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ABSTRACT: Due to their availability, low cost, and activity, cobalt-
based catalysts are a promising alternative to platinum for the industrial
propane dehydrogenation processes. However, their low stability due
to sintering, phase transformation, and coke deposition leads to severe
deactivation. In this work, the synthesis of amorphous, ordered
mesoporous alumina with stabilized Co*" nanoclusters (Co-m-AL,O;)
via an evaporation-induced self-assembly synthesis route is presented.
The ordered mesoporous alumina is characterized for containing a
large amount of defective pentacoordinate AI** sites and a small
amount of strong acid sites. The incorporation of Co*" clusters within
the m-Al,O; structure enhances the dispersion and stability and
preserves their reduction even after prolonged time on stream. This
leads to a highly selective and steady catalytic performance in the
propane dehydrogenation reaction under industrial-relevant conditions. A significantly low deactivation rate of 0.53 d™' with stable
propylene selectivity of 95% is observed after 23 h, resulting in a 117% higher space—time yield toward propylene compared to the
state-of-the-art impregnated Co/y-Al,O; catalyst. Furthermore, Co-m-Al,Oj; leads to 4.6 times less coke formation, measured in situ
for the first time. The detailed study of the nature of the cobalt sites, together with the acidic properties of the alumina supports,
provides a deeper understanding of cobalt-based catalysts for dehydrogenation reactions.

KEYWORDS: propane dehydrogenation, cobalt nanoclusters, ordered mesoporous alumina, coke formation, catalyst stability,
catalyst regeneration

Bl INTRODUCTION reactor together with a regeneration unit is applied in the
Oleflex process to enable a continues operation. The reactors

Propylene is an important building block for the chemical
are operated at 525—705 °C and 1-3 bar. However, severe

industry, as it is an intermediate for many valuable products

like acrolein, polypropylene, and acetone.'™ Because of its deactivation caused by sintering and blockage of the active
increasing demand, conventional production processes like sites due to coking remain a great Chanenge‘z,sp Furthermore,
fluid catalytic cracking and steam cracking are no longer the scarcity and high price of Pt motivate the development of
sufficient. Therefore, on-demand propane dehydrogenation catalysts based on abundant transition metals."’
(PDH) technologies are required.” Co-based catalysts have been reported as catalytically active
Industrially applied catalysts either belong to the family of and selective in propane dehydrogenation."' ™" It is stated that
CrO, or Pt supported materials. The Catofin process employs isolated Co®* is the active and selective species for C—H
a chromia/alumina catalyst on parallel adiabatic fixed-bed activation, while large agglomeration and reduction to Co°

reactors, which operates at temperatures between 560—650 °C
and a reduced pressure of 0.2—0.5 bar.”®” Due to carbon
deposition and deactivation, the operation period of one
reactor is limited to 15—25 min. Afterward, the catalyst needs
to be regenerated. CrO, catalysts exhibit a lower space—time ‘
yield than Pt catalysts, and the environmental and toxicity Revised: - May 31, 2024
aspect of CrO, disposal make the application less attractive. AccePted: June 11,2024
Platinum-based catalysts, like Pt—Sn—K/Al,O;, show high Published: June 19, 2024
activity in propane dehydrogenation and are used in industrial

processes like the Oleflex technology. A fluidized adiabatic bed

promotes C—C bond cleavage and deep dehydrogenation.
Therefore, the main challenge in the preparation of a stable,
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active, and selective Co catalyst for PDH is the stabilization of
Co®" species under harsh reaction conditions.

Increasing the dispersion of the active metal on supports is a
common approach in heterogeneous catalysis to enhance the
catalytic activity and tune the selectivity for numerous
reactions.'*”'® By increasing the dispersion, a large amount
of active surface sites is available for the catalytic reaction.
Moreover, size-dependent geometric and electronic effects also
play a pivotal role.'”'* Li et al."” found that highly dispersed
cobalt particles enhance propylene selectivity, while large
particles lead to coke formation. This is further emphasized, as
the reduction of cobalt oxide is size dependent and large cobalt
oxide particles are faster reduced to Co®.*°

Moreover, stability is a key factor for a high-performing
catalyst. It is highly important to preserve both the oxidation
state and the dispersion of the active sites after several hours
under harsh reaction conditions. To achieve high stability, a
strong interaction between Co®* species and the support
through incorporation of the cobalt sites is fundamental for
preventing sintering and the formation of large particles.
Furthermore, carbon formation on the catalytic surface must
be suppressed since it is the main source of deactivation and
poor efliciencies in the overall process of propane dehydrogen-
ation.”'

Herein, a one-pot sol—gel synthesis strategy is applied to
highly disperse and stabilize Co** into an amorphous ordered
mesoporous alumina (m-Al,O;) of a high surface area. The
addition of a Co precursor, together with a structuring agent
and an aluminum source, allows incorporation of Co*"
nanoclusters within the framework of the ordered mesoporous
alumina during its hydrolysis, condensation, and postcalcina-
tion process.

To understand the role of different cobalt species in
combination with their support, Co was additionally
impregnated by state-of-the-art incipient wetness impregnation
onto both m-Al,0; and commercial y-Al,O3, resulting in Co
sites of different nature and catalytic activities and/or
selectivities. y-Al,0; was chosen as a reference support since
it is widely employed for metal—supported catalysts and
contains both tetrahedral and octahedral coordinated AP’ sites
with a high surface area compared to other Al,O phases.””*’
Furthermore, the investigation of the properties and the
catalytic behavior of the bare supports, which is often
neglected in the literature, was also included. The nature of
the active sites together with their respective catalytic
performance allows for conclusions on the relationship
between the structure and reactivity depending on cobalt as
well as support properties.

The stability of the synthesized catalyst was tested under
relevant conditions emulating the industrial Oleflex proc-
ess.”"** Although significant studies of Co-based catalysts for
propane dehydrogenation have been reported, few have
investigated the long-term performance of such catalysts
under industrially relevant conditions.””® This work showcases
the longest catalytic studies of Co-based catalysts for PDH
reported to date, based on long-term 24 h cycles of time on
stream followed by regeneration steps.

Coke formation, considered as the most severe cause for fast
deactivation in dehydrogenation reactions, was studied both in
situ and ex situ.”""?” To the best of our knowledge, this is the
first in situ analysis of carbon deposition rates for cobalt
catalysts applied for propane dehydrogenation. Together with
Fourier transform infrared (FTIR), thermogravimetric analysis
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(TGA), laser Raman spectroscopy, and elemental analysis, a
deeper understanding of the kinetics of the coking process is
presented.

The well-dispersed and stabilized Co** clusters in the
ordered mesoporous alumina, obtained by the one-pot
synthesis route, show high activity and remarkable stable
selectivity, as well as negligible coke formation. This approach
can be envisioned for the rational design of several mono- and
multimetallic catalysts. Thus, these findings are of great
relevance for the development of active and stable materials
applied for thermochemical processes at high temperatures.

B MATERIALS AND METHODS

Chemicals. All chemicals were used as received without
any further purification. Alumina Puralox was obtained from
Sasol, Germany. Aluminum isopropoxide (AIP, 98%) and
triblock copolymer Pluronic P123 (98%) were purchased from
Sigma-Aldrich, Germany. Cobalt nitrate hexahydrate (99%)
was purchased from Across Organics, Germany. Nitric acid
RotipuranSupra (69%) and anhydrous ethanol (99,5%) were
obtained from Carl Roth, Germany. Water HPLC grade was
obtained from Honeywell Riedel-de-Haén, Germany.

