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Mesoporous silica was prepared with the use of low-cost and environmentally friendly sucrose as a

porogeneous agent. It was found that the presence of sucrose as well as the products of its chemical

transformation upon the synthesis procedure (i.e., furfural polymer) affected markedly the structure and
morphology of the resulting porous silica. The influences of the sucrose content and the source of the
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silicon as well as the synthesis conditions (pH, temperature) were very significant. The samples obtained
in an acidic medium of the initial mixture formed from TEOS and treated at room temperature gave rise
to products with a high surface area and narrow pore size distribution. Despite the lack of pore

ordering, their catalytic activity in propene epoxidation after vanadium modification was remarkable in

rsc.li/njc

Introduction

Mesoporous ordered materials prepared by a surfactant-
templated hydrothermal method were first reported in 1992 by
Mobil’s"? and Toyota’s® research groups. The high surface area
and ordered, uniform pore size (2-50 nm) of this type of material
made them a very important group of molecular sieves. Investiga-
tions into the synthesis and properties of the mesoporous mole-
cular sieves are still developing enormously due to the potential
application of such materials as catalysts, catalyst supports,
absorbents, and host materials.*® The great variety of chemical
compositions of mesoporous molecular sieves includes also
carbon tubes and metallic materials.* A large number of various
porogeneous materials are applied in many syntheses. Ionic®”
or neutral®'° surfactants, have been mostly used as templates
in the early syntheses of mesoporous materials. Then, di- and
triblock copolymers became common and efficient porogeneous
agents.""'® Many other materials, such as supramolecular aggre-
gates of small molecules,™ hard templates,*>'® and even bio-
logical matrices, such as virus liquid crystals'” and plant cellular
structures,'® are currently employed. Sometimes the price of the
auxiliary reagents is very high and usually they are not recovered
after completed syntheses. Therefore the search for efficient but
much less expensive porogeneous materials is still a challenge.
The saccharides could be considered worthwhile to check for the
synthesis of mesoporous materials. Indeed, there are already
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comparison to the activity of the vanadium catalyst supported on ordered mesoporous materials.

some literature reports on the synthesis of mesoporous silica with
the aid of carbohydrates as porogeneous agents. The mesoporous
silicas were mostly obtained by the sol-gel method in the presence
of optically active organic compounds (p-glucose, dibenzoyl-
i-tartaric, o-maltose)'® or hydroxy-carboxylic acids (citric, lactic,
malic and tartaric acids)*® in acidic medium. The synthesis with
sucrose as a porogeneous agent, however, has been carried out
only in a basic medium.>" It is assumed that the synthesis of
porous silica with these type of porogeneous agents involves
hydrogen bonding between the carbohydrate molecules and
silanol groups of the silica precursor (N°I° mechanism), which
initiates and directs the formation of the mesostructure. The
syntheses were carried out by mixing a carbohydrate solution
with silicon source and maintaining the resulting sol at room
temperature to allow a slow evaporation of the solvent (for a
period of 20 days to 2 months). The mesoporous silicas with a
high specific surface area and narrow pore size distribution
were obtained after removing the templates by washing or Soxhlet
extraction (removal of optically active organic compounds, hydroxy-
carboxylic acids) or calcination in air (removal of sucrose). The
main drawback of these types of synthesis is their long time.
Saccharides were also use in the synthesis of hierarchical materials
(AIPO-5, AIPO-11, TS-1)**** to generate mesopores. They were also
used as auxiliary agents in the synthesis of ordered mesoporous
SBA-1 to enhance its hydrothermal stability.>**

The conditions of the aforementioned synthesis procedures
do not noticeably affect the structure of the applied sucrose. It
was interesting for us to check if some chemical transformation
of sucrose upon the hydrothermal preparation of mesoporous
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silica could favorably influence the morphology of the resulting
porous products. Hydrothermal synthesis in acidic or basic
environment can cause a hydrolysis of carbohydrates with
subsequent transformation of the step products toward poly-
meric products. The latter may play the role of a template in
assembling the mesoporous structure. It is conceivable that the
obtained porous structure as well as the chemical nature of the
surface could be influenced by this approach. The resulting
properties could be reflected in an improved efficiency of the
catalysts prepared with a silica support when prepared according
to the presented procedure.

