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Abstract

Mesoporosity in ETS-10 titanosilicate was generated by postsynthesis treatment with hydrogen peroxide under microwave irradiation, resulting
in an increased external surface area of the materials. The influence of mesopore content, external surface area, proton-exchange conditions, and
solvent on the activity of the modified ETS-10 in the Beckmann rearrangement of cyclohexanone oxime to e-caprolactam under vapor-phase
conditions was investigated. Protonated mesoporous ETS-10 was catalytically active and demonstrated improved performance with increasing

external surface area.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The Beckmann rearrangement of cyclohexanone oxime is an
important process in the production of e-caprolactam, a valu-
able starting material for the manufacture of nylon-6. In the
conventional industrial liquid-phase process, oleum is used as
a catalyst, and large amounts of polluting ammonium sulfate
are produced as a by-product. Over the last decade, numerous
solid-acid catalysts, including zeolites, zeotypes, mesoporous
materials, and other oxides, have been investigated to replace
this environmentally unfriendly process [1,2]. MFI-type zeo-
lites, such as high-silica ZSM-5 [3-6], TS-1 [7], and cross-
linked Silicalite-1 [8], as well as BEA-type zeolite Beta [9], and
FAU-type zeolite Y (USY) [10,11], are active catalysts for this
process. In addition, mesoporous silica, such as FSM-16 [12]
and tantalum-pillared ileride [13], are effective for the Beck-
mann rearrangement process. Recently, Sumitomo Chemical
Co. Ltd. industrialized the production of e-caprolactam through
an environmentally friendly vapor-phase process using a high-
silica MFI zeolite as a solid acid catalyst. Therein a fluidized-
bed system proved advantageous in terms of catalyst regenera-
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tion [14]. Although catalytic performance over solid acid cata-
lysts under vapor-phase conditions has been tested, the nature
and position of the active sites in the catalysts remain contro-
versial. Many researchers assume that for high-silica zeolites,
hydroxyl groups of weak or intermedium acidity are the ac-
tive sites that selectively form e-caprolactam [15,16], whereas
strong Brgnsted acid sites favor the formation of by-products
[17,18]. But discrepancies exist as to the location of the reac-
tion sites—inside the micropores, at the pore aperture, or at the
external surface of zeolite crystals [14,19-21]. Irrespective of
the location of active sites, a catalyst would benefit from an
increased effective diffusion coefficient if diffusion limitation
were to become a crucial factor. Possible approaches to mini-
mize diffusion limitation include either decreasing crystal size,
thereby reducing the intracrystalline diffusion path length, or
increasing the fraction of transport pores by introducing meso-
pores in a microporous material. The creation of mesopores in
zeolitic materials has been shown to have a significant effect on
their catalytic performance [22].

ETS-10 is a microporous titanosilicate with a three-dimen-
sional interconnected pore system that can host exchangeable
cations. The micropores are formed by 12-membered SiO4p
ring channels. These features make ETS-10 particularly inter-
esting as a prospective heterogeneous catalyst [23-26]. Catalyt-
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ically active acidic sites can be introduced in ETS-10 by form-
ing bridging hydroxyl groups, such as Ti-(OH)-Si. As for other
catalysts, the presence of structural defects affects the catalytic
activity of ETS-10. In previous investigations, we found that
postsynthesis treatment with hydrogen peroxide generates a hi-
erarchical pore structure in ETS-10, which goes along with the
formation of structural defects by partial leaching of Si and Ti
atoms [27,28]. Well-defined mesopore channels with diameters
of about 10 nm are created in ETS-10 when the treatment with
H»0; is performed under microwave irradiation. As a conse-
quence, the external surface area is significantly increased [28].
This paper addresses the role of synthetically induced meso-
porosity in ETS-10 on its catalytically activity in the vapor-
phase Beckmann rearrangement of cyclohexanone oxime to &-
caprolactam. It also explores the influence of external surface
area, ammonium exchange condition, and dilution solvent.

