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a  b  s  t  r  a  c  t

The  abilities  of niobium  and manganese  to enhance  oxidation  of  thiol  groups  in (3-
mercaptopropyl)trimethoxysilane  (MPTMS)  used  for functionalization  of  SBA-15  and  MCF  materials,  by
hydrogen  peroxide  in  order  to form  catalysts  with  acidic  properties  were  evaluated.  Materials  obtained
were  characterized  by:  N2 adsorption,  XRD,  XRF,  elemental  and  thermal  analyses  and  titration  of  acid
sites.  The  highest  concentration  of  acidic  sites  was  found  for  SBA-15  structure  modified  with  niobium.
The  catalytic  activities  of  materials  obtained  were  examined  in  esterification  of  acetic  acid  with  ethanol
eywords:
CF

BA-15
iobium
thanol
-Propanol

and  2-propanol.  Both  niobium  containing  samples  (MP-NbSBA-15  and  MP-NbMCF)  showed  high yields
of ethyl  and 2-propyl  acetate.  The  amount  of 2-propyl  acetate  formed  was  found  to  linearly  depend  on
the  number  of acid sites  on the  catalyst  surface.  The  reuse  tests  proved  that  the  drop  in  the catalyst
activity  in  consecutive  catalytic  cycles  is  not  too  high,  which  suggests  possible  application  of  the
materials  obtained  after  further  optimization.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Esterification is a very important process in organic synthesis [1]
s well as in fuel industry [2] mainly related to biodiesel production
formation of fatty acid esters). Despite the lower cost of fossil fuel
n relation to biodiesel, the production of latter fuel is still increas-
ng as this fuel is more environmentally friendly [3]. Esterification
rocesses used in industry are mainly carried out in homogeneous
hase in the presence of acidic catalysts like H2SO4, HCl, H3PO4 or
-toluene sulphonic acid. It implies some difficulties related to cor-
osion of the apparatus, separation of products and wastes. These
roblems can be overcome by the application of solid catalysts hav-

ng acidic centres on the surface. Moreover, solid catalysts offer a
ossibility to conduct reactions in continuous, fixed bed reactors
4].

As mentioned above, esters of fatty acids are used in large quan-
ities for biodiesel production. However, other esters of organic
cids have a variety of applications. One of the acids commonly
sed for esterification is acetic acid. Transformation of this acid with
thanol leads to ethyl acetate, which is an important compound for
any applications in chemical industry. For instance, ethyl acetate
s used for the production of adhesives, coatings, perfumes or plasti-
izers [5]. 2-Propyl acetate is obtained in esterification of acetic acid
ith 2-propanol and mainly used as a solvent. Moreover, the heat

∗ Corresponding author. Tel.: +0048 61 8291305; fax: +0048 61 8658008.
E-mail address: tmaciej@amu.edu.pl (M.  Trejda).

ttp://dx.doi.org/10.1016/j.cattod.2014.11.034
920-5861/© 2014 Elsevier B.V. All rights reserved.
of combustion of ethyl acetate and 2-propyl acetate is ca. 50% and
35% lower, respectively, than for e.g. methyl oleate. This does not
exclude the use of both esters as additives for biodiesel and what
is more ethyl and 2-propyl acetates increase the cold resistance of
biofuel.

Different heterogeneous catalysts were tested in the esterifica-
tion of acetic acid with ethanol and 2-propanol, including carbon
materials [6,7], zeolites [4,5,8], aluminophosphates [9], meso-
porous solids [10], heteropolyacids [11–13] also including group
five elements [12], montmorillonite [14] or resins [15–17]. How-
ever, because of the nature of esterification processes the very high
yield of ester is limited by reaction equilibrium. It can be overcome
by favouring of the product side by either the use of one reactant in
excess over the other or the continuous removal of water formed
[1].

