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ABSTRACT

In this research, reactions using titanivmi-containing zeolite catalysis namely Beckmann
rearrangement of cyclobexanone oxime and ammoximation of cyclohexanone 10 cvclohexanone
oxime in bath and continuous process were studied.

It was found that in Beckmann rearrangement of c¢yclohexanone oxime. H-Bets
pussessed higher activity, as compared to Dealuminated Beta and Ti-Beta while the Dealuminated
Beia possessed the highest selectivity for caprolactam formation. The conversion of
cyclohexanone oxime and caprolactam selectivity was increased with an increase in lemperature
and contact ume. Moreover. the use of water/n-butano! as solvent shows wmproved conversion
and selectivity. In the ammoximation of cyclohexanone, reaction using acetic acid as a solvent
shows higher activity than that using water as a solvent, due to the formation of a better oxidizing
agent. peracetic acid. The Investigation on alternative sources of ammonia showed that
ammoniwm salts of weak acid, such as ammonium acetate, ammonium carbonate, ammonium
citrate and ammonium oxalate can be used for synthesis cyclohexanone oxime. Ammaoximation
reaction catalyzed by Ti-Beta zeolite produces higher yields of products than that using TS-L.
However, further rearrangement of cyclohexanone oxime to caprolactam was observed. The study
of the reaction mechanism shows that there are two possible partway for the formation of
cyclohexanone oxime. The condensation of ammonia with cyclohexanone to produce primarily
cyclehexanone imine followed by oxidation of cyclohexanone is favored in the presence of acetic
acid. In contrast, ammonia is primarily oxidized to hydroxylamine, then the hydroxylamine reacts
with cyclohexanone to form cyclohexanone oxime in reaction using water as a solvent. For the
amimoximatien of cyclohexanone in centinuous process, the reaction using TS-1 as catalyst in
continuous stirred tank reactor (50 ml)gives a better actiirity (up to 40% mol} and selectivity of

the oxidised products (up to 90%mol), as compared with the plug flow reactor and the batch



process (20% conversion, 70%selectivity). The increase in contact time (W/F 42-148 ghr/mol),
either by increasing amounts of TS-1 (0.5-2.0 g) or decreasing reactants feeding rate (7-25
mi/min), leads to an increase in cyclohexanone oxime formation. It is also shown that when the
molar ratio of cyclohexanone and hydrogen peroxide is increased (0.8-2.5 mol/mol), the
selectivity of cyclohexanone oxime is raised (50-90%). Over 40 hours of testing, the catalyst
gives u steady vield of cyclohexanone oxime. Leaching of titanium active sites were also fdund

(2-10%0). however. this can be reduced when the calcining temperature is raised (500-6007C).
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Executive Summary

From the study of titanium containing zeolite and zeolite catalysts namely TS-1, Ti-Beta,
H-Beta. Dealuminated Beta and titanation of Dealuminated Bew for ammoximation of
cvclohexanone.  beckman rearcangement of cyvclohexanone oxime anrd smmoximation of
cvclohexanone in continuous process. 1t can be conclude that: :

1. Beckman rearrangement of cvclohexanone oxime

The H-Beta, Dealuminoted Bewn and Ti-Beta were prepared by calcinanon the
commercial NH, -Beta zeolite. dealumination of H-Beta and titanation of Dealuminated Beta,
respectively. They appear W be appropriate catalysis. due 1o these small crvstallite size (0.2
micrometers) with high surface area (307, 328, and 627. respectively). The silicontitanium ratio
of Ti-Beta is found 10 be 43. The titanium in zeolites are present in two species: non-framework
wtaniem and tramework ttanium. The lawer can be evident by the charactensiac vibration ot Ti-
O-Si a1 960 cm .

In the reaction using H-Beta. the conversion of cyclohexanone oxime s higher, as
compared to Dealuminated Beta and Ti-Beta. respectively. 1t is believed 1hat the conversion of
cvclobhexanone oxime depends largely on the wype of active sites. The appropriate active sites
should be favor tor the adsorption of reactant. but unfavorable for products. [U s confirmed by
this study that, the reactanl can adsorb and rearrangement to products and the products must be
desorbed 10 give {ree active sites, which allows the adsorption of a forthcoming reactant.

The selectivity of caprelactam in the reaction using Dealuminated Beta is higher than that
H-Beta and Ti-Beta, respectively. The selectivity depends largely on the acid strength of active
sites: the higher the acid strength, the lower the selectivity of caprolactam. In the case of Ti-Beta,
the catalyst possesses framework/non-framework titanium sites and silanol sites. The titanium
sites seem 1o be non-selective for this reaction. due to the strong interaction with the reactant to
preswumably form a peroxy complex. Only silanol sites can facilitate the reaction of
¢yclohexanone oxime to desiwed products.  Accordingly the conversion and selectivity of
cyclohexanone oxine using Ti-Beta as calalvst is found 10 be less than others.

The conversion of cyclohexanoue oxime and the selectivity of caprolaciam are increased
with the increase in temperature. The increased temperature, allows faster diffusion rate of the

cyclohexanone oxime inside the pore of zeolhite catalyst. The product desorption from the active



sites would also be enhanced, resulting in increased vacant active sites for the adsorption of
cyclohexanone oxime. This decreases the side reactions over the active sites. [n addition, the
deactivation rate is decreased with increased in temperature.

When the contact (ime was increased, the conversion of cyclohexanone oxime and the
selectivity of caprolactam over any type of zeolhtes were increased. While the deactivation rate
was decreased. due 10 the facile interaction of solvem with the active sites. ,

When the water was added in n-butanol, the polarity of solvent was increased. Product
can be casily desorbed trom the active sites. resulting in a rise in the conversion of cyclohexanone
oxiime, Moreover. the side reaction of adsorbed product to torm coke precursor was decreased.
Hence. the selectivity of caprolactam was improved. n the case of using ethanol as solvent. the
conversion ol cyclohexanone oxime and the selectivity of caprelactam over Ti-Beta were higher
than those using a-butanol as solvent. Theretore. it can be concluded that the polarity of selvent
and wuter added in solvent plays important role in the conversion of cyclohexanone oxime and
selectivity of caprolactam.

The framework titanium species and non-framework tlanium  species gives  low
selectivity of caprelactam. as compared to BI‘(Dnslud acid sites and silanol sites. respectively. On
the other hand. utanium species facihtated the formation of by-products. namely S-cyanopentane

and cyclohexanone.

2. Ammoximation of cyclohexanone

The study on effect of solvent shows that the reaction using acetic acid as solvent
produce higher vield of cyclohexanone oxime than that using water. This is because. in the
reaction using acetic acid as solvent, peracetic acid, a betier oxidizing agent, can be produced and
the complexation of peracetic acid with titanium tetrahedral produce relatively more stable active
site than that of hydrogen peroxide. This leads 10 an improved activity of the catalyst. However
the reaction using acetic acid as solvent shows lower cyclohexanone oxime selectivity, as
compared to the reaction using water because peracetic acid can react with cyclohexanone and
cyclohexanone oxime to make two by-products, caprolactone and aceiyl cyciohexanone oxime,

In the mechanistic study. the reaction using water as solvent shows that there are two
possibie pathways for the ammoximation cyclohexangne. However, the condensation of ammonia
with cyclohexanone 10 produce cyclohexanone imine followed by oxidation of cyclohexanone 15

tavored. In the case of using acetic acid as solvent, only the pathway proceeded via the



condensation of cyclohexanone with ammonia is responsible for the formation of cyclohexanone
oxime.

From the study on effect of water content, when the concentration of water in system was
reduced (by addivon of water adsorbent, zeolite A) the by-product formation was also veduced,
leading to the higher selecuvity of cyclohexanone oxime. This is because the condensation of
cvetohexanone with ammonia to generate cyclohexanone imine, which can be directly oxidized to
cyclohexanone oxime. was largely promoted in low water system. This leads 10 the lower reaction
rate uf cyclohexanone with peracene acid to produce caprolacione.

" The study on eflect of pore size shows that in the reaction using acenie acid as solvent the
conversion of cevelohexanone in reaction using large pore zeolite. Ti-Beta. s higher than that
using TS-1. This is because in the large pore zeolite. reactant can diffuse faster to ceact with the
active siles, However, the rearrangement of cyclohexanone oxime o caprolactam cun be
vencrated in pore of Ti-Beta. This facilitates the formation of cyclohexanone oxme leading o the
high activity lor anmunoximation. but low selectivity for eyelohexanone oxime.

The study on the effect of titanium species shows that the reaction was catalyzed only by
ihe [ramework ttanium {tetrahedral form) species. The non-framework titanium has no activity o
catalyze the veaction.

The study on the influence of contact lime shows that the increased amount of catalyst in
the reaction leads 1o an increase in cyclohexanone oxime formation. This is because
cyclohexanance have a higher possibility to react with active sites and mgher yield of product can
be obtained.

The study on the effect o’f pressure shows that the reaction under pressure gives only a
little improved activity, as cempared to the reaction at atmospheric pressuse. This is because
reaction under pressure, ammonia can be dissolved in the liquid phase slightly better than the
reaction at aunospheric pressure, leading to a higher reaction rate, as compared to that at
atmospheric pressure.

The study on the effect of ammonium salts shows that ammonium salts of strong acid
such as, ammonium oxalate, ammonium chloride and ammonium sulfate. cannot be used as
reagent but ammonium salls of weak acid such as anunonium acetate, ammonium carbonate and
ammonium citrate can be used as reagent. This is because in the case of ammonium salts of strong
acid, the ammona was strongly protonated by the conjugated acid leading 10 a reduced activity of

ammonia condensations with cyclohexanone to produce cyclohexanone imine.



From the study on the effect of ammonium acetate concentration, it 1s shown that
reaction that using excess ammonium acetate gives higher product than the typical reaction. The
higher amount of ammonium acetate can facilitate the condensation of cyclohexanone with
amunonia to produce mere cyclohexanone imine. This confirms that cyclohexanone condensation
15 a significant step for the cyclohexanone oxime production.

The study on the effect of zeolite deactivation shows that the activity of TS-1 remains
unchanged after use. However, 1n the case of Ti-Beta. selectivity of cyclohexanone oxime can be

improved by the slightty blockage of the pores without change in catalyst activity,

3. Ammeximation ofcyclohexa_none in continuous process

The study on effect of solvent shows that acetic acid is the best solvent to produce
cvclohexanone oxime. Thix is because the reaction of acetic acid and hydrogen peroxide
generated in sine active oxidising specles namely peracetic acid. In the reaction using hydrophilic
solvents namely water. ethanol and acetonitrile, lower yield of cyclohexanone oxime were
produced as compared to that using acetic acid as a solvent. This is because these hvdrophile
solvents strongly adsorb on the active sites. Sorption of the reaciant, cyclohexanone is inhibited
by competiive adsorpuion of such hvdrophilic solvent. The catalytic testing in 1so-buianol as
solvent also give Jow vield of cyclohexanone oxime. Nevertheless, by-product is not found in the
reaction using so-butanol as solvent. This 1s because iso-butanol is a free radical scavenger and
an inhibiter for free radical reaction.

Irom the study on elfect of ttanium species, reaction using TS-1 as catalyst leads to a
better activity and selectivity ot the oxidised products. This is not only because TS-1 can promote
the formation of peracetic acid but also due to the presence of active oxidising species formed by
the peracetic acid and titanium framework. Hence, the activity towards oxidation is enhanced, as
compared t¢ that without catalyst. When an equivalent mole of tetrabuty! orthotitanate was used
mnstead of TS-1 | a similar result to the non-catalysed reaction was also ohserved.

Influence of reactor types study, shows that lower yield of cyclohexanone oxime is
preduced in continugus plug flow reactor as compare to that from continuous stirred tank reactor.
This is because the ammoximation of cyclehexanone using acetic acid as solvent 1s a tri-phase
system. As the heterogeneuos muxture flow through catalyst bed. The sites contact with

hydrophhc phase cannot be ecasily accessed. In contrast, well-mixing can be achieved in



continuous stirred tank reactor resulting in higher opportunity of cyclohexanone to react with the
actlive sites.

Decreasing reactor size leads to a slighly increase in cyclohexanone oxime formation.
This is because the reaction in smaller reactor reduces decomposition of H.O,. Consequently.
H.O.is selectively consumed by oxidation process.

The study on effect of 11,0, concentration shows that when the molar rartio of
evclohexanone and hvdrogen peroxide is increased. the selectivity of cyclohexanone oxime is
raised. This is because hydrogen peroxide 15 consumed in catalytic process. and hence
humogeneous is diminished.

;\n increase tn contact ime could be achieved either by reducing flow rate of the teeds
ol ancreasing amounts of the catalyst. When feeding rate 1s decreased the conversion of
cyvclohexanone is raised. Additionally, the increased amounits of TS-1 in the reaction leads 10 an
increase i ¢yvelehexanone oxime formation. This is because cyclohexanone have a higher
possibility 10 react with active sites and higher yield of product can be obtained.

Over 40 hours of testing. the catalyst can promote a steady yield of cyclohexanone
oxime. This indicate that of titanium framework site for catalytic activity, are retained as observed
by FT-IR.

The swdy on leaching of titaniwn framework shows that leaching of titanium active site
is reduced when the temperature for calcination is raised. However, calcining temperature should
not be exceed 10 600 “C because Ti framework can be collapsed into unactive octahedral titaium

species.
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CATALYST SYNTHESIS AND CHARACTERIZATION
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1.1 Catalyst Synthesis
1.1.1  Catalyst Preparations

I.1.1.1 Titanium Silicalite (TS-1)

Tewrabulyl orthottanate was used ay titanium source to prepare TS-1. 236 grams of
Tetrabutyl onhotitanate were mixed with deionized waler at 5 °C. followed by adding 4.29 grams
o hydrogen peroxide solution (30%) under stirring for 30 minutes. Then, 8.34 grams of ammenia
solution {23%. 5°C) was added and stirred. The solution was left avernight a1 room temperature,
The solution was then heated at $0-90°C for 30 minutes. Deionized water was added 1o the last
solution until the last sofution has just as much weight as solution before heating. Afler that this
solution was mixed with the mixture of 9.36 grams of deionized water. 3.08 vrams of
tetrapropylammonium bromine (TPABr) ond 10.81 grams of Ludox. The mixture was stivred at
100 rpi for a day. Finallv. the yellow gel with a molar composition of 15 TPABr : 3.8 ThO, : 94
SI0.: 2168 H.O @ 212 NH, 1 12.3 H,O. was loaded in the autoclave and crystallized at 183 °c.
Alter 5 davs. the synthetic zeolite was [Hiraled, washed and dried at 80 °c.

The svnihetie zeolite was then caleined by packing 2 grams of the synihetic zeolite in a
column. Then, the column containing synthetic zeolite was loaded m a lurnace. Temperature was
setat 500°C with a heating rate of 2 ©C/min. Calcination was carried out in air for 5 hours and

the column was cooled under stream of nitrogen gas atler calcination.

Figure 1.1 Calcination of zeolite in a furnace



I.I.1.2I Titanium Beta

Zeolite Ti-Beta was prepared by dealuminating the parent NH, -Beta. Then the position of
aluminium in tetrahedral units was replaced by titanium using chemical vapor deposition
technique.
Dealumination of Zeolite Beta

All dealuminations were performed in a 500 ml of round bottom flask. Zeotlite Beta (40
grams) way refluxed in 7 molar nitric acid (400 ml) for 3 hours under vigorous stirring. Then, the
sample was filtered. washed thoroughly and dricd a1 80 °C. The sample was subsequently
calcined i_n air at 550°C for § hours under stream of dried air.
Titanation )

Tuanasion of the dealuminated Beta wax carried out by packed-bed chemical vapor
deposition (CVD) 2 grams of dried dealuminated Beta zeolite sample was packed in a quarlz
column. The sample was dried in a nitrogen streamn of typically 60 ml/min a1 120 °C for an hour.
After which the temperature was raised to 500 C and a titanium tetrachloride vapor (TiCl,) was
inroduced. Saturated vapor of titanium tetrachloride (TiCl,} was prepared by bubbling nitrogen
as @ carrier gas into pure Utanium tetrachloride at 20 °C as shown in Figure 3.4. After 30 minutes
reaction, the sample was purged with nitrogen for 90 minutes at 500 ©C 10 free the zeolite sample
ol all unreacted titanium chloride species. Then the sample was calcined in air at 550 °C for 4
hours. After that. the calcinated sample was washed by 5 molar of sulfuric acid vntil the nen-
framework titanium cannot be detected by a drop of hydrogen perexide. Finally, the sample was

then calcined in air at 550 0C for 4 hours.

Flow meter %

Figure 1.2 Packed-bed chemical vapor deposition (CVD)



Figure 1.4 Bubbler for salurated vapor of titanium tetrachloride.



1.1.2  Characterization of Catalysts
1.1.2.1 Elemental Analysis

The silicon/titanium and silicon/aluminiuni ratio were determined by graphite furnace atomic
absorption spectrophotometer (AAS), AA-680 Shimadsu. For this purpose the sample was
prepared by heating the zeolite sample at 650 °C for 3 hours and 50 milligrams of treated zeolite
was weighed in Ni-crugible. Then, 5 ml of 30 percent weight sodium hydroxide solution (30%
NaQH)} was transferred into the crucible and evaporaed by heating. Afier that, the crucible was
heated with swirling by gas bumer for approximatefy 10 minutes. The crucible was washed by
boiling water and the solution was transferred 10 a 100 ml beaker. Then. 5 ml of 1+1 hydrochloric
acid sululluion was added to beaker and stirred. Finally, the solution was diluted 1o 250 ml ir 3
graduated flask.

For the determination of silicon, 0.5 ml ot solution was diluted 1o 5¢ ml in a volumetric flask.
Absorption wavelengih is set to 251.6 nm. 10 LL] of sample was injected to the graphite furnace
atomic absorption spectrometry by micropipette. The sample in graphite furnace was dried a1 150
°C for 30 seconds. Then the temperature was raised to 900 ©C for 20 seconds for ashing. Finally,
the ash was atomized at 2700 °C for § seconds. Argon was used as carrier gas at a flow rate at 1.3
l/min.

For the determination of titanium and aiuminium. 10 mi of solution wasx diluted 10 50 m! in 4
volwmetne flask. Absorption wavelength s set to 364.3 nm and 309.3 nm {or detenmining
titanium and aluminjum, vespectively. 10 LI of sample was injected 1o the graphite furnace
atomic absorption spectrometry by micropipette. The sample of aluminiwim in graphite furnace
was dried at 150 °C for 30 seconds. Then the temperatire was raised to 800 °C for 20 seconds
for ashing. Finally. the ash was atomized at 2600 °C for 3 seconds. Argon was used as carrier gas
at a flow rate at 1.5 lmin. The temperature program for determination of titanium is the same as
that used for siticon determination as shown in Table 3.1.

The concentration of each metal was calculated by using calibration curve of standard
sample. The standard ol the metal was prepared by diluted 1000 ppm of standard silicon, titanjum
and aluminium solution to 1, 2. 4. 6. 8§ and 10 ppm in 50 m! graduated flask. The standard
concentration was determined by graphite furnace atomic absorption spectrometry at the same
condition for determining the sample. The calibration curve was plotted and the concentration of

sampte can be calculated by comparing with the standard calibration curve .



Table 1.1 The temperature program for determination of silicon, aluminium and titanium.

Element Wavelength Dried Ashing Atomized
(nm.)
N o o o
Silicon 251.6 150 ~C. 30 sec 900 "C. 20 sec 2700 "C, 5 sec
Aluminium 309.3 150 °C.30sec | 800 °C.20sec | 2600 °C, 3 gec
Titanium 364.3 150 °C. 30 sec | 800 °C.20sec | 2600 °C. 3 sec

Figure 1.5 Atomic absorption spectrophotometer (AAS). AA-680 Shimadsu

1.1.2,2 Determination of Crystal Morphology of Zeolite

The crystal morphology and crystal size were determined by scanning electron

microscope {Jeol 6400 Scanning Microscope, Chulalongkorn University Instruments Service

Center). The sample was prepared by thoroughly placing zeolite onto the sample holder. It was

then coated with gold by ion spuuering. The sample was placed in the sample chamber of

. . . ~ .
scanning ¢lectron microscope and gvacuated from ambient pressure to 10 1orr. The scanning

electron micrographs were taken at the magntficanon of 1,000, 7,000, 15.000 and 20,000 times.




1.1.2.3 Determination of Zeolite Structure

The zeolite structure was determined by X-ray diffractometer (D8 Advance, Bruker.
Scientific Instruments Service Center. KMITL). The sample was prepared by packing the zeolite
in the sample holder. CuK®< X-ray beam was used for analysis at 40 kV, 40 mA. The sample
were scanned from 20 angle 5% 10 60° with | second/step time and 0.04 29/slep incresnent. X-
ray diftraction pattern of the somple was compared with the X-ray diffraction pattern of stantlard
zeolite for determining the struciure.

