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ABSTRACT: Silica nanosheets with an MFI zeolite topology having ffou
a thickness of 2 nm were synthesized following a synthetic route
using [Ci6H33—N"(CH;),—CgH;,—N"(CH;),—CgH;3](OH ), as
a zeolite structure-directing agent. The surfactant-directed zeolite na-
nosheets exhibited a remarkably long catalytic lifetime and high selectivity
for the production of &-caprolactam via gas-phase Beckmann rearrange-
ment of cyclohexanone oxime, as compared with amorphous silica and

High selectivity
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bulk silica zeolite. The distinct catalytic Performance of the nanosheets Zeolite MFI nanosheets synthesized using ‘structure-directing’ surfactants
is attributable to silanol groups located on the surfactant-terminated

crystal surfaces.
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eolites are crystalline microporous materials that have found
widespread applications in catalysis due to their catalytic
activity and structural stability and the well-defined topology of
their micropores sized to molecular dimensions (<1 nm)." These
conventional zeolites are typically synthesized in the presence of
alkali metal ions or organic amines as structure-directing agents
(SDAs).> However, many of the resultants are formed as micro-
meter-sized bulk crystals (ie., billions of tiny micropores in a
single crystal), often associated with slow mass transfers into and
out of the catalytic sites inside the zeolite frameworks. Great
efforts have been made to overcome this diffusion limitation by
means of reducing the crystal size or generating large mesopores
(>2 nm) into the bulk crystal.> > For MCM-22 and ferrierite, it
was also possible to prepare nanosheets through a delamination
process of the layered precursors. This led to a remarkable
improvement in the diffusion.**™®
Recently, a new synthetic strategy to prepare zeolite with a
framework thickness of <5 nm was reported in which a zeolite-
SD-group-functionalized organic surfactant was used as the
SDA.”'* In this approach, the formation of the zeolite structure
occurs only at the hydrophilic part of the surfactant while long
hydrophobic alkyl tails restrict the crystal growth along a specific
direction. One successful synthesis example is an MFI zeolite
having a nanosheet-like morphology with a thickness of 2 nm
along the b-axis, generated by Cy,H,;s—N"(CH;),—CeH;,—
N (CH;),—CgH,3. It is noteworthy that these MFI nanosheets
exhibited a tremendously long lifetime during the methanol-to-
hydrocarbon catalytic conversion as compared with bulk MFI
zeolites.”"" This was explained in terms of the facile diffusion of
coke precursors from the micropores to the external surfaces
owing to an extremely short diffusion path length. Furthermore, a
large number of surface acid sites in the nanosheet catalyst made
it suitable for the catalytic transformation of bulky molecules,
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even when strong acidity is required.” We expect that in the
coming years, the surfactant-directed synthesis method will be
more generally used for other related nanomorphic zeolites; their
catalytic properties offer a unique opportunity related to the
development of alternative energy sources through green chem-
ical processes."?

In the present work, we report that a cyclohexanone oxime
(CHO)-to-¢-caprolactam (CL, a precursor of Nylon-6) Beckmann
rearrangement can be realized with high selectivity and a
surprisingly long catalytic lifetime when ultrathin MFI silica
nanosheets are used as a gas-phase reaction catalyst. Sumitomo
Chemical initially established such a gas-phase heterogeneous
catalytic process for the industrial green production of CL via
Beckmann rearrangement without using a sulfuric acid catalyst,
thereby generating (NH,),SO, as a byproduct.m_16 The siliceous
MEFI catalyst is a key component in this green chemical process
for obtaining a high catalytic conversion rate and feasible CL
selectivity (Scheme 1)."*”*° However, the catalyst lifetime i still
far too short for application to a fixed bed reactor, even if the
zeolite is properly treated beforehand with methods such as a
NH;/ NH4Jr solution treatment at a pH of 11.2272% The
nanosheet catalyst used in the present study exhibits remarkable
catalytic activity and longevity without any pretreatments. The
surfaces of the silica nanosheets are fully covered with silanol
groups, providing highly active sites.

