Korean J. Chem. Eng., 27(5), 1423-1427 (2010)
DOLI: 10.1007/s11814-010-0236-1

Catalytic mechanism and reaction pathway of acetone ammoximation
to acetone oxime over TS-1

Zhaohui Li***, Rizhi Chen*, Wanqin Jin*, and Weihong Xing**

*State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemistry and Chemical Engineering,
Nanjing University of Technology, Nanjing 210009, China
**College of Chemistry and Biological Engineering, Changsha University of Science and Technology,
Changsha 410076, China
(Received 20 October 2009 « accepted 21 December 2009)

Abstract—A series of two-step reactions and several special experiments were designed and carried out to discover
the reaction pathway of acetone ammoximation to acetone oxime over titanium silicalites-1 (TS-1) employing 25 wt%
ammonia and 30 wt% hydrogen peroxide as the ammoximation agents. The experimental results show that the acetone
oxime can form even if there is no direct contact between acetone and TS-1 catalysts, indicating the hydroxylamine
route may be the most important catalytic mechanism for the reaction. HPLC, GC/MS and ion chromatography char-
acterization results show that hydrogen peroxide can oxidize acetone oxime to acetone, nitrite and nitrate in the pres-
ence of TS-1. In addition, nitrite and nitrate can form in the reaction of H,0, and NH; over TS-1. Based on these results,
a possible overall reaction pathway of acetone ammoximation over TS-1 has been proposed.
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INTRODUCTION

Acetone oxime is an excellent deoxidant that is widely used as
corrosion inhibitor and passivator in boiler instead of N,H, because
of its low toxicity, low environmental pollution and high deoxidiza-
tion effect [1]. Conventionally, acetone oxime is produced mainly
by the hydroxylamine method. First, nitride reacts with acid to give
hydroxylamine salt such as hydroxylamine sulphate, hydroxylamine
hydrochloride and hydroxylamine phosphate. Then, the formed hy-
droxylamine salt reacts with acetone to produce acetone oxime. The
conventional route involves multiple reaction steps, hazardous chemi-
cals like oleum, halides or oxides of nitrogen and, more seriously, a
large amount of low-value by-products like ammonium sulfate are
produced. In recent years, a new catalytic process for the manufac-
ture of oximes has been developed in liquid phase over titanium
silicate, especially TS-1, employing NH; and H,O, as the ammoxi-
mation agents [2,3], which becomes increasingly important because
it is an efficient and environmental friendly route. Liang et al. [1]
studied the effects of reaction conditions (solvents, reaction tem-
perature, catalyst amount, the molar ratio of NH,/acetone) on the
conversion and selectivity of the reaction. Zhang et al. [4] mainly
studied the liquid-phase adsorption of ketones on TS-1 and the direct
ammoximation reactions of these ketones with H,0O, and NH, cata-
lyzed by TS-1. The purpose of their works was to find out whether
the reaction mainly occurred inside or outside the cavity of the zeolite,
and it was hoped that the results could shed light on the reaction
mechanism. However, no experiments were designed to prove the
reaction mechanism of acetone ammoximation over TS-1. The intrin-
sic kinetics of the acetone ammoximation reaction over TS-1 was
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studied in our previous work [5]. To date, however, there is a lack
of an in-depth understanding of the catalytic mechanism and reac-
tion pathway of the reaction.

Recently, a number of studies of the catalytic mechanism of cy-
clohexanone ammoximation over TS-1 have been made [6-15], and
two main viewpoints about the catalytic mechanism of the reaction
were illustrated. One opinion is the imine route [6-10]: cyclohex-
anone first reacts with ammonia to form an unstable imine inter-
mediate adsorbed on the TS-1 catalyst, and then the imine reacts
with H,O, over TS-1 to form cyclohexanone oxime. The other is
the hydroxylamine route [11-15]: ammonia first reacts with H,0,
over TS-1 to form hydroxylamine intermediate, and then hydroxy-
lamine reacts with cyclohexanone to give cyclohexanone oxime.

