
t

ent

n

hexanone
s observed
is acidity
roved
nzonitrile
tween the
ters for the

clohexanone
the liquid
Journal of Catalysis 235 (2005) 139–149

www.elsevier.com/locate/jca

Active and selective catalyst for liquid phase Beckmann rearrangem
of cyclohexanone oxime

Chawalit Ngamcharussrivichaia,1, Peng Wub, Takashi Tatsumib,∗,2

a Department of Applied Chemistry, Graduate School of Engineering, The University of Tokyo, Hongo, Bunkyo-Ku, Tokyo 113-8656, Japa
b Division of Materials Science and Chemical Engineering, Graduate School of Engineering,

Yokohama National University, 79-5 Tokiwadai, Yokohama 240-8501, Japan

Received 25 February 2005; revised 22 April 2005; accepted 11 July 2005

Available online 25 August 2005

Abstract

The effect of acid treatment on the catalytic performance of ultrastable Y catalysts in the Beckmann rearrangement of cyclo
oxime has been investigated under liquid phase conditions. Over the catalysts treated under mild conditions, enhanced activity wa
due to an increase in the amount of Brønsted acid sites, but a considerable amount of extra-framework aluminum (EFAL) with Lew
remained, resulting in a rapid loss of selectivity toε-caprolactam. Under relatively severe conditions, the extensive removal of EFAL imp
the lactam selectivity, although the extraction of framework aluminum resulted in decreased oxime conversion. Pyridine and be
adsorption studies indicated the presence of at least two different kinds of Lewis acid sites in the catalysts. The relationships be
catalytic performance and Fourier transform infrared spectroscopy suggested that weak Brønsted acid sites are the active cen
rearrangement reaction, whereas weak Lewis acid sites due to an extra-framework amorphous phase are responsible for the cy
formation. Thus the catalyst with weak Brønsted acid sites and a small amount of acidic EFAL species is active and selective for
phase Beckmann rearrangement of cyclohexanone oxime.
 2005 Published by Elsevier Inc.
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1. Introduction

The Beckmann rearrangement of cyclohexanone oxim
an important step in the production ofε-caprolactam, a valu
able starting material for the manufacture of nylon-6.
the current commercial process, oleum is used mainly
ichiometrically. It carries many serious drawbacks, incl
ing high ammonium sulfate formation as a byproduct d
ing the neutralization step to liberate the lactam produc
As a promising solution, replacing this environmentally u
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friendly process with heterogeneous catalysis over solid
materials has been investigated over the last decade[1–19].

Due to a high basicity of lactam, the reaction has b
carried out under drastic conditions at temperatures of 3
350◦C, to facilitate the desorption of the lactam produ
from acid sites[1–17]. This consequently accelerates t
side reactions giving various basic compounds and c
formation, often resulting in a rapid decay of catalytic a
tivity. Sumitomo Chemical Company uses a fluidized-b
system to continuously remove carbonaceous deposits
the catalyst in the recently commercialized vapor ph
process[20]. Alternatively, performing the reaction und
relatively mild liquid phase conditions in the presence o
suitable solvent would minimize the byproducts and prolo
the service life of catalysts[18,19]. It would also be expecte
to provide a more energetically and economically favora
route for the production of caprolactam.

http://www.elsevier.com/locate/jcat
mailto:ttatsumi@cat.res.titech.ac.jp
http://dx.doi.org/10.1016/j.jcat.2005.07.020
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Subjects on the active sites responsible for the for
tion of ε-caprolactam have been studied extensively[1–19].
Under vapor phase conditions, the weakly acidic hydro
groups[5–8] and even the neutral silanols[9] have been
suggested to be active and selective, whereas the pre
of strong acid sites results in the formation of bypro
ucts [10,11]. In contrast, it has been shown that Brøns
acidity is of importance, whereas silanol sites are invol
in cyclohexanone formation at low temperatures[19]. This
reflects the superior performance of Brønsted acid site
weakly acidic hydroxyl groups in the liquid phase rearran
ment.

