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ABSTRACT: In this study, we synthesized bifunctional adsorb- o V C
. . . r
ent/catalyst materials (BFMs) consisting of a CaO adsorbent Y .
admixed with Cr,0;-V,05/ZSM-§ catalysts. The obtained BEMs 0 oo
were further formulated, processed, and shaped through additive 1 Debydfo'::etive
| Ratjop

manufacturing (3D printing) method. The physical and chemical
properties of structured CaO/Cr,0;-V,05/ZSM-S adsorbent/
catalyst monoliths were thoroughly characterized and evaluated.
The effects of operating conditions including reaction temperature,
ethane composition, and space velocity on single-bed CO, capture
and selective formation of ethylene and hydrogen were systemati-
cally investigated. The adsorption—reaction experiments revealed
that Cr-based BFMs, in particular, CaO/Cr,/ZSM-S monoliths
undergo the oxidative dehydrogenation pathway with high C,H,
selectivity, whereas increasing the content of V leads to enhanced
catalytic activity for the reforming pathway to produce hydrogen. The best adsorption/catalyst BEM performance was observed for
Ca0O/Cr,-V;/ZSM-S, which was balanced between the two reaction pathways and resulted in 1.72 mmol/g CO, capture capacity,
63.95% CO, conversion, 22.4% C,H¢ conversion, 42% C,H, selectivity, and 45% syngas (31% hydrogen) selectivity. Furthermore,
the cyclic test results revealed excellent catalytic stability across the initial two cycles over CaO/Cr;-V;/ZSM-S monolith,
highlighting the synergetic effect of bimetallic catalyst constituents on maintaining high catalytic durability. This novel formulation
and processing method can pave the way toward formulation of various structured BFM monoliths with cooperative CO, adsorptive
removal and catalytic performance for one-pot CO, capture—utilization and simultaneous production of light olefins and hydrogen.

KEYWORDS: bifunctional adsorbent/catalyst materials, additive manufacturing (3D printing), in situ CO, capture—utilization,
oxidative dehydrogenation of ethane, hydrogen production

Hl INTRODUCTION Another route for enhancing the catalyst stability and

Ethylene (C,H,) is an important raw feedstock used to achieving high C,Hy conversion is utilizing CO, as a mild

produce diverse chemicals such as polyethylene oxide,
polyethylene, vinyl acetate, and ethylene dichloride. The
typical process used for C,H, production is the steam cracking
of hydrocarbons such as naphtha, which occurs at high
temperatures (750—950 °C).'~* The global demand for C,H, of C,Hg with CO, (CO,-ODHE) can enhance the C,Hq
equilibrium conversion via the reverse water gas shift reaction
(RWGS).” Furthermore, the presence of CO, in the ODHE

reaction could lead to the production of hydrogen because the

oxidant in the reaction of C,Hy dehydrogenation. The
presence of CO, reduces the coke deposition formed on the
catalyst surface via the Boudouard reaction, thereby maintain-
ing the catalyst stability.” Also, the oxidative dehydrogenation

has increased dramatically in recent years and it is anticipated
that C,H, supply will not meet the future demand, thus
development of novel processes technologies for sustainable

production of C,H, is crucial to meet such ever-increasing reaction of CO,-ODHE has two main pathways: (i) oxidative
demands.” In that regard, the ubiquitous presence of C,Hg in

shale gas makes the process of direct C,Hy dehydrogenation to Received: September 22, 2022 %%.',?Ig[‘gﬁf!ﬁ
C,H, a promising approach from an economic point of view. Revised:  December 1, 2022 j

However, the route of direct dehydrogenation usually leads to Published: December 15, 2022
catalyst deactivation due to active metal sintering and coke

formation, which makes it economically unviable due to

frequent catalysts regeneration requirements.s’6
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dehydrogenation and (ii) dry reforming.” The latter reaction
produces syngas via the scission of the C—C bond (e.g, H, and
CO), while the former reaction yields C,H, via the cleavage of
the C—H bond.'°”"* Thermodynamic assessments have
suggested that both reactions can occur simultaneously at
temperatures greater than 550 °C, yieldin% the products of
dehydrogenation and reforming reactions.” In this regard,
developing active and cost-effective catalysts for increasing the
reaction rate of both reactions is highly desirable due to the
beneficial applications of C,H, and hyclrogen.14

As attractive as this idea is, CO, needs to be first captured
and stored before utilization to use as a feedstock. The capture
of CO, is carried out in a totally separate adsorption system,
followed by a subsequent reaction process. The adsorption
step typically takes place at temperatures below the reaction
step, resulting in a large temperature swing between the two
steps.>'® This situation leads to long cycle times due to
additional cooling and heating steps.'”~"* Such issues can be
resolved by operating both adsorption and reaction steps
isothermally or close to isothermal conditions. This novel
technique can minimize the need to store and transport CO,,
thus making the process of combining CO, capture and
utilization an attractive route from economic and industrial
perspectives. 18,20