The ordered mesoporous materials are very often used for the
heterogenization of homogeneous catalysts in order to combine
the advantages of heterogeneous catalysts, such as an easier
product-catalyst separation, with the advantages of homogeneous
catalysts, e.g. higher selectivity?®>® as well being used as supports
for noble metal or metal oxide catalysts.>>** Vanadium oxides
supported on mesoporous silica have received much attention
because of their catalytic properties. They exhibit high activity and
selectivity for a number of reactions, such as the partial oxidation
of methane,*"** methanol oxidation to formaldehyde,**?* and the
oxidative dehydrogenation of short-chain alkanes toward the
production of the respective alkenes.*>® A study on the oxidative
dehydrogenation of propane showed that the unique textural
properties of these supports allow obtaining very effective and
selective catalysts. The high surface area of mesoporous silica
allows a better dispersion of metals even at relatively high load-
ings, compared to classical non-porous or low-surface-area oxide
supports.®>?*® Liu et al.*® showed that, not only the high surface
area, but also an appropriate structure, pore diameters, or even
acidity of silica mesoporous materials can influence the efficiency
of the obtained catalysts.

Propylene oxide (PO) is an important intermediate in the
production of many fine chemicals. PO is industrially produced
by means of two main processes: the chlorohydrin process and
by a method that involves organic peroxides. Both processes
suffer from serious drawbacks; therefore, the search for new
cleaner, more convenient, and safer technologies is still an
ongoing challenge. Reviews about different approaches are given
by Oyama,*® Nijhuis,*® or Cavani et al.** Although the presented
developments were scientifically significant, they suffered from
either low PO selectivities, low propylene conversions, or short
catalyst lifetimes or they required the use of higher pressures
or costly co-reactants. Much attention was paid to propylene
epoxidation with H,O, over the TS-1 (MFI) catalyst.***"*> The
process involving H,0, was commercialized; however, because
of the high price of H,0,, the profitability of this process is still
an open question.*’ A new perspective in the propene epoxidation
process became viable when N,O was found to be an efficient
oxidant along with catalyst based on iron species supported on
silica matrices. The epoxidation of propene with N,O over iron
oxide supported on silica and promoted with Na ions attained a
propene conversion of ~5-10% at 648 K with a selectivity toward
PO of ~50%.** It was also shown that various ordered, mesoporous
silica materials modified with vanadium species were capable
of transforming propene to propylene oxide with a N,O oxidant.
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The best results of the investigated series were obtained with
catalysts prepared by the impregnation of silica SBA-3 with
vanadium ions.**

Herein, we present a novel approach to synthesize mesoporous
silica with the aid of sucrose by a hydrothermal method. Sucrose, the
same as other oligosaccharides, undergoes a hydrolysis in acidic
medium to form the respective monosaccharides. The latter can
undergo further degradation to heterocyclic aldehydes (furfurals),
which readily polymerize and form long chain molecules, suitable
for assembling an inorganic material upon condensation. Many
earlier studies have indicated that several factors (e.g., temperature,
pH, the surfactant/silica ratio, the ions present in the synthesis
mixture) could affect the interaction between organic micelles and
inorganic species and consequently could influence the final
structure of the mesoporous materials during the self-assembly
process.”” As the furfural’s polymers are different types of
template compared to the conventional neutral templates used
for preparing mesoporous materials (e.g., Pluronics), their inter-
action with silica may differ. For this reason the influence of the
source of the silicon, the sucrose content, and the synthesis
conditions (pH, temperature) on the properties of the obtained
silica samples were examined. The chosen samples of a prepared
series with good textural properties (i.e., high surface area,
narrow pore size distribution) were used as a support for the
vanadium catalyst. Their catalytic ability in the transformation of
propene to PO with N,O as an oxidant was then evaluated.

Experimental
Synthesis

Water glass (WG, Na,O/SiO,/H,O = 15.25/30/54.75 in wt%,
Vitrosilicon, Poland) and tetraethoxysilane (TEOS, Aldrich) were
the principal sources of silicon applied for the syntheses. Sucrose
(POCh, Poland) was used as the porogeneous agent (PA). The pH
of the gel was adjusted in the range of 1-12 by adding adequate
amounts of aqueous ammonia (POCh, Poland) or hydrochloric
acid (POCh, Poland). In a typical synthesis, the solution of sucrose
(40 wt%) was mixed with the solution containing the silicon
source. The pH of the mixture was then adjusted to the chosen
value. The mixture was stirred at room temperature for 2 h and
then heated (if necessary) in the temperature range 298-443 K for
20 h. The resulting products were filtered, washed with distilled
water, dried, and calcined in air (723-973 K) to remove the organic
components.