1.1.2.4 Dectermination of Surface Area

S_ur!'ace arca of zeolite was determined |.:)‘V Gas Adsorption Analyzer !Amosorb-l.
Quantachrome) The sun;ple was prepared by weighing | milligrams of zeolite sample into a
cleaned und dried sample cetl. The sample cell was attached 10 the out gassing station. Heating
manile was mstalled and the temperature was raised 10 350 °C. The sample was out-gassed for 24
hours. The sample cell was then removed trom the out gassing station afier the nitrogen was filled

and was sttached 10 1he analysis station. The equilibration time is set to 3 minutes and the

. - -
adsorption was tested ut1he partial pressure (P/P,) ranged from 10 10 1.0

Figure 1.6 Gas Adsorption Analyzer (Autosorb-1. Quantachrome)



1.1.2.5 Determination of the Framework Titanium Species

Titanium species in the framework of zeolite can be determined by Infrared Spectrometer
(IFS 28. Bruker). The characteristic vibration frequency at 960 em represents the stretching
vibration of Ti-O-S1 bond n the tetrahedral coordination. The thin pallet of zeolite was prepared
by compressing 0.01 grams of zeolite sumple with 6 tons pressure loading. 16 measurement scans
was applied in transmmittance mode and the reselution was set 10 be 4. The sample was scanned

- i
over the frequency 4000-100cm .

Figure 1.7 Infrared Spectrometer, 1FS 28. Bruker.

1.2 Result and Discussion

[.2.1  Determination of Zcolite Structure

1.2.1.1 Titanium Silicalite I (TS-1)

The zeolite structure was determined by X-ray diffractometer. The X-ray diffraction
pauterns of all catalysts are shown in Appendix A, The X-ray diffraction pattern of TS-1 was
compared with the standard X-ray diffraction pattern. It was shown that the synthesized TS-)
(Figure 1.8) having MFI 1ype structure shows characteristic peaks at 20 7.89. 8.84.23.11. 23.8)

and 24 .4.
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After calcination, the X-ray diffraction patten of the calcined TS-1 (Figure 1.9} was
shown that the structure remains unchanged. However, peak intensity at 20 7.88 and 8.84 was

increased indicating decomposition of organic template from the pore of TS-1.
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Figure 1.9 X-ray diffraction pauern of TS-1 after calcination,
1.2.1.2 Titanium Beta Zeolite
The X-ray diffragtion pattern of parent zeohte Beta [Figure 1.10) was conpared with the

standard X-ray diffraction pattern. 1t was confirimed that the zeolite NH, -Beta shows BEA type



structure, showing characteristic peaks at 20 7.68, 2245, 25.22, 26.82 and 29.47. After
dealumination, X-ray diffraction pattern shows that the structure and crystallinity remain the
same. However, when the dealuminated Beta was calcined, the characteristic peaks 20 of zeolite
was shified from 20 7.68 10 7.93 indicating shrinkage of the pore size due to loss of the
aluminium tetrahedra from the framework.

X-ray diffraction pattern of titanated zeolite Beta shows thal the crystallinity and
structure are unchanged. Aler the titanium zeolite was washed with sulfuric acid. there wax also
no significant change o crystallinity. All the zeolites appear 10 be weil-defined crystalline

microporous materials
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Figure 1.10 X-ray diffraction pattern of zcolite NH, -Beta.
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Figure 1.11 X-rayv diffraction pattern of dealuminated zeolite Beta belore calcination.
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Figure 1.12 X-ray diffraction patiern of dealuminated zeolite Beta afler calcination.
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Figure 1.13 X-ray diffraction pattern of zeolite Ti-Bela befare washing with sulfuric acid.
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Figure 1.14 X-ray diffraction pattern of zeolite Ti-Beta after washing with sulfuric acid and

calcination.



1.2.2  Elemental Analysis
The silicon, aluminium and titanium content of zeolites were determined by graphite

furnace atomic absorption spectrophotometer. The results are shown in Table 4.1

Table 1.2 The determination of silicon, aluminium and titanium of zeolites

Zeolite Silicon/Titanium Silicon/Aluminium
TS-1 26 -
| NH, -Beta s A
Dealuminated Beta 5 > 200
Ti-Beta (before wash with sulfuric-acid}) 36 -
Ti-Beta (after wash with sulfuric acid) 47 -

It was shown that TS-1 has siliconftitanium ratio of 26. Parent zeolite NH, -Beta
possesses silicon/aluminium ratio of 27 {as certified by supplier). After dealumination of zeolite
NH, -Beta with 7 molar of nitric acid. sluminium in framework of zeolite was virtnally removed.
Siliconmtanium ratio of the zeolite after the titapation was found to be 36. However, after
washing with sulfuric acid, the silicon/titanium ratio of the sample was increased to 47. This is
suggested that there are 2 species of titanium in the zeolite; the framework and the non-
framework titanium. The later can be washed out by sulfurie acid. [t is believed that the titanium

remained in the Ti-Beta after washing with acid are only the framework titanium species.

1.2.3  Determination of Crystal Morphology of Zeolite

The morphology of zeclite crystal and crystallite size was determined by scanning
electron microscope. The electron micrograph of TS-1 both before and afler calcination shows
that crystallite size is about 18XS micron (Figure 1.15 and 1.16). The sample appears to be a
well-defined crystalline material. However, the crystallite size is relatively large for catalytic
applications. The electron micrograph of NH, -Beta {Figure 1.17), dealuminated Beta (Figure
1.18-a), calcined dealuminated Beta (Figure 1.18-b), Ti-Beta before washing with sulfuric acid
{(Figure 1.19-a) and Ti-Beta after washing with sulfuric acid (Figure 1.19-b) are shown that all of
Beta samples have spherical shape with crystallite size of 0.5 micron in diameter. The small

crystallite size ol the sample is suitable for catalytic purposes.




; e 800 d .
-MEEEE 15KV lB_j..lrn x!_-ep {SkU Zum -

Figurc 1.16 Scanning electiron micrograph of TS-1 alter calcination,
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Figure 1.18 Scanning electron micrograph of zeolite dealuminatgd Beta before (a} and afler (b)

calcination.
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Figure 119 Scanning electron micrograph of zeolite Ti-Buta before (a) and alter (b) washing

with sulfurie acid and calcinagon.



1.2.4

Titanium in framework (tetrahedral form) can be determined by infrared spectroscopy
(FT-1R). Titanium in the framework shows the characteristic signal of Ti-O-Si vibration at 960
cm”. Both Ti-Beta and TS samples show this characteristic band, which suggests that titanium

species are present in both samples as framework cations. Fourier Transtormed IR spectra of

zeohtes are shown in Figure }.20 and 1.21.

Transmitance [¥)

Figure 1.20 Fourier Transformed IR spectra of zeolite NH, -Beta (a), Dealuminated Beta (b). Ti-

Determination of Titanium in Framework

e "

|
\ L\
L\

1083, 8

858.0

i

——

L

v

1

i
o
%
L=
1

f

Ve
|

\

.l
\,
\

\\

\

T
1200 1200

g0

T
1000 900
Havenumber cm™

800

T
700

Beta before (¢) and atter (d} washing by sulfuric acid

From the Figure 1.20. it was shown that before titanation of zeolite Beta (NH, -Beta,
Dealuminated Beta), there is definitely no characteristic peak of Ti-O-Si vibration (a. b} because
no titanium is present in the zeolite framework. After titanatioh, the characteristic peak of Ti-Q-Si

vibration appeared (¢). ftis believed that lost aluminium is replaced by titanium species.
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Although, the titanium content s reduced by washing with sulfuric acid (increase in
S¥/Ti), the washing only removes the non-framework titanium. Theretore the intensity of the
characteristic peak (960 cm’') remains the same {d), which indicated that only the tetrahedral

titamum i present in the framework after washing with sulfuric acid.
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Figure 1.21 Fourier Transformed [R spectra of zeolite Ti-Beta affer washing by sulfuric acid (a)

and TS-1 (b)

The result from elemental analysis shows that the titanium content of TS-1 is higher than
that of zeolite Ti-Beia, Figure 1.21, however, it is shown that the characteristic peak of zeolite Ti-
Beta can be clearly distinguished, as compared to the TS-1. It may well be described that the
titanium tetrahedral located mostly in the zeolite crystal. Accordingly, the relative higher number

of external silanol of the large crystallite TS-1 would interfere the vibration signal of the Ti-O-Si,
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causing characteristic peak (960 cm') of TS-1 to appear as a shoulder peak of the large Si-O

vibration bands (1000-1200 cm ).

1.2.5 Determination of Surface Area

The surface area of zeolites are shown in Table 1.3

Table 1.3 The surface area of zeolite

Zeolite Surlace Arca (m:fg]
TS-1 atter calc_ination 354
NH, -Beta 665
Ti-Beta betore washing by sulfuric acid 536
Ti-Beta after washing by sulturic acid and calcined 625

From the result, it was shown that zeolite Beta have higher surface area than TS-). This
may be accounted partly trom the fact that the crystal of TS-1 is larger than Beta. After titanation
of the zeolite Beta, the surface area was reduced. This can be attributed to the pore blockage by
the incorporated titanium species. Since there could be two species of titanium in the zeolites: the
framework and the non-framework titanium, the later can readily block the pore of zeolite. This
can result in a relative jower surface area of the titanated sample. as compared to the parent
dealuminated Beta. Washing by sulfuric acid can remove the non-framework titanium from the
pore of zeolite leading 1o an increased surface area. This is also in consistent with the results from
the elemental analysis and FT-]JR indicating the reduced titanium content with the retaining

tetrahedral titanium (section 2.4). The BET plots of zeolites were shown in Figure 1.22-1.25.
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Figure 1.23 BET plot of zeolite NH, -Beta.
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Figure 1.24 BET plot of zeolite Ti-Beta before washing with sulfuric acid.
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Figure 1.25 BET plot of zeolite Ti-Beta afier washing with sulfuric acid and calcination.
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CHAPTER 2
BECKMAN REARRANGEMENT OF CYCLOHEXANONE

OXIME
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2.1 Objectives

To study mechanism of Beckman rearrangement of cyclohexanone oxime. To obtain
appropriate reaction condition which allow high selectivity of caprolactam . To obtain a certain
type of zeohte which gives high selectivity of caprolactam. To understand the influence of
solvent on conversion and selectivity of caprolactam and understand the pathway of reaction
using tifaniwm conlainning zeoltes as catalyst.

2.2 Catalytic testing

The vaper phase Beckmann rearrangement reaction of cyclohexanone oxime was
conducted under atmespheric pressure using a continuous flow reactor.  The cyclohexanone
oxime was dissolved in s-butanol and fed by a syringe pump. In the presence of nirogen as a
carvier gas, the fluid muxture wis passed over the packed bed of zeolite catalyst at various
reaction temperature and contact time for 90 minutes on stream. The products was passed over
the condenser and condensed at 5°C. The product mixture was analyzed by Gas Chramatography
and Gas Chromatography-Mass Spectrometer. Figure 2.1 shows diagram of the catalytic flow
reaclor.

Figure 2.1 Schematic of catalvtic reactor

N. .
" Y Furnace
Q, =Y
. @ Syringe Pump
He ™ Mass flow controller
H: ﬁm

Condenser

From previous study (4] the feed ratio used in the experiments are as follows:

cyclohexanone oxime: diluent: nitrogen gas, 1 19 : 10 (molar) was used for the investigation.
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2.3 Result and discussion
2.3.1 The Beckmann rearengement in H-Beta

The Beckmann rearrangement of cyclohexanone oxime over H-Beta catalyst was
investigated using n-butanol as selvent. It was found that cyclohexanone oxime converted to
caprolacian as major product  The by-products of this reaction were found 1o be cyclohexanone,
cyclohexenone, 3-cyanopentane and 5-cyano-!-pentene. The conversion of cyclohexanone oxime

is shown i Figure 2.2

I(lU e et — e -

T COTN CTSIAN

.40 6? . RO 100
time on stream (imin)

Figure 2.2 Conversion of cyclohexanone oxime over H-Beta catalyst. Reaction condition .

n -f . .
temperare; 354 C, pressure: Taim, WIF: 136 ¢, I mol diliient; n-hutanol. currier

iy wgavkang

gas: N me on stream; 90 min

It i3 shown in Figure 2.2 that, conversion of cyclohexanone oxime was decreased with
the increase in tume on streamn. It is suggested that, the decrease in the conversion of
cyclohexanone oxime due to the coke fonmation, presumably trom polymerization of caprolactam
and by-preducts [$). The undesirable-product can be formed by hydrolysis of cyclohexanone
oximne and ring opening of caprolactam intermediates. Polymerized products can deposit on the
active sites, inhibiting adsorption of cyclohexanone oxime. This would result in a decreased
conversion as lime on stream was increased. The coke formation in H-Beta can be confirmed by
thermogravimetric analysis (Figure 2.3). It was found that after reaction the H-Beta possesses
16.8 percent weight Joss. which decomposition at 450°C and 650°C. It should be expected that
the weight loss at 450 "C is contributed to the decompositioh of high molecular weight species,

while the fixed carbon is decomposed at 650°C.
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Figure 2.3 Thermogravimetric analysis of H-Beta
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Figure 2.4 Selectivity of caprelactam, cyclohexanone. cyclohexenone. 5-cyanopentane and 5-
cyano- | -pentene over H-Beta catalyst. Reaction condition: temperature: 350 'C. pressure: 1 atm,

-1
fr ol

WiF: i36g, diluent ; n-butanal, carrier gas: N, time an streany; 90 min
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The products tfrom the reaction were analyzed using GC and GC-MS. It was {ound that,
selectivity ol caprolactam is higher than the other product (FFigure 2.4). 1t was suggested that the

formation of caprolactam can be promoted by the acid siles of the catalysts [6]. T Komatsu et al.
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proposed that a reaction pathway is ascribed by the Langmuir-Hinshelwood mechanism, as

follows:
Ox + A <+—p> Ox(a (n
Ox(a) 4> Cpta )
Cpla) - Sv <P Cp - Sv(@ . {3)
Sv - A - Svfa) {(4)

First the reactant, cyclohexanone oxime (Ox). is adsorbed on an active site (A) ot the
catalvst to form adsorbed cvelohexanene oxime (Ox{a)). This adsorbed species can be converted
inte caprolactam, adserbing on the active site (Cpla}).  The product would then desorb by a
solvent molecule (Sv) which subsequently adsorb on the active site (Sv{a)). This adsorbed
sotvent (Sv(al} must be desorbed from the active leaving vacant site (A) for further somtion of
reactants.  Therefore, an appropriated solvent would possesses a weaker interaction with the
active sitex. as compared 10 the reactant. but stronger as compared to the products. The possible
pathway for Beckmann rearrangement reaction of cyclohexanone oxime to caprolactam on the

active sites ol zeohte 15 depicted as follow:

\-‘x
oo . ,
g, ; o L
i LN o Wy -~
{1 ) [#] 4] 153 L% )
N N N N AN P
ENY ¥ N ,u/ o N
T .
o ) I R H
- I
T ./ . N
¢ O - L0 o *
/‘\\”/“\a’l/“\/“\ /)\5;/ NN
M . A1 N

33



However, not only caprolactam was formed over the active sites, but other by-products
can also be produced. The results from GC-MS reveal that the by-products inctuded
cyclohexanone, cyclohexenone, 5-cyanopentane and 3-cyano-l-pentene. The selectivity of the

by-products in thus reaction s shown in Figure 2.5,

[IRRT RN

(U RN

clohewinone avelohesenane Sovanupeniang Segyanoe |-

penteny

Figure 2.5 Sclectnvity of by-products: cyclohexanone, cyclohexenone, S-cyanopentane and 5-
ovanosl-pentetie over H-Beta cawslyst. Reaction condition: temperatare: 350 7C,

prosseee: foawn, B7F 136 ¢

IR Y LYLENLL

- . .
h mol o diluens; butanol, carrier gas; N,

dverage gare on stream F0-90 min

From lsgure 22500t was tfound that vield ot S-cyano-1-pentene is higher than that of
evclohexanone, cyclohexenone and S-cyanopentane.  The by-product, S-cyuanc-i-pentene is
suggested 10 from via the decaomposition of cyclohexanone oxime when water sorption is
inhibited (A), The Beckmann rearrangement is commonly assumed to proceed via formation of
O-protonated cyclobexanone oxime, followed by migration of Of-carbon to the imine nitrogen,
with subxsequent lost of water. The lost water would then react with the rearrange species 10 form
oxoniunt ion and caprolactam respectively. However at high temperature, adsorption of the lost
water can be limited, thus the decomposition of the iminium intermediate can fake place, produce
S-cyano- I-pentens as by-product. The possible pathway for the formation of 5-cyano-1-pentene

18 shown as follav. s,
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Another by-product. S-cyanopentane, cannot formed by decomposition of evclohexanone
oxime as its unsaturated countered part, bul 11 was suggested o torm by reduction of
cyclohexanone oxime which will be discussed turther in the selectivity of caprolactam section.
The other two byv-product, evclohexanone and cyclohexenone are preswmably produced by
hydrolysis of cyclohexanone oxime and 5-cyane-I-pentene, respectively. The possible pathway

for hydrotysis of cyclohexanone oxime 10 cyclohexanone 15 shown as follows:
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A more complicated hydrolysis is suggested for the formation of cyclohexenone. [t is
possible that the major by-product (5-cyano-1-pentene) can undergoe cyclization over the acid

sites. Subsequently, the cyclized product can be hydrolyzed to form cyclohexenone as postulated.
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It seems that the water sorption in this reaction is responsible for selectivity of
caprolactam and by-product. For example. when water somtion is inkibited 5- cyuno-{-pentene
can be formed. In contrast, cyclohexanone can be readily produced in the presence of large
amount of water.  Accordingly, effect of water was investigated by addition of water into the
solvent. This will be turther discussed in effect of solvent section .

Not only the low selectivity of caproluctam is observed, but the deactivation rate over H-
Beta is also high. This may well be derived from the stronger acid sies of 11-Beta, Over the
stronger acid sites, desorption of products is somewhat retarded. This leads 1o lurther undesirable
reaction to form by-product and high molecular weight products. The latter can undergo
polymerization o form coke in the pores of zeolite, which consequently reduce the active center
for the reaction. Therefore, the reaction over weaker acid sites and ttanium active sites were

investigated in the next section.
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2.3.2 Effect of type of zeolite catalysts
2.3.2.1 Activity of catalyst

Beckmann rearrangement of cyclohexanone oxime was investigated over various types
of zeolite catalysts, namely H-Beta, Dealuminated Beta and Ti-Beta (washed Ti-Beta by sulfuric

acid). Figure 2.6 shows the conversion of cyclohexanone oxime over those catalysts,
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_ %0 * » i ® H-Be
2 n e * e
z A & _
zZ 40 s " " am . B dealuminated Beta
= 20 A 4 4 a4 a

0 A Ti-Beta

1] A0 100

time on stream (min)

Figure 2.6 Conversion of cyclohexanone oxime over H-Beta. dealuminated Beta and Ti-Beta
catalysts.  Reaction condition: temperature; 350°C, pressure: | atm, W/F: 13.6

-t : . . \
g . imal dileenit; butanol, carvier gas: N, time on stream: %00 min

Form Figure 2.6, it was found that the conversion of cyclohexanene oxime over H-Beta
was higher than that over Dealuminated Beta and Ti-Beta. 1t 1s suggested that the activity of H-
Beta is higher than the other two catalysts.  This is because H-Beta, contains a large number of
active sites. as compared to the Dealuminated Beta and Ti-Beta.  [n H-Beta there are both
Bronsted acid sites and silanol sites, which were suggested to be able to promote these reactions
within the pores of zeolite and on the external surface, respectively [32). The active sites in H-

Beta can be depicted as follow.
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The conversion of cyclohexanone oxime depends largely on number of active sites.
As discussed earlier that the sorption and desorption of reactant play important role in the
catalvtic activity. The conversion of ¢cvclohexanone oxime would be increased when there is a

large number of acuve sites available Tor adsorption of the reactant.

In the case of Dealuminated Beta. it possesses only silanol active sites. These species
could be present within the pore and on the external surface of the zeolhte crystals. It is
believed that there is negligible amount of Brénsted acid sites present in this catalyst. This
can be confirmed by the elemental analysis of Dealuminated Beta that there 1s only vace of
aluminium retained in the framework atter dealumination. In accordance. only silanol active
sites are responsible for the adsorption of the cyclohexunone oxime. Therefore. the
dealuminated Beta would contribute a relatively lower activity, as compared to the H-Beta,
which possess both silanol and Brnsted acid sites. The active sttes in the dealuminated Beta

is shown as tollows.

