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The kinetic behavior of CrO, sites supported on Fe doped CeO, was studied for CO,-assisted propane
oxidative dehydrogenation. The support was synthesized via a co-precipitation method of Fe and Ce
precursors while wetness impregnation was used to deposit the CrO, species. XRD and Raman analysis
confirmed the presence of dispersed CrO, sites on the surface of the support at a low loading while small
Cr,O3z nanoparticles were found at high loadings. The addition of CrO, sites reconstructs the available
surface oxygen sites and enhances the reducibility of the catalyst as confirmed by H>-TPR measurements.
Herein, we show that the CrO, based catalysts outperform the parent support at low reaction temperatures
both from a propane conversion and propylene selectivity perspective. At elevated temperatures, the effect
of CrO, sites on the propylene production diminishes since propane dry reforming is dominant. A
Langmuir-Hinshelwood kinetic model was developed based on 14 elementary steps to account for the
dominating reaction pathways, i.e. propane dehydrogenation, reverse water gas shift and dry reforming.
The regressed kinetic data showed that the incorporation of CrO, on the support decreases the activation
energy of propane dehydrogenation by 60-75% while a small decrease in the activation energy of dry

Received 3rd September 2022,
Accepted 15th February 2023

DOI: 10.1039/d2cy01563c

Published on 16 February 2023, Downloaded by Rutgers University Libraries on 1/31/2024 6:25:43 PM.

rsc li/catalysis reforming was noted (~15%).

Introduction

Over the past decade, the US shale gas revolution has played
a profound role in the structure of domestic energy and
chemical sectors. Recent reports have shown an increase in
propane production with the advent of shale gas revolution
which in turn directly provides propane at a reduced price as
compared to expensive crude oil derivatives."” The shift to
cheap chemical feedstocks offers an incentive for the research
community to develop new technologies for propane
conversion into value added products. Particularly, *
purpose’ propylene production has already been successfully
applied to industrial manufacturing featuring the Honeywell
UOP process.”® Although propane conversion via direct
dehydrogenation (PDH) is the widely used approach, it suffers
from important challenges. The highly endothermic character
generally requires vast energy input. In addition, propane
conversion is limited due to thermodynamic equilibrium of
the PDII reaction, and thus separation and recycling of
reactants from a reactor downstream to upstream seems to be
crucial to achieve high productivity. Apart from these
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potential drawbacks, product separation and catalyst
regeneration techniques are essential in order to overcome
product selectivity issues due to unavoidable side reactions
and coke formation, respectively.®

On the other hand, CO, emission and global warming
have become increasingly worse and severe over the past
decades. CO, capture and CO, conversion related topics have
received worldwide attention, with great efforts and
achievements from different fields such as photoreduction,””
electroreduction'® and bio-mitigation.'’ In the field of
propane dehydrogenation to produce propylene, CO, is also
identified as a mild oxidant that can possibly open a more
sustainable path with a smaller environmental footprint than
conventional propane dehydrogenation.” While
thermodynamics and technical barriers make PDH
economically challenging, the introduction of CO, as a soft
oxidant provides the following benefits: (1) the overall ODH
reaction:

C;Hj + CO, = CzHg + CO + H,0

can be operated under milder conditions than those of direct
dehydrogenation reaction; (2) CO,-assisted ODI reaction can
produce CO and H, (syngas) with a suitable ratio, which can
be directly incorporated in either downstream F-T synthesis"*
or tandem hydroformylation;'* (3) coke formation can be
suppressed either by reducing the formation of coke
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precursors ~ or by promoting the reverse Boudouard
. 16,17
reaction:

C(s) + CO, = 2CO(g)

Despite these benefits, CO, is considered a “hard-to-activate™
molecule due to its unique electronic properties and
therefore, seeking catalytic strategies or developing novel
materials that involve the activation of both C-H bonds of
alkanes and CO, comprises a formidable challenge.

