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Abstract

A series of mesoporous molecular sieves with variousy3D,O3 ratios have been applied to the liquid-phase Beckmann rearrange-
ment of cyclohexanone oxime. The influences of solvent, aluminum content, aluminum-incorporating method, and catalyst structure on the
catalytic performance have been investigated. Benzonitrile has been found to be a suitable solvent. The surface silanol groups ineffectivel
catalyze the rearrangement, whereas the acid sites generatedobyoiration of aluminum improve the activity and the selectivityto
caprolactam remarkably. Moreover, an Al-containing MCM-41 catalyst prepared by the postsynthetic method ugjreg AlCaluminum
precursor exhibits higher lactam selectivity than a directly synthesized one. For a given aluminum content, MCM-41 shows superior perfor-
mance to beta zeolite and other mesoporous catalysts, SBA-1 and SBhas been suggested that a sufficient amount of acid sites with
appropriate strength is of importance to the liquid-phase Beckmann rearrangement.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction mann rearrangement using silicalite-1 as catalyst. To solve
the problem of a rapid deactitran of the catalyst, a fluidized
The Beckmann rearrangement of cyclohexanone oxime bed system is employed. Alternatively, this problematic dis-
is an important process for the production of caprolactam, advantage might be overcome by carrying out the rearrange-
a starting material for the manufacture of nylon-6. The con- ment in the liquid phase at lower temperatures.
ventional rearrangement carried out industrially in fuming  Although performance in the rearrangement over a num-
sulfuric acid is well known as an environmentally unfriendly - ber of solid acid catalysts undeapor-phase conditions has
process. This is particularly owing to a large amount of am- put forward several hypotheses on the active sites, they are
monium sulfate produced as a by-product from the subse-still the subject of controversy. The strong Brgnsted acid
quent neutralization of the oleum. To solve this problem, sjtes of the zeolite were formerly reported to preferentially
a variety of heterogeneous catalysts have been develope@atalyze the rearrangemdni, but the later works showed
and applied to the vapor-phase rearrangerfiefit3} How- that it accelerates the formation of by-prodydi,15] Sub-
ever, control of the selectivity and elongation of the catalysts sequently, it was suggested by a majority of researchers that
life in such systems appear to be a serious issue becausghe weakly acidic hydroxyl groupd6,17]or the acid sites
of the drastic experimental conditions required. Sumitomo yith weak to intermediate strengf®,9—11]were active and
Chemical has recently industrialized the vapor-phase Beck-gglective for the formation ofaprolactam, while Sato and
co-workers proposed that the neutral silanol groups located
" * Corresponding author. on the external surface of highly siliceous H-ZSM-5 are the
E-mail addressttatsumi@ynu.ac.jT. Tatsumi). catalytically active sitef2].
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The catalytic performance of the zeolites in the liquid- Before being employed as a catalyst, the sample was con-
phase rearrangement was previously investigated by Cormaverted into the proton form by ion exchange twice with 1 M
and his co-workers; PhCl was reported to be a good solventNH4NO3 solution at 80 C for 2 h, followed by calcination
when the reaction was carried out at 282[18]. Under at 500°C for 4 h.
similar reaction conditions, Camblor et al. found that over
beta zeolites the nitriles, the by-products usually observed
under the vapor-phase conditiongere not detected in the
liquid-phase reaction and that the rearrangement of bulkier
oximes, such as acetophenonenogj was more favorable The catalyst structures were confirmed by X-ray powder
than that of cyclohexanone oxinie9]. Furthermore, the re-  diffraction (XRD) on a MacScience MX Labo powder dif-
sults showed that the presence of Brgnsted acid sites in thefractometer equipped with G radiation. Elemental com-
catalysts contributed to a higtetivity and selectivity to lac-  position was determined by means of induced couple plasma
tam, whereas nonacidic silanol groups were claimed to be (ICP). Nitrogen adsorption technique (Belsorp 28SA sorp-
responsible for the formation of hydrolysis products. tionmeter) was applied to determine surface argg:+),

MCM-41, one of the mesoporous molecular sieve M41S pore volume (/P), and pore diameteﬂp)_ Before the char-
members possessing a 2-d hexagonal arrangement of unidizcterization, a sample was evacuated at°ZDeor 3 h. Dp
mensional channels, has been studied intensively for charyas calculated according to the BJH method with the cor-
acterizations, modifications, and catalysis. Large-pore chan-rected Kelvin equation.
nels varying from 15 to 100 A, high thermal stability, large Ammonia-temperature-programmed desorption §NH
sorption capacity, and high surface area with a large amountTpD) was performed on a Bel Japan Multitask-TPD ana-
of surface SIOH groups provide MCM-41 with attractive lyzer. After a sample (50 mg) was pretreated in a helium
applications in several fields. Recently, MCM-41 was re- stream at 500C for 1 h and exposed to 20 Torr of Nt
ported to be an effective catalyst for the vapor-phase Beck- 100°C, the desorption of Nglwas measured with a mass
mann rearrangement of cyclohexanone oxj&jelts acidity number 16 by an Anelva Q-Mass detector by heating the

yarled by the glgmmum contémﬂuenced.the hydrophilic- sample from 100 to 600 or 80C at a ramping rate of
ity/hydrophobicity and altered the catalytic performance de- 10°C min-1

perlllde:l:eg l:/\?g%:gf:mu”e;dt L:\jg?\)l-41 to the liquid-ohase re- IR spectra were recorded on a Perkin-Elmer 1600 FTIR