2. Experimental
2.1. Catalyst synthesis and modification

Well-crystallized Na,K-ETS-10 was synthesized from a
gel with molar composition 1.0 Nay0:0.2 TiO,:0.6 KF:1.28
HCI:1.49 Si0,:39.5 H>O, which was stored in Teflon-lined au-
toclaves at a temperature of 190 °C for 3 days [29]. Mesopores
were created in the titanosilicate as described previously, by
treating as-synthesized ETS-10 with hydrogen peroxide under
microwave irradiation [28]. Then 0.2 g of dried ETS-10 pow-
der was mixed with 20 mL of H,O; of varying concentrations
and irradiated in a CEM MARS-5 microwave (MW) oven to
120 °C for 15 min. The resulting ETS-10, containing both mi-
cropores and mesopores, was recovered by filtration, washed
with deionized water, and dried overnight at 80 °C. The acidity
was introduced by ammonium exchange with 0.5 M NH4NO3
at room temperature for 15 min. Before the physicochemical
and catalytic measurements, the samples thus prepared were
converted into their protonated form by heating them under
flowing air at 300 °C for 2 h.

2.2. Catalytic experiments

The catalytic activity of the samples in the vapor-phase
Beckmann rearrangement of cyclohexanone oxime to e-capro-
lactam was tested using a continuous-flow reactor packed with
a mixture of 100 mg of H-ETS-10 and 2 g of quartz sand.
The samples were activated overnight in an air flow at 300 °C;
before the reaction, the reactor was cooled to 280 °C. Cyclo-
hexanone oxime was dissolved in either toluene or methanol
at a solvent/cyclohexanone oxime molar ratio of 26.6. This re-
actant was fed to the reactor by a HPLC pump with N, as a
carrier gas. The reaction was run under atmospheric pressure
with WHSV = 1.95 goxime/(catalyst h), thus adjusting the va-
por pressure of oxime to 2.2 kPa. The product was recovered by
condensation of the effluent, with fractions collected for 5 min
each. For analysis, three samples collected after 1 h (55, 60,
65 min) were chosen. The condensate was analyzed by a gas

chromatograph equipped with a flame ionization detector (Ag-
ilent Technology 6890N).

2.3. Characterization

The ETS-10 structure was confirmed by X-ray powder dif-
fraction (XRD) on a Stoe STADI P transmission diffractometer
using CuK, radiation. The changes of the pore characteristics
of the ETS-10 samples on postsynthesis treatment were studied
by physical nitrogen adsorption measurements at 77 K using
a Micromeritics ASAP 2010 analyzer. Before these measure-
ments, the samples were outgassed under vacuum at 300°C
overnight. Pore size distributions were calculated with the
Quantachrome Autosorb 1 software package using the nonlo-
cal density functional theory (NLDFT) kernel for nitrogen ad-
sorption on silica at 77 K, calculated for cylindrical pores under
equilibrium conditions (desorption branch of isotherm). The
external surface area of the crystallites was calculated by ap-
plying the #-plot method at the plateau of the isotherms after
micropore filling. Transmission electron microscopy was done
using a Hitachi 7500 transmission electron microscope operat-
ing with an acceleration voltage of 100 kV. Diffuse reflectance
IR Fourier transform (DRIFT) spectra were collected with a
Nicolet Magna-IR 560 spectrometer with a spectral resolution
of 2 cm~!. The samples were preheated at 280 °C in a stream of
N gas for 2 hinside an IR cell to achieve complete dehydration.
For pyridine adsorption experiments, the dehydrated samples
were exposed to a saturated vapor flow for 1 h at 25°C. The
desorption of pyridine was carried out stepwise at 25, 100, 200,
280, and 350 °C for 1 h at each temperature.