In our recent work,'® we have shown that trivalent Fe ions
successfully doped into a ceria lattice with a Ce:Fe atomic
ratio = 10 (10Fe-CeOQ,) are a very selective and stable catalyst
for the CO, assisted propane ODH. Building upon our
previous efforts, in this work, surface dispersed CrO, species
were deposited over our prior stable support, i.e. 10Fe-CeQ5,
with the intention to study their intrinsic kinetic behavior for
COy-assisted propane dehydrogenation. CrO, species on
different types of metal and non metal oxide supports have
been reported in the open literature as promising materials
with high catalytic activity towards selective propane
del‘lydrogenation.m_22 Herein, CrO,/10Fe-Ce0O, with different
Cr surface densities has been synthesized and evaluated
physicochemically, spectroscopically and kinetically to
understand its effects on propane dehydrogenation activity
and propylene selectivity. A Langmuir-Hinshelwood Kinetic
model based on experimental results and literature data is
also developed to investigate the intrinsic effect of Cr species.

Experimental
Synt hes.s of catalysts

Ce(NO.),;-6H,0 (99.99%), Fe(NO,);-9H,0 (99.95%) and
Cr(NO;);-9H,0 (>99.99%) were purchased from Sigma
Aldrich and used without further purification. The support,
L.e. 10Fe-CeO,, was synthesized via a co-precipitation method
of aqueous Fe*' and Ce®' species where the entire synthesis
is controlled by the crystalline growth mechanism proposed
by Wang et al.* CrO,/Fe-CeQ, catalysts were synthesized via
incipient wetness impregnation of Cr on calcined 10Fe-CeQ,.
We denote the catalysts as nCr/10Fe-Ce0O,, where n is the
surface atomic density of Cr. Both 10Fe-CeQ, and nCr/10Fe-
CeO, were calcined at 873 K for 6 hours under an air flow (50
ml min ).

Catalyst characterization

Raman spectroscopy. Raman spectra were collected with a
Horiba Scientific LabRam HR Evolution Raman spectrometer
cooled with a Synapse CCD detector (-70 °C). The laser
source used (532 nm) was directed on the sample and
focused by using a 50x long working distance objective. The
power of the laser on the surface of the sample was
controlled by using a neutral density filter at low level (5%)
to avoid local overheating. In situ Raman experiments were
conducted in a Harrick Scientific high-temperature reaction
chamber equipped with a SiO, window. The nominal value of
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the temperature controller was calibrated with an
independent thermocouple that was placed below the catalyst
sample.

X-ray powder diffraction. XRD analysis was performed
with a PANalytical Philips X'Pert X-ray diffractometer to
determine crystallinity and phase composition. The XRD
instrument is equipped with a CuKc. source at 45 kV and 40
mA and an angular incidence 2¢ between 20° and 90° with
0.05° steps and 4.0 s per step. The phase composition was
analysed by whole pattern fitting refinement analysis with a
relative error R% targeted below 15%. Silicon was used as an
external standard reference to determine any possible peak

shift.

Temperature-programmed reduction (H,-TPR)

H,-TPR experiments were conducted to investigate the redox
properties of the 10Fe-CeO, and nCr/10Fe-CeQ, catalysts. In
each test, 50 mg sample was loaded into a U-shaped quartz
reactor. The sample was pre-treated in air at 600 °C for 1
hour to be fully dehydrated and fully oxidized, after which
the sample was isolated in inert gas and cooled down to
room temperature. TPR experiments were performed with a
30 scem flow of 1% H,/Ar at a ramping rate of 10 °C min
from 100 °C to 650 °C and then the temperature was held
constant for 20 minutes. The TPR pattern was evaluated by
analyzing the water signal (m/z = 18) collected with an in-line
mass spectrometer (MKS Cirrus™ 3).

Kinetic experiments. The propane ODH with CO, reaction
was conducted in a fixed bed quartz tube reactor.'® Propane
(UHP, Praxair), CO, (UHP, Airgas) and nitrogen (UHP, Airgas)
were mixed and co-fed at total flow rates in the range of 20—
100 mL min ' using mass flow controllers (Alicat Scientific).
Each catalyst was pre-heated under an oxygen flow up to the
desired reaction temperature and isolated in pure nitrogen to
ensure no remaining oxygen prior to and inside the reactor.
The reactor outflow (product composition) was analysed with
a MicroGC (Agilent, 490) equipped with an MS5A column
(CH,4, H, and CO) and PPQ column (CO,, CyHy, CyHg, CsHg,
C;Hg and H,0). In all kinetic experiments, the catalyst
loading (typically 0.1 g catalyst) and total flow rate mass were
adjusted to achieve low propane conversion (below 10%). The
reaction temperature was varied in the range from 510 to 590
°C. The effect of CO,/C;Hg was also investigated. The
propane conversion, product selectivity (on a propane basis)

