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The present study describes the catalytic performance of cobalt ferrite supported on MCM-41 for the oxi-
dative dehydrogenation of ethylbenzene. The catalytic activity of cobalt ferrite was compared with that of
the traditional hematite based catalyst. A mechanism is described indicating the role of the 0% -Fe3*-0?"
and O?-Co%"-0%" acid-base sites present in the tetrahedral and octahedral positions of the cobalt ferrite
structure. The solids were characterized by X-ray diffraction (XRD), Raman spectroscopy (RS), M&ssbauer
spectroscopy (MS), X-ray photoelectron spectroscopy (XPS), vibrating-sample magnetometry (VSM),
temperature-programmed reduction (H,-TPR), chemical adsorption of NO and pyridine followed by infra-
red analysis, temperature programmed desorption of CO, (TPD), N, physisorption and transmission
electronic microscopy (TEM). The catalytic tests were performed in a fixed bed reactor using a saturator
containing ethylbenzene. The XRD, RS, MS and VSM results confirmed the formation of cobalt ferrite,
which was classified as partially inverted ferrite. The low-angle XRD, N, isotherms and TEM images show
the formation of the mesoporous MCM-41 support with a high surface area. The catalytic tests confirmed
that the cobalt ferrite is more active and stable than the traditional hematite catalyst. The catalytic cycle for
ethylbenzene dehydrogenation occurs preferentially in the O?-Fe>*-0?" octahedral sites compared to the
0% -Co?*-0? sites. A theoretical approach using density functional theory revealed a higher acidity of iron
sites compared to cobalt ones on the surface of the partially inverted spinel. The adsorption of ethylben-
zene takes place preferentially in the outermost FeO, (x > 4) sites (Lewis acid) and the dehydrogenation re-
action occurs predominantly in the oxygens bound to iron (Lewis base) according to the complementary
electrostatic potential surface approach.

1. Introduction

Catalytic dehydrogenation of ethylbenzene is the most applied
industrial process to produce styrene, which is a precursor for
the production of polymers, including polystyrene and sty-
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conducted over iron oxide-based catalysts with an excess sup-
ply of steam at high temperature (endothermic process).>
Several studies have been carried out using commercial

.. . . . 3-5
4 Instituto de Quimica, Universidade Federal do Rio Grande do Norte, 59078-970, catalysts containing Fe,O; as the main active site. How-

Natal, RN, Brazil

ever, there are several issues related to the use of super-
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of steam occurs with a great loss of energy in the gas-liquid
separator and the equilibrium conversion is low even at high
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Fe,0;-based catalyst presents reasonable activity and

This journal is © The Royal Society of Chemistry 2019 Catal Sci. Technol., 2019, 9, 2469-2484 | 2469


http://crossmark.crossref.org/dialog/?doi=10.1039/c9cy00618d&domain=pdf&date_stamp=2019-05-15
http://orcid.org/0000-0002-7019-6155
http://orcid.org/0000-0001-9543-7368
https://doi.org/10.1039/c9cy00618d
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY009010

Published on 11 April 2019. Downloaded on 7/17/2019 9:54:37 PM.

Paper

selectivity as well as low cost, the solid has very low stability
leading to deactivation during the reaction. The deactivation
is mainly due to chemical reduction of Fe** (major site) and
coke deposition.”

Several investigations are being done in order to develop
alternative processes to the steam process and to find active
sites that are more resistant to a reducing atmosphere.®*?
The substitution of H,0(g) by CO,(g) as a soft oxidant during
the oxidative dehydrogenation of ethylbenzene is an interest-
ing alternative, since it minimizes the thermodynamic limita-
tion of the commercial process, reduces energy expenditure
and generates a commercial value for CO,, one of the gases
causing the greenhouse effect.®

Oxides with high structural stability such as perovskites and
spinels have higher catalytic stability, minimizing the deactiva-
tion by phase change and carbon deposition compared to con-
ventional hematite under hard reaction conditions.”"*
Madduluri et al. synthesized MgAl,O, spinel based-catalysts
and applied them in the oxidative dehydrogenation of ethyl-
benzene. It was confirmed that the presence of Fe in the spinel
phase has a synergistic effect with promising catalytic proper-
ties compared to the classical Fe,0; catalyst.” Ji et al. presented
the synthesis of an Fe-doped MgAl,O, spinel catalyst for ethyl-
benzene dehydrogenation in the presence of CO,. The results
showed that the catalytic performance of Fe*" in the spinel is
superior to traditional a-Fe,O3, and the synergistic effect be-
tween Fe”* and Fe*" increases the catalytic activity.'’

Watanabe et al. prepared the La, gBay ,Fey 4Mng ¢0;_, perov-
skite based-oxide. The results indicated that this type of solid is
highly resistant to the reaction conditions and consequently
shows extremely high activity and stability for ethylbenzene de-
hydrogenation to produce styrene."’ Watanabe et al. showed
that the BaFe,,Zr,030; perovskite based-solid presented a
higher styrene yield than the classic Fe,O;-K catalyst,
confirming the high stability of the perovskite structure.'?

Spinel-type ferrites (MFe,0,4) are structures with Fe®*" and
lattice oxygen, the major sites for oxidative dehydrogenation of
ethylbenzene, have high structural stability and present a rela-
tively simple structure and easy stoichiometric control com-
pared to iron-based perovskites. Fe*" and M>* may occupy tetra-
hedral and octahedral positions in the crystal lattice, since
these spinel ferrites are classified as normal or inverse spinel
structures. In the case of normal spinels, all the divalent metal
ions (M>") occupy the tetrahedral sites and all the trivalent iron
ions (Fe**) occupy the octahedral sites, while in inverse spinels
the divalent metal ion totally occupies the octahedral (B) site
and the trivalent iron ions are equally distributed between the
tetrahedral (A) and octahedral (B) sites.® Specifically, the co-
balt ferrite may be an inverse or partially inverse spinel
depending on the cation substitution, which is directly related
to the synthesis conditions. The Co®>" and Fe** distribution be-
tween A-sites and B sites has an influence on the physical prop-
erties of the CoFe,0, structure and consequently on the cata-
Iytic properties.'*

Ferrites as catalysts for the oxidative dehydrogenation of
ethylbenzene are rarely described in the literature.">'® There
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are few experimental studies, and these do not detail the sur-
face chemistry involved in the catalytic cycle. A mechanistic
proposal that takes into account the adsorption of ethylben-
zene in the ferrite's tetrahedral and/or octahedral sites, indi-
cating the preferred ethylbenzene adsorption sites, remains
an open search field.

On the other hand, it is known that according to the syn-
thesis conditions'”'® some spinel particles may exhibit se-
lected surfaces with enhanced catalytic activity. Some studies
in cubic spinels have presented the {001} surface as the ther-
modynamically most stable, and consequently the most rep-
resentative for theoretical modelling."**°

Furthermore, it is important to mention that the physico-
chemical properties of the support directly affect the catalytic
performance for the oxidative dehydrogenation of ethylbenzene
using iron based solids.>" Among the different supports, MCM-
41 is the most well-studied member of the family of meso-
structured materials M41S, which presents a high surface area,
well-ordered cylindrical channels with a hexagonal arrange-
ment and controllable uniform pore sizes of 2-10 nm.>> Few
studies show the dehydrogenation of ethylbenzene using hema-
tite dispersed in MCM-41.>** However, to the best of our
knowledge, this is the first investigation on CoFe,O, dispersed
in MCM-41 as a catalyst for oxidative dehydrogenation of ethyl-
benzene in the presence of carbon dioxide.

Thus, the present study shows the synthesis of the
CoFe,0,-MCM-41 catalyst, and its characterization in order
to obtain information about the physical-chemical properties
of the ferrite (structure, chemical surface, magnetism, acid-
ity-basicity, texture, redox, and morphology) and the catalytic
performance for the conversion of ethylbenzene to styrene in
the presence of CO,. Finally, a mechanistic approach taking
into account the Fe** and Co®" ions in the tetrahedral and oc-
tahedral sites of the cobalt ferrite, was presented and the re-
sults were supported by a DFT (density functional theory)
computational study. The first-principles study provided valu-
able insights into the effect of each cation on the particle's
surfaces. Furthermore, the influence of Fe and Co on the
electronic structure of the (001) surface of the CoFe,0, parti-
cles was investigated.

