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Abstract

The Beckmann rearrangement of the relatively bulky cyclododecanone oxime was carried out in batch and fixed-bed continuous reactors. With
microporous molecular sieve catalysts, the process is controlled by diffusion within the micropores. Conversion, selectivity, and catalyst life are
improved with the use of nanocrystalline materials. A solid acid catalyst formed by nanolayers of zeolite is more active and selective than either
a nanocrystalline Beta zeolite or a mesoporous MCM-41 material, and the amount of organic remaining adsorbed on the catalyst after reaction is
smaller in the former. Product desorption, activity, selectivity and catalyst life are much improved by using a nonprotic polar solvent and higher
reaction temperatures.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The rearrangement of aliphatic ketoximes to lactams in
highly concentrated sulphuric acid, known as the Beckmann re-
arrangement, is a process used industrially for the preparation
of lactams, particularly for the preparation of ε-caprolactam
and ω-laurolactam. In such a process, the lactam is recov-
ered from the reaction mixture by neutralizing the oleum with
aqueous ammonia and then extracting the lactam from the am-
monium sulphate solution. A disadvantage of this process is
the production of a large quantity of ammonium sulphate; for
instance, in the production of ε-caprolactam, 1.7–1.9 ton of
(NH4)2SO4 per ton of lactam is obtained as a byproduct [1],
making commercialisation of this product difficult in some
cases. Moreover, the use of large amounts of fuming sulphuric
acid and the corresponding problems of corrosion make this
process less environmentally friendly than desired.
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To overcome these drawbacks, attempts have been at re-
placing sulphuric acid by solid acid catalysts—specifically,
zeolites—because these materials can be synthesized with vari-
ous crystalline structures, pore dimensions, and different levels
of acidities. Among them, Faujasite [2,3], Beta [4,5], Pentasil
[8–15], and Mordenite zeolites [11] and the mesoporous mole-
cular sieves MCM-41 [16] and SBA-15 [17] have been tested
with different success for the liquid and vapor-phase Beckmann
rearrangement of cyclohexanone oxime. When working in va-
por phase, the reaction must be carried out at high temperatures
(523–623 K) to keep the oxime and products in vapor phase.
Under these conditions, a high-silica MFI zeolite has given
good results and is the basis for Sumitomo Chemicals’ first
vapor-phase commercial process started in 2000. MFI with pore
diameter of 0.53 × 0.56 nm has shown interesting properties
for the Beckmann rearrangement of cyclohexanone oxime to ε-
caprolactam, but has strong diffusion limitations when oximes
with larger molecular sizes are involved. This is even more sig-
nificant if one takes into account that in the case of another
industrially important lactam, such as ω-laurolactam, the reac-
tion cannot be carried out in the gas phase due to the instability
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of the precursor oxime, unless the reaction is carried out in
vacuum [18]. Recent studies have shown that cyclododecanone
oxime can be transformed into ω-laurolactam by using solid
catalysts such as rare earth triflate catalysts [19], heteropolyacid
catalysts [20], acid-treated mesoporous silicoaluminate cata-
lysts [21], and Beta zeolite [18]. In the case of Beta zeolite,
the reaction was carried out at a vacuum of 50 mbar, and tem-
peratures were always above 573 K to decrease the rate of
deactivation. Nevertheless, the activity of Beta zeolite for lau-
rolactam production decreased with reaction time.

Attempts to improve the diffusion of reactants to the cat-
alytic sites of zeolites have so far been focused on increasing
pore size [22], creating mesoporosity, and decreasing zeolite
crystal size. Recent work has described new zeolitic materi-
als [23,24] in which a layered zeolite precursor [6,25,26] is
delayered. This process results in well-defined aluminosilicate
nanolayers with very large external surface areas (>500 m2 g−1)
with catalytic sites accessible to large molecules while allowing
rapid desorption of products.

