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a  b  s  t  r  a  c  t

Mesoporous  silica  and niobiosilicate  materials  of  SBA-15  and  MCF  types  were  prepared  in the  presence
of MPTMS,  i.e.  (3-mercaptopropyl)trimethoxysilane  and  hydrogen  peroxide.  The  samples  obtained  were
characterised  by  different  techniques  (N2 adsorption/desorption,  XRD,  elemental  and  thermal  analyses)
and applied  as  catalysts  in glycerol  esterification  with  acetic  acid.  The  role  of  niobium  species  on  the
eywords:
iobium species
ydrogen peroxide
cidity
sterification

formation  of  sulphonic  species  and  stability  of  organosilane  modifier  was  explored.  The  most  important
finding  is that  the  addition  of niobium  to  the  synthesis  gel  improves  the  efficiency  of  –SH  oxidation  by
hydrogen  peroxide  towards  sulphonic  species.  This  behaviour  is  not  dependent  on the  type  of  structure  of
mesoporous  materials  (SBA-15  or MCF).  However,  the  kind  of  mesoporous  solid  influences  the  efficiency
of  Nb  incorporation  and  on  the  esterification  process.  MCF  matrix  improves  the  catalytic  performance  of
the MPTMS  modified  catalyst.
. Introduction

The role of acid catalysts in an industrial processes, especially in
he field of hydrocarbon chemistry, is remarkable and very impor-
ant [1].  Solid acid catalysts are often used for the most industrially
mportant processes like cracking, isomerisation, alkylation or MTO
1]. However, there are still a lot of industrial operations that
mploy acidic catalysts in homogeneous phase, like for example
he esterification processes involving mineral acids [2–4]. Because
f their negative environmental impact, much effort is made to
eplace such processes by heterogeneous catalysis.

Development of solid acid catalysts dedicated to liquid phase
rocesses needs to overcome some drawbacks, among others those
elated to the properties of host materials or acidic modifier. The
ize of catalyst pores determines the size of organic substrates
hich can be used for the catalytic reaction. Thus, the catalysts

onsidered for esterification processes usually have relatively large
ore diameters to enhance the formation of bulky products. So
ar for this purpose such materials like MCM-41 [5–10] or SBA-
5 [11–15] have been applied. To generate the acidic properties,
ifferent organosilanes were deposited on the surface of the silica
atrix, and sulphonic species were usually generated in the final
roduct.
The formation of sulphonic species from mercapto-species

mmobilised on catalyst surface can be prompted by using

∗ Corresponding author. Tel.: +48 61 8291305; fax: +48 61 8658008.
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© 2012 Elsevier B.V. All rights reserved.

hydrogen peroxide as oxidant, either during the hydrothermal syn-
thesis of solid materials or in post-synthesis oxidation. The latter
procedure is more complicated because of the application of hydro-
sulphuric acid and the need of some additional steps. Therefore, the
efficiency of thiol group oxidation during the hydrothermal synthe-
sis is very important and should be also taken under investigation.

Niobium compounds exhibit special properties, among them
strong metal–support interaction and unique reversible interac-
tion with several reagents are most important [16]. These features
are essential for the catalyst preparation. Mesoporous materials
containing this element have been synthesised and applied for
the liquid phase oxidation of thioethers and cyclohexene with
hydrogen peroxide [17–20].  The role of niobium in the catalysts
mentioned above is to prompt the formation of peroxo species that
are very active in oxidation processes. In this study the possible
impact of niobium species on oxidation of thiols during the for-
mation of two different mesoporous solids (SBA-15 and MCF) is
examined and discussed.

2. Experimental

2.1. Preparation of SBA-15 type catalysts

Modified SBA-15 catalysts with MPTMS, (3-
mercaptopropyl)trimethoxysilane, were prepared via modified

hydrothermal synthesis [21] previously described by Margolese
et al. [11]. The synthesis was  performed in polypropylene bottle
(PP). The synthesis procedure was  as follow. To the PP bottle
the Pluronic P123 (Poly(ethylene glycol)-block-Poly(ethylene

dx.doi.org/10.1016/j.cattod.2012.02.042
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:tmaciej@amu.edu.pl
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Table 1
Textural/structural characterisation.