In the present work, we first assumed that acetone ammoxima-
tion over TS-1 followed the same catalytic mechanism as the case
of cyclohexanone ammoximation, and a series of experiments were
designed and carried out to confirm the mechanism. The reaction
products were carefully characterized by HPLC, GC/MS and ion
chromatography to develop a reaction pathway of acetone ammoxi-
mation over TS-1.

EXPERIMENTAL

1. Materials

TS-1 catalyst (average particle size, 200 nm; surface area, 95 m’g™';
the Si/Ti mass ratio, 9) was provided by Baling Petrochemical Com-
pany, SINOPEC. Acetone, 30 wt% hydrogen peroxide, 25 wt% am-
monia, z-butanol and acetone oxime in analytical grade were all ob-
tained commercially and used as received. Methanol (>99.9% Chro-
matography Grade) was supplied by Yuwang Group and pure water
by Hangzhou Wahaha Group (China). Deionized water (electrical
conductivity <12 us-cm™") was self made with RO membrane.
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2. Ammoximation Experiments

The ammoximation of acetone to acetone oxime was carried out
in a 125 mL four-necked flask equipped with a condenser, a ther-
mometer and a stirrer. After TS-1 catalysts and acetone in #-butanol
solution were introduced into the four-necked flask, the system was
heated to a desired temperature under stirring. The reaction temper-
ature was maintained by means of a super thermostatic water bath
in which the reactor was immersed. When the temperature reached
the set value, 30 wt% hydrogen peroxide and 25 wt% ammonia were
pumped into the reactor separately at a certain flow rate by two peri-
staltic pumps (Baoding Lange constant-flow pump Co., Ltd, China).
When the reaction was finished, the catalysts were separated from
the mixture by centrifugation. The products were analyzed by an
HPLC system (Agilent 1100 Series, USA) equipped with a diode
array detector (DAD) and an auto-sampler. Chromatographic sepa-
rations were performed at 35 °C using a ZORBAX Eclipse XDB-
C18, 5 um, 4.6 mmx*250 mm column. A mobile phase composed
of 25% methanol and 75% water at a flow rate of 1 ml-min™' was
used. Acetone conversion and acetone oxime selectivity were cal-
culated based on the concentrations of acetone and acetone oxime,
according to Egs. (1) and (2), respectively.

X = Cacetoney = Cacernetn 1 1009 @
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Where X is the acetone conversion (%), S the acetone oxime se-
lectivity (%), Cmeo the initial acetone concentration (mol-L™),
C.cenep the acetone concentration in the resulting reaction mixture
(mol-L™), and C,, the concentration of acetone oxime in the result-
ing reaction mixture (mol-L™").

RESULTS AND DISCUSSION

1. Investigation of Catalytic Mechanism

Inspired by the cyclohexanone ammoximation over TS-1 [6-15],
two probable catalytic mechanisms of acetone ammoximation to
acetone oxime over TS-1 are proposed. The first is the imine route:
this path involves an imine intermediate adsorbed on the catalyst
surface which reacts with hydrogen peroxide over TS-1 to give acet-
one oxime, as shown in Fig. 1. The second is the hydroxylamine
route: ammonia is oxidized by hydrogen peroxide over TS-1 to hy-
droxylamine intermediate, which further reacts with acetone in the
homogeneous phase to form acetone oxime, as shown in Fig. 2. To
confirm which route plays the key role, a two-step experiment was
designed based on the fact that the active site of TS-1 catalyst is

NH

. I
IS1 . CH,CCH, + H,0

|
CH;CCH; + NH;

TS-1{H50,
IRJOH
CH 3 CCH 3 + H 30
Fig. 1. Mechanism of acetone oxime formation via imine route.
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Fig. 2. Mechanism of acetone oxime formation via hydroxylamine
route.

different in the two routes. To investigate the temperature effect of
the first step, three tests were carried out at temperature of 30, 50
and 70 °C, respectively, while the second step reaction temperature
was kept at 70 °C.

