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ABSTRACT: In the propylene epoxidation reaction with Fe-SiO, catalysts the presence of
iron oxide particles has a detrimental effect due to the total combustion of propylene on these
iron species. Thus, the complete elimination of the iron oxide particles is presented as a
preliminary strategy in order to increase the selectivity towards propylene oxide in iron-based
catalysts. In this sense, a simple post-treatment of the catalysts with alkali or alkaline-earth
elements (such as K or Ca, respectively) has proven effective in the total elimination of these
iron oxide particles. Furthermore, the addition of K and Ca has modified the physico-chemical
properties of the catalysts, decreasing their superficial acidity and (for higher K or Ca loadings)
masking/blocking the active sites responsible for the catalytic reaction. With all this, it is shown
that K has a higher efficiency removing the iron oxide particles compared with Ca (for the same
molar ratios) and that a higher amount of K (compared to Fe) is required for the complete

elimination of the iron oxide particles. A considerable propylene oxide selectivity enhancement



(up to 65%) has been obtained for the K-promoted Fey 09sSiO;, and Fey(;SiO; catalysts using O,
as sole oxidant.

1. Introduction

The production of propylene oxide (PO) by gas-phase catalysis is one of the most important
challenges for the chemical companies due to its commercial interest. PO is a precursor of
polyether polyols for urethanes, propylene glycols, and glycol ethers. At present, the production
of this compound is mainly performed in liquid phase carried out by the chlorohydrin (in which
Cl, 1s used as oxidant) process with approximately 40% of PO production [1-3].

Performing the epoxidation of propylene by heterogeneous catalysis in gas phase is nowadays
one of the most interesting research topics in order to obtain an industrial catalyst towards a more
environmentally friendly and applicable PO synthesis [4]. Despite the high price of gold and the
need to use Hy/O, gas mixtures to feed the reactor, the Au/Ti-SiO, based catalysts are still under
intense study due to high selectivities towards PO (at relatively low temperatures). This has
given rise to recent studies in which the researchers have paid special interest to the reaction
mechanism using this type of catalysts [5—9]. Other studies were focused on the synthesis of PO
using only O, and propylene in the gas stream composition aimed at avoiding the use of H,.
However, it is mandatory to increase the reaction temperature (compared with the
abovementioned Au/Ti-SiO, catalysts which requires H,/O, mixtures) to activate the gas
molecules and obtain the desired compound. In this sense, Khatib et al. [3] have recently
reported a review summarizing the catalysts used for PO formation using gaseous O,. Pure Ru,
Ag and Cu (or mixed with other metals)-based catalysts must be mentioned as thoroughly
studied due to their similar or higher propylene conversion than Au/Ti-SiO, catalysts but with

slightly lower PO selectivity [10-18].



Recently, our research group reported the synthesis of PO using dioxygen and ferrosilicate
catalysts prepared in a sol-gel one-step synthesis of well-dispersed iron oxide species into the
silica structure [19]. In these materials, the propylene epoxidation reaction took place on the iron
sites dispersed into the silica framework while the total combustion (towards CO,) was
preferentially occurring on the small iron oxide particles/clusters decreasing the PO selectivity
[20]. Due to the synthesis procedure, even when the iron loading is 0.005 (Fe/Si molar ratio), the
formation of extra-framework small iron oxide particles cannot be avoided. Addition of some
alkali and alkaline earth elements after the synthesis of the catalysts reduces the presence of iron
oxide particles as reported in the literature [21]. This strategy was also used in the above-
mentioned catalysts (Ag, Cu or Ru) to increase PO selectivity, reaching the best improvements
with the K and Ca-based catalysts [11,22-24]. Even for Fe-Si0O, catalysts (where N,O is used as
oxidant), this addition has beneficial effects in the selectivity towards PO in spite of a reduction
in propylene conversion [25-29].

This work is focused on the reduction and/or removal of the small iron oxide particles /clusters
observed in iron-based catalysts (Feo(xSiO;) in order to improve their catalytic performance. In
order to increase the selectivity towards PO, the Fe((xSiO; solids were impregnated after their
synthesis with the nitrate salts of K and Ca to introduce the needed amount of the element. The
removal of the small iron oxide particles was determined by different spectroscopy techniques
such as UV-Vis, UV-Raman or FTIR. The promoted Fe(cxSiO, catalysts were tested in the
propylene epoxidation reaction using O, as oxidant (avoiding the use of dangerous and harmful
agents such as N,O) with very promising results in terms of PO selectivity.

2. Experimental

2.1 Catalyst Preparation



2.1.1 Preparation of the Fey gxSiO, Catalysts

Hierarchical Fe-doped silica catalysts were prepared following the synthesis described in [19].
In a typical synthesis, 0.400 g of surfactant (Pluronic® F127, Sigma-Aldrich), 0.452 g of urea
(Sigma-Aldrich) and 5.052 g of an acetic acid solution (0.01 M) were mixed under vigorous
stirring for 80 min, the final pH of the resulting solution being around 4. Then, the necessary
amount of iron precursor (iron (III) nitrate nonahydrate, (Fe(NOs3);-9H,O, 99.99%, Sigma-
Aldrich) was added in the solution and the mixture was stirred for 1 h. Subsequently, the solution
was cooled in an ice-water bath under stirring and the silica precursor was added dropwise
(2.030 g Tetramethyl orthosilicate, TMOS, Sigma-Aldrich). This solution was kept under stirring

for 40 min at 0°C.

Finally, the sol was introduced in a Teflon autoclave and heated at 40°C for 20 h to produce
the aging of the sol (the pH after this step remained around 4). After this, the sample was
submitted to a hydrothermal treatment at 120°C for 6 h, to decompose the urea (the final pH of
the supernatant liquid being around 9-10). As a final step, the monolith was calcined at 550°C for

6 h under static atmosphere to eliminate the surfactant and the rest of unwanted precursors.

Three samples with different Fe/Si molar ratios were prepared Feo9sSi0,, Feg;S10, and
Fe02Si0,. The samples in this work were named according to the nominal molar Fe/Si ratio in
each case, for example, Feg;Si0, corresponds to the sample with 1 mol % Fe in the oxide (with

respect to Si moles).

2.1.2 Preparation of the K and Ca-promoted Fey oxSiO, Catalysts



Once the iron-based silica samples were calcined and milled, the samples were impregnated in
excess volume using aqueous solutions containing the necessary amount of alkali (KNO3) and
alkaline earth (Ca(NOs),-4H,0) precursors. The stirring was maintained for 2 days, and then, the
solvent was evaporated under stirring, heating the suspension at 80°C keeping the magnetic
stirring until complete evaporation. Finally, the powder was calcined again in an oven at 550°C
for 6 h. The samples are labelled as Ky o;, for the sample with a K/Si molar ratio of 0.01, before
the Feg 0xSi0,. For comparison purposes, Fe-free K and Ca-treated solids (with a molar ratio of
0.01) were prepared using pure silica and impregnating the alkali and alkaline earth salts as
described above. In addition, a Feg0sSiO, sample was treated with a 1M HCI solution
overnight, filtered the solid, washed until neutral pH and then dried at 100°C overnight. After the
acidic treatment, a portion of the catalyst was treated with KNO3 (using the necessary amount for

a K molar ratio of 0.01) and calcined as described above.

2.2 Characterization

The catalysts were analyzed by Transmission Electron Microscopy (TEM, JEOL JEM-2010)
with a coupled EDX detector. The microscope operates at 200 kV with a space resolution of 0.24
nm. For the TEM analysis, the sample was suspended in ethanol and sonicated for a few minutes.
The suspension (one drop) was deposited onto a 300 mesh Lacey copper grid and left to dry at
room temperature. This technique allows the observation of the iron particles in the catalysts and
the detection of the metal (by EDX) if it is not possible to see the particles. The iron, potassium
and calcium loadings were measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES), in a Perkin—Elmer Optima 4300 system. A few milligrams of the
catalyst were dissolved in 0.1 ml of HF (5 vol. %) at room temperature, in order to ensure the

total dissolution of the catalyst, and then diluted to the linear element detection range (0.05-10



ppm). The untreated and K and Ca-treated iron based catalysts were also characterized by N,
adsorption-desorption isotherm at -196°C and by CO, adsorption at 0°C (Quantachrome,

Autosorb 6B) to analyze the porous texture of this kind of materials.

Some spectroscopic techniques were used to analyze the physicochemical properties of the
catalysts after K and Ca modification. UV-Vis analysis (V-670, JASCO) equipped with a double
monochromator system, a photomultiplier tube detector and an integrating sphere (ISN-723 UV-
Visible-NIR, JASCO) was used in transmittance mode to determine the speciation of the iron.
The incorporation of the iron was analyzed by UV-Raman (NRS-5100, Jasco). The catalysts
were irradiated for 30 min with a UV laser (HeCd, 325 nm, ImW). The equipment is fitted with
a Thorlabs 20x UV objective. Fourier Transform Infrared Spectroscopy (FTIR-4100, JASCO)
was also used. The catalysts were diluted (using 1:50 weight ratio) in KBr and dried at 120°C for
12 h before the analysis. Pyridine adsorption was performed in order to characterize the
modification of the surface acidity using a reported procedure [30]. The catalysts, diluted in KBr
using the same weight ratio, were calcined at 500°C. Then they were exposed to pyridine vapours
for 3 days in a vacuum desiccator. After pyridine adsorption, the physically adsorbed pyridine
was removed at 100°C for one day. The FTIR spectra presented are the result of the subtraction

of the spectra of the pyridine-treated to the spectra of the untreated catalysts.
2.3 Propylene Epoxidation Tests

The catalysts were tested under steady-state conditions at ambient pressure for at least 4 hours.
The standard temperature of the analysis was 350°C, but to obtain reliable catalytic results, in
some catalysts it was necessary to increase the temperature up to 400 or 450°C. A WHSV of

10000 ml-g"-h™" and a gas composition of 10% C3Hg, 10% O, 80% He was used in the catalytic



tests. The gas composition was analyzed with a GC chromatograph (Agilent 7820A) equipped
with two columns, PoraBond Q (Agilent) and CTR-I (Alltech), for the separation of the organic
(propylene, propane, propylene oxide, acetaldehyde, acetone) and the inorganic (mainly, O, and
CO;) compounds respectively. Propylene conversion, PO yield and PO selectivity were
calculated using the following equations and with the respective calibration of each compound in

order to describe the catalytic behaviour of the samples.