’ P : quid-phas spectrometer with a spectral resolution of 2dmThe sam-
arrangement of cyclohexanone oxime using a variety of . .
solvents. The influences of aluminum content, aluminum- p!e (30 mg) was pressed into a self-supported wafer with a
incorporating method, and mesoporous structure, inclug- diameter of 20 mm. The wafer was set in a quartz IR cell
ing MCM-41, SBA-1, and SBA-15, were studied. Further- that was sealed with Cafvindows and connected to a vac-
more, the catalytic performance of the mesoporous mole- 4™ system. Afterthe_vyaferwas evacuated at‘KC)fprl h,
cular sieves was comparéd that of microporous zeolitic 't Was exposed to pyridine vapor at 100 and equilibrated

at the same temperature for 30 min. The desorption of pyri-

2.2. Characterizations

materials. . ) :

dine was carried out stepwise at 100, 350, and*&Dfbr 1 h

at each temperature. All the spectra after the desorption were
2. Experimental collected at room temperature.
2.1. Catalysts synthesis and modification 2.3. Reaction procedure

Pure-silica MCM-41 (Si-MCM41) and Al-containing ] )
MCM-41 (Al-MCM41) were hydrothermally synthesized A freshly calcined catalystl00 mg) was pretreated “in
by the method of gel equilibrium adjustment reported by S|tu’f by heaFmg in a 50-ml three-necked round-bottom flask
Kim et al.[20]. Pure-silica SBA-1 (Si-SBA1) and pure-silica €duipped with a reflux condenser at 2@under pressure
SBA-15 (Si-SBA15) were synthesized under acidic condi- below 1 Torr for 2 h. A mixture of cyclohexanone oxime
tions following the procedure described by Che et[21] (100 mg),n-decane (50 mg) as the internal standard, and a
and by Zhao et a[22], respectively. Postsynthetic incorpo-  solvent (20 ml) was then pouréato the flask. The reaction
ration of aluminum into pure silica mesoporous molecular Was carried out with a magnetic stirrer at T&under ni-
sieves was achieved by using Ai23] or Al(OPr)3 [24] as trogen. A series of solvents, chlorobenzene (PhCl), benzoni-
an aluminum source. Hereafter, the grafted catalysts are destrile (PhCN), acetophenone (MPK), acetonitrile (MeCN),
ignated as PAIX-OPr and PAIX-Cl whereX denotes type  dimethyl sulfoxide (DMSO), an&/, N -dimethylformamide
of mesoporous molecular sieve, and OPr and Cl representDMF) were used for the reaction. In the case of MeCN, the
the aluminum sources of Algland A|(0Pb3, respectively. reaction temperature was maintained at@0The reaction
Beta zeolite was prepared by hydrothermal synthesis accordproducts were analyzed by a gas chromatograph equipped
ing to the procedure stated by Perez-Pariente ef2&l. with a 30-m capillary column of PEG.
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3. Resultsand discussion 3.2. Influences of solvents

3.1. Structure of catalysts The product distribution from the liquid-phase rearrange-
ment over AI-MCM41 in various aprotic solvents with dif-
The structural order of mesoporous catalysts is shown by ferent polarities is shown iffable 2 It can be seen that a
XRD patterns irFig. 1 The patterns of calcined Si-MCM41  poor activity was observed for the reaction in the solvents
and Al-MCM41 possessed four well-resolved diffraction with a high dielectric constant, DMSO and DMF. It is not
peaks, indicating a highly long-ranging ordered hexagonal surprising since such solvents, having not only high polarity
mesostructure. Also, the clzateristic diffraction peaks con-  put also high basicity, adsorb strongly on the catalyst sur-
sistent with the reported patterns were observed in the cu-face, decreasing the accessibility of oxime to the active sites.
bic Pm3n Si-SBAL and hexagongdémmSi-SBA15 (not  \When the reaction was carried out in MPK and PhClI, the
shown). After the postsynthetic modification of the pure sil- oxime conversion was comparable but the product distribu-
ica mesoporous molecular sieves, the highly well-ordered tion was quite different. Unlike the previous results reported
patterns were still retained on Al-grafted CatalyStS while by Corma and Co-Worketﬁg],Cyc|0hexanone,aby-product
there was a small decrease in the intensity of the diffraction formed by hydrolysis of cyclohexanone oxinécheme },
peaks. Furthermore, specifarface area and pore volume \was found to be the major product and the selectivity to the
were reduced concomitantly with a slight enlargement of |actam was very low in PhCI. The difference in the nature of
unit cell parameter, as shown ifable 1 These observa-  the catalysts used might account for this discrepancy.
tions are similar to those previously presented by Mokaya |nterestingly, the activity and selectivity to the lactam
and Jonef24]. were remarkably improved when the rearrangementwas per-
formed in PhCN. Moreover, the amount of cyclohexen-1-