and reaction rates were calculated according to:
F; CiHg — F, t,Ca H,
K, =———=0 " T0ATe w 100%
: 2
in,CyHg

x 7
Zx Fe.
3 C.H,

Seuh, = ——2————— X 100%
Fin,lj_qu == F()ut:CgHg

Yield = X¢ 1, X Scn,
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Results and discussion
Physicochemical characterization and structural implications

Table 1 shows the BET results of the Fe-CeO, supports and
Fe-CeO, supported CrO, catalysts (see Fig. S1f for the
complete adsorption isotherms). The BET surface area
features a monotonic decrease with an increasing amount of
Cr loading, which is consistent with supported Cr oxides
reported in the literature.””**® It is worth noting that nCr/
Fe-CeO, has a very low pore volume as compared to other
materials."*** Small variations in BET measurements in
conjunction with plausible surface restructuring on the
surface could lead to small fluctuations in the pore volume
measurements, as observed in Table 1.

The Xray diffractograms of 10Fe-CeO, and nCr/10Fe-
Ce0, with various Cr loadings shown in Fig. 1 did not
present any bulk crystalline oxide phases relevant to hematite
and/or Cr,0;, suggesting that the support maintained its
crystalline form while ensuring good Cr distribution. Below
the monolayer coverage, the impregnation of Cr species on
10Fe-CeQ, will result in the anchoring of amorphous surface
species, usually acknowledged as a tetrahedral Cr(vi)Oy
structure under fully oxidized and fully dehydrated
conditions.”” Depending on the surface density of Cr species,
the wunit structure can either remain as isolated
monochromate or agglomerate to form polychromate species
via Cr-O-Cr bonds.

In Fig. 2a, we report the in sifu Raman spectra of all the
nCr/10Fe-CeO, catalysts under fully oxidized and dehydrated
conditions at 550 °C. The most intense peak centred at ~450
em ' corresponds to the F,; vibrational mode of the ceria
support.”**” The observed red shift of approximately 15 cm '
from the pure CeO, (usually observed at 465 cm ') is related
to the incorporation of Fe dopants inside the ceria lattice® **
and depends on the Fe/Ce atomic ratio.'® The broad feature
that appears at 590 cm ' is assigned as an oxygen defect-
related band*® and the ratio of peak intensity Isqo/ls50 has
been regarded as an indirect indicator of the relative

- 33,34 .
abundance of oxygen vacancies in CeO,. Upon

Table 1 Summary of BET results of Cr/Fe-CeQ, catalysts

BET Pore width Pore volume
Catalyst (m*g™) (nm) (em®g7")
10Fe—Ce0), 62 20 0.41
1Cr/10Fe—CeQ, 57 23 0.34
2Cr/10Fe—Ce0, 52 32 0.41
4Cr/10Fe-Ce0, 42 33 0.33
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Fig. 1 XRD patterns of the parent support, 10Fe-CeQ, and the nCr/
10Fe-CeQ; catalysts with various Cr loadings.

impregnation of chromium species, new peaks evolved at 539
em ', 837 em ', 998 cm ' and 1026 em . The peaks at 998
em ' and 1026 cm ' were assigned to isolated and polymeric
Cr=0 vibration, respectively.””***®* The broad band located
at around 837 cm ' is associated with either the symmetric
stretching of O-Cr-O (ref. 37 and 38) or Cr-O-Cr (ref. 39)
(845 cm ') structures; however, there is a consensus that this
peak is associated with the presence of polymeric species.
Our Raman results are consistent with this assignment since
the integrated area under the 840 cm ' peak increases with
increasing Cr loading. Besides, a sharp peak at 539 cm ' over
the 4Cr/10Fe-CeO, oxide pertains to the A;; symmetric
vibrational mode of Cr,0,.** In addition, the normalized
peak intensity for the F,, vibration decreases significantly
over the 4Cr/10Fe-CeO, oxide. Even though the XRD data
revealed no crystalline phases of chromium oxide, the Raman

Intensity (a.u.)