In that regard, utilizing materials comprising of adsorptive
and catalytic phases (i.e., bifunctional materials (BFMs)) offers
a promissing approach to perform CO, adsorption—reaction
steps in a single bed, thereby lowering the thermal gradient
requirements. It has been theorized that BFMs can reduce the
thermal energy penalties compared to segregated systems of
adsorption and reaction, which require higher energy for
heating two columns as opposed to heating one column.
However, design and development of such BFMs with
optimized adsorption-reaction performance is a daunting
challenge.'®*"** As an example of using BFMs for in situ
CO, capture-utilization in ODHE, we previously synthesized
various BFMs consisting of CaO, which works as the
adsorption phase for CO, capture via high-temperature
reaction to CaCO,,”* and Cr/ZSM-5 as the heterogeneous
catalytic phase.'>** Under optimal adsorption—reaction
conditions (e.g,, adsorption = 600 °C and reaction = 700
°C), 4 mmol/g CO, uptake capacity, 42.5% C,H, conversion,
38.6% C,H, yield, and 90.6% C,H, selectivity were achieved
over these BFMs. We later formulated these BFMs into
monolithic structures using 3D printing, and investigated their
CO, adsorption-reaction performance.”>~** The formulated
BFM monoliths exhibited enhanced catalytic activity at high
channel density (i.e., cell per square inch or cpsi) but at the
expense of lower adsorptive performance due to pore blockage,
which was stemmed from binders interlocking with the
ads:)zrption particles, affecting the adsorption site accessibil-
ity.’

The metal alloying strategy has been reported as an effective
way to enhance the catalyst stability and activity.”* In
particular, precious/transition metal catalysts supported on
porous substrates have been widely investigated in the CO,-
ODHE reaction, where these catalysts were often alloyed with
other metals to improve their catalytic longevity and
activity.“’36 Chen et al. studied transition and transition/
precious bimetallic catalysts (e.g, FeNi/CeO,, CoPt/CeO,,
etc.) in CO,-ODHE reaction and found that bimetallic
catalysts displayed higher activity and stability compared to
their corresponding monometallic catalysts.”’ The type of
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constituent metal elements plays a key role in improving the
product selectivity. For example, the FeNi bimetallic catalyst
was shown to facilitate the oxidative dehydrogenation pathway
to C,H,, while its monometallic counterpart preferably
followed the dry reforming route to syngas selectivity. This
different catalytic behavior was attributed to the bimetallic
interfaces and CO, regulation of oxygen species availability,
which are responsible for changing the reaction route. In a
similar study but for propane dehydrogenation, Ryoo et al.*®
investigated bimetallic catalysts comprising of Pt alloyed with
rare earth metals and supported on zeolite as a mesoporous
support containing pore walls with abundancy of oxygen
species on the surface. They found that Pt-rare earth bimetals
were stable and very selective toward reaction pathway of
propane dehydrogenation to propylene compared to PtLa and
PtSn. The enhanced stability of bimetallic catalysts and
selectivity toward a certain reaction route were attributed to
the synergetic effect between metals, and the presence of CO,,
which regulated the oxygen surface coverage to hinder coke
formation and retain catalyst durability. Despite promisses, the
precious metals are undesirable for industrial applications due
to their rarity and high cost.

Most recently, we investigated several BFMs comprising of
transition metal oxides supported on mesoporous zeolite
(ZSM-S) and combined with a high-temperature adsorbent
(Ca0).”"*** We showed that Cr,O; was the most selective
toward C,H,, while the other metal oxides (e.g, V,O;)
enhanced the catalytic activity toward the production of CO
and H,. Therefore, in this study, we came up with a new set of
monolithic BFMs consisting of Cr alloyed with V as bimetallic
catalysts, supported on ZSM-5, and combined with CaO
adsorbent to enhance the catalytic activity toward both
oxidative dehydrogenation and dry reforming reactions to
produce C,H, and hydrogen. The metal ratio between Cr and
V was varied to find the optimum synergetic interaction
between them. The oxygen species availability was systemati-
cally investigated for the best bimetallic BFM and compared
with that of its monometallic BEM counterpart . The operating
conditions such as reaction temperature (600, 625, and 650
°C), weight hourly space velocity (WHSV) (1800, 3000, or
4200 mL/g'h), and C,Hy feed concentration (2.5, S, and 10%)
were varied to determine their influence on catalytic
performance and stability of the best monolithic BFM (Cr;-
V,/ZSM-5/Ca0). Overall, this study provides important
insights on development and formulation of dual function
materials with bimetallic catalytic phases for use in CO,
capture-utilization processes.

B EXPERIMENTAL SECTION

Materials. The following materials were used for the BFMs
synthesis without further purification: chromium oxide (Cr,0;, 98%),
vanadium oxide (V,0s, 98%), calcium carbonate (CaCO; 99%),
bentonite clay (99%), methylcellulose (99%), and ZSM-5 (SiO,/
ALO; ratio = 280). All these chemicals were purchased from Sigma-
Aldrich except ZSM-5, which was obtained from Zeolyst Interna-
tional. The ultrahigh purity (UHP) gases used in this study were
obtained from Airgas.

