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Abstract: A series of protonated amino-functionalized SBA-15 materials was synthesized and tested as
heterogeneous catalysts for the esterification of glycerol with oleic acid to produce monoolein. Mesoporous
SBA-15 (S) was functionalized with three different aminosilanes: 3-aminopropyltriethoxysilane (N1 );
[3-(2-amino-ethylamino)propyltrimethoxysilane] (N2 ); and (3-trimethoxysilylpropyl) diethylenetriamine
(N3 ), before being impregnated with 40 wt % 12-tungstophosphoric acid (HPW). The resulting
nanocatalysts (S-Nx -HPW) were characterized by X-ray powder diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), N2 adsorption-desorption, SEM equipped with energy dispersive X-ray
spectroscopy (SEM-EDX), transmission electron microscopy (TEM), and elemental analysis techniques.
The presence of components of the nanocatalysts and the preservation of the hexagonal structure of
SBA-15 were confirmed. Using different functionalizing agents considerably affected the textural
properties and acidity of the synthesized nanocatalysts, which helped to improve the catalytic
performance. In particular, S-N2 -HPW was more active and selective than other catalysts in
this study, as well as than a number of other commercial acid catalysts, with 95.0% oleic acid
conversion and 60.9% monoolein selectivity being obtained after five h of reaction at 160 ◦ C using
2.5 wt % of catalyst loading and glycerol/oleic acid molar ratio of 4:1. Aminosilane functionalization
also helped to increase the reusability of the catalysts to at least six cycles without considerable
loss of activity through strong electrostatic interactions between HPW anions and the protonated
amino-functionalized SBA-15 materials.
Keywords: amino-functionalized SBA-15; 12-tungstophosphoric acid; acid catalyst; esterification; glycerol
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1. Introduction
Glycerol is a by-product of several industrial processes, such as productions of oleochemicals,
soap, and biodiesel. Nowadays, the vast majority of glycerol is generated from biodiesel production
and, due to the continued rapid growth of the biodiesel industry, the oversupply of glycerol
has been a challenging problem for researchers [1]. Efforts have been made to alleviate the
demand–supply imbalance, such as the conversion of crude glycerol into high value chemical
products [1]. Ester products, in particular, have gained much interest due to their high added value
as well as the simplicity and eco-friendliness of the glycerol conversion process [2,3]. To form esters
from glycerol, esterification of glycerol with short- and medium-chain organic acids (C ≤ 12) has
been more commonly performed than with the long-chain counterparts, largely due to the fact that
the long alkyl chains may cause steric hindrance and in turn decrease the reactivity with glycerol [2].
Nonetheless, esterification of glycerol with long-chain fatty acids should also be given special attention
since, as compared to shorter-chain fatty acids, higher-value products such as monoglycerides can be
produced. Essentially, monoglycerides are some of the most important emulsifiers widely used in the
food, pharmaceutical, and cosmetic industries [4].
For the conversion of crude glycerol into high-value monoglycerides, two catalyzed processes are
commonly used: esterification of glycerol with fatty acids catalyzed by homogeneous strong acids such
as sulfuric acid and phosphoric acid; and transesterification of triglycerides with glycerol catalyzed
by homogeneous strong bases such as sodium hydroxide and calcium hydroxide [3]. However,
since the aforementioned processes involve the use of homogeneous catalysts, undesired characteristics
such as low separability and recoverability are to be expected. Using homogeneous catalysts for this
purpose also requires high reaction temperature, which in turn elevates the risk of deterioration of
taste, aroma, and color of monoglycerides [5]. The development of a more efficient catalytic system
for the conversion of glycerol to produce monoglycerides is therefore required, and has so far been a
scientific challenge.
In search of a better catalytic system for this purpose, many studies have focused on the
use of heterogeneous catalysts mainly because of their superior separability and recoverability.
These advantages eliminate the need for a neutralization step and reduce the formation of waste.
Recently, some of the most notable heterogeneous catalytic systems for this type of esterification involve
the use of ion exchange resins [6], functionalized clays [7], sulfated metal oxides [8], metal–organic
frameworks [9], zeolites [10], hydrotalcites [11], and supported heteropolyacids (HPAs) [12].
The use of supported HPAs as catalysts for this type of reaction can be especially advantageous.
In particular, as compared to several other types of catalysts such as those based on mineral acids,
the Brønsted acidity of HPAs is remarkably higher. So far, more than a hundred varieties of structure
and composition of HPAs have been found [13]. Nevertheless, there are only a few types of HPAs
whose physicochemical and catalytic properties have been characterized [14]. Keggin-structure
HPAs are among those few, which have received special attention due to their simple synthesis
and thermal stability. These characteristics can be beneficial for catalyzing the conversion of glycerol
to monoglycerides. In particular, 12-tungstophosphoric acid (H3 PW12 O40 , HPW) is one of the highly
suitable Keggin-structure HPAs for catalyzing this conversion reaction, owing to its high acid strength,
