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CHAPTERI

INTRODUCTION

Selective oxidation reactions using heterogeneous catalysts are of growing
importance for modern chemical industry. The oxidation products of cyclohexane,
viz., cyclohexanol and cyclohexanone, are important intermediates in the production
of adipic acid and caprolactam, which are used. in.the manufacture of nylon-6 and
nylon-6,6 polymers. In addition, they are a}}so used as selvents for lacquers, shellacs,
and varnishes as well as stabilizers and homegenizers for soaps and synthetic
detergent emulsions. Other_usés_of cyclol,lmexanone are as starting material in the
synthesis of insecticides, Merbicides, al;d pharmaceuticals. In general, both
cyclohexanol and cyclohexagone are produced on an industrial scale by the oxidation
of cyclohexane. In the early 1940s, DuxPont developed a process in which
cyclohexane was oxidized in the presence of*jalr to cyclohexanol and cyclohexanone
using cobalt napthenate or g¢ebalt acetate a; ;I:atalyst In this process, several by-
products, viz., mono- and dlcar’bo,xylic acnds, est;,rs aldehydes, ketones, and other

oxygenated materials, were generated ;Later,jin: ttle 1950s, Scientific Design (now

L

Halcon International) dev;loped a new proccss where anhydyous meta-boric acid was

added as a slurry in the ox.ddatlon vessel. This led to the formaﬁlon of cyclohexyl ester
is subsequently hydrolyzcg_ to cyclohexanel. In compansog to the former, the latter
process showed good yield of cyclohexanol, which, however, requires high
investment and a high operating cost to recover and recycle the botic acid.

On the other hand for the laboratory-scale reaction extensive literatures are
available on"the selective oxidation ef cyclohexane using a variety ef transition metal
compounds in stoichiometric amounts or as homogeneous catalysts. In"the cases of
the latter, the use of initiators, e.g., cyclohexanone, cyelohexyl peroxide, methyl ethyl
ketone, and acetaldehyde reduced the induction period as well as enhances the
catalytic activity. However, owing to the limitations of these soluble (homegeneous)
catalysts, viz., catalyst separation from the product and the disposal of solid/liquid
wastes, which pose serious problems to the environment, in recent years attention has

been focused on the development of transition metal-based heterogeneous catalysts



with exygen or peroxides as nonpolluting oxidants. However in most cases, extreme
reaction conditions such as high pressure (2 MPa) and high temperature (450 K) in
conjunction with low activity make the process less attractive. In addition, leaching of
“active metal ions has often been observed under the reaction conditions. Hence, the
oxidation of cyclohexane over heterogeneous catalysts under mild/moderate
conditions is a topic of great interest. '

Transition-metal-substituted polyoxometalates (M-POM for short) have attracted
much attention as oxidation catalysts bec of their unique ensemble of properties,
including metal oxide-like structure\tﬁq [ rolytlc stability, tunable acidities
and redox potentials, and altc lubllx rxous media, etc. [t has been

established that cobalt comw

for homogeneous aerobic 2

Om:; B are among the best catalysts
| ooxidation of alkenes with
aldehydes [1]. Tetraalkylam been prepared to ensure the solubility
in the organic solvents. ' ' (1-5 m’g™") Dispersion M-

POM on support, such as ben, blays and microporous

zeolites, to enlarge the surf: g .. ber ofacidic sites on the
surface and enhances catalyti ity Was MCM-41s materials have
very large surface area (typical a uniform large pore size (20 A )
the MCM-41s materials can act supports. This is because such
mesoporous materials, \E{nch have‘ réfitwe’ly hindrance, can aid the
easy diffusion of bulky prganie-m ietecules in and out of thel sopores [3]

|7 —
1.1 Objectives of the thesjsﬁ.

To syneh] b3 I HH IR YR Graining. ranion

metal Co, Fe and Cu.

SRR ANy ey -



CHAPTER II
THEORY AND LITERATURE REVIEWS

2.1 Cyclohexane oxidation [4]

The selective oxidation of cyclohexane produces an important KA-oil (a

mixture of cyclohexanone and cyclohexanol) intermediate in the petroleum industrial

chemistry. Such oil can be used for the
e
vhich are key materials f$ ]

ction of adipic acid and caprolactam,

ylon and 6-nylon, respectively

Modern industrial methods usuai and temperature when using

soluble cobalt as catalyst, ion of high selectivity (about
80%) for the sum of cycl at a low conversion (14

mol%), since the cyclohe stantially more reactive

Hexamethylene diamine

fueldnuniiy

Nylon 6,6 Nyloﬁ 4

q RASI RS NYIA 8

2.2 Adipic acid [5]

Adipic acid (also called hexanedioic acid) is a white, crystalline compound
of C6 straight-chain dicarboxylic acid; slightly soluble in water and soluble in alcohol
and acetone. Almost all of the commercial adipic acid is produced from cyclohexane

through two sequent oxidation processes. The first oxidation is the reacting of



cyclohexane with oxygen in the presents of cobalt or manganese catalysts at a
temperature of 150 - 160 °C, which preduce cyclohexanol and cyclohexanone. Then,
the intermediates are. further reacted with nitric acid and air with a catalyst (copper or
vanadium) or without nitric acid. Adipic acid consumption is linked almost 90% to
nylon production by the polycondensation with hexamethylenediamine. Adipic acid is
also used in manufacturing plasticizers and lubricants components. Its derivatives,
acyl halides, anhydrides, esters, amides and nitriles, are used in making target
products such as flavering agents, pesticides, dyes, textile treatment agents,

fungicides, and pharmaceuticals.

2.3 Nylons [6]

Nylons are condensation” cepelymers formed by reacting equal parts of a
diamine and a dicarboxyli€ acid, so that peptide bonds ferm at both ends of each
monomer in a process analogous, to po,lypép.tidc biopolymers. Chemical elements
included are carbon, hydrogen, nitregen, andi,-ofiygcn. The numerical suffix specifies
the numbers of carbons donated by the mone;mex_-'s; the diamine first and the diacid
second. The most commeon Variant is nylon 6-6 which refers to the fact that thc‘
diamine (hexamethylene diamine) and ‘the diac@ {idipic acid) each donate 6 carbons
to the polymer chain. As with ether regul’é—r'__:;copolymers like polyesters and
polyurethanes, the "repeating unit" consists of one of each monomer, so that they
alternate in the chain. Sirice each menemer in this cepelymer has the same reactive
group on both ends, the direction of the amide bond reverses between each monomer,
unlike natural polyamide proteins which have éverall directionality: DuPont patented
nylon 6,6, so in order to.compete, other companies (particula.rly the German BASF)
developed the homopolymer nylon 6, a,condensation.polymer, but formed by a ring-
opening polymerization'(alternatively made by/polymerizing aminocapreic acid). The
peptide bond within the caprolactam is broken with the exposed active groups on each
side being incorporated into two new bonds as the monomer becomes part of the
polymer backbone. In this case, all amide bonds lie in the same direction, but the
properties of nylon 6 are sometimes indistinguishable from those of nylon 6,6 except
for melt temperature (N6 is lower) and some fiber properties in products like carpets

and textiles.



The general reaction is:

o} e @ @
n C-R=C_  + n HN-R-NH, —~ C-R—C—N-R'-N
HO OH H H

Scheme 2.1 Synthesis of Nylon.

2.4 Homogeneous and heterogenecous catalyfy/
Homogeneous catalysts uc.nften morc se orc active, and more

reproducible, but are generall cul to removea&g the reaction. In this case,

complicated processes such 1on,/li uid—liquid extraction and ion exchange

must often be used.

-
-

Heterogeneous cataly, “easily ‘separated from the reaction mixture

—
without any solvent, and show aenera on and have a less corrosive character,

- vxronmer({'.fncndly operation.
o rida fER $* ]

’ *: o 1
Al jf‘
Table 2.1 Comparison of homo nt;qasand hc@ndus catalysts

leading to safer, cheaper ang

- —_— =

- Heterogeneous

~ Active centers Jall met 1S ~ | only éurface atoms
‘Concentration gw — l@x
electivity high___ iy lower
Diffusion problems ﬂ ) %ﬂx‘j
‘Reaction condition mild (50-200"‘C) severe (oﬁen> 250°C)

remechIl ﬂ\méﬁﬂm MIAL.

products (cluster formation); | crystallites; poisoning

poisoning
Catalyst properties
 Structure/stoichiometry | defined undefined
‘Modification possibilities | high low

Thermal stability | low ' high




Table 2.1 Comparison of homogeneous and heterogeneous catalysts(Cont.)

Homogeneous

Heterogeneous

sometimes laborious

| (chemical decomposition,

fixed-bed: unnecessary

suspension: filtration

distillation, extraction)

f’Catalyst recycling possible "y unnecessary

?Cost of catalyst losses high

SNz, o

2.4.1 Polyoxometalate [7]

Among the solid acid catalysts, pel;’oxometalates (POMs) are more efficient
catalyst and have many advantages over cenventlonal acid catalysts. The applications
of polyoxometalates are” baséd on thelr umquc properties, including size, mass,
electron and proton transfer/stbrage abllmes, thermal stability, liability of lattice

oxygen and high Brensted agidity of the corre§pond1ng acids. They have long been

used in analytical chemistry, in many, pharmapcgt}cals and in medicinal chemistry.

The catalytic function of polyoxometalates is ];1}__:4 in solution as well as in the solid

Y el

state, as acid and oxidation catalysts.

The strong acidity é_)f POMs is caused by two main f:actors: 1) The dispersion
of the negative charge over many atoms of the polyanions and 2) The negative charge
is less distributed l@ver the outer surface of the,polyanions owing to the double-bond

character of the M=0 bond, which polarizes the negative charge of O to M.