Synthesis of Ordered Mesoporous Alumina/Cobalt.
The catalysts were prepared by the evaporative-induced self-
assembly method (EISA). In a typical protocol, 3.6 g of the
polymer P123 was dissolved in 80 mL of anhydrous ethanol in
a 250 mL round flask, followed by the addition of 6 mL of
nitric acid. After vigorous stirring for 30 min, 8 g of aluminum
isopropoxide was slowly added. Previously, the aluminum
precursor was finely ground to promote the dissolution in the
solvent. For the synthesis of cobalt in mesoporous alumina, the
desired amount of cobalt nitrate hexahydrate was added
directly to the solution prior to the aluminum precursor. The
round flask was sealed and vigorously stirred for 5 h.
Afterward, a homogeneous white-translucid solution was
obtained (pink-translucid for the cobalt-containing solution).
The solution was poured into a small beaker (44.2 cm’
evaporation area) and slowly evaporated and dried for 48 h
at 60 °C on static air. The solid product was ground and
calcined following a two-step ramp: (a) from room temper-
ature up to S00 °C applying a heating rate of 1 K min~" and a
dwell time of 4 h followed by (b) from 500 up to 750 °C
employing a heating rate of 5 K min™" and a dwell time of 30
min, under a 500 mL min~" flow of 21% O,/N,. The catalysts
were named m-Al,O; and Co-m-Al,O;, respectively.

Synthesis of the Reference Catalyst. The catalysts were
prepared by incipient wetness impregnation. In a typical
protocol, 10 g of the commercial Puralox support was
impregnated with S mL of a cobalt nitrate solution containing
the desired amount of the metallic precursor. The nominal
metal loading was fixed at 1% wt. The catalyst was dried at 100
°C overnight and calcined at 500 °C for 4 h, applying a heating
rate of 10 K min~! and a 500 mL min™" flow of 21% O,/N,.
The catalyst was named Co/y-AlLO;.

For the sake of studying the influence of the preparation
method, a third catalyst was prepared by incipient wetness
impregnation of cobalt nitrate hexahydrate on the preformed
mesoporous alumina (m-Al,O;), followed by thermal treat-
ment at 500 °C for 4 h as described above. The catalyst was
named Co/m-AL,O; (IWI).

Characterization. Thermal-gravimetric analysis (TGA)
was carried out using an STA 409 apparatus (Linseis)
employing 25 mg of the sample at a temperature range of

https://doi.org/10.1021/acscatal.4c02067
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25-900 °C, with a heating rate of 10 K min~! and a flow rate
of 20 mL min™" of 20% O,/N,.

Elemental analysis (carbon, nitrogen, hydrogen, and sulfur)
was performed on a Thermo FlashEA 1112 organic elemental
analyzer by a dynamic flash combustion method operating at
1020 °C. The mean value of three independent experiments is
reported.

The morphology, composition, and size distribution of the
nanoparticles were analyzed by high-angle annular dark-field-
scanning transmission electron microscopy (HAADF-STEM)
and energy dispersive X-ray spectroscopy (EDS) elemental
mappings in a Thermo Scientific Talos F200X microscope
operated at a 200 kV acceleration voltage. The microscope was
equipped with a SuperX EDS detector system. Samples were
prepared by direct contact with the powder catalysts on lacey
carbon 400-mesh gold grids (Plano GmbH). STEM-EDS
mappings show the net intensities of the correspondent
elements with a postfiltering Gaussian blur of 1.1 sigma.

High-resolution transmission electron microscopy
(HRTEM) analysis was conducted using an image cs-corrected
“TITAN 80-300 Berlin Holography Special” TEM (FEI/TFS
company), operated at 300 kV, equipped with an X-FEG
emitter. For image acquisition, an US1000 CCD camera
(Gatan Inc.) was used. For determination of the particles
lattice plane distances, fast Fourier transform (FFT) of
HRTEM images was done using DigitalMicrograph software
(Gatan Inc.), and the reflexes were measured manually. Beside
HRTEM, also diffraction patterns of larger selected areas
(SAED) were acquired and evaluated by measuring the reflexes
directly.

The chemical compositions of the catalysts were determined
by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) on a Jobin Yvon Horiba - ULTIMA 2000
spectrometer. The calibration standard employed was Trace-
CERT 1g/L Co in nitric acid (catalog number: 30329, Merck)
for the preparation of calibration solutions. The samples were
digested in aqua regia HCI/HNO; 3:1 v/v (nitric acid 69%,
SUPRA-Qualitit ROTIPURAN and hydrochloric acid 30%,
SUPRA-Qualitit ROTIPURAN), and the mean value of three
reproducible independent experiments was reported.

Nitrogen sorption analysis was carried out using a
Quadrasorb SI (Quantachrome GmbH & Co. KG Odelzhau-
sen, Germany) after degassing the samples for 8 h at 130 °C.
The surface area was determined using the multipoint
Brunauer—Emmett—Teller (BET) method on the points in
the region of 0.05 < P/P, < 0.3, and the corresponding pore
size distribution and mean pore size were obtained by applying
a Barrett—Joyner—Halender (BJH) model to the desorption
values.

X-ray diffractograms were acquired in Bragg—Brentano
geometry on a Rigaku SmartLab 3 kW with Cu Ka radiation
(1 = 1.54 A) over an angular range from 10 to 80° and a scan
rate of 2° min~".

X-ray photoelectron spectroscopy (XPS) was carried out on
a Thermo Scientific K-a X-ray Photoelectron Spectrometer.
An Al-Ka X-ray source (1486.6 eV) was employed for the
analysis, with a pass energy of 200 eV for a survey and 50 eV
for high-resolution spectra. The data were collected with an X-
ray spot size of 200 um, 20 scans for a survey, and 50 scans for
regions. The analysis of the spectra was done using Avantage
software. The C 1s peak of adventitious carbon at 284.8 eV
was taken as a reference of charge-shift correction for the
measured spectra.
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X-ray absorption measurements were carried out with a self-
developed wavelength-dispersive spectrometer in von Hamos
geometry.”””” The spectrometer was equipped with a
microfocus X-ray tube, a curved highly annealed pyrolytic
graphite mosaic crystal, and a hybrid photon counting CMOS
detector with 512 X 1030 pixels and a pixel size of 75 ym X 75
pum. The tube was operated with a voltage of 15.1 kV and a
current of 1810 pA. As a reference, a S yum Co foil was used.
The sample material was pressed as a pellet with a 13 mm
diameter by using a hydraulic pellet press with force up to 6
tons for not longer than 60 s. As the samples were measured in
transmission mode, the absorption spectrum was acquired by
measuring once with and once without the sample. The
measurement time for each sample was between 12.5 and 15 h.
The samples were measured with two different optics. Both
optics are a cylindrically bent highly annealed pyrolytic
graphite mosaic crystal with a S cm length in the dispersive
plane. One optic is optimized for XANES measurements with a
crystal thickness of 20 ym and a bending radius of 300 mm to
achieve a spectral resolving power of E/AE = 4000.”” The
other optic, the so-called multipurpose optic with a crystal
thickness of 40 ym and a bending radius of 150 mm, was used
to measure the extended X-ray absorption fine structure
(EXAFS) region up to 500 €V after the edge with a spectral
resolving power of about E/AE = 2000.”° To reduce the
absorption of the X-rays in air, vacuum tubes with a Kapton
foil as a transmission window have been installed in the beam
path. Data normalization was done by X-ray absorption
spectroscopy (XAS) analysis and processing software ATHE-
NA, which is part of the Demeter software package.30 For the
EXAFS fitting of the first shell, ARTIMES software of the
Demeter package was used.”” The measurements were
performed on the calcined samples with contact with air.