low corrosivity, high thermal stability, and environmental friendliness [15].
Using HPW as a heterogeneous catalyst requires the use of a support material since, like other
HPAs, HPW is highly soluble in polar solvents. In addition, its surface area is relatively low
(<10 m2 g−1 ). Several kinds of support materials have been employed for this purpose, including
activated carbon [16], zeolite [17], titania [18], and mesoporous silica [19]. Among these support
materials, mesoporous silicas such as SBA-15 are especially suitable for being used as a support for
HPW due to their high surface area, proper pore size, and high thermal stability [20].
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By immobilizing HPW on a solid support including SBA-15, catalytic activity can be improved [19].
However, HPW leaching can occur, especially in polar media, due to the fact that the interaction
between HPW and its support is generally weak [21]. To overcome this problem, functional groups
may be grafted on the support prior to HPW immobilization in order to allow a strong interaction,
such as ionic bond, with HPW. Functionalization of aminosilane on SBA-15 can provide this
property, which will in turn help to improve the stability and reusability of the HPW-based catalyst
system [22,23].
In the present study, we report the synthesis of a series of protonated amino-functionalized SBA-15
materials by functionalizing SBA-15 (S) with three types of aminosilanes that vary in the number of
amino groups: 3-aminopropyltriethoxysilane (N1 ); [3-(2-amino-ethylamino)propyl-trimethoxysilane]
(N2 ); and (3-trimethoxysilylpropyl) diethylenetriamine (N3 ), before immobilization with HPW.
The non-functionalized HPW-immobilized SBA-15 material was also prepared for comparison purpose.
The physicochemical properties of the materials were fully characterized. The synthesized materials
were tested as catalysts for the solvent-free esterification of glycerol with oleic acid to produce
monoolein. Effects of reaction parameters, including reaction temperature, catalyst loading, and molar
ratio of glycerol to oleic acid, on the catalytic performance were investigated. Catalyst reusability and
catalytic performance comparison with commercial catalysts were also studied. To the best of our
knowledge, this is the first study to investigate the effects of amino functionalization, as well as the
effects of different numbers of functionalizing amino groups, on the physicochemical and catalytic
properties of HPW-immobilized SBA-15 materials in the esterification of glycerol with oleic acid.
2. Results and Discussion
2.1. Materials Characterization
2.1.1. X-ray Powder Diffraction (XRD)
The X-ray diffraction patterns of the as-synthesized materials are shown in Figure 1. At low
angles (0.7◦ to 5◦ ) (Figure 1a), the XRD pattern of pure SBA-15 showed three peaks at 2θ = 1.00, 1.60,
and 1.84, corresponding to (100), (110), and (200) reflection planes, respectively. The low-angle XRD
data of all protonated amino-functionalized SBA-15 (S-Nx -HPW) materials, showing nearly the same
pattern as that of SBA-15, are consistent with a well-ordered 2D hexagonal (P6mm) pore arrangement
and characteristics of SBA-15 type materials. This finding indicates that the hexagonal structure was
preserved after amino-functionalization and HPW immobilization [24]. Nevertheless, as compared
to the peaks of pure SBA-15, the XRD patterns of the S-Nx -HPW materials showed a less intense
(100) peak and the disappearance of the (110) and (200) peaks. This latter finding is likely driven by
the decrease of the long-range ordering of the mesostructure following the filling of amino groups
and HPW in the support mesopores [25]. Additionally, the fact that the (100) diffraction peak of
the S-Nx -HPW materials slightly shifted to lower angles, which indicates a slight increase in the
d100 spacing as compared to that of the parent SBA-15, is likely attributable to the slight expansion
of the hexagonal unit cell of the SBA-15 framework during the amino-functionalization and HPW
immobilization processes [26].
At high angles (15◦ to 70◦ ) (Figure 1b), the XRD patterns of SBA-15 and S-Nx -HPW showed only
a broad peak at 2θ = 23◦ –26◦ , which is characteristic of amorphous silica, and the characteristic XRD
peaks of crystalline HPW were not observed. This finding indicates a good dispersion of HPW inside
the support mesopores [27]. For the non-functionalized S-HPW, the low-angle and high-angle XRD
patterns were similar to those of S-Nx -HPW, thus similarly indicating the preservation of the hexagonal
structure and the good dispersion of HPW nanoparticles.
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found to be 55 m2 g−1 . The latter case might result from a higher degree of deposition of protonated
amino groups and HPW anions driven by the greater abundance of amino groups.
While the decrease in total surface area of the modified SBA-15 materials may be attributed to the
deposition of protonated amino groups and HPW anions on both the external and internal surfaces of
SBA-15 [30], further investigation indicated that such deposition occurred mostly inside the mesopores
of SBA-15. Specifically, the internal surface area of the acid-immobilized amino-functionalized SBA-15
samples exhibited a more pronounced decrease as compared to corresponding decrease in external
surface area. The successful aminosilane grafting and HPW deposition inside the mesoporous channels
of SBA-15 is also evidenced by the fact that aminosilane functionalization and HPW immobilization
led to a decrease in total pore volume and pore size of the materials.
Table 1. Physical and chemical properties of SBA-15, S-Nx -HPW, and S-HPW materials.