Catalyste Surface area,
m2 g−1

Pore volume,
cm3 g−1

Average pore
diameter, nm

MP-SBA-15 670 1.0a 5.8a

MP-NbSBA-15 810 1.1a 6.6a

MP-MCF 420 1.5b 22.6c, 11.3d

MP-MCF* 410 1.9b 28.0c, 10.2d

MP-NbMCF 700 1.7b 22.4c, 6.1d

a Determined from adsorption branches of N2 isotherms (BJH method).
b Determined from adsorption branches of N2 isotherms (BdB–FHH method).
c Cells diameter determined from adsorption branches of N2 isotherms (BdB–FHH

method).
M. Trejda et al. / Catalys

lycol)-block-Poly(ethylene glycol)-block) (Aldrich – 4 g), HCl
Chempur 35% – 8.64 g) and water (116.36 g) were added. When
he surfactant was dissolved a TEOS (Aldrich – 7.8 g) was  dropwise
nserted. After 45 min  MPTMS  (Aldrich – 0.7694 g) and hydrogen
eroxide (Merck 30% – 1.258 g) were added. Ammonium nio-
ate(V) oxalate (C4H4NNbO9 – Aldrich) was also added to the gel
10 min  after TEOS addition) keeping Si/Nb ratio of 64 in case of
he preparation of niobiosilicate materials. The final mixture of:

 TEOS: 0.018 Pluronic P123: 0.1 MPTMS: 0.3 H2O2: 2.2 HCl: 181
2O was stirred at 313 K for 20 h and then heated at 373 K under

tatic conditions for 24 h. The product was washed by 600 cm3

f water. The template was removed from the as-synthesized
aterial by refluxing in ethanol for 24 h. Finally, the material was

llowed to dry at room temperature.
The following notation was used for the catalysts prepared: MP-

BA-15 and MP-NbSBA-15 denote, respectively, the silica SBA-15
nd niobiosilicate NbSBA-15 materials modified with MPTMS.

.2. Preparation of MCF  type catalysts

Modified MCF  catalysts with MPTMS  were synthesised via mod-
fied procedure described by Kustrowski et al. [22]. The synthesis

as performed in polypropylene bottle (PP). First, Pluronic P123
Aldrich – 8 g) was dissolved in water (282.48 g) and HCl (Chempur
5% – 17.52 g) at 308–313 K. Second, 1,3,5-trimethylbenzene
Aldrich – 4 g) and NH4F (Aldrich – 0.0934 g) were added under vig-
rous stirring. Following 1 h of stirring, TEOS (Fluka – 17.054 g) was
dded. MPTMS  (Aldrich – 1.6788 g) and hydrogen peroxide (Merck
5% – 2.62 g) were slowly added to the solution 45 min  after TEOS
ddition. Ammonium niobate (V) oxalate (C4H4NNbO9 – Aldrich)
as also added to the gel (10 min  after TEOS addition) keeping Si/Nb

atio of 64 in case of the preparation of niobiosilicate materials. The
nal mixture of 1 TEOS: 0.017 Pluronic P123: 0.4 TMB: 0.03 NH4F:
.1 MPTMS: 0.3 H2O2: 2.07 HCl: 201 H2O was stirred at 308–313 K
or 20 h and then heated at 373 K under static conditions for 24 h.
he template was removed from the as-synthesized material by
efluxing in ethanol for 24 h. Finally, the material was  allowed to
ry at room temperature.

One silica MP-MCF sample was prepared with the addition of
igher amount of hydrogen peroxide (MPTMS/H2O2 = 1:9).

