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Abstract

The liquid-phase ammoximation of cyclohexanone with ammonia and hydrogen peroxide was conducted over Ti-MWW. Ti-MWW is capab
of giving both cyclohexanone conversion and oxime selectiv®9% under optimum reaction conditions. It is a highly active, selective, and
reusable catalyst for the synthesis of cyclohexanone oxime in the presence of water. In comparison to other titanosilicates, Ti-MWW shows m
higher catalytic activity, even superior to that of TS-1. The catalytic performance of Ti-MWW depends greatly on the operating conditions «
the reaction, especially the method of adding substrates. The reason why the method of adding substrates plays such an important role i
ammoximation of ketones or aldehydes over Ti-MWW was investigated after a detailed evaluation of the reaction mechanism.
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1. Introduction then by liquid-phase Beckmann rearrangement of the oxime
in oleum. These processes have encountered serious difficul-

The discovery of the first titanosilicate with the MFI struc- tigs, inclyding the.use _Of poisonous hydrgxylamine and corro-
ture (TS-1) has opened up new possibilities for developing'Ve fuming sulfuric acid ar_1d the production of _Iarge amOl_mts
environmentally benign processes based on zeolite catalysf@ the byproducts ammonium sulphate and nitrogen oxides,
because TS-1 is capable of catalyzing a variety of organic conjading to environmental problems. In particular, as much as
pounds with hydrogen peroxide as an oxidant and with wate?.'s tons of ammonium sulfa}te results from the product separa-
as the sole byprodugt]. After the industrialization of phenol 110" Process in the production of every 1 ton of CRL. By
hydroxylation using TS-1/b, catalytic systems, the commer- combining the ammoximation in the TS-1/E8,/NH3 system
cial application of TS-1 to the process of liquid-phase ammoxand the heterogeneous vapor-phase Beckmann rearrangement

imation of cyclohexanone to corresponding oxime in 2003 iLVer highly siliceous ZSM-5 (silicalite-1), Sumitomo Chemi-
considered a new milestone in the field of zeolite catalysis. cal commercialized a revolutionary 60,000-ton capacity CLP

The bulk chemical of cyclohexanone oxime is a key inter-PrOcess I 200.3'. . . . .
mediate for the manufacture efcaprolactam (CPL), a start- Although this mnovauve Process Is er.1V|ronmentaIIy friendly
ing material for nylon-6 synthesis that had an annual WorlaIrom the standpomt of zero emissions, .'t has some drawbacks,
market of 3.6 million tons in 1998]. Conventionally, CPL Including a_hlgh cost of TS'l_ production due to the use of
is manufactured first by the noncatalytic oximation of cyIco—the expensive structure-directing agent (SDA) tetrapropylam-

hexanone with hydroxylamine derivatives to give oxime, an onium hyd_romde_and an organic silicon source, the need for
a relatively high weight ratio of TS-1 catalyst to substrates, and

the use of a volatile solvent ¢ért-BuOH [3]. To develop more
* Corresponding author. Fax: +86 21 5252 0411. efficient ammoximation processes, other titanosilicates, such as
E-mail address: pwu@chem.ecnu.edu.¢R. Wu). TS-2[4], Ti-MOR [5], and Ti-Betd6], have been developed for
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the liguid-phase ammoximation of cyclohexanone by severad condenser. In a typical run, 50 mg of catalyst, 10 mmol of
groups. TS-2 and Ti-Beta generally show worse catalytic pereyclohexanone, 5 mL of solvent, and 12 mmol of Nélue-
formance than TS-1 because of their crystalline structure andus solution (25%) were charged into the flask, and the mixture
hydrophilic/hydrophobic characteristics unsuitable to the amwas heated to the desired temperature (303—373 K). The reac-
moximation, whereas Ti-MOR shows some effectiveness bution was then initiated by adding diluted aqueousOd (5%,
at a relatively high ratio of catalyst to cyclohexanone. More-12 mmol) at a constant rate continuously with a micropump
over, Ti-MOR can be synthesized only through a troublesoméor 1 h. After the addition of HO», the mixture was stirred for
posttreatment method involving dealumination and gas-phasgnother 0.5 h. The reaction mixture was converted into a ho-
titanation, and thus the prospect of using Ti-MOR in a largermogeneous phase by adding 15 g of ethanol. After the catalyst
scale production is uncertain. solid was removed, the analyses were performed on a gas chro-