Silanol site Silanol site

\ /

HO\_/O\S/O\Si/o\s_/o\S_/O\S_/OH
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Ti-Beta also contains silanol active sites and additional weakly Lewis acid sites arising

from the tetrahedral titanium species in the tramework, as shown.
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Silanol site Tetrahedral titanium in the framework
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It could be expected that this catalyst would possess a higher activity. as compared to the
dealuminated Beta. However from the Figure 2.6 it was found that conversion of cyclohexanone
oxime over Ti-Beta is lower than that H-Beta and Dealuminated Beta. This is imphed that only
the silanol sites in Ti-Beta is responsible for Beckmann rearrangement of cyclohexanone oxime.
The tetrahedral sianivm sites may not only be imactive. but alsv leads 1w the formation of by-
product.  This suggestuan can be described from the fact that cyclohexanone oxime can be
strongly adsorbed on the tetrahedral titanium active sites. and probably forming a peroxy
complex. which can undergo reductive elimination to give by-products (section 2.3.2.2). In fact,
the formation of peroxy complex by hydrogen peroxide with tetrahedral titanivm framework has
been previously reported in solution {39]. Accordingly. it 1s possible that the peroxy complex can
be formed by the reaction of cyclohexanone oxime with the tetrahedral ttanium framework as

illustrated below:
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This adsorbed species can be speculated by the Thermogravimatric analysis {Figure 2.7)
that the Ti-Beta shows a unique weight loss at temperature about 180 °C which is closed to the

decomposition temperature of cyclohexanone oxime (about 160°C). The decomposition of
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adsorbed species would take place at relatively higher temperature, as compared to that of free
cyclohexanone vxime. This suggests thal cyclohexanone oxime could be strongly adsorbed
over the telrahedral litanium sites of zeohte and possibly form a peroxy complex. [t should be
noted that this decomposition (180°C) takes place via oxidation under oxygen How, In
contrasts, Thermogravimetric analysis of H-Beta and Dealuminated Beta do not show the
decomposition at temperatire 180 "C. Since in fuct there is no tetrahedral titanium sites
present in these catalysis for the formaiion of cyclohexanone oxime peroxidic species.
However. H-Bewa, Dealuminated Beta and Ti-Bewa possess comimon  decomposition

temperature of coke at about 425 "C and 650 "C (Figure 2.7).
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Figure 2.7 Thermogravimetric analysis of H-Beta, Dealuminated Beta and Ti-Beta
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From the Thermogravimetric analysis (Figure. 2.7), it is found that H-Bela possesses a
higher percent weight loss. as compared to Dealuminated Beta and Ti-Beta, respectively. It is
suggested that over the stronger acid strength of Bronsted acid siles in H-Beta. the desorption of
product is somewhat retarded as discussed earlier {section 2.3.1). Therefore, the stronger acid
strength of Br@nsted acid sites i H-Beta leads to a higher coke formation, as compared to the

weaker acid strength of silanol active sites in Dealuminated Beta, The coke formation in the case
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of Ti-Beta is lower than that of Dealuminated Beta, which suggests that Ti-Beta possesses
weaker acid strength than the Dealuminated Beta and H-Beta, respectively. Moreover, coke
formation largely depends on the amounts of active sites in the pore of zeolite catalyst. H-Beta
possesses both Br@nsted acid sites and silanot sites, so there are higher coke formation, as
compared to Dealuminated Beta, which has only silanol active sites.  Ti-Beta possesses

relatively small wmounts ot silanol active sites thus. it shows lower coke formation.

Furthermore. it was tfound from the previous report 28], that the titanium species in
the tframework ol the zeolite can be present as both internal and external surface species. The

external surface species was afso suggested 1o be able to sorb cyclohexanone oxiume as

Hlusirared:
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These adsorbed species are somewhal so stable that the adsorbed cyclohexanone oxime
species would be relatvely less active for Beckmann rearrangement.  However. the surface of
ttanium active sites can also reduce cyclohexanone oxime to & by-product due 1o the oxidizing
ability of the peroxidic complex (as further discussion in the section 3.2.2). Therefore, in the case
of Ti-Beta. only the silanol sites would be responsible for the conversion of the cyclohexanone
oxitne 1o caprelactam. This causes a lower conversion of ¢yclohexanone oxime over the Ti-Beta .

as compared 1o H-Beta and Dealuminated Beta.

From the above results, it cun be concluded that the conversion of cyclohexanone oxime depends
largely on the type of active sites. The reactant must adsorb on the active sites and also rearrange
to products. In addition. the product must be desorbed to give free active sites, which allows the
adsorption of a forthcoming reactant. Accordir;g]y. appropriale active sites should be favor for
the adsorption of reactants. but unfavorable for the products. Moreover, the conversion of
cyclohexanone oxime depends on the atnounts of active sites. ln the case of Ti-Beta, the catalyst
possesses internal/external titanivm sites and silanol sites. The titaniwm sites is inactive for this
reaction. due to the strongly interaction with reactant to form peroxidic complex. However,
titanium sites can convert cyclohexanone oxune 10 by-product, which will be discussed in section

2.3.2.2 Only silanol active siles can facilitate the adsorption of cyclohexanone oxime to form
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desired products. Therefore, Ti-Beta shows lower conversion of cyclohexanone oxime than those
using Dealuminated Beta and H-Beta. However, the interaction of solvent can also affect the

competitive adsorption of reactant. which will be discussed in section 2.3.5

2.3.2.2 Selectivity of caprolactam

[ was obscerved that the selectivity of caprofactam in the reaction using Dealuminated

Beta 1~ bigher than that the case of H-Bews and Ti-Beia. as catalysis (Figure 2.8).
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Figure 2.8 Selectivily ol caprolactam over H-Beta. dealuninated Bela and Ti-bets as calalysts.
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Reaction condition: temperature: 350°C, pressurve; | amm. WIF: 13.6 I maof dilitent;
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Form the previous rep0|‘t'[30.32]. it was found that the high acid strength can enhance the
selectivity of by-product.  Regarding 10 she acid strength of H-Beta and Dealuminated Beta, 1t
was found that the active sites of Dealuminated Beta is only silanol site, a weakly acid site while
the active sites of H-Beta are both silanol sitex and Bronsted acid sites, a stronger acid site. This
15 consistent with the observed high by-product selectivity over H-Beta, while the by-product
selectivity over Dealuminated Beta is relatively low (Figure 2.9).- Therefore, the reaction using

H-Beta gives relatively low selectivity of caprolactam, as compared to the Dealuminated Beta.
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In the case of the Ti-Beta. the observed selectivity of by product is higher than that of
Dealummated Bews. paricularly for cyclohexanone and 3-cyanopemane while no significant

change n cyclohexenone and 3-cvano- | -peniene 1x observed us shown in Figure 2.10.
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Figure 2.10 Selectivity of by-products over H-Beta and Desluminated Beta and Ti-Beta
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It mav well be deseribed from the assumption that. the cyclohexunone and -
cyanupentine ¢an be promoted by the tetrahedral ntanium framework.  As shown in Figure 2,11,
the high selectivity ol 3-cvanopentane 15 observed over the Ti-Beta, as compared (o that over the
Dealiminated Beta and H-Beta. 1t is suggestied that the framework titanium species could
possibly promote S-cyvanopentane. [Uis likely that the peroxy titanium complex. which ix forined
by the adsorption of cyclohexanone oxime on the framework titanium species. can undergo
decomposition, to form peroxo titanium on the framework [38]. The associated peroxy ligand
would be subsequently reduced 1o form 5-cyanopentane. The possible pathway for the reduction

of cvclohexanane oxime 1o S-cyanopentane over titanium species on the surface is postulated

below .
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Regarding 1o the the cyclohexanone selectivity, it is found that the selectivity of

cyclohexanone over Ti-Beta is also higher than that over B-Bela and Dealuininated Beta (Figure

2.12).
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Figure 2.12 Selectivity ol cyvclohexanone over H-Beta. Dealuninated Beta, Ti-Beta as cawalysis,
Pl . !
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[Uis suain suggestion thai, the ttanium species could possibly promote the fonmation of
cyclohexanone.  lu similar manner to the formation of S-cyanopeniane, the peroxy tilanium
complex. which is lTormed by the adsorption of cyclohexanone oxime on the hlanium species, can

undergo decomposition and consecutive hydrolysis to form cyclohexanone, as illustrated:
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Therefore. in the case of Ti-Beta, the selectivity of caprolactam is lower than H-Beta and
Dealuminated Beta because the titanium species can facilitate the fonnation of by-product. It is
concluded that the product selectivity depends largely on type of active sites. 1t seems thag the
caprolactam selectivity for the active sites is in the order of silancl sites, Brznsted acid sites,

framework tilanium aclive sites. -
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2.3.3 Effect of temperature

2.3.3.1 Activity of catalyst

The eftect of temperature on the Beckmann rearrangement of cyclohexanone oxime over
H-Beta catalyst was investigated at 350-400 "C. It was found that, conversion of cyclohexanuvne

oxime was imcreased with nise in lemperature (Figure 2.13).
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Figure 2.13 Eftect of reaction temperature on the conversion of cyclohexanone oxime over H-
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The conversion of cyclohexanene oxime at high wemperatuce is higher than those at low
lemperature because the increase in temperature sllows faster diffusion rate of the cyclohexanone
oxime inside the pore of H-Beta zeolite. Moreover. the product desorption from the active sites
would also be increased resulting in the increased vacant active sites for the adsorption of
cyclohexanone oxime. This is consistent with the report by }. Weikamp et al. that {27), the
conversion of cyclohexanone oxime over ZSM-5 increase drastically with rise in temperature due
to the faster ditfusion rate of cyclohexanone oxime inside the pore of catalyst. Therefore, at the
higher reaction temperature the more cyclohexanone oxime would readily penetrate into the pore
of Beta. This leads 10 an increase in the overall conversions of cyclohexanone oxime.  The
conversion of cyclohexanone oxime over Dealuminated Beta and Ti-Beta (washed Ti-Beta by

sulfuric acid) i shown in Figure 2.14.
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It was found that, the conversion of cyclohexanone oxime over ali catalysts were
increased with rise in temperature. [t is clear that the effect of temperatuwre for the dealuminated
Beta is in a similar manner as that for H-Beta. However, it is worth noted that when the
temperature is risen, the increased convession of ¢yclohexanone oxime over Ti-Beta is increased

in & higher extent, as compared 1o Dealuminated Beta and H-Beta, respectively (Figure 2.14).
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Figure 2.14 Effect of reaction temperature on the conversion of cyclohexanone oxime over H-

Bela. Dealummated Bets and Ti-Beta.
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Reaction condition: pressure; § aim, W/F: 13.6 ¢ h mol

o ot Gilttens butanol, carrier gas;

N. average time on siream 10-90 min, temperawre; 350, 373, 400°C

It is suggested that, when the temperature is increased, the desorption of product which
strongly adsorbed over titanium active sites, is facilitated and consequently this provides free
active sites for further adsorption of cycichexanone oxime. As temperature increased, the active
surface was just revealed and the conversion ol cyclohexanone oxime was drastically increased in

the case of Ti-Beta. This implies that the activity of Ti-Beta is not so different from
Deatuminated Beta, but the active surface was occupied by strong adsorb species. As seen from
the effect of temperature, it 15 likely that only the silanol sites in Ti-Beta is responsible for
Beckimann reasrangement, Again fhis is consistent with previous discussion {section 2.3.2.1) that

the framework titaniwm siles would be maclive in this reaction.
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2.3.3.2 Deactivation rate of catalyst

En the case of H-Beta, the deactivation rate is drasticatly reduced when the temperature is
risen (Figure 2.13). This may well be ascribed that high temperature can facilitate the desorption
of product from the pure size of zeolite. This leads o o decrease in agglomerated species on the
active sites. Consequently, coke formation and deactvation rate of catalyst was decreased with
the increase inemperature. This is consistent with the previous suggested imechanism that it the
sobvent could desorb the product molecule. which reduces the pelymerization of adsorbed product
10 form cohe precursor. the deactivaven rate would be retwrded. it ix evident by the
thermogravimetric analvsis of H-Beta thal percent weight loss decrease with an increase in
“reaction Iumpcrinurc (Table 2.1 Morcover, it can be confirmed by the gas adsorption analysis
that the surlace area o the spent catalyst used in the reaction a1 the higher temperature is higher

than thar at low 1emperature (Table 2.1

Table 2.1 Percent weight loss and surfuce area of the H-Beta catalyst

Reaction H-Beta
Temperature Percent weight lost (Va) Surtace arey [n‘.:a’g)
350°C 16.84 409
J00°C 14.56 436

In the case of Deatuminated Beta the deactivation rate was also decreased with increase
in temperature {Figure 2.15), however at high temperature the deactivation rate of Dealuminated
Beta 15 stifl higher than the deactivation tate of H-Beta. This is because butanol, which is the high
polar molecule, can easily desorb the product from the high acid strength Brénsted acid sites
within H-Beta, but over weakly acid strength o! silanol sites within Dealuminated Beta butanol is
Jelatively less effective for desomtion of product. Therefore. only small amounts of coke formed
on the active sites of Dealuminated Beta. can result in marked decrease in catalytic activity. This
is consistent with the thermogavimetric analysis rexults that smaller amounts of coke is formed in
Dealuminated Beta, as compared to H-Beta.  Ahhough the temperature was increased, only

slightly decrease in percent weight loss was observed in dealuminated Beta. (Table 2.2).
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Figure 2.15 Effect of reaction temperature on the conversion of cyclohexanone oxime over
Dealuminated Beta
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Tabie 2.2 Percent weight loss of the H-Beta, dealuminaled Beta and Ti-Beta

Temperature H-Beta Dealuminated Beta Ti-Beta
350°C 16.84 i4.13 [2.03
400°C 14.56 13.50 10.45

In the case of Ti-Beta (Figure 2.15) the deactivation rate was also decreased with an
increase in temperature, but in relatively lower extent, as compared to dealuminated Beta and
H-Beta. [t is suggested that small amounts of coke formation on Ti-Beta. can result in a marked
decrease in catalytic activity. This 1s consistent with the thermogavimetric analysis results that
smaller amounts of coke are formed in Ti-Beta, as compared to dealuminated Beta and H-Beta.
This leads to the concluded that the active sites on Ti-Beta is less active, as compared to

dealuminated Beta and H-Beta, which is consistent with the previous discussion (section 2.3.2.1).
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2.3.3.3 Selectiviey of caprolactam
It was observed that the selectivity of caprolactam in H-Beta was mereused with rise

temperature (Figure 2.17).
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Figure 2.17 Effect of reaction tlemperature on the selectiviy of caprolactam over H-Beta
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This is different from the previous report [27]. which is found in ZSM-5 that when the
temnperature is increased the selectivity of caprolactam is decreased. Due Lo the fact that
caprotactam is seven membered rings, its molecular size would be larger than the pore window of
ZSM-5 zeolite. Therefore the formation of caprolactam within the pore of ZSM-5 zeolite would
be suppressed. while the formation of byv-product with the smaller molecular size can be
facilitated (Figure 2.08). On the other hand. he selectivity ol caprolactiom s increased with
increase m emperature in the case ol Beta eatalyst, because of 15 umque struciure with o three-
dimensional pore system contnng 1 2-membered ring. which possesses a certain Iree capacity
for the ranstormation of the six-membered ring cyclohexanone oxime inte the seven-membered

ring caprolictam tFigure 2 19}
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It is suggested that, as the temperature increases, the diffusion rate of both reactant
{cyclohexanone oxime} ard solvent (buianol) would ulso be increased. Therefore, relatively more
reactant can be present in the framework al a certain peried of time at high temperature.
Additonally the product can be readily desarbed from (he active sites due 1o the increased solvent
interiacnon.  This decreases the side reactions over the active sites.  Consequentty, the high
temperaire contributes a relatively lower activity for byv-product formation. High selectivity of
capredactium is thus abtained,

In the case ol dealummated Bewn and Ti-Betn. 1t was found that the selechivity of
capralactam was also ncreased with rise m temperature. I iy suggested that the eflect of
temperature for selectivity ol caprolactam over dealuminated Beta and Ti-Beta are ina similar
manner as H=Beta Towever, over the temperature range. the selectivity ol caprolactim for
demluminated Bewn is higher than H-Beta and Ti-Bew, respectively (Iigure 2200 This s
ttluenced by the tpe of actrve sies and inleraction of the active siex with the reactant. the

product and the selvent as discussed earlier in seciron 2,3.2.2,
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Figure 2.20 Effect of reaction temperature on the selectivity of caprolactam over H-Beta
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2.3.4 Effect of contact time

2.3.4.1 Activity of catalwst

The effeet of contact time on the Beckmunn rearrangement of cyclohexanone oxime over
H-Beta catalyst was investigated from 13.6 and 27.2. ¢ h maol ‘ s - JDwas found that

conversion of evelohexanone oxime was drastically mproved with rise in contact time.
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Figure 2.21 Effect of conuicl time on the conversion of cyclohexanone oxime over H-Beta
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[0 was suggested that, when contact ine is increased there are more available the active
sites for eyclohexanone oxime adsomption. This leads to an increased in overall conversion of
cyclohexanone oxime. Moreover, at higher contact time. butanel can facilitaie the desorption of
product from the active sites therefore. the vacant sites for the further adsosption of reactant was
increased. Consequently, conversion of cyclohexanone oxime was also increased.

The conversion of cyclohexanone oxime in Dealuminated Beta is shown in Figure 2.22
It was found that, the conversion of cyclohexunone oxime n Dealuminated Beta wax increased
with rise in contact ime. [ is suggested that the effect of contact time for Dealuminated Beta is a

simitlar manner us H-Beta.
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in the case of Ti-Beta Figure 2.23, it was found that, the conversion of cyclohexanone
oxime was also increased with an increase in contact time. However, this is in sinaller extent, a3
compared 1o dealuminated Beta and H-Beta. Since at 350 “C the activity of Ti-Beta is less than
dealuminated Bewa and H-Bew, respectively.

2.3.4.1 Deactivation rate of catalyst

In the case of H-Beta. the deacuvation rate is drastically reduced when the contact time 1s
risen (Fioure 2.21)0 This may swell be asenbed that when the contact lime was inereased. butanol
can lacilitated the desorption of product. Tlos leads w0 o decreased in poelymerizaton of the
adsorbed product 10 form coke precursor.  This suggestion 15 alse confirmed by (he
thermogras imetrie analysis of H-Beta, which sliows the decrease tn pereent weight loss with an
inceease i contict time (Figure 2.24) Moreover s evident by the surface area analysss that the
surtace area ol the T-Bew ased at lngher contact time ix relatively highe ax compared to that used

at the losver contact time (Table 2.3}
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Figure 2.24 Theimogravimeltric analysis of H-Beta osed at different contact ime

56



Table 2.3 Show surface area of H-Beta with an increase in contact time

Comact time Surface area (m’/g)
13.6 409
27.2 452
-

fn the case of Dealuminated Beta the deactivation rate was also decreased which
increased in contet time {(Figure 2.22). The effect of contact tme for deaciivation rate of
Dealumimated Bewa is in a similar manner as H-Bewa, It can be evidenced by ihermogavimetric
anajvsis that the coke formation of polymerization product which decomposed al temperature
430 C and (;Sili C owas decreased {(Figure 2.25). However, the decomposition at temperature
00 C was observed iy the catalyst at high comact time. It may well be aseribed that as the
contact time is msen. the desorption of high molecular seight can be [acilitated by salvent
However. sice the mteraction of butanol with silunot active sitex 1s poor. as discussed eurlier,
some small molecular species cua still deposit on the active sites.  This species is likely 1o
decomposition w relatively low temperature (ie. 300 "C) as observed by thermogavimetric
analvsis.  Theretore. this s no signtheant different in the overall perceat weight loss ol
Dealuminated Beva when the contact ime is increased. Despite, higher contact time leads w agh

actvity,

Derlvative Welght Percent (%fmin)

deainndnuted Beta gl o)

00 S0 . 6lH) 200
Temperatore ()

Figure 2.25 Thermogravimetnic analysis of Dealumirated Beta with an increase in contact time
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However. in Ti-Beta it was found that, the coke formation was increased with an
increased in contact time (Figure 2.26). It was suggested that butanol cannot facilitate desorption
of reactant and product from the active sites at this temperature, despite of rise in contact time.
Moregver. this leads 1w the pelymerization of the adsorbed species over the actuive sites.
Therefore. the coke Tormanon was increased. This suggestion was consistent with observed the
high percent weight loss when contagt time is increased (Figure 2.26). Therelore. no
improvement in deactivation rate of Ti-Beta is observed wuh the vise in contact ame. However
the improve acusity s expected. since proportion ol aclive sitesreactants s inereased when
comact time is increased.  In addition. it was found that decomposition at temperature 180°C.
presumably decomiposition of adsorb reactant over the framework of titanium sites disappears.
This 15 because the pore size of this catalyst can be blecked by the nereased coke Tormaton.

Consequenthy - the adsorbed reactant over utamium sites was nol observed.