The following notation was used for the catalysts prepared:
P-MCF and MP-NbMCF denote, respectively, the silica MCF  and

iobiosilicate NbMCF materials modified with MPTMS. MP-MCF*
tands for modified silica MCF  prepared with the higher amount of
2O2.

.3. Catalyst characterisation

XRD patterns were recorded at room temperature on a Bruker
XS D8 Advance apparatus using CuK� radiation (� = 0.154 nm),
ith a step of 0.02◦ and 0.05◦ in the small-angle range and in the
igh-angle range, respectively.

N2 adsorption/desorption isotherms were obtained on a Quan-
achrome Instruments autosorb iQ2 (for MCFs) and Micrometrics
SAP (for SBA-15). The samples (200 mg)  were pre-treated in situ
nder vacuum at 423 K. The surface area was calculated using the
ET method, pore volume and diameter was estimated according to
roekhoff-de Boer method [23] for MCF  materials and BJH method

or SBA-15 samples.
Elemental analyses of the solids were carried out with Elementar

nalyser Vario EL III.
Infrared spectra were recorded with a Bruker Vertex 70 FTIR
pectrometer using an in situ cell. Samples were pressed under low
ressure into a thin wafer of ca. 8 mg  cm−2 and placed inside the
ell. Catalysts were evacuated at 373 K for 6 h before spectra were
ecorded.
d Windows diameter determined from desorption branches of N2 isotherms
(BdB–FHH method).

e MP  stands for MPTMS.

UV–vis spectra were recorded using a Varian-Cary 300 Scan
UV–visible spectrophotometer. Catalyst powders were placed into
the cell equipped with a quartz window. The spectra were recorded
in the range from 800 to 190 nm.  Spectralon was used as a reference
material.

Thermogravimetry measurements were carried out in air atmo-
sphere using SETARAM SETSYS-12 apparatus with temperature
ramp 5 K/min.

2.4. Glycerol esterification with acetic acid

The reaction of glycerol and acetic acid was performed in a
liquid phase in batch reactor without usage of any solvents. The
reaction was  carried out under nitrogen atmosphere at 423 K for
4 h using 100 mg  of catalyst. Molar ratio of glycerol to acetic
acid was 1:9 (2.5 g of glycerol and 14.67 g of acetic acid). For
selected catalysts the reuse test was performed. Prior this pro-
cess the catalyst after first reaction was  separated from reactant
mixture by centrifugation and than dried overnight at 373 K.
The same mass of catalyst was  applied for the second and third
run. Products were analysed by a gas chromatograph (Varian
CP 3800) equipped with 60 m VF-5ms capillary column and FID
detector.

3. Results and discussion

3.1. Impact of niobium on the material structure

In this study two  different mesoporous silica materials SBA-
15 and MCF, modified with (3-mercaptopropyl)trimethoxysilane
(MPTMS) were synthesised. Moreover, both SBA-15 and MCF
solids were also prepared with addition of niobium source into
the synthesis gel so that two  types of solids that vary in the
chemical composition were obtained. The catalysts prepared are
mesoporous as evidenced by N2 adsorption/desorption isotherms,
texture parameters (Table 1, Fig. 1) and XRD analyses (not shown
here). The N2 adsorption/desorption isotherms shown in Fig. 1
are typical of mesoporous solids and can be classified as type IV
according to IUPAC classification [24]. Both materials show rela-
tively high surface area in the range from 670 to 810 m2 g−1 and
from 420 to 700 m2 g−1 for SBA-15 and MCF, respectively. Nio-
bium addition to the synthesis gel has remarkably impacted on
this texture parameter. The surface area of niobiosilicate samples
increased ca. 1.2 times for SBA-15 structure and 1.65 for MCF. This
feature is important especially for the possible application of the

materials obtained in the field of catalysis. Niobiosilicate samples
(prepared with the same amount of H2O2 as silica samples) showed
also higher pore volume than silicas. However, the pore diam-
eter is remarkably higher only for NbSBA-15 samples. For MCF
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Fig. 1. N2 adsorptio

aterials the addition of niobium results in the smaller window

ize of cells. The cellular foams structure was identified for all MCF’s
repared as it is exemplary shown in TEM image of MP-MCF* sam-
le (Fig. 2).

