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The catalysts analysed in the current work are variations of MCM-41. The properties of these highly ordered mesoporous
aluminosilicates were adjusted by an isomorphous substitution of Si by a trivalent cation, in this case Al3þ, generating
catalysts of the AlMCM-41 type. The materials were synthesized with a silicon/aluminium ratio of 40, through two
methods of impregnation of the metal: conventional and post-synthesis alumination. With the aim of determining the
density of the acid sites of the Al40MCM-41 prepared by post-synthesis and conventional alumination, studies of the
adsorption of n-butylamine probe molecule were carried out. Further, the studied material was characterized by
thermogravimetry measurements, providing the profile of decomposition of the samples, which allowed calculation of
the densities of the acid sites. The model-free kinetic algorithms were applied in order to determinate conversion and
apparent activation energy. Comparison of energy-dispersive X-ray fluorescence and X-ray photoelectron spectroscopy
measurements indicated that the post-synthesis method was more favourable based on the metal positioning, ‘anchored’ in
the surface of the catalyst. The textural properties of the calcined Al40MCM-41 prepared by post-synthesis and
conventional alumination were characterized by X-ray diffraction, N2 isothermal adsorption measurements (Brunauer–
Emmett–Teller and Barrett–Joyner–Halenda), transmission electron microscopy, and X-ray photoelectron spectroscopy.
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Introduction
MCM-41 or Mobil composition of matter no. 41 (hexagonally
ordered mesoporous silica), the main representative of a family
of mesoporous materials denominated M-41S, was developed
by a group of scientists of Mobil Oil Corporation. The most
interesting feature of MCM-41 is its regular pore system, which
consists of a hexagonal array of one-dimensional-shaped pores
and pore diameter that can vary systematically from 2 to 10 nm.[1]
A high surface area and the capacity for generating surface
acidity also are important characteristics of this material and it
has attracted a great deal of attention, due to its potential
applications in catalysis and adsorption technologies.[2–4] A
previous study found that Al-containing MCM-41 catalysts
are more catalytically active than microporous zeolite Y (zeolite
Y exhibits the FAU (faujasite) structure, has a Si/Al ratio of 2.43
and Fd3m symmetry) for cumene cracking (as a medium to
strong Brønsted acid-catalyzed model reaction) and 2-propanol
dehydration reactions (as a weak Lewis and Brønsted acidcatalyzed model reaction).[4]
Journal compilation Ó CSIRO 2015