Structured BFM Monolith Formulation, Processing, and
Formation. The monoliths were 3D-printed using techniques
outlined in our previous works with the paste compositions shown
in Table 1. Briefly, the various paste components were suspended
in ~15—20 mL of DI water as depicted in Figure 1, sonicated for 30
min, and rolled for 48 h at 60 rpm to generate binding and achieve
homogeneity. The obtained slurry was mixed at 600 rpm under

https://doi.org/10.1021/acssuschemeng.2c05627
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Table 1. Paste Composition of 3D-Printed BFM Monoliths

methyl
Cr,0; V,05 ZSM-5 CaCO; bentonite cellulose
monolith  (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)
ZC 45 45 7 3
Cr,/ZC 4 43 43 7 3
Cr;-V,/ 3 1 43 43 7 3
zC
Cr,-V,/ 2 2 43 43 7 3
ZC
Cr,-Vy/ 1 3 43 43 7 3
ZC
Vv,/ZC 4 43 43 7 3

- Cr=Cr,0,

4
) CrV/ZSMS/CaO
4 |

.. Calcine
@550°C

Catalyst

P
Sl o
V104

Figure 1. Schematic representation of the 3D printing steps followed
for formulation of structured BFM monoliths.

heating (~50 °C) for 2—3 h to evaporate water and attain a printable
rheology. This step was to extract water until a self-standing rheology
was observed, where the self-standing behavior is defined as retaining
layer separation after printing without fluidic spreading. The formed
paste was filled into a syringe, in which a suitable pressure was applied
to extrude the paste into a desired monolith shape. The printed
monoliths were then dried at room temperature to prevent cracking
for 12 h, thereafter they were calcined in air at 550 °C using a heating
rate of 10 °C/min for 6 h to achieve strong mechanical stability and
reduce the structure shrinkage that may have occurred at high
temperatures (ca. above 550 °C). The BFM monoliths developed,
namely, CaO/ZSM-5, CaO/Cr,/ZSM-5, CaO/Cr;-V,/ZSM-5, CaO/
Cr,-V,/ZSM-5, CaO/Cr;-V;/ZSM-S, and CaO/V,/ZSM-5, were
labeled as ZC, Cr,/ZC, Cr;-V,/ZC, Cr,-V,/ZC, Cr,-V;/ZC, and
V,/ZC, respectively, where Cr = Cr,O; and V = V,Oq.

Structured BFM Monolith Characterization. The textural
properties of the monoliths were assessed by N, physisorption on a
Micromeritics (3Flex) gas analyzer at 77 K. A Micromeritics Smart
VacPrep instrument was used to degas the samples before analysis at
350 °C for 6 h. After analysis, the pore size distribution (PSD) and

surface area were estimated by the nonlocal density functional theory
(NLDFT) and Brunauer—Emmet—Teller (BET) methods, respec-
tively. The Cr and V oxidation states and metal dispersion in the
printed monoliths were evaluated via X-ray photoelectron spectros-
copy (XPS) on a Thermo Scientific Nexsa 128 channel XPS system,
field emission scanning electron microscopy (FE-SEM), and energy
dispersive spectroscopy (EDS) on a Quanta 600F ESEM with a
Bruker Quantax EDS. To determine the functional groups, FT-IR
experiments were carried out on a Nicolet Nexus 470 optical bench,
while the redox properties were assessed on a 3Flex via temperature-
programmed reduction in hydrogen (H,-TPR). The catalytic acidities
were assessed via temperature-programmed desorption of ammonia
(NH;-TPD). A QS00 thermogravimetric analyzer was used for coke
formation analysis after the adsorption—reaction experiments. There-
in, the surface of spent samples was cleaned by flowing 40 mL/min of
N, at 900 °C using 25 °C/min ramp. The Raman spectra of the fresh
and spent samples were collected with a g-Raman spectrometer
(ARAMIS; HORIBA Jobin Yvon Inc., Edison, NJ) using a He—Ne
laser (632.8 nm).

In Situ CO, Capture—Utilization and Simultaneous Produc-
tion of Ethylene and Hydrogen in a Single Bed. The combined
CO, capture—utilization experiments were performed using the
system detailed in our prior work.>* In a typical experiment, 0.5 g
of the BEM was placed in the middle of the reactor, which was made
of stainless steel with the dimensions of 1.14 ¢cm inner diameter and
22.8 cm height, between two layers of quartz wool. The samples were
first pretreated by heating at 10 °C/min to 700 °C for 1 h under the
30 mL/min flowrate of Ar. The bed was subsequently cooled to the
adsorption temperature (600 °C) and 25 mL/min of 10% CO,/Ar
was flowed into the reactor until saturation of CO, concentration was
observed in the outlet. When the CO, concentration was plateaued,
the flow of 10% CO,/Ar was terminated, and simultaneously, the 25
mL/min flowrate of 5% C,H/Ar was introduced into the system and
the reactor was heated at a rate of 100 °C/min to reach 650 °C, as the
typical reaction temperature in this study. The reaction was allowed to
continue until the effluent CO, reached zero in concentration. It
should be noted that most of the adsorption—reaction experiments
were performed under our base conditions: 25 mL/min flowrate of
10% CO,/Ar, 600 °C adsorption temperature, 25 mL/min flowrate of
5% C,Hg/Ar, and 650 °C reaction temperature; however, the reaction
temperature (600, 625, or 650 °C), WHSV (1800, 3000, and 4200
mL/g'h), and C,Hy feed concentration (2.5, S, and 10%) were
specifically changed for the best sample performance (Cr;-V;/ZC), as
will be explained in the following sections. The effluent concentration
profiles were collected using an MKS II Mass Spectrometer, and the
product distribution was determined from the correlations detailed in

our prior works and reported in the Supporting Information, eqs S1—
9. 152432

—=—7C
—4—Cry/ZC
Cr;-V,/ZC
——Cr,-V,/ZC
—>—Cr-V,/ZC
——V/JZIC

(@)

Quantity Adsorbed (cm®/g STP)

0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

0.2

dV/dW (cm?*/g-nm)
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0.02
0.01
0.00
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0.04
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0.02
0.01
0.00
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0.02
0.01
0.00