2. Experimental
2.1. Synthesis of the silica MCM-41 support

The synthesis of the mesoporous silica MCM-41 support was
based on a method previously described.>® The synthesis uses
the following molar ratio, 1SiO,:0.15CTABr:0.26TMAOH:
20.52H,0. Initially, 100.53 g of distilled water and 15 g of
CTABr were added to a plastic beaker at room temperature
under constant stirring for 1 h. Meanwhile, another solution
containing 25.95 g of 25% TMAOH and 2.88 g of silica aero-
sol was prepared in another plastic beaker under magnetic
stirring for 1 h to homogenize the solution. Subsequently,
both solutions were mixed in a plastic beaker. This new solu-
tion was slowly added to 13.56 g of aerosil silica and mixed
for 1 h until the formation of a homogenous gel. Afterward,
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the gel was transferred to Teflon-lined stainless steel auto-
claves and kept at 135 °C for 24 h. Then, the formed material
was filtered and dried at 100 °C for 12 h. Finally, the
obtained precursor was calcined at 550 °C for 6 h using syn-
thetic air. The final sample was named as pure MCM-41.

2.2. Synthesis of CoFe,0, dispersed on the silica MCM-41
support by incipient wetness impregnation

The synthesis of 20 wt% CoFe,0,/MCM-41 and 20 wt% Fe,O3/
MCM-41 catalysts was carried out by the classical incipient
wetness impregnation method. For the CoFe,0,/MCM-41
solid, an aqueous solution of iron nitrate {Fe(NO;);-9H,0 -
404 g mol™} and cobalt nitrate {Co(NO;),-6H,0 - 290.7 g
mol ™'} precursors was used. 1.0 g of MCM-41 was mixed with
an aqueous solution containing the appropriate quantity of
iron nitrate and/or cobalt nitrate. Afterward, the samples
were dried at 100 °C for 12 h and, finally, calcined under air
at 700 °C for 2 h to obtain the cobalt ferrite for 20 wt%
CoFe,0,/MCM-41 and hematite for 20 wt% Fe,O3;/MCM-41.
The samples 20 wt% CoFe,0,/MCM-41 and 20 wt% Fe,O3/
MCM-41 were labeled as CF-MCM-41 and Fe,0;-MCM-41,
respectively.

2.3. Characterization of the solids

The chemical composition of the catalyst was determined
using X-ray fluorescence (XRF) spectroscopy with a ZSX mini
1I spectrometer (Rigaku).

The X-ray diffractograms were obtained on a Bruker D2
Phaser diffractometer equipped with a CuKa radiation source
(4 = 1.54 A) with a Ni filter, with a step of 0.02° and an angle
(26) range from 10 to 90°, using a Lynxeye detector to deter-
mine the crystal structure of the cobalt ferrite or hematite.
Phase identification was done using the X-Pert HighScore
Panalytical software and the JCPDS-ICDD 2003 database.>
Rietveld refinements were performed using the GSAS software>’
and an EXPGUI interface®® after determining the instrumental
broadening by means of refining a LaB6 NIST standard sample.
The modified pseudo-Voigt function (Thompson-Cox-
Hastings) was chosen to adjust the profiles of the diffraction
peaks for the identified crystalline phases. The full width at
half maximum (FWHM) of the peaks was used to calculate the
crystallite size based on the Scherrer equation.>

Raman spectroscopy investigations were conducted at
room temperature using a Raman microscope (HORIBA Sci-
entific, LabRAM HR Evolution model) with a 532 nm excita-
tion source from an Ar + laser in order to identify the
CoFe,0, and a-Fe,O; phases.

>’Fe Mossbauer spectra were recorded in the transmission
mode using a spectrometer (SEECo) with triangular velocity
sweep. A helium closed cycle variable temperature cryostat
(Janis) was used to record the spectra at 12 K and 300 K. The
14.4 keV y-radiation source is >’Co in a Rh matrix with an ac-
tivity of 20 mcCi.

XPS analyses were performed on a Kratos Ultra DLD spectro-
meter using monochromated Al Ko radiation (10 mA, 15 kV).

This journal is © The Royal Society of Chemistry 2019
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All spectra were taken in the hybrid (combined electrostatic
and magnetic lens) mode. All spectra were referenced to the C
1s line at binding energy 284.6 eV, characteristic of ever-
present adventitious carbon (C-C and C-H). This peak position
was obtained after Shirley background subtraction and decom-
position of the C 1s peak envelope using a Gaussian-
Lorentzian (70-30%) curve fit. All other photoelectron peaks
were background-subtracted and fitted in the same manner.
Quantification was performed using the VISION software sup-
plied. The relative sensitivity factors (RSFs) applied are inherent
to this software and incorporate Wagner photoelectron cross-
sections and analyser transmission correction.

Isothermal hysteresis loop (M x H), zero field cooling
(Mzfc) and field cooling (Mfc) magnetic measurements as a
function of temperature were performed using a physical
property measurement system (PPMS-Dynaccol, Quantum De-
sign) equipped with a vibrating sample magnetometer (VSM).

Temperature-programmed reduction (TPR) analyses were
performed in the range of 100-950 °C in a quartz reactor
using an 8% H,/N, mixture flow (20 mL min™") at a heating
rate of 10 °C min~". A thermal conductivity detector (TCD)
was used to follow the H, consumption and determine the re-
sistance of the materials to the reducing atmosphere and the
redox properties.

The FTIR spectra of self-supported pellets of CF-MCM-41-
based catalysts were recorded with a Bruker Vector 22 spectro-
meter in the absorption mode with a resolution of 2 cm™. The
catalysts were placed in an IR cell equipped with CaF, windows
and treated in situ. The different solids were first pretreated at
450 °C under vacuum for 1 h. Pyridine was adsorbed under sat-
uration vapor pressure for 5 min at room temperature and the
pellet was desorbed at 150 °C for 1 h in order to remove the
physisorbed pyridine species. The sample's spectra after
pretreatment and after pyridine adsorption were recorded in
order to evaluate the acidic properties of the solids.

Before adsorption, NO was further purified by passing
through a liquid nitrogen cold trap and additional fraction
distillation. Initially, the catalysts were heated at 450 °C un-
der vacuum for 3 h as the pretreatment. The adsorption time
is set as 5 min for all the FTIR experiments using a pressure
of 20 Torr at room temperature. Subsequently, NO was
adsorbed for 18 h using 20 Torr at 200 °C. Subtractions of
the IR spectra of the catalyst wafer under vacuum before
adding NO and the NO gas phase spectra to catalyst wafer
under a NO atmosphere were performed in order to evaluate
the surface chemistry of the acid sites present in the cata-
lysts. After adsorption and before FTIR analysis, the samples
were subjected to a vacuum at room temperature.

The CO, temperature-programmed desorption (TPD-CO,)
was performed in the range of 40-500 °C under a He flow (10
°C min™", 16 ml min™). The samples were preheated under He
flow (16 ml min™") at 700 °C for 1 h. Afterward, the temperature
was decreased to 45 °C and the He flow was changed to pure
CO, (16 ml min™* for 0.5 h). The desorbed CO, was identified
by an online thermal conductivity detector (TCD) after passing
through a trap to remove any trace of water.

Catal. Sci. Technol., 2019, 9, 2469-2484 | 2471
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N, physisorption analysis was performed at a temperature
of 77 K (-196 °C) on a gas adsorption analyzer ASAP 2020
physisorption/Micromeritics model in order to obtain the tex-
tural properties of the catalysts. Prior to analysis, the solids
were degassed under vacuum at 200 °C for 2 h. From the
obtained isotherms, the specific surface area (using the BET
method), pore volume and pore diameter values were
determined.