We have recently developed a new titanosilicate with thematograph (Shimadzu 14B with a flame ionization detector)
MWW structure, Ti-MWW][7-9]. Structurally analogous to the equipped with a 30-m DB-1 capillary column, using toluene
well-known aluminosilicate of MCM-22, Ti-MWW has a pore as an internal standard. The amounts of ammonia &} k-
system consisting of 12-membered ring (MR) side cups and twmaining in the mixture were quantified by acid—base titration
independent interlayer and intralayer 10-MR channels, one ahethod and iodometry, respectively.
which contains the @ x 0.7 x 1.8 nm supercagg40,11] This The ammoximation of other ketones and aldehydes (ace-
unique pore structure leads to superior catalytic activity andone, cyclopentanone, cycloheptanone, acetophemebeatyl-
product selectivity in the epoxidation of various alkenes withaldehydep-tolualdehyde, and benzoaldehyde) were carried out
H2>05 in comparison with conventional TS{12,13] Because in a similar way. The oxidation of hydroxylamine and non-
Ti-MWW is synthesized from an inorganic silica source and ancatalytic oximation of ketones and aldehydes were performed
inexpensive SDA of piperidine or hexametheleneimine, it alsaising a commercially available chloride.
has an advantage over TS-l in terms of the cost of catalyst man-
ufacturing. 3. Resultsand discussion

In this study, we have applied Ti-MWW to the ammoxi-
mation of cyclohexanone and found that it is extremely effec-3.1. Characterization of titanosilicate catalysts
tive in the presence of water. This may bring about a much
cleaner process for oxime synthesis. Furthermore, the high per- XRD confirmed that all of the titanosilicates prepared
formance of Ti-MWW depends greatly on the operating con-had the objective crystalline structures intended to obtain. In
ditions of the reaction. This interests us in regard to clarifyingUV—vis and IR spectra, the samples showed the characteristic
the reaction mechanism, which will be useful to addressing thadsorption bands at 220 nm and 960 ¢mrespectively[14],
chemical engineering issues involved in liquid-phase ammoxiwhich are assigned to the tetrahedral Ti species isolated in the

mation. zeolite frameworK1]. The specific surface areas (Langmuir)
determined from N adsorption at 77 K were 580-63C? g *

2. Experimental for Ti-MWW, 510-550 nfg~* for TS-1, 553 mdg~? for Ti-
MOR, and 653 rAig~1 for Ti-Beta. Thus, on the basis of the

2.1. Catalyst preparation and characterization crystallinity, surface area, and the nature of Ti species, these ti-

tanosilicates were qualified as liquid-phase oxidation catalysts
Following previously reported methods, Ti-MWW catalysts with H,O» as an oxidant.
were hydrothermally synthesized (Ti-MWW-HTS) or post-
synthesized (Ti-MWW-PS)14-16] For control experiments, 3.2. Comparison of ammoximation of cyclohexanone among
other titanosilicates of TS-flL7], Ti-MOR [5], and Al-free Ti-  varioustitanosilicates
Beta[18,19] were also prepared as described previously. For
both Ti-MWW and TS-1, a series of samples with different Table 1compares the results of cyclohexanone ammoxima-
Si/Ti molar ratios were prepared by varying the Ti content intion over different titanosilicate catalysts. The products were
the synthesis. mainly cyclohexanone oxime, along with some higher boil-
All of the catalysts were characterized by inductively cou-ing compounds such as peroxydicyclohexyl amine and others.
pled plasma (ICP) on a Thermo IRIS Intrepid Il XSP atomic The products other than oxime generally became obvious only
emission spectrometer, X-ray diffraction (XRD) on a Brukerat a low cyclohexanone conversion, but their absolute amount
D8 ADVANCE diffractometer (Cu-l§), N2 adsorption on an was very low. Under optimized conditions (details of which are
Autosorb Quancachrome 02108-KR-1, scanning electron migiven later in the paper), Ti-MWW-PS showed cyclohexanone
croscopy (SEM) on a JEOL JSM-T220, and UV-vis (Shimadzwconversion and oxime selectivity as high as 99% in the presence
UV-2400PC) and IR (Shimadzu FTIR-8100) spectroscopy.  of water when HO, was added into system slowly and gradu-
ally (Table 1, no. 1). Although somewhat lower in the conver-
2.2. Catalytic reactions sion of cyclohexanone than Ti-MWW-PS, good performance
was also achieved with Ti-MWW-HTS when more catalyst was
The ammoximation runs were performed batchwise in aused Table 1 no. 2). The Ti species achieved by postincor-
25-mL three-neck flask equipped with a magnetic stirrer angboration are assumed to occupy the framework sites that are
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Table 1 Table 2
The results of cyclohexanone ammoximation over different titanosilicate catakEffect of adding method of substrates on the cyclohexanone ammoximation
lysts? over Ti-MWwW2a
No. Catalyst SiTi Solvent ConversionOxime selecti- TON® No. Conversion Oxime selectivity H»O» conversion NH3 conversion
(mol%) vityb (mol%) (mol%) (mol%) (mol%) (mol%)
1  Ti-MWW-PS 55 BO 994 999 656 1 994 999 984 960
2 Ti-MWW-HTS® 50 H,O 97.0 999 291 2¢ 2.8 Trace 997 812
3 T1S-0d 51  HO- 97.0 999 155 3d 48 950 908 843
t-BuOH