(b) ——zcC 0.05 (e) ——Cr-VyZC
0.04
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0.01
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(c) ——Cr/ZC 0051 () ——CryV,/ZC

0.04
0.03
0.02
0.01
0.00

T
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0.03
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0.01
0.00

CryV,/ZC

(€3]

——V/ZC

~

4 6 8 10 4 8 10

6
Pore Width (nm) Pore Width (nm)

Figure 2. (a) N, physisorption isotherms and (b—g) PSD profiles of ZC and corresponding BFM monoliths.
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B RESULTS AND DISCUSSION

Textural Properties of BFM Monoliths. The N,
physisorption isotherms and the PSD profiles are shown in
Figure 2a—g, and the textural properties are summarized in
Table 2. In Figure 2a, the isotherms were characterized by a

Table 2. Textural Properties of 3D-Printed BFM Monoliths

S%ET Vmgcro Vn;fso
monolith (m*/g) (em?/g) (em’/g) d, (nm)
ZC 227 0.024 0.121 2.5,2.7,29, 3.1, 34,
3.6
Cr,/ZC 148 0.011 0.084 2.5,2.7,29, 3.1, 34,
3.6
Cry-V,/ 165 0.014 0.093 2.5,2.7,29, 3.1, 34,
ZC 3.6
Cr,-V,/ 174 0.013 0.097 2.5,2.7,29, 3.1, 34,
ZC 3.6
Cr;-Vy/ 190 0.018 0.104 2.5,2.7,29, 3.1, 34,
ZC 3.6
Vv,/ZC 204 0.016 0.116 2.5,2.7,29, 3.1, 34,
3.6

hysteresis loop (nearly horizontal and parallel branched
curves) and a saturation plateau at P/P, ~ 0.97, which
indicated the isothermal behavior of type IV and a hysteresis
loop of type H4.*"** This hysteresis loop occurs due to a
capillary condensation as the relative pressure is increased,
indicating a mesoporous structure.*” The obtained physisorp-
tion behaviors were expected because the control phase (ZC)
possesses a mesoporous structure. The mesoporosity was
further supported by the samples’ PSD profiles, where the
width was clearly observed to be larger than 2.5 nm. This
conclusion is further supported by the samples’ textural
properties in Table 2, where the pore space of monoliths
was allocated >2.5 nm, which is the mesoporous regime."*
These findings were expected because the metal oxides and
bentonite are known to be mesoporous.”’ Between the
individual samples, the textural properties of the monolithic
BFMs were essentially consistent; however, there were
differences in the surface areas between the BFM monoliths,
namely, Cr,/ZC, V,/ZC, and ZC, which were 147.7, 204.4,
and 226.8 m?/g, respectively, whereas the surface areas of Cr-
V/ZC monoliths were in the range of 165—190 mz/g. The
reduction in the surface area stemmed from the larger
particulate of Cr compared to V, which could block some of
the ZSM-S pores, as evidenced by the pore volume decline
from 0.121 to 0.084 cm’/g for these samples. Nevertheless,
these results confirmed that BFMs retained the textural
properties of ZC, further demonstrating that BFMs with
monometallic or bimetallic catalyst phases can be printed into
monolithic structures without malformation of the textural
properties of the parent zeolite.

Surface Morphology of BFM Monoliths and Dis-
persion of Cr and V. The SEM images of Cr,/ZC and Cr;-
V3/ZC monoliths and their corresponding EDS maps are
illustrated in Figure 3a—f and Figure 3g—I, respectively. By
looking first at Figure 3a—f and then Figure 3g—Kk, it is clear
that both samples displayed similar morphologies and metal
(Ca, Si, Cr, and Al) dispersion. However, by comparing the
active metal dispersion (Cr and V) in both samples, it was
apparent that Cr existed in large pockets of Cr,O; and
produced stronger signals, indicating that Cr was available in
larger particle sizes relative to V. On the other hand, V
displayed small and more isolated pockets of V,O;, which are
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Figure 3. SEM-EDS of structured (a—f) Cr,/ZC and (g—1) Cr,-V,/
ZC monoliths.

determined to exist in further extent at greater structural
depth.*” In this respect, the EDS images indicated that Cr,O,
as a monometallic catalyst could result in a better degree of
metal oxide active sites accessibility, whereas the combination
of the bimetallic constituents in the BFM could lead to better
contact between the different active sites within the same
catalyst.

Surface Acidities and Redox Properties of BFM
Monoliths. The NH;-TPD profiles of the 3D-printed BFM
monoliths are depicted in Figure 4a, while the corresponding
weak and strong acidic sites amounts are summarized in Table
3. The intensity refers to the NH; amount desorbed after
pretreatment of the samples with NH;. All the samples
exhibited a broad peak in the range of 100—400 °C and
another broad peak from 450 to 750 °C, indicating that all the
samples possessed both weak and strong acid sites. The area
under each peak is proportional to the number of the acid sites.
All the monoliths showed an increased amount of weak and
strong acid sites with similar peaks to the bare monolith (ZC);
however, the peaks were shifted to higher temperatures in the
BFM monoliths, implying that the strength of acid sites was
increased by the metal modification in these monoliths. The
highest concentration of strong acid sites existed in bimetallic
modified monoliths, namely, Cr;-V;/ZC. The enhanced acidity
of these monoliths can be ascribed to the doping of Cr,O; and
V,0s, as Cr and V are known to contain a high concentration
of strong acid sites.”*”** This was further supported by the
increased peak intensity for Cr;-V,;/ZC compared to ZC,
which corresponded to the elevated compositions of Cr and V,
as shown in Table 3. Therefore, based on the strong acid sites
densities, the monoliths’ acidities were approximated in the
following order: Cr-V3/ZC > Cr,-V,/ZC > V,/ZC > Cr;-V,/
Z2C > Cr,/ZC > ZC.