The starting point to be considered, in the current work, was
the preparation of materials substituting Al heteroatoms for Si;
this could be adjusted by the isomorphous substitution of Si by a
trivalent cation (Al3þ), thus producing the AlMCM-41 mesoporous material.[5,6] The incorporation of aluminium into the
MCM-41 structure was accomplished through two distinct
methods, denoted as the conventional and post-synthesis (PS)
methods, with the intention of obtaining the best conditions
for the production of Al40MCM-41, where 40 is the silicon/
aluminium ratio.
In the scientific literature, there are studies that mention that
the pore diameter and the thermal stability of samples of
Al-MCM-41 decrease gently with increasing Al content. However, PS-modified Al-MCM-41 possesses better thermal stability,
and this method also permits the incorporation of more aluminium
without destroying the mesoporous structure compared with
Al-MCM-41 prepared by the conventional method.[7]
In this study, the acid properties were studied using
adsorption of n-butylamine probe molecule; further, the
www.publish.csiro.au/journals/ajc
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thermodesorption was studied using thermogravimetric analysis
(TGA) measurements. Also, some kinetic parameters were
determined, employing integral TG curves, as well as a
model-free kinetics method.[8–10]
Currently, thermal analysis is applied in a large variety of
scientific applications. It provides efficient tools for measuring
thermodynamic properties such as enthalpies, heat capacities,
and the temperature of phase transitions.[11] Through TGA, it is
possible to follow the kinetics of thermally stimulated processes, such as volatilization, decomposition, oxidation, reduction,
crystallization, polymerization, and combustion.
Isoconversional methods, such as those performed in the
current work, require experiments with different heating rates,
in order to ensure the appropriate calculation of the activation
energy as a function of conversion. The potential applications of
the isoconversional methods have been studied by Vyazovkin,
showing that it can be used to explore reaction mechanisms and
predict process kinetics. These two features allow a foundation
of isoconversional kinetic analysis, so-called ‘model-free
kinetics’.[12]
The model-free kinetics method proposed by Vyazovkin[13–17]
has been previously applied to determine kinetic parameters of
some chemical reactions, such as apparent activation energies
(Ea) and conversion rates.
Experimental
The Al40MCM-41 sample prepared by conventional alumination was synthesized through the hydrothermal method, based
on an adapted experimental procedure,[18,19] thus possessing a
similar MCM-41pattern, with a molar composition of 4.58SiO2 :
0.494Na2O : 0.057Al2O3 : 1CTMABr : 200H2O (CTMABr, cetyltrimethylammonium bromide).
Aqueous solutions of silica gel (Merck, 95 % SiO2) were
used as the silicon source, alongside sodium silicate (Riedel-de
Haën, 60 % SiO2 and 18 % Na2O) as a sodium source, and these
were further combined with a solution of pseudoboehmite
(Vista, 70 % Al2O3) as an aluminium source. Cetyltrimethylammonium bromide (Vetec, 98 % CTMABr) was used as a
template structure. Typically, the synthesis procedure to obtain
1.3 g of dry-basis material was: (i) 0.861 g of silica, 0.787 g of
sodium silicate, and 8.362 g of distilled water were stirred at
608C for 2 h, producing a white gelatinous suspension;
(ii) 0.026 g of pseudoboehmite was placed in 2.0 mL of distilled
water and stirred at 608C for 30 min. Solution (ii) was added
to solution (i) and stirred at 608C for 30 min. A solution
(iii) prepared from 1.751 g of CTMABr and 6.362 g of distilled
water was added to the (i) þ (ii) mixture and stirred for 1 h at
room temperature. Following the preparation of the hydrogel, it
was transferred to a Teflon-lined stainless steel autoclave, where
the process of crystallization of the material was performed at
1008C with a pH of 9–10 for 4 days. For pH adjustment, 50 %
acetic acid in distilled water was used. The obtained material
was filtered, washed with water, and dried at 1008C in a stove for
2 h with the intention of obtaining the sodium form