Ultrastable Y (USY) zeolite with the faujasite (FAU
structure, having a three-dimensional network of superc
cavities connected by 12-membered ring windows wit
large diameter of 7.4 Å, is commercially prepared by hi
temperature steaming of ammonium or proton-form Y
olite. In addition to the Brønsted and Lewis acidity in t
parent material, the formation of a relatively large numbe
weakly acidic hydroxyl groups and the existence of trans
hydroxylated aluminum[21] and various species of extr
framework aluminum (EFAL) (e.g., cationic aluminum io
[22,23]and silica-alumina amorphous phase[24–26]), have
been proposed. It is believed that some EFAL species
fer Lewis acidity of different strengths[27–30] and that
some species have a synergistic effect with Brønsted
sites, resulting in increased acid strength and catalytic a
ity [31–33].

Our previous study on the effect of water addition o
HUSY catalyst showed that Lewis acid sites are respons
for the formation of cyclohexanone through the hydrolysis
cyclohexanone oxime[34]. A part of these Lewis acid site
is due to EFAL species, which can be leached out by sim
acid washing[26,29,31,35]. Moreover, the acidic propertie
and performance of catalysts can be adjusted by varying
treatment conditions[3,31].

In the present investigation we studied the liquid ph
Beckmann rearrangement of cyclohexanone oxime over
eral samples of USY catalysts prepared by acid treatm
The acidic properties were characterized with Fourier tra
form infrared (FTIR) spectroscopy. These results were c
sidered in light of catalytic performance, to identify t
active sites responsible for the rearrangement and rele
reactions.

2. Experimental

2.1. Catalyst modifications

Commercially available proton-form USY and beta ze
lites with the SiO2/Al2O3 ratio of 7 and 25, respectively
were supplied by Tosoh. To dealuminate the parent U
sample (HUSY-7), typically an aqueous solution of HN3
or HCl with different concentrations was used. The so
to-liquid ratio was kept constant at 1:40. As shown inTa-
e

-

t

Table 1
Treatment conditions and structural properties of catalysts used in
present study

Catalysta Solution Temperature
(◦C)

Timeb

(h)
Crystal-
linityc

(%)

Unit
celld, a0
(Å)

HUSY-7 – – – 100 24.37
DeUSY-11 0.1 M HNO3 80 3 107 24.37
DeUSY-24 0.2 M HNO3 25 2 89 24.31
DeUSY-33 0.5 M HNO3 25 2 56 24.18
DeUSY-35 0.1 M HNO3 80 2* 98 24.33
DeUSY-40 0.5 M HCl 25 2 67 24.25
DeUSY-63 0.15 M HNO3 80 2* 62 24.22
HBEA-36 0.5 NH4NO3 80 2 – –

a Number after hyphens indicates the SiO2/Al2O3 ratio.
b Asterisk means that the treatment was repeated.
c Relative to XRD pattern of the parent HUSY-7.
d Calculated from the diffraction peak corresponding to (533) reflec

plane.

ble 1, reaction temperature and time were also varied
achieve catalysts with a desired Al content. For beta zeo
it was similarly ion-exchanged using an aqueous solu
of NH4NO3. The solid products were recovered by filtr
tion, washed many times with distilled water, dried at 120◦C
overnight, and calcined at 500◦C for 6 h. The dealuminate
samples were designated as DeUSY-X, whereX indicates
the SiO2/Al2O3 ratios of the product sample, whereas
obtained beta catalyst with the SiO2/Al2O3 ratio of 36 was
designated as HBEA-36.

2.2. Reaction procedure

Before applied to the reaction, catalysts were activa
at 500◦C for 6 h in a muffle furnace and then allowed
cool down inside a desiccator to prevent adsorption of
ter in the atmosphere. The Beckmann rearrangement
typically carried out in a 50-ml flask at 130◦C under ni-
trogen atmosphere, using benzonitrile (PhCN) as a
vent. The amount of catalyst used was 0.1 g, and the
alyst:oxime:PhCN composition was 1:1:200 (weight). T
reaction progress was followed by timely sampling and s
sequent analysis of product distribution with a gas chrom
graph equipped with a 30-m capillary column of PEG.

2.3. Characterizations

FTIR spectra were recorded on a Perkin-Elmer 1
FTIR spectrometer with a spectral resolution of 2 cm−1.
A 30-mg sample was pressed into a self-supported, 20-
diameter wafer. The wafer was set in a quartz infrared
cell that was sealed with CaF2 windows and connected t
a vacuum system. In pyridine and PhCN adsorption exp
ments, the wafer was evacuated at 500◦C for 1 h, followed
by exposure to a desired amount of pyridine and PhCN
por for 1 h at 100 and 35◦C, respectively. The desorptio
of pyridine was carried out stepwise at 100 and 150◦C for
1 h at each temperature. The introduction of PhCN va
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and collection of a spectrum were repeated to ensure th
saturated adsorption was achieved. All of the spectra w
measured at room temperature in the absorbance mode
64 scan times.