The FT-IR spectra of the printed BEM monoliths are shown
in Figure 4b,c. The peaks at nearly 445 cm™ were ascribed to
the vibration of the internal AII—O or Si—O bonds in the form
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Figure 4. (a) NH;-TPD profiles and (b, ¢) FT-IR spectra of the BFM monoliths.

Table 3. Density of Active Sites within BFM Monoliths Determined by NH;-TPD

weak acid area (T = 100—400 °C)

strong acid area (T = 450—750 °C)

NHj; desorption acid sites densi?f x10*
)

NHj; desorption

acid sites densitzy x10* total acid sites density X10*
)

monolith (mmol NH;/g.,.) (mmol/m (mmol NH;/g.,.) (mmol/m (mmol/m?)
ZC 0.21 09.29 0.040 1.76 07.93
Cry/ZC 0.14 09.47 0.060 4.06 14.89
CryV,/ZC 025 11.51 0.058 3.50 15.01
Cr,-V,/ZC 0.31 17.82 0.062 3.56 21.38
Cr,-V3/2C 0.35 18.42 0.080 4.21 22.63
Vv,/ZC 0.36 17.61 0.070 3.42 21.03
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Figure 5. (a) H,-TPR profiles and (b) H,-TPR peak area intensity at temperatures above 600 °C for BFM monoliths.

of an AlO, or SiO, tetrahedron, which are the main metals in
5% The peaks observed at 560 cm™
were related to the external bonds of double five-membered
rings.”> The bands appeared at about 810 cm™
associated with the symmetric stretching of external bonds
between tetrahedra.”” The peaks found around 1220 cm™
were a reflection of the symmetric stretching vibration of Al-O
or Si—O bonds due to the external linkages between AlO, and
SiO, tetrahedra.** The most intense peak appeared at ~1100
cm™! was assigned to the internal asymmetric stretching bonds
of Si—0—=Si or Si—O—AL*® The broad band at 1415 cm™'
corresponded to the C—O bond and indicated CaO
carbonation (CaCO;), which was the precursor used for
Ca0." There were no obvious peaks of Cr or V oxides due to
the small compositions of these oxides in the formed
monoliths.

The redox properties of the structured BEMs were evaluated
by H,-TPR, as illustrated in Figure 5. First, it should be noted
here that the peaks displayed at temperatures below 300 °C
were attributed to the H, reaction into water over —OH

the zeolite framework

were
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clusters in the zeolite. This reaction only occurs between the
functional groups of —OH in ZSM-$ and does not stem from
the reduction of ZSM-5, as reported in the literature.”” In all of
the Cr-containing samples, a peak was observed in the range of
610—624 °C, which could be ascribed to the reduction of bulk
Cr,0; into Cr species (e.g, Cr®* and Cr**).”” As the V content
increased in the printed monoliths, the peaks were shifted to
higher temperatures, suggesting the reduction of V,O; into V
species such as V°* and V*, consistent with the literature.””*
This observation was also evidenced by the monometallic V-
containing monolith. Moreover, the peaks that appeared at
400, 424, and 524 °C in the Cr;-V,/ZC and Cr,-V,/ZC
samples could be ascribed to residual water desorption from
the bentonite binder as these peaks had low intensity. As
another possibility, these peaks were likely produced during
alloying of Cr and V in the bimetallic monoliths.”” Overall, the
printed monoliths exhibited similar redox properties but the
properties were affected slightly by varying the metals ratio a in
the following order: Cr,-V;/ZC > Cr,/ZC > V,/ZC > Cr,-V,/
ZC > Cr;3-V,/ZC > ZC.
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Figure 6. XPS spectra of BFM monoliths: (a, b) survey, and deconvoluted spectra of (c, d) Cr 2p, (e) V 2p, and (f, g) O 1s.

Table 4. XPS Results of Curve Fitting on Cr 2p and O 1s Binding Energies and Their Corresponding Species for BFM

Monoliths
monolith parameter Cr 2p;),
Cr,/ZC species Cr** Cr® ctt/eet et
BE (V) $7648 57948  1.098 585.98
peak intensity 2.79 3.07 2.77
(au) x107*
Cr,-V,y/ species cr’t Cr®* Cr®/Cr Crt
zC BE (V) 57648 57948  1.042 585.98
peak intensity 3.02 3.14 2.96
(au) x107*

Cr 2py), parameter O Is
Ccr® Cr/Crt species 0%~ OH~ 0% /OH~
$88.68  1.003 BE (V) 5304 5324 039
2.78 peak intensity 1.74 4.44
(aw) x107°
Ccr®* Cr/Cr* species 0 OH~ 0% /OH~
$88.68 0993 BE (eV) 5302 5319 042
2.94 peak intensity 2.07 4.92
(au) x107°

