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a  b  s  t  r  a  c  t

Al-containing  mesoporous  catalysts  with  MCM-41  structure  and  high  surface  area  have been  success-
fully  prepared  by direct  hydrothermal  synthesis.  Various  characterization  techniques  including  XRD,
N2 adsorption,  ICP-OES,  NMR,  FT-IR  and  adsorption  of pyridine  coupled  to  FT-IR  spectroscopy  were
employed.  A  detailed  study  about  the  relationships  existing  between  the different  synthesis  parame-
ters,  the  physico-chemical  properties,  the  acid  behavior  and  the catalytic  performance  is presented  in
this contribution.  We  have  suggested  that  the  active  sites  for  the  Beckmann  rearrangement  of  cyclo-
esoporous materials
l-MCM-41
ynthesis time
el stirring
-Caprolactam

hexanone  oxime  are  nest  silanols  (at  structural  defects)  of  very  weak  Brønsted  acid  character,  which  is
associated  with  the  introduction  of  Al  into  the  mesoporous  framework.  In all  the cases,  employing  soft
reaction  conditions,  we  have  obtained  selectivity  to  caprolactam  of  100%.  Finally,  a  Si/Al  initial  molar  ratio
of 20,  a stirring  of  synthesis  gel  for 7 h  and  a hydrothermal  treatment  of  6 days  seem  to be  the optimum
synthesis  conditions  to obtain  the highest  framework  Al incorporation,  more  abundant  weak  acid  sites
(silanol  nests)  and  maximum  yield  for �-caprolactam.
. Introduction

The preparation and engineering of nanostructured porous sili-
ate materials are one of the areas that will contribute the most to
cientific and technological development along the 21st century.

Particularly, the MCM-41 molecular sieve, member of the family
f mesoporous silica compounds M41S [1–8], has allowed devel-
ping applicable catalysts in many industrial processes. Features
uch as an hexagonal packed array of unidirectional mesopores
between 2 and 10 nm)  with narrow pore size distribution, highly
rdered structure, high surface area (up to 1000 m2/g) and high
pecific pore volume (up to 1.3 ml/g) are mainly responsible for
ts high adsorption capacity even of bulky molecules. Meanwhile,
he catalytic properties of these materials rely on the presence of

ctive sites in their frameworks. In fact, since the first reports of
hese structures [3,4], numerous studies have been performed aim-
ng to modify the pure siliceous MCM-41 in order to increase its
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ersitaria, 5016 Córdoba, Argentina. Tel.: +54 0351 4690585; fax: +54 0351 4690585.
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potential applicability. Thus, the incorporation of aluminum within
the silica framework has been implemented in order to increase
the acidity, ion exchange capacity and specific catalytic activity
[9–11]. In this respect, it has been shown that aluminum can be
successfully incorporated into tetrahedral positions of the MCM-
41 framework through direct hydrothermal synthesis [12,13].  This
porous structure and its specific catalytic behavior can be tailored
to a certain extent by controlling the synthesis parameters such as
surfactant/Si ratio, surfactant nature, metal loading, stirring time of
the synthesis gel, hydrothermal treatment time, temperature, etc.
In particular, since the rates of polymerization of the silicium and
aluminum species are different, the hydrothermal synthesis time
as well as the stirring of the synthesis gel must be key parame-
ters that can affect not only the textural properties but also the
present metallic species and acidity of the final solid. On the other
hand, given its considerably weak acidity and large pores system,
this type of mesoporous sieves Al-MCM-41 has potential appli-
cations as catalysts in processes requiring moderate acidity and
involving bulky molecules. Thus, considering these characteristic

properties, the applicability of these catalysts has been studied in
the Beckmann rearrangement reaction of the cyclohexanone oxime
(CHO) to �-caprolactam (�-C) [14–20].  �-C is an important inter-
mediate for the manufacture of synthetic fibers and engineering
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lastics, being a key starting material for the manufacture of Nylon
. The classical process for the commercial production of capro-

actam involves the cyclohexanone oximation and the liquid phase
eckmann rearrangement route, which is highly selective but eco-

ogically and economically questionable. This process has several
isadvantages such as the production of large amounts of low value
mmonium sulfate as a waste and the corrosion and environmen-
al pollution caused by the use of concentrated sulfuric acid as a
omogeneous catalyst [21–23].  For this reason, more efficient, eco-
omical and environmentally compatible paths for the production
f �-caprolactam are required. In this sense, several research groups
ave attempted to carry out the Beckmann rearrangement in the
apor phase using acid solid catalysts [14–17,21–44]. Recently,
chihashi and Sato et al. [45,46] have developed a new process
or the vapor phase Beckmann rearrangement of cyclohexanone
xime using a silica zeolite which has made possible the industrial
roduction of caprolactam without producing any ammonium sul-
ate. Anyway, research on this field continues to be intense and,
mong the solid catalysts investigated, the Al-MCM-41 materials
ppear as very interesting. On the other hand, considerable atten-
ion has been focused on the type of catalytically active sites in the
eckman rearrangement and the relationship between the selec-
ivity for caprolactam and the acidity. In the past years, it has been
eported that moderate or strong Brønsted acid sites promote the
ormation of �-caprolactam while SiOH groups catalyze the forma-
ion of by-products [14,15,47,48].  In this sense, Chaudhari et al.
14] and Forni et al. [15] claim that the formation of caprolac-
am (rearrangement) is mainly favored by moderate acid centers
resent on Al-MCM-41 in their H-forms, which is deeply depend-
nt of the framework aluminum content. On the contrary, many
esearchers have noticed that only weak or even extremely weak
rønsted acid sites, such as hydrogen bonded hydroxyls at frame-
ork defect sites (vicinal silanol groups or silanol nests), can be