Materials

Total BET
Surface
Area a
(m2 g−1 )

Internal
Surface
Area b
(m2 g−1 )

External
Surface
Area b
(m2 g−1 )

Pore
Diameter c
(nm)

Pore
Volume c
(cm3 g−1 )

Nitrogen d
(mmole g−1 )

Acidity e
(mmole g−1 )

Tungsten f
(wt %)

SBA-15
S-N1 -HPW
S-N2 -HPW
S-N3 -HPW
S-HPW

815
205
177
55
721

769
151
116
28
676

52
19
20
10
35

8.06
7.05
7.05
6.18
8.06

1.18
0.33
0.30
0.06
1.15

1.34
1.78
2.87
-

0.09
0.32
0.41
0.47
0.31

23.8
27.9
30.1
24.0

a
e

From BET desorption method. b From t-plot method. c From BJH desorption method.
From titration with NaOH (n = 4). f From ICP-OES.

d

From elemental analysis.

The pore size distributions of the synthesized materials calculated from the BJH desorption
method are shown in Figure 2b. All distributions are narrow and indicate that the pore diameters are
in the range of 4–6 nm. The mean pore diameters of SBA-15, S-N1 -HPW, S-N2 -HPW, and S-N3 -HPW
samples were 8.06, 7.05, 7.05, and 6.18 nm, respectively. This result is in line with the above finding
that aminosilane functionalization and HPW immobilization led to partial blockage of mesopores.
This finding is also consistent with the previous finding that such a blockage could be caused by
grafted aminosilanes, especially the long-chain tri-aminosilane (DETTMS), and relatively bulky HPW
anions [19]. However, the fact that pore size distributions and mean pore diameters of S-N1 -HPW
and S-N2 -HPW were similar to each other but different from those of S-N3 -HPW suggests that
using aminosilanes with different amounts of amino groups affected the pore size distribution
differently compared to the effects on surface area, essentially since the surface area was significantly
different for each acid-immobilized amino-functionalized material. At any rate, changes in pore
characteristics following the modifications of SBA-15 would later prove to be an important factor
affecting the selectivity of glyceride products when the modified materials are used as catalysts for the
glycerol esterification.
2.1.3. Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FT-IR) was used to investigate the functional groups
in the synthesized materials. The results are shown in Figure 3. The spectra of all modified SBA-15
materials exhibited the following bands: broad O-H stretching at 3440 cm−1 ; Si-OH bending vibration
at 962 cm−1 ; asymmetric and symmetric stretchings of Si-O-Si at 1084 and 800 cm−1 , respectively;
and bending vibration of Si-O-Si at 467 cm−1 . Furthermore, all modified samples exhibited IR band
due to water at 1632 cm−1 , which, together with the presence of Si-OH band (3440 cm−1 ), suggests the
existence of hydrogen bonding between water molecules and the hydrophilic Si-OH groups [19].
FT-IR results also confirm the successful anchoring of HPW on the surface of SBA-15 and its
amino-modified analogs. In particular, the peak due to P-O asymmetric stretching of pure HPW
solid was observed at 1082 cm−1 and the characteristic peaks were found at 984, 893, and 810 cm−1 ,
which could be designated to the stretching vibrations of terminal asymmetric oxygen (W=Od ),
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corner shared asymmetric oxygen (W-Ob -W), and edge shared oxygen (W-Oc -W), respectively [19].
For the modified materials, peaks due to W=Od and W-Ob -W stretching vibrations were observed
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2.1.4. Morphological Analysis
2.1.4. Morphological Analysis
Morphologies of the representative synthesized materials were examined using scanning
Morphologies of the representative synthesized materials were examined using scanning electron
electron microscopy (SEM) and transmission electron microscopy (TEM). The results are shown in
microscopy (SEM) and transmission electron microscopy (TEM). The results are shown in Figure 4.
Figure 4. The SEM images suggest that the rope-like structure of the parent SBA-15 (Figure 4a) was
The SEM images suggest that the rope-like structure of the parent SBA-15 (Figure 4a) was preserved
preserved after modification with aminosilane and HPW tox produce S-Nx-HPW (Figure 4b–d). The
after modification with aminosilane and HPW to produce S-N -HPW (Figure 4b–d). The SEM images of
SEMx images of S-Nx-HPW also reveal that functionalizing SBA-15 with aminosilanes prior to
S-N -HPW also reveal that functionalizing SBA-15 with aminosilanes prior to modification with HPW
modification with HPW facilitated the distribution of the latter via the strong interaction of HPW
facilitated the distribution of the latter via the strong interaction of HPW anions and the protonated
anions and the protonated amino groups. In particular, no large agglomeration of HPW nanoparticles
amino groups. In particular, no large agglomeration of HPW nanoparticles was observed on the
was observed on the external surface of the support. The presence of aminosilane, however, does not
external surface of the support. The presence of aminosilane, however, does not necessarily prevent
necessarily prevent the interaction between terminal oxygen atoms of HPW and the silanol hydroxyls
the interaction between terminal oxygen atoms of HPW and the silanol hydroxyls of the SBA-15
of the SBA-15 support [27].
support [27].
SEM-EDX was used to further study the distribution of HPW nanoparticles on the support. The
SEM-EDX was used to further study the distribution of HPW nanoparticles on the support.
results (Table 2) suggest that HPW nanoparticles were substantially uniformly distributed
The results (Table 2) suggest that HPW nanoparticles were substantially uniformly distributed
throughout the surface of the amino-functionalized SBA-15, but that the distribution was not uniform
throughout the surface of the amino-functionalized SBA-15, but that the distribution was not uniform
on the non-aminosilylated support. In particular, the weight ratios of Si/W measured at three
on the non-aminosilylated support. In particular, the weight ratios of Si/W measured at three randomly
randomly selected regions of xeach S-Nx-HPW sample showed a high level of similarity, while those
selected regions of each S-N -HPW sample showed a high level of similarity, while those of the
of the S-HPW sample exhibited a large variation. The uniformity of the nanoparticle distribution is
S-HPW sample exhibited a large variation. The uniformity of the nanoparticle distribution is likely
likely driven by the strong chemical bonding interaction between the HPW anions and the protonated
driven by the strong chemical bonding interaction between the HPW anions and the protonated
amino-functionalized support [23].
amino-functionalized support [23].
TEM was used to investigate the pore structure of the materials. The results for the
representative synthesized materials: SBA-15 and S-N2-HPW (Figure 4e,f) indicate that the ordered
2D mesoporous structure of SBA-15 was retained after the amino-functionalization and acid
immobilization. This finding is in good agreement with the above XRD, N2 adsorption-desorption,
and FT-IR results. Apart from SEM and TEM observations, the fact that no yellow color was observed
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Figure 4. Scanning electron microscopy (SEM) images of SBA-15 (a), S-N11-HPW (b), S-N22-HPW (c),
Figure 4. Scanning electron microscopy (SEM) images of SBA-15 (a), S-N -HPW (b), S-N -HPW (c),
and S-N33-HPW (d); transmission electron microscopy (TEM) images of SBA-15 (e) and S-N22-HPW (f).
and S-N -HPW (d); transmission electron microscopy (TEM) images of SBA-15 (e) and S-N -HPW (f).
Table 2. Weight ratios of Si/W in S-Nx-HPW and S-HPW materials measured by SEM equipped with
Table 2. Weight ratios of Si/W in S-Nx -HPW and S-HPW materials measured by SEM equipped with
energy
dispersive X-ray spectroscopy (SEM-EDX) at three randomly selected regions.
energy dispersive X-ray spectroscopy (SEM-EDX) at three randomly selected regions.

Weight Ratios of Si/W
Weight Ratios of Si/W
Region
1 Region 2 Region 3
Materials
1
Region
Region 3
S-N1-HPW Region
0.871
0.873 2
0.829
1
2
0.873
0.829
S-N -HPW
S-N -HPW 0.871
0.769
0.768
0.770
0.768
0.770
S-N2 -HPW
S-N3-HPW 0.769
0.611
0.609
0.612
0.611
0.609
0.612
S-N3 -HPW
S-HPW
8.522
8.173
15.486
Materials