In our previous works we  developed a method for efficient
formation of acid catalysts based on mesoporous materials func-
tionalized with (3-mercaptopropyl)trimethoxysilane (MPTMS)
[18,19]. The materials obtained were applied in acetic acid
esterification with glycerol. It has been found that in the pro-
cess mentioned, which proceeds via three steps (formation of
monoacetylglycerols, diacetylglycerols and finally triacetylglyc-
erol) not only the number but also the strength of acidic sites
determine the formation of the target product, i.e. triacetylglyc-

erol. In that case the catalytic results were not straightly dependent
on acid site number. Therefore, in this paper we  would like
to check these properties in single step process. For that pur-
pose the esterification of acetic acid with ethanol and 2-propanol

dx.doi.org/10.1016/j.cattod.2014.11.034
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.11.034&domain=pdf
mailto:tmaciej@amu.edu.pl
dx.doi.org/10.1016/j.cattod.2014.11.034
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i.e. processes that are also relevant for industry) were chosen.
oreover, these processes were not much investigated using cat-

lytic system applied in this study, especially in relation to MCF
aterials having high pore diameter. In this paper we obtained

 series of catalysts differing in the number of acid sites, using
he same methodology of preparation. For this purpose niobium
nd manganese were chosen as modifiers of mesoporous materi-
ls. Both metals play an important role in the oxidation of SH groups
o sulphonic ones by H2O2 as evidenced in [20]. On the other hand

anganese easily changes its oxidation state contrary to niobium
pecies and it is more hardly introduced to mesoporous silica struc-
ure if used in the form of cationic species and under the conditions
pplied for SBA-15 and MCF  syntheses. One can expect that such
ifferences will be reflected in the anchoring of MPTMS  and oxida-
ion of SH groups to SO3H and moreover, will allow checking if the
ffectiveness of oxidation of thiol groups by H2O2 depends or not
n the incorporation of transition metal into the silica structure.

. Experimental

.1. Preparation of SBA-15 type catalysts

SBA-15 catalysts functionalized with MPTMS, (3-mercapto-
ropyl)trimethoxysilane and modified with Nb or Mn  were
repared via hydrothermal synthesis. The synthesis was per-
ormed in polypropylene bottle (PP). The synthesis procedure was
s follows. To the PP bottle the Pluronic P123 (Poly(ethylene
lycol)-block–poly(propylene glycol)-block–poly(ethylene glycol)
Aldrich—8 g), HCl (Chempur 35%—17.52 g) and water (282.5 g)
ere added. When the surfactant was dissolved a TEOS

Aldrich—17.054 g) was dropwise inserted. After 45 min  MPTMS
Aldrich—1.69 g) and hydrogen peroxide (Merck 35%—7.17 g) were
dded. For metal containing samples, ammonium niobate(V)
xalate (Aldrich) or manganese(II) nitrate tetrahydrate (Aldrich)
ere also added to the gel (10 min  after TEOS addition) keeping

i/Nb or Si/Mn molar ratio 64. Final mixture was stirred at 313 K for
0 h and then heated at 373 K under static conditions for 24 h. The
roduct was washed with water and dried at RT. The template was
emoved by constant extraction with ethanol in Soxhlet apparatus.

.2. Preparation of MCF  type catalysts

MCF  catalysts functionalized with MPTMS, (3-mercapto-
ropyl)trimethoxysilane and modified with Nb or Mn  were
repared via hydrothermal synthesis similar like for SBA-15. 1,3,5-
rimethylbnzene (Aldrich—12 g) and NH4F (Aldrich—0.0934 g)
ere added under vigorous stirring after dissolving of Pluronic

123. TEOS was added one hour after 1,3,5-trimethylbenzene and
H4F addition. Next steps were the same as for SBA-15.

.3. Characterization techniques

The materials prepared were characterized using different ana-
ytical techniques: N2 adsorption/desorption, XRD, XRF, elemental
nalysis and amperometric titration.

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

espectively.
N2 adsorption/desorption isotherms were obtained on a Micro-

etrics ASAP 2010. First, samples (200 mg)  were outgassed under
acuum at 423 K to remove water or solvent, like ethanol from

ores. The surface area was calculated using the BET method.
ore volume, cells and windows diameter of MCF  materials
ere estimated according to Broekhoff-de Boer method with

renkel–Halsey–Hills approximation [21].
ay 254 (2015) 104–110 105

X-ray fluorescence (XRF) using MiniPal-Philips instrument was
applied to determine the real molar ratio of Si/Nb or Ta in materials
prepared. The calculations were performed using calibration curve
based on reference mixtures of silica (Degussa) and metal oxide
Nb2O5 (Alfa Aesar). The calibration curves consisted of 10 points
related to different Si/Nb molar ratio in the range from 3 to 300.
The metal concentration in a sample was  established by the amount
of emitted X-ray radiation related to the values in the calibration
curves.

Elemental analyses of materials obtained were performed using
Elementar Analyser Vario EL III.