The morphology of the MCM-41 silica support and the dis-
persion of the cobalt ferrite were investigated by transmission
electron microscopy (TEM) with an accelerating voltage of
120 kV (Jeol, JEM-2100, with EDS, Thermo scientific). The cat-
alysts were prepared by placing one drop of the dispersion on
a carbon coated copper grid (300 mesh).

2.4. Catalytic test

The ethylbenzene dehydrogenation reaction was performed
in a fixed bed quartz microreactor using 60 mg of catalyst at
550 °C and atmospheric pressure under nitrogen flow (30 mL
min"). Initially, for activating the oxide prior to the reaction,
the material was pretreated under nitrogen flow (30 mL
min~") for 60 min at 550 °C in order to remove water and
physisorbed CO,. Afterward, the ethylbenzene gas was
brought into contact with the catalyst in the catalytic bed
using a saturator containing ethylbenzene at 34 °C, which
was carried by a N, and CO, mixture (30 mL min™"), conse-
quently leading to the dehydrogenation reaction. The CO,:
ethylbenzene molar ratio was 30. Identification of the prod-
ucts and transformation of the reagent were analyzed by gas
chromatography (GC, Clarus 680, Perkin Elmer) using an in-
strument equipped with a FID and a non-polar capillary col-
umn. n-Heptane was used as an internal standard for chro-
matographic analysis. The ethylbenzene conversion (Cg) was
calculated according to eqn (1), the product selectivity (Sproq)
was calculated according to eqn (2) and the specific activity
(A) was calculated according to eqn (3).

Amount of obtained styrene(mol )

Amount of ethylbenzene consumed (mol)
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which is more realistic and consistent with the obtained
micrometric material.

To perform the theoretical approach, we have to consider
that CoFe,O, has a cubic structure (space group Fd3m), lat-
tice parameter @ = 8.35 A and three non-equivalent atoms
(1Co, 1Fe and 10). The unit cell (atomic positions and lat-
tice parameter) was fully optimized and the relaxed struc-
ture was used to model the low index (001) surface through
the slab model, which is periodic in the x and y directions
but finite in z. Slab (2 x 2) supercell expansion was
employed to allow a better structural relaxation of the outer-
most surface layers. This slab contains 136 atoms, with a
surface area of ~120 A® and a thickness of ~8.4 A. The
(001) surface of several spinels has been used as a represen-
tative in many studies,'”*° and it was concluded that the
octahedral termination is more stable than the tetrahedral
one. For an inverse spinel, the outer layers are
undercoordinated octahedra [FeOs], while the tetrahedral
[Co0,] are in the subsurface. Besides this configuration, two
other possibilities were modeled in which one (12.5%) or
four (50%) iron atoms on the octahedral sites were
substituted by cobalt atoms, reaching a partially inverted
spinel surface.

All theoretical DFT calculations were performed using the
hybrid HHLYP functional®® on the CRYSTAL 17 package,*"*
also including the Grimme D3 dispersion correction to better
describe long-range interactions.>® The atomic centers were
represented by an all-electron basis set: Co 8/6411/41 (s/sp/d),
Fe 8/6411/41 (s/sp/d) and O 8/411/11 (s/sp/d), as available
within the Crystal Basis Set Library.>* The unrestricted Kohn-
Sham formalism was adopted for all the systems to ensure
the magnetic solution. The accuracy for the Coulomb and ex-
change series was controlled by five threshold parameters set
to 8, 8, 8, 8, and 16. The shrinking factor (Pack-Monkhorst
and Gilat net) was set to 6 for the bulk (or 2 for the slab
supercell), corresponding to 16 (or 4) independent k-points
in the irreducible part of the Brillouin zone integration. The
SCF criteria convergence was governed by a threshold on the
energy of 10~ Hartree for geometry optimizations. All struc-
tures were optimized with the Broyden-Fletcher-Goldfarb-

%S, = x100 2
*Psorene A mount of all obtained products(mol) 2)
%Cy, =
Molar flow rate of ethylbenzene(molh™ )x C
A(molm'zh'l)z Y ( ) B

Catalyst mass(g)x surface area (m ‘g )

®)

2.5. Computational methods

In order to evaluate the exchange of iron with cobalt on the
electronic structure of CoFe,O, surfaces, DFT calculations
were performed using periodic boundary conditions to better
reproduce the two-dimensional surfaces. This allows evalua-
tion of the ubiquitous long-range properties in the solid,

2472 | Catal Sci. Technol, 2019, 9, 2469-2484
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x100 (1)

Shanno (BFGS) algorithm for Hessian updating, taking
(0.0003 a.u.) for convergence criteria on the gradient and
(0.00120 a.u.) for nuclear displacements.

The electronic structure was studied by means of atomic
charges, electrostatic and charge density surfaces, band struc-
ture and density of states (DOS), analyzed using the proper-
ties 17 routine of the CRYSTAL code, considering the same
setup used in the optimization, but improving the number of
k-points to 20 during the diagonalization of the Fock matrix.

Electrostatic interactions have always been considered an
important factor governing ligand-receptor and acid-base in-
teractions from the catalytic point of view. The identification

This journal is © The Royal Society of Chemistry 2019
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of acidity and basicity sites of the spinel surfaces was done
through electronic structure analysis, while the ability to ad-
sorb the ethylbenzene molecule was predicted indirectly by
means of an electrostatic potential, V(r), complementary per-
spective, which is a descriptor for Lewis acidity.>”

3. Results and discussion

3.1. Structural properties and chemical environment of iron/
cobalt (XRD, Raman, Mgssbauer and XPS)

The samples were analyzed by X-ray diffraction to study their
crystalline properties. The results are presented in Fig. 1A.
According to the literature, the formation of the o-Fe,0;
phase is expected for the sample Fe,0;-MCM-41, since the
sample was calcined at a temperature of 700 °C after the im-
pregnation process.*® However, the Fe,0;-MCM-41 catalyst
presented the profile of an amorphous phase without any dif-
fraction peak. The amorphous material may be related to the
formation of extremely small crystallites of a-Fe,O; and/or a
large number of defects (microstrain), which hinder their

View Article Online
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identification by XRD. The impregnation of Fe** on the
MCM-41 surface leads to a high dispersion of the hematite
phase, justifying the profile presented in the diffractogram.
The XRD technique has a sensitivity limitation to identify
phases with extremely small particle sizes. Earlier works on
Fe,O; dispersed on silica based supports showed the forma-
tion of Fe,O; with crystallite sizes below the XRD detection
limit (<4-6 nm).>"*’

On the other hand, the sample CF-MCM-41 presented
characteristic peaks of cobalt ferrite. Fig. 1A shows the experi-
mental data and a column chart indicating the expected posi-
tions and intensities for the JCPDS 00-002-1045 card. The
Rietveld refinement confirmed the formation of CoFe,O,
nanoparticles with a crystallite size of 8.6 nm. The experi-
mental and theoretical diffractograms obtained from the re-
finement are detailed in the ESI, Fig. S1.}

The elemental analysis results obtained by XRF, Table S1,}
show that the value of the Fe/Co mass ratio is close to that of
cobalt ferrite. Furthermore, the mass ratio between Fe/Si and
(Fe + Co)/Si is close to the values predicted in the synthesis

| :

| CF-MCM-41

Fe,0,-MCM-41
[ V.

mm CoFepOy
JCPDS 01-079-1744

el

Intensity (a.u)
Intensity (a.u)

; 1T

0 E CF-MCM-41

2 (sub-band) A
T29 A 1g

Fe,0,-MCM-41

10 20 30 40 50 60 70 80 90
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180 270 360 450 540 630 720 810 900

Raman shift (cm™)
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—— sextett |
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Fig. 1 Structural properties and chemical environment of Fe and Co for the different catalysts. (A) XRD results; (B) Raman spectra; (C) Mossbauer

spectra at 12 K; (D) wide-scan XPS spectrum.
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methodology, indicating that the ratio between the active site
(Fe,O3 or CoFe,0,) and support (SiO,-MCM-41) is similar for
the two samples.