In the present work, we studied the liquid-phase Beck-
mann rearrangement of cyclododecanone oxime (CDOX) into
2-azacyclotridecanone or ω-laurolactam (LRL), which is the
monomer of Nylon-12. We studied the process in both a batch
reactor and a fixed-bed, continuous-flow reactor. To explore the
possibilities of different types of catalysts in which active site
accessibility can play an important role, instead of the medium-
pore MFI, we used a large-pore Beta and a nanocrystalline Beta
zeolite as catalysts. We then studied the catalytic behaviour of
materials with a larger “external” surface area, such as meso-
porous molecular sieves and a delaminated nanolayered zeolitic
material with a highly structured external surface area. Finally,
we explored the combined affect of accessibility and solvent
polarity on catalyst life.

2. Experimental

2.1. Materials

ITQ-2, Si/Al = 15, 25, and 50 (M) and MCM-22, Si/Al = 15
(M), were prepared from the corresponding laminar precursors
with the MWW structure [6,7,23]. The MCM-41 sample with
an Si/Al ratio of 50 (M) and a pore diameter of 3.5 nm was
prepared as described previously [27].

Beta zeolite, Si/Al = 50 (M) (Beta-50), was synthesized hy-
drothermally at 413 K, using tetraethylammonium (TEA+) as
a structure-directing agent and F− as silica mobilizing agent
[28]. A nanocrystalline Beta sample with Si/Al = 16 (M) and
crystal size of 20 nm (Beta-n) was synthesized as described
previously [29]. Finally, a commercial sample of Beta zeolite
(Beta-CP811) was provided by PQ-Zeolyst.

Crystallinity and phase purity of solids were determined by
powder X-ray diffraction (XRD) patterns using a Philips X’Pert
diffractometer equipped with a graphite monochromator, oper-
ating at 40 kV and 45 mA and using nickel-filtered CuKα ra-
diation (λ = 0.1542 nm). Liquid nitrogen adsorption isotherms
of the 200-mg samples were measured in a Micromeritics Flow-
sorb apparatus. Samples for transmission electron microscopy
Table 1
Crystalline and textural characteristics of catalysts

Catalysts Si/Al Crystal sizea

(nm)
Vtotal
(cm3 g−1)

ESAb

(m2 g−1)

Beta-CP811 12.5 150 0.59 209
Beta-50 50 500 0.19 96
Beta-n 16 20 0.20 168
MCM41 50 <100 0.58 60
ITQ-2(50) 50 300 0.87 618
ITQ-2(25) 25 400 0.68 373
ITQ-2(15) 15 500 0.77 348
MCM-22(15) 15 500 0.59 141

a Derived from SEM images.
b External surface area.

Table 2
Brønsted (B) and Lewis (L) acidity of catalysts measured by IR spectroscopy
combined with pyridine adsorption and desorption at different temperatures

Catalyst Si/Al Aciditya

423 K 523 K 623 K

B L B L B L

Beta-CP811 12.5 ndb ndb 45 48 27 40
Beta-50 50 10 21 8 18 4 5
Beta-n 16 35 58 33 46 30 26
MCM-41 50 11 6 8 2 2 0
ITQ-2(50) 50 21 19 12 11 14 6
ITQ-2(25) 25 22 50 19 41 17 31
ITQ-2(15) 15 28 67 27 67 21 39
MCM-22(15) 15 58 38 51 28 38 27

a µmolpy g−1
cat . Calculated using the extinction coefficients given in Ref. [43].

b Not determined.

(TEM) were ultrasonically dispersed in 2-propanol and trans-
ferred to carbon-coated copper grids. TEM micrographs were
collected in a Philips CM-10 microscope operating at 100 kV.
Crystal size was determined from scanning electron microscopy
(SEM) images using a JEOL 6300 microscope. Infrared spec-
tra were recorded at room temperature in a Nicolet 710 FTIR
using self-supported wafers of 10 mg cm−2. The calcined sam-
ples were evacuated overnight at 673 K and 10−3 Pa dynamic
vacuum; pyridine was then admitted into the cell at room tem-
perature. After saturation, the samples were evacuated at 423,
523, and 623 K for 1 h under vacuum and cooled to room tem-
perature, and the spectra were recorded.

The most relevant physicochemical characteristics of cata-
lysts used in this work are summarized in Tables 1 and 2.