Titration of acidic sites was performed using 100 mg  of anhy-
drous material (dried at 423 K for 12 h). Catalyst was  immersed in
a 2 M NaCl solution (60 cm3) and stirred at RT for 18 h. After this
time the solution was titrated with 0.005 M NaOH solution.

2.4. Esterification processes

Esterification of acetic acid with ethanol or 2-propanol was per-
formed in a liquid phase in batch reactor without usage of any
solvents. The reactor was equipped with a condenser and a process
was conducted at autogenously pressure. The reaction was carried
out for 4 h at 363 K and 373 K for ethanol and 2-propanol, respec-
tively. Before reaction catalyst was activated in oven at 423 K for
12 h. 12 g of acetic acid was  used for all reaction keeping molar
ratio of acetic acid to alcohol 2:1. The volume of solution after the
reaction was  checked each time to indicate that there is no leak
in the system. For selected catalysts the reuse test was performed.
Prior this process the catalyst after the first run of reaction was sep-
arated from reactant mixture by centrifugation and dried in oven
overnight at 423 K. Then the catalysts were applied for the next use.
The composition of products were analysed by a gas chromatograph
(Thermo Scientific—Focus) equipped with 60 m DB-1 capillary col-
umn, worked at the temperature range of 313–523 K (temperature
ramp 10 K min−1), and MS  detector. The quantitative analysis were
performed by acetic acid titration with sodium hydroxide solution.

3. Results and discussion

3.1. Texture/structure parameters

Two  different types of mesoporous materials, i.e. SBA-15 and
MCF, were functionalized with MPTMS  using one-pot synthesis
procedure in the presence of hydrogen peroxide. H2O2 was  applied
to oxidize thiol species. Moreover, the materials were also modi-
fied with Mn  or Nb mainly to enhance the efficiency of sulphonic
species formation [22]. The choice of different structured materi-
als (SBA-15 with hexagonally ordered mesopores and mesoporous
cellular foams (MCF) containing big cells and windows) was dic-
tated by the expected differences in the location of the active sites
and in their availability to reagents. SBA-15 based samples show
typical XRD patterns characteristic of this solid material (Fig. 1).
An intensive peak assigned to (1 0 0) plane is observed at 2 theta
below 1◦. The structure of SBA-15 samples is also ordered in long
distance, which is testified by the presence of two  additional peaks
at 2 theta between 1 and 2o. These peaks are assigned to (1 1 0)
and (2 0 0) planes, respectively. XRD patterns of MCF  materials do
not show peaks in this region (data not shown here). This is typical
of samples with relatively high mesoporous diameter. It is known,
that the increase in pore diameter shifts the position of (1 0 0) plane
to a lower value of 2 theta.
The structure of MCF  materials can be confirmed by their
sorption properties. Fig. 2 presents the N2 adsorption/desorption
isotherms and the parameters calculated from it are shown
in Table 1. The shape of isotherms presented in Fig. 2 is
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Fig. 1. XRD patterns of SBA-15 materials modified with MPTMS.

haracteristic of MCF  materials as shown in literature [21,23]. All
amples show a hysteresis loop that is caused by difference in p/p0
etween capillary condensation and evaporation. The surface area
easured for MCF  samples is relatively high, in the range from 580

o 640 m2 g−1. A larger surface area is observed for SBA-15 materials
710–740 m2 g−1). Independently of mesoporous structure type the
ighest surface area and pore volume is observed for Mn  containing
amples. However, except for sample MP-NbSBA-15, this difference
s not very significant. MP-NbSBA-15 material shows a different

2 adsorption/desorption isotherm (Fig. 2). A sharp increase in N2
mount adsorbed is not observed in the range of p/p0 from 0.5 to
.8. Moreover, nitrogen desorbs from mesopores at a lower p/p0
alue. It can be explained by some pore blockage that is manifested
n lower pore diameter calculated from the desorption branch of
he isotherm. In fact, MP-NbSBA-15 contains about two times more
iobium species than MP-NbMCF and it is probable that a part of
iobium is located within pores in the form of niobium oxide which
locks the pores.

It is important to add a comment about low efficiency of man-
anese incorporation into both mesoporous structures. It is known
hat when using nonionic template and high acidic pH, manganese
n forms of cations is not sufficiently involved in the formation of
el. A higher efficiency of Mn  incorporation can be achieved using a
igher pH value and the pre-hydrolyzing approach [24]. However,
he presence of Mn  salt in the synthesis gel even at very acidic con-
itions changes evidently the surface properties (mainly the acidity
f the surface).
.2. Incorporation efficiency and state of MPTMS

An important parameter that should be considered as a key fac-
or determining the MPTMS  incorporation efficiency is the type of

able 1
extural/structural characterization.