In the two-step experiments, after 30 g t-butanol and 1.2 g TS-1
were added into a four-necked flask, the flask was heated to a de-
sired temperature under stirring. The reaction remained for further
10 min after 20.6 g 30 wt% hydrogen peroxide and 22.6 g 25 wt%
ammonia were fed continuously into the reactor at 0.63 mL-min™'
and 0.83 mL-min™' by two peristaltic pumps, separately. Then, the
resulting reaction mixture of the first step was centrifuged to sepa-
rate TS-1 catalyst, and the reaction mixture was put back into the
reactor to react with 8.7 g acetone for 60 min at 70 °C.

In this way, there will be no TS-1 catalysts in the second step
experiment. If the catalytic reaction mechanism is the hydroxylamine
route, acetone oxime will be produced since there is no direct inter-
action between the acetone and TS-1. Instead, if the catalytic reac-
tion mechanism is the imine route, acetone oxime will not form due
to the absence of TS-1.

The results of the two-step experiments presented in Fig. 3 show
that acetone oxime is evidently formed in the second step in which
no direct contact between acetone and TS-1 occurs. Therefore, the
reaction mechanism of acetone ammoximation over TS-1 may mainly
follows the hydroxylamine route while the imine route may play
only a side role. It can be found that acetone oxime yield increases
with reaction temperature in the first step, indicating that the first
step of the reaction is a typical catalytic stage that produces a reactive
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Fig. 3. Acetone conversion and acetone oxime selectivity of three
two-step tests. Reaction conditions: 1.2 g TS-1, 8.7 g ace-
tone, 30 g t-butanol, 20.6 g 30 wt% H,0, and 22.6 g 25 wt%
ammonia.
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intermediate. Meanwhile, unambiguous experimental evidence show-
ed there was not a homogeneous catalysis to give oxime in ketone
ammoximation [15], which could be due to the titanium leaching
caused by oxidant or solvent [16]. Therefore, the extra-framework
titanium dissolution in the reaction mixture of acetone ammoxima-
tion has no effect on the judgment about the catalytic mechanism.

In the three tests carried out with this procedure, acetone conver-
sion and acetone oxime selectivity are very low, obviously lower
than the reported values [1]. For example, the conversion is only
33.7% and the selectivity is only 31.3% in Test 3. This is probably
because only part of the key intermediate hydroxylamine can react
with acetone in the second step experiment, and part of them ad-
sorbed on the TS-1 catalyst are separated away from the reaction
mixture or decomposed or oxidized to form typical inorganic by-
products (nitrite and nitrate) during the tests.

2. Investigation of Side Reactions
2-1. The Side Reaction between Acetone Oxime and H,0O,

The results of single-factor optimization experiments showed
that the conversion of acetone could not reach 100% even if the
amount of used hydrogen peroxide or ammonia was far more than
that of acetone. Therefore, we suppose that a certain portion of the
reaction products were possibly converted back to acetone, result-
ing in the decrease of conversion. In this reaction system, the reac-
tion products contain acetone oxime, nitrate, nitrite and small amounts
of unidentified compounds, in which only acetone oxime is a good
reducing agent, while hydrogen peroxide is a good oxidant [17,18].
So it is most likely that hydrogen peroxide reacts with acetone oxime
to generate acetone, leading to the lower conversion of acetone. To
confirm this hypothesis, the following experiments were designed.

Step 1: The reaction between hydrogen peroxide and acetone
oxime was performed in a glass reactor at 70 °C for an hour. Only
1.2 g TS-1, 30 g #-butanol, 20.6 g 30 wt% hydrogen peroxide and
2.1 g acetone oxime were added into the reaction system.
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Fig. 4. HPLC analysis of (a) the mixture of reagent grade acetone,
acetone oxime, nitrite and nitrate and (b) the reaction prod-
ucts formed between H,O, and acetone oxime over TS-1 in
step 1.

