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Abstract: Niobium containing SBA-15 was prepared by two methods: impregnation with different
amounts of ammonium niobate(V) oxalate (Nb-15/SBA-15 and Nb-25/SBA-15 containing 15 wt.%
and 25 wt.% of Nb, respectively) and mixing of mesoporous silica with Nb2O5 followed by heating
at 500 ◦C (Nb2O5/SBA-15). The use of these two procedures allowed obtaining materials with
different textural/surface properties determined by N2 adsorption/desorption isotherms, XRD,
UV-Vis, pyridine, and NO adsorption combined with FTIR spectroscopy. Nb2O5/SBA-15 contained
exclusively crystalline Nb2O5 on the SBA-15 surface, whereas the materials prepared by impregnation
had both metal oxide and niobium incorporated into the silica matrix. The niobium species localized
in silica framework generated Brønsted (BAS) and Lewis (LAS) acid sites. The inclusion of niobium
into SBA-15 skeleton was crucial for the achievement of high catalytic performance. The strongest
BAS were on Nb-25/SBA-15, whereas the highest concentration of BAS and LAS was on Nb-15/SBA-
15 surface. Nb2O5/SBA-15 material possessed only weak LAS and BAS. The presence of the strongest
BAS (Nb-25/SBA-15) resulted in the highest dehydration activity, whereas a high concentration of
BAS was unfavorable. Silylation of niobium catalysts prepared by impregnation reduced the number
of acidic sites and significantly increased acrolein yield and selectivity (from ca. 43% selectivity for
Nb-25/SBA-15 to ca. 61% for silylated sample). This was accompanied by a considerable decrease in
coke formation (from 47% selectivity for Nb-25/SBA-15 to 27% for silylated material).

Keywords: SBA-15; niobium; glycerol dehydration; acrolein; coke

1. Introduction

The paths to sustainable development lead, inter alia, to the processing of raw materi-
als from renewable resources into useful value-added products. Glycerol belongs to such
renewable resources. The overproduction of glycerol as a side-product in the production of
biodiesel has stimulated the search for practical methods of employing it for different pur-
poses. For many years, various research groups have been working on different catalytic
transformations of glycerol to desired target products [1–3]. One of the possible catalytic
routes for glycerol transformation is its dehydration to acrolein [4] and oxidehydration to
acrylic acid [5]. Acrolein is a versatile intermediate that is largely employed in the chemical
industry, among others, for the production of acrylic acid. The latter is widely applied
in the production of polymers (e.g., plastics [6], synthetic rubbers [7] and fibers [8]). In
the catalytic production of acrylic acid via one pot oxidehydration process, in the first
step, acrolein is formed in the presence of acidic centers on the catalyst surface, and next,
redox centers are involved in the oxidation of acrolein to acrylic acid. In both reactions,
the dehydration and oxidehydration of glycerol, one of the most important causes of the
solid catalyst deactivation is the formation of a coke deposit, for which the acidic centers
involved in the first step of the reaction are mainly responsible. Therefore, the search for
minimization of coke formation in dehydration of glycerol is still an important task.

Recently, the authors of two review papers [4,5] have discussed literature data on
dehydration and oxidehydration of glycerol on different solid catalysts and indicated two
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different mechanisms of glycerol dehydration on Lewis and Brønsted acid sites (LAS and
BAS, respectively). On strong Lewis acid sites, glycerol is chemisorbed with terminal
OH group to form an intermediate enol (2-propene-1,2-diol) which easily tautomerizes to
hydroxyacetone. Brønsted acid sites take part in chemisorption of glycerol via secondary
OH group followed by dehydration to 1,3-dihydroxypropene which tautomerizes to 3-
hydroxypropanal. The latter is dehydrated to acrolein. An interesting observation has
been pointed out in [9]. A comparison of IR spectra taken after glycerol adsorption on
the niobium(V) oxide at room temperature with the analogous spectra recorded after
glycerol adsorption on the surfaces of the other metal oxides: Al2O3, ZrO2 [10]), revealed
that the latter two oxides that have only LAS centers do not adsorb glycerol at room
temperature, in contrast to Nb2O5 having both LAS and BAS centers. It has been found that
dehydration of glycerol adsorbed on LAS of niobia involved the participation of nearby
BAS. The authors of [11] indicated that in the presence of BAS, the barrier for dehydration
of glycerol adsorbed on LAS was significantly lowered, making this compound susceptible
to decomposition at much lower temperatures. As proven in [9] during the adsorption
of glycerol on niobia’s LAS, one of the primary OH groups of alcohol dissociates to form
bridging alkoxy groups, whereas the second primary OH group is coordinatively but non-
dissociatively bonded to metal LAS. The secondary OH group of glycerol can be hydrogen
bonded to basic oxygen atom on the niobia surface. The formed glycerol adsorbed complex
is stable and does not easily dehydrate to 2-propene-1,2-diol. However, in the presence of
acidic proton (BAS), one of the primary hydroxyl group can be easily dehydrated. On the
other hand, when glycerol interacts directly with BAS, the dehydration of the secondary
OH groups is strongly preferred due to the higher stability of the carbenium ion that is
formed as the transition state leading via the next dehydration step to acrolein formation.

Generally BAS on the catalysts surface favor the formation of acrolein, whereas LAS
are responsible for the formation of other dehydration products, such as hydroxyacetone.
However, the catalysts containing exclusively BAS are not easily obtained. Usually BAS
coexist with LAS and to achieve satisfactory glycerol dehydration selectivity to acrolein
a high BAS/LAS ratio on the catalyst surface is recommended [4,5]. However, strong
BAS lead to coke formation and in this way cause deactivation of the catalyst. On the
other hand, as mentioned in [12], the presence of steam at the reaction temperature may
hydrate a part of LAS, forming new BAS. Thus, the starting BAS/LAS ratio on the catalyst
surface can be changed during the reaction. It is worth noting that not only is the BAS/LAS
ratio on the catalyst surface a factor responsible for the dehydration of glycerol to acrolein,
textural properties of the catalyst are also very important [5]. Tsukuda et al. [13] have
observed that heteropolyacids supported on mesoporous silica gave satisfactory stable
catalytic activity and a very high yield of acrolein in glycerol dehydration. Generally, the
use of ordered mesoporous silicas as supports for different acidic active phases leads to
increased acrolein yield.

Different acidic solid catalysts have been studied up to now in the dehydration
of glycerol to acrolein, among them heteropolyacids, zeolites, metal oxides and phos-
phates [5]. From among different metal oxides, niobium(V) oxide has been used for
this purpose [9,14,15]. Nb2O5 was also supported on silica and tested in glycerol dehy-
dration [16]. With 20 wt.% of metal loading the authors obtained the best efficiency of
the reaction.