Catalyst Surface area (m2 g−1) Po

MP-MCF 590 1.6
MP-MnMCF 640 1.8
MP-NbMCF 580 1.5
MP-SBA-15 730 1.0
MP-MnSBA-15 740 1.1
MP-NbSBA-15 710 0.6

a Determined from adsorption branches of N2 isotherms (BdB–FHH method).
b Cells diameter as determined from adsorption branches of N2 isotherms (BdB–FHH m
c Windows diameter as determined from desorption branches of N2 isotherms (BdB–F
ay 254 (2015) 104–110

silica structure. Table 2 presents the amount of MPTMS  expressed
as mmol  of sulphur per 1 g of solid. This value is ca. 0.8 and
0.9 mmol g−1 for MCF  and SBA-15 materials, respectively. A higher
efficiency of MPTMS  incorporation obtained for SBA-15 samples
is in line with previous works [18,19]. Moreover, the efficiency of
MPTMS  incorporation does not depend on chemical composition of
mesoporous solids. Very similar amounts of sulphur are detected
on Nb and Mn  containing samples as well as on mesoporous sil-
ica of the same mesoporous structure (SBA-15 or MCF). Moreover,
one can observe that C/S molar ratio for some samples is higher
than 5. It means that some carbon present in the sample not origin
from MPTMS  anchored (organosilane is bonded to the surface at
least by one methoxy group). The presence of carbon excess can be
explained by residual template not extracted from the material. For
example, the amount of carbon in MCF  is higher than in MnMCF,
8.3 and 5.9 mmol  g−1, respectively. The latter sample has a higher
windows diameter, which could be important factor influencing
the effectiveness of template removal.

From the catalytic point of view, not only the amount of
organosilane incorporated is important but also the efficiency of
thiol species oxidation is crucial. To differentiate the amount of
sulphonic species, besides the silica materials, two other samples
were prepared in the presence of Mn  and Nb, respectively. The
metal choice was  based on literature data showing the ability of
Mn and Nb to interact with hydrogen peroxide to form active oxy-
gen species. The latter metal was  previously proved to enhance the
formation of sulphonic species [22].

The oxidation of SH group from MPTMS  takes place during
hydrothermal synthesis in the presence of hydrogen peroxide.
Therefore, it should be assumed that all metal precursor added to
the synthesis mixture takes part in the interaction with the oxidant.
However, in the final material the concentration of both metals is
different than in the synthesis gel. Whereas niobium is easily incor-
porated into SBA-15 structure and a little bit worse to MCF  one, Mn
is hardly introduced into both structures in the conditions applied
in this study (Table 2).

The first information concerning the efficiency of thiol species
oxidation comes from DTA analyses. The thiol and sulphonic species
content on the material surface can be estimated from different
decomposition temperatures observed for both species. Whereas
thiol species decompose at ca. 600–650 K, the decomposition of sul-
phonic groups occurs at ca. 800 K [25,26]. Fig. 3 shows DTA curves
of SBA-15 and MCF  materials functionalized with MPTMS. For both
silicas the main exothermic peak is observed at ca. 550–580 K
showing the domination of SH species in the samples. Only for MP-
SBA-15, the maximum at a higher temperature is slightly visible.
For the samples synthesized in the presence of Mn,  the exothermic
peaks are well visible irrespective of material structure, however
the participation of thiol species is still significant. This is not the

case for the niobium containing samples. For MP-NbSBA-15, the
DTA curve points to the presence of only sulphonic species, whereas
for MP-NbMCF some traces of thiol species are detected.

re volumea (cm3 g−1) Average pore diameter (nm)

adsorption desorption

9 27.8b 6.1c

1 22.4b 7.4c

0 27.9b 6.9c

4 6.4 6.9
5 6.4 6.4
5 6.0 4.6

ethod).
HH method).
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Fig. 2. N2 adsorption/desorption isotherms.

Table 2
Results of elemental analysis, XRF, ICP and titration of acid sites.