ffective for the Beckmann rearrangement [22,43,44,49–54] while
trong acid sites accelerate the formation of by-products [55,56].
hus, Herrero et al. [44] stated that the weak Brønsted acidity
ssociated with SiOH groups (external, in cavities and structural
efects), in wide-pore zeolites and non-zeolitic materials, increases
he caprolactam yield. In addition, Holderich et al. [54] reported
hat silanol nests with very weak acidity generated on MFI  zeo-
ites by treating with ammonia are the most favorable sites for
he oxime rearrangement. Then, they observed that, on a [Al]-Beta
eolite, the vicinal hydrogen bonded hydroxyls also showed a favor-
ble strength for this rearrangement [52]. Moreover, these authors
uggested that a high calcination temperature of the material can
roduce (besides the loss of active hydroxyls) alumina which could
lock some active sites. In addition, Ichihashi and Sato et al. [45,46]
ttributed the high selectivity and activity for the vapor phase Beck-
ann rearrangement on a MFI-type zeolite, composed exclusively

f silica, to the acid nest silanols located close to their pore mouths.
ecently Zhang et al. [17] investigated the modification of Al-MCM-
1 with P in order to generate more acid sites and improve the
electivity to caprolactam. From all these reports it can be inferred
hat the nature and acid strength of the active sites necessary for
he vapor-phase Beckmann rearrangement of the cyclohexanone
xime are not clear yet and more research is required. In order to
ontribute to the understanding of the nature of the active sites
n the Beckmann rearrangement reaction to obtain �-Caprolactam,
n this paper we develop catalysts of the type Al-MCM-41, seeking
he substitution of Si by Al into the structure. The influence of the
i/Al molar ratio and the stirring time in the synthesis gel as well
s the hydrothermal treatment time on the physicochemical prop-

rties has been studied. Moreover, the introduction of aluminum
nto the framework and the acidity (nature and strength of acid
ites) of the final solids were analyzed in relation to the catalytic
erformance.
A: General 453 (2013) 391– 402

2. Experimental

2.1. Synthesis

The mesoporous materials (Al-MCM-41) were prepared by
hydrothermal synthesis using cetyltrimethylammonium bromide
(CTABr, Merck, 99%) as template and tetraethoxysilane (TEOS,
Aldrich 98%) as silicon source. Sodium hydroxide (NaOH, Cicarelli)
aqueous solution 2 M was  used for hydrolysis and pH adjustment,
and sodium aluminate (NaAlO2, Johnson Matthey) was used as
source of aluminum. The catalysts were synthesized from a syn-
thesis gel of molar composition: NaOH/Si = 0.50, CTABr/Si = 0.12,
H2O/Si = 132 and Si/Al = 20 or 60. In a typical synthesis, CTABr was
dissolved in H2O–NaOH solution and after heating (35–40 ◦C) to
dissolve the surfactant, the TEOS was  added and stirred for 30 min.
The Al source was  added and the synthesis gel was stirred at room
temperature for 4–12 h. Then, this resulting gel was hydrothermal
treated at 100 ◦C in a Teflon-lined stainless-steel autoclave under
autogeneous pressure for 0–8 days (0 days corresponds to the mate-
rial without hydrothermal treatment). The final solid was filtered,
washed with distilled water and dried at 60 ◦C overnight. To remove
the template, the samples were heated (heating rate of 2 ◦C/min)
under N2 flow up to 500 ◦C and kept at this temperature for 6 h;
they were then calcined at 500 ◦C under air flow for 6 h. The samples
were named as Al-M(x)y-z, where “x” is the Si/Al initial molar ratio,
“y” is the time of hydrothermal treatment and “z” is the stirring time
of the synthesis gel in h. For comparison, analogous aluminum-free
MCM-41 samples were synthesized and named as Si-M-y-z.

2.2. Characterization

The X-ray diffraction (XRD) patterns were recorded in air at
room temperature on a Philips PW 3830 diffractometer with Cu K�
radiation (� = 1.5418 Å) in the range of 2� from 1.5◦ to 7◦. The inter-
planar distance (d(1 0 0)) was  estimated using the position of the
first X-ray diffraction line. The lattice parameter (a0) of the hexago-
nal unit cell was calculated from the equation a0 = (2/

√
3)d(1 0 0).

Specific surface areas were measured using a Pulse Chemisorb
equipment by single point at P/P0 = 0.3 through the BET method.
The samples were previously heated for 1 h at 300 ◦C under N2 flow.

The Al content was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES), using a VISTA-MPC CCD
Simultaneos ICP-OES-VARIAN.

The solid state nuclear magnetic resonance (NMR) spectra were
conducted on a Bruker Avance II 300 spectrometer operating at
78.2 MHz  for 27Al. The sample was spun at the magic angle at a rate
of 5 kHz. Experiments were carried out at ambient probe temper-
ature. The 27Al spectrum was recorded using direct polarization
with pulses of 1 �s duration and a relaxation delay of 2 s. Alu-
minum chemical shifts are quoted with respect to 1 M aluminum
nitrate solution. Infrared analysis of the samples was recorded on
a JASCO 5300 FT-IR spectrometer. The FT-IR spectra in the lattice
vibration region were performed using the KBr 0.05% wafer tech-
nique. In addition, in order to evaluate the strength and type of
acid sites, FT-IR spectral measurements of pyridine adsorption on
the samples were also performed through the following proce-
dure. Self-supported wafers of the samples (∼20 mg and 13 mm
of diameter) were prepared, placed in a thermostatized cell with
CaF2 windows connected to a vacuum line and evacuated for 7 h
at 400 ◦C under a dynamic vacuum; residual pressure was smaller
than 10−3 Pa. After cooling to room temperature, the spectrum of
each sample was recorded (background spectrum). Afterwards the

background spectrum was  recorded, the solid wafer was  exposed
to pyridine vapors (Sintorgan, 99% purity) until saturate the sys-
tem to 46 mm Hg at room temperature; the contact time at this
pressure was  12 h. After an IR spectrum of the adsorbed pyridine at
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seem to be slightly decreased when the stirring of gel is longer
(Table 1). Finally, the increase in the parameter a0 for all of the
2 Theta (°)

Fig. 1. XRD patterns of samples synthesized by stirring the synthesis gel for 4 h, 

oom temperature was recorded, the subsequent IR spectra were
btained following the pyridine desorption by evacuation for 1 h
t 25, 50, 100 and 200 ◦C. Finally, the difference spectrum for each
ample was obtained by subtracting the background recorded pre-
iously.