The MFI zeolite nanosheets were hydrothermally synthesized
in a siliceous form using [C16H33—NT(CH;),—C¢H;,—N™-
(CH3),—CgH;3](OH ™), as azeolite SDA and tetraethoxysilane
(TEOS, Junsei, 95%) as a silica source under sodium-free
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Scheme 1. Gas Phase Beckmann Rearrangement of CHO to
CL over High-Silica MFI Catalysts
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Figure 1. TEM images of MFI silica nanosheets with a single-unit-cell
thickness along the crystallographic b-axis.

synthesis conditions according to a procedure reported in the
literature.”'® The zeolite was calcined in air under static condi-
tions at 773 K and then was used as a catalyst in powder form. For
comparison, a bulk MFI-silica sample was synthesized using
tetrapropylammonium hydroxide (TPAOH) and TEOS. The
bulk zeolite was tested as a catalyst after calcination and after an
additional treatment in an NH;/NH, " solution at a pH of 11
following the same procedure reported by Kitamura et al.>* All
the catalysts prepared in this work had a sufficiently low Al
content so as not to cause catalytic conversion by Al impurities.
The Si/Al ratios were >2000 as determined from elemental
analysis (Table S1, Supporting Information). Beckmann rear-
rangement of CHO, 4-methyl-pentane-2-one oxime (MPO), and
cyclopentanone oxime (CPO) was carried out over the powder
catalyst in a fixed-bed reactor at 623 K in an oxime—ethanol
mixture carried by a N, gas stream.'”*° The details are described
in the Experimental Methods section.

As shown in Figure 1, the MFI zeolite nanosheets are 2.0 nm
thick along the b-axis dimension of the MFI crystal lattice. This
thickness is composed of three pentasil sheets and corresponds
to the single-unit-cell dimension (b = 1.9738 nm).” Each
nanosheet was ~60 nm wide in the a—c plane. These nanosheets
were obtained as a fully disordered assembly with a large
mesopore volume (~0.8 cm® g~ ') between the nearest neigh-
bors. The BET surface area (640 m* g_l) is much larger than the
BET area of the bulk MFI silica (320 m” g~ ), with the difference
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Figure 2. FT-IR spectra of (a) MFI silica nanosheets, (b) NH;/NH,*-
treated bulk, and (c) pristine bulk MFI silica samples.

being due to the large external surface area of the former (Table
S1 of the Supporting Information). The nanosheet surface
contained as many as 2.1 mmol silanol groups per gram of
sample. This was determined from the magic-angle-spinning **Si
NMR signal intensity ratio between the Si in a Q” environment
(i.e., tetrahedral Si bonded to three —SiOSi= and one —SiOH)
and Si in all environments (ie, Q> + Q) (Figure S1 of the
Supporting Information). Nearly all the silanol groups were
identified as non-H-bonding silanols (~3740 cm™ ") by FT-IR
spectroscopy (Figure 2). A negligible amount of H-bonding
silanols was detected by IR investigation. Compared with the
nanosheet sample, the bulk MFI silica exhibited very low IR
spectral intensities (Figure 2). After treatment with a NH/
NH," solution, other strong adsorption peaks assignable to
H-bonding vicinal silanols (~3690 cm ') and silanol nests
(~3400 cm ™ ") appeared.’”

In the presence of the large concentration of non-H-bonding
surface silanols, the MFI nanosheets exhibited high catalytic
conversion of CHO, high selectivity to CL, and, most signifi-
cantly, a long catalytic lifetime (Figure 3). As shown in Figure 3,
the initial conversion of CHO over the nanosheet catalyst was
84%. The selectivity to CL was 90%, and the catalytic conversion
decreased only to 63% after 100 h. Moreover, the selectivity
remained unchanged during that period. On the other hand, the
bulk catalyst exhibited 66% initial conversion and was deacti-
vated very rapidly to 15% conversion within only 20 h. Further-
more, the CL selectivity never exceeded 6% during the
application of the catalyst. The catalytic selectivity of the bulk
zeolite was greatly improved to 85—90% after a treatment in
NH,/NH, ", showing good agreement with a previous report
documenting catalytic improvement due to the generation of
silanol nests;'” however, the catalytic lifetime was not improved
under the reaction conditions at 623 K.

The long catalytic lifetime of the nanosheets can be explained
by the facile removal of coke-generating polymeric species that
lead to deactivation of the catalytic sites. This explanation is
supported by a significant difference in coke contents between
the nanosheet and bulk MFI catalyst (4 and 7 wt %, respectively),
which has been determined by thermogravimetric analysis after
the same reaction period of 24 h. The effect of facile diffusion on
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Figure 3. Catalytic activity (a) and CL selectivity (b) as a function of the time on-stream during the gas-phase Beckmann rearrangement of CHO into
CL over MFI silica catalysts (reaction conditions: 10 wt % oxime in ethanol; WHSV, 3 hl temp, 623 K).