200 400 600

Raman Shift (em™)
Fig. 2 (a) In situ Raman spectra of Cr-10Fe-CeQ, catalysts with
different Cr loadings under fully oxidized and dehydrated conditions.

(b) TEM image of the 10Fe-CeQ, sample. (c) TEM image of 2Cr/10Fe-
CeQ; oxide.
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results suggest the formation of chromium crystalline phases
(nano-sized) at a high Cr surface density (i.e. 4Cr per nm?)
indicating the overreaching of monolayer coverage on the
10Fe-CeQ, oxide surface. Relevant TEM  images
(Fig. 2b and c) show changes in the textural properties after
impregnation of Cr oxides. While the original Fe-CeO,
exhibits a well-defined hexagonal shape, the addition of Cr
oxides modified the external surface turning into spherical-
like agglomerates.

Reducibility and active surface oxygen sites

H,-TPR experiments were conducted to reveal the difference
in the redox properties of the catalysts due to the change of
the available surface oxygen species with different bonding
and electronic environments. All TPR experiments were
performed up to a maximum temperature of 650 °C to ensure
that the mesoporous structure of the support will remain
while avoiding the potential phase separation of cerianite
and hematite."® In Fig. 3a, the II,-TPR data for the
representative catalysts and pure CeO, (for comparison) are
presented. Bare CeO, shows a broad peak centred at 550 to
600 °C, which is attributed to the reduction of reactive
surface oxygen species.*”*" Since the total reduction of CeO,
to Ce,0; is only expected in the temperature range of 800 to
900 °C, the broad reduction band suggests the creation of
oxygen defects and exposure of Ce’' on the surface.*”*>*
This argument is also supported by our in sifu Raman IH,-
TPR results in Fig. 3b and c. The band at 245 cm ',
representing the transverse acoustic mode of surface
oxygen,"* is gradually decreased during H,-TPR. In addition,
we observe an increase in the relative peak intensity ratio
(~590 em '/450 em '), which indicates an increase in the
defect domains (oxygen vacancies).”® Upon doping of Fe into
the cerium oxide lattice, the main peak shifted to around 360
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°C, indicating the enhanced surface reducibility as compared
to bare Ce0,.">"*® Despite the presence of Fe ions in the bulk
phase, the early TPR-I, feature is not due to the reduction of
crystalline Fe,O; since all relevant characterization results,
e, XRD and Raman, as well as prior extensive
characterization of our support,'® confirm the absence of a
separated crystalline iron oxide phase. Thus, the feature at
around 360 °C should be attributed to the weakening of the
lattice bonds between metal ions and O due to heteroatom
doping which is strongly supported by the shift in the
diffractogram. As stated in our previous work,'® the surface
oxygen to Fe-CeO, oxide should be predominately involved
in two types of structures: Fe-rich sites (Fe-O-Ce) and Fe-free
sites (Ce-O-Ce). A new peak appeared at around 470 °C,
which has been previously assigned as adsorbed peroxide
(0,>) or superoxide (0, ) species on oxygen vacancies™ due
to long-time calcination. However, we cannot exclude the
possibility that the addition of Fe ions into the CeO, lattice
structure may also weaken the bond strength of metal-O
leading to an increase in the apparent reducibility of oxygen
species at the surface. The impregnation of CrO, sites
reconstructs the surface through the formation of a Cr-O-
support bridging bond in order to balance its degree of
coordinative unsaturation,”” during which the original
surface oxygen sites may be consumed or diffuse into
subatomic layers. As a result, those oxygen sites are no longer
exposed or accessible to H, in the gas phase.*® Particularly,
at high Cr loadings approaching monolayer coverage (2Cr/
10Fe-CeO, and 4Cr/10Fe-Ce0,) when polymeric CrO, species
dominate the catalyst surface, we observe a decrease in the
total area of II, consumed. The original Fe-rich sites
disappeared from the TPR signals and a broad band starting
from ~400 °C and centred at ~500 °C indicates the
formation of new oxidation sites. Interestingly, the Raman
data revealed that the band at around 845 cm ' disappeared

(a)

4Cr/10Fe-Ce0O,

2Cr/10Fe-Ce0O,

Intensity (a.u.)