2.2. Reagents

Cyclododecanone oxime was prepared by reaction of the
corresponding ketone with hydroxylamine hydrochloride in a
mixture of ethanol and pyridine at 358 K according to the
general method reported in the literature [30]. The oxime was
recrystallized in ethanol before use. The purity (99%) was
confirmed by gas chromatography (GC) (Varian 3900 GC,
HP-5 column) and mass spectrometry (GC–MS) (Varian Star
3400 GC, HP-5 column). All other reagents were supplied by
Aldrich.
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2.3. Reaction procedure and product characterization

Batch testing was carried out in a 25-ml glass three-necked
flask. A solution of oxime (100 mg) and decane (50 mg, internal
standard) in 20 ml of the corresponding solvent (chlorobenzene,
1,3,5-triisopropylbenzene, or benzonitrile) was heated at 403 K.
Then the catalyst (100–200 mg), which had been previously ac-
tivated by heating the solid at 573 K under vacuum (103 Pa) for
2 h, was introduced. The resulting suspension was stirred mag-
netically and refluxed at the reaction temperature. Samples were
taken at intervals. At the end of the reaction, the catalyst was fil-
tered and washed with dichloromethane. The organic solution
was concentrated in vacuum, and the residue was weighed.

Fixed-bed experiments were carried out at atmospheric pres-
sure in a tubular stainless steel reactor (300 mm long, 10.5 mm
i.d.). Typically, 1.00–2.50 g of powder catalyst was pelletized,
crushed, and sieved to a particle size of 0.42–0.59 mm. A so-
lution of cyclododecanone oxime in 1,2,4-trimethylbenzene or
benzonitrile (3–5 wt%) was fed with a syringe pump. Prod-
ucts and nonreacted oxime flowed down and were recovered
and weighed at intervals in a cooling system.

Reaction samples were analyzed by GC in a Varian 3900
gas chromatograph equipped with a HP-5 column and a flame
ionization detector. Products were identified by GC–MS using
a Varian Saturn II with a Varian Star 3400 gas chromatograph
equipped with a HP-5 column and using reference samples.

After reaction, the catalysts exhibited a brownish aspect due
to adsorbed products. Reversibly adsorbed products can be re-
covered by continuous solid–liquid extraction with chloroform
for 16 h in a micro-Soxhlet system. After the solvent was re-
moved, the residue was weighted and analyzed by GC–MS.
The extract revealed mainly LRL and cyclododecanone (CD),
along with traces of cyclododecen-1-one and cyclododecen-1-
ol. However, the amount of products collected in the extraction
was rather small (about 3–4 wt% of the total CDOX fed).

Elemental analysis was used for carbon determination. The
organic deposit was also characterized by 13C CP-MAS-NMR
spectroscopy. Spectra were recorded at room temperature un-
der magic-angle spinning on a Bruker AV400 spectrometer. The
1H to 13C cross-polarization spectra were acquired using a 90◦
pulse for 1H of 5 ms, a contact time of 5 µs, and a recycle time
of 3 s. All spectra were recorded with a 7-mm Bruker BL-7
probe at a sample spinning rate of 5 kHz. Spectra were referred
to adamantine.

Accordingly, to perform the mass balance of CDOX, the C-
content determined by elemental analysis was considered in
terms of LRL content, with the corresponding molar quantity
added to that obtained in the liquid phase.

Taking into account all of the foregoing considerations,
CDOX conversion, selectivity to LRL and hydrolysis products
(mainly CD), and CDOX mass balance were calculated accord-
ing to the following expressions:

– CDOX conversion (%):

XTCDOX = molCDOXo − molCDOXf

molCDOXo
× 100,
Fig. 1. Beckmann rearrangement of CDOX at 403 K in chlorobenzene and a
catalyst/oxime ratio of 1:1 (wt/wt) over ITQ-2(15) (F) and MCM-22(15) (1).

where CDOXo is the amount of cyclododecanone oxime
fed and CDOXf the amount detected in the reaction sam-
ples.

– LRL selectivity (%):

SLRL = molLRL
∑

mol(LRL + CD)
× 100.

– CD selectivity (%):

SCD = molCD
∑

mol(LRL + CD)
× 100.

– CDOX total mass balance (liquid phase and catalyst) (%):

MBCDOX

=
∑

mol(CDOXf + LRL + molCD) + molLRLEA

molCDOXo

× 100,

where LRLEA is the molar quantity of ω-laurolactam corre-
sponding to the C-content detected by elemental analysis.