3. Results and discussion

Crystalline microporous materials generally have a narrow
pore size distribution characterized by type I isotherms. Fig. 1
presents the nitrogen adsorption isotherms of as-synthesized
and ETS-10 treated with HyO, under microwave irradiation.
As-made ETS-10 shows a typical type I isotherm indicating
a fully microporous material. After microwave-assisted H,O;
treatment, the uptake of Nj at higher relative pressures is in-
creased significantly and is accompanied by a hysteresis loop.
This indicates the presence of an additional mesopore system
in this material. The pore size distributions derived from the
N, adsorption branches of the isotherms were calculated using
procedures based on the NLDFT method. These distributions
show the formation of mesopores in the H,O,-treated mater-
ial, with an average pore size of about 6.5 nm (Fig. 1, insert).
The presence of mesopores contributes to the external surface
area. Indeed, the external surface area of the crystallites af-
ter hydrogen peroxide treatment, as calculated by the z-plot
method, increased from 8.5 m? g~! for as-synthesized ETS-10
to 70 m? g~! for meso-ETS-10. Fig. 2 shows the TEM image of
a mesoporous ETS-10 sample. The bright areas in the picture
represent mesoporous cavities within the materials. Based on
the TEM micrograph, they appear to be 6-7 nm in size, which is
in good agreement with the pore size distribution derived from
nitrogen sorption experiments.
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Fig. 1. Nitrogen adsorption isotherms of as-synthesized Na,K-ETS-10 and hy-

drogen peroxide-treated ETS-10 under microwave irradiation and their pore
size distribution in mesoporous range (insert).

Fig. 2. TEM image of hydrogen peroxide-treated ETS-10 under microwave ir-
radiation.

Another effect of the microwave-assisted HyO, treatment
was the formation of additional silanol groups. This was con-
firmed by IR spectra recorded in the region of O-H stretching
vibrations. The DRIFT spectra obtained at 2600-4000 cm™!
are displayed in Fig. 3. After in-situ dehydration at 300 °C un-
der N, flow, the as-synthesized ETS-10 exhibited two distinct
adsorption bands at 3730 and 3701 cm~'. A third broad band
was centered at 3507 cm ™! (Fi g. 3). There are little data in the
literature on the assignment of IR bands in the O—H stretching
region of ETS-10 materials; however, the bands at 3730 and
3701 cm~! appear to correspond to isolated Si—-OH and Ti—-OH
groups, respectively. The broad band at 3600-3400 cm™' has
been tentatively assigned to H-bridged surface hydroxyl groups
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Fig. 3. DRIFT spectra of dehydrated as-synthesized ETS-10 and meso-
pores-containing ETS-10.
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Fig. 4. XRD powder patterns of different ETS-10 and meso-ETS-10 samples.

of both Si and Ti atoms [27,30,31]. After H,O5 treatment, the
band attributed to Si-OH groups increased considerably in in-
tensity (Fig. 3). Apparently, the new silanol groups created by
the partial leaching of Ti and Si atoms would be located not
only on the external surface of crystallites, but also on the walls
of mesopores generated by the postsynthesis treatment [27].
Proton exchange of microporous and mesoporous samples
was achieved by ammonium exchange with NH4NOj3 at room
temperature, followed by heating in flowing air at 300 °C. Dur-
ing this procedure, the crystallinity of the samples, designated
H-ETS-10 and meso-H-ETS-10, was well preserved, as indi-
cated by their XRD patterns (Fig. 4). The samples, mounted be-
tween two polymer foils, were measured in transmission mode;
thus, samples of different thicknesses produced somewhat dif-
fering absolute reflection intensities and signal-to-noise ratios.
As expected, protonation of ETS-10 by ammonia exchange and
calcination resulted in significant changes in the XRD patterns.
This finding held for both the as-made NaK-ETS-10 and meso-
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Fig. 5. DRIFT spectra of the dehydrated as-synthesized ETS-10, H-ETS-10,
and mesopores-containing H-ETS-10.

