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Ammoximation of cyclohexanone in acetic acid using titanium
silicalite-1 catalyst: Activity and reaction pathway
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Abstract

The activity of titanium silicalite (TS-1) and the reaction pathway for the ammoximation of cyclohexanone to produce cyclohexanone
oxime were studied using acetic acid as a solvent at 60◦C. The effect of solvent, sources of nitrogen, water content and the active site stability
were also evaluated. It was found that, in the reaction using acetic acid as a solvent, the ammoximation of cyclohexanone proceeded mainly
via the oxidation of imine, which was primarily formed in situ by the condensation of ketone with ammonia. In addition, the ammonium salts
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f weak acids, such as acetate, citrate and carbonate, can be used as nitrogen sources for the ammoximation in acetic acid. Water
nhibit the formation of imine, and also prevent the side reactions. Moreover, TS-1 possessed an excellent stability, and can be reu
ignificant loss of activity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Titanium-containing zeolites are found to be efficient cat-
lysts for the selective oxidation of a large number of organic
ubstrates, such as alkanes, alkenes, alcohols, aromatics and
henol [1–5]. The liquid-phase ammoximation of ketone
ver titanium zeolites to synthesise oxime is another impor-
ant process attracting industrial interests. As cyclohexanone
xime is the key intermediate for the manufacture of
aprolactam through Beckmann rearrangement, the ammox-
mation of cyclohexanone using NH3 and H2O2 is widely
nvestigated[6–14]. Compared with the current commercial
rocesses, liquid-phase ammoximation of cyclohexanone
ver titanium-containing zeolites can be carried out in one
tep, without use of environmentally undesirable chemicals,
nd only small amounts of by-products formed by homoge-
eous reactions are obtained[11]. This is because the oxime
an only be produced by the reaction of substrate(s) with
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titanium active sites, which is previously generated by a
teraction of the framework titanium with H2O2 [9,13]. A clear
clarification of the reaction pathway for this reaction is
only scientifically valuable, but also industrially importan

Since early 1990s, a debate on the reaction pathwa
the ammoximation of ketone has widely become interes
In order to explain the formation of peroxydicyclohexyli
ine, Thangaraj et al.[6] have proposed a mechanism that
ammoximation proceeds through an unstable intermed
imine. This mechanism is similar to that reported for the
phase ammoximation of cyclohexanone in the presen
NH3 and O2 [15], and has been supported by IR spectrosc
which proves the formation of adsorbed imine species o
surface of TS-1[16]. The imine intermediate is then oxidis
by the titanium active sites to an oxime. Despite the restr
diffusion of cyclohexanone and its oxime in the medium p
zeolites, an excellent catalytic performance was observ
several groups using TS-1[6–8]. This is later drawn into re
cent conclusion that the reaction proceeds via the oxidati
ammonia to hydroxylamine, which subsequently reacts
the ketone to form a corresponding oxime[12–14].
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.04.014



T. Sooknoi, V. Chitranuwatkul / Journal of Molecular Catalysis A: Chemical 236 (2005) 220–226 221

In this work, acetic acid that was recently reported to im-
prove the catalytic activity for cyclohexane oxidation[17],
was used as a solvent in the ammoximation of cyclohexanone.
Comparing with the reaction using water, an enhanced cat-
alytic activity was also observed in the reaction using acetic
acid as a solvent. The results from this study also suggest
that, in the presence of acetic acid, the reaction pathway was
different from the well-accepted pathway that observed in
the reaction using water and other nucleophilic solvents. The
difference in the reaction mechanism accordingly effects the
product selectivity, and the causes of such observation were
discussed.

2. Experimental procedure

Na-free TS-1 were synthesised using a procedure modi-
fied from that report in literature[18]. Tetrabutyl orthotitanate
(2.36 g) was mixed with deionised water at 5◦C, followed by
30% hydrogen peroxide solution (4.29 g) under stirring for
30 min. Then, 25% ammonia solution (8.34 g at 5◦C) was
added and stirred. The solution was left overnight at room
temperature. The solution was then heated at 80–90◦C for
30 min. Ammonia solution was added until the last solution
has just as much weight as before heating. After that this so-
lution was added into the mixture of deionised water (9.36 g),
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with a heating rate of 20◦C/min. Helium was used as a
carrier gas at a linear velocity of 28 cm/s.