.3. Catalytic reactions

The catalytic reactions were carried out in a down flow fixed
ed tubular glass reactor (i.d. = 8 mm and 35 cm length) at atmo-
pheric pressure using 0.2 g of the catalyst. The reactor was placed
nside a temperature controlled vertical furnace (320 ◦C). A solu-
ion of 10 wt% CHO in 1-hexanol was fed using a syringe pump
5.6 ml/min). CHO employed was 97% pure (Fluka). The contact
ime (W/F = 40 g h/mol) refers to the weight of catalyst (g) over
he feed rate of CHO (mol/h). Nitrogen was used as the carrier
as (30 ml/min). The reaction products were collected in a receiver
fter cooling with ice cold water. The samples were analyzed using

 Perkin Elmer gas chromatograph (Clarus 500) with a capillary
olumn (ZB-1, 30 m × 0.53 mm i.d.) and a flame ionization detec-
or (FID). The product identification was done by GC–MS (Perkin
lmer – clarus 560S) with a capillary column (E-5 30 m × 0.53 mm
.d.). Also the reaction products were analyzed by comparison with
hromatographic standards.

The conversion was expressed in moles % and the yields calcu-
ated as: cyclohexanone oxime conversion × selectivity to reaction
roducts/100.

. Results and discussion

Table 1 summarizes the different synthesis conditions and
hysicochemical properties for the more representative samples
repared in this study. Fig. 1 shows the XRD patterns of the sam-
les with initial Si/Al molar ratios = 20 and 60, obtained by stirring
he reaction mixture for 4 h followed by different times of hydro-
hermal treatment (0–8 days). All of the patterns exhibit a main
1 0 0) peak and two weak reflections ascribed to (1 1 0) and (2 0 0),

hich is typical of highly ordered MCM-41 structures and consis-

ent with the high surface area values obtained (above 1000 m2/g).
s it can be observed in both cases (Si/Al ratios = 20 and 60), even

hough the mesostructure was formed without thermal treatment,
2 Theta (°)

ifferent hydrothermal treatment times, and Si/Al molar ratios (A) 20 and (B) 60.

a notable improvement of the original structure was  achieved when
the samples were hydrothermal treated. Thus, the synthesis time
has a considerable effect on the structural regularity. This is shown
in Fig. 2 by evaluating the structural ordering degree of each sample
in comparison to a sample arbitrary taken as reference with 100%
ordering (Al-M(60)6-4) [57,58]. For both Si/Al ratios (20 and 60), a
hydrothermal treatment time of 6 days appears optimum to obtain
the higher long-range structural ordering. Then, a longer time
appears to induce some disorder in the structure which can be also
correlated with a decrease in the surface area observed (Table 1).
These results are in agreement with some previous reports [57–59].
On the other hand, although all the samples exhibit high areas,
those prepared with the lower Si/Al ratio showed relative areas
slightly lower for the same times of stirring and hydrothermal treat-
ment; this fact is attributed to a slight lowering of the lattice order
degree associated with the higher Al incorporation. In addition,
Fig. 3 shows the XRD patterns of the samples hydrothermal syn-
thesized for 6 days with Si/Al molar ratios = 20 and 60, where the
stirring time of synthesis gel was modified (4–12 h). As it can be
seen, the high structural regularity of the samples is not notably
affected by this synthesis variable though the surface area values
Fig. 2. Effect of synthesis time on the structural ordering degree of samples synthe-
sized with Si/Al molar ratio in the synthesis gel of (a) 20 and (b) 60.
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Table 1
Synthesis parameters and the physical properties of the synthesized solids.

Sample Si/Ala (initial molar ratio) Hydrothermal treatment (days) Stirring of the synthesis gel (h) a0
b (nm) Area (m2/g)

Al-M(20)0-4 20 0 4 4.45 1275
Al-M(20)2-4 20 2 4 4.49 1364
Al-M(20)6-4 20 6 4 4.45 1293
Al-M(20)6-7 20 6 7 4.45 1242
Al-M(20)6-12 20 6 12 4.47 1188
Al-M(20)8-4 20 8 4 4.47 1131

Al-M(60)0-4 60 0 4 4.45 1387
Al-M(60)2-4 60 2 4 4.41 1414
Al-M(60)6-4 60 6 4 4.32 1398
Al-M(60)6-7 60 6 7 4.45 1277
Al-M(60)6-12 60 6 12 4.47 1161
Al-M(60)8-4 60 8 4 4.47 1172

Si-M-6-4 – 6 4 4.20 1180
Si-M-6-7 – 6 7 4.22 1182
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a In the synthesis gel.
b a0 = (2/

√
3)d1 0 0.

amples containing Al with respect to the purely siliceous sample
s a hint of the incorporation of Al into the framework.