The goal of our study was to apply mesoporous SBA-15 silica as a support for niobium
species and to obtain a deeper insight into the active centers formation when applying
different methods for niobium loading on mesoporous silica. We also wanted to modify
the catalysts towards reaching s minimization of coke deposits responsible for deactivation
of the catalysts used in the dehydration of glycerol. The research hypothesis was that both,
the use of the support with large mesopores and silylation of niobium containing SBA-15,
lead to a decrease in coke formation and enhance the acrolein selectivity.
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2. Results and Discussion

Two different methods of SBA-15 modification with niobium species were applied:
(i) wetness impregnation with ammonium niobate(V) oxalate used in different amounts
to obtain two different niobium depositions, of 15 wt.% and 25 wt.%, and (ii) mixing
of SBA-15 with Nb2O5 (15 wt.% of niobium) followed by calcination. On the basis of
literature data [17] one can expect that both types of modifications would lead to different
niobium species supported on SBA-15 mesoporous silica. These procedures were followed
by silylation of niobium modified SBA-15 in order to modify its surface properties.

2.1. Texture/Structure Characterization

The post synthesis modification of SBA-15 with niobium species and with APTMS, i.e.,
(3-aminopropyl)trimethoxysilane, followed by calcination did not change the hexagonal
ordering of mesopores in SBA-15 support, as deduced from XRD patterns in the low angle
range (Figure 1) and low temperature nitrogen adsorption isotherms (Supplementary
Figure S1). The low-angle XRD patterns of all catalysts showed the reflexes typical of
hexagonal structure of SBA-15 (Figure 1). The most intense peak (100) at 2 theta 1.0◦

recorded for parent SBA-15 material is related to the reflections of the hexagonal plain group
p6mm and characterizes hexagonally ordered mesoporous solids. Its position depends on
the size of mesopores. The slight changes in this position shown in Figure 1 depending on
the modification procedure indicated some changes in the pore sizes, manifested also in
the shape of the nitrogen adsorption isotherms discussed below. Two other low intensity
peaks, (110) and (200) in the range of 2 theta 1.3–2.0◦, indicate high ordering of mesopores
in all prepared materials [18].
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Figure 1. The small (left) and wide-angle (right) XRD patterns of the prepared catalysts and the wide-angle XRD database
pattern of Nb2O5 (ICDD No. 00-007-0061).

The textural parameters were calculated from nitrogen adsorption isotherms. All
nitrogen adsorption isotherms shown in Supplementary Figure S1 are of type IVa according
to IUPAC classification [19]. It confirms the mesoporous character of the materials obtained.
The hysteresis loop of type H1 observed at high values of p/p0, appearing as a result of
nitrogen condensation inside the pores, is typical of SBA-15 and confirm the presence of
uniform narrow mesopores. In all materials obtained the pore size ranged from 11.8 nm (for
the parent SBA-15) to 9.7 nm (Table 1). Interestingly, all materials modified by impregnation
with niobium source and the samples silylated with APTMS exhibited the same pore
size, namely 9.7 nm. However, the other textural parameters of the samples differed,
depending on the modification procedure used. The sizes of pores in Nb2O5/SBA-15
varied between those of the parent SBA-15 and those observed for Nb/SBA-15 materials.
However, silylation of Nb2O5/SBA-15 decreased its pore sizes, in comparison to those in
the materials prepared by impregnation with ammonium niobate(V) oxalate. It suggests
the different type interaction of APTMS with Nb/SBA-15 samples, which is related to the
presence of niobium species different than those present in Nb2O5/SBA-15. The prepared
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materials had a relatively large surface area, between 336 and 828 m2/g and pore volume
in the range of 0.31–0.64 cm3/g (Table 1). The introduction of niobium precursor into
SBA-15 followed by calcination, caused a decrease in the above-mentioned parameters.
Silylation of the niobium-containing SBA-15 with immobilized APTMS caused a further
decrease in the surface area and pore volume. The increase in wall thickness of the niobium
containing mesoporous silica in comparison to that of the pristine SBA-15 indicated the
incorporation of niobium species into silica walls. A further increase in the wall thickness
of both Nb/SBA-15 and Nb2O5/SBA-15, after modification with APTMS, indicated that
the modifier was successfully anchored into the supports.

Table 1. Texture/structure parameters of synthesized samples evaluated on the basis of N2 ads./des. isotherms and
XRD patterns.

Catalyst Surface Area,
m2/g

Pore Volume,
cm3/g
(BJH)

Pore Diameter,
nm

(DFT)

dwall,
nm

Nb2O5
Average Crystal Size *,

nm

SBA-15 828 ± 2.0 0.64 11.8 1.74 -
Nb-15/SBA-15 533 ± 1.2 0.46 9.7 2.25 34
Nb-25/SBA-15 441 ± 0.7 0.39 9.7 2.66 68
Nb2O5/SBA-15 674 ± 1.6 0.53 10.8 2.26 55

Si/Nb-15/SBA-15 428 ± 0.9 0.38 9.7 2.60 68
Si/Nb-25/SBA-15 336 ± 0.5 0.31 9.7 2.92 91
Si/Nb2O5/SBA-15 500 ± 1.2 0.42 10.1 2.58 68

* evaluated from XRD patterns and using Scherrer’s equation.

The wide-angle XRD pattern of SBA-15 presents only one wide reflection typical of
amorphous material [20] (Figure 1). The modification of SBA-15 with ammonium niobate(V)
oxalate led to the formation of crystalline niobium(V) oxide on the surface of Nb-15/SBA-15
and Nb-25/SBA-15. Similar reflections characteristic of crystalline niobium(V) oxide were
observed in the wide-angle XRD pattern of Nb2O5/SBA-15 (Nb2O5—ICDD No. 00-007-
0061). The XRD patterns of silylated materials presented also the reflections typical of
crystalline Nb2O5. However, the full width at half maximum (FWHM) of the reflections
assigned to niobia differed depending on the samples. The average crystal sizes were
calculated with the Scherrer’s equation. The results are shown in Table 1. The highest
dispersion of niobia was observed for Nb-15/SBA-15 (average crystal size 34 nm). The
material with a higher niobium deposition (Nb-25/SBA-15) was found to have twice larger
crystallites of metal oxide on its surface. Relatively large crystallites were also formed on
Nb2O5/SBA-15 sample. It is important to point out that silylation led to an increase in
niobia crystal size for all materials. It suggests that niobia crystals are partly driven out
from the sites they occupy by APTMS, which leads to an increase in the niobia crystals
mobility and to their agglomeration.