Step 2: TS-1 of the first step was separated via centrifugation and
the liquid phase was analyzed by HPLC.

Step 3: The liquid phase was extracted repeatedly with the hex-
ane, and the extraction phase was analyzed by GC/MS while the
extraction raffinate was analyzed by ion chromatography.

The HPLC results are shown in Fig. 4. It is proved that acetone
forms as acetone oxime reacts with hydrogen peroxide over TS-1.
At the same time, small quantities of nitrite and nitrate ions are also
produced as observed from the results. The results indicate that hy-
drogen peroxide can oxidize acetone oxime to acetone, nitrite and
nitrate in the presence of TS-1. To seek further evidence for the for-
mation of acetone, nitrite and nitrate, the reaction mixture was ana-
lyzed by GC/MS and ion chromatography, respectively.
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Fig. 5. GC/MS spectra and mass fragmentation of the extraction phase of the reaction mixture formed between H,O, and acetone oxime

over TS-1 in step 1.
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Fig. 6. Ion chromatography analysis of (a) the extraction raffinate
of the reaction mixture formed between H,O, and acetone
oxime over TS-1 in step 1 and (b) the reagent grade nitrite
and nitrate.

As shown in Fig. 5, four substances were detected using GC/MS.
By comparing the molecular irons and mass fragments with those
in the GC/MS Wiley 275 library, four compounds are identified as
follows: #-butanol (A), hexane (B), acetone (C), 3-methyl-pentane
(D). A is the reaction solvent, B and D root in the extraction reagent,
and C is the product of hydrogen peroxide and acetone oxime over
TS-1. Fig. 6 presents the analysis results of ion chromatography.
By comparing the ion chromatography apex of the reagent grade
nitrite and nitrate and the reaction mixture of hydrogen peroxide
and acetone oxime over TS-1, it is confirmed the presence of NO;
and NO;. These results prove the appearance of acetone, nitrite
and nitrate in the reaction mixture of hydrogen peroxide and ace-
tone oxime over TS-1, which are in good agreement with the HPLC
analysis.

To prove the requirement of TS-1 for the oxidation of acetone
oxime to form acetone, the reaction between hydrogen peroxide
and acetone oxime was carried out in a glass reactor without TS-1
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Fig. 7. HPLC analysis of the reaction mixture of H,O, and ace-
tone oxime without TS-1 at different reaction time of (a) 20
min; (b) 40 min; (c) 60 min.
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at 70 °C. Other reaction conditions were as follows: 20.6 g 30 wt%
hydrogen peroxide, 2.1 g acetone oxime, 30 g t-butanol. Fig. 7 gives
the HPLC analysis results of the resulting reaction mixture. The
characteristic peaks of hydrogen peroxide and acetone oxime in
reaction mixture almost have no change when the reaction time is
increased from 20 min to 60 min, and no characteristic peak of ace-
tone is observed. Together with the results shown in Fig. 4, it can
be concluded that hydrogen peroxide cannot oxidize acetone oxime
to form acetone without the presence of TS-1.

2-2. The Side Reaction between NH, and H,O,

It is reported that there are two possible ways to produce NO; in
the reaction of cyclohexanone ammoximation [15]. One is hydro-
gen peroxide reacts with ammonia to form hydroxylamine over TS-
1, and then hydroxylamine is oxidized by hydrogen peroxide to give
NO:s. The other is hydrogen peroxide reacts with ammonia directly
to NO; without TS-1. To prove whether there is the same process
in the reaction of acetone ammoximation to give NO,, we carried
out the following control experiments to determine through which
route NO; was produced.