XPS analysis of Cr,/ZC and Cr-V3/ZC was performed to
speculate the elemental composition, Cr and V oxidation
states, and binding energies, as depicted in Figure 6. The XPS
survey of Cr,/ZC confirmed the presence of Si 2p, C 1s, Ca
2p, O 1s, and Cr 2p with their corresponding binding energies
at 103, 284.5, 353.1, 532.4, and 585.5 eV, respectively, whereas
the XPS survey of Cr;-V3/ZC confirmed the existence of the
same elemental orbits, in addition to the elemental orbit of V
2p and its corresponding binding energy (BE) at 516.7 eV
(Figure 6a,b). The high-resolution spectrum of Cr 2p was also
obtained to investigate the effect of bimetals (Cr-V) on
chromium oxidation states in Cr;-V;/ZC, and compared with
the high-resolution spectrum of Cr 2p in Cr,/ZC. For this, all
the peaks in the range of Cr 2p for both samples were
deconvoluted using the Gaussian method after subtracting the
peaks from the baseline using the Shirley method. Cr 2p
displayed two prominent peaks in the binding energy ranges of
572—581 and 582—590 eV, corresponding to Cr 2p;,, and Cr
2p, /5, respectively. Each intense peak contained two oxidation
states, namely, the hexavalent chromium ion (Cr®*) and
trivalent chromium ion (Cr*"), as depicted in Figure 6¢,d. The
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estimated ratio of Cr®/Cr** with their corresponding binding
energies is shown in Table 4. Cr,/ZC displayed relatively
higher Cr®/Cr** ratio than Cr;-V,/ZC. However, the peak
intensities were higher in Cr;-V3/ZC. In the ODHE reaction,
Cr®"/Cr’* ratios and peak intensities play a key role in affecting
the concentration of acid sites and redox properties, mainly
due to the high electronic state of Cr®, thereby affecting the
reaction products distribution.”**

In Figure 6f,g, both samples displayed O 1s in the range of
529—-536 eV but the oxygen peak intensity was higher in Cr;-
V3/ZC and slightly shifted to a higher binding energy
compared to that in Cr,/ZC, as shown in Table 4, indicating
the presence of more oxygen species on the surface of Cr;-V,;/
ZC, in agreement with the literature.>® Therefore, O 1s, in
both samples, was deconvoluted to determine the oxygen
species. The signals between 530 and 536 eV were ascribed to
the presence of oxygen lattice species (e.g, O*>7) and oxygen
adsorption species (e.g, OH7).>"*”> Table 4 shows the
amounts of oxygen species and their corresponding binding
energies. The high amount of oxygen species in Cr;-V;/ZC can
be assigned to the high pore volume obtained by BET analysis

https://doi.org/10.1021/acssuschemeng.2c05627
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Figure 7. Adsorption—reaction (600—650 °C) profiles of (a) ZC, (b) Cr,/ZC, (c) Cr;-V,/ZC, (d) Cr,-V,/ZC, (e) Cr,-V5/ZC, and (f) V,/ZC

structured monoliths.

Table 5. Summary of Adsorption-Reaction Results and Product Distribution over BFM Monoliths

monolith CO, ads (mmol) CO, des (mmol) (mr‘rllagi/ g) CO, con. %
ZC 1.30 0.43 2.60 66.90
Cr,/ZC 1.04 0.39 2.08 62.66
Cr;y-V,/ZC 0.82 0.33 1.64 59.75
Cry'V,/ZC 0.83 0.33 1.66 60.24
Cr,-V4/ZC 0.86 031 172 63.95
V,/ZC 1.11 0.40 2.22 63.96

C,Hg con. %
14.30
18.42
18.93
18.80
22.40
18.90

CH,S. % CH,Y. %
44 S5.60
46 7.53
43 7.50
43 7.75
42 8.11
29 6.94

syngas S. %
36

41
44
44
45

59

syngas Y. % H,/CO
4.60 0.87
7.20 1.77
7.57 1.93
7.90 1.98
8.80 2.18
8.60 2.25

and the synergetic effect between Cr and V.> In addition, in
Table 4, the highest 0?7/OH" ratio was obtained in Cr,-V,/
ZC. It has been reported that the oxygenated species have a
crucial role in the catalytic process of ODHE by activating the

main reactions such as C,Hy dehydrogenation and dry

. .53
reforming reactions.
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Direct Synthesis of Ethylene and Hydrogen from CO,
and Ethane over BFM Monoliths. Using CO, as a soft
oxidant in the ODHE is an attractive way to mitigate CO,
emissions while simultaneously producing valuable products
like ethylene and hydrogen. The synthesized BFM monoliths
were assessed for combined CO, capture-utilization via the

https://doi.org/10.1021/acssuschemeng.2c05627
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Figure 8. Effects of (a, b) reaction temperature, (c, d) C,Hy feed concentration, and (e, f) WHSV on products distribution over Cr-V;/ZC

monolith.

CO,-ODHE reaction at an adsorption temperature of 600 °C,
a reaction temperature of 650 °C, and a WHSV of 3000 mL/g-
h, as illustrated in Figure 7a—f. The CO, adsorption capacity
and product distribution results are listed in Table 5. The
highest CO, capacity was found for ZC, which could have
stemmed from its highest surface area, porosity, and higher
degree of adsorption sites accessibility, compared when the
adsorbent was mixed with the metal oxides (mono/bimetallic
catalysts), as evidenced by the BET analysis. By a similar
mechanism, combining the bare sample (ZC) with a single
metal oxide such as Cr,/ZC and V,/ZC yielded a higher CO,
uptake compared to bimetallic oxides such as Cr;-V;3/ZC, Cry-
V,/ZC, and Cr,-V,/ZC. This observation can be explained by
the less degree of CaO blockage by the single metal oxides
relative to the bimetallic oxides. The reductions in CO,
capacities translated into similar reductions in CO, con-
versions, which was expected because the amount of CO,
utilized is a reflection of the amount captured. Hence, the
degree to which CO, is available in the reaction step depends
on the adsorption capacity.