NH;-TPD was measured in an AMI-300 chemisorption
analyzer. Fifty milligrams of the dried sample was pulsed 20
times at 90 °C with 40% NH; in He (50 mL min™!). The
saturated sample was subsequently heated to 900 °C with a
temperature ramp of 10 K min~' in 40 mL min~' He. The
signal was monitored by a linear thermal conductivity detector
(TCD). The measured profiles were evaluated by Lorentzian—
Gaussian functions fitted by scipy.optimize.curve_fit.

FTIR measurements were done in transmission mode on
self-supported wafers of an areal density of 20—25 mg-cm ™
Measurements were carried out on a Varian 670 spectrometer
equipped with a homemade transmission cell and an MCT
detector. The cell was connected to a vacuum system, which
achieved a residual pressure of at least 1 X 107> mbar and
allowed the dosing of gases into the cell. Pyridine was degassed
3 times prior to each measurement. The spectra were recorded
with a resolution of 2 cm™ and accumulated 256 scans. An
initial spectrum was recorded after dehydration of the sample
at 150 °C for 30 min in a dynamic vacuum. The sample was
subsequently exposed to 100 mbar H, and heated to 600 °C
with a heating rate of 10 °C-min~", while the gas atmosphere
was exchanged every 15 min after reaching the target
temperature. After 1 h at 600 °C, the sample was cooled to
100 °C in a dynamic vacuum. Pyridine was dosed at 100 °C,
and a spectrum was recorded after equilibration of 2 min for
each dose up to an equilibrium pressure of at least 6 mbar.
Weakly adsorbed species were then removed by exposing the
sample to a vacuum for 20 min at 100 °C. Difference spectra
were calculated by subtracting the absorbance spectrum of the
reduced catalyst from the absorbance spectrum of the sample

https://doi.org/10.1021/acscatal.4c02067
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Figure 1. (a) TEM images of Co-m-ALOj; (b) XRD diffractograms of Co-m-AL O3, Co/y-AL O3, the corresponding alumina supports (m-Al,O5, 7-
Al,0,), and y-Al, 0, reflexes (COD ID: 1531489); (c) *’Al solid-state NMR of cobalt catalysts and bare support (*) spinning side bands; (d) NH,
desorption at different temperatures; (e) pyridine FTIR spectra; and (f, g) HAADF micrographs of STEM analysis together with cobalt mapping by

EDS for pristine Co-m-ALO; (f) and Co/ y-ALO; (g).

in the presence of pyridine. All presented spectra have been
normalized to the areal density of the wafer determined
postmeasurement of the mass and dimension of the wafer.

Solid-state diffuse reflectance ultraviolet—visible spectrosco-
py (UV—vis) spectra have been collected on a Varian Cary 300
UV-—vis Spectrophotometer. The spectra were recorded over a
wavelength range of 200—800 nm with a data interval of 1 nm.
A scan rate of 600 nm/min was employed during data
collection. Spectra were obtained using a dedicated cell
identified as DRA-CA-301. A white standard of BaSO, was
utilized for calibration purposes. Each spectrum was averaged
over a time period of 0.1 s.

Solid-state nuclear magnetic resonance (NMR) measure-
ments were carried out on a Bruker Avance 400 MHz using a 4
mm double resonance spectrometer probe-head operating at a
spinning rate of 10 kHz. *’Al-MAS (magic angle spinning)
NMR was operated at 104 MHz.

Raman spectra were recorded using the 647 nm emission of
a Krypton ion laser (Innova 300c, Coherent) for excitation and
a confocal Raman spectrometer (Lab Ram HR- 800 Jobin
Yvon) equipped with a liquid-nitrogen cooled charge-coupled
device (CCD) camera for data acquisition. The typical laser
power at the sample was 1 mW. Spectra were acquired for 5 X
10 s.

The in situ coke formation was measured in a Rubotherm
magnetic suspension balance (DynTHERM HP-ST, 2010—
01001-D). A hundred milligrams of the catalyst was filled in a
quartz glass cylinder attached to a quartz glass holder, designed
at BasCat and fabricated at TU Berlin. The samples were
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heated employing a ramp of 10 K min™' from room

temperature up to 600 °C in S0 mL min~' N,. Afterward,
the samples were reduced for 1 h in 10% H, in N,. The gas was
then switched to reaction composition (C;Hg/H,/N, =
1:0.5:0.33) at a pressure of 1.1 bar. The weight change was
tracked for 24 h. For evaluation of the formed coke, the first
measuring point after switching to propane-rich conditions was
chosen as a reference point. To consider the buoyancy effect, a
measurement without the catalyst was carried out and the
weight difference was subtracted from the coking curves.
Catalytic Propane Dehydrogenation. The -catalytic
experiments were carried out at atmospheric pressure and
600 °C in a modified setup originally designed by Integrated
Lab Solutions (Germany). The setup was controlled and the
data were collected by hteControl. The collected data were
saved and managed by myhte. A quartz tube with an inner
diameter of 4 mm was employed as a fixed-bed reactor.
Catalyst amounts were fixed to 500 mg for all catalytic tests. In
an activation step, the catalysts were first heated to 600 °C
with 10 K min™' and reduced in situ for 60 min in SO mL
min~' 10% H,/N,. After purging with S0 mL min™" N, for 5
min, the gas flow was switched to 17 mL min™' of the
composition C;Hg/H,/N, = 10:5:2. The resulting w8 hly
space velocity (WHSV) was 2.4 g, e - h™'. The effluent

gas stream was analyzed by an online gas chromatograph
(Agilent 7890A) equipped with a flame ionization detector and
a thermal conductivity detector. Propane conversion, propene
selectivity, effective reaction rate, and space—time yield (STY)
were calculated according to eqs 1—4, respectively

https://doi.org/10.1021/acscatal.4c02067
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NcHy0 — MeH,

XC3H8 = ;
Reimgo (1)
_ X1,
§i= S
j#CH, )
_ ﬁC3Hg,OXC3H8
Tett =
Meat (3)
STY = nCzHS,OX(Z}HsSQHﬁ
mcat (4)

where 7; is the molecular flow rate of component i, calculated

Ny,0

from the volumetric flow and the inert standard #;, = ; o
2

is the carbon number, and m, is the mass of the tested

catalyst.

Catalysts applied for propane dehydrogenation suffer from
deactivation due to a combination of several factors, like
sintering of active sites, changes in the oxidation state, and
blockage due to carbon deposition. Here, we introduce two
constants: k;, describes the overall activity loss, meanwhile
kgsry considers exclusively the propylene production and
represents the deactivation of the selective sites until the
catalyst is regenerated. The deactivation constants were
determined for the first catalytic cycle before regeneration
and are defined by a first-order kinetic deactivation model as

follows

o) _

dt d,r Teff (5)
d(STY)
— L =k -STY

dt ST (6)

These deactivation constants combine all deactivation
phenomena mentioned above. Therefore, additional key
constants are introduced (eqs 7 and 8), quantifying the
deactivation without coke and comparing the activity and
propylene production at the beginning and after regeneration,
assuming all coke is burned during the regeneration process.

et (E = to reg)
In( et = 1) )

K, =—
dr At (?7)
In ( STY(t = tgeg) )
K _ STY(t = t,)
4,STY At (8)

In eqs 7 and 8, f; and £y, are the times of the first measuring
points after activation, while At is the time difference without
the regeneration time.

B RESULTS AND DISCUSSION

Structure, Acidity, and Textural Properties of the As-
Prepared Catalysts. The first steps of the synthesis of the
ordered mesoporous alumina involve hydrolysis and con-
densation of the aluminum precursor in the presence of the
pore template, obtaining a hybrid inorganic—organic compo-
site. During the calcination treatment, the organic polymer is
removed and an amorphous m-Al,O; phase is formed. The
identification of a suitable calcination temperature was

performed by thermogravimetric analysis, as described in
Figure SI.