& Reaction conditions: catalyst, Ti-MWW-PS ($i = 55); others, seda-

4 TS-1 51 HO 162 728 99 ble 1

i d
5 T! MOR 9% K0 600 950 122 b A desirable amount of b0, was added dropwise for 1 h to the reaction
6 Ti-Betd 76 HO 150 4.0 37

mixture of cyclohexanone, Ngi H>O and Ti-MWW.
a Reaction conditions: catalyst, 50 mg; cyclohexanone, 10 mmol; solvent, ¢ All the substrates were added once from the beginning.
5 mL; NH3 (25%), 12 mmol; B0, (5%), 12 mmol; temperature, 338 K; time, d A desirable amount of Ngisolution was added dropwise for 1 h to the

1.5 h. O, was added dropwise at a constant rate within 1 h. reaction mixture of cyclohexanonepB,, HO and Ti-MWW.
b Byproducts were mainly peroxydicyclohexyl amine, etc.
C . . .
The amount of catalyst used was 100 mg. ity (Table 2 no. 2). The color of the reaction mixture turned to

d The amount of catalyst used was 200 mg. Reaction time was 5 h. Simil
reaction conditions to those reported in the litera{@@ have been adopted.

€ TON, turnover number in mol mt?lll.

afieep red, due mainly to the formation of peroxydicyclohexyl
amine and other byproducts. On the other hand, when a desir-
able amount of NH solution was added dropwise into the reac-
on mixture of cyclohexanone, 0., H,O, and Ti-MWW, cy-
hexanone conversion was also low (4.8%), although oxime

. . i
more accessible to substrate molecules than those obtained

Qir_ect hydrother_mal synthesis, Iea_ding to a higher in_trinsic ac’selectivity was relatively high (95%)Téble 2 no. 3). Despite
t|\_/|_ty (TON) of T'_MWW'PS' Adopting the same reaction con- greatly varying conversion of cyclohexanone depending on the
ditions as reported previous[0], TS-1 showed comparably method of adding substrates, conversion ofsNifd FbO, was

high conversion for cycohexanone and selectivity to oxime in Always high (nearly 100% for 0, and>80% for NHs), sug-

co-solvent of-BuOH and waterTable 1, no. 3). Note that com- gesting that the oxidation of Niby H,O, occurred readily

pared with TI-MWW, achieving these results necessitated iny, 5 cases. The effects of the method of adding substrates on

creasing the amount of TS-1 relative to cyclohexanone and pras cjohexanone ammoximation have been reported for other ti-
longing the reaction time. But TS-1 was significantly retardediyilicate catalystfs,20]. Compared with adding all of the

in a single solvent of watefT@ble 1, no. 4). In terms of TON, g hstrates at once, somewhat improved cyclohexanone conver
TS-'l was obviously less active than Ti-MWW. The supenqntysion was reported for TS-1 when slowly adding® or NH3

of Ti-MWW over TS-1 has also been observed in the epoxidajg the reaction systeifi20], whereas this approach had no ef-

tion of various kinds of alkenes, which has been attributed t9ect on Ti-MOR[5]. We have also investigated the effects of
the unique pore system of MWW zeolite favoring the adsorpye method of adding substrates on the ammoximation over

tion and access of substrate molecules to the Ti active[8i@s 1g.1. Adding HO, dropwise resulted in only a slight increase