The NMR  technique is widely used to characterize the coor-
ination state of Al atoms in mesoporous structures. 27Al NMR
easurements were conducted to distinguish between tetrahe-

ral and octahedral aluminum coordination in order to establish
he degree of aluminum substitution (tetrahedral sites) in the sil-
ca framework. All spectra for our samples (Figs. 4 and 5) exhibit a
eak at 59 ± 2 ppm corresponding to tetrahedral coordinated alu-
inum into the framework and a peak at 0 ± 2 ppm attributed to the

ctahedral coordinated extraframework aluminum [12,13,16,19].
t  is known that the extraframework Al species (aluminum oxide)
an be formed intrinsically during the hydrothermal crystalliza-
ion and/or by expelling from the structure (dealumination) during
alcination. It should be also noted here that tricoordinated frame-
ork aluminum species in a distorted tetrahedral geometry, which

xist in a metastable state, frequently appear as a broad hump over-
apped with the AlTd peak [60]. Although this signal could not be
iscerned in our NMR  spectra its existence can not be discarded.

ssuming that the amounts of the tetrahedral and octahedral alu-
inum are proportional to their respective resonance intensities,

t is notable the predominance of extraframework aluminum in all
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Fig. 3. XRD patterns of samples synthesized by hydrothermal treatment during 6 
of the calcined samples prepared here. However, it can be observed
that the relative proportion of tetrahedral coordinated Al into the
framework (AlTd %), calculated from the integrated intensities of the
NMR  peaks and shown in Table 2, is higher for the samples synthe-
sized with the lower Si/Al initial ratio. This suggests that, employing
this synthesis method, the incorporation and stabilization of Al
into the framework are more favorable for the higher amounts of
metal. In addition, the wt%  of tetrahedral Al in the samples (AlTd
wt%), calculated from the AlTd % multiplied with the overall Al con-
tent (accurately determined by ICP-OES), is also shown in Table 2.
Both the hydrothermal synthesis time and the stirring time appear
as important parameters in order to achieve the incorporation of
tetrahedral Al into the framework. Thus, as it can be seen in Fig. 4
and Table 2, for both Si/Al initial ratios, a hydrothermal treatment of
6 days is optimum to reach the maximum percentage of tetrahedral
Al into the framework (AlTd % and AlTd wt%). A longer synthesis time
(8 days) shows a decrease in the Al incorporation, which would be
probably consistent with the decrease of structural ordering and
surface area. In addition, as it is shown in Fig. 5 and Table 2, while

for the Si/Al ratio = 60 a stirring of the gel for 4 h seems to be suffi-
cient to allow the maximum AlTd % and AlTd wt%, a longer stirring
time (7 h) is necessary in order to introduce the highest amount of
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days with different stirring times and Si/Al molar ratios of (A) 20 and (B) 60.
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ig. 4. 27Al solid-state MAS  NMR  spectra of samples synthesized by stirring the syn
0  and (B) 60.

etrahedral coordinated Al into the framework (Al-M(20)6-7 sam-
le). Finally, it is important to highlight here the very low content
f residual sodium in all of the samples (lower 0.2 wt% for the
i/Al ratio = 20 and lower 0.07 wt% for Si/Al ratio = 60). Moreover,
he molar ratio between the Na+ and tetrahedral Al amounts is
losed to one which suggests that the framework Al species would
ave mainly Na+ as counter cations. The infrared spectra in the
00–1600 cm−1 range, named the fingerprint zone of the material,
or the KBr-pelletized samples are shown in Figs. 6 and 7. Fig. 6
hows the spectra of the samples with Si/Al initial molar ratios = 20
nd 60, obtained by stirring the synthesis gel for 4 h followed by
ydrothermal treatment for different times; Fig. 7 shows the spec-
ra of the samples hydrothermal synthesized for 6 days but stirring
he gel during different times. The main bands described in the
iterature for MCM-41 are found in our samples, particularly the

ands at around 1081 and 1243 cm−1 associated to internal and
xternal asymmetric Si O stretching modes, respectively, as well
s the bands at 800 and 458 cm−1 assigned to symmetric stretching
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ig. 5. 27Al solid-state MAS  NMR  spectra of samples synthesized by hydrothermal treatm
0.
 gel for 4 h, with different hydrothermal treatment times, and Si/Al molar ratios (A)

and tetrahedral bending of Si O bonds, respectively [12,13,61,62].
Moreover, a strong band at 960 cm−1 is clearly visible in all of the
spectra. For Ti-containing zeolites, a band at 960 cm−1 is believed to
be a consequence of the stretching vibration of Si O units bound
to Ti atoms [63–66].  Several authors have assigned this band to
the incorporation of heteroatoms such as Al or B into the frame-
work of the mesoporous silica materials [22,23,62,67].  Thus, Palani
et al. [62] attributed the presence of bands at 960–965 cm−1 to
Si O−M+ (where M = Al and Zn). However, caution is required in
assigning this band since pure silica MCM-41 also exhibits such
band around 960 cm−1 attributed to the Si O stretching vibration
in the Si O H groups at the defect sites present in the mesoporous
structure [66]. Therefore, this band can be interpreted, in our sam-
ples, in terms of the overlapping of both Si OH groups and Si O Al
bonds vibrations. Anyway, when various metals are incorporated,

the intensity of this band increases and this is generally consid-
ered to be a proof of the incorporation of the heteroatom into the
framework [67]. In particular, Zhang et al. [68] claimed that the IR
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ent during 6 days, with different stirring times and Si/Al molar ratios (A) 20 and (B)
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Table 2
Chemical compositions, infrared data and �-C yield for the catalysts evaluated.