There ‘are a' large number of different POMs, but the most well known and
studied are the Keggin type due to their easy preparation, relatively high redox and
acid properties, and thermal stability. The basic structural unit of these compounds is
the Keggin anion [X™*M20*]"? (Fig. 2.1), which consists of a central tetrahedron X:
B**, Si**, P**, etc.) surrounded by twelve edge-sharing metal-oxygen (M: Mo®*, W*")

octahedron.



Bridging Oxygen (Oc¢) Central Oxygen (Oa)

Terminal Oxygen (Ot)

5 §
Figure 2.2 Primary structure of the polyoxemectalate (Keggin structure).

r

2.5 Mesoporous materials

el 4T 48

1 e_ong:at_ion discovered the M41S family of
N

lar sieves with exceptionally large

In 1992, research
silicate/aluminosiligate mesoporous mol
éfai!{tc agféﬁ‘t used is no longer a single, solvated |
organic molecule or metal ion, but ra'tﬁer a saé‘:éa;sembled surfactant molecular array
as suggested initially. Three diffe;é!ﬁéﬁiesopﬁégﬁfl this family have been identified,

AT A
i.e., lamellar hexagonal, .alnd cubic phase. MCMﬂT‘[’i] has aPexagonally packed array

uniform pore structures. The te

ol W b W - Kol e —
/| / X191 Nng

of cylindrical pores. T & -structur
ordered pore structure ahd;MCM-SO[IQ] contain a lamecllar structure as illustrated in

—~ 3§rce-dimcnsional,cubic-
P

B, AP

Figure 2.3.

Figure 2.3 A presentation of three inorganic-surfactant mesostructures:

(a) the hexagonal phase, (b) the cubic phase, and (c) the lamellar phase.



2.5.1 MCM-41[11]

MCM-41 (Mobil Composition of Matter)-41, a member of the extensive
family of mesoporous molecular sieves, displays an ordered structure with uniform
mesoporous arranged into a hexagonal, honeycomb-like lattice as show in Figure2.4.
These materials possess large surface area, up to more than 1000 m’g"' Moreover, the
pore diameter of these materials can be controlled within mesoporous range between

1.5 to 20 nm by adjusting the synthesis cpnfitions and/or by employing surfactants

with different chain lengths in their preparati e high thermal and hydrothermal
stability, uniform size and shape of the pores, lar =.surface areas and, hydrophobicity

and acidity of these materials;;rif make them o'f interest as sorbents and solid support in

catalysis.

= _’:-"_ Lo ) :- !| - N ‘
Figure 2.4 Hexagonal paci(ing of uni-dimensional Eyhndricalfpores.
N —J4
W L

2.6 Hydrogen peroxide, H;0, mn
U

Hydrogen peroxide is an effective oxidant that could be used in many
* industrial processes| because ‘the ‘only by-product ‘of "oxidation using hydrogen
peroxide is water. It'is commercially available in aqueous solutions of 30% or 90%
concentration, The 30%hydrogen-peroxide] is @a colorless) liguidy (¢41.b10) and it is
stabilized against decomposition, which ‘occurs in the "presénce of traces of iron,
copper, aluminum, platinum, and other transition metals. The 30% hydrogen peroxide
does not mix with nonpolar organic compounds. When formic or acetic acid is used,
the reacting species is the corresponding peroxy acid. Under such conditions, the

products of oxidation by hydrogen peroxide resemble those obtained with peroxy

acid.



2.7 Literature reviews

2.7.1 Homogeneous catalysis

In 1992 Bartém et al. [12] reported the use of Cu(OAc),.6H,0 and FeCl;.6H,0
'as catalyst in GoChAgg system. GoChAgg system is the homogeneous oxidation by
Cu(I)-H,0; in pyridine-acetic acid. Reactivity, selectivity and mechanistic study of
system by using various cycloalkanes such as cyclohexane, cycloheptane, adamantine
as substrate were thoroughly examined. The mechanism proposed was invelved non-

radical pathway.

In 1995 Craig L er al [13] studied the redox characteristics of the
- polyoxometalates. The redox.poteniials depend on negative charge density and
elemental composition. Thespolyoxemetalate ions in order of decreasing redox
potentials are V(V) (most oxidizing) > Mo( VI) > W( VI) (least oxidizing).

In 1996, Chavez et al; [14] -rcporte:’t_l Jihe use of Co(III) alkyl peroxide to
catalyze in oxidation of cyclehexane to cyé!éhéf'xanonc and cyclohexanol by using
tert-BuOOH as oxidant. The selectivity of théj;‘gqtion was low but the time required

for reaction was short. ’ —

| o el

In 1997 Noritaka—er—ai {15} studied eoxidatioi of cyclohexane to the
corresponding alcohols and ketones with melecular oxygef cétalyzed by the Fe;_Niy-
substituted Keggin-type héteropolyanion, [PW037(FesxNix.(QAC)]®™ (x = 1). Its
catalytic activities lof [IPWs @37 {Fes §Nig(@ Ac)3] °F /was compared with mono-
transition-metal substituted heteropolytungstates and other compounds having oxo-
bridged tri-transition-metal sites. The reaction was carried out without any solvent, air
1 atm , at 82 9C for 48 h.\The result showed that [PWs03,{Fe;Ni (0Ac);} """ gave

0.36% conversion and 83% selectivity of cyclohexanone.

In 2001 Suss-Fink er al. [16] studied oxidation of alkanes (cyclooctane, n-
octane, adamantane, ethane) by hydrogen peroxide in acetonitrile using tetra-n-
butylammonium salts of the vanadium-containing polyphosphomolybdates
[PMo“VO4o]4_ and [PMogVs030]'% catalysts. The oxidation of alkanes gave rise to

the corresponding alkyl hydroperoxides as the main products, which slowly
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decomposed to produce the corresponding ketones (aldehydes) and alcohols. The
reaction in acetic acid and water is much less efficient. The oxidation of cyclooctane
at 60°C in acetonitrile gives within 9 h oxygenates with turnover numbers >1000 and
yields >30%. Pyrazine-2-carboxylic acid added as co-catalyst accelerates the reaction

but does not enhance the product yield.

In 2001 Mizumo ef al. [17] compared the catalytic activity of

tetrabutylammonium salts of mono-, d1- trl iron-substituted. Best results were

obtained with the diiron species and\t\ ﬁg Eoducts were cyclohexanone and

cyclohexanol. Keggin-type l;iqterop [PW, 039] and
[PW;M(L)O30).7 ™~ (whereho ‘Mn = H,0 or CH;CN) as

catalysts in cyclohexane oxi

{\‘ _ olyanions [PW;,03]"
[PW“Fc(Hzo)O;g]‘_ showed hi yti¢ a thty ‘Wnth iron species, a conversion
- of 76% . \

numbers and selectivity ﬁor cyclnctyl’ hydré
96% cyclooctane conv&'" =
tungstophosphates but pr?cntcdhigher

Excess of hydrogen peroxide affordcd higher selcctxvxty for cyclooctyl hydroperoxide.

e GUE BN INPING, e
ST b ik DT

that [(n-C4H9)4N]4H[PW| 1C0039] gave higher actnvnty than  [(n-

C4Hg)4N]5[PW1C0039] (94 and 71% conversion) with 54-% selectivity of isobutyric

acid. From the result indicated that the presence of proton is important for the activity

"eroxx wr?ebtamed They got 13-

s were less active than

clooctyl hydroperoxide.

of Co-POMs in isobutyraldehyde oxidation.
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In 2008, Mirkhani,l et al. [19] published the oxidation of alkanes (cyclohexane,
cyclooctane and ethylbenzene) with H>O; using Fe**(salen)Cl and M(salen)-C, where
M = Fe, Co, Ni and Mn at 80°C for 5 h in CH3CN. It was found that Fepf(salen)-POM
.gave the highest activity. Its activity is much higher than the Fe**(salen)Cl. The

conversion for all substrates is >50% with >90% selectivity of ketone.

2.7.2 Heterogeneous catalysis

In 1999 Alexander M. et al. [20] stuﬁ;é/%f/be impregnation of H5PV2MomO4o
onto MCM-41 and amino-modified MCM-41 mag‘/_pals They were used for aerobic
hydrocarbon oxidation using mbutyraldehide as a reduemg agent. The oxidation of

. alkenes and alkanes gave 'ﬁ'r‘:’ ¢clectivities similar to those observed in the

corresponding homogenedus ion’ although catalytic activity was lower. Under

appropriate experimental 1gre was no leaching and the solid catalyst could

—

o .

i -I"J

I synthcsrzqd and characterlzed M(NC;)Si-MCM-

be reused.

In 1999, Carvalho, et.
41(M = Cu(lI) and Fe(lIT)) and s
in the oxidation reaction of cyclohexane w1£l£iqneous H,0, (reaction temperature
100°C, 12 h. They found that MfN:Cr)Sl MCM{M-Werc more active than M-MCM-
41. The activity of cata'l-yj decreased in the following f
Fe-MCM-41 > Cu(NC;)'él-MCM-M > Cu-MCM-41. However when the catalysts

T

were recycled, leaching of‘the metal was observed.