ETS-10. However, the crystallinities of the samples as mea-
sured by XRD seemed not to be strongly affected by H,O;
treatment. The IR spectra changed significantly once the pro-
tons were introduced in the ETS-10 materials. Fig. 5 displays
the DRIFT spectra, obtained in the range 25004000 cm !,
along with the spectrum of as-synthesized Na,K-ETS-10 for
comparison. The protonated forms of both samples show two
main bands at 3728 and 3603 cm~!. Comparing these with
the well-established assignments of the fundamental stretch-
ing bands of the proton form of aluminosilicate zeolites [32],
we tentatively assign the two bands as follows. The first band,
at 3728 cm~!, which also is visible in the spectrum of as-
synthesized ETS-10, is most likely due to the fundamental
stretch of silanol groups [Si—~OH] located at either the crystallite
surfaces or at crystal defects. The second band, at 3603 cm™L,
most likely corresponds to the fundamental stretching mode of
bridging hydroxyls, such as Ti—(OH)-Si groups. Such bridging
hydroxyl groups are most important for the performance of ze-
olitic catalysts, because they are directly associated with their
acidity and thus are responsible for their catalytic activities.
The generation of a hierarchical pore system in ETS-10 leads
to an increase of the external surface area, and thus it should
have a positive effect on the catalytic activity of reactions occur-
ring preferentially at or close to the external crystal surfaces of
the catalyst particles. Consequently, we tested the ETS-10 sam-
ples as catalysts for the vapor-phase Beckmann rearrangement
of cyclohexanone oxime to ¢-caprolactam (CL). First set of cat-
alytic reactions used toluene as the solvent. Fig. 6 shows the
reaction rates of the native (Na, K) and protonated forms of the
ETS-10 and meso-ETS-10 samples. For the H-ETS-10 sample,
a reaction rate of 6.65 x 1072 g /(gprs h) with a selectivity
>76% was observed. For meso-H-ETS-10, the reaction rate in-
creased almost three-fold, to 18.8 x 1072 gy /(ggrs h), demon-
strating similar selectivity as the microporous H-ETS-10. The
introduction of mesopores in ETS-10 clearly had a beneficial
effect on the catalytic performance. Both micro- and meso-
Na,K-ETS-10 showed low selectivity for e-caprolactam, with
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Fig. 6. Reaction rate to Beckmann rearrangement of cyclohexanone oxime for
acidic and nonacidic micropores- and mesopores-containing ETS-10 samples.

reaction rates not exceeding 4.5 x 1072 gy /(ggrs h), which
could be attributed to a decreased proton-donating ability and
correspondingly lower acidity. These materials contain only
weakly acidic silanol and titanol groups at their external sur-
faces and, for the HyO;-treated sample, within the mesopores.

Accordingly, a major factor in the enhanced catalytic perfor-
mance of mesoporous ETS-10 in the vapor-phase Beckmann
rearrangement reaction seems to be not only the presence of
mesopores, but also the acidity of newly created Brgnsted acid
sites interplaying with the intracrystalline chemical environ-
ment of the titanosilicate.

Several studies have reported an advantageous impact of
methanol as solvent in the reaction [9,34,35]. Their find-
ings led to the conclusion that desorption of e-caprolactam
seems to be the rate-determining step in the reaction [34].
Thus, the polarity of methanol or other alcohols might en-
hance product release, resulting in an overall increased reaction
rate. Simultaneously, higher selectivities toward e-caprolactam
have been reported and explained by formation of methoxy
groups on the catalyst surface [14,36]. It was concluded that
mainly strong acidic sites formed methoxy groups, whereas
the remaining sites of medium and low acidity led to a high
selectivity toward e-caprolactam. Consequently, in a second
set of reactions, the acidic forms of microporous and meso-
porous ETS-10 samples were tested using methanol as the
solvent, with all other reaction parameters kept identical. In
the presence of methanol, the productivity (reaction rate) of
microporous H-ETS-10 remained almost unchanged (6.85 x
1072 gcL/(gers b)), with a selectivity of 69%. Surprisingly,
meso-H-ETS-10 showed a significantly decreased productivity
of only to 8.5 x 1072 g¢y /(ggrs h), with a maximum selectivity
of 50%. This somewhat unexpected behavior may be explained
by the low acidity of the catalytically active sites in ETS-10.
Consequently, desorption of caprolactam may not be enhanced
by methanol, and methoxy groups leading to improved selec-
tivity may not be formed. Using ETS-10 as the catalyst may
require different reaction conditions to optimize productivity
compared with other intensively investigated solid acid cata-



88 C.C. Pavel et al. / Journal of Catalysis 254 (2008) 84-90

0
<r
<
-

X
c
=
=
@
=
[}
Qa
=)
B )_//L.
280°C M~
350°C 41\__—
no pyridine —
T T T T T T T T T T v 1
1700 1650 1600 1550 1500 1450 1400

wavenumbers / cm™!