12-14] Ti-MOR and Ti-Beta turned out to be less active and sej, the conversion of cyclohexanone, from 95.1 to 97%. The
lective in the ammoximation of cyclohexanonkable 1 nos. 5 atorementioned large difference between Ti-MWW and other
and 6). Despite different optimized reaction conditions, particsjianosilicates is presumed to be related to their catalytic prop-

ularly the solvent effect, the titanosilicates investigated for theyties and the ammoximation mechanism. which is discussed in
ammoximation showed the following order of catalytic perfor- yetail later in the paper.

mance: Ti-MWW-PS> Ti-MWW-HTS > TS-1> Ti-MOR >
Ti-Beta.

3.3.2. Effect of reaction temperature
. o The reaction temperature had a great effect on the ammoxi-
3.3. Effects of reaction parameters on the ammoximation over  mation of cyclohexanone over Ti-MWW. To observe an obvious

Ti-MWW change, the reaction was carried out using a reduced amount of
catalyst. As shown ifrig. 1, the conversion of cyclohexanone
3.3.1. Effect of adding method of substrates increased with increasing temperature and reached a maximum

Table 2presents the results of cyclohexanone ammoximaat 348 K, whereas the selectivity to oxime was maintained at
tion on Ti-MWW using different methods of adding the sub- >99% at 338-358 K. Further increasing the temperature to
strates. The Ti-MWW (SiTi = 55) sample was adopted as a 373 K resulted in a rapid decrease in the conversion and the
catalyst. High cyclohexanone conversion and oxime selectivselectivity to 15 and 52%, respectively. The decrease in the con-
ity (both > 99%) were obtained only when a desirable amountversion of ketone at high temperatures is partially attributed to
of H>,O, was added dropwise into the reaction mixture of cy-easier vaporization and decompoaosition of reactants, particularly
clohexanone, ammonia, water, and Ti-MWW catalystyle 2 NH3 and HO». More important, the oxime was readily oxi-
no. 1). When all of the substrates were added at once in the relized to cyclohexanone at higher temperatures. As shown in
actor, Ti-MWW showed nearly no catalytic activity for oxime Fig. 2, when the oxidation of oxime was performed with®}
conversion (only 2.8%), along with very low oxime selectiv- in water, the conversion increased greatly with increasing re-
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Fig. 1. Effect of reaction temperature on the cyclohexanone ammoximation on Solvent
Ti-MWW. Ammoximation conditions: Ti-MWW-PS (8iTi = 55), 30 mg; oth-
ers, sedable 1 Fig. 3. Effect of solvent on the cyclohexanone ammoximation on Ti-MWW.
Ammoximation conditions: Ti-MWW-PS (@i = 55), 50 mg; solvent, 5 mL;
30 others, se€ig. 1