In 2004 SE. Dapurkar et al'-[22] studied oxidation' of cyclohexane over
mesoporous VMCM-41 molecular sievé catalyst using.aqueous hydrégen peroxide as
oxidant, acétic acid as,Solvent, and ‘methyl ethyl ketone as initiateri The activity of
catalyst slightly decreased after first recycle (from 99 to 93 %conversion), owing to
leaching of small amount of non-framework vanadium ion. At the optimized
condition cyclohexanol was obtained as the major product with 94.5% selectivity. The
use of strong oxidizing agent, TBHP resulted in the formation of cyclohexanone as

the major product 82.4% selectivity.
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In 2006 Yuan er al. [23] studied oxidation of cyclohexane by melecular
oxygen over metal-containing ZSM-5 catalysts in a solvent-free system. Among those
M-ZSM-5 and M/ZSM-5 catalysts tested, Co-containing ZSM-5 catalysts including
.Co/ZSM-5 (prepared by ion-exchange and calcination) and Co-ZSM-5 (prepared by
ion-exchange and drying) showed the best activity for the oxidation of cyclohexane to
cyclohexanone and cyclohexanol. Co/ZSM-5 had almost the same activity as Co-
ZSM-5 for the cyclohexane oxidation; however, the leaching of cobalt from Co-ZSM-
5 readily occurred. Co/ZSM-5 (calcined) eatalyst could achieve about 10 mol%
conversion of cyclohexane and 97% selectivity of KA-oil (the mixture of
cyclohexanone and cyclohexanel) at 393 K under the pressure of 1.0 MPa O,.

J

In 2007 Dharmesh ef al. [24] studied on the immobilization of the
polyoxometalate [PVzMoloQ«]s' on modiﬁcd mesoporeus MCM-41. The MCM-41
hest material was made by functionalization of the surface with [(MeO);-
Si(CH;);N"(CH3)3]ClL. POM is deprotonated .land could be easily immobilized by wet
impregnation of the modified silica using CH;OH as the solvent. These techniques
indicated that the POM is' intact en’ the surfag.e after impregnation. High loadings of
POM caused a decrease in the surfacc arca anJ pere volume of solid, presumably due

to both pore blockage and restructurmgef the s;HCa during wet impregnation.

- -—.' e

In 2008 Shahra@{mmmméqjyoxometalate (PVMo)
supported on MCM-41 a3d MONEUIENERMRIIIIOPR b offloxidation with hydregen
peroxide. PVMo-MCM was prepared by introduction of Pi;MQ into the mesoporous
molecule sieves of MCM-41 by iniptegnationand dadserptiontechniques. Oxidation of
the alkenes and alkanes gave product selectivities, similar to those observed for
corresponding homogeneous catalyst.. Ultrasonic irradiation has.a particular effect on
MCM-41 structural | uniformity dnd’ réduced the redction times and improved the
product yields. In addition, the solid catalysts could be recovered and reused several

times without loss of activity.

In 2008 Jiquan et al. [26] synthesized secondary amino group modified
MCM-41 and used as a support for the immobilization of a salen oxovanadium
complex via a multi-grafting method. The immobilized complex was an effective

catalyst for oxidation of cyclohexane using H,O; under mild conditions. A conversion
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of 45% of cyclohexane was obtained with a selectivity of 100% of the
cyclohexanone/cyclohexanol mixture when the reaction was run at 60 °C for 12 h in

acetonitrile.

In 2009 Sreevardhan et al. [27] synthesized Co-SBA-15 catalysts by direct
synthesis and post-synthetic impregnation methods at two different loadings of Co
viz., 1.2 and 2 wt%. The structure of SBA-15 was found to remain intact even after
Co in SBA-15 was found to be highly
e desired products (cyclohexanone
thout using any solvent under

_‘
/%5 catalyst showed 9.4%

the incorporation of Co. The encapsulati

advantageous in yielding significar
and cyclohexanol) in the oxidatier
moderate pressure of O,

- conversion of cyclohexane

] 3
AUINENINYINT
RN IUANINYIAY



CHAPTER III

EXPERIMENTAL
3.1 Chemicals

All chemicals (analytical grade) used were obtained as follows:

Table 3.1 Chemical reagent and suppliers

Chemicals Sup liers
Acetic acid ‘.
Acetonitrile : 'c/
Ammonia ‘

Cetyltrimetyllammonium bromid $ ., Switzerland

Cobalt(II) nitrate hexahydrate / fm hﬁ:km ompany, Inc., USA

Copper(Il) nitrate dihydrat I//ﬂ‘m Chemical Company, Inc., USA

Cyclohexane £ £ J[Fl :; i\ NS witeriand

Cyclohexanol £ L/ ﬁb Chemies A.G., Switzerland

'Cyclohexanone ¢/ Jm g mk\n. ., Switzerland

Di-sodium hydrogen phosphate nie , Switzerland
dihydrate 15

30% Hydrogen peroxide in v

Iron(III) nitrate nonahydrate Company, Inc., USA

Sodium hydrogen carbonate

ical Company, Inc., USA

Sodium sulfate anhyd Olis

Sulfuric acid Lr

Tetrabutylammonium b ’In’,

Tetraethyl orthosilicate - uka Chemies A. -:?i Switzerland

R V1 U e TER T

e Pressure rcactor (stainless steel, size 50 ml)

. R WAANN I AN INYTA Y

. Magn%tlc stirrer
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3.3 Analytical measurements
3.3.1 Gas chromatoegraphy (GC)
A Varian CP-3800 GC equipped with a flame ionization detector (GC-FID)
and CP-Sil (30 m x 0.25 mm) column. The products - were analyzed by gas

chromatography using internal standard. The GC condition was set as follows:

Column : CP-Sil

Detector : Flame 10tuzation (FID)
Detector temperature :250°C

Injector temperature £220°C

Carrier gas ¢ Nitrogen

Pressure 1 79 kP{.

Programmed temperature:

dd

180°C.'3 min
i vl
7 15°Cloim 7,

90°C, 4 min - 72T

3.3.2 X-ray diffrac;ion spectrometer (XRD)

The XRD pattern of catalysts were obtained on Rigaku, DMAX 2002 Ultima
Plus X-ray pewderdiffractemeterequipped withya-menochromator and ayCu-target X-
ray tube (40 kV, 30 mA) and angles‘of 26 ranged from 2-60 degree at Department of
Chemistry, Faculty of Science, Chulalongkorn University.

3.3.3 Nitrogen adsorption (Brunauer-Emmett-Teller method (BET))

BET specific surface area of the catalysts was carried out using a BELSORP-

mini. The principle of this method is by adsorption of a particular molecular species
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from a gas or liquid onto the surface. Based upon one adsorbed layer, the quantity of
adsorbed material gave directly the total surface area of the sample. The pore size
distributions were obtained according to the Barret-Joyner—Halenda (BJH) method

from the adsorption branch data.

3.3.4 Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectra were recorded on Nicolet FT-IR Impact 410
Spectrophotometer. The solid samples were prepared by pressing the sample with
KBr. Infrared spectra were recorded between 400 ém'to 4,000 cm’! in transmittance

mode. -~

3.3.5 X-ray fluorescenge spectrome&ry (XRF)

Elemental analysis of MGM:4 1 meluded samplcs was performed by means of

l

X-ray fluorescence spectrometer ARL 84 10. }

ol

3.3.6 Thermogravimetri¢ analys:s (TG{AQ

2

e

Thermogravimetric measurement were -—"ji-éfﬁnned by using Pyris 1 Thermal
gravimetric analyzer. The samplcﬂa&hcmdﬂnmlﬂ_c_ta_mog C with a heating rate
of 20°C/min under mtrogen atmosphere. The percentage welght loss at different

temperatures was shown in'a thermogram. -

3.4 Syntheses of catalysts
3.4.1 Tetrabutyl ammonium salts of tungstophosphate
[(n-C4H9)4N]4Hx[PWuM’“(H;O)O;,] where M= Co,Fe and Cu [28]

Na,HPO, 0.27g (1.52 mmol), Na,WO,-2H,0 5.5g (16.67 mmol) were mixed,
after that nitrate salt of metal Co(NO3);6H,0 0.58 g (2 mmol) or Fe(NO;);9H,0
0.81 g (2 mmol) or Cu(NO3)," 2H,0 in 30 ml of water and the pH was adjusted to 5
by HNO;. An aqueous solution (3 ml) of [(n-C4Hs)4N]Br 2.4g (7.5 mmc;l) was added
dropwise, with stirring at 80°C. The precipitated salts were filtered off, washed with

water and dried in vacuum at 50°C. The compounds were recrystallized from
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acetonitrile. The Co(NO3);9H,0, Fe(NO3); 9H,0 and Cu(NO;)y 2sz are pink,
light yellow and light blue crystals respectively. '

3.5 Synthesis of MCM-41 [29]

A composition of Si0;:CTABr:NH,OH:H,0 1.0:0.12:8:114 or 26 ml: 5 g: 57

ml: 235 g. was used. ammonia and CTABr were dissolved in deionized water under
E was then added dropwise into the

electromagnetic stir until homogeneou.

solution. After 2 h stir, a gel w *\ , was trarisferred into a Teflon
o
bottle that was then heated até&r 96 h. product was recovered by

nti ther as neutral, and finally dried.
ctin -synthesized product in a

filtration, washed with deioni water
The removal of template w: ;

refluxing mixed solution of

dried.

| solvent at 80°C. These
where X.was % of POM loading
based on weight of MCM-41¢

ﬂuEJ’WlEJ‘V]‘E‘WEﬂﬂ'ﬁ
) W“"”‘TW’TEWF]?W URIANYNA Y

POM .2 g was dissolved in 10ml CH;CN and 1 g MCM-41 was dispersed in
this solution, the mixture was stirred overnight. The residue was filtered and washed

with CH3CN in order to remove POM adsorbed on the external surface.
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3.7 Direct synthesis [32]

This supported catalyst was prepared as follows: hexadecyltrimethyl-
ammonium bromide (surfactant), deionized water, hydrochloric acid and
tungstophosphoric acid were mixed at 50 "C and stirred for 30 min. TEOS was added
to the above mixture with vigorous stirring to obtain a gel mixture. The molar
composition of the gel was 0.0137 CTAB/0.0415 TEOS/0.31 HC1/2.8 H,0/ 0.00035
HPW. After the mixture was stirred for 24 h at 50 "C, the resultant product was
" filtered and washed with deionized water, dried/ai'100 "C for 3 h, and then calcined in

air at 550 'C for 6 h. 2

3.8 Oxidation of cyclohexane 1

The oxidation of cyélohéxane was, cari‘ied out in a 50 ml Parr reactor using 10
ml (92 mmol) cyclohexane,/catalyst 5. 1wt%,330 ml (276 mmol) of oxidizing agent
H,0, under solvent free condition at dlfferent 'icmperaturcs (70-100°C), with stir rate
of 100 rpm. After a desired time; *the rea‘cﬁon mixture was cooled to room
temperature. The catalyst was separatcd by ﬁhl:tﬁon The liquid mixture was added
with 25% H,SO,, saturated NaHCO; 'solutxon ahd ‘dned ever anhydrous Na,SO4. The
oxygenated products ih:i;a—lfquid—mixture—werc—qumﬁtaiiiély analyzed by gas
chromatography using th‘gcyclooctanc as internal standard méfﬁod.