A support with the SBA-3 structure was synthesized as a
benchmark matrix for the vanadium catalysts. It was obtained
according to the literature description with cetyltrimethyl-
ammonium bromide (CTABr, Aldrich) and tetraethylorthosilicate
(TEOS, Aldrich) as the principal reagents.*®

Characterization

The products were characterized by means of standard methods.
The characterization procedures comprised the calcined samples
as well as those obtained right after the hydrothermal syntheses.
X-ray diffraction (XRD) patterns were collected using a Bruker D8
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Advance diffractometer with Cu-Ko radiation (1 = 1.54056 A).
Fourier transform infrared spectra (KBr) were recorded with a
Bruker Vector 22 spectrophotometer. Transmission electron
microscopy (TEM) images were taken using HRTEM with a
JEOL ARM 200F instrument operating at 200 kV. The thermal
behavior of the samples was followed by thermogravimetric and
differential thermal analyses (TG and DTA) in air (with a heating
rate of 10 °C min ') using SETARAM SETSYS 12 equipment. The
BET surface area and pore parameters of the samples were
determined by nitrogen adsorption-desorption isotherm measure-
ments at 77 K on a Micromeritics ASAP 2000 sorptometer. The
samples were outgassed at 573 K prior to the measurement. The
total pore volume and average pore radius were determined by
the Barrett-Joyner-Halenda (BJH) method. UV-vis diffuse
reflectance spectra of the vanadium-modified samples were
recorded at room temperature on a Cary 100 UV-vis spectro-
meter (Varian) in the range of 190-900 nm. Prior to measure-
ment, the samples were diluted with the pure silica (SiO,,
POCh, Poland) with the weight ratio of 1:100 and were then
dehydrated by calcination for 1 h at 673 K. The spectrum of the
silica support was subtracted as the baseline for each catalyst.

Catalyst preparation and catalytic studies

The chosen samples were modified with vanadium ions by
means of incipient wetness impregnation, using aqueous solu-
tions of VOSO,-5H,0 (in an amount related to 3 wt% of V). After
impregnation and drying (373 K), the catalysts were calcined in
air at 823 K for 1 h.

The catalytic tests for propene oxidation were performed in
a continuous flow reactor. Catalytic experiments were carried
out at 653 K, under atmospheric pressure, with WHSV =
3420 ml h™" g, ", related to a contact time of 1.1 s. Prior to
the measurements, the catalysts were heated in a helium flow at
723 K for 30 min. The substrates, propene and N,O, were diluted
with helium (molar ratio of propene:nitrous oxide:helium =
1:15:12.5). The products were analyzed using on-line GC,
equipped with FID and TCD detectors. The catalytic performances
were expressed in terms of conversion (%), selectivity (%), and yield
(%), calculated as described elsewhere.**

The catalytic activity of the samples was compared with the
activity of vanadium catalyst supported on conventional silica
SBA-3. SBA-3 silica has already been studied in our laboratory as
a matrix of the vanadium catalyst for propylene epoxidation
and was found to be the most promising silica support among
several other under study.**

Results and discussion
Synthesis

Synthesis in a basic medium (pH = 12) of the initial mixture
allowed obtaining only a small amount of the solid product;
whereas a much higher yield was obtained when the synthesis
was conducted at lower pH (8 or particularly 1). It is well known
that the silica precursor can form different species under different
pH. When the synthesis is performed in a basic medium, the stable
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Fig. 1 FTIR spectra (A) and weight loss (TG) (B) for the samples synthesized
at the indicated pH (water glass, PA/Si = 1.69, 368 K).

dimeric silicic species exist in solution and only weakly interact
with the template and do not polymerize to form a continuous
regular network.*’