Sample Al content (wt%)a AlTd (%)b AlTd (wt%) A960/A800
c A(1632)

d (cm−1) A1632/A1447
c �-C yield (mol%)e

Al-M(20)0-4 1.26 15.25 0.1921 0.78 0.19 0.083 6.10
Al-M(20)2-4 1.28 17.35 0.2221 1.25 0.68 0.298 17.00
Al-M(20)6-4 1.62 18.03 0.2921 1.57 1.21 0.535 36.80
Al-M(20)6-7 1.65 19.35 0.3192 2.04 1.35 0.592 60.43
Al-M(20)6-12 1.63 18.70 0.3048 1.84 1.30 0.571 54.20
Al-M(20)8-4 1.35 15.97 0.2156 1.05 0.27 0.118 10.60

Al-M(60)0-4 0.42 13.79 0.0579 0.75 0.16 0.059 5.00
Al-M(60)2-4 0.42 15.25 0.0641 1.18 0.50 0.185 16.10
Al-M(60)6-4 0.43 18.70 0.0804 1.54 1.00 0.363 36.00
Al-M(60)6-7 0.42 18.03 0.0757 1.48 0.91 0.336 30.91
Al-M(60)6-12 0.42 17.35 0.0728 1.45 0.79 0.292 22.43
Al-M(60)8-4 0.39 15.25 0.0594 0.81 0.25 0.092 7.43

Si-M-6-4 – – – 0.67 0.12 0.055 3.00
Si-M-6-7 – – – 0.68 0.13 0.057 3.12

a By ICP-OES.
b By NMR.
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c Integrated absorbance ratio of IR bands.
d Integrated absorbance (cm−1) of 1632 cm−1 IR band.
e Reaction conditions: TOS = 15 min, W/F  = 40 g h/mol, temperature = 320 ◦C.

ntensity at 960 cm−1 increased with increasing P content in MCM-
1 materials as a consequence of the replacement of Si O H by
i O P. Nevertheless, considering the 960 cm−1 band as a further
vidence of the Al incorporation in the material, we analyzed the
ariation of the relationship between the integrated absorbances of
his IR band and that at 800 cm−1 (�sy (Si O Si)) (A960/A800), in func-
ion of the different synthesis variables (Table 2). As it can be seen,
or both Si/Al initial molar ratios, this relationship increases with
he increase of the hydrothermal treatment time up to 6 days and
hen decreases. This fact would be indicating that a hydrothermal
reatment of 6 days is optimum to reach the maximum concentra-
ion of Al incorporated into the framework of MCM-41 (Si O Al
onds), which is consistent with the NMR  results. On the other
and, for the Si/Al ratio = 60, 4 h stirring the synthesis gel allows
o achieve the highest value of the 960/800 cm−1 bands ratio, but
n the case of the highest Al content, a longer time of stirring is

ecessary (7 h) to reach the higher Al incorporation. This is again
ccording to the NMR  results.

In order to detect the presence of silanol groups on the sur-
ace, Fig. 8 depicts the FTIR spectra in the hydroxyl range of the
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ig. 6. FT-IR spectra in the 400–1600 cm−1 range of samples synthesized by stirring the s
atios  (A) 20 and (B) 60.
Al-M(20) samples (hydrothermally synthesized for 6 days after
stirring the gel during different times) and of the purely siliceous
analog. Before measurements, self-supported wafers of the sam-
ples were degassed at 400 ◦C for 7 h. It is known that there can be
several types of surface silanol groups with different acidic prop-
erties: terminal, geminal, vicinal and nests [45,46,52,54,69–71]. All
our spectra exhibited a broad and intense band that was  attributed
to hydrogen bonded hydroxyl groups [52,54,69,70]; this band
could be separated into two contributions at about 3700 cm−1 and
3590–3600 cm−1 and subsequently fitted with two overlapping
Gaussian peaks. According to the literature [45,46,52,54] these two
contributions could be assigned to vicinal silanol groups and silanol
nests, respectively, generated at framework defect sites probably
due to the method used for catalyst preparation. In accordance with
Hölderich et al. [52], the broadness can be explained by the stronger
delocalization of the hydrogen bonded sites, because of the relative

proximity of the hydroxyl groups in a silanol nest or even in vicinal
silanols. At the same time, the shift of these bands to lower wave-
length compared to that of the terminal silanol (around 3740 cm−1,
not found in our samples) also indicates the lateral interactions
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f the silanol groups with each other through hydrogen bonds at
he defect sites; these are expected to be more in samples having
igher framework aluminum [70]. Thus, comparing the integrated
bsorbances of the two contributions for the different samples,
t is possible to observe that even if the siliceous MCM-41 con-
ains silanol nests, its relative proportion increases with increasing

ramework aluminum amount (see Fig. 8). Thus, the Al-M(20)6-7
ample, which has the maximum AlTd % and AlTd wt%, also shows
he highest proportion of silanol nests. This fact is indicating that
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ifferent times) and for the purely siliceous analog.
al treatment during 6 days, with different stirring times and Si/Al molar ratios (A)

the incorporation of Al into the framework results in an increased
formation of structural defects [69] leading to a higher proportion
of silanol nests. In order to investigate the acidity of different silanol
species, Sato et al. [46] studied and compared their deprotonation
energies by means of molecular orbital calculation. They found that
the ease of proton escape from silanol was  in the order: nest, vicinal,
geminal and terminal. This suggests that the nest silanol’s acidity is
the strongest of all silanols; thus the nest silanols can give a proton
to a basic molecule easier than other silanols because the deproto-
nated species of nest silanols might be stabilized with the help of
hydrogen bonding [45,46].  Likewise, the higher acidic character of
the nest silanol is consistent with its lower vibrational frequency
(lower O H bond strength) and contrasts with higher frequencies
for vicinal or terminal silanols Moreover, for our samples, the com-
ponent assigned to nest silanol slightly shifts to a lower frequency
(3590 cm−1) (Fig. 8) in the Al modified samples compared with the
siliceous sample. This could evidence a weakening of O H bond and
hence an enhanced acid character of the nest silanols as result of
the incorporation of aluminum. Finally, it is notable that no bands
corresponding to Brønsted acid sites, arising from isolated bridging
Si(OH)Al hydroxyl groups, were found in this region of IR spectrum
[69–71]. Despite the well documented mild acidity of Al-MCM-41
materials and the presence of tetrahedral Al in their structure, no
significant evidence for the formation of bridging Si(OH)Al groups
in the ordered mesoporous materials is provided in the literature.
Occasionally, reported weak IR bands in the region of 3600 cm−1