To determine %préaucts, GC technique was used to detect products from the
oxidation of cyclohekxane: gyclohexanenecyclohexanol; Thespeak area of both were
calculated and conyerted to mole, then to percentage based on initial amount of
cyclohexane, The sum of both products led to %yield:

%yield = %cyclohexanol +%cyclohexanone

3.9 Consumption of hydrogen peroxide

At the end of the reaction the organic and aqueous phase were separated. The
aqueous phase was pipetted 2 ml to volumetric flask and make volume to 100 ml

with deionized water. Pipett 25 ml of this solution to erlenmeyer flask and H,SO,
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2M 2 ml was added. The aqueous solution of 0.01 M KMnQO, was prepared by
dissolving 1.58 g in 100 ml water in a velumetric flask. The consumption of
hydrogen peroxide was calculated from equation below (1). At the end point of

titration the color of solution was changed from clear to brown solution.
2KMnO4 + 5H;0; + 3H,SO4— 2MnS0O, + K,;SO4 + 5 O, + 8H,0 (1)

3.10 Determination of cyclohexyl hydroperexide (CyOOH) [33]

The total concentration of cyclohexyl ‘hydroperoxide in reaction was
determined by adding excess PPh; into the pr;ﬂﬁct mixture. The increase of
cyclohexaneol in reaction after adding PPhj’fs resulted from cyclohexyl hydroperoxide
which was reduced with tnphepylphosphme as equation below.

v RozH—&—+ OPPh; + ROH

The CyOOH present i the final reaction solutien is then deoxygenated by
PPh; to give CyOH (wid/d tion of "hosphmc exide), thus eliminating the
CyOOH decomposition to OH the oVera& GC detected amounts of cyclohexanol
comprise those derived from. "Cyt)@H durmg‘the reaction and those formed upon
decomposition, at the GC operajang cendxtxensfif the remaining CyOOH in the final

reaction solution.. It was shown the hydropcmﬂe CyOOH still present in reaction

et ' "I ‘h_-l—a

solution.

l.‘l.l-.- g

. ;’
3.11 Titration of acid in cyclohexale oxidation

| r LL ‘____‘.

The acid in aqueous phase was titrated with 0.01 M NaOH using
phynolpthalien as dn indicator. At the énd‘point-of tifration the celor of solution was

changed from clear te pink.

Various effects in-the “oxidation ‘reaction of cyclohexane were' investigated as

follows:

A. Effect of loading
%Loading of POM was varied: 5wt%, 10wt%, 20wt%, 30wt% and 40wt%
based on MCM-41.
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B. Amounts of catalyst
Amount of supported catalysts was varied: 2.5wt%, 3.8wt%, 5.1wt%, 6.4wt%,
7.7wt% and 10.3wt%. base on cyclohexane.

C. Amounts of H,0,

Molar ratio of H,0,/cyclohexane was varied: 1, 2, 3 and 4.

D. Effect of O, pressure

The O; pressure was varied: 1, 3 and 5 atm.

E. Effect of H,0, and O; pressure

Molar ratio of H,O,/cyclohexane used in reaction was 3 and amount of O, was
varied: 1, 3 and 5 atm. \

F. Effect of temperature N T 4
The temperature of reaction was vhrf;cd: 70, 80 and\100,°C.

o ,' {_
G. Effect of reaction time = — 3

s 2l
Effect of reaction time was investigated: 4, 6, 8 and 16.
H. Effect of type a'n&:mun%oﬁt'tﬁttor— J
Different types of initiator were used : cyclopentanone, acetone and methyl

ethyl ketone.

3.12 Test of POM leaching

0.4 g of the supported catalyst was suspended‘in cyclohexane. A 30%H,0,
30 ml (294 mmol) was added. The:mixture was stirred at 80°C for 8 h. Then the
mixture was filtered. The solid was then analyzed to determine leaching amount of

POM from the support by X-ray fluorescence (XRF).

3.13 Reusability of POM supported MCM-41 catalysts

After being used in the reaction, the catalyst was removed from the reaction
mixture by filtration, washed with diethyl ether and dried at 100°C overnight. Then it
was reused for oxidation by adding fresh cyclohexane and 30%H202 at 80°C for 8 h.



CHAPTER IV
RESULTS AND DISCUSSION

The synthesis and characterization of polyoxometalates, MCM-41 and
supported catalysts were described. The oxidations of cyclohexane with hydrogen

peroxide and oxygen catalyzed by these synthesized supported catalysts were studied.
4.1 Preparation and characterization of catalysts

Tetrabutylammoniﬁm salts of pelyoxometalates were synthesized by reaction
of Na;HPO,, Na, WO, 2H,0 and the metal nitrate in-waterat pH 5. Tetrabutyl

ammonium bromide was then added:

MCM-41 was synthesized by reaction1 of cetyltrimcihyl ammonium bromide
(CTAB), ammonia and tetraethyl orthbsiliéfe in water at 110°C for 96 h.
The as-synthesized MCM-41 was rcﬂuxea in ?c%diﬁed HCl to remove the template
(CTAB). v

-ud M4

4.2 Polyoxometalate supported on MCM-41 T
Polyoxometalate supported:_éh MCM-41 were prepared by two different

methods:
(1) incipient wetness impregnation method

(2) wetness impregnation method

In addition, HsPW[,049'nH;0 (acidic POM) was also immobilized on the
MCM-41 by.direct synthesis, methed in order to.reduce leaching.of POM from the
support.

The synthesized catalysts were characterized by following techniques: Fourier
transform infrared techniques (FT-IR), X-ray diffraction spectrometry (XRD) surface
characteristics and thermal properties were measured by BET and TGA. The details

of each technique were described and discussed as follows.
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4.3 Fourier transform infrared spectroscopy (FTIR)

The FT-IR technique was used to characterize functional group of catalysts.
The structure of the Keggin polyoxometalate shown in Figure 4.1. Assignment of
Peaks in FTIR spectra of Keggin-polyoxometalates is shown in Table 4.1. FT-IR
spéctra in the range of 400-1400 cm™' of pure POM and (x%)POM/MCM-41 in

various loadings are shown in Figure 4.2.

Bridging Oxygen (Oc) - Central Oxygen (0a)
Terminal Oxygen (O%)

Figure 4.1 The structure of the Ke gm _petyoxo

-----

.:‘i;ﬁlﬁte [281

The O, is the tetrahedrally-coordinated phosphorous E-I{‘l the center of the structure, O, is
l:il

the octahedral corner-sharing bildgmg oxygun atoms‘:i'e\t‘deen two tr fmetalllc groups, 0. is

the octahedral edge-sharing bridging oxygen-atoims toms is O,

A
t&

il g -

Vg P'Og

1084

1085

1083
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(d) 10% CoPOM/MCM-41 (e) 20% CoPOM/MCM-41 (f) 30% CoPOM/MCM-41

o L ] -

(g) 40% CoPOM/MCM-41
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In Figure.4.2 (a), bulk POM with a Keggin structure shows four strong bands
at 1084 cm™' (P-0), 965 cm™' (W=0), 887 cm™' W -O,- W, 811 cm™' W —O.-W and
one weak band at 524 cm™' (W—O-P).

In Figure.4.2 (b), MCM-41 broad band around 1240—1090 cm™' corresponds
to the asymmetric stretching mode of Si—O-Si. The bands at 802 and 463 cm™' are
assigned to symmetric stretching vibration and bending vibration of the rocking mode
of Si—~0-Si, respectively. A band at 972 cm™' is due to symmetric stretching vibration
of Si-OH.

In the supported catalysts, two bands at/962 and 883 cm™' became visible.
These peaks in supported catalysts became more evident with an increase in the POM
loading, It is suggested that P@M is still intact, and two bands at W =0, and W —O,-
W were decreased from 965 to 961-962 and 887 to 883-881 respectively, indicated

the POM have chemical bond with MCM-41.[31].

4.4 X-ray Diffraction (XRD) : i

The XRD patterns of CoPOM, FePOM and CuPOM were shown in Figure

4.3. Diffraction peaks appear at 26 <'8.3,9.0, 27.8 and 29.1 [28).
8000 - T T

== e o e

7000 ~

25000 1 [

3

E 5000 i

2
4000 -
2 oo |
3000
2000 4 /1 NYTION )
dJh ; WA R L] | O S
1000 -4 b b)

c)
D L ] L] ]

5 15 25 3% 45
28 (degree)

Figure 4.3 XRD patterns of (a) CoPOM (b) FePOM and (c) CuPOM
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The XRD patterns of MCM-41 and (X%)CoPOM/MCM-41 in various
loadings whereas the diffraction peaks at high angle 26 = 5-50° are displayed in
Figure 4.5.