o
NH
2
3 (@) OH H
@ e-Caprolactam
Q
k= (b)
H
© Cyclohexanone (0)
oxime H,0
@
T T T T T T + NH,OH
1 2 3 4 5 6 7 8
2 theta Cyclohexanone
Fig. 1. XRD patterns of MCM-41 calysts Si-MCM41 (a), PAI-MCM41- Scheme 1. Beckmann rearrangemeand hydrolysis of cyclohexanone
Cl (b), PAI-MCM41-OPr (c), and AI-MCM41 (d). oxime toe-caprolactam and cyclohexanone, respectively.
Table 1
Characteristics of mesoporous molecular sieve catalysts
Catalyst ag® (A) DpC (A) SgeT (Mg~ Sext (M?g~1) W (mm*gY)
Si-MCM41 457 282 1013 501 830
Al-MCM41 (47) 445 278 1003 667 784
PAI-MCM41-OPr (24) 461 266 884 580 664
PAI-MCM41-OPr (53) 460 276 957 524 726
PAI-MCM41-Cl (54) 461 276 935 496 712
Si-SBA1 881 224 984 312 622
PAI-SBA1-OPr (53) 8% 224 896 322 560
Si-SBA15 110 80 640 981 1056
PAI-SBA15-OPr (50) 106 72 530 853 951

& Number in parentheses presents the,3i®,0zratio.

b Unit cell parameter.

€ Pore diameter determined by the BJH method with the corrected Kelvin equation.
External surface area.

€ Pore volume.

o
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Table 2
Product distribution in the liquid-phase Beckmann reageanent over AI-MCM41 (47) catalyst in various solvénts
Solvent g€ Conv. (%) Selectivity (%)
H (0] O

Uo Cj /\/\/CN Ej Otherd
Benzonitrile 252 506 891 109 0.0 0.0 0.0
Chlorobenzene k) 288 233 661 5.6 18 32
Acetophenone 13 265 180 594 0.0 0.0 226
Acetonitrile® 375 130 210 790 0.0 0.0 0.0
Dimethyl sulfoxide 490 5.0 1000 0.0 0.0 0.0 0.0
N, N-Dimethylformamide 36 0.0 0.0 0.0 0.0 0.0 0.0

& Reaction conditions: temperature, I30; time, 5 h; catalyst amount, 0.1 g; oxime:catalyst:solverit1:200 (weight).
b Reaction temperature: 8C.

C Dielectric constant.

d Mostly dimers; octahydrophenazine and tetrahydrocarbazole.

R O, R
1\C A R,—C=N—R, \ !
P =N\ é=N. _ = _ C—N\
R OH,+ Ry “OH, OH+ R{ H
O-protonated oxime Amide
Scheme 2. Formation of amide via the acidatyged Beckmann rearrangement of an oxime.
Ilﬁ O% _NH, Another aspect is the ability of PhCN to react with water
C C through an acid-catalyzed hydysis reaction, giving benza-
N mide as the productScheme B A trace of water may be
H - present in the reaction system as a residue remaining after
HO even drying the solvent by molecular sieve 44g. 2 plots
the lactam yield, the cyclohexanone yield and the amount
Scheme 3. Acid-catalyzed hydrolysis of PhCN to benzamide. of benzamide against the oxime conversion. It can be seen

that a linear relationship could be established in all cases.

This result implied that the benzamide formation is closely
one, nitriles, and dimers was negligible even after the re- related to the formation of the lactam and cyclohexanone. In-
arrangement was carried out for 24 h. These advantage$leed, since both cyclohexanone and benzamide are produced
should be attributed to two particular aspects of PhCN. The through hydrolysis reactions occurring in parallel in the sys-
first one is appropriate polarity and basicity, intermediate be- tem, one may expect a competitive consumption of water be-
tween those of DMSO/DMF and MPK/PhCI. This should tween the oxime and PhCN. AccordingTable 2 19% cy-
result in a balanced adsorption on the catalyst surface, onclohexanone formed when PhCl was used as the solvent was
one hand, and promote effectively the desorption of the lac- decreased by 13% to 6% in PhCN. This coincided with the
tam produced from the acid séteincreasing the reaction amount of benzamide produced, 14% (at 50.6% oxime con-
rate and prohibiting the formation of nitriles and dimers, version inFig. 2). Thus, it is likely that the PhCN hydrolysis
on the other hand. Recently, Chung and Rhee studied theremoved water, which was supposed to hydrolyze the oxime,
influences of the competitivadsorption between 4-hydroxy-  and then mitigated the formation of cyclohexanone. More-
acetophenone oxime and a series of solvents with differentover, we found that, to run the reaction for longer time until
dielectric constants on the edytic performance of beta ze- the oxime conversion was nearly unchanged, there was no
olites[26]. A solvent molecule was claimed to have another further increase in the amount of benzamide. This suggested
important role in stabilizing a protonated oxime and then ac- another relationship between the PhCN hydrolysis and the
celerate the rearrangement bygmating water molecule (as  conversion of the oxime to the corresponding lactam and cy-
leaving group), forming nitlium species and amide even- clohexanone.
tually (Scheme 2 The effectiveness of this feature is likely To clarify the unique characteristics of this solvent, the
to be related to the polarity of solvent. If this is the case, it hydrolysis of PhCN was extensively studied. According to
is not surprising that the rearrangement in PhCN with rela- Scheme 4 AI-MCM41 catalyst was suspended in PhCN,
tively high polarity is fast and more selective to the lactam without the addition of the oxime, and treated at 130
than that in MPK and PhCI. for 5 h. The catalyst was subsequently recovered by filtration
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Fig. 2. Change in the lactan®j, cyclohexanone&), and benzamide®) Fig. 3. FTIR spectrum of AI-MCM41 (47) after treatment with PhCN at

formation with the oxime conversion from the Beckmann rearrangement of 130°Cfor S h.
cyclohexanone oxime over AI-MCM41 (47) catalyst. Reaction conditions:

solvent, PhCN; for others, s@able 2 benzamide adsorbed on the Brgnsted acid sites. Its broad
character may be due to the presence of Brgnsted centers
AI-MCM41 (47) | 130°C, 5h filtration with different strengths. Lasperas et al. found a directly pro-
in PhCN > Solid portional relationship betweehe catalytic activity and the