The crystalline Nb2O5 was not the only niobium species present in SBA-15 impreg-
nated with ammonium niobate(V) oxalate. The UV-Vis spectra shown in Figure 2 confirm
the metal incorporation into SBA-15 silica concluded from the increase in wall thickness
described above. The UV-vis spectra of the samples modified by impregnation with am-
monium niobate(V) oxalate show three bands. The first of them at ca. 216 nm is typical of
charge transfer (CT) transition between oxygen and tetrahedrally coordinated niobium, the
second one at ca. 250 nm is characteristic of the charge transfer transition between oxygen
and pentacoordinated niobium and the third one at ca. 285 nm can be ascribed to the
charge transfer transition between oxygen and octahedrally-coordinated niobium species in
Nb2O5 [17,21–23]. The UV-Vis spectrum of SBA-15 modified with niobium(V) oxide shows
two bands at ca. 250 nm and 300 nm. These bands are typical of the charge transfer transi-
tion between oxygen and niobium in pentahedral and octahedral coordination, respectively,
which is characteristic of niobium(V) oxide [24]. The observed bands are red shifted in
relation to the bands shown in Figure 2 for bulk Nb2O5, which indicates the interaction of
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niobium(V) oxide with the SBA-15 support. Thus, the band at ~250 nm is characteristic
of both, niobium(V) oxide loaded on SBA-15 surface and niobium incorporated into the
silica walls. Therefore, this band is the most intense (from among the three bands) in
the spectra of the impregnated materials containing both types of niobium species. The
UV-Vis spectrum of Nb2O5/SBA-15 did not reveal the band characteristic of charge transfer
in tetrahedrally coordinated niobium located in the silica walls. Such behavior suggests
that in this sample niobium was not incorporated into the silica structure. The bands
analogous to the above-discussed ones are present in the spectra of the materials after
silylation (Figure 2). However, there is a difference in their positions. For Si/Nb-15/SBA-15
and Si/Nb-25/SBA-15 the bands are blue shifted, which suggests the interaction between
niobium species and the immobilized silylating agent. Such a shift was not observed for
Si/Nb2O5/SBA-15, confirming the presence of different surface species in the materials
modified via impregnation and by mixing SBA-15 with Nb2O5.
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Figure 2. UV-Vis spectra of SBA-15, Nb2O5, SBA-15 modified with niobium species and sily-
lated samples.

2.2. Surface Properties
2.2.1. Hydroxyls on the Catalysts Surface

Surface hydroxyls were examined by FTIR spectroscopy after activation of the samples
under vacuum at 400 ◦C for 2 h, i.e., in the conditions similar to those used in activation
of the catalysts in argon flow before the catalytic dehydration of glycerol. The spectra in
the hydroxyl region, 4000–3000 cm−1, are presented in Figure 3. According to literature
(e.g., [25,26]) the presence of terminal and geminal hydroxyl groups is manifested by a sharp
infrared band at ca. 3740 cm−1 characteristic of the O-H stretching vibrations. A broad
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band in the OH stretching vibration region between 3600 cm−1 and 3000 cm−1 is typical
of the vibration in silanol groups interacting with water molecules, whereas the band or
a shoulder at ca. 3660 cm−1 is assigned to the vibrations in bridged (vicinal) hydrogen
bonded hydroxyls. The bands characteristic of terminal and/or geminal silanol groups
and hydroxyls interacting with water molecules are clearly visible in the spectrum of
SBA-15 support. The deposition of niobium via impregnation with ammonium niobate(V)
oxalate (15 wt.% of niobium) led to a partial decrease in the intensity of 3740 cm−1 band,
disappearance of a broad band in the range of 3600–3000 cm−1 and a significant increase in
the intensity of the spectral line in 3660 cm−1 region. The raised tail shown in this region
covers the band at 3660 cm−1 characteristic of acidic hydroxyls in Nb-OH species as shown
in [23] for Nb-MCF system in which niobium was incorporated to silica structure forming
Nb-OH-Si bonds. Thus, it is clear that a part of niobium species occupy positions in the
silica network, while the others are in the form of crystalline Nb2O5 indicated by the XRD
pattern. In the spectrum of Nb-25/SBA-15, a significant decrease in the intensity of FTIR
bands is observed, pointing to almost total disappearance of hydroxyl groups. It means that
a high concentration of niobium precursor used for the modification resulted in covering
of almost all hydroxyls present on the SBA-15 external and internal surface. The FTIR
spectrum in the region corresponding to hydroxyl groups became considerably flattened,
but clearly raised between 3750 and 3500 cm−1. Thus, the presence of some amounts of
silanols and Nb-OH species on the surface of Nb-25/SBA-15 is indicated. The spectrum
of the sample prepared by modification of SBA-15 with Nb2O5, in the amount related to
15 wt.% of niobium, is similar to that of Nb-15/SBA-15, but the intensity of the band at
3740 cm−1 is much lower than that in the spectrum of the impregnated material. This
observation indicates that the same amount of niobium loaded on SBA-15 by two different
modification methods (impregnation with ammonium niobate(V) oxalate vs. mixing of
Nb2O5 with SBA-15) led to different surface properties. In Nb2O5/SBA-15, more niobium
species interacted with silanol groups.

1 
 

 
Figure 3. FTIR spectra of the samples activated in vacuum at 400 ◦C for 2 h.

Silylation of two niobium modified SBA-15 samples (Nb-15/SBA-15 and Nb2O5/SBA-
15) with the same niobium loading by APTMS drastically decreased the intensity of the
band coming from silanol groups and Nb-OH. The spectrum of Nb2O5/SBA-15 shows
that the band at 3740 cm−1 disappeared for the silylated sample, pointing to the complete
removal of terminal and geminal hydroxyl groups as a result of grafting with the silylating
agent. It is a clear indication of the chemical reaction between organosilane reagent and
the terminal and geminal silanol groups as well as with Nb-OH acidic hydroxyls. The
result is different for Nb-25/SBA-15 material in which the amount of silanols was very low.
Immobilization of APTMS led to the increase in intensity of the band at 3740 cm−1 and
appearance of a well-visible broad band centered at ca. 3660 cm−1. This observation can be
related to the partial replacement of Nb2O5 loaded on SBA-15 in Nb-25/SBA-15 by APTMS
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during the silylation, as postulated in the section describing XRD patterns and niobia
crystal sizes. This process combined with agglomeration of niobia crystals resulted in
partial uncovering of surface hydroxyls. For all the samples studied, the silylation process
resulted in the disappearance of the broad band in the range 3500–3000 cm−1, characteristic
of SBA-15 silica and coming from water molecules hydrogen bonded to hydroxyl groups.
This phenomenon can be understood taking into account the replacement of silanol groups
by Si(CH3)3 moieties during the silylation process.