S-HPW

8.522

8.173

15.486

S.D.
0.025 S.D.
0.0010.025
0.0020.001
4.1250.002
4.125

2.1.5. Elemental Analysis and Acidity
2.1.5. Elemental Analysis and Acidity
The elemental analyzer was used to determine the nitrogen content of the synthesized materials.
The elemental analyzer was used to determine the nitrogen content of the synthesized materials.
The results, as shown in Table 1, suggest that the aminosilylation on the surface of SBA-15 was
The results, as shown in Table 1, suggest that the aminosilylation
on the surface
of SBA-15 was successful.
successful. In particular, the nitrogen content
in S-N1-HPW (1.34 mmole
g–12), S-N2-HPW (1.78 mmole
1
−
1
In particular, the nitrogen content in
S-N -HPW (1.34 mmole g ), S-N -HPW (1.78 mmole g−1 ),
g–1), and3 S-N3-HPW (2.87 mmole
g–1) increased with increasing number of amino groups in the
−
1
and S-N -HPW (2.87 mmole g ) increased with increasing number of amino groups in the aminosilanes,
aminosilanes, and nitrogen was not detected in pure SBA-15 and S-HPW.
and nitrogen was not detected in pure SBA-15 and S-HPW.
Greater presence of amino groups was found to affect the acidity of the materials (Table 1).
Greater presence of amino groups was found to affect the acidity of the materials (Table 1).
Specifically, the Brønsted acidity of the S-Nxx-HPW materials increased with increasing presence of
Specifically, the Brønsted acidity of the S-N
-HPW 1materials increased
with increasing presence of
–1 for
amino groups: 0.32, 0.41, and 0.47 mmole g−
S-N -HPW,
S-N2-HPW,
and S-N3-HPW,
respectively.
1
1
2
amino groups: 0.32, 0.41, and 0.47 mmole g for S-N -HPW, S-N -HPW, and S-N3 -HPW, respectively.
The tungsten content found in thex S-Nx-HPW materials, which reflects HPW loading, well
The tungsten content found in the S-N -HPW materials, which reflects HPW loading, well corresponds
corresponds to the trend of acidity in Table 1. This finding is likely due to the fact that larger amount
to the trend of acidity in Table 1. This finding is likely due to the fact that larger amount of amino
of amino groups led to greater availability of protonation sites. In the absence of amino group,
groups led to greater availability of protonation sites. In the absence of amino group, however,
however, S-HPW also showed a relatively high Brønsted acidity (0.31 mmole g–1). This latter finding
could be attributed to the fact that the terminal oxygens of HPW can form hydrogen bonding with
the surface silanol groups of SBA-15 [31], and that these silanol groups may also be protonated by
HPW to result in an interaction between the positively charged silica species and HPW anions [26].
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S-HPW also showed a relatively high Brønsted acidity (0.31 mmole g−1 ). This latter finding could be
attributed to the fact that the terminal oxygens of HPW can form hydrogen bonding with the surface
silanol groups of SBA-15 [31], and that these silanol groups may also be protonated by HPW to result
in an interaction between the positively charged silica species and HPW anions [26].
2.2. Catalytic Performance of the Synthesized Catalysts
The modified SBA-15 catalysts were tested for their catalytic performance in the esterification of
glycerol with oleic acid under the following conditions: 10–300 min, 160 ◦ C, glycerol/oleic acid molar
ratio of 4:1, and 2.5 wt % of catalyst loading. The results are shown in Figure 5. The conversion of oleic
acid (Figure 5a), representative of the catalyst activity, increased rapidly for all catalysts during the first
60 min. Specifically, S-N1 -HPW, S-N2 -HPW, S-N3 -HPW, and S-HPW catalysts, respectively showed the
following rates of conversion during this initial reaction period: 12.8, 17.8, 17.4, and 10.3 mmole min−1 .
After the first hour of reaction, all catalysts showed progressively slower conversion and, after 5 h of
reaction, the maximum conversions of 82.8%, 95.0%, 95.6%, and 81.9% were achieved by S-N1 -HPW,
S-N2 -HPW, S-N3 -HPW, and S-HPW, respectively.
During the reaction period, it can be observed that S-N2 -HPW exhibited the highest catalytic
activity at nearly all experimental time intervals, followed by the activity exhibited by S-N3 -HPW,
S-N1 -HPW, and S-HPW, respectively. This finding suggests that acidity of the four catalysts was not the
only determining factor for the catalytic activity, specifically since the Brønsted acidity of the materials
is in the order of S-N3 -HPW > S-N2 -HPW > S-N1 -HPW > S-HPW (Table 1). Further analysis revealed
that the catalytic activity was also affected by the surface area and pore volume of the materials.
In particular, the fact that S-N3 -HPW had the smallest BET surface area and pore volume as well as
the highest acidity (Table 1) suggests a relatively high occurrence of multilayer formation of acid sites
in this catalyst. Such an occurrence can cause a considerable number of the active sites to be blocked
and hence decrease the access of the reactants to the active sites [19]. The lower activity observed for
S-N3 -HPW is therefore an expected consequence.
As for selectivity of the desired monoolein product, it was found that S-N2 -HPW showed highest
selectivity at nearly all conversion levels (e.g., ~78% at 70% of conversion), followed by S-N3 -HPW
(e.g., ~65% at 70% of conversion), S-N1 -HPW (e.g., ~64% at 70% of conversion), and S-HPW (e.g.,
~40% at 70% conversion) (Figure 5b). It is also to be noted that the selectivity of monoolein decreased
with increasing conversion of oleic acid, which occurred due to the further esterification of monoolein
with oleic acid to form diolein and triolein (Scheme 1).
Since the levels of monoolein selectivity exhibited by the modified SBA-15 materials do not
completely coincide with their relative acidity, pore size, and pore volume, it is quite evident that the
differences in selectivity were not dominated by only one of these factors. For the two best catalysts in
terms of activity: S-N2 -HPW and S-N3 -HPW, the higher acidity of the latter did not result in superior
selectivity much likely due to its low pore volume and small pore size. As discussed above, its high
acidity and low pore volume could cause substantial multilayer formation of acid sites. Together with
the fact that its pore diameter is small, the accessibility of the reactants to the mesoporous channels
decreased. Consequently, the esterification reaction substantially took place on the external surface of
S-N3 -HPW, which is less selective for monoolein as compared to esterification inside the pores.
For the two best catalysts in terms of selectivity: S-N1 -HPW and S-N2 -HPW, the fact that the
former exhibited lower selectivity than the latter despite their similar pore characteristics could be
attributed to the difference in the availability of acidic active sites. In particular, the relative scarcity of
acid sites in the mesoporous channels of S-N1 -HPW hindered the occurrence of S-N1 -HPW-catalyzed
esterification inside the pores. The occurrence of autocatalysis by oleic acid therefore proportionately
increased. Fundamentally, the autocatalysis could occur since oleic acid can act as a catalyst for its
own esterification with glycerol [32,33]. The lower number of active sites in S-N1 -HPW, therefore,
contributed to its inferior selectivity towards monoolein.
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For the non-aminosilylated S-HPW, its monoolein selectivity was found to be lower than that
achieved by its aminosilylated counterpart that has similar concentration of acidic active sites:
S-N1 -HPW. This finding indicates that lower monoolein selectivity was not only associated with
lower pore volume and smaller pore size as in the case of S-N3 -HPW, but also associated with higher
pore volume and larger pore size as in this case. Specifically, it is apparent that the larger pores of
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2.3. Effect of Reaction Parameters
2.3. Effect of Reaction Parameters
This section investigates the effect of various reaction parameters of the esterification of glycerol
This section investigates the effect of various reaction parameters of the esterification of glycerol
with oleic acid, including temperature, initial ratio of starting materials, and catalyst loading, on the
with oleic acid, including temperature, initial ratio of starting materials, and catalyst loading, on the
conversion of oleic acid and the selectivity of glyceride products using S-N22-HPW as a representative
conversion of oleic acid and the selectivity of glyceride products using S-N -HPW as a representative
catalyst. The investigation is important particularly because conversion and product distribution of
catalyst. The investigation is important particularly because conversion and product distribution of
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2.3. Effect of Reaction Parameters
This section investigates the effect of various reaction parameters of the esterification of glycerol
with oleic acid, including temperature, initial ratio of starting materials, and catalyst loading, on the
conversion of oleic acid and the selectivity of glyceride products using S-N2 -HPW as a representative
catalyst. The investigation is important particularly because conversion and product distribution of
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Figure 6. Effect of reaction temperature on oleic acid conversion, product distribution, and product