3. Results and discussion

3.1. Catalyst characterisation

X-ray diffraction and scanning electron microscope show
that TS-1 sample is a well-defined, crystalline microporous
material. The TS-1 sample with large and uniform crystallite
size (5�m× 20�m) was chosen in this study. Although a re-
duced activity could be expected from the restricted diffusion
of cyclohexanone in TS-1 channels, using catalyst with large
primary crystals can ensure that the observed catalytic activ-
ity was mainly derived from that in the pore of TS-1. The cat-
alyst also showed a characteristic adsorption of tetrahedrally
coordinated Ti–O–Si at∼960 cm−1. Elemental analysis by
X-ray fluorescence showed that a constant Si/Ti∼26 was ob-
tained after repeatedly washing with 5 M sulphuric acid. The
specific surface area of 358 m2/g was obtained by nitrogen
adsorption at 77 K.

3.2. Catalytic activity

The ammoximation of cyclohexanone over TS-1 is shown
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etrapropylammonium bromine (TPABr, 3.08 g) and Lu
10.81 g) under vigorous stirring. The mixture was stirred
day and the final yellow gel with a molar composition

5 TPABr:3.8 TiO2:94 SiO2:2168 H2O:212 NH3:12.3 H2O2
as loaded in the autoclave and crystallised at 185◦C. After 5
ays, the synthetic zeolite was filtered, washed and cal
t 550◦C with a heating rate of 2◦C/min. Calcination wa
arried out in dry air for 5 h and the sample was left to co
he furnace under stream of nitrogen. After cooling, the
ined sample was repeatedly washed by 5 M of sulphuric
ntil non-framework titanium species cannot be detecte
colour change upon dropping hydrogen peroxide. Fin

he sample was calcined again in air at 550◦C for 4 h. The
S-1 catalyst was then characterised using XRD, XRF, S
nd FTIR. Surface area of the TS-1 catalyst was determ
y nitrogen adsorption technique.

Catalytic studies of cyclohexanone ammoximation w
arried out in a micro batch reactor (10 ml) using 0.0
f TS-1. Typically, cyclohexanone (0.38 g) was adde
8% (w/w) ammonia solution (0.73 g) and solvent (2.4
he mixture was then heated to the reaction temper
nder vigorous stirring. Finally, 30% (w/w) hydrog
eroxide solution (0.53 g) was added into the mixture.
olar ratio of the feed used in the reaction was as follo

etone:NH3:H2O2 = 1:1.5:1.2. After a period of time, th
eaction was halted by removing heat and quenching in a
ath. 2-Propanol (4 ml) was then added to homogenis
eaction mixture. The solution was filtered and analyse
C-FID with DB-FFAP capillary column (0.25 mm× 30 m).
he separation temperature was started from 110 to 1◦C
n Fig. 1. It can be seen that the reaction using acetic ac
solvent give a higher conversion than that using wate
reviously discussed elsewhere[17], this can be attribute

o the fact that peracetic acid was generated in the rea
sing acetic acid as a solvent. The peracetic acid can fu
eact with titanium tetrahedral producing peroxo-comple
manner similar to that generated from hydrogen pero
he fact that the peracetic acid is more hydrophobic tha
ydrogen peroxide, the peroxo-complex formed by pera
cid (a softer ligand) would be relatively more stable. Th

ore, higher amounts of active sites are available for th
ction. Additionally, the active site formed by peracetic a
ould possess a better oxidising activity due to its hig
lectron density. These would lead to an improved act

or cyclohexanone conversion when acetic acid was us
solvent.

.3. Product selectivity

However, selectivity of cyclohexanone oxime in the re
ion using acetic acid as a solvent was lower than that u
ater. Other products confirmed by GC–MS are 2-oxepa
nd acetyl cyclohexanone oxime. The first could be for
y “Baeyer–Villiger Rearrangement” when cyclohexan
eact directly with peracetic acid in the presence of acid[19].
s TS-1 possesses the medium pore size (∼5.5Å), it is un-

ikely that 2-oxepanone, a seven membered ring, is gene
n the pore of TS-1. It may be postulated that 2-oxepan
as generated homogeneously in the liquid-phase wi
id of TS-1. The second by-product, acetyl cyclohexan
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Fig. 1. Conversion of cyclohexanone and selectivity of cyclohexanone oxime from the reaction using acetic acid and water as solvent (reaction condition: at
60◦C, cyclohexanone 0.38 g, ammonia solution (28%, w/w) 0.73 g, hydrogen peroxide solution (30%, w/w) 0.53 g, solvent 2.4 ml, TS-1 0.04 g).

