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The catalyst AgSrFeOs(imp), used in chemical looping epoxidation of ethylene-to-ethylene oxide (EtO),
is usually synthesised via a conventional impregnation method. We have used a mechano-chemical
method to synthesise the catalyst, AgSrFeOs(ss), by initially homogenising Fe,Os, SrCOs and AgNOsz
(15 wt% loading of Ag) and ethanol (0.25 mL g~ precursor) as a binder in a mortar and pestle, followed
by ball miling at 500 Hz for 1 h and drying at 120 °C. The AgSrFeOs(ss) thus produced was
characterized using XRD, XPS, TGA, and SEM analyses after calcination and tested in a reactor setup
that allowed the silver active site in the catalyst to receive oxygen from the active solid support and
not from a gas stream for the epoxidation reaction. The ethylene epoxidation conversion rate for our
AgSrFeOs(ss) was 9-12% but with a superior selectivity of 42—-62% and a conversion rate that was sus-
tained for at least 20 cycles compared to the conversion rate of 10-15% for AgSrFeOs(imp) that kept
decreasing after the first cycle. We have thus demonstrated a more straightforward way to make AgSr-
FeOs, with a better yield of EtO with AgSrFeOs(ss) compared to the AgSrFeOsx(imp) catalyst, which shows
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1. Introduction

Ethylene epoxidation is a chemical process widely used in produ-
cing important industrial chemicals, such as EtO, a critical raw
material for producing ethylene glycol, surfactants, detergents,
plastic solvents, and other household chemicals." It is used
directly in the gaseous form as a disinfectant, sterilizing agent,
fumigant, and insecticide, alone or in non-explosive mixtures with
nitrogen, carbon dioxide or dichlorofluoromethane to enhance its
effectiveness and safety.” The preparation process for EtO involves
the reaction of ethylene with oxygen over a catalyst at tempera-
tures and pressures of 230-270 °C and 1-3 MPa, respectively.®
Efficient and cost-effective catalysts are crucial for this
process, as they can significantly impact the reaction yield,
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superior performance for chemical looping epoxidation of ethylene to what has been reported so far.

selectivity, and stability.* This is due to their high selectivity
and activity in the process. However, the catalysts can suffer
from deactivation caused by the formation of aggregates or
sintering under reaction conditions. Additionally, they can be
expensive and contain toxic components. Studies have explored
various materials to address the challenges or limitations of
potential alternatives to silver-based catalysts.>”” The materials
include supported molybdenum, heteropolyacid, perovskite,
and bimetallic catalysts. Nonetheless, the alternative catalysts
have shown promise in their selectivity and activity for ethylene
epoxidation. Among the materials, SrFeOs; is a highly promising
material for utilization as an oxygen carrier in chemical looping
processes for various reactions. The material has demonstrated
excellent performance as an oxygen source due to its remarkable
ability to release and uptake oxygen reversibly. This unique
ability makes it a highly attractive option for applications that
require transfer reactions.>® Adding silver nanoparticles to the
SrFeO; structure can further enhance its catalytic performance.
The synthesis and preparation method of catalysts for ethylene
epoxidation significantly impact their activity and selectivity.
The activity of AgSrFeO; for ethylene epoxidation is influenced
by various factors such as the preparation method, the Ag: Sr: Fe
ratio, and the support material.’ The method used to prepare the
catalyst can affect the resulting catalyst’s structure, composition,
and activity. The different synthesis methods can lead to different
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morphologies, particle sizes, and dispersion of the active
species, which can affect the catalytic performance of the
catalyst. Solid-state synthesis is an effective method for prepar-
ing highly dispersed, homogeneous catalysts with improved
activity and stability. Ball milling has recently emerged as a
promising technique for synthesizing catalysts, resulting in a
higher surface area, smaller particle size, and higher catalytic
activity than obtained using traditional synthesis methods."’

This study aimed to produce an AgSrFeOj; catalyst using a
ball milling process. We carefully examined the composition and
structure of the generated solid-state catalyst and evaluated its
effectiveness in ethylene epoxidation. We employed quadrupole
mass spectrometry (QMS) to detect the produced EtO.