CC3H6—iTl - CC3H6—Out

x 100

Propylene Conversion (%) =

CC3H6—in
Cpo—
PO Yield (%) = —2=%% % 100
CC3H6—iTl
Cpo—
PO Selectivity (%) = PO—out x 100

CC3H6—in - CC3H6—out

3. Results and discussion

3.1 Characterization of the Catalysts

For all the catalysts prepared in this work, the metal loadings were analyzed by ICP-OES. As
in the previous work [19], it was observed that in the one-step preparation of the catalysts, not all
the iron can be incorporated into the silica framework. The real Fe/Si molar ratios for the
prepared catalysts were 0.0043 (Fe 00sSi0,), 0.0095 (Fe01S10,), and 0.0186 (Fep.02Si0;). From
our observations, approximately 7% of the iron was removed in the supernatant liquid at the end
of the sol-gel process. On the contrary and due to the methodology employed for their addition,
the real loadings for K and Ca calculated by ICP-OES were in all cases quite close to the desired

nominal loadings.



TEM coupled with EDX characterization of the representative catalysts is presented in the
Supplementary Information. From the TEM micrographs it is possible to see that no large iron
oxide clusters/agglomerations are formed in most samples. Only for some samples in which the
alkali loading is lower than that of Fe (K¢ gosFeo.01S10, and Ky gosFe.02S10,) some small particles
can be observed. Despite the fact that it is not possible to see the possible K, Ca or Fe oxide
species on the silica surface, the EDX analysis confirmed, in all cases, the presence of these
elements. From the textural characterization of the samples (see Fig. S1 and Table S1 in the
Supplementary Information) it is not possible to observe any significant modification in the N,
isotherm shape or the textural properties (i.e., specific surface area, micropore volume or pore

size distribution) after the treatment of the Fe-SiO, samples with K or Ca.

The spectroscopic techniques, such as UV-Vis, UV-Raman, and FTIR, are very useful to
analyze the iron speciation in this kind of materials. Studying the UV-Vis absorption of the solid
catalysts it is possible to determine the presence of iron incorporated into the silica framework
and the existence of small particles of iron oxide deposited on the surface of the silica. In this
sense, previous works reported the absorption of the incorporated iron in tetrahedral or pseudo-
tetrahedral position into the silica framework in two bands located at around 220 and 260 nm
(45000 and 38000 cm™, respectively). While the iron oxide particles present UV-Vis absorption
near the 370 and 500 nm range (27000 and 20000 cm™, respectively). This effect allows the
interpretation of the band gap energy (Ey) as a measure of the iron dispersion in this kind of
materials [29,31]. It is very important to remark that some works attribute the absorption at
around 280 nm to the octahedral coordinated Fe(IIl) species in this kind of materials [32-34].
The UV-Vis results (and each corresponding E, values) of the K and Ca-promoted Fe-SiO,

catalysts are presented in Fig. 1.
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Fig. 1. Solid UV-Vis reflectance spectra (presented in Kubelka-Munk units) and their

respective E; value for the raw and post-K or Ca impregnation of the Fe ¢xSiO; catalyst.

A) Ky.0xFeg.015102, B) CaggxFeg.01S5102, C) Ko.0xFeg.00sS10; and D) Ky oxFeo.02Si0;.

In order to select the appropriate promoter (K or Ca) which can yield a better removal of the

iron particles and dispersion of the iron species, the Feg ¢;SiO; catalyst was impregnated with the



3 different K or Ca/Si ratios (0.005, 0.01 and 0.02) and analyzed by UV-Vis reflectance (results
presented in Fig. 1A and 1B). For the K-based catalysts, a substantial decrease in absorbance is
observed for wavelengths above 300 nm. This can be associated to the removal of the iron oxide
particles deposited on the silica surface. The total elimination of the iron oxide particles is
reached for all samples in which the K content exceeded that of Fe. On the other hand, a
reduction in the absorbance of the UV-Vis spectra near 280 nm after the addition of the alkali or
alkaline earth based salts is also observed. This fact can be related to the removal of the small
iron oxide clusters and/or extraction of the octahedrally coordinated iron species by the K
treatment. These effects are observed also in the progressive increase of the E, values obtained
from the UV-Vis spectra, from the initial 3.91 eV for the raw Fe(;S10, to the final 4.46 eV for
the Ko.02Feo.01S10; catalyst. In the case of Ca-based catalysts, the same trend is observed but it is
not possible to remove all the particles of iron oxide produced during the synthesis of the
material. All the samples, even the Cag g2Feo01S10,, present a small but significant absorption at
wavelengths higher than 300 nm and the increase of the E, values is lower in the Ca samples
than their K-based counterparts. The differences (in UV-Vis characterization) between the K and
Ca-doped samples, when the small iron oxide particles and octahedral iron species removal is
studied, allows us to confirm that for this kind of samples impregnation with K has a higher
efficiency in reducing the number of iron oxide particles, as other authors have observed
previously [27-29]. For this reason, the impregnation of the Feg00sS10, and Feg,Si0, samples

was only studied with K.

The UV-Vis results of the K-impregnated catalysts in the Fe09sSiO, and Fey 0,Si0, materials
are presented in Fig. 1C and 1D, respectively. As it was previously studied, for all the raw

catalysts, the amount of small iron oxide particles/clusters in extra-framework positions increases
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with the Fe loading of the samples [19]. A progressive reduction in the absorption for the
Ko.0xFeo.00sS10; series at 280 nm and above 300 nm (corresponding to the aforementioned
species) is observed as the K content is increased in the catalysts. In the K¢ 0,Fe0;SiO; catalyst,
when the K content is higher than the Fe molar content in the silica based catalysts (as with
samples Ky g1Fep00sS10, and Ko g2Fep00s510,), an almost total quenching of the absorption at
wavelengths above 300 nm is observed, demonstrating the total removal of the iron oxide
particles formed in the raw catalysts synthesis. The removal of the iron oxide particles produces
the increase of the band gap energy up to 4.50 and 4.52 eV in the case of samples
Ko.01Fe0.00sS10, and Kg.p2Feo.00sS10,, respectively. Finally, in the catalysts prepared with the
highest iron content (Feg ¢2S10,) the addition of K has a different result, as it is possible to check
in Fig. 1D. Even with the increase of the E, up to 4.36 €V for the sample K 02Fe.02S10, mainly
due to the reduction in the absorption band located at 280 nm_ there is a slight increase of the
UV-Vis absorption in the 300-400 nm range. It is possible that the amount of iron oxide particles
is too high for the K to remove all of them. All these UV-Vis results are corroborated by the
colour of the catalysts and by the TEM micrographs presented in the SI. As K or Ca loading
increases in the catalysts, the initial colour of the Fe-SiO, (slightly brown for Feg;Si0;, and
Fey.02S10,) gradually disappears until total decolouration of the catalysts for all the Feg 90sS10,

samples and the K g2Feg 01S10,.

Another complementary technique that can be used to analyze the structural modifications
produced by the K and Ca addition is UV-Raman spectroscopy. The results of the prepared
catalysts together with the blank silica and the K- and Ca-impregnated silica are shown in Fig. 2.
Different regions of the spectra can be clearly distinguished depending on the species involved.

The symmetric Si-O-Si stretching appears at 485 cm™ for pure silica [35]. Close to this band, a
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broad shoulder appears from 500 to 650 cm™, which we previously identified in bulk Fe,O; and
appears as a broad shoulder in samples Fe(;Si0; and Fe0,Si0; [19]. As it was previously
reported, in the 800 cm™ region for the pure SiO, sample it is possible to observe a low-intensity
band that can be attributed to the vibration mode of siloxane linkage [25] or to the presence of
defects [27]. In the 950-1150 cm’ range three characteristic bands are observed in the SiO, and
Fe-SiO, samples corresponding to different vibrations; 990 (Si-O-Si near iron species or other
defect sites such as silanol groups) [25,27,35], 1080 (1016 cm™ in [35], 1025 cm™ in [36], 1074
cm™ in [27] and 1090 cm™ in [25]) and 1135 cm™ (1115 cm™ in [35], 1138 cm™ in [27] and 1150
cm’ in [36], not presented in ref. [25] maybe due to the use of a 244 nm laser irradiation),
corresponding to vibrations of O3SiO" units with a very strong interaction with heteroatoms such
as Fe-O-Si when the Fe is well-dispersed in isolated tetrahedral or pseudotetrahedral iron into the

silica framework [19,25-27,36].
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In all the studied series presented in Fig. 2, deposition of the K or Ca salt on the Fe-SiO; solids
does not produce any important change in the band located at 485 cm’ corresponding to the
symmetric Si-O-Si stretching. This band is slightly shifted to higher wavenumbers due to the
incorporation of iron into the silica framework [19,35] and is not affected by the deposition of
the K and Ca oxides on the silica (K-SiO; and Ca-SiO;) indicating that post-impregnation does
not produce modifications in the silica framework and the oxides are only deposited on the silica
surface. Important changes in the UV-Raman spectra are observed after the modification of the
iron-based catalysts. In the raw Fe(;Si0;,, a shoulder is observed from 500 to 650 cm’! (Fig. 2A
and 2B) which is not observed for the SiO, and K or Ca-treated materials. As the K or Ca
loading increases, this band reduces its intensity down to values similar to the pure silica solid. It
is possible to assign this shoulder to the small iron oxide clusters/particles or iron in octahedral
coordination in the original Fe-SiO, materials which are dispersed and removed after K or Ca

impregnation [27-29].

In the 800 cm™ region, a weak signal is observed for the pure silica and the raw Fe-SiO,
samples. However, when the K or Ca oxides are loaded on the silica surface the band becomes
more intense and its shape is modified. The same band is obtained for the samples with the
highest K loading (0.02), especially for the Fej9sSiO, sample. This fact might be due to the
excess potassium used in the impregnation producing potassium oxide (as observed for the K-

Si0, sample). This was also observed for the Ca-containing sample.