Fig. 2. TEM image of MP-MCF* sample.
0

orption isotherms.

3.2. Impact of niobium on the efficiency of MPTMS
functionalisation

The functionalisation of mesoporous solids by MPTMS was
performed aiming to obtain acidic catalysts (after thiol groups oxi-
dation to sulphonic species). Therefore, the efficiency of MPTMS
incorporation and in particular the number of sulphonic species
present in the final material is very important. Table 2 presents
a comparison of MPTMS  amounts introduced to all samples. The
quantity of modifier expressed in mmol  of sulphur per gram of
the solid is given in Table 2. In both structures the silica matrix
allows obtaining a higher MPTMS  loading than the niobiosilicate
one. Moreover, this loading is also higher for SBA-15 structure than
for MCF. It can be also noticed that the efficiency of niobium incor-
poration in the final material depends on the solid structure and it is
higher for SBA-15. However, in spite of this difference, the decrease
in MPTMS  incorporation is similar for both kinds of niobiosilicate
solids. In our previous work concerning the functionalisation of
SBA-15 structure we  have shown that the MPTMS concentration on
the silicate surface is almost independent of the niobium concen-
tration in the synthesis gel in the range of Si/Nb molar ratio from 16
to 64 [21]. Thus, it could be concluded that the results obtained for
NbMCF structure are in line with the results reported for NbSBA-15
materials and presented in [21]. To summarise, although the pres-

ence of niobium improves the textural parameters as described in
previous section, it allows incorporating less amount of MPTMS on
the surface of mesoporous solids.

Table 2
Results of elemental analysis.

Catalyst Si/Nb molar ratio C, mmol/g S, mmol/g

Assumed Real

MP-SBA-15 – – 10.2 1.1
MP-NbSBA-15 64 65 10.5 0.8
MP-MCF – – 19.7 0.9
MP-MCF* – – 11.1 0.7
MP-NbMCF 64 <300 13.0 0.6
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.3. Impact of niobium on modifier anchoring

The modification of silica or niobiosilicate surface by MPTMS  is
ealised with the participation of methoxy species from organosi-
anes and OH groups from the surface of silica or niobiosilicate.
sually, one or two methoxy species take part in the functionalisa-

ion [25]. The synthesis procedure applied in this study involves
he addition of hydrogen peroxide, which is necessary for oxi-
ation of thiol species. In such conditions not only thiol species
ut also methoxy species can be oxidised. To examine in details
he state of organic part of the modifier, the FTIR spectra of
he materials prepared were recorded and they are shown in
ig. 3.

All spectra show a band assigned to the ıas(CH3) vibrational
ode in methoxy groups at 1455 cm−1 [26–28].  It indicates that

fter functionalisation of silica or niobiosilicate surface, Si atom
rom MPTMS  is still connected with at least one methoxy group. The
ands corresponding to –SH vibrations are not detected for all the
amples similar like in [21]. This could be explained by low concen-
ration of –SH species. In the spectra of silica samples another band
t 1720 cm−1 is present. It is assigned to C O vibrations [26–28].
he presence of this band suggests that a part of hydrogen perox-
de is used for oxidative dehydrogenation of methoxy species. The
pectra of the niobium containing samples exhibit a different char-
cter. Only for MP-NbMCF a low intense band at 1720 cm−1 could
e found. This feature points to the role of niobium, which favours
he selective oxidation of thiol species. FTIR spectra can partially
onfirm this hypothesis. In all spectra a band at ca. 1380 cm−1 is
bserved. Its appearance can be assigned to sulphonic [21] as well
s to ısym(CH3) species [29]. The later species can come from non-
ydrolyzed TEOS (v(sym.)CH3 from ethoxy species), which gives rise
o the IR band at 1377 cm−1. Indeed, for niobiosilicate materials the
and at ca. 1380 cm−1 is more intense pointing to the presence of
ulphonic species. These observations are in line with the results of

hermal analyses described in the next section. Thus, it can be con-
luded that the addition of niobium to the synthesis gel enhances
he selective oxidation of thiol species (methoxy species are not
xidised).
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3.4. Impact of niobium on the oxidation of thiol species

