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Abstract Aluminum incorporated mesocellulous silica
foams (AI-MCF) with various Si/Al ratios have been
hydrothermally synthesized. The characterization results
indicate that the characteristic mesocellular structural fea-
tures of MCF are preserved after the aluminum
incorporation. The catalysts exhibit highly catalytic per-
formance in the esterification of acetic acid with amyl
alcohol in the liquid phase.
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1 Introduction

Organic esters are important intermediates in the synthesis
of fine chemicals, drugs, plasticisers, food preservatives,
pharmaceuticals, solvents, perfumes, cosmetics and chiral
auxillaries [1]. Esterification is also an important reaction
in synthetic organic chemistry, since it is a technique to
protect carboxylic acid group in a molecule [2]. Typical
catalysts for this reaction are (Bronsted acidic) sulphuric
acid or (Lewis acidic) Sn-octoate [3]. Bronsted acidic
homogeneous catalysts are corrosive and need to be neu-
tralized after reaction (forming salts), whereas Lewis
acidic, metal-containing, catalysts need to be removed
carefully after reaction. This can be done for instance by
adsorption on bleaching earth, which however leads to the
formation of large amounts of waste [3].
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The use of heterogeneous catalysts in esterification is
preferable since they can be easily separated from reactants
and products by filtration and allows the use of a continu-
ously operated fixed bed. Many heterogeneous catalysts have
been reported to be active in esterification, such as ion
exchange resins, H-ZSM-5, niobic acid, sulphated oxides,
and supported heteropoly acids [4]. Microporous zeolites
with uniform pores have been widely used as industrial
catalysts. However, they cannot catalyze reactions of large
molecules due to limitation of micropore size. The discovery
of mesoporous materials, such as MCM-41 has attracted
much attention because of their potential use as catalyst or
catalyst support for the conversion of large molecules [5].
However, as compared with conventional zeolites, these
mesostructured materials have relatively low acidity and
hydrothermal stability that limit their extensive use [6].
Many attempts have been made to improve the stability of
MCM-41 [7] or to prepare other stable mesoporous materials
[7,8]. SBA-15, anew type of mesoporous silica with tunable
pore diameter, thicker walls and much higher hydrothermal
stability than MCM-41, has been prepared using tri-block
copolymer as template [8]. Pure siliceous materials have
electrically neutral framework and consequently no Bron-
sted acidity. However, it is very difficult to prepare SBA-15
containing heteroatoms in the framework because of the
strong acidic synthesis conditions.

Mesocellular silica foam (MCF) is a newly reported
aerogel-like mesoporous material composed of large uni-
form spherical cells (up to 50 nm) interconnected with
uniformly sized windows featuring a continuous three-
dimensional (3D) mesopore system [9]. Especially given
its continuous 3D mesopore system with ultralarge pore
diameters and interconnected windows, MCF materials
have the advantage over their more ordered counterparts
such as MCM-41 or SBA-15 of better diffusion of reactants
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and products and thus overcome internal mass transfer
limitations [10]. Despite of great potential use for catalytic
applications, reports in literature dealing with the catalytic
utilization of metal elements incorporated MCF-type
materials are scarce [11]. In the present study, for the first
time, a series aluminum-containing MCF catalyst was
prepared and proved to be efficient solid acid catalyst for
the esterification of acetic acid with amyl alcohol.

2 Experimental
2.1 Samples Preparation

The synthesis of AI-MCF using the pH adjusting method
was carried out as follows: 2 g of triblock copolymer P53
(EO,pPO70EO,g) was dissolved in 75 mL of HCI solution
(pH = 1.5) with 1 g 1,3,5-trimethylbenzene (TMB) was
stirred at 40 °C for 4 h, followed by the addition a requisite
amount of Al (NO3); - 9H,O to get solution A. Then, 4.25
g of TEOS and a certain amount of Al(i-PrO)3 were added
to 5 mL of HCI aqueous solution at pH = 1.5 to obtain
solution B, which was stirred at room temperature for about
0.5-3 h then combined with solution A. The resultant
solution mixture was stirred vigorously for 20 h at 40 °C.
After that, a small amount of NH;3 - H,O was added drop by
drop to adjust the pH value equal to 7.0. Then it was
transferred into an autoclave to age for 24 h at 100 °C. The
final solid was collected by filtration and dried at 100 °C.
The surfactants were removed through calcination. The
samples are designated as AI-MCF(X), where X stands for
the Si/Al ratios in the initial gels. For comparison, Al-SBA-
15 and AI-MCM-41 with similar ratio of Si/Al about 80
have been prepared following the same procedure descri-
bed above.