3. Results and discussion

3.1. Beckmann rearrangement of CDOX in a batch reactor

It has been reported [23] that the structure of ITQ-2 zeolite
consists of thin sheets (∼2.5 nm thick) with a hexagonal array
of “cups” that penetrate into the sheet from both sides. These
cups have an aperture of ∼0.7 nm, formed by a 12-membered
ring with ∼0.7 nm deep. The cups meet at the centre of the
layer, forming a double 6-ring window that connects the cups
bottom to bottom, resulting in 10-membered ring channel sys-
tem that runs in between the cups inside the sheet. Clearly, the
benefit of this structure is the greater accessibility and smaller
diffusion path to active sites located at the cups. This is demon-
strated by comparing the catalytic activities of ITQ-2 and its
MCM-22 counterpart (Fig. 1). During the reaction, the only
product observed in the liquid phase was the corresponding
amide, LRL (Scheme 1). Moreover, Fig. 2 plots the yields of
LRL versus time for the Beckmann rearrangement with ITQ-2,
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Scheme 1.
Fig. 2. Beckmann rearrangement of CDOX at 403 K in chlorobenzene and
a catalyst/oxime ratio of 1:1 (wt/wt) over ITQ-2(50) ("), MCM-41 (!) and
Beta-50 (E).

MCM-41, and Beta zeolite (Beta-50), all of which have a Si/Al
molar ratio of 50. As can be seen, ITQ-2 is able to successfully
perform the Beckmann rearrangement, achieving a 90% lac-
tam yield after 7 h of reaction time with a selectivity of 100%.
The other two catalysts also gave 100% selectivity to the lac-
tam, but their activity was much lower. The lower activity of
Beta zeolite should be attributed to the existence of pore geo-
metric constraints for the diffusion of CDOX (molecular size,
1.08 × 0.95 × 0.85 nm) and the corresponding lactam (LRL)
(molecular size, 1.04 × 0.94 × 0.86 nm). In this case, adsorbed
products can block the pores, leading to rapid deactivation of
the catalyst (see Fig. 2).

In the case of MCM-41 catalyst, we cannot expect any dif-
fusion control of reactant or products, because this material has
a pore diameter of 3.5 nm. Therefore, its lower activity with
respect to ITQ-2 should be attributed to differences in the na-
ture and strength of acid sites on ITQ-2 and MCM-41 catalysts,
as well as to differences in the catalyst deactivation rate, as we
discuss later.

Numerous publications on the vapor-phase Beckmann re-
arrangement of cyclohexanone oxime using solid acid catalysts
focus on the nature and strength of the sites responsible for this
reaction [31]. Earlier papers suggested that amide formation is
catalysed by sites of medium to strong acidity [3,32]. However,
later studies [4,11] showed that catalytic activity and selectivity
to lactam increase with increasing Si/Al ratio in H-ZSM-5 zeo-
lite. More recently, it has been proposed that the rearrangement
of cyclohexanone oxime can be catalysed by even very weak
acid sites, such as the internal silanols of zeolites [5,9]. How-
ever, performing the Beckmann rearrangement in the liquid
phase at moderate temperatures requires greater acid strength
compared with that needed to perform the reaction at higher
temperatures in the vapor phase [33]. Indeed, in recent work in
which the Beckmann rearrangement of cyclohexanone oxime
was carried out in solution at moderate temperature in presence
of Beta zeolites, it was found that weakly acidic and/or internal
silanol groups can catalyse the Beckmann rearrangement, but
that bridging hydroxyl groups were more active [5].

Taking these findings into account, we can explain the differ-
ent activity exhibited by ITQ-2 and MCM-41 considering that
MCM-41 sample, due to its short-range amorphous character-
istics and easier dealumination during calcination, should have
fewer sites with weaker acidity than ITQ-2 zeolite. We checked
this by pyridine adsorption–desorption; the results, presented
in Table 2, show that indeed the acidity of MCM-41 is not only
smaller in number, but also weaker in strength than that of Beta
or ITQ-2 zeolites.