Fig. 7. Diffuse reflectance IR spectra of as-synthesized Na,K-ETS-10 (bottom)
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Fig. 8. Diffuse reflectance IR spectra of H-ETS-10 (bottom) and H-ETS-10
after pyridine adsorption and heating from 25 to 350 °C.

lysts for this reaction. However, the catalytic results reveal a
strong correlation among newly created mesoporosity of the
ETS-10 samples, the resulting mesopore areas, and the catalytic
activities of the materials. Moreover, the acidity of the catalyti-
cally active sites seems to be crucial for a high selectivity.

To evaluate the acidic properties of the materials, such as
the presence and strength of Brgnsted acid sites on the ex-
ternal and internal surface of ETS-10 crystallites, IR studies
were performed using pyridine as the probe molecule. The IR
frequencies of pyridine interacting with acidic sites and their
assignments are rather well known for aluminosilicate zeolites.
Pyridinium ions, formed by protonation of pyridine molecules
after reacting with Brgnsted acid sites, show an IR band at
about 1540 cm~!. Figs. 7-9 show the DRIFT spectra of pyri-
dine adsorbed on as-synthesized ETS-10, micro-H-ETS-10, and
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Fig. 9. Diffuse reflectance IR spectra of meso-H-ETS-10 (bottom) and meso-
H-ETS-10 after pyridine adsorption and heating from 25 to 350 °C.

meso-H-ETS-10 samples at 25°C and after heat treatment at
different temperatures. After outgassing at 280 °C, the spec-
tra of all ETS-10 samples do not show any significant IR ab-
sorption in the range of 1400—-1700 cm~! (spectra labeled as
“no pyridine” in Figs. 7-9). Immediately after cooling to room
temperature and exposure to pyridine flow, the spectrum of
as-synthesized Na,K-ETS-10 shows three main peaks at 1595,
1490, and 1443 cm™! and a weak band at 1577 cm™! (spectrum
labeled as “25°C” in Fig. 7). Comparing these with specific
IR bands of pyridine adsorbed on aluminosilicates zeolites [32]
led to the following assignments: The most intense signal at
1443 is ascribed to pyridine attached to Nat and K+ cations;
the other IR bands cannot be attributed precisely and repre-
sent so-called “unspecifically” adsorbed pyridine. The spectra
of the proton forms of microporous and mesoporous ETS-10
samples exhibit almost identical IR bands (Figs. 8 and 9).
The signal at 1443 em~! s still visible, demonstrating that
the ammonium-exchange process was not completed. How-
ever, a new IR band at 1542 cm™! appears in the spectra of
protonated-ETS-10 samples. This band is indicative of the pres-
ence of Brgnsted acid sites (B-sites) on the external and internal
surfaces of proton-exchanged ETS-10 samples. On heating to
350°C, the band at 1542 cm~! remains nearly constant for
both proton-exchanged samples, whereas the other peaks de-
crease in intensity (Figs. 8 and 9). The nature of the acidity in
ETS-10 remains incompletely understood. Using acidity tests,
Liepold et al. have found that the catalytically active species on
Al-containing ETS-10 are indeed the bridging hydroxyl groups
of type Ti—~(OH)-Si [33]. Thus, we assume that the same type
of site is responsible for the Brgnsted acidity of the protonated
ETS-10 samples under investigation.