1Cr/10Fe-CeO

M.S. signal (m/z=18), a.u.

10Fe-Ce0,

Ce0,

Intensity (a.u.)

Temperature (°C)

' 1 L L L i 'l
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Fig. 3 (a) H,-TPR profiles of pure CeO, 10Fe-CeQO,, 1Cr/10Fe-CeQ,, 2Cr/10Fe-CeO, and 4Cr/10Fe-CeQ, oxides, (b) in situ Raman spectra
coupled with H,-TPR experiments of 1Cr/10Fe CeQ,. (c) In situ Raman spectra coupled with H,-TPR experiments of 2Cr/10Fe-CeO,. Insert: Peak
ratios lsso/laso of 1Cr/10Fe-CeQ: and 2Cr/10Fe-CeO: during Hz-TPR at different temperature stages.
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Fig. 4 Catalytic performance of 10Fe-CeQ; and Cr supported 10Fe-
CeQ, catalysts under an intrinsic kinetic regime. Exp. parameters: 510
to 590 °C, 1 atm, 100 mL min* total flow with 5% propane and 5%
carbon dioxide, 100 mg catalyst loading.

prior to that at ~1000-1030 cm ' pointing that the broad

feature at around 430 °C corresponds to the Cr-O bridging
bonds while that at ~500 °C corresponds to the Cr—0
terminal bonds.
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Kinetic studies

Effect of temperature. The effect of temperature on the
performance of all the catalysts was evaluated in the 510-590
°C range. The total flow and mass of the catalyst were
appropriately selected to ensure that all measurements were
performed at the kinetic regime. Fig. 4 shows the
temperature dependent propane conversion and propylene
selectivity for 10Fe-Ce0,, 1Cr/10Fe-Ce0Q, and 2Cr/10Fe-CeO,.
The overall behaviour is consistent with an improved
catalytic performance (propylene yield) upon addition of
chromium sites on the surface of 10Fe-Ce0O,. The propylene
selectivity decreases with increasing temperature for the Cr-
based catalysts while, interestingly, it remains almost
constant for the bare support. This behaviour is indicative of
the supported CrO, sites providing unique surface properties
that unlock selective dehydrogenation pathways which are
kinetically more favourable at low temperatures. This is also
consistent with the H,-TPR and Raman measurements
discussed above where the presence of Cr-O and Cr—0 can
be regarded as surface oxygen sites for propane adsorption.
However, after dehydrogenation, oxygen defects/vacancies
have to be replenished by CO,. Thus, next we evaluate the
effect of CO, on the intrinsic kinetics.
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Fig. 5 Kinetic behaviour of the 10Fe-CeO, (a, d and g}, 1Cr/10Fe-CeO; (b, e and h) and 2Cr/10Fe-CeO, (c, f and i) catalysts with respect to
changes in the partial pressure of propane and CO,. Reactivity is investigated at 550 °C. (a-c) Propane consumption rate, (d-f) propylene formation
rate, and (g-i) propane and propylene reaction rates as a function of CO; partial pressure.
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Effect of reactant partial pressure on rates. The effects of
partial pressure and the ratio of propane to CO, on reactivity
were studied at 550 °C under differential conditions. Relevant
results are summarized in Fig. 5. Upon increasing CO,, the rate
of propane consumption appears to be unaffected (Fig. 5a—c)
underscoring that CO, is not involved in the rate controlling
step of propane activation, especially under low partial pressure
conditions where competitive adsorption will not play a
significant role. In the case of the bare support (Fig. 5g), the
rate of propane consumption remains constant upon
increasing the partial pressure of CO, in the reaction stream,
while for the CrO, based catalysts, propane consumption
slightly decreased with a small increase of CO, and then
remained constant (Fig. 5h and i). On the other hand, the rate
of propylene formation decreases monotonically (Fig. 5d-f)
with increasing CO,. This decrease is ascribed to a shift from
direct dehydrogenation to the thermodynamically favorable dry
reforming under high CO,/C;Hj; conditions; the higher the CO,
in the feed, the larger the dry reforming (DRF) contribution. In
general, the addition of chromium species increases both the
intrinsic rates of propane consumption and propylene
formation highlighting the positive impact of CrO, on
productivity. The beneficial effect of CO, on the propylene
formation has been underscored in the literature.*”*" However,
it is worth mentioning that the effect of CO, on the overall
propane conversion and propylene formation depends on
multiple factors that may include the nature of active sites
present which in turn may govern the relative contribution of
simultaneous reactions such as DH vs. reforming”' and/or DH/
ODH.* Moreover, CO, may participate directly in reoxidizing
reduced metal oxide centers; thus, its conversion competes
with the reverse water gas shift reaction.