2.2 Samples Characterization

Small-angle X-ray scattering (SAXS) experiments were
performed on a Germany Bruker NanoSTAR U SAXS
system equipped with high-resolution pinhole chamber
using Cu Ko radiation and 106 cm sample to detector
distance. The specific surface areas were measured by N,
adsorption using a Micromeritics TriStar 3000 equipment.
The BJH method was used to determine the pore size
distribution (PSD). Transmission electron microscopy
(TEM) was recorded digitally on a JEOL 2011 electron
microscope operating at 200 kV. FT-IR spectra were col-
lected on a Bruker Vector 22 spectrometer using KBr pellet
technique. About 10 mg of the sample was ground with
about 200 mg of spectral grade KBr to form a pellet under
hydraulic pressure to record the IR spectrum in the range
400-4000 cm ™. In order to characterize the acidity of the

catalysts, spectra of chemisorbed pyridine were monitored
using self-supporting wafers in a heatable IR gas cell [10].

2.3 Activity Test

The esterification of amyl alcohol with acetic acid (or oleic
acid under otherwise identical conditions) was used as a
model reaction to test the catalytic activity. The reaction
was performed at atmospheric pressure and refluxed in
three-neck flask equipment with condenser and water
separator, heated by a controlled oil batch. The molar ratio
of acid: amyl alcohol was 1:2, and the weight of the cat-
alyst used was 3 wt.% of acid. When the reactant system
was heated to the reaction temperature, the catalyst was
added into the system. After completion of the reactions
(followed by measuring the acid consumption), the mixture
was filtered. The liquid products were analyzed by a Shi-
madzu gas chromatograph GC-17A using a DB-5 capillary
column with FID detector.

3 Results and Discussion
3.1 Structure of the AI-MCF Materials

The as-prepared AI-MCF samples have been analyzed using
SAXS. X-ray scattering is observed if uniformly sized par-
ticles are present, as opposed to X-ray diffraction associated
with periodic structures [12]. Figure 1A shows the recorded
SAXS data for the AI-MCF samples (Si/Al = 10 in the initial
gel) samples prepared with AI(NO3); - 9H,0 (denoted as A;)
or Al(i-PrO); (A;) as aluminum precursors. For the sample
prepared with the mixture of AI(NO3); - 9H,O and Al(i-
PrO)3 as aluminum precursors exhibits one strong primary
peak and two higher-order peaks with exponentially
decreasing intensities. The occurrence of the higher order
peaks is an indication of the narrow size distribution of the
spherical cells. But for the samples prepared only with
AI(NO3)3 - 9H,0 or Al(i-PrO); as aluminum precursors
exhibits only one strong primary peak and no the higher-
order peaks. The SAXS results show that the structure order
of the materials is obviously improved by using the mixture
aluminum precursors. Fluoride is a catalyst for hydrolysis
and polymerization of silicon species [13] and has been used
in the synthesis of purely siliceous and Ti-substituted mes-
oporous materials [14]. Maybe the NO;~ species has the
same effect as the NH,4F, the addition of the AI(NO5)5 - 9H,O
accelerate the hydrolysis of the TEOS.

Figure 1B shows the recorded SAXS data for the Al-
MCF samples (Al;/Al, = 1 in the initial gel) with Si/Al
ratio ranging from 80 to 6. Although the g value of the first
strong reflection changes slightly from sample to sample,
all samples exhibit one strong primary peak and two
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Fig. 1 Small-angle X-ray scattering patterns of calcined AI-MCF
samples: A (a) MCF; (b) AI-MCF (10) (without Aly); (c) Al-
MCEF(10) (with Al,/Al, = 1); (d) AI-MCF (10) (without Al,); B (a)
Al-MCEF (80) (with Al}/Al, = 1); (b) AI-MCF (50) (with Al,/Al, = 1)
(c) AI-MCF (30) (with Al,/Al, = 1); (d) AI-MCF (10) (with Al,/Al, =
1); (e) AI-MCF (6) (with Al}/Al, = 1)

higher-order peaks with exponentially decreasing intensi-
ties. The occurrence of the higher-order peaks is an
indication of the narrow size distribution of the spherical
cells. The sphere diameters Dy, determined from SAXS
data, are given in Table 1 for AI-MCF samples with vari-
ous Si/Al ratios. The D values agree with the cell
diameters D., derived from nitrogen sorption, and with the
cell sizes obtained from TEM (see the TEM section), and
there is no decrease observed in peak intensity with the
increase of Al content even if the Si/Al ratio decreases to 6.