is the most effective solvent for ammoximation over Ti-MWW.
20t The effect of solvent is one of the most complicated issues in the
catalytic system of titanosilicated@®. It is related to the polar-
ity of the solvent, the hydrophilic/hydrophobic character of the
titanosilicate surface, the solubility of the substrates, and other
factors. One big difference in ammoximation in water derives
from the fact that the reaction proceeds in two liquid phases,
which does not favor the adsorption of cyclohexanone mole-
0 L L L cules into the pores of Ti-MWW and the successive diffusion
340 345 350 355 to the Ti active sites in comparison with the single liquid phase
Temperature (K) in organic solvents of-butanol, MeOH, or acetonitrile. But,
Fio. 2. Effect of reaction t . he oxidation of cvelon ~ water solvent has the highest ammoximation efficiency, imply-
9. 2. €eCl Of reaction temperature on the oxiaation ot cyclonexanone oxim
ongTi-MWW. Reaction condi‘:ions: Ti-MWW-PS (BTi = 55;/, 50 mg; cyclo- ‘?ng that the keto.ne molecul_es d_O not ngeo! to_enter the pQFES of
hexanone oxime, 10 mmol; 0, 5 mL: and HOy (30%), 12 mmol; time, the catalyst during ammoxm_watlo_n. This flnd_lng can b_e inter-
15h. preted based on the ammoximation mechanism described later
in the paper.
action temperature, reaching 27% at 353 K. Thus the reverse
reaction (i.e., oxidation of oxime) also may correspond to a3.3.4. Effect of catalyst/cyclohexanoneratio
decrease in cyclohexanone conversion in the ammoximation The effect of the catalygtyclohexanone ratio on ammox-
at high temperatures. Consequently, the foregoing experiment@ation was studied by keeping the amounts of substrate and
show that the ammoximation proceeds most effectively at agolvent constant and simply varying the amount of Ti-MWW

10

Cyclohexanone oxime conv. (mol %)

optimum reaction temperature of 348 K. in the range of 30—70 mg. Cyclohexanone conversion increased
dramatically with an increasing amount of catalyst, reaching
3.3.3. Effect of solvent 99.6% at 40 mg of Ti-MWW (corresponding to 4.1 wt% of

The titanosilicate-catalyzed reactions are well known to decyclohexanone), whereas oxime selectivity always remained
pend greatly on the nature of the solvent. In the case of the-99% (Fig. 4). Thus, a relatively small amount of Ti-MWW
ammoximation over TS-1, Roffia et al. have reported that thevas sufficient to achieve high cyclohexanone conversion and
reaction proceeds effectively in the co-solvent gitHand¢- high oxime selectivity
butanol[21], whereas Thangaraj et al. have shown that the
most suitable solvent is watg20]. In contrast, Wu et al. have 3.3.5. Effect of NH3/cyclohexanone and
reported that water is the best solvent for the ammoximatiord2O2/cyclohexanone ratios
over Ti-MOR[5]. The present study compared the ammoxima- The effect of the NH/cyclohexanone molar ratio on am-
tion of cyclohexanone over Ti-MWW using water, methanol, moximation is shown irFig. 5A. Although the cyclohexanone
t-butanol, and acetonitrile as solvenksg. 3). Oxime selectiv- ammoximation stoichiometrically needs equal moles ofsNH
ity was >99% for all solvents except acetonitrile, for which and cyclohexanone, cyclohexanone conversion was only 72%
it was 82%. Oxime yield increased in the following order: at a NH;/cyclohexanone ratio of 1.0. Nevertheless, both cy-
H>0 > MeOH > ¢-butanol> acetonitrile, indicating that water clohexanone conversion and oxime selectivity reached nearly
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Fig. 4. Effect of catalyst amount on the cyclohexanone ammoximation over

Ti-MWW. Ammoximation conditions: catalyst, Ti-MWW-PS (i = 55); Fig. 6. Dependence of the cyclohexanone conversion on the Ti content. Re-
others, se€ig. 1 action conditions: catalyst, 50 mg; cyclohexanone, 10 mmol; solvent, 5 mL;
NH3 (25%), 12 mmol; BO, (5%), 12 mmol; temperature, 338 K; time, 1.5 h.
100% when the NiJ/cyclohexanone ratio was1.1. The high Solvent was HO and I-QQ—t-BuOH for T|-MWWTP.S and TS-1, respectively.
. . . . H>O, was added dropwise at a constant rate within 1 h.
cyclohexanone conversion obtained in an excessive amount of
NH3 was probably due to a partial loss of Nffom vaporiza-

tion and the fact that a suitable basic environment is required fag.3.6. Effect of Ti content

ammoximation. Regardless, no further changes in either cyl- A series of Ti-MWW catalysts with 3i ratios of 38—320
cohexanone conversion or oxime selectivity were observed &fere prepared and used in the ammoximation of cyclohexanone