Low-angle XRD analyses were performed in order to study
the change in the pore structure of MCM-41 after the impreg-
nation process. The low-angle diffractograms are presented
in the ESI, Fig. S2.f It is important to highlight that the pat-
tern of ordered mesoporous MCM-41 shows a small number
of reflections positioned at small angles due to the large lat-
tice parameter. Generally, only three diffraction peaks are
well resolved and are related to (100), (110), and (200) reflec-
tions.*® These results confirmed the formation of the hexago-
nally ordered mesostructure of MCM-41.

Furthermore, some pores may be filled during the impreg-
nation process, causing a slight change in the
diffractograms.***° Despite the slight difference in the
diffractograms of the samples before and after impregnation,
we can conclude that the MCM-41 structure was little af-
fected. This result is important for catalytic application,
allowing reagent accessibility to active sites and consequently
the catalytic cycle.

Raman analyses were performed in order to obtain infor-
mation about the formation of Fe,O; and confirm the forma-
tion of CoFe,0, for the CF-MCM-41 solid. The Raman spectra
of both samples are presented in Fig. 1B. The spectra of
Fe,0;-MCM-41 showed five typical bands of the o-Fe,O;
phase, located at 212 (Ay,), 272 (Ey), 384 (Ey), 477 (A4g), and
582 cm ' (E,), originating from Raman active symmetric
modes. A slight displacement of these bands compared to the
values found in the literature was observed,*"** which may be
related to structural defects such as oxygen vacancies and
Fe** interstitials.*® Thus, besides the small crystallite size, the
presence of defects in the hematite structure may justify the
absence of well-defined peaks in the diffractograms (Fig. 1A).

In Fig. 1B, the Raman spectra of the CF-MCM-41 catalyst
has six Raman active modes for cobalt ferrite (CoFe,0,), 3T2g
+Eg + 2Alg. These six active modes are positioned at 210, 305,
470, 576, 618 and 690 cm *, which are in accordance with the
spectra reported in the literature.***® The well-defined band
at 470 em™" (T,,) is related to the oxygen-metal bond for
metals in octahedral positions (Fe-O and Co-O). On the
other hand, the band at 690 cm™ is related to the oxygen-
metal bonds for metals in the tetrahedral sites of the spinel
structure. The band located at 618 cm " may also be corre-
lated with the Alg mode (breathing of Fe-O and Co-0O), des-
ignated as the A, sub-band, and is due to partial cation re-
distribution*®> and disorder effects of Co®>" and Fe®" over the
tetrahedral and octahedral sites.

Mossbauer spectroscopy was performed in order to obtain
information about the chemical environment of Fe and to
complement the information obtained from the XRD and Ra-
man results. In addition, it is possible to extract information
about the distribution of Fe*" and Co’" in the tetrahedral and
octahedral sites, classifying the cobalt ferrite as a fully or par-
tially inverted spinel. The analyses were carried out at room
temperature and at 12 K, specifically for the Fe,0;-MCM-41
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sample, in order to confirm the effect of crystallite size on
XRD phase identification.

The room temperature spectrum obtained for the Fe,O;-
MCM-41 catalyst (Fig. S3, ESIT) shows a central doublet indi-
cating that, within the Mossbauer window time, the Fe,O;
nanoparticles are in the superparamagnetic regime. The
superparamagnetic behavior is related to the small size of
the nanoparticles and the temperature of measurement.”’
Thus, the Mdssbauer spectrum confirms the results obtained
from the XRD analysis, i.e. the absence of diffraction peaks
regarding the Fe,O; phase suggests (Fig. 1A) the formation of
extremely small crystallites.

The low-temperature measurement shows a six-line
Mossbauer spectrum (Fig. 1C). The spectrum is related to
thermally blocked nanoparticles with slow relaxing magnetic
moments, and confirms the superparamagnetic regime at
300 K. The hyperfine parameters of the spectra either at 12 or
at 300 K show the presence of Fe*" in the hematite structure.
The isomer shift (IS) and hyperfine magnetic field (Hf) at 12
K are 0.365 mm s ' and 48 T, respectively. These values are
in close agreement with an earlier work in ultrasmall Fe,0;
nanoparticles.*®

The Mossbauer spectrum of CF-MCM-41 at 12 K was fitted
with two six-line spectra and one two-line spectrum. The sextets
indicate the presence of Fe in two different environments in
the thermally blocked nanoparticles, Fig. 1C. The doublet indi-
cates the presence of superparamagnetic nanoparticles with
very small sizes. The sextets are assigned to iron in the tetrahe-
dral (Fe-Tetr, A site) and octahedral (Fe-Oct, B site) coordina-
tion symmetries. The hyperfine parameters presented in
Table 1 are in close agreement with earlier results for CoFe,0,
and in accordance with previous characterized structures.®>°

The chemical formula of cobalt ferrites (Co;_ Fe,)[Co,-
Fe, ,]O, can be obtained from the degree of inversion (x),
which is defined as the fraction of Fe** occupying the tetrahe-
dral sites. In the mentioned formula, cations enclosed in
round and square brackets refer to ions in the A and B sites,
respectively. The cobalt ferrite is fully inverted when x = 1.
The degree of inversion can be calculated from the ratio of
spectral relative absorption areas (RAA) given by the formula:
RAA(A site)/RAA(B site) = fu/fs(x/(2 — x)), where f)/fy is the ratio
of recoilless fractions of Fe atoms in A and B sites. At low
temperatures, it is known that f/f, = 0.96,°° thus, the chemi-
cal formula is given by: (Cog cF€¢.04)[COp.94F€1.06]04, Where x
= 0.94 indicates that the ferrite is partially inverted and a
small fraction of Co** also occupies the tetrahedral positions.

XPS analyses were performed in order to consolidate the pre-
vious measurements with the chemical environment of Fe and
Co on the solid surface, since the heterogeneous catalytic pro-
cess occurs essentially on the surface. Wide-scan X-ray photo-
electron spectroscopy (XPS) spectra are presented in Fig. 1D.
The detailed spectra of Fe2p and Co2p for Fe,0;-MCM-41 and
CF-MCM-41 samples are shown in the ESI, Fig. S4.}

The wide-scan XPS spectrum with binding energies rang-
ing from 0 to 850 eV for the CF-MCM-41 solid shows four
characteristic peaks at 103, 530, 710 and 781 eV related to Si
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Table 1 Hyperfine parameters of the different samples containing iron before the catalytic test

Sample Spectrum IS (mm s ™) QS (mms™) B (T) Area (%) Area - only CoFe,0,
CF-MCM-41 Sextet 1 (Feeqr) 0.29 0.019 51 40 48

Sextet 2 (Feoc) 0.39 -0.011 54 45 52

Doublet 0.36 0.9 — 15 —
Fe,0;-MCM-41 Sextet 0.36 —-0.018 48 100 —

2p, O1s, Fe 2p and Co 2p, respectively. The wide scan XPS
spectrum of the Fe,0;-MCM-41 solid shows photoelectron
peaks at binding energies of about 103, 530, and 710 eV at-
tributed to Si 2p, O1s, and Fe 2p, respectively. Si2p is related
to the silicon oxide from the MCM-41 support. The wide-scan
XPS spectra of the Fe,0;-MCM-41 and CF-MCM-41 samples
are in agreement with previously published spectra.>">*

Fig. S4at and B exhibit two XPS peaks at approximately
711 and 725 eV, which are identified as Fe*-O bonds in
Co(u)Fe(m),0, oxide or o-Fe(ur),03, corroborating with previ-
ous characterizations.”"**> The Co 2p signal has four peaks at
781, 787, 797, and 803 eV, which confirmed the formation of
the cobalt ferrite structure, Fig. S4c.tf The Co 2p;, and Co
2ps, signals proved the Co** valence states. The two main
peaks and the two satellite peaks confirmed the presence of
Co>" in the Co(u)Fe(m),0, structure, concerning the partially
inverse spinel structures, indicating that the Fe and Co ions
occupy both the tetrahedral and octahedral ferrite sites. The
binding energy values observed in the spectra corroborate
with previously published papers.”'>*

The relative concentration of Co and Fe for the CF-MCM-
41 catalyst has been calculated and found to be 48% and
52%, respectively, indicating that the Fe and Co present in
the cobalt ferrite were equally distributed on the support sur-
face. Prior to curve fitting, the background was subtracted
and the peaks were deconvoluted. Furthermore, the superfi-
cial atomic concentrations of the different elements observed
in the spectra in Fig. 1D are described in Table S1 (ESI¥).