2.2.2. Acid-Base Properties

The surface acid-base properties of all materials were tested by FTIR spectroscopy
measurements after pyridine and nitrogen(II) oxide adsorption. Pyridine adsorption al-
lowed the estimation of Lewis and Brønsted acidity [27], whereas NO adsorption provided
the information on the Lewis acid-base properties [28].

The FTIR spectra after pyridine adsorption at 150 ◦C on all investigated samples
previously activated at 400 ◦C for 2 h, in the region characteristic of the stretching vibrations
in pyridine molecules (1700–1400 cm−1), are shown in Figure 4A. According to literature
(e.g., [29]), the pair of bands at 1450 cm−1 and 1610 cm−1 originates from the symmetric
and antisymmetric vibrations, respectively, in pyridine molecules coordinatively bonded
to Lewis acid sites (LAS), whereas another pair of bands (1544 cm−1 and 1638 cm−1)
is assigned to the symmetric and antisymmetric (respectively) stretching vibrations in
pyridinium cations formed by the protonation of pyridine on Brønsted acid sites (BAS). The
pair of bands at 1447 cm−1 and 1597 cm−1 is characteristic of pyridine hydrogen bonded
to weak BAS. The intense band at 1490 cm−1 is typical of pyridine chemisorbed on both,
LAS and BAS, whereas the band at 1577 cm−1 comes from physisorbed pyridine. The
spectra of the samples prepared by impregnation with ammonium niobate(V) oxalate and
the silylated materials exhibited all above-mentioned bands after pyridine adsorption at
150 ◦C. The difference in the intensity of these bands resulted from the different numbers
of acidic sites exposed to pyridine. In contrast, the spectra of the sample obtained by the
mixing of SBA-15 and Nb2O5 followed by calcination at 500 ◦C and the silylated material
showed only the infrared bands coming from hydrogen bonded pyridine.
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Figure 4. FTIR spectra of the catalysts after pyridine adsorption at 150 ◦C (A) and pyridine evacuation
at 200 ◦C (B). The spectra of activated samples (i.e., catalysts pretreated at 400 ◦C in vacuum for 2 h)
were subtracted from recorded spectra. Spectra were normalized to 10 mg of the catalyst.

To evaluate the strength of pyridine adsorption, which is an indicator of the acidity
strength on the catalyst surface, the outgassing of pyridine was performed on increasing
temperature in the range 150–300 ◦C. All spectra recorded after adsorption and desorption
of pyridine are shown in Supplementary Figure S2, whereas, as an example, Figure 4B
presents the spectra obtained after evacuation at 200 ◦C. It is clear that a short outgassing
of pyridine adsorbed on Nb2O5/SBA-15 and Si/Nb2O5/SBA-15 at 150 ◦C resulted in the
total desorption of the adsorbed base. It means that these materials have hydroxyl groups
forming only very weak hydrogen bonds with pyridine. As shown in Supplementary
Figure S3, pyridine adsorption caused mainly a reduction in intensity of the infrared band
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at 3740 cm−1 coming from silanol groups. Thus, Brønsted acidity of these materials was
very weak. The bands characteristic of pyridine chemisorbed on LAS (1450 cm−1) and
BAS (1545 cm−1) present on the surface of the samples modified by impregnation with
ammonium niobate(V) oxalate (Figure 4 and Figure S2) were used for calculation of the
concentration of the acidic sites and the results obtained are shown in Table 2. The number
of LAS was not calculated from the spectra obtained after pyridine desorption at 150 ◦C
due to a partial overlapping of the 1450 cm−1 band with the one coming from hydrogen
bonded pyridine (symmetric vibration), which was concluded from the well-visible band
at 1597 cm−1 (antisymmetric vibrations). The results presented in Table 2 indicated that
the highest concentration of LAS and BAS was on the surface of Nb-15/SBA-15. The LAS
number was almost twice higher on Nb-15/SBA-15 than that on Nb-25/SBA-15 material,
whereas the BAS number was ca. 1

4 higher. The acidity strength estimated on the basis
of pyridine desorbed at 250 ◦C was inversely related to the amount of adsorbed pyridine
left after desorption at 200 ◦C (the higher the amount of desorbed pyridine, the weaker
the acidity). The strength of acid centers, especially BAS, was greater for Nb-25/SBA-15
than that for Nb-15/SBA-15, which is the opposite trend to the acid site concentration. The
silylation of niobium containing materials caused a decrease in the number of both, Lewis
and Brønsted acid sites (Table 2). This effect was greater for Si/Nb-15/SBA-15 than for
Si/Nb-25/SBA-15. Interestingly, BAS/LAS ratio was much higher for Nb-15/SBA-15 than
for Nb-25/SBA-15 and did not change after silylation.

Table 2. The number of acid sites in synthesized catalysts occupied by pyridine adsorbed at 150 ◦C and desorbed at
150 ◦C, 200 ◦C and 250 ◦C; calculated by the use of extinction coefficients from [30]: ε 1545 cm−1 = 1.67 µmol−1 cm;
ε 1455 cm−1 = 2.22 µmol−1 cm.

Catalyst

LAS, µmol/g BAS, µmol/g BAS/LAS

200 ◦C 250 ◦C
Pyridine

Desorbed at
250 ◦C, % *

150 ◦C 200 ◦C 250 ◦C
Pyridine

Desorbed at
250 ◦C, % *

200 ◦C

Nb-15/SBA-15 62 26 58 31 22 3 86 0.35
Nb-25/SBA-15 32 16 50 23 9 4 66 0.28

Si/Nb-15/SBA-15 14 8 43 16 5 2 60 0.36
Si/Nb-25/SBA-15 24 10 58 15 6 2 67 0.25

* in relation to the amount of pyridine adsorbed at 200 ◦C—characteristic of acidic strength.

Taking into account that the material containing exclusively Nb2O5 loaded on SBA-15
(Nb2O5/SBA-15—as indicated by XRD and UV-Vis results) did not have LAS and BAS
characterized by pyridine adsorption, it can be concluded that the Lewis and Brønsted
acidity of Nb-15/SBA-15 and Nb-25/SBA-15 as well as their silylated counterparts comes
from niobium incorporated into silica matrix. Previously, it has been indicated that niobium
located in mesoporous silicas forms bridged Nb-OH species, which after dehydroxylation
form penta-coordinated NbO− and tetra-coordinated positively charged niobium [31].
The former play a role of Lewis basic sites, whereas the latter act as Lewis acid centers.
Identification of both types of centers in dehydroxylated samples was possible by using
nitrogen(II) oxide as a probe molecule combined with FTIR spectroscopy measurements.