oxime, could be possibly generated either from (i) a simple
condensation of cyclohexanone oxime formed in the reaction
with acetic acid or (ii) an oxidative coupling of cyclohex-
anone oxime with acetic acid in the presence of hydrogen
peroxide and TS-1. In order to verify the above possibilities,
the path (i) was tested by heating and stirring cyclohexanone
oxime with acetic acid without hydrogen peroxide and TS-
1 for 4 h. While the path (ii) was tested in the presence of
hydrogen peroxide and TS-1. It was found that acetyl cyclo-
hexanone oxime cannot be generated by path (i) test. How-
ever, the reaction tested for path (ii) produce notably amounts
of acetyl cyclohexanone oxime. Consequently, it seems that
acetyl cyclohexanone oxime was generated by coupling of
cyclohexanone oxime with acetyl radical, which is presum-

ably decomposed from the acetyl peroxo-titanium complex.
The acetyl peroxo-titanium species were earlier suggested
[17] to be formed by an interaction of tetrahedral titanium
with peracetic acid and their decomposition would lead to
the generation of active oxidising species[20] as proposed
in Fig. 2. Typically, the decomposition of peroxo-titanium
species (a) may well be driven by the reaction with hydro-
gen peroxide to give acetic acid (or water). However, thermal
decomposition to give acetyl radical (or hydrogen radical)
could also take place.Fig. 3 demonstrates the formation of
2-oxepanone and acetyl cyclohexanone oxime. In addition to
the oxidised products, adducts from aldol condensation are
also observed from the reaction using acetic acid as a solvent.
This is probably due to the decreased pH of the media, which

oxidis ent.
Fig. 2. A proposed reaction pathway for the formation of active
 ing species in the reaction using (1) water and (2) acetic acid as solv
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Fig. 3. Formation of 2-oxepanone and acetyl cyclohexanone oxime.

readily promotes acid-catalysed condensation of cyclohex-
anone.

Despite the conversion was increased by increasing
amount of catalysts used, the selectivity of cyclohexanone
oxime was not significantly changed (Fig. 4). This is because,
in presence of acetic acid, 2-oxepanone (the major by-
product) was generated by the homogeneous reaction of cy-
clohexanone with peracetic acid, as discussed earlier. When
the amount of catalyst was increased, more peracetic acid
can also be obtained. Therefore, yield of both cyclohexanone
oxime and 2-oxepanone would be increased without a marked
change in product selectivity.

In the reaction using water as a solvent, peracetic acid
was not present and hydrogen peroxide alone is not effective
for the Baeyer–Villiger reaction. Therefore, there is no 2-
oxepanone and also acetyl cyclohexanone oxime produced.
Thus, selectivity of cyclohexanone oxime in the reaction us-
ing water as a solvent is considerably high.

3.4. Active sites and its stability

Since peracetic acid, generated in situ from hydrogen per-
oxide and acetic acid, can be a strong oxidising agent, one
may argue that the observed activity may well be derived
solely from the homogeneous reaction. Moreover, the strong
interaction of peracetic acid with the titanium active sites

F elec-
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( 4 and
0

Table 1
Conversion of cyclohexanone and yield of products (mol%) from the reac-
tions without catalyst, with tetrabutyl orthotitanate and with reused TS-1 as
catalysts

Catalyst TS-1 None Ti(OBu)4 Reused TS-1

Conversion of cyclohexane 47.8 31.7 31.1 55.3
Yield of cyclohexane oxime 37.8 17.8 22.2 46.1
Yield of 2-oxepanone 3.0 4.8 2.9 4.1
Aldol products 2.0 4.0 – 1.9
Yield of acetyl cyclohexane oxime 2.5 1.1 1.6 0.9
Yield of coupling products 2.5 3.9 3.5 2.0

Reaction condition:Temperature 60◦C, cyclohexanone 0.38 g, ammonia
solution (28%, w/w) 0.73 g and hydrogen peroxide solution (30%, w/w)
0.53 g, acetic acid 2.4 ml, reaction time 6 h, titanium-containing zeolites
0.04 g as catalyst (or equivalent mol of titanium species).

could result in the dissolution of titanium as peroxo-complex
into acetic acid. The leached Ti species may also be respon-
sible for some parts of the observed activity as suggested
elsewhere[21]. To verify the above possibility, the ammox-
imation of cyclohexanone without TS-1 was tested, together
with that using tetrabutyl orthotitanate as a catalyst.