Brgnsted acidity in the synthesis of aromatic amides over
faujasite catalystR27]. It was reported that the strong Brgn-
sted acid sites are the active centers for the conversion of

Solution nitriles to the corresponding amides.
In-situ FTIR Once the hydrolysis of PhCN is catalyzed by the Brogn-
spectroscopy sted sites, a strong adsorption of benzamide formed is an-

ticipated. The presence of a more basic compound, i.e., the
oxime, may be required to liberate the amide product from
the acid sites. However, whether this is practical or not de-
pends on the strength of the sites where the benzamide is
Scheme 4. Supplementary experimentrieestigate the formation of ben-  adsorbed. By using TGA to characterize the catalyst applied
zamide on Al-MCM41 (47) catalyst. to the reaction using PhCN as the solvent, it was found that
the DTA curve exhibited a sharp peak at 3&@with a small
and dried at room temperature. The amount of benzamide inshoulder at around 33@, mainly assigned to the decom-
the reaction solution was investigated by the gas chromatog-position of the lactam and benzamide, respectivEly.(4).
raphy. Surprisingly, it was found that only a trace amount The retention of these amides up to 380on the catalyst
of benzamide was detectable in the solution (0.0091 mmol). indicated their adsorption on the rather strong acid sites, im-
Thatis about 12 times lower than the amount observed underplying that they could not be easily liberated by the PhCN
the typical reaction conditions (0.115 mmol). Furthermore, solvent as well as the oxime reactant. Besides, the relatively
adding a subtle amount of water (1.22 mmol) did not sig- large amount of the lactam remaining at higher temperature
nificantly influence the hydrolysis of PhCN. Possibly, the suggested its relatively high basicity and having much diffi-
majority of benzamide product tightly adsorbed on the acid culty in desorbing.
sites because of its relatively high basicity, and thus could It is common to believe that the relatively strong acid
not be liberated by PhCN solvent itself. sites catalyze both the rearrangement of oXiin&8,19]and
Instead of gas chromatography, the catalyst after treat-the hydrolysis of PACN more active]27]. However, due to
ment was characterized by means of FTIR spectroscopy.much higher basicity of the oxime, it adsorbs preferentially
Fig. 3shows the spectrum of the treated catalyst after evacu-on these sites followed by the Beckmann rearrangement to
ation at room temperature for 1 h. The presence of the bandthe corresponding lactam. As a result, only a small amount
around 1659 cm?, corresponding to €0 stretching, in- of PhCN can be hydrolyzed to benzamide. Upon the for-
dicated unambiguously the formation of benzamide on the mation of these amide products on the strong acid sites,
catalyst. Moreover, the band at around 1560 ¢nwhich their desorption hardly occurred, rendering the sites rapidly
was not observed for the solution of benzamide in PhCN, deactivated at the early stage of the reaction course. The re-
appeared and could be related to the N-H deformation of arrangement and PhCN hydrolysis then proceed mostly on

Gas
chromatography
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used in the Beckmann rearrangement of cyclohexanone oxime. 3
Q
w
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the remaining relatively weak sites, where the desorption §
can be possibly facilitated by the oxime reactant or PhCN 60
solvent. Therefore, the benzaia observable from gas chro- 1 B
matographyFig. 2) could be similarly formed on the weak 50 T T T T
acid sites responsible for the rearrangement and hydrolysis 0 1 2 3 4 5
of the oxime. The increase in all products with increasing Reaction time/ hour

oxime conversion supported this hypotheEiig(Z). In addi- Fig. 5. Influences of aluminum content on the oxime conversion (A) and the
tion, the results provided by pure silica Si-MCM41 catalyst selectivity to lactam (B) in the Beckmann rearrangement of cyclohexanone
suggested that not only the lactam and cyclohexanone werepxime. Reaction conditions: solvent, PhCN; for others, Taige 2

produced but also the PhCN hydrolysis could be catalyzed to
some extent by even weakly acidic silanol groups (—Si—OH).