Crystallinity and unit cell parameter(a0) were deter-
mined by X-ray powder diffraction (XRD), using a MAC
Science MX Labo power diffractometer equipped w
Cu-Kα radiation. Bulk elemental composition was det
mined by inductively coupled plasma (ICP) spectroscop

3. Results and discussion

As shown inTable 1, for a given treatment tempera
ture, the SiO2/Al2O3 ratio increased with increasing ac
concentration or time. This increase was accompanied
a decline in the crystallinity and contraction of the u
cell, indicating the progress of dealumination. Despite
relatively high temperature, the treatment using low a
concentration (0.1 mol HNO3) preserved the original crys
tallinity (DeUSY-11 and DeUSY-35). When the reacti
was carried out at room temperature, the framework Al w
more severely extracted under relatively high acidity con
tions (0.2 or 0.5 M HNO3), resulting in reduced unit ce
irrespective of the Al content of DeUSY-24, DeUSY-3
and DeUSY-35. These results suggested that a conside
amount of extracted Al remained on DeUSY-33 as EF
species.

Hydroxyl groups of various types in the USY cataly
before and after the treatment were observed by FTIR s
troscopy (Fig. 1). The parent HUSY-7 exhibited five distin
absorption bands in the O–H region, at 3740, 3690, 36
3600, and 3564 cm−1 (Fig. 1a). The bands at 3628 an
3564 cm−1 are the characteristic O–H vibrations usua
found for proton-form faujasite zeolites, assigned to Br
sted acid sites located in supercages and sodalite c
respectively. The band around 3740 cm−1 was associ-
ated with weakly acidic silanol groups, and the band
around 3690 cm−1 was assigned to Al–OH groups of EFA
species[36]. The band at 3600 cm−1 was attributed to Brøn
sted acid sites coordinated with EFAL in supercages, ha
strong acidity[36].

In acid treatment under mild conditions (DeUSY-1
the band at 3628 cm−1 increased slightly, whereas th
bands at 3600 and 3564 cm−1 showed no significant chang
in intensity (Fig. 1b). This suggests the removal of som
extra-framework species, such as amorphous silica-alum
phase[35] and/or debris, rendering Brønsted acid sites in
percages more exposed. It can be seen that the band a
3740 cm−1 split into two bands at 3743 and 3738 cm−1,
which were assigned to two different silanol groups loca
at the external surface and in amorphous silica-alumina
spectively[35]. Furthermore, two new bands were detec
at 3670 and 3526 cm−1. The former band indicated th
formation of new Al–OH groups[36], and the latter was
associated with Brønsted acid sites coordinated with EF
e

,

d

Fig. 1. FTIR spectra of HUSY-7 (a), DeUSY-11 (b), DeUSY-24 (
DeUSY-33 (d), DeUSY-35 (e), DeUSY-40 (f) and DeUSY-63 (g) in the O
stretching region.

species inside sodalite cages[31], possibly due to the migra
tion of cationic EFAL initially located in the supercages in
the sodalite cages on calcination at high temperatures[37].

When acid concentration, time, or temperature of
treatment was increased, the band at 3600 cm−1 decreased
suggesting the removal of cationic EFAL species (Figs. 1c–g).
This coincided with increased SiO2/Al2O3 ratios and en-
hanced bands at around 3740 cm−1, indicating progres-
sive dealumination. Moreover, the band corresponding
Al–OH groups (3670 cm−1) became less distinct and ove
lapped with the nearby bands of higher frequencies.
simultaneous broadening of these bands (3740–3670 cm−1)
with an increasing band of terminal silanol groups
flected the hydrolysis of Si–O–Al bonds, yielding Al–O
and Si–OH[38]. In the case of DeUSY-24 and DeUS
35, the species located at extra-framework positions w
hydrolyzed mainly because the bridging hydroxyls were
creased (Figs. 1c and e).