It was interesting to note that synthesis in acidic medium
(pH = 1) caused a formation of a dense dark brown jelly. The
transparent jelly was formed from almost neutral (pH = 8)
mixtures on heating, as well as from acidic mixtures at ambient
temperature (RT). The brown color of the samples obtained in
acidic medium at elevated temperature was caused by the
condensation of furfural formed during the hydrolysis of
sucrose and its subsequent transformation. The presence of
furfural or the product of its polymerization could be seen in
the FTIR spectra of the samples obtained in an acidic medium
(at RT and elevated temperatures) as a band at ca. 1700 cm ™"
(C=o0 band), which disappeared after calcination (Fig. 1A). This
band could be seen both in the spectra of the as-synthesized
samples as well in the spectra of the washed samples, which
suggests that the water insoluble furfural polymer is a prevailing
organic material embedded in the resulting porous silica. If
monomeric furfural were present in the samples, the band at
1700 cm™ "' then vanished on washing (solubility of furfural in
water is 83 g 17 1).

The formation of insoluble furfural polymer was confirmed
by thermal analysis (TG). The weight loss on calcination of the
samples synthesized in acidic medium was high (ca. 80%). A very
similar weight loss could also be seen for the as-synthesized
samples after washing. Samples obtained at almost neutral pH
showed a low weigh loss (ca. 5%) after washing, which suggests
that water soluble organic compounds (ie., furfural) can be
removed from the products (Fig. 1B). This was also reflected in
vanishing of the band at 1700 cm™" in the FTIR spectra of the
samples synthesized at pH = 8 after washing.

The thermal analysis of the samples indicated two distinct
steps in weight loss on heating (TG curves) (Fig. 2). The first one
(up to ca. 300 °C) results from removal of water, which is
consistent with the respective endothermic effect (DTA curves).
The next significant weight loss (200-600 °C) is due to the organic
compounds decomposition. The DTA curves show exo- and
endothermic effects in this region, which can originate from
oxidation of the organic compounds and desorption of the
oxidation products, respectively. In the case of samples
obtained from TEOS, additional exo- and endothermic effects

New J. Chem., 2017, 41, 2955-2963 | 2957
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Fig. 2 TG and DTA analyses of the washed samples synthesized under the
indicated conditions: water glass, PA/Si = 1.69, 368 K (pH = 1 (A), pH = 8 (C));
TEOS, PA/Si = 0.56, pH = 1, 368 K (B).

in the temperature range of 250-450 °C are observed. This can
be attributed to the oxidation and desorption of some not
completely reacted TEOS (remaining ethoxy groups)*” or from
compounds that might be generated from ethanol and furfural
derivatives during the synthesis. The washed samples formed
at pH ~ 8 indicate a low weight loss during the calcination and
that it takes place within the whole investigated temperature
range. The predominant endothermic effect on the DTA curve
(at ~100 °C) results from desorption of the adsorbed water. The
further weight loss is probably caused by dehydration of the
silanol groups. Contrary to the above samples (Fig. 2A and B),
there was no evidence of any thermal effects on the DTA curve
due to a decomposition or transformation of organic remnants.

Ordering of the pore system in the samples

XRD patterns in the high angle region (6-60°) of all samples
(not shown) indicate only a broad halo at a 26 value of ~23°, which
corresponds to amorphous silica and confirms the amorphous
nature of the samples under study. The low-angle powder XRD
patterns show only a shoulder (small intensity broad peak),
which could indicate some, but rather poor, ordering of meso-
pores in the short range (Fig. 3). The samples obtained with a
low amount of saccharide or at higher pH did not show even this
shoulder.

TEM micrographs confirmed a lack of long-range order in
the pore structures. However, for some samples, interconnected
wormr-like pores (Fig. 4) with disordered arrangements are displayed
in the images.*® The TEM images of the presented samples look
similar to those prepared with the contribution of sucrose and
presented in the literature.'®*”*8

Textural characterization

The obtained samples exhibited IV-type adsorption-desorption
isotherms. This type of isotherm always indicates the presence
of mesopores in the obtained samples. The surface area value
and pore size distribution depend markedly on the synthesis

2958 | New J. Chem., 2017, 41, 2955-2963

View Article Online

NJC
A B
i d| 3
z z
‘@ ‘@ C
g s
= c| B
b
b
a a

0,6 26 46 6,6
2 Theta [degree]

0,6 26 4,6 6,6
2 Theta [degree]

Fig. 3 Low-angle XRD patterns of the samples obtained with different
sources of silica: (A) water glass (pH = 1, 368 K, PA/Si = 0.38 (a), PA/Si =
0.56 (b), PA/Si = 1.69 (c); pH = 8, 368 K, PA/Si = 1.69 (d)); (B) TEOS (pH =1,
PA/Si = 0.56, 298 K (a), 368 K (b), 443 K (c)).