8000 -
7000

(100)
,gsouo -
x 5000 -
r (110) (200) | \(219) 2

% 4000 -
3000 - )
—— C)

2000 471 ~ d)
AL — e)
1000 o '
A f

0 i -T T —

1.6 3.8 5_.5__ 75 95

28 (degree) '

Figure 4.4 XRD patterns’ of (a) MCiM:41 (b) 5% CoPOM-MCM-41
(c) 10% CoPOM-MCM-41 (d)20% CoPOM-MCM-41
(e) 30% CoPOM-MCM:-41 (04}0% CoPOM-MCM-41

8000 - ; »
7000 - T .
26000 { gy A ShpinT Y
7 - , f
E 5000 - W*m
°>
g 4000 M e e )
3000 - Ao PO b e e —
2000 A w**'-w - . b)
1000 - - P a)
0 T 1 T 1 L}
10 20 30 40 50
28 (degree)

Figure 4.5 XRD patterns at 26 = 5-50° of (a) MCM-41 (b) 5% CoPOM-MCM-41 (c)
10% CoPOM-MCM-41 (d) 20% CoPOM-MCM-41 (e) 30% CoPOM-MCM-41 (f)
40% CoPOM-MCM-41.
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MCM-41 displayed peaks at 26 = 1.5-10° in Figure 4.4 corresponding to
(100), (110), (200), and (210) planes, respectively. The increase amount of CoPOM
on MCM-41 resulted in a decrease in the intensity of (100). No peaks of CoPOM are
observed in for the supported catalysts. These results indicate that the POM was well
d’ispcrsed on the MCM-41 suppoﬁ [2].

The XRD patterns of other metal-POMs are similar to that of the
CoPOM/MCM-41 (as shown in Appendix A)

4.5 Surface analysis by nitrogen adsorption

The surface of supported catalysts we'ié»ierved by the nitrogen adsorption

technique. The result has been collected in Table 42 —_

— - —

[ Catalyst Mean pore

; % diameter (nm)
MCM-41 2.97
Bulk CoPOM 1.12
Direct synthesis 1.86
20% CoPOM-41 (WI) 2.64
" 5% CoPOM-MCM-41 2.83
10% CoPOM-MCM-41 |, S W , 2.80
20% CoPOM-MCM-41 ||/ 704 _ 2.75
20% FePOM-MCM-41 | 1] 715 B, L’f 2.68
30% CoPOM-MCM-41 | - 556 ., 036 2.57
40% CoPOM-MCIﬁt K2 ’jw 13 23

Tabler4,2ashows surface-area; por¢ volums and mean pore“diameter of MCM-
41: 1084 m%/g, 0.82 cm® and 2.97 nm, respectively. When loading CoOPOM on MCM-
4] the surface area, pore volume and mean pore diameter were decreased. The BET
surface area and the pore volume of the POM/MCM-41 samples decrease from 1084
to 420 m%/g and from 0.82 to 0.30 cm®/g, for pore volume respectively. The pore size
of the POM/MCM-41 samples is smaller than that of MCM-41. These facts lead us to

assume that POM is located inside the pore.
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(monolayer coverage). Sharp inflections at 0.4-0.3 for MCM-41 and supported
catalyst are related to the capillary condensation and confirm the existence of uniform
pores. In addition, the inflection heights of 20%CoPOM in nitrogen adsorption
isotherm plots are smaller than that of MCM-41. It is attributed to the reduced pore
volﬁmc, which reflects the surface area dcércasing. This effect can be attributed to the

CoPOM inclusions into the MCM-41 pores. [34]

o a o0n
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Figure 4.6 Adsorption and__d_c’sorptfég jisotherm ~ of a) MCM-41 b)
20%CoPOM/MCM-41. - £

ald v ol

4.6 Thermogravimetric analysis

- S

Typical TGA profiles for bulk CoPOM and supported ox_i MCM-41 are shown
in Figure4.7. v Y

=
-
3 2)
%
®
3z
)
% 200 avo PO
Temperature (°C)

Figure 4.7 TGA profiles of catalysts: (a) bulk CoPOM ; (b) 20%CoPOM/MCM-41
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The decomposition temperature analysis of [(n-
C4Hg)sN]4H[PW,Co(H,0)039] catalyst exhibits three main ranges of weight loss as
seen in Figure 4.7. The first region at 100-250°C is due to the loss of physisorbed
water and the second region at 250-450°C corresponds to the loss of water of
hydration and due to the decompeosition of the organic part. At temperature above
450°C, it was the decomposition of polyoxometalate to corresponding metal oxide,
this is in good agreement with the reported data [35]. After impregnation of the [(n-
C4Hg)4N]4H[PW;Co(H,0)039] on MCM-41, thé /i}creasing of the decomposition
temperature from 100 to 250°C was observed. The;-m'gher temperature weight losses
are due to the difficulty in the elimination of the waier contained in CoPOM
molecules inside the channel§” of MCM-4 1’ This demonstrated stabilization of
CoPOM molecules in the channelsof MCVi-4 1836].

4.7 Oxidation of cyclohexan b
Oxidation of cyclohexa }IS ! e'!rforme; to cempare the catalytic efficiency
d cat

of various synthesized supporte sts. - @xidized products detected with GC are

o
as shown in Scheme 4.1. The percentage yié_{_é,:gf product is based on initial

cyclohexane. Reaction parameters influencing '@:‘&idation were studied and the
oy

results are described in details below: - = )
A £
o &2 OH 20 OOH
= ‘
Catalyst A ‘ - ) *
cyclohexane cyclohexanol cyclohexanone _cyclohexyl hydroperoxide

Scheme'4.1.Oxidation reaction of cyclehexane.
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4.7.1 Effect of CoPOM loading on MCM-41.
Variable loading of catalysts on MCM-41: 5%, 10%, 20%, 30% and 40% were

investgated. The results are presented in the Table 4.3.

Table 4.3 Effect of CoPOM loading on MCM-41.

Entry Catalyst % yied of products
[, CyOH+CyONE
copon i | 1/ / 4 053
SN ‘J.JV

"*—i e

/MBS
> 77/ BN

AN |[AWIN|—

Condition: Catalyst 2.5wt%, gyclohexa
ratio = 1, 8h, 80°C.
* bulk catalyst 0.03 g (0.38wi%).

0 1), Hzoz/cyclohexane molar
&

had the same amount of _I:.P.M 20’/., lt was fmﬂﬁc yield of product in
k CoPOM was 0.5. less than 0.79% of the
supported catalyst. This result showe ported ca@yst has higher activity

oxidation reaction from

due to high surface area resulted from the porous nature of the MCM-41 support.

The surface aréa of ﬂ 203 gp'}%@ 4| was 104 m¥/g | ihlereas that of the bulk

CoPOM was 5m /g

For w t o catalytic
activity was ﬁnd tﬁm@aﬂl ith t gyrcgﬂm‘zj ?loadmg cgl to h @hgj amount of
active sites on supported catalyst.

However, when the loading was higher, 30-40 wt%, the product yields
dropped. One explanation for this result can be due to the diffusional constraint for
the reactants to access the active sites (POM) on the support. Since the support was
covered with high amount of POM, some POM on the surface of the MCM-41
obstructed cyclohexane to enter the pore of the MCM-41 to react with the POM active
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sites inside. The similar result was reported [33]. In their work, they compared
activity of acidic POM supported on zeolite and on MCM-41 in acetalization of
carbonyl compounds and found that pore size and surface area had affected on
diffusion of reactant and products in reaction.

As for the selectivity, the results obtained (in Figure. 4.8 ) show that in case of
the unsupported catalyst, cyclohexanol (67% selectivity) was a major product. For the
supported catalyst, 5 wt%, 10wt%, 20wt% and 30wt% cyclohexanone were major
products with 62, 65, 78 and 54 %selectivity, respectively.

100 |
90 -
80 A

% velectivify
[~
o

40

20

20 4

10 1

0 — 5 - s,

CoPOM 5 el b i 30 40
P arent. |

Figure 4.8 Product selectivity of cyclehexane q:@@a};}ion as a function of POM
loading on MCM-41. h=——— -

e e e

4.7.2 Test of leaching - . 7
The CoPOM/MCM-41, CoPOM/MCM-41 and CoPOM/MCM-41 (with 10-

30% loadings) were studiea--the effect of leaching after userxiﬁn cyclohexane oxidation

reaction. The amount é6f POM témained o the-MCM#4 | ‘aftérreaction was analyzed
by XRF technique.
Table 4.4 Leaching of POM. froam MCM-41

9 % POM
% loading % POM loading after used
(actual), (analyzed by (analyzed by | %leaching of
Entry based on MCM-41 XRF) XRF) POM
1 10 9.87 9.43 0.44
2 20 19.00 17.68 133
3 30 29.78 18.54 11.24

Condition: Catalyst 2.5wt%, cyclohexane 92 mmol (10ml), HO,/cyclohexane molar
ratio = 1, 8h, 80°C.
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From Table 4.4 the 30%CoPOM/MCM-41 showed higher POM leaching
than the 10% and 20% supported catalysts. Therefore for next experiments, the
20%CoPOM/MCM-41 was used in the cyclohexane oxidation.

