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Abstract Catalysts with AI-MCM-41 structure were
prepared by direct hydrothermal synthesis. Nest silanols
with weakly acid character, associated to the presence of
framework Al, have been identified. These silanols seem be
the active sites for the rearrangement of cyclohexanone
oxime. Selectivity to caprolactam of 100 % was obtained.
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1 Introduction

The classical process for the commercial production of
g-caprolactam involves the cyclohexanone oximation and
the liquid phase Beckmann rearrangement route, which is
highly selective but ecologically and economically ques-
tionable. This process has several disadvantages such as the
production of large amounts of low value ammonium sul-
fate as a waste and the corrosion and environmental pol-
lution caused by the use of concentrated sulphuric acid as a
homogeneous catalyst [1-3]. Recently, Ichihashi [4] and
Sato and co-workers [5] have developed a new process for
the vapor-phase Beckmann rearrangement of cyclohexa-
none oxime (CHO) using a silica zeolite which has made
possible the industrial production of caprolactam without
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producing any ammonium sulfate. Anyway, research on
this field continues to be intense and, among the solid
catalysts investigated, the AI-MCM-41 materials appear as
very interesting. Many studies have explored the relation-
ship between the selectivity for e-caprolactam and the
acidity. Some of them [6, 7] claim that the formation of
g-caprolactam is mainly favored by moderate acid centers
present on Al-MCM-41 in their H-forms, which deeply
dependent of the framework aluminum content. Meanwhile
other researchers have noticed that only weak or even
extremely weak acid sites, such as hydrogen bonded
hydroxyls at framework defect sites (vicinal silanol groups
or silanol nests), can be effective for the Beckmann rear-
rangement [2, 8—10] while strong acid sites accelerate the
formation of by-products [11, 12]. Hence, more research is
even necessary to elucidate the nature and acid strength of
the active sites required for the vapor-phase Beckmann
rearrangement of the CHO to obtain e-caprolactam. In this
paper, we develop and characterize AI-MCM-41 catalysts,
in order to relate the incorporation degree of the aluminum
into framework and the acidity (nature and strength of acid
sites) with their catalytic performance in the vapor-phase
Beckmann rearrangement of the CHO.

2 Experimental
2.1 Synthesis

In a typical synthesis, cetyltrimethylammonium bromide
(CTABr) was dissolved in H,O-NaOH solution and after
heating (35-40 °C) to dissolve the surfactant, the tetra-
ethoxysilane (TEOS) was added and stirred for 30 min.
After the sodium aluminate addition, the synthesis gel
(molar composition: NaOH/Si = 0.50, CTAB1/Si = 0.12,
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H,0O/Si = 132 and Si/Al = 20 and 60) was stirred at room
temperature for 7 h and hydrothermal treated at 100 °C for
6 days. To remove the template, the samples were heated
under N, flow up to 500 °C for 6 h and then calcined at
500 °C under air flow. These were named as Al-M(Xx),
where “x” is the Si/Al initial molar ratio. For comparison,
an analogous aluminum-free MCM-41 sample was syn-
thesized and named as Si-M.

2.2 Characterization

The X-ray diffraction (XRD) patterns were recorded in air
at room temperature on a Philips PW 3830 diffractometer
with Cu Ko radiation (4 = 1.5418 A) in the range of 26
from 1.5 to 7°.

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

The solid state nuclear magnetic resonance (NMR)
spectra were conducted on a Bruker Avance II 300 spec-
trometer operating at 78.2 MHz for *’Al. The sample was
spun at the magic angle at a rate of 5 kHZ. Experiments
were carried out at ambient probe temperature. The *’Al
spectrum was recorded using direct polarization with pulses
of 1 ps duration and a relaxation delay of 2 s. Aluminium
chemical shifts are quoted with respect to 1 M aluminium
nitrate solution.

Infrared analysis of the samples was recorded on a
JASCO 5300 FT-IR spectrometer. In addition, in order to
evaluate the strength and type of acid sites, FT-IR spectral
measurements of pyridine adsorption on the samples were
performed. Afterwards the background spectrum was
recorded, the solid wafer was exposed to pyridine vapors
until saturate the system to 46 mm Hg at room tempera-
ture. After an IR spectrum of the adsorbed pyridine at room
temperature was recorded, the subsequent IR spectra were
obtained following the pyridine desorption by evacuation
for 1 h at 25, 50, 100 and 200 °C.