Na-Al40MCM-41 prepared by conventional alumination. Afterwards, the mesoporous material underwent a calcination step to
remove the template from the catalyst pores at 4508C for 1 h in
an N2 atmosphere and then for 1 h in synthetic air atmosphere
(mixture of N2 and O2) at the same temperature using a dynamic
flow of 100 mL min1. The temperature was increased from
room temperature to 4508C at a heating rate of 108C min1.
The Al40MCM-41(PS) sample prepared by post-synthesis
alumination was also synthesized through the hydrothermal
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method, in the same way as described previously, but without
the addition of the aluminium source to the synthesis
mixture, and with a molar composition 4.58SiO2 : 0.494Na2O :
1CTMABr : 200H2O. The impregnation of aluminium on the
MCM-41 mesoporous material, generating Al40MCM-41(PS),
occurred from the contact of ,1 g of MCM-41 synthesized and
calcined with 1 mL of aqueous ammonia (Vetec, NH4OH,
28–30 %) and 5 mL of a 0.0815 M aqueous solution of aluminium nitrate nonahydrate (Vetec, Al(NO3)39H2O).
The corrected mass for the calcined MCM-41 and the
relative concentration for the solution of the aluminium source
were calculated based on a silicon/aluminium ratio of 40.
The final mixture was stirred at 608C for 1 h, using a reflow
process to minimize evaporation. The gel was filtered, washed
with water, and dried at 1008C in a stove for 2 h to obtain the
sodium form Na-Al40MCM-41(PS). Afterwards, the mesoporous material underwent a thermal treatment step to decompose
the precursor salt of aluminium to its corresponding oxide on
the surface support at 4508C for 2 h in synthetic air using
a dynamic flow of 100 mL min1. The temperature was
increased from room temperature to 4508C at a heating rate
of 108C min1. The methodology used to impregnate aluminium on mesoporous MCM-41 was based on thermogravimetric analysis, which revealed that the decomposition of
aluminium nitrate in an air atmosphere occurs at temperatures
below 4508C.
Acid forms of the Al40MCM-41 materials prepared by
conventional and PS alumination were obtained by heating
,0.5 g of each material under reflux twice with 250 mL of a
0.650 M aqueous solution of ammonium chloride (Vetec,
NH4Cl) for 2 h at 608C, followed by a thermal treatment step
at 4508C for 1 h in synthetic air.
In order to evaluate and analyse the strength and type of acid
sites, n-butylamine adsorption on the HAl40MCM-41 samples
was carried out in a reactor containing ,0.1 g of catalyst, which
was initially activated at 4008C under nitrogen flow for 2 h.
After this activation, the temperature was reduced to 958C and
the nitrogen flow was passed through in a bubbler flask containing liquid n-butylamine. The n-butylamine-saturated nitrogen
stream was passed through the reactor containing the samples
for 40 min. Afterwards, pure nitrogen was passed, once more,
over the samples for another 40 min, in order to remove the
physically adsorbed n-butylamine. Also, thermodesorption of
the n-butylamine probe molecule was performed using TG
measurements. TG analyses were carried out on Mettler equipment (model TGA/SDTA851) using nitrogen as carrier gas
flowing at 25 mL min1. Samples of ,10 mg were heated in
alumina crucibles from room temperature up to 9008C at heating
rates of 5, 10, and 208C min1.
The model-free kinetics proposed by Vyazovkin et al.[12–17]
were used to evaluate the kinetic parameters of the degree of
thermodesorption of the probe molecule from the HAl40MCM41 samples, such as apparent activation energy, conversion
rates, and thermodesorption time of the probe molecule as a
function of temperature.
The calculations were performed using the Mettler–Toledo
STARe software; thus, the best conditions for alumination of the
mesoporous system of AlMCM-41 were determined.
X-ray diffraction (XRD) measurements were carried out
using CuKa radiation with a 2y angle range of 1–78 for calcined
samples, with a step of 0.028, on Shimadzu XRD 6000 X-ray
equipment. Surface area, pore volume, and pore distribution
were obtained through Brunauer–Emmett–Teller (BET)[20] and
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Fig. 1. Low-angle X-ray diffraction spectra of calcined samples. PS: post-synthesis.