The rate of propane consumption can be represented by
the following power-law kinetic expression:

o o
“resny = KappP UJHR}{'O;‘

where & and f are the apparent reaction orders for propane

and CO,, respectively. Numerical values of the apparent orders
for propane conversion are given in Table 2 and the relevant
analysis is in Fig. S4.f It is shown that the apparent propane
reaction order for 10Fe-CeQ,, 1Cr/10Fe-CeQO, and 2Cr/10Fe-
Ce0, is 0.71, 0.74 and 0.64, respectively. The actual apparent
order is expected between 1 and 0.33 depending on the relative
contribution of PDH and DRF. The values reported in this
study are in agreement with a recent kinetic study by Shishido
et al®® where the reaction orders of partial pressure of
propane over Cr/SiO, and Cr/Al,O; catalysts were found to be

Table 2 Summary of the apparent reaction orders of propane
consumption rate and propane overall activation energy

Catalyst C3Hg reaction order (o) CO, reaction order ()
10Fe-CeO, 0.71 —0.06
1Cr/10Fe-Ce0O, 0.74 -0.03
2C1/10Fe-Ce0y 0.64 -0.02
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0.65 and 0.59, respectively. It is also shown that propane
conversion has an almost zeroth order dependence on CO,.
The kinetic data of this study were collected at a low partial
pressure regime (from 0.5% to 5%), where competitive
adsorption of propane and CO, may not be taken into
account. According to Chen et al.,”* competitive adsorption
and reduction of C;Hg reaction rates occur severely when
CO, in the feed exceeds a certain partial pressure threshold
depending on the type of active sites and support surface.

Mechanistic implications and the Langmuir-Hinshelwood
model

The characterization and kinetic results discussed in the
previous sections set the foundation to propose the following
steady-state kinetic model that assumes: (a) two types of
active  sites (identified from  previous literature
reports'**>***%) " je surface active oxygen sites (S;) and
oxygen vacancies (S;); (b) no migrations of adsorbed
intermediates between S; and S, sites; (c) single site
adsorption; (d) the Langmuir-Hinshelwood-Hougen-Watson
(LHHW) surface reaction mechanism was applied to describe
the overall reaction network comprising PDH, DRF and
RWGS assuming a primary rate-limiting step (p-rds) and two
secondary rate-limiting steps (s-rds). Based on these
assumptions, the kinetics observed in this work can be
rationalized using the following 14 elementary steps:

s1: C;Hg(g) + 28, = C;H, S, + H_S;

$2: C3H;_S; = C3Hg(g) + H_S,

$3: 2H_S; = Hy(g) + 28,

s4: CO,(g) + S, = CO(g) + S,

§5: CO,(g) + S, + H_S; = COOH._S, + S,

s6: COOH_S, = CO(g) + HO_S,

§7: 2HO_S, = Hy0(g) + S; + S,

$8: C;H, Sy + 8; = CH,;CH_S; + CH;_ S,

s9: CH;CH_S, + S; = CH,_S, + CH_S,

s10: CH; S, CH;0 S,

i
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s11: CH_S; = CHO_S,

s12: CH30_S, + §; = CH,0_S, + H_S;