Figure 6. Effect of 2reaction temperature on oleic acid conversion, product distribution, and product color
color using S-N -HPW catalyst in esterification of glycerol with oleic acid for 3 h using glycerol/oleic
using S-N2 -HPW catalyst in esterification of glycerol with oleic acid for 3 h using glycerol/oleic acid
acid molar ratio of 4:1, 2.5 wt % of catalyst loading, and reaction temperatures of 120, 140, 160, and
◦
molar
180ratio
°C. of 4:1, 2.5 wt % of catalyst loading, and reaction temperatures of 120, 140, 160, and 180 C.

As a result, it can be concluded that optimization of the reaction temperature is critical for
maximizing the yield of monoolein. Of no less importance, the balance between gain in conversion
and loss in selectivity needs to be taken into account for the calibration of temperature. Also, since
the physical properties of the product such as color may be affected by changes in reaction
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Figure 7. Effect of catalyst loading on oleic acid conversion and product distribution using S-N22-HPW
Figure 7. Effect of catalyst loading on oleic acid conversion and product distribution using S-N -HPW
catalyst in esterification of glycerol with oleic acid at 160 ◦°C for 3 h with glycerol/oleic acid molar ratio
catalyst in esterification of glycerol with oleic acid at 160 C for 3 h with glycerol/oleic acid molar ratio
of 4:1 and catalyst loadings of 1.5, 2.5, and 3.5 wt %.
of 4:1 and catalyst loadings of 1.5, 2.5, and 3.5 wt %.

2.3.3. Effect of Glycerol/Oleic Acid Molar Ratio
2.3.3. Effect of Glycerol/Oleic Acid Molar Ratio
The effect of glycerol/oleic acid molar ratio on the conversion of oleic acid and selectivity of
The effect of glycerol/oleic acid molar ratio on the conversion of oleic acid and selectivity of
glyceride products is shown in Figure 8. The esterification was performed using 2the S-N2-HPW
glyceride products is shown in Figure 8. The esterification was performed using the S-N -HPW catalyst
catalyst◦ at 160 °C for 3 h with 2.5 wt % of catalyst loading and glycerol/oleic acid molar ratios of 1:1,
at 160 C for 3 h with 2.5 wt % of catalyst loading and glycerol/oleic acid molar ratios of 1:1, 2:1,
2:1, 4:1, and 6:1. The results indicate that glycerol/oleic acid molar ratio significantly affected both the
4:1, and 6:1. The results indicate that glycerol/oleic acid molar ratio significantly affected both the
conversion and the selectivity. For oleic acid conversion, increasing the molar ratio of glycerol/oleic
conversion and the selectivity. For oleic acid conversion, increasing the molar ratio of glycerol/oleic
acid from 1:1 to 4:1 resulted in an increase in the conversion from 86% to 95%. This finding is in line
acid from 1:1 to 4:1 resulted in an increase in the conversion from 86% to 95%. This finding is in
with Le Chatelier’s principle and the fact that the esterification reaction of glycerol with oleic acid is
line with Le Chatelier’s principle and the fact that the esterification reaction of glycerol with oleic
equilibrium-limited. Specifically, an increase in the concentration of either glycerol or oleic acid is
acid is equilibrium-limited. Specifically, an increase in the concentration of either glycerol or oleic
expected to drive the reaction forward and raise the conversion of oleic acid. Nevertheless, further
increasing the molar ratio to 6:1 resulted in a slight drop in conversion to 91%. The latter occurrence
is likely attributable to the retarded formation and diffusion of glyceride products caused by an
excess amount of glycerol [36].
For selectivity of glyceride products, increasing the molar ratio of glycerol/oleic acid from 1:1 to
6:1 was associated with a large increase in monoglyceride selectivity from 41.8% to 63.1%. The
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acid is expected to drive the reaction forward and raise the conversion of oleic acid. Nevertheless,
further increasing the molar ratio to 6:1 resulted in a slight drop in conversion to 91%. The latter
occurrence is likely attributable to the retarded formation and diffusion of glyceride products caused
by an excess amount of glycerol [36].
For selectivity of glyceride products, increasing the molar ratio of glycerol/oleic acid from
1:1 to 6:1 was associated with a large increase in monoglyceride selectivity from 41.8% to 63.1%.
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to form diolein and triolein, respectively.