2. Experimental

2.1. Catalyst preparation

The catalyst was solid synthesized by manually mixing a stoi-
chiometric amount of Fe,O; (0.36 mol, 95%, Fisher Scientific),
SrCO; (0.72 mol, 98%, Sigma Aldrich) and 15% loading of AgNO;
with a pestle until the mixture had a homogeneous appearance.
Ethanol was employed as a binding agent in the mixture to
facilitate the blending of the precursors at a ratio of 0.25 mL g™ .
The mixture was ball milled at 500 Hz for 1 h, dried at 120 °C, and
then calcined. Calcination was carried out at different tempera-
tures: 500 °C, 600 °C, 700 °C, 800 °C and 900 °C. The ramp rate
was always 5 °C min ", and the calcination lasted 10 h.

2.2. Material characterization

2.2.1. X-ray diffraction (XRD). The XRD patterns of both
support and catalyst particles were collected in the 260 range of
10-80° on an Empyrean PANalytical diffractometer with CuKo
radiation with a voltage of 40 kV and current 40 mA. The XRD
data were fitted by Rietveld refinement with the High Score Plus
software.

2.2.2. Thermogravimetric analysis (TGA). TGA was used to
quantify the amount of carbon deposit and study oxygen
release from oxidizers and catalysts using a Mettler Toledo
TGA/DSC analyzer. The analysis was performed in air and
involved heating the sample from 50 to 900 °C at a heating
rate of 10 °C min~" and then cooling to 50 °C in air at the same
rate. The analysis was repeated three times, resulting in three
cycles of oxygen release on heating and uptake on cooling.

2.2.3. Scanning electron microscopy (SEM). The morphol-
ogies of the catalysts were observed using a high-resolution
electron microscope (Carl Zeiss FEGSEM Gemini 500) operated
at an acceleration voltage of 3-5 kV and a working distance of
3-5 mm. Before SEM imaging, a small portion of each sample
powder was soaked in isopropanol.

2.2.4. Surface and catalyst characterization. The surface
and pore distribution and adsorption-desorption isotherms
of the oxidizers and catalysts were obtained via nitrogen
physisorption (Micromeritics 3Flex Surface Area Analyzer).
All samples were pre-treated in a vacuum at 200 °C for 3 h.
The number of molecules adsorbed on the samples is
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measured as a function of the relative pressure P/P, to deter-
mine the sorption isotherms. The specific surface areas are
calculated from adsorption fractions of the isotherms at 77 K in
the close range of 0.01 to 0.35 P/P, with N,.

2.3.5. X-ray photoelectron spectroscopy. The photoelectron
spectra were recorded on a Kratos Axis Ultra spectrometer
equipped with a hemispherical electron analyzer and an Al K
(alpha) (1486.6 eV) X-ray source. The powder samples were
pressed into Al holders and then degassed at 573 K or reduced
in H, at 773 K for 1 hour in the spectrometer pretreatment
chamber. Peak intensities were estimated by calculating the
integral of each peak after smoothing and subtracting an
S-shaped background, and the experimental peak was fitted
using the least squares routine using Gaussian and Lorentzian
lines. The atomic ratios were calculated from the intensity
ratios normalized by atomic sensitivity factors."* The binding
energy (BE) reference was taken to be the C 1s peak of the
carbon contamination of the samples at 284.9 eV. CasaXPS
software was used for curve fitting.

2.2.6. Catalytic activity measurements. A schematic dia-
gram of the instrumental setup is shown in Fig. 1. The catalytic
activities of Ag/SrFeOs;, the catalyst for ethylene epoxidation,
were investigated with a fully automated fixed bed microreactor
(PID Eng & Tech). The microreactor was equipped with a
stainless steel 316 tubular reactor with an internal diameter
of 9.1 mm, a total length of 300 mm and a maximum catalyst
volume of 3 cm?; the catalyst sits on a 20 pm porous support
plate. A ceramic fibre furnace encased the reactor with very low
thermal inertia that ensures responsive temperature control, up
to 700 °C, with a minimal overshoot. A K-type thermocouple
gave the input signal for temperature control by measuring the
temperature inside the fixed bed. The K-type thermocouple was

M

=

~

Fig.1 A schematic diagram of instrumental setup used for chemical
looping epoxidation experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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positioned inside the reactor in a fixed position 5 mm above the
porous plate.