NHz/cyclohexanone ratios 1.3. _ and the results were compared with those using TS-1 catalyst
The effect of BOz/cyclohexanone ratio on cyclohexanone ity sj/Tj ratios of 51-110. To fairly compare the catalytic

ammoximation is shown ifrig. 8B. With increasing HO2/  4civity of these two titanosilicates, the reactions were carried
cyclohexanone ratio, cyclohexanone conversion and oxime S%ut at a same weight ratio of catalyst to substrate but in dif-

lectivity '“_Cfeased S|multaneoqsly. _Becausg of unprOdUCtIV(?erent optimum solvents, that is, in,® for Ti-MWW and in
decomposition of HO,, ammoximation requires more,B;

than cyclohexanone to proceed to a high level. At 2Ok the co-so(!vgnt of HO/¢-BuOH for TS-1. The oxime §electivity
cyclohexanone ratio of 1.2, cyclohexanone conversion an{ﬁ/as>99 /°, in all caseg. Regsonably, the converspn Of, cyc!o-
oxime selectivity reached the maxima (both nearly 100%). Af1€xanone increased with an increasing amount of TI active sites
higher HO,/cyclohexanone ratios, cyclohexanone conversiorfo" T-MWW as well as TS-1Kig. 6. Obviously, Ti-MWW
decreased greatly but oxime selectivity was unchanged. Th&as superior to TS-1 in terms of catalytic activity, giving a cy-
likely reason for these findings is that the existence of tod-lohexanone conversion of nearly 100% when theTBiatio
much free HO> in the reaction system accelerated the ox-was~60. Nevertheless, the intrinsic activity tended to decrease
idation of the oxime back to cyclohexanone as well as thevith increasing Ti content. For example, the TON of Ti-MWW-
successive oxidation of the ammoximation intermediate of hyPS dropped from 850 to 580 mol r’aﬁil, as the extra-framework
droxylamine. Ti species may occur at a higher Ti content.
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Ketone conv. and oxime sel.(mol %)
Ketone conv.and oxime sel.(mol %)
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Fig. 5. Effect of NH/cyclohexanone ratio (A) and4D» /cyclohexanone ratio (B) on the cyclohexanone ammoximation over Ti-MWW. Ammoximation conditions:
catalyst, Ti-MWW-PS (SiTi = 55); others, seEig. L
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3.5. Investigation into the reaction mechanism

100 ——8——= of ammoximation

S sof The foregoing results verify that Ti-MWW is an effective

3 . catalyst, superior to other titanosilicates reported so far for

£ Oxime sel. . L. . .

= ek Ketone conv. the selective liquid-phase ammoximation of cyclohexanone to

% oxime. Nevertheless, Ti-MWW differs greatly from TS-1 in

E terms of optimum ammoximation conditions. The catalytic ac-

g 40r tivity of Ti-MWW greatly depends on the method of adding

= . -

£ substrates, particularly2D,. To make this issue clear, we have

2 201 investigated the ammoximation mechanism.

S Ammoximation was once considered to proceed through

g 0 I I L L a TS-1-catalyzed oxidation of an intermediate of cyclohexyl-

E 1 2 3 4 5 6 imine formed by the noncatalytic reaction of cyclohexanone
Number of regeration with ammonia[20] (Fig. 84). IR spectroscopy has provided

somewhat reasonable evidence of the formation of imine in-
Fig. 7. The conversion of cyclohexanone and oxime selectivity of the ammoxitermediate by adsorbing cycohexanone and dry ammonia gas
amtion performed on regenerated Ti-MWW-PS/[Bi= 55). The used catalyst onto TS-1[22]. However, the formation of imine intermedi-
was regenerated by acetone washing and then drying at 393 K for 5 h. ate in an actual ammoximation (i.e., in an aqueous solution)

has been claimed, because the imine has been proven unsta-
3.4. The stability and reusability of Ti-MWW ble in the presence of watf5]. The fact that no obvious steric

hindrance and diffusion problems are observed in the ammox-

The stability and reusability of Ti-MWW in ammoximation imation of ketones and aldehydes with different molecular di-

