene, H,, and CO. This
allowed a fair comparison across the elements and led to a
proposed classification of their reaction along direct or indirect
mechanism behavior. Furthermore, when comparing the
T'ramman fOr the active metal/metal oxides used in our catalytic
screening and their Xco, Xpmpane_1 conversion ratio, we
observed a statistically significant linear trend, correlating
well the ability of a catalyst to activate more CO, (compared to
propane) with its higher oxygen mobility. This trend can now
guide the search for more active and direct mechanism
catalysts. Some avenues for future research include mixed-
metal catalysts and oxide alloys, allowing Tr,ym., tuning, but
also dopants such as alkali metals to mitigate cracking side
reactions and improve the desorption characteristics of
propylene. Structured supports like zeolites can potentially
isolate low-T'p,man active metal oxides in small pore cages to
avoid long-term sintering, volatilization, and stability issues.
Moreover, small pore supports may impede hard coke
formation of graphitic/polycyclic aromatic compounds by
size exclusion, allowing CO, to react with soft coke, which is
easier to dry reform at lower temperatures. Finally, the role of
reducible supports (like CeO,) or chemical looping materials
(CaO, MgO, or transition-metal oxides) could provide
additional oxygen vacancy sites for CO, activation and
possibly oxygen migration to increase the reoxidation rate of
direct mechanism catalysts.
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