In addition, as can be seen from the diffraction patterns that
the strong primary peak of calcined AlI-MCF have been
shifted to higher values with increasing Al content. This is
consistent with previous observation reported by Borade
et al. suggesting the framework substitution of Al in MCF
structure [15]. This result indicates that this method allows
a large amount of Al content to be incorporated while
retaining its framework, as could be seen from TEM and
N,-adsorption data presented as follows.

The porosity of the AI-MCF has been investigated by N,
sorption analyses. The isotherms are of type IV and show
steep hysteresis of type HI1 at high-relative pressures,
which is typical for mesoporous materials that exhibit
capillary condensation and evaporation and have large pore
sizes with narrow size distributions. Stucky’s group mod-
ification [9] of the Broekhoff-de Boer (BdB) pore size
analysis makes it possible to derive the cell sizes from the
adsorption branches of the isotherms, while the desorption
branches give the window sizes [12]. Figure 2a shows
typical isotherms and the corresponding BdB-FHH pore
size analyses for sample D. The sharp peaks in the PSD
plots confirm the narrow size distributions of both the cells
and the windows. The BdB-FHH pore size analyses cor-
roborate this qualitative interpretation of the isotherms (see
insets in Fig. 2a and Table 1). The BET specific surface
area, pore size and pore volume of all calcined samples are
presented in Table 1. The BET surface areas are 400-600
m?/g for all samples, which coincide with the reported
values [12]. In particular, it can be seen that sample H
presents the highest surface area and pore volume, with all
pore being in the mesoporous range.

TEM image (Fig. 2b) of Al-MCF sample reveals a dis-
ordered array of silica struts comprising uniformly sized

Table 1 Characteristics of the mesostructured aluminosilicate mesocellulous foams

Samples Aly/Al, Si/Al Si/Al in BET DSd DS D, Volume Terminal
(in mol ratio)® in gelb production® (mz/g) (nm) (nm) (nm) (cm3/g) Si-0-f
A / oc / 660 24.5 22.1 7.3 1.5 975
B oc 10 15 396 22.1 17.8 5.6 1.3 905
C 0 10 14 432 22.3 17.9 7.2 1.4 902
D 1 10 13 405 24.4 222 5.9 1.4 897
E 1 6 8 411 24.5 222 6.1 1.3 897
F 1 20 26 449 24.6 22.3 6.2 1.4 907
G 1 50 58 536 30.1 27.3 6.4 1.6 950
H 1 80 91 698 314 29.6 7.5 1.5 966

# The mol ratio of Al (NO3); - 9H,O to Al(i-PrO);

® The total mol of Al (NO3); - 9H,O and Al(i-PrO);
¢ The Si/Al ratios in the calcined materials were calculated by the ICPAES method
d Sphere diameter, D, determined from SAXS analyses

¢ Cell diameter, D¢, and window diameter, Dy, determined according to the BJH method

' Frequencies (cm™") and suggested band assignment of the AI-MCF framework
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Fig. 2 (a) Nitrogen sorption isotherms for AI-MCF (10) (with Al;/
Al, = 1). Inset shows the pore size distribution (PSD) of the
corresponding samples; (b) representative TEM image of Al-
MCEF(10) (with Al;/Al, = 1) showing an open mesocellular structure

spherical cells (20-34 nm) interconnected by windows with
a narrow size distribution, which is the characteristic
structural feature of the MCF materials [9, 12]. Note that the
strut-like structure resembles that of aerogels [12]. The cell
sizes estimated from TEM are consistent with the cell sizes
as determined from nitrogen sorption (D¢) summarized in
Table 1. The wall thickness of the AI-MCF estimated by
TEM is ca. 4-6 nm, in agreement with the thick, robust
framework walls observed in acid-synthesized MCF-type
mesoporous silica as reported in the literature [12]. TEM
analyses indicate that the continuous 3D pore structure of
the MCF was robust enough to survive during the aluminum
incorporation process. Slight deformations of the spherical
cells can be seen in the higher magnification TEM images in
Fig. 2b. Such distortions may be caused by the nonperfect
packing of the spherical, colloidal particles (as discussed
below) due to their slight polydispersity. The empty voids
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Fig. 3 FTIR spectra of the AI-MCF samples of different Si/Al ratio:
(a) MCF; (b) AI-MCF (80) (with Al;/Al, = 1); (c) AI-MCF (50) (with
Al /AL, = 1); (d) AI-MCF (30) (with Al/Al, = 1); (e) AI-MCF (10)
(with Aly/Al, = 1); (f) AI-MCF (6) (with Al}/Al, = 1)