The experimental results shown above indicate that the
impregnation method was successfully performed, since the
ferrite structure for the CF-MCM-41 solid and the hematite
phase for the Fe,0;-MCM-41 sample are present on the cata-
lyst surface, which will be essential in the catalysis
application.

The XRD, Raman, Mdssbauer and XPS results presented
essential information about the O >-Fe**-0*" and O>-Co**-
O’ catalytic sites, which will be important in catalytic appli-
cations, since the Fe’" and Co”>" (Lewis acid) and O*", lattice
oxygen, (Lewis base) will have different electron densities and
reactivities in the tetrahedral and octahedral sites.

3.2. Magnetic properties (VSM and M-T analysis)

Dormann et al.*® studied finely dispersed hematite grains of

2.9 nm in an Al,O; matrix. They found a sextet with an H of
47 T at 5 K and a two line spectrum at 300 K. Our spectrum,
at 12 K, shows a sextet with a similar H to Dormann et al.*®
and with wide peaks indicating a distribution of Hy that can

This journal is © The Royal Society of Chemistry 2019

be ascribed to surface disorder; this effect is enhanced in
small particles where the ratio of the surface to the core is
relatively high. Therefore, our results are in close agreement
with the work of Dormann et al.*® and confirm the formation
of very small hematite crystallites, which are in accordance
with previously described characterizations.

The magnetization curves of Fe,0;-MCM-41 are presented
in Fig. 2b. The isothermal measurement (M x H) recorded at
300 K shows a non-saturated and very small magnetization
signal at 50 kOe. The anhysteretic behavior of this measure-
ment confirms the presence of fast relaxing magnetic mo-
ments due to superparamagnetic nanoparticles.

In fact, bulk hematite has a Néel transition (7y) at 955 K.
Also, it has a Morin transition (Ty;) at 263 K and below this
temperature the two magnetic sub-lattices are exactly antipar-
allel in the [111] axis. However, above Ty;, the moments have
a slight canting, therefore, resulting in a small net magneti-
zation. It is known that Ty is below 4 K for particles smaller
than 8 nm,> thus these particles will have a ferromagnetic
signal above 4 K. The net magnetization in fine antiferromag-
netic nanoparticles has contributions from the canting mo-
ments and from the uncompensated moments in the antifer-
romagnetic lattice.

The Mzfc curve shows a peak at 20 K due to the blocking
temperature (73), Fig. 2a. On the other hand, the Mfc curve
shows a steeper increase below Ty due to moments with en-
hanced magneto crystalline anisotropy, probably due to sur-
face atoms. Furthermore, the Mzfc does not exhibit the
Morin transition, indicating that the hematite nanoparticles
may be smaller than 8 nm.>* To further study the Fe,Os-
MCM-41 sample, the hematite's particle size (D) was deter-
mined by assuming that they are spheres. The particle's vol-
ume (V) as a function of the blocking temperature (Tg),
Boltzmann constant (Kg) and the magnetocrystalline aniso-
tropy (K) is given by V = 25KTy/K, where V = nD?/6. Taking
into account the K value determined by Dormann et al.*® of K
=9 x 10° J m™® for very fine particles, we have obtained D =
2.5 nm, which is in close agreement with the work of
Dormann et al.*® and is reasonable for nanoparticles with
sizes below the XRD detection limit, justifying the profile of
the diffractogram for the Fe,0;-MCM-41 sample.

The hysteresis for the Fe,0;-MCM-41 sample shows that
under a maximum magnetic field of 5 T the sample does not
saturate at 4 K, Fig. 2b. The measurement shows a hysteresis
with a coercive field of 1850 Oe and a magnetization at 5 T of
2.9 emu g ". This last value will be higher if we take into ac-
count the nominal concentration of hematite of 20 wt%, thus
M(5 T) = 14.5 emu g . The ferromagnetic signal suggests that
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Fig. 2 Magnetic properties of the different samples. (a) and (c) Mzfc and Mfc magnetization curves; (b) and (d) hysteresis cycles from VSM

analysis.

the Morin transition is below 4 K, therefore, the sample has
canting moments, which contribute to the net magnetization.

For the CF-MCM-41 sample, the M x H measurement at
300 K shows an unusual behavior with a coercive field of 508
Oe, indicating that the sample is thermally blocked at 300 K,
Fig. 2d. The magnetization at 5 T has a value of 6.45 emu g
This value is smaller than the one expected for the bulk in-
verse spinel cobalt ferrite of 72 emu g™'. However, for the
present catalyst, the active phase has a small crystallite size
and is dispersed in the MCM-41 support, which justifies the
lower value of saturation magnetization presented in the hys-
teresis curve, Fig. 2d. The Mzfc and Mfc curves do not show
any peak in the whole range of temperatures, Fig. 2c. These
results confirm that the sample is thermally blocked below
300 K, Fig. 2d. It is known that cobalt ferrite nanoparticles
with sizes larger than 6 nm are blocked at 300 K,** which is
in agreement with the crystallite size of 14 nm, calculated
using Scherrer's equation. Catalysts with magnetic properties
are interesting, since they are easily separated at the end of
the process by simple magnetic extraction.

3.3. Redox properties of cobalt ferrite (TPR-H, analysis)

The TPR analysis was performed to study the redox proper-
ties of Fe** and Co”>" in the tetrahedral and octahedral sites
of the spinel structure. Fig. 3 presents the TPR profile for the
two samples. The Fe,O;-MCM41 solid showed one well-
defined peak at low temperature and two shoulders at higher
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temperatures. The broad peak with a maximum near 405 °C
is related to the transformation of hematite to magnetite.
The two shoulders at approximately 530 and 580 °C, respec-
tively, may be related to the reduction of magnetite (Fe;0,) to
FeO followed by reduction of FeO to metallic iron. The reduc-
tion of a fraction of magnetite to metallic iron with lower
support interaction and located on the external surfaces may
have occurred in the first reduction range, since the amount
of H, consumption in the first peak is much greater than
those in both shoulders at higher temperatures, indicating
the incomplete reduction of Fe** at higher temperatures.
Thus, the two shoulders may be related to the reduction of
the iron oxide that is more protected by the support and
therefore H, has limited access, complicating the reduction
process. These observations are in agreement with other pre-
viously published papers.*>>°

On the other hand, it is noted from the TPR profile for the
CF-MCM-41 sample that Fe*" ions located in the tetrahedral
and octahedral positions of the ferrite structure have differ-
ent redox properties compared to the Fe** ions present in the
hematite structure, considering that the heterogeneity of the
spinel structure is much higher. Specifically for this sample,
two broad and low-intensity shoulders are observed at low
temperature and three well-defined peaks at higher tempera-
ture. These peaks must be related to the reduction of the di-
valent cation (Co®* — Co" —Co° and the trivalent cation
(Fe** — Fe®* — Fe°) in the tetrahedral and octahedral posi-
tions of the cobalt ferrite structure. Taking into account that
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Fig. 3 H,-TPR results for the different solids.

in the crystallites the octahedral sites are more exposed com-
pared to the tetrahedral sites, one may consider that the re-
duction of the octahedral sites occurs preferentially (greater
reactivity) compared to that of the tetrahedral sites.”””® The
literature reports that in the TPR curve the Co** reduction
cannot be easily differentiated from the Fe*" reduction, since
both occur in the same temperature range. In addition, the
presence of Co>* (more easily reduced cation) shifts to lower
temperatures the traditional reduction range of Fe*", justify-
ing the similar reduction temperature range.>