Barrett–Joyner–Halenda (BJH) [21] methods using nitrogen
adsorption isotherms at 77 K (Quantachrome instrument,
Anova-2000 model). Transmission electron microscopy
(TEM) measurements and energy-dispersive X-ray fluorescence (EDX) spectra were obtained using a Philips CM200
instrument with an electron beam accelerating voltage of
200 kV; the samples were dispersed ultrasonically in H2O at a
concentration of 1 mg mL1, and a drop of the suspension was
deposited on a carbon copper grid, and then dried.[22]
Surface studies through X-ray photoelectron spectroscopy
(XPS) were carried out with a Physical Electronics PHI-750
spectrometer, equipped with an MgKa (1253.6 eV) X-ray radiation source. In order to measure binding energies (0.1 eV), the
C 1s signal of adventitious carbon was used as reference at
284.8 eV. All samples were degassed for 12 h under ultra-high
vacuum (,1.3  106 Pa) before the analysis. The modified
Auger parameter of Al (a0 ) was calculated using the following
Eqn 1.[23]
a0 ¼ KEðAlðKLLÞÞ þ BEðAl 2pÞ

ð1Þ

where KE(Al(KLL)) is the kinetic energy of the Auger electron
of Al(KL23L23) and BE(Al 2p) is the binding energy of the Al 2p
XPS peak.
Results and Discussion
Physicochemical Characterization
The spectra obtained from low-angle X-ray diffraction of the
calcined Al40MCM-41 samples prepared by conventional and
PS alumination is presented in Fig. 1a and b respectively.
Characteristic diffraction peaks were seen for these materials, namely (100), (110), (200), (210), and (300),[1] and it
was possible to obtain the hexagonal structure parameter a0
from the main interplanar distance (d(100)). The value a0
represents the sum of the pore diameter (Dp) and the silica
wall thickness (Wt). Eqn 2 correlates the interplanar distances
with the value of the hexagonal structure parameter.[22]
Using reflection (100), a simplified expression is derived
from Eqn 3 that correlates the d(100) value with a0. Eqn 4 is
used to obtain the value of the median wall thickness (Wt),
combining the XRD with BJH data.[24] The a0 values obtained
through (100) XRD reflection of Al40MCM-41 samples prepared by conventional and PS alumination were 4.90 and
4.35 nm respectively.

1
dðhklÞ

2

¼

4ðh2 þ hk þ l2 Þ l2
þ
c
3a20

ð2Þ

2dð100Þ
a0 ¼ pﬃﬃﬃ
3

ð3Þ

Wt ¼ a0  Dp

ð4Þ

where h, k, l are the Miller indices and c is a lattice parameter for
hexagonal crystal structure.
The nitrogen adsorption–desorption phenomenon provides a
technique to determine surface area, pore volume, and pore size
distribution. The surface area has been obtained by correlating
the relative pressure (P/P0) data in the range of 0.05–0.3 by
the BET method[20]. The N2 adsorption–desorption isotherms
for the calcined Al40MCM-41 samples prepared by conventional and PS alumination are shown in Fig. 2a.
It can be seen that the samples exhibit a type IV nitrogen
adsorption–desorption isotherm, typical of a uniform mesoporous material, according to IUPAC nomenclature.[25] The isotherms exhibit three stages as follows: adsorption at low
pressure (P/P0 , 0.28) accounts for a monolayer adsorption of
nitrogen on the walls of the mesopores. As the relative pressure
increases, the isotherms rise steeply (at P/P0 ,0.28), which is
characteristic of capillary condensation within mesopores,
having a narrow hysteresis loop. At higher relative pressures
(P/P0 . 0.4), the plateau region is due to multilayer adsorption
on the outer surface of the particles. The total surface area of the
synthesized conventional Al40MCM-41, calculated according to
the BET method, was 795 m2 g1 and for Al40MCM-41(PS) was
794 m2 g1.
The pore size distribution determined from the adsorption
isotherm by the BJH method[21] covered a pore diameter range
of 2–20 nm. As shown in Fig. 2b, a very narrow distribution was
obtained for the Al40MCM-41 material prepared by conventional
and PS alumination, with a median pore diameter of 4.1 and
3.2 nm and a mesopore volume of 0.94 and 0.27 cm3 g1
respectively. The channel wall thickness calculated by applying
Eqn 3, based on XRD and BJH data, was 0.8 and 1 nm
respectively.
Fig. 3a, b shows, respectively, TEM images of the calcined
Al40MCM-41 samples that were prepared by conventional and
PS alumination. It can be seen that the mesopores possess a
highly ordered hexagonal array arrangement that is apparently
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long-range. On one hand, this observation corroborates the
XRD low-angle pattern, where all diffraction peaks were seen
and not only the main (100) reflexion (as observed for
Al40MCM-41, which is disordered). On the other hand, the
uniform porosity channels revealed by TEM images are in