3.1.1. Influence of Si/Al molar ratio of ITQ-2 material
A very important parameter that controls the activity and se-

lectivity of zeolites is the Si/Al ratio. This parameter not only
defines the number of potential protons, and thus the number
and strength of acid sites, but also determines the adsorption
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Fig. 3. Beckmann rearrangement of CDOX at 403 K in chlorobenzene and a
catalyst/oxime ratio of 1:1 (wt/wt) over ITQ-2(50) (E), ITQ-2(25) (") and
ITQ-2(15) (!).

Fig. 4. Beckmann rearrangement of CDOX at 403 K in chlorobenzene and
a catalyst/oxime ratio of 2:1 (wt/wt) over ITQ-2(50) ("), MCM-41(50) (!),
Beta-CP811 (2), Beta-n (P) and Beta-50 (Q).

properties of the zeolite. One important advantage of using acid
zeolites as catalysts is that they can be prepared in a wide range
of Si/Al ratios, making it possible to optimize the catalyst from
the standpoint of acid strength and hydrophobic–hydrophilic
character for a given reaction. To study the influence of this pa-
rameter, we carried out the reaction using delaminated material,
ITQ-2, with different Si/Al ratios.

Fig. 3 summarizes the results obtained for the Beckmann re-
arrangement of CDOX using ITQ-2 samples with Si/Al molar
ratios of 15, 25, and 50. As can be seen, the order of activity
is ITQ-2(25) � ITQ-2(15) > ITQ-2(50), which demonstrates a
compromise between the level of dealumination (and hence ex-
ternal surface area and molecular accessibility) and acidity (see
Tables 1 and 2).

In the case of zeolites, active site accessibility for larger
molecules can be improved by increasing the ratio of external
surface to internal surface. One way to achieve this is by synthe-
sizing samples with smaller crystallite sizes. Accordingly, we
prepared a nanocrystalline Beta zeolite with crystallite size of
20 nm (Beta-n) and tested it for reactivity (Fig. 4). The crystal-
lite agglomeration was less in the nanosample than in a regular
Fig. 5. TEM micrograph of the nanocrystalline Beta-n material.

Fig. 6. Pore size distribution of catalysts Beta-50 (—) and nanocrystalline
Beta-n (· · ·).

Beta catalyst (Beta-50) (see Fig. 5 and Ref. [29]). Fig. 6 shows
that these nanocrystallites generate a system of mesopores with
a relatively narrow pore size distribution. This system of pores
with significant external surface area (168 m2 g−1) should al-
low the reactants to diffuse and reach a relatively larger number
of pore mouth channels than in the case of regular Beta, which
has an external surface area of 96 m2 g−1. This is reflected in
the catalytic results (Fig. 4) showing that the nanocrystalline
sample is more active than the Beta-50 zeolite. We also carried
out the reaction with a commercial Beta sample (Beta-CP811)
that had a Si/Al ratio very close to that of Beta-n (see Table 1)
and an average crystallite size of 150 nm, which is smaller than
that for Beta-50 (500 nm). The results shown in Fig. 4 demon-
strate that the nanocrystalline Beta zeolite deactivated slower
and achieved a higher final conversion than the very acidic
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Fig. 7. Beckmann rearrangement of CDOX at 403 K over ITQ-2(25) in ben-
zonitrile (2), chlorobenzene (Q) and 1,3,5-triisopropylbenzene (F), with a
catalyst/oxime ratio of 1:1 (wt/wt).

Beta-CP811. This behaviour was also found for other reactions
in which the catalyst deactivates by accumulation of products
into the pores [34].

3.1.2. Catalyst deactivation and influence of the solvent
In terms of the influence of time on stream on conversion, the

results presented in Fig. 4 indicate that in most cases conversion
does not reach 100%, but stops after a certain reaction time.
This finding can be explained by assuming that some catalyst
deactivation occurs, probably generated by strong adsorption of
the lactam and some dimers that remain on the catalyst, block-
ing pores or active sites. Even if a batch system is not the best-
suited reactor for studying catalyst deactivation, looking at the
shape of the curves in Fig. 2, one would be inclined to say that
the order of catalyst deactivation is ITQ-2 < MCM-41 < Beta-
50. This order corresponds very well with the amount of organic
remaining adsorbed on the catalyst after the reaction, which
includes the organic extracted by Soxhlet plus the amount of
organic remaining on the solid after extraction, and is 4 wt%
for ITQ-2, 6 wt% for MCM-41, and 11 wt% for Beta-50. Also
note that in the case of the nanocrystalline Beta (Beta-n), the to-
tal amount of organic on the catalyst was 8%, which is clearly
less than the 11% obtained for the regular Beta zeolite.