2.3 Catalytic Reactions

The catalytic reactions were carried out in a down flow
fixed bed tubular glass reactor (i.d. = 8§ mm and 35 cm
length) at atmospheric pressure using 0.2 g of the catalyst.
The reactor was placed inside a temperature controlled
furnace (320 °C). A solution of 10 wt% CHO in 1-hexanol
was fed using a syringe pump (5.6 ml/min). The contact
time was W/F = 40 gh/mol (weight of catalyst over the
feed rate). Nitrogen was used as the carrier gas (30 ml/
min). The reaction products and unconsumed reactants
were condensed and collected in a properly designed sys-
tem in order to minimize the loss of organic vapors. In
addition, under steady state, we do not observed an
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apparent net accumulation or depletion of mass in the
system, that is, the total mass entering the system (total
mass at start) was practically equal to the total mass
leaving system (total final mass). The samples were ana-
lyzed using a Perkin Elmer gas chromatograph (Clarus
500) with a capillary column and a flame ionization
detector (FID). The product identification was done by
GC-MS Perkin Elmer (Clarus 560S).

3 Results and Discussion

Table 1 summarizes the physicochemical properties of the
samples prepared in this study and Fig. 1 shows their
corresponding XRD patterns. The patterns XRD exhibit a
main (100) reflection peak and weak two ascribed to (110)
and (200) reflections, which is typical of highly ordered
MCM-41 structures and consistent with the high surface
area values obtained (above 1000 mz/g).

27 Al NMR measurements were conducted to distinguish
between tetrahedral and octahedral aluminum coordination
in order to establish the degree of aluminium substitution
(tetrahedral sites) in the silica framework. The spectra for
our samples (Al-M(20) and Al-M(60)), shown in Fig. 2,
exhibit a peak at 59 £ 2 ppm corresponding to tetrahedral
coordinated aluminum into the framework and a peak at
0 = 2 ppm attributed to the octahedral coordinated extra
framework aluminum [13-16]. The wt% of tetrahedral Al
in the samples (Altg wt%) was determined from the
Alrq % (calculated from the integrated intensity of the
NMR peak at 59 & 2 ppm) multiplied with the overall Al
content (Al wt%) (Table 1). Then, it is possible to observe
a larger incorporation and stabilization of Al into the
framework for the sample with the higher Al content (Si/Al
ratio = 20). In addition, the infrared spectra in the
400-1600 cm™' range for the KBr-pelletized samples are
shown in Fig. 2. The main bands described in the literature
for MCM-41 are found in our samples [13, 14, 17, 18].
Moreover, a band clearly visible at 960 cm ™! [3, 19-21]
can be interpreted in terms of the overlapping of both
Si—OH groups and Si—O-Al bonds vibrations. Nevertheless,
the increase in the integrated absorbance of this band when
the Al content increases (shown in Table 1) can be con-
sidered as a further evidence of the heteroatom incorpo-
ration into the framework. This fact is according to the
NMR results.

In order to detect the presence of silanol groups on the
surface, Fig. 3 depicts the FT-IR spectra of the samples in
the hydroxyl range. Before measurements, self-supported
wafers of the samples were degassed at 400 °C for 7 h. It is
known that there can be several types of surface silanol
groups with different acidic properties: terminal, geminal,
vicinal and nests [4, 5, 22-26]. All our spectra exhibited a
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Table 1 Physico-chemical properties, IR and NMR data of the synthesized solids

Sample Si/AI* ad Area Al Alrg Alrg ASeo Algsn
(initial molar ratio) (nm) (m%/g) (Wt%) (%) (Wt%) (cm™h (cm™h