Figure la shows TEM micrographs of the Co-m-Al,O;
catalyst prepared via the EISA synthesis route. As can be
seen, after the evaporation of the solvent and calcination of the
catalyst precursor, a well-defined and ordered structure was
obtained. The distinctive hexagonal nanostructure obtained
after the removal of the polymeric template leads to well-
ordered and aligned mesopores of 5 nm. Additionally, no
defined cobalt oxide nanoparticles are observed, suggesting a
high degree of dispersion on the mesoporous structure. Figure
S2 shows the TEM micrographs corresponding to bare m-
Al,O; without the addition of cobalt, showing similar results.
Thus, the incorporation of cobalt during the synthetic
procedure did not affect the ordered mesoporous structure
of the catalyst. Figure S3 shows the respective TEM for Co/y-
Al,O; prepared by impregnation of the metal precursor on the
commercial Puralox, displaying the typical disordered structure
of the alumina. The cobalt loading for both catalysts has been
verified by ICP-OES (w¢,(Co-m-ALO;) = 1.0 wt %, wc,(Co/
7-ALO;) = 1.1 wt %).

Also, the ordered structure of Co/m-Al,O; (IWI) collapses
during the impregnation process, as visible in the TEM images
of the impregnated catalyst (Figure S4).

The crystalline phases of the calcined materials were
characterized by powder X-ray diffraction. As shown in Figure
1b, the addition of cobalt does not change the crystallinity of
the catalysts. Both y-Al,O; and Co/y-Al,O; present a broad
peak at 37.5°, together with the peaks at 46 and 67°, which are
characteristic of the spinel-type phase of y-alumina.’’ Aside
from the characteristic y-Al,O; peaks, no additional diffraction
pattern can be observed, indicating that cobalt particles are
amorphous or highly dispersed onto the support and/or below
the detection limit of the diffractometer.

The m-Al,O; catalyst prepared by the EISA route shows an
amorphous structure in the wide-angle X-ray diffraction
(XRD). Meanwhile, the small-angle X-ray diffraction (Figure
SS) shows the characteristic (100) diffraction peak of the
ordered hexagonal mesoporous structure at around 2@ 1.0°
attributed to the P6mm space group, in agreement with the
TEM observations.”” Moreover, the addition of cobalt during
the one-pot synthesis does not affect the amorphous nature of
the support (Figure 1b). Similar to Co/y-ALO;, there is no
evidence of large crystalline cobalt species, indicating that the
particles are amorphous and/or well dispersed on the alumina.

Table 1 shows the specific surface area, pore volume, and
mean pore size of the cobalt-containing catalysts and the
supports. For m-Al,O;, a high surface area of 268 m? g™ is
obtained. The specific surface areas for Co-m-Al,O; showed a
similar value. Thus, the addition of cobalt during the synthetic

Table 1. Textural Properties Determined by Nitrogen
Sorption”

BET area pore volume mean pore size
sample (m* g™) (cm® g) (nm)
m-AL O, 268 0.47 4.9
Co-m-AL, O, 265 0.49 4.9
y-Alyor; 189 0.45 6.6
Co/y-AL, O, 174 0.42 6.6

“Surface area was determined by applying the multipoint BET
equation, and mean pore size values were obtained from the BJH
method.
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Figure 2. (a) XPS of Co 2p for Co-m-Al,0; and Co/y-Al,O5; (b) UV—vis spectra of Co-m-AL,O; and Co/y-ALO5; and (c, d) Co K-edge XANES
and Fourier transform (FT) magnitude EXAFS spectra of Co-m-ALO; and Co/y-Al,O5.

route does not affect the textural properties of the material
after the calcination step. The mean pore size obtained by the
BJH method gives rise to a mean value of S nm, in agreement
with the ordered mesoporous structured observed by TEM, as
shown in Figure la. On the other hand, the reference y-Al,O;
and Co/y-Al,Oj; catalysts show a lower surface area of 189 and
174 m* ¢!, respectively. Nitrogen sorption isotherms and the
pore width distribution for all of the catalysts are given in
Figure S6. The Co-m-Al,O; and m-Al,O; catalysts have a
narrower distribution, with smaller average pore sizes, in
agreement with the highly ordered structure of the alumina.
Therefore, it is expected that the higher surface area of m-
Al,O; can promote the dispersion of the metal precursor onto
the support, together with differences in the nature of the
metal oxide—support interaction discussed below.

Solid-state NMR spectroscopy was employed to give more
insights into the nature of the different supports (Figure 1c).
The contributions of the AI*" sites and their changes after
impregnation are shown in Figure S7 and Table S1. Both y-
AL)O; and Co/y-Al,O; do not suffer changes, showing
contributions of 70 and 30% in Al " and Al
respectively. However, Co incorporation onto Co-m-Al,O4
leads to a clear structural change. The content of Alpem3+
sites increases from 24 to 54%, and that of Al>" sites
decreases from 47 to 29%. Al,,’" sites remained unchanged,
with a mean value of 23%.

Within the past decade, the role of unsaturated AlPemaz'*
species as anchoring sites for clusters like Pt, Ru, or Pd was
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reported.” ™" In all cases, A NMR studies showed an increase
of Al,.,,*" sites with a respective reduction of Alpem3+ sites,”?°
thus suggesting that metal clusters were anchored on the
defective sites. Interestingly, this trend does not agree with our
experimental evidence. However, it should be noted that the
incorporation of the metallic species on the reported catalysts
was based on wet impregnations onto the preformed m-Al20;
support. Meanwhile, in this work, Co is incorporated in a one-
pot procedure following a solgel route.

In agreement with our findings, Li et al,*® Yu et al,*® and
Pan et al.*’ reported that the incorporation of Cr, Zr, and Co
species onto ordered mesoporous Al,O; was followed by an
increase of Alpem3+ and a decrease of Al " sites. This was
attributed to the cross-linkage of the metal and aluminum
hydroxyl species during the hydrolysis and condensation steps.
Introduction of Co—OH species could promote the dispersion
of Al-OH oligomers and prevent their condensation, reducing
the formation of alumina clusters of octahedral coordination
and promoting an Al-O—Co bond within the mesoporous
structure.”' Thus, Co>* sites were incorporated within the m-
ALO; framework during the synthesis instead of being
anchored to Alpem3+ defective sites. This was later verified by
means of different spectroscopic techniques and electron
microscopy.

It is known that reaction pathways of the propane
dehydrogenation, like cracking, hydrogenolysis, and activation
of C—H bonds, can take place on Lewis and/or Brensted acid
sites of the support.“_44 Therefore, the surface acidity of the

https://doi.org/10.1021/acscatal.4c02067
ACS Catal. 2024, 14, 9993-10008


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02067/suppl_file/cs4c02067_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02067/suppl_file/cs4c02067_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02067?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02067?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02067?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02067?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

catalysts was studied by NH;-TPD experiments, which
indicates the total acidity due to both Lewis and Brensted
sites (Figure 1d). The evaluation of the desorption experi-
ments is described in the Supporting Information (Figures S8,
S9 and Table S2), where the desorption area below 350 °C is
ascribed to weak acid sites and above 350 °C to strong acid
sites.”**7* 1AL, O, has a larger overall acidity than m-Al, O3,
especially regarding strong acid sites above 350 °C. The total
acidity is reduced when both y-Al,O; and m-Al,O; supports
are impregnated with Co. This suggests that after calcination,
cobalt oxide is attached to the surface acid sites, blocking them
for NH; adsorption. On the other hand, when Co is added
through the sol—gel route, the amount of NH; desorbed below
and above 350 °C was increased. Thus, Co does not block the
acid sites on the surface, and together with the results from
27Al solid-state NMR, it can be concluded that cobalt is
incorporated in the m-Al,O; structure.