At this point in our study, it was reasonable to assume that
catalyst life, and consequently catalyst activity, could be im-
proved if the adsorbed products could be removed during the
reaction using a more polar solvent than chlorobenzene. To
check this hypothesis, we performed the Beckmann rearrange-
ment of CDOX at 403 K with ITQ-2(25) at a catalyst-to-oxime
ratio of 1:1 (wt/wt) and using two solvents of very different po-
larity, 1,3,5-triisopropylbenzene and benzonitrile. The results,
displayed in Fig. 7, show improved catalytic activity under the
new reaction conditions. Indeed, using benzonitrile, 97% yield
of lactam was obtained within 1 h of reaction time, whereas
lower conversions were achieved when using chlorobenzene or
the less polar solvent 1,3,5-triisopropylbenzene. Note that the
amount of organic retained on the catalyst was 2 wt% when
working with benzonitrile, compared with the 4 wt% observed
with chlorobenzene. Consequently, it seems clear to us that the
Fig. 8. Conversion of CDOX (1) and selectivity to LRL (!) in the continuous
liquid-phase Beckmann rearrangement over ITQ-2(25). Experimental condi-
tions as in Table 3.

liquid-phase Beckmann rearrangement of CDOX could be per-
formed with solid acid catalysts, provided that the acidity and
accessibility are tuned to allow rapid diffusion and desorption
of products, which is also influenced by using a solvent with the
appropriate polarity.

3.2. Beckmann rearrangement of CDOX in a continuous
fixed-bed reactor: Catalytic deactivation and regeneration

From a process standpoint, one can certainly envision a
slurry-type reactor in which fresh catalyst is continuously in-
troduced and removed to compensate for catalyst deactivation.
Nevertheless, and depending on the loss of catalytic activity,
one can also consider parallel fixed-bed reactors in which re-
action and regeneration alternate, or a catalyst moving bed if
the deactivation is too fast. To better study catalyst deactiva-
tion, we performed the Beckmann rearrangement of CDOX in
a fixed-bed reactor.

Fixed-bed experiments with ITQ-2(25) at 393 K using 1,2,4-
trimethylbenzene as a solvent show an initial CDOX conversion
and selectivity to LRL of 100% (Fig. 8). Rapid catalyst deac-
tivation is observed, however, with conversion on dropping to
<50% after 4 h TOS. According to studies carried out for the
Beckmann rearrangement with other oximes [35–39], signifi-
cant lactam adsorption can occur, leading to polymerization and
eventually to coke. We studied the chloroform-extracted cat-
alyst by 13C CP-MAS-NMR spectroscopy and found that the
organic deposit is formed mainly of LRL and/or its higher iso-
mers. Fig. 9 shows the spectrum of the lactam characterized
by four typical peaks: 13C (75.0 MHz, CDCl3) δ 25.7 (C3–11),
42.0 (CH2CO), 58.8 (CH2NH), and 177.0 (CO). Other signals
present correspond to some residue of 1,2,4-trimethylbenzene.

The important effect of lactam adsorption on the catalytic
performance of ITQ-2 was corroborated by feeding a solution
of LRL in 1,2,4-trimethylbenzene on an ITQ-2 catalyst within
a fixed-bed reactor at 393 K up to saturation of the system. The
findings, shown in Fig. 10, demonstrate that no product gener-
ated from LRL was detected at the outlet. But after the catalyst
was washed with fresh solvent, CDOX was reacted; and the re-
sults (Table 3, Fig. 11) show that by passing LRL previously
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Table 3
Beckmann rearrangement of CDOX in liquid-phase over ITQ-2(25) in a fixed-bed reactor. Influence of the adsorption of LRL in catalytic performancea

Catalyst TOS = 30 min Complete process (4 h)

XT CDOX (M%)b SLRL (M%)b SCD (M%)b XT CDOX (M%)c SLRL (M%)c SCD (M%)c

Fresh 100 100 0 65 99.6 0.4
LRL-adsorption 88 100 0 48 100 0

a Experimental conditions: solvent 1,2,4-trimethylbenzene; T = 393 K; W/F = 8.0 h; CAT = 1.00 g; flow rate = 2.50 g h−1; feed: CDOX 5 wt%.
b Initial conversion and selectivity.
c Data corresponding to the complete process (4 h).
Fig. 9. 13C CP-MAS-NMR spectrum of the reaction used ITQ-2(25) catalyst.