The assignation of each band within the 990-1135 cm™ region might be done with existing
literature. The band at 1165 cm™ has been assigned to the crystalline environment of the iron
species in Fe-ZSM-5 samples [35,37]. In our case, given the amorphous nature of our sample,

this assignment is not straightforward. When K or Ca are loaded on the Fe-SiO,, a decrease in
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intensity is observed for the 1080 and 1135 cm™ bands (see Fig. 2) together with the appearance
of a band located at 1000 cm™ (1010 cm’™! for the K goFeo01Si0, and Ky gaFeo.00sSi0, and 995
cm™ for the Cap.02Fe01S10;). This new band was previously studied by Wang et al. [26,27] and
could correspond to a tetrahedrally coordinated iron oxide “surrounded and stabilized by K" or
Na™ (K" or Ca®" in this study) species. These K- or Ca-Fe species (such as ferrates [22,23]) can
be formed during the calcination step after impregnation of the K or Ca salt, produced by its
reactivity with the small particles/clusters of iron oxide on the silica surface. This hypothesis is
also supported by the results showed in the UV-Vis analysis, where there was a reduction of the
absorption corresponding to the small particles/clusters of iron oxide. The formation of these
superficial species (K- and Ca-Fe species) with the well-dispersed iron into the silica framework,
which occupies pseudotetrahedral positions cannot be ruled out in this respect. It is possible that
the iron could migrate to extra-framework positions or could be covered (as was proposed by
Horvéath et al. [20]) by the alkali or alkaline earth oxide producing the decrease of its related

bands at 1080 and 1135 cm’".

In order to determine the possible contribution of the K and Ca addition to other
physicochemical properties of the materials, the normalized FTIR spectra of all the solids were

analyzed and presented in Fig. 3.
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In Fig. 3 it is possible to compare the normalized (with respect to the most intense band at

1090 cm™, corresponding to the Si-O stretching) characteristic vibrations of the superficial OH
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groups of this kind of materials. No significant modification of the fundamental framework
vibration modes of the Fe-SiO, solids (810, 1000-1300 cm™) [19,36,38] is observed after the
impregnation and calcination of the K or Ca-based salts. This fact reveals that the impregnation
of the K or Ca nitrates only produces superficial modifications without affecting the Feg x-Si0,
framework as it is previously discussed by UV-Raman spectroscopy. On the other hand, a
significant modification in the OH vibration range occurs (Fig. 3) due to the K or Ca
impregnation on the silica surface. When K or Ca are added with the lowest amounts (i.e.,
Mo.00sFe0.0xSi03) , there is a reduction in the intensity of the band corresponding to the bridged
hydroxyls with Brensted acid character (located at 3660 cm™) [36,39]. From our observations
this reduction is not proportional to the K or Ca loading. This effect is also demonstrated by the
normalized FTIR spectra corresponding to pyridine adsorption presented in Fig. S2 (See
Supplementary Information). By this analysis it is possible to observe a proportional decrease in
the intensity of the bands corresponding to adsorbed pyridine at 1446 and 1596 cm’ [40] as the
K molar ratio increases (for the Fe(9sSiO, catalyst) or when the K or Ca are added on the
Feo.001S10,. In this sense, the addition of ions with a strong basic character on the silica surface
reduces the amount of acid sites in the solid due to their exchange with the acidic proton
neighbour to the iron atom. This fact could be beneficial for the epoxidation reaction due to the
acidity reduction of the support. It is also possible to propose the blocking/covering of some iron

sites of the silica framework due to the K or Ca oxide formation on the silica surface.

In this respect, the impregnation and calcination of the K or Ca salts produces the
corresponding oxides deposited on the silica surface. For low loadings, the K or Ca ions interact
with the acidic proton reducing its signal in all the catalysts (Mg 0osFeo 0xSi02). Then, as the K or

Ca loading increases, removal of the small clusters/particles (lower than 1 nm) takes place in the
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Fe-Si0O, samples, as observed by UV-Vis analysis [27-29]. This removal reduces the amount of
the small iron oxide clusters/particles (responsible for the total oxidation of propylene) [20]. As
it is mentioned above, this alkali or alkaline earth oxide can also cover the highly dispersed iron
into the silica framework (which is the main species responsible for the propylene epoxidation

reaction [19]).

As it is discussed in the spectroscopic techniques section, the addition of small amounts of K
or Ca is a simple and useful way to reduce the amount or to remove the undesired iron oxide
particles/clusters formed during the synthesis of the catalysts. However, this modification can
also produce other different effects, like reducing the amount of bridged hydroxyls with Brensted
acid character located near the iron atom or blocking iron active sites, which is very interesting
for this reaction due to their respective interaction with gaseous propylene or dioxygen in the

propylene epoxidation reaction.

3.2 Propylene Epoxidation Reaction

The samples were tested under isothermal conditions (at 350, 400 or 450°C depending on the
activity of the sample to ensure a significant value of propylene conversion) during at least 4
hours. However, the catalytic tests performed at 450°C for the Fe.090sS10, and Feg ¢;Si0; resulted
in a fast deactivation of the catalysts due to carbon deposition on the surface. This effect was also
observed in the Fey 2S10, sample at 400°C. In all catalytic tests, except for those just mentioned,
propylene conversion, PO yield, and PO selectivity remained constant during the reaction, and
the values presented in this section correspond to the steady-state conditions. Analyzing all

reaction products, it was possible to find out that the main by-product formed was CO,, but in
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some samples, acetaldehyde was also produced to a small extent (<1%). The results are shown in

Table 1.

Table 1
Catalytic performance of the samples prepared in propylene epoxidation by O, molecule under
steady-state conditions

Temperature 83H6 i PO Yield
Catalyst °C) P (O/OO;IVGI"SIOII (%) Selectivity (%)

PO Others® CO,

400 21.6 4.4 20.4 <1.0 ~78

K{).o]Feo_o]SiOz 350 34 0.9 27.5 <0.5 ~72

Cay g0sFe) 01510, 350 32 0.9 27.6 <0.5 ~72

Cay goFe 01510, 350 1.5 0.8 533 <0.5 ~46

400 19.1 51 26.7 <1.0 ~72

Ko.01F€0.00sS10, 450 2.2 1.3 58.8 <0.5 ~41

Feg 0,510, 350 10.3 24 23.1 <1.0 ~76

KO.()]Fe(),()zSiOZ 350 2.5 0.8 31.5 <0.5 ~68

* Acetaldehyde is the main organic by-product obtained in the catalytic reaction.
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The addition of the small amounts (only 0.005 molar ratios) of promoters (K or Ca) produces
in the Fe;Si0; catalyst the decrease of the propylene conversion down to half of its initial
activity. However, the PO yield is also halved since no significant modification of the PO
selectivity is produced. Analyzing the addition of a larger amount of K on the Feg ;Si0O, catalyst
it is possible to assess how the incorporation of an equimolar ratio of K/Fe (Kg.01Fe,01S10;)
produces a further reduction of both CsHg conversion and PO yield also corresponding to a
similar PO selectivity compared to the Fe ;Si0, sample. Nonetheless, when the K ratio is twice
with respect to the Fe amount (K ,Feo01S10;) the C3Hg conversion is too low at 350°C and a
temperature increase to 400°C is mandatory to obtain a significant conversion/yield value. At this
new temperature, the C3Hg conversion is the lowest of this catalyst series (1.7%) but the PO yield
is not reduced compared with the K gosFeo.01S10; and Ko g1Fe0;Si0; catalysts. This results in a
drastic increase of the PO selectivity from 24.6-27.5% to 62.4%. The catalytic activity
corresponding to the non-promoted Feg ¢;SiO; at 400°C shows a quite high propylene conversion
(21.6%) and very low PO selectivity (20.4%). In this sense, the addition of 0.02 molar ratio of K

allows to control the propylene combustion at 400°C and to increase the PO selectivity.

On the other hand, in the Ca-promoted Fe( y;SiO; series a different behaviour is observed when
the Ca amount increases. The addition of 0.005 Ca/Si molar ratio produces the reduction of the
propylene conversion and PO yield, more than half in both cases without any significant
modification in the PO selectivity. However, when the Ca amount increases up to 0.01 and 0.02
(Cag1Fe.01S10, and CagaFep.01Si0,, respectively) a similar value of the CsHg conversion and
PO yield is observed (1.6% and 0.8%, respectively) obtaining PO selectivities around 52%

without requiring a temperature increase. Analyzing the catalytic results of the Feg ;S10; catalyst
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promoted with K or Ca it can be concluded that K-promotion produces higher selectivities
towards PO despite of the higher temperatures required to reach significant propylene

conversions.

For the Fep0sSiO, catalyst, the addition of the equimolar K/Fe ratio (K oosFeo.005S10;)
produces the lessening of the C3Hg conversion and PO yield to 2.0% and 0.6%, respectively,
with respect to the unpromoted catalysts. When the amount of potassium added after the
synthesis of the Feg 09sSiO; increases up to 0.01 and 0.02 (Ko.1Fe0.005S10; and Ko p2Feo.00sS102,
respectively) it is necessary to increase the reaction temperature up to 450°C to obtain significant
conversion values. The temperature increase compensates the reduction in CsHg conversion
(which is not measurable at 350°C), obtaining values around 2.2 and 1.4% for the
Ko.01Fe0.00sS10, and Ky 02Fe 00sS10, samples, respectively. In addition, the PO yield obtained in
these catalytic tests is remarkably higher, reaching PO selectivities between 58.8% and 65.5%
(under the same conditions, the unpromoted FegsSiO, catalyst gave 19.1% and 26.7% for

propylene conversion and PO selectivity, respectively).

The catalysts prepared with the Fe((,SiO, sample present a different catalytic behaviour (in
terms of PO selectivity) compared with the lower iron content. As it is possible to see in Table 1,
as the K loading increases, the propylene conversion decreases to 2.5% for the Kg 91Feo02S10,
catalyst with only a slight increase of the PO selectivity (31.5%). However, when the
temperature reaction is increased at 400°C for the KgpFep02SiO, catalyst the propylene

conversion increases up to 8.5%, diminishing the selectivity towards PO (27.2%).