s13: CH,0_S, + S; = CHO_S, + H_S,

514: CHO_S, + S; = CO(g) + H.S; + S,

In this proposed reaction scheme, the reactant molecules,
C;Hg and CO,, are independently adsorbed and activated on
surface oxygen sites and oxygen vacancies, respectively. The
formed C;H;. S; is hypothesized to further evolve via two
distinct reaction paths: i) secondary dehydrogenation resulting
in the desired olefin via PDH and/or ii) C-C scissoring. For the
latter case, the light hydrocarbon species can further react
through two competitive paths where i) upon the participation
of oxygen sites, it will lead to dry reforming products or ii) it
will produce coke precursors which migrate to form coke and
block certain active sites. It has been suggested that small
hydrocarbon species may further decompose into atomic

carbon and then oxidized to form CO.*"’ Recently, however,

View Article Online
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they completely turned into atomic carbon.'® In addition, our
previous work showed minimum coke formation over the
10Fe-CeQ, surface, which further reduces the possibility of
atomic carbon formation, especially at low propane conversion.
On the other hand, CO, is adsorbed independently on the
surface. The activation of CO, is fulfilled via two possible
approaches: direct dissociation to generate adsorbed CO and
O* (ref. 18, 55, 61 and 62) or combination with adsorbed
hydrogen atoms (mostly generated via the propane C-H
activation step) and formation of carboxyl intermediates (-
COOH), which further decompose to CO and hydroxyl groups
(~OH). The latter is also known as the associative mechanism
of the reverse water-gas shift reaction.®* **

Assuming s14 as the primary rate-limiting step and s1 and
s4 as the secondary rate-limiting steps, the overall PDH, DRF
and RWGS rates are expressed as:

/2 PouPu
kou (P{JSHsPHz e —

"pH = 0.5 0.5
3
[1 2 C3Hg ( Hz* H; ) ( Ha® Ha ) ]

Pu,o
krwas (Pt:o2 2Peo 2Py, — —2)
Krwas

by means of computational efforts, it was shown that low Frwes = 7 3
- # ’)
hydrocarbon species (CH,) can be involved in a surface (1 + KsPco, (Kn, Pu,}h (1 1 1‘;(5) A- w)
elementary reaction with O* or ~OH to form CH,0.>**® In this 0 Peo(Pu, )
work, the latter is considered more realistic since the Fe-CeO,
PeoPu, e -1

kpgry P(;_;H,,1’(3P(;02P(;()_1PH2_5£5 2

K}JRF

] [1+ Ky P, (Ku,Pu,)™ + (K, Pu,)*’]

Fprr =

oxides were shown to have reactive surface oxygen sites that
could readily oxidize low hydrocarbon intermediates before

K
1+ K5Pco, (K, Py, )"* (1 i —5) +

1/3
KcnoPe,n, *Peo,
Peo Peo(Piy )

Details of the regressed kinetic parameters are summarized
in Table 3 and a parity plot of the predicted rates with respect

Table 3 Summary of reaction rate constants and reactants’ adsorption equilibrium constants regressed by the steady-state model and activation
energies reported in the literature obtained by experimental and computational studies

Catalyst EDH DRE
(this work) k, (at 550 °C) E, (k] mol™) ko (at 550 °C) E, (k] mol™)
10Fe-CeO, 1.49 X 107° (9.6 x 1077) 109 (£2.4) 2.57 x 107" (9.4 x 107%)

140 (+8.4)
1Cr/10Fe-CeO, 1.97 x 107 (1.5 x 10°%) 44.4 (+7.1) 3.6 %107 (1.3 x 10°°)

120 (+11)
2Cr/10Fe-Ce0, 2.68 X 107° (2.4 x 107°) 28.4 (+4.1) 4.15 x 107" (1.5 x 107%)

115 (+17)
Catalyst PDH, E, (k] mol™) Catalyst DREF, E, (k] mol™)
Pt-Sn/Ce0, (ref. 66) 41.5 DFT Co,;Pt,/CeQ, (ref. 67) 126 Arrhenius plot
Cr/Al,O; (ref. 68) 35.5 Model regression Co-Ni/AlO; (ref. 69) 92.3 Arrhenius plot
NbO,/CeO, (ref. 70) 45.2-69.2 Arrhenius plot Ni;Pt/CeQ, (ref. 51) 119 DFT
Cr/SiAlO; (ref. 71) Up to 40 Enthalpy of activation Ni/Mg{Al)O (ref. 72) 93 Arrhenius plot