Table 1. Catalytic Results for Gas-Phase Beckmann Rearrangement of CHO, CPO, and MPO over Various Silica Catalysts*

Substrate Catalyst Conversion (%) Selectivity to lactam (%)

Nanosheets 77 92 (1/0/7)°

foH Bulk 48 5.0 (2/7/86)

NH3/NH,"-Bulk 32 92 (2/0/6)
Mesoporousb 49 4.7
Cyclohexanone oxime Nanoparticles® 25 1.0
KIT-6° 14 50
" Nanosheets 47 82
Bulk 30 1.0
Cyclopentanone oxime NH3/NH,"-Bulk 15 81
)\/{ﬂ‘ Nanosheets 47 86
4-methyl-pentane-2- Bulk 20 33
one oxime NH,/NH,"-Bulk 27 92

“Reaction conditions: 10 wt % of oxime in ethanol, WHSV (oxime) = 3 h™ ", temp = 623 K, time = 2 h. " Mesoporous MFI zeolite synthesized using
mesoporous carbon as a template. * MFI silica nanoparticles synthesized with TPAOH at a low temperature (333 K). ¢ Ordered mesoporous silica with
cubic Ia3d symmetry. “ The numbers in parentheses indicate percentage selectivity to cyclohexanone/nitriles/others.

the catalytic lifetime is similar to the effect of mesoporosity on the
catalytic conversion of methanol to hydrocarbons."" However,
the high selectivity to CL is difficult to explain with facile
diffusion. We synthesized an MFI silica sample using TPAOH
at a low temperature and a mesoporous MFI zeolite using
mesoporous carbon as a template.”” >° The zeolite sample
obtained from the low-temperature synthesis was ~50 nm in
particle diameters. The carbon-templated zeolite consisted of
very thin zeolite frameworks thinner than 10 nm. Despite such
small crystallite sizes for facile diffusion, these zeolites still
exhibited very poor CL selectivity of less than 5% (Table 1).
Thus, the high selectivity of the MFI nanosheet was difficult to
attribute to facile diffusion.

It is generally agreed that silanols are the catalytic active site in
the CHO-to-CL reaction over silica surfaces.'>™'® Nevertheless,
the catalytic activity and CL selectivity markedly depended on
the surface structure. The aforementioned 50-nm zeolite nano-
particles and the carbon-templated zeolite possessed high con-
centrations of surface silanols, but they exhibited poor selectivity
(Table 1). MCM-41-type mesoporous silicas were also investi-
gated in this work, but the silanol groups on the noncrystalline
frameworks were found to be much less selective than the
nanosheet sample (Table 1). Thus, the selectivity seemed to
change dramatically, depending on the detailed structure of the
silanol arrangement. In particular, the case of MFI nanosheet
without ammonia treatment could be attributed to high silianol
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content at the external surface because the zeolite structure did
not contain other silanols, such as silanol nest, significantly.

Compared with other silica catalysts, the MFI nanosheets
had an extremely large portion of (010) crystal lattice planes
(i.e., wide a—c planes) among the crystal planes exposed to the
surface. This was exclusively due to the zeolite SD caused by the
surfactants, which stronglz induced anisotropic crystal growth
with large (010) planes.” This suggests, therefore, that the
surface silanols located at the (010) crystal plane are catalytic
active sites that exhibit high selectivity to CL with a long
catalytic lifetime. On the other hand, the MFI zeolites gener-
ated by small TPA cations are anticipated to have other types of
surface planes that may lead to poor catalytic performance.
Such surface plane dependence of the catalytic propert;r is
typical for crystalline metal or metal oxide materials.”>>"
However, unfortunately, it remains unclear how the reactivity
and selectivity of the surface silanols is related to the zeolite
surface planes. One plausible explanation may be found in the
difference in the silanol arrangement and concentration, de-
pending on the MFI crystal surface. Another is that the (010)
surface appears to have external pore openings, similar to the
surface pockets in the (001) planes of MWW zeolite, providing
unusually high selectivity during the catalytic production of
cumene.>>*> As in the previous case, if this exists, the present
high selectivity may be explained by the theory of the zeolite
confinement effect, termed the “nest effect”.>* 3¢ Further
detailed studies are ongoing in our laboratory.