The reaction was carried out in an Effi reactor system
(described in Fig. S1, ESIT) at 270 °C and atmospheric pressure
with a gas feed rate of 200 mL min . Gases were fed into
the reactor with calibrated mass flow controllers (EL-FLOW
Bronkhorst) mass flow control, with the feed lines and reactor
sitting in a temperature-controlled box. A single epoxidation
experiment consisted of 10 cycles with four steps: (i) purging
with Ar; (i) reduction with 5.4 vol% C,H, in Ar; (iii) rinsing with
Ar; (iv) mixed air oxidation (2 L vol% O, in N,). The reaction
products were analyzed and detected by using a quadrupole
mass spectrometer (MS Hiden Analytical).

The Hiden mass spectrometer was used for mass spectral
analysis of the gas effluent in a real-time reaction. The ionization
voltage was set at 70 eV and a base pressure of 2.3 x 10~ ° Pa was
applied. The emission current was set to 100 A, with optimized
residence times between 80 and 240 ms. The collected partial
pressure mass spectra were analyzed for C,H,, EtO, CO and CO,.
For the analysis of the obtained results, the measured relative
abundances (intensities) of m/z = 27 of C,H,, m/z = 43 of EtO,
m/z = 28 of CO and m/z = 44 of CO, were normalized by m/z = 40
intensity of Ar (that was an inert reference gas). Mass spectral
analysis of ethylene oxide (EtO) and its by-products, ie. the
identification, quantification, and determination by quadrupole
mass spectrometry (QMS), has been previously reported by
S. Bocklein et al® Argon and the corresponding gas were
introduced sequentially in the experiments. This allowed us to
determine the partial pressures of both gases, p(X), normalized
by the partial pressure of Ar, present during all the reactions as
an inert reference gas, p(Ar). The composition of the reaction
mixture was quantified as described previously by S. Bocklein
et al.® Identification of ethylene oxide (EtO) in ethylene epoxida-
tion processes poses a significant challenge due to various
byproducts and isomers with similar mass spectra. Mass spectro-
metry (MS) is a reliable technique that can be used to detect EtO.
However, the primary mass at m/z = 44, which corresponds to the
mass-to-charge ratio of CO,, is unsuitable as a signal for EtO
detection because CO, is formed as a primary byproduct of the
catalytic EtO synthesis. Furthermore, the selectivity for EtO is low
at a pressure of 1 mbar and the yield of CO, is 50 times higher
than of EtO, making it difficult to distinguish between the two
based on the m/z = 44 signal. The highest EtO signal is observed
at m/z = 29, which has no interference with CO,, except for a
small signal from the *CO fragment of **CO,. However, ethy-
lene, whose primary mass is at m/z = 28, produces a signal at
m/z = 29 due to natural isotope molecules, which are super-
imposed on the EtO signal. The different EtO yields further
complicate matters, as the m/z = 29 ethylene signal is two orders
of magnitude higher than that of EtO, making it unsuitable for
reliable EtO detection. The EtO fragments with m/z = 14, 15 and
28 cannot be used for detection either because they corre-
spond to mass fragments of ethylene. While the next lowest
intensity EtO mass fragment at m/z = 43 has no cross-
sensitivities with CO, and ethylene, it is also a fragment of
acetaldehyde (AcH), a byproduct of EtO synthesis. AcH can be
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formed from ethylene and oxygen atoms or by isomerization
of EtO. It is also a possible intermediate in the total oxidation
reaction. AcH and EtO are isomers and have almost identical
mass spectra. However, the intensity ratio I,3/14, of the m/z =
43 and 42 signals is smaller for EtO than for AcH, and similar
ratios have been observed previously. In all reaction series,
the I,3/1,, ratio was consistently measured. Across all con-
ducted experiments, it was consistently observed that the
value for EtO consistently precluded the formation of acet-
aldehyde. For example, the ratio of the partial pressures of
ethylene oxide (EtO) to argon (Ar) in the reaction mixture is
referred to as the partial pressure of EtO in the reaction
mixture normalized by the partial pressure of argon. This
ratio is crucial when ethylene oxide is utilized as a reactant in
various commercial and research applications. It offers a way
to precisely control the reaction conditions and quantifies
the amount of EtO present in the reaction mixture. There-
fore, it is essential to precisely measure and watch this value
while the reaction process progresses.
The conversion values of ethylene (C) were evaluated as
follows:
1 A 1.
c p(EtO) + zp(COZ) C(EtO) + §C(C02)
p(Et) + p(EtO) + %p(COz) C(Et) + C(EtO) + %C‘(COz)