Literature reported activation energies for propane direct dehydrogenation (PDH) and dry reforming (DRF) for different catalytic systems and

methods used.
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Rates of propylene formation (model)
>
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2,0x10°®

Fig. 6 Parity plot of predicted rates versus experimental calculated
rates.

to the observed rates for 10Fe-CeQ,, 1Cr/10Fe-Ce0Q, and 2Cr/
10Fe-CeQ, is also shown in Fig. 6. Activation energies of
propane dehydrogenation and dry reforming over similar
reported catalyst systems are summarized in Table 3 for
comparison. In Fig. S2; we show data for the propane
conversion vs. W/F. We show that at low flow rates, i.e., below
50 ml min ', some deviation from linear behavior is observed
which may point to small transport limitations. It is worth
mentioning here that all the data that have been used for the
kinetic analysis and regression pertain to a flow rate of 100
ml min ', thus ensuring no transport limitations. As seen
from Table 3, the activation energy for CO,-assisted propane
dehydrogenation is 109 kJ mol ! for the bare support. Upon
impregnating Cr on the Fe-CeO, surface, the activation
energy was decreased drastically down to 44.4 and 28.4 K]
mol ', depending on the Cr surface density. The differences
in activation energy implies that as compared to the bare
support surface, propane molecules are preferably activated
on the Cr active sites. On the other hand, the activation
energies of propane dry reforming are less affected by
supported Cr species, indicating that the dry reforming
pathway is mostly due to the Fe-CeO, oxide support. CrO,
active sites are more selective towards propane
dehydrogenation, which is also consistent with high
selectivity reported in most Crrelated catalysts (Cr/
silica,”***”® Cr/SBA,”*”® Cr/AL,0;,”° etc.) in CO,-assisted
propane dehydrogenation.

Fig. 6 compares the results of the kinetic model with all
the catalytic data reported previously for the rate of propylene
formation. The model predictions for the propane
consumption are also reported in Fig. S5 in the ESLi The
proposed model in this work predicts well both propane
consumption and propylene production rates. It should be
noted though that the developed kinetic model should be
used for predicting the catalytic behavior solely within the
reaction conditions of this study and especially at low to
moderate CO, partial pressure. As stated previously,
competitive adsorption of propane and CO, needs to be

This journal is @ The Royal Society of Chemistry 2023
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considered at a high partial pressure regime (above 15%),
which may significantly alter the adsorption constants of
both propane and CO,. Besides, at elevated temperatures, e.g.
approaching 800 °C, the net rate of C-C cracking and coke
formation’® will be boosted and lead to a deficiency in the
total carbon and hydrogen balance. In this case, an
additional deactivation model will be required in the future
to better describe the extended reaction network.

Conclusions

nCr/10Fe-CeO, catalysts with different Cr loadings were
synthesized via a two-step approach. Raman spectroscopy was
utilized to investigate the molecular structure of the surface
species confirming the presence of monomeric and polymeric
CrO, sites. The CO,-assissted propane dehydrogenation
reaction was performed over the bare 10Fe-CeO, support and
all the supported chromium catalysts. Our catalytic data in
the intrinsic kinetic regime revealed that the Cr-supported
catalysts provided improved initial propane conversion and
propylene selectivity at low temperatures. Combining the data
from H,-TPR, Raman spectroscopy and Kkinetic analysis
together with the proposed model, we show that although DH
will be promoted due to CrO, addition, the enhanced
reducibility of such sites leads to an apparent increase of the
DRF pathway at high temperatures. The overall consumption
rate of propane was mainly dependent on the partial pressure
of propane with an apparent reaction order of ~0.7, whereas
the CO, partial pressure significantly hampered the overall
propylene selectivity. A steady-state kinetic model was
developed to account for the major reaction pathways, which
are PDH, DRF and RWGS, occurring simultaneously at the
temperature range of this work. Reaction rate constants and
reactants’ adsorption constants were regressed from kinetic
data, from which it was observed that the addition of CrO,
decreases the activation energy of PDH by 60-75% as
compared to the bare support; the effect of CrO, on the
activation energy of DRF was much smaller.
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