The NO molecule is an electron donor, i.e., a weak Lewis base [32]. Thus, it can be
coordinated to Lewis acid sites via a nitrogen atom. Moreover, if strong Lewis base species
are present on the surface of a solid, NO molecule can be chemisorbed on them forming
nitrito or nitrato ions. Nitrogen(II) oxide has been used for identification of niobium species
incorporated to silica matrix, namely niobium cations (Lewis acid sites) and NbO− species
playing a role of base/redox centers (e.g., [28,31,33,34]). The FTIR spectra of niobium
containing SBA-15 materials after adsorption of NO at room temperature (r.t.), followed by
heating at 100 ◦C, 200 ◦C and 300 ◦C, are shown in Figure 5. The adsorption of NO at r.t.
on Nb2O5/SBA-15 resulted in the appearance of an intense band at 1624 cm−1 and a much
less intense one at 1453 cm−1 (Figure 5A spectrum a). The former can be assigned to the
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bridging bidentate nitrate (Nb-O)2=NO [32] formed in the interaction of two neighboring
metal-oxygen species in Nb2O5 crystals with NO molecule. This band is accompanied by
another one at 1450 cm−1 coming from ν(N=O)vibration in monodentate nitrito species
(NbO-NO) [28,32]. Heating at 100 ◦C did not change the spectrum, whereas heating at
200 ◦C led to some decrease in intensity of the band coming from the bridging bidentate
nitrate species and the appearance of a new band at 1716 cm−1. This band became very
intensive after heating at 300 ◦C. On the basis of literature data [28,32] this band was
assigned to dinitrosyl complex (Nb(NO)2) formed by partial desorption of NO from the
bidentate nitrate complex and NO adsorption on niobium cations in Nb2O5 in combination
with adsorption of NO from the gas phase. Adsorption of NO on niobium cations (LAS)
only after heating at 200 ◦C and 300 ◦C indicates a very weak Lewis acidity of niobium(V)
oxide loaded on SBA-15. This is in line with the results of pyridine adsorption, which did
not detect Lewis acidity under experimental conditions used.
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Figure 5. FTIR spectra of Nb2O5/SBA-15 (A), Nb-15/SBA-15 (B) and Nb-25/SBA-15 (C) after NO
adsorption at room temperature (a) and heating at 100 ◦C (b), 200 ◦C (c) and 300 ◦C (d). The spectra
of activated samples (i.e., catalysts pretreated at 400 ◦C in vacuum for 2 h) were subtracted from
recorded spectra. Spectra were normalized to 10 mg of the catalyst.

The FTIR spectra of NO adsorbed at r.t. on Nb-15/SBA-15 containing the same amount
of niobium as Nb2O5/SBA-15 are different from the above-described ones (Figure 5B).
Adsorption of NO at r.t. led to the appearance of a relatively broad band at ca. 1705 cm−1

with a shoulder at ca. 1680 cm−1, which was resolved into two bands at 1702 cm−1 and
1682 cm−1 after heating at 200 ◦C. These bands are assigned to dimers containing different
isomers, cis and trans ONNO forms and antisymmetric NONO species [28,32]. At low
temperatures NO tends to dimerize. Dimeric molecules were often detected as a principal
adspecies located on transition metal cations. The vibration ν(O=N-) in antisymmetric
NONO dimers’ isomers resulted in the appearance of a band at 1682 cm−1, which comes
from the adsorption of such dimers on Lewis acid sites. Such bands were not observed after
NO adsorption at r.t. on Nb2O5/SBA-15 containing niobium located exclusively in Nb2O5
crystals (Figure 5A). Thus, the bands at 1709 and 1682 cm−1 observed after NO adsorption
at r.t. on Nb-15/SBA-15 (Figure 5B) and also on Nb-25/SBA-15 (Figure 5C, the second
band shifted to 1684 cm−1) containing niobium located in both, Nb2O5 crystals and in the
silica matrix, allowed us to assign them to dimers adsorbed on niobium cations in the silica
skeleton. Cationic niobium (LAS) was identified earlier in niobium containing mesoporous
silicas of various types (e.g., [28,31,33,34]). The generation of niobium LAS in the silica
matrix is accompanied by the formation of the skeleton NbO− species (basic/redox sites) at
which nitrogen(II) oxide is also chemisorbed. In fact, the vibrations in (NbO−-NO) complex
giving the infrared band at 1634–1637 cm−1 are well visible in the spectra of Nb-15/SBA-15
and Nb-25/SBA-15 after heating at 100 ◦C. It is especially pronounced on the latter material
with the larger niobium loading. The most intense bands in the spectra of NO adsorbed on
impregnated materials after heating at 300 ◦C are the ones at 1606 cm−1 and 1609 cm−1

for Nb-25/SBA-15 and Nb-15/SBA-15, respectively. For the former material the band did
not change its position depending on the temperature treatment, whereas for the latter
sample the position of the band was at a higher wavenumber than after adsorption at
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r.t. (1609 cm−1 vs. 1619 cm−1). Thus, for Nb-25/SBA-15, one can postulate that the band
at 1606 cm−1 originates exclusively from the vibrations in bridged nitrato (NbO−)2-NO
species [28,31].

To sum up, NO adsorption study allowed the identification of Lewis acid and basic
sites, while the pyridine adsorption gave information about the nature (LAS and BAS),
concentration and strength of acidic sites. Nb2O5/SBA-15 had only weak Lewis acid sites
able to adsorb NO at higher temperatures, but they were not able to adsorb pyridine in
the conditions of the study. This catalyst presented weak Brønsted acid sites, which was
confirmed by the appearance of FTIR bands at 1447 cm−1 and 1597 cm−1 assigned to
pyridine hydrogen bonded to OH groups on the catalyst surface. NO adsorption led to
the identification of Lewis acid-base pairs on the surface of impregnated samples (Nb-
15/SBA-15 and Nb-25/SBA-15) in the form of framework niobium cations (LAS) and
NbO− species in the silica skeleton. The framework LAS and BAS were detected on both
impregnated catalysts by pyridine adsorption. The highest concentration of LAS and BAS
was on Nb-15/SBA-15 surface, whereas the higher strength of both types of acidic centers,
but especially BAS, was observed for Nb-25/SBA-15 material. After silylation, the number
of both types of acidic centers and the BAS/LAS ratio decreased.

2.3. Glycerol Dehydration

Acrolein is the target product of glycerol dehydration. Although most authors
(e.g., [4,5] review papers) have indicated that Brønsted acid sites are responsible for the
reaction pathway leading to acrolein formation via 3-hydroxypropanal intermediate prod-
uct, whereas Lewis acid sites activate dehydration of glycerol to hydroxyacetone, one has
to take into account that LAS can be transformed to pseudo-Brønsted acid sites in the
presence of H2O in the reaction medium [35]. Therefore, in the analysis of activity and
selectivity in glycerol dehydration, both BAS and LAS should be taken into account.