Compared with DeUSY-35 with a similar SiO2/Al2O3
ratio (Fig. 1e), the intensity of the bridging hydroxyl band
for DeUSY-33 was considerably weaker (Fig. 1d). This
result should be related to the difference in dealum
tion conditions (Table 1). It is also worth mentioning tha
the band of weakly acidic silanols of DeUSY-33 appea
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at lower wavenumber (3738 cm−1), and thus a relatively
large amount of amorphous silica-alumina phase was li
present.

Although acidity generated by steaming process has b
extensively examined by IR and nuclear magnetic reson
spectroscopic techniques[30,39–41], the structure of Lewis
acid sites is still unclear. Using pyridine as a probe molec
in the IR study of adsorption and desorption at elevated t
peratures provides details on the types, strength, and am
of acid sites that are accessible to substrates. Howeve
tention is rarely given on weakly acidic species obser
by adsorption at relatively low temperatures, due to the h
temperatures of relevant catalytic test reactions and the c
plexity of spectra in the range of interest (1455–1438 cm−1)
resulting from physical adsorption of pyridine. Because
reaction temperature in our study is relatively low and
transformation of oxime reactant to cyclohexanone bypr
uct can occur even over silanol groups[19], determination of
weakly acidic sites by pyridine adsorption at relatively lo
temperatures is of importance.

Fig. 2 illustrates FTIR spectra of HUSY-7 and dea
minated catalysts obtained after the pyridine adsorptio
100◦C followed by desorption at the same temperat
(Fig. 2A) and at 150◦C (Fig. 2B). All of the catalysts showed
the bands corresponding to Brønsted acid sites at 1545 c−1

and to Lewis acid sites at 1454 cm−1 [42]. By a deconvolu-
tion technique, other components were found between 1
and 1438 cm−1 (Fig. 3). The band at 1439 cm−1 was asso-
ciated with cationic species like Na+ [43], whereas the ban
at 1447 cm−1 was assigned to pyridine hydrogen-bond
to weakly acidic Si–OH groups[42]. Furthermore, the de
convolution resulted in another component at 1450 cm−1

observed for the parent HUSY-7 (Fig. 3A), but progressively
diminished by the acid treatment with increasing degre
dealumination (Fig. 3B–D). Other bands appeared at 157
1596, 1621, and 1634 cm−1 (Fig. 2), assigned to the 8
and 8b vibration modes ofνCC(N) of pyridine adsorbed o
cations, Si–OH groups, and Lewis and Brønsted acid s
respectively[44].

The amount of acid sites estimated from the bands
and the reported extinction coefficients[45] are summa-
rized in Table 2. The IR intensity of acidic OH groups ob
served in the O–H stretching region (Fig. 1) was in agree-
ment with the amount of Brønsted acid sites estimatedTa-
ble 2). Under mild dealumination conditions (DeUSY-11
some amorphous phase and/or debris was removed, r
ing in an increased amount of Brønsted acid. Moreover, m
of the components present at 1451–1438 cm−1 remained
(Fig. 3B), indicating similarity of the corresponding samp
and the parent sample. Further dealumination to DeUSY
and DeUSY-35 reduced the number of Lewis acid site
particular (Table 2); this was somewhat consistent with a s
nificant decrease in the species corresponding to the ba
1450 cm−1 (Fig. 3C). After treatment under relatively se
vere conditions (DeUSY-33, DeUSY-40, and DeUSY-6
the band at 1450 cm−1 disappeared completely (Fig. 3D),
t
-

-

t-

t

Fig. 2. FTIR spectra of HUSY-7 (a), DeUSY-11 (b), DeUSY-24 (
DeUSY-33 (d), DeUSY-35 (e), DeUSY-40 (f), DeUSY-63 (g), a
HBEA-36 (h) after pyridine adsorption at 100◦C followed by desorption
at 100 (A) and 150◦C (B).

and only the band at 1454 cm−1 with a lower intensity
was retained. This was concomitant with a loss of Brøns
acid sites and an enhancement of the band at 1447 c−1

(Fig. 2A), indicating extraction of Al from the framework. I
contrast, the commercially prepared beta zeolite, HBEA
did not exhibit the band at 1450 cm−1, suggesting that thi
band was associated with acidic EFAL species generate
der steaming conditions (e.g., an amorphous silica-alum
and having structures different from the “true” Lewis ac
sites[40] at 1454 cm−1.