Fig. 10. Adsorption of LRL on ITQ-2(25) in a fixed-bed reactor. Experimental
conditions: solvent 1,2,4-trimethylbenzene; T = 393 K; W/F = 15.3 h; CAT:
1.00 g; flow rate: 5.03 g h−1; feed: LRL 1.3 wt%.

to the reaction, the catalyst has lost more than 25% of activ-
ity. According to Tatsumi and co-workers [39], the lactam can
be strongly adsorbed on strong Brønsted acid sites, resulting in
rapid deactivation. Moreover, the formation of high-molecular-
weight byproducts on strong acid sites by oligomerization of
the lactam involves generation of water, which also contributes
to catalytic decay and a loss of selectivity by hydrolysis of the
reagent.
Fig. 11. Beckmann rearrangement of CDOX in liquid phase over fresh
ITQ-2(25) (1) and LRL-adsorbed ITQ-2(25) (!). Influence of LRL adsorp-
tion in CDOX conversion (a) and selectivity to LRL (b) in a fixed-bed reactor.
Experimental conditions as in Table 3.

Because catalytic deactivation occurs rapidly in the liquid-
phase rearrangement, we paid special attention to optimizing
the experimental conditions to extend the catalyst life. As we
saw before when working in a batch reactor, the nature of the
solvent is an important variable. Indeed, it is generally accepted
that the solvent can intervene in the stabilization of the activated
complex in the rate-controlling step, the 1,2-H shift, to give the
protonated oxime [40]. Moreover, the solvent can be adsorbed
on the surface of a solid acid catalyst and, consequently, it com-
petes with the reagent and products for the active sites. In this
sense, nonprotic solvents with moderate dielectric constant and
low basicity keep the adsorption–desorption equilibrium at a
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Fig. 12. Conversion of CDOX (a) and selectivity to LRL (b) in the continuous
liquid-phase Beckmann rearrangement over ITQ-2(25) in benzonitrile (1) and
1,2,4-trimethylbenzene (!). Experimental conditions as in Table 4.

Fig. 13. Conversion of CDOX (a) and selectivity to LRL (b) in the continu-
ous liquid-phase Beckmann rearrangement over ITQ-2(25) (2) and commercial
Beta-CP811 (!). Experimental conditions as in Table 5.
Table 4
Beckmann rearrangement of CDOX in liquid-phase over ITQ-2(25) in a fixed-bed reactor. Influence of the solvent in catalytic performancea

Catalyst TOS = 30 min Complete process (4 h)

XT CDOX (M%)b SLRL (M%)b SCD (M%)b XT CDOX (M%)c SLRL (M%)c SCD (M%)c

1,2,4-TMB 100 100 0 42 99.2 0.8
BN 100 100 0 54 97.8 2.2

a Experimental conditions: T = 423 K; W/F = 4.0 h; CAT = 1.00 g; flow rate = 8.33 g h−1; feed: CDOX 3 wt%.
b Initial conversion and selectivity.
c Data corresponding to the complete process (4 h).