The background-correction relative to Ar values was utilized
at intervals during which a consistent reaction rate was
achieved, typically during the second period of the reaction.
For the analysis of the results obtained, the start time (¢-start) of
each cycle was taken as the time when C,H, was detected above
1.0 €' Pa for the first cycle, and the end time (t-end) was taken
as the time when partial ethylene pressure reached the max-
imum value in the cycle. The selectivity of ethylene oxide (EtO)
was estimated as follows:

C(EtO)

S =
C(EtO) + %é(coz)

Carbon monoxide (CO) was omitted from this report
because it could not be reliably determined using the data
collected from the large ethylene shield.

3. Results

The behavior of AgSrFeOs(ss) catalysts was investigated via
programmed heating at different temperatures in air. Fig. 2(a)
shows the mass change of the catalyst before calcination,
whereas Fig. 2(b) compares the mass change at different
calcination temperatures.

The catalyst profiles exhibited weight losses of 14.6 wt%,
9.6 wt%, 7.6 wt%, 5.4 wt%, 3.4 wt%, and 1.9 wt% for the
uncalcined catalyst, and catalysts calcined at 500 °C, 600 °C,
700 °C, 800 °C and 900 °C, respectively (Fig. 2(b)).

Fig. 3 shows the thermal evolution of the support SrFeO;
and the catalyst Ag/SrFeO; in an air atmosphere, recorded from
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room temperature to 950 °C. The weight loss from room
temperature to about 100 °C is due to the evaporation of
adsorbed water. When the temperature exceeds 300 °C, the
turning point temperature results from losing oxygen in the
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(a) TGA-analysis curve for the fresh Ag/SrFeOs catalyst, (b) TGA curve of the Ag/SrFeOs catalyst calcined at different temperatures.

lattice. This leads to the formation of oxygen vacancies and the
reduction of Fe*" and Fe*" in the samples. In the 300-950 °C
temperature range, the weight loss of SrFeO; and Ag/SrFeO; is
1.30% and 1.69%, respectively, indicating increased oxygen
vacancies with the Fe®" content.

Fig. 4 depicts a typical X-ray diffraction pattern of the solid-
state synthesized AgSrFeOj; catalyst calcined at temperatures
between 500 °C and 900 °C. The phase composition of samples
calcined from 500 to 700 °C varied from samples from 800 to
900 °C. According to messing'* when a material is subjected to
calcination, the temperature and duration of heating can cause
changes in its crystal structure and phase composition. At lower
temperatures, a material may retain its original crystal struc-
ture. In contrast, at higher temperatures, new phases may form
due to changes in the chemical bonding or atomic arrangement
of the material.

Impurities of SrCO; (ICSD no. 96-900-8199) and Fe,O3
(ICSD no. 98-006-67556) were found in samples calcined at
500-700 °C. The presence of impurities in silver-based catalysts
for chemical looping epoxidation can have positive and negative
effects on the catalyst performance, depending on the specific
reaction and conditions.>'® On the positive side, strontianite can
stabilize silver nanoparticles."* This prevents sintering and pro-
motes the long-term stability of the catalyst. This can be

(b)
¢ Ag
+8tFe0,

pent catalyst

/Fresh Catalyst

Intensity (a.u.)

0 30 4 50 6 70
26

(a) X-ray diffraction patterns of the solid-state synthesized AgSrFeOs calcined at various temperatures between 500 °C and 900 °C (control is

fresh AgSrFeQOs) (b) comparison between the fresh catalyst and the spent catalyst.
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particularly important in chemical looping reactions where the
catalyst is exposed to high temperatures and reactive gas
environments.