On desorption of pyridine at 150◦C, there was no re
duction in the intensity of the band assigned to Brøns
acid sites (Fig. 2); the major change was found in the r
gion of Lewis acid sites and other components nearby
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Fig. 3. Deconvolution curves of FTIR spectra in the range of 1460–1440 cm−1 of HUSY-7 (A), DeUSY-11 (B), DeUSY-24 (C), and DeUSY-33 (D) aft
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Table 2
Amount of acid sitesa in the catalysts determined from pyridine adsorpt
study by FTIR spectroscopy

Catalystb Brønsted acid sitesc

(µmol g−1)

Lewis acid sitesd (µmol g−1)

100◦C 150◦C Differencee

HUSY-7 138 130 95 35
DeUSY-11 192 95 77 18
DeUSY-24 172 70 44 26
DeUSY-33 112 36 23 12
DeUSY-35 209 60 32 28
DeUSY-40 128 70 44 27
DeUSY-63 125 36 19 17
HBEA-36 91 59 54 5

a Calculated using the extinction coefficients given by Emeis[45].
b Number after hyphens indicates the SiO2/Al2O3 ratio.
c Determined at 100◦C from the band appeared at 1545 cm−1.
d Determined from the bands appeared between 1454 and 1450 cm−1.
e Difference between the amount of Lewis acid sites determined at

and 150◦C.

1455–1438 cm−1. A noticeable decrease in the intens
of the bands at 1447 and 1596 cm−1 indicated weakly
acid silanol groups. Pyridine also desorbed from Lewis a
sites at 150◦C, as evidenced by a decrease in the ban
1454 cm−1, suggesting the presence of weak Lewis acid
The quantitative determination revealed that USY catal
had relatively large amount of weak Lewis acid sites co
pared with HBEA-36 (Table 2). Although the band corre
sponding to Lewis acid sites observed over HUSY-7, d
luminated catalysts, and HBEA-36 was found at the sa
wavenumber, 1454 cm−1, the difference in the acid streng
reflected the existence of Lewis acid sites with differ
chemical natures.

Fig. 4 shows the dependence of the oxime convers
and selectivity to the lactam on time over HUSY-7 and
dealuminated catalysts. Compared with the parent sam
here, regardless of Al content, the reaction was cataly
more actively by DeUSY-11, DeUSY-24, DeUSY-35, a
DeUSY-40, with lower conversions obtained by DeUSY-
and DeUSY-63 (Fig. 4A). However, HBEA-36 with a similar
SiO2/Al2O3 ratio to DeUSY-35 gave a much lower co
version. Because all Al is not incorporated into the zeol
framework, and some may exist as nonacidic EFAL spec
these results should be directly related to the amount of
sites present; the more acid sites present in the catalys
higher the oxime conversion attained. The conversion cu
leveled off at 1 h and stabilized after 2 h.

As shown inFig. 4B, the catalysts that gave a high conv
sion exhibited a severe drop in lactam selectivity (ca. 17
within the first hour of the reaction. This is harsher than
drop for the parent HUSY-7 catalyst (14%). In contrast,
drop was<10% over DeUSY-33 and DeUSY-63. There w
only a slight change in the selectivity after 2 h, correspo
ing to the plateau region of the oxime conversion–reac
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Fig. 4. Dependence of the oxime conversion (A) and the lactam sele
ity (B) on reaction time over HUSY-7 (F), DeUSY-11 (2), DeUSY-24
(Q), DeUSY-33 ("), DeUSY-35 (E), DeUSY-40 (1), DeUSY-63 (P),
and HBEA-36 (!) in the liquid-phase Beckmann rearrangement of cyc
hexanone oxime. Reaction conditions: seeTable 4.

time plot inFig. 4A. At 5 h, lactam selectivity was 70–73%
over DeUSY-11, DeUSY-24, DeUSY-35, and DeUSY-4
78.4% over DeUSY-63, and 84.5% over DeUSY-33. Ho
ever, such a severe drop was not seen when HBEA-36
used as a catalyst; lactam selectivity decreased by only
after 5 h.

The initial rate of reaction and products distribution
a given conversion obtained over USY and beta catal
are summarized inTable 3. At 25% oxime conversion, ther
was no noticeable difference in lactam and cyclohexan
formation among the catalysts used. However, there w
rough correlation among the amount of acid sites (Table 2),
rate of reaction, and lactam yield. The more acid sites,
higher the reaction rate and the lactam yield attained
is also likely that with decreasing Al content, anone f
mation increased. This may be related to the generatio
weakly acidic silanol groups on the dealumination. Su
sites have been suggested to catalyze the hydrolys
oximes to the corresponding ketones under liquid phase
ditions[19].