3.3. Influences of aluminum contents § T
The oxime conversion and the selectivity to the lactam ‘
obtained over MCM-41 catalysts with different Si@\l 203
ratios are illustrated irFig. 5. Obviously, Si-MCM41 ex-
hibited a low activity and selectivity to the lactam. Since
the pure-silica catalyst possesses a neutral silicate frame-

— 1490

w
8 g
w
— wv
| —

Absorbance/ a.u.

work, the surface silanol groupsust take full responsibility (b)
for the catalytic activity, indicating that the liquid-phase re-
arrangement of cyclohexanone oxime is not favorable on the ©

silanol groups. The oxime conversion and the lactam selec-
tivity were remarkably improved over the Al-grafted cata- . ' ' . .
lysts, and both increased wﬂhcte_asmg aluminum cpntgnt. 1700 1650 1600 1550 1500 1450 1400
These results show that a sufficient amount of acid sites is 1
important in achieving an effective rearrangement. Wavenumber/ cm

Besides the acid amount, the influences of acid type andgig. 6. FTIR spectra PA-MCM41-OPr (24) (a), PA-MCM41-OPr (53) (b),
acid strength should be also taken into account. Accord- and Si-MCM41 (c) after the pyridine adsorption and desorption af @00
ing to pyridine-adsihed FTIR spectra ifrig. 6, S-MCM41
showed only the bands at 1595 and 1445 émowing to
the pyridine hydrogen bonded to the surface silanol groups.[28,29] were observed for the Al-grafted catalysts. In ad-
These bands totally disappeared upon raising the desorptiordition, pyridine adsorbed on these corresponding sites with
temperature to 35TC, in agreement with weak acid strength  a significant amount still existieon both catalysts after the
of the silanol groups. In contrast, the bands at 1625 and desorption at 350C. With increasing aluminum content, the
1546 cn1l, assigned to the pyridinium ion on Brensted acid intensity of these bands increased, while that of the bands at
sites, and at 1455 cmd, corresponding to Lewis acid sites 1595 and 1445 cmt decreased simultaneously.
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70

The low activity and selectivity to the lactam over the -8 ALMCM41 (47)
silanol sites should be due to their acid strength insuffi- _ 60 —+PAIMCMALCL(54)
cient to catalyze the rearrangement of the oxime apprecia- 2 ~O~ PALMCMAL-OPr (33)
bly. This is also supported by the high selectivity to cy- F
clohexanone, which can be preferentially formed even on g
nonacidic silanol groupgl9], when the reaction was cat- §
alyzed by the pure-silica catalyst. Indeed, the postsynthetic §
grafting of aluminum generates the acid sites onto the pure- o
silica material simultaneously at the expense of the weakly
acidic silanol groupsKig. 6). As a result, the oxime mole-

cules are more effectively pitanated on the acid sites related o 1 2 3 4 5
to the Al species, and then the rearrangement to the lactam Reaction time/ hour
product is highly active and selective. 94

Our results are contrary to the study reported on the
vapor-phase rearrangement over highly siliceous H-ZSM-5, ° 92 1
where the neutral silanol groups were assumed to be the cat- 2 90 1 ‘\‘-\“
alytically active siteg2]. This is presumably attributed to £ -———————H
the difference in the reaction conditions. The higher tem- 5 88 7
peratures required for the desorption of lactam product in £ ] oo
the vapor phase would shargcelerate the rearrangement. § 86
Therefore, it is not necessary to catalyze the rearrangement 34
on relatively strong acid sites, which in contrast lead to a B
strong adsorption of reactant and product molecules and 82 ' T ' '
result in the formation of byroducts and rapid deactiva- 0 1 2 3 4 5
tion [11]. Even though the operating temperatures under the Reaction time/ hour

liquid-phase conditions are much lower than those under theFrig. 7. Influences of aluminum-ingeorating method on the oxime conver-
Vapor-phase conditions, the desorption of lactam can occursion (A) and the selectivity to lactam (B) in the Beckmann rearrangement
smoothly in the presence of a suitable solvent. From our of cyclohexanone oxime. Reaction conditions: solvent, PhCN; for others,
study it can be seen that at moderate temperatures an appro=cc 20 2
priate rearrangement of the oxime could not be achieved on a
catalyst without relatively strong acidity, suggesting that the
energy barrier needed to actieathe reaction intermediate

could be crossed only by using the strong acid.

1595
1445

v
bl
<
—

3.4. Influences of aluminum-incorporating methods

Recently, a postsynthetic Al-grafted MCM-41 catalyst
was reported to have a higher activity in the cracking of
cumene than a directly synthesized ¢24]. This was elu-
cidated by the higher Brgnsted acidity generated from the
postsynthetic grafting, since the acid sites are exposed and ©
more available to the guest molecules, whereas the conven-
tional direct synthesis embeds a part of aluminum content
within the silicate walls, rendering the acid sites inaccessi-
ble. In Fig. 7, the activity and the selectivity to the lactam
in the oxime rearrangement were compared between the di-Fig. 8. FTIR spectra of A-MCM41 (47) (a), PAI-MCM41-Cl (54) (b),
rectly synthesized and the postsynthetic Al-grafted MCM-41 and PAI-MCM41-OPr (53) (c) after theypdine adsorption and desorption
catalysts at a similar SKJAl>O3 ratio. It was evident that at100°c.
both PAI-MCM41-Cl and PAI-MCM41-OPr showed a lower
oxime conversion than AI-MCM41 at 5 h. These results did alysts, NK-TPD measurement was performed. It revealed
not show the advantage of the postsynthetic incorporation of that the acid amount of PAI-MCM41-Cl (0.26 mmot
aluminum as noted above. and PAI-MCM41-OPr (0.14 mmolgt) was much lower

The inferior activity of PA-MCM41-Cland PA-MCM41-  than that of A-MCM41 (0.51 mmolgt), which is closer
OPr to AI-MCM41 is attributed to a lower acidity of both  to the Al content (0.60 mmolgt). This suggests that ca. 57
the Al-grafted catalysts, as indicated by the FTIR spectra in and 76% of the aluminum added in the postsynthetic modi-
Fig. 8 Furthermore, to characterize the acidity of the cat- fication for PAI-MCM41-Cl and PAI-MCM41-OPr, respec-

Absorbance/ a.u.