[66,69,70] should probably be attributed to defects or impurities.
The chemisorption of pyridine followed by IR studies is usu-

ally a useful probe to detect the presence and nature of acid sites
on a catalyst [73]. The pyridine, as basic molecule, can interact via
the nitrogen lone-pair electrons with these acid sites, giving rise
to characteristic bands. Information on the strength of Lewis and
Brønsted acid sites can be obtained from pyridine thermodesorp-
tion. Fig. 9A and B shows the FT-IR spectra of the calcined sample
Al-M(20)6-7 and the purely siliceous analog, respectively, recorded
after the adsorption of pyridine at room temperature and after sub-
sequent evacuation at 25, 50, 100 and 200 ◦C. Note that in order to

make a semi quantitative and comparative analysis, all of the curves
were affected by the wafer mass. It is known that pyridine can form
hydrogen bonds with the silanol groups present in the structure
whose hydroxyls are not capable to protonate pyridine. Thus, all our
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ig. 9. FT-IR of pyridine adsorbed on the samples (A) Al-M(20)6-7 and (B) Si-M-6-
e)  200 ◦C.

amples show bands corresponding to silanol bonded pyridine at
597 and 1447 cm−1 [23,69,70,72–76] which completely disappear
pon evacuation at 200 ◦C. However, according to the literature
nd to our previous reports [23,69,70,72,73,75,77–79] the forma-
ion of a Lewis-type adduct with adsorbed pyridine is identified by
R absorption bands at about 1600–1620 and 1445–1455 cm−1. As it
an be observed in Fig. 9, upon evacuation at 100 ◦C, the integrated
bsorbances of the bands at 1597 and 1447 are slightly higher for
he Al-MCM-41 sample (Fig. 9A) than for the purely siliceous mate-
ial (Fig. 9B); this could evidence a contribution (overlapping these
ands) from pyridine bonded to Lewis acid sites on Al-MCM-41
hich are slightly stronger to retain the pyridine molecules until

00 ◦C. This Lewis acidity can be assumed to come, at least mainly,
rom extra-framework aluminum oxide (alumina) formed during
alcination [70,77]. As it has been reported [80,81] the alumina only

resents bands of pyridine bonded to Lewis acid sites. Neverthe-

ess, it is important to note here that Katovic et al. [82] reported the
ormation of two different Lewis sites on Al-MCM-41 which were
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om temperature (a) and after subsequent evacuation at (b) 25, (c) 50, (d) 100 and

identified by CO adsorption coupled to FT-IR spectroscopy. Thus,
they observed a strong signal due to extraframework Al sites and
weak one assigned to Al(OSi)3 species inside the framework [82].
These latter Lewis acid sites could be associated with the tricoordi-
nated framework Al in a distorted tetrahedral geometry mentioned
by Ma  et al. [60]. We  could not discern yet if these species con-
tribute to the total Lewis acidity in our materials. Moreover, the
presence of isolated sodium cations could also be contributing to
this Lewis acidity. On the other hand, the presence of a band at
1632 cm−1, which is remarkably more intense for the Al-MCM-41
sample, can be attributed to pyridine interacting with Brønsted
sites from acid hydroxyls [71,78,83].  In this sense, Chen et al. [84]
assigned this band to pyridine adsorbed on the hydroxyl ions. A
relevant fact is the absence of the pyridinium ion band at about
1545 cm−1 arising from pyridine interacting with bridging Si(OH)Al

hydroxyl groups [71,83]. This allows us to postulate that the OH
groups giving rise to the 3590 cm−1 band (nest silanols with weak
acid character) could be mainly involved in pyridine protonation
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A1632/A1447 ratio was observed by stirring the gel for 7 h (Fig. 11 and
Table 2). Again, this maximum Brønsted acidity arising from acid
silanols for the sample Al-M(20)6-7 is consistent with the higher
proportion of framework Al. Finally, Fig. 12 illustrates the clear
ig. 11. FT-IR of pyridine adsorbed at room temperature on samples synthesized 

atios  (A) 20 and (B) 60.

n Al-MCM-41 samples [83]. Under evacuation at 50 ◦C the band
t 1632 cm−1 tends to disappear, indicating that these Brønsted
ites are of a very weak character. It should be noted that the
yridine desorption temperature is significantly lower than that
or zeolites, which reflects the higher acidity of zeolites. In accor-
ance with Refs. [71,82–85] we conclude that the weak Brønsted
ites in our Al-MCM-41 materials are not due to bridging Al(OH)Si
roups, which are commonly found in zeolites, but they would
e mainly associated with surface acid SiOH groups such as the
ilanol nests observed in Fig. 8. It is noteworthy that although
he siliceous sample possesses silanol nests, the same presents a
ery low intensity for the 1632 cm−1 band. Hence, it is possible
uggest that the acidic properties of these silanol nests are most
ikely modified by the inductive effect of the Al present into the
tructure. Thus, changes in the electron density around Si due to
harge unbalance, or differences in electronegativity or local struc-
ure deformation resulting from the introduction of Al into the
icinity of the hydroxyl carrying silicon may  weaken the SiO H
ond in silanol nests, enhancing their acid strength. In this regard,
oles et al. [86] have shown that the insertion of aluminum species

n mesoporous molecular sieves framework creates electrophilic
ationic Al centers, which could contribute to weakening of SiO H
ond. Likewise, it is highly likely that the tricoordinated frame-
ork Al species, if they exist, produce strongly electroacceptor sites.