On the negative side, SrCO; impurities can block active sites
on the catalyst surface and decrease the overall catalytic activity.
This can be especially true if the impurities are present in high
concentrations and/or are poorly dispersed throughout the
catalyst material.>® Fe,O; can also cause deactivation of the
catalyst and reduce its selectivity towards EtO."” The exact mecha-
nism by which Fe,O; affects the performance of silver-based
catalysts has yet to be fully understood. However, it is thought
to be related to its ability to interact with the active silver sites on
the catalyst surface at 900 °C and the absence of SrCO; and Fe,O5.
The lack of these impurities might indicate the decomposition of
SrCO; and reduction of the Fe,O; to form a mixed metal oxide,
SrFeO; (ICSD no. 980163169), at high calcination temperatures.
SrFeO; is well known for its promising catalytic properties for
chemical looping in ethylene epoxidation. One of the critical
properties that makes SrFeO; well-suited for chemical looping
in ethylene epoxidation is its ability to release and store oxygen at
high temperatures.'® This makes the SrFeO; an effective oxygen
carrier in a chemical looping process, transferring oxygen between
a reducing and an oxidizing atmosphere. The reversible oxygen
transfer process in SrFeO; can thus be harnessed to produce
highly reactive oxygen species, which can facilitate the oxidation
of ethylene to ethylene oxide.

Our study also depicted the crystalline silver’s face-centred
cubic (FCC) phase (ICSD no. 98-005-3761). The face-centred cubic
(FCC) phase of crystalline silver with ICSD no. 98-005-3761 has
been extensively studied as a catalyst for ethylene epoxidation and
chemical looping." It is known for its high selectivity towards
ethylene oxide production. The high activity and selectivity of the
FCC silver catalyst are attributed to the high reactivity of the (111)
facets of the FCC crystal structure, which facilitates the reduction
of the metal oxide particles.'® Similar results were observed when
the impregnation experimental techniques were used in a study of
Marek and co-workers.®

Fig. 4b shows the typical X-ray diffraction pattern of fresh
and spent Ag/SrFeO; catalysts compared, revealing similarities.
The peaks at 20 = 23.2, 32.9, 40.6, 47.2, 58.6, 68.8 and 78.3 can
be assigned to about 83% strontium ferrate. Silver was indexed
to peaks at 2 = 38.4, 44.5, 64.6 and 77.7 at approximately 17%.
The results were consistent or similar to those obtained using
the impregnation experimental techniques.'® The patterns
obtained for both fresh and used catalysts were similar. This
indicates that the structure of the used Ag/SrFeO; catalyst
remained intact after the reaction.

The surface morphology and distribution of our catalyst
synthesized using the ball milling method were determined
by SEM analysis, as shown in Fig. 5. The amount of silver in the
catalyst was determined to be 10% using EDS Smart Quantifi-
cation. According to the literature, the most widely used
commercial catalyst for ethylene epoxidation consists of 13-
18% Ag on y-Al,03."”

The gas adsorption measurements are widely used to deter-
mine catalyst materials’ surface area, pore volume, and pore

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM-EDS was used to determine the distribution of Sr, Fe, O, and
Ag on the catalyst synthesized by ball milling.

size distribution. Fig. 6 Illustrates a nitrogen adsorption-desorption
isotherm of AgSrFeOj;. The measured isotherms in Fig. 6. The pore
size distribution was uniform in all cases. According to the inter-
national union of pure and applied chemistry (IUPAC) nomencla-
ture, they can be classified as Type III isotherms. The calculation
using the Brunauer-Emmett-Teller (BET) equation gives a small
specific area of 0.93 m® g~ for AgSrFeOj;. The surface area obtained
with the catalyst agrees with the values in the literature. Several
reports have found that low surface area is typical of this type of
material.

We used the Casa-XPS software to analyze the XPS spectra of
the Ag/SrFeO; catalyst with the help of the Shirley background
subtraction method. Thus, we could constructively identify the
valence states of the elements present. The 30% Lorentzian and
70% Gaussian calibration functions were used in the analysis."’

The Sr 3d spectrum of the AgSrFeO; from the ball milling
sample (Fig. 7) showed two prominent peaks of Sr 3ds,, and Sr
3d3/, components at 132.9 and 134.7 eV, respectively. They are
attributed to the bonds of Sr atoms in the perovskite structure
of Ag/SrFeO;. There are two other minor peaks at 133.8 and
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|
|