After 30 g -butanol, 20.6 g 30 wt% hydrogen peroxide and 22.6 g
25 wt% ammonia were added into the reaction system, we carried
out the reaction between hydrogen peroxide and ammonia in a glass
reactor at 70 °C without/with the presence of TS-1 catalyst.

As shown in Fig. §(b), there is no response of NO;, indicating
that no NO; was generated in the reaction mixture of H,O, and NH,
in the absence of TS-1. Whereas, there is an evident response of
NO; in Fig. 8(a), suggesting that NO; was generated from NH,OH,
which was formed in the reaction mixture of H,O, and NH, over
TS-1. To prove whether TS-1 is necessary for the oxidization of
NH,OH, the followed experiments were designed.

First, a reaction between H,O, and NH, over TS-1 was carried
out in a glass reactor at 70 °C under stirring. Other reaction condi-
tions were as follows: 15 g 30 wt% hydrogen peroxide, 22.6 g 25
wt% NH;, 1.2 g TS-1, 30 g t-butanol. After the separation of TS-1
via centrifugation, the resulting reaction mixture was analyzed by
HPLC, and the result is shown in Fig. 9(c).

Second, the above liquid phase was divided equally into two parts,
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Fig. 8. HPLC analysis of (a) the reaction mixture of H,O, and am-
monia over TS-1, (b) the reaction mixture of H,O, and am-
monia without TS-1 and (c) the reagent grade H,0O, and ni-
trite.
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Fig. 9. HPLC analysis of (a) the reaction products of H,O, and the
liquid phase part of (c) without TS-1, (b) the reaction prod-
ucts of H,0, and liquid phase part of (c) over TS-1 and (c)
the reaction products of H,0O, and NH, over TS-1.

and then reacted separately with 5 g 30 wt% H,O, without or with
1.2 g TS-1 at 70 °C under stirring. The resulting reaction mixtures
were all analyzed by HPLC after the separation of TS-1 via centrifu-
gation, and the results are shown in Fig. 9(a) and Fig. 9(b), respec-
tively.

It is obvious that the response value of NO; in Fig. 9(a) is higher
than that in Fig. 9(c), indicating that NH,OH can be oxidized to NO;
in the absence of TS-1. The response value of NO; in Fig. 9(b) is
lower than that in Fig. 9(a), possibly because some H,O, reacted
with NH; over TS-1 to form NH,OH. Meanwhile, NO; is oxi-
dized to NO; by H,0, [15].

3. Reaction Pathway of Acetone Ammoximation over TS-1

According to the above discussion, a possible overall reaction
pathway of liquid phase acetone ammoximation over TS-1 is pro-
posed as represented in Fig, 10. As can be seen, there is a main reac-
tion to form acetone oxime via a hydroxylamine route. At the same
time, there are several side reactions: acetone oxime reacts with H,O,
over TS-1 to form acetone, nitrite and nitrate; H,O, oxidizes hydrox-
ylamine to nitrite and nitrate in the absence of TS-1; and hydrogen
peroxide decomposes to water and oxygen, which is always possi-
ble in alkali conditions [15].

CONCLUSIONS

We first confirmed that the hydroxylamine route may be the most

NOH
TS-1 Il I
NH3+”202 NHQOH’FCH';CCH';_"' CHSCCH';
H,0, TS-1|H,0,
H-0,
H,0 +0, NO,” —=2= NO;y"

Fig. 10. Reaction pathway of acetone ammoximation over TS-1
in liquid phase.

important catalytic mechanism for the liquid phase acetone ammoxi-
mation over TS-1 through a series of two-step tests. Then we de-
monstrated the presence of a consecutive reaction between H,0,
and acetone oxime over TS-1 to form acetone, a parallel reaction
between H,0O, and NH; over TS-1 during the process of acetone
ammoximation to acetone oxime over TS-1 by careful characteriza-
tion of reaction products with HPLC, GC/MS and ion chromatog-
raphy, and got a reaction pathway of the reaction in liquid phase.
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