For a more detailed investigation, pyridine IR spectroscopy
was also conducted (Figure le). The spectral region for the
pyridine ring vibration reveals the presence of medium-strong
and strong Lewis acid sites for all samples, as indicated by the
vibrations between 1650 and 1590 and 1455 and 1441
cm 1% A higher total acidity is observed for the two y-Al,O;
based materials, in agreement with NH;-TPD results.
Introducing Co to the system decreases the acidity for Co/y-
Al,O; and increases for Co/m-Al,O;. The incorporation of Co
into the alumina framework via the one-pot synthesis, hence,
causes a redistribution of the acid sites, while impregnation
only leads to a blockage of the Lewis acid sites, maintaining the
ratio of strong to medium-strong Lewis acid sites. As the Lewis
acidity in Al,O;-based materials is strongly connected to the
presence of undercoordinated Alpem * sites, the pyridine
adsorption confirms the results obtained by *’Al solid-state
NMR.>* None of the samples shows vibrations indicative of
strong Bronsted acid sites (PyH") at around 1490 cm™.
However, both y-Al,O; and m-Al,O; possess —OH groups
accessible for hydrogen bonding with the pyridine molecule
characteristic for weak Bronsted acidity (1608—1590 cm™).>"

The cobalt dispersion was investigated by STEM-EDS.
Figure le clearly shows the high degree of dispersion in Co-m-
Al,O;, homogeneously distributed over the support. Moreover,
higher magnifications revealed very small and well-distributed
clusters below 1 nm (Figure S10). The impregnated catalyst,
on the other hand, possesses significantly larger agglomerates
with an average size of 9.5 + 3.5 nm (Figures 1f and S11).
Crystallites of this size should be detectable in XRD, thus it is
1nferred that large agglomerates of amorphous cobalt are
present.” Similarly, the impregnation of m-Al,O5 gives rise to
an inhomogeneous cobalt dispersion (Figure S12).

XPS analysis of the calcined (21 vol % O,) Co/y-ALO; and
Co-m-ALOj is given in Figure 2a. The ex situ XPS spectra
show two main peaks at 781.8 and 797.5 eV, assigned to the
Co®™ 2p;,, and 2p,,, spin orbitals, respectively. The strong
contributions of the satellite features are characteristics of the
O 2p to Co 3d charge transfer effect of paramagnetic Co**
species.”” As expected, no Co® is present at the surface of the
calcined sample. These results suggest that the cobalt on the
surface of the two catalysts is mamly present as Co*" after
calcination and no Co;0, is formed.>> The catalysts were also
activated at 600 °C under 10 vol % H, in N, for 1 h and inert
transferred for XPS measurement to investigate the oxidation
state of the cobalt at the beginning of the reaction. For both
catalysts, the XPS signal is identical to the calcined samples
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(Figure S13), showing that the cobalt is not reduced during the
activation procedure and is still present as Co*. The oxidation
state of the calcined catalysts was further confirmed by UV—vis
analysis (Figure 2b). An absorption band with three peak
maxima at approximately 540, 583, and 630 nm can be
identified for Co/y-Al,O;, in agreement to its bluish color.
Meanwhile, Co-m-Al,O; shows three characteristic bands
centered at 512, 583, and 652 nm. These peaks are assigned
to the [*A,(F) — *T,(P)] d—d transition of the tetrahedral
Co***°7** The shift toward smaller and higher wavelengths of
the two side peaks at 512 and 652 nm was also reported by Pan
et al.*” for ordered mesoporous alumina. These shifts lead to a
slightly more purple color and are related to the incorporation
of the cobalt species within the alumina framework.>” In the
case of Co;0, formation, two broader bands in the range of
350—450 and 640—730 nm would be expected, ascribed to
[IAlg - Tz] and [Alg - Tlg] transitions of octahedral
Co™, respectlvely 97> Therefore, no Co;0, phase and no
octahedral Co®* are present in both catalysts.

The coordination and species of the cobalt sites were further
investigated by ex situ X-ray absorption spectroscopy. Figure 2c
shows the XANES spectra of the calcined Co/y-Al,O; and Co-

m-Al,O; catalysts with the characteristic pre- edge peak at
~7709.9 eV caused by the 1s — 3d transition.’® This peak can
be found for CoO, CoAl, O, and Co;0, structures. However,
the edge peak maximum at ~7725 eV clearly indicates the
presence of Co*'; as for Co;0,, the peak would shift to higher
energies, and an additional shoulder would be seen at lower
energies.”*°° Also, the spectra do not indicate the presence of
cobalt in a defined CoAl,O, spinel structure. In a comparative
study on different cobalt oxide phases by Maurizio et al.,* two
additional shoulders before the edge peak maximum have been
observed for the CoAl,O, phase. Despite the fact that the
spectra at the Co K-edge are very similar for both samples, a
distinct shoulder at ~7740 eV is observed for Co/y-Al,O;.
This is characteristic of larger CoO clusters, in agreement with
STEM-EDS results.”’ Figure 2d shows the Fourier transform
magnitude EXAFS spectra and fitting results, with a strong
peak close to R = 1.5 A for the first shell Co—O coordination.
As can be seen, the average bonding distance of Co—O for Co-
m-Al,Oj is slightly increased as compared to Co/y-Al,O;. The
fit to the first shell returns an increase in the bonding distance
of 0.07 A for the Co—O bond. This agrees with Dai et al,*?
where a Co—O distance increase of 0.06 A was observed for
cobalt incorporated in mesoporous alumina.

In summary, amorphous alumina with highly ordered
mesopores and a surface area than commercial y-Al,O; is
obtained via the EISA synthesis route. m-Al,O; is constituted
by tetrahedral, pentahedral, and octahedral coordinated
alumina atoms and has a smaller density of acid sites on the
surface. Cobalt is present as Co®* in tetrahedral coordination
on both calcined catalysts. However, Co* is highly dispersed
and incorporated within the structure in the ordered
mesoporous alumina on Co-m-Al,O;, while larger agglomer-
ates can be found on the impregnated catalysts.

Catalytic Performance in Propane Dehydrogenation.
In the literature, the catalytic performance is often measured
under milder conditions, and therefore, higher stability or
higher conversions are achieved.""*®%° In this work, the
stability and selectivity were studied under industrially relevant
conditions emulating the industrial Oleflex process, with
undiluted propane and a H, feed ratio of 2:1.”%*>7%7!
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Figure 3. (a) PDH performance with the regeneration cycle after 24 h at 500 °C with S and 20% O, in N, (2 X 1 h). Test conditions: 0.5 g of the
catalyst, C;Hg/H,/N, = 10:5:2, WHSV = 2.4 h™, and T = 600 °C. (b) Space—time yield per mass of cobalt (blue bars) and the mass of the catalyst
(green bars) after S h of the catalytic test and the deactivation constant (orange bars) calculated between the 1st and the Sth h of time on stream
for cobalt catalysts reported in the literature and the catalysts synthesized in this work.