When oxime conversion reached 50 and 80%, the ro
trends toward the amount of acid sites observed at 25%
version no longer existed. The catalyst that early sho
a high lactam yield exhibited a rapid increase in cyc
hexanone and dimer/polymer formation. In contrast, the
tam yield achieved over DeUSY-33 and DeUSY-63, both
which had a relatively small number of acid sites, was co
parable to that obtained over other catalysts with high a
content. These results should be related to catalyst dea
tion. As indicated inFig. 4B, a significant decrease in lacta
selectivity occurred during 50–80% oxime conversion.

These results suggest that the active sites respon
for lactam formation were gradually deactivated and mo
lost when the conversion reached 80%. Consequently
surviving relatively weak acid sites catalyzed the reac
instead at the subsequent stages[46]. Our previous study
over MCM-41 catalysts found inferior performance of abu
dantly present silanol groups[47]. Due to insufficient acidic
strength, the rearrangement of cyclohexanone oxime to
tam was not effectively catalyzed, producing low oxime c
version and lactam selectivity. Substantial cyclohexan
formation over MCM-41 did not occur, however.

Figs. 5 and 6show the plots of the initial rate of reactio
and the lactam yield, respectively, at 25% oxime conv
sion with the corresponding number of Brønsted acid s
A linear relationship could be established in both cases
dicating that Brønsted acid sites are active and selectiv
the liquid phase Beckmann rearrangement of cyclohexan
oxime; no direct correlations could be found between
lactam yield achieved at higher oxime conversion and
Brønsted acid amount, suggesting a deactivation of Brøn
acid sites.

The relationship between the cyclohexanone yield
number of Lewis acid sites is illustrated inFig. 7. With an
increasing number of Lewis sites, cyclohexanone forma
over USY catalysts increased, but it declined in high aci
conditions. In contrast, the data of HBEA-36 greatly de
ated from this relationship. These results indicate that Le
acid sites present mainly in beta zeolite are less harmfu
rearrangement, and thus should have a different struc
and acidity than those sites responsible for the hydrol
reaction. The drop in the cyclohexanone yield over HUS
with a high Lewis acid content implied that some Lewis si
were not involved in the cyclohexanone formation. Beca
the hydrolysis occurred mostly in the late stages, sugges
generation of water in the reaction system, Lewis sites w
strong acidity were likely associated with the dimerizat
or formation of high-molecular-weight compounds, yieldi
water as a byproduct.

In contrast, the plot of cyclohexanone yield with numb
of weak acid sites exhibited an approximately linear re
tionship (Fig. 8). This result suggested that Lewis acid si
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Table 3
Products distribution in liquid-phase Beckmann rearrangementa of cyclohexanone oxime over various USY and beta catalysts

Catalystb Initial rate of
reaction
(mmol g−1 h−1)

Yield (%)

At 25% conversion At 50% conversion At 80% conversion

Othersc Othersc Othersc

HUSY-7 7.4 23.5 1.2 0.3 43.2 4.6 2.2 61.8 13.3 4.8
DeUSY-11 10.2 23.8 0.9 0.3 43.1 4.9 2.0 60.1 14.8 5.1
DeUSY-24 8.9 23.6 1.1 0.3 41.8 5.8 2.4 58.4 16.3 5.3
DeUSY-33 5.4 22.6 2.4 0.0 43.6 6.3 0.1 – – –
DeUSY-35 11.0 23.9 0.9 0.2 43.1 5.1 1.8 62.6 13.7 3.7
DeUSY-40 7.1 22.9 1.9 0.2 41.2 7.4 1.4 61.2 15.0 3.8
DeUSY-63 5.8 22.2 2.8 0.0 42.9 6.9 0.2 – – –
HBEA-36 4.1 22.4 2.6 0.0 – – – – – –

a Reaction conditions: temperature, 130◦C; catalyst amount, 0.1 g; oxime:catalyst:PhCN= 1:1:200 (weight).
b Number after hyphens indicates the SiO2/Al2O3 ratio.
c Mostly dimers and polymers.
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Fig. 5. Plot of the initial rate of reaction against the amount of Brønsted
sites.

of weak strength are the active centers for the hydrolysi
cyclohexanone oxime. However, the parent HUSY-7 and
alysts dealuminated under mild conditions (DeUSY-11
DeUSY-24) showed a deviation from the linear trend, lik
attributable to the presence of various types of weak Le
sites generated during high-temperature steaming treatm
which may act differently in the reaction system.