Another important aspect that must be taken into account is the aforementioned carbon deposit

produced during the reaction due to the propylene cracking on the catalysts surface. For the
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catalysts without K or Ca, a small fraction of carbon deposit is observed after the reaction (less
than a 3 wt. % determined by thermogravimetry). However, when K or Ca is added to the Fe-
SiO, no carbonaceous deposit is obtained after the epoxidation reaction. Only for the
Ko.00sFe0.02S10, and Cay gosFe.01S10; catalysts a slight deposit of carbon material is observed that
results in a slight darkening of the materials. In this sense, the role of the alkali or alkaline earth
promotion is very important because it allows to control the reactivity, decreasing the propylene
conversion and its combustion and avoiding propylene cracking (and subsequent carbonaceous

deposit) on the catalysts.

On the other hand, the catalysts prepared following the HCI treatment in order to remove the
iron oxide particles present a different catalytic behaviour for the propylene epoxidation reaction.
It must previously mentioned that the HCI treatment (Feg ¢9sSi0,-HCI) was not enough for the
complete elimination of the iron oxide particles (see Fig. S3 in Supplementary Information) but
removes a significant portion of them. After the acidic treatment, the results from the propylene
epoxidation reaction at 450°C (lower temperatures did not yield reliable results) for the
Fe.005S10,-HCI catalyst were: 5.8% of propylene conversion, 2% of PO yield and a PO
selectivity of 34.5% (with a 6 wt. % of carbonaceous deposit). These results mean that a large
portion of the iron oxide particles were removed (compared with the 19.1% of propylene
conversion for the raw Feg09sSiO,) but there is no significant increase in the PO selectivity.
Moreover, the high amount of carbonaceous deposit on the catalysts surface could be attributed
to the acidity of the surface which favours propylene reactivity and cracking. For this reason, the
propylene conversion of this sample is higher than the K-promoted Fe 09sSiO,. This catalyst was
also treated with K (with a K molar ratio of 0.01) for its comparison with the K-promoted

without the acidic treatment. As revealed by the UV-Vis analysis of the solid in Fig. S3, the

22



absorbance of this catalyst is quite similar to those obtained for the Ky o1Fep00sSiO, and
Ko.02Fe0.005S10, without the HCI treatment. The resulting KNOs-treated catalyst presents a
propylene conversion and a PO yield of 3.3 and 1.5%, respectively with a PO selectivity of 45%.
However, no significant carbonaceous deposit is evidenced after the epoxidation reaction at
450°C. In this sense, it must be mentioned that it was not possible to achieve the selectivities of
the Ko.01Fe0.00sS10, and Ky g2Feo00sS10; catalysts but the propylene conversion and PO yield

were not so low.

The selectivities towards PO obtained for the KgpFeo01Si0,, KooiFeo005510, and
Ko.02Fe0.00sS10, catalysts at 400 or 450°C presented in Table 1 (reaching values over 60%) are
higher, but lower in propylene conversion (4-5%), than other promoted catalysts tested using O,
as oxidant and based on transition metals such as Ag, Cu and/or Ru [11,22,41,42] and similar to

other alkali promoted Cu [14,43] or Ag and Mo [44] catalysts.

Comparing the catalytic performance of our samples with similar catalysts (alkali or alkaline
earth promoted iron based silica) reported in other studies, similar [26,27,29,45] or slightly lower
[20,34] PO selectivities were obtained with similar values of propylene conversion in these
cases. However, in these works the use of nitrous oxide was mandatory to produce the
epoxidation of the propylene. In this sense, the replacement of nitrous oxide by molecular

oxygen implies user-friendly reaction conditions.

According to the catalytic results and the characterization obtained for all the K- or Ca-
promoted catalysts prepared in this work it is possible to propose which are the main changes
produced by K or Ca in the iron species of the catalysts (Scheme 1). For the lowest K and Ca

loadings, an important aspect that must be taken into account is the reduction in the PO yield but
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with similar PO selectivities. As it was previously studied, the well-dispersed iron species
incorporated into the silica framework (interacting with the molecular O;) along with a
neighbour acidic proton (interacting with gaseous propylene) are the main responsible species of
the propylene epoxidation reaction in this kind of catalysts [19]. So the addition of this kind of
promoters, even in the 0.005 molar ratios, is producing some changes in the well-dispersed iron
species that diminishes the PO production. This catalytic behaviour can be explained trough the
FTIR and UV-Raman results. As the FTIR results shown, the addition of K or Ca modifies the
surface properties of the silica. A significant reduction in the amount of acidic protons with
Bronsted character located at 3660 cm™ is observed after the addition of the smallest K or Ca
molar ratio. In this sense, its intensity decrease could be due to the substitution of the acidic
proton by the K or Ca species during the thermal treatment after impregnation. This observation
together with the PO yield decrease (see Table 1) suggests that there is a reduction of the number
of sites that can interact with the propylene towards the epoxidation reaction. However, for these
catalysts (with low K or Ca loadings) it is not possible to confirm the complete removal of the
small iron oxide particles by either UV-Vis or UV-Raman (due to the formation of stabilized K-
or Ca-Fe species). These particles are responsible for the total combustion of the propylene.
From our observations, a graphical depiction of these catalysts is presented in Scheme 1 (upper
right-hand side), where the number of acidic sites is reduced. The substitution of the acidic
Brensted proton by K or Ca oxide also produces a significant decrease of the propylene cracking
on the catalyst surface thus resulting in lower carbon deposition during the epoxidation

experiments.

On the other hand, when the K or Ca loading increases different interactions can be produced

on the Fe-SiO; surface. The picture in the middle right-hand side of Scheme 1 shows how as the
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K content is increased K-Fe species are formed in addition to the substitution of the protons in
the bridged hydroxyls with Brensted acid character by K species. As it is commented by the UV-
Vis characterization, the addition of the K precursor produces the dispersion of the iron oxide
particles and the octahedral coordinated iron species. This fact is also supported by UV-Raman
analysis, by the emergence of the band at 1010 cm™ assigned to tetrahedrally coordinated iron
oxide surrounded and stabilized by K. In this sense, the reduction of the small particles/clusters
of iron oxide determined by UV-Vis and TEM (which are the main responsible species for the
total oxidation of the propylene towards CO,) reduces the propylene conversion of the catalysts.
Due to the fact that propylene epoxidation mainly occurs on the well-dispersed iron incorporated
into the silica structure, the iron oxide particles removal produces an increase of the PO
selectivity as a beneficial side effect. This behaviour is obtained for all the catalysts, where the
propylene conversion progressively decreases when small loadings of K or Ca species are added.
However, in order to achieve the complete elimination of the iron oxide particles, a higher
amount of K (higher than the nominal Fe loading) is required. This is observed for samples
Feo.005510, (Koo and Ko ) and Feg01Si0, (only for the Ko, catalyst) which show similar E,
values around 4.50 eV. Using this kind of samples the propylene conversion and the PO
selectivities are around 1.5% and 60%, respectively at their corresponding reaction temperature
(see Table 1). The addition of Ca as a promoter does not produce the same efficiency (for the
same promoter molar ratios) in removing the iron oxide particles (as confirmed by UV-Vis)
despite the reaction temperature being 350°C in all cases. On the other hand, for the sample with
the highest amount of iron oxide particles (Fe ,Si05;), it has not been possible to remove all the

iron clusters with the tested alkali molar ratio. By this way, the catalytic results obtained for this
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sample show how the propylene conversion (up to 8.5% when the temperature is increased) is

not as affected as in the other series.

Thus, the addition of promoters (such as K or Ca) reduces the number of small iron oxide
particles due to the formation of K- or Ca-Fe species during the calcination step after the nitrate
impregnation. When the K molar ratio is higher than that of Fe (K ¢,Feq01Si0,, Ko o1Fe0.00sS102, and
Ko.0Fe0.00sS10,) the complete elimination of the iron oxide particles is possible. Under these
conditions very promising PO selectivities (higher than 60%) by the oxidation of propylene with

O, are obtained.

Finally, another undesirable scenario which cannot be ruled out when the promoter molar ratio
is increased is that suggested by Horvath et al. [20] where there is a masking of the iron species
due to its covering by K or Ca oxide (lower right-hand side in Scheme 1). The excess of alkali or
alkaline-earth oxides or the formation of K- or Ca-Fe species on the catalysts surface could block
the accessibility of the reactants to the active sites of the catalysts decreasing the catalytic
behaviour of the materials. This effect is confirmed by the reduction in propylene conversion and

PO yield between samples K o1Feo.00sS10; and Kg g2Fep.00sS10, measured at 450°C.

26



f'Fe0.

Acidity

Reduction
C3H6i02 »}W \ ’
A
K Addition O,
Sio, g Particles
Removal
N

LY K-FeO,

Partial
Active Sites
Blocking

Scheme 1. Possible interpretation of the K effects on the Fe-SiO; surface and its influence

on the PO selectivity.

4. Conclusions

Fe-Si0, catalysts modified with small loadings of K or Ca salts by impregnation methodology
have been prepared and tested in the propylene epoxidation reaction in gas-phase using O, as
oxidant. The addition of the promoters led to physicochemical changes of the surface of the iron-
based catalysts, such as: the complete elimination of the small particles/clusters of iron oxide
generated during the synthesis of the materials via the formation of superficial K- or Ca-Fe
species, the substitution of the hydroxyls with Brensted acid character by K or Ca species and
the partial iron sites blocking. These modifications produced by the K or Ca incorporation are
also reflected in the catalytic behaviour for the epoxidation of propylene. As a first consequence,

the propylene conversion (towards CO,) is drastically reduced due to elimination of the small
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iron oxide particles. Furthermore, the acidity reduction and the blocking of the catalysts produce
a reduction in the PO yield and avoids the cracking of propylene on the catalyst surface. As a
result of these processes, a very promising PO selectivity (65.5%) is obtained using small

loadings of Fe and K, and O, as oxidant without the production of many organic byproducts.
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ABSTRACT: In the propylene epoxidation reaction with Fe-SiO, catalysts the presence of
iron oxide particles has a detrimental effect due to the total combustion of propylene on these
iron species. Thus, the complete elimination of the iron oxide particles is presented as a
preliminary strategy in order to increase the selectivity towards propylene oxide in iron-based
catalysts. In this sense, a simple post-treatment of the catalysts with alkali or alkaline-earth
elements (such as K or Ca, respectively) has proven effective in the total elimination of these
iron oxide particles. Furthermore, the addition of K and Ca has modified the physico-chemical
properties of the catalysts, decreasing their superficial acidity and (for higher K or Ca loadings)
masking/blocking the active sites responsible for the catalytic reaction. With all this, it is shown
that K has a higher efficiency removing the iron oxide particles compared with Ca (for the same
molar ratios) and that a higher amount of K (compared to Fe) is required for the complete

elimination of the iron oxide particles. A considerable propylene oxide selectivity enhancement



(up to 65%) has been obtained for the K-promoted Fey 09sSiO; and Fey0;SiO; catalysts using O,
as sole oxidant.