Many studies report that the reduction of Co** and Fe*" to
zero valent metals does not completely occur in the permitted
temperature range for H,-TPR analyses,”**® indicating that
the ferrite spinel has high structural stability against a reduc-
ing atmosphere. Furthermore, the structural stability of Fe**
in CoFe,0O, against a reducing atmosphere is much larger
than that of Fe*" in o-Fe,0;, which is confirmed in our TPR
results where the CF-MCM-41 catalyst showed reduction
peaks at a higher temperature compared to the Fe,O;-MCM-
41 sample. For oxidative dehydrogenation of hydrocarbons
where Fe*" plays an important role, the cobalt ferrite catalyst
will probably have a better performance compared to the he-
matite because the ferrite will have greater structural stability
and will minimize the deactivation due to the reduction of
Fe** during the catalytic dehydrogenation cycle.**°*

3.4. Acidity and adsorption properties of NO (IR of adsorbed
pyridine and NO)

The IR spectra of pyridine adsorbed on Fe,0;-MCM-41 and
CF-MCM-41 catalysts are presented in Fig. 4a. The most
intense bands appear at approximately 1449, 1490 and 1608
em™* and are related to Lewis acidic sites, referring to Fe**
present in the hematite and Fe*'/Co®" present in the cobalt
ferrite. The bands at 1490 and 1608 cm™" are absent in pure
MCM-41, indicating that the Lewis acid sites are mostly from
the hematite and cobalt ferrite structure. Previous studies
have shown that, for the case of the CF-MCM-41 solid, the
band at 1609 cm™", the contribution of pyridine adsorption
in octahedral sites is greater than that in the tetrahedral posi-

This journal is © The Royal Society of Chemistry 2019
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tions, suggesting that the octahedral sites are mostly exposed
on the catalyst surface compared to the tetrahedral sites.'>®*
Specifically, for the pure MCM-41 support, the spectrum ex-
hibits two visible bands at 1446 and 1597 cm ', which are as-
sociated with the adsorption of pyridine on the free silanol
groups present in the MCM-41 structure, since pyridine
forms hydrogen bonds with silanol groups.®®

Adsorption of NO followed by infrared analysis was
performed in order to evaluate the adsorption capacity of NO
in Fe** and Co*" sites, obtaining information about the sur-
face chemistry of Lewis acid sites. The NO species presents
three electron pairs occupying bonding orbitals and one un-
paired electron situated on a n antibonding orbital. In addi-
tion, another electron pair is positioned on the 56 non-
bonding orbital. These characteristics make NO a weak
electron donor (a weak Lewis base), presenting the ability to
coordinate with Lewis acid sites such as Co®" and Fe*".**

The IR spectra of NO adsorbed on Fe,0;-MCM-41 and CF-
MCM-41 solids are shown in Fig. 4b. The results clearly show
that the bands are much more intense in the CF-MCM-41
sample compared to those in the Fe,0;-MCM-41 catalyst,
suggesting that the active area referring to the Lewis acid
sites is much more exposed in the cobalt ferrite compared to
that in the hematite. The NO adsorption on the surfaces
containing Fe** or Fe’'/Co>" sites may be attributed to two
types of interactions, designated as monodentate and
bidentate nitrates. The adsorption of NO on the MCM-41 sup-
port practically does not exist, since the spectrum of the pure
support did not show any visible band.

CF-MCM-41

Fe,0,-MCM-41

Absorbance (a.u.)

Pure MCM-41

1650 1600 1550 1500 1450 1400
Wavenumber (cm™)

CF-MCM-41

Fe O _-MCM-41
273

2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm™)

Absorbance (a.u.)

Fig. 4 Chemical adsorption followed by infrared analysis. (a) FTIR
spectra of pyridine adsorbed on the solid surface; (b) FTIR spectra of
NO adsorbed on the catalyst surface.
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The CF-MCM-41 catalyst exhibited six bands at approxi-
mately 1382, 1463, 1582, 1681, 1806, and 1885 cm ', respec-
tively. The Fe,0;-MCM-41 solid showed three visible bands at
1380, 1451 and 1555 cm™* (similar to CF-MCM-41) and two very
weak bands at 1681 and 1836 cm . The bands at 1806 and
1885 cm™' belong to the cobalt ferrite and may be related to
v5(NO) and v,,(NO) modes due to the formation of Co*"(NO),
or Fe**(NO); complexes.®>*® The bands at approximately 1382
and 1450-1463 cm ' may be assigned to monodentate nitrate
species, while the bands at approximately 1555-1582 and 1681
em™" are attributed to bidentate nitrate species.®”

Specifically for the CF-MCM-41 sample, the NO species
can be adsorbed in the Fe*" or Co®" sites and in the tetrahe-
dral or octahedral positions of the lattice. Computational
studies using the DFT approach have shown that the NO mol-
ecule is preferentially adsorbed by Fe** compared to divalent
ions and preferably adsorbed in the octahedral positions
compared to the tetrahedral positions in the crystal lattice of
the ferrite structure.®®® Thus, the Fe*" ions located in the oc-
tahedral positions will be possibly the preferred sites in the
cobalt ferrite for reactions where the Lewis acid sites play an
important role in the catalytic cycle.

3.5. CO, adsorption capacity and catalyst basicity (TPD-CO,)

CO, desorption analysis was performed in order to evaluate
the CO, adsorption capacity considering that CO, plays the
role of a soft oxidant during oxidative ethylbenzene dehydro-
genation, minimizing coke deposition. The TPD-CO, results
are presented in Fig. 5. All the catalysts show a main peak at
low temperature between 27 and 190 °C. Particularly, the
Fe,0;-MCM41 solid showed a broad and low intensity band
between 150 and 275 °C. The first CO, desorption peak ob-
served in both samples is related to monodentate carbonate
formed on weak basic sites. The Fe,0;-MCM-41 catalyst
showed greater heterogeneity of the weak basic sites since
one shoulder was observed at 97 °C, while the CF-MCM-41
sample, despite the greater homogeneity, presented a higher
number of weak basic sites due to the greater area of the
band at low temperature. The Fe,O;-MCM-41 solid has a
broad and low-intensity band with two shoulders at 192 and
240 °C; these signals are related to CO, desorption of
bidentate carbonate formed on moderate basic sites. It is
worth mentioning that CO, adsorbed in the bidentate form
(moderate sites), for some reactions, is considered as an oc-
cupant of the active sites hindering the catalytic cycle, while
in the monodentate form (weak sites) it is easily desorbed, re-
leasing the active site to the new catalytic cycle.”””" Thus, it
is expected that for higher amounts of CO, adsorbed on the
catalyst surface, especially in weak sites, the activity in oxida-
tive dehydrogenation will be greater due to the lower amount
of deposited coke (less obstruction of active sites by carbon).

3.6. Textural properties (N, adsorption-desorption isotherms)

The nitrogen physisorption isotherms are presented in Fig. 6.
The corresponding calculated parameters are listed in
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Fig. 5 CO, desorption curves for the different solids (TPD-CO5,).

Table 2 (surface area, pore volume and pore diameter). All
the samples exhibited a type IV isotherm according to ITUPAC
classification with a sharp capillary condensation step at
about 0.25 and 0.6 relative pressures, characteristic of meso-
porous silica MCM-41 based materials.”> The range of pore
size distribution was very narrow, indicating the uniformity
of pores and preservation of mesoporosity. The data referring
to the textural properties present in Table 2 indicate that the
surface area decreased after Fe*" and Co®" impregnation. The
pore volume also had a slight decrease after insertion of the
metals by incipient impregnation. These results suggest that
the metals inserted by impregnation are mostly on the cata-
lyst surface, as presented in the XPS results (Fig. 1D), and a
small fraction of pores is partly blocked by the hematite
(Fe,05-MCM-41 sample) or cobalt ferrite (CF-MCM-41 solid).
Despite the slight change in texture properties after impreg-
nation, the mesoporous structure of the MCM-41 support
was practically maintained, corroborating with the low-angle
diffractograms (Fig. S27).
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Fig. 6 N, adsorption and desorption isotherms for the different
samples.
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Table 2 Textural properties obtained from N, adsorption-desorption isotherms and specific activity from catalytic performance (A)

Sample Sper (M* g™) Vp (em® g™) D, (nm) A" (molm™h™)
Pure MCM-41 946 0.75 4.2 0.03
Fe,0;-MCM-41 690 0.53 3.9 0.05
CF-MCM-41 789 0.45 3.4 0.23

Sger: BET surface area; V),: total pore volume; D,: pore diameter obtained by the VBS, method.; # = average values only for a reaction period

higher than 2 h.