Deorbvutive Welght Percent (% /ming

Mosahed Deiesa b 2S¢ 427 25

200 400 600 foo
Temperniure (_C)

Figure 2.26 Thermogravimelric analysis of Ti-Beta with an increase in contact time
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2.3.43 Selectivity of caprolactam
It was observed that the selectivity of caprofactam was incressed with risen in contact

time (Figure 2.27).
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Figure 2.27 Eflect ol contact time on the selectivity ol caprelaciam over H-Beta

Reaction condition : remperaiire; 330 e pressure; Datn, diluent: butanol. corrier gas: N lime

on stream: Y min. conjuet time: 13.6 and 27.2 ¢ Jvmol Fw o
From carhier discussion it was found that. buano! can facilnate desorplion ol product

from the active sutes. particular at high contact tme, Theretore, the side reaction was decreased.

espectally the pulymerization of product over the active sites. Consequently. the selectivity of by-

product was relatively low (Figure 2.28). High selectivity of caprolactam can be oblained at high

™

contact Ltime.
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In Deabomimated Bewn, the selecuvity of caprofactiim was alse increased with rise in

contact time (Figure 2.29). In the same way. the ellect of comact time on the selectivily of
caprofectam over Ti-Beta is in a similar manner as H-Beta. However, Dealuminated Beta shows

the highest selectuvity of caprolactam, as previously discussed in section 3.2.2.
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Figure 2.29 Lfiect of contact time on the selectivity ol caprolactam over Dealuminated Beta
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Figure 2.30 Ellect of contact time on the selectivity of caproluctam over Ti-Beta
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Dy the case of Ti-Bewa (Figure 2305 11 was found that the selectivity ol caproliactiam was
also increased with ioereased in contact ume. Since butmol cannot lacilitne desorpuon of
products [ront the active sites which is confimmed by mcreased coke formation, the free titanium
active sites which convert reactant 1 by-product is prohibited. (45 discussed in section 2.3.2.2).
This leads o an increase in the selectivity of caprolactam when contact time is increases.

[t can be concluded that. when the conuet tme s increased, the conversion of
cyclohexanone oxime and the selectivity of caprolactam over any type of zeolites are increased.

-
h mol . the

cataly it Tkt

while the deactivation rale was decreased. When the contact time 15 272 ¢
conversion of cyclohexancne oxitne in H-Betu is ~100% and no signiticant deaclivation rate can
be observed. The selectuvity of caprolactam over all samples ot zeolites ase higher than 90%, and
dealuminated Beta gives the highest selecuvity of caprolactam. However, the interaction between
solvent and active sites would be considerubly important.  Therefore, in the further sections, the

eftect ol solvent in this reaction was studied.
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2.3.5 Effect of solvent

2.3.5.1 Activity of catalyst

[ previows report, [30-31, 33] it ways (ound that the effect of solvent was important for
the conversion of the cyclohexanone vxime. This is because solvent must desorb product to give
free active sites for turther adsormion of reactant. Solvent must possesses stronger jnteraction
with active sites than the product. but weaker interaction with active sites. as compared 10 the
reactant,  Moreover. an approprigle solvent can merease the selectivity ol caprolactam. which

will be discussed in sectton 23,53,

In this study, water was added i the solvent (butanol) at 1433 mola ratio. [t was found

that. the conversion ol evelohexanone oxme was increased. when the water was added (Figure
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Figure 2.31 Eftect of water added in solvent on the conversion of cyclohexanone oxime over H-
Beta i
Reaction condition; temperature: 356°C. pressure. T am, diluent; butanol, butanol - water: 1:53

-
h mol

vidithod P it

molar ratio, carvier ges: N time on stream: 90 min, comtact time; 13.6 g

[t is suggested that. water added tn butanol cin ncrease the polarily of solvent so,
product can be casily desorbed from the active site. As g consequence. more avaitable vacant
active site are expected and more cyclohexanone oxime can adsorb on 1hese sites. The rate of

reaction is then increased resultind in a rise i the conversion of cyclohexanone oxime. Moreover

02



the polymerization of the adsorbed product to the coke precussor is decreased. This can be
confirmed by the thermogravimetric analysis that the percent weight loss of coke over H-Beta

was decreased when water was added in the solvent (Figure 2.32).
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Figure 2.32 Thermogravimetric analysis ot H-Beta in the reaction using butanol und water added

m butanol as solvent
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Figure 2.33 Effect ol water added in solvent on the conversion ol eyclehexanone oxime over
Dealuminated Beta
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Figure 2.24 Elect o water added m solvent on the conversion of eyclohexanone oxime over Ti-
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In the case of dealnminated Betr and Ti-Beta it was Tound that the conversion ol
cyclohexanone oxime was also increased wuh water added in butanot (Figure 2.33 and Figure
2.34) It seems that the elfect of water co-feedmy tor dealuminated Beta und Ti-Beta are in a
simifar manner as H-Bet. The increased polarity of the solvent can facilitate the desorption of
product trom the active sites [or all zeolite catalysts, However, the conversion of cyclohexanone
oxime is in the order of H-Beta. Dealuminated Beta and Ti-Beta, respectively.

2.3.5.2 Deactivation rate of catalvst

[n the case o H-Beta. the deactivation rute was decreased with water added in the
butano! {Figure 2.31) This 15 because the higher polarity solvent can facilitate the desorption of
product from the active :lsiles. Consequently, polymerized product over the active sites i
decreased leading te a decrease coke formation. In the case of Dealuminated Beta and Ti-Beta. it
was found that the deactivation rate was also decreused with water addition (Figure 2,32 and
Froure 2.33)% Tt was suggested thal the efiect of water wdded in butanol on Dealuminated Beta
and Ti-Beta are in a similar nuoner as H-Beta, This s consistent with the thermogravimetric
analysis ol those catalyst that percent weight loss decreases with butanol/water as solvent in the

reaction (Table 2.4).
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Table 2.4 Percent weight Joss of the butanol and butanolfwater as sobvent

H-Bela Dealuminated Beta Ti-Beta
Butanol 16.84 [4.13 12.03
Butanol-Water 10,53 13.60 10.65

Hlowever when water o addded in batanol as solvent the deactivauon rate i in the order of

Ti-Betar. Dealwminated Betw and 1-Bee This is becaunse water, which possesses nucleophibicity

can be strongly adsorbed on the Brénsted acid siies withm H-Beta which possess 2lectraphiliciy.

This Tacilites the desorption of the adsorbed  products. as compared 1o in the case of

dealummated Beta, which possesses silanol ax active sites.

In the case of Ti-Bew the

evcloheximone axmme can be stronglyv adsorbed on tanium sues i framework. Therefore, water

added m butanol vn F-Beta, can resolt in maoked increase in catalyst activity, as compared to

Dealummated Beta and Ti-Beta.

2.3.5.3 Selectivity of caprofactom

In H-Beta, 1t was found that the selectiviy

reaction using water as o co-feeding (Figure 2.35).

ol caprelactam was increased when the

100
&)
&4

40

Su selectivity

0

a = B £ B H x
> +
*

&> . + *

. * butanol

B hutanol & water

20 40 60 hit} 1 G0

ume on stream (min)

Figure 2.35 Effect of water added i selvent on the selectivity ol caprolactam aver H-Beta
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This is because the polarity of solvenl was rised, desorption of product from active sites
was increased. This leads to a decrease in the rate of side-reaction, namely pelymerization of the
adsorbed product on the active sites. Moreover it was found that the selectivity of 5-cyane-i-
pentene was drastically decreased when the waler was added in solvent (Figure 2.36).

In the presence of water as co-feeding. S-cyanepentane. which s formed by the
evclohexinone uxime oxudation. was noi observed.  This i becanse water can reduce the
mtermedite, whieh is formed during the oxidation process.  The reaction pabway fur the

mhibinon of S-cvanopeniane formation. is proposed (oliows:
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However, small amownt el S-gyano-l-pentene can be formed and it con undergo
cychization and the cychised product can be readily hydvolyzed o form cyclohexenone in the

presence of water as co-leeding (as earber discussion in section 2.3.3.3). Morcover. the

[$14)



hydrolyzed products. namely cyclohexanone and cyclohexenone formed by hydrolysis of
cyclohexanone oxime and S-cyano-1-pentene can still be observed in the reaction usimg water as
co-feeding.

tn the case of Dealuminated Beta and Ti-Bew the selectivity ol caprolactam was
increased when waier was added in butanel (Freure 2.37 and Figare 2.38). The effect of water

added Tor Dealuminated Bews and Ti-Bew are inoa similar manmer as Fl-Bela.
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Figure 2.30 LfTect of witter added in solvent un the selectivity of by-praduct gver H-Beta
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Figurce 2,37 Eftect of water added in solvent un the selectivity of caprolactam over Dealuminated

Beta
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Reaction condition: temperature; 50°C pressure; tatm, diluent: ianol. hatanol water; 7:33
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Although. In the case of H-Beta. the formation of S-cyano-l-pentene formed by
decompesition of cyclohexanone oxime in the system lacking of water, cannot be formed i the
system conlaining water. This is nol the case for the desfuminated Beta. since the waler
adsorption ability of dealuminated Beta 1s relatively low. Therefore, the formation of S-cyana-1-
pentene 15 stll observed,

Moreover, 1t was clearly shown that the selectvity ol evelehexanone and eyciohexenune,
which are formued by hydiolysis of cyvclohexanone oxine in deatuminated Beta was lower than M-
Beta iFigure 2,391 Since the adsorption of water on Bronsted acid sies within H-Beta s higher
than v sihinol sies ol dealummaed Bew. Flence, hvdrolysis of eyelohexanone oxune o
evelobesanone and cvelohexenone in F-Beta b relatively high, as compared o the dealuminated

Beta.
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The selectivity of by-product in Ti-Beta was also decreased when water was presence as
co-feeding i the solvent (Figure 2.40). Regarding 10 the selectivity of S-cvanopentane in Ti-
Beta. which was predominant lormed over Ti-Beta, st was drastically decreased when water was

added.
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This is because 1he decomposinon of evelohexanone oxime 10 form 5-cyanopentane was
decreased.  When the water is present, it can be decreased the active sites which convert
cyclohexanone oxime Lo S-cvanopentme with depicled as below, in addition 1o the inlabition as
discussed in page 08, Therefore. the selectivity of S-eyanopentane is exceedingly decreased. in

the reaction with addition of water.
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0 0 O/ AN S~cyanopentane
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It was concluded that. when the waler was fed in the reaction, the conversion of
cyclohexanone oxime was rised for all zeolite catalysis. Moreover the selectivity of caprolactam
was improved. This is because water added deereases the side-reaction, namely decomposition of
cvelghexanone oxime and coke. In additnon the decomposiion of cyclohexanone oxime was also
reduced in presence of water: particularly over Ti-Beta catalyst,

2.3.5.4 Effect of solvent in Ti-Beta

From the carhivr discussion, the polarite el solvent and water as co-leeding can influence
the desoiption of product from the active sites. This leads o the increased conversion of
cyclohexanone oxime and selectivity ol caprolactam. So. a various 1ype of solvent including
butanol. cthanels water added in butanol and water added in ethanel was studied in reaction using
Ti-Beta as catalvst Towas found that the conversion of cyclohexanone oxime using ethanol s

sodvent wiw tugher than that using buetanol g sobvem (Figure 2.41).
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Figure 2.41 Lifect of various type of solvent on the conversion of cyclohexanone oxime over Ti-
Beta

Reuaction condition: temperature: 330°C, pressure: | amm. carrior gus: N time on stream. 90

min, contact time; 3.6 ¢ irmot’ dituent : handd. ethanol, waier added in hutanol wind
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This is because ethano! which possusses the relatively high polarity. as compared to
butanol. can facilitate the desorption of products from the active sites of Ti-Beta. This leads 1o a
high number of fiee active sites for adsorbing cyclohexanone oxime.  Consequently, the
conversion ol cyclohexanone oxime with ethanol as solvent was higher than that using butanol as
sotvent. i addinon, when the water 15 present as co-feeding in the ethanal, 1t is found that the
conversion ol evelohexanone oxume is higher than that using pure ethanol as solveni. However.
the acuv iy is similar to it using the water as co-feeding in the butanol. This may will be
ascribed that the presence of water in ethanel can increased the polarity of this nuxed sohvent.
Although, polarity of solvent play an important role in catalytic activity. 1t is worth noting that
high polar <clvept, such as cthanol water mixture. camnmlnnly desarb products, b can also
mhibit <erpron of the reacta. Therefore. the obsery ed achvity s onlv i a similar manner ax that
using  butanol water syvstem. Accordingly. o balanee between adsorption ol reactant and

desorption ol productis required Tor optimal calalyue activity,
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It seems that the selectvity ot caprolactam for various type of solvent is in the order of
butanol/water, ethanol/water. ethanel and butanol respectively (Figure 2.42). 1 was suggesied
that the water as co-feeding decrease side-reactions, such as decomposition of cvelehexanone
oxime (o form S-cvano-l-pentane. Water as co-feeding can also decrease the reduction of
eveloheximene ovime e formed 3-cyanopentane.  Furthermaore, the high polarity of solvent can
facilitate the desorprion of product from the active sites. leading w a decrease 0 polymerivzed
product over the aetive sies. Therelore, the selecnvity of caprolaction was inereased with rise in
polarity of selvent and the presence of water. However. i the reaction using ethunoliwater, the
selectivity ol caprolactam is less than the case of butanol water. This may well be aseribed that
the preseice ol water in high polar solvent (water added ethinol) can Jacilitate hvdrolyzed
products nmamely evelohesanone as shown e Figure 243, This leads 10 a shightly lower
selectivity of caprolactant, as companed o that usmg buanel water.  Therelore. 1t can be
concluded that the polany o solvent and waer added in selvent plays impoctam role in the

selectivity ol capiolactum

e
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= |
Z : B cycleohexenone
z
o
2 .
- O S-cyanopentang
m—l ’—m_m:ll ] S-cyano-1-pentene
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butanol cthunol butanol &  ethanol &

waler Wl

Figure 2,43 Selecuvuy of by-product over butanol, ethanol. butanol/water and ethanol/water as
salvent,
Reaction condiion; temperature: 3300 C. pressure: | atne carrier gus; N, | average time on
i

. - -4 -
stream, HI-90 min, comiact time,; 13.0 v hmoldifuens . buianol. cthanol, water added
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2.3.6The effect of titanium content in Ti-Beta zeolite
2.3.6.1 Activity of catalyst
The elfect of titanium content in Ti-Beta was investivaied over unwashed Ti-Beta and
washed Ti-Bew by sultunic acid.  Figure. 2,44 shows the conversion of cyclohexanone oxime

aver those calalvsts,

10

NN
- *
: 1
Z ("U ‘ A
z * * unwashed Ti-Be
= i A o
z 40 - A
:: N * * * * . -

- L SO 4 washed Ti-B3ety by

sttliurie aeid
1} — -
0 20 40 6U Ni} 100
time on stream {mind

Figure 2.44 Conversion ol evelehexanone oxime over unwashed Ti-Beta and washed Ti-Beta by
sulfuric acid as catalvst

Reaction comdion. tenperature: 35°C. pressire: L amm, WF 136¢  h Hmf;m e - HiHuCNL,
hutairol, carrier vax: A ~ e an Strean! Y nin

When the non-Tramework Ulanium species in lhe zeolite was leached by washing with
sutfuric acid (ax shown by elemental analysis in Table 2.5). it was found that the conversion of
cyclohexanone oxime 1$ lower shan that in the reaction using wnwashed Ti-Beta as shown in
Figure 2,44, ft was suggested that the non-framework tlanium species. presumably titanium

dioxide Is also active for converting cvelohexanone oxime.

Table 2.5 SirAl ratio and surlace area of the unwashed Ti-Beta and the washed Ti-Beta by

sullunic acicd

Type ol zevlie SiTi Surtace area (ln:a"g}
Unwashed Ti-Beta 26 307
Wished Ti-Beta with sulfuric acid 43 637
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Hoappears that the activity of Ti-Beta was not described only from the sifanol active sites
and 1he framework Haninm active sites bor it can alse be autributed o the non-framework
titanium. This can be conlirmed by Lhe thermogravimetsiy analysis of the unwashed Ti-Beta and

washed Ti-Be by sulltrie acid that coking is reduced in wash sample (Frgure 2.435),

100 ™
\.\
wi|
3
.
£
-
=
&8s
"
N wsted Chelters b 1202
o
80 T e e
anwashed Te-ltets

200 441 OO Blg
Temperature (_C}

Figure 2.45. Thermogravimetric analysis of the unwashed Ti-Beta and washed Ti-Beta by

sulfuric acid with using in the reaction.

[t was found that the unwashed Ti-Beta gave higher percent weight loss, as compared 1o
washed Ti-Bela by sultunc acid. This is evidenced that non-framework titanium shoeuld possess
higher activity, as compared 1o washed non-framework utanium. It can be described form the
tact that the non-framework Blanium wiathin the pere of unwashed Ti-Bela can probably activate
cyclohexanone oxime o torm products. which desorption are suimewhut retarded. This leads to
turther undesirable reactions o produce high molecular weight products and coke deposited in the
pore of zeolite. When the noo-framework titaniwm was leached by washing with sulturic acid,
the coke deposited in the pore of zeolite was decreased. Therefore, the perceat weight loss from
thermogravimetric analysis of the washed Ti-Beta by sulturic acid is lewer than that unwashed

Ti-Bea.
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2.3.6.2 Selectivity of cap

rolactam

The etfect of non-framework tstanium wn Ti-Beta on the product can be investigated by

washing with hydrogen peroxide and sulfunc acid. 1115 evident by the elemental analysis that the

Si/Ti rativ and surfice area of the Ti-Beta washed by sulfuric acid is higher than that the Ti-Beta

washed by hydrogen peroxide and unwashed Ti-Beta. respectively (Table 2.0).

Table 2.6 i Al rauo and surface area of the unwashed Ti-Beta, the washed Ti-Beta by hvdrogen

peroxide and the washed Ti-Beta by sulfuric avid

Type of zeolite SiTi Surface area
Lnwashed Ti-Beta 26 307
Washed Ti-Bewa by hvdrogen peroxide 2 467
Woished Tr-Bea by sulfurie acid 43 (27

[t was found that the washed Ti-Bew by sulturie acid gave higher selecuvity of

caprotactam. as compared 10 washed Ti-Beta by hyvdrogen peroxide and unwashed Ti-Beta.

respectively (Figare 2.46). The selecuvity of by -product in those catulyst are shown in Figure

247,

100
AU
= !

-?E()UI ‘A*gj.‘l.‘l
b i . ow W M om % uow om
i . »
240 B, . ¢ ¢

20 :
Ui
0 20 40 60 hit,

Lime on stream (min)d

100

unwashed Ti-Bela

washed Ti-Beta by

hydrogen peroxide

washed Ti-Beta by

sulturic acid

Figure 2.46 Selectivity of caprolactam over unwashed Ti-Beta. washed Ti-Beta by hvdrogen

peroxide and washed Ti-Beta by sulfuric acid as cutalyst.

Reaction condition: temperaiure: 350°C, pressure: | arm. W F; 13.6

bi’l‘f(l-‘.'{)}. carrier EUAN N otme on

sirewnt: ) min
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Figure 2.47 Sclecunviiy ol by-product over unwashed Ti-Beta and wushed Ti-Bew by hyvdrogen
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fowas also found from Figure 247 that the selectivity ot cyclohexanone and -
cyanopentane were particulaely decreased alter washing Ti-Beta with hydrogen peroxide and
suituric acid while no significant change in cvclohexenone and S-cyuno-i-pentene yield was
observed. This was implied that cyelohexanone and 3-cyanopentane were probably promoted by
non-framework titanium species, while the non-tramework tianium species has no eftect on
cyclohexenone and S-cyane-T-pentene yield. [t can be concluded that not vnly framework
utanium species could possibly promote S-cyanopentane and cyciohexanone as discussed earlier

in section 2.3.2.2 Dut the non-framework titanium spegies can largely promole those preducts as

postulated below:
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Therelore. the selecovity ol caprolactiom over wushed Ti-Beta by sulfune acid 1s higher
than that washed Ti-Bewn by hyvdrogen peroxide and unwashed Ti-Beta, respectively.  The
framework tinium spectes and non-lramework utanium species gives low selectivity of
caprelactam. as compared w Brdnsted acid sites and silanol sites. 18 s coneluded that the product

selectivity depends largely on type ol active sites.
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CHAPTER 3

AMMOXIMATION OF CYCLOHEXANONE BY

TITANIUM-CONTAINING ZEOLITE



3.1 Objectives

To understand the necessary factors for large-scale production. To obiain a suitable
condition for the maximum yield of product such as temperature, titanium species, and effect of
salvent. To obtain the sdtemative choice ol anmonia resource for easier operating process.
3.2 Catalvtic testing

Ammoxunation reaction was carried oot at 68 7C i a 18 ml surred reacior using 0.04

grams uhguam zeolite, Typically, 038 grams of cyclohexanone was added 0 0.73 grams of

ammona selution (28%,wow) and 033 grams of hydrogen peroxide solution (30%ww) in water
or acete acid 2.4 ml. The melar rate ot teed used tn the ammoximation reaction was as foliows:
ketone: N RO = 10150120 After a pertod of ime. the reaction was stopped by removing hem

and - ml ol 2-propanol was added 1o the veaction mixtore 10 make a single-phase solutton.