FTIR spectroscopic study of PhCN adsorption has b
performed to more thoroughly investigate the characte
tics of Lewis acid sites in the catalysts. It was repor
that the shifts of the C≡N stretching mode caused by a
interaction of lone pair electrons of nitrogen with ac
can be used to discriminate between Brønsted and L
acid centers, as well as between those centers of d
ent strengths[48]. Fig. 9 shows FTIR spectra of the ca
alysts used in the present study after PhCN adsorptio
35◦C. The adsorption of PhCN on the catalysts gave
t,

Fig. 6. Plot of the lactam yield at 25% oxime conversion against the am
of Brønsted acid sites.

to the broad band of C≡N stretching vibration at 2300
2220 cm−1, corresponding to PhCN adsorption on vario
types of acid sites[34]. Deconvolution of the spectra ind
cated that this band comprised at least five distinct com
nents (Fig. 10A). The band at 2229 cm−1 corresponded to
PhCN molecules hydrogen-bonded to weakly acidic sila
groups. The band at 2239 cm−1 was assigned to PhC
adsorbing on the weak Brønsted acid sites, whereas
band at 2253 cm−1 was associated with relatively stron
Brønsted acidity. Furthermore, in accordance with the
sults from pyridine adsorption (Fig. 3A), two other compo-
nents related to Lewis acid sites were observed at 2272
2284 cm−1. It is commonly believed that the higher the sh
of the C≡N stretching band, the stronger the Lewis ac
ity. As reported previously[49], the band appearing aroun
2280 cm−1 was assigned to Lewis acid sites, such as catio
EFAL species.
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Fig. 7. Plot of the cyclohexanone yield obtained at 5 h of the reaction co
against the amount of Lewis acid sites determined from pyridine ads
tion–desorption at 100◦C.

Fig. 8. Plot of the cyclohexanone yield obtained at 5 h of the reaction co
against the amount of weak Lewis acid sites.

Figs. 10A–D illustrate the representative deconvoluti
curves of FTIR spectra shown inFig. 9. The mild acid
treatment of HUSY-7, yielding DeUSY-11, resulted in a d
crease in the band associated with relatively weak Le
acid sites at 2272 cm−1 but enhancement of the comp
nent of strong Lewis acid sites centered at 2283 cm−1.
Moreover, the band related to strong Brønsted acid s
(2253 cm−1) and weakly acidic silanol groups (2229 cm−1)
increased slightly. These findings are in agreement with
sults obtained from an FTIR study of pyridine adsorpt
(Fig. 2). With an increasing degree of dealumination (i
increased SiO2/Al2O3 ratio), both of the bands assigned
Lewis acid sites gradually decreased (see alsoFig. 9) con-
Fig. 9. FTIR spectra of HUSY-7 (a), DeUSY-11 (b), DeUSY-24 (
DeUSY-33 (d), DeUSY-35 (e), DeUSY-40 (f), DeUSY-63 (g), a
HBEA-36 (h) in the CN stretching region after PhCN adsorption at 35◦C.

comitantly with a decrease in strong Brønsted acid site
2253 cm−1.

The numbers of acid sites quantitatively determined
terms of relative band area are given inTable 4. The ta-
ble shows that DeUSY-33 and DeUSY-63, which exh
increased lactam selectivity, have large relative areas
Brønsted acid sites of weak strength (2239 cm−1) and
small relative band areas for both Lewis acid species (2
and 2272 cm−1). Moreover, these catalysts have a h
ratio of bands area of strong-to-weak Lewis acid s
(A2283 cm−1/A2272 cm−1), suggesting that the relatively wea
Lewis sites promote cyclohexanone formation. The Le
acid sites at 2272 cm−1, abundantly present in the pare
HUSY-7, may belong to an extra-framework aluminu
rich amorphous phase generated during the ultrastabiliza
process. The similarities between EFAL in USY zeolites a
transition aluminas have been reported previously[41,50].
In contrast, the Lewis acid sites appearing at 2283 cm−1,
which exist as dominant species in acid-treated USY
HBEA-36, should be related to transient hydroxylated
that partially attaches to the framework by one or two Si–
Al bonds. These species are present mainly in beta ze
as octahedral Al coordinated with water molecules[51,52].
Therefore, the weak Lewis acid sites responsible for the
drolysis of the oxime are probably located in an aluminu
rich amorphous phase.