Figure 8. Effect of glycerol/oleic acid molar ratio on oleic acid conversion and product distribution
Figure 8. Effect of glycerol/oleic acid molar ratio on oleic acid conversion and product distribution
using S-N22-HPW catalyst in esterification of glycerol with oleic acid at 160 °C
for 3 h with 2.5 wt % of
using S-N -HPW catalyst in esterification of glycerol with oleic acid at 160 ◦ C for 3 h with 2.5 wt % of
catalyst loading and glycerol/oleic acid molar ratios of 1:1, 2:1, 4:1, and 6:1.
catalyst loading and glycerol/oleic acid molar ratios of 1:1, 2:1, 4:1, and 6:1.

2.4. Reusability of the Catalysts
2.4. Reusability of the Catalysts
This section investigates the effect of functionalization of SBA-15 with aminosilane prior to the
This section investigates the effect of functionalization of SBA-15 with aminosilane prior to the
immobilization of HPW on the reusability of the materials when used as catalysts for the esterification
immobilization of HPW on the reusability of the materials when used as catalysts for the esterification
of glycerol with oleic acid. The esterification was performed for six consecutive cycles at 160 °C
with
of glycerol with oleic acid. The esterification was performed for six consecutive cycles at 160 ◦ C with
2.5 wt % of catalyst loading and glycerol/oleic acid molar ratios of 4:1 for 3 h per cycle. The S-HPW
2.5 wt % of catalyst loading and glycerol/oleic acid molar ratios of 4:1 for 3 h per cycle. The S-HPW and
and 2S-N2-HPW were used as representative catalysts. The result indicates that aminosilylation
S-N -HPW were used as representative catalysts. The result indicates that aminosilylation improved
improved catalyst reusability. As shown in Figure 9, the loss in catalytic activity was much less
catalyst reusability. As shown in Figure 9, the loss in catalytic activity was much less pronounced
pronounced in the 2case of S-N2-HPW as compared to S-HPW. In particular, the conversion of oleic
in the case of S-N -HPW as compared to S-HPW. In particular, the conversion of oleic acid over
acid2over S-N2-HPW decreased from 91.4% in the first cycle to 84.3% in the sixth cycle, constituting a
S-N -HPW decreased from 91.4% in the first cycle to 84.3% in the sixth cycle, constituting a 7.8%
7.8% decrease, while the conversion over S-HPW decreased from 71.5% in the first cycle to 56.0% in
decrease, while the conversion over S-HPW decreased from 71.5% in the first cycle to 56.0% in the sixth
the sixth cycle, constituting a 21.7% decrease. Both catalysts, however, showed no significant loss in
cycle, constituting a 21.7% decrease. Both catalysts, however, showed no significant loss in monoolein
monoolein selectivity over the six cycles of reuse (Figure S1).
selectivity over the six cycles of reuse
(Figure S1).
The higher reusability of S-N22-HPW can be attributed to the enhanced stability provided by
The higher reusability of S-N -HPW can be attributed to the enhanced stability provided by
amino functionalization. Specifically, the ionic bonding between the protonated amino groups and
amino functionalization. Specifically, the ionic bonding between the protonated amino groups and
HPW anions in S-N22-HPW is much stronger than the hydrogen bonding between terminal oxygens
HPW anions in S-N -HPW is much stronger than the hydrogen bonding between terminal oxygens
of HPW and the surface silanol groups of SBA-15 in S-HPW. The stronger bonding in S-N2-HPW
was
of HPW and the surface silanol groups of SBA-15 in S-HPW. The stronger bonding in S-N2 -HPW
also followed by less acid-site leaching effects. In particular, ICP-OES results indicate that the content
was also followed by less acid-site leaching effects. In particular, ICP-OES results indicate that the
of tungsten leached into the reaction mixture containing the S-N2-HPW catalyst
and that containing
content of tungsten leached into the reaction mixture containing the S-N2 -HPW catalyst and that
the S-HPW catalyst after the third cycle of reaction was 0.06 and 0.44 wt %, respectively. Good
containing the S-HPW catalyst after the third cycle of reaction was 0.06 and 0.44 wt %, respectively.
reusability of HPW-incorporated mesoporous silica-based heterogeneous catalysts that involve the
Good reusability of HPW-incorporated mesoporous silica-based heterogeneous catalysts that involve
functionalization of amino groups was also observed in other reactions such as acidolysis of soybean
oil [22], epoxidation of dicyclopentadiene [23], oxidation of benzyl alcohol [29], and acetylation of
anisole [37].
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Figure 9. Effect of aminosilane functionalization on catalyst reusability using S-N2-HPW and S-HPW
catalysts in esterification of glycerol with oleic acid for six cycles at 160 °C for 3 h per cycle with 2.5
wt % of catalyst loading and glycerol/oleic acid molar ratio of 4:1.
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The superiority can be attributed to the better morphology of the S-N2-HPW catalyst. As
compared to HZSM-5 and H-BEA, the size of the mesopores of S-N2-HPW (7.05 nm) is more favorable
for the esterification reaction than that of the micropores of these zeolites (0.63 nm and 0.66 nm,
respectively). Specifically, microporosity can hinder the formation and diffusion of the desired
monoolein product [36]. This hindrance can result in the esterification reaction taking place at the
external surface of the zeolites, where the availability of active sites is lower than the internal surface
of the pores. As for the case of Amberlyst-15, its low BET surface area is among the major causes for
the comparatively low catalytic performance, since the accessibility of the acid sites is reduced by this
limitation [2].
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Figure 10. Comparison of catalytic performance of S-N2-HPW and three commercial acid catalysts:
HZSM-5, H-BEA, and Amberlyst-15 for esterification of glycerol with oleic acid at 160 °C for 3 h using
glycerol/oleic acid molar ratio of 4:1 and 2.5 wt % of catalyst loading.
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for the esterification reaction than that of the micropores of these zeolites (0.63 nm and 0.66 nm,
respectively). Specifically, microporosity can hinder the formation and diffusion of the desired