In terms of catalytic activity, the samples displayed different
behaviors. Nevertheless, the outlet gas stream revealed that
C,H,, H,, H,0, and CO were the main products, representing
the occurrence of C,Hg dehydrogenation and C,Hg reforming
reactions with no C,Hg cracking as the amount of CH,
deducted was negligible.”> This can be confirmed from the
atomic balances of C, H, and O for these reactions as the
atomic balances ranged between ~91 and 96 + 3% for both
reactions, indicating that most of the products were obtained
from these reactions. The C,H, and syngas (H, and CO)
yields and selectivity were used to qualitatively determine the
trend of products distribution, as shown in Table 5. ZC
displayed the lowest catalytic activity, and product yield and
selectivity due to the less catalytic active sites accessibility. The
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monometallic catalysts such as Cr,/ZC and V,/ZC displayed a
similar C,H conversion at ~18.5%; however, they revealed an
opposite trend of product distribution. Cr,/ZC was found to
be more selective toward C,H, by 31% higher than V,/ZC. In
contrast, V,/ZC displayed a similar selectivity increase but to
syngas. This implied that the reaction activity of C,Hg
dehydrogenation was more feasible over Cr,/ZC compared
to V,/ZC, which gives rise to the production of C,H, more
than hydrogen.35 It is worth noting here that the H,/CO ratio
was higher than 1 in all samples, which can be attributed to the
lower reaction temperature compared to the typical CO,-
ODHE reaction temperature (700 °C), as the reaction
temperature of > 650 °C generally yields CO via the RWGS
reaction.”” This observation was further supported by the XPS
data, in which Cr,/ZC revealed a ~60% increase in adsorptive
oxygen species, whereas this percentage reduced upon
increasing the content of V. The oxygen adsorption species,
specially abundant OH™ species are known for their selectivity
toward light olefins.>® Furthermore, Cr®/Cr’* ratio which
plays a key role in ?romoting C,H, production was relatively
higher in Cr4/ZC.1‘

The bimetallic catalysts in the developed BEM monoliths
displayed activities between Cr,/ZC and V,/ZC as the single
metal catalysts. This corresponded to the balanced oxygen
species (lattice and adsorption) and the oxidative states of Cr
and V, as evidenced by the XPS results. With this being the
case, Cr-V/ZC samples contributed to the production of C,H,
and syngas via the bond cleavage of C—H and C—C in the
C,H¢ dehydrogenation and C,Hg reforming reactions,
respectively. However, Cr;-V3/ZC exhibited the highest
catalytic activity among all samples, with 22.4% C,Hg
conversion, and 8.11 and 8.80% C,H, and syngas yields,
respectively. It can be concluded that the Cr-based sample was
more selective toward C,H, via the C,Hy dehydrogenation
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reaction, and the Cr-V/V-based samples increased the catalytic were lower than those observed here for CO, and C,Hj

activity in a balanced manner between C,H, and syngas with a
relatively enhanced activity toward C—C bond cleavage via the
C,Hg reforming reaction for syngas production.

Comparing the performance of the Cr;-V;/ZC BFM

conversions and higher than C,H, selectivity. Ga/TiSi-3, in
another study,” displayed better catalytic performance than
Cr,-V5/ZC, particularly for C,Hg conversion and C,H,

monolith to literature data reported for the CO,-ODHE selectivity, but it showed Iower'COZ conversio'n compared ’Fo
reaction, the developed BFM displayed comparable perform- Cry-V3/ZC. Generally, by looking at the studies reported in
ance to most of the materials. For example, CO, and C,Hy Table S2, the Cr,-V;/ZC BEM monolith showed an acceptable
conversions and C,H, selectivity of 9.3, 9.9, and 80.4%, catalytic performance and outperformed many other materials
respectively, were reported for Pd-Fe/CeQ, at 650 °C,”* which reported in Table S2, indicating that the bimetallic BFMs can
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be manufactured into monolithic contactors without significant
malfunctions or effects on their catalytic activity.