1. Introduction

The production of propylene oxide (PO) by gas-phase catalysis is one of the most important
challenges for the chemical companies due to its commercial interest. PO is a precursor of
polyether polyols for urethanes, propylene glycols, and glycol ethers. At present, the production
of this compound is mainly performed in liquid phase carried out by the chlorohydrin (in which
Cl, 1s used as oxidant) process with approximately 40% of PO production [1-3].

Performing the epoxidation of propylene by heterogeneous catalysis in gas phase is nowadays
one of the most interesting research topics in order to obtain an industrial catalyst towards a more
environmentally friendly and applicable PO synthesis [4]. Despite the high price of gold and the
need to use Hy/O, gas mixtures to feed the reactor, the Au/Ti-SiO, based catalysts are still under
intense study due to high selectivities towards PO (at relatively low temperatures). This has
given rise to recent studies in which the researchers have paid special interest to the reaction
mechanism using this type of catalysts [5—9]. Other studies were focused on the synthesis of PO
using only O, and propylene in the gas stream composition aimed at avoiding the use of H,.
However, it is mandatory to increase the reaction temperature (compared with the
abovementioned Au/Ti-SiO, catalysts which requires H,/O, mixtures) to activate the gas
molecules and obtain the desired compound. In this sense, Khatib et al. [3] have recently
reported a review summarizing the catalysts used for PO formation using gaseous O,. Pure Ru,
Ag and Cu (or mixed with other metals)-based catalysts must be mentioned as thoroughly
studied due to their similar or higher propylene conversion than Au/Ti-SiO, catalysts but with

slightly lower PO selectivity [10—18].



Recently, our research group reported the synthesis of PO using dioxygen and ferrosilicate
catalysts prepared in a sol-gel one-step synthesis of well-dispersed iron oxide species into the
silica structure [19]. In these materials, the propylene epoxidation reaction took place on the iron
sites dispersed into the silica framework while the total combustion (towards CO,) was
preferentially occurring on the small iron oxide particles/clusters decreasing the PO selectivity
[20]. Due to the synthesis procedure, even when the iron loading is 0.005 (Fe/Si molar ratio), the
formation of extra-framework small iron oxide particles cannot be avoided. Addition of some
alkali and alkaline earth elements after the synthesis of the catalysts reduces the presence of iron
oxide particles as reported in the literature [21]. This strategy was also used in the above-
mentioned catalysts (Ag, Cu or Ru) to increase PO selectivity, reaching the best improvements
with the K and Ca-based catalysts [11,22-24]. Even for Fe-SiO, catalysts (where N,O is used as
oxidant), this addition has beneficial effects in the selectivity towards PO in spite of a reduction
in propylene conversion [25-29].

This work is focused on the reduction and/or removal of the small iron oxide particles /clusters
observed in iron-based catalysts (Feo(xSiO;) in order to improve their catalytic performance. In
order to increase the selectivity towards PO, the Fe((xSiO; solids were impregnated after their
synthesis with the nitrate salts of K and Ca to introduce the needed amount of the element. The
removal of the small iron oxide particles was determined by different spectroscopy techniques
such as UV-Vis, UV-Raman or FTIR. The promoted Fe(cxSiO, catalysts were tested in the
propylene epoxidation reaction using O, as oxidant (avoiding the use of dangerous and harmful
agents such as N,O) with very promising results in terms of PO selectivity.

2. Experimental

2.1 Catalyst Preparation



2.1.1 Preparation of the Fey gxSiO, Catalysts

Hierarchical Fe-doped silica catalysts were prepared following the synthesis described in [19].
In a typical synthesis, 0.400 g of surfactant (Pluronic® F127, Sigma-Aldrich), 0.452 g of urea
(Sigma-Aldrich) and 5.052 g of an acetic acid solution (0.01 M) were mixed under vigorous
stirring for 80 min, the final pH of the resulting solution being around 4. Then, the necessary
amount of iron precursor (iron (III) nitrate nonahydrate, (Fe(NOs3);-9H,O, 99.99%, Sigma-
Aldrich) was added in the solution and the mixture was stirred for 1 h. Subsequently, the solution
was cooled in an ice-water bath under stirring and the silica precursor was added dropwise
(2.030 g Tetramethyl orthosilicate, TMOS, Sigma-Aldrich). This solution was kept under stirring

for 40 min at 0°C.

Finally, the sol was introduced in a Teflon autoclave and heated at 40°C for 20 h to produce
the aging of the sol (the pH after this step remained around 4). After this, the sample was
submitted to a hydrothermal treatment at 120°C for 6 h, to decompose the urea (the final pH of
the supernatant liquid being around 9-10). As a final step, the monolith was calcined at 550°C for

6 h under static atmosphere to eliminate the surfactant and the rest of unwanted precursors.

Three samples with different Fe/Si molar ratios were prepared Feo9sSi0,, Feg;S10, and
Fe02Si0,. The samples in this work were named according to the nominal molar Fe/Si ratio in
each case, for example, Feg;Si0, corresponds to the sample with 1 mol % Fe in the oxide (with

respect to Si moles).

2.1.2 Preparation of the K and Ca-promoted Fe.gxSiO, Catalysts



Once the iron-based silica samples were calcined and milled, the samples were impregnated in
excess volume using aqueous solutions containing the necessary amount of alkali (KNO3) and
alkaline earth (Ca(NOs),-4H,0) precursors. The stirring was maintained for 2 days, and then, the
solvent was evaporated under stirring, heating the suspension at 80°C keeping the magnetic
stirring until complete evaporation. Finally, the powder was calcined again in an oven at 550°C
for 6 h. The samples are labelled as Ky o;, for the sample with a K/Si molar ratio of 0.01, before
the Feg 0xSi0,. For comparison purposes, Fe-free K and Ca-treated solids (with a molar ratio of
0.01) were prepared using pure silica and impregnating the alkali and alkaline earth salts as
described above. In addition, a Fegg9sSiO, sample was treated with a 1M HCI solution
overnight, filtered the solid, washed until neutral pH and then dried at 100°C overnight. After the
acidic treatment, a portion of the catalyst was treated with KNO3 (using the necessary amount for

a K molar ratio of 0.01) and calcined as described above.

2.2 Characterization

The catalysts were analyzed by Transmission Electron Microscopy (TEM, JEOL JEM-2010)
with a coupled EDX detector. The microscope operates at 200 kV with a space resolution of 0.24
nm. For the TEM analysis, the sample was suspended in ethanol and sonicated for a few minutes.
The suspension (one drop) was deposited onto a 300 mesh Lacey copper grid and left to dry at
room temperature. This technique allows the observation of the iron particles in the catalysts and
the detection of the metal (by EDX) if it is not possible to see the particles. The iron, potassium
and calcium loadings were measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES), in a Perkin—Elmer Optima 4300 system. A few milligrams of the
catalyst were dissolved in 0.1 ml of HF (5 vol. %) at room temperature, in order to ensure the

total dissolution of the catalyst, and then diluted to the linear element detection range (0.05-10



ppm). The untreated and K and Ca-treated iron based catalysts were also characterized by N,
adsorption-desorption isotherm at -196°C and by CO, adsorption at 0°C (Quantachrome,

Autosorb 6B) to analyze the porous texture of this kind of materials.

Some spectroscopic techniques were used to analyze the physicochemical properties of the
catalysts after K and Ca modification. UV-Vis analysis (V-670, JASCO) equipped with a double
monochromator system, a photomultiplier tube detector and an integrating sphere (ISN-723 UV-
Visible-NIR, JASCO) was used in transmittance mode to determine the speciation of the iron.
The incorporation of the iron was analyzed by UV-Raman (NRS-5100, Jasco). The catalysts
were irradiated for 30 min with a UV laser (HeCd, 325 nm, ImW). The equipment is fitted with
a Thorlabs 20x UV objective. Fourier Transform Infrared Spectroscopy (FTIR-4100, JASCO)
was also used. The catalysts were diluted (using 1:50 weight ratio) in KBr and dried at 120°C for
12 h before the analysis. Pyridine adsorption was performed in order to characterize the
modification of the surface acidity using a reported procedure [30]. The catalysts, diluted in KBr
using the same weight ratio, were calcined at 500°C. Then they were exposed to pyridine vapours
for 3 days in a vacuum desiccator. After pyridine adsorption, the physically adsorbed pyridine
was removed at 100°C for one day. The FTIR spectra presented are the result of the subtraction

of the spectra of the pyridine-treated to the spectra of the untreated catalysts.
2.3 Propylene Epoxidation Tests

The catalysts were tested under steady-state conditions at ambient pressure for at least 4 hours.
The standard temperature of the analysis was 350°C, but to obtain reliable catalytic results, in
some catalysts it was necessary to increase the temperature up to 400 or 450°C. A WHSV of

10000 ml-g™-h™" and a gas composition of 10% C3Hg, 10% O, 80% He was used in the catalytic



tests. The gas composition was analyzed with a GC chromatograph (Agilent 7820A) equipped
with two columns, PoraBond Q (Agilent) and CTR-I (Alltech), for the separation of the organic
(propylene, propane, propylene oxide, acetaldehyde, acetone) and the inorganic (mainly, O, and
CO;) compounds respectively. Propylene conversion, PO yield and PO selectivity were
calculated using the following equations and with the respective calibration of each compound in

order to describe the catalytic behaviour of the samples.