monoolein product [36]. This hindrance can result in the esterification reaction taking place at the
external surface of the zeolites, where the availability of active sites is lower than the internal surface
of the pores. As for the case of Amberlyst-15, its low BET surface area is among the major causes for
the comparatively low catalytic performance, since the accessibility of the acid sites is reduced by this
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limitation [2].
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Methods
3.1. Materials
Tetraethyl orthosilicate
orthosilicate (TEOS), poly(ethylene
poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(propylene glycol)-blockglycol)-block3-aminopropyltriethoxysilane
(APTES),
(3poly(ethylene glycol)
glycol) (Pluronic
(Pluronic P123,
P123, MW
MW5800),
5800),
3-aminopropyltriethoxysilane
(APTES),
trimethoxysilylpropyl)diethylenetriamine (DETTMS),
(3-trimethoxysilylpropyl)diethylenetriamine
(DETTMS),12-tungstophosphoric
12-tungstophosphoricacid
acidhydrate
hydrate (HPW),
Amberlyst-15, and glycerol were purchased from Sigma-Aldrich
Sigma-Aldrich (St.
(St. Louis
Louis,, MO, USA). Oleic acid
purchased from
from Fluka
Fluka(Buchs,
(Buchs,Switzerland).
Switzerland).[3-(2-Amino-ethylamino)propyltrimethoxysilane]
[3-(2-Amino-ethylamino)propyltrimethoxysilane]
was purchased
(AAPTMS)
was
purchased
from
Alfa
Aesar
(Ward
Hill,
MA,
USA).
HZSM-5
(Si/Al
= 14.1)
H(AAPTMS) was purchased from Alfa Aesar (Ward Hill,
MA,
USA).
HZSM-5
(Si/Al
= 14.1)
and and
H-BEA
BEA (Si/Al
= 15) purchased
were purchased
from ZEOCHEM
(Zürich, Switzerland).
All chemicals
were
(Si/Al
= 15) were
from ZEOCHEM
(Zürich, Switzerland).
All chemicals
were analytical
analytical
gradeand
reagents
and were
used
without
further purification.
grade
reagents
were used
without
further
purification.
3.2. Synthesis of Amino-Functionalized SBA-15 Materials
The SBA-15 mesoporous material with an ordered structure was hydrothermally prepared
according to the published procedure [38], which involves the use of triblock
triblock co-polymer Pluronic
P123 as the
the surfactant
surfactant template
template under
under acidic
acidic conditions.
conditions. Amino-functionalized
Amino-functionalized SBA-15 materials
materials
were prepared by post-grafting method modified from a procedure described
described in
in the
the literature
literature [39].
[39].
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3.3. Synthesis of Protonated Amino-Functionalized SBA-15 Materials
3.3. Synthesis of Protonated Amino-Functionalized SBA-15 Materials
Protonated amino-functionalized
amino-functionalized SBA-15
Protonated
SBA-15 materials
materials were
were prepared
prepared by
by the
the impregnation
impregnation method.
method.
The preparation was as follows: 1 g of each type of amino-functionalized SBA-15 material was added
The preparation was as follows: 1 g of each type of amino-functionalized SBA-15 material was added
to 120 mL of deionized water. Then, 0.67 g of 12-tungstophosphoric acid (HPW) was added to each
to 120 mL of deionized water. Then, 0.67 g of 12-tungstophosphoric acid (HPW) was added to each
of the above mixtures under continuous stirring at room temperature for 24 h. Finally, the resulting
of the above mixtures under continuous stirring at room temperature for 24 h. Finally, the resulting
product was separated from each mixture by centrifugation and washed several times with deionized
water and acetone before being dried at 100 °C for 24 h. The prepared protonated aminofunctionalized SBA-15 materials were designated as S-Nx-HPW, where x is the number of amino
group(s) in the structure of aminosilanes used: x = 1 for APTES; x = 2 for AAPTMS; and x = 3 for
DETTMS (Scheme 3). For comparison purposes, HPW-impregnated SBA-15 (S-HPW) was also
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product was separated from each mixture by centrifugation and washed several times with deionized
water and acetone before being dried at 100 ◦ C for 24 h. The prepared protonated amino-functionalized
SBA-15 materials were designated as S-Nx -HPW, where x is the number of amino group(s) in the
structure of aminosilanes used: x = 1 for APTES; x = 2 for AAPTMS; and x = 3 for DETTMS (Scheme 3).
For comparison purposes, HPW-impregnated SBA-15 (S-HPW) was also prepared by a procedure
similar
to that
for the S-Nx -HPW materials but without the addition of aminosilane.15 of 18
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3.4. Materials Characterization
3.4. Materials Characterization
The crystallinity of the synthesized materials was investigated by X-ray diffractometer (XRD)
The crystallinity of the synthesized materials was investigated by X-ray diffractometer (XRD)
(Rigaku D/MaX-2200 Ultima-plus, Tokyo, Japan) with a Cu Kα X-ray source (1.5418 Å) operating at
(Rigaku D/MaX-2200 Ultima-plus, Tokyo, Japan) with a Cu Kα X-ray source (1.5418 Å) operating
30 mA and 40 kV. The XRD data were collected in the ranges of 2θ = 0.7°–5° (low◦ angles)
and 2θ =
at 30 mA and 40 kV. The XRD data were collected
in the ranges of 2θ = 0.7 –5◦ (low angles)
–1
15°–70° (high angles) with a scanning rate of 5° min . The textural properties of the materials were
and 2θ = 15◦ –70◦ (high angles) with a scanning rate of 5◦ min−1 . The textural properties of the
examined by nitrogen adsorption–desorption isotherms (BELSORP, mini-II nitrogen adsorptometer,
materials were examined by nitrogen adsorption–desorption isotherms (BELSORP, mini-II nitrogen
Osaka, Japan). Surface areas were calculated using the Brunauer–Emmett–Teller (BET) method. The
adsorptometer, Osaka, Japan). Surface areas were calculated using the Brunauer–Emmett–Teller (BET)
total pore volumes and pore sizes were determined using the Barrett–Joyner–Halenda (BJH) method.
method. The total pore volumes and pore sizes were determined using the Barrett–Joyner–Halenda
Functional groups present in the synthesized materials were confirmed by Fourier transform infrared
(BJH) method. Functional groups present in the synthesized materials were confirmed by Fourier
spectrometer (FT-IR) (Nicolet Impact 410, SpectraLab Scientific Inc. Markham, ON, Canada). The
transform infrared spectrometer (FT-IR) (Nicolet Impact 410, SpectraLab Scientific Inc. Markham, ON,