3.7. Morphological properties (TEM images)

TEM characterization was employed in order to observe the
mesoporous structures of the CF-MCM-41 solid. TEM images
of the CF-MCM-41 catalyst are presented in Fig. 7.

Fig. 7A shows a particle with well-defined long fringes re-
lated to pores of the MCM-41 particle with inter pore dis-
tances of 3.3 nm in agreement with the small-angle XRD
diffractograms (Fig. S21) and N, isotherms (Fig. 6). In the
lower right side, there are a large number of aggregates of
small particles, probably due to CF, deposited on the MCM-
41 surface. Fig. 7B shows the same particle recorded at a
lower magnification; in the upper side of the MCM-41 parti-
cle, a large number of small nanoparticles that seem to clog
the MCM-41 pores are noticed. Approximately, the particle in
Fig. 7B is 200 nm wide and has a length of 300 nm. Fig. 7C
shows a high magnification image with a few CF nano-
particles depicting fringes due to (400) and (311) planes with
interplanar distances of 0.20 nm and 0.25 nm, respectively,
according to the JCPDS 00-002-1045 card shown in the
diffractograms in Fig. 1A. Fig. 7D shows a histogram with the
size distribution of the CF particles, and the main size is
about 7 nm, which is in agreement with the value obtained
from the diffractograms according to the Scherrer equation.

A ud 13T SRR 2 i DA

3.8. Catalytic performance (catalytic tests)

The catalytic performance of the different samples in the eth-
ylbenzene conversion to styrene is shown in Fig. 8. The re-
sults indicate that pure MCM-41 support has practically no
activity in the reaction with a conversion value close to 3%
(practically inactive), confirming that the O >-Fe®**~0*" and/or
~20-Co0*"-0*" species in the crystal lattice are the major sites
responsible for the conversion of ethylbenzene to styrene.
The CF-MCM-41 catalyst exhibited better conversion results
compared to the Fe,O;-MCM-41 solid, confirming that the
cobalt ferrite is a more stable structure for the reaction con-
ditions compared to the hematite. The CoFe,O, structure
minimizes the deactivation by reduction of the active sites
and by coke deposition compared to the o-Fe,O; phase.

The diffractogram of the CF-MCM-41 sample after the cata-
Iytic test, Fig. S5,f confirms the high stability of the cobalt fer-
rite structure compared to the hematite, since practically no
difference was observed compared to the diffractogram before
the reaction (Fig. 1A). The Mossbauer spectroscopy results after
the reaction (not shown) also confirmed the presence of cobalt
ferrite. The identification of the hematite phase change to mag-
netite for the Fe,0;-MCM-41 sample after the reaction was not
possible, since this sample has a crystallite size below the XRD

204
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Fig. 7 (A)-(C): TEM images of the CF-MCM-41 catalyst using different approximations. (D): Histogram with the size distribution.
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detection limit as mentioned previously. On the other hand, it
was previously described from the experimental data after and
before the reaction that for catalysts containing hematite dis-
persed in a silica support a change of hematite to magnetite oc-
curs,'®?! justifying the better catalytic performance of the co-
balt ferrite compared to the hematite. It is known that the
catalytic performance for the oxidative dehydrogenation of eth-
ylbenzene using magnetite (Fe*'/Fe**) is smaller compared to
that using hematite (Fe**),”* confirming that the restitution of
Fe*" sites during the catalytic cycle is essential for maintaining
the catalyst activity.

The CF-MCM-41 sample reached ethylbenzene conversion
values around 30% after 60 min of reaction and remained
constant during the 300 min reaction, while the Fe,0;-MCM-
41 solid was deactivated during the reaction, presenting eth-
ylbenzene conversion values close to those of the support in
the last minutes of reaction. Both samples presented almost
100% selectivity to styrene, confirming that iron-based mate-
rials are highly selective to styrene. Traces of benzene and tol-
uene were identified in some reaction time. The results of
specific activity presented in Table 2 confirm the higher con-
version of the sample containing cobalt ferrite compared to
hematite and the pure support.

3.9. Mechanistic proposal (catalytic cycle)

The reaction mechanism may change according to the nature
of a solid catalyst. The materials need certain characteristics
such as active sites well distributed on the surface; the acces-
sibility of the sites in relation to the reagents is affected by
physicochemical properties (elemental composition, struc-
ture, oxidation states, crystallite size, morphology, texture,
acidity-basicity and dispersion of active sites).”* All character-
izations and catalytic tests presented previously confirmed
that the cobalt ferrite has interesting properties to act as a
catalyst in the transformation of ethylbenzene to styrene,
since this structure presents Fe** (major active site) with a
high stability structure. However, the role of iron or cobalt
and lattice oxygen sites in the tetrahedral or octahedral posi-
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Fig. 8 Catalytic performance of the cobalt ferrite in the oxidative
dehydrogenation of ethylbenzene.
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tions of the cobalt ferrite in the transformation of ethylben-
zene to styrene needs to be clarified.

The mechanism for oxidative dehydrogenation of hydrocar-
bons using an iron oxide-based catalyst (Fe** sites) has been
previously discussed in the literature.”>”® Initially the adsorp-
tion of the hydrocarbon group interacting with the Fe** active
site and O (lattice oxygen) occurs, followed by desorption
steps, releasing H, and the hydrocarbon product), and finally
the reoxidation step, regenerating the solid. The sequence of re-
actions relating to this mechanism is presented below. Oxida-
tive dehydrogenation of ethylbenzene occurs in two steps. Ini-
tially, simple dehydrogenation occurs, producing styrene and
H,, reaction (4). Subsequently, the generated H, reacts with
CO, to produce H,0(g) and CO(g) through the reverse water-
gas shift section (RWGS), reaction (5).

C6H5 - CH2CH3(g) = C6H5 - CH = CHz(g) + Hz(g) (4)

CO,(g) + Hy(g) = CO(g) + H>0(g) (5)

C + CO,(g) — 2CO(g) (6)

Fe*" (present in crystalline structure) — Fe>* (7)
Fe®* — Fe®" (present in crystalline structure) (8)

Particularly, some studies have reported the hydrocarbon
dehydrogenation mechanism using ferrite catalysts. In this
case, hydrogen abstraction occurs in two steps. In the first
step, a homolytic cleavage occurs to produce the intermediate
by forming a © bond with the Fe*" sites. During the second
step, a heterolytic cleavage occurs, in which H' binds to the
0> species (lattice oxygen sites) and forms a C,H,~Fe*" com-
plex, reactions (7) and (8). The abstraction of o hydrogen is
significantly influenced by the acidic properties of the cata-
lyst.”” Although some works proposed a mechanism for oxi-
dative dehydrogenation of hydrocarbons using ferrites, the
action of these sites and their role in the oxidative dehydroge-
nation of ethylbenzene remains a challenge to be explored.
Furthermore, previous studies did not mention the action of
tetrahedral and octahedral sites of ferrites. Thus, Scheme 1
shows a mechanistic proposal for the oxidative dehydrogena-
tion of ethylbenzene to styrene using the CoFe,0O, catalyst.

The reaction begins when the Fe*" sites (Lewis acids) in
the Co(n)Fe,(m)O, structure adsorb the aromatic ring of ethyl-
benzene (step I), followed by the elimination of two hydrogen
from ethyl groups over Lewis basic centers (0*"), lattice oxy-
gen, with electron transfer to Fe** (step II). In this stage of
the mechanism, the C-H bond is broken. Joseph et al. pro-
posed that the basic aromatic molecule adsorbed in the
Lewis acid sites of iron maintains an interaction with the
highest occupied molecular orbital (HOMO) and the unoccu-
pied states of the 3d iron have to be assumed (LUMO).”® In
step (III), iron and oxygen were reduced according to Lewis
acid/base interactions. Considering the desorption of the H
ions from the basic center (O) and the interaction of the

This journal is © The Royal Society of Chemistry 2019
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acid center (Fe**) with styrene, the reaction will produce H,
and styrene (reaction (4)).