The nanosheet zeolite and bulk catalyst also exhibited sig-
nificant differences in the gas-phase Beckmann rearrangement of
the other oximes of MPO and CPO (Table 1). The nanosheet
catalyst was always highly selective for the corresponding lactams
(>82%) when MPO and CPO were reacted. On the other hand,
the bulk catalyst exhibited very poor selectivity to lactams (55%
for MPO and 1% for CPO). After the treatment with the NH;/
NH, " solution, the selectivity to both lactams was markedly
improved by more than 81%, but the catalytic conversions were
at least two times lower than those of the nanosheet catalyst
under identical reaction conditions.

It is interesting to note that the nanosheet catalyst showed
similar catalytic performance, even after the NH;/NH,"
treatment (Figure S2 of the Supporting Information). This
result indicates that the generation of silanol nests into the
nanosheet frameworks does not play a significant role in the
improvement of catalytic activity. Instead, the initial catalytic
conversion can be increased to 100% with a CL selectivity of
90% with the increase in the amount of the nanosheet catalyst
(i.e., increased contact time). The MFI nanosheet catalyst is
also reusable without a significant loss of its initial activity
when the coke deposited on the catalyst is burned off by
flowing air at 773 K.

In summary, we have demonstrated that an MFI silica
nanosheet with a thickness of 2 nm along the b-axis is an
extraordinarily selective catalyst for the gas-phase Beckmann
rearrangement of CHO to CL. In addition to affording high
selectivity, the nanosheet catalyst maintains catalytic activity that
is more than 10 times longer than the currently industrialized
bulk zeolite catalyst under the present reaction conditions. We
attribute this remarkable catalytic performance of the nanosheet
catalyst to silanol groups located on the external surface of the
nanosheet. We believe that these results provide valuable insights
into the nature of external catalytic sites of surfactant-directed,
nanoscale zeolitic materials.

B EXPERIMENTAL METHODS

Catalyst Preparation. MFI silica nanosheets were hydrother-
mally synthesized using [C,¢Hs3—N"(CH;),—CgHjp—N™-
(CH3),—CeH3](OH ), [in short, Cis—6-6(OH),] as the
SDA following a procedure previously reported by us.”'® The
experimental procedure is briefly described as follows: 22.8 g of
Ci6—6—6(OH), solution (4.5 wt %) was mixed with 4.2 g of
TEOS, giving a molar composition of 100 SiO,/10 Cis—¢—¢
(OH),/6000 H,O. The mixture was hand-shaken vigorously
for 5 min and then stirred at 333 K for 2 h. Subsequently, the aged
mixture was transferred into a Teflon-lined stainless-steel auto-
clave and heated to 413 K for S d while tumbling (60 rpm) in an
oven. After hydrothermal crystallization, the zeolite product was
filtered, washed with deionized water, and dried at 403 K. The
zeolite was calcined in air under static conditions at 773 K. For
comparison, a bulk MFI-silica sample was synthesized using
TPAOH as the SDA according to a procedure described in the
literature.'” The bulk zeolite was additionally modified with an
NH;/NH, " solution at a pH of 11. Typically, 5 g of bulk zeolite
was treated with an aqueous solution containing S g of ammonia
solution (25 wt %) and 15 g of ammonium nitrate solution (7.5
wt %) at 363 K for 2 h under vigorous stirring.17

Catalytic Test. Gas-phase Beckmann rearrangements of CHO,
MPO, and CPO were carried out over a powder catalyst in a fixed-
bed quartz reactor (i.d. = 15 mm) at 623 K in an oxime—ethanol
mixture (weight ratio 1:9) carried by a N, gas stream.'”® The
reaction temperature was measured by a K-type thermocouple
inserted into the reactor. Prior to the catalytic reaction, the catalyst
was activated at 723 K for 3 h under flowing air (50 mL min ™ ').
The feed rate of the oxime—ethanol solution was controlled with a
HPLC pump. The weight hourly space velocity (WHSV) was 3
Zoxime gcafl h™". The gaseous effluents were condensed in a glass
condenser (273 K), and the liquid products were then collected at
regular time intervals. A product analysis was performed with a gas
chromatograph (GC, Younglin, Acme-6000) equipped with a
flame ionization detector and a capillary column (HP-Innowax,
J&W). The products were identified with GC combined with mass
spectrometry (Agilent 6890 series).
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