The catalyst activities (expressed as glycerol conversion and turnover frequency—
TOF), the yields of products and the selectivities to each of them, in glycerol dehydration
performed in the presence of all catalysts used in this work are presented in Supplementary
Table S1 and Figures 6 and 7. Acrolein is the main reaction product formed in the presence of
all investigated catalysts, although the yield of this product differs significantly depending
on both, glycerol conversion and coke deposit. The activity of the SBA-15 support is
negligible. It is clear that Nb-25/SBA-15 and silylated Si/Nb-25/SBA-15 catalysts showed
the highest activity (expressed by both glycerol conversion and TOF—Figure 6A) from
among all materials used, with the silylated sample giving a lower glycerol conversion.
The same was observed for the acrolein yield (Figure 6C), although the difference in
the yield of this product over both catalysts was much smaller than that for glycerol
conversion. Moreover, the selectivity to acrolein was the highest on silylated Si/Nb-
25/SBA-15 material (Figure 6B). With the increase in glycerol conversion, the selectivity
to acrolein slightly increased (Figure 6D). The catalysts with a lower niobium content
(15 wt.%) revealed significantly lower activity and acrolein yield, however, some differences
were observed to be dependent on the modification method. Nb-15/SBA-15 and Si/Nb-
15/SBA-15 prepared by the impregnation method showed much higher glycerol conversion
than Nb2O5/SBA-15. The difference was smaller in the acrolein yield. Independently of
the preparation methods, silylated materials were less active than the starting niobium-
containing materials. The other products which were formed in glycerol dehydration
were: acetaldehyde, acetone, acetic acid and hydroxyacetone (Supplementary Table S1).
Hydroxyacetone is a characteristic product for the glycerol dehydration pathway which
occurs on Lewis acid sites. The highest yield of this product was observed for Nb-25/SBA-
15 and Si/Nb-25/SBA-15 but the selectivity to hydroxyacetone was relatively low, i.e., ≤5%
(in comparison to acrolein selectivity > 61% for Si/Nb-25/SBA-15). Acetaldehyde was
another product which was obtained in small but significant quantities (selectivity ca. 6%)
on the samples with 25 wt.% of niobium loading and on Nb2O5/SBA-15, Si/Nb2O5/SBA-
15. It is produced by thermal decomposition of acrolein [4]. This product was obtained
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in much smaller amounts (selectivity ca. 2%) when the reaction was performed on Nb-
15/SBA-15 and Si/Nb-15/SBA-15. Thus, one can suggest that thermal decomposition
of acrolein is due to the presence of crystalline niobium(V) oxide on the catalyst surface,
which was much lower on Nb-15/SBA-15 sample.
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Figure 6. Activity (A), selectivity to acrolein (B), yield of acrolein (C) and glycerol conversion vs.
acrolein selectivity (D) of the catalysts in glycerol dehydration. Activity of catalysts expressed as
turnover frequency (TOF) after 1 h of the reaction was calculated as mole of glycerol converted on
one mole of BAS (detected by pyridine desorption at 250 ◦C) for one second. Conditions: mass of
catalyst: 100 mg; catalyst pretreating: 2 h 400 ◦C in argon flow; reaction temperature: 350 ◦C; speed
of glycerol dosing: 1 mL/h; Ar flow: 50 mL/min. Conversion of glycerol calculated from the total
yield of products.

Taking into account that the number of BAS and LAS on the surface of Nb-15/SBA-
15 was much higher than that on Nb-25/SBA-15, it was concluded that the materials
with a too high concentration of acidic centers were ineffective in catalytic dehydration
of glycerol to acrolein. It is in line with literature data [4,36] showing that high density
of acid sites may reduce acrolein production. A high BAS/LAS ratio (much higher for
Nb-15/SBA-15 than for Nb-25/SBA-15) was also not conducive to a high yield of acrolein.
However, the strength of BAS was significantly higher for Nb-25/SBA-15, and therefore,
a correlation between the activity and acrolein yield and the presence of strong BAS is
postulated. Moreover, Wang et al. [37] have suggested that Lewis acid sites in ZSM-5
zeolite could enhance the formation of acrolein in a cooperative mechanism. To achieve
such a cooperative action, LAS would have to be in direct vicinity of BAS. Such a close
proximity of LAS and BAS is possible in Nb-25/SBA-15, containing the highest niobium
loading in comparison with the other materials used. Thus, one can postulate that both the
strength of BAS and the proximity of LAS and BAS on the surface of Nb-25/SBA-15 can
contribute to the highest activity and selectivity to acrolein in glycerol dehydration.

An important feature of the catalysts applied in glycerol dehydration to acrolein is
their stability. The main reason for the catalyst deactivation is coke formation. It has been
established [9,35] that Brønsted acid sites are involved in intramolecular reactions resulting
in the formation of coke, and consequently, provoking the deactivation of catalysts. In our
work, coke deposit formation was evaluated by different manners. Figure 8 shows the UV-
Vis spectra of the samples before and after glycerol dehydration and the photos of catalysts
after the reaction. The photos clearly show the highest coke deposit on Nb-25/SBA-15
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(the picture is deep black). The increase in the intensity of the UV-Vis spectral line in the
range 400–800 nm in the spectra of the catalysts after dehydration of glycerol also confirms
coke deposition, which was the highest for Nb-25/SBA-15. Interestingly, after silylation of
this catalyst (Si/Nb-25/SBA-15), the color of the catalyst pellets was considerably lighter
and the increase in the UV-Vis spectral line was less pronounced. A similar effect was
observed for the silylated Si/Nb-15/SBA-15 although the differences in color intensity
between the silylated and pristine materials were smaller. Thanks to the large pore sizes
in all catalysts used, the coke deposit loaded during 4 h of the reaction did not decrease
the glycerol conversion for most of the catalysts (Figure 6). Only for Nb-25/SBA-15 and
Si/Nb-25/SBA-15 was a slightly decrease in activity observed.
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Figure 7. Glycerol conversion, the yield and selectivities of products after 4 h of the reaction
performed on niobium impregnated materials. Conditions: mass of catalyst: 100 mg; catalyst
pretreating: 2 h 400 ◦C in argon flow; reaction temperature: 350 ◦C; speed of glycerol dosing: 1 mL/h;
Ar flow: 50 mL/min.