Catalyst Si/M molar ratioa C (mmol g−1) S (mmol g−1) H+ measured by NaOH
titration (mmol g−1)

Started Final

MP-MCF – – 8.3 0.77 0.30
MP-MnMCF 64 ∝ 5.9 0.77 0.33
MP-NbMCF 64 127 4.0 0.78 0.77
MP-SBA-15 – – 5.8 0.91 0.58
MP-MnSBA-15 64 ∝ 4.9 0.87 0.61
MP-NbSBA-15 64 58 3.4 0.89 0.96

a Nb estimated by XRF analysis; Mn  estimated by ICP.
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Fig. 4. Ethyl acetate formation vs. reaction time: (a) MP-NbMCF; (b) without catalyst
(mass of catalyst—0.25 g; reaction temperature 363 K; acetic acid 0.2 mmol; ethanol
0.1  mmol).
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The concentrations of sulphonic species were determined by
cid site titration using sodium hydroxide solution. The results are
resented in Table 2. The number of acid centres is higher for the
aterials of SBA-15 structure than for MCF, irrespectively of the

hemical composition of the solid. The addition of Mn  to the syn-
hesis gel allows a small increase in the number of acid sites. It
uggests that not only formation of peroxo species in the synthe-
is gel but also the metal location on material surface could have
n impact on thiol species oxidation. This is the case of niobium
ontaining samples, which showed a high efficiency of metal incor-
oration. For MP-NbMCF sample the number of acid sites per gram
f the solid measured by titration technique is almost the same as
he number of sulphur determined by elemental analysis, whereas
or MP-NbSBA-15 it is even higher. It confirms a high efficiency of
hiol species oxidation. The higher content of acidic sites calculated
rom titration in comparison with the amount of sulphur suggests
he additional acidity coming from niobium species located outside
he walls of SBA-15 material.

.3. Acetic acid esterification

Esterification of acetic acid with ethanol was performed in the
iquid phase using 0.25 g of catalysts prepared in this study as well
s in the presence of Nafion SAC 13 applied as a reference material.
he application of equimolar amount of reactants lead to the over-
ll yields of ethyl acetate of ca. 67% [5]. Therefore, the acetic acid
sterification with alcohols is usually carried out using an excess
f one of reagents. More often a higher amount of ethanol is used
n the reaction [6,11], however the overload of acetic acid is also
pplied [9,14]. In our previous works concerning the esterification
f acetic acid with glycerol, the excess of the first reactant was used
o increase utilization of glycerol [18,19]. Taking into account our
arlier works in this paper we applied the molar ratio of acetic acid
o ethanol 2.

At the beginning of the study MP-NbMCF material was  selected
or examination of ethyl acetate formation efficiency depending on
he reaction time. This choice was based on the previous work that
as shown very high activity of a similar material in acetic acid
sterification with glycerol [27]. MP-NbMCF catalyst enhances the
eaction rate and the equilibrium of the process is almost obtained

fter 4 h (Fig. 4). In the next 2 h the formation of ethyl acetate is just
y 0.01 mmol  higher. The process was also performed without the
atalyst. This kind of reaction proceeds rather slow and a long time
s needed to reach equilibrium. In the absence of the catalyst the
Fig. 5. Ethyl acetate formation on different catalysts (mass of catalyst—0.25 g; reac-
tion temperature 363 K; acetic acid 0.2 mmol; ethanol 0.1 mmol).

formation of ethyl acetate increases almost linearly up to 6 h of the
reaction.

On the basis of the above-described results, the optimum reac-
tion time was  established as 4 h. The amount of ethyl acetate
formation in the presence of all catalysts prepared is presented in
Fig. 5. The highest catalytic activity was  obtained for MP-NbMCF
material (0.86 mmol). This value was by ca. 13% higher than for
Nafion SAC 13 used as a reference material. Nafion SAC 13 showed
comparable activity to both silicas (SBA-15 and MCF) functional-
ized with MPTMS. In similar reaction conditions (363 K and acetic
acid to ethanol molar ratio of 2:1) but for twice longer reaction time,
in the presence of heteropolyacid loaded on montmolillonite K10
the amount of ethyl acetate formed was  0.76 mmol  [14], whereas
MgAlPO4 (reaction temperature 473 K and acetic acid to ethanol
molar ratio = 2:1) was even less active leading to ca. 0.60 mmol of

acetic acid [14].