Fig. 4 TEM micrographs of the samples obtained from water glass ((A and B)
pH =1, PA/Si = 1.69, 368 K) and TEOS ((C and D) pH = 1, PA/Si = 0.56, 368 K).

parameters (Table 1). In general, an increase in sucrose content
(in respect to silicon) in the initial mixture resulted in an
increasing BET surface area (samples 1, 2, 3). Such a correlation
was also observed for the mesoporous materials prepared with
the aid of nonsurfactant templates.’®">* Moreover, the increase
in the template concentration resulted in a reduced average
pore size (Fig. 5A). The latter is in contrast to previously
observed correlations."”*° Also, the pore size distribution
became even more uniform with increasing the amount of
sucrose. Samples synthesized with a higher amount of sucrose
showed a narrow pore size distribution in a range from 2 to
9 nm and similar isotherms, with a steep rise in the adsorbed
volume at a relative pressure of p/p, > 0.4. The hysteresis loop
in the partial pressure region from 0.4 to 0.8 implies framework
mesoporosity.*> The sample obtained with the lowest amount

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Sample Initial pH Temp. of Surf. Mean pore Pore volume
number Si source PA/Si of synthesis synthesis [K] area [m*> g7'] diam. [nm] [em® g7
1 Water glass 0.38 1 368 431 7.5 0.81

2 Water glass 0.56 1 368 524 5.0 0.66

3 Water glass 1.69 1 368 599 4.8 0.72

4 Water glass 1.69 8 368 230 17.9 1.03

5 TEOS 0.56 1 368 607 4.0 0.61

6 TEOS 0.56 8 368 177 19.1 0.84

7 Water glass 1.69 1 298 559 3.5 0.49

8 Water glass 1.69 1 443 381 12.6 1.20

9 TEOS 0.56 1 298 808 3.0 0.60

10 TEOS 0.56 1 443 247 17.6 1.08

of sucrose showed an isotherm with a steep rise in the adsorbed
volume at a relative pressure of p/p, > 0.8, corresponding to a
relatively larger pore size (above 10 nm) and a broader pore size
distribution (3 to 30 nm) than the other samples. According
to the literature, a hysteresis loop at high partial pressure
(p/po > 0.8) is indicative of textural mesoporosity and/or macro-
porosity, whereas a sharp increase in nitrogen uptake at p/p, >
0.9 is indicative of a significant amount of interparticle meso-
porosity.*® Therefore, the porosity of this sample most likely
arises from voids formed between the aggregated particles.
These results indicate that the presence of a certain amount
of sucrose in the initial gel is important for the formation of a
uniform mesoporous structure. Too low a content of sugar in
the mixture results in only a limited amount of the silicon
participating in the inorganic-organic assembling process,
which results in a low surface area.

Lowering the pH of the initial mixture (samples 3, 4 and 5, 6)
resulted in a higher surface area, lower average pore size, and
more narrow pore size distribution in the resulting samples
(Fig. 5B). The increase in nitrogen uptake at p/p, > 0.9 for
samples obtained at higher pH indicated only the presence of
interparticle mesoporosity. Usually, changes in the textural
properties of materials with an increase of the pH of the
synthesis mixture can be explained by the changes in the
formation mechanism and the rate of hydrolysis and polymeri-
zation of the inorganic source.*>° Here though, the absence of
framework porosity in the presented synthesis at higher pH
could results from the fact that furfural polymer is not formed,
while the monomeric furfural formed in these conditions is unable
to form mesopores in the silica framework. The broadening of the
pore size distribution at a higher pH of the synthesis mixture is in
line with previously reported results, in which different surfactants
and silica precursors were used.*>”°>> This is caused by the
increasing silica dissolution-reprecipitation processes that take
place with increasing pH values and also the weaker interactions
between the oligomeric silicic species and the template.