4.7.3 Catalyst amount

Cyclohexane oxidation was performed using 20%CoPOM/MCM-41 catalyst
in various weights based on cyclohexane (2 o— 10.3wt%). Results is shown in
Table 4.5. 7

_Table 4.5 Effect of catalyst amount incyelo -

~ (wt.% based or
cyclohexane)
20
3.8
54
6.4
Ta
10.3

Condition: 20%CoPOM/MCM-41 cycﬁhexané 92'mmol(_3@l)fﬂzoz/cyclohexanc

7 ]

molar ratio = 1, 8h, 80°C. L;
TON (turnover number) = mol.jf (cyclehexanel + ¢ anox@/mol. of catalyst

The increasing rease of the
product yield. It can b@mﬁbﬂl mlyst ﬁweﬂ??xghest TON.
Beyond 5.1 wt"

The sclc ﬁiﬁﬁﬁﬁ%y l&’llg mrﬂfl @eﬂmlyst

amount but sclcctxvxty of cyclohexanol decreased. This might be explained that

cyclohexanol was converted to cyclohexanone. -
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® CyoH
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0 T T T T \
2.50% 3.80% 5.10% 10.30%
amourt of
Figure 4.9 Selectivity of cyclohcxanc cx ;311 #//tlon of catalyst amount.
-—-&
4.7.4 Effect of temperature g 4 ~ sﬁ__‘
Reaction temperature c i ‘ reaction rate. In this work, the
reaction temperature was varie @ result is shown in Table 4.6

W N

Condition: 20%CoPOM-MCM-41 5.1wt% , cy:

H,0,/cyclohexane molar ratiol— 1, 8 h.

In Table 4.6, t@]yug ’jdu ﬂn{m Eilnfl ﬂ.rjl 78% at 70 C

and 2.11% at 80°C. The H,0, was able to form reactive intermediaté.which then

oidized ycaiekab s B e 0 e hyicldbteded )

Howcver, when the temperature was increased to 100°C, yield of product

mol(10ml),

decreased to 1.73%. The results agreed with the previeus report [24]. At high
temperature, cyclohexyl hydroperoxide was easily decomposed to cyclohexanol,
therefore the content of cyclohexanol was increased. However, too high reaction
temperature(100°'C) led to formation of by products such as 2-butanene, 5-
oxohexanoic acid, 4-hydroxycyclohexanone and 1,4-cyclohexadione which were

detected by GC-MS (in Appendix D ). A similar result was previously reported [37].



33

100
80 ]

80
£ 70 - S~
60 - CyONE

S0 A

40 - CyOH
30 - o
20 4
10 4
70 3@“ ’
Temﬂ #

Figure 4.10 Selectivity of cyclohc Mmatlon ;;pn of temperature.

4.7.5 Effect of oxidant/cyclohexa

The amount of oxida theé r p was éq A y:d from 1-4 (HzOz/cyclehcxanc

%Selectiv

mmol ratio) in order to find t

highest yield of the desired prod

Table 4.7 Effect of oxidant amo

(mmol ratio)
1 1
2 ©
3 3 | ,
4 s s S .. 136

Condition: 20%CoPOM-MCM-41.5.1wt%, cyclohexane 92 mmol(10ml), 8h, 80 C.

AUYINENINEINT

When the ammﬂtlt of H,0; was iracreascd the éicld of product increased.

Increase in the reasing
the yield of prﬂﬂ{jwaﬁgﬂgﬂd thamﬁ;w pﬂcﬁﬁcﬁfascd for

H;0,/cyclohexane = 4. This may be due to the distinct phase separation between the

aqueous oxidant and the organic substrate (cyclohexane), limiting the substrate
interaction with the active catalyst sites. For the product selectivity, selectivity of
cyclohexanone increased but selectivity of cyclohexanol decreased with increasing
H,0; amount [38].
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Figure 4.11 Selectivity of cyclehcxanc oxi a‘rrf nction of oxidant amount.

{/.4

%S dectivity

4.7.6 Effect of H;0; and O, pre

From above result, the sui

ratio was used to study eff: : icipating with H,0;, in
cyclohexane oxidation. The res W)

e

clohexane was 3. So this

Condition: 20%C0P0M-MCM342. 1wt%, cyclolhe}anc 92 mmol (10ml),

e yelaleae m°ﬂ R ENBENINDIND
o TR R

with previous work [39]. They reported on the oxidation of cyclohexane using Ce-
doped MCM-48 catalyst with a combined oxidant (H,0, and O,).
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igure 4. electivity ot cyclohe tionn as a_ 20, an 2
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4.7.7 Effect of O, pressure

In order to see the effe

tl';‘, experiments were
performed using only O, with pr:
4.9.

result is shown in Table

Condition: 2w%mmlﬂ@my§d VAR RHUNREE

It was clear that the % product yield increased with increasing oxygen

pressure. The higher the oxygen pressure, the higher the oxygen solubility in the
liquid phase. In Figure 4.13 the selectivity towards cyclohexanone also increased with

O, pressure.
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Figure 4.13 Selectivity of cyclohexane oxidation as a function of O; pressure

4.7.8 Effect of time \"\\ ', /
Oxidation of cyclohexane @torcd w@thc results are shown in

Table 4.10. 4

Table 4.10 Effect of time for c € oxidation SN

Entry | Time ( I_.’f '_E PIoC ‘“‘-!! N

..

I8 i\m
P

Sl W N -

il
Condition:20% CoPOM/MCM-41 5. 1wf@ycl e 92 mmol(10ml),
H,0,/cyclohexane molar ratlsl 3,80 C‘lﬁ gl 4
From Table 4.10 the yield of product -—

be seen that the sclcctlvxty

igure 4.14, it can
ith time but with the

concomitant formation of cyclohcxanonc Thsc rcsults suggcst that the primary
product formed is cycﬂ at longer time
is due to further oxid g@:&:ﬂ E‘lﬂ?ﬂﬁj mrcvious report
[40].

AR ﬂﬁ]ﬂ'ﬁfﬂ um’m 1N Y

% selectivity

csBEsUBIBE
9
=]
= .

time )
Figure 4.14 Selectivity of cyclohexane oxidation as a function of reaction time.



37
4.7.9 Effect of initiator type

Effect of initiator type was investigated. Initiator used are cyclopentanone,

acetone and methyl ethyl ketone (MEK). The results were shown in Table 4.11.

Table 4.11 Effect of initiator type

Entry Initiator % yied of product
CyOH+CyONE
1 - 130

2 cyclopentanone

3 acetone .07
methyl ethy! o
4 ketone 350 —

Among various types of initiator sféd‘; the ré}sﬁltg show that methyl ethyl

ketone or MEK is the most suitable initiator. because 1t‘gtv% highest yield (entry 4).

-a".s#

MEK is an unsymmetric ketone so it may easﬂ‘—Fe clcavﬁ‘nto a free radical capable

"s—_

of initiating chain transfer by hydrogcn abstractlon w1th cyclohcxanej On the other

hand, the symmetric ketones such 2 a§cyclopcntanone and acetone caﬂ! ysed but they

produced lower yield [41].

< 3.4 -
3 3.3
g 321
‘s 3.1 1
3 3 :
(]
2 50| .
\. .
e~ 2.8 T - -
(o] (/] o ()
& F N\
& S
& )
G\ é:\(\*
6\
initiator

Figure 4.15 Selectivity of cyclohexane oxidation as a function of initiator type.
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4.7.10 Effect of acetic acid

Effect of acetic acid was collected in Table 4.13.

Table 4.12 Effect of acetic acid

Entry | Acetic acid/H;0; % yied of product
(mmol ratio) CyOH+CyONE
1 ' 0 3.01
2 0.1 - 3.16

3 1y "ID}?‘].M
/e

o
Condition: 20%COPOM MCM-41"5:1wi%, cygohexane 92 mmol(lOml),
H,0,/cyclohexane molar ratio = 3,8h, 80 . |

Acetic acid acts as Q(@o/ogeidizmg Sgent This is because of the formation

't ' hydr:gen peroxide. The peracetic acid is

of the peracetic acid when it reac

relatively more stable than hydreger rox1de 5nd can still serve as the oxidizing

xeld' of pftduct was enhanced with increasing

;’-“4

agent at high temperatures. That t

amount of acid. This result agrees with the. PICV]Q{? report [42] in which oxidation of

cyclohexane was conducted using Co (j@p_ed mesé_p_gxgus titania catalyst at 100°C for

12 h. The oxidation products increased when incn@@gcctic acid.

M.n-ﬁ\

i)

% selectivity
88

10

0 0.1 1
acetic acidH202

Figure 4.16 Selectivity of cyclohexane oxidation as a function of acetic acid.
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4.7.11 Effect of type of metal in catalyst
The catalytic activity of the supported containing different types of metal were

compared under the same reaction conditions. The result is shown in Table 4.13.

Table 4.13 Effect of type of metal in POM
Entry Catalyst

Acid by-product(%)

1 CoPOM 0.020
2 FePOM 0.051
3 CuPOM 0.034

=
Condition: 20% POM supportylt/yst 5.1wt!ﬁ , cyclohexane 92 mmol(10ml), O, =
5 atm, H,O,/cyclohexane molar ratio = .-3’ 8'9°_C, § h.

—

of ga’talﬁé}s is: CUPOM > CoPOM > FePOM.
The activity order of the supported c: al’ysf IPQN{%n’MCM-M) is in good agreement
with those obtained from the

From the table the activi der

ime %_séx;ies "of';tgxfe homogeneous catalysts in
JJI":.- Rt -_.Ti.-..:‘ d
cyclohexane oxidation [18]. —— —

= "

(o er
In Table 4.13, the amount of acid /by-product prod?ccd in cyclohexane

| L. |

oxidation was alse determihe?.—’?his—acidmemﬁ—wanb&h:ei%ﬁyjtitration of the acid
- i i

with NaOH. The result shows the erder of acid amount as FePOM > CuPOM >

CoPOM. Figure 4.17 shows the CoPOM and CuPOM selective with cyclohexanone
product but FePOM-selective withy cyclokhexanelproduct-this, result agree with

previous reported [18]
100 -
0
89
70
60 <
50 o
40 1
30 ol
20 -
10

o .