Table 5
Beckmann rearrangement of CDOX in liquid phase over ITQ-2(25) and commercial Beta-CP811 in a fixed-bed reactora

Catalyst TOS = 30 min Complete process (4 h)

XT CDOX (M%)b SLRL (M%)b SCD (M%)b SOthers (M%)c XT CDOX (M%)c SLRL (M%)c SCD (M%)c SOthers (M%)c

ITQ-2(25) 100 100 0 0 54 97.8 2.2 0
Beta-CP811 94 97.0 3.0 0 35 80.6 9.8 9.7

a Experimental conditions: solvent benzonitrile; T = 423 K; W/F = 4.0 h; CAT = 1.00 g; flow rate = 8.33 g h−1; feed: CDOX 3 wt%.
b Initial conversion and selectivity.
c Data corresponding to the complete process (4 h).
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Table 6
Beckmann rearrangement of CDOX in liquid phase over ITQ-2(25) in a fixed-bed reactor. Influence of catalyst regenerationa

Catalyst TOS = 30 min Complete process (4 h)

XT CDOX (M%)b SLRL (M%)b SCD (M%)b XT CDOX (M%)c SLRL (M%)c SCD (M%)c

Fresh 100 100 0 65 99.6 0.4
Regenerated 97 100 0 71 100 0

a Experimental conditions: solvent 1,2,4-trimethylbenzene; T = 393 K; W/F = 8.0 h; CAT = 2.50 g; flow rate = 6.25 g h−1; feed: CDOX 5 wt%.
b Initial conversion and selectivity.
c Data corresponding to the complete process (4 h).
level that can be beneficial for removing the synthesized LRL
from the acid sites [41]. Then, as was seen before, benzoni-
trile seems to effectively promote desorption of the lactam, in-
creasing the reaction rate and avoiding the formation of heavier
basic products on strong acid sites. Accordingly, we compared
the catalytic performance of ITQ-2(25) with benzonitrile and
1,2,4-trimethylbenzene as solvents. The results, given in Fig. 12
and Table 4, indicate significantly improved catalytic activ-
ity when using benzonitrile instead of 1,2,4-trimethylbenzene.
Note, however, that traces of benzamide formed by hydrolysis
of benzonitrile are detected. It then becomes important for the
process to avoid any hydrolysis of the oxime or the benzonitrile.

Comparing the catalytic performance of ITQ-2(25) with a
commercial sample of Beta (Beta-CP811) reveals a slightly
faster deactivation in the zeolite (Fig. 13). Moreover, catalytic
decay in this sample involves the loss of selectivity to LRL
(Table 5). In fact, Tatsumi co-workers [42] described how the
Beckmann rearrangement of cyclohexanone oxime over USY
zeolite occurs on the weak Brønsted acid sites. However, as cat-
alytic deactivation occurs, two secondary reactions gain impor-
tance: (1) the formation of high-molecular-weight byproducts
on strong acid sites, with the subsequent production of water,
and (2) the hydrolysis of the oxime with the water formed on
weak Lewis acid sites. In our case, we found significant produc-
tion of dimers of CDOX and CD on the Beta sample, always
higher than that with ITQ-2(25), when decreasing catalytic ac-
tivity (Table 5, SOthers).

Despite the fact that a more appropriate solvent gives higher
catalytic activity and longer catalyst life, the catalyst still deac-
tivates and regeneration is required. Then, to remove the organic
compounds irreversibly adsorbed on ITQ-2, the sample was cal-
cined in air at 813 K. This thermal treatment allows complete
combustion of the organic deposit, and the regenerated catalyst
practically recovers the initial activity and selectivity (see Ta-
ble 6).

4. Conclusion

In contrast to what occurs with cyclohexanone oxime, it is
not possible to perform the Beckmann rearrangement of cy-
clododecanone oxime in vapor phase due to molecular decom-
position unless the process is carried out under vacuum [18]. In
this sense, the liquid-phase rearrangement in batch and fixed-
bed continuous-flow reactors has demonstrated the importance
of site accessibility for this reactant. In the case of large-pore
zeolites (Beta), even when the crystal size was substantially re-
duced (20 nm), significant diffusion limitations for reactant and
product exist, with a negative impact on activity and catalyst
life. MCM-41, despite its large pores, is not active enough for
this process. Conversely, a much better activity with 100% se-
lectivity to laurolactam is found on the delaminated material
ITQ-2 when site accessibility (i.e., level of delamination) and
acid strength are optimized. Catalyst deactivation occurs due to
irreversibly adsorbed ω-laurolactam and its higher homologues.
In this sense, the nature of the solvent plays an important role
for the desorption of the product and, consequently, increases
catalyst lifetime. Consequently, when carrying out the process
at higher temperatures in vacuum, ITQ-2 can be expected to
have a longer life than Beta zeolite.
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