hereby, aluminum clearly influences silanol bond strengths and
ome of these may  well give rise to Brønsted acidity; however, it is
robable that only a very small proportion of the total silanol pop-
lation exhibits Brønsted acidity. Fig. 10A  and B shows the FT-IR
pectra of adsorbed pyridine at room temperature on the samples
ith Si/Al initial molar ratios = 20 and 60, respectively, obtained by

tirring the synthesis gel for 4 h followed by hydrothermal treat-
ent for different times. Fig. 11A and B shows these spectra for the

amples hydrothermally synthesized during 6 days but stirring the
el during different times. All of the above mentioned bands have
een observed in these spectra. Taking into account that the bands
t 1597 and 1447 cm−1 are interpreted in terms of the overlapping
f both the hydrogen-bonded pyridine and a Lewis-type adduct, the
ain aim of showing these spectra is to draw attention to the inten-
ity of the band at 1632 cm−1 (Brønsted acid silanols). Although
hese IR spectra cannot be regarded as being strictly quantitative,
onsidering that the sample wafers had approximately the same
urface density and that all of the measurements were affected by
drothermal treatment during 6 days, with different stirring times and Si/Al molar

the wafer weight, a semi quantitative analysis is valid. Thus, the
integrated absorbance (A1632) of the 1632 cm−1 IR band (Brønsted
acid silanols) as well as the ratio (A1632/A1447) between this and
the integrated absorbance (A1447) of the 1447 cm−1 band (Lewis
sites and non-acid silanols), after pyridine absorption at room tem-
perature, have been calculated to estimate the acid site density
(Table 2). As it can be seen, all of the samples with higher Al content
(Si/Al ratio = 20) present higher Brønsted acid silanol density (A1632)
than the corresponding ones synthesized with lower metal content
(Si/Al ratio = 60). Moreover, considering the variation in the hydro-
thermal synthesis time, for both Si/Al ratios, the A1632 as well as the
A1632/A1447 ratio increased with increasing this variable up to 6 days
and then markedly decreased (Fig. 10 and Table 2). This increase
in the Brønsted acidity arising from acid silanols can be clearly
associated with the higher presence of framework Al for 6 days of
hydrothermal treatment, in agreement with the NMR  results. With
respect to the stirring time of gel, for the Si/Al ratio = 60 the Brønsted
acid silanol density is only slightly affected by this variable, but in
the case of the Si/Al ratio = 20, an increase in both the A1632 and the
Fig. 12. Brønsted acid silanol density (A1632) versus the concentration of framework
Al  (AlTd wt%) for samples synthesized with Si/Al mol ratios of (a) 20 and (b) 60.
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ig. 13. CHO conversion and �-C yield versus: (A) hydrothermal treatment time for
tirring time for samples synthesized by hydrothermal treatment during 6 days and

inear increase in the Brønsted acid silanol density (A1632) when the
oncentration of Al incorporated into the framework was  increased,
nder the different synthesis conditions. These results confirm that
he introduction of Al into the mesoporous framework not only
ncreases the proportion of silanol nests due to an increased forma-
ion of structural defects but also enhances their acid strength, gen-
rating thus Brønsted sites arising from acid SiOH groups. On the
ther hand, some authors [69,77] have found that the relative inten-
ity of the bands assigned to pyridine bonded to hydrogen decreases
s the Al incorporation increases leaving less number of non acidic
ilanol groups in the material. For our samples, a similar behav-
or in the integrated absorbances of these bands can be inferred

hen the Si/Al ratio decreases from 60 to 20 (Figs. 10 and 11).
his fact is consistent with the vicinal silanols proportion (band
t 3700 cm−1) decreasing with increasing Al incorporation. How-
ver, as it was mentioned, the contribution from Lewis sites to the
ydrogen-bonded pyridine bands cannot be discarded.

Table 2 shows the catalytic results for the vapor-phase Beck-
ann rearrangement reaction of the cyclohexanone oxime to

-caprolactam, at 320 ◦C and W/F = 40 g h/mol, over the more
epresentative synthesized catalysts. It is known that the cyclo-
exanone oxime can be catalytically transformed to products of
earrangement, fragmentation and hydrolysis under different reac-
ion conditions. We have chosen mild reaction conditions in order

o obtain moderate conversion values with high �-caprolactam
electivity, that which allows us to establish the possible nature
f the active sites in the rearrangement reaction. The influence
f the synthesis conditions of material (hydrothermal treatment

ig. 14. �-C yield versus Brønsted acid silanol density (A1632) for: (A) samples synthesize
nd  Si/Al molar ratios of (a) 20 and (b) 60; (B) samples synthesized by hydrothermal treat
b)  60.
A: General 453 (2013) 391– 402

les synthesized by stirring the gel for 4 h and Si/Al ratios of (a) 20 and (b) 60; (B) gel
 ratios of (a) 20 and (b) 60.