Table 2. Space—Time Yield and the Effective Reaction Rate after 1, 5, and 23 h Catalytic Testing with Corresponding
Deactivation Constants Calculated by the First-Order Kinetic Deactivation Model

catalyst STY (t = 1/5/23 h) (umolcy, g ™) regg (£ =1/5/23 h) (umolcyy, g™ s7') kasty (d71) ke (d7) Ky, (d71)
Co/y-AL O, 4.3:2.7:1.2 5.0:3.0:1.3 2.28 2.50 0.12
Co-m-AL O, 3.3:3.2:2.6 3.5:3.4:2.7 0.53 0.53 0.02

Long-term stability studies and regeneration tests under
industrially relevant reaction conditions are still scarce in the
literature. Most of the reported results do not include
regeneration studies or measurements longer than a few
hours.""**%*7>7> However, industrial applications require
catalysts with stable performance over a longer time on stream
with minimal activity and selectivity losses after regeneration.
Thus, our catalytic tests are based on two long PDH cycles of
each 24 h with an intermediate regeneration step (first 1 h in
5% and afterward 1 h in 20% oxygen).

It can be observed in Figure 3a that Co/y-Al,O3, prepared
by impregnation, had a higher initial activity but underwent
fast deactivation within the first 10 h. The performance can be
divided into two phases. During the initial phase, the propylene
selectivity was increasing over time on stream, and the main
side products were ethane and methane (Figure S14). Both
side products were produced in a ratio close to one, suggesting
that the hydrogenolysis of propane takes place. Hydrogenolysis
is prone to take place on an active metal oxide in close
proximity to Brensted acid sites.”*”> Our previous pyridine
FTIR analysis corroborates that weak Brensted centers are
strong enough to promote hydrogenolysis since no strong
Bronsted centers were found during the measurement at lower
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temperatures and H, partial pressure. During the second phase,
the propylene selectivity linearly decreases with ethylene and
methane as the main byproducts. This indicates cracking of
propane, which was reported to be independent of cobalt and
taking place on the support.**

Moreover, the fast deactivation in the initial phase reveals
that side reactions lead to blocking and/or modifications of
active catalytic sites. However, Co-m-Al,0; showed very
different behavior (Figure 3a). Despite a lower initial
propylene formation rate, the activity decreased by only 0.8
umol g~' 57! for Co-m-AL,O;, with a constant high selectivity
at around 95% vs 3.7 umol g~' s™! for Co/y-ALO5. As a result,
after 4 h of time on stream, Co-m-Al,O; shows a higher
propylene yield than Co/y-ALO; with a notably lower
deactivation rate due to the stability of the active sites. After
the regeneration, both catalysts partially recovered their
activity and showed a similar behavior as in the first cycle,
evidencing that most active sites could be restored by oxidative
treatment at 500 °C and a significant deactivation was caused
by coke deposition. Nevertheless, Co-m-Al,O; still showed
superior performance in terms of high stability and propylene
selectivity.
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Figure 4. (a, b) STEM-EDS cobalt mapping of spent Co-m-Al,O;, Co/y-Al,05, and Co-m-Al,Oj; (c) XRD pattern of spent cobalt catalysts after
atmosphere contact and y-ALO; reflexes (COD ID: 1531489); (d) HRTEM image of larger Co particle and the diffraction pattern (SAED) of
spent Co/y-Al,O; with the inert transfer; and (e) XPS of Co 2p for spent catalysts with inert transfer (all after 12 h under reaction conditions).

The deactivation constants kyqgry and k4, related to coke
formation reveal distinct trends between Co-m-Al,O; and Co/
7-AL,O; (Table 2 and Figure S15). Co-m-AlL,O; showed a
minor decrease in activity over time due to the deactivation of
selective sites. In contrast, both selective and unselective sites
exhibit decreased activity in Co/y- Al,O;, where k4, surpasses
kysry- However, the predominant activity loss in Co/y-AL Oy is
attributed to the deactivation of selective sites. The coke-free
deactivation constant K;, markedly differs from kysrvy and kg,
underscoring coke formation as the main cause of quick
deactivation in both catalysts. Additionally, a slower
deactivation process arises from the sintering of cobalt
particles. Notably, on the impregnated Co/y-Al,O;, deactiva-
tion unrelated to coke deposition is 6 times more severe,
suggesting significant sintering toward larger unselective cobalt
particles.

For an objective comparison, an additional Pt—Sn—K/y-
Al,O; catalyst was investigated, following the metal loading
specifications outlined in a UOP LLC patent for a
dehydrogenation catalyst composition.””*** The catalytic
performance, along with synthesis details, is given in Figure
S16. As can be seen, Pt—Sn—K/y-Al,O; shows higher activity
compared to Co-based catalysts during the initial 12 h.
However, its selectivity is notably lower and increases over
time. Within just 12 h, propylene selectivity nearly reaches
90%. This increase in selectivity over time is attributed to coke
deposition on the active but nonselective sites of Pt particles.”’
Consequently, the final selectivity of Pt—Sn—K/y-Al,O; falls

below that of Co-m-Al,O;, which remains constant at 95%.
Similar to other Pt-based propane dehydrogenation catalysts,
Pt—Sn—K/y-Al, 05 also experiences evident deactivation.”*’

Figure 3b summarizes the reported cobalt catalysts tested in
PDH. To establish a fair comparison, both the production rates
of propylene per mass of cobalt and per mass of the catalyst, as
well as the deactivation constants, are presented. Due to the
limited availability of reported data, the space—time yield could
only be compared after 1 and 5 h of TOS. The test conditions
together with metal loadings are listed in Table S3 and Figure
§17.!112697377=79 Remarkably, it can be seen that Co-m-ALO,
possesses the highest STY per mass of cobalt and among the
lowest deactivation rates reported to date. If the comparison is
done only by the mass of the catalyst, a y-Al,O; sheet-shaped
Co—AlQ; catalyst reported by Dai et al.">”® showed similar or
higher propylene production rates per mass of the catalyst and
low deactivation. However, it is worth mentioning that Co-m-
Al,O; presented in this work contains 5 times less Co and
could be compared after only 5 h of time on stream.

To gain a deeper understanding of the activity of cobalt, the
effect of the support must also be considered. The role of the
support in overall catalytic activity is often neglected in alkane
dehydrogenation,'>*>%%7377=787% Thyg the catalytic per-
formance of y-Al,O; and m-Al,O; supports is shown in Figure
S18. y-Al,O; evidenced a higher activity than m-Al,O; and a
larger propylene formation rate. However, it can be seen for
both cobalt-containing catalysts that the addition of cobalt
notably increased both the activity and selectivity. After 12 h,
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Co/y-Al,0; showed an identical performance to bare y-Al, O,
while Co-m-Al,O; was still significantly higher in activity and
selectivity than m-Al,O;. This clearly suggests that the Co**
sites on the impregnated catalyst deactivated comparably fast,
and for longer reaction times, the reaction predominantly took
place on the alumina support. In the first phase, the partly
dispersed Co** promoted dehydrogenation, and the combina-
tion of Co*" and weak Bronsted acid sites of y-Al,O; caused
hydrogenolysis. In the second phase, when the catalytic process
was driven by the support, mainly cracking was observed.
Indeed, the main side products of bare y-Al,O; were C,H,
(Sci(12 h) = 46%) and CH, (Scy,(12 h) = 3.5%),
characteristic of the cracking reaction. Moreover, strong
Lewis acid sites of the support are known to promote
consecutive cracking of C—C bonds.*” The comparably large
number of strong Lewis acid sites on y-Al,O; can be correlated
to the cracking side reactions (Figure le). Therefore, the lower
selectivity is a result of the combination of large cobalt particles
and the cracking properties of the y-Al,O; support.