(b)

1700 1650 1600 1550 1500 1450 1400
Wavenumber/ cm™’
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tively, exist on the catalysts as nonframework species, in- A
dicating the difficulty in incorporation of aluminum by the
postsynthesis. This should be attributed to the presence of

a small amount of adventitious water in the modification E
system, although the solvent used was carefully dried ac- g (@)
cording to the procedure originally reported in the literature 8
[23,24] When such water is present, the hydrolysis of alu- % o)

minum sources, a water-sensitive precursor, occurs consid-
erably faster than the grafting reaction. Consequently, the ©
aluminum is not anchored to the silicate wall with high dis-
1 1 1 1 1

persion but partly forms aluminum oxide on the surface of
the catalyst.

Al-containing MCM-41 directly synthesized with repeti-
tion of pH adjustment was recently reported to have a larger
amount of tetrahedral aluminum as well as a higher activ-
ity in the acylation of 2-rethoxynaphthalee with acetic B
anhydride, than the samples prepared without pH adjust-
ment[30]. Redissolution and recrystallization of aluminosil-
icate framework during the period of pH adjustment were @
suggested to result in the homogeneous distribution of tetra-
hedral aluminum and a progressive condensation of hy-
droxyl groups in the MCM-41 framework structure. Accord-

M
ingly, compared to those synthesized by the conventional

methods, one could expect that the amount of aluminum © A ~_I\
species occluded inside thiésate wall of MCM-41 synthe-

sized by the pH adjustment method should be small. Hence, T T T T T
in our study the advantage of Al grafting over the direct 1700 1650 1600 1550 1500 1450 1400
incorporation method on the catalytic activity may not be Wavenumber/ cm”
pronounced as previously reported. _

In contrast to PAI-MCM41-OPr, PAI-MCM41-Cl exhib- Fig. 9. FTIR spectra Of‘PA|-MCM4-l-C| (54) (A) and PA|-|\/|CM41-OPF
ited a comparable activity to AI-MCM41 up to 30 min but g5533 ((E)) a;:gég%gd(sc?_rpt'on of pyridine at 166 and desorption at 100 (a),
the curve change in the oxime conversion with time of PAI- '

MCM41-Cl leveled off more rapidly at longer reaction times ) ) o
(Fig. 7A), indicating a relatively fast deactivation. This re- OXime conversion due to the small amount of acid sites, PAI-

sult should be related to the difference in acid strength. The MCM41-OPrwas not selectivgiving the lactam selectivity
FTIR spectra obtained from PAI-MCM41-CFig. 9A) and of 86%. This resglt shquld be attributed to the presence of
PAI-MCM41-OPr ig. 9B) after the pyridine desorption at ~ Smallamount of sites with strong strengffid. 98), indicat-
different temperatures showed that even after the evacuaind that using Al(OP)s as the precursor does not generate
tion at 500°C, a relatively large amount of pyridine still ~Strong acid sites on the catalyst.
remained on PAI-MCM41-Cl, as shown by the bands at 1546
and 1455 cm?. This reveals the presence of strong Brgn- 3.5. Influences of catalyst structures
sted acid sites as well as strong Lewis sites due to trigonal
chloride-attached Al species the catalyst modified by us- As alarge-pore zeolitic material, beta zeolite with a three-
ing AICI3 as the precursor. These strong acid sites should dimensional 12-membered ring channel system was applied
catalyze the rearrangement of the oxime rapidly, giving a to the reaction and its catalytic performance is shown in
high conversion at the initial stage of the reaction. How- Fig. 10 It can be seen that AI-MCM41 exhibited higher
ever, as described above, the lactam product formed stronglyoxime conversion, while H-Beta gave higher selectivity to
adsorbs on these sites, accelerating the deactivation on théhe lactam at the initial stage of reaction. The presence of
catalyst. 3 interconnecting channels with different pore opening sizes,
PAI-MCM41-Cl gave the highest lactam selectivity upto 6.6 x 6.7 and 56 x 5.6 A, in beta zeolite would exclude
91% at 30 min, which then slightly decreased to 89% at 5 h the diffusion limitation. Thus, this reaction result should be
whereas the other two catalystzhibited a lower selectiv-  related to the difference in acidity. Since it is well known
ity (Fig. 7B). This result should be related to the presence that, besides a higher acid amount, the Brgnsted acid sites
of relatively strong acid sites in PAI-MCM41-Cl as noted of beta zeolite are more acidic than those of Al-containing
above, converting the oxime m® selectively to the lac- MCM-41, they should initially accelerate the rearrangement
tam but being susceptible to deactivation. Besides the low at a high rate and-caprolactam is prefentially formed.