Al-M(20) 20 4.45 1242 1.65 19.35 0.3192 1.1 1.35

AI-M(60) 60 445 1277 0.42 18.03 0.0757 0.7 0.91

Si-M - 4.20 1182 - - - 0.3 0.13

 In the synthesis gel

b a0 = (2/\/3) dioo

¢ By ICP-OES

9 By NMR data

¢ Integrated absorbance (cm™!) of 960 cm ™! IR band

 Integrated absorbance (cm™") of 1632 cm™" IR band after pyridine adsorption

3 Si-M
)
2
B
c
g Al-M(60)
k=
Al-M(20)
T T T T T
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2 Theta (°)

Fig. 1 XRD patterns of the synthesized samples

A1-M(60)

Intensity (a.u)

T T T T T
300 200 100 O -100 -200 -300

2 Theta (°)

Fig. 2 %Al solid state MAS NMR spectra of the samples Al-M(20)
and AI-M(60)

broad and intense band, attributed to hydrogen bonded
hydroxyl groups [22-25], that could be deconvoluted into
two contributions at about 3700 and 3590-3600 cm™'.
According to the literature [4, 5, 22, 23] these two con-
tributions have been assigned to vicinal silanol groups and
silanol nests, respectively, generated at framework defect
sites probably due to the method used for catalyst prepa-
ration. It is possible observe that even if the siliceous
MCM-41 contains silanol nests, its relative proportion
increases with increasing framework aluminum amount,
according the Al content increases (see Fig. 4; Table 1).
The higher acidic character of the nest silanol is consistent
with its lower vibrational frequency (3600 cm™') in the
FT-IR spectrum (lower O-H bond strength) and contrasts
with higher frequencies for vicinal silanols (3700 cm™")
observed in our samples. Moreover, for our samples, the
component assigned to nest silanol slightly shifts to a lower
frequency (3590 cm™') in the Al modified samples com-
pared with the siliceous sample. This evidences a weak-
ening of O—H bond and hence an enhanced acid character
of the nest silanols as result of the incorporation of alu-
minum. Finally, it is notable that no bands corresponding to
Brgnsted acid sites, arising from isolated bridging Si
(OH)ALI hydroxyl groups, were found in this region of IR
spectrum [24-26].

The chemisorption of pyridine followed by IR studies is
usually a useful probe to detect the presence and nature of
acid sites on a catalyst [27]. Figure 5 show the FT-IR
spectra of the samples recorded after the adsorption of
pyridine at room temperature and subsequent evacuation at
25, 50, 100 and 200 °C. All our samples show bands at
1597 and 1447 cm ™" assigned to pyridine bonded to silanol
groups whose hydroxyls are not capable to protonate pyr-
idine [3, 24, 25, 27-30]. However, some contribution
(overlapping these bands) from pyridine bonded to Lewis
acid sites on the AI-M samples, due mainly to the presence
of extra-framework aluminum oxide, could be considered
[3, 24, 25, 27, 28, 31, 32]. Thus, the fact that, upon
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Fig. 3 FT-IR spectra of the
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Fig. 4 FTIR spectra of the synthesized samples in the hydroxyl
stretching region, after degassing at 400 °C

evacuation at 100 °C, the integrated absorbance of the
bands at 1597 and 1447 cm™' is slightly higher for the
Al-M samples than for the purely siliceous material would
be giving account for these Lewis sites capable to retain the
pyridine until 100 °C. On the other hand, the presence of a
band at 1632 cm™', which is remarkably more intense for
the Al-M samples, can be attributed to pyridine interacting
with acid hydroxyls [26, 32, 33]. In this sense, Sato and
co-workers [5] investigated the acidity of different silanol
species and found that the nest silanol’s acidity is the
strongest of all silanols; thus the nest silanols can give a
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proton to a basic molecule easier than other silanols
because their deprotonated species might be stabilized with
the help of hydrogen bonding [4, 5]. This allows us to
postulate that the OH groups associated with the
3590 cm ™' band (nest silanols) could be mainly involved
in pyridine protonation on our Al-M samples [33]. Under
evacuation at 50 °C the band at 1632 cm™' tends to dis-
appear, indicating that these Brgnsted sites are of a very
weak character. Taking into account that all of the mea-
surements were affected by the wafer weight, the integrated
absorbances (A;g32) of the 1632 cm~! IR band (acid sila-
nols) after pyridine absorption at room temperature, have
been calculated to estimate the acid site density (Table 1).
It is noteworthy that although the siliceous sample pos-
sesses silanol nests, its acid silanol density is very low.
Thus, this acidity arising from silanols can be clearly
associated with the higher proportion of framework Al,
according to the Al content increases. The results confirm
that the introduction of Al into the mesoporous framework
not only increases the proportion of silanol nests but also
enhances their acid strength, likely due to an inductive
effect of the heteroatom present.