inevitably formed between nonperfectly packed spheres
must be filled for energetic reasons, which may be accom-
plished by slight deformations of the spherical cells.

The infrared spectra of the calcined AI-MCF samples
are present in Fig. 3. Figure 3A shows the spectrum of
dehydrated AI-MCF samples under N, atmosphere in the
3800-3000 cm ™' range. The spectra of the pure siliceous
MCF showed narrow vibration band at 3740 cm™'
belonging to isolated terminal silanol groups [16]. The
decrease of the peak intensity attributed to the isolated
terminal silanol groups with increase aluminum content

@ Springer



66 Y.-M. Liu et al.
indicates that the anchoring of aluminum oxide species on

to the MCF surface is accompanied by a simultaneous 1596 1455 q445
attenuation in the intensity of the isolated terminal silanol o

groups. After rehydration, the infrared spectra of the
samples show an broad envelope around 3300 cm™'
(Fig. 3C), which is due to OH stretch of water, surface
hydroxyl groups and bridged hydroxyl groups, comparison
of the broad envelope due to —OH stretch of water in the
higher energy region and the corresponding —OH, bending
mode around 1640 cm™" correlate very well with the water
adsorption property (hydrophilic property) of the catalysts.
The intensity of the bands due to water at the catalyst
decreases in the sample order E > D > F > G > H, which is
also the order of the hydrophilic property of the catalysts
[17]. The peaks between 500 and 1200 cm ™' are assigned
to framework vibrations. The intense peaks at 1038 with a
shoulder at 1220 cm™' are due to internal and external
asymmetric Si—O stretching modes. The bands around at
810 and 449 cm™' are assigned to symmetric Si—O
stretching and tetrahedral Si—O bending modes, respec-
tively, and also are slightly shifted to lower frequencies
upon aluminum content samples. Such shifts in frequencies
would reflect the formation of new Si—O-Si and Si—O-Al
bridges during calcinations. In this way, it is probably due
to an increased network cross linking [18]. In addition, the
weak bands at 975 cm™' are attributed to defect sites
(Si—-OH). Since both Si—-O~ and Al-O~ stretching bands
appear nearly in the same region (800—1100 cm™"') and
hence they cannot be clearly distinguished. However, a
small shift toward the lower wave number (Table 1 and
Fig. 3B) could be noticed for AI-MCF as compared to
siliceous MCF as a result of the incorporation of Al for Si
in the framework structure. All these features are typical
characteristics of aluminosilicate of MCF structure [19].
To evaluate the strength and types of acid sites of Al-
MCF, pyridine adsorption measured by IR spectroscopy
was used. Figure 4 shows the spectra of pyridine desorbed
on AI-MCF at 150 °C in the range 1700-1400 cm™' for
samples with different Si/Al ratios. All the samples show
bands corresponding to hydrogen-bonded pyridine (1445
and 1596 cm™"), Lewis acidic sites bound pyridine (1450
and 1623 cm™") and Bronsted acidic sites bound pyridine
(1545 and 1640 cm™"). An additional band appears at 1490
cm ™! attributed to pyridine associated with both Bronsted
and Lewis acidic sites [20, 21]. It can be seen from figure
that the increase in aluminum content lead to an increase in
acidic sites, viz., Lewis and Bronsted acidic sites, which is
in good agreement with the results reported by Wang et al.
[23]. The intensity of the bands at 1455 and 1547 cm~ ! due
to Lewis and Bronsted acid sites increases with decreasing
Si/Al ratios. This indicates that the acidity increases with
increasing Al contents. The IR spectrum of pyridine
adsorption on pure silica MCF material shows no peaks at
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Fig. 4 IR spectra of pyridine desorbed on AI-MCF with different Si/
Al ratios at 150 °C: (a) MCF; (b) AI-MCF (80) (with Al,/Al, = 1); (c)
AI-MCF(50) (with Alj/Al, = 1); (d) AI-MCF (30) (with Al}/Al, = 1);
(e) AI-MCF (10) (with Al,/AL = 1); (f) AILMCF (6) (with Al,/Al, =
D

1455 or 1547 cm™! attributed to Lewis or Bronsted acid
sites, respectively.