FromTable 1, it was found that part of the observed ac-
tivity was also contributed from the homogeneous oxidation
by peracetic acid. However, in addition to the oxidised prod-
ucts, adducts from aldol condensation were increasingly pro-
moted. Thus, a poor selectivity of cyclohexanone oxime was
obtained in the reaction without catalyst. In contradiction the
presence of TS-1 catalyst leads to a better activity and selec-
tivity of the oxidised products. This is not only because TS-1
can promote the formation of peracetic acid[17], but also due
to the presence of active oxidising species formed by the per-
acetic acid and the titanium framework. Hence, the activity
towards oxidation is enhanced, as compared to that without
catalyst. When an equivalent mole of tetrabutyl orthotitanate
was used instead of TS-1, a similar result to the non-catalysed
reaction was also observed. Therefore, it is clear that the
enhanced ammoximation activities are mainly derived from
neither the homogeneous reaction nor the leached titanium
species, if applicable.

Although the tetrahedral titanium framework of TS-1 is
relatively stable, the strong interaction of peracetic acid with
t ium
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o
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ig. 4. Effect of catalyst loading on conversion of cyclohexanone and s
ivity of cyclohexanone oxime (reaction condition: at 60◦C, cyclohexanon
.38 g, ammonia solution (28%, w/w) 0.73 g and hydrogen peroxide so
30%, w/w) 0.53 g, acetic acid 2.4 ml, reaction time 4 h, TS-1 0.02, 0.0
.08 g as catalyst).
he titanium framework could lead to the leaching of titan
ctive sites into the solution. This was indeed observed i
xidation of cyclohexane using acetic acid as a solvent[17].
ccording to this study, the homogeneous titanium spe
as no significant effect on the ammoximation of cycloh
none in acetic acid. Nevertheless, leaching of titanium a
ites during the reaction is not preferable and has becom
f the major drawbacks for industrial applications. Actua
uch circumstance is not the case for the ammoximatio
yclohexanone. No notable amount of dissolved titanium
etected in the solution (by UV–vis adsorption) and when
atalyst was reused without thermal regeneration, the ac
f TS-1 is even enhanced (Table 1). The cause of the slight

mproved activity of the reused TS-1 cannot be evaluate
his stage. However, a better stability of TS-1 in acetic
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is probably derived from the presence of nitrogen sources,
which would increase pH of the solution and, hence, sup-
press the dissolution of the framework titanium species.

3.5. Mechanistic study

Unless the reaction pathway proceed via oxidation of am-
monia to produce primarily hydroxylamine, the enhanced ac-
tivity in the reaction using acetic acid may well be resulted
from the enhanced formation of cyclohexanone imine. The
formation of imine was previously evidenced by an absorp-
tion band at∼1653 cm−1 when ammonia and cyclohexanone
was introduced to Ti-mordenite at 60◦C [12]. As the amount
of cyclohexanone imine is increased, the oxidation of cy-
clohexanone imine would also be accelerated, resulting in a
higher yield of cyclohexanone oxime in the reaction using
acetic acid, as compared to that using water.

From the mechanistic point of view, the condensation
of cyclohexanone with ammonia in acetic acid would be
favoured because cyclohexanone imine formation is facili-
tated at pH approximately 4–5 or in the presence of acid
catalyst[22]. However, a recent report[14] demonstrated
that in the reaction using water, hydroxylamine was primar-
ily formed. These possibilities can be readily tested either by
the reaction of ammonia with only cyclohexanone prior to
t the
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Fig. 5. Proposed reaction pathway for cyclohexanone ammoximation using
acetic acid as a solvent.

nia should be responsible for the formation of cyclohexanone
oxime.Fig. 5 illustrates the reaction pathway, which is pro-
posed from the results observed in this study.

In the reaction using water as a solvent, on the other hand,
cyclohexanone oxime can be formed by both tests. Since am-
monia was not readily protonated in the reaction using wa-
ter as a solvent, it can directly react with the active sites to
produce hydroxylamine. The observed smaller yield of cy-
clohexanone oxime in test II may be derived from (i) an in-
complete formation of hydroxylamine when the catalyst was
removed, and/or (ii) the oxidation of hydroxylamine to nitrite
and nitrate species[14] before cyclohexanone was added.