(a) 500

agreement with the quite narrow pore-size distribution determined by N2 adsorption (BJH).
Table 1 shows the results of the Al2O3 and SiO2 content
analysis and surface Si/Al atomic ratio determined by EDX
measurement of calcined Al40MCM-41 samples prepared by
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Fig. 2. Nitrogen adsorption isotherms and pore distributions of the Al40MCM-41 material prepared by conventional
and post-synthesis (PS) alumination: (a) adsorption–desorption isotherms, and (b) pore size distribution (nm).
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Fig. 3. Transmission electron microscopy image showing highly ordered, long-range hexagonal array of mesopores in Al40MCM-41 samples prepared by
(a.1, a.2 and a.3) conventional, and (b.1, b.2 and b.3) post-synthesis alumination.
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conventional and PS alumination. Results show that the PSmodified material possesses a surface Si/Al atomic ratio of 11.1,
lower than in the conventional material, which has a ratio of
23.3, and indicates the PS method is more favourable based on
the metal positioning, as the metal is ‘anchored’ in the surface of
the catalyst. The PS method also allows the incorporation of
more aluminium without disintegration of the mesoporous
structure compared with Al-MCM-41 prepared by conventional
hydrothermal synthesis.
In order to gain insight into the surface composition, XPS
was employed in the current study. Table 2 shows the BE and
atomic concentration of Al 2p, Si 2p, C 1s and O 1s, surface
Si/Al atomic ratio determined by XPS for the calcined materials
and the calculated modified Auger parameter of Al (a0 ).
Results showed that the PS-modified material possesses a
surface Si/Al atomic ratio of 16.4, lower than in the conventional
material, with 28.4, confirming the theory that it is possible to
incorporate more aluminium without disintegration of the
mesoporous structure when compared with Al-MCM-41 prepared by conventional hydrothermal synthesis. This result was
as expected, because aluminium has been incorporated by PS
and consequently, aluminium atoms would be preferentially
located on the inner surface of the pores. The BE of the Al 2p
peak appears at 74.6 and 74.7 eV for Al40MCM-41 material
prepared by conventional and PS alumination respectively.
The Auger parameter of Al (a0 ) was 1461.5 and 1461.6 eV for
Al40MCM-41 material prepared by conventional and PS alumination respectively. The use of a0 allows a clear distinction
between tetrahedral and octahedral Al. For well-known aluminosilicates, the a0 values fall between 1461.3 and 1461.6 eV for
octahedral aluminium, and between 1460.3 and 1460.6 eV for
tetrahedral aluminium. Therefore, when our data was compared
with the scientific literature, both samples clearly showed that
they are characteristic of octahedral aluminium.[23,26]
Total Surface Acidity Measurement by n-Butylamine
Probe Molecule Thermodesorption
Fig. 4 shows the TGA/DTG (derivative thermogravimetric
analysis) curves used for the calculation of the acid site concentration for the samples synthesized by different methods.
The different profiles observed in Fig. 4 are evidence of the
influence of the preparation method on the samples. The sample
Table 1. Results of energy-dispersive X-ray fluorescence (EDX)
measurements for the Al40MCM-41 samples prepared by conventional
and post-synthesis (PS) alumination
Sample
Al40MCM-41
Al40MCM-41(PS)

Al2O3 [%]

SiO2 [%]