To calculate the amount of coke deposit and selectivity of its formation the elemental
and thermogravimetric analyses of the catalysts after 4 h of the reaction were performed.
All the results of thermogravimetric analyses are presented in Supplementary Figure S4,
whereas the exemplary spectra are shown in Figure 9. Supplementary Figure S5 presents
the TG and DTG curves characteristic of glycerol loaded into mesopores of SBA-15. On
the basis of these curves, the percentage of mass loss for temperatures up to 350 ◦C was
assigned to the unreacted glycerol that resided in the catalysts pores (the percentage of
unreacted glycerol estimated from the mass loss has been referred to the amount of C in
mmol/g obtained from elemental analyses of the spent catalysts; the obtained value was
added to the unreacted glycerol analyzed by GC/MS in post-reaction mixture), whereas
the percent of mass loss in the region 350 ◦C to 800 ◦C was due to coke deposit. A similar
method for assignment of coke deposition was applied in [16]. Figure 7 shows glycerol
conversion and yield/selectivity of the reaction products, including coke deposit collected,
during 4 h of the reaction for the most active niobium impregnated materials. The higher
the glycerol conversion, the higher the amount of coke deposited (yield of coke). Silylation
of pristine niobium catalysts caused a decrease in both glycerol conversion and coke
deposition. However, the degree of glycerol conversion decrease was lower than that in
the amount of coke deposited, for both niobium impregnated materials. This effect is well
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illustrated by the diagrams showing the selectivity of the reaction to the products and
it is the most pronounced in Nb-25/SBA-15 and Si/Nb-25/SBA-15 catalysts (Figure 7).
The silylation of the material led to ca. twice higher reduction of coke formation than the
decrease in glycerol conversion. The decrease in the concentration of acidic sites in Si/Nb-
25/SBA-15 in comparison with the concentration of these sites in Nb-25/SBA-15 resulted in
the larger separation of acidic centers. Glycerol products and intermediates chemisorbed on
acidic centers located in close proximity (a higher concentration of BAS and LAS as in Nb-
25/SBA-15) interacted much more easily with the formation of multimolecular components
present in coke than if the acid sites are separated. Moreover, the selectivity to acrolein
production significantly increased over the silylated catalyst. Again, such an effect was
more visible for the materials with larger amount of niobium introduced via impregnation.
Thus, to sum up, the silylation procedure of niobium containing SBA-15 prepared by
the impregnation method, leading to location of niobium in the silica framework, can be
proposed as anti-coke procedure in the catalysts preparation.
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Figure 9. Thermogravimetric analyses of the most active catalysts after 4 h of glycerol dehydration.
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3. Materials and Methods
3.1. Materials

• Pluronic P123 (Aldrich, St. Louis, MO, USA);
• HCl (Stanlab, Lublin, Poland);
• Tetraethoxysilane (TEOS) (Aldrich, St. Louis, MO, USA);
• Ammonium niobate(V) oxalate (Aldrich, St. Louis, MO, USA);
• Nb2O5 (CBMM, Araxá, Minas Gerais, Brazil);
• (3-aminopropyl)trimethoxysilane (APTMS) (Aldrich, St. Louis, MO, USA);
• Toluene (Stanlab, Lublin, Poland);
• Acetonitrile (Aldrich, St. Louis, MO, USA);
• Pyridine (Aldrich, St. Louis, MO, USA);
• Glycerol (Aldrich, St. Louis, MO, USA);
• Hydroquinone (Aldrich, St. Louis, MO, USA).

3.2. Catalysts Preparation
3.2.1. Synthesis of SBA-15

The synthesis of SBA-15 was performed according to the procedure described in [22].
First, Pluronic P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol)-block) (16 g) as an nonionic surfactant was dissolved in 600 mL of 0.7 M HCl solu-
tion at 35–40 ◦C in a polypropylene bottle. After surfactant dissolution, TEOS (34.108 g) as
a silica source was added into the synthesis gel. The mixture was then stirred at 35–40 ◦C
for 20 h and heated in an oven at 100 ◦C for 24 h. The obtained powder was then filtered,
washed with distilled water (1200 mL), and dried at room temperature (r.t.). The template
was removed by calcination at 500 ◦C for 8 h.

3.2.2. SBA-15 Modification with Niobium Precursor

The niobiosilicas were synthesized by two strategies: (i) SBA-15 modification with
ammonium niobate(V) oxalate by impregnation method or (ii) SBA-15 mixing with amor-
phous Nb2O5.

The samples modified with ammonium niobate(V) oxalate were prepared as follows.
A portion of 2.2 g of dried silica (previously outgassed at 80 ◦C for 1 h) was put into the
flask together with ammonium niobate(V) oxalate (1.91 g or 3.61 g, 15 wt.% or 25 wt.% of
niobium, respectively) previously dissolved in distilled water (20 mL). The nominal Si/Nb
molar ratio was 8.9 and 4.6 for 15 wt.% and 25 wt.% of niobium, respectively. The mixture
obtained was then rotated in a vacuum evaporator at 100 ◦C until water evaporated. Then
the solid material was dried at 110 ◦C for 18 h and calcined at 500 ◦C for 4 h. The samples
obtained were denoted as Nb-15/SBA-15 (15 wt.% of niobium) and Nb-25/SBA-15 (25 wt.%
of niobium).

The modification of SBA-15 with amorphous Nb2O5 was performed as follows. A
portion of 2.2 g of silica previously dried overnight at 100 ◦C was mixed with 0.55 g of
Nb2O5 (15 wt.% of niobium). The nominal Si/Nb molar ratio was 8.9. The mixture obtained
was then ground in an agate pot for one hour. Then, the solid material was calcined at
500 ◦C for 4 h. The sample obtained was denoted as Nb2O5/SBA-15.

3.2.3. Silylation of Niobiosilicas

The obtained niobiosilicas were then modified with (3-aminopropyl)trimethoxysilane
(APTMS) by the grafting method, as described below. One gram of the solid (first dried
overnight at 100 ◦C) and 100 mL of toluene were put together into a flask. Then APTMS
(2.5 mL) was added to the solution and the mixture was stirred and heated at 100 ◦C for
18 h. The powder was filtered off, washed sequentially with 156 mL of toluene, 78 mL of
water, and 16 mL of acetonitrile and dried overnight at 80 ◦C. The samples modified with
APTMS were then calcined at 500 ◦C for 4 h to generate the silanol species on niobiosilicas
surface. The samples obtained were denoted as Si/Nb-15/SBA-15, Si/Nb-25/SBA-15, and
Si/Nb2O5/SBA-15.
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3.3. Samples Characterization

The obtained samples were examined by several analytical techniques such as: N2
adsorption/desorption (Micromeritics, Norcross, GA, USA), XRD (Bruker, Karlsruhe,
Germany), UV-Vis (Candela, Warszawa, Poland), elemental analysis, DTA/TG, FTIR
(Bruker, Poznan, Poland) combined with pyridine or NO adsorption. The catalytic activity
of the synthesized samples was examined in the gas phase glycerol dehydration.