were checkedKig. 7). The experiments were initiated with an mensions leads to a reaction mechanism of the hydroxylamine
enlarged reaction scale using 1.4 g of Ti-MWW but at a delibroute[21,23] As shown inFig. 88, the ammoximation is as-
erately lower conversion level (87%), to observe any variationsumed to consist of the catalytic formation of hydroxylamine
The used Ti-MWW was regenerated by washing with acetonas a result of oxidation of ammonia with hydrogen peroxide on
and drying at 393 K in air, then subjected to repeated ammoxthe Ti sites and the noncatalytic oximation of ketone with hy-
imation at a constant ratio of catalyst/substrate/solvent. Aftedroxylamine to oxime. A detailed study of ammoximation over
five recycles of reaction—-regeneration, the catalyst maintaine@i-MOR has clearly verified this plausible reaction pathy&ly
its activity (88% conversion). Elemental analysis indicated that In the present study, concerning the ammoximation mecha-
Ti leaching was within 5% after the repeated cycling. Furthernism related to hydroxylamine, we carried out the oxidation of
more, the used catalyst showed essentially the same UV-vI8H3; and HO, in the absence of cylcohexanone on Ti-MWW
spectrum as that of fresh catalyst. This indicates that Ti-MWWunder the same conditions applied to real ammoximation. After
is extremely stable against Ti leaching and serves as a reusalitee oxidation was carried out for the desired time, the Ti-MWW
catalyst for the ammoximation of cyclohexanone. These resultsatalyst was removed by filtration. Following a standard proce-
are consistent with those observed in the epoxidation of variougure for indirect confirmation and quantification of hydroxy-

alkenes over Ti-MWW12,13] lamine[24], an excessive amount of cyclohexanone was then
(o)
NH
(A) NH; + @ > ij

H,0, / [Ti]

NOH

imine i
(0)
[Ti]
(B) NH; + H,0, ———— NH,0H
hydroxylamine

Fig. 8. Possible ammoximation pathways.
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Fig. 9. Dependence of hydroxylamine amount on the oxidation time of NH Fig 11. The oxidation of NHOH by H,O, over Ti-MWW-PS and TS-1. Reac-
with Hy0, over Ti-MWW. (a) HO, was added dropwise at a constant rate; tion conditions: catalyst, 0.05 g; N¥OH (in chloride form), 10 mmol; KO,

(b) H,O, was added all at once. NHoxidation conditions: Ti-MWW-PS 15 mmol; water, 5 mL; temperature, 318 K.

(Si/Ti =55), 50 mg; BO, 5 mL; NHz (25 wt%), 12 mmol; BO,, 12 mmol;

temperature, 338 K. The amount of hydroxylamine was quantified from that of . .

oxime formed by the reaction of cyclohexanone with the filtrate ogNkida- ~ Mation proces§21,23] Thus oxime formation is competed by

tion after the removal of Ti-MWW catalyst. hydroxylamine oxidation. The reaction rate of noncatalytic ox-
imation of ketone with hydroxylaminek{) is independent of
o) NOH the type of titanosilicate used, but the formation ratg @and
oxidation rate of hydroxylaminetg) should depend on the cat-
ij alytic ability of the Ti species. Over the more active Ti-MWW
catalyst, which has a TON about 2—4 times that of TI4d- (
[Ti] ky ble 1), hydroxylamine is produced rapidly, but the oxidation and
NH; + H;0, —(—— NH,OH decomposition of hydroxylamine become obvious and subse-
! ks guently decrease the oxime yield, particularly when fre©H
Hzoz/[k NO. ete exists in the reaction system, that is, wheg(d is added all
X at once. This corresponds to the different effects of th&H
Fig. 10. The reaction steps involved in the ammoximation. adding method in Ti-MWW and TS-1.

To confirm this hypothesis, we carried out the oxidation of

added into the filtrate and stirred for another 0.5 h, long enougHy\;jvr\‘/)VXyla?'?_g VlVltfjrhl’ioz url[der &mﬂarfcondﬂ;on;:_)'vet: Ti-
to complete the oximation reaction. Gas chromatography anal)}\-/I | an h-I .'d € mos C(_)rr|1|mon _lort;rll of N ,d y- th
sis of the reaction mixture indicated that cyclohexanone oximé;IrOXy amin€ chioride commercially avariable was used as he
: . - Substrate. After oxidation was carried out for the desired time,
(i.e., hydroxylamine) was actually formed, with its amount de- : .