Si/Al atomic ratio

2.1
4.3

97.8
95.7

23.3
11.1

synthesized by the conventional method showed essentially one
step attributed to the thermodesorption of physically adsorbed
n-butylamine, whereas the sample prepared using the PS
method clearly showed two steps.
The chemical desorption of n-butylamine from acid sites
occurred in the temperature range of 100–5508C (strong acid
sites, T ¼ 100–3008C; moderate acid sites, T ¼ 300–5508C) and
the peaks were used for calculation of acid sites concentration.
The total density of acid sites was 0.99 and 1.43 mmol g1 for
the conventional and PS method respectively. The higher acidity
of PS-alumination catalyst may be attributed to the location of
the aluminium preferentially on the surface. The catalyst prepared by the conventional method may have more aluminium in
the crystal lattice. It was also observed that the aluminium
content in the PS catalyst was twice as high as in the conventional catalyst, providing more active sites from the aluminium
oxide (see Table 1).
The activation energies for thermodesorption of n-butylamine for both samples were calculated using dynamic integral
TG curves at three heating rates and the results are shown in
Fig. 5.
The values of activation energy obtained using model-free
kinetics (Fig. 5) had different profiles. The sample produced
using the PS method showed values for Ea of 78.2 
4.2 kJ mol1 whereas the sample prepared using the conventional method showed a higher variation in the values. The
conventional catalyst had an activation energy varying from
80 to 135 kJ mol1 in the thermodesorption conversion range of
60–100 %. This fact could indicate that the distribution of the
metal in the material surface when obtained with the PS method
is increased. That behaviour was also shown from the conversion graph (Fig. 4b). The percentage degradation or conversion
as a function of time for different temperatures was calculated
(Fig. 4b) and it could be seen that in the sample obtained by the
conventional method, conversion time decreased considerably
as a function of temperature when compared with that from the
PS method.
The study to determine adsorption of the n-butylamine probe
molecule is an important variable in the determination of the
final properties of the Al40MCM-41 materials prepared by PS
and conventional alumination, and these results are useful for
ascertaining the density of the acid sites. Vyazovkin[12–17]
developed an integral method of model-free kinetic analysis
that has multiple heating rates and allows an evaluation of both
simple and complex kinetics reactions. The rate of the chemical
reactions depends on the conversion (a), temperature (T), and
time (t). The analysis is based on the isoconversion principle,
which states that the constant conversion of the reaction rate is
only a function of temperature. In a typical experiment, it is
necessary to obtain at least three different heating rates (b) and
the respective conversion curves are evaluated from the measured TG curves. For each conversion (a), ln(b/Ta2) plotted vs

Table 2. Binding energy, atomic concentration, Si/Al atomic ratio, and Auger parameter of Al (a9) determined by X-ray photoelectron spectroscopy
for the calcined materials
Sample

Al40MCM-41
Al40MCM-41(PS)
A

C 1s

Binding energy [eV]
O 1s

Al 2p

Si 2p

C 1s

Atomic concentration
O 1s

Al 2p

Si 2p

Si/Al atomic
ratio

Auger parameter
of Al (a0 ) [eV]A

284.8
284.9

532.2
532.7

74.6
74.7

103.0
103.1

5.1
7.2

64.0
61.9

1.0
1.8

29.8
29.0

28.4
16.4

1461.5
1461.6

Data taken from van den Brand et al.[26] KE(Al(KLL)) of the alkaline pretreated ¼ 1386.9 eV.
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n-butylamine adsorption studies confirmed that the PS method
is a good route for incorporating aluminium into mesoporous
silica MCM-41.
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1/Ta gives a straight line with slope Ea/R (Eqn 5), and therefore
the activation energy is obtained as a function of conversion.
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ln 2 ¼ ln
Ta
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R Ta

ð5Þ

Conclusions
A successful synthesis of pure and highly ordered AlMCM-41
was obtained via a hydrothermal process. The textural properties
of the nanostructured material obtained were evaluated by
means of XRD and nitrogen adsorption analyses; the values of
mean pore diameter (Dp) and hexagonal structure parameter
(a0) were obtained. Based on these parameters, silica wall
thicknesses (Wt) were calculated to be 0.8 and 1 nm for
Al40MCM-41 samples prepared by conventional and PS alumination. TEM observations confirmed that the Al40MCM-41
synthesized by conventional and PS methods possesses a highly
ordered, long-range hexagonal array of mesopores. XPS and
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