Figure 3.1 Ammoximation Reactor (Baich)
The solution was filtered and analvzed by gas chromatography using 3800 Gay
Chromatograph. Varian. with capillary DB-FFAP column (30 m}. 1.5 LI of liquid sample
. T o, . . ) .
wits jected to the mjection port (200 ~C) of gas chromategraphy using sphit ratio of 200.
) o, .
The separation temperature was started at 110 ~C for 6 minuies. Then, the temperature was
. S cop Oppns - . .
raised o 170 7C with rate of 20 7 C/min and hotd at that temperature for 12 minuwes Helium

was used as carned gas ata flow rate at 281 cm/sec.

I



Figure 3.2 3800 Gas Chromatograph, Varian

The strucune of products genetated in the resciion using acetie acld as solvent was

also anadyzed by gas chromwography-mass specwrometer (PTT Research and Technology

Institute Petrofeum Authority of Thailand} using the sume column and condition,
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3.3 Result and discussion
3.3.1 Effect of Solvent
The conversion and selectivily from the reaclion using water and acetic acid as solvent

are shown in Tigure 3.3 und 3.4 respectively.
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3
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Figure 3.3 The conversion of reacton using waler and acetic acid ax sobvent. Revcrion condition:
- 0. - Iy : - 144
Tenperatre 61 C Crelohexanone .38 grams, ammonia solutfon (28% o) .73
wrens wnd Invdrogen perovide solution (30%acave .33 grams, Sedvent 2.4 nid TS-1

.04 grams, Reaction Time {2048 24 howrs

The siudy on effect of solvent shows that the reaction using acetic acid as solvent
produce higher vield of cyvclohexanone oxime than that wsing water. This can be atiributed o the
fact that. in the reaction using acetic acid. peraceuc scid can be generated. Acetic acid can readity
react with hydrogen peroxide to form peracetic acid. This has been previously reporied in the

oxidation of cyclohenane using Ti-Zeolite as catalvst [31]

0 _— 0
N, e LA

H,¢” OH H:C” “OOH

Peracetic acid can Turther react with Lianium active sites i Lthe framework of zeolite
producing refatively more stable active sites than those generated from hydrogen peroxide. The
peracete acid can (acilitaie a stable complexation with the framework titanium active siles, as

compared with the hydrogen peroxide. This is because the peracetic acid is more hydrophobic



than the hydrogen peroxide, and can be regarded as a sott tigand. Consequently, the complexation
with a soft ligand is relatively more stable causing a higher amount of active sites avatlable for
the reaction. Additionally. the camplexation with soft ligand possesses & better oxidizing activity
due to the higher electron density of the active sites. This Jeuds to an improved activity to produce
cveclehexanone exime.

Moreover. the enhanced activity in the reaction using acetic acid can be resulted from the
enhanced formation of cycichexanone imine. Since the wnmaeximation reaction proceeds via the
condensation ol cvelohexanone (A) with ammonia e produce evelohexanone imine. [ollowed by
the oxidation (B} ol cvelohexanone imine o cyclohexanone oxime |13]. the condensation (A) of
evelohexanone with ammaniin acetic aaid would be favored. as compared 10 the reaction using
water. This 15 because rate of evelohexanene imine formation is lacilitated at pH appraximately
4.5 or in the presence ol acid as catalvar [32) Therefore. the vield ol cvclohexanone imine in the
reaction using aceue acid iy solvent 1s higher than that using water. As eyclohexanone imine is
increased. the oxidation ol cyclohexanone imine 15 also accelerated. vesulting a4 higher yield of
cyclohexanone oxime n the reaction using acelic aeid. as compared o that using water. The

reaction pathwuy can be illustrated as ToHows;

OH
0 NH NT
NH; Ti-Zeolise
—_ - —
H.Os
(A) (B

The vaporization of ammenia during the reaction could aiso be another factor influencing
a reduced activity for the reaction using water. as compared o that using acetic acid. In the
reaction using acetic acid as solvent, ammonia was trapped in the liquid phase as ammonium
acetate. However, the reaction using water as solvent, ammonia can be vaporized leading (o a
lower concemration of ammonia in the liquid phase. Consequently. a lower vield of
cyclohexanone oxame was generally observed. It can be then concluded at this stage that, the
tormatuion of peracetic acid and the erhanced production of cyclohexanone imine are responsible
for the higher activity in the rescnion using acetic acid. as compared to the reaction using water os

solvent which is limited by the vaporization of ammonu,
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Figure 3.4 The selectvity ol evelohexanone oxime in the reactions using water and acelic acid as
solvent. Reaction condinon: Temperatire 61 . Creloliexanone 038 grams.
antmionia solution (28"ew awcp .73 grams and fivdrogen peroxide solution (30%wnv)
033 gramy, Sofvent 2.4 ml TS-1 (004 grams, Reacricns Time 12048, 24 hours,

Although, the reaction using acenie acid as solvent produces higher amounts of products
than that using water. selectivitv of cvelghexanone oxime in the reaction using acetic acid as
selvent was lower than that using water. This is due to the fact that the reaction using acetic acid

as solveni produces by-producis. Gus Clhromatography-Mass Spectrometer results (Figure G.2

and G.3) show that one oi’ the by-product is caprelactone and the other is acetyl cyclohexanone

oxime. The first is formed by “Baever-Vilkiger Rearrangement™ where cyclohexanone react
direcily with peracetic acid in the presence of acid as catalyst [33]. The mechanism for the

formation of caprolactone is illustated. as below:
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As TS-1 pussesses the medium pore size (5.5 A7 a product with molecular size larger
than its pore size cannot be generated internally. Therefore v s unlikely that caprolacione is
generated in the pore of TS-1 because caprolactone. o seven membered ring. s relatively larger
than the pore size of TS-1. It may be concluded that caprolactone was generated homogeneously
m the liquid phase without aid of TS-1. In contrast. the Baever-Villiger rearrangement was not
observed in the reaction using water as solvent because no peracetic acid was present and
hydrogen peroxide alone cannot promote this reacnon. Thus, no caprelactone was generated in

the reaction wsimg water as solvent,

The second by-product appears 10 be acetyl cyclohexanone oxime. The resulis from the
Gus Chromatography-Mass Spectrometer (Figure G.3) shows that the seconded by-product
contains acetyl group and have a melecular fagmentation in a manner similar to the
cyclohexanone oxime. The aceyl cyclohexanone oxime could be possibly generated trom a
simple condensation of cyclohexanone oxime and acetic acid (A) or oxidative coupling of
cyclohexanone oxime with acetic acid (B) in the presence of titanium zeolite as catalyst, as

follows.

i -H,0 N JJ\

~0 CH;
+ HCT TOH

{A)

Path A: Condensation of cyclohexanone oxime and acetic acid
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N
. g
Jk TS-1 N ‘o) CH;

THCT COH H0-
(B) S

Path B: Oxadative coupling of exyclohexanone oxime with acetic acid

i urder o verily e above possibilities, the reaction of cyclohexanene oxime with acetic
acid was then tested to prepare acetyl evclohexanone oxime. The path A was tested by heating
and stirring c.\'c.luhcxununc oxime with acetic acid without hydrogen peroxide and TS-3 for 4
hours. Wlile path B was ested in the presence ol hydrogen peroxide and TS-1. 1 was Tound that
acetyl evelohexanone oxime cannot be generated in the reaction for path A, However, the reaction

for path B produce nolably amounts of acetyl cyclobexanone oxime [Figure 3.5].
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Figure 3.5 Gas chromatograms of acetyl cyclohexanone oxime synthesis from path A and B

Consequently, 11 is likely that acetyl cyclohexanone oxime was generated by the
oxidative coupling of cyclohexunone oxime with acetic acid in the presence of titanium-
contamning zeolite and hydrogen peroxide.

On the other hand, no peracetic acid was present in the reaction using waler as solvent.
Therelore ny caprolacione and acetyl cyclohexanone oxime was generated.. Conclusively,

selectivity ol cyclohexanore oxime in the reaction using water as solvent is considerably high.
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Figure 3.6 The vield ol eyelohesanone oxime and caprolactone from the reaction using ucetic
. : L O, . e

acid as solvent. Reaction condition: Temperatwre 60 7C Cvelohexanone 0038 grams,

antnonia sofution (ONTaoaowy 073 grams and Todrogen peroxide solution (30%0wA)

(.33 grams, Solvews 24 ml T5-1 .04 grams. Reaction Time 1,24, 8. 24 hours.

From 1he Figure 3.4 1t was shown that the selectivity of cyclohexanone oxime in the
rezction using acetic acid ax solvent was increased with ime. it can be explained that at the
beginning of the rezction. rate of wumoximation was limited by competitive lormation of
caprolactene via Baever-Villizer Rearrangement. This is becaunse the ammoxumation reaction is a
multi-step reacton. Caprolacione Tormation. on the other hand. is a single step reaction. The
direct reaction ol cyclohexanone und peracetic acid could readily compete with the condensation
of cyclohexanone and amymonia. Theretore, the inttal selectivity of eyclohexanone oxime is low.
After a period ol tme, {Figure 3.0}, the cyclohexanone oxime was increased while the formation
of caprefactone was sltightly changed. This can be attributed 10 the facl that ¢yclohexanone was
converted to cyclohexanone imine and subsequently cyclohexanone oxime resulting in reduced
concentration of cyclohexanone in the system. In consequence. the rate of caprolactone formation

would be decreased with time and the selectivity of cvelohexanone exime was increased.

I
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3.3.2 Mechanistic Study
In the mechanistic peint of view, il was suggesied that [15} ammoximation produce via
condensation of cyclohexanone with amuoenia to produce cvelohexanone imine in the presence of

acid as shown,

: A
/\ NH;

+ NHy ——

*

{
z

1d

NH _ OF\
H

Then cvelohexanone imine will react with the acnve site. generated from the reaction of
framework ttanmum in the zeolite and hydrogen peroxide or peracetic acid. o produce

cyclohexanone oxime as shown,

- Si
31\ |
S0 0Si  +H20> N
T Si—O—=T;i :
sio” N0si -H202 o u—-0.
Ve
St NH
HO
™ l/“ ﬁ
. Si
Si Si.
t AN N
O\ a *J)\-.H
Si—O0—Ti—0H HO-§i +—— Si—0—T H
O/ /‘\ O/ KO-"‘Q-\
g./' . S'/ Y 1 TH
1 \ 1 ! 1
H--N
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Although, the results from the reaction using acetic acid, suggests that the reaction
proceeds via condensation of cvelohexanone with ammonia as discussed above, other report {29]
suggested that the reaction may well proceed via the oxidation of wrmonia gver titanium zeolite

1o form primarily hydroxylamine as shown;

. Si
SI\ l
S0 S +H70> [§; ~
N/ - = N H
/I: Sl-—{)-—/Tl F
s N0Si -HA01 o H—Oo
v H
Si
’ KO0
h !/\ NH;
. Si
51 Y |
o o 0wy,

~ _ Y 4
SI—O—T—t1 HO-S5i —— Si—0—T

s VRN :
¢ O o0
e f 7 7 i H
N

A H—
NH-OH

After that, hvdroxylamine can readily react with  cyclehexanone 10 prodice

cyclohexanone oxrme as shown.

H50 N—OH
+ NHOH ——>

These wo possibilities can be tested by changing the order of reagent addition. The

- 1 - . . I3 - - . .
reaction of ammonia with only cyclohexanone (1ext 1} was carried out for 2 hours prior 1o addition
of TS-1 and hydrogen peroxide. ‘FThis can be employed 10 test hypothesis that ammoximation was

promoted via condensation ol cyclohexanone with ammonia,

On the other hand. the bypothesis that ammoximation proceeds via the oxidation of
ammonia o produccd hydioxvhming {text 1) was tested by the reaction of only ammonia with

cataiyst and hydrogen peroxide. After 2 hours, the catalyst was tiltrated and eyclehexanone was



added. The mixture was allowed 10 react for about 4 hours. The resuits are shown in Table 3.1

and 3.2.

Table 3.1 The yield ol cvclohexanone oxime generated {rom hypothests of cyclohexanone

condensation and typeal reaction

Y% Yield of Cyclohexanone oxime
Watcer Acetic Acid
! Typical Reaction 8.1 208
Tested Reaction | 7.4 H4.9
! i

. L. - Qs , . .
Nate: Keactton condition: Temperative 600 7C Ovelohiovanone 038 grams, ammuonia solution
{28%0 e w0 " Serani aod Ivdrogen perovide sofwion (30%winy (133 grams, Sobvenr 2.4 mlL TS-1

(.04 grams. Reaction Time 4 haars,

Table 3.2 The vield of cvelohexanone oxime genevated from hypothesis of ammonia oxidation

and vpical reacuon

%Yield of Cvelohexanone oxime

Water Acetic Acid
Typicul Reaction ¥.1 208
Tested Reaction |1 1.7 0.27

. - o . .
Note: Reaction coadition: Temperanire 60°C, Cvclohevanone 0.38 grams, ammaonia solution
(28%wne) (1.7 3grams and hvdrogen peroxide solution (30%wAc) 0.53 grams, Sofvent 2.4 mi TS-1

0.04 grams, Reaction Time 4 hours.

From the result in Table 3.1 and 3.2, i1 is shown that when ammonia is allowed 10 reucl
with catalyst in the presence ol acetic (test H), cyclohexanone oxime cannot be observed. While,
cyclohexanone exime can be only formed via the condensation of cyclohexanone with ammonia
{test 1), This ix can be explained that, when acetic scid is used as solvenl, ammonia was
protonated e, as ammomum acetate and cannot be readily oxidized to hydruxy]a_m-inc. On the

other hand. the condensation of eyelohexanone with amwmonia o form ¢yclohexanone imine is
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facilitated in the presence of acetic acid {test 1). Svmergistically, a better interaction of
cyclohexanone imine with the hydrophobic acid site. formed by complexation of peracetic acid
with the framework titanium, would enhance the cyclohexanone imine oxidation and
subsequently the formation of cyclohexanone oxime, Whist the interaction of ammonia with the
active site 15 then inhibited in test { and no hydroxylamine can be produced. Conclusively. in the
reaction using acetic acid ws solvent, only the pathway proceeded via the condensation of

cvclohexanene with ammonia is responsible for the frmation of evclohexanene axime,

[n the reaction using water as solvent. on the other hand. cvelobexanone oxime can be
formed by both mechamisms but mainly via condensation of evelohexanone and amuimonia as
show in Table -i‘\..'* and 3.4 Ammonir was not readily protonated inoreaction using water ds
solvent, lence, 1t can diveetly veaet with the acuve sues 1w produce hivdroxylunnone (est (1),
Addinanally, evelohexanone can react with ammonia o produce cvelohexanone imine which was
subsequently oxadized 10 produce cyclohexanone oxime. Since the yield of cyclohexanone oxime
produce m sest D s simdar w the typical reaction. but the considerably less is observed in test 11,
the condensation of cyelohexanone and ammonti appears w be a major pathway. This may be
accounted for the fact that TS-1 15 a hydrophebic lramework (non polar framework) and the
interaction between cvelohexanone imineg with framework is relatively better than the interaction
with ammonma (o higher polar reactant). In consequence. the rate of hydeoxylamine production

would be lower than the rate of imine oxidaton.

3.3.3 Effect of Water

According o ihe above discussion, it iy clear that the condensation of ¢velohexanone
with ammonia is essentjal for the ammoximation. This step could be mterfered by the presence of
water and pH of the solution. The effect of water can be investigated by adding zeolite A {a water
adsorbent) into the system. From Figure 3.7 and 3.8, it was clearly shown that the yield and

selectivity ol cyclohexanune oxime was increased with the amount o zeolite A added.

I
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Figure 3.7 The vield and conversion o ammaoximation reaction with additon of zeolite A,
, - . o,. o _

Redctivn condivion: Temperanre 60 7C. Cedlohexanone (138 grams, ammoniu

sofunion (28%wvav) (073 wrams and hvdrogen peraxide solution (30%wAv) 0.53

grums, Acetfe Acid 2.4 ol T5-1 004 grams. Reaction Time 4 hours. Added 0.5, 1.0

e 1.3 ¢ of zealite 4

[t can be expluned that the increase in cvelohexanone vxime yield was vesulied from the
decrease i water in the reaction systens. The zeolile A can adsorb water and the condensation
reaction of ammonia with cyclohexanone can be promoted. More cyclobexanone imine can be
obtained when water was removed from the system. Accordingly, highe;' yield of cyclohexanone

oxime cun be expected.

o) NH

+ NH3 _— + Hgo

adsorption by zeolite .
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Figure 3.8 The conversion and selectivity for ammoximidion resction with addition of zeolite A.
, : o o,. .. , ,

Reaction  conedition: Temperamre 607C Crelofiexanane (1038 grams,  aminoniu

solttion (287awiwy 1173 grams and hvdrogen peroxide solution (30" acw) 033

grums, Acetie Aod 24l TS-1 004 gram. Reactivn Time 4 hours. dded 0.5, 1.0

and 1.3 ¢ of zealite A

Moreover, the yield of caprolactone {by-product} was decreased when zeolite A was
added. Thix 1s probubly because caprelactone was Tormed trom cyclohexanone, The addition of
zeolite A promotes the condensation of cyclohexanone (1) with ammonia 10 produce a gher
yield ol cyclobexanone imine, which is then oxidized 10 form cyclohexunone oxime.
Accordingly, peracetic acid is Jargely consumed by oxidation process. The direet reaction of
peracetic acid with cyclohexanone {I1) was subsequently reduced as the mose cyclobexanone

'

iming was generated. Therefore. a higher selectivity of cyclohexanone oxime was obiained when

zeolite A was added,

As more cvelohexanone oxsme was yenerated when zeolite A was added, & higher yield
ol acetyl cyelohexanone oxime could be expected. Surprisingly. the yield of aceryl cyclohexanone
oxime (by-product) was also decreased when added zeelite A IU can be explmaed tha the
[ormation ol acetyl cycloheximone  oxime was hibited by compettive formaiion  of

cyclohexanone oxime. This s because when zeolite A was added, o higher amount of
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cyclohexanone imine was promoted. The rale of cyclohexanone imine oxidation to
cyciohexanone oxime was then increased when the higher concentrition ot cyclohexanone imine
was tained. The reaction of active sites with cvelohexanone imine is favored over that with
evclohexunone oxime because the intecaction between the hydrophobic titanium framework
{suggested m secuon 3.3.1) with evelohexanone nmine would be stronger than the interaction with
cvelohexanone oxime. The oxidative coupling of ¢vclohexanone oxime wih acetic acid 15 1hen
limited. Therefore, the formanen of acety) evelohexanone axime is low, The reaction pathway

wis shown us follows:

O NH N’OH
| [
[ —_— .
TS-1/H-0,
I v TS"UH}O:

It

O
/O_
N “CH;
0

Conclusively. the low water concentration (such as tn the reaction using acetic acid as
solvent) is wdeat for the ammoximation reaction. This is because a lower concentration of by-
products and a higher yield of cyclohexanone vxime were obtained. Additionally, 1 can be seen
from the result that the condensation of c¢yclohexanone with ammonia s the essential step.
Therefore. the high concentration of ammoenia could be promoted the condensation of

cyclohexanone and the higher yield of eyclohexanone oxime could be expecied
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3.3.4 Effect of Pore Size
Influence of pore size 15 studied by the reaction using large pore zeolite, Ti-Beta, as
catalyst. compared 1o that using TS-1. The conversion from the reaction using zeolite Ti-Beta and

TS-1 as catalysts in acetic acid are shown in Figure 3.9.
E
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Figure 3.9 The conversion of exclohexanone. reaction in acetic acid. Revetion condition.
@ - ' ; ; )

Terperatire 6617 C. Ovelohexunone .38 grams, anunonia solution (28%whiv) 0.73

grams amd Ivdrogen peroxide solution (30%wacy (L33 grams, dceiic Acid 2.4 mil,

Reaction Timel, 2 4.8 and 24 howrs, Ti-Bews and TS-1 0.04 grams ax catabyst,

From the result, it wax shown that conversion of eyelohexanone in reaction using Ti-Bela
15 lgher than that using TS-1. It can be explained that the diltusion of the reactant into the pore
of zeolite Ti-Beta is faster than that of TS-1. This is because Ti-Beta has a larger pore size (6.4-
7.6 A" than TS-1 (5.5 A"). Additionally. The crystallite size of TS-I is larger than Ti-Beta
leading 10 a difficulty for ¢vclohexanone and cyclohexanone oxime to enter and leave the pore,
respectively. Theretore, i the case ol zeolite Ti-Beta, reactant can diffuse faster to react with the
active sues leading o the igh activity for annuoximation,