time and stirring time of the synthesis gel) on the catalytic perfor-
mance for the Si/Al ratios = 20 and 60 are illustrated in Fig. 13.  For
both Si/Al ratios, the materials hydrothermal treated during 6 days
exhibited the better catalytic performance (Fig. 13A). Meanwhile, a
stirring of the gel for 7 h allowed to achieve the best catalytic result
(conversion ∼60%) for the catalyst with higher Al content (Si/Al
ratio = 20) and 6 days of hydrothermal treatment (Fig. 13B). Then,
as it is shown in Fig. 14,  a linear relationship between the yield to
�-caprolactam and the Brønsted acid silanols density (A1632) on the
catalysts was found for each variable analyzed. In addition, it is very
interesting to note that the �-caprolactam selectivity was 100% on
all our catalysts. Taking in mind that neither the Si-M sample (non-
acid sites) nor alumina impregnated on the siliceous sample, tested
by us, presented activity and that strong acid sites can accelerate the
formation of by-products [55,56] we propose that the nest silanols
with their very weak Brønsted acidity, which arises from the intro-
duction of Al into the framework, are actually the active sites for
the vapor-phase Beckmann rearrangement [45,46,54].  Thus, these
hydroxyl groups (nest silanols) on the Al-MCM-41, synthesized
by us, seem to have a favorable acid strength to give a proton
to cyclohexanone oxime, playing an important role in the Beck-
mann rearrangement of the CHO with very high selectivity toward
�-caprolactam. Although it is important to note that we  have not
found activity for the alumina, Heitmann et al. [52] have suggested
d by stirring the synthesis gel for 4 h with different hydrothermal treatment times
ment during 6 days with different stirring times and Si/Al molar ratios of (a) 20 and

that the presence of non active extra framework alumina can cause
a blockage of catalytic active sites. To which extent this segre-
gated alumina can contribute on the catalytic performance has not
been found yet. Nevertheless, we  think that, judging by thefinely



alysis 

d
r
s
o
h
m
t

w
s
h
g
i
p
c
n
U
n
t
H
t
w

4

b
c
t
p
p
s
a
e
d
s
c
f
t
i
A
s
d
l
i
s
o
a
t
s
a
t
s
t
o
e
t
c
A
d
H
c
a
r
s

[
[

[
[
[

[

[
[
[
[
[

[
[

[

[
[
[
[
[

[
[
[
[
[
[

[
[
[

[

[
[

[

[
[
[

E.G. Vaschetto et al. / Applied Cat

ispersion of alumina on surface (not detected by XRD) and the
esults obtained, its interference on the activity of our catalysts
hould not be important. Finally, in order to verify the formation
f coke, in one of our experiments the catalyst was recovered and
eated at 500 ◦C. A negligible difference in the weight was  deter-
ined. Therefore, it is evidence that under our reaction conditions

he coke formation is insignificant.
Based on the above results, the optimum synthesis conditions

hich maximize the density of weak Brønsted acid silanols (active
ites) hence the yield to �-caprolactam are: Si/Al initial ratio = 20,
ydrothermal treatment time = 6 days and stirring time of initial
el = 7 h (Al-M(20)6-7 sample). Finally, although some authors have
nformed higher values of CHO conversion on Al-MCM-41 meso-
orous catalysts under reaction conditions more severe in most
ases (higher temperatures and W/F, harmful solvents) [14–17],
obody reported values of selectivity to �-caprolactam of 100%.
p to the moment we have achieved to understand the active site
ature involved in the Beckmann rearrangement and have found
he best synthesis conditions to maximize the amount of these sites.
owever, more detailed studies are necessary to optimize the reac-

ion conditions in order to maximize the yield to �-caprolactam,
hich will be object for a next work.

. Conclusions

Al-MCM-41 molecular sieves have been successfully prepared
y a direct synthesis method. The influence of various synthesis
onditions such as metal content, times of stirring and hydro-
hermal treatment of the synthesis gel on the structural and acid
roperties has been systematically investigated. Although the sam-
les exhibit high structural regularity and surface area values, the
ame appear to be slightly decreased when a higher amount of
luminum is incorporated. Moreover, while these physical param-
ters are improved by increasing hydrothermal treatment up to 6
ays they are not notably affected by the stirring time of synthe-
is gel. The NMR  and FT-IR results demonstrate that a higher Al
ontent favors the higher incorporation of tetrahedral Al into the
ramework which, besides, strongly depends on both the hydro-
hermal synthesis time and the stirring time of gel. Thus, the highest
ncorporation of aluminum into the framework was achieved for
l-MCM-41 with Si/Al initial molar ratio of 20, where the synthe-
is gel was stirred for 7 h and then hydrothermal treated during 6
ays. The FT-IR analysis reveals that the used synthesis procedure

eads to the formation of silanol nests at framework defect sites. The
ntroduction of Al into the framework not only enhanced the den-
ity of silanol nests but mainly their acid character. Thus, studies
f adsorption and thermodesorption of pyridine followed by FT-IR
llow us to identify a very weak Brønsted acidity associated with
hese nest silanols on Al-MCM-41 materials. A clear linear relation-
hip between the concentration of framework Al and the Brønsted
cid silanol density indicates that such acidity are closely related
o the incorporation of Al into the mesoporous structure. The acid
trength of the SiO H bonds can probably be modified by an induc-
ive effect of the Al present into structure. Meanwhile, evidences
f Lewis acidity can be related, at least mainly, to the presence of
xtra-framework aluminum oxide species formed during calcina-
ion. Rearrangement of CHO was carried out on the Al-MCM-41
atalysts with selectivity to �-caprolactam of 100%, in all the cases.

 linear relationship between the yield to �-caprolactam and the
ensity of weak Brønsted sites (acid nest silanols) has been found.
ence, the catalytic performance mainly depends on the acidity of

atalyst; we propose that the nest silanols with very weak Brønsted
cidity are the most favorable sites for catalyze the Beckmann
earrangement of the CHO toward �-caprolactam. Since the Si M
amples present a negligible activity, we think that the introduction

[

[

A: General 453 (2013) 391– 402 401

of Al in our materials plays a key role for the performance of the
active sites. Finally, the Al-M(20)6-7 sample showed the highest
yield to �-caprolactam (∼60%) under the mild reaction conditions
employed (320 ◦C and W/F = 40 g h/mol).
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