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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.
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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
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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

29



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.

32



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:
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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.

48



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
. .- = r - - I3
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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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Figure 2.22 Effect of contact ime on the conversion ol evelohexanone oxime over Dealuminated
Bew
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Figure 2.23 Effect of contact time on the conversion of cyclehexanone oxime over Ti-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
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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
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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
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