However, the “Beckmann Rearrangement™ ol cyclohexanone oxime o produce
caproluctam can be observed from the reaction using zeolite Ti-Bela in the presence ol acetic
acid. This is concluded from the observed Jow selectivity ol eyvclohexanone oxime and significant

mncrease in yield of caprolaciam in the reaction using zeolite Ti-Beta, particularly at high



residential time. The cyclohexanone oxime produced primarily, can possibly be activated by trace

of acid sites within the framework of zeolite Ti-Beta and undergoes rearrangement to foom

caprolactam,
O
Ti-Betu N Ti-Belu
- > on P NH
NH vH-0- HY

The subsequem formation ol caprelactam promote the formaton of cvelohexanone
oxime leading to the high conversion of cyclohexanone. Murcover. at the high residential time.
the wvield of caprotaciam was pacticularly  increased resulung in the low concenmration of
cvclohexamone oxime i the system. This s because, as the concentration ol cvclohexanone
oxime was incraised with tinwe. the rate of caprolactam formation was also ncreased. However,
the formation o cyclohexanone oxime. at high residenual ume. was hmited by the lack of
oxidizing agenl. So. only the rearrangement of eyclohexanone oxime wkes place at high
residental tme. leading w0 the veduction ol eyclohexanone vxime. Consequently. the selectivity

of cyclohexanone oxune wias reduced as shown in Figure 310,

g -
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Figure 3.10 The selectivity of cyelohexanene oxime, reaction n acetic acid. Reaction condition:
O . .
Temperature 607Co Cvelohexanone 03796 grams, animonic solition (28%w/w)

(L7233 grams and hvdrogen perovide sohwtion (30%whv) L3261 grams, Acetic

Yy



Acid 2.4 md, Reaciion Timel. 2.4, 8 and 24 hours, Ti-Betu and T§-1 00.04 grams as

catafvst,

This is not the case [or the reaction using TS-1 as catalyst, because TS-1 has no acid site
and TS-1 has a medium pore (5.5 A"} which s smaller than the molecular diameter of
caprotictam. Therelore. the caprolactam cannot be generaed in the pore of TS-1 Jeading Lo the

high selectvity ol evelohexanone oxime throughout the residential time.
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Figure 3.11 The comversion of cvelohexanone, reaction in water. Redetion  comdition:
. o,. \ . : -
Temperanre 60 7C, Cyolofievane (.38 grams, ammonia sofution (28%wne) 00,73
grams and lodrogen peroxide sofution (30%whv) 0.53 grams, Waer 2.4 nd,

Reaction Timel, 2, 4. § and 24 howrs, Ti-Beiw and TS-1 0.04 grams as catalvst,

The aftect of pore size is also investigated in the reaction using waler as solvenl. The
resuli is shown in Figure 3,11, 1t is shown that products from the reaction using zeotite Ti-Beta,
as catulyst in water, 15 lower than that waing TS-1 as catalyst which is resulted trow the lower
titamum content - zeolite Ti-Beta, as compared 1o TS-1. Additionally, the formation of
caprolactam (via rearrangement} which promoted the formation of cyclohexanone oxime was not
observed in water, This 15 becavse iy the reaction using waler as selvent, water would readily

reduce 1the acidity of the zeolite by streng adsocption on the trace acid sites. Conclusively, the
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effect of pore size cannot be virtually evaluated in the reaction using waler as solvent, as it
appears that the ¢fiect ol tanitim content play an important rele in this system.
The ellect of pore size can also by seen from the increased formation of caprolacione in

the reaction using zeolite Ti-Bet as catalyst, as shown in Table 3.3,

Table 3.3 The vield of caprolactone in ammoximation reaction using TS-1 and zeolite Ti-Beta as

catidvst

Catalyst % Yield of Caprolactone
Ts-1 32
Ti-Bew 4.1

-

Reaction  condition:  Temperainre 600 7C Cvelofiexanone 038 vrams. winneenia solution
- o

(8w wy 173 grems and vdrogen pevoxide sotution 30%ecin) 1033 grams, Aectic Acd 2.4 mi,

Reacnon Time 4 howrs, Ti-Bew and FS5-1 0.04 grams as cawdvst,

From the above discussion (section 3310 [0 was concluded that caprofactone was
generated homogeneously in liquid phase without aid of TS-1. This is because of the fact that TS-
1 possesses the medium pore size (5.5 A'). caprolactone with molecular size larger than its pore
size cannot be generaled internally. Therefore caprolactone was produced enly external pore of
zeglite. However, the result from the reaction using zeolite Ti-Beta (Tabie 3.3) shows that the
large pore zeolite can promote higher vield of caprolactone with high selectivitv, This is
suggested from the fact that zeolite Ti-Beta possesses a lrge pore size (7.6 A”). Caprolacione can

be both yenerated on the externyl surface and in the pore of the zeolite as illustrated below:

10]
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Peraceuc acid wis locally generaed by the active sites within the pore. There would
readily be a Tugher concentration of peracetic acid in the pore of zeolite and the Tormatton of
caprofactone within the pore can be facihtued. ax compared 10 the external surtiace of the zeofites.
This leads 10 the observed higher vield of caprolactone in the reaction wsing zeolite Ti-Beta as
catalyst.

Since caprolactone which s a by-product in the ammoximation, is 8 valuable industriai
chemicals, The study on svnthesis of caprulactone was furdher investigated. Reaction for synthesis
of caprolactone was tested by reacting cyclohexanone with hyvdrogen peroxide in acetic acid using

TS-1 and Ti-Bewa as caralyst tor 4 hours. The results are shown in able 3.4.
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Table 3.4 The yield and conversion for the synthesis caprolactone using TS-1 and zeolite Ti-Beta

as catalysl

% Cenversion of
Catalyst
Y Yield of Caprolactene Cyclohexanone
TS-1 57 ¥
Ti-Beta 439 46.0

. " . a. o . .
Reaction comdition: Temperaire 60 7C. Cecloliexanone .38 grams. vdrogen peroxide sotution
(3% wy 033 wrums Aecric acid 24w, Reaction Time 4 houes, Ti-Bet and 751 0.04 grams

as catafust,

The results are consistent with  the observed higher vield o caprolactone in
ammoximanon  usmg Tir-Beta as catalvs. This s confirmed  that the “Buever-Villiger
Rearrangement” is not only generated by homogeneous reaction but also by the catalysis over
titanium containing zeolites. U is also shown that Ti-Bewa s an etfective catalyst for the formation

of caproluctone.

3.3.5 Effectof the Titunium Species

As it can be seen trom the above results [page 37 that titanium content of zeolites play a
significant role in oxidation activity, the effect of titanium species was [urther investigated in Ti-
Beta. Afier the titanation of dealuninated zeohite Beta, litanium is expected to replace the position
of aluminium in the tetrahedral units. Nevertheless, ritanium tetrachloride can diftuse into the
pore of zeolite. and depesit w0 form a non-framework titanium, which results in an increased
titanium content of the zeolite [Table Table 2.1 in part 1]. Therefore. titanium can be present in
zeolile ax 1wo species. the tramework titanium (tetrabedral form} and the non-framework
titanium. The catalytic property of these two species was evaluated by the reacuon using zeolite
Ti-Beta before and atfter washing out of the non-tramework as catalyst. Yield and conversion of

ceaction using zeohite Ti-Beta before and afler waxhing with sulfuric acid show in Table 3.5
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Table 3.5 The yield and conversion for the reaction using Ti-Beta betore and after washing by

sulfuric acid

Catalyst % Yield of % Conversion of
Si/Ti Ratio
Cyclohexanone Oxime Cyclohexanone
Ti-Beta (unwashed) 36 4.3 5.2
Ti-Beta (washed) 47 15.5 34.2
) . o, . . .
Reaction condition: Temperanre 60 °C Ovelohevanone 038 grams, . ammonia solution

(8% w) .73 grams and Indrogen peroxide solution (309 awny .33 grams, Acetic acid 2.4 m,

Reaction Time 4 hours, Ti-Beiw 0.04 grams ay catalvste,

From the result, it was shown that the reaction using zeolite Ti-Beta before washing with
sulfuric acid produces much lower vield of cyclehexanone oxime than the washed zeolite Ti-Beta.
[t can be suggested that the reduced activity of zeolite Ti-Bela before washing with sulfuric acid
may well derive from the blockage of pore by the non-framework titaniom. This is evident by a
reduced surface arey ol zeolite Th-Beta before washing with sulfunic acid (Table Table 2.2 in part
§). Blockage by titanium in the pure of zeolite results in a difficulty for cyclohexanone w difiuse
and react with the aclive sites in pore of zeolile, leading 1o the observed low activity of the zeolite
Ti-Beta before washing with acid, as compared to the zeolile Ti-Beta after washing. Therefore,
the zeolite with high titaniwm content would not be an effective catadyst, if the titanium species
are present as the non-lramework titanium, [ seems clear that, the non-frumework titanivm has no
aclivity so calalyze the reaction, but inhibut the diftusion of the reaction. The reaction was

catalyzed only by the tramework titanivm (tetrahedral torm).

3.3.6 Influence of Contact Time

in the large-scale production. the higher yield of cyclohexanone oxime is required.
Contact time, in the other words, the amounts of catalyst concentration, would aftect the activity,
selectivity and operation cost. In order to verify the influence of contact time, the reactions using
various amount ol catalyst were tested in the reaction using acetic acid as solvent. The results are

shown in Figure 3.12 and 3.13.
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Figure 3.12 LEitect of contact time on the comversion of cyclohexanone and yield of

. . - o
eyelohexanone oxsme. Revcdon condition. Temperaiwre 60 °C. Cyelohexanone
(038 grams, amwionic soludion (28%wav) 073 grams and Ivdrogen peroxide
sofurion (30% i) 1033 grams. Acetic Acid 2.4 il Reaction Time 4 Tours, TS-

FO.02.0.04 and 0.08 grams as catadysy.

The result from Figures 3.82 shows that the increased amount of TS-1 in the reaction
leads 10 an increase in ¢yclohexanone oxime formation. This 18 because cyclohexanone have a
higher possibility 16 react with active sites and higher yield of product can be obtained.

The conversion. however, seem not 10 be significantly changed when the catalyst was
increased from (.04 gram to Q.08. it may be resulted from the reaction approaching saturation
kinetics. Therefore the higher amount of catalyst does not help to promote higher conversion. On

the other hand, it leads 1o an increase in operation cost.
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Figure 3.13 Effect ol contaet time on the conversion of cyciohexanone and selectivity of
. . . . o,,

cyclohexanone oxime. Reaction conditien: Temperainre 60 7C Cvdlaliexanony

(138 grams, ammonia soluiion (28%whwy .73 grams and hvdrogen peroxide

sofwtion (3%t (L33 grams, Acetic Acid 2.4 mi, Reaction Time 4 fours, TS-

FO02.0.04 and 008 grams ax catalvsi.

in general, selecuvity ol a product would be changed when the conversion was increased.
This depends on the activity for the formation of each product. [f the conversion of the by-product
was increased, a low selectivity of the designed product could be observed. However. if the by-
product was formed homuogeneously or was not generated from catalylic system. the increase in
the amoums of catalyst could promole only the catalyzed products and suppress the formation of
the by-products. In this case, selectivity would be increased at high centact time. However, above
are not the case for ammoximation reaction since the selecuvity of cyclohexanone oxime was not
significantly changed. This is because major by-product in ammoximation {caprolactone) {11) was
generated from reaction of cyclohexanone with the primary product, peracetic acid (I).
Additignally, peracetic acid can react with the eyclohexanong imine 10 form the main product.
cyclohexanone oxime (). As the catalyst was increased. more peracetic acud can be obtained.
Consequently, yield of both cyclohexanone oxime and caprolactone can be increased. Therefore,

the selectivity was not significantly changed when catalyst was increased.
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3.3.7 Effect of Pressure
The reaction using water as selvenrt confronts with the loss of ammonia by vaporization.
Reaction under pressure could be an aliernative choice for this problem. The results of reaction

under pressure are shown in Table 3.6

Table 3.6 The yield of cyclohexanone oxime and conversion of cyclehexanone for the reaction at

atmospheric pressure and under pressure

Reactor % Yicld of Cyclohexanone Oxime
Reaction at atmospheric pressure 8.1
Reaction at 1G Bar of N.* 8.8

, » e} , : ,
Reaction condition: Temperature 60 °C, Cyvolohexanone .38 grams, ammonia  solution
(28%whv) 0.73 grams amd hvdrogen peroxide solution (30%awhv) L33 grams, Water 2.4 mi,

Reaction Time 4 howrs, TS-1 0.04 grams ax catalyst.

* pr scale to fotal mixtre 200 pd

From Table 3.6, 11 was shown that the reaction under pressure gives a shghtly improved
activity, as compared to the reaction at atmospheric pressure. This can be attributed 16 the fact
that, under pressure, ammonia cun be dissolved in the liquid phase shightly batter than the reaction

at atmospheric pressure. However, the vapor pressure of ammenia is so high (26.35 bar) that the

107




pressure used for testing the effect of pressure (10 bar} shows fairly improvement in the solubility
of ammonia. Therefore, a small change in activity can be observed. Accordingly (o the himitation
of the experiment, the higher activity could be obtained if the higher pressure (30 bar) can be
applied.

338 Eifeet of Ammenium Salts

Fram the fact that animoma in reaction using water as solvent can vaponze 1o the gas
phase Jeading o a low concentranion of ammania in liguid phase. an altevpative for salving this
problem s the use of the ammanium salts as reagent. §n the reaction using acetic acid as solvent,
ammonia wax rapped mothe liquid phase as ammonium acetate. This indicates an abiity of
amuanium acctite 0 senve as reagent. Accordingly, ather ammomun salts could be used as the

reagent in the reactions using water and acetic acid as solvent. The results are shown i Table 3.7

Table 3.7 The vield of evciohexanone axime from the reaction using ammonium salts as reactant

% Yield of Cyclohexanone QOxime
Ammouium Salts Water Acetic Acid
Ammaonia Solution NH,0OH 8.1 208 7
Ammonium Acelate NH{OCOCH,) 0.68 215
Ammonium Carbonate {(NH,).CO, 6.3 8.3
Ammonium Ciyate (NM,L,HC H.O, 0.47 6.6
Ammonium Oxalate (NH )J(CO0), Irace [.8
Ammaonium Chloride NH . CI trace Irace
Ammonium Salfate (NH).SO, trace trace

. . on . . )
Reaction condition: Temperature 60 °C, Cvelohexanone 0.38 grams, hvdrogen peroxide solution

(30%wAvt 0053 grams, Solvent 2.4 ml. Reaction Time 4 howrs. TS-1 0.04 grams as catalyst.

From the Table 3.7. it was revealed that ammonium sahs of strong acid such as,
ammonium oxalate, ammonium chloride and ammonium sulfate. cannot be used ax reagent in
both reaction using acetic acid and water as solvent. This is because the K, of the conjugated acid
of ammomum salts is high. Consequently the ammonia was strongly protonated by the conjugated

acid. leading 10 deactivation of the lone pair electrons. The protonated ammonia is not efficient
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for both condensation with cyclohexanone o produce cyclohexanone fimine and oxidation to
hydroxylamine.

0 NH

)

NH;

NH, X

ammaonium salts of strong acid)y

In the c¢ase of using ammonium acelate as a reagent. the reaction using ammoniinm
acetate shows relatzvely ngh acuvity than ammeoenia solution in the system thai using acetic acid
as solvent. This can be derived from the low concentration of water in system when ammonium
acelate was used. The condensation of cyclohexanone with ammoenia can be facilitated in the
reaction with fow water content. as discussed in section 3.3.3. However, in the reaction using
water as solvent. the use of ammonium acetate shows lower activity than ammonia solution. This
can be resulted from the fact that ammeniwm acetate could be highty dissociated in the water than
in acetic acid. Accordingly. ammonia was mostly present in a protonated form. The lone pair
electrons of ammonia could be deactivaled and the reaction with cyclohexanone to form
cyclohexanone imine was inhibied. Consequently, no cyclohexanone oxime can be formed in the
. reaction using water as solvent, when ammonium acetate was employed.

In the case of using ammonium citraie as reagent. the above explanation can be applied
tor an observed low activity in the reaction using water ax solvent. However, in the reaction using
acetic acid, ammaonium citrate shows u lower activity, as compared with ammenium acetate. [i
can be explained that ammonium citrate is a hydroxy polyacid. Therefore, it can be highly
dissociated in acetic acid, as compared to ammonium acetate. ln consequence, reactivity for the
reaction with cyclohexanone 10 generate cyclohexanone imine is relatively lower than the reaction
using ammonium acelate,

In the case of usmg ammonium carbonate ax reagent. a relatively higher yield of

cyclohexanone oxime can be obtained in both reaction using acetic acid and water as solvent
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This is because ammonium carhonate is an ammonium salt of a weak acid. carbonic acid. It can
be readily decomposed o give ammonia at reaction temperature. However, in the reaction using
acetic acid as solvent. yield of cvelohexanone oxime was lower than that expected. This may be
resulied from the fact that ammonium carbonate reacts vigorously with acetic acid used as
solvent, producing carbon dioxide. ammenia and exhaust heat. Under this circumstunce. the
vaponzation of carbon dioxide may well lead to the loss of ammonia. This could reduce the rate -
of condensation with cvclohexanone. resuiting in a luwer production of eyclohexione oxime. [n
the case of the reaction using waler ax solvent. it was shown that the activity ol ammonium
carbonale is somewhat sinular to 1he reaction using only the wmmonis sotution. This is because
ammonium carbonaie can be gradually decomposed 10 give ammoma and the reaction can

proceed in the same manper s that using ammonia solution.

31.3.9 Effect of Ammoniutm Acetate Concentration

From the mechanizm.

_OH
O NH N
NH: Ti-Zeohite
S _—
H-0O»

It was suggested earlier [section 3.3.2] that. cyclohexanone imine could be a key
intermediate of the reaction. Accordingly the concentration of ammenium scetate would play an
impottant role in the determimauoen of reaction rate. Influence of excess ammonium acetate was

studied in the reaction using acetic acid as solvent and the result is shown in Table 3.8.
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Table 3.8 The yield, selectivity and conversion for the reaction using excess ammonium acetate

over TS-1 and zcolize Ti-Beta

TS-1 Ti-Beta

Catalyst

0.d5 1 0.45 1
Ammonium Acetate (g)
% Conversion of Cyclohexanone 257 56.2 342 52.8

20 % 437 155 1 48y
% Yield of Cvclohexanone Oxime
% Selectivity of Cvclohexanone Qxime 81.0 77.4 453 . 91.0

- - 2.3 =

% Yield of Caprolactam

Reaction condition: Tempereinre 60 7C Ovefohexanone 1038 grams. hvdrogen peroxide solution

(30%wwny G533 wrams, Sohveat 2.4 ml. Reaction Time 4 hours, TS-tand Ti-Beta 0404 grams ax

carafval.

Shows that the reaction using excess ammonium a¢etale produces higher cyclohexanone

oxime than the typcal reacuon. This is a further evidence contivming that the ammoximation

proceeds via condensation of ammonia and cyclohexanone. Additionally, a higher selectivity of

cyclohexanone oxime wus obtamed because the higher amount of ammonium acetate can

facilitate the condensation of cyclohexanene with ammoma to produce more cyclohexanone

imine. which reduces a probability of cyclohexanone to react directly with peracetic acid to give

by-product. caprolactone.

QO
high
—_—

low ]

.

L

N\
04 OH

NH

hig




The increase in cyclohexanone oxime could also lead t0 a higher production of acetyl
cyclohexanone oxime. However, acety] cyclohexanone oxime was found to be fow in the reaction
uSINg eXCess amimonium acetate as reagent. This may be resulted from the lower interaction of
cyclohexanone oxime with non-polar framework of zeohie. us compared to that of cyclohexanone
imine. As more cyclohexanone imine is produced. less probability of cyclohexanene oxime to
react with the active site can be limited. Therefore. selectivity of cyclohexanone oxime was
mmprosed, -

Addidonally, the results from Tabke 3 8 show that m the reacoon using zeodite Ti-Beta as
catalvst caprolactium was not produced as co-product when excess smmonium acetate was used.
This can be awributed w the fact that high conceniration of ammonium acetate would readily
reduce trace of acid site in the framework (ax discussed 10 secuon 3.4). which inhibits the
rearrangement of evelohexanone oxime 1o produce caproluctam.

Howeser. in the reaction using zeolite Ti-Beta as catalyst. vield of cyclohexanone oxime
was lower than that expected {the conversion of ¢y clohexanone should be higher than the reaction
using TS-1 as catalyst). This may be resulied from the fact that the reaction using excess
ammonium acetate. rearrangement of cyclohexangne oxime to caprolactam was not promoted (as
discussed above). In consequence. there ix no thermodynamic driving force for the reaction to
proceed forward 10 the formanon of cuprolaciam. Subsequently. the enhanced activity for
ammoximauen was not observed. Therefore. the vield of cyclohexanone oxime in the reaction

using zeolue Ti-Beta as catalvstis not as igh as it would have been.