Successful incorporation of MPTMS  species on the surface of

mesoporous solids does not guarantee the acidic character of the
catalyst obtained. To achieve the acidity required the thiol species
must be selectively oxidised to sulphonic ones. For this purpose the
hydrogen peroxide was added to the synthesis gel. To estimate the
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Table 3
Conversion and selectivity of glycerol esterification with acetic acid process.

Catalyst Conversion, % Selectivity, %

MAG DAG TAG

Blank test 63 24 58 18
MP-SBA-15 54 26 58 16
MP-NbSBA-15 66 11 53 36
MP-MCF 73 27 58 15
MP-MCF* 85 12 54 34
MP-NbMCF 76 12 54 34
Fig. 5. DTA profile of MP-MCF*.

xidation efficiency, the final products were subjected to thermal
nalyses.

The types of organosilane modifier can be distinguished on the
asis of different decomposition temperatures of thiol and sul-
honic species. The former decompose at ca. 600–650 K, whereas
he temperature of sulphonic species decomposition is around
00 K [11]. The DTA curves of silica and niobiosilicate materials
odified with MPTMS  are presented in Fig. 4. The addition of hydro-

en peroxide in the process of synthesis of silica samples of both
tructures does not allow obtaining sulphonic species. The DTA
urves of these samples show exothermic peaks only below 650 K,
hich are assigned to the decomposition of thiol species. More-

ver, in the curves of MCF  two exothermal effects are observed. This
eature suggests the existence of two types of MPTMS  on the silica

CF  surface characterised by different thermal stabilities. A similar
bservation was done for MCM-41 samples modified with methyl-
r propyl-trimethoxysilane [9]. On the basis of the results of ther-
al  analysis interpreted together with the mass spectrometry data,

he presence of disulphide species on the material surface was pos-
ulated in [9].  The presence of disulphide species could explain the
ppearance of the two maxima shown in Fig. 4. However, as men-
ioned in [9],  the origin of dimethylsulphide detected by MS  can
lso be the recombination of methylthiol in the gas phase. The pos-
ible formation of disulphide species on the MCF  surface could be
nhanced by a more open structure of this material than SBA-15
ne. Nevertheless, for niobiosilicate MCF  sample only one maxi-
um  below 650 K is observed on the DTA curve (Fig. 4). To check

f this feature could be related to the thiol species oxidation effi-
iency, the MP-MCF* sample was prepared with a higher H2O2 to
PTMS  ratio of 9. The DTA curve of this sample (Fig. 5) shows only

ne maximum below 650 K (at 514 K). Moreover, another exother-
ic  effect at 766 K is visible pointing to the partial oxidation of

hiol species. Thus it can be concluded that when the oxidation of
odifier is possible and takes place (for higher H2O2 amount or Nb

resence) only one kind of thiol species is left on the MCF surface.
his fact could be also related to a possible competition between
he sulphonic and disulphide species formation.