The reduction of iron, reaction (7), and formation of OH
groups during the reaction and desorption represents a stage of
catalyst deactivation. Thus, new reactions are trivial to restore
the Fe’* active sites and reestablish the catalytic cycle. The
reoxidation of the iron active sites occurs in step (IV), reaction
(8), returning to the initial state and consequently continuing
the cyclic mechanism. For this stage, the literature proposes
some mechanisms,”® such as homolytic cleavage of the OH
group, producing H,. In experimental studies, Zhang et al*°
pointed out that the water-gas reverse reaction occurs during
dehydrogenation with CO, and facilitates ethylbenzene conver-
sion. The presence of CO, helps to sustain the ethylbenzene de-
hydrogenation in the CoFe,0, structure, removing the hydrogen
and repairing the oxygen vacancy created on the ferrite surface.

The Fe’* ions (tetrahedral and octahedral sites) present in
the ferrite are the main acid sites responsible for attracting
the aromatic ring because they have a higher Lewis acid
strength compared to Co>" in the ferrite structure located in
the tetrahedral and octahedral sites. In addition, the octahe-
dral sites are predominant compared to the tetrahedral sites,
since they are more abundant in the cobalt ferrite surface.®'
Therefore, the lattice oxygen in the vicinity of the Fe** in the
octahedral position plays the role of abstracting the hydro-
gens from ethylbenzene and dehydrogenates with greater
intensity compared to the lattice oxygen (basic site) near Co>"
in the tetrahedral and octahedral positions.

On the other hand, the catalytic dehydrogenation cycle
performed by the 0-Co>*-0>" sites in the tetrahedral and
octahedral positions cannot be neglected, since some studies

View Article Online
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have reported that oxidative dehydrogenation of hydrocar-
bons occurs in the presence of Co;04-based catalysts.*>** Tyo
et al. described the oxidative dehydrogenation in the pres-
ence of cobalt oxide from experimental and theoretical stud-
ies.®? The activation of hydrocarbon bonds occurs by hetero-
Iytic or homolytic mechanisms involving pairs of metal-
oxygen (M-O*) or oxygen-oxygen (O*-O*) sites, similar to
previously described mechanisms. The heterolytic dissocia-
tion occurs through the ¢ bond, involving the oxidative addi-
tion of C-H together with an abstraction of a proton by the
basic site (O*) on the surface. The C-H homolytic activation
involves the abstraction of hydrogen where a basic oxygen
atom on the surface abstracts an H and results in a weakly
coordinated species designated as C3;H; (7). The C;H; readily
returns to a second oxygen in the surface during the course
of the reaction. The reaction occurs on two surface oxygen
atoms (O*-0O%*), providing the dehydrogenation process.

In spite of the evidence presented for the preferential ad-
sorption of Fe** compared to Co®>" and the preferences for the
octahedral sites compared to the tetrahedral sites in the fer-
rite structure, no study using the DFT approach has been
presented for ethylbenzene adsorption to confirm this as-
sumption. Hence, a DFT computational study of ethylbenzene
adsorption on the CoFe,0, surface was carried out in order to
understand the site preference for adsorption of ethylbenzene
and confirm the mechanism proposed in Scheme 1.

3.10. Computational study (DFT)

Fig. 9A shows the optimized CoFe,0, bulk, where the lattice
parameter (@ = 8.31 A) was in close agreement with

MCM-41

Reduction

Scheme 1 Scheme indicating the mechanistic proposal for the oxidative dehydrogenation of ethylbenzene using catalysts based on cobalt ferrite.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (A) Unit cell of cubic CoFe,QO,. (B) (001) surface where the octahedral and tetrahedral sites at the outermost layers are occupied by Co or
Fe. The electrostatic surface potential [VS(r)] for (C) ethylbenzene (0.01 a.u. isodensity) and (D-F) the top view of spinel (001) termination (0.001 a.

u. isodensity).

experimental results, Fig. 1A. This bulk was used to build the
surfaces in the (001) plane, Fig. 9B, in which the octahedral
sites are occupied by iron or cobalt with a five-fold coordina-
tion [MOs]. The nature of site occupation and its coordina-
tion are determinant for the adsorptive power of a surface.
For adsorption of aromatic compounds, for example, the sur-
face should have a Lewis acid character to be able to interact
through n-bonding of the ring with the undercoordinated
transition metal at the surface. In fact, as previously de-
scribed, the benzene molecule interacts preferentially with
the hematite (001) surfaces through n-bonding in parallel ge-
ometries, and only weakly through hydrogen bonds in verti-
cal geometries.”® By visual inspection of the electrostatic po-
tential surface of ethylbenzene (Fig. 9C) and the catalyst
(Fig. 9D-F), it is easy to infer that ethylbenzene interacts with
the surface of CoFe,O, in a similar way to CsHe/Fe,O; as de-
scribed by Dzade et al.®*

The change in the Fe/Co amount in the (001) surfaces af-
fected locally the adsorption site acidity, as depicted in
Fig. 9D-F, by the modulation of Vg p,i,. In general, the effect
of the cobalt increase on the surface leads to a decrease in
positive electrostatic potential, which indicates that the ad-
sorption capacity of ethylbenzene should become preferential
in iron. Another important factor for ethylbenzene dehydro-

2482 | Catal Sci. Technol, 2019, 9, 2469-2484

genation into styrene is the role of C-H:--O,- interaction,
which takes place in the V. region of surfaces (red areas
in Fig. 9D-F, which are the sites most prone to interact as
Lewis bases). Moreover, the main product of ethylbenzene de-
hydrogenation, styrene, has a n-conjugated (-CH=CH,) vinyl
group that decrease the basicity of the aromatic ring, favoring
the desorption of the reaction product and consequently the
catalytic cycle. Thus, the DFT results showed good agreement
with the mechanism proposed in Scheme 1.

The electronic effect of the Fe/Co ratio on (001) surfaces is
also observed by density of states (DOSS) analysis (Fig. S6,
ESIt), where the pristine cobalt ferrite has the edge of the va-
lence band (VB) composed mainly of partially filled Fe 3d
states, while the bottom of the conduction band (CB) was
composed of Co 3d states. A similar behavior was observed
when few octahedral sites are inverted (12.5% [CoO;] and
87.5% [FeOs]), but it was not observed when the amount of
cobalt was increased on the surface, where an empty Co 3d
midgap state was created, reducing the band gap.

4. Conclusions

Catalysts based on cobalt ferrite dispersed on MCM-41 were
successfully synthesized and applied in the conversion of

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cy00618d

Published on 11 April 2019. Downloaded on 7/17/2019 9:54:37 PM.

Catalysis Science & Technology

ethylbenzene to styrene. The active sites in the cobalt ferrite
structure are more promising for the transformation of ethyl-
benzene to styrene compared to the traditional sites present in
the hematite structure. A partially inverted Co ferrite was
obtained with the chemical structure (Cog gsFe.04)[CO¢.04F€1 06}
0,4, where Co*>* and Fe*" occupy both octahedral and tetrahe-
dral positions. Catalytic tests showed excellent selectivity and
stability for the CoFe,O, phase, which are attributed to high
structural stability against the reaction conditions compared to
the hematite (low structural stability). The mechanistic pro-
posal has shown that ethylbenzene mainly prefers the Fe** sites
compared to Co®" and the dehydrogenation occurs preferen-
tially in the octahedral sites compared to the tetrahedral sites.
The computational study using DFT confirmed that the cata-
lytic process for ethylbenzene dehydrogenation occurs prefer-
entially in iron and lattice oxygen sites located in the octahedral
positions, but the cobalt sites and the tetrahedral positions in
the cobalt ferrite structure cannot be completely neglected.
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