OH
O NH N O
NH
e —_— %»

3.3.9  Effect of Zeolite Deactivation

in industrial processes. catalyst used in the process could be deactivated. The catalyst
regeneration contributes higher cost to the product. From the economic point of view. a catalyst
with long catalytic lifetime or a catalyst that can be reused without regeneration was expected. [n
the ammoximation. the catalyst could be deactivated by various fuctors. They include loss of
titanium active site from the Gramework and the blocking of zewtite pore. Tn this thesis the reusetof

catalyst was investigated and the results are shown in Table 3.9,
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Table 3.9 The vield of cyclohexanone oxime and caprolactam generated from the reaction using

reused Ti-Zeolite as catalyst

T§-1 Ti-Beta
Catalyst
Fresh Reused Fresh Reused
% Conversion ¢f Cyclohexanone 257 294 342 36.2
% Yield of Cyclohiexanone Oxime 208 9.5 15.5 19.1
% Yield of Caprolactam - - 12.3 6.4

. . C . .
Reaction  condirion.  Temperature 60 C. Cyvolohexanone .38 grams. ammonia  solution
. =
(28%w wy .73 wramx and hivdragen perovide solution (30 owaw) 033 grams. Aeetic Aoeld 2.4 il

Reaction Time 4 foerx. used Ti-Zeodive 004 grounes ax caiadvsi,

The resuits show that the activity of TS-1 remains unchanged afier use. This implies that
there is no deacuvation in TS-1. In the case of zeolite Ti-Beta, selectivity of cyclohexanone
oxime was improved and vield of caprolactam is diminished in the resction of used Ti-Beta. This
may be resulted [rom a slightly blocking of zeolite Ti-Beta pore by the products deposited, which
inhibits the rearrangement of cyclohexanone oxime to caproluctam. It can be concluded that
titanium-containing zeolite can be reused in ammoximation with the same activity as the fresh
one. Moreover. in the case ol zeolite Ti-Beta. selectivity of eyclohexanone oxime can be

umproved without change in catalyst activity.
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CHAPTER 4
AMMOXIMATION OF CYCLOHEXANONE USING
TITANIUM-CONTAINING ZEOLITE CATALYST IN

CONTINUOUS PROCESS

I_I'»‘



4. Objectives

To accomplish the cyclohexanone synthesis in continuous process. To oblain suitable
conditions for continuous process such as solvent, feed rate. Amount of catalyst and reaction
temperature for the optimum yield and selectivity of products. To obtain the long catalytic life
Hime.
4.2 Catalvtic testing in continuous process

'

Continuous stirred tank reactor (CSTR) and plug flow reacior {PFR) are choosen lor
studying annmoximation of cyelohexanone in continuous process [1]. In CSTR process reactuon
was carried out at 60 "C in a 50 ml continuous stirred tank reactor (CSTRY using 1.00 grans of
TS-1. Typicalie. 4.25 wramz ol evelehexanone was added 10 9125 grams ol ammoniasolution
(287awrw) and 6.623 grams of  hydrogen peroxide solution (30%wsw) in aceuc acid 30 grams.
The feed raictmolar/hr) ratio for contnuous process was s follows” substance @ NH, : HO, =

1:11.51.2 conuol by penstatic pump{GILSON miniplus3).

Figure 4.1 Schematic of catalytic lesting of contimiods process in stirred tank reactor

The schematic dhagram of continuous process in a 5S¢ ml continuous sitrred tank reactor
(CSTR) is shown in Figure 4.1, The contact tme 15 estimate [rom baich reactor. It is shown in
hatch process that conversion was reached optimum afier 4 hours vesidence time. Accordingly,
retention volume, amount of catalyst and leeding rate were calculated 10 meet the condition for

continuous process, H.0Land a portion ol acetie acid were primarily mixed in the first resrevior.



Whilst cyclohexanone, NH, and another portion of acetic acid were prepared in the second
resrevior. Both reservior were kept at 5 °C for preventing any reaction and H.O. decomposition.
Then the two mixtures were fed at the same flow rate {2x12.5 g./hr.) into CSTR by peristatic
pump (GILSON miniplus3). The feeding ratio for conlinuous process was as follows:
cyclohexanone : NH, : H.O, = [:1.5:).2 [2]. The CSTR primanily contain all reaclant and
catalvst and kept at reaction temperature for 4 hours before feeding.

In case of phw flow process, a 20 ml continuous plug low reactor {PFR) were tested
using the same conditions as v 1he 30 ml continuous stirred tank reactoy (CSTR). The schematic
diagram of connnuous process in a 20 mi continuuus plug flow reactor {(PFR) is shown in Figure

4.2, - .

Figure 4.2 Schematic ol catalytic testing of continuous process in plug flow reactor

The effluent of the CSTR and the CPFR were collected and analized every an hour.
The seluion was analyzed by gas chromatography using 3800 Gas Chrolnatography, Varian, with
capillary DB-5.625 column (30m x 0.25LLm). Liquid sample 0.2 LI was injected to the injection
port (200 "C) using split ratio of 200. The seperation lemperature was started at 100 "C for 4
minutes. Then, the temperature was raised 10 200 "C with » heating rate of 20 "C/min. and hold a1
that temperature for 11 minutes N, was used as carried gas at a flow rate of 28.1 cim/sec.

The sirecture of products wenerated in the reaction using acetic acid as solvent was aiso

confirmed by gas chromaiography-mass spectrometer using the same coluinn and conditions.
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4.3 Result and discussion
4.3.1 Effect of Solvent
The conversion, yield and selectivity from the reaction using acetic acid. water, iso-

butanol. ethanol and acetoniwrite are shown in Figure 4.3

100, - S R A

90 a Conversion| |

8o —— B el —

0 -~‘il:| Seleclvily —

&0

50 - —

40
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20
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Aceit z0d Waer 50-butanol Efnanol Acetomtrile

Figure 4.3 Conversion of cyclohexanone with yield and selectivity of eyclohexanone oxime over
.. " )
TS-1 catalyst. Reaction condition : temperature; 60 Co W/F: 4126 ¢ h mol

Fuoi hunid

reactionriime 6 hoars in hatch PrOCess

It was shown that the reaction using acetic acid as solvent produce higher yield of
cyclohexanone oxime than olher solvent. This can be attribuied to the Tact thal, in the reaction
using acetic acid, peracetic acid can be generated by reaction of acclic acid and hydrogen
peroxide. This has been reported in the first vear study, peracetic acid seesm as better oxidizing
agent leading to higher activity as choosen ecarlier {2]. In case of hydrophifc sclvenis namely
water, ethanol and acetonitrile, lower yield of cyclohexanone oxime were produced as compared
to that using acetic acid as a solvent. This is because these hydrophilc solvents strongly adsorb on
the active site. Sorption of reactant, cyclohexanone is inhibited by competitive adsorption of such
hydrophilic solvent. The catalytic testing in iso-butanol as selvent also give low yield of
cyclohexanone oxime. Nevertheless, by product is not found in the routed using iso-butanol as
solvent, This is because iso-butanol is o free radical scavenger and inhibitor for free radical
reaction. Theretore, the reaction using iso-butanol as solvent produce higher selectivity of
cyclohexanone oxime than other solvent. Accordingly. acetic acid is chuosen for ammoximation

of cyclehexanone oxime in contiruous process.
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4.3.2 Effect of Titanium species
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From Figure 4.4 a poor selectivity of cyclohexanone oxime was ubtained in the reaction
without catalyst. In contradiction the presence of TS-1 catalyst leads 10 a better activity and
setectivily of the oxidised products. This is nol only because TS-1 can promote the formation of
peracetic acid [3] but also due to the presence of active oxidising species formed by the peracetic
acid and titaniwm framework. Hence, the activiy towards oxidation 1s enhanced, as compared to
that with out catalyst. When an equivalent mole of tetrabuiyl orthotitanate was used instead of
TS8-1 . a similar result to the non-catalysed reaction was also observed. Therefore, 1t is clear that
the enhanced ammoximation activities are mainly derived from neither the homogeneous reaction

not the leached titanium species. if applicable.



4.3.3 Influence of Reactor types
The conversion, yield and selectivity from the reaction in {PFR) and {CSTR) are shown

in Figure 4.5
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Figure 4.5 Conversion of eyclohexinone with vield and selectivity ol eyelohexanone oxime over

TS-1 catalyst. Reaction comditton - temperature: 60 "CO0F 41 26 g i o f
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From Figure 4.5 it ix shown that lower yield of cyclohexanone oxime is produced in
continuous plug flow reactor {A) as compare 1o that from continuous svirred ank reactor (B).
This is because the wmmoximation of exelohexanone using acetic acid as solvent is a tri-phase
svilem[4]. As the heterogeneous mixture flow through catalyst bed. The sites contact with
hydrophlic phase (H.Q - H.G.} cun not be easity. Accessed by hvdrophilic phase
{eyclohexanone) and vise versa. Accordingly. the ammoximation of ¢yclohexanone s hardly
promoted in continuous plug flow reactor. Oa the other hand. well-mixing can be achieved in
continuous stisred tank reactor. higher opportunity of cvclohexsnone 1o react with active site.
Accordingly. continuous stirced tank reactor appear to be best suited for ammoximation of

cyclohexanone using acetie acid as solvent,
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4.3.4 Influence of Retention volume
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Figure 4.6 Conversion of cyclohexanone with yield and selectivity of cyclohexunone oxime over

. . e pge - - -1 .
TS-1 catalyst. Reaction condition - wmperature: 60 CoWW P d L 20 ¢ hmal | time o f

process 2 howrs o4y = 100 mf and (By = 3t mf

The result from Figures 4.6 shows that the decreased reactor size for catalytic testing
leads 1o a slivhly inereuse in cvelehexanone oxime formation. This is because the reaction in
smaller reactor is higher H.Q. conswmption rate than H.Q. decompuosition rate. Therefore, the
small retenion volume can reduced the decomposition rate of H,O, and produce higher yield of

product,

4.3.5 Effect of Amount of Catalyst
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Figure 4.7 Conversion ot cvelohexanone with yield and selectivity of cyclohexanone oxime over

TS-1 catalyste Reaction condition : wemperarure: 60 "C, time o f process | 12 hours

123

TN



The result from Figure 4.7 shows that the increased amouni of TS-1 in the reaction leads
to an increase in cyclohexanone oxime formation. This is because cyclohexanone have a higher
possibility 10 react with active sites and higher vield of product can be obtained. However the
conversion seems to be limited by decomposition of H.O.. This is because high feeding rate is

used in this svswem.

4.1.6 Effect of H,0, concentration
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Figure 4.8 Conversion of cyclohexanone with yield and selectivity of cyclohexanone oxime over
TS-1 catalyst. Reaction condition : temperature; 60 C W/F:- 4126 ¢ hwol __ time o f
€ uifutdn reaslinm .

process o 12 hours . (4) = maolar rutio of cvelolexanone/H 0, 0 /L2 (B} = molar ratio of

cvelofiexanone/H .0 .- 1/0.6 and (C) = molar ratio q/'.'.'_1>('IrJfw.\'mume/H‘.O_. 2104

The result from Figure 4.8 shows that when the molar rartio of ¢yclohexanone and
hydrogen peroxide is increased. the selectivity of cyclohexanone oxime is raised. This is because
the increasing of molar rartic of cyclohexanone and hydrogen peroxide is reduce rate of
honogeneous reaction. Accordingly. side products such as asldol condensation and acetyl

cyclohexanone oxime[2] are decreased and the suitable molar ratio{1/0.6) of cg«:lohexunone and



hydrogen peroxide is choosen for ammoximation of cyclohexanone oxime in continuous stirred

tank reactor.

4.3.7 Influence of Contact time
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Figure 4.9 Conversion of cyclohexanone with yield and selectivity of cyclohexanone oxime over
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Although increase in malas ratio of cyclohexanone oxime and hydrogen peroxide can
increased selectivity of cylohexanone oxime this reduces conversion of cyclohexanone.
Accordingly, increase contact time would selve the problem. This could be done by reducing flow
rate of the feeds. The resuli from Figure 4.9 shows that when feeding rate is decrease the
conversion of cyciohexanone is rmsed. Additionally. incréase mofar rartio of cyclohexanone and
hydrogen peroxide also slightly increase selectivity. This is because hydrogen peroxide is

consumed in catalytic process, and hence homogeneous is diminished.

£



The suitable contact time(64.93 g, b mol ...} is choosen for ammoximation of
cyclohexanone oxime in continuous stired tank reactor.

4.3.8 Influence of Catalytic life time
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Figure 4.1¢ Conversion of evclohexanone with yield and selecuivity of cyclohexanone oxime
. . » - .4 .
over TS-1 catalyvst Reaction condition - temperature; 60 C, W/F: 41.26 vty el fime

o f pracess 0 hours molar ratio of cyelohexanone/H (O 106

The resvlt from Figure 4.1¢ shows the long life catalytic activity of TS-1 for
ammoximation of cyclohexanone. Over 40 hours of testing, the catalyst can promote a steady
vield of cyclohexanone oxime. This indicate that of titanium frame work site for catalytic activity,

15 retained as observed by FT-[R in Figure 4.11.

1060 960

Figure 4.11 Fourier Tranformed [R spectra of TS-1 betore and after using
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It can be seem that after 40 hours testing. TS-1 catatyst exhibit characteristic adsorption

of Ti-O-Si at 960 em'[5.6.7].

4.3.9 Effect of Titanium framework leaching

in consistantwith the observed long life activity. it can be seem that smatl amount of Ti
was leaching from the catalyst. The silicon and ttamum conteat of zeolites were demtenmnined by
X-rav Flugrescence (XRFY The resultare shown in table 4.1

Table 4.1 The determinaton of silicon and Gtanium of TS-1 before und after used tor 12

hours testing.

Cualeining temperature Silicon/Titanium
Fresh 30.10
350°C | 33.68
575°C 32.26
600 °C 30.69

It was shown that fresh TS-1 has silican /ttanium ratio of 30.10, Calcining at 550 °C of
TS-1. the silicon /titanium ratio mcrease 1o 33.68 after using. This suggest lost of titamum active
site form titanium framework. When calcining temperature raise to 575 'C and 600 "C the silicon
/titanium ratic are decreased to 32.26 and  30.69 respectively. This indicate that leaching of
titanium active site 15 reduce when the temperatwre tor culcination is raise. tn other words, active
site is more stable when high temperature treatment is applied. However, calcining temperature
should not be exceed 10 600 "C because Ti framework can be collapsed into inactive octahedral

titaium species.
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Suggestion for Future Studies

1. In the ammoximation using acetic acid as solvent, caprolactone, a valuable industrial
chemicals, is formed as by-product by “Bacyer-Viiliger” rearrangement. The “Baeyer-Villiger”
rearrangement should be studied using titanium-containing zeolites as catalyst.

2. The ammoximation using acetic acid as solvent, peracetic acid 1s formed and served as
active oxidizing agent. However, using other solvent showed that there is no direct conclusion of
solvent effect from the investigation. Therefore, investigation on effect of other solvent could lbe
studied.

3. Various reactor types for oxidation wsing titanium containing zeolties such as capillary
reactor and chamber of slide reactor should be studied.

4. The interest sulfoxidation using TS-1 as catalyst in oils will be studied.
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Abstracl

The activity of Gltanium silicalite (TS-1) and the reaction pathway lor the ammoximation ol cyclohexanone 10 produce cvelohexanone
axilhe were studied using acetic acid as a solvent at 60 -C. The efteet of solvent. sources of nitrogen. waler content and the active <ife stability
were also evaluated. 10 was found that, in the reaction using acetic acid as a solvent, the ammoximation of cyclohexanone proceeded mainly
vipthe oxidation of imine. whicl was primarily formed in situ by the condensation of ketone with ammenia. In addition, the ammonium salis
ulweak acids, such as ncetale. citrate and carhonale, can be used as nitrogen sources for the ammoximalion in acelic acid. Waler was shown (o
ilthibi the formation of imine. and also prevent the side reactions. Moreover, TS-1 possessed an excellent stability. and can be reused without

sanlliEine loss of activity.
0205 Elsevier BV Al s reserved.

Srynards: Ammoximation: Accuw acidd: T5-1: Reaction pathwiry

1. Introduction

Tianium-containing zeoliles are found 1o be elficicnt cat-
alysis for the selective exidation of a farge number of organic
sibsirites. such as alkanes. alkenes, picohols, aromatics and
phenot [1-5]. The liquid-phase ainmoximation ol ketone
over tilanium zeolites 1o synthesise oxime is another impor-
i process attracting industrial interests. As cyclohexanone

ol is the key intermediate for the manulacture of

capivlactam through Beckmann rearrangement, the ammox-
silion of cyclohexanone using NHiz and Ha0; is widely
mvestigated [6-14]). Compared with the current commercial
processes, Liguid-phase ammoeximation of eyclohexanone
el titanium-containing zeolites can be carricd out in one
#ep, without use of environmenltally undesirable chemicals,
i only small amounts of by-products formed by homoge-
sis reactions are obtained [11). This is because the oxime
i only be produced by the reaction of subsuale(s) wilh

* Carrespording author. Tel.: +66 19298288: fax: 66 23263415,
Eenaail adelress: kstawan @kmitlac.th (T, Sooknoi).

11169/ - see from matter © 2003 Elsevier B.V. All rights reserved.
WI0.1016/). molcata.2005.04.014

titaninm active sites, which is previously gencrated by an in-
tcraction of the framework tlanmuwm with HaO2 [9.13]. A clear
clarification of the reaction nathway for this reaction is not
only scientifically valuable, bul alse industrially important.

Since carly 1990s, a debate on the reaction pathway for
the ammoximation of ketone has widely become interesting.
In order to cxplain the formation of peroxydicyclohexylim-
me, Thangary) <t al. | &) have proposed a mechanism that the
ammoximation proceeds through an unstable intermediate,
imine. This mechanism is similar te that reporied for the gas-
phase ammoximation of cyclohexanong in the presence of
NHz and Q1 {15]. and has been supporied by IR speciroscopy
which proves the formation of adsorbed imine species on the
surfacc of TS-1 [16]. The imine intermediate is then oxidised
by the Litanium active sites to an oxime. Despile the resiricted
dilfusion of cyclohexanone and its oxime in the medium pore
zeoliles, an excellent caialytic performance was observed by
several groups using TS-1 [6-8]. This is later drawn into re-
cent conclusion that the reaction proceeds via the oxidation of
ammonia o hydroxylamine, which subsequenily reacts with
the ketone 1o form a corresponding oxime [12-14].



T Saoknoi. V. Chitranuwaikul / Journal of Molecilar Coralysis A: Cheaiival 236 (2005) 220226 221

In this work, acetic acid that was recemtly reported to im-
pove the catalylic activity for cyciohexane oxidation [17],
was used as asolvent in the ammoximation of cyclohicxanone.
Lomparing with the reaction using water, an enhanced cat-
flytic activity was also observed in the reaction using acetic
&id as 2 solvent. The results from this study also suggest
lhat, in the presence of acetic acid, the reaction pathway was
dgifferent from the well-accepled pathway that observed in
fhe reaction using water and other nucleophilic selvents, The
difference in the rcaction mechanism accordingly effects the
Jroduct selcctivity, and the causes of such abservation were
discussed.

1. Experimental procedure

Na-free TS-1 were syrthesised using o procedure modi-
fied from that report in titerature {18}, Terrubutyl orthoutanate
{1.16 2) was mixed with deienised water at 5 °C, followed by
30w hydsogen peronide solution (4.29 g3 under otisving for
30min. Then, 25% ammuaia solution (834 ¢ a1 5°C) was
added and stirred. The solution was lefll overnight at room
emperaturc. The solution was then heated ar 80-90°C for
J0min. Ammonia solution was added untl the last solution
has just as much weight as before heating. After that this so-
lution was added into the muxture of dejonised water (9.36 g3,
teirapropylammonium bromine (TPABr, 3.08 g) aad Ludox
{10.81 g) under vigorous stirring. The mixture was stirred for
aday and the final yellow gel with a molar composition of
13 TPABr:3.8 Ti07:94 S103:2168 H>0:212 NH3:12.3 H,0»
was loaded in the antoclave and crystallised at 185 “C. Afler 5
davs, the synthetic zeolite was filiered, washed and calcined
at 350 °C with a heating rate of 2°C/min. Calcination was
carried oul in dry air for 5 h and the sample was left wo cool in
the furnace under stream of nitrogen. After cooling, the cal-
cined sample was repeatedly washed by 5 M of sulphuric acid
until non-framework titanium specics cannat be detected by
2 colour change upon dropping hydrogen peroxide. Finally,
the sample was calcined again in air at 350°C for 4 h. The
TS-1 catalyst was then characierised using XRD, XRE, SEM
and FTIR. Surface arca of the TS-1 catalyst was determined
hy nitrogen adsorption lechnique.

Catalytic studies of cyclohexanone ammoximation were
carried out in a micro balch reactor (10ml) using 0.04 ¢
of TS-1. Typically, cyclohexanone (0.382) was added to
28% (w/w) ammonia solution (0.73 g} and solveni (2.4 mi).
The mixture was then hcawcd to the reaction wemperature
under vigorous stirring. Finally, 30% (w/w) hydrogen
peroxice solution (0.53 g) was added into the mixure. The
molar ratio of the feed used in the reacnion was as follows:
ketong:NH3:H205 = 1:1.5:1.2. After a period of time, the
reaction was halted by removing heat and quenching in an ice
bait.. 2-Propanol (4 ml) was then added 10 homogenise the
reaction mixiure. The solution was filtered and analysed by
GC-FID with DB-FFAP capillary column (0.25 mum x 30 m).
The separation temperature was started {rem 110 10 170°C

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 clectron microscope show
that TS-1 sample is a well-defined, crysialline microporous
material. The TS-1 sample with furge and uniform crystallite
size (5 pm x 20 wm) was chosen in this study. Although o re-
duced activity could be expected from the restncied diffusion
of cyclohexanone 1n TS-1 channels, using catalyst with large
primary crystals can ensure that the observed caialytic activ-
ity was mainly derived from that in the pore of TS-1. Uhe cat-
alysl also showed a characieristic adsorpltion of tetrahedrally
coordinated Ti-O-Si at ~960cm™". Elemental analysis by
X-ray Muorescence showed that a constant Si/Ti ~26 was ab-
wrirad after repeatedly washing with § M salphuric acid. The
specific surface ares of 358 m%/g was obtained by nirogen
adsorption at 77 K.