3.2 Catalytic Performance

The esterification of acetic acid with amyl alcohol is an
electrophilic substitution. The reaction is relatively slow
and needs activation either by high temperature or by a
catalyst to facilitate the overall reaction [16, 20]. Figure 5
illustrates the catalytic performance of Al-MCF samples
with various Si/Al ratios for the esterification of acetic
acid. It is seen that higher conversion was obtained over
AlI-MCF with higher Si/Al ratios. Since they are more
hydrophobic, once water is produced it will be easily be
expelled from the pores thus avoiding the associated poi-
soning effect. Water acting as an adsorption poison over
solid acid catalysts has also been reported in the literature
[21]. These rationalizations account for the order of
activity of the catalysts H > G > F > D > E. Yet another
advantage for high silica materials is the hydrophobic amyl
alcohol can be better delivered into the pores than those
with low Si/Al ratios, which are less hydrophobic. At this
juncture, it is interesting to note that the most active H
sample has however the weakest surface acidity as
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Fig. 5 The effect of Si/Al ratio on the esterification of amyl alcohol
with acetic acid over AI-MCF. Reaction conditions: catalyst weight =
0.03 g; molar ratio = 2:1 (amyl alcohol/acetic acid); temperature =
120 °C; time = 3 h; pressure = autogenous

reflected from pyridine adsorption data, inferring that the
surface hydrophobicity may play more important role in
determining the catalytic behavior of the AI-MCF materials
in the esterification of acetic acid with amyl alcohol.

To obtain more information regarding the possible effect
of framework structure on the activity of the aluminosili-
cate materials, a comparative study of the esterification of
acetic acid or oleic acid with amyl alcohol was tested over
different catalysts with roughly the same Si/Al ratio
(~ 80). As illustrated in Fig. 6, in all cases, the conversion
of the acetic acid is observed to be appreciably higher than
using oleic acid as the reaction substrate. It is clear that the
ZSM-5 material show the lowest activity as compared to all
other samples. This could be attributed to their intrinsic
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Fig. 6 A comparison of esterification of amyl alcohol with acetic
acid and oleic acid over various materials. Reaction conditions:
catalyst weight = 0.03 g; molar ratio = 2:1 (amyl alcohol/acid);
temperature = 120 °C; time = 3 h; pressure = autogenous

microporous nature which may present severe mass trans-
fer limitations in the liquid phase reactions [17]. In a
comparison of three different aluminosilicate materials
with a mesoporous structure, it is observed that the Al-
MCEF sample featured with a well-defined 3D mesoporosity
with ultralarge mesopores are more effective, as demon-
strated by the higher activities observed for this sample.
Additionally, with a similar hexagonally arranged frame-
work structure, Al-SBA-15 with a larger pore diameter is
much superior to AI-MCM-41 as an acid catalyst. It is,
therefore, concluded that the enhanced esterification
activity achievable over the mesostructured AI-MCF cata-
lysts is strongly related to the larger pore diameters and
unique 3D mesoporosity which can provide more favorable
conditions for mass transfer thus leading to enhanced
performance for esterification reaction.

4 Conclusions

A series of mesostructured aluminosilicate MCF materials
have been successfully synthesized by pH-adjusting
method. Such materials showed high activity toward the
esterification of acetic acid with amyl alcohol. Despite a
lower surface acidity, Al-MCF(80) with more surface
hydrophobicity was found to be more active than the other
catalysts with lower Si/Al ratio. The hydrophobicity of the
catalyst surface and that of the alcohol are also found to be
decisive factors. The esterification activity of AI-MCF also
compares favorably with that of ZSM-5, Al-SBA-15 and
Al-MCM-41 catalyst, in particular when more bulky oleic
acid was employed in the esterification reaction. Hence, the
reaction is proposed to occur mainly within the pores of the
catalyst. This observation indirectly proves planting of
Bronsted acid sites insides the pores of the catalyst.
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