@ cyclohexanol
| cyclohexanone

% selectivity

CoPOM FePOM CuPOM
catalysts
Figure 4.17 Selectivity of cyclohexane oxidation as a function of type of metal.
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4.7.12 Decomposition of H,0;
The decompeosition of H,0; by 20%CoPOM/MCM-41, 20%FePOM/MCM-41

and,20%CuPOM/MCM-41 was investigated under the same reaction conditions. The

results are shown in Figure 4.18.

% H202
8

V4 " i h)
y .!} y
Figure 4.18 Time dependence Of the conc'entratlon of H,0; in presence of:
a) 20%CuPOM/MCM-41, b) 20%C0P0M/MC;M-41 c) 20%FePOM/MCM-41.

JJ

Figure 4.18 shows the decomposmen of HZOZ‘@E;n:iant) in cyclohexane oxidation
reaction by  using ZQ%CuPOM/MCM-HJ O%COPDM/MCM-41 and
20%FePOM/MCM-41. Thg ordcr of H,0, dccemposmon is:. CuPOM/MCM-41 >
CoPOM/MCM-41 > FePOM/MCM-41. The fastest HzOz_’ decomposition was
achieved by the CuPOM/MCl:d-41. Higher yield of product in_cyclohexane oxidation

can be obtained in accordance with the faster rate of H;03 deconiposition [18]. It was

reported that in homogerieous oxidation of cyclohexane using CuPOM, CoPOM and
FePOM catalysts,; CH3CN as;selvent and H,0; ;as-oxidant)at 80°C-forol2 h, the
CuPOM has highest activity due to high decomposition of H,05.
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4.7.13 Effect of solvent

Effect of solvent (CH3CN) was collected in Table 4.14.

Table 4.14 Effect of solvent

Entry CH;CN(ml) % yied of product
CyOH+CyONE
1 No 3.01 ;
¢ e 10 _ PR L
Condition:20% CoPOM/MCM-41 5. th'/o , cycl 2 mmol(10ml),
H,0,/cyclohexane molar ratio = ;mﬁ,h —-",""',"

7 y
From Table 4.14, the. %' yi /

lower than entry 2 (with

%ctkm enty\*@nthout CH;CN) was
IS

to phase separation between

reaction.
4.7.14 Cyclooctane oxidati(:n _Fe b ;% _
The optimal reaction donditions were apghituwgn of cyclooctane.
The results are listed in Table4. 15. ::J
Table 4.15 Cyclooctane oxidation.e., v/
: , 1100 & Ta¥ ¥~y
* Entry [] t] 0 f t
CyOH+CyONE 7
ﬁ_ﬁ» :P . o : 3& ad o
N dad Y1) 16\ &)
93 CuPOM 4 35

Condition:20% supported ‘catalyst 5.1wt%, cyclooctane 92 mmol, H,O,/cyclooctane
molar ratio = 3, 80°C 8h.

The order of % yield of product in cyclooctane oxidation is simflar to that in”
the cyclohexane oxidation, that is CuPOM> CoPOM >FePOM. % Yield of product in
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cycloactane oxidation was higher than cyclohexane oxidation as cyclooctane can form
cycloalkyl radical more easily. This radical was the intermediate which was converted
to the cyclooctanol and cyclooctanone.
4.7.15 Homogeneous catalysts

The catalytic activity between supported catalyst and homogeneous catalyst with
the same amount of CoPOM: 20%CoPOM/MCM-41 (5.1 wt%) and homogeneous
CoPOM catalyst (0.067 g) were compared under the reaction condmons
20%CoPOM/MCM-41 5.1wt%, cyclohexane 5/"" mol(10ml), HzOzlcyclohexane

molar ratio = 3, 80 C, 8h. The result was mdlcated able 4.16.
e 9 4

catalyst showed hlghcr actxﬁty than heterogeneous clta!yst'wnh 4,64 and 3.01 %

T

yield of product , respectlvely.
As for the selectivity, Figure) 4:19) shewsythat) they heterogeneous catalyst
produced higher percentageof cyclohéxanone than homogeneous catalyst. This

demonstrated that the supported catalyst can control product selectivity.,



4.7.16 Recycling of catalyst

Recycling tests with repeated use of the catalysts in three consecutive reactions
were carried out. The catalysts were removed from the reaction mixture and subjected
to the next catalytic run under the same conditions, and the results were listed in Table

4.17. In recycling tests, the % product yield changed slightly.

Table 4.17 Reusability of catalyst

Entry Method , third
1 Incipient wetness unpre nation 4 2.95%
2 Wetness impregnation | F2. 2.42%
3 Direct synthesis A R 0.68%

Condition: 20%CoPOM-MCM-41 5:1wi%, cyclopexane 92 mmol,
H;02/cyclohexane molar ratio = 3, 80 C8hl )

In Table 4.17, entries 1 and 2 showed rcusabll-lfy of the supported catalysts
prepared by three methods: 1nc1p1ent, wetness, 1mpregna,t10n and wetness impregnation
and direct synthesis methods. It was fciund thatin beth 1nc1plent wetness impregnation
and wetness impregnation method, the act1v1ty decreaged a little but in direct
synthesis method a significant decrease was, 6bserved 'Ily,s can be due to the leaching

_-i

of the acidic HPW from MCM-41 in the prescncc of H&Qz As for the selectivity of

,4--.

product, all three methods show only shght increase in cyclohcxanqi wuh a decrease

- -

in cyclohexanone, Y .

70 | -— " :
% 60 &/ CyONE

— CyOH

. ' vl - : 4 T v
First Second Third
Humber of reaction runs

Figure 4.20 Selectivity of cyclohexane oxidation as a function of recycling test
20%CoPOM/MCM-41
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4.7.17 Method of supporting POM on the MCM-41

Two different methods to prepare supported catalysts in this work are:
incipient wetness impregnation and wetness impregnation methods. = Amount of
POM 'loading, leaching and activity of supported catalyst are compared and shown in

Table 4.18.

Table 4.18 Methods of POM loading

%leaching :
Method of POM | %yield of product
CyONE+CyOH
Incipient wetness :
impregnation 1.32 3.01
0.82 2.33

Wetness impregnation

Condition:20%CoPOM- MCM-M 5y lwt%, cyelehexanc 92 mmel(10ml),

H,0,/cyclohexane molar ratio = 3480 C 8h. 'J_

ol

Table 4.18 show results on oxldaﬁon ofic-yclohcxane with the catalysts
prepared by different methods: mclpmnt wetncss‘ impregnation and wetness

impregnation. As the incipient wetness mprcgnatlon method gave higher amount of

POM on the support, therefore1Lshowecthghwpmduct4w&Hacher the leaching

of POM was higher (1. 32%) than that of the catalyst preparcd by wetness
impregnation (0.82%). The selectivity of the desired product in Figure 4.21 between

incipient wetness impregnation and wetncss impregnation metheds were.similar.
100, ,
90 -
80 -
70~
60
g
40 {
30
20 -
10 -
04

@ cyclohexanol
m cyclohexanone

% Selectivity

IWI wi
preparation method

Figure 4.21 Selectivity of cyclohexane oxidation as a function of preparation method
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4.7.18 Direct synthesis
The direct synthesis method was used in order to reduce metal leaching from

the support that occurred in the case of impregnation methods. The result is shown in
Table 4.19.

Table 4.19 Direct synthesis method

% loaded
before used
(analyzed by

Condition:20%CoPOM- MCM—41 S W%, Cyplohexanc 92 mmol(10ml),
H,0,/cyclohexane molar ratio =3, 80 ey i 1

4

Table 4.19 shows that the/ POM leachmg from the support was very low
(only 0.02%). However when cqmparmg ‘this method with the incipient wetness
impregnation and wetness imprégnation mcthod; rthe activity of supported catalysts
prepared by the direct synthesis metho& was thg _I,quest This can be due to low
amount of POM on the support.

4.7.19 Effect of radical scavenger

To test whether the oxidation reaction occurs via radical pathway or net, in
this work radical scavenger; (2,6-di-fers-butyl-4-methylphenol)- was added in the

reaction mixture. The result'is'shown in'Figure 4.22.
pan add sdd radical

radical
o T
256 1
3
315 _
2
& 1 4
L
05
0 r
0 1
Molar ratio radical scavenger/H202

Figure 4.22 The yield of product of cyclohexane oxidation with addition of radical

scavenger.



46

The result in Figure 4.22 shows no traces of cyclohexanol or cyclohexanone
produced in the presence of radical scavenger. This reveals that the reaction occurred
via a radical mechanism [44].

r

4.7.20 Cyclohexyl hydroperoxide

To demonstrate the formation of cyclohexyl hydroperoxide in this oxidation
and to estimate its concentration in the course of the reaction, a methed by Shulpin
was used [45]. An excess of solid PPh; was ;drgé}to the sample before the GC
analysis, the cyclohexyl hydroperoxide present- W‘fasitfomplctely reduced to the

correspondmg cyclohexanol. The results were sﬁown in"Table 4.20.

Table 4.20 Amount of cyclohperoxxge by adding PPh3
- 1

Catalysts Cyclohexyl
‘hydroperoxide(%)

CoPOM - 0.08

FePOM 0.14-

CuPOM 706 0.06
Condition: 20%MPOM-MCM-41 5. 1wt'/o y cycloﬁ{x#nc 92 mmol (10ml),
H,0,/cyclohexane molar ra&e 3, 8h, 80° C. i { )

\Z )

From Table 4.20, the c;élohexanol was increased whenr_PPhg had been added.
The CyOOH still present in the final reaction solutioh is then deoxygenated by PPh;
to give CyOH (with formation-of phosphine oxide), Therefore CyOH amount in the
gas chromatograph, was increased indicated that the oxidation reaction produced

cyclohexyl hydroperexide il this reaction [45].