1700 1650 1600 1550 1500 1450 1400

-1
Wavenumber/ cm

Absorbance/ a.u.
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Fig. 10. Comparison of the oxime conversion (A) and lactam selectivity (B) Fig. 11. Influences of catalyst structure on the oxime conversion (A) and the
between Al-MCM41 and H-Beta in the Beckmann rearrangement of cy- selectivity to lactam (B) in the Beckmann rearrangement of cyclohexanone

clohexanone oxime. Reaction conditions: solvent, PhCN; for others, see oxime. Reaction conditions: solvent, PhCN; for others, Eadge 2
Table 2

lectivity to lactam over ASA decreased rapidly, while that

However, the problem of rapid deactivation was encoun- over PAI-MCM41-OPr slightly increased and was constant
tered, as evidenced by a relatively fast decrease in the oximeat 5 h. The results obtained from ASA were also the case
conversion and the lactamlsetivity accompanied with an  of the rearrangement over PAI-SBA15-OPr. It was observed
increase in the cyclohexanone formation with tirkey( 10), that ASA and PAI-SBA15-OPr had even larger amounts of
and a lower material balance (not shown) when H-Beta was acid sites (0.55 and 0.18 mmotd respectively) than PAI-
used as a catalyst. On the other hand, the steady selectivityMCM41-OPr (0.14 mmol g).
to the lactam remaining at 898%rough the reaction course, Despite the similar hexagonal mesostructyyénin) to
in addition to the relatively high oxime conversion, over Al-  MCM-41, SBA-15 possesses larger pore sizes and pore vol-
MCMA41 indicated that the acid sites present on this catalyst umes, but its specific surface area s lowkatfle . Itis well
possess an appropriate strength, which are more suitable foknown that the lower negative charge density on the zeolite
catalyzing the liquid-phase Beckmann rearrangement of cy-framework enhances the acid strength; for a given aluminum
clohexanone oxime. content the aluminosilicate material with larger specific sur-

Contrary to zeolitic materialsnesoporous materials pos- face area (lower acid density) has the acid sites with higher
sess an amorphous aluminosdlie or silicate framework  Brgnsted acidity. Accordinglyt could be expected that the
with accessible channels of diamete20 A, which allows acid sites on PAI-MCM41-OPr are stronger than those on
the oxime molecules to pass through with less restriction. It PAI-SBA15-OPr, because trecid density of the former is
is interesting to study how the structures of different meso- 0.15 pmol nT2, whereas that of the latter is 0.34 umotfn
porous molecular sieves with a similar aluminum content This is supported by the FTIR spectrafig. 12
influence the rearrangement. Although the channel wall of  Upon increasing the desorption temperature to 350
mesoporous materials is amorphous, the catalytic perfor-the adsorbed pyridine seemed to be desorbed from the acid
mance of the mesoporous catalysts was different from thatsites on PAI-SBA15-OPr more easil§i@. 12B), indicat-
of amorphous silica-alumina (ASA) with an average pore di- ing a low acid strength of PAI-SBA15-OPr compared to
ameter ca. 80 AKig. 11). Compared to PAI-MCM41-OPr,  PAI-MCM41-OPr. Since the Beckmann rearrangement of an
ASA exhibited a higher activity at 30 min, but the conversion oxime molecule is commonly believed to be initiated by pro-
became lower with increasingaction time. Besides, the se- tonation at the oxime group, the acid sites on PAI-SBA15-
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A cated that the amount of acid sites on PAI-SBA1-OPr was
only 0.08 mmolg?. It is worth noting that even starting
with a SiQy/Al,03 ratio of 20 in the postsynthetic suspen-
sion using Al(OPY3 as the aluminum source, we obtained
@ Al-containing SBA-1 with the ratio of only around 50.
The pore structures of beta and mesoporous molecular
(b) sieve catalysts seem to influenodirectly the catalytic per-
formance in the liquid-phase Beckmann rearrangement of
(¢) " "\ cyclohexanone oxime due to their channel systems with
large pore-opening diameterdowing the oxime reactant
r r . r . and the lactam product to diffuse with less restriction. How-
1700 1650 1600 1550 1500 1450 1400 ever, compared to Al-containing mesoporous materials with
amorphous wall, the crystalline framework of beta zeolite
renders the acid sites relatively strong, catalyzing more ac-
tively and selectively the rearrangement but being deacti-
B vated rapidly by the strong adsorption of the lactam pro-
duced. Although the channel wall of Al-containing MCM-41
is amorphous in nature, the presence of relatively strong
(@) acid sites on more condensed framework linkage resulting
from the hydrothermal treatment promotes the rearrange-
ment more effectively compared to disordered amorphous

(b) A A silica-alumina.
(c) A A

Absorbance/ a.u.

-1
Wavenumber/ cm

Absorbance/ a.u.

3.6. Reuse of catalysts

1 T T 1 1
1700 1650 1600 1550 1500 1450 1400 In this study, AI-MCM41 catalyst after use in the re-
Wavenumber/ e action was recovered, washed with PhCN, and calcined at

550°C in a muffle furnace. The XRD pattern revealed that

Fig. 12. FTIR spectra of PA-MCM41-OPr (54) (A) and PAI-SBALS-OPr  the ordered hexagonal mesostructure of regenerated catalyst

g;g ((E)), ﬁzrég%gd(sc(;.rpnon of pyridine at 106 and desorption at100 (@), 4 retained (not shownlrig. 13 §h0ws the catalytic per-
formance of AI-MCM41 after being reused several times.