3.6. Ammonium salts as reagents

The fact that the observed catalytic pathway is inconsis-
tent with the pervious report when acetic acid is used as a
solvent can be accounted for a poor activity of protonated
ammonia towards the oxidation. However, such species are
readily active for condensation with cyclohexanone. This can
be further investigated using various types of ammonium salts
as sources of nitrogen. It is reasonable to postulate that in the
reaction using acetic acid as a solvent, ammonium acetate is
formed. This salt must be able to react with cyclohexanone,
which is indeed observed together with other weakly acid
s
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he addition of TS-1 and hydrogen peroxide (test I), or
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hat ammoximation proceeds via condensation of cyclo
none with ammonia. On the other hand, the hypothes
ydroxylamine formation can be demonstrated by the te

From Table 2, it shows that cyclohexanone oxime c
e only formed in test I when acetic acid is used as a
ent. Thus, the condensation of cyclohexanone with am
ia in homogeneous phase is facilitated in the presen
cetic acid (test I). It is also possible that the cyclohexa

mine could interact with a relatively hydrophobic active s
ormed by complexation of peracetic acid and the framew
itanium. Therefore, the oxidation of the imine to the ox
ould be expected. In contrast, when acetic acid is us
solvent, ammonia was protonated in test II and may

e readily oxidised to hydroxylamine. Conclusively, in
eaction using acetic acid as a solvent, only the pathway
eeded via the condensation of cyclohexanone with am

able 2
ield of cyclohexanone oxime (mol%) from reaction pathway testing

est Solvent

Water Acetic acid

ypical reaction 8.1 20.8
est I (imine pathway) 7.4 14.9
est II (hydroxylamine pathway) 1.7 0.27

eaction condition:Temperature 60◦C, cyclohexanone 0.38 g, ammo
olution (28%, w/w) 0.73 g and hydrogen peroxide solution (30%, w
.53 g, Solvent 2.4 ml, TS-1 0.04 g, reaction time: 2 h/4 h (step 1/step
alts as shown inTable 3.
When weakly acid salts, such as ammonium acetate

ate and carbonate, were used as reagent in the pre

able 3
ield of cyclohexanone oxime (mol%) from reaction using ammonium
s reagent

eagent Solvent

Water Acetic acid

mmonia solution (NH4OH) 8.1 20.8
mmonium acetate (NH4OAc) 0.68 21.5
mmonium citrate ((NH4)2HC6H5O7) 0.47 6.6
mmonium carbonate ((NH4)2CO3) 6.3 8.3
mmonium oxalate ((NH4)2C2O4) Trace 1.8
mmonium chloride (NH4Cl) Trace Trace
mmonium sulphate ((NH4)2SO4) Trace Trace

eaction condition:Temperature 60◦C, cyclohexanone 0.38 g, hydrog
eroxide solution (30%, w/w) 0.53 g, solvent 2.4 ml, TS-1 0.04 g, rea

ime 4 h.
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of acetic acid, cyclohexanone oxime was indeed generated.
Particularly, there is no significant difference between the
reaction using ammonia solution and that using ammonium
acetate as reagent. This confirms that ammonium salts is quite
active for ammoximation. A relatively lower activity was ob-
served when ammonium citrate was used as reagent. This
is because ammonium citrate is a salt of hydroxy polyacid,
therefore it can be somewhat dissociated in acetic acid. Con-
sequently, reactivity for the reaction with cyclohexanone to
generate cyclohexanone imine is relatively lower than the re-
action using ammonium acetate. For ammonium carbonate,
yield of cyclohexanone oxime in the reaction using acetic
acid, was lower than that expected. This may be resulted
from the fact that ammonium carbonate reacts vigorously
with acetic acid producing carbon dioxide, ammonia and ex-
haust heat. Under this circumstance, a rapid vaporisation of
carbon dioxide may well lead to the loss of ammonia. This
could reduce the rate of condensation with cyclohexanone
resulting in a lower production of cyclohexanone oxime as
observed.

On the other hand, in the reaction using water as a sol-
vent, the use of ammonium acetate and citrate show much
lower activity than that of ammonia solution. This can be re-
sulted from the fact that ammonium acetate and citrate could
be highly dissociated in the water. Accordingly, ammonia is
mostly present in a protonated form. The lone pair electrons
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Fig. 6. Effect of water content on the yield of cyclohexanone oxime and
conversion of cyclohexanone (reaction condition: at 60◦C, cyclohexanone
0.38 g, ammonia solution (28%, w/w) 0.73 g and hydrogen peroxide solution
(30%, w/w) 0.53 g, acetic acid 2.4 ml, TS-1 0.04 g, reaction time 4 h, added
0.5, 1.0 and 1.5 g of zeolite).