We found that ammonium-exchange conditions had no sig-
nificant effect on the catalytic activity of ETS-10. The catalytic
activity remained more or less unchanged irrespective of the ex-
change procedure applied. Thus, samples on which the ion ex-
change had been performed at 50 °C for 12 h and those that had
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Fig. 10. Catalytic activity in Beckmann rearrangement of cyclohexanone oxime
reaction and external surface areas of various H-ETS-10 samples.

been exchanged several times with fresh ammonium solution
showed almost identical activity. The only effect observed af-
ter extended ion exchange or exchange at elevated temperature
was a significant decrease in the crystallinity of the samples.
Short contacts of ETS-10 with ammonium-containing solutions
resulted in a sufficient exchange of the parent Na and K cations.

Recently we reported that the mesopore volumes in ETS-10
can be controlled by varying the concentration of the hydro-
gen peroxide used for the postsynthesis treatment and the tem-
perature induced by the microwaves [28]. We tested various
H-ETS-10 samples containing different amounts of mesopores
and thus different surface areas in the Beckmann rearrangement
reaction. Fig. 10 compares the caprolactam productivity of the
different samples, as well as the external surface areas of the
respective meso-H-ETS-10 samples. The crystallite size range
was identical (0.5-1.0 um) in all samples except the first sample
shown in Fig. 10, which consisted of somewhat larger crystal-
lites (3—5 pum) and thus had a smaller external surface area than
the second sample, which is identical to the H-ETS-10 sample
shown in Fig. 6. The last three samples were treated with H>O»
to create mesopores. The ammonium-exchange conditions and
calcination process were kept identical for all samples. As can
be seen in Fig. 10, there is a correlation between the catalytic
activity and the external surface area, with increased catalytic
activity with increasing mesopore area.

The pores of ETS-10 are sufficiently large to allow cyclo-
hexanone oxime to enter the micropores. Thus, the catalytic
conversion proceeds not only on the external surface area, but
also probably inside the pores of ETS-10. Therefore, a lin-
ear dependence of the productivity from on the external sur-
face area would be not expected for materials with low ex-
ternal surface areas. Then the catalytic conversion would be
dominated most likely by mass transfer into the micropores.
When larger mesopores are present in significant amounts, the
surface contribution becomes more dominant and the produc-
tivity indeed then scales with the external surface area (e.g.,
1 x 107" gh~!gz,! for a material with an external surface area
of about 33 m?>g~! and 1.9 x 10~ gh~! g, for a material
with an external surface area of about 70 m? g~!). Along with
the impact of Brgnsted acid sites, the presence of mesopores

strongly enhances the catalytic activity of ETS-10 for the Beck-
mann rearrangement of cyclohexanone oxime. Thus, it can be
assumed that the reaction might proceed mainly at the exter-
nal surface of the ETS-10 crystallites. Nonetheless, a possible
beneficial effect from decreased diffusion limitation due to the
presence of larger transport pores cannot be excluded. Exclud-
ing the effect of mass transfer limitation would require inde-
pendent diffusion measurements, as have been carried out for
hydroisomerization of hexane over Pt/MOR [37].

4. Conclusion

A hierarchical porosity can be induced in ETS-10 by treat-
ment with hydrogen peroxide under microwave irradiation. Par-
tial leaching of Ti and Si atoms results in a certain meso-
porosity of the crystallites. The crystallinity of H-ETS-10 cat-
alysts is well preserved if the protonation is performed while
keeping the contact times with ammonium nitrate solution
rather short. The protonated forms of ETS-10 were found to
be active in the vapor-phase Beckmann rearrangement of cy-
clohexanone oxime, especially when toluene was used as the
solvent. The greatest productivity for e-caprolactam (18.8 x
1072 g/ (gers h)) was achieved with a H-ETS-10 sample
with a high concentration of mesopores, resulting in a total
external surface area of about 70 m?g~!. The catalytically
active species in rearrangement of cyclohexanone oxime to &-
caprolactam are most likely Brgnsted-acidic bridging hydroxyl
groups (Ti—(OH)-Si). The catalytic activity is strongly cor-
related with the external surface area of meso-H-ETS-10 ti-
tanosilicate samples.
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