3.2, Catalytic activity

The ammoximation of cyclohexanoene over TS-1 is shown
in Fig. 1. 1t can be scen that the reaction using acetic acid as
a solvent give a hicher cenversion than that using waler., Ay
previously discussed elsewhere [17], this can be aitribuied
1o the fact that peracelic acid was generated in the reaction
using acelic acid as a solvent. The peracetic acid can further
react with ttanium tetrahedral producing peroxo-complex in
a manner similar to that generated from hydrogen peroxide.
The fact that the peracetic acid is more hydrophobic than the
hydrogen peroxide. the peroxo-complex formed by pevacelic
acid (a softer ligand) would be relatvely mare stable. There-
fore, higher amounts of active siles are available for the re-
action. Additionally. the aclive site formed by peracetic acid
would possess a better oxidising activity due 1o 118 higher

“electron density. These would lead to an improved activity

Tor cyclohexanone conversion when acetic acid was used as
a solvent.

3.3. Product sefectivity

However, selectivily of cyclohexanone oxime in the reac-
tion using acelic acid as a solvent was lower than that using
water. Other producisconflirmed by GC-MS are 2-oxepanone
and acetyl cyctohexanone oxime. The first could be formed
by “Baeyer-Villiger Rearrangement” when cyclohexanonc
react directly with peracetic acid in the presence of acid {19].
As TS-1 possesses the medium pore size (~5.5 A), it is un-
likely that 2-oxcpanone, a seven membered ring, 1s generated
in the pore of TS-1. I may be postulated that 2-oxepanone
was generated homogeneously n the liquid-phase without
aid of TS-1. The second by-product, acetyl cyclohexanone

.
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i 1. Conversion of cyclohexinone and selectivity of cyclohesanone exinme frem the reaction using acetic acid and water as solvem (reaction condition: w
G, cyclohexancne 0.38 2. ammonia solution (28%, wiw) 0.73 g. hydrogen peroxide solution (30%. wiw) 0.53 g. solvent 2.4 ml. TS-1 0.04 2). :

akiing, could be possibly generated cither Irom (1) a sunple
condensation ol cyclohexanone oxime formed in he reaction
with acctic acid or (i1} an oxidative coupling of cyclahex-
aniie oxime with acetic acid in the presence of hydrogen
peroxide and TS-1. In order 1o verify the above possibilitics,
the path (i) was tested by heating and stirring cyclohexanone
oxiime with acetic act ! without hydrogen peroxide and TS-
I for 4 h. Whale the path (i) was tested in the presence of
hydrogen peroxide and TS-1. It was found that acety] cyclo-
liexnnone oxinte cannol be gencrated by path (i) test. How-
evier, the reaction tested {or path (1) produce notably amounts
Ul icetyl eyclohexanone oxime. Consequenily, il seeims that
acelyl cyclohexanone oxime was gencrated by coupling af
eyclohexanone oxime with acetyl radical, which 1s presum-

ably decomposed from the acetyl peroxo-titanivm complex.
The acetyl peroxo-titanium species were earlier suggested
[17] Lo be tormed by an interaction of tetrahedral titaniun:
with peracetic acid and their decomposition would lead 1o
the generation ol active oxidising species [20] as proposed
in Fig. 2. Typically. the decomposition of peroxo-titanium
spevies {a) may well be driven by the reaction with hydro-
gen peroxide to give acetic acid (or water). However, thermal
decomposition 1o give accetyl radical (or hvdrogen radical)
could also 1ake place. Fig. 3 demoenstrates the formation of
2-oxepanone and acetyl cyclohexanone oxime. In addition 1o
the oxidised products, adducts from aldol condensation are
also observed from the reaction using acelic acid as a solvent.
This is probably duc 1o the decreased pH of the media, which
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ig. 2. A proposed reaction pathway for the formation of active oxidising species in the reaction using ¢ 1) water and {2) acetic acid as solvent.
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Fiz. 3. Formation of 2-oxepanone and acetyl eyclehexanone oxime.

readily promotes acid-catalysed condensation of cyclohex-
anoune.

Despite the conversion was increased by increasing
amount of catalysts used, the selectuvity of cyclohexanonc
axime 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 ¢y-
ciohexanony with peracetic acid. as discussed carlier. When
the amount of catalyst was increased, more peracetic acid
cin also be obtained. Therefore, yield of both eyclohexanone
oxime and 2-oxepanone would be increased without a marked
ghiinge in product selectivity.

In the reaction using waler as a solvenl, peracetic acid
Wais not present and hydrogen peroxide alone 15 not effective
for the Bacyer-Villiger reaction. Therefore, there 1s no 2-
axcpanone and also acetyl cyclohexanone oxime produced.
Thiss, selectivity of cyclohexanone oatu.. (0 iie 1w ilon Us-
inz water as a solvent ts considerably high.

4. Active sites and its stability

Since peracetic acid, generated in situ from hydrogen per-
paide and acciie acid, can be a strong oxidising agent, onc
may arguc that the observed activity may well be derived
wilely from the homegeneous reaction. Moregver, the strong
interaction of peracetic acid with the titanium ‘aclive siics

’

% mol
100 4
7 Conversion
) @ Salectivity
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50 H
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Fig. 4. Effect of catalyst loading on conversion of cyclohexanone and selec-
tivity of cyciohexanone oxime {reaction condition: at 60 " C. cyclohexanone
0.38 g. ammonia solution (28%, w/w) .73 g and hydrogen peroxide solution
{30%. wiw)0.53 g, acetic acid 2.4 m), reaction time 4 b, TS-} 0.02, 0.04 and
Q.08 g as catalyst).

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

-

Catalys . TS-1 None Ti(OBu)y Reused T8-}
Conversion of cyclohexane 47.8 317 311 553
Yield of cyclohexane oxime - 378 178 222 46.1
Yicld of 2-oxepanone I 30 48 29 4.1
Aldol products 20 40 - 1.9
Yicld of acctyi cyclohexane oxime 2.5 1.1 1.6 0.9
Yicld ef coupling products 25 39 35 20

Reaction condticon: Temperature 60°C. eyclohexanone 0.38 g. anunonia
sofution (28%. w/w) 0.73 2 and hydrogen peroxide solution {30%. wiw)
0.53 g, acetic acid 2.4 ml. reaction time 6 h. titanium-conlaining zoolites
0.04 g as calalysi (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 actvity as suggested
clsewhere [21]. To verify the above possibility, the ammox-
imation of cyclohexanone without TS-1 was tested, toget'i+r
with that using tetrabuty | orthotitanaie as a catalyst.

From Table 1, it was found that part of the observed ac-
tivity was also contribuied from the homogenreous oxidation
by peracetic acid. However, in addition (o the oxidised prod-
vets, adducts from aldol condensation were increasingly pro-
mated. Thus. a poor selectivity of cyclohexanone oxime was
obtained in the reaction without catalyst. In contradiction the
presence of TS-1 catalyst Jeads to 2 berter activity and selee-
tivity of the oxidised products. This is not only because TS-)
can promote the formation of peracetic acid [17], but also duc
1o the presence of active oxidising species formed by the per-
acetic acid and the nianium framework. Hence, the activity
towards oxidalion is enhanced, as compared to that without
catalyst. When an equivalent mole of tetrabuiyl arthotitanate
was used instead of TS-1. asimilar resultto the non-catalysed
reaction was also observed. Therefore, 1t 15 clear that the
enhanced ammoximation activities are mainly derived from
neither the homogencous reaction nor the leached titanium

species, 1l applicable.

Althaugh the wetrahedral 1itanium framework of TS-1 is
relatively stable. the strong interaction of peracetic acid with
the ttanium framework could lead to the leaching of titanium
active sites inlo the solution This was indeed observed in the
oxidation of cyclohexane using acetic acid as a solvent [17].
According 10 this study. the homogeneous ttanium specics
fias no significant effect on the ammoximation of cyclohex-
anone 1 acetic acid. Nevertheless, leaching of titanium active
sites during the reaction is not preferable and has become onc
of the major drawbacks for industrial applications. Actually,
such circumstance 1s not the case for the ammaoximation of
cyclohexanone. No notable amount of dissolved titanium was
detected in the solution (by UV-vis adsorption) and when the
calalyst was reused without thermal regencration, the activity
of TS-1 is even enhanced (Table 1). The cause of the slightly
improved activity of the reused TS-1 cannot be evaluated at
this stage. However, a better stability of TS-1 in acetic acid
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i probably derived from the presence of nitrogen sources,
which would increase pH of the solution and, hence, sup-
press the dissolution of the framework titaniwm species.

13 Mechanistic study

Unless the reaction pathway proceed via oxidation of am-
monia to produce primarily hydroxylamine, the enhanced ac-
tivity in the reaction using acctic acid may well be resulied
from the enhanced formation of cyclohexanone imine. The
farmation of iminc was previously evidenced by an absorp-
tion band at ~ 653 cm ™! when ammonia and cyclohexanone
was introduced 1o Ti-mordenite at 60 °C [12]. As the amount
of cyclohexanone imince is increased, the oxidation of cy-
glohexanonc imine would also be accelerated, resulting in a
higher yield of cyclohexanone oxime tn the reaction using
acelic acid, as compared 1o that vsing water. ’

Fram the mechanisue point of view, the condensation
of cyclohexanone with ammonia in acetic acid would be
favoured because cyclohexanone imine formation is facili-
taied at pH approximately 4-5 or i the presence of acid

catafyst [22]. However, a recent report [14] demonstraled -

that in the reaction using watcr, hydroxylamine was primar-
ily formed. These possibilities can be readily tested cither by
the reaction of ammonia with only cycichexanone prior o
e addition of TS-1 and hydrogen peroxide (test 1), or the
teaction ol only ammonia with catalyst and hydregen perox-
e, followed by catalyst reimoval and ryclohexanone addition
{lest 11). The test ] can be empoyed o verily the hypothesis
tlat ammoximation proceeds via condensation of cyclohex-
anone with ammonia. On the other hand, the hypothesis for
hydroxylamine farmation can be demonstrated by the test 1.

From Table 2, it shows that cyclohexanane oxime can
be enly formed in test I when acetic acid is used as a sol-
venl. Thus. the condensation of cyciohexanone with ammo-
nia in homogeneous phase is facilitated in the presence of
acetic acid (test T). It is also possible that the cyclohexanone
imine could interact with a relatively hy<drophobic active site,
formed by complexation of peracetic acid and the framework
titanium. Therefore, the oxidation of the imine to the exime
couid be expected. In conwrast, when acetic acid is used as
8 solvent, ammonia was protonated in test JI and may not
e readily oxidised to hiydroxylamine. Conclusively, in the
fedetion using acetic acid as a solvent, only the pathway pro-
ueced via the condensation of eyclohexanene with ammo-

iOOH

0 NH, UNH
Acelic Acid .

TS-1 T6-1

Ho s . j\
/ OH Hz0,

Fig. 5. Proposed reaction pathway for cyclohexanone ammoximation using
acelic acid a3 a solvent.

nia should be responsible for the formation of cyctohexanone
oxime. Fig. 5 1tlustrates the reaction pathway, which s pro-
posed from the results observed in this study.

In the reaction using water as a solvent, on the other hand,
cyclohexanone axime car be formed by both tests. Since ans-
monia was nol readily pretonated in the reaction using wa-
ter as a solvent, it can directly react with the active sites to
produce hvdroxviamine. The observed smalier yield of dy-
clohexanone oxime in test IT may be derived from (1) an in-
complete tormatior of hydroxylamine when the calalvst was
removed, and/or {i1) the oxidation of hvdroxylamine o nitrite
and nitrate specics [ [4] before cyclohexanone was added.

3.6. Ammoniwm salts as reagents

The fact that the observed catalytic pathway is inconsis-
lent with the pervious report when acetic acid is used as a
sulvent can be accounted for a poor activity of protonated
ammaonia 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 (o postulate that in the
reaclion using acetic acid as a soivent, ammonium acelate 1s
formed. This salt must be able to react with cyclehexanone,
which is indeed observed together with other weakly acid
salls as shown in Table 3.

When weakly acid salts, such as ammonium acetale, cit-
rate and carbonate, weic used as reagent in the presence

Table 3

Yield of cyclohexanone oxink {(mol%e ) from reaction using ammaonivm salts

as reageni

Reagent Solvent
Tabila 2 Waler Accue acid
Yigld of cyclohexanone oxime (mol%) fram reaction pathway testing Ammonia solution (NH,OH) 8.1 20.8
Test Solvent Ammonium acetate (NH;OAc) 0.68 215
r — Ammonium ¢itrate ((NHy )2 HCaHsGy) 0,47 6.6
Water Acelic acid Arlsmenium carbonate ((NH3)»CO3) 6.3 8.3
Typical reaction 8.1 20.8 Ammaonium oxalate ((NH4):C204) Trace 1.8
Teat | (imine pathway) 74 149 Ammonium chioride (NHCl) Trace Trace
Jest T (hydroxylamine pathway) 1.7 G.27 Ammaniunt sulphate ((NH1)50,) Trace Trace

Reactions condition: Temperatuee 60 °C, cyclohexanone 0.38 g, ammaonia
solution (28%. wiw) 0.73 g and hydrogen peroxide solution (30%. whwv)
153 g, Solvent 2.4 ml, TS-1 0.04 g, reaction time: 2 h/d h (step 1/step 2).

Reaction conditien: Temperatwre 60 °C, ¢yclohexanone 0.38 g, hydrogen
peroxide solution (30%, w/w) 0.53 g, solvent 2.4 ml. TS-1 0.04 g, reaciion
time 4 h.
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gl acetic acid, cyclohexanone oxime was indecd generated.
Particularly, there is Wo significant difference between the
raction using amimonia solution and thal using ammonium
wetate asreagent. This confirms that ammonium salts is quite
alive for ammoximalion. A relatively lower aclivily was ob-
served whén ammonium citrate was used as reagent. This
s because ammonium citrale is a salt of hydroxy polyacid,
fierefore it can be somewhat dissociated in acctic acid. Con-
sequently, reactivity for the reaction wilh cyclohexanone 1o
Benerate cyclohexanonc imine is relatively lower than the re-
wlien using ammonivm acelate. For ammonivm carbonate,
{yield of cyclohexanone oxime in the reaclion using acetic
(eid, was lower than that expected. This may be resulied
fiam the fact that ammonium carbonate Teacts vigorously
Wil acetic acid producing carbon dioxide, ammonia and cx-
st heat. Under this circumsiance, a rapid vaporisation of
gathon dioxide may well lead 1o the loss of ammonia. This
tonld reduce the rate of condensaiion with cyclohexanone
stliing in a lower production ol cyclobexanone uxime as
abserved.
~On the othier hand, in the reacuon using water as a sol-
went, the use o ammonium acelate and citrite show much
lwer activily than that of ammonia solution, This can be re-
slted from the fact that ammonium acelate and citrate could
ke highly dissociared in the water. Accordingly, ammonia s
mostly present in a protonaied form. The fone pair elecirons
sammoniza could be deactivated and cither the reaction with
aclohexanone (o form cyclohexanane iming or the direct ox-
daion to hydraxylamine werg inhibited in the reacuon using
uater as a solvent. Nevertheless, this 15 not the case for am-
Jingium carbonate. As being a sall of weak carbonic acid,
Stan be readily decomposed 1o give ammionia al reaction
smperature. Therefore, the aciivity of aimmonium carbonate
pwdier is somawhat similar 1o the ammoma solation.

The ammonium salts of sirang actd such s, ammanium
uglate, ammonium chloride and ammonium sutphate, can-
i be used as repgent in both reacthions using aceue acid
ad water as salvent. This is because the A, of the conju-
aited acid of ammonium salts is ligh. Consequently, the sali
Whighly dissociated, leadmg 10 the deactivation of the lone
piirelectrons of aimmonia. Therelore, the strangly prolonated
mimonia is not eflicicnt for beth condensation with ¢yclo-
Sanone 1o produce cyclohexanone imine and oxidation 10
gt iydroxylamine.

80 Effect of water content

. According to the above discussion, the condensauon of
slhiexanone wilth ammonia becomes an essential siep for
simmoximation. This siep could be notably interfered by
BpH of the solution and also by the presence of water. 1t is
#pected that less amount of water present in the reaction shall
Walio a better activity. As hydrogen peroxide solution was
il s an oxidising agenl, the presence of waler cannot be
wided, Nevertheless, the cliect of water can be invesiigated
ﬁding dried zeolite A {a water adsorbent) into the system.
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Fig. 6. Eficer of water conent on the yield of cvclobexianone oatime and
cooversion of cyclolenanone {ceaction condition: au 60 *C. cyclohe xunone
0.38 2. ammonia solution (28% . whw) 0.73 g and Tevdrogen peroside solution
(R0%. whv) 0.53 ¢, acctic acid 2.4 ml, TS-1 0.04 g, reaction tome 4 b, added
0.5 1.0 and 1.5 g of zeelite)

From Fig. 6. it was clearly shown that the conversion oly
cyclohexanone and the yield of cyclohexanone oxime was
increased with the amount ol zeolite A adkded. The zeolite A
which ts highly hydrophilic and possesses small pore size,
can readily adsorb water. This would Facilitate the condensa-
tion of ammonia with cyclohexsnone o give thie correspond-
ing imine since water was removed fram the system. As the
formation ol the imine is promoted, a higher yicld of eyela-
hexanone oxime can be expected. In addition, the yvield ol
2-oxepanone and acetyl eyclohexanone oxime (hy-prodacts)
were decreased when zeolitle A was added, This i< probably
because cyclohexanone aid peracetic acid are Jargely con-
sumed by the ammoximauon process. Hence, the direct reac-
tion af peracetic acid with cyclohexanane or the coupling of
cyclohexanone oxmie with acetyl radical waould be limired.
Accordingly, a higher selectivity of cycloliexanone oximy
was also obtained when zeolite A was added,

4. Conclusion

Ammoximation aclivity ol cyclohexanone is enhanced
the reaction using acetic acid as asolvent. However, sclectiv-
ity of the corresponding oxime is reduced due 1o formation
ol by-products, 2-oxepanoac. acelyl cyclobexanone axime
and aldol adducts. Together with the strong oxidising species
like peracetic acid, the werrahedially coordinated Graniums
are active species and they are relatively stable. Leaching of
actlive sites was nov uhserved in this reaction, presumably due
o the presence of ammonia in the sysiem. However, furiher
investigation using larger amounts of catalysis or wsting in
acentinuous process shauld he made to really prove on this.
Nevertheless, this study shows that soluble titanium specics
plays no role in ammoximation of cyclohexanone using acetic
acid as a solvent.

The mechanistic study shows that there are two possible
pathways for the ammoximation of cyclohexanone. i the

.
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reaction using water as a solvent, the oxidation of ammonia
1o produce hydroxylamine, followed by its condensation of
tyclohexanone seems to be favoured. However, only the path-
way proceeded via the condensation of cyclohexanone with
ammonia is responsible for the fermation of cycichexanonc
oxime in Lhe reaction using acetic acid as a sglvent, This also
lends to an improved catalytic activity because Lthe formation
of cyclohexanone iming, an oxime precursor, is enhanced in
presence of acctic acid. In addition, peracetic acid, which is
furmed in sine, can be served as a beuwer oxidising agent, as
compared Lo the hydrogen peroxide alone, However, 1he re-
attion ysing acctic acid as a solvent shows a lower cyclohex-
anone oxime selooavity because peracetic acid can direenly
teact with the reactant and the product e produce two other
by-products, 2-oxepanonc and acetyl cyclohexanone oxime,
respectively. From the cconomic point of view, this conld be
a major vhstacle 10 an industrial development even though
high conversion is obumned.

In the reaction using acetic acid as a solvend, il is also
evident that the source of nitrogen can be ablained (rom am-
musitn sadis of the weak acid, such as acelate, citrate and
earbonate. These species are active for the formation of iming,
However, 1h1s is not the case for the reaction using water he-
cause the reaction pathway involves ammonia oxidation. The
prolonated ammonia is inactive for the oxidation to hydrox-
vlamine and the reaction in water can be carried oul only
with antumonia in sfightdy basic solution. The presence of wi-
ferin the reaction using acetic acid does not only inhibil the
ammoximation aclivity, bul also facilitate the Tormation of
by:praducts. Hence, selectivity ol cyclohexanone oxime is
wproved when waler is removed from the system.
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