Although DeUSY-33, DeUSY-63, and HBEA-36 have
relatively high percentage of weakly acidic silanol group
2229 cm−1 (Table 4), their cyclohexanone formation was n
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r PhCN
Fig. 10. Deconvolution curves of FTIR spectra in the CN stretching region of HUSY-7 (A), DeUSY-11 (B), DeUSY-24 (C), and DeUSY-33 (D) afte
adsorption at 35◦C.

Table 4
Amount of acid sites represented in terms of IR band area from PhCN adsorption

Catalysta Relative area of CN stretching bandsb (%) A2283 cm−1/A2272 cm−1

band area ratio2283 cm−1 2272 cm−1 2253 cm−1 2239 cm−1 2229 cm−1

HUSY-7 16.0 27.8 21.2 27.6 7.3 0.58
DeUSY-11 26.0 16.8 21.8 24.2 11.2 1.54
DeUSY-24 21.8 8.8 22.7 30.9 15.7 2.50
DeUSY-33 6.5 0.8 17.9 53.7 21.0 7.52
DeUSY-35 14.5 7.7 25.8 35.7 16.3 1.90
DeUSY-40 15.1 9.7 21.2 37.1 16.9 1.56
DeUSY-63 6.6 0.9 19.8 47.5 25.2 7.09
HBEA-36 9.8 3.3 26.7 33.8 26.3 2.91

a Number after hyphens indicates the SiO2/Al2O3 ratio.
b For assignments, see text.
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0.1–
as remarkable as that achieved using other USY catal
These results suggest a low activity of silanol groups
der liquid phase conditions related to their extremely w
acidity, not only in the rearrangement reaction[19,47], but
also in the hydrolysis of the oxime under liquid phase c
ditions. Scheme 1shows the proposed active sites for t
reaction system of cyclohexanone oxime–PhCN in the p
ence of USY catalysts.ε-Caprolactam is produced active
and selectively over the weak Brønsted acid sites, whe
the Lewis acid sites of weak strength belonging to EF
are responsible for cyclohexanone formation. Furtherm
.water, used in the hydrolysis reaction, may be gener
through the dimerization or formation of high-molecula
weight compounds over strong acid sites.

4. Conclusions

The effect of acid treatment on the catalytic performa
of USY catalysts in the liquid phase Beckmann rearran
ment of cyclohexanone oxime at 130◦C in PhCN solvent
has been investigated. Dealumination using mild acids (
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Scheme 1. Proposed active sites for the reaction of cyclohexanone oxime over USY catalysts in PhCN solvent.
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0.15 mol) without repetition at 80◦C did not extract the
framework Al, and did retain the crystallinity of solid pro
ucts. Although the activity was enhanced due to the incre
in the number of Brønsted acid sites, considerable ac
EFAL species remained, demonstrating a rapid drop in
tam selectivity. Performing dealumination under relativ
severe conditions, using 0.5 mol HNO3 at room temperatur
or 0.15 mol HNO3 at 80◦C with repetition, resulted in ex
tensive removal of extra-framework species at the expe
of framework Al and crystalline structure. As a result, t
number of Lewis acid sites decreased noticeably, mitiga
cyclohexanone formation and improving selectivity to la
tam.

At least two types of Lewis acid sites of differe
strengths can be observed from the FTIR spectrosc
study of pyridine and PhCN adsorption. One of these ex
mainly in the parent HUSY-7 prepared by high-temperat
steaming and may be related to an extra-framework alum
rich amorphous phase; the other, which is the predomi
species in the dealuminated catalysts, is probably assoc
with transient hydroxylated Al. It has been suggested
the weak Lewis acid sites located in an amorphous phas
the active sites for cyclohexanone formation, whereas ox
rearrangement is suitably catalyzed over weak Brønsted
sites. In addition, the strong acid sites may be invol
in the generation of water through the formation of hig
molecular-weight byproducts, causing catalyst deactivat
Thus, the catalyst with particularly weak Brønsted acid s
and a small amount of acidic EFAL species is active
selective for the liquid phase Beckmann rearrangemen
cyclohexanone oxime.
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