Table 2 shows the catalytic results for the vapor-phase
Beckmann rearrangement of the CHO in function of time on
stream (TOS) over the synthesized catalysts at 320 °C and
W/F = 40 gh/mol. The g-caprolactam selectivity was 100 %
during 48 h over the three catalysts. Meanwhile, the con-
version initially decreased during the first hour of reaction
and then, under steady state, remained practically constant.
Moreover, to control the catalyst at the end of the reaction, it
was recovered, heated at 500 °C in air and weighed. A
negligible difference in the mass was determined. Therefore,
it is suggested that the presence of non volatile species
adsorbed on catalyst surface, which could poison the active
sites, is insignificant. On the other hand, the conversion
values for the different catalysts decrease in the order
AI-M(20), Al-M(60) and Si-M. Considering that Si-M pre-
sents a negligible activity and that strong acid sites can
accelerate the formation of by-products [11, 12], we propose
that the weakly acid nest silanols, related with the presence of
framework Al, are the most favorable sites for catalyse this
reaction [4, 5, 23]. These acid hydroxyl groups seem to have a
suitable acid strength to give a proton to CHO, playing an
important role in the Beckmann rearrangement of the CHO
towards g-caprolactam. Thus, the results indicate that such
weak acid sites increasing with the Al content, lead to an
enhanced catalytic activity for the Al-M(20) sample.

Concluding, we have attempted to understand, here, the
active site nature involved in the Beckmann rearrangement
using mild conditions, but an optimization of the reaction
conditions is necessary in order to increase the yield to
g-caprolactam.
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Fig. 5 FT-IR of pyridine
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Table 2 Conversion of CHO in the Beckmann rearrangement over
the synthesized catalysts

TOS (h) Conversion (% mol)
Si-M Al-M(20) Al-M(60)
0.25 3.7 60.43 30.91
0.50 2.1 49.23 21.24
1.00 1.5 38.56 16.08
2.00 1.4 37.52 13.12
3.00 1.3 37.48 12.23
4.00 1.3 37.45 11.91
5.00 1.3 37.31 11.50
6.00 1.2 36.82 11.03
12.00 1.2 36.80 11.00
24.00 1.2 36.80 11.00
36.00 1.2 36.79 11.00
48.00 1.2 36.79 11.00
Reaction  conditions temperature = 320 °C; W/F = 40 gh/mol;

CHO/1-hexanol = 1:9 wt%; N, = 30 ml/min
4 Conclusions

Al modified MCM-41 mesoporous molecular sieves have
been prepared by a direct synthesis method. The NMR and
FT-IR results demonstrate that a higher Al content favors
the higher incorporation of Al into the framework. The
used synthesis procedure leads to the formation of silanol
nests at framework defect sites, whose density and acid
character enhance when Al is introduced into the frame-
work. Thus, studies of adsorption and thermodesorption of
pyridine followed by FT-IR allow us to identify a very
weak Brgnsted acidity associated with these nest silanols
on AI-MCM-41 materials. Meanwhile, evidences of Lewis
acidity can be related, at least mainly, to the presence of
extra-framework aluminum oxide species.

Rearrangement of CHO was carried out on AI-MCM-41
with selectivity to e-caprolactam of 100 %. Under the mild
reaction conditions employed (320 °C and W/F = 40 gh/mol),
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the AI-M(20) sample showed the highest yield to e-caprolactam
during 48 h of stream, exhibiting also resistance to poisoning.
The nest silanols with very weak Brgnsted acidity seem to be
the most favorable sites for catalyze the Beckmann rearrange-
ment of the CHO towards e-caprolactam. Since Si-MCM-41
material presents a negligible activity, we suggest that the
introduction of Al in our materials plays a key role for the
performance of the active sites.
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