Syntheses with TEOS instead of water glass (sample 2 and 5)
under the same conditions (the same pH, temperature, molar
ratio PA/Si) led to products with a higher surface area and
narrower pore size distribution (Fig. 5C). According to the
literature data, inorganic species (e.g., Na') present in synthesis
mixture can interact with surfactants and change the specific
interaction between the surfactant and silica species, thus

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

improving the properties of the obtained materials (better
ordering, shape of crystals, etc.) or lowering the temperature of
synthesis.”>** Using a cheap sodium silicate instead of TEOS
for the synthesis of SBA materials does not affect the formation
of well-ordered samples with good textural properties.>>>® In
our case, sodium cations present in water glass could change the
mechanism of mesoporous silica formation to be less favorable.
Probably the interactions between the template and silica are
weaker than in the case when TEOS was used as a silica source.
A similar observation was also reported by Léonard et al.*®

Regardless of the silica source, lowering the temperature of
synthesis seems beneficial for obtaining a high porosity of the
products (samples 7, 3, 8 or 9, 5, 10). The samples obtained at
room temperature had a higher surface area, relatively small
average pore size, and narrower pore size distribution than
those prepared at elevated temperatures (Fig. 5D). With increasing
the temperature of synthesis the steep rise in the adsorbed
volume is shifted to a higher value of relative pressure p/p, and
the contribution of framework mesoporosity decreases. The
higher temperature also favors the formation of a less uniform
pore size distribution and increased pore size. Similar observa-
tions are reported in the literature for mesoporous materials
obtained in the presence of neutral surfactants.”™” This is
caused by the increased radius of the micelles®® or weakened
H-bonds between the surfactant head groups and the neutral
inorganic precursor species with an increasing temperature of
synthesis.”” A decrease in the framework porosity and its
absence for the samples synthesized at 443 K, as observed in
the presented results, suggests that the condensation of silica
at this temperature is too fast in comparison to the rate of
furfural resin formation and that it takes place practically
without participation of the template. The increasing pore size
value and pore volume are only a result of the existing silica
interparticle porosity.

Catalytic properties

The chosen samples with the best textural properties (samples
9 and 5 obtained in acidic medium with TEOS as a silicon
source at 298 and 368 K) were applied for the accommodation
of vanadium species and were employed as catalysts for propene
epoxidation with N,O as an oxidant. The samples differed
slightly in surface area and pore diameter, which could influence

New J. Chem., 2017, 41, 2955-2963 | 2959
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Fig. 5 N, adsorption—desorption isotherms for samples synthesized: (A) with different concentration of sucrose (water glass, pH = 1, 368 K), (B) at
different pH (water glass, PA/Si = 1.69, 368 K), (C) with different source of silicon (PA/Si = 0.56, pH = 1, 368 K), (D) at different temperatures (TEOS, PA/Si =

0.56, pH = 1). The insets represent pore size distributions.

the distribution and kind of formed vanadium species on their
surface.

It was found that the surface area and pore volume of the
vanadium-impregnated materials decreased in comparison to
the unmodified samples, whereas the pore diameters did not
change (Table 2). This indicates, that the formed vanadium
species were located only inside the pores or on the surface.

The vanadium-modified samples showed activity for propy-
lene epoxidation (Fig. 6). Besides the desired propylene oxide,
several other oxidation products, mainly propionaldehyde,
acetone, acrolein, and CO,, are always found in the reaction
products. The vanadium-modified samples obtained on the
support synthesized at room temperature showed noticeable
propene conversion and PO yields in comparison to the activity
of the vanadium catalyst supported on SBA-3 silica. The catalyst
obtained from the silica sample synthesized at elevated tempera-
ture exhibited a much lower activity in the studied reaction. The
significant differences observed in the activity and the selectivity
to PO result from the different kinds of vanadium species formed

2960 | New J. Chem., 2017, 41, 2955-2963

Table 2 Textural properties of the supports and catalysts

Temp. of Surf. area  Mean pore Pore volume
Sample synthesis [K]  [m? g '] diam. [nm]  [em® g7 ']
SBA-3 298 1432 2.1 0.74
3V/SBA-3 1144 2.0 0.56
9 298 808 3.0 0.60
3v/9 663 3.0 0.50
5 368 607 4.0 0.61
3V/5 522 4.1 0.54

on the surfaces of the used materials. UV-vis spectra recorded
for the catalysts diluted with SiO, and as dehydrated exhibit
absorption bands at 4.0, 4.9, and 5.8 eV (Fig. 7). These bands
are attributed to the ligand-to-metal charge-transfer (CT) of
T4-coordinated V> species. The band at 5.8 €V is assigned to
highly dispersed, monomeric tetrahedrally coordinated VO,
species. The additional band at 4.0 eV is attributed to oligomeric