FromFig. 6, it was clearly shown that the conversion of
cyclohexanone and the yield of cyclohexanone oxime was
increased with the amount of zeolite A added. The zeolite A,
which is highly hydrophilic and possesses small pore size,
can readily adsorb water. This would facilitate the condensa-
tion of ammonia with cyclohexanone to give the correspond-
ing imine since water was removed from the system. As the
formation of the imine is promoted, a higher yield of cyclo-
hexanone oxime can be expected. In addition, the yield of
2-oxepanone and acetyl cyclohexanone oxime (by-products)
were decreased when zeolite A was added. This is probably
because cyclohexanone and peracetic acid are largely con-
sumed by the ammoximation process. Hence, the direct reac-
tion of peracetic acid with cyclohexanone or the coupling of
cyclohexanone oxime with acetyl radical would be limited.
Accordingly, a higher selectivity of cyclohexanone oxime
was also obtained when zeolite A was added.

4. Conclusion

Ammoximation activity of cyclohexanone is enhanced in
the reaction using acetic acid as a solvent. However, selectiv-
ity of the corresponding oxime is reduced due to formation
of by-products, 2-oxepanone, acetyl cyclohexanone oxime
and aldol adducts. Together with the strong oxidising species
l ums
a ng of
a y due
t rther
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a this.
N ecies
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sible
p the
f ammonia could be deactivated and either the reaction
yclohexanone to form cyclohexanone imine or the direc
dation to hydroxylamine were inhibited in the reaction us
ater as a solvent. Nevertheless, this is not the case fo
onium carbonate. As being a salt of weak carbonic a

t can be readily decomposed to give ammonia at rea
emperature. Therefore, the activity of ammonium carbo
n water is somewhat similar to the ammonia solution.

The ammonium salts of strong acid such as, ammo
xalate, ammonium chloride and ammonium sulphate,
ot be used as reagent in both reactions using acetic
nd water as solvent. This is because theKa of the conju-
ated acid of ammonium salts is high. Consequently, the

s highly dissociated, leading to the deactivation of the
air electrons of ammonia. Therefore, the strongly proton
mmonia is not efficient for both condensation with cy
exanone to produce cyclohexanone imine and oxidati
ive hydroxylamine.

.7. Effect of water content

According to the above discussion, the condensatio
yclohexanone with ammonia becomes an essential st
he ammoximation. This step could be notably interfere
he pH of the solution and also by the presence of water
xpected that less amount of water present in the reaction

ead to a better activity. As hydrogen peroxide solution
sed as an oxidising agent, the presence of water cann
voided. Nevertheless, the effect of water can be investig
y adding dried zeolite A (a water adsorbent) into the sys
ike peracetic acid, the tetrahedrally coordinated titani
re active species and they are relatively stable. Leachi
ctive sites was not observed in this reaction, presumabl

o the presence of ammonia in the system. However, fu
nvestigation using larger amounts of catalysts or testin

continuous process should be made to really prove on
evertheless, this study shows that soluble titanium sp
lays no role in ammoximation of cyclohexanone using ac
cid as a solvent.

The mechanistic study shows that there are two pos
athways for the ammoximation of cyclohexanone. In
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reaction using water as a solvent, the oxidation of ammonia
to produce hydroxylamine, followed by its condensation of
cyclohexanone seems to be favoured. However, only the path-
way proceeded via the condensation of cyclohexanone with
ammonia is responsible for the formation of cyclohexanone
oxime in the reaction using acetic acid as a solvent. This also
leads to an improved catalytic activity because the formation
of cyclohexanone imine, an oxime precursor, is enhanced in
presence of acetic acid. In addition, peracetic acid, which is
formed in situ, can be served as a better oxidising agent, as
compared to the hydrogen peroxide alone. However, the re-
action using acetic acid as a solvent shows a lower cyclohex-
anone oxime selectivity because peracetic acid can directly
react with the reactant and the product to produce two other
by-products, 2-oxepanone and acetyl cyclohexanone oxime,
respectively. From the economic point of view, this could be
a major obstacle to an industrial development even though
high conversion is obtained.

In the reaction using acetic acid as a solvent, it is also
evident that the source of nitrogen can be obtained from am-
monium salts of the weak acid, such as acetate, citrate and
carbonate. These species are active for the formation of imine.
However, this is not the case for the reaction using water be-
cause the reaction pathway involves ammonia oxidation. The
protonated ammonia is inactive for the oxidation to hydrox-
ylamine and the reaction in water can be carried out only
w wa-
t t the
a of
b e is
i

A

arch
F so
t Mi-

croporous Materials, KMITL, for their help throughout the
work.
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