morphologies of the materials were investigated by transmission electron microscope (TEM) (JEMCanada). The morphologies of the materials were investigated by transmission electron microscope
2100, Peabody, MA, USA) and scanning electron microscope (SEM) (JSM-5410 LV, Peabody, MA,
(TEM) (JEM-2100, Peabody, MA, USA) and scanning electron microscope (SEM) (JSM-5410 LV, Peabody,
USA). The atomic ratios of Si/W in the materials were determined by SEM equipped with energy
MA, USA). The atomic ratios of Si/W in the materials were determined by SEM equipped with energy
dispersive X-ray spectroscopy (EDX, INCAx-sight, Halifax Road, High Wycombe, UK). The nitrogen
dispersive X-ray spectroscopy (EDX, INCAx-sight, Halifax Road, High Wycombe, UK). The nitrogen
content in the materials was analyzed by elemental analyzer (Thermo Scientific FLASH 2000,
content in the materials was analyzed by elemental analyzer (Thermo Scientific FLASH 2000, Waltham,
Waltham, MA, USA). The content of tungsten leached during the reaction was determined by
MA, USA). The content of tungsten leached during the reaction was determined by inductively
inductively coupled plasma optical emission spectrophotometer (ICP-OES) (Perkin Elmer Optima
coupled plasma optical emission spectrophotometer (ICP-OES) (Perkin Elmer Optima 2100, Waltham,
2100, Waltham, MA, USA).
MA, USA).
3.5. Catalytic Esterification of Glycerol with Oleic Acid
3.5. Catalytic Esterification of Glycerol with Oleic Acid
The esterification of glycerol with oleic acid was carried out under nitrogen atmosphere in a
The esterification of glycerol with oleic acid was carried out under nitrogen atmosphere in a
two-necked round bottom flask equipped with an oil bath, a water-cooled condenser, and a magnetic
two-necked round bottom flask equipped with an oil bath, a water-cooled condenser, and a magnetic
stirring bar. Unless otherwise stated, the reaction was performed using a 4:1 molar ratio of glycerol
stirring bar. Unless otherwise stated, the reaction was performed using a 4:1 molar ratio of glycerol
to oleic acid and 2.5 wt % of catalyst at 160 °C. Samples were taken at periodic intervals throughout
to oleic acid and 2.5 wt % of catalyst at 160 ◦ C. Samples were taken at periodic intervals throughout
the 5 h reaction period where remaining oleic acid and glyceride products were derivatized with Nthe 5 h reaction period where remaining oleic acid and glyceride products were derivatized with
methyl-N-(trimethylsilyl)trifluoroacetamide and analyzed by gas chromatography (GC) equipped
N-methyl-N-(trimethylsilyl)trifluoroacetamide and analyzed by gas chromatography (GC) equipped
with flame ionization detector (FID) (Varian CP-3800, Palo Alto, CA, USA) using eicosane as the
with flame ionization detector (FID) (Varian CP-3800, Palo Alto, CA, USA) using eicosane as the internal
internal standard. All reactions were performed in three replicates and the experimental errors were
standard. All reactions were performed in three replicates and the experimental errors were below 5%.
below 5%. The only products detected in the experiments were mono-, di-, and triolein. The oleic acid
The only products detected in the experiments were mono-, di-, and triolein. The oleic acid conversion
conversion and glyceride selectivity were calculated according to methods reported by Hermida et
and glyceride selectivity were calculated according to methods reported by Hermida et al. [35].
al. [35].
3.6. Catalyst Reusability Test
After each cycle of the reaction, the catalyst was separated from the reaction mixture by
centrifugation at 4000 rpm. The separated catalyst was then washed with acetone and cyclohexane,
dried at 100 °C for 24 h, and reused under the same reaction conditions.
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3.6. Catalyst Reusability Test
After each cycle of the reaction, the catalyst was separated from the reaction mixture by
centrifugation at 4000 rpm. The separated catalyst was then washed with acetone and cyclohexane,
dried at 100 ◦ C for 24 h, and reused under the same reaction conditions.
4. Conclusions
HPW-immobilized SBA-15 (S-HPW) and amino-functionalized HPW-immobilized SBA-15
N1 , N2 , and N3 denote APTES, DETTMS, and AAPTMS, respectively) catalysts
were successfully synthesized, where functionalization was accomplished prior to immobilization.
The S-Nx -HPW catalysts showed superior catalytic performance, as compared to the non-amino
functionalized S-HPW catalyst, for glycerol esterification with long-chain oleic acid to produce
monoolein. S-N2 -HPW, in particular, showed the highest catalytic performance both in terms of
oleic acid conversion and monoolein selectivity, owing to its optimum Brønsted acid density and pore
characteristics with respect to the particle size of the desired monoolein product. The synergistic effects
of acidity and pore structure helped to minimize pore blockage as well as further esterification to form
the bulkier di- and triolein products while maintaining high activity. Aminosilylation was also found
to improve catalyst reusability, owing to the strong electrostatic interaction between the protonated
amino groups and the HPW anions. Overall, it can be concluded that surface modification using
HPW and different types of aminosilanes can be performed to tune the physicochemical properties
of catalysts to suit the reaction conditions as well as the physicochemical properties of reactants and
products in order to obtain an optimized catalytic performance. These insights can also be applied
to the development of better and environmentally friendly catalytic systems for various industrially
important reactions.
(S-Nx -HPW;

Supplementary Materials: The following is available online at http://www.mdpi.com/2073-4344/8/9/360/s1,
Figure S1: Effect of aminosilane functionalization on catalyst reusability using S-N2 -HPW and S-HPW catalysts in
esterification of glycerol with oleic acid for six cycles at 160 ◦ C for 3 h per cycle with 2.5 wt % of catalyst loading
and glycerol/oleic acid molar ratio of 4:1.
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Obalı, Z.; Doğu, T. Activated carbon–tungstophosphoric acid catalysts for the synthesis of tert-amyl ethyl
ether (TAEE). Chem. Eng. J. 2008, 138, 548–555. [CrossRef]
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