To better assess the ODHE performance of the BFM
monoliths, the process conditions (reaction temperature,
ethane feed concentration, and WHSV) were systematically
varied over the Cr-V;/ZC sample, and the results are
presented in Figure 8a—f. First looking at the effect of reaction
temperature (Figure 8a,b), it is obvious that increasing the
reaction temperature resulted in a higher catalytic activity as
the C,Hy conversion and C,H, and syngas yields and
selectivities were all increased. This indicated that increasing
the reaction temperature within the range of 600—650 °C led
to desirable C,H4 dehydrogenation and reforming mechanisms
but did not lead to a thermodynamic shift toward thermal
cracking reactions.”'“To assess the effect of C,H, concen-
tration (Figure 8c,d), the reaction temperature and WHSV
were held constant at 650 °C and 3000 mL/g-h, respectively.
Increasing the ethane concentration led to a significant decline
in C,H, selectivity from 43% at 5% C,Hj feed concentration to
14% when the C,Hy feed concentration was elevated to 10%.
However, the syngas selectivity was clearly increased (e.g,, CO
= 21% and H, = 54% at 10% C,Hg feed concentration, as
shown in Figure S1). With this being the case, the C,Hg
reforming reaction was the main reaction due to the breakage
of the C—C bond at high C,Hy feed concentrations, as this
reaction is known to increase the selectivity of syngas.’’
Similarly, increasing the WHSV of the feed consistently led to
decline in all reactants conversions, C,H, yield, and C,H,
selectivity; however, there was a slight increase in the syngas
yield and selectivity (Figure 8e,f). T enhanced syngas
selectivity and yield at high WHSV could be attributed to
other cracking reactions such as direct C,Hy cracking into
C,H, and H, and, subsequently, H, reaction with CO, to
produce CO via the RWGA reaction, in which these reactions
are mostly producing H, due to a lower feasibility of RWGS
reaction, as discussed previously. This mechanism was
expected because the effect of reaction temperature did not
shift the equilibrium to thermal cracking toward CH,, as
shown in Figure 8a,b, and the catalytic activity was enhanced
for both C,H, and syngas, indicating the feasibility of the C,Hg
dehydrogenation and reforming reactions and not the C,Hg
cracking reaction to CH,.*" It can be reasonably concluded
that the decline in catalytic activity toward C,H, due to a high
WHSV were due to thermal cracking but mostly stemmed
from insuflicient contact time between the catalytic surface and
the feed stream. Cr;-V;/ZC displayed its best overall
performance at 650 °C, 3000 mL/g-h WHSV, and 5% feed
concentration, as this set of conditions generated the best
balance between C,H,/syngas yields and reactants conver-
sions.

To determine the long-term stability of the Cr;-V3/ZC
monolith, four adsorption—reaction cycles were carried out at
650 °C, as shown in Figure 9. As is evident, the BFM monolith
exhibited relatively stable performance across the four cycles,
which could be attributed to a low degree of coke formation
during the reaction step. The low coke formation can be either
due to the oxygen species availability or the occurrence of
Boudouard reaction.” To quantify the coke residuals on the
developed BFMs, thermogravimetric analysis (TGA) was
performed on all the samples after one cycle of adsorption—
reaction, and the results are presented in Figure 10a—f. The
TGA profiles displayed two main peaks, one below 470 °C,
which was related to the Ca(OH), decomposition to CaO and
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water, and another one between 500 and 750 °C, which was
attributed to the coke formation.'””” The latter peak intensity
was smaller in the bimetallic samples (Cr-V/ZC), while it was
more intense in the bare and monometallic samples (ZC, Cr,
or V/ZC), confirming the role of metal interactions in
reducing the coke formation to maintain the catalytic activity
due to oxygen species availability.”® This was also supported by
the coke quantifications provided in Table S1, as the coke
formation was reduced form 18.13 mg../g for the bare
sample (ZC) to 16.92 mg_./g as the average value when the
bimetallic catalyst was used (Cr-V/ZC). After four cycles, the
coke formation peak was increased compared to one cycle
(Figure S2); however, Cr;-V;/ZC was active and stable across
the two cycles and was slightly affected by the coke deposition
across the third and fourth cycles, as shown in Figure 9.
Figure 11 shows the Raman spectra of fresh and spent Cr;-
V3/ZC samples. It can be seen that all the Cr;-V;/ZC
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Intensity (a.u.)

Spent

Intensity (a.u.)

800 1000 1200 1400 1600

Raman Shift (cm™)

400 600

Figure 11. Raman spectra of fresh and spent Cr;-V;/ZC samples.

precursors were identified by Raman spectroscopy at 380,
550.7, 800—1000, and 1084.6 cm™', which corresponded to
ZSM-5,%° Cr,0; crystallites,60 Cr and V species,6I'62 and
CaO,” respectively. V,O also displayed characteristic bands
at 515 and 705 cm~.°* However, the intensity of these peaks
was reduced after four cycles of adsorption—reaction in the
spent sample, which could be attributed to the coke formation.
This can be confirmed by the appearance of a peak between
1484 and 1520 cm™' in the spectrum of the spent sample,
which arised fromin-plane stretching of sp carbons of olefins,
forming structured coke or graphite-like structures.®> However,
this peak was minor and had low intensity, in agreement with
the coke quantification analysis discussed earlier, as the coke
formed had a minor effect on the catalytic activity.

B CONCLUSIONS

A primary objective of this proof-of-concept study was to
establish the feasibility and rationale for formulation,
processing, and shape engineering of structured BFM
monoliths containing CaO adsorbent admixed with Cr,O;-
V,05/ZSM-5 catalysts. The Cr,O; and V,05 metal oxides
ratios were optimized, and the effects of monometallic and
bimetallic phases on the stability and performance of the
structured BFMs were systematically investigated. The findings
indicated that the bimetallic catalyst in the developed BFMs,
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namely, Cr;-V3/ZC, can lead to improved catalytic and
adsorptive performances compared to the monometallic
catalysts such as Cr,/ZC and V,/ZC. Increasing the V content
within BFM monoliths gave rise to enhancement in the
catalytic activity toward hydrogen (syngas) production via the
C,Hy reforming reaction, whereas high Cr contents led to
enhanced C,H, production, which was ascribed to the C,Hy
dehydrogenation reaction. This study provides a clear
understanding of cooperative and bifunctional material design
for in situ CO, capture—utilization and simultaneous
production of ethylene and hydrogen in a single bed.
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