In addition, cobalt was impregnated on bare m-AL,O; (Co/
m-Al,O; (IWI)) and tested for PDH (Figure S18). The
conversion and selectivity started identical to the one-pot EISA
catalyst but deactivated severely within the first 2 h, while the
selectivity stayed at 95%. This behavior suggests that although
the selective Co®* sites were initially present, they rapidly lost
activity, unlike the stabilized Co?* sites on Co-m-ALO;.
Nonetheless, the performance is still different from the bare
support, indicating the activity of the remaining Co" sites.

Dispersion and Stability of Selective Cobalt Sites. The
catalytic performance proved that a fine dispersion of Co*" and
incorporation in the ordered mesoporous alumina through a
one-pot synthesis route could stabilize the selective and active
sites in the PDH reaction. This is further confirmed by the
analysis of the spent catalysts. Figure 4a shows the STEM-EDS
of Co-m-Al,O; after 12 h under reaction conditions.
Remarkably, the catalyst preserved its high dispersion. Only
a few large nanoparticles of up to 15 nm could be identified
(Figure S19). However, most of the Co®" remained highly
dispersed. Also, the ordered mesoporous structure was
preserved, as can be seen in the HAADF images.

In contrast, large Co® particles are observed on Co/y-Al, O,
with an average particle size of 7.4 + 3.5 nm (Figures 4b,c, S18
and S19). Consequently, larger metallic cobalt particles are
formed under reaction conditions on the impregnated catalyst.
Some of the particles are also detached from the alumina
surface by formation of carbon nanotubes (Figures 4b, $20 and
S21). It is reported that carbon nanotubes are preferably
formed by larger metallic cobalt particles that lose activity over
time.®" Therefore, it can be ruled out that large metallic cobalt
particles are inactive for dehydrogenation and responsible for
carbon formation since Co/y-Al,O; shows the same activity as
y-AL,O; after 12 h. An intermediate behavior could be
observed for the impregnated Co/m-ALO; (IWI) catalyst,
which lost activity fast in the first 2 h but showed higher
activity and selectivity than the bare support. The average
particle size on the spent catalyst is significantly smaller than
on Co/y-AL,O; (Figure S21). Therefore, it can be assumed
that some remaining small Co** nanoparticles are still active
with a selectivity of 95% for propane dehydrogenation, while
the formation of large cobalt particles reduces the conversion
in the initial phase.

The dispersion for the spent catalysts was calculated
following the criteria reported by Bergeret and Gallezot,*”
where values close to 0 correspond to a poor dispersion and
values close to 1 represent a fine dispersion. For Co/y-Al, O3,
particles of 7.4 + 3.6 nm give rise to a dispersion of 0.17. On
the other hand, Co/m-AL,O; (IWI) with an average particle
size of 4.6 & 2.6 nm results in a dispersion of 0.28. However,
for particles smaller than 1.3 nm, the dispersion is larger than
0.99, as in the case of Co-m-Al,O;. Hence, a correlation
between dispersion and propylene formation is established. It
can be concluded from these observations that highly dispersed
Co®" shows the highest activity and selectivity for propane
dehydrogenation. When metallic Co® particles are formed, the
activity decreases. Consequently, these particles possess a
lower activity. This decrease in activity continues as the
particles grow under the reaction atmosphere.

In agreement with the STEM-EDS results, the same
conclusions can be drawn from the ex situ XRD diffractograms
of the spent catalysts after air contact (Figure 4d). Two
additional peaks at 49.86 and 72.90° can be observed for the
Co/y-Al,O; spent catalyst compared to the fresh sample.
These peaks can be attributed to larger particles of oxidized
cobalt particles. Metallic Co would show a main peak at
~47.4° and CoO at ~42.4°. Therefore, the peaks are ascribed
to a mixed CoO, phase formed during the reaction and after
air contact with the spent sample. Meanwhile, the spent Co-m-
Al,O; shows no additional peaks, confirming that the ordered
mesoporous alumina preserved the high dispersion and
prevented sintering and formation of larger cobalt particles
even after 12 h of time on stream.

Nevertheless, the formation of large metallic Co® particles
under reaction conditions was verified by HRTEM and XPS
analysis of spent Co/y-Al,05 without contact with air (Figure
4d,e). Figure 4d shows an HRTEM micrograph of a large
metallic cobalt particle surrounded by deposited carbon,
together with the selected area diffraction pattern. The
SAED fits well to the crystal structure of metallic cobalt with
lattice planes (111) (0.205 nm), (200) (0.176 nm), and (220)
(0.128 nm).**** Additional HRTEM images are given in
Figure S22. In agreement with the HRTEM for Co/y-Al,O;,
the XPS spectra showed an additional peak at 778.3 eV,
showing the presence of metallic cobalt. This is not the case for
Co-m-AlL,O;, evidencing the hl%h stability of Co®* sites even
after 12 h of time on stream.”*>*

Therefore, it is concluded that the excellent stability of Co-
m-AlL,O; results from the incorporation of well-dispersed Co**
nanoclusters in the amorphous ordered mesoporous alumina.
Meanwhile, support impregnations give rise to large Co*'
agglomerates at the surface acid sites. The reaction atmosphere
is highly reductant, where larger cobalt agglomerates are easily
reduced, as shown by Khodakov et al.>”*>*® Co** is postulated
as the selective site for the PDH reaction and the dispersion is
of major importance, while large metallic Co° particles are
unselective and prone to coking.'”’” Therefore, it is shown
that the small Co®* species in Co-m-Al,O; are active, stable,
and selective toward propylene. Meanwhile, large particles on
Co/y-ALO; and Co/m-AlL,O; (IWI) are prone to be easily
reduced, promoting undesired side reactions, like coking or
hydrogenolysis.

Kinetics of Coke Formation: In Situ and Ex Situ
Analyses. The most frequent causes of catalyst deactivation
for propane dehydrogenation are sinterin% and blockage of the
active sites due to coke formation.*”*" As shown in the
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Figure 5. (a) In situ coke formation in a propane reaction atmosphere and activity decrease. (b) Derivative of the weight change during TPO of
spent samples (12 h reaction). (c) Carbon content and the hydrogen—carbon ratio of spent catalysts identified by elemental analysis. (d) STEM-
EDS cobalt mapping of carbon nanofibers on Co/y-Al,O5. (e) IR transmittance of spent cobalt. (f) Raman spectra of coked catalysts with D, and G

peak assignment.

catalytic performance, the comparison between the coke-
containing and the coke-free deactivation constants (ky, and
Kj,) suggests that the fast and strong activity loss at the
beginning of the reaction is caused by coke formation. This
section describes the interrelation of material properties to that
of coking species.

Figure Sa (straight lines) depicts the thermal-gravimetric
analysis of the catalysts under similar reaction conditions as the
industrial Oleflex process. Remarkably, there is a clear
difference in the kinetics of coke growth. Co/y-Al,O; forms
coke comparably fast in the initial hours of the reaction, and
the formation rate slowly decreases over time. Meanwhile, Co-
m-Al,O; only forms small amounts of coke in the initial S h.
Afterward, almost no further coke is deposited on the catalytic
surface. Figure Sa also showcases the activity loss (dotted lines,
depicted as X,u — X)) together with the increase of
deposited coke (straight lines, depicted as weight gain). Thus,
the fast deactivation of Co/y-Al,O; (measured in the tubular
reactor) is clearly correlated with the carbon deposition on the
catalyst surface (measured in situ in the thermogravimetric
balance under analogous PDH conditions). Therefore, it is
evidenced that coke formation blocks the active sites, leading
to activity loss.”**” Similarly, it can be observed that the Co-m-
Al,Oj catalyst is able to suppress coke formation, in agreement
with its stable catalytic performance and low deactivation.