It can be seen that there was no significant decrease in the

OPr should be less effective for the oxime protonation than 0Xime conversion and selectivity to the lactam, indicating
those on PAI-MCM41-OPr. At the early stage of the reac- the stability and reusability of this catalyst in the liquid-
tion, even though the catalytic performance of PAI-SBA15- Phase Beckmann rearrangement.

OPr was comparable to that PAI-MCM41-OPr owing to

the catalysis on the acid sites with relatively high strength,

but as those sites became deactivated in a short time, the < 100
acid sites with weak strength then became mainly respon- 2 — o o o
sible for catalyzing the rearrangement. As a consequence, & 80 - Selectivity
over PAI-SBA15-OPr the activity was lowered, accompa- 3? 1
nied with an increase in the selectivity to cyclohexanone. £ 60
Thus, the similar reaction results to PAI-SBA15-OPr ob- 3
served over ASA with specific surface area of 299gn! g -———-\.__..
should be also ascribed to the presence of weak-strength acid § 401 Conversion
sites relating to the high acid density (1.90 pmofinand/or § 1
its amorphous nature. § 20

PAI-SBA1-OPr, having a cubiem3nmesostructure with g |
three-dimensional channel system, showed very low activity & o : : . :

and selectivity to the lactam, compared to other mesoporous
catalysts with similar aluminum contents. This result should
be attributed to its less acidity due to the difficulty in graft-
ing of aluminum by the postsynthesis method, as describedFig. 13. Catalytic performance of Al-BIM41 (47) after reusing several
above. Characterizing the acid content by NFPD indi- times. Reaction conditions: solvent, PhCN; for others, Tsdse 2

Repetition time
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4. Conclusions [5] F.M. Bautista, J.M. Campelo, A. Garcia, D. Luna, J.M. Marinas, M.S.
Moreno, Stud. Surf. Sci. Catal. 78 (1993) 615.

PhCN is a suitable solvent for the liquid-phase Beckmann [6] L-X. Dai, R. Hayasaka, Y. lwaki, K.A. Koyano, T. Tatsumi, Chem.
Commun. (1996) 1071.

iearrangement of cyglohexanone OXIME: th_e lactam yield is [7] J. Roseler, G. Heitmann, W.F. Holderich, Appl. Catal. A 144 (1996)
improved, the formation of cyclohexanone is retarded, and 319

the ring-opening reaction and polymerization of the oxime [g] L.X. Dai, Y. Iwaki, K. Koyama, T. Tatsumi, Appl. Surf. Sci. 121/122
are prohibited. Besides a suitable basicity and polarity, the (1997) 335.

ability of PhCN to remove some residual water through the [9] L.X. Dai, K. Koyama, T. Tatsumi, Catal. Lett. 53 (1998) 211.
acid-catalyzed hydrolysis reaction over weak acid sites is [10] L-X. Dai, K. Koyama, M. Miyamoto, T. Tatsumi, Appl. Catal. A 189

X g (1999) 237.
an important key to enhance the lactam selectivity. The re- [11] D. Shouro, Y. Moriya, T. Nakima, S. Mishima, Appl. Catal. A 198

arrangement is not appreciatly catalyzed on the surface (2000) 275.
silanol sites because of their insufficient acid strength. The [12] Y. Ko, M.H. Kim, S.J. Kim, G. Seo, M.Y. Kim, Y.S. Uh, Chem. Com-
incorporation of aluminum into the silicate framework of mun. (2000) 829.

mesoporous materials generates the acid sites, which ard!3] G- Dahlhoff, U. Barsnick, W.FHolderich, Appl. Catal. A 210 (2001)
COpSlderany more active arsklective to ihg Iactam. The [14] T, Ushikubo, K. Wada, J. Catal. 148 (1994) 138,

oxime conversion and the lactam selectivity are mcreased[lsi S. Sato, S. Hasabe, H. Sakurai, K. Urabe, Y. lzumi, Appl. Catal. 29
with increasing acid amount. Furthermore, an Al-containing (1987) 107.

MCM-41 catalyst, which is prepared by the postsynthetic [16] G.P. Heitmann, G. Dahlhoff, \W. Hélderich, Appl. Catal. A 185
modification using AICG{ as a precursor, promotes the for- (1999) 99.

mation of the lactam more seldamly than directly synthe- [17] G.P. Heitmann, G.'Dahlhof.f, W. H(‘jlcierich, J. Catal. 186 (1999) 12.
sized ones. This should be due to the presence of relativelyiigi ﬁ,l,‘f"g;;b%ﬁf%;&?ﬁgﬁ%"? éérglrgzrl_iii?%dan’ S Valen.
strong acid sites relating to trigonal chloride-attached Al cia, J. Catal. 177 (1998) 267.

species. In conclusion, Al-containing MCM-41 with high [20] H. Kim, M. Tanabe, M. Niwa, Micropor. Mater. 10 (1997) 85.
surface area, providing an ainiim'iate acid density and acid [21] S. Che, Y. Sakamoto, O. Terasaki, T. Tatsumi, Chem. Mater. 13 (2001)

strength, is an effective catalyst for the liquid-phase Beck- __ 2237: _
[22] D.Y. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fredrickson, B.F.
mann rearrangement.
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