-
o
1

_.
o
1
g (S

Adsorbed amount cm’(STP)/g

o
o
1
L3

>
—o=9"
_e—p—a—0—0—*"*
—g—e—0—0—0—0=19
.‘

0.0 T T T T T
0.0 0.2 04 0.6 038 1.0

Relative Pressure, (P/Po)
Fig. 6 Nitrogen adsorption—desorption isotherms of AgSrFeOs from
ball milling.
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135.5 eV that originate from Sr atoms in non-perovskite struc-
ture areas of the Ag/SrFeO; film, such as Sr-OH, Sr-CO3, Sr-Sr,
and Sr-O bonds at the surface.”® To determine the nature of the
iron species in the Ag/SrFeO; catalyst, the XPS spectra of the
Fe 2p spectral region (Fig. 7) can be deconvoluted. A primary
band centred at 710.1 eV was observed, accompanied by a
secondary band displaced by 13.7 eV to higher binding energy
(725.6 eV).>" A satellite peak was also observed around 719.9 eV,
which confirmed the presence of Fe** species on the surface of
Ag/StFe0;.”*

In Fig. 7, the Fe 2p XPS region only displays a doublet
of 2p;/,. By deconvoluting the Fe 2p spectra, two components
can be obtained. The peaks can be fitted into the element of
Fe*" and Fe*" by application of Gaussian fitting, as indicated in
Fig. 7. The second peak that appears at 725.6 €V can be
assigned to Fe". Therefore, the catalyst contains a mixture of
Fe'® and Fe™ oxidation states.

The Fe*" and Fe** percentages can be calculated by analyz-
ing the area under their corresponding peak components.
Table 1 presents the average valence state of Fe and the oxygen
content in SrFeO; and Ag/SrFeOj;(ss). Based on the table, it can
be concluded that SrFeO; has high oxygen content, which
implies that Ag/SrFeO;(ss) has the greatest number of oxygen
vacancies. This conclusion or observation aligns with the TGA
analysis results and demonstrates that Ag/SrFeO;(ss) has the
highest mass loss. Oxygen transportation in the Ag/SrFeO, (ss)
catalyst perovskite occurs via oxygen vacancies. Therefore, the
existence of oxygen vacancies supports catalytic oxidation.

Fig. 7 shows that the O 1s spectra of the Ag/SrFeOj; catalyst
can be divided into three parts. The peaks at approximately
533.1 eV, 531.3 eV, and 529.1 eV correspond to moisture on
the surface (Onoi), adsorbed oxygen (O,q4s), and oxygen in the
lattice (Oy), respectively.>>>* Table 1 lists the percentages of

Ag3d Ag 3dg,

Ag 3dy,

Intensity (a.u.)

v LA I Vi
378 376 374 372 370 368 366
Binding energy (eV)

Intensity (a.u.)

536 534 532 530 528 526
Binding energy (eV)
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Table 1 The fitted results of Fe2p and Ols XPS spectra

Fe:H Fe4+ AVerage Olattice Oadsorbed Omoisture
Sample (%) (%) valence (%) (%) (%)
SrFeO; 53.3 46.7 3.48 5.62 78.96 15.42
Ag/SrFeO; from 70.2 29.8 3.29 0.95 91.52 7.53
ball milling

the different types of oxygens calculated from the fitted XPS
spectra. It is commonly believed that O,qs is linked to the
concentration of oxygen defects in materials.?® Therefore, the
ratio of O,qs/O)4 is usually used as a criterion for determining
the relative content of oxygen vacancies in materials.>®>” The
calculated values of O,45/Oj5¢ from the O 1s XPS spectra are 1.19
and 1.01 for Ag/SrFeO;(ss) and SrFeO;, respectively. Thus, it
indicates that the Ag/SrFeO;(ss) sample has the greatest num-
ber of oxygen vacancies.

3.1. Catalyst performance evaluation

Fig. 8(a) highlights the mass spectral analysis of the catalytic
behaviour of the AgSrFeO; catalysts. The products are mainly
EtO and CO,. The product signal, EtO selectivity, and ethylene
conversion as functions of the reaction cycle over AgSrFeO; are
shown in Fig. 8(b). It can be observed that the ethylene conver-
sion ranged between 9 and 12%. The first cycle gave the highest
conversion of ethylene, 12%. The ranges are consistent with the
results of previously reported studies.'® The selectivity to EtO
ranged between 45 and 61%. The selectivity increased from 45%
to 61% in the second cycle; after that, it stabilized at 61%. The
increase resulted from a decreased CO, signal, whereas the EtO
signal remained the same. Previously reported studies have also
shown the same trend.*® However, the selectivity decreased in
the tenth cycle due to the deactivation of the catalyst. Catalytic

Fe 2p

Fe 2p;,

Intensity (a.u.)