OOH OH
PPhg . O/ it A O=PPhy 5 O/ @

triphenylphosphine cyclohexyl hydroperoxide phosphine oxide cyclohexanol

Figure 4.23 The formation of the cyclohexanol deoxygenated by PPhj.
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4.8 Proposed mechanism

In this work mechanism for oxidation of cyclohexane by hydrogenperoxide

oxidant was proposed to occur via free radical pathway, as shown in Equations 1-4

M*+H,0, — M*'+H' +HO- (1)
HO+ + C¢H;2 — H,0 + C¢Hyy* )
Ce¢Hji*+0; — Cg¢H,,00- (3)
2C¢H;;00° — C¢H 4)

The metal in polyoxome h valent M**! species

and HO- initiator radical was *.. ydrogen was transferred
between HO+ and cyclohex

decomposition of H;0, or

' n oxygen from the

dical and produced

\ then converted to

cyclohexyl hydroperoxide

cyclohexanone and cyclohexanol in

MJ X

Y

i

ﬂ‘lJEJ’J“fIEJﬂ‘ﬁWEJ’]ﬂ‘i
QW’]&Nﬂ‘iﬂJ UA1AINYAY



CHAPTER YV
CONCLUSION AND SUGGESTIONS

The polyoxometalate, [(n-C4H9)4N]4H[PW1IMX+(I—I20)039] M = Co, Cu and
Fe were synthesized and impregnated on mesoporous material, MCM-41, to prepare
supported catalysts with variable loading amounts of 5-40wt% using incipient
wetness impregnation method. All catalysts were characterized by FT-IR, XRD,
TGA, XRF and N; adsorption techniques.

The prepared catalysts were used for eyclehexane oxidation. Parameters
affecting the reaction were studiedThe results showed that % product (cyclohexanol
and cyclohexanone) yield increaséd withincreasing ameunt of exidant and reaction
time. High catalytic activity was found when the reaction was performed at
20%loading, 5.1 wt%, 80’ C, fouf8 W and used 30% H;0, (in water) molar ratio
H,0,/cyclohexane =3 as oxidant. The 'maximum % yield ef product obtained using
20%CoPOM/MCM-41 was 3.32%. 'Ith_' selé@,vjﬁties of cyclohexanol and
cyclohexanone were 30% and 70% respectiy_c_ly. o Jf_._l_

, =

For 20%CuPOM/MCM-41, eveni  if hlgﬁr % product yield than

20%CoPOM/MCM-41, a lot of a01d by-product was also | pmduced

In the case of different mmator used in reaction, the result indicated that the

methyl ethyl ketone was highest % yield of product.

For the comparison of the preparation method of the supported catalysts was
found the incipient wetness impregnation.methed eould-immebilize, POM-onyMCM-

41 more than the wetness impregnation.

For the reusability of the catalyst, after three cycles, its activity slightly
dropped which might be caused by the leaching of POM from the support.

Comparison between the supported and homogeneous catalysts for

cyclohexane oxidation, it could be seen that the supported catalysts showed
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comparable catalytic activity to the homogeneous CoPOM. The main advantages of
the supported system were the reusability and the ease of separation from the reaction.
Moreover, the supported catalyst remained effective in the absence of solvent, this
was a good benefit for the environment in view of the solvent contamination. The

mechanism of the oxidation reaction is via radical pathway.

Suggestion for the future work

Future work for the impro “ '

study of other transition metals,e.g. V ¢

X
J
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APPENDIX A

Gas chromatography analyzer was used to determine products of cyclohexane

oxidation. Cyclohexanone and cyclohexanol products were identified using standard

addition method.
1.00-
0.751 § _a
-, 0504
2
0.254
0.00
010 25 10,0 :
Minutes
Figure A-1 A gas chromatogram of lig id | _ : f,_- idation of cyclohexane.
Calculation of the correction factor . = =
a
The correction factorwas calculated base btained from gas

chromatographic analysis (scegse the e ction). @cleoctane was used

as and internal standard.

Example AULININTNYINT

A:exact amount of desired product prs.pared (mmol
B: total
BN ﬁ@WﬁMNﬂWQWBWQB
C: peak area o sired product
D: peak area of the internal standard
E: exact amount of substrate (mmol)

F: exact amount of internal standard was added (mmol)



The calculation of the correction factor can be described as follows:
The amount of the product from the reaction mixture
=FxC/D)=G '
The amount of the product in B ml (tatal volume of the reaction)
=GxB =H
Thus, the correction factor of the product can be calculated as:
= A/H =]

The % product can be calculated as:
%Yield of product =(Hx1/E)%

The correction factors of chemicals
Cyclohexane = 32

Cyclohexanone = 5.

Cyclohexanol = 4.2

% Selectivity of cycloh "r

|
= (%yield of cyclohexanc/g yleld of product) x 1”

./,Sc,.c.m,fcy@uﬁ'mﬂmwmm
RTINS lfVI’TJﬂEJ’]ﬂEJ
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Determination of cyclohexyl hydroperoxide

1.00
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Diethyl ether
ﬁm_

-
0.50

Volts
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Figure A-2 GC diagram of cyclohexang ionlk xygenated products
using FePOM-MCM-41 W

1.00

0.75 1

Diethyl ether
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1
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NaNINYINg . ==
Flgure A-3 GC diagram ef cycl i ation and their oxygenated products

using FePOM-MCM-41 after a
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APPENDIX B

Adsorption and desorption isotherms of 20% CoPOM/MCMA41,
20%FePOM/MCM-41 and 20% CuPOM/MCM-41.

[ 0l 1
Relative pressure

Figure B-3 Adsorption and desorption isotherm of the 20%CuPOMMCM-41
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APPENDIX C

Thermeo gravimetry analysis (TGA)

\/ - 40 N -1.0
:f'l V' ' N V 1.5
AN\
~ L. \K 20
200 o \\\x 1200
1‘ G : '
Figure C-1 TGA profile of the 20%CoPOMMCM-41

AT

d

N /]
AULINENTNEINS
ARIANTAUNNINGAE



Table D-1 GC-MS of cyclohexane oxidation reaction

APPENDIX D

GC-MS
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Condition: 20%CoPOM-MCM-41 5.1wt% , cyclohexane 92 mmol(10ml),

H,0,/cyclohexane molar ratio = 1, 100°C, 8 h.

Formula Structure % Selectivity
cyclohexanol @}b“ 35.71
|
cyclohexanone 52.55
1,4 cyclohexadione — 4.08
OH
4-hydroxy cyclol{exanone, 1.53
(o)
H " 0]
exanoic acid 6.12

OH
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File : B:\CIFP2010\CIPSAO6S\CYCRERX4.D
QOperator : SK

Acquired 1 12 Jaa 2010 $:45 vsing AcgiMethod CIF0E5-2
Instrusent : Instrumen

Sample Mame: CYCLONEXANE EX
Misc Info : CYCLONERANE EXTRACT
Vial Number: 1

oo e G B - "

IR

L
H

Data Pile : E: \GIFSA065\CYCEEX4 .D vials: 1

Acq On : 12 9:45 dd Operator: SK
Sample : CY BK i Thls Inst : Instrumen
Misc r CY BETRACT— —4f ¥ Multiplr: 1.00

: p DI 1 ~Sapale.dmaunt s .80

MS Integration Params: autsinti.s _‘f_‘_.

” N
d | maden el ]
C: \MSDCHEM\ 1\KETHODS\CIF065-2553 .M (Chemstation Integrator)

Method H
Title H ; ]
et -
Signal : TIQ s
A £ |
{  peak R.T. first max last PK peak corr.  corr. % of
' # min scan'scan scan TY height area % max. total
1 3.149 S 24 138 BV 15534 1253585 5.74% 2.291%
2 3.658 1687207 324 VB 4 46793 2198711 +10.07% 4.019%
3 4.777 539 609 655 BB 7 6269 284044 1.30% 0.519%
4 5.166 677 749 1825 BV 3 379542° 21839725 100.00% 35.918%
S 5.436 825 | 846 959 VvV 383216 | 20803407 , 95.25% 38.024%
6 6.415 1163 1198 1253 H 5380 324566 1.49% 0.593%
7 8.797 12031 2054 2092 S 5716 243491 1.11% | 0.445%
8 8.945 2092 2107 21Ss8 4 33176 1021706 4.68% 1./867
9% 9376 2758 226242321 4 020173 1728710 7L92% 3.160%
10 9,587 23212338 2414 4 11084 962083 4.42% 1.758%

31930 1224678 5.61% 2.238%

11 9.863 2414 2437 2516 3
3 12749 507051 2.32% 0.927%
4
6

12 10.650 2691 2720 2780
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28900 1922590 8.80% 3.514%
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¢

Figure D-1 GC diagram of cyclohexane oxidation and their oxygenated products
using 20%CoPOM/MCM-41 at 100 C.



APPENDIX E

X-ray fluorescence spectrometry (XRF)

’

Table E-1 X-ray fluorescence spectrometry of 20%CoPOM/MCM-41

Calculation of %POM on M
From Table E-1 CoO = 0.38% so
From theory 20%CoPOM/M
If 20%CoPOM/MCM-41 has Co 0

X=(0.29 x 20)/0.32 AT T
X=18.12% (=¥’

So the amount of CoPOM on t 7",5 supp!
was 18.12 % based on MCM-4

AULINENTNEINS
ARIANTAUNNINGAE

ulated by XRF technique
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