The surface composition of niobiosilicate samples function-
lised by MPTMS  is more complex. Besides the thiol species, the
TA curve shows another exothermic effect at temperature of ca.
90 K, testifying to the existence of sulphonic species. These results
an be explained by the unique properties of niobium manifested
hen in the contact with hydrogen peroxide. It has been observed

hat niobium containing amorphous materials exhibit very promis-

ng activity in liquid phase oxidation with hydrogen peroxide
16,30]. The activity of niobium containing materials in the cat-
lytic routes involving hydrogen peroxide as oxidant is related to
Reaction temperature: 423 K; glycerol to acetic acid molar ratio = 1:9.
MAG: monoacetylglycerols, DAG: diacetylglycerols, TAG: triacetylglycerol.

the ability of formation of peroxy complexes [16,30].  Such activated
hydrogen peroxide species are able to selectively oxidate different
molecules, e.g. thiols [18,31]. The interaction of hydrogen perox-
ide with niobium species in the materials studied in this work,
towards the peroxo complexes causes a further selective oxidation
of SH groups towards sulphonic species. The role of niobium could
be to promote stronger interaction between the methoxy groups
from MPTMS  and the OH groups from the surface. Such interac-
tion would facilitate decomposition of SH groups, evidenced by the
lower temperature of the exoenergetic peak in DTA curve (Fig. 4)
and could be also the reason for easier (faster) oxidation of SH
species to sulphonic one.

The results presented above clearly show the important role
of niobium in the oxidation of thiol species. The formation of sul-
phonic species in the conditions of synthesis applied in this study
would not be possible without the addition of niobium source into
the synthesis gel.

3.5. Glycerol esterification with acetic acid

To verify the acidic character of niobiosilicate SBA-15 and MCF,
functionalised with MPTMS, the esterification of glycerol with
acetic acid was performed. This process requires the presence of
strong acidic sites to obtain a high yield of triacetylglycerol. To
exclude the glycerol oxidation by molecular oxygen all reactions
were carried out under nitrogen atmosphere. This allowed obtain-
ing only products of glycerol esterification (monoacetylglycerols,
diacetylglycerols and triacetylglycerol) and carbon balance close
to 100%.

The results of glycerol esterification process carried out at 423 K
(glycerol to acetic acid molar ratio = 1:9) are shown in Table 3. As
can be observed, the esterification of glycerol takes place without
catalyst addition (blank test) and the conversion value reaches 63%.
However, the main products of blank test are DAG and MAG. The
mesoporous silica SBA-15 and MCF  materials functionalised with
MTPMS  show similar selectivity to DAG and MAG, which points out
the lack of sulphonic acidic centres on the catalyst surface. Differ-
ent behaviour shows MP-MCF* sample prepared with much higher
H2O2 addition in the synthesis. A higher conversion and selectiv-
ity to triacetylglycerol testify the presence of sulphonic species
generated in this sample.

The presence of strong acidic centres should switch the product
formation to TAG, i.e. the consecutive reactions should take place.
Indeed, for MP-NbSBA-15 and MP-NbMCF samples the product
selectivity is different, i.e. the amount of MAG  decreases, whereas
the amount of TAG increases (in relation to non-niobium contain-
ing materials). In consequence, the combined selectivity to DAG
and TAG reaches ca. 90%. Such a catalytic behaviour strongly points

to the presence of acidic centres in these two  samples. It leads to a
conclusion that the presence of niobium in the synthesis gel makes
the formation of acidic centres possible.
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. Conclusions

The one-pot synthesis procedure applied in this study allowed
ncorporation of (3-mercaptopropyl)trimethoxysilane species into
he silica and niobiosilicate materials of both, MCF  and SBA-15
tructures. The mesoporous structure of the latter allowed obtain-
ng a higher concentration of niobium as well as MPTMS species
n the final material. The positive effect of niobium on the oxida-
ion of thiol species was found to be independent of the type of

esoporous material. The same can be deduced concerning the
mpact of niobium on the drop of oxidation of methoxy species.
he latter species are stable in the presence of niobium. The nio-
iosilicate samples prepared within this work are active in glycerol
sterification with acetic acid. They allow obtaining 66% and 76%
f glycerol conversion for MP-NbSBA-15 and MP-NbMCF, respec-
ively. The higher conversion of glycerol on MP-NbMCF material
ndicates that the more “open” structure (MCF) favours the increase
n the reaction rate. The selectivity to triacetylglycerol is similar for
oth samples and reached ca. 35%.
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