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 6 Propylene conversion, selectivity to PO, and PO yield (top), and
selectivity toward all the products (bottom) for the indicated samples at
653 K (PO - propylene oxide, AP — propionaldehyde, AC - acetone +
acrolein, CO, — CO + CO,).

tetrahedral VO, groups linked in the chains by V-O-V bridges.
The band at 4.9 eV is common for both isolated monomeric and
oligomeric tetrahedrally coordinated VO, species.*® The band
assigned to Ty oligomers for the samples obtained at elevated
temperature is divided into two bands (at 3.99 and 3.61 eV),
probably due to the different lengths of oligomeric V** species.
This sample exhibits also a higher amount of oligomeric tetra-
hedral V*" species in comparison to the samples obtained at
298 K (Table 3). The sample obtained at 298 K shows almost
exclusively the isolated V°* species in the tetrahedral position
(similar to the vanadium-modified SBA-3 material), which is in
contrast to the sample obtained at elevated temperature
(Table 3). According to the literature data,** this type of vanadium
species is responsible for catalytic activity in propene epoxidation.
This explains the higher activity of the sample obtained at room
temperature. The obtained results indicated that a higher surface
area (e.g., for the sample obtained at 298 K) provides a better
distribution of vanadium moieties and leads to the formation of

A

FR)
F (R)

caused by the lower surface area in comparison to the surface
area of the sample synthesized at 298 K. The vanadium catalyst
based on the silica support synthesized at 298 K showed a lower
activity than that obtained with the SBA-3 support, despite the
same nature of the vanadium sites (isolated monomeric VO,).
The reason for the lower activity may result from its larger pores
(3.0 nm) in comparison to the pores of the SBA-3 support
(2.0 nm). Such an observation was also made by Pérez-Ramirez
et al® The authors examined the catalytic activity of micro-
porous Fe-silicalite and mesoporous Fe-SBA-15 with very similar
amounts, nature, distribution, and redox properties of the extra
framework iron species. They suggested that the large pores in
SBA-15 did not generate the required intimate contact between
the potentially active Fe sites and the reactant molecules, with
most of the latter just passing through the pore system of
mesoporous silica without approaching the active sites. Perhaps
in the case of our catalyst with larger pores (prepared with the
contribution of furfural), its lower activity compared to the
narrower SBA-3 also results from a retarded contact of reagents
with the vanadium active sites. The lowest activity of the catalyst
with the support prepared at elevated temperature could be
caused not only by the lower number of active V monomers
but also by a limited contact with them, even in the case of the
larger pore system (4.0 nm).

F (R)

Energy [eV]

237

337 437 537 637
Energy [eV]

337 437 537 637
Energy [eV]

Fig. 7 UV-vis reflectance spectra of diluted samples of vanadium catalysts supported on silica obtained at 298 K (A), 368 K (B), and SBA-3 (C).
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Conclusions

The presented results indicate that sucrose can be used as an
efficient porogeneous agent for the preparation of porous silica.
The interaction of sucrose with silicon precursors by means of
hydrogen bonds suggested in earlier works'®?! is very likely.
However, the most spectacular influence of sucrose on the
properties of the resulting porous silica was noticed in acidic
medium, which facilitated hydrolysis of the disaccharide, and,
moreover, it initiated the transformation to furfural and sub-
sequent polymerization. It is likely that the formed polymer
chains interact with silicic acid, resulting in assembly of the
silica tetrahedra upon their condensation around the furfural
polymer matrix. Such an action of furfural polymers could be
responsible for the formation of silica porous materials with a
high surface area and relatively narrow mesopore size distribu-
tion. Similarly, as reported in the syntheses of porous silica
with the aid of saccharose,”’ the obtained samples did not
exhibit pore ordering, as is always noticed for typical M41S or
SBA materials. The presented preparation procedure is not
energy and time-consuming (room temperature, 20 h) and
given the very low cost of sucrose (contrary to conventional
templates) could gain practical significance. It is likely that
further optimization of the synthesis may lead to products with
a tailored porous structure and the desired nature of the
surface. The vanadium-modified samples showed a noticeable
activity and selectivity in propylene epoxidation and it is
possible that further study could bring more promising results.
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