N2 adsorption/desorption isotherms were recorded using ASAP 2020 apparatus
(Micromeritics, Norcross, GA, USA). At first the samples were outgassed under vacuum at
300 ◦C for 8 h. The surface area was calculated using the BET method, whereas the pore
volume and diameter were determined by DFT method appropriate for mesoporous silicas
with cylindrical pore system. The DFT method was attached to the MicroActive software
(Version 4.0) from Micromeritics.

XRD patterns were recorded at r.t. on a Bruker AXS D8 Advance apparatus (Bruker,
Karlsruhe, Germany) using CuKα radiation (γ = 0.154 nm), with a step of 0.02◦ in the
small-angle and 0.05◦ in the wide-angle range, respectively.

UV–Vis spectra were recorded using a Varian-Cary 300 Scan UV–Visible Spectropho-
tometer (Candela, Warszawa, Poland). The catalysts dried overnight at 100 ◦C were placed
in a cell equipped with a quartz window. The spectra were recorded in the range between
800–190 nm. Spectralon was used as a reference sample.

Elemental analyses of the samples before and after glycerol dehydration were carried
out on an Elemental AnalyserVario EL III.

DTA/TGA measurements of samples after glycerol dehydration were performed
in an air atmosphere using a SETARAM SETSYS-12 apparatus in the temperature range
100–800 ◦C with a temperature ramp 10 ◦C/min. Prior to analysis the isothermal drying
plateau at 100 ◦C for 15 min was applied.

Infrared spectra combined with pyridine adsorption were recorded using a Bruker
INVENIO S (Bruker, Poznan, Poland) spectrometer with an in situ vacuum cell. Before the
measurement, catalysts were formed into thin wafers and placed inside the cell. The cell
with the sample was then outgassed at 400 ◦C for 2 h. After this step, pyridine was admitted
at 150 ◦C. After saturation with pyridine, the solid was degassed at 150 ◦C, 200 ◦C, 250 ◦C
and 300 ◦C in vacuum for 30 min at each temperature. The spectrum without adsorbed
pyridine (after sample activation at 400 ◦C for 2 h) was subtracted from all recorded spectra.
The numbers of Lewis and Brønsted acidic sites were calculated assuming the extinction
coefficient ε for the band at 1455 cm−1 = 2.22 µmol−1 cm (Lewis acid sites) and for the
band at 1545 cm−1 = 1.67 µmol−1 cm (Brønsted acidic sites) [30].

Infrared spectra combined with NO adsorption were acquired with a Vertex 70 spec-
trometer (Bruker, Poznan, Poland) using an in situ vacuum cell. The solid materials were
pressed into a thin wafer and immersed inside the cell. Before NO admission, the cell with
the sample was outgassed at 400 ◦C for 2 h. Then, the NO was admitted at r.t. and after
10 min of sample saturation with NO the spectrum was recorded. At the next step, the
catalyst was heated for 30 min at 100 ◦C, 200 ◦C, and 300 ◦C. After each temperature treat-
ment, an FTIR spectrum of the sample was recorded. The spectrum without the adsorbed
probe molecule (“background spectrum”—after samples evacuation at 400 ◦C for 2 h) was
subtracted from all recorded spectra.

3.4. Glycerol Dehydration

A portion of 0.1 g of granulated (0.5 < ø < 1 mm) catalyst was placed in the reactor
and activated at 400 ◦C for 2 h under argon flow (50 mL/min). Then, the temperature was
set to 350 ◦C for the reaction. Next, 4 mL of aqueous solution of glycerol (10 wt.%) was
passed continuously for 4 h using a pump system (KD Scientific) together with a carrier
gas (50 mL/min). The reaction products were collected within each hour in an aqueous
solution of hydroquinone (0.001 wt.%, 5 mL) and then analyzed by a gas chromatograph
(Thermo Scientific, Waltham, Massachusetts, USA) equipped with a DB-1 column (30 m)
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and a MS detector. Helium was used as a carrier gas. To determine the concentration of
reaction products, the calibration curves were used.

4. Conclusions

The presented results have pointed out a significant difference in the niobium acid-
base properties depending on the metal location in the SBA-15 ordered mesoporous silica.
The presence of only very weak BAS and LAS was indicated in the materials containing
exclusively crystalline Nb2O5 on the SBA-15 surface. Stronger BAS and LAS were observed
in the samples in which niobium was located not only in the anchored crystalline metal
oxide but also in the silica framework. The niobium species in such positions played an
important role as active centers in glycerol dehydration to acrolein. High concentration of
framework niobium BAS was not conducive to a high acrolein yield. The lower concentra-
tion of BAS and the possible proximity of LAS and BAS on the surface of Nb-25/SBA-15
as well as the highest strength of BAS in this sample were postulated as the reasons for
the highest activity and very high yield/selectivity to acrolein in glycerol dehydration.
Silylation of niobium containing SBA-15 samples, in which niobium was located in the
silica framework, resulted in the catalyst showing some decrease in glycerol conversion, but
a significant decrease in coke deposition accompanied by an increase in acrolein selectivity.
This effect was especially visible for Si/Nb-25/SBA-15. Thus, the anti-coke behavior of
silylated Nb/SBA-15 catalysts, especially for the materials with high niobium loading
(25 wt.%), for glycerol dehydration, was postulated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11040488/s1, Figure S1: N2 adsorption/desorption isotherms of SBA-15 before and
after its modification with niobium species and silylation, Figure S2: FTIR spectra of the samples
after pyridine adsorption at 150 ◦C (a) and desorption at 150–300 ◦C for 30 min (150 ◦C (b); 200 ◦C
(c); 250 ◦C (d); 300 ◦C (e)). The spectra of activated samples (i.e., catalysts pretreated at 400 ◦C in
vacuum for 2 h) were subtracted from recorded spectra. Spectra were normalized to 10 mg of the
catalyst, Figure S3: FTIR spectra in hydroxyl region of Nb2O5/SBA-15 after evacuation at 400 ◦C for
2 h ((a)—black line) and pyridine adsorption at 150 ◦C ((b)—red line), Figure S4: Thermogravimetric
analyses of catalysts after 4 h of glycerol dehydration, Figure S5: Thermogravimetric analysis of
SBA-15 material mixed with glycerol, Table S1: Results of glycerol dehydration. Conditions: mass of
catalyst: 100 mg; catalyst pretreating: 2 h 400 ◦C in argon flow; reaction temperature: 350 ◦C; speed
of glycerol dosing: 1 mL/h; Ar flow: 50 mL/min. Conversion of glycerol calculated from the total
yield of products.
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