It is known that the support can have a great influence on
the coking behavior.” Specifically, strong Lewis acid sites are
responsible for additional coke deposition.”’ Figure $23 shows
the coke formation for the bare supports. While the bare m-
Al,O; practically does not contribute to coke formation, y-
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Al,O; shows a steady coke growth rate, even after 12 h of time
on stream. These results, together with the NH;-TPD and
pyridine FTIR studies, corroborate that strong Lewis acid sites
on the alumina promote coke formation. As shown in the
previous section, y-Al,O; has a noticeably larger amount of
strong and medium Lewis acid sites. However, the alumina
contribution is significantly lower in comparison with cobalt-
containing catalysts, evidencing that the initial dispersion of
Co®, in combination with the textural properties of the
support, plays a pivotal role in the amount and kinetics of coke
deposition.

Figures 5Sb,c show the coke content determined by TGA
under an oxygen atmosphere and elemental analysis,
respectively. The carbon content after the reaction was 2.5—
3.5 wt % for Co-m-AL,O; and 13.5—14.5 wt % for Co/y-AlL,O;.
Thus, Co-m-Al,Oj catalysts prepared by the EISA route lead to
4.6 times less coke formation. The carbon content determined
by the three different characterization techniques (TGA under
PDH conditions, TPO, and elemental analysis) gives rise to
the same quantity of coke (+1 wt %). Thus, the kinetics
studies derived from the thermogravimetric analysis under the
PDH reaction are in excellent agreement with the catalytic
results presented above. As can be observed in Figure Sb, coke
oxidation starts at temperatures below 400 °C. Thus, the entire
coke is burned during the regeneration process at 500 °C. As
can be observed in the STEM-EDS images of the spent
impregnated catalysts (Figures 5d, S20 and S21), part of the
carbon is formed as carbon nanotubes from detached cobalt
particles.”” Since the particles are sitting on top of the
constructed fiber, carbon nanotube formation follows a top-
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Table 3. Peak Deconvolution Results from Raman Spectra Obtained from Three Different Points

sample band position (cm™")
Co-m-Al, O, G 1602.4 + 0.9
D, 13194 £ 1.2
D, 1515.5 + 1.6
D, 1231.7 £ 2.1
Co/y-AlLO, G 1600.6 + 0.7
D, 1319.1 + 1.0
D, 15312 + 1.3
D, 1226.5 + 2.0

function relative area (%) I(D,)/1(G)
In Lorentzia 26.7 + 0.9 0.84 + 0.03
In Lorentzia 60.5 + 0.7
Gaussian 5.8 +0.1
In Lorentzia 6.9 + 0.3
In Lorentzia 25.0 + 0.2 0.97 + 0.02
In Lorentzia 63.7 + 1.0
Gaussian 53 +02
In Lorentzia 6.0 + 1.0

growth mechanism route, mainly caused by a weak cobalt
support interaction.””

FTIR and Raman spectroscopies were applied for further
study of the nature of deposited carbon. In the FTIR spectra
(Figure Se), several vibration bands can be observed between
800 and 3500 cm ™. The significant vibration peaks from 2800
to 3100 cm™ can be attributed to C—H symmetric and
asymmetric stretching vibration from CH, and CH; groups.”
This strong band indicated that the coke species contain
significant amounts of hydrogen from aliphatic compounds,
where the precursor is not entirely dehydrogenated. The
aromatic compounds can be assigned to the peak at 1580
cm™!, characteristic of C=C bonds.”*™®° The same wave-
length vibration band is also observed for the presence of
hexagonal carbon nanotubes, which were observed in the
STEM images (Figure Sd). The coexistence of aliphatic and
aromatic compounds (sp® and sp® hybridized carbon) is further
evidenced by the bands at 1250 and 1515 cm 1.7 However,
standard FTIR measurements are not suitable to distinguish
between graphitic and aromatic coke since there are no
significant peaks for pristine graphene. The spectrum also
shows that there is no noticeable oxygen contamination in the
carbon, which would result in bands at 1720 cm™ (C—0O and
C=O0) and 3400 cm™' (O—H).”®

Therefore, the coke deposited during the propane
dehydrogenation is of aliphatic as well as aromatic/graphitic
nature, where certain contributions of the aromatic/graphitic
compounds are present as carbon nanotubes. In fact, the
elemental analysis reveals a higher hydrogen-to-carbon ratio for
Co-m-ALO; (Figure Sc). Thus, it is inferred that a larger
aliphatic to aromatic/graphitic coke species ratio is present.”’
Indeed, considering the mechanism behind coke formation, it
is demonstrated that the initial coke is often a contribution of
aliphatic and aromatic products, while it grows into large
aromatic and pregraphitic structures, resulting in a lower
hydrogen-to-carbon ratio.**””

Laser Raman spectroscopy allows a more detailed study of
the nature of the carbon deposits. The spectra were evaluated
by the method of Sadezky et al,,”® as shown in Figure $24. The
results of the deconvolution are listed in Table 3. The spectra
for Co-m-Al,O; and Co/y-Al,O; in Figure Sf show similar
main bands with peaks at ~1320 and ~1601 cm™'. However,
the D, band has a larger intensity for Co/y-Al,O;.
Consequently, the I(D;)/I(G) ratio increases. Together with
a slight shift of the G peak and a smaller Dj area, the larger
I(D,)/I(G) ratio suggests a higher degree of graphitization and
a lower impact from sp* chain-type structures.””~'°" As shown
by Ferrari et al, in the regime of amorphous carbon, the
development of the D peak indicates ordering.'*”'°" There-
fore, the ratio of amorphous carbon is larger on Co-m-Al, O, in
agreement with elemental analysis and FTIR measurements.
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In summary, under reaction conditions, Co/y-Al,O;
accumulates a larger amount of coke with faster kinetics on
the catalyst surface. Both cobalt catalysts have aliphatic,
aromatic, and (pre)graphitic coke species, but Co-m-AL,O,
shows a lower degree of graphitization with a larger quantity of
aliphatic species.

B CONCLUSIONS

In this study, highly dispersed Co®" nanoclusters could be
stabilized in ordered mesoporous alumina supports by a simple
sol—gel route, following the one-pot evaporation-induced self-
assembly method. The amorphous ordered mesoporous
structure of the alumina is preserved after long-term studies
of propane dehydrogenation and regeneration under industri-
ally relevant Oleflex conditions. The results from XRD, XPS,
STEM-EDS, UV—vis, X-ray absorption, *’AI-MAS NMR, and
NH;-TPD studies of the pristine catalyst clearly indicate that
the cobalt is incorporated into the structure of the ordered
mesoporous alumina, leading to very small and well-dispersed
Co®" clusters below 1 nm showing tetrahedral coordination.
The cobalt nanoclusters are remarkably stable under reaction
conditions, resulting in low deactivation and high and stable
propylene selectivity. This underlines the beneficial cobalt
bonding within the m-Al,O; structure instead of weaker
interactions with the acid sites on the surface.

Alumina with impregnated cobalt (Co/y-Al,0; and Co/m-
ALO; (IWI)) strongly deactivates with fast coke formation
and/or formation of large metallic particles. Cobalt particles
with a mean size of 7.4 nm were formed in 12 h under reaction
conditions on Co/y-ALLO; and 14 wt % of coke was
accumulated. This leads to a loss of 65.4% of the initial
space—time yield. The deactivation is ascribed to the weaker
C02+—support interaction, leading to the formation of larger
cobalt particles, as well as strong acid sites of the support,
promoting the formation of carbon layers and carbon
nanotubes under reaction conditions. These findings unravel
structure—performance correlations on the nature of cobalt
and support sites applied for propane dehydrogenation, useful
for the design of stable dehydrogenation catalysts applied
under harsh conditions.
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