: . the catalyst was removed from the reaction mixture and cy-
pending on the method used to adg® (Fig. 9. The amount . . )

T ) ; . clohexanone was added to allow the formation of oxime with

of hydroxylamine intermediate obtained when addingObl

. . ) remaining hydroxylamine. The conversion of hydroxylamine
dropwise was more than “‘"?‘t obtained V\-/he-n addug@j—ﬁll {.ﬂ . was then calculated after quantifying the amount of oxime. As
once at the beginning and increased with increasing oxidatio

: . . ) Bhown inFig. 11, hydroxylamine was readily oxidized by,B;
time. Thls S,UQQeStS that, similar to Ti-MOR and T$8]21], within a short time at a relatively low temperature (318 K).
ammoximation over Ti-MWW also probably proceeds throughri yvww showed much higher oxidation activity for hydrox-

the oxidation of ammonia by hydrogen peroxide to an intermey|amine than TS-1. Easier oxidation of hydroxylamine over

diate of hydroxylamine, followed by the oximation of ketone Tj_\iww would make the oximation of this intermediate with

with hydroxylamine to oxime. ketone depend more on the concentration of fre®Hin the
We next considered why, in comparison to TS-1 and Ti-reaction mixture (i.e., its adding rate).

MOR, oxime formation and even hydroxylamine formation  To further verify the importance of the balance of hydrox-
over Ti-MWW depend so greatly on the method of addingylamine oxidation and oximation in oxime formation, along
H202 (Table 2 Fig. 9). We assume that it is probably due to the with the comparison between Ti-MWW and TS-1, ammoxima-
varying specific catalytic oxidation ability of the Ti species of tion of ketones and aldehydes with various molecular sizes and
these titanosilicates. As shownfing. 1Q along with the steps reactivities were compared on Ti-MWW catalyst. As shown
of hydroxylamine formation and noncatalytic oximation, thein Table 3 when HO, was added into the reaction system
nonproductive oxidation of hydroxylamine by,8, on Tisites  all at once at the beginning, the ketones or aldehydes were
to NO, and other compounds also occurs during the ammoxieonverted to corresponding oximes selectively (oxime selectiv-
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Table 3 tion rate (i.e.,k2 in Fig. 10, the less the decomposition of

Ammoximation of various ketones and aldehydes over Ti-MWW catalyst hydroxylation and the higher the conversion of ketones and the

Ketone or aldehyde Conversion (mol%) yield of oxime. Noncatalytic oximation turned to be the rate-
(AP @)  determining step of the ammoximation over Ti-MWW. Thus,

Acetophenone 0 o00 o make the cpmp_et!nve reactions favorable for th_e oximation

Cyclohexanone 3 994 of hydroxylamine, it is necessary to reduce fregdd in reac-

Acetone 2 984  tion mixture to avoid the extensive oxidation of hydroxylamine.

p-Tolualdehyde 42 992

Benzaldehyde 56 997 4. Conclusion

& Ammoximation conditions: Ti-MWW-PS ($Ti = 55), 0.05 g; others, see
Table 1

Ti-MWW is capable of catalyzing the liquid-phase ammox-
imation of cyclohexanone to oxime at a conversion and selec-
tivity >99% in the presence of water under optimum condi-

b (A) H,0, was added to the reaction mixture once; (B)®3 was added
dropwise at a constant rate within 1 h.

tions, and proves to be a promising catalyst for oxime synthesis.
801 Benzaldehyde Ammoximation proceeds through an intermediate of hydroxy-
A lamine, and the noncatalytic oximation of ketone and hydroxy-
o i p-Tolualdehyde lamine is the rate-determining step. The catalytic behavior of
= 60 Ti-MWW in ammoximation depends greatly on the method
E used to add HO,. Ti-MWW shows high conversion of ketone
; 40 n-Butyraldehyde to oxime only when HO, is added slowly into the reaction
s system. To achieve high conversion of ketone to oxime, the
s Cyclohexanone presence of free $D, and the extensive oxidation of hydrox-
‘é 20 o Acetone ylgmir!e on f[he Ti species (_)f Ti-MWW with extremely high
E cetophenone / / oxidation ability must be avoided.
g / — Cyclopentanone
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