705 710 715 720 725 730 735 740
Binding energy (eV)

Sr3d

Intensity (a.u.)

138 136 134 132 130
Binding energy (eV)

Fig. 7 Fitted XPS spectra of Ag 3d, Fe 2p, O 1s and Sr 3d of the Ag/SrFeOs(ss) fresh catalyst.
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Fig. 8 Fresh catalyst performance. The signal intensity and stability (a) of CO, and EO as a function of reaction time from 10 epoxidation cycles, (b)
selectivity towards EO and conversion of C,H4 obtained from 10 epoxidation cycles, (c) signal intensity and stability of CO, and EtO as a function of
reaction time from 20 epoxidation cycles and (d) selectivity towards EtO and conversion of C,H,4 obtained from 20 epoxidation cycles.

deactivation is unavoidable for most catalytic processes. It can be
caused by carbon deposition, thermal degradation, sintering,
poisoning, fouling, and leaching of the active metal species.>**°
It is known that the AgSrFeO; catalyst is deactivated during the
chemical loop epoxidation of ethylene mainly by the slow rate of
re-oxidation if the catalyst is not fully regenerated before the next
reduction cycle.’

The regeneration of the AgSrFeO; catalyst was investigated via
in situ pretreatment in air at 650 °C for 1 h before it was subjected
to the same 10 epoxidation cycles. Fig. 9 shows that the in situ
treatment completely regenerated the catalyst performance. The
treated sample showed satisfactory performance similar to that of
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a fresh catalyst. In an industrial application, the efficient recycling
of the AgSrFeO; after a reaction is important as it reduces
production costs and minimizes waste generation.

Apart from the catalyst’s activity and regenerative capacity, it
is crucial to consider its stability. The catalytic stability of the
AgSrFeO; catalyst was evaluated during 20 epoxidation cycles.
The results are shown in Fig. 8c and d. The catalyst remained
stable for a considerable period (from cycle 2 to cycle 12). As the
reaction cycle increased, the conversion of ethylene was still
stable, and selectivity towards ethylene oxide fluctuated. The
conversion of ethylene remained in the range between 8.5 and
10%, and selectivity towards EtO was between 45 and 62%.

Conversion & selectivity %

6
Cycle

I Conversion
I Selectivity

Fig. 9 Used catalyst performance. The signal intensity and stability (a) of CO, and EtO as a function of reaction time and (b) selectivity towards EtO and

conversion of C,H,4 were obtained from 10 epoxidation cycles.
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Fig. 10 An overview of the most notable catalytic performances reported
for ethylene epoxidation. The performances are expressed in selectivity
towards ethylene oxide (EtO) formation as a function of the total ethylene
conversion, 330733

The results obtained are comparable or superior to those
published in the open literature. This indicates that Ag/SrFeO;(ss)
catalysts may play a vital role in improving the performance of the
ethylene epoxidation reaction in the near future, see Fig. 10. The
simplicity and robustness of the catalyst suggest that it can be a
key platform for achieving higher yields and selectivity in this
reaction. The findings have significant implications for develop-
ing more efficient and sustainable processes to produce ethylene
oxide, a crucial intermediate in the manufacturing of various
chemicals and materials. Further investigations are warranted to
explore Ag/SrFeOs(ss) catalysts’ full potential and optimize their
performance for industrial-scale applications.

Conclusion

The mechano-synthesis technique for producing the AgSrFeO;
catalyst for the chemical looping epoxidation of ethylene has
demonstrated impressive capabilities, surpassing conventional
impregnation synthesis methods in terms of yield, selectivity,
and conversion rate. The catalyst operates efficiently at atmo-
spheric pressure without requiring an additional catalyst or gas
feed promoters. Instead, it relies on oxygen from the active solid
support, creating a cyclic chemical looping process that elim-
inates the need for simultaneous gaseous oxygen and ethylene
feed. The AgSrFeO; catalyst exhibits stable and consistent per-
formance over multiple cycles, with a selectivity range of 45-62%
and a conversion range of 9-12%. Its simplicity and robustness
suggest its potential for achieving higher yields and selectivity
in the epoxidation reaction, which has significant implications
for the production of ethylene oxide. Further investigations
are necessary to optimize its performance for industrial-scale
applications.
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