For the sake of comparison, the same reaction time (4 h) was
applied for the acetic acid esterification with 2-propanol. The
results obtained are presented in Fig. 6. The amount of 2-propyl



M. Trejda et al. / Catalysis Today 254 (2015) 104–110 109

B
la

nk

M
P-M

C
F

M
P-M

nM
C
F

M
P-N

bM
C
F

M
P-S

B
A
-1

5

M
P-M

nSB
A
-1

5

M
P-N

bSB
A
-1

5

N
af

io
n S

A
C
13

0,0

0,2

0,4

0,6

0,8

1,0
2
-p

ro
p

y
l 
a
c
e
ta

te
 f

o
rm

a
ti

o
n

, 
m

m
o

l

Fig. 6. 2-Propyl acetate formation on different catalysts (mass of catalyst—0.25 g;
reaction temperature 373 K; acetic acid 0.2 mmol; 2-propanol 0.1 mmol).
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Fig. 8. Reuse test of MP-NbSBA-25 and MP-NbMCF in acetic acid esterification
with 2-propanol (mass of catalyst—0.25 g; reaction temperature 373 K; acetic acid
0.2  mmol; 2-propanol 0.1 mmol).
ig. 7. 2-Propyl acetate formation vs. number of acid sites (mass of catalyst—0.25 g;
eaction temperature 373 K; acetic acid 0.2 mmol; 2-propanol 0.1 mmol).

cetate formed (mmol) is lower than that obtained in the reaction
nvolving ethanol (Fig. 5). This is in line with literature showing
hat esterification proceeds slower when an alcohol with a longer
arbon chain is used in the reaction [16]. The most active material
MP-NbSBA-15) leads to obtaining 0.69 mmol  of 2-propyl acetate.
his value is by 30% higher than for Nafion SAC 13 (0.53 mmol). The
ields of 2-propyl acetate obtained in this work are much better
han those obtained for polymer-supported fibre catalyst (Smopex-
01) [16], however the latter process was conducted at a different
emperature of 333 K and acetic acid to 2-propanol ratio of 1:1.

The difference in activity of the catalysts is higher for the reac-
ion involving 2-propanol (Fig. 6) than ethanol (Fig. 5). It can be
xplain by the fact that esterification of acetic acid with 2-propanol
oes not reach equilibrium after 4 h and the number of acidic
ites has a higher impact on the results obtained. Fig. 7 shows
he relationship between the amount of 2-propyl acetate formed
nd the number of acidic sites on the catalyst surface. Indeed, a

inear dependence can be observed and no impact of the material
tructure is noticed. This trend is not seen for ethanol after 4 h of
eaction, because as it was above-mentioned, the reaction is close
o equilibrium. From the point of view of industrial applications, an
important factor is the catalyst ability to be stable in as many as pos-
sible subsequent catalytic cycles. Even similar materials can differ
in this matter. For example carbon based materials were examined
in acetic acid esterification with ethanol [6,7]. While the materi-
als obtained from polycyclic aromatic carbon sheets with attached
SO3H groups showed very stable activity in acetic acid esterifica-
tion with ethanol [6], the materials based on carbon nanotubes and
carbon xerogels showed poor stability in this process [7]. MCF  and
SBA-15 type materials functionalized with MPTMS  were previously
found to be stable in acetic acid esterification with glycerol [18,19].
The stabilities of most active catalysts obtained in this study were
tested in acetic acid esterification with 2-propanol and the results
are presented in Fig. 8. Both niobium containing materials show a
little decrease in ester formation, 0.05 and 0.04 mmol drop for MP-
NbSBA-15 and MP-NbMCF, respectively. These values of the activity
drop are not too high and it is expected that the materials will be
attractive for possible applications after further optimization.

4. Conclusions

The reported results allow us to draw conclusions regarding
materials chemistry and catalysis. It has been documented that the
nature of transition metal (Nb or Mn)  present in the synthesis gel
does not play important role in the effectiveness of MPTMS anchor-
ing, whereas the structure of mesoporous silica seems to be crucial
in this matter (higher amounts of MPTMS  anchoring on SBA-15).
The important finding is that it is not sufficient to use transition
metal which forms peroxo species with H2O2 in the reaction mix-
ture during the synthesis of SBA-15 or MCF  to oxidise effectively
SH groups anchored in mesoporous silica. More important seems
to be incorporation of metal to silica walls and its influence on SH
oxidation towards SO3H.

Niobium containing materials revealed higher activity in the
production of both, ethyl and 2-propyl acetates than commer-
cial Nafion SAC13 material in the esterification of acetic acid with
respective alcohols. The linear correlation between the number of
BAS and the 2-propyl acetate production was documented, which

was not observed in the acetic acid esterification with glycerol pub-
lished elsewhere [18,19].
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