CC3H6—iTl - CC3H6—Out

x 100

Propylene Conversion (%) =

CC3H6—in
Cpo—
PO Yield (%) = —2=2 % 100
CC3H6—iTl
Cpo—
PO Selectivity (%) = PO—out x 100

CC3H6—in - CC3H6—out

3. Results and discussion

3.1 Characterization of the Catalysts

For all the catalysts prepared in this work, the metal loadings were analyzed by ICP-OES. As
in the previous work [19], it was observed that in the one-step preparation of the catalysts, not all
the iron can be incorporated into the silica framework. The real Fe/Si molar ratios for the
prepared catalysts were 0.0043 (Fe,005S10,), 0.0095 (Feo.01S10,), and 0.0186 (Fey.02S10;). From
our observations, approximately 7% of the iron was removed in the supernatant liquid at the end
of the sol-gel process. On the contrary and due to the methodology employed for their addition,
the real loadings for K and Ca calculated by ICP-OES were in all cases quite close to the desired

nominal loadings.



TEM coupled with EDX characterization of the representative catalysts is presented in the
Supplementary Information. From the TEM micrographs it is possible to see that no large iron
oxide clusters/agglomerations are formed in most samples. Only for some samples in which the
alkali loading is lower than that of Fe (K¢ gosFeo.01S10, and Ky gosFe.02S10;) some small particles
can be observed. Despite the fact that it is not possible to see the possible K, Ca or Fe oxide
species on the silica surface, the EDX analysis confirmed, in all cases, the presence of these
elements. From the textural characterization of the samples (see Fig. S1 and Table S1 in the
Supplementary Information) it is not possible to observe any significant modification in the N,
isotherm shape or the textural properties (i.e., specific surface area, micropore volume or pore

size distribution) after the treatment of the Fe-SiO, samples with K or Ca.

The spectroscopic techniques, such as UV-Vis, UV-Raman, and FTIR, are very useful to
analyze the iron speciation in this kind of materials. Studying the UV-Vis absorption of the solid
catalysts it is possible to determine the presence of iron incorporated into the silica framework
and the existence of small particles of iron oxide deposited on the surface of the silica. In this
sense, previous works reported the absorption of the incorporated iron in tetrahedral or pseudo-
tetrahedral position into the silica framework in two bands located at around 220 and 260 nm
(45000 and 38000 cm™, respectively). While the iron oxide particles present UV-Vis absorption
near the 370 and 500 nm range (27000 and 20000 cm™, respectively). This effect allows the
interpretation of the band gap energy (Ey) as a measure of the iron dispersion in this kind of
materials [29,31]. It is very important to remark that some works attribute the absorption at
around 280 nm to the octahedral coordinated Fe(IIl) species in this kind of materials [32-34].
The UV-Vis results (and each corresponding E, values) of the K and Ca-promoted Fe-SiO,

catalysts are presented in Fig. 1.



A Fey0:Si0,(3.91 eV) B Fey:Si0,(3.91 eV)
= KooosFeo0SI0; (436 V) Cay gosFey0,Si0, (4.15 eV)
X Koo1Feo:Si0, (4.39eV) X Cay 1 Fey;S10,(4.23 eV)
3 Ko0oFeo0iSiO, (446 eV) 8 Cay g,Fey 4,510, (4.29 eV)
g g
o o
= -
Q o
i D
2 o
< <
200 250 300 350 400 450 500 200 250 300 350 400 450 500

Wavelength (nm)

O

Feo 00sSi0, (3.97 eV)

Wavelength (nm)

Fey 02510, (3.90 eV)

s Ko.00sF000s510, (443 eV) S Ko.005F€0.02510, (4.27 eV)
8 KooaFeoasSIO; (4526V) 8 Ko 0oF 0,510, (4.36 €V)
© I

Q o]

b [

Q o

L 172)

< o

< <

200 250 300 350 400 450 500 200 250 300 350 400 450

Wavelength (nm)

500
Wavelength (nm)

Fig. 1. Solid UV-Vis reflectance spectra (presented in Kubelka-Munk units) and their

respective E; value for the raw and post-K or Ca impregnation of the Fe ¢xSiO; catalyst.

A) Ky.0xFeg.015102, B) CaggxFeg.01S5102, C) Ko.0xFeg.00sS10; and D) Ky oxFeo.02Si0;.

In order to select the appropriate promoter (K or Ca) which can yield a better removal of the

iron particles and dispersion of the iron species, the Feg ¢;SiO; catalyst was impregnated with the



3 different K or Ca/Si ratios (0.005, 0.01 and 0.02) and analyzed by UV-Vis reflectance (results
presented in Fig. 1A and 1B). For the K-based catalysts, a substantial decrease in absorbance is
observed for wavelengths above 300 nm. This can be associated to the removal of the iron oxide
particles deposited on the silica surface. The total elimination of the iron oxide particles is
reached for all samples in which the K content exceeded that of Fe. On the other hand, a
reduction in the absorbance of the UV-Vis spectra near 280 nm after the addition of the alkali or
alkaline earth based salts is also observed. This fact can be related to the removal of the small
iron oxide clusters and/or extraction of the octahedrally coordinated iron species by the K
treatment. These effects are observed also in the progressive increase of the E, values obtained
from the UV-Vis spectra, from the initial 3.91 eV for the raw Fe(;S10, to the final 4.46 eV for
the Ko.02Feo.01S10; catalyst. In the case of Ca-based catalysts, the same trend is observed but it is
not possible to remove all the particles of iron oxide produced during the synthesis of the
material. All the samples, even the Cag g2Feo01S10,, present a small but significant absorption at
wavelengths higher than 300 nm and the increase of the E, values is lower in the Ca samples
than their K-based counterparts. The differences (in UV-Vis characterization) between the K and
Ca-doped samples, when the small iron oxide particles and octahedral iron species removal is
studied, allows us to confirm that for this kind of samples impregnation with K has a higher
efficiency in reducing the number of iron oxide particles, as other authors have observed
previously [27-29]. For this reason, the impregnation of the Feg 00sS10, and Feg,Si0, samples

was only studied with K.

The UV-Vis results of the K-impregnated catalysts in the Fe09sSiO, and Fey 0,Si0, materials
are presented in Fig. 1C and 1D, respectively. As it was previously studied, for all the raw

catalysts, the amount of small iron oxide particles/clusters in extra-framework positions increases
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with the Fe loading of the samples [19]. A progressive reduction in the absorption for the
Ko.0xFeo.00sS10; series at 280 nm and above 300 nm (corresponding to the aforementioned
species) is observed as the K content is increased in the catalysts. In the K¢ ,Feo0;Si0, catalyst,
when the K content is higher than the Fe molar content in the silica based catalysts (as with
samples Ky g1Fep00sS10, and Ko g2Fep00s510,), an almost total quenching of the absorption at
wavelengths above 300 nm is observed, demonstrating the total removal of the iron oxide
particles formed in the raw catalysts synthesis. The removal of the iron oxide particles produces
the increase of the band gap energy up to 4.50 and 4.52 eV in the case of samples
Ko.01Fe0.00sS10, and Kg.paFeo.00sS10,, respectively. Finally, in the catalysts prepared with the
highest iron content (Feg ¢2S10,) the addition of K has a different result, as it is possible to check
in Fig. 1D. Even with the increase of the E, up to 4.36 €V for the sample K 02Fe.02S10, mainly
due to the reduction in the absorption band located at 280 nm_ there is a slight increase of the
UV-Vis absorption in the 300-400 nm range. It is possible that the amount of iron oxide particles
is too high for the K to remove all of them. All these UV-Vis results are corroborated by the
colour of the catalysts and by the TEM micrographs presented in the SI. As K or Ca loading
increases in the catalysts, the initial colour of the Fe-SiO, (slightly brown for Feg;Si0;, and
Fey.02S10,) gradually disappears until total decolouration of the catalysts for all the Feg 90sS10,

samples and the K g2Feg 01S10,.

Another complementary technique that can be used to analyze the structural modifications
produced by the K and Ca addition is UV-Raman spectroscopy. The results of the prepared
catalysts together with the blank silica and the K- and Ca-impregnated silica are shown in Fig. 2.
Different regions of the spectra can be clearly distinguished depending on the species involved.

The symmetric Si-O-Si stretching appears at 485 cm™ for pure silica [35]. Close to this band, a
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broad shoulder appears from 500 to 650 cm™, which we previously identified in bulk Fe,O; and
appears as a broad shoulder in samples Fe(;Si0; and Fe0,Si0; [19]. As it was previously
reported, in the 800 cm™ region for the pure SiO, sample it is possible to observe a low-intensity
band that can be attributed to the vibration mode of siloxane linkage [25] or to the presence of
defects [27]. In the 950-1150 cm’ range three characteristic bands are observed in the SiO, and
Fe-SiO, samples corresponding to different vibrations; 990 (Si-O-Si near iron species or other
defect sites such as silanol groups) [25,27,35], 1080 (1016 cm™ in [35], 1025 cm™ in [36], 1074
cm™ in [27] and 1090 cm™ in [25]) and 1135 cm™ (1115 cm™ in [35], 1138 cm™ in [27] and 1150
cm’ in [36], not presented in ref. [25] maybe due to the use of a 244 nm laser irradiation),
corresponding to vibrations of O3SiO" units with a very strong interaction with heteroatoms such
as Fe-O-Si when the Fe is well-dispersed in isolated tetrahedral or pseudotetrahedral iron into the

silica framework [19,25-27,36].
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In all the studied series presented in Fig. 2, deposition of the K or Ca salt on the Fe-SiO; solids
does not produce any important change in the band located at 485 cm’ corresponding to the
symmetric Si-O-Si stretching. This band is slightly shifted to higher wavenumbers due to the
incorporation of iron into the silica framework [19,35] and is not affected by the deposition of
the K and Ca oxides on the silica (K-SiO; and Ca-SiO;) indicating that post-impregnation does
not produce modifications in the silica framework and the oxides are only deposited on the silica
surface. Important changes in the UV-Raman spectra are observed after the modification of the
iron-based catalysts. In the raw Fe(;Si0;,, a shoulder is observed from 500 to 650 cm’! (Fig. 2A
and 2B) which is not observed for the SiO, and K or Ca-treated materials. As the K or Ca
loading increases, this band reduces its intensity down to values similar to the pure silica solid. It
is possible to assign this shoulder to the small iron oxide clusters/particles or iron in octahedral
coordination in the original Fe-SiO, materials which are dispersed and removed after K or Ca

impregnation [27-29].

In the 800 cm™ region, a weak signal is observed for the pure silica and the raw Fe-SiO,
samples. However, when the K or Ca oxides are loaded on the silica surface the band becomes
more intense and its shape is modified. The same band is obtained for the samples with the
highest K loading (0.02), especially for the Fej9sSiO, sample. This fact might be due to the
excess potassium used in the impregnation producing potassium oxide (as observed for the K-

Si0, sample). This was also observed for the Ca-containing sample.

The assignation of each band within the 990-1135 cm™ region might be done with existing
literature. The band at 1165 cm™ has been assigned to the crystalline environment of the iron
species in Fe-ZSM-5 samples [35,37]. In our case, given the amorphous nature of our sample,

this assignment is not straightforward. When K or Ca are loaded on the Fe-SiO,, a decrease in
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intensity is observed for the 1080 and 1135 cm™ bands (see Fig. 2) together with the appearance
of a band located at 1000 cm™ (1010 cm’™! for the K goFeo01Si0, and Ky gaFeo.00sSi0, and 995
cm™ for the Cap.02Fe01S10;). This new band was previously studied by Wang et al. [26,27] and
could correspond to a tetrahedrally coordinated iron oxide “surrounded and stabilized by K" or
Na™ (K" or Ca®" in this study) species. These K- or Ca-Fe species (such as ferrates [22,23]) can
be formed during the calcination step after impregnation of the K or Ca salt, produced by its
reactivity with the small particles/clusters of iron oxide on the silica surface. This hypothesis is
also supported by the results showed in the UV-Vis analysis, where there was a reduction of the
absorption corresponding to the small particles/clusters of iron oxide. The formation of these
superficial species (K- and Ca-Fe species) with the well-dispersed iron into the silica framework,
which occupies pseudotetrahedral positions cannot be ruled out in this respect. It is possible that
the iron could migrate to extra-framework positions or could be covered (as was proposed by
Horvéath et al. [20]) by the alkali or alkaline earth oxide producing the decrease of its related

bands at 1080 and 1135 cm’".

In order to determine the possible contribution of the K and Ca addition to other
physicochemical properties of the materials, the normalized FTIR spectra of all the solids were

analyzed and presented in Fig. 3.
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In Fig. 3 it is possible to compare the normalized (with respect to the most intense band at

1090 cm™, corresponding to the Si-O stretching) characteristic vibrations of the superficial OH
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groups of this kind of materials. No significant modification of the fundamental framework
vibration modes of the Fe-SiO, solids (810, 1000-1300 cm™) [19,36,38] is observed after the
impregnation and calcination of the K or Ca-based salts. This fact reveals that the impregnation
of the K or Ca nitrates only produces superficial modifications without affecting the Feg x-Si0,
framework as it is previously discussed by UV-Raman spectroscopy. On the other hand, a
significant modification in the OH vibration range occurs (Fig. 3) due to the K or Ca
impregnation on the silica surface. When K or Ca are added with the lowest amounts (i.e.,
Mo.00sFe0.0xSi03) , there is a reduction in the intensity of the band corresponding to the bridged
hydroxyls with Brensted acid character (located at 3660 cm™) [36,39]. From our observations
this reduction is not proportional to the K or Ca loading. This effect is also demonstrated by the
normalized FTIR spectra corresponding to pyridine adsorption presented in Fig. S2 (See
Supplementary Information). By this analysis it is possible to observe a proportional decrease in
the intensity of the bands corresponding to adsorbed pyridine at 1446 and 1596 cm™ [40] as the
K molar ratio increases (for the Fe9sSiO; catalyst) or when the K or Ca are added on the
Feo.001S10,. In this sense, the addition of ions with a strong basic character on the silica surface
reduces the amount of acid sites in the solid due to their exchange with the acidic proton
neighbour to the iron atom. This fact could be beneficial for the epoxidation reaction due to the
acidity reduction of the support. It is also possible to propose the blocking/covering of some iron

sites of the silica framework due to the K or Ca oxide formation on the silica surface.

In this respect, the impregnation and calcination of the K or Ca salts produces the
corresponding oxides deposited on the silica surface. For low loadings, the K or Ca ions interact
with the acidic proton reducing its signal in all the catalysts (Mg osFeo 0xSi03). Then, as the K or

Ca loading increases, removal of the small clusters/particles (lower than 1 nm) takes place in the
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Fe-Si0O, samples, as observed by UV-Vis analysis [27-29]. This removal reduces the amount of
the small iron oxide clusters/particles (responsible for the total oxidation of propylene) [20]. As
it is mentioned above, this alkali or alkaline earth oxide can also cover the highly dispersed iron
into the silica framework (which is the main species responsible for the propylene epoxidation

reaction [19]).

As it is discussed in the spectroscopic techniques section, the addition of small amounts of K
or Ca is a simple and useful way to reduce the amount or to remove the undesired iron oxide
particles/clusters formed during the synthesis of the catalysts. However, this modification can
also produce other different effects, like reducing the amount of bridged hydroxyls with Brensted
acid character located near the iron atom or blocking iron active sites, which is very interesting
for this reaction due to their respective interaction with gaseous propylene or dioxygen in the

propylene epoxidation reaction.

3.2 Propylene Epoxidation Reaction

The samples were tested under isothermal conditions (at 350, 400 or 450°C depending on the
activity of the sample to ensure a significant value of propylene conversion) during at least 4
hours. However, the catalytic tests performed at 450°C for the Fe 005510, and Feg ¢;SiO; resulted
in a fast deactivation of the catalysts due to carbon deposition on the surface. This effect was also
observed in the Fey 2S10, sample at 400°C. In all catalytic tests, except for those just mentioned,
propylene conversion, PO yield, and PO selectivity remained constant during the reaction, and
the values presented in this section correspond to the steady-state conditions. Analyzing all

reaction products, it was possible to find out that the main by-product formed was CO,, but in
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some samples, acetaldehyde was also produced to a small extent (<1%). The results are shown in

Table 1.

Table 1
Catalytic performance of the samples prepared in propylene epoxidation by O, molecule under
steady-state conditions

C;Hg
Catalyst (T(,%r;lp erature g/ooglverswn l Selectivity (%)

PO Others® CO,

400 21.6 4.4 20.4 <1.0 ~78

K{).o]Feo_o]SiOz 350 34 0.9 27.5 <0.5 ~72

Cay g0sFe) 01510, 350 32 0.9 27.6 <0.5 ~72

Cay goFe 01510, 350 1.5 0.8 533 <0.5 ~46

400 19.1 51 26.7 <1.0 ~72

Ko.01F€0.00sS10, 450 2.2 1.3 58.8 <0.5 ~41

Feg 0,510, 350 10.3 24 23.1 <1.0 ~76

KO.()]Fe(),()zSiOZ 350 2.5 0.8 31.5 <0.5 ~68

* Acetaldehyde is the main organic by-product obtained in the catalytic reaction.
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The addition of the small amounts (only 0.005 molar ratios) of promoters (K or Ca) produces
in the Fe;Si0; catalyst the decrease of the propylene conversion down to half of its initial
activity. However, the PO yield is also halved since no significant modification of the PO
selectivity is produced. Analyzing the addition of a larger amount of K on the Fe( ;SiO, catalyst
it is possible to assess how the incorporation of an equimolar ratio of K/Fe (Kg.01Fe,01S10;)
produces a further reduction of both C;Hg¢ conversion and PO yield also corresponding to a
similar PO selectivity compared to the Fe ;Si0, sample. Nonetheless, when the K ratio is twice
with respect to the Fe amount (K ,Feo01S10;) the C3Hg conversion is too low at 350°C and a
temperature increase to 400°C is mandatory to obtain a significant conversion/yield value. At this
new temperature, the C3Hg conversion is the lowest of this catalyst series (1.7%) but the PO yield
is not reduced compared with the K gosFeo.01S10; and Ko g1Fe0;Si0; catalysts. This results in a
drastic increase of the PO selectivity from 24.6-27.5% to 62.4%. The catalytic activity
corresponding to the non-promoted Feg ¢;SiO; at 400°C shows a quite high propylene conversion
(21.6%) and very low PO selectivity (20.4%). In this sense, the addition of 0.02 molar ratio of K

allows to control the propylene combustion at 400°C and to increase the PO selectivity.

On the other hand, in the Ca-promoted Feg ¢;SiO; series a different behaviour is observed when
the Ca amount increases. The addition of 0.005 Ca/Si molar ratio produces the reduction of the
propylene conversion and PO yield, more than half in both cases without any significant
modification in the PO selectivity. However, when the Ca amount increases up to 0.01 and 0.02
(Cag01Fe.01S10;, and CagaFep.01Si0,, respectively) a similar value of the CsHg conversion and
PO yield is observed (1.6% and 0.8%, respectively) obtaining PO selectivities around 52%

without requiring a temperature increase. Analyzing the catalytic results of the Fe( ;S10, catalyst
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promoted with K or Ca it can be concluded that K-promotion produces higher selectivities
towards PO despite of the higher temperatures required to reach significant propylene

conversions.

For the Fep0sSiO, catalyst, the addition of the equimolar K/Fe ratio (K oosFeo.005S10;)
produces the lessening of the C3Hg conversion and PO yield to 2.0% and 0.6%, respectively,
with respect to the unpromoted catalysts. When the amount of potassium added after the
synthesis of the Feg 99sSi0; increases up to 0.01 and 0.02 (Ko.1Fe0.005S10; and Ko 02Feo.00sS102,
respectively) it is necessary to increase the reaction temperature up to 450°C to obtain significant
conversion values. The temperature increase compensates the reduction in CsHg conversion
(which is not measurable at 350°C), obtaining values around 2.2 and 1.4% for the
Ko.01F€0.00sS10, and Ky 02Fe 00sS10, samples, respectively. In addition, the PO yield obtained in
these catalytic tests is remarkably higher, reaching PO selectivities between 58.8% and 65.5%
(under the same conditions, the unpromoted FegsSiO, catalyst gave 19.1% and 26.7% for

propylene conversion and PO selectivity, respectively).

The catalysts prepared with the Fe(¢,SiO;, sample present a different catalytic behaviour (in
terms of PO selectivity) compared with the lower iron content. As it is possible to see in Table 1,
as the K loading increases, the propylene conversion decreases to 2.5% for the Kgo1Feo.02S10,
catalyst with only a slight increase of the PO selectivity (31.5%). However, when the
temperature reaction is increased at 400°C for the KgpFep02SiO, catalyst the propylene

conversion increases up to 8.5%, diminishing the selectivity towards PO (27.2%).

Another important aspect that must be taken into account is the aforementioned carbon deposit

produced during the reaction due to the propylene cracking on the catalysts surface. For the
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catalysts without K or Ca, a small fraction of carbon deposit is observed after the reaction (less
than a 3 wt. % determined by thermogravimetry). However, when K or Ca is added to the Fe-
SiO, no carbonaceous deposit is obtained after the epoxidation reaction. Only for the
Ko.00sFe0.02S10, and Cay gosFe.01S10; catalysts a slight deposit of carbon material is observed that
results in a slight darkening of the materials. In this sense, the role of the alkali or alkaline earth
promotion is very important because it allows to control the reactivity, decreasing the propylene
conversion and its combustion and avoiding propylene cracking (and subsequent carbonaceous

deposit) on the catalysts.

On the other hand, the catalysts prepared following the HCI treatment in order to remove the
iron oxide particles present a different catalytic behaviour for the propylene epoxidation reaction.
It must previously mentioned that the HCI treatment (Feg 09sSi0,-HCI) was not enough for the
complete elimination of the iron oxide particles (see Fig. S3 in Supplementary Information) but
removes a significant portion of them. After the acidic treatment, the results from the propylene
epoxidation reaction at 450°C (lower temperatures did not yield reliable results) for the
Fep.00sS10,-HC1 catalyst were: 5.8% of propylene conversion, 2% of PO yield and a PO
selectivity of 34.5% (with a 6 wt. % of carbonaceous deposit). These results mean that a large
portion of the iron oxide particles were removed (compared with the 19.1% of propylene
conversion for the raw Feg09sSiO;) but there is no significant increase in the PO selectivity.
Moreover, the high amount of carbonaceous deposit on the catalysts surface could be attributed
to the acidity of the surface which favours propylene reactivity and cracking. For this reason, the
propylene conversion of this sample is higher than the K-promoted Fe 09sSiO,. This catalyst was
also treated with K (with a K molar ratio of 0.01) for its comparison with the K-promoted

without the acidic treatment. As revealed by the UV-Vis analysis of the solid in Fig. S3, the
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absorbance of this catalyst is quite similar to those obtained for the Ky o1Fep00sSiO, and
Ko.00Fe0.005S10, without the HCI treatment. The resulting KNOs-treated catalyst presents a
propylene conversion and a PO yield of 3.3 and 1.5%, respectively with a PO selectivity of 45%.
However, no significant carbonaceous deposit is evidenced after the epoxidation reaction at
450°C. In this sense, it must be mentioned that it was not possible to achieve the selectivities of
the Ko.01Fe0.005S10, and Ko g2Fe00sS10; catalysts but the propylene conversion and PO yield

were not so low.

The selectivities towards PO obtained for the KgpFeo01Si0,, KooiFeo005510, and
Ko.02Fe0.00sS10, catalysts at 400 or 450°C presented in Table 1 (reaching values over 60%) are
higher, but lower in propylene conversion (4-5%), than other promoted catalysts tested using O,
as oxidant and based on transition metals such as Ag, Cu and/or Ru [11,22,41,42] and similar to

other alkali promoted Cu [14,43] or Ag and Mo [44] catalysts.

Comparing the catalytic performance of our samples with similar catalysts (alkali or alkaline
earth promoted iron based silica) reported in other studies, similar [26,27,29,45] or slightly lower
[20,34] PO selectivities were obtained with similar values of propylene conversion in these
cases. However, in these works the use of nitrous oxide was mandatory to produce the
epoxidation of the propylene. In this sense, the replacement of nitrous oxide by molecular

oxygen implies user-friendly reaction conditions.

According to the catalytic results and the characterization obtained for all the K- or Ca-
promoted catalysts prepared in this work it is possible to propose which are the main changes
produced by K or Ca in the iron species of the catalysts (Scheme 1). For the lowest K and Ca

loadings, an important aspect that must be taken into account is the reduction in the PO yield but
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with similar PO selectivities. As it was previously studied, the well-dispersed iron species
incorporated into the silica framework (interacting with the molecular O;) along with a
neighbour acidic proton (interacting with gaseous propylene) are the main responsible species of
the propylene epoxidation reaction in this kind of catalysts [19]. So the addition of this kind of
promoters, even in the 0.005 molar ratios, is producing some changes in the well-dispersed iron
species that diminishes the PO production. This catalytic behaviour can be explained trough the
FTIR and UV-Raman results. As the FTIR results shown, the addition of K or Ca modifies the
surface properties of the silica. A significant reduction in the amount of acidic protons with
Bronsted character located at 3660 cm™ is observed after the addition of the smallest K or Ca
molar ratio. In this sense, its intensity decrease could be due to the substitution of the acidic
proton by the K or Ca species during the thermal treatment after impregnation. This observation
together with the PO yield decrease (see Table 1) suggests that there is a reduction of the number
of sites that can interact with the propylene towards the epoxidation reaction. However, for these
catalysts (with low K or Ca loadings) it is not possible to confirm the complete removal of the
small iron oxide particles by either UV-Vis or UV-Raman (due to the formation of stabilized K-
or Ca-Fe species). These particles are responsible for the total combustion of the propylene.
From our observations, a graphical depiction of these catalysts is presented in Scheme 1 (upper
right-hand side), where the number of acidic sites is reduced. The substitution of the acidic
Brensted proton by K or Ca oxide also produces a significant decrease of the propylene cracking
on the catalyst surface thus resulting in lower carbon deposition during the epoxidation

experiments.

On the other hand, when the K or Ca loading increases different interactions can be produced

on the Fe-SiO; surface. The picture in the middle right-hand side of Scheme 1 shows how as the
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K content is increased K-Fe species are formed in addition to the substitution of the protons in
the bridged hydroxyls with Brensted acid character by K species. As it is commented by the UV-
Vis characterization, the addition of the K precursor produces the dispersion of the iron oxide
particles and the octahedral coordinated iron species. This fact is also supported by UV-Raman
analysis, by the emergence of the band at 1010 cm™ assigned to tetrahedrally coordinated iron
oxide surrounded and stabilized by K. In this sense, the reduction of the small particles/clusters
of iron oxide determined by UV-Vis and TEM (which are the main responsible species for the
total oxidation of the propylene towards CO,) reduces the propylene conversion of the catalysts.
Due to the fact that propylene epoxidation mainly occurs on the well-dispersed iron incorporated
into the silica structure, the iron oxide particles removal produces an increase of the PO
selectivity as a beneficial side effect. This behaviour is obtained for all the catalysts, where the
propylene conversion progressively decreases when small loadings of K or Ca species are added.
However, in order to achieve the complete elimination of the iron oxide particles, a higher
amount of K (higher than the nominal Fe loading) is required. This is observed for samples
Feo.005810, (Koo and Ko ) and Feg1Si0, (only for the Ko, catalyst) which show similar E,
values around 4.50 eV. Using this kind of samples the propylene conversion and the PO
selectivities are around 1.5% and 60%, respectively at their corresponding reaction temperature
(see Table 1). The addition of Ca as a promoter does not produce the same efficiency (for the
same promoter molar ratios) in removing the iron oxide particles (as confirmed by UV-Vis)
despite the reaction temperature being 350°C in all cases. On the other hand, for the sample with
the highest amount of iron oxide particles (Feg ,Si0;), it has not been possible to remove all the

iron clusters with the tested alkali molar ratio. By this way, the catalytic results obtained for this
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sample show how the propylene conversion (up to 8.5% when the temperature is increased) is

not as affected as in the other series.

Thus, the addition of promoters (such as K or Ca) reduces the number of small iron oxide
particles due to the formation of K- or Ca-Fe species during the calcination step after the nitrate
impregnation. When the K molar ratio is higher than that of Fe (K ¢,Feq01Si0,, Ko o1Fe0,00sS102, and
Ko.0oFe0.00sS10,) the complete elimination of the iron oxide particles is possible. Under these
conditions very promising PO selectivities (higher than 60%) by the oxidation of propylene with

O, are obtained.

Finally, another undesirable scenario which cannot be ruled out when the promoter molar ratio
is increased is that suggested by Horvéath et al. [20] where there is a masking of the iron species
due to its covering by K or Ca oxide (lower right-hand side in Scheme 1). The excess of alkali or
alkaline-earth oxides or the formation of K- or Ca-Fe species on the catalysts surface could block
the accessibility of the reactants to the active sites of the catalysts decreasing the catalytic
behaviour of the materials. This effect is confirmed by the reduction in propylene conversion and

PO yield between samples Ky o1Fep.00sS10, and Kg g2Fep 005510, measured at 450°C.
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Scheme 1. Possible interpretation of the K effects on the Fe-SiO; surface and its influence

on the PO selectivity.

4. Conclusions

Fe-Si0, catalysts modified with small loadings of K or Ca salts by impregnation methodology
have been prepared and tested in the propylene epoxidation reaction in gas-phase using O, as
oxidant. The addition of the promoters led to physicochemical changes of the surface of the iron-
based catalysts, such as: the complete elimination of the small particles/clusters of iron oxide
generated during the synthesis of the materials via the formation of superficial K- or Ca-Fe
species, the substitution of the hydroxyls with Brensted acid character by K or Ca species and
the partial iron sites blocking. These modifications produced by the K or Ca incorporation are
also reflected in the catalytic behaviour for the epoxidation of propylene. As a first consequence,

the propylene conversion (towards CO,) is drastically reduced due to elimination of the small
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iron oxide particles. Furthermore, the acidity reduction and the blocking of the catalysts produce
a reduction in the PO yield and avoids the cracking of propylene on the catalyst surface. As a
result of these processes, a very promising PO selectivity (65.5%) is obtained using small

loadings of Fe